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     I am a cancer cell.
Of my earliest ancestry no evidence remains. 
When the earth’s first creatures stirred the 
ancient seas, when the Pharaohs wrought 
the pyramids, when the medieval scribes 
laboriously recorded their philosophies, I was 
there. The ingenious Virchow, who recognized 
my stamp, marshaled the forces of science 
against me. Malicious, relentless, insidious I 
am, full of destruction, ripe for carnage, yet in 
my enduring frame I carry the secret of life. 
Study me, and you will bring into the light of 
day precious urns of wisdom long buried in 
the tomb of ignorance. For you I shall tell a 
wondrous tale of the beginning of things that 
are and are to be. Study me, know me, and 
you will hold the world in fief. Neglect me, and 
as surely as the fingers of the dawn grasp first 
the temples of the East, I will strike you dead.
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Preface to the Fourth Edition

It has been some 15 years since the third edition of this text was published. The original purpose
of the book was to replace notes in a course, “Introduction to Experimental Oncology,” which
has been given in the Department of Oncology at the University of Wisconsin–Madison for more
than 25 years. The course has evolved from being primarily directed towards graduate students
to one that includes more than 80% undergraduates, usually juniors and seniors in various sci-
ences. The course has always been offered for two credits, but with the enormous increase in
information in the field of oncology, it will likely be increased to three credits.

In this revision, four new chapters have been added and the other chapters significantly
expanded. The genetics of neoplasia is now covered in two chapters, as is the stage of progres-
sion. Discussion of carcinogenesis in humans has also been expanded to two full chapters in
addition to the chapter on the evaluation of risk of carcinogenic environmental agents. Finally,
another chapter has been added in the area of host–tumor relationships, covering endocrine and
stromal responses. Of necessity, the glossary has been somewhat expanded, as have the number
of figures and tables. (We are very grateful to the authors and publishers who gave us permission
to incorporate their work in this text. In addition, for instructors wishing to use this text in
classes in oncology, we have developed an extended series of slide illustrations that may be
found at our web site: http://mcardle.oncology.wisc.edu/pitot.+ Click on “Courses” and scroll
down to “Oncology 401.”)

As in the third edition, I have again cited references in the text. Although some of the third
edition’s references have been retained because of their usefulness, a larger number of new refer-
ences have been added since the last edition than were in the third edition itself. Still, this funda-
mental text is not exhaustive in its treatment of the literature (although some students may think
it is), but it presents reasonably representative samples of each of the topics and areas covered.
My sincere apologies are extended to any colleagues whose work was not specifically cited. If
there are other subjects in the field of oncology that should be covered in a basic text such as
this, I would certainly appreciate receiving such information.

I would like to express my sincere appreciation to my colleague Dr. Daniel Loeb, who,
after some arm-twisting, agreed to write the vast majority of Chapter 4, on viruses and cancer.
This field has become much more complex since the third edition, and I felt need of an expert in
the area. I am also grateful to other colleagues who read and made critical comments on the
manuscript, especially Drs. Norman Drinkwater, the late Dr. James Miller, and Bill Sugden of
the McArdle Laboratory; Dr. Lynn Allen-Hoffmann of the Department of Pathology at the Uni-
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versity of Wisconsin–Madison; my son, Dr. Henry C. Pitot IV, and his colleagues in the Depart-
ment of Oncology of the Mayo Clinic, Rochester, Minnesota; and Dr. Peter Duesberg of the
University of California, Berkeley. In particular, I express my deepest thanks to Dr. Ilse Riegel
for her invaluable help in editing and correcting the manuscript throughout all its stages. Our
special appreciation and thanks go to Mrs. Mary Jo Markham and Mrs. Kristen Adler for their
patient, enduring, and expert transcribing and typing of the manuscript and indexing the entire
book. A special thanks is given to my colleague Dr. Yi-hua Xu, who aided us immensely in
developing and digitizing figures.

Perhaps the greatest debt of gratitude in developing the fourth edition of this text is owed
my wife and our children, who have endured the constant “working on the book” that kept me
from spending more time with them. As the final corrections were being made to the text, our
oldest daughter was diagnosed with metastatic breast cancer. Several years ago she gave me a
small blackboard on which was written, “A teacher affects eternity; they can never tell where
their influence stops.” I can only hope and pray that these words are prophetic and that this text
may play a small role in the ultimate control of cancer.

Henry C. Pitot
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Preface to the Third Edition

Since the manuscript for the second edition of this text was completed, information regarding
the science of oncology, in the human and the experimental animal as well as in the plant king-
dom, has expanded in an astounding manner. The prediction of an earlier reviewer that this test
would require constant updating has proven true many times over. Furthermore, for the sake of
our students—the prime motivation for writing this text—a reasonably succinct survey of the
field of experimental oncology and its applications to humans continues to be of primary impor-
tance in our basic instructional program.

In this revision of the text, a number of new chapters have been added. A new Chapter 5,
concerned with hereditary factors in the causation of cancer, has been included. The discussion
of human cancer has been divided into two chapters: Chapter 9 is concerned with the direct
known causes and Chapter 10 with the scientific and societal considerations of human cancer.
Finally, the chapter on the biochemistry of neoplasia (Chapter 10 in the second edition) has also
been divided into two chapters, one dealing with the biochemistry of the neoplastic transforma-
tion in vivo (Chapter 12), the other with the biochemistry and molecular biology of the neoplas-
tic transformation in vitro (Chapter 13).

At the suggestion of one of the reviewers of the second edition, we have cited the refer-
ences in the text for the convenience of the reader. This has the disadvantage of a somewhat
more formal presentation, but we hope that it will be useful to the student who wishes to study
the field of experimental oncology in greater depth. This fundamental text is not exhaustive in its
treatment of the literature but presents representative examples of each of the topics and areas
covered. My apologies to any colleagues whose work was not specifically cited. If anyone feels
strongly that additional references are needed, please communicate your suggestions to the
author.

Again I would like to express my sincere appreciation to my colleagues at the McArdle
Laboratory who read and made critical comments on the manuscript, especially Doctors Nor-
man Drinkwater, Janet Mertz, James and Elizabeth Miller, Gerald C. Mueller, Van R Potter, Rex
Risser, Jeffrey Ross, Bill Sugden, and Howard M. Temin, and to Dr. Paul Carbone of the
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Wisconsin Clinical Cancer Center. In particular I would like to express my thanks to Dr. Ilse
Riegel and Bette Sheehan for their invaluable help in editing and correcting the manuscript
throughout all of its stages and my appreciation to Mary Jo Markham and Karen Denk for their
patient and expert transcribing and typing. Finally, my thanks are extended to Carol Dizack for
her expert artistry in drawing the figures added to this edition of the text and to Terrill P. Stewart
for his photographic skills.

Henry C. Pitot
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Preface to the Second Edition

In the few short years since the publication of the first edition of this text, a number of signifi-
cant facts have been uncovered in the science of oncology. Many of these findings have been
incorporated into the teaching of our basic course in experimental oncology through additional
notes and lectures, and the revision of this text became a clear necessity.

In this revision we have maintained the same format as in the first edition but have altered
the contents of most of the chapters, adding both figures and tables. In addition, the pathogenesis
of cancer and the natural history of cancer in vivo have been divided into Chapters 6 and 8 re-
spectively. Finally, Chapter 13 has been added to present some aspects of the basis for cancer
chemotherapy. Although this chapter is not an attempt to discuss the various treatment modali-
ties used in cancer therapy, the subject matter does introduce the student to the experimental
basis for chemotherapy and also briefly discusses the methodology and rationale for the chemi-
cal therapies used today.

We have continued to utilize illustrative slides to supplement the lectures and text. Lec-
tures by several of my clinical colleagues on the diagnosis, therapy, and psychosocial aspects of
cancer continue to be significant components of our course.

Again I would like to express my sincere appreciation to a number of my colleagues at the
McArdle Laboratory, especially Doctors Roswell Boutwell, James and Elizabeth Miller, Van R.
Potter, Rex Risser, Bill Sugden, and Howard Temin, as well as others who have read and made
critical comments on the manuscript. In particular, I would like to express my thanks to Dr. Ilse
Riegel and Ms. Bette Sheehan for their invaluable help in collating, editing, and correcting the
manuscript throughout all of its stages, and my appreciation to Ms. Karen Denk for her patient
and expert typing. Finally, my thanks are again extended to Mr. John L. Shane for his continued
artistic aid in drawing the new figures for this text.

Henry C. Pitot
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Preface to the First Edition

The sensationalism and publicity directed toward the investigation, diagnosis, and treatment of
cancer as a disease in the human being have reached a dramatic level in the United States. In part
this is a result of the decision by the political administration of Richard M. Nixon to make the
conquest of cancer a major goal of his office. Although it is not my desire nor is this the place to
consider the ramifications of this decision and the subsequent difficulties that have arisen in its
implementation, it is clear that cancer research received a “shot in the arm” of international pro-
portions by political decisions at the beginning of this decade. The U.S. public, who have sup-
ported the National Cancer Plan through their taxes, have been repeatedly apprised of its
existence and progress since its inception in 1970. Much has been written on the subject of can-
cer in the scientific literature as a direct result of the financial impetus given to research in oncol-
ogy over the past decade. A variety of books and monographs on the general subject of cancer in
humans and animals for both the scientist and the layman have appeared during this same
period.

This text is not meant to be a popular account of the cancer problem. More than two de-
cades ago, the Department of Oncology, which comprises the McArdle Laboratory for Cancer
Research of the University of Wisconsin at Madison, initiated a graduate course in oncology.
This course consisted of a series of lectures covering a variety of aspects of experimental oncol-
ogy including chemical and biological carcinogenesis, host-tumor relationships, the natural his-
tory of cancer, and the biochemistry of cancer. In addition, within a few years of its inception,
several lectures were given on the diagnosis and therapy of cancer in the human patient. The
course was and always has been oriented primarily toward the graduate student in oncology
rather than specifically for the medical student or postgraduate physician. In part as a result of
the increased interest in cancer research by both graduate and undergraduate students and as part
of the mechanism of self-evaluation of teaching programs, several years ago the McArdle Labo-
ratory expanded its original course into three separate courses in experimental oncology. The
first course in this series is open to all students and fellows at the University of Wisconsin, and
the notes given to the students comprise the basis for this short text on the fundamentals of
oncology.

During the course period, these notes are supplemented by several sessions in which slides
are shown depicting a variety of examples both from human and animal neoplasms to illustrate
many of the specific points presented in the text. A list of these slides can be made available to
anyone interested, on written request to the author. In addition, at the end of the course several
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lectures are given to the students on the diagnosis and therapy of human cancer as well as on the
psychosocial aspects and bioethics of human oncology.

It is the hope of those of us in the McArdle Laboratory involved in the teaching of this
course that we can instill in our students the basic concepts of the science of this disease and
thereby interest them in learning more about the mechanisms of neoplastic disease and the use
of such knowledge toward the ultimate control of cancer in the human patient.

In particular, I would like to express my appreciation to my colleagues in the McArdle
Laboratory, especially Drs. James and Elizabeth Miller, Van R. Potter, Ilse L. Riegel, Bill Sug-
den, Howard M. Temin, and others who have read and made critical comments on this manu-
script at its earlier stages. My thanks also go to the several outside reviewers of the manuscript
whose suggestions resulted in an increased number of illustrations and the addition of the epi-
logue, and to Mr. John L. Shane, whose artistic skill produced the drawings of the figures.

Henry C. Pitot
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1
Cancer: Yesterday and Today

History tells us that disease has been a part of the living process on this planet for eons. In fact, it
is clear that life as we know it, by its very nature, requires that disease processes exist. It is
natural, then, that a thinking, reasoning human organism should concern itself with disease and
its effects on individuals as well as populations. Diseases that are self-limiting and readily con-
trolled by natural life processes present no major problem for humans, animals, or plants. Our
concern is with diseases that are potentially life-threatening or morbidly debilitating.

Since the dawn of civilization there have always been a few disease entities of great con-
cern to humans. As evidenced by biblical writings, the disease most feared and abhorred by the
population of the western civilized world at that time was leprosy. Later, in the Middle Ages and
the Renaissance in Europe, the dreaded disease was the bubonic plague, or “black death.” Dur-
ing the last century, a major killer associated with considerable human suffering was the “white
death,” or tuberculosis. With the effective antimicrobial therapy developed in the twentieth cen-
tury, infectious diseases now play a lesser role in “developed cultures” than in the past, although
in relatively underdeveloped countries of the Third World, infectious diseases such as malaria
and hookworm are still of paramount importance and concern. In modern times, however, espe-
cially during the last half of the twentieth century, the most feared disease is cancer. One of the
more succinct descriptions emphasizing the impact of this fear was presented at a symposium on
cancer in 1936 by Glenn Frank, President of the University of Wisconsin.

But not all these tragic consequences together are the worst evil wrought by cancer. For every-
body that is killed by the fact of cancer, multiplied thousands of minds are unnerved by the
fear of cancer. What cancer, as an unsolved mystery, does to the morale of millions who may
never know its ravages is incalculable. This is an incidence of cancer that cannot be reached
by the physician’s medicaments, the surgeon’s knife, or any organized advice against panic.
Nothing but the actual conquest of cancer itself will remove this sword that today hangs over
every head.*

Although the United States was not the first country to proclaim the conquest of cancer as
a national effort, the government’s financial backing of cancer research during the 1970s pro-
vided the greatest single impetus in the history of this country to the scientific search for knowl-
edge and understanding to control and eliminate cancer. In 1970, a special panel of consultants
called together by the U.S. Senate submitted a “Report of the National Board of Consultants on
the Conquest of Cancer” (1971); at that time, this was perhaps the best summary of the status of

*Quoted from the welcome by President Glenn Frank to participants in “A Symposium on Cancer,” Uni-
versity of Wisconsin School of Medicine, Madison, Wisconsin, September 7–9, 1936. University of Wis-
consin Press, Madison, 1938.
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cancer as a disease and of cancer research in this country. This report showed that cancer is the
primary health concern of the people of the United States. In several polls, approximately two-
thirds of those questioned admitted fearing cancer more than any other disease. Of 200 million
Americans living in 1970, some 50 million were destined to develop cancer, and approximately
34 million would die of the disease. According to the American Cancer Society (1993), about 85
million Americans living in 1993 will eventually develop cancer. About one-half of all deaths
due to cancer occur prior to the age of 65, and cancer causes more deaths among children aged 1
to 14 than any other disease. About 20% of all deaths in this country are caused by cancer; it is
second only to cardiovascular disease as the greatest killer of our population.

The committee of consultants that was convened in 1970 pointed out that in 1969 the bud-
get of this country, on a per capita basis, provided $410 for national defense; $125 for the war in
Vietnam; $19 for the space program; $19 for foreign aid; but only 89 cents for cancer research.
During the same year, deaths from cancer were eight times the number of lives lost in all 6 years
of the Vietnam War up to that time, 5¹⁄₂ times the number of people killed in automobile acci-
dents in that year, and greater than the number of American servicemen killed in battle in all 4
years of World War II. Hodgson and Rice (1995) have indicated that the yearly cost to this na-
tion’s economy because of cancer is nearly $73 billion, with the cost of medical care of cancer
patients being more than $18 billion per year. These figures do not take into account the costs in
suffering, mental anguish, and psychosocial trauma that haunt both cancer patients and their
families.

We do not yet understand the basic nature of cancer; however, we know a great deal more
about the disease today than we did 50 years ago. In 1930, the medical cure rate for those af-
flicted with cancer was about one in five. Today, approximately two in five are cured, and the
panel’s findings and subsequent studies have demonstrated that this could be improved to almost
one in two simply by better application of the knowledge that exists today. In fact, in 1982, the
National Cancer Institute’s SEER Program (see below) presented data to indicate that nearly
50% of white patients with cancer, excluding nonmelanoma skin cancer and carcinoma in situ
(see Chapter 9), will survive to die of other diseases. Certain specific types of cancers that were
100% fatal prior to 1960 can now be cured in as many as 70% of the cases (see Chapter 16).

CANCER: YESTERDAY

In all likelihood, all multicellular organisms are afflicted or have the potential to be afflicted
with the disease we call cancer. Paleopathologists have shown that cancerous lesions occurred in
dinosaur bones long before the advent of Homo sapiens (Bett, 1957). In view of the numerous
reports of spontaneous and induced cancers in plants and animals, vertebrates as well as inverte-
brates, it is probable that cancer has been with us for much of the evolutionary period of life on
earth. Ancient Egyptians knew of the existence of cancer in humans, and in one papyrus, the
Edwin Smith papyrus, a glyph clearly refers to a clinical cancer of the breast (Fig. 1.1). In addi-
tion, autopsies of mummies have shown the existence of bone tumors and the probability of
other cancerous processes.

By the era of Hippocrates in the fourth century B.C., many types of cancers were clinically
recognized and described, such as cancer of the stomach or uterus. Hippocrates felt that in many
instances little could be done for the cancer patient and, more importantly, that it was to this
disease that one of his cardinal rules, Primum non nocere (first do no harm), applied. Hippo-
crates coined the term carcinoma, which referred to tumors that spread and destroyed the pa-
tient. This was in contrast to the group he termed carcinos, which included benign tumors,
hemorrhoids, and other chronic ulcerations. He proposed that cancer was a disease of an excess
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of black bile, which was manufactured by both the spleen and stomach but not the liver. This
concept of the causation of cancer remained the predominant theory for almost 2000 years.
Hippocrates as well as other physicians during the next two millennia tended not to treat ulcer-
ated or deep-seated cancers, because “if treated, the patients die quickly; but if not treated, they
hold out for a long time.”

Almost 600 years later, Galen distinguished “tumors according to nature,” such as en-
largement of the breast with normal female maturation; “tumors exceeding nature,” which in-
cluded the bony proliferation occurring during the reuniting of a fracture; and “tumors contrary
to nature,” which today we may define as benign or malignant tumors (Chapter 2). This distinc-
tion, proposed some 1800 years ago, is still reasonably correct. Galen also suggested the similar-
ity in gross outline between a crab and the disease we know today as cancer.

The concepts of Hippocrates and Galen dominated medical practice during the Middle
Ages. With the advent of the Renaissance and during the seventeenth and eighteenth centuries,
the “black bile” theory of the causation of cancer was disputed by a number of physicians (in-
cluding Ramazzini), and the surgery of neoplasms became somewhat more extensive. Several
treatises on mastectomies for breast cancer, including dissection of regional lymph nodes, were
written. Ramazzini attributed the high occurrence of breast cancer among nuns to the celibate
life of these women. This was the first example of occupation-associated cancer, an observation
that has withstood the test of time. In addition, in 1761, John Hill of London suggested that
tobacco in the form of snuff was a cause of nasal tumors or polyps.

It was not until the nineteenth century, however, that physicians and scientists began to
study cancer systematically and intensively. The anatomist Bichat extended the principles of Ga-
len, which had reigned supreme for more than 1600 years. Bichat (1821) described the anatomy
of many neoplasms in the human and suggested that cancer was an “accidental formation” of
tissue built up in the same manner as any other portion of the organism. Seventeen years later,
Johannes Müller (1838) extended the findings of Bichat through the use of the microscope. Al-
though the cellular theory was just being formulated during this period, Müller independently
demonstrated that cancer tissue was made up of cells. At the time little was known about cell

Figure 1.1 The hieroglyphic symbol for the word tumor, referring to the surgical treatment of cancer of
the breast as described in the Edwin Smith papyrus, dated earlier than 1600 B.C. The reader is referred to
Breasted’s translation (1930) of the document for further information.
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division, and Pasteur and others had not yet demonstrated the doctrine Omnis cellula e cellula,
that is, “Every cell from a cell.”

A student of Müller, Rudolf Virchow (1863), dramatically extended our descriptive
knowledge of cancer; although he proposed a number of theories that were later disproved, he
was the first to point out a relation between chronic irritation and some cancers.

Early in this rapid advance of our knowledge of cancer, two possible pathogenetic bases
for the origin of cancer were proposed—that normal cells are converted to cancer cells, or that
cancer cells exist from embryonic life but do not express themselves until later in the organism’s
existence. Müller (1838) supported the latter concept, as did Julius Cohnheim, who in 1877 ad-
vanced the “embryonal rest theory” of cancer. On the other hand, many pathologists, such as
Laënnec, argued that a number of cancers resemble the normal tissues of the body and that
“there are as many varieties of these as there are kinds of normal tissues.” Laënnec did, however,
recognize that a number of tumors bore no direct resemblance to any normal tissue found in the
adult organism. Laënnec’s studies supported the cellular theory (see above) and actually added
to it the words ejusdem naturae, which, combined with the original statement, may be translated
as “Every cell arises from a cell of the same kind” (cf. Shimkin, 1977).

In 1829, Recamier published Recherches du Cancer, in which he specifically introduced
the term metastases and described clearly how cancer spreads by this method (Chapter 2). An-
other major advance was the demonstration by Waldeyer (1872) that metastases were the result
of cell emboli. In addition, he was able to show that cells from primary cancers infiltrated blood
and lymphatic vessels.

After major advances had been made in the knowledge of the biology of human cancer,
experimental oncology emerged as a separate area of study. The first example of the successful
transplantation of an experimental tumor was reported by Novinsky (1877), who succeeded in
transplanting a nasal cancer from an adult dog to several puppies and then maintained the cancer
in vivo for at least one or two generations. By 1900, some animal neoplasms had been carried
through many generations of grafts with few alterations in the microscopic appearance of the
cancers.

Students interested in a more detailed and readable discussion of some aspects of the his-
tory of the science of oncology are referred to Shimkin’s Contrary to Nature (1977), which
shows by extensive illustration and relatively complete documentation the development of on-
cology from ancient times to many of the major discoveries through 1975.

During the nineteenth century, many hypotheses of the origin and development of cancer
were presented. In general, these hypotheses may be categorized as follows:

1. The irritation hypothesis
2. The embryonal hypothesis
3. The parasitic hypothesis

The first hypothesis encompassed what little was known at the time of the effects of chem-
ical agents, mostly crude, and of radiation in the genesis of cancer. The relation of some ulcer-
ations, both internal and external, to cancer appeared to support and strengthen this hypothesis.
Cancers arising in old scars and those occurring after both acute and chronic injury were also
cited in support of the irritation hypothesis.

Perhaps the most common example in support of the embryonal hypothesis is the nevus, or
common mole of the skin. In most instances nevi are present from birth, and a very small per-
centage of such structures become cancerous. Many cancers that appear to resemble embryonic
tissue, such as the teratoma (Chapter 2) occurring in the adult, also support this hypothesis.

Prior to the nineteenth century, Hippocrates’ “black bile” theory of cancer causation
served to inhibit any concepts of an infectious etiology of cancer. However, in view of the rapid
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advances in our understanding of infectious disease during the last century by Pasteur and nu-
merous others, physicians and scientists have searched for an infectious origin of cancer during
the last 100 years. Several reports appeared at the end of the nineteenth century, including that of
Doven, who described a bacterium, Micrococcus neoformans, which he isolated from several
neoplasms and believed to be the cause of all types of cancer (cf. Bett, 1957; Oberling, 1952).
As it turned out, this organism was merely a common staphylococcus. It was not until the twen-
tieth century that the infectious hypothesis became scientifically sound. Even with the dawn of
this century, more than 50 years were to pass before proper scientific recognition was given to
the parasitic hypothesis (see Chapter 4).

CANCER: TODAY

Today the demographics and statistics of cancer in the human race have become topics of great
popular concern and study. An interesting prelude to the extensive statistical and epidemiologic
investigations (Chapters 11 and 12) of human cancer was the book The Mortality from Cancer
Throughout the World, by F. L. Hoffman (1915), which in part comprised a report to the Pruden-
tial Insurance Company of America on the “statistics” of cancer and its application to the life
insurance industry. A number of the points raised by Hoffman in relation to the increase in can-
cer incidence seen in the world at that time, the mortality from cancer in different occupations,
and the geographical consideration of cancer statistics have all proved to be major factors in our
understanding of cancer as a disease in the human race today.

Incidence

The incidence of cancer in the human population may be defined as the rate of diagnosis of the
disease in the human population. This can be expressed in a variety of ways, as demonstrated by
several tables and figures in this chapter. For the student it is important to gain a clear under-
standing of the distinction between cancer incidence rates and cancer mortality rates, the latter
being discussed later in this chapter. Cancer survival rates are related to cancer mortality rates by
the success or failure of the therapy of the disease.

Table 1.1 lists the ten most common cancers in the world (excepting nonmelanotic skin
cancer) in 1985 on the basis of estimates by the International Agency for Research on Cancer
(Parkin et al., 1993; Pisani et al., 1993). The basis of these studies was an investigation of cancer
incidence and mortality patterns in 23 geographical areas of the world, as depicted in Figure 1.2.
In this worldwide survey, the crude cancer incidence rates (see below) for all (or most) of the
countries in a given area were estimated and then the weighted average was calculated, where the
weights are the populations of the individual countries as determined in 1985. Wherever possible,
incidence rates were derived from population-based cancer registries or other reliable sources
(Parkin et al., 1993). In countries in which no incidence data were available but mortality rates
from cancer could be obtained, estimates of incidence were determined with a set of conversion
factors (Parkin et al., 1993). Similarly, for countries or regions in which valid cause-specific mor-
tality information is not available, mortality rates have been estimated from incidence data. For a
given cancer site, mortality is empirically related to incidence by the following relationship:

M = I [k – Si]

where Si is the relative survival at year i of follow-up, while k is a constant depending on i. M
and I are the mortality and incidence rates respectively (Pisani et al., 1993). Muir (1990) has also
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indicated that the expected increase in cancer in the world each year is approximately 6.4 mil-
lion new cases. This number is almost equally divided between Third World countries and those
that are more developed.

In the United States, the most accurate cancer incidence rates are those of the National
Cancer Institute’s Surveillance, Epidemiology, and End Results (SEER) program, now covering
12 geographic areas with population-based registries. These include the metropolitan areas of
Atlanta, Detroit, New Orleans, Seattle–Puget Sound, and Oakland–San Francisco as well as the
states of Connecticut, Iowa, New Jersey, New Mexico, Utah, and Hawaii and the Common-
wealth of Puerto Rico. Several more population areas are due to be added to the SEER program
in the near future. This program involves a sample of approximately 10% of the U.S. population
and thus has a base analogous to that of the world incidence study seen in Table 1.1. While this
is a very large sample of the U.S. population and has been shown to reflect trends in cancer
statistics for the entire country, some race-, sex-, and site-specific differences in the magnitude
of trends and levels of mortality occur in the SEER data as compared with those from the entire
U.S. population (Frey et al., 1992).

On the basis of previous data from the SEER program, the American Cancer Society esti-
mated that, in the United States in 1993, approximately 1.17 million new cases of cancer, ex-
cluding nonmelanoma skin cancer, would occur, essentially equally divided between males and
females. For a child born in 1985, the probability at birth of developing cancer (excluding non-
melanotic skin cancer) at some time during its life span is about 33%. The probability for that
individual of eventually dying of cancer is about 20% (Centers for Disease Control, 1986). In
general, males have a higher age-specific incidence of cancer than females when all sites com-
bined are considered. Even in the best-controlled epidemiological studies as exemplified by the
SEER program, these data may be incomplete, since some cases of cancer are never diagnosed.
The failure to diagnose cancer is related not only to the lack of contact of an individual with a
physician but also to the frequent lack of interaction of a patient with the best methods of cancer
diagnosis, found only in modern hospitals. Earlier studies (cf. Bauer et al., 1973) demonstrated
that the likelihood of discovering an undiagnosed or incorrectly diagnosed case of cancer in-
creases dramatically as the number of hospital admissions increases. Thus, as medical care for
the U.S. population improves in efficiency and availability, it is hoped that the patient who seeks
medical advice and has undiagnosed cancer will become a relative rarity in our society.

Except for cancer of the skin—the most common and, in most cases, the most curable of
human cancers—75% of all cancers in humans in the United States occur in only ten anatomic
sites: colon and rectum, breast, lung and bronchus, prostate, uterus, lymph organs, bladder,
stomach, blood, and pancreas. In the U.S. male, one of the most common sites is the lung, ac-
counting for 17% of such cancers in 1993 (American Cancer Society, 1993). A similarly com-
mon site of cancer incidence in the U.S. male is the prostate, which accounts for 27% of the 10
most common cancers. In the U.S. female, cancer of the breast accounts for 32% of these can-
cers; in both males and females in the United States, the incidence of cancer of the colon and
rectum is approximately 13% of all cancers.

The age-specific incidence of cancer at the four most frequent sites for males and females
as reported by the most recent SEER publication (Miller et al., 1992) is seen in Figure 1.3. In the
male, the incidence of these cancers increases dramatically after age 40 and continues through-
out life except for cancer of the lung and bronchus. The reason for this decline in men over age
80 has been speculated to be the result of either (1) the relatively low incidence of smoking in
this group as young individuals, since smoking became most popular after the 1930s, or (2) the
lethality of the disease and its greater incidence in the 60- to 80-year-old age range. The former
explanation does not coincide with the study by Harris (1983), who reported that, in a represen-
tative sample of the U.S. population, maximum exposure to cigarette smoking probably oc-
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Figure 1.3A Age-specific cancer incidence in U.S. males of all races based on incidence rates
(1986–1988). Data obtained from the SEER study. (Miller et al., 1992.)

Figure 1.3B Age-specific cancer incidence in U.S. females of all races based on incidence rates
(1986–1988). Data obtained from the SEER study. (Miller et al., 1992.)
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curred among men now in their seventh and eighth decades. In that study it was also postulated
that the peak exposure to smoking probably occurred in women presently in their fifth and sixth
decades; this would also conform with the decreasing incidence of lung cancer in females over
age 70. Today, deaths from lung cancer exceed those from breast cancer in women (see below).
The reason for the slight decrease in breast cancer and in cancer of the uterus at older ages is not
readily apparent.

On a worldwide basis, the incidence of various types of potentially fatal cancers is some-
what different from that in the United States, as noted in Table 1.1, when compared with Figure
1.3. As in the United States, the total cancer burden in the world includes cancer of the lung and
cancer of the breast as exhibiting the highest incidences in males and females, respectively.
When all areas were considered together for both sexes, the most frequent cancer worldwide in
1980 was cancer of the lung (Table 1.1). Stomach cancer remains the most common cancer in
some parts of the world, including Japan, China, other east Asian countries, and the former So-
viet Union, and incidence rates still remain relatively high in both Europe and Latin America.
Nevertheless, stomach cancer is declining in frequency almost everywhere in the world, with the
estimated number of cases decreasing by 1.9% since the previous estimates in 1975. This is es-
pecially noteworthy since a population increase of 9.4% occurred during the same period. Un-
like stomach cancer, lung cancer has been increasing in incidence between 1975 and 1980, by
11.8% in males and 16% in females worldwide. Thus, lung cancer is the most common fatal
cancer in the human race as we approach the twenty-first century. Another striking finding from
these data is that cancers of the breast and cervix, both limited to females, have a higher inci-
dence than the two most common cancers in males—lung and stomach. Although it is possible
that the increasing incidence of breast cancer worldwide may be the result of changes in the way
the estimates are calculated (Parkin et al., 1993), cancer of the uterine cervix is also increasing,
especially in underdeveloped nations, in which methods for early diagnosis are not as well de-
veloped as in the “developed” areas of the world.

In the United States, the most dramatic changes in the incidence of cancer also reflect
those seen in the world. This is exemplified in Figure 1.4, showing the change in incidence of
specific cancer types during the period 1950–1989. As seen from the figure, the most striking
differences are again seen in cancer of the lung and bronchus, with the percentage change being
greatest in females during this period. Among other cancers that increased dramatically during
this period, non-Hodgkin’s lymphomas, melanomas, and cancers of the kidney, testes, and pros-
tate increased by more than 100%. The incidence of cancer of the breast, while increasing mark-
edly during this period, has not seen a dramatic change like those indicated above. Not listed in
the figure is the recent finding of the dramatic increases seen in the incidence of brain cancers in
the period 1973–1985. The most dramatic increases during this period were noted for persons
aged 75 to 79, 80 to 84, and 85 years and older, where the relative increases were 187%, 394%,
and 501% respectively (Greig et al., 1990).

There are even more striking differences in the incidences of specific cancers in certain
areas and countries of the world. The rates for a variety of cancers in the highest- and lowest-
incidence areas are shown in Table 1.2. The incidence rates of some cancers may vary as much
as 300-fold in different areas of the world. Such variability led some epidemiologists more than
two decades ago, when this information first became available, to suggest that most cancers in
humans are the result of environmental factors, since inherent genetic and related factors could
not explain such large differences in incidence of specific cancers in various parts of the world
(cf. Wynder and Gori, 1977).

Changes in the incidence of cancer may be due either to an absolute change in the inci-
dence—resulting, for example, from some alteration in the environment or to better diagnostic
methods—which give rise to an apparent increase in the incidence of a specific cancer. One ex-
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ample of the latter was described by Linos and associates (1981) for a bone marrow cancer, mul-
tiple myeloma. Although a number of incidence studies indicated that multiple myeloma had
increased significantly in recent years in the United States, no such increase occurred in the pop-
ulation of a carefully monitored county in Minnesota over a 20-year period. Since no other study
that reported increased incidence rates analyzed a well-defined population over a long period, it
is likely that the increased incidence of multiple myeloma reported in several other parts of the
country were the result of improved diagnosis. This factor is also important when one attempts
to compare incidence, mortality, and survival rates over defined periods of time (see below).

Mortality Rates

Mortality rates from cancer are usually more easily obtained for statistical studies, and the data
are usually more reliable, than incidence rates. However, in many developing countries, few or

Figure 1.4 Percentage change in incidence of major potentially fatal cancers in the U.S. population for
the period 1950–1989. (Miller et al., 1992.) *Not otherwise specified.
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no cancer mortality data are available. The methods utilized for mortality rates under such cir-
cumstances have been outlined by Pisani et al. (1993) in their estimates of worldwide mortality
from major cancers, as noted in Table 1.1. As seen from the table, in a few instances, mortalities
for cancer of the liver and esophagus are almost identical, indicating that the therapy of such
cancers is mostly unsuccessful. The SEER program, which is carefully monitored, has made es-
timations of incidence and mortality rates in the population base of their continuing study. On
the other hand, some studies of mortality rates that have been published do not reflect the SEER
data (Frey et al., 1992) but rather consider data taken from a variety of sources, most notably
death certificates and data from Health Departments in states where cancer is a reportable dis-
ease. The most notable of such studies was carried out by a number of individuals at the Na-
tional Cancer Institute on data obtained through the National Center for Health Statistics, which
in turn obtained data from individual counties throughout the country. These studies resulted in a
series of maps, each relating the mortality of a specific cancer in each of the 3056 counties of the
48 contiguous states from 1950 to 1969 (cf. Fraumeni, 1983). This heroic effort led to a number
of interesting findings, which potentially related certain environmental factors to unusual inci-
dences of specific types of cancer. A number of these are discussed in a later chapter (Chapter
10). The United States was not unique in this form of study of cancer mortality within its own
borders, in that England and Wales went through a similar exercise (Gardner, 1984), and the
People’s Republic of China carried out a similar but far more extensive study of cancer mortality
rates within its borders for a number of different types of cancers.

Although the geographic distribution of cancer mortality within specific regions of a coun-
try has been studied, it is important to understand the overall cancer mortality within a single
country. In the United States, the American Cancer Society has maintained annual studies of
age-adjusted cancer death rates for selected anatomic sites for both males and females. The most
recent extension of these studies is seen in Figure 1.5. For both males and females, the most
dramatic increase over the years has been in the mortality from lung cancer. In fact, in 1988, the
mortality rate for lung cancer in women surpassed that of breast cancer, previously the most fatal
cancer in this sex in this country. In 1992, just under 20% of all deaths in developed countries
can be attributed to tobacco usage in one form or another; however, this percentage is still rising
(Peto et al., 1992). In 1995, there were over 2.1 million deaths due to tobacco usage in all devel-
oped countries, this figure extrapolating to an annual death rate of 3.4 million by the year 2025.
During this time, Hirayama (1987) predicted that lung cancer mortality will decrease in most
developed countries but continue to increase in Japan, so that it will exceed the lung cancer
death rates in most European and North American developed countries.

Other trends in this chart are discussed below; however, it should be noted that whereas
the data of Figure 1.5 reflect the entire population, certain segments of the population exhibit
significantly different characteristics of cancer mortality and incidence. These include members
of certain religious groups (Phillips et al., 1980) and nonsmokers (Enstrom, 1979a), who exhibit
lower rates of both incidence and mortality for many types of cancer, especially lung in the latter
case, as well as an increased incidence and mortality of cancer in patients of older age groups.
However, it was recognized more than two decades ago that lung cancer mortality is rising
among nonsmokers (Enstrom, 1979b). Several studies have proposed that this increase is due in
large part to passive or involuntary exposure of nonsmokers to cigarette smoke (Vainio and Par-
tanen, 1989; Woodward and McMichael, 1991). Figure 1.6 shows the mortality due to all can-
cers in several different age groups.

The mortality from cancer of individuals less than 45 years of age has been decreasing
significantly during the past three decades. This decrease is probably the result of the greater
efficacy of cancer therapy, especially drug therapy (Miller and McKay, 1984) for childhood can-
cer, as is discussed more extensively in Chapter 16.
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Age-Adjusted Cancer Death Rates for Males by Site, United States, 1930–97
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Figure 1.5 Cancer death rates by site in the United States from 1930 to 1990 in males and females.
(American Cancer Society, 2001, with permission.)
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Although considerable financial and human effort has been expended, especially during
the last two decades, in attempts to control and/or eradicate cancer in the U.S. population, it is
clear that we are still a long way from achieving such goals. Recently, investigators both in this
country (Bailar and Gornik, 1997) and abroad (Becker et al., 1989) have indicated that despite
all the advances being made, the overall mortality for cancer has not improved significantly dur-
ing the last decade, although, as shown in Figures 1.5 and 1.6, mortality rates have decreased in
certain subsets of the population. The data presented in both of these publications are generally
valid, but the crude overall data hide many advances that have been made. Furthermore, the pre-
ponderance of mortality due to lung cancer, now in both sexes, skews the data toward an unfa-
vorable conclusion. Removal of this single, most preventable cause of human cancer from these
statistics results in a stabilization or significant decrease in mortality rates from all other cancers
over the last several decades (Holleb, 1986). Furthermore, more effective therapy of cancer has
effectively delayed death in older patients from the more common cancers of the colon, breast,
lung, and others but has not eliminated the inevitable (Mathé, 1986). In addition, as pointed out
by these two investigators (Holleb, 1986; Mathé, 1986), early lesions in the development of hu-
man cancer are not considered in such statistical evaluations, although their treatment and con-
trol would clearly have an impact on the overall figures. Furthermore, Cole and Rodu (1996)
have reviewed vital statistics from the United States Department of Health and Human Services
as well as the SEER program for the period 1990 to 1995 in relation to overall age-adjusted
cancer mortality rates. These authors found that the rate declined by about 4.2% in the United
States during this period and proposed that the decline is due both to the effect of cancer preven-
tion and to improved medical care and therapy of the disease. This decline in cancer mortality
may be seen in greater detail in Figure 1.7, wherein the annual percentage change in cancer
death rates in the United States from 1970 to 1995, broken into two time periods and related to
major cancers as well as age, is seen. It should be noted that in virtually none of the specific
types of neoplasms or age ranges has the change seen between 1990 and 1995 been significantly

Figure 1.6 Cancer mortality by age group, all races, men and women in the United States between 1950
and 1980. The mortality rate in 1950 is taken as 100%. (Davis et al., 1990, with permission of authors and
publisher.)
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greater than that between 1973 and 1990. Despite these various arguments, however, it is clear
that hundreds of thousands of persons die from cancer in the United States, and millions in the
entire world, each year. The decrease in the mortality of cancer in the young is laudable but does
not make a major impact on the numerous deaths from this disease in the older age groups.

Survival Rates

In the early part of this century, relatively few cancer patients had any hope of long-term sur-
vival. In the 1930s less than 1 person in 5 remained alive 5 years after the initial treatment for the
disease. This ratio increased to 1 in 4 during the next decade, and by the 1960s it was 1 in 3. At
the present time it is estimated by the American Cancer Society (1994) that some 483,000
Americans, or 4 out of 10 patients diagnosed with potentially fatal cancer this year, will be alive
5 years after diagnosis. This increase in survival from the 1960s represents a total of almost
85,000 persons in 1994 by comparison. This number is termed the observed survival rate, which
is an estimate of the proportion of the original group of patients who survive the selected length
of time. The expected survival rate is that of a group similar to the patient group in such charac-
teristics as age, sex, and race but free of the specific disease under study, in this case cancer
(Ederer et al., 1961). The expected rate is related to factors such as death from heart disease,
accidents, and diseases of old age. The relative survival rate is the ratio of the observed survival
rate during a specific interval to the expected survival rate. Therefore, a relative survival rate of
less than 100% indicates that, during the specified interval, mortality in the patient group was
greater than that of persons in the general population free of disease under study comprising the
expected survival rate group (Ederer et al., 1961). Many consider the relative survival rate a
more accurate yardstick for measuring the results of cancer therapy (American Cancer Society,
1994). Another term that is used somewhat less frequently is the prevalence of cancer. This is
defined as the number of existing cases of cancer in a given population at a specific time. It takes
into account both incidence and survival and is important in planning for health care and other
needs of cancer survivors (Polednak, 1997). In 1982 it was estimated that the prevalence of can-
cer was approximately 2% of the American population who had ever received a diagnosis of
invasive cancer (Feldman et al., 1986). However, calculation of the prevalence of cancer is
somewhat complex, and a number of assumptions must be made that may or may not be entirely
valid (Coldman et al., 1992).

Increasing survival trends after the initial diagnosis of cancer have not been limited to the
United States. In Sweden the 5-year relative survival increased from 34% to 47% in males and
49% to 57% in females between the periods 1960–64 and 1980–84 (Adami et al., 1989). During
the period 1960–78, the observed and relative survival of cancer of the colon in Sweden de-
creased; but after 5 years of survival, there was essentially no change in the relative survival for
the next 15 years (Adami, 1988). This relationship between 5- and 20-year relative survival rates
is also true for most of the major human cancers, as seen in Figure 1.8. The two cancers that
deviate most dramatically from the mean are prostate and breast cancer. The former deviation is
probably owing to the relatively old age at which diagnosis is made, thus leading to relatively
few 20-year survivors under any condition. In contrast, cancer of the breast in a significant num-
ber of cases remains latent for many years after treatment before reappearing at a later date (cf.
Chapter 7).

Not all survival trends follow the general changes noted above. In the United States, young
white patients ages 0 to 14 diagnosed with cancer, especially acute leukemia (Steinhorn and
Ries, 1988), have shown dramatic increases in 5-year survival rates, but the survival of all black
patients with cancer has not improved nearly as dramatically as that of white patients for the
periods 1960–63 to 1980–85 (Table 1.3). As pointed out by Freeman and associates (Cummings
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and Floyd, 1989), the major reason for this difference is not race but rather the economic and
social conditions that place members of the black race in the United States at a marked disadvan-
tage in health care compared with the white population. Blacks and whites of the same economic
status exhibit the same level of survival from this disease. One may also see distinctive differ-
ences in the survival of patients with specific diseases such as Hodgkin’s disease who are treated
in major cancer centers as compared with those receiving treatment for the disease in other set-
tings representative of the average population. When these two groups are compared with re-
spect to the survival from Hodgkin’s disease, the mortality rate among SEER patients in the

Figure 1.8 Relation between 5- and 20-year relative survival rates for major human cancers.

Table 1.3 5-Year Relative Rates (Percentages), All Sites Combined, Males and Females

Race

Year of Diagnosis

1960–63a

aRates are based on End Results Group data from a series of hospital registries and one population-
based registry.

1970–73a 1974–76b

bRates are from the SEER Program. They are based on data from population-based registries in
Connecticut, New Mexico, Utah, Iowa, Hawaii, Atlanta, Detroit, Seattle–Puget Sound, and San
Francisco–Oakland. Rates are based on follow-up of patients through 1986.

1977–79b 1980–85b

All races 38 42 48.9 49.2 49.8c

Whites 39 43 49.9 50.3 51.1c

Blacks 27 31 38.6 38.4 38.1c

Whites, ages 0–14 28 45 55.0 61.2 65.2c

cThe difference in rates between 1974–76 and 1980–85 is statistically significant (p < 0.05).
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average population was approximately 50% greater than that among patients treated at major
cancer centers (Davis et al., 1987). Finally, another complicating factor is the risk of a second
primary cancer after the diagnosis of cancer at the original site. Relative risks (observed:ex-
pected values) for the development of such cancers range from approximately 1.1 in a large
study in Denmark (Storm et al., 1986) to almost 6 as reported from Japan by Okamoto et al.
(1987). Further consideration of this complication appears later (Chapter 16).

Trends and Factors in Cancer Incidence, Mortality, and Survival

In general, the cancer death rates by site for males and females parallel the incidence rates (Fig-
ures 1.4 and 1.5), especially with cancers of the stomach, lung, pancreas, brain, liver, ovary, and
several other sites. On the other hand, for certain types of cancer, the mortality rates have fallen
dramatically during the past several decades. This is true for cancer of the uterus and cervix,
where the overall death rate has decreased more than 70% over the past 40 years. This is proba-
bly due to the widespread use of the Pap test (Chapter 2) and early detection of cervical cancer.
Mortality from colorectal cancer has fallen 29% for women and 6% for men during the past 30
years, while—as pointed out earlier—the mortality rate for cancer in children has declined 60%
since 1950 primarily because of better methods of treatment. In some cancers, such as cancer of
the stomach, there has been a steady decrease in both incidence and mortality in this country and
in many others since the 1930s, although in Japan the decrease in mortality did not begin to
occur until after 1955 (Coggon and Acheson, 1984). In contrast, not only in this country (Fig-
ures 1.3 to 1.5) but throughout the world, cancer of the lung has been increasing in both sexes.

Since 1978, in the age group 75 to 84, trends of cancer incidence have revealed significant
increases in myeloma, a cancer of the bone marrow, as well as cancers of the breast and the brain
(see above) (Davis et al., 1990). The reasons for such specific changes in incidence of the cancer
mentioned—with the exception of tobacco abuse—are not entirely clear. However, such factors
as diet, workplace conditions, and infectious disease may have played a role in this group during
their younger years as well as in the population in general. These factors will be considered later
in the text (Chapter 10).

Trends in relative survival rates in the United States for white males and females over the
quarter century beginning in 1960 may be seen in Table 1.4. Survival rates in a number of differ-
ent cancers have increased significantly even over the past 10 years; however, interpretation of
cancer survival rates is difficult and subject to many variables, as pointed out by Enstrom and
Austin (1977). Improvements in survival rates may be due to a number of factors including:

1. An increase in the proportion of cancers diagnosed at a controllable stage of develop-
ment as a result of improved diagnostic techniques and of a better-informed public
alerted to the danger signals of cancer and the benefits of early diagnosis

2. Improvements in surgical and supportive techniques, including the control of infec-
tious diseases that complicate cancer

3. Improvements in radiotherapy, endocrine therapy, and chemotherapy

Specifically, for patients with lung cancer, Feinstein et al. (1985) pointed out that the en-
hanced survival from 1960 to 1977 was apparent rather than real, being the result of the use of
new diagnostic imaging procedures to classify patients into specific “stages” of the disease more
accurately. This effect has been called the “Will Rogers phenomenon” by these investigators.
Cairns (1985) also pointed out that the apparent increase in survival for patients with cancer of
the prostate was the result of better diagnosis, resulting in an actual increase in the number of
patients reported with the disease but with no change in the actual death rate from the disease.
Thus, a number of factors must be considered in determining the absolute or real survival rates
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of patients with cancer to obtain a clear picture of the efficacy of cancer therapy. Despite such
factors, it is clear that there has been a steady though slow improvement in the survival rates of
most types of cancers in the human (Table 1.4). Therefore, although the absolute numbers of
cancers and cancer deaths are increasing in our society, owing primarily to one or two major
types of cancer, significant advances have been made in the treatment of many types of cancer,
as listed in Table 1.4.

Social and Economic Costs Resulting from Cancer

Especially significant and important to society in general in relation to this dread disease are the
number of years of life lost and the cost to the individual and to society of the mortality and
morbidity resulting from cancer. If a person is struck down by this disease in early or middle life,
the remaining productivity of that individual’s life is lost to society. When measured in dollars

Table 1.4 5-Year Relative Survival Rates (Percentage) By Selected Sites, White Males 
and Females

Site

Year of Diagnosis

1960–63a

aRates are based on End Results Group data from a series of hospital registries and one population-based registry.

1970–73a 1974–76b

bRates are from the SEER Program. They are based on data from population-based registries in Connecticut, New
Mexico, Utah, Iowa, Hawaii, Atlanta, Detroit, Seattle–Puget Sound, and San Francisco–Oakland. Rates are
based on follow-up of patients through 1986.

1977–79b 1980–85b

All sites 39 43 49.9 50.3 51.1c

Oral cavity and pharynx 45 43 54.5 53.4 53.8c

Esophagus 4 4 5.1 5.5 8.1c

Stomach 11 13 14.1 15.9 15.5c

Colon 43 49 50.0 52.4 55.2c

Rectum 38 45 48.4 50.3 52.9c

Liver 2 3 4.3 2.7 4.3c

Pancreas 1 2 2.8 2.1 2.7c

Larynx 53 62 66.1 67.5 68.2c

Lung and bronchus 8 10 12.2 13.4 13.1c

Skin (melanoma) 60 68 79.2 80.8 81.0c

Breast (females) 63 68 74.6 74.7 76.3c

Cervix uteri 58 64 69.0 68.4 66.9c

Corpus uteri 73 81 89.0 86.5 83.4c

Ovary 32 36 36.1 37.2 38.4c

Prostate gland 50 63 67.4 71.3 73.4c

Testis 63 72 78.4 87.5 91.4c

Urinary bladder 53 61 73.3 75.1 77.7c

Kidney and renal pelvis 37 46 51.3 50.0 52.4c

Brain and nervous system 18 20 21.8 23.6 23.5c

Thyroid gland 83 86 91.9 92.0 93.3c

Hodgkin’s disease 40 67 71.5 72.8 75.7c

Non-Hodgkin’s lymphoma 31 41 47.3 47.8 50.9c

Multiple myeloma 12 19 23.8 23.9 25.8c

Leukemia 14 22 34.0 35.8 34.2c

cThe difference in rates between 1974–76 and 1980–85 is statistically significant (p < 0.05).
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alone, such a loss in the United States was estimated to be nearly $25 billion per year about a
decade ago (Hodgson and Rice, 1982). In 1990, a decade later, the National Cancer Institute
estimated that the overall annual cost for cancer was $104 billion and in 2000, a total of $180.2
billion. Of this $105.2 billion, or almost three times the amount estimated in 1982 represented
the mortality costs, which include the loss of productivity because of premature death (Brown,
1990). In 1985, it was estimated that cancer accounts for a little more that 10% of the total cost
of disease in the United States and almost 21% of the cost of premature death or mortality in this
country (Hodgson and Rice, 1995).

Although it is difficult to estimate the economic impact of cancer on society with a high
degree of accuracy, it is possible through the use of statistical data compiled for the United
States to determine the years of life lost as a result of premature death because of cancer. Tables
1.5 and 1.6 show the person-years of life lost (PYLL) in males and females because of prema-
ture death from cancer in the United States (Horm and Sondik, 1989) for the years 1970 and
1984. A comparison of the data between the two years indicates the dramatic increase in the
social and economic burden of all cancers, several in particular. In 1984 the most costly cancer
for women was cancer of the breast, resulting in over 760,000 PYLL among almost 40,000
women; this was an increase of almost 28% over the 1970 figure. These women died an average
of 19.3 years earlier than expected. Some studies (Shapiro et al., 1982; Tabar et al., 1985) have
indicated that the mortality from breast cancer can be reduced by 30% through mass screening
programs. This would mean the prevention of almost 12,000 breast cancer deaths per year, or
nearly 230,000 PYL that could be saved. Similarly, the PYLL to lung cancer in women in 1984
was almost triple that in 1970. In men, the toll of this cancer is considerably higher. In both

Table 1.5 Person-Years of Life Lost (PYLL) Due to Premature Deaths from Cancer in 
the United States, All Races, Males

Cancer Sites

Number of Deaths PYLL

1970 1984 1970 1984

All sites 179,352 242,763 2,558,996 3,284,558
Oral cavity 5,495 5,764 79,810 87,527
Esophagus 4,442 6,312 62,308 90,091
Stomach 9,802 8,469 121,490 107,681
Colon and rectum 22,117 27,989 269,512 338,649
Pancreas 10,061 11,516 130,937 149,202
Lung 52,680 82,385 751,081 1,113,112
Skin (melanoma) 1,735 3,207 34,394 62,209
Breast 265 250 3,552 3,409
Prostate gland 17,249 25,400 156,281 228,597
Testis 760 401 26,693 14,343
Urinary bladder 6,257 6,600 66,853 66,762
Kidney 3,858 5,201 59,091 74,664
Brain and central nervous system 3,434 5,395 81,686 111,329
Hodgkin’s disease 2,016 1,204 50,566 31,461
Non-Hodgkin’s lymphoma 5,233 7,312 94,256 115,937
Multiple myeloma 2,340 3,737 30,269 46,449
Leukemia 8,128 9,378 174,139 166,464

Adapted from Horm and Sondik, 1989, with permission of authors and publisher.
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sexes, prevention of the disease by the cessation of tobacco abuse could save well over a million
PYL every year (Horm and Sondik, 1989).

These statistics on cancer incidence, mortality, survival, and economic and social impact
are critical to our understanding of the impact of this disease on our society. Obviously, these
figures cannot take into account the morbidity and suffering, both mental and physical, caused
by cancer. However, they do point out a variety of differences in the effects of this disease on
males and females and in the types of cancers that are most common in our society and in other
countries. Later in this text (Chapter 10), a consideration of the epidemiology of cancer includes
explanations for the various statistics relative to specific neoplasms.
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2
The Language of Oncology

THE DEFINITION OF NEOPLASIA

As an illustration of the enigma that cancer has presented to physicians and scientists over the
years, it was not until the 1920s that meaningful attempts were made to define cancer. In the
ensuing half-century, a number of definitions of this biological phenomenon were proposed,
mostly by physicians and scientists but more recently also by lay persons writing for the scien-
tific press. Some definitions have been rather extensive and detailed, usually reflecting the au-
thor’s basic experience and research interests; others have been of a more general character. To
confuse the field further, clinicians, scientists, and lay persons have used such terms as cancer,
neoplasm, tumor, and malignancy as if they were synonymous in every way (cf. Maugh and
Marx, 1975). In this text we use the terms neoplasm and neoplasia for the basic disease process
defined below. Cancer has come to be used almost exclusively to indicate a process that has the
biological characteristics of a malignant neoplasm (see below). The term malignancy should
also be limited to references to malignant neoplasms. Perhaps the greatest confusion is caused
by the use of the word tumor. Since the Greco-Roman era, tumor has been used to denote a
readily defined mass of tissue distinct from normal physiological growth. Thus, a scar, a healing
bone fracture or callus, “proud flesh,” a granuloma, a chronic abscess, or a parasitic mass are all
tumors, but they are not neoplasms. Part of this confusion arises because several English pathol-
ogists employed the term tumour synonymously with neoplasia (cf. Walter and Israel, 1979;
Willis, 1967). In this text, however, we do not use this last terminology.

Most of the definitions of neoplasia that have been proposed have common themes, but we
use the definition modified from that originally proposed by the pathologist James Ewing
(1940):

A neoplasm is a heritably altered, relatively autonomous growth of tissue.

This definition encompasses several concepts. The changes from normal exhibited by a
neoplastic cell are heritable in that such characteristics are passed on from the neoplastic cell to
its progeny. Heritably altered indicates alterations that are transmitted to all progeny in a herita-
ble and irreversible manner. This characteristic does not necessarily imply that the heritable
change is dependent on structural genomic alteration(s), since phenotypic characteristics are
transmitted to the progeny of cells of a specific differentiated lineage without known qualitative
genomic alterations—e.g., hepatocytes, intestinal crypt cells, neurons, etc. Autonomy indicates
that a cancer is not subject to the “rules and regulations” that govern the individual cells and the
overall cell interactions of the functional organism. The adverb relatively modifies autonomous
to indicate that neoplasms are not completely autonomous. In many instances the autonomy that
a neoplasm possesses may be quite subtle and relative only to the tissue from which it arose.
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However, it should be emphasized that this phrase, relatively autonomous, is, together with the
heritable nature of neoplasia, the most important aspect of the definition and characterizes a par-
ticular cell type as being neoplastic in the general sense. Relative autonomy is used here in the
biological sense, but it is anticipated that one day we will understand it in the molecular sense;
when we do, we will probably understand the mechanisms of the malignant process itself.

The next essential component of the definition is the term growth. Here this term may
indicate the rate of cell division as modified by the rate of cell death (apoptosis, see below) or
the rate of intracellular processes involved in the synthesis of macromolecules for use within the
cell or for excretion by the cell. The actual rate of growth may be extremely low, differing little
from that in the normal counterpart of the neoplasm; or, in the most serious cases, the rate may
be extremely rapid, approaching that of the growth rate of embryonic tissue. In some instances,
as with neoplasms of the small intestine or certain chronic leukemias (see below), the rate of
growth of the neoplastic cell may even be less than that of its normal counterpart. Obviously, if
the cells of a neoplasm do not proliferate to a point where the tumor is grossly or histologically
recognizable, it is practically impossible to designate the cellular population as neoplastic. Thus,
enhanced cell replication and/or decreased cell death becomes a part of the operational defini-
tion of neoplasia. Furthermore—from the results of a number of experiments and clinical obser-
vations—we recognize that neoplastic cells may exist for a lifetime in the host without ever
undergoing demonstrable cell division (Chapter 10).

The final component of the definition is the term tissue, which stems from the fact that, at
our present state of knowledge, cancer or neoplasia can be defined only in a multicellular organ-
ism. By this definition, unicellular organisms are free of the disease. In this sense cancer may be
called “the curse of evolution.”

The definition of neoplasia proposed by Ewing in the mid-1930s was that of a pathologist
knowledgeable in the biology of cancer as expressed in vivo. Today, the in vivo system is still
the basic reference for our definition of the neoplastic cell. On the other hand, with the recent
advances of carcinogenesis in vitro, characteristics of the cancer cell as it grows in tissue culture
have been described (Chapter 14). Although it is not yet possible to define the malignant cell in
vitro without reference to its behavior in vivo, an ultimate goal of experimental oncology is to
elucidate the molecular definition of the cancer cell regardless of its environment.

TYPES OF GROWTH (PLASIAS)

Hyperplasia

The term hyperplasia has been used to denote an increase in cell number. Hypertrophy indicates
an increase in cell size but not in cell number. Although many neoplasms are characterized by
hyperplasia, many normal tissues are also characterized by a dramatic increase in cell number.
Embryonic tissue has perhaps the fastest rate of hyperplasia, but some adult tissues, especially
those involved in certain metabolic functions—such as the crypt cells of the small intestine, cells
of the bone marrow, and, to a lesser extent, the cells of the basal layer of the skin—are normally
hyperplastic. In reactions such as wound healing and callus formation, hyperplasia is a normal
process. Thus, hyperplasia may occur in cancer but is not a unique characteristic or even an ab-
solute requirement of neoplasia.

Metaplasia

Metaplasia is a process in which one adult, differentiated cell type in a specific organ or organ
structure is replaced by another differentiated cell type. In most instances the secondary or re-



The Language of Oncology 29

placing cell type is not normally seen in the particular region in which the metaplasia occurs.
Metaplasia may be either epithelial or mesenchymal and has been observed in a wide variety of
reactive and neoplastic human tissues (Willis, 1962; Leube and Rustad, 1991). In recent years
developmental biologists have referred to this process as “transdifferentiation,” which refers to
changes occurring not only in the adult but also in the developing fetus and newborn (Okada,
1986). Thus, as might be expected, the potential pathways of transdifferentiation are somewhat
more complex, since the cells involved usually have a greater potential for differentiation. Okada
points out that transdifferentiation is “principally an irreversible process.” However, in the adult,
the “operational reversibility” of metaplasia does occur (see below).

There are several known and presumed mechanisms of metaplasia. Lugo and Putong
(1984) have proposed that the abnormal differentiation of metaplasia could occur by several
pathways. These can be seen in Figure 2.1. Stem cell metaplasia results from the differentiation
of immature, undifferentiated stem cells, which are present in tissues for the purpose of repairing
and replacing mature cellular loss, along a new pathway leading to abnormal differentiation.
This has generally been considered to be the mechanism most often involved in metaplasia, es-
pecially in epithelial metaplasia. A second possible pathway has been termed direct metaplasia,
which was originally proposed by Virchow (1853) and is the result of normal, mature, differentiated
cells being converted in the absence of cell division directly into another mature differentiated
cell type. Finally, indirect metaplasia involves the formation of intermediate cells, which are still
capable of proliferation and differentiation, differentiating into a new or abnormal cell type.
Lugo and Putong (1984) have described several examples of these various types of metaplasia.

The most common example of epithelial metaplasia is in the change of columnar or pseu-
dostratified columnar epithelium of the respiratory tract to squamous epithelium. This phenome-
non is known as squamous metaplasia and may result from numerous stimuli, among which are
chronic irritation and inflammation. In this particular example, the mechanism of metaplasia of
respiratory epithelial cells is most commonly the result of stem cell metaplasia. However, stud-
ies by McDowell et al. (1979) suggested that metaplasia may arise from fully mature cells, such
as mucus-secreting cells, which are still capable of cell division. But more recent findings have
indicated that an indirect mechanism of metaplasia (Figure 2.1) may play a role in this process
(Leube and Rustad, 1991).

In the respiratory epithelium, the stem cell normally gives rise to pseudostratified colum-
nar epithelium, but in the presence of certain stimuli it may differentiate into squamous epithe-
lium. The lack of vitamin A may be associated with such squamous metaplasia, since animals
deficient in this vitamin show extensive squamous metaplasia of mucous columnar epithelium;
treatment with vitamin A may reverse the squamous metaplasia. The appearance of mucous co-

Figure 2.1 Scheme of potential pathways of metaplasia in a tissue composed of A cells to a tissue com-
position of B cells. (1) proliferation and differentiation; (2) the path of direct metaplasia; (3) indirect meta-
plasia; (4) stem cell metaplasia. (From Lugo and Putong, 1984, with permission.)
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lumnar epithelium and its conversion to squamous epithelium by vitamin A deficiency, with its
reversal to its original form when vitamin A is again added to the diet, is shown schematically in
Figure 2.2. The mechanism of this metaplasia also appears to result from redifferentiation of
certain stem cells (shown as small black nuclei along the basement membrane) of each of the
epithelia. Because these epithelial cells are constantly being replaced by progeny of the stem
cells, in the absence of vitamin A or in the presence of some chronic stimulus as yet undefined,
the differentiation of the stem cell may be redirected to the more primitive squamous epithelium.
In the presence of vitamin A or some other unknown environmental factor, normal differentia-
tion of the stem cell may recur. It should be noted, however, that once a cell begins on the path-
way of differentiation toward either a squamous cell or a columnar cell, the process appears to
be irreversible, as predicted in the definition of transdifferentiation (see above). A further discus-
sion of the effect of vitamin A on carcinogenesis may be found in Chapter 8.

Another interesting example of epithelial metaplasia induced by a specific experimental
protocol is the differentiation of regenerating pancreatic cells into hepatocytes identical with
those present in normal liver (Scarpelli and Rao, 1981). Rao and associates (1988) have demon-
strated that adult rats maintained on a copper-deficient diet for several months and then returned
to a normal diet exhibit an almost complete loss of pancreatic acinar cells and the development
of multiple foci of hepatocytes during the recovery phase. Cossel (1984) has suggested that this
metaplasia is the result of the redifferentiation of “intermediate” cells seen in the adult pancreas
of mammals, including the human. By Cossel’s thesis, this epithelial differentiation would be
classified as indirect metaplasia (Figure 2.1).

Mesenchymal metaplasia, like epithelial metaplasia, may result from any of the mecha-
nisms seen in Figure 2.1. Examples of the conversion of epithelial cells to mesenchymal cells,
mesenchymal cells to epithelial cells, and mesenchymal cells of one differentiated form to that
of another have been described (cf. Lugo and Putong, 1984). In fact, these authors have sug-
gested that, under appropriate environmental circumstances, a given cell, by the process of meta-
plasia, may exhibit epithelial or mesenchymal characteristics regardless of the tissue of origin.
Metaplasia may also occur in cell culture, since it is possible to alter the differentiated state ex-
perimentally by a variety of methods of cell biology (Blau, 1989). It is not surprising that meta-
plasia occurs in adult tissues under a variety of different circumstances.

Figure 2.2 Artist’s representation of the morphological changes occurring in the metaplasia of ciliated
columnar epithelium to squamous epithelium in vitamin A–deficient animals and the subsequent rediffer-
entiation of the squamous epithelium to columnar epithelium in the presence of vitamin A.
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Dysplasia and Anaplasia

Robbins (1974) defined dysplasia as “an alteration in adult cells characterized by variation in
their size, shape, and organization.” More recently Rubin and Farber (1988) have defined dys-
plasia as being distinct from normal cell and tissue organization “by variations in the size and
shape of the cells; by enlargement, irregularity, and hyperchromatism of the nuclei; and by dis-
orderly arrangement of the cells within the epithelium.” Furthermore, Walter and Israel (1979),
as well as Rubin and Farber (1988), have pointed out that the term dysplasia has been used by
some pathologists to designate abnormalities in the development of tissues, although not always
strictly with reference to developmental disorders. Because this variation in definition may be
somewhat confusing, we have chosen to use the term anaplasia in a manner similar to that uti-
lized by Ritchie (1970). Anaplasia is characterized at two different biological levels: (1) inter-
cellular relations and associations, as described below, and (2) alterations in intracellular
macromolecular syntheses.

Positional or organizational anaplasia refers to the interrelations of cells in a specific tis-
sue. Normally, there are distinct histological patterns in tissues. When positional anaplasia occurs,
these distinct patterns are altered in that either cell organelles are arranged randomly with respect
to one another in adjacent cells or the cells themselves are disarranged with respect to one another.

Cytological anaplasia is largely a function of increased or altered nucleic acid synthesis in
growing tissues. This term usually refers to the staining characteristics of cells, especially with
respect to basophilia and the nuclear/cytoplasmic ratio. Cytologic anaplasia may also be a func-
tion of the ploidy of the cell; it is seen normally in the placenta, in a callus, and occasionally in
wound healing. Evidence by Therman et al. (1983) indicates that processes giving rise to differ-
ent sizes and types of nuclei seen in the cytological anaplasia of neoplastic cells include en-
doreduplication, true endomitosis, and a sort of polytenization. All of these latter processes
result in nuclear enlargement from increased DNA content. Cytological anaplasia is extremely
important in the cytological diagnosis of malignancy (Pap test). However, it should be empha-
sized that, since normal tissues may exhibit cytological anaplasia as well as positional anaplasia,
this phenomenon is not an absolute characteristic of malignancy.

Figure 2.3 is a conceptual drawing of both positional and cytological anaplasia. The art-
ist’s conception demonstrates that in positional anaplasia there is an alteration in the distribution
in space of cell organelles within a specific tissue or epithelium or in the spatial relation of one
cell or group of cells to another within a tissue. Cytological anaplasia is shown as a distortion of
cellular architecture compared with the normal cell type and is characterized by intensified
staining (denoted by the darkened nuclei) of the nucleus and cytoplasm of the cell. The student
should be aware, however, that in many neoplasms both positional and cytological anaplasia oc-
cur simultaneously.

Another process, which histologically may be mistaken for cytological anaplasia, is a pro-
cess of “controlled cell deletion” or programmed cell death occurring coincidentally with nor-
mal physiological processes within a tissue. Kerr et al. (1972) employed the term apoptosis to
refer to this process, which plays a complementary but opposite role to mitosis in the regulation
of animal cell populations. Specific morphological changes occur in cells undergoing apoptosis
(Wyllie, 1981, 1988). The first of these involves a rapid loss of the volume of the cell as well as
a condensation of the chromatin with subsequent fragmentation and phagocytosis by macro-
phages or a similar process by parenchymal cells. Figure 2.4A is an artist’s conception of the
formation and fate of apoptic cells of an epithelial parenchyma such as that of liver. In the lower
portion of the figure are shown simple morphological changes occurring during necrosis, which
involves an initial generalized swelling and subsequent dissolution of organelles with final rup-
ture of plasma membranes (Corcoran et al., 1994).
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The apoptotic process in tissues is rapid, with complete disappearance of all phagocytosed
cells within 4 hours (cf. Fesus et al., 1991). Apoptosis is to be distinguished both morphologi-
cally and biochemically from cell necrosis, which is cell death resulting from unphysiological
external environmental toxic factors. While there is some overlap both in occurrence and charac-
teristics, certain general differences between the two processes can be noted (Table 2.1). Apop-
tosis occurs spontaneously during embryological development and in a variety of normal tissues
(cf. Wyllie, 1974). This process also occurs during involution of normal tissues, such as lactating
breasts in rodents (Walker et al., 1989), as well as in hormone-induced cell death (Morris et al.,
1984) and in the process of immunocyte-induced cell death (Wyllie, 1988). This process also
occurs spontaneously in untreated malignant neoplasms but may be triggered in both normal and
neoplastic cells by a variety of environmental agents including cytotoxic drugs (Schwartzman
and Cidlowski, 1993) and promoting agents (Chapter 7). Apoptosis is a genetically directed pro-
gram of cell death in contrast to necrosis, and there are distinctive morphological as well as mo-
lecular differences between the two processes (Table 2.1 and Chapter 7).

As implied by the information in Table 2.1, the mechanism of apoptosis is significantly
different from that of necrosis. A very important difference is the fact that gene expression is
required for apoptosis, and the expression of a number of genes has now been implicated as a
requirement for apoptosis in one or more tissue types (Schwartzman and Cidlowski, 1993; Hen-
gartner, 2000). In neoplasms, apoptosis occurs spontaneously, although in a more haphazard and
presumably autonomous manner than seen in normal tissues.

Neoplasia

We have defined a neoplasm, and thus neoplasia, as a heritably altered, relatively autonomous
growth of tissue. In the next sections, as we consider the classification of neoplasms, certain
contradictions may become apparent. It should be emphasized that all neoplasms, regardless of
their biological behavior, are components of the disease classification of neoplasia. In this sense
the terms cancer and malignancy may occasionally be incorrectly used synonymously with
neoplasm or neoplasia. This may be done without reference to the biological behavior of the

Figure 2.3 Artist’s representation of positional and cytological anaplasia. In positional anaplasia (cen-
ter), in a single layer of epithelium, the altered position of nuclei in relation to one another in adjacent cells
is depicted, as well as the altered position of ducts and glands in a specific representative structure. Cyto-
logical anaplasia (right) is noted by the marked variation in nuclear size and staining characteristics, nucle-
olar size, and nuclear/cytoplasmic ratio. Normal histology is shown at the left.
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Figure 2.4 (A) Diagrammatic illustration of the morphological features of apoptosis of parenchymal
cells of a glandular tissue. (Adapted from Kerr et al., 1972, with permission of authors and publisher.)
(B) Diagram of parenchymal cell necrosis from a normal cell to the initial phase of generalized swelling
progressing to a dissolution of organelles and final rupture of plasma membranes. (Adapted from Corcoran
et al., 1994, with permission of authors and publisher.)
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neoplasm, and for this reason the student must be on guard to ensure that the actual meanings of
these terms are clear when they are used.

THE CLASSIFICATION OF NEOPLASMS

Behavioristic (Biological) Classification

Since our definition of neoplasia is presently based on the biological behavior of neoplasms, it is
proper to make a classification on the basis of such behavior. However, in making this classifica-
tion, it should be noted that all neoplasms that we are considering conform to the definition of
Ewing. As we shall see, the distinction between benign and malignant neoplasms in the behav-
ioristic classification has considerable usefulness in determining the prognosis in a specific pa-
tient but is of little use to the scientist who is studying the mechanisms of neoplasia at the
molecular level.

The principal behavioristic characteristics of benign and malignant neoplasms are as
follows:

Benign Malignant
1. Usually encapsulated Nonencapsulated
2. Usually noninvasive Invasive
3. Highly differentiated Poorly differentiated
4. Rare mitoses Mitoses relatively common
5. Slow growth Rapid growth
6. Little or no anaplasia Anaplastic to varying degrees
7. No metastases Metastases

The majority of the differences between benign and malignant neoplasms are relative. The
critical difference between the two types is point no. 7, in that benign neoplasms by definition do
not exhibit metastatic growth, whereas all malignant neoplasms have the potential for successful
metastatic growth. A metastasis is defined as the secondary growth of a neoplasm, originating

Table 2.1 General Differences between Apoptosis and Necrosis

Modified from Gerschenson and Rotello, 1992.

Characteristics Apoptosis Necrosis

Stimuli Physiological Pathological (injury)
Occurrence Single cells Groups of cells
Reversibility No (after morphological changes) Yes (up to the point of no return)
Cytoplasmic organelles Late-stage swelling Very early swelling
Lysosomal enzyme release Absent Present
Nucleus Convolution of nuclear outline and 

breakdown (karyorrhexis)
Disappearance (karyolysis)

Nuclear chromatin Compaction in uniformly dense 
masses

Clumping not sharply defined

DNA breakdown Internucleosomal Randomized
Cell Formation of apoptotic bodies Swelling and later disintegration
Phagocytosis by other cells Present Absent
Exudative inflammation Absent Present
Scar formation Absent Present
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from a primary neoplasm and growing within the host organism in a location distant from the
initial or primary site of neoplastic growth. As is shown in Chapter 7, there are various routes
and mechanisms of metastases for malignant neoplasms.

Although there is little doubt from the literature that most pathologists and students of
oncology define a malignant neoplasm by its ability to metastasize (Ackerman and de Regato,
1962; Bland-Sutton, 1911; Cappell, 1958; Hopps, 1964; Montgomery, 1965), the artificiality of
this distinction from the viewpoint of the natural history of neoplasia will soon become evident.
It is well known that a number of benign neoplasms may at some time during their natural his-
tory take on the behavior of a malignant neoplasm. This phenomenon, which is discussed later
under the heading “Progression of Neoplasia” (Chapters 7, 9, and 10), was emphasized by
Foulds (1965), who considered the behavioristic distinction between benign and malignant neo-
plasms to be essentially nonexistent. In the United States (Shubik et al., 1977; Huff et al., 1989)
as well as internationally (Faccini et al., 1992), both benign and malignant neoplasms have been
considered important in the determination of the carcinogenicity (Chapter 3) of a specific chem-
ical agent. However, students of oncology have made the distinction between benign and malig-
nant neoplasms presented here.

Histogenetic Classification

Although the behavioristic classification is one of the most commonly accepted segments of the
nomenclature of neoplasms, the most important principle in the classification of neoplasms is
their grouping according to the type of tissue from which the neoplasm has arisen (Table 2.2).
Ritchie (1970) distinguished groups of neoplasms on the basis of their histogenetic origin as
follows:

1. Epithelium
2. Connective tissue
3. Hemopoietic and immune systems
4. Nervous system
5. Multiple histogenetic cellular origin
6. Miscellaneous

This classification has considerable usefulness in itself, especially when considered with
other aspects of the lesions, from both the diagnostic and the biological viewpoints. For exam-
ple, it is very important to determine the region, origin, or tissue from which the neoplasm arose.
In addition, other descriptive terms are often utilized in classifying or diagnosing a specific
problem. Such descriptive terms as papillary, cystic, follicular, and others may relate to various
histological characteristics of neoplasms of epithelial origin. In addition, some neoplasms have
been named according to the individual first describing the lesion; examples are Ewing tumor of
bone, Hodgkin disease of lymph tissue, and Wilms’ tumor of the kidney.

The behavioristic and histogenetic classifications of neoplasms are presently the most
widely used by both physicians and scientists alike. However, it is becoming increasingly evi-
dent, as our knowledge of histogenesis and differentiation increases, that a reevaluation, espe-
cially of the histogenetic classification, would be appropriate (Gould, 1986). Later in the text are
discussions of various molecular markers of neoplasms that relate both to the definition of neo-
plasia and to the histogenesis of tissues from which such neoplasms arose. As such markers
come to be more widely known and the ultrastructural techniques for cytological histogenesis
become more widely used, the classification of neoplasia may evolve into the use of more mo-
lecular terminology.
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Table 2.2 Examples of Neoplasms According to Histogenetic Classifications

After Ritchie, 1970, with permission of the publisher.

Tissues of Origin Benign Malignant

Epithelial neoplasms
Epidermis Epidermal papilloma Epidermal carcinoma
Stomach Gastric polyp Gastric carcinoma
Biliary tree Cholangioma Cholangiocarcinoma
Adrenal cortex Adrenocortical adenoma Adrenocortical carcinoma

Connective tissue neoplasms
Fibrous tissue Fibroma Fibrosarcoma
Cartilage Chondroma Chondrosarcoma
Bone Osteoma Osteogenic sarcoma
Fat Lipoma Liposarcoma
Smooth muscle Leiomyoma Leiomyosarcoma
Skeletal muscle Rhabdomyoma Rhabdomyosarcoma

Neoplasms of hemopoietic and immune systems
Lymphoid tissue Brill-Symmers disease Lymphosarcoma (lymphoma)

Lymphatic leukemia
Reticulum cell sarcoma
Hodgkin disease

Thymus Thymoma Thymoma
Granulocytes Myelogenous leukemia
Erythrocytes Polycythemia vera Erythroleukemia
Plasma cells Multiple myeloma

Neoplasms of nervous system
Glia Astrocytoma Glioblastoma multiforme

Oligodendroglioma
Meninges Meningioma Meningeal sarcoma
Neurons Ganglioneuroma Neuroblastoma
Adrenal medulla Pheochromocytoma Pheochromocytoma

Neoplasms of multiple histogenetic cellular origin
Breast Fibroadenoma Cystosarcoma phylloides
Kidney Wilms’ tumor
Ovary, testis, etc. Dermoid (benign teratoma)

Miscellaneous neoplasms
Melanocytes Nevus Melanoma
Placenta Hydatidiform mole Chorionepithelioma
Ovary Granulosa cell tumor Granulosa cell tumor

Cystadenoma Cystadenocarcinoma
Testis Seminoma
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Nomenclature of Neoplasms and Its Embryonic Basis

In order to discuss the phenomenon of neoplasia, it is important that certain aspects of currently
accepted nomenclature be understood. It should be noted, however, that there is no one system
of nomenclature of neoplasms used worldwide; in this country, nomenclature has revolved
around the use of the suffix -oma, which literally means “tumor.” With some exceptions, words
with this suffix do refer to neoplasms. An exception is the term granuloma, which is a nonneo-
plastic tumor of inflammatory tissue.

In the behavioristic classification, benign tumors may be named with a prefix that refers to
the tissue from which the neoplasm arose and with the suffix -oma. For example, a benign neo-
plasm of fibrous tissue is called a fibroma; a benign neoplasm of cartilage, a chondroma; a be-
nign neoplasm of glandular tissue, an adenoma; and so on. When one considers the malignant
tumors, however, some other aspects of classification apply. Malignant neoplasms are divided
into two general categories, depending on their embryonic origin. Figure 2.5 outlines some of
the steps in the early development of a fertilized egg of higher vertebrate animals. After fertiliza-
tion, the egg divides a number of times, giving rise to 2, 4, 8, 16, 32 cells, and so on; these then
form a small spherical structure, termed the blastula, with a central cavity. Continued develop-
ment of this structure to the gastrula involves an invagination of the cells of one part of the
surface, giving rise to a small “ball within a ball,” as diagrammed in a sectional view in Figure
2.5. At this stage it is possible for the embryologist to distinguish three different layers of cells.
The outermost layer is termed the ectoderm and develops to give rise to the skin and its associ-
ated structures in the adult. The layer of invaginated cells is termed the endoderm and ultimately
gives rise to the gastrointestinal tract and its associated structures. Between these two layers, a
mass of cells forms in the gastrula, termed the mesoderm, giving rise in the adult to supporting
structures such as bone, fat, muscle, blood, and so on. As can be seen from the figure, a malig-
nant neoplasm arising from derivatives of the mesodermal (mesenchymal) embryonic germ
layer is termed a sarcoma. If the neoplasm arises from tissues derived from embryonic ectoderm
or endoderm, the term carcinoma applies to malignant neoplasms of such tissues. Thus, the term
adenocarcinoma—of the stomach, pancreas, or breast—is appropriate for malignant neoplasms
of the glandular epithelium of these organs. On the other hand, a liposarcoma may arise from the
fat tissue of the breast, a chondrosarcoma from cartilage of the ribs, or an osteogenic sarcoma
from the bony rib itself.

Figure 2.5 Developmental biology of the early fertilized egg and embryo of the vertebrate. At the devel-
opmental stage of gastrulation, the three germ layers (ectoderm, mesoderm, and endoderm) are clearly dif-
ferentiated. Tissues derived from these different layers may give rise to malignant neoplasms, with the
terminology based on their germ layer of derivation. See text for further details.
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Several terms do not fit strictly into this type of nomenclature. The suffix -blastoma is
used to denote certain types of neoplasms to indicate that the tissue has a primitive appearance
that resembles embryonic structures. Examples of this situation are the neuroblastoma and the
myoblastoma. In other examples the terminology is rather confusing. A highly malignant tumor
that has the appearance of both a carcinoma and a sarcoma is termed a carcinosarcoma. This
would indicate that the neoplasm was derived from two germ layers. Another condition, the
“mixed” tumor of the salivary gland, which is definitely not a carcinosarcoma, was once thought
to have this same embryonic derivation. It is now felt that the mixed tumor is probably a low-
grade carcinoma, and the term carcinosarcoma should be reserved only for highly malignant,
quite primitive tumors with the histological characteristics mentioned above.

The most common neoplasm of multiple-tissue origin is the teratoma, which is derived
from all three germ layers. These neoplasms may be either benign or malignant in the behavior-
istic sense.

Table 2.2 lists a number of neoplasms classified according to the behavioristic and histo-
genetic methods. Although the rules of classification mentioned in this outline are reasonably
inclusive, there are some exceptions in the designation of specific neoplasms, as can be seen
from the table. For example, the melanoma is not a benign neoplasm but rather a highly malig-
nant tumor of melanocytes. Although the term hepatoma suggests a benign neoplasm, it is ma-
lignant in almost all instances. As one’s knowledge of experimental oncology increases, the
specific exceptions to the rules become more familiar.
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3
The Etiology of Cancer: 
Chemical and Physical Agents

Our earliest knowledge concerning chemical carcinogenesis came from clinical observations in
humans. In 1775, Percivall Pott, an eminent English physician and surgeon, described the occur-
rence of cancer of the scrotum in a number of his patients. The common history given by these
individuals was their employment as chimney sweeps when they were young. On the basis of
this observation, Pott, with remarkable insight, concluded (1) that the occupation of these men
as young boys was directly and causally related to their malignant disease and (2) that the large
amounts of soot to which they were exposed was the causative agent of the cancer. Strangely
enough, Pott did not suggest avoidance of contact with soot as a means of prevention, although
his report in 1775 apparently inspired the Danish Chimney Sweepers’ Guild to rule 3 years later
that its members should bathe daily. While the publication of Pott soon led other observers to
attribute cancer of various sites to soot exposure, there was a relative lack of effective impact of
his work on British public health practice during the succeeding century (Lawley, 1994). It was
not until more than a century later that Butlin (1892) reported the relative rarity of scrotal cancer
in chimney sweeps on the European continent compared with those in England. It appeared that
the lower incidence of the disease on the continent was the result of frequent bathing and protec-
tive clothing.

The lesson from Pott’s report has been a long time in the learning. One hundred years after
his publication, the high incidence of skin cancer among certain German workers was traced to
their exposure to coal tar, the chief constituent of the chimney sweeps’ soot (cf. Miller, 1978). It
was another 40 years before the disease was reproduced experimentally, and even today—more
than 200 years after Pott’s original scientific report of the association of soot and smoke prod-
ucts with cancer—many still disregard the obvious hazards of the carcinogenic products that
result from the combustion of tobacco in cigarettes and of many of the organic fuels of the in-
dustrialized world.

Before we embark on a discussion of the causation of cancer, it again becomes important
to add to our vocabulary. The term carcinogen has generally been used by oncologists to indicate
an agent that causes cancer. However, as our knowledge of oncology increases, this simplistic
definition is not sufficient. We have proposed the following definition to include most examples
of agents that are carcinogens, at the same time excluding those agents that do not have a direct
action on cells undergoing neoplastic transformation.

A carcinogen is an agent whose administration to previously untreated animals leads to a sta-
tistically significant increased incidence of neoplasms of one or more histogenetic types as
compared with that in appropriate untreated animals, whether the control animals have low or
high spontaneous incidences of the neoplasms in question.
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This definition includes the induction of neoplasms that are not usually observed, the ear-
lier induction of neoplasms that are usually observed, and/or the induction of more neoplasms
than are usually found. Although it would be important to distinguish between agents that in-
duce neoplasms by direct action on the cells that become neoplastic and those that produce neo-
plasia by indirect actions in the animal as a whole, at present it is not always possible to do so.
Some agents, such as immune suppressants, can increase the incidence of neoplasms in tissues
previously exposed to carcinogens by indirect effects on the host. Where the action of a chemi-
cal in causing an increase in neoplasms is known to be indirect—mediated by its effect on the
host—the agent should not be designated a carcinogen.

At this stage of our discussion, the above definition and a prolonged explanation may be
confusing. Later in the text (Chapters 7 and 8) we consider the stages and modifying factors of the
process of carcinogenesis. As we learn more of the process of carcinogenesis, the term carcino-
gen will be further refined in relation to general usage as well as in terms of specific chemicals.

CHEMICAL CARCINOGENESIS

One hundred and forty years after Dr. Pott’s report of the association of soot from the combus-
tion of coal with epidermal cancer of the scrotum, an experimental basis for Pott’s clinical obser-
vation was reported. In 1915, the Japanese pathologists Yamagawa and Ichikawa described the
first production of skin tumors in animals by the application of coal tar to the skin. These inves-
tigators repeatedly applied crude coal tar to the ears of rabbits for a number of months, finally
producing both benign and, later, malignant epidermal neoplasms. Later studies demonstrated
that the skin of mice was also susceptible to the carcinogenic action of such organic tars. During
the next 15 years, extensive attempts were made to determine the nature of the material in the
crude tars that caused malignancy. In 1932, Kennaway and associates reported the production of
carcinogenic tars by pyrolysis of simple organic compounds consisting only of carbon and hy-
drogen (cf. Kennaway, 1955). In the early 1930s, several polycyclic aromatic hydrocarbons were
isolated from active crude tar fractions. In 1930, the first synthetic carcinogenic chemical was
produced. This compound, dibenz(a,h)anthracene (Figure 3.1), was tested for carcinogenic ac-
tivity by painting it on the skin of mice and found to be a potent carcinogen. The isolation from
coal tar and the synthesis of benzo(a)pyrene (3,4-benzpyrene) were achieved in 1932. The struc-
tures of several polycyclic aromatic hydrocarbons are given in Figure 3.1. Polycyclic hydrocar-
bons vary in their carcinogenic potencies; for example, the compound dibenz(a,c)anthracene has
very little carcinogenic activity while, as noted above, the a,h isomer is carcinogenic (cf. Heidel-
berger, 1970). Among the more potent polycyclic aromatic hydrocarbon carcinogens yet de-
scribed are 3-methylcholanthrene and 7,12-dimethylbenz(a)anthracene. The carcinogenic
dibenzo(c,q)carbazole is also considered in this class of compounds, possessing a nitrogen in its
central ring. Further on, other polycyclic aromatic hydrocarbons containing nitrogen, sulfur, and
halogens are considered (Chapters 7 and 9). Benzo(e)pyrene is reportedly inactive in inducing
skin cancer in mice but can serve to “initiate” the carcinogenic process (Chapter 7). Perylene is
inactive as a chemical carcinogen, while chrysene may have slight carcinogenic activity in this
system.

Polycyclic aromatic hydrocarbons, both carcinogenic and noncarcinogenic, are found
ubiquitously in air, soil, and other places in our environment. Reportedly as much as 894 tons of
benzo(a)pyrene are emitted into the air per year in the United States. Much of this is due to
industrial and home combustion of carbon-containing materials, whereas natural fires contribute
only about 1% (Zedeck, 1980). As expected, soil contents of carcinogenic polycyclic aromatic
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hydrocarbons are much greater near cities and industrial areas than in rural and wilderness areas,
with concentrations differing by as much as a thousandfold.

Because of the relatedness of the chemical structures of many carcinogenic polycyclic hy-
drocarbons, numerous studies have reported attempts to determine the molecular configura-
tion(s) of these molecules that is (are) responsible for their carcinogenic activity. One of the
earlier attempts was that of the Pullmans (cf. Pullman and Pullman, 1955), who utilized quan-
tum mechanics and molecular orbital theory to determine reactivity of specific regions of carci-
nogenic polycyclic aromatic hydrocarbons. Reactivity indices were calculated for regions of the
molecules termed the K and L regions (Figure 3.2). A K region is defined as the external corner
of a phenanthrenic moiety in a polycyclic aromatic hydrocarbon, whereas an L region consists of
a pair of opposed, open anthracenic “point” atoms (cf. Lowe and Silverman, 1984). If the calcu-
lated reactivity of the K region exceeds a certain limit, the chemical is expected to be carcino-
genic unless the more active L region also exceeds its reactivity limit. In the latter case, the
molecule will not be carcinogenic. The K and L regions for several polycyclic aromatic hydro-

Figure 3.1 Chemical structures of some carcinogenic polycyclic hydrocarbons.

Figure 3.2 Chemical structures of three carcinogenic polycyclic hydrocarbons exhibiting K and L
regions.
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carbons are noted in Figure 3.2. Although this early attempt at discovering a relationship be-
tween the structure of a chemical and its carcinogenic activity has not found general application
because of numerous exceptions, much more extensive methods of relating structure and carci-
nogenic activity of polycyclic aromatic hydrocarbons have recently been developed through the
use of computerized databases (Richard and Woo, 1990). In addition, as outlined below, the me-
tabolism of polycyclic aromatic hydrocarbons is important for their carcinogenicity, and certain
structural components of the molecule have been utilized in predicting carcinogenic activity
(Jerina et al., 1982).

In 1935, Sasaki and Yoshida opened another field of chemical carcinogenesis by demon-
strating that the feeding of the azo dye o-aminoazotoluene (2′,3-dimethyl-4-aminoazobenzene)
(Figure 3.3) to rats resulted in the development of liver neoplasms. Kinosita (1936) later demon-
strated that administration of 4-dimethylaminoazobenzene in the diet also caused neoplasms in
the liver. A number of analogs of this compound were also prepared and tested for carcinogenic
potential. An interesting correlation arising from all of these studies was the fact that the amino

Figure 3.3 Chemical structures of other representative chemical carcinogens.
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group of carcinogenic dyes usually had at least one methyl substituent, although o-aminoazotol-
uene does not. Unlike the polycyclic aromatic hydrocarbons, the azo dyes generally did not act
at the site of first contact of the compound with the organism but rather in a remote area, the
liver. Painting of the skin with most azo dyes resulted in few or no tumors, and the oral adminis-
tration of polycyclic aromatic hydrocarbons to rodents except in the neonatal period has gener-
ally resulted in no hepatomas. Another important carcinogen that acts at remote sites is 2-
acetylaminofluorene (Figure 3.3). In addition, the aromatic amines, 2-naphthylamine and benzi-
dine, are carcinogenic for the urinary bladder in humans. The carcinogenic chemical ethyl car-
bamate also appears to be a general “initiating agent” in the mouse (Chapter 6). Ethyl carbamate
was in use in Japan from 1950 to 1975 as a cosolvent for dissolving water-insoluble analgesic
drugs (Miller, 1991), but this practice was stopped after 1975. No systematic study of the inci-
dence of cancer in this cohort has been made as yet. In addition, certain cytocidal drugs, such as
the nitrogen mustards (Figure 3.3), which have been used to treat cancer in humans, are also
known to be potent carcinogens (Chapter 11). The other three agents depicted on the bottom line
of Figure 3.2 are also alkylating agents that are used industrially. Bis(chloromethyl)ether, a pop-
ular intermediate in organic synthetic reactions, has been classified as carcinogenic to the human
based on epidemiological as well as animal studies (Vainio et al., 1991).

Members of a number of other classes of compounds have been shown to be strong carcin-
ogens and of potential importance in the genesis of neoplasia in the human being. The dialkylni-
trosamines have the following general structure:

in which R1 and R2 can be alkyl substituents or can be fused to yield a cyclic aliphatic substitu-
ent. One of the structurally simplest nitrosamines, dimethylnitrosamine (Figure 3.3), is highly
carcinogenic for the liver and kidney in rodents and for these and/or other tissues in all other
mammals tested. Hepatic toxicity due to dimethylnitrosamine exposure occurred in humans
working with this chemical at the time of its earliest industrial use. Subsequently, such exposure
was eliminated by cessation of the industrial use of nitrosamines as solvents. Several investiga-
tors (cf. Lijinsky, 1977; Magee and Swann, 1969; Mirvish et al., 1983) have shown in experi-
mental animals that certain dietary components, especially in the presence of high levels of
nitrite, may give rise to low levels

of nitrosamines or nitrosamides in the diet or in the stomach and induce neoplasia of the gas-
trointestinal tract. The action of bacterial flora within the intestine may enhance the formation of
these compounds. Furthermore, there is increasing evidence of an etiological role for endoge-
nously formed N-nitroso compounds in the development of certain human cancers (Bartsch et
al., 1990). The nitrosamine NNK (Figure 3.3) is produced in tobacco smoke from nicotine, a
normal tobacco alkaloid (cf. Hecht, 1985). This is an extremely potent carcinogen to which all
tobacco smokers are exposed and may play a role in the induction of tobacco-related cancers in
the human. Methapyrilene was developed as an antihistamine but is a potent carcinogen in the
rat (Mirsalis, 1987).
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Another important environmental as well as experimental hepatocarcinogenic agent is
aflatoxin B1. This toxic substance is produced by certain strains of the mold Aspergillus flavus.
Aflatoxin B1 is one of the most potent hepatocarcinogenic agents known and has produced neo-
plasms in rodents, fish, birds, and primates. This agent is a potential contaminant of many farm
products (for example, grain, peanuts) that are stored under warm and humid conditions for
some time. Aflatoxin B1 and related compounds may cause some of the toxic hepatitis and he-
patic neoplasia seen in various parts of Africa and the Far East (Chapter 11).

Ethionine is an antimetabolite of the normal amino acid methionine. Farber (cf. 1963) was
the first to show definitively that administration of ethionine in the diet for extended periods
resulted in the development of liver cancer in rats. This was the first example of the direct inter-
ference with the metabolism of a normal metabolic constituent resulting in the development of
cancer.

In addition to organic compounds such as those illustrated in Figures 3.1 and 3.3, a num-
ber of inorganic elements and their compounds have been shown to be carcinogenic in both ani-
mals and humans (IARC, 1973). Figure 3.4 shows a periodic classification of the elements with
an indication of those elements that, in their elemental form or compounded with other ele-
ments, have been shown to be carcinogenic or possibly carcinogenic in humans, other animals,
or both (Martell, 1981). This is not to say that all the elements of the table that have not been
specifically shown to be carcinogenic should be considered noncarcinogenic. Many elements
and their compounds have not yet been adequately tested for carcinogenicity in animals, and at
this time there is no evidence that such elements exhibit effects in humans on the basis of epide-
miological studies (Chapter 11). On the basis of epidemiological studies (Chapter 11), chro-
mium and nickel are carcinogenic in both humans and experimental animals. However, several
other elements have so far demonstrated carcinogenicity only in experimental animals. Exposure
to several of these, including lead (Verschaeve et al., 1979) and beryllium (Kuschner, 1981), has
been implicated as causes of cancer in humans, but as yet the data are not sufficient to demon-
strate such an association unequivocally. On the other hand, arsenic and its derivatives present an

Figure 3.4 Periodic classification of the elements forming compounds having definite carcinogenic ef-
fects in the human (squares) or lower animals (circles). Dashed squares or circles around the symbols of
some elements indicate that the compounds formed from them are suggestive of but not proven as to their
carcinogenicity for humans or lower animals. (Adapted from Martell, 1981, with permission of the author
and publisher.)
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interesting paradox (Landrigan, 1981) in that there is essentially no experimental evidence to
substantiate the carcinogenicity of this element and its compounds in lower animals, but the evi-
dence for its carcinogenicity in humans is quite clear (Chapter 11).

One class of chemical carcinogens is different from those described thus far—the group of
inert plastic and metal films or similar forms that cause sarcomas at the implantation site in some
rodents (Brand et al., 1975). The implantation site is usually subcutaneous. At least one study
indicated that the implantation of metal “films” did not induce neoplasms when they were im-
planted within the central nervous system (Bischoff and Bryson, 1976), although this may have
been related to the relatively small size of the implants. Rats and mice are highly susceptible to
this form of carcinogenesis, but guinea pigs appear to be resistant (Stinson, 1964). The carcino-
genic properties of the implant are, to a large extent, dependent on its physical characteristics
and surface area. Multiple perforations—each greater than a certain diameter (for example, 0.4
µm)—pulverization, or roughening of the surface of the implant (Ferguson, 1977) markedly re-
duced the incidence of neoplasms. Plastic sponge implants may also induce sarcomas subcuta-
neously, and in this instance the yield of tumors is dependent on the thickness of the sponge
implant (Roe et al., 1967). The age of the animal upon implantation also affects the time from
implantation until tumor development. Young rats first developed sarcomas at the site of implan-
tation after nearly 1¹⁄₂ years, whereas older animals developed such neoplasms within 6 months
after implantation of the material (Paulini et al., 1975).

The chemical nature of the implant is clearly not the critical factor in its ability to trans-
form normal cells to neoplastic cells. Brand and associates (cf. Johnson et al., 1970) have stud-
ied this phenomenon for many years and have demonstrated a variety of kinetic and
morphological characteristics of the process of “foreign-body tumorigenesis” in mice. These
studies have shown that DNA synthesis occurs in the film-attached cell population throughout
the preneoplastic phase and that preneoplastic cells may be identified well before neoplasms de-
velop (Thomassen et al., 1978). More recently, Kirkpatrick and associates (2000), using a vari-
ety of plastics and metals as the subcutaneous implant, found that about one-third of the animals
developed sarcomas in association with the implant by 2 years of age. Examination of the im-
plants between 8 and 24 months after implantation revealed the presence of nonneoplastic pro-
liferative lesions as well as preneoplastic lesions (Chapter 7), which may have served as
precursors to the sarcomas. Brand has suggested that such “preneoplastic” cells may already be
present in the normal tissue prior to implantation and that the implant appears to “create the
conditions” required for carcinogenesis of these cells (Brand et al., 1975). Other possible mech-
anisms for this unique type of carcinogenesis are discussed later (Chapter 7), as well as its rela-
tion to specific human carcinogens (Chapter 11). An interesting but possibly unrelated
observation is the demonstration by Hirono and associates (1983) of the carcinogenicity of so-
dium dextran sulfate in relation to its molecular weight. Only the polymer with a molecular
weight of approximately 54,000, compared with polymers of 520,000 and 9500, induced colon
cancer in rats when given orally.

While the epidemiological evidence that implants of prostheses in the human—such as
seen with the repair of hernias, joint replacements, etc.—induce the formation of sarcomas is not
substantial, there have been a number of isolated reports of neoplasms arising in association with
such foreign bodies (Sunderman, 1989). A study in the rat of the carcinogenic potential of a
number of materials used in such prostheses demonstrated a small increase in sarcomas in ani-
mals with certain metal alloy implants that contained significant amounts of cobalt, chromium,
or nickel (Memoli et al., 1986). However, it is likely that in the human “foreign-body tumorigen-
esis” may be induced by certain types of asbestos fibers, wherein the dimensions of the fiber are
directly related to its effectiveness as a carcinogenic agent (Chapter 11).
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Chemical Carcinogenesis by Mixtures—Defined and Undefined

While most of this chapter concerns itself with the carcinogenic action of specific chemicals, it
is relatively unusual that an individual is exposed to a single carcinogenic agent. Despite this
fact, relatively few detailed studies on mixtures of carcinogenic chemicals have been carried out
experimentally. The most common environmental mixtures are those seen in tobacco smoke and
other combustion products, including engine exhaust and air pollution (Mauderly, 1993). Inter-
actions between chemicals in mixtures may be additive, multiplicative, or inhibitory (Mumtaz et
al., 1993). In the examples given above, however, the exact chemical nature of components in
tobacco smoke or air pollution is not always known, nor are their amounts determined. Thus,
one may be forced to deal with a mixture as if it were a single entity or, if the constituents are
known, to treat the effects of the mixture in some empirical way usually related to the most po-
tent component of the mixture.

Studies on the carcinogenic action of defined mixtures of chemicals are usually done with
a knowledge of the carcinogenic effect of the chemicals involved. Warshawsky et al. (1993)
demonstrated that extremely low levels of benzo[a]pyrene, which yielded no skin tumors on re-
peated application, resulted in a significant yield of neoplasms when added in the presence of
five noncarcinogenic polycyclic aromatic hydrocarbons. In an earlier study, administration of
two noncarcinogenic aminoazo dyes in the diet of the rat for a year resulted in the appearance of
a variety of neoplasms (Neish et al., 1967). More recently, administration of three to five N-
nitrosamines resulted in either an additive or synergistic carcinogenic effect of the combinations
of the compounds given at low dose rates (Berger et al., 1987; Lijinsky et al., 1983). In contrast,
administration of a mixture of 40 chemical carcinogens to rats for 2 years at 1/50 of the dose
normally used to induce neoplasms in 50% of the animals and representing a wide variety of
target sites resulted in significant tumor incidences only in the thyroid and liver (Takayama et
al., 1989). In a more recent study, ingestion of a mixture of 20 pesticides given at “acceptable
daily intake levels” was found to exert no effect on carcinogenesis in rat liver (Ito et al., 1994).
While these are only a few examples, the toxicological study of complex mixtures, not only in
the area of carcinogenesis, is a critical field in human health, as evidenced by disease resulting
from tobacco smoke, engine exhaust, and other components of air pollution (Mauderly, 1993).
One of the most important chemical mixtures associated with human neoplasia is that of diet.

Chemical Carcinogenesis by Diet

There is substantial evidence in the human to argue that many dietary components—including
excess caloric intake (Osler, 1987; Lutz and Schlatter, 1992), excessive alcohol intake (IARC,
1987), and a variety of chemical contaminants of the diet including aflatoxin B1 (Figure 3.2)
(Gorchev and Jelinek, 1985; Lutz and Schlatter, 1992)—are carcinogenic (Chapter 11). Some
general and specific studies have supported these views (Jensen and Madsen, 1988; Habs and
Schmähl, 1980; Miller et al., 1994), whereas others have been more controversial (Willett and
MacMahon, 1984; Pariza, 1984). Evidence for dietary factors associated with cancer incidence
in animals is more substantial and serves to support much of the evidence relating environmental
factors to increased cancer incidence in the human (Kritchevsky, 1988; Rogers et al., 1993).

Although a relative lack of “antioxidant micronutrients”—such as carotenoids, selenium,
and the vitamins A, C, and E—has been implicated as a factor in the incidence of neoplastic
development (Dorgan and Schatzkin, 1991), more studies are needed before the effectiveness of
these agents in cancer prevention can be established unequivocally (Chapters 8 and 11). In con-
trast, experimental evidence that the lack of available sources of methyl groups can actually in-
duce liver cancer in rats is well documented (Mikol et al., 1983; Ghoshal and Farber, 1984). This
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observation may be closely related to the earlier studies by Farber (1963) on the induction of
liver cancer in rats by the administration of ethionine, which, indirectly, may cause a lack of
available methyl groups in this tissue.

METABOLISM OF CHEMICAL CARCINOGENS IN RELATION 
TO CARCINOGENESIS

Although the discovery that polycyclic hydrocarbons and other chemical compounds could pro-
duce cancer gave hope that the complete understanding of the nature of neoplasia might be at
hand, more than 60 years have elapsed since those findings appeared and we still seem to be a
long way from such an understanding. The excretory metabolites of polycyclic hydrocarbons
were found to be hydroxylated derivatives, which usually had little or no carcinogenic activity.
Similarly, hydroxylation of the rings of the aromatic amine carcinogens, such as 2-acetylamino-
fluorene (AAF) and 4-dimethylaminoazobenzene, usually resulted in a complete loss of activity.
The enzymatic production of these more polar metabolites facilitated the further metabolism and
excretion of the parent compounds.

The different classes of chemical carcinogens have no single common structural feature
(Figures 3.1, 3.3, and 3.4). Thus, the complexity of the variety of chemicals capable of inducing
cancer posed a striking dilemma in attempts to understand the mechanisms of action of these
agents. The beginning of our present-day understanding of the solution to this dilemma was re-
ported in 1947 by Elizabeth and James Miller, who first demonstrated that, during the process of
hepatocarcinogenesis, azo dyes became covalently bound to proteins of the liver but not to pro-
teins of the resulting neoplasms. Sorof and associates (1958) studied the proteins of liver that
bind the dyes and demonstrated that azo dye–induced hepatomas did not contain the major dye-
binding protein species, as evidenced by the technique of electrophoresis. Later studies with
more highly differentiated hepatocellular carcinomas have shown the presence of the dye-bind-
ing proteins, but even in such lesions there was little or no binding of the dye to proteins of the
neoplasm even when the carcinogens inducing those neoplasms were fed to animals bearing the
transplanted cancers (Sorof et al., 1966). The initial studies of the Millers led them to suggest
that the binding of carcinogens to proteins might lead to the loss or deletion of critical proteins
for growth control (Chapter 11). The reader should recall that, at the time this hypothesis was
proposed (1947), the molecular concept of the gene was in its infancy if understood at all.

As an extension of this work, Elizabeth Miller (1951) demonstrated the covalent binding
of benzo(a)pyrene or some of its metabolites to proteins in the skin of mice treated with the
hydrocarbon. Later Abell and Heidelberger (1962) showed the same phenomenon with another
carcinogenic polycyclic hydrocarbon, 3-methylcholanthrene. These findings strongly suggested
that a critical step in the induction of cancer by chemicals was the covalent interaction of some
form of the chemical with proteins and possibly other macromolecules as well. Since the parent
compound in all cases studied was incapable of covalent binding directly with macromolecules,
the logical conclusion was that the interaction of the chemical with the macromolecule was the
result of the metabolic action of the cell. Although a number of studies in the 1950s (cf. Weis-
burger and Weisburger, 1958) demonstrated that ring-hydroxylation was a major pathway in the
metabolism of AAF, in 1960 the Millers and Cramer (Miller et al., 1960) reported that this com-
pound was also metabolized by hydroxylation of the nitrogen of the acetylamino group. They
isolated N-hydroxy-AAF from the urine of AAF-treated rats, and in subsequent investigations
found this compound to be more carcinogenic that its parent, AAF. Furthermore, N-hydroxy-
AAF also induced neoplasms that the parent compound was unable to induce, such as subcuta-
neous sarcomas at the site of injection. In animals (such as the guinea pig) that convert little of
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the AAF to its N-hydroxy derivative in vivo, cancer of the liver was not produced by feeding the
parent compound. These findings strongly supported the suggestion that, at least in the case of
AAF, the parent compound was not the direct carcinogen but rather that certain metabolic deriv-
atives were the active components in the induction of neoplasia. These studies paved the way to
further investigations of the activation of carcinogens by means of their metabolism by cellular
enzymes (cf. J. A. Miller, 1970).

Figure 3.5 depicts a number of metabolic reactions involved in the “activation” of chemi-
cals to forms that are directly involved with the induction of cancer. One may divide such
metabolic functions into two general classes (cf. Goldstein and Faletto, 1993). Those involved in
phase I metabolism (Figure 3.5) occur within the intracellular membrane system known as the
endoplasmic reticulum. These reactions involve metabolism by cytochrome P-450 enzymes and
their reductase. Generally these metabolic reactions convert the substrate to a more polar

Figure 3.5 Structures of representative chemical carcinogens and their metabolic derivatives, the proxi-
mate and ultimate carcinogenic forms resulting from the action of phase I metabolism of procarcinogens.
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compound through the insertion of molecular oxygen. Phase II metabolic reactions (Figure 3.6)
involve mostly hydrolysis and conjugation and occur primarily, although not exclusively, in the
extramembranous, cytosolic environment of the cell. This listing of xenobiotic metabolic reac-
tions of the cell is not complete, a detailed consideration of these and other such reactions being
beyond the scope of this text. The interested reader is referred to several pertinent references
(Porter and Coon, 1991; Guengerich, 1992) for more complete coverage of this topic.

As noted in Figure 3.5, the N-hydroxylation of AAF can be followed by the esterification
of the N-hydroxyl group, yielding a highly reactive compound capable of nonenzymatic reaction
with nucleophilic sites on proteins and nucleic acids as well as comparable small molecules. The
demonstration that the metabolism of AAF led to a highly reactive chemical prompted the Mill-
ers to propose that chemical carcinogens are—or are converted by their metabolism into—elec-
trophilic reactants (chemicals with electron-deficient sites) that exert their biological effects by
covalent interaction with cellular macromolecules, the most critical target probably being DNA
(cf. Miller, 1978). Furthermore, utilizing the metabolism of AAF as a model, the Millers pro-
posed that chemical carcinogens requiring metabolism for their carcinogenic effect be termed
procarcinogens, whereas their highly reactive metabolites, such as the N-hydroxy AAF esters,

Figure 3.6 Structures of representative chemical carcinogens and their metabolic derivatives resulting
from the action of phase II metabolism of procarcinogens.
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were termed ultimate carcinogens. Metabolites intermediate between the procarcinogens and ul-
timate carcinogens, where such existed, were termed proximate carcinogens. The ultimate form
of the carcinogen, that is, the form that actually interacts with cellular constituents and probably
causes the neoplastic transformation, is the final product shown in most of the pathways seen in
Figure 3.5. In some instances, however, the structure of the ultimate form of certain carcinogenic
chemicals is still not clear. In other cases there may be more than one ultimate carcinogenic
metabolite.

After the demonstration by the Millers of the critical significance of electrophilic metabo-
lites in chemical carcinogenesis, a number of such ultimate forms—especially those of aromatic
amines such as benzidene, naphthylamine and 4-aminobiphenyl—were described. However, the
carcinogenic polycyclic hydrocarbons still posed a problem. As early as 1950, Boyland had pro-
posed the formation of epoxide intermediates in the metabolism of these chemicals. However, it
was not until 1970 that Jerina and associates detected the formation of such an intermediate in a
biological system. Other investigations showed that epoxides of polycyclic hydrocarbons could
react with nucleic acids and proteins in the absence of any metabolizing system. Surprisingly,
K-region epoxides of a number of carcinogenic polycyclic hydrocarbons were weaker carcino-
gens than the parent hydrocarbons. Following this finding, scientific attention shifted to other
reactive metabolites of these molecules. In 1974 Sims and associates proposed that a diol ep-
oxide of benzo(a)pyrene was the ultimate form of this carcinogen. Subsequent studies by a num-
ber of investigators (Yang et al., 1976; see reviews: Conney, 1982; Harvey, 1981; Lowe and
Silverman, 1984) have demonstrated that the structure of this ultimate form is (+)anti-
benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide. A number of the metabolic reactions that
benzo(a)pyrene may undergo in vivo are seen in Figures 3.5 and 3.6. As mentioned earlier, the
4,5-(K-region) epoxide of benzo(a)pyrene is less carcinogenic than the parent compound and
markedly less carcinogenic than the diol epoxide. The reader is referred to the cited reviews for
further discussion of the implications of such metabolic pathways.

One of the interesting ramifications of these findings is the importance of oxidation of the
carbons of the “bay region” of potentially carcinogenic polycyclic hydrocarbons. Figure 3.2
shows the bay regions of benz(a)anthracene and benzo(a)pyrene. Analogous bay regions may
easily be identified in the other structures seen in Figure 3.1. Jerina, Conney, and associates (for
example, Levin et al., 1978), as well as others (cf. Conney, 1982), have proposed that epoxida-
tion of a dihydro, angular benzo ring that forms part of a bay region of a polycyclic hydrocarbon
forms the most likely ultimate carcinogenic form of the hydrocarbon. The bay region is the ster-
ically hindered region formed by the angular benzo ring. Although the bay-region concept has
not been tested with all known carcinogenic polycyclic hydrocarbons, it appears to be generally
applicable. In addition, Cavalieri and Rogan (1992) have proposed that radical cations of poly-
cyclic aromatic hydrocarbons formed by oxidation of the parent compound via the cytochrome
P-450 pathway are also important intermediates in the formation of ultimate carcinogenic me-
tabolites of these chemicals.

Although conjugation reactions usually inactivate chemical carcinogens and cause their
rapid urinary excretion because of their water solubility, an interesting exception to this has re-
cently been shown. Both haloalkanes and haloalkenes react with glutathione as catalyzed by glu-
tathione S-transferase. As an example, the glutathione-dependent bioactivation of ethylene
dibromide is seen in Figure 3.6. The proximate carcinogen, glutathione S-ethylbromide, sponta-
neously forms an episulfonium ion as the ultimate carcinogenic form. This highly reactive
chemical alkylates DNA at the N7 position of guanine (Koga et al., 1986). Cysteine S-conjugates
of several haloalkenes as well as the glutathione conjugates are nephrotoxic as well as mutagenic
(cf. Monks et al., 1990). While such halogenated aliphatics may induce neoplasia in several or-



The Etiology of Cancer 53

gans, the kidney is the predominant target organ; but the actual mechanism of the carcinogenic
effect is not yet clear despite the observations noted above (Monks et al., 1990).

In addition to the electrophilic intermediates previously discussed that make up many if
not all of the structures of the ultimate forms of chemical carcinogens, substantial evidence has
also indicated that free radical derivatives of chemical carcinogens may be produced both meta-
bolically and nonenzymatically during their metabolism (cf. Nagata et al., 1982). Free radicals
carry no charge but possess a single unpaired electron, which makes the radical extremely reac-
tive. That such forms may be important in the induction of the neoplastic transformation by
chemicals comes from two lines of evidence. Several different molecules that inhibit the forma-
tion of free radicals, many of which are termed antioxidants, are capable of inhibiting the carci-
nogenic action of many chemical carcinogens (Ito and Hirose, 1987; Simic, 1988). Although
there is no question that free radical intermediates are sometimes formed during the metabolism
of chemical carcinogens (Guengerich, 1991), the evidence suggests that relatively specific meta-
bolic reactions of a number of chemical carcinogens may proceed through free radical interme-
diates. Marnett (1981) has described the co-oxygenation of polyunsaturated fatty acids,
especially arachidonic acid, with polycyclic aromatic hydrocarbons, leading to the formation of
the diol epoxide (Figure 3.5). Such co-oxygenation occurs in the formation of prostaglandins, a
series of hormones important in the normal homeostasis of the organism, from the polyunsatu-
rated fatty acid arachidonic acid. The reaction involves the formation of a hydroperoxide by the
incorporation of molecular oxygen (two atoms) at a double-bond position with the simultaneous
formation of a ring peroxide. The peroxidase activity of the prostaglandin-synthesizing enzyme
(synthetase) catalyzes the transfer of the free radical to another molecule with the formation of
oxygen, as shown in Figure 3.7 to be the case with AAF. In the case of the 7,8-diol of
benzo(a)pyrene (Figure 3.7), the peroxidase catalyzes the transfer of the free radical oxygen
from the hydroperoxide to the hydrocarbon, forming an epoxide, which in this case is the
ultimate form of the carcinogen. N-acetoxy AAF is also one of the ultimate forms of that
carcinogen. This pathway of metabolic activation of carcinogens is not ubiquitous in all tissues
but is more important in some than in others. Wise et al. (1984) demonstrated that the meta-
bolic activation of 2-naphthylamine via the prostaglandin synthase reaction was quite marked
in dog bladder but virtually nonexistent in the liver of this animal. This finding suggests that
the carcinogenic action of 2-naphthylamine on bladder transitional epithelium involves prima-
rily the co-oxygenation of the arylamine and polyunsaturated fatty acids in the prostaglandin
synthetase reaction. Other chemical carcinogens, including nitrosamines (Bartsch et al., 1989)
and nitro compounds (Conaway et al., 1991), may exhibit ultimate forms that are free radicals
in nature.

Endogenous Free Radicals and Chemical Carcinogenesis

In addition to the formation of free radicals affecting the metabolism of exogenous procarcino-
gens, endogenous free radicals are also formed both as by-products of carcinogen metabolism
and during normal metabolic reactions. Molecular oxygen (O2) contains unpaired electrons and
acts as the final pathway of electrons produced during metabolism. In such metabolic reactions
oxygen is reduced by single electrons by processes depicted in Figure 3.8. The most reactive
species that may be considered free radicals are the superoxide anion and the hydroxyl radical.
Hydrogen peroxide is formed from the superoxide radical but itself is not a free radical. On the
other hand, in the presence of trace amounts of metal ions, especially those of iron and copper,
the hydroxyl free radical is formed from hydrogen peroxide (Bast et al., 1991). In addition to the
reduction of oxygen in mitochondria, which is perhaps the largest source of these radicals, a
process termed redox cycling, involving the one-electron reduction of a xenobiotic followed by
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interaction with molecular oxygen and resulting in superoxide production and regeneration of
the parent xenobiotic, also gives rise to reactive oxygen species (ROS) by a scheme noted in
Figure 3.9. Free radicals of oxygen reduction, especially the hydroxyl radical, may abstract a
hydrogen atom from lipids, leading to their peroxidation. Peroxidation of lipids having conju-
gated double bonds may lead ultimately to the formation of a variety of aldehydes, which are
also capable of reacting with macromolecules (Bast and Goris, 1989). Two toxic aldehydes
formed by this process are malonaldehyde and 4-hydroxy-2-nonanal. These aldehydes are mu-
tagenic (Chung et al., 1993) and at least malonaldehyde has been reported to be carcinogenic for
mouse skin (Shamberger et al., 1974). Epoxyaldehydes of hydroxynonanal can react with deox-
yribonucleosides to form etheno adducts as seen in Figure 3.10 (Chung et al., 1996). In addition,
reactive oxygen species may be involved in the alteration of signal transduction pathways
(Chapter 7), and as noted later in this chapter in discussing the effects of ionizing radiation on
living cells (Toyokuni, 1999).

Figure 3.7 The metabolic activation of benzo(a)pyrene 7,8 diol and N-hydroxy 2-acetylaminofluorene
during the peroxidation of arachidonic acid.
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Some Conclusions

All of these studies taken together demonstrate that the majority of chemical carcinogens must
be metabolized within the cell before they exert their carcinogenic effects. In this respect car-
cinogenesis by some chemicals becomes a “lethal synthesis” analogous to that of the earlier
studies by Peters (1957), who coined the term with reference to fluoroacetate. Furthermore, this
finding explains how a substance that is not carcinogenic for one species may be carcinogenic

Figure 3.8 The univalent reduction of oxygen. (Adapted from Bast et al., 1991, with permission of
authors and publisher.)

Figure 3.9 General scheme for redox cycling of xenobiotics (R) with generation of oxygen radicals.
(Adapted from Ross, 1989, with permission of author and publisher.)
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for another, the result depending on the metabolic capacities present within the species itself.
This becomes extremely important for carcinogen testing in whole animals (see below).

Not all chemical carcinogens require intracellular metabolism to become ultimate carcino-
gens. Examples are the direct alkylating agents β-propiolacetone, nitrogen mustard, ethylene-
imine, and bis(chloromethyl)ether (Figure 3.3), the latter having been shown to be carcinogenic
for humans (Chapter 9). These chemicals have been termed direct-acting or alkylating carcino-
gens because of the highly reactive nature of their native structure, which itself is the ultimate
carcinogenic form of that molecule.

Chemical Structure and Chemical Carcinogenesis

Knowledge of the metabolic activation of chemicals has dramatically advanced our understand-
ing of carcinogenic mechanisms underlying the extreme diversity of chemical structures in-
volved in cancer development. The relationship of chemical structure to carcinogenic activity
plays a significant role in the potential identification and mechanism of potential chemical car-
cinogens. Computerized databases of carcinogenic and noncarcinogenic chemicals have been
developed to relate structure to carcinogenic activity in a variety of carcinogens (Enslein et al.,
1994; Rosenkranz and Klopman, 1994).

Figure 3.10 Formation of some etheno adducts from reactions of deoxyribonucleosides with epoxyalde-
hydes. (Adapted from Chung et al., 1996, with permission of authors and publisher.)
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Using as a primary basis the results of rodent bioassays on more than 500 chemicals,
Ashby and Paton (1993) have studied the influence of chemical structure on both the extent and
the target tissue specificity of carcinogenesis for these chemicals. From analysis of the presence
of potential electrophilic sites (DNA reactive), mutagenicity to Salmonella, and level of carcino-
genicity to rodents (Chapter 13), these authors have developed a list of chemical structures that
possess a high correlation with the development of neoplasia in rodent tests (Ashby et al., 1989;
Tennant and Ashby, 1991). These “structural alerts” signify that a chemical having such struc-
tures should be examined closely for carcinogenic potential. These authors have developed a
composite model structure indicating the various structural alerts that appear to be associated
with DNA reactivity or carcinogenicity (Figure 3.11). The substantial database used to generate
these structural alerts indicates the utility of this information for the identification of potential
carcinogens and their mechanisms of their action in specific tissues. In addition, investigation of
the metabolic activation of such functional groups during the carcinogenic process should pro-
vide insight into their role in the induction of cancer.

Figure 3.11 The substituents are as follows: (a) alkyl esters of either phosphonic or sulfonic acids;
(b) aromatic nitro groups; (c) aromatic azo groups, not per se, but by virtue of their possible reduction to an
aromatic amine; (d) aromatic ring, N-oxides; (e) aromatic mono- and dialkylamino groups; (f) alkyl hydra-
zines; (g) alkyl aldehydes; (h) N-methylol derivatives; (i) monohaloalkenes; (j) a large family of N and S
mustards (ß-haloethyl); (k) N-chloramines (see below); (l) propiolactones and propiosultones; (m) aromatic
and aliphatic aziridinyl derivatives; (n) both aromatic and aliphatic substituted primary alkyl halides;
(o) derivatives of urethane (carbamates); (p) alkyl-N-nitrosamines; (q) aromatic amines, their N-hydroxy
derivatives and the derived esters; (r) aliphatic and aromatic epoxides. The N-chloramine substructure
(k) has not yet been associated with carcinogenicity, but potent genotoxic activity has been reported for it
(discussed in Ashby et al., 1989). Michael-reactive a,ß-unsaturated esters, amides or nitriles form a rela-
tively new class of genotoxin (e.g., acrylamide). However, the structural requirements for genotoxicity have
yet to be established, and this structural unit is not shown in the figure. (Adapted from Tennant and Ashby,
1991, with permission of the authors and publisher.)
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DNA, RNA, AND PROTEIN ADDUCTS RESULTING FROM THEIR REACTION 
WITH ULTIMATE CARCINOGENIC FORMS

One of the most intriguing problems that experimental oncologists have considered in the area
of chemical carcinogenesis is the characterization of the covalent compounds resulting from re-
actions between the ultimate metabolite of a chemical carcinogen and a macromolecule. The
structures of several different chemical carcinogens covalently bound or adducted to protein and
nucleic acids are shown in Figure 3.12. For the detailed chemistry of the reactions involved in
the formation of such adducts, students are referred to several of the references, especially those
by the Millers (1970, 1978), Weisburger and Williams (1982), Hathway and Kolar (1980), and
Dipple et al. (1985). Guanine is the nucleic acid base that has been found to react most avidly
with the “ultimate” forms of chemical carcinogens. As noted in Figure 3.12, the reaction of the
ultimate form of N-methyl-4-aminoazobenzene with polypeptides involves a demethylation of

Figure 3.12 Structures of some protein- and nucleic acid–bound forms of certain chemical carcinogens.
The macromolecular linkages are shown schematically. Esters of 2-acetylaminofluorene react predomi-
nantly with the 8-position of guanine, whereas the epoxide of aflatoxin B1 reacts primarily with the N-7
position of guanine. The ethano-adenine and ethanocytosine adducts result from the reaction of DNA with
halogenated acetaldehydes or ultimate forms of vinyl chloride and related structures. 7,-(2-hydroxy-
ethyl)guanine is a product of the reaction of ethylene oxide with DNA.
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methionine and reaction of the electrophilic position ortho to the amino group of the azobenzene
with the nucleophilic sulfur of methionine and subsequent loss of the methyl of methionine. Ad-
ducts formed with DNA, which in most instances are similar to those seen in RNA, exhibit ste-
reospecific configurations as exemplified by the reaction of the epoxide of aflatoxin B1 with N-7
position of guanine. AAF also reacts with guanine at the two positions of the DNA base, as
shown. The formation of an additional ring structure in adenine and cytosine occurs with the
ultimate form of the carcinogen vinyl chloride as well as related chemicals that exhibit the same
ultimate form (Bolt, 1988). In contrast, ethylene oxide directly alkylates the N-7 position of
guanine in DNA (Bolt et al., 1988). An interesting adduction occurs during the metabolism of
2-nitropropane that causes the formation of 8-aminoguanine, possibly from the spontaneous re-
action with the highly reactive intermediate (NH2

+) that is probably formed during the metabo-
lism of the nitro group (Sodum et al., 1993).

Of the number of chemical carcinogens that adduct DNA by direct methylation, ethyla-
tion, or higher alkylations, several such agents are of considerable experimental and environ-
mental significance. The positions alkylated by ethylating and methylating chemicals are noted
in Figure 3.13, taken from the review by Pegg (1984). In this same discussion, Pegg described
the relative proportions of methylated bases present in DNA after reaction with carcinogen-
methylating agents (Table 3.1). The predominant adduct seen with methylating agents such as
methylmethane sulfonate administered in vivo or in vitro is 7-methylguanine. In contrast, ethyla-
tion of DNA is predominantly in the phosphate backbone. Pegg has argued that the principal
carcinogenic adduct is the O6-alkylguanine. In contrast, Swenberg et al. (1984) reported that O4-
alkylthymine may be a more important adduct for carcinogenesis because it remains in the DNA
for much more extended periods than the O6-alkylguanine. The importance of the persistence of
DNA adducts of ultimate carcinogens is discussed below.

Another common structural change in DNA is the hydroxylation of DNA bases. Such
changes have been found in all four of the bases making up DNA (Marnett and Burcham, 1993),
but the more commonly analyzed are 5-hydroxymethylthymine (Srinivasan and Glauert, 1990)
and 8-hydroxyguanine (cf. Floyd, 1990). These hydroxylated bases have been found in DNA of
target organs in animals exposed to chemical carcinogens, but they are also present in the DNA
of organisms not subjected to any known carcinogenic agent (Marnett and Burcham, 1993). Es-
timates of a rate of endogenous depurination of DNA of 580 bases per hour per cell and DNA
strand breaks at a rate of 2300 per hour per cell have been reported (Shapiro, 1981). These esti-
mates are not incompatible with the presence of oxidative DNA lesions at a level of 106 per cell
in the young rat and almost twice this in the old rat (cf. Table 3.6; Ames et al., 1993). Such
oxidative damage is presumably due to free radical reactions occurring endogenously in the cell
that are capable of producing activated oxygen radicals (cf. Floyd, 1990; Ames et al., 1993).
Such oxidative reactions, occurring either as a result of an endogenous oxidative phenomenon or
from the administration of exogenous chemical and radiation carcinogens, are presumably rapidly
repaired by mechanisms discussed below. Thus, endogenous mutations are kept to a minimum.

Finally, structural changes in DNA of largely unknown character have been reported
through the use of a unique technology known as 32P-postlabeling (Reddy and Randerath, 1987).
The outline of procedures used in this technology can be seen in Figure 3.14. After digestion of
DNA to its constituent nucleotides, each nucleotide is labeled by using g32PO4-labeled ATP and
a bacterial kinase, an enzyme that transfers the terminal phosphate of ATP to the available 5′
hydroxyl of the 3′ nucleotides to convert all of the nucleotides to a radioactive, biphosphorylated
form. Nucleotides of the normal DNA bases are removed by appropriate chromatographic pro-
cedures, leaving only those nucleotides that contain structural adducts. Although this technique
has been used to demonstrate adduction of DNA by a variety of known chemical carcinogens,
equally if not more interesting is the fact that a number of adducts of unknown structure have
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been discovered in living cells. Some of these structurally unknown DNA adducts, termed
I-compounds (Li and Randerath, 1992), change with dietary modifications, drug administration
(Randerath et al., 1992), and species and tissue differences (Li et al., 1990). I-compounds occur
in human fetal tissues (Hansen et al., 1993), tend to increase with age and caloric restriction, but
decrease in the liver during hepatocarcinogenesis (Randerath et al., 1991). Thus, the exact role if
any of many DNA adducts of unknown structure in the process of carcinogenesis remains a
question.

The mechanisms of inorganic chemical carcinogenesis have not been as well defined as
those of organic chemicals. The interesting uniqueness of arsenic as a human carcinogen has not

Figure 3.13 Sites of alkylation of DNA under physiological conditions. (From Pegg, 1984, with permis-
sion of the author and publisher.)
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yet been adequately explained. On the other hand, chromate induces DNA crosslinks in vivo in
possible association with active oxygen radicals (Tsapakos et al., 1981; Costa, 1991). While the
mechanisms of cadmium carcinogenesis are also relatively unclear, nickel as a carcinogen both
in animals and humans apparently may effect carcinogenesis by a variety of mechanisms, in-
cluding alterations in the structure of DNA itself (Sunderman, 1989; Costa, 1991).

The best-known and structurally identified normal modification of DNA is the methyla-
tion of deoxycytidine residues by the transfer of a methyl group from S-adenosylmethionine by
DNA methyltransferase (Holliday, 1989; Michalowsky and Jones, 1989). Such methylation re-
sults in the heritable expression or repression of specific genes in eukaryotic cells. When such
methylation occurs during development, the expression or repression of specific genes may be
“imprinted” by DNA methylation at various stages during development (Chapter 5; Barlow,
1993). Chemical carcinogens may inhibit this process by several mechanisms, including the for-
mation of covalent adducts, single-strand breaks in the DNA, and the direct inactivation of the
enzyme DNA S-adenosylmethionine methyltransferase, which is responsible for normal methy-
lation (cf. Riggs and Jones, 1983). Therefore the inhibition of DNA methylation by chemical
carcinogens may represent a further potential mechanism for carcinogenesis induced by chemi-
cals. That such a mechanism may be important in hepatocarcinogenesis was reported by Mikol
et al. (1983), wherein half of the animals receiving a defined diet devoid of methionine and cho-
line developed hepatocellular carcinomas and cholangiomas when subjected to this regimen for
18 months. The methyl-deficient diet induces a drastic hypomethylation of hepatic nuclear DNA
(Wilson et al., 1984).

From this brief survey, the student may appreciate that the role of structural adducts of
DNA in carcinogenesis is not a simple matter of adduct = mutation = carcinogenesis. Defined
adducts of known complete chemical carcinogens, as exemplified by those depicted in Figure
3.11, generally may be considered to have a significant role in carcinogenesis induced by their
procarcinogenic forms. However, the role and function of structurally undefined adducts such as
I-compounds in the carcinogenic process is not so clear, nor is there substantial evidence that

Table 3.1 Relative Proportions of Methylated Bases Present in DNA 
After Reaction with Carcinogenic Alkylating Agents

Adapted from Pegg, 1984, with permission of the author and publisher.

Percentage of Total Alkylation by:

Dimethylnitrosamine
N-methyl-N-nitrosourea
1,2-dimethyl-hydrazine

Diethylnitrosamine 
N-ethyl-N-nitrosourea

1-Alkyladenine 0.7 0.3
3-Alkyladenine 8 4
7-Alkyladenine 1.5 0.4
3-Alkylguanine 0.8 0.6
7-Alkylguanine 68 12
O6-Alkylguanine 7.5 8
3-Alkylcytosine 0.5 0.2
O2-Alkylcytosine 0.1 3
3-Alkylthymine 0.3 0.8
O2-Alkylthymine 0.1 7
O4-Alkylthymine 0.1–0.7 1–4
Alkylphosphates 12 53
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such adduction leads directly to mutation. Finally, the inhibition of normal methylation of DNA
may itself play a role, as yet undefined, in the carcinogenic process.

PERSISTENCE OF DNA ADDUCTS AND MUTAGENESIS

The extent to which DNA adducts occur as the result of the administration of chemical carcino-
gens depends on the overall metabolism of the chemical agent as well as the chemical reactivity
of the ultimate metabolite. Once the adduct is formed, its continued presence in the DNA of the
cell depends primarily on the ability of the cellular machinery to repair the structural alteration
in the DNA, the mechanisms for which are discussed below.

Carcinogen - adducted DNA 

 Micrococcal endonuclease↓ + spleen exonuclease 

Ap + Gp + Tp + Cp + m5Cp + Xp + Yp + …
(Normal nucleotides)        (Adducts) 

 [32P] phosphate transfer: ↓ [γ-32P] ATP + T4 polynucleotide kinase 

pAp + pGp + pTp + pCp + pm5Cp + pXp + pYp + …

 Removal of normal nucleotides: 
 PE1-cellulose or reversed-phase TLC ↓ or reversed-phase HPLC 

pXp + pYp + …

 Separation and detection of adducts: 
 (i) PEI-cellulose TLC ↓ (ii) autoradiography 

Maps of 32P-labeled carcinogen-DNA adducts 

* *

*         *         *         *        *              *          *

Figure 3.14 The basic features of 32P-postlabeling assay for carcinogen-adducted DNA. The 32P-assay
involves four steps: digestion of DNA, 32P-labeling of the digestion products, removal of 32P-labeled non-
adduct components, and thin layer chromatography mapping of the [32P] adducts. Asterisks indicate the
position of the 32P-label. (Modified from Gupta et al., 1982.)
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Persistence of DNA Adducts

It is from many of the considerations noted above as well as the presumed critical nature of the
adduct in the carcinogenic process that a working hypothesis has evolved which postulates that
the extent of the formation of DNA adducts and their persistence in the DNA should correlate
with the biological effect of the agent (Neumann, 1983). In accord with this hypothesis, several
studies have correlated the persistence of DNA adducts occurring during chemical carcinogene-
sis with the high incidence of neoplasms in specific tissues (Table 3.2). Among the earliest of
these studies was that of Goth and Rajewsky (1974), who demonstrated the relative persistence
of O6 ethylguanine in DNA of brain but not liver of animals administered ethylnitrosourea at 10
days of age. The rapid loss of the adduct in liver DNA contrasted with the seven times slower
loss in DNA of the brain correlated with the appearance of neoplastic lesions in these tissues
later in life. Swenberg and associates (1985) demonstrated an analogous situation in the liver,
wherein administration of symmetrical dimethylhydrazine induced a high incidence of neo-
plasms of hepatic vascular endothelium but a very low incidence in parenchymal cells of this
tissue. Examination of the same adduct, O6-ethylguanine, demonstrated its rapid removal from
the DNA of hepatocytes but much slower removal from the DNA of nonparenchymal cells in the
liver, a large proportion of which are vascular endothelial cells. Similarly, Kadlubar and associ-
ates (1981) demonstrated that more guanine adducts of 2-naphthylamine persisted in bladder
epithelium (urothelium) than in liver after administration of the carcinogen to dogs. The bladder,
but not the liver, is a target for this carcinogen and, as discussed earlier, the metabolic activation
of this chemical and other aromatic amines appears to be different in the two tissues (see above).
When the susceptibility to carcinogenesis by diethylnitrosamine was investigated in the same
tissue in two different species, only the DNA of hamster lung exhibited significant alkylation
and the development of neoplasia.

While the correlations noted in Table 3.2 support the working hypothesis of the impor-
tance of specific adducts during the carcinogenic process, this is not the entire picture. Swenberg
et al. (1984) demonstrated that the O4-ethylthymine adduct but not the O6-ethylguanine adduct is
stable in liver parenchymal cells after the continuous exposure of rats to diethylnitrosamine. Fur-
thermore, Müller and Rajewsky (1983) found that the O4-ethylthymine adduct persisted in all
organs after the administration of ethylnitrosourea to neonatal or adult rats. Later studies by Ra-
jewsky and associates (1998) found that the O6-ethylguanine adduct was removed from the
DNA of specific genes in the mammary gland some 20 times faster than the O6-methylguanine
adduct. Persistence of DNA adducts of the carcinogenic trans-4-aminostilbene did not correlate
with tissue susceptibility. While the liver and kidney exhibited the greatest burden and persis-
tence of the adduct, and the ear duct glands of Zymbal the least adduct concentration, it is the
latter tissue that is most susceptible to carcinogenesis by this agent (Neumann, 1983).

Despite these and other exceptions to the working hypothesis, our knowledge of the per-
sistence of covalent adducts of DNA and carcinogenic chemicals in tissues has been utilized in
attempts to quantitate the exposure of humans to carcinogenic chemicals and relate the potential
risk of neoplastic development to such exposure. The occurrence of adducts of benzo(a)pyrene
throughout the tissues of exposed animals at unexpectedly similar levels (Stowers and Anderson,
1985) further supports the rationale for the investigation of persistent DNA adducts as well as
carcinogen-protein adducts in the human. Immunological and highly sensitive chromatographic
technologies have been used to demonstrate the presence of persistent DNA adducts of several
carcinogenic species (Perera et al., 1991; Shields and Harris, 1991). The detection of DNA ad-
ducts of carcinogenic polycyclic aromatic hydrocarbons has been demonstrated at relatively
high levels in tissues, especially in blood cells of smokers and foundry workers, compared with
nonexposed individuals (Perera et al., 1991). Huh et al. (1989) have demonstrated an increased
level of O4-ethylthymine in the DNA of liver from individuals with and without malignant neo-
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plasms; however, a statistically significant increased level of ethylation of this base was noted in
cancer patients as compared with controls. In a more recent study by Hsieh and Hsieh (1993),
DNA adducts of aflatoxin B1 were demonstrated in samples of human placenta and cord blood
from patients in Taiwan, an area of high liver cancer incidence (Chapter 11). In addition to the
determination of specific structural DNA adducts, the use of the 32P-postlabeling assay to deter-
mine the presence of DNA adducts in human tissues has also been exploited (Beach and Gupta,
1992). As expected, a variety of adducts are found in both normal individuals and those poten-
tially exposed to specific carcinogenic agents. In addition to DNA adducts, adducts of specific
carcinogens with serum proteins have been demonstrated. Bryant et al. (1987) have shown a
five- to sixfold greater level of hemoglobin adducts of 4-aminobiphenyl in smokers compared
with nonsmokers. While this adduct has a finite lifetime, the chronic exposure to cigarette smoke
dramatically increases the level of the adduct, suggesting the use of such determinations in esti-
mating exposure to carcinogenic agents.

Thus, the persistence of macromolecular adducts of the ultimate forms of chemical carcin-
ogens may be very important in the carcinogenic mechanism of such agents. However, as noted
above, such persistence is only one factor in the complex process of cancer development.

Mutagenesis and Carcinogenesis

As noted above, the majority of chemical carcinogens must be metabolized within the cell be-
fore they exert their carcinogenic activity. In this respect, metabolism of some chemicals results
in a bioactivation instead of elimination. Thus, metabolic capabilities may underlie how a sub-
stance that is not carcinogenic for one species may be carcinogenic for another. This becomes
important for carcinogen testing in whole animals for both hazard identification and risk assess-
ment. Such considerations impact directly on the choice of the most sensitive species or the spe-
cies most similar to humans for these evaluations.

Since chemical carcinogens are reactive per se or are activated by metabolism to reactive
intermediates that bind to cellular components including DNA, their electrophilic derivatives—
which bound to a variety of nucleophilic (electron-dense) moieties in DNA, RNA, and protein—
were considered the ultimate carcinogenic form of the compounds of interest (see above). Sev-
eral lines of evidence indicate that DNA is the critical target for carcinogenesis. The first hint
that DNA was the target for heritable alterations due to carcinogen administration was from the
increased incidence of cancer in genetically prone individuals with defective ability to repair
DNA damage—e.g., xeroderma pigmentosum, Bloom syndrome, Cockayne syndrome, etc.
(Smith, 1991). The second major piece of evidence that DNA was the target of carcinogen action
was the observation of carcinogen-induced mutations in specific target genes associated with
neoplasia in a multitude of experimental systems. A comparison of DNA adduct formation with
biologically effective doses of carcinogens with different potencies demonstrated that the level
of DNA damage was relatively similar. Since covalent adducts in DNA could be derived from
carcinogenic compounds, the mechanism by which mutations arise and their relationship to
carcinogenesis was the next area to be examined in the quest for an understanding of cancer
development.

The induction of mutations is due primarily to chemical or physical alterations in the
structure of DNA that result in inaccurate replication of that region of the genome. The process
of mutagenesis consists of structural DNA alteration, cell proliferation that fixes the DNA dam-
age, and DNA repair that either directly repairs the alkylated base(s) or results in removal of
larger segments of the DNA (cf. Naegeli, 1994). Electrophilic compounds can interact with the
ring nitrogens, exocyclic amino groups, carbonyl oxygens, and the phosphodiester backbone of
DNA (Chang et al., 1994). Carcinogenic agents that result in formation of bulky adducts often
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specifically react with sites in the purine ring. For example, aromatic amines bind to the C8 po-
sition of guanine, while the diol epoxide of polycyclic aromatic hydrocarbons binds to the N2
and N6 position of guanine (see above). The position of an adduct in DNA and its chemical and
physical properties in that context dictate the type(s) of mutations induced (Essigmann and
Wood, 1993). This indicates that different adducts can induce a distinct spectrum of mutations
and additionally that any given adduct can result in a multitude of different DNA lesions. Con-
firming the need for metabolic activation of carcinogenic compounds to their ultimate reactive
form it was demonstrated that, whereas 2-acetylaminofluorene itself is not mutagenic, its sulfate
metabolite was highly mutagenic for transforming DNA (Maher et al., 1968). These findings led
to the development of mutagenesis assays for the detection of chemical carcinogens from the
premise that one could detect carcinogens in highly mutable strains of bacteria given exogenous
liver microsomal preparations for in vitro metabolism of the test agent (Chapter 13). Cultured
mammalian cells have also been developed for evaluation of the mutagenic action of potential
carcinogenic agents. Compounds are evaluated in the presence (Michalopoulos et al., 1981) or
absence (Li et al., 1991) of metabolic activation systems such as irradiated hepatic feeder layers
or hepatic microsomes. The use of these in vitro screens of mutagenicity has permitted analysis
of the mutational specificity of some carcinogens (Table 3.3). While the data shown in Table 3.3
were derived from bacterial mutagenesis studies, several other systems have also been utilized in
attempts to determine mutagenic specificity of various agents (Essigmann and Wood, 1993).

Point mutations, frameshift mutations, chromosomal aberrations, aneuploidy, and poly-
ploidization can be induced by chemicals with varying degrees of specificity that are, in part,
dose-dependent. Mutagenesis can be the result of several different alterations in the physical and
chemical nature of DNA. While alkylation of DNA with small alkyl groups or large bulky ad-
ducts can result in mutation, other processes may also be involved. Conformation of the DNA
has a major impact on the potential mutagenic activity of a compound. This is best demonstrated
by the related compounds 2-acetylaminofluorene and 2-aminofluorene, which both form bulky
DNA adducts at guanine residues in DNA. The AAF adduct distorts the double helix, while the
AF adduct remains outside the helix and does not distort the helix. The AAF adduct induces
frameshift mutations, whereas that of AF induces primarily transversions (Bichara and Fuchs,
1985). Planar agents that can intercalate between the base pairs in DNA can effectively induce
frameshift mutations by exacerbating slippage mispairing in repetitive sequences. In addition,
agents that lie within the major or minor groove of DNA can perturb nucleosome formation and
may alter DNA replication. Some of these agents are potential chemotherapeutic agents. Agents
such as irradiation and topoisomerase inhibitors that induce double-strand breaks can also en-
hance mutagenesis (Eastman and Barry, 1992).

Several mechanisms of mutagenesis exist. The presence of certain alkylation products,
such as the O-6 alkyl deoxyguanosine and the O-4 alkyl deoxythymidine, permits a degenerate

Table 3.3 A Comparison of the Mutagenic Spectrum of Aflatoxin 
B1 (AFB1), Benzo[a]pyrene Diolepoxide (BPDE), 2-
Acetylaminofluorene (2-AAF), and Ethylnitrosourea (ENU)

Mutation AFB1 BPDE 2-AAF ENU

GC to TA (transversion) 0.94 0.76 0.88 0.09
GC to AT (transition) 0.06 0.11 0.06 > 0.77
GC to CG 0.00 0.13 0.06 —

Modified from Loechler, 1989 (AFB, BPDE, and 2-AAF) and Horsfall et al.,
1990 (ENU).
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base pairing able to base pair with the appropriate base as well as an inappropriate base. This can
be demonstrated in vitro and in vivo as the induction of transition mutations after treatment with
certain alkylating agents (Singer, 1986). Thus, methylating or ethylating agents result in muta-
tions as a result of base mispairing. The active metabolites of compounds, such as polycyclic
aromatic hydrocarbons and aromatic amines, form bulky DNA adducts that block DNA synthe-
sis, resulting in a noncoding lesion. The synthetic machinery employs bypass synthesis to avoid
the lethal impact of these unrepaired lesions (Friedberg, 1994). Under this condition, the most
prevalent base, frequently deoxyadenosine (Shearman and Loeb, 1979), is inserted opposite the
offending adducted nucleotide base. Thus, DNA binding and repair, induction of point muta-
tions, and clastogenicity have proven useful as endpoints in the identification of potential carcin-
ogens as well as biomarkers of carcinogen exposure (Chapter 13). The role of DNA repair in
protection of the genome and in the induction of mutations is an essential component in the mu-
tagenesis process (see below).

Not all chemical carcinogens require intracellular metabolism to become ultimate carcino-
gens. Examples of direct-acting mutagens include alkylating agents such as β-propiolactone,
nitrogen mustard, ethyleneimine, and bis(chloromethyl)ether (Figure 3.3). Direct-acting carcin-
ogens are typically carcinogenic at multiple sites and in all species examined. A number of the
direct-acting alkylating agents, including some used in chemotherapy, are carcinogenic for hu-
mans (Chapter 11).

DNA REPAIR AND CARCINOGENESIS

The persistence of DNA adducts is the result, for the most part, of the failure of DNA repair, so
that its structure returns to normal without evidence of alteration. The structural alterations that
may occur in the DNA molecule as a result of interaction with reactive chemical species or di-
rectly with ultraviolet or ionizing radiation are considerable. A number of the more frequently
seen structural changes in DNA are schematically represented in Figure 3.15. The reaction with
chemical species produces adducts on bases, sugars, and the phosphate backbone. Bifunctional
reactive chemicals may also cause the crosslinking of DNA strands through reaction with two
opposing bases. Other structural changes, such as the pyrimidine dimer formation, are specific
for ultraviolet radiation (see below), whereas double-strand DNA breaks are most commonly
seen with ionizing radiation (see below). On the other hand, most of the remaining lesions dem-
onstrated in Figure 3.15 may occur as a result of either chemical or radiation effects on the DNA
molecule. In order to cope with so many structurally different types of DNA damage, a variety
of mechanisms have evolved in living cells to deal with each of the types of damage shown in
Figure 3.15. A summary of the types of DNA repair most commonly encountered in mammalian
systems is given in Table 3.4.

Two types of damage-response pathways exist: one is the repair pathway and the other is a
tolerance mechanism (Friedberg, 1994). In repair mechanisms, the DNA damage is removed,
while tolerance mechanisms circumvent the damage without fixing it. Tolerance mechanisms
are by definition error-prone. Certain repair mechanisms reverse the DNA damage; for example,
by removal of adducts from bases and insertion of bases into AP sites. One example of direct
reversal is the removal of small alkyl groups from the O6 portion of guanine by alkyltransferases.
Alkyltransferases directly transfer the alkyl (methyl or ethyl) group from the DNA base guanine
to a cysteine acceptor site in the alkyltransferase protein (Pegg and Byers, 1992). In microorgan-
isms, the intracellular concentration of the alkyltransferase protein is regulated by environmental
factors, including the presence of the alkylating agents themselves. A similar adaptation may
occur in certain mammalian tissues in response to DNA-damaging agents as well as treatments
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causing an increase in cell proliferation. However, the increase in the alkyltransferase protein
seen in mammalian tissues is much less than that in bacteria. In mammalian tissues, the level of
the alkyltransferase protein is a major factor in the resistance of some cancer cells to certain
chemotherapeutic agents (Chapter 20). Direct reversal of the premutational lesion by the alkyl-
transferase reaction restores normal base pairing specificity.

Figure 3.15 Schematic representation of chemical and radiation-induced lesions in DNA. (Adapted
from Fry et al., 1982, with permission of the authors and publisher.)

Table 3.4 Types of DNA Repair

Modified from Myles and Sancar, 1989, and from Lieber, 1998.

1. Direct reversal of DNA damage
Alkyltransferases

2. Base excision repair
Glycosylase and AP endonuclease

3. Nucleotide excision repair
T-T, C-C, C-T repair
“Bulky” adduct repair

4. Double-strand break repair
Homologous recombination (HR)
Nonhomologous DNA end joining (NHEJ)

5. Mismatch repair
Repair of deamination of 5-Me cytosine
Repair of mismatches in DNA due to defective repair, etc.
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The excisional repair of DNA may involve either the removal of a single altered base hav-
ing a relatively low-molecular-weight adduct, such as an ethyl or methyl group, and is termed
base excision repair, or the repair may involve a base with a very large bulky group adducted to
it (nucleotide excision repair). The linkage of two bases seen in the dimerization of pyrimidines
by ultraviolet light is also repaired by the latter pathway. This nucleotide excision pathway is
represented diagrammatically in Figure 3.16.

Nucleotide excision repair in multicellular organisms involves a series of reactions noted
in the figure. These include recognition of the damage, unwinding of the DNA, 3′ and 5′ sequen-
tial dual incisions of the damaged strand, repair synthesis of the eliminated patch, and final liga-
tion. Each of these steps, as noted in the figure, involves a number of different proteins. In Table
3.5 may be seen a listing of the various proteins occurring in different fractions and their func-
tions in the process of nucleotide excision repair (Petit and Sancar, 1999).

Other studies (cf. Sancar and Tang, 1993; Hanawalt, 1994) have also demonstrated that
nucleotide excision repair in many instances occurs simultaneously with gene transcription. In
fact, Hanawalt and associates showed earlier (cf. Bohr et al., 1987) that nucleotide excision re-
pair occurred preferentially in genes that were actively being transcribed. For the final resynthe-
sis of the segment of excised DNA, both the proliferating cell nuclear antigen (PCNA) as well as
at least two different DNA polymerases (δ or ε) are needed to complete the repair process to-
gether with a ligase (Sancar, 1994).

Since animal cell DNA polymerases are not absolutely faithful in their replication of the
template strand, there is the potential for a mutation to occur in the form of one or more mis-
paired bases during the process outlined above. This possibility is greater in the case of nucle-
otide excision repair as compared to simple base excision since a much longer base sequence is
removed and resynthesized during the nucleotide excision mechanism. The existence and ulti-
mate characterization of a number of the proteins involved in nucleotide excision repair has been
the result of human diseases in which defects in this mechanism are known. In particular, the
disease xeroderma pigmentosum is an autosomal recessive (Chapter 5) condition in which most
patients are highly sensitive to exposure to ultraviolet light. Thus, on chronic exposure to sun-
light, such individuals have a much greater risk of developing skin cancer than normal individu-
als. This fact emphasizes the potential importance of altered DNA repair in the development of
neoplasia.

While the repair of adducts as indicated above involves several possible pathways, the re-
pair of double DNA strand breaks is more complicated and as a result more prone to error than
either the excisional or direct reversal pathways. Single-strand breaks may result from a variety
of alterations by chemicals or radiation and, as noted above, during the repair process itself.
Double-strand breaks in DNA are largely the result of ionizing radiation or high doses of alkylat-
ing carcinogens such as nitrogen mustard or polycyclic hydrocarbons, although even under nor-
mal conditions, transient double-strand DNA breaks occur as the result of the normal function of
topoisomerases involved in the winding and unwinding of DNA and in antibody formation
(Chapter 19).

In Figure 3.17 may be noted a schematic diagram of three forms of double-strand DNA
repair. Recombinational repair or homologous recombination (HR) is more commonly seen in
lower eukaryotes such as yeast while the nonhomologous end joining (NHEJ) pathway of double-
strand DNA repair is more commonly seen in higher vertebrates (Van Dyck et al., 1999). The
single-strand annealing pathway has not yet been well studied in higher vertebrates. While the
exact mechanisms involved in each of these steps will not be considered in detail here, the inter-
ested reader is referred to more detailed references (Pastink and Lohman, 1999; Lieber, 1998;
Featherstone and Jackson, 1999). In general, in the HR and NHEJ pathways, specific proteins
interact with the open ends of the DNA, members of the Rad52 group genes in the case of HR
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Figure 3.16 Model for transcription-independent nucleotide excision repair of DNA in humans. (1) The
damage is first recognized in an ATP-independent step by the short-lived XPA·RPA complex. In a second,
ATP-dependent step, the damaged DNA-bound XPA·RPA complex recruits XPC and TFIIH, to form the
preincision complex 1 (PIC1). TFIIH possesses both 3′-5′ and 5′-3′ helicase activities, respectively through
its XPB and XPD subunits and unwinds DNA by about 20 base pairs around the damage. (2) XPG binds
the PIC1 complex while the molecular matchmaker XPC dissociates, leading to the more stable PIC2 exci-
nuclease complex. (3) PIC2 recruits XPF·ERCC1 (F-1) to form PIC3. XPG makes the 3′ incision and F-1
makes the 5′ incision a fraction of a second later, in a concerted but asynchronous mechanism. (4) The
excised damaged fragment is released by the excinuclease complex, leaving in place a postincision com-
plex whose exact composition is still unclear. The proliferating cell nuclear antigen (PCNA) forms a torus
around the DNA molecule associating with DNA polymerase δ and/or ε [Pol ε (δ)] (Tsurimoto, 1998) and a
DNA ligase replacing the postincision complex with these repair synthesis proteins. (5) The gap is filled
and the repair patch is ligated. (From Petit and Sancar, 1999, with permission of authors and publisher.)
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(Van Dyck et al., 1999) and the Ku70 and Ku80 proteins in the NHEJ pathway (Featherstone and
Jackson, 1999). A DNA-dependent protein kinase (DNA-PKcs) as well as the protein interacting
with the DNA ligase (XRCC4) is involved in this mechanism. It should be noted—as indicated
in the legend to the figure—however, that these mechanisms are quite error-prone and only un-
der the best of circumstances result in a faithful recapitulation of the normal DNA sequence.

Double-strand breaks may occur at sites of single-strand DNA resulting from adduction of
bulky molecules, preventing further polymerase action and subsequent endonuclease cleavage
and resulting in double-strand breaks and potential chromosomal aberrations (Kaufmann, 1989).

Incorrectly paired nucleotides may occur in DNA as a result of DNA polymerase infidel-
ity, formation and/or repair of apurinic and nucleotide excision sites, double-strand DNA repair,
and metabolic modification of specific bases. Mismatch repair can be distinguished from nucle-
otide and base excision repair by several characteristics. Nucleotide and base excision repair
generally involves the recognition of nucleotides/bases that have been chemically modified or
fused to an adjacent nucleotide. In contrast, mismatch repair recognizes normal nucleotides
which are either unpaired or paired with a noncomplementary nucleotide (cf. Fishel and Kolod-
ner, 1995). Thus, mismatch repair may become involved in virtually any of the types of DNA
repair seen in Table 3.4 with the possible exception of the direct reversal of DNA damage. The
various combinations of gene products involved in several of the types of mismatch repair are
seen in Figure 3.18. While the nomenclature of the various components varies depending on the
phyla—e.g., eukaryotes, yeast, vertebrates—a functional similarity occurs throughout, most
faithful in eukaryotes. As noted from the figure, recognition of the mismatch appears to be a
major function of the MSH2 (hMSH2 in the human) while MSH3 and MSH6 are involved in the

Table 3.5 Proteins Involved in the Nucleotide Excision Repair Process in Humans

Key: GTF, general transcription factor; CAK, CDK-activating kinase.
Adapted from Petit and Sancar, 1999, with permission of authors and publisher.

Fraction Proteins
Sequence

Motif
Activity of the 

Fraction Role in Repair

XPA XPA Zinc finger DNA binding Damage recognition
RPA p70 Zinc finger XPA binding Damage recognition

p34 DNA binding
p11

TFIIH XPB 3′-5′ helicase DNA-dependent 
ATPase

Formation of preincision complexes 
PIC 1-2-3

XPD 5′-3′ helicase Helicase Transcription-repair coupling
p62
(TFB1)

GTF

p52
p44
(SSL1)

Zinc finger CAK

Cdk7 S/T kinase
CycH Cyclin
p34 Zinc finger

XPC XPC DNA binding Molecular matchmaker
HHR23B Ubiquitin Stabilization of PIC1

XPG XPG Nuclease 3′ incision
XPF XPF Nuclease 5′ incision

ERCC1
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specificity of binding itself (Fishel and Wilson, 1997). Thus, these complexes act as sensors of
mismatch as well as other structural changes in the genome (Modrich, 1997; Li et al., 1996; cf.
Fishel and Wilson, 1997). As in the case of other types of repair following the recognition and
interaction with the mismatch repair proteins, the normal sequence is restored following removal
of the mismatch DNA, resynthesis, and ligation (cf. Jiricny, 1998).

As an example of the importance of mismatch DNA repair, the extent of endogenous DNA
damage and subsequent repair processes in normal human cells in vivo is seen in Table 3.6. With
the possible exception of some single-strand break repair, all the other types of damage are those
monitored by the mismatch repair mechanism and repaired under normal conditions. Obviously,
a defect in this repair system may result in a dramatic increase in mutational events and in neo-
plasia, as later discussions show (Chapter 5).

DNA Repair, Cell Replication, and Chemical Carcinogenesis

The persistence of DNA adducts in relation to the development of neoplasia in specific tissues
(Table 3.2) and the differences in the repair of the adducts are critical factors in chemical car-
cinogenesis. The removal of methyl, ethyl, and similar small alkyl radicals from individual bases

Figure 3.17 Schematic representation of pathways involved in the repair of double-strand breaks in
DNA. (a) The first step in recombinational repair is the formation of 3′ single-stranded tails by exonucle-
olytic activity followed by invasion of a homologous undamaged donor sequence. Repair synthesis and
branch migration lead to the formation of two Holliday junctions, i.e., a single DNA strand linking two
double-stranded DNA molecules. Resolution of these intermediate structures results in the formation of
two possible crossover and two possible noncrossover products (not shown). The fidelity of this repair is
dependent on the exact complementation of the unaffected double-strand by the strands undergoing repair.
(b) In the single-strand annealing pathway, exposures of regions of homology during resection of the 5′
ends allows formation of joint molecules. Repair of the double-strand break is completed by removal of
nonhomologous ends and ligation. As a consequence, a deletion is introduced in the DNA. (c) Nonhomolo-
gous end joining is based on religation of the two ends involving a complex of proteins, some of which are
indicated in the figure and may involve the deletion and/or insertion of nucleotides. (Adapted from Pastink
and Lohman, 1999, with permission of authors and publisher.)
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is to a great extent dependent on the presence of alkyltransferases (see above). While in some
tissues, such as liver, it may be possible to increase the level of such enzymes in response to
damage or hormonal or other influences, many tissues do not have an inducible repair mecha-
nism. Furthermore, some adducts are extremely difficult if not impossible for the cell to repair.
One example of a lesion, the 3-(deoxyguanosine-N2-yl)-acetylaminofluorene adduct first de-
scribed by Kriek and his associates (Westra et al., 1976), is depicted in Figure 3.12. This may in
part account for the relatively wide spectrum of neoplasms inducible by this chemical carcinogen.

Of equal importance is the continuous damage to DNA that occurs within cells as a result
of ambient mutagens, radiation, and endogenous processes including oxidation, methylation,
deamination, and depurination. DNA damage induced by oxidative reactions (oxidative stress) is
probably the source of most endogenous DNA damage. Ames et al. (1993) have estimated that
the individual reactive “hits” in DNA per cell per day are of the order of 105 in the rat and 104 in
the human as a result of endogenous oxidative reaction. Such reactions can produce alkylation
through peroxidative reactions such as those described in Figure 3.7 or hydroxylation of bases
and single-strand breaks (Figure 3.15). The end product of oxidative damage to DNA can also be
interstrand crosslinks and double-strand breaks (cf. Demple and Harrison, 1994) with the poten-
tial for subsequent major genetic damage, as noted below. A more complete listing of the esti-
mates of endogenous DNA damage and repair processes in the human is seen in Table 3.6. The
data of this table emphasize the considerable degree and significant variation in types of DNA
damage and repair that occur within each cell of the organism at a molecular level.

Figure 3.18 Combinational specificities of heterocomplexes of gene products of mismatch repair genes.
(a) Base/base mispairs; (b) insertion/deletion mispairs; (c) 5′ tailed DNA structures generated by single-
strand DNA annealing following recombination—e.g., HR; and (d) Holliday junctions. (Adapted from Na-
kagawa et al., 1999, with permission of authors and publishers.)
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Experimental studies in mammalian cells have demonstrated that active oxygen radicals
may contribute to clastogenesis directly (Ochi and Kaneko, 1989) and indirectly through the
production of lipid peroxides (Emerit et al., 1991). While methods for the repair of some types
of oxidative damage—including base hydroxylation (Bessho et al., 1993) and single-strand
breaks (Satoh and Lindahl, 1994)—do exist, such repair requires time and may be dependent on
many other intracellular factors. Since the formation of a mutation occurs during the synthesis of
a new DNA strand by use of the damaged template, cell replication becomes an important factor
in the “fixation” of a mutation. The importance of the rate of cell division and DNA synthesis in
carcinogenesis has been emphasized by several authors (Ames et al., 1993; Butterworth, 1991;
Cohen and Ellwein, 1991). Thus, while many DNA repair mechanisms themselves may not be
abnormal in neoplastic cells compared with their normal counterpart, a high rate of cell divi-
sion will tend to enhance both the spontaneous and induced level of mutation through the
chance inability of a cell to repair damage prior to DNA synthesis. An important pathway of
DNA repair that is genetically defective in a number of hereditary and spontaneous neoplasms
in the human (Umar et al., 1994) is the mismatch repair mechanism that corrects spontaneous
and postreplicative base alterations and thus is an important pathway for avoidance of muta-
tion in normal cells. Genetic defects in mismatch repair mechanisms lead to microsatellite
DNA and instability, with subsequent alteration in the stabilization of the genome itself
(Modrich, 1994). Enhanced mitogenesis may also trigger more dramatic genetic alterations
including mitotic recombination, gene conversion, and nondisjunction. These genetic changes
result in further progressive genetic alterations with a high likelihood of resulting in cancer.
The types of mutational events, the numbers of such mutations, and the cellular responses to
them thus become important factors in our understanding of the mechanisms of chemical
carcinogenesis.

HORMONAL CARCINOGENESIS

The concept that hormones may be a causative factor(s) in the development of specific types of
neoplasms was first pointed out by Beatson (1896), who at the end of the last century suggested
a relation between breast cancer and the ovary. Within the past 40 years, this concept has been
reinforced by data from several experimental systems, and within the past 15 years the role of
hormones in the genesis of cancer in humans has become a subject of considerable interest.

Table 3.6 Estimates of Endogenous DNA Damage and Repair Processes in Human 
Cells in Vivo

Type of Damage
Estimated Occurrences of 
Damage per Hour per cella

a Might be higher or lower by a factor of 2.

Maximal Repair Rate, Base 
Pairs per Hour per Cella

Modified from data of the National Academy of Sciences, 1989.

Depurination 1000 104 +
Depyrimidination 55 104 +
Cytosine deamination 15 104 +
Single-stranded breaks 5000 2 × 105

N7-methylguanine 3500 Not reported
O6-methylguanine 130 104

Oxidation products 120 105
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The physiological role of hormones in maintaining the “internal milieu” (Bernard, 1878,
1879) is now a well-accepted scientific fact. That some cancers may result from an abnormal
production internally or the excessive administration of specific hormones externally represents
potentially interesting pathways of carcinogenesis, since the former indicates that the derange-
ment of an organism’s homeostatic mechanisms may result in the neoplastic transformation.
Furth (1975) was emphatic in the propositions and demonstrations that disruption of the cyber-
netic relation between peripheral endocrine glands and the anterior pituitary may result in neo-
plasia of one or another of the glands involved. These cybernetic relations are depicted
graphically in Figure 3.19 for a number of the more common peripheral endocrine-related or-
gans and the pituitary. According to this hypothesis, interruption of any of the feedback relations
may result in a neoplasm of the glands involved (cf. Clifton and Sridharan, 1975). One of the
classic examples is the experimental transplantation of normal ovaries into the spleens of cas-
trated rodents (Biskind and Biskind, 1944). This results in a break in the pituitary-gonadal hor-
mone feedback loop, since estrogens produced by the ovary are carried by the splenic venous
system to the liver, where they are metabolized and thus are prevented from entering the general
circulation to suppress the pituitary production of gonadotropins (Figure 3.20). The excessive
production of gonadotropins and their constant stimulus of the ovarian fragment in the spleen
result ultimately in neoplasia of the ovarian implant.

Figure 3.19 Cybernetic relations of the pituitary gland (anterior, intermediate, posterior lobes) with the
hypothalamus, other endocrine organs, and tissues of the organism. (After Furth, 1975, reproduced with the
permission of the author and publisher.)
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A similar mechanism is likely to be involved in the production of thyroid neoplasms either
by the administration of goitrogens (chemicals that inhibit the synthesis and/or secretion of nor-
mal thyroid hormone) or by a marked increase in the circulating levels of thyrotropin secreted by
transplanted thyrotropin-secreting pituitary neoplasms (Chapter 18). In the former instance,
there is a break in the feedback loop, and the pituitary gland produces high levels of thyrotropin
in the absence of the normal feedback regulation by the thyroid hormone (cf. Furth, 1975). In
fact, in the human there is substantial evidence that this mechanism may play an important role
in the development of many thyroid cancers (Williams, 1989). In the latter case, high levels of
circulating thyrotropin result from the unregulated production of this hormone by the trans-
planted neoplasm (Ueda and Furth, 1967). Thyroidectomy and neonatal gonadectomy result in
the development of neoplasms of the pituitary, presumably because of the lack of inhibition by
the hormone from the target end organ (cf. Furth, 1975). Chronic administration of pituitary
growth hormone also induces a variety of neoplasms in the rat (Moon et al., 1950a,b). Theoreti-
cally, then, neoplasms of any of the end organs seen in Figure 3.17 may be produced by some
manipulation that breaks the feedback loop between the pituitary and the end organ.

Some examples of carcinogenesis resulting from the interruption of the cybernetics of hor-
monal relationships seen in Figure 3.19 are listed in Table 3.7. In addition to effecting carcino-
genesis in the ovary (Biskind and Biskind, 1944), endogenous gonadotropins are also involved
in the development of adrenocortical and interstitial (Leydig) cell neoplasms in mice and rats
respectively (Table 3.7). Unleaded gasoline acts like an antiestrogen, thus removing the estrogen
protection usually provided against the development of liver neoplasms in the mouse (Standeven
et al., 1994), leading to an increased number of hepatic neoplasms in the female. Phenobarbital
acts to decrease serum levels of thyroid hormone (T3) by stimulating enzymes that metabolize

Figure 3.20 Scheme of the physiologic regulation of gonadotropin secretion of the pituitary by estrogen
in the blood.(From Furth, 1969, with permission of publisher.)
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and eliminate the hormone before it can be recycled to the hypothalamus. This mechanism
(McClain, 1989) is very similar to the effects of goitrogens, which prevent T3 formation and
release from the thyroid. The induction of pituitary adenomas, which themselves produce large
amounts of prolactin, is due to an inhibition of the formation of dopamine in the hypothalamus.
Dopamine acts like an inhibitor of prolactin synthesis and release by the pituitary. When this
inhibition is eliminated by estrogen inhibition of dopamine formation, prolactin-producing pitu-
itary cells replicate at a very high rate. Furthermore, they produce extensive amounts of prolac-
tin, which, in turn, in the presence of estrogens, leads to mammary neoplasia (Neumann, 1991).

Figure 3.21 shows some representative structures of naturally occurring hormones for
which there is substantial evidence of carcinogenicity in lower animals and/or humans. In addi-
tion to the structure of growth hormone, two other growth factors expressed in adult tissues—
transforming growth factor a (TGFα) expressed in the small intestine (Barnard et al., 1991), the
major salivary glands (Wu et al., 1993), and other tissues (Lee et al., 1993), and insulin growth
factor II (IGF-II), which is expressed in forebrain, uterus, kidney, heart, skeletal muscle, and to a
very small degree in liver (Murphy et al., 1987)—may be considered as chemical carcinogens.
The carcinogenic action of these latter two growth factor hormones in vivo has been demon-
strated by the use of transgenic mice, wherein animals overexpressing TGFα developed liver
neoplasms in dramatic excess of controls (Lee et al., 1992), and animals expressing high levels
of IGF-II developed hepatocellular carcinomas and lymphomas in excess (Rogler et al., 1994).

As noted above (Table 3.7), neoplasms of the pituitary and of the peripheral endocrine
organs may be induced by the administration of steroid sex hormones. Although the kidney is
not usually considered to be a peripheral endocrine organ, its cells produce erythropoietin. Ad-
ministration of synthetic (Figure 3.22) or natural estrogen can induce renal cortical carcinomas
in male hamsters (Li and Li, 1990), and estradiol induces Leydig cell tumors of the testes in the
mouse (Huseby, 1980). However, a closely related structural analog, 2-fluoroestradiol, which ex-
hibits significant estrogenic potency, did not induce renal carcinoma in the same sex and species
(Liehr, 1983). Recently, the synthetic antiestrogen tamoxifen was found to induce carcinomas of

Table 3.7 Interrupted Cybernetics of Hormonal Carcinogenesis in Rodents

Species/Tissue Inducing Agent
Hormonal

Carcinogen Interrupted Pathway Reference

Mouse/ovary Ovary transplant 
to spleen

Gonadotropin Estrogen → hypo-
thalamus

Biskind and 
Biskind, 1944

Rat/thyroid Goitrogen or 
thyrotropin-
secreting
tumor

Thyrotropin T3→ hypothalamus cf. Furth, 1975

Mouse/adrenal
cortex

Ovariectomy Gonadotropins Estrogen → hypo-
thalamus

Kawashima et al., 
1980

Female
mouse/liver

Unleaded
gasoline

Androgens Estrogen synthesis Standeven et al., 
1994

Rat/thyroid Phenobarbital Thyrotropin? T3 → hypothalamus McClain, 1989
Rat/pituitary Estrogens Dopamine → pituitary cf. Neumann, 1991

Rat/Leydig cells Antiantrogens Gonadotropins Androgens → hypo-
thalamus

cf. Neumann, 1991

Rat/mammary
gland

Estrogens Prolactin Dopamine → pituitary cf. Neumann, 1991



78 Chapter 3

Figure 3.21 Structures of naturally occurring polypeptide hormones (hGH, human growth hormone;
TGF-a, transforming growth factor alpha; IGF-II, insulin growth factor-II) and naturally occurring sex
steroids (17 ß-estradiol and testosterone).
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the liver in the rat as well (Williams et al., 1993). Evidence that male hormones, by themselves,
are carcinogenic is not as strong as the data for the carcinogenicity of female hormones. The
natural male hormone testosterone does exhibit a weak ability to “transform” hamster embryo
cells in culture into a neoplastic phenotype (Lasne et al., 1990). The evidence that synthetic an-
drogens are carcinogenic is somewhat greater, especially in the human. In addition, elevated se-
rum testosterone levels are associated with an increased risk of hepatocellular carcinoma in the
human (Yu and Chen, 1993). A number of reports (cf. Mays and Christopherson, 1984; Chandra
et al., 1984) have indicated a causative relationship between the administration of synthetic an-
drogens such as oxymetholone (Figure 3.22) for various clinical conditions and the appearance
of hepatocellular neoplasms, predominantly benign.

In addition to the apparent direct induction of neoplasia by hormonal stimuli, hormones
also act in concert with known carcinogenic agents to induce neoplasia. One of the better-stud-
ied examples of this phenomenon is the induction of mammary adenocarcinomas in rodents.
Bittner (1956) demonstrated that three factors are essential for the production of mammary car-
cinoma in mice: genetic susceptibility, hormonal influence, and a virus transmitted through the
milk. The importance of the first two factors has been repeatedly demonstrated in a variety of
species including humans, but incontrovertible evidence for the participation of a virus in mam-
mary carcinogenesis has been obtained only in mice. In the rat, high levels of endogenous pro-
lactin enhance the induction of mammary carcinomas by dimethylbenz(a)anthracene (Ip et al.,
1980). Chronic treatment with synthetic or natural estrogens alone may induce mammary carci-
nomas in rodents. Thus, mammary carcinogenesis in rodents is a complicated process, requiring
several components that may differ from species to species.

Both male and female sex steroid hormones have also been shown to act in concert with
known chemical carcinogens to increase the incidence of neoplasia. Various synthetic estrogens
administered chronically to animals after dosing with a known carcinogen markedly enhance the
development of hepatocellular carcinomas in the rat (Yager and Yager, 1980). Both testosterone
and synthetic androgens given with or after chemical carcinogens enhance the induction of ade-
nocarcinomas of the prostate and other accessory sex organs of the male (Hoover et al., 1990). A
combination of testosterone and estradiol-17β after treatment with methylnitrosourea also re-
sulted in the development of adenocarcinomas of the prostate (Bosland et al., 1991). In contrast,

Figure 3.22 Structures of some synthetic sex steroid hormones and antihormones.
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Izbicki et al. (1990) reported evidence that androgens inhibit the development of colon cancer
induced by azoxymethane.

Hormonal Relationships in the Development of Human Cancer

Although hints and reports of a role for hormones and the causation of human cancer had ap-
peared over the past several centuries, the first practical application of hormones in oncology
was their use in the therapy of specific human neoplasms. The first practical application to the
human of what little knowledge existed at the time was the demonstration by Huggins and
Hodges of the partial androgen dependence of many human prostatic cancers, as evidenced by
the beneficial effects of orchiectomy or synthetic estrogens in many patients even with meta-
static disease (Huggins and Hodges, 1941). Since then, significant evidence has developed to
indicate a role for hormones in the development of several common human neoplasms. Miller
(1978) pointed out such a relationship with breast, ovarian, endometrial, and prostate cancer in
the human. More recently Henderson and colleagues (Henderson et al., 1988) have presented
reasonable evidence to argue for a major role of estrogens in cancers of the breast and genital
tissues in both males and females. However, as Kodama and Kodama (1987) have pointed out
along with others, a variety of additional factors such as diet and other lifestyle components
(Chapter 11) are involved in the hormonal interactions with tissues that lead ultimately to
neoplasia.

To date there is little evidence for the carcinogenicity of polypeptide hormones in the hu-
man, such as with the animal systems indicated above. The best evidence is for a role of thy-
rotropin in the genesis of human thyroid cancer, as referred to above. In Williams’ review
(1989), several epidemiological studies indicated that risk factors such as iodide deficiency,
“dyshormonogenesis,” and ionizing radiation were all associated with elevated thyrotropin lev-
els in the serum of these individuals. Furthermore, patients with neoplasms of the pituitary that
secrete high levels of growth hormone (Chapter 18) do have an increased risk of several types of
malignant neoplasms (Barzilay et al., 1991). Thus, based on animal experimentation together
with these few epidemiological studies, the data are suggestive of a carcinogenic effect of en-
dogenous polypeptide pituitary hormones in the human analogous to experimental investigations
in the animal.

That estrogens are carcinogenic in the human, either by direct or indirect mechanisms, was
first exemplified by the report of the development of primary vaginal adenocarcinoma in young
women whose mothers had taken diethylstilbestrol (DES) during the first trimester of the rele-
vant pregnancy (Herbst and Scully, 1970). A registry for such exposed women was developed,
and in 1987 Melnick and associates (1987) reviewed 519 cases of clear-cell adenocarcinoma of
the vagina and cervix in which the majority of the patients’ mothers had received DES or a re-
lated hormone during pregnancy. The risk that such a neoplasm will develop in an exposed fe-
male from birth through age 34 was found to be approximately 1 in 1000. On the other hand, the
incidence of a nonneoplastic condition resulting from the retention of embryonic glands in the
vagina and cervix, termed vaginal adenosis, was much higher, approaching 70% of females ex-
posed to DES in utero (Johnson et al., 1979). As further support for the causative relationship of
DES and this vaginal pathology, Newbold and McLachlan (1982) reported that mice exposed
prenatally or neonatally to DES developed both vaginal adenosis and adenocarcinoma.

For more than three decades, preparations of synthetic estrogens and progestogens, singly
or combined, have been used as oral contraceptives by women in the United States (Huggins and
Zucker, 1987). After the first decade of their widespread use, reports (Edmondson et al., 1976;
Goldfarb, 1976) of a significant increase in the incidence of liver adenomas in women using
such oral contraceptive preparations appeared. The increased risk of such lesions directly paral-
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leled the duration of use; after 8 years, there was a 500-fold increase in the risk of the develop-
ment of hepatocellular adenomas in women using oral contraceptives continuously for this
period (cf. Huggins and Zucker, 1987). The use of sequential oral contraceptives, in which estro-
gen was given for 2 weeks followed by an estrogen-progestogen combination for 1 week, re-
sulted in the occurrence of endometrial carcinoma in young women on this regimen (cf. Huggins
and Zucker, 1987). Following the first reports of such occurrences (Silverberg and Makowski,
1975; Lyon, 1975), manufacturers voluntarily removed such preparations from the market. As
further documentation of the carcinogenicity of estrogens in the human, the administration of
synthetic or natural estrogens as hormone replacement therapy to postmenopausal women has
revealed a strong association between estrogen use and cancer risk. The risk is in proportion to
dose and duration of use, with a three- to sixfold increase in risk after 3 to 10 years of use and a
more than tenfold increment in risk after more than 10 years of using unopposed estrogen (Bar-
rett-Connor, 1992). Strikingly, when exogenous estrogens given to postmenopausal women are
supplemented with progestogens, the risk of endometrial cancer is dramatically reduced (cf.
Voigt et al., 1991). Thus, these findings with the use of exogenous estrogens further support the
concepts of Henderson, Miller, and others of the importance of endogenous hormones, espe-
cially estrogens, in the development of human cancers of a variety of tissues, most of which are
recognized as end organs for estrogen effects.

MECHANISTIC CONSIDERATIONS IN HORMONAL CARCINOGENESIS

Since all hormones are chemicals, their induction of neoplasia might be considered in the same
light as chemical carcinogens discussed earlier (Figures 3.1, 3.3, 3.21, and 3.22). However, there
is substantial evidence that, with few exceptions, the carcinogenic action of hormones is inti-
mately associated with their hormonal activity. Thus, in determining the mechanism of carcino-
genesis by hormones, it is important to consider the mechanisms by which these chemicals
induce their hormonal effects on cells and tissues.

Unlike most chemical carcinogens, hormones in general need not be metabolized to exert
their hormonal effects on cells. Rather, in all known instances, hormonal effects on cells are
mediated through direct interaction of the hormone with a specific receptor molecule. A simpli-
fied diagram of the location of such receptors in cells is seen in Figure 3.23. In general, hormone
receptors may occur either as soluble proteins dissolved in the internal milieu of the individual
cell or as complex, membrane-associated glycoproteins whose initial action is primarily at the
external plasma membrane. Low-molecular-weight hormones such as steroids and the thyroid
hormone interact with intracellular receptors, producing a complex that, when transported into
the nucleus by itself or complexed with other proteins, alters in a specific manner the transcrip-
tion of certain genes. The soluble intracellular receptors for these molecules share a common set
of structural motifs. A diagram of the structure of a number of these receptors can be seen in
Figure 3.24 (cf. Vedeckis, 1992). The commonality of these receptors involves a modulating do-
main that is relatively unconserved among these various different receptors and is probably in-
volved in the transcriptional regulation of gene expression. The “DNA-binding domain”
interacts specifically with DNA response elements having specific sequences. This is the most
highly conserved region of all of this superfamily of receptors. The carboxyl terminal region is
designated the ligand-binding domain, which interacts specifically with the appropriate ligand
(hormone) with high affinity and specificity. This domain also has a high degree of conservation
within the superfamily, although not as exact as the DNA-binding domain. Thus, the ligand or
hormone reacts with the receptor and in so doing causes an “activation” of the receptor, enabling
it to interact with the specific DNA sequences (promoter) within DNA. This activation involves
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a conformational change in the receptor that not only allows for the interaction with DNA of the
complex but also separates the receptor, steroid hormone receptors in particular, from proteins
termed heat-shock proteins, which may maintain the receptor in its native form in the absence of
the ligand (hormone); however, retinoic acid and thyroid hormone receptors are not associated
with heat shock proteins (cf. Reichel and Jacob, 1993).

The structure of membrane-bound receptors is much more complex than the intracellular
receptors described above. Receptors for neurotransmitters and glycoprotein hormones usually
have a number of transmembrane segments as well as an extracellular and cytoplasmic domain.
Receptors for a variety of growth factors—including growth hormone and prolactin, both hor-
mones of the anterior pituitary—exhibit a single transmembrane domain with an extracellular
and cytoplasmic domain as well. Examples of these two general types of receptors are indicated
diagrammatically in Figure 3.25A and B. In all cases the ligand (hormone, neurotransmitter,
growth factor)-binding domain is the extracellular component of the structure. The cytoplasmic
domain in the case of the glycoprotein hormone-neurotransmitter type of receptor interacts di-
rectly with a transducing G protein (Reichert et al., 1991; Premont et al., 1995). A functionally

Figure 3.23 Location of receptors in cells. Receptor locations are as follows: peptide hormones such as
insulin, growth hormone, gonadotropins, thyrotropin, parathyroid hormone, and corticotropin in plasma
membrane; steroid hormones such as aldosterone, cortisol, estradiol, progesterone, testosterone, and dihy-
droxyvitamin D3 in cytoplasm; and thyroid hormone in nucleus. cAMP indicates cyclic adenosine mono-
phosphate; Ca++, calcium ion; and mRNA, messenger RNA. (Adapted from Kaplan, 1984, with permission
of the author and publisher.)
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similar pathway occurs with the hormone and growth factor receptors exhibiting a single trans-
membrane domain but differs in that the cytoplasmic domain either possesses inherent protein
tyrosine kinase activity, which is activated by interaction of the receptor with its ligand, or inter-
acts with a cytoplasmic protein kinase upon interaction with ligand. For those monomeric recep-
tors in Figure 3.25B, interaction with the ligand results in dimerization or trimerization (Heldin,
1995) of the single molecules, facilitating activation of the protein kinase either inherent or
present in the cytoplasm. Dimeric receptors such as the structure seen in the center also occur—
e.g., insulin or insulin growth factor-1 receptors, wherein activation of the inherent kinase only
requires interaction with the ligand. Activation of these protein kinases results in further protein
phosphorylations mediated through transducing G proteins (Chapter 7), thus allowing a “signal”
to pass from membrane to the nucleus (Chapter 7) (Linder and Gilman, 1992). Hormone recep-
tors with single transmembrane domains whose ligands include growth hormone, prolactin, and
a number of peptide hormones and growth factors for lymphoid and hematopoietic tissues ini-
tiate signal transduction by association with specific cytoplasmic kinases that are not an integral
part of the receptor molecule (cf. Kelly et al., 1994; Carter-Su et al., 1994).

The ultimate effect of the hormonal signal is the regulation of gene expression, probably
by the interaction of proteins activated through the signal transduction pathway, and these in turn
interact directly with specific sequences in the DNA. This has been shown for a cyclic AMP
response element-binding protein (CREB) that interacts directly with a sequence in DNA known
as CRE (cyclic AMP response element) (Lu et al., 1992). The initial signal between the growth
factor and/or hormone and its receptor is limited by endocytosis of the complex into the cyto-
plasm, where the ligand is separated and destroyed while the receptor is recycled to the cell sur-

Figure 3.24 Structure of nuclear receptors. Nuclear receptors comprise three domains. The amino ter-
minal region, called the “modulating domain,” is not conserved among the superfamily of nuclear recep-
tors, is of varying length, and may contain sequences that are involved in the transcriptional regulation of
gene expression (transactivation). The second region is the “DNA-binding domain” that interacts specifi-
cally with DNA response element via two cysteine zinc fingers. It is the most highly conserved region of
the nuclear receptors. The carboxyl terminal region is the “ligand-binding domain” that binds the appropri-
ate ligand with high affinity and specificity. It is also quite conserved among nuclear receptors, although less
so than the DNA-binding domain. The numbers in the DNA- and ligand-binding domains represent the per-
centage of amino acid identity in these regions, compared to those in the glucocorticoid receptor (GR).
Other receptors diagrammed are the mineralocorticoid (aldosterone) receptor (MR), progesterone receptor
(PR), androgen receptor (AR), estrogen receptor (ER), thyroid hormone receptor (TR), retinoic acid receptor
(RAR), and vitamin D receptor (VDR). (From Vedeckis, 1992, with permission of the author and publisher.)
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face (cf. Dautry-Varsat and Lodish, 1984). However, for the initial signal from the interaction of
the receptor with its ligand to occur, a highly specific interaction is necessary, comparable to the
specific interaction of a steroid or thyroid hormone with its intracellular receptor. Thus, hor-
mones in their native state induce changes in the expression of DNA within cells; in many in-
stances this results in an increased proliferation of the target cell. Growth factors may be
considered as polypeptide hormones with a more general target population than specific endo-

Figure 3.25A Model of glycoprotein hormone receptors. Schematic view of the membrane insertion
and the coupling to the signaling complex. The receptors consist of a single polypeptide chain with a large
extracellular amino terminal domain. The transmembrane domain is made up of 7 transmembrane helices
with extracellular connecting loops E-I, E-II, and E-III (between helices 2 + 3, 4 + 5, 6 + 7) and cytoplas-
mic connecting loops C-I, C-I, and C-III (between helices 1 + 2, 3 + 4, 5 + 6). The carboxy terminus ex-
tends into the cytoplasm (cytoplasmic domain). The connecting loop C-III was proposed to achieve the
coupling of the receptors to a stimulating G-protein (GP) of the signaling complex (AC, adenylyl cyclase).
(From Merz, 1992, with permission of the author and publisher.)

Figure 3.25B General structural features of receptors exhibiting a single transmembrane domain. The
horizontal gray line represents the plasma membrane, and structures below this line are cytoplasmic.
Hatched regions represent cysteine-rich repeat domains and closed boxes demarcate the protein tyrosine
kinase domains. Horizontal lines connecting vertical structural components of the receptor represent disul-
fide bridges. KIN = protein kinase distinct from the receptor.
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crine tissues targeted by polypeptide pituitary hormones. Growth factors, G proteins, signal
transduction, and their role in neoplasia are discussed later in the text (Chapter 7).

Binding of Hormones to DNA

Although the mechanism of action of hormones involves few if any structural alterations in these
chemical agents, in analogy to chemical carcinogenesis one might expect that some hormones,
or more likely their metabolites, can interact directly with macromolecules, especially DNA, as
has been described for nonhormonal chemical carcinogens (see above). One of the earliest stud-
ies demonstrating a low level of covalent interaction of hormones with proteins was that reported
by Riegel and Mueller (1954), who demonstrated the formation of a protein-bound metabolite of
estradiol in liver homogenates of female rats. Kappus and Remmer (1975) also described the
irreversible binding of a synthetic estrogen to proteins of liver microsomes, possibly through an
intermediate epoxide form. More recently Epe et al. (1990) have described the covalent binding
of quinoid metabolites of diethylstilbestrol to microtubular protein in vitro and have proposed a
role for such binding in the development of aneuploidy and the development of neoplasia in-
duced by this synthetic estrogen.

The binding of both synthetic estrogens and their natural forms to DNA or the induction of
DNA adducts revealed by 32P-postlabeling (see above) has also been reported. Lutz and co-
workers (1982) reported the covalent binding of diethylstilbestrol to DNA of rat and hamster
liver and kidney, albeit at extremely low doses compared with the binding of nonhormonal
chemical carcinogens. These workers (Jaggi et al., 1978) had earlier described the covalent bind-
ing of ethinylestradiol and estrone to liver DNA at levels four orders of magnitude lower than
that of dimethylnitrosamine. Since these reports, Liehr and his associates (1986, 1987) have re-
ported the appearance of new 32P-postlabeling spots (DNA adducts) in hamster kidney, in which
such hormones induce malignant neoplasms. Although it is not clear that the new adducts are
formed from the hormones in most instances, Gladek and Liehr (1989) presented evidence that
32P-postlabeled spots (adducts) appearing after diethylstilbesterol treatment of animals were
likely to be generated from the reaction of the 4′,4″-quinone metabolite of diethylstilbesterol
with DNA. Since steroid estrogens are metabolized to catechol estrogens, which are capable of
forming quinones, Liehr (1990) has postulated a major role for such metabolites in estrogen-
induced carcinogenesis. Interestingly, administration of the antiestrogen tamoxifen inhibited the
development of renal neoplasms after 17β-estradiol administration but did not alter the DNA
adduct levels (Liehr et al., 1988). Further support of a role for metabolic activation of synthetic
and natural estrogens in their carcinogenic action is seen from the generation of unscheduled
DNA synthesis (DNA damage) in cultured hamster cells by diethylstilbestrol and related com-
pounds (Tsutsui et al., 1984) and the induction of sister chromatid exchanges both in vivo and in
vitro by diethylstilbestrol (Mehnert et al., 1985). A similar increase in sister chromatid ex-
changes in human lymphocytes induced in vitro by diethylstilbestrol was not accompanied by a
detectable change in 32P-postlabeling patterns (Lundgren et al., 1988). That estrogens may in-
duce neoplasia by other pathways that may be important for chemical carcinogenesis has been
shown by Roy et al. (1991), who presented evidence for a role of active oxygen in DNA damage
resulting from diethylstilbesterol treatment of hamsters in vivo. In addition, Lu et al. (1988) re-
ported the hypomethylation of DNA in estrogen-induced hamster renal neoplasms. Thus, at least
for synthetic and in one system natural estrogens, there is some evidence that metabolic activa-
tion may play a role in their carcinogenic activity, exemplified predominantly in the hamster.
There is no evidence, however, that polypeptide hormones such as thyrotropin or gonadotropins,
which exert their action at the cell surface and in all likelihood never reach the cell nucleus in an
undegraded form, would exert their carcinogenic action by covalent adduction to DNA.
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Furth suggested that the effect of hormones is to increase the rate of cell replication and
that the rapidly dividing cell thus becomes more susceptible to “endogenous” carcinogenesis
from genetic “mistakes” or mutations; the chance of such formations is increased by the more
rapid rate of DNA synthesis. On this basis one should expect that carcinoma of the small intestine
would be a very common neoplasm because of the extremely rapid rate of replication of intestinal
epithelial cells. This is not the case either in humans or in animals. An earlier report by Málková
and associates (1977) reported that the chronic administration of estrogen, as estradiol benzoate,
induced hyperplasia in the cells of the pituitary of rats. For the first 2 months of the administra-
tion, hyperplastic cells exhibited normal karyotypes, but after that time the number of aneuploid
cells increased, followed by neoplasms. In contrast, in the bone marrow, a rapidly replicating tis-
sue, no detectable changes were seen in chromosomal morphology, although the mitotic index
was lowered, as also occurred with the pituitary after four weeks of estrogen administration.
Thus, rapid cell replication by itself does not appear to directly induce the neoplastic change,
since rapidly replicating normal cells such as intestinal epithelial cells do not show an inordinate
tendency to develop neoplasia. As discussed further on (Chapter 7), it seems likely that hormones
may not act directly on cells to induce the neoplastic transformation; rather, they may act to en-
hance the replication and progression of a few cells already potentially neoplastic as a result of
ambient environmental factors such as dietary contaminants, background radiation, and so on.

PHYSICAL CARCINOGENESIS

Radiation Carcinogenesis

Perhaps the first documented example of the induction of neoplasia by ionizing radiation was
that of atypical epithelial hyperplasias and malignant epitheliomas observed on the hands of ra-
diologists and scientists using x-ray devices and radium within a few years after their discovery
near the turn of this century. In these cases, the human being was the experimental victim of
radiation carcinogenesis. Fortunately, scientists rapidly became aware of the dangers of ionizing
radiation and took precautions to prevent its effects in humans.

Radiant energy in our universe comes in a variety of general types, all related to the wave-
length and frequency of the waves. A diagram of the electromagnetic spectrum is seen in Figure
3.26. With our present-day knowledge, there is no solid evidence that radiant energy of wave-
lengths greater than 5 × 10–5 cm is carcinogenic. However, ultraviolet, Roentgen or x-rays, and
gamma rays have carcinogenic effects. In addition, high-energy particles such as electrons, neu-
trons, and alpha particles may also exhibit carcinogenic action. A major discussion of the phys-
ics of ionizing radiation, radiant or particulate, is beyond the scope of this text, and the reader is
referred to more extensive reviews such as those by Upton (1975) and others or to the report of
the United Nations Scientific Committee on the Effects of Atomic Radiation (Sources and Ef-
fects of Ionizing Radiation, 1977). Although in recent years substantial publicity has been given
to the possible carcinogenic effect of electromagnetic field radiation of wavelengths greater than
that of visible light, there has been little if any substantial evidence that such radiation is carcino-
genic in experimental systems. However, some reports have suggested that low frequency elec-
tromagnetic fields may serve to enhance the development of neoplasia by mechanisms that are
discussed later in the text (Chapter 12) (Goodman and Shirley-Henderson, 1990).

Since ultraviolet and ionizing radiations are known to have specific mutagenic effects, it
has long been assumed that the mechanism of carcinogenesis by such radiation is related to its
effects on the genome (cf. Strauss, 1977). A variety of specific radiation-induced lesions in DNA
are now known; a number of examples are seen in Figure 3.15. Ultraviolet radiation induces
pyrimidine dimers in DNA of two different types (Haseltine, 1983). The cyclobutane type of
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dimer is schematically noted in Figure 3.15, but there also occurs a 4,6 dimer which has signifi-
cant mutagenic properties. Ultraviolet radiation also induces single-strand breaks in DNA and
potentially protein-DNA crosslinks. Ionizing radiation, as indicated earlier (see above), has the
greater propensity to produce DNA strand breaks, both single and double as well as protein-
DNA crosslinks and hydroxylation of thymine, guanine, and other bases. In addition, ionizing
radiation may cause a decrease in DNA methylation, possibly owing to the hydroxylation of
5-methylcytosine with subsequent repair (Kalinich et al., 1989).

Figure 3.26 The electromagnetic spectrum showing the wavelength and frequency of the different
classes of radiant energy. (Adapted from Glasser, 1944, with permission of the author and publisher.)
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The measurement of ionizing radiation has been of significant interest to physicists as well
as physicians ever since the discovery of ionizing radiation and its biological effects. In Table
3.8 are listed many of the units of measurement employed for ionizing radiation. Within the last
quarter century, terminology has altered from the original used in the earlier part of this century.
Thus, the table indicates both the “old” and “new” units of measurement.

Some of the effects seen in Figure 3.15 may be termed the direct effects of radiation on
DNA, such as DNA strand breaks and base elimination. However, there is substantial evidence
that ionizing radiation has significant indirect effects that lead to base hydroxylation and other
changes, not only of the genome, but also of other cellular structures (cf. Biaglow, 1981). Such
indirect effects emanate largely from the formation of highly reactive species of other molecules
in the biologic system. The predominant molecule in all biologic systems is water. High-energy
irradiation of water leads to the formation of a variety of active molecules including the free
radicals ⋅OH and ⋅H, as well as other molecules such as the perhydroxyl radical (HO2⋅) and
singlet oxygen, ⋅O2 (Piette, 1991). Such free radicals may react with cellular molecules in ways
analogous to those of the “ultimate” forms of chemical carcinogens. Unsaturated fatty acids are
converted to free radicals and to lipid peroxides by reaction with these products of the radiolysis
of water. Proteins and nucleic acids may also be oxidized and/or converted to free radical forms,
which in turn are highly reactive. This may cause the cross-linking of DNA and protein, as indi-
cated in Figure 3.15. In addition, the perhydroxyl radical may combine with itself to form hydro-
gen peroxide or may ionize to form the superoxide ion (O2⋅–). Tissues irradiated at higher
oxygen tension show greater effects of ionizing radiation than those irradiated at lower oxygen
tensions. Although the exact mechanism of this “oxygen effect” is not yet fully understood, it is
quite likely that the formation of oxygen radicals is a critical factor.

Other factors more directly related to the nature of the ionizing radiation itself are also
important in the genesis of cancer by radiation. It is clear that the likelihood of carcinogenesis
depends on the rate of energy loss of charged particles, either as incident radiation or induced by
the radiation. This rate of loss is termed the linear energy transfer (LET). Higher LET radiation

Table 3.8 Units of Measurement for Ionizing Radiations

A. Field intensity (ionizations in air):
1 Roentgen (R) (old) = 2.58 × 10–4 coulomb/kg

B. Absorbed energy:
1 rad (old) = 100 ergs/g
1 Gray (Gy) (new) = 100 rad = 1 joule/kg (J/kg)

C. Biological effect equivalent
1 rem (rad-equivalent-mammal) (old) = dose of test radiation that produces the 
same biological effect as 1 rad of a standard (250 kVp x-rays or 60Co gamma 
rays)
1 Sievert (Sv) (new) = dose of test radiation that produces the same biological 
effect as 1 Gy of a standard radiation

D. Radioactivity
1 Curie (Ci) (old) = that amount of radionuclide that yields 3.7 × 1010 disinte-
grations per second
1 Becquerel (Bq) (new) = nuclide amount that yields 1 disintegration per second

1 petabecquerel (PBq) = 1015 Bq
1 exabecquerel (EBq) = 1018 Bq

energy per photon or accelerated particle
1 electron volt (eV) = 1.602 × 10–19 joule (J)
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is usually more carcinogenic than radiation with a low LET (Wiley et al., 1973). One may also
characterize the dose of radiation by its relative biological effectiveness (RBE). Thus, the same
doses of neutrons and gamma rays expressed in terms of roentgens have different carcinogenic
potencies, the neutrons being more effective and thus having a greater RBE. The importance of
these considerations has been documented in a number of studies (cf. Broerse et al., 1989, 1991)
in that both LET and RBE are very important for the formation of neoplasms in relation to the
radiation dose. The efficiency with which various forms of ionizing radiation induce cellular
damage is quite variable and depends, as noted above, on the average density of energy loss
along the path of the particle in the biological environment. Some examples of this LET for
various sources of radiation are given in Table 3.9 (Tannock and Hill, 1992). The energy loss of
a photon or particle as it traverses the biological system is dependent on its velocity, its charge,
and the electron density of the target. Thus, as a particle loses energy and slows in its rate, its
effective LET increases. Furthermore, the larger the LET of the photon or particle of a given
energy, the shorter the distance traveled by the particle in the tissue. As the particle or photon
travels through the tissue and interacts with structures within the cell, the energy loss is a sum-
mation of these interactive events along the particle track. Such events increase with increasing
LET. Obviously, not all structures within the biological system will interact with a particle or
photon track so that some will be altered or destroyed where interaction occurs, and others will
not be affected in that no interaction with the particle or photon occurs. Such interactions be-
come important in consideration of the carcinogenic effectiveness of ionizing radiation in rela-
tion to both LET and dose rate, as noted below.

Experimental Radiation Carcinogenesis

Although humans were the first “experimental animals” in which radiation-induced cancer was
demonstrated, there are now many examples of the experimental induction of cancer by radia-
tion. The experimental induction of skin cancer in mice by Findlay (1928) and later by Rusch

Table 3.9 Linear Energy Transfer (LET) 
of Various Radiations

The units of LET are given in terms of energy
lost (keV) per unit path length (µm).

Radiation LET (keV/µm)

Photons
60Co (~1.2 MeV) 0.3
200-keV X-ray 2.5

Electrons
1 MeV 0.2
100 keV 0.5
10 keV 2
1 keV 10

Charged particles
proton 2 MeV 17
alpha 5 MeV 90
carbon 100 MeV 160

Neutrons
2.5 MeV 15–80
14.1 MeV 3–30
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and colleagues (1941) paved the way for a better understanding of the ultraviolet light–induced
cancer in patients with xeroderma pigmentosum and in the human population in general
(Chapter 12).

DOSE-RESPONSE RELATIONSHIPS IN CHEMICAL AND 
PHYSICAL CARCINOGENESIS

The effectiveness of a chemical or physical carcinogen in inducing neoplasia is not only depend-
ent on its structural and energetic properties, but also on the administered dose and the potency
of the agent itself. The latter characteristic for chemicals will be considered in a later chapter
(Chapter 13) and to some extent has already been spoken to for radiation carcinogenesis in rela-
tion to LET and RBE (see above). Both practical and theoretical considerations of quantitative
aspects of chemical and radiation carcinogenesis must be taken into account in considering the
effect of a specific dose of such agents in producing neoplasia. Theoretical dose-response curves
are given in Figure 3.27, in which the dose in arbitrary units produces an effect, in this case
cancer. The numbers on each of the curves indicate the number of “hits” that were required to
produce that specific effect. Thus, if only a single hit is required for the production of cancer by
radiation or by the ultimate form of a chemical carcinogen, an exponential curve beginning at
the origin would be produced, and no “threshold” (dose below which there is no effect) would be
seen. On the other hand, when a larger number of hits is required to produce an effect, a distinct
threshold is noted. Biological data from both humans and experimental animals have demon-
strated both types of responses, although the “no threshold” response is generally assumed for
radiation and chemical carcinogenesis. Undoubtedly, a number of factors are involved in these
differences, including hormonal relations within the organism, DNA repair capabilities of the

Figure 3.27 A family of dose-response curves relating tumor incidence to the dose of radiation in arbi-
trary units. For the sake of convenience, the actual dose is related to that dose producing 50% of the maxi-
mal effect or maximal tumor response. The numbers n = 1, 2, 10, 50 indicate the number of “hits” that were
required to produce that specific response.
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radiated cells, position in the cell cycle at the time of carcinogen administration, and the rate of
cell proliferation in the target tissue. In particular, Swenberg et al. (1987) have pointed out that
increased cell proliferation is a common phenomenon during chemical carcinogenesis associ-
ated with exposures to relatively high doses of carcinogenic chemicals.

Some of the more extensive and earlier studies on dose-response relationships of chemical
carcinogens were carried out by Druckrey and associates (cf. Port et al., 1976). These studies
were carried out by the chronic administration of chemicals at daily or weekly intervals by dif-
ferent dosage regimens. By investigating the median tumor induction times (the time at which
half of the animals had developed neoplasms), as in Figure 3.27, they found this parameter to be
directly related to the daily dose of the carcinogen administered plus a constant. When animals
receiving a daily dose of a chemical carcinogen, 4-dimethylaminostilbene, were compared with
animals receiving twice the daily dose but only every other week, the cumulative incidences of
neoplasms in both groups were still the same. The target organ of a carcinogen may also depend
on the dose; e.g., when a relatively few high doses of diethylnitrosamine are given, primarily
kidney cancer resulted, whereas at much lower daily doses, liver cancer was the principal neo-
plasm induced. Although Druckrey’s studies did seem to suggest that threshold doses of chemi-
cal carcinogens may occur, more recent investigations with extremely large numbers of rats
(Peto et al., 1991) or mice (Brown and Hoel, 1983) dosed chronically with chemical carcinogens
showed no evidence of threshold (no effect) doses.

In the case of radiation carcinogenesis, the relationship of dose to carcinoma incidence has
been assumed to lack a threshold (National Academy of Sciences, 1990). However, both from
animal studies as well as those in humans, evidence for thresholds does exist. Figure 3.28 is a
schematic diagram of the induction of a specific neoplasm in mice exposed to various dose for-
mats of ionizing radiation (Tannock and Hill, 1992). Neoplasms induced by intraperitoneal frac-
tionated doses, given at a specific dose/time (day, week, etc.), exhibited distinct thresholds or
no-effect levels (Tannock and Hill, 1992). Kohn and Fry (1984) have reported that in specific
human situations, relatively small doses of radiation produce relatively greater carcinogenic ef-
fects than do high doses, such as those used to treat cancer. This phenomenon may reflect a
saturation point for radiation-induced carcinogenesis—i.e., a dose of radiation above which no
further cancers are induced and cancer production decreases, possibly owing to cytotoxicity. Ap-
parent thresholds have also been seen for leukemias resulting from exposure to atomic bomb
radiation at Nagasaki, Japan (Kondo, 1990).

One of the principal reasons for the continued emphasis on the presence or absence of a
threshold is the need to estimate the risk to humans of carcinogens at very low doses. In general,
as seen later (Chapter 11), exposure of humans to carcinogens occurs primarily at low doses.
The extrapolation of high-dose data to very low doses may underestimate (Stenbäck et al., 1981)
or overestimate (Figures 3.26 and 3.27) (Kondo, 1990) risks of neoplasia. Although safety con-
siderations may direct evaluations of human risk strictly from the standpoint of the lack of
threshold levels of chemical and physical carcinogens, practical consideration as well as expand-
ing scientific knowledge makes such a blanket interpretation of dose-response relationships
more and more untenable (Chapter 13).

In the case of neoplasms induced by ionizing radiation, it has become apparent that several
factors may be involved. Lieberman and Kaplan (1959) demonstrated that the induction of leu-
kemia by ionizing radiation in mice may be completely prevented by the removal of the thymus
gland shortly after birth. Later, Kaplan and associates (Declève et al., 1976) demonstrated that
radiation-induced leukemia in these animals occurred by the “activation” of a leukemogenic vi-
rus that normally occurs in the specific strain of animals used and that was activated by the ion-
izing radiation. However, Loutit and Ash (1978) question the direct causative effect of the virus
in radiation-induced leukemia, suggesting that these infectious agents were passengers rather
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than causative in this condition. Later studies (cf. Janowski et al., 1990) indicated that the vi-
ruses involved in radiation-induced lymphomagenesis in mice played a role in the development
of neoplasia rather than in its initiation (Chapter 8). Oncogenic viruses have also been isolated
from radiation-induced osteosarcomas of rodents, although their relationship to the causation of
these neoplasms is unclear (cf. Janowski et al., 1990). In male mice of the CBA/H strain, a single
dose of ionizing radiation can induce acute myeloid leukemia. Months before the appearance of
the leukemia, bone marrow cells exhibiting a specific deletion/rearrangement of chromosome 2
(Chapter 6) can be observed. However, other factors appear to be involved in the development of
overt leukemia in these animals (cf. Janowski et al., 1990).

Major sites of radiogenic neoplasia in humans as well as in rodents include the mammary
gland, bone marrow, skin, lung, and GI tract and a variety of other sites in nonhuman primates
(Broerse et al., 1989). Earlier studies by Cole and Nowell (1965) demonstrated the interesting
phenomenon of the potentiation of carcinogenesis by high-energy radiation when a mitotic stim-
ulus was simultaneously administered to the animal. One of the best examples of this is the in-
duction of radiation-induced hepatomas in rodents; partial hepatectomy or the administration of
sublethal doses of a hepatotoxic chemical, such as carbon tetrachloride, markedly increases the
incidence of hepatomas when radiation is given at specific times in relation to the operation or
the administration of the chemical (Wiley et al., 1973). In addition, unlike most examples of the
chemical induction of neoplasia, acute x-irradiation of mice of certain strains leads to a dramatic

Figure 3.28 Schematic diagram of induction of a specific tumor type in mice exposed to various doses
of ionizing radiation given to the whole body based on a review of a number of different in vivo results.
Curve A: Tumors induced by single acute doses of low-LET ionizing radiation. Curve B: Tumors induced
by single acute doses of high-LET radiation. Curve C: Tumors induced by fractionated doses (e.g.,
1 Gy/day), of low-LET radiation. Curve D: Tumors induced by fractionated doses (e.g., 0.5 Gy/day), of
high-LET radiation. (From Tannock and Hill, 1992, with permission of the authors and publisher.)
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increase in the incidence of acute leukemias not only in exposed animals but also in their off-
spring, persisting for several generations (cf. Nomura, 1991). This effect argues strongly for a
direct action of ionizing radiation on germ cells, resulting in a genetic propensity for neoplastic
development in later generations.

CHRONIC IRRITATION AND TRAUMA AS FACTORS IN CARCINOGENESIS

Although the general concept that chronic irritation is a carcinogenic stimulus is no longer ac-
cepted, in certain conditions chronic inflammation in humans may predispose to neoplasia. One
of the best examples is the chronic draining sinus, usually resulting from chronic infections such
as osteomyelitis. Such chronic infections are relatively rare today; however, in the past, when
bone infections were rather common, epidermoid carcinomas occasionally arose in the skin near
chronic draining sinuses. The histology of these lesions before the production of the neoplasm
demonstrated a peculiar type of hyperplasia of the squamous epithelium known as pseudo-
epitheliomatous hyperplasia (Sommerville, 1953). Other sites of chronic inflammation consid-
ered to be associated with higher incidences of neoplasia are the lower lips of pipe smokers and
nevi or moles in locations on the body subject to chronic irritation, such as the belt region or the
back of the neck. As has already been suggested and will be more thoroughly elaborated in
subsequent chapters, chronic inflammation and, to a lesser degree, trauma stimulate cellular
proliferation, which may increase the potential for the development of neoplasia (Chapter 9). In
Chapter 7, we consider how trauma may enhance the production of certain experimental can-
cers of the skin. There is also significant evidence that metastatic spread of malignant neo-
plasms can be facilitated by trauma. However, there is no unequivocal evidence that either
chronic irritation or trauma is directly causative of neoplastic transformation in the living ani-
mal (Monkman et al., 1974).
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4
The Etiology of Cancer as an 
Infectious Disease

INFECTIOUS AGENTS AS CAUSES OF CANCER

In 1913, Johannes Fibiger (cf. Clemmesen, 1978) reported the occurrence of papillomas of the
stomach in rats infected with Spiroptera, a small parasitic worm. The intermediate host of the
parasite was the cockroach. By feeding either cockroaches infested with the worm or the worm
itself to rats, Fibiger was able to produce lesions that were interpreted as papillomatous growths
of the stomach. In 1927, Fibiger was awarded the Nobel Prize for this work, the first such award
for cancer research. Unfortunately, later studies did not bear out Fibiger’s thesis that the stomach
lesions were neoplasms but rather indicated that the tumors resulted from the combination of a
deficiency of vitamin A in his experimental animals and the infestation by the parasite.

Despite this setback, over the years many investigators have reported that certain biologi-
cal factors are important in the causation of cancer. The parasitic worm Spirocerca lupi is associ-
ated with esophageal sarcomas in the dog (Thrasher et al., 1963). Studies have demonstrated that
the worms encyst in the wall of the esophagus, and a sarcoma may arise around this cyst. Shortly
after Fibiger’s discovery, Bullock and associates demonstrated genetic factors involved in the
induction of sarcomas in rats by infection with Cysticercus fasciolaris, the common tapeworm
of the cat (Curtis et al., 1933). Later studies demonstrated that sarcomas could be induced by the
intraperitoneal injection of washed, ground larvae of the parasite in rats (Dunning and Curtis,
1953). The frequent association of Schistosoma haematobium infection with bladder cancer in
various parts of the world, such as Egypt and other regions of Africa, has clearly indicated the
association of the parasitic with the neoplastic disease (cf. Shimkin, 1977). Bladder cell hyper-
plasia and occasionally bladder carcinoma can be induced with some regularity in monkeys by
infection with S. haematobium, and infection of mice with Schistosoma mansoni enhances the
hepatocarcinogenicity of various chemicals (cf. Cheever, 1978). Chronic infection with the latter
organism has also been associated with hepatic and colon cancer in the human (Chapter 12).

Infectious Agents in Plant Neoplasia

The first reported example of a biological agent inducing a neoplasm in plants was that of Smith
and Townsend (1907), who reported that a bacterial infection in the region of wounds in a plant
resulted in growths called crown galls. Since those classic experiments, investigations have dem-
onstrated repeatedly that under suitable experimental conditions the crown gall plant tumor can
be induced in practically all wounds in a large number of dicotyledonous plants inoculated with
Agrobacter tumefaciens (cf. Braun, 1975; Kupila-Ahvenniemi and Therman, 1968). These au-
thors pointed out that crown gall tumors cannot be induced in monocotyledonous plants, which
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show little or no reaction to wounding, whereas wounds in dicotyledonous plants stimulate a
marked reaction in the plants, accompanied by DNA synthesis, mitosis, and increased ploidy of
adjacent cells. Once infection by the bacterium has occurred and the crown gall tumor has
formed, the bacterium is no longer necessary to maintain the existence and growth of the tumor.

Within the last three decades, rapid advances have been made in our understanding of the
mechanism of tumor induction by A. tumefaciens. Only those bacteria containing a large extra-
chromosomal plasmid are capable of inducing tumors (Watson et al., 1975). This plasmid,
termed the Ti-plasmid, consists of a single circular molecule of DNA of molecular weight 90 to
150 million. That the plasmid is important in the transformation of normal to neoplastic cells
was indicated by the fact that genes of the plasmid coded for the formation of enzymes synthe-
sizing “opines,” amino acids not found in normal plants but synthesized in crown gall tumors
that resulted from the bacterial infection (cf. Schell, 1982). Chilton et al. (1977) and others
showed the incorporation of Ti-plasmid DNA from the bacteria into the nuclear DNA of plant
cells; these cells ultimately develop into the crown gall tumors. This incorporated DNA thus
becomes part of the host cell genome and codes for enzymes involved in opine synthesis. This
transfer of genetic information from the bacteria to the plant cell is a natural example of “genetic
engineering.” The soil bacterium forces plants, through the transfer of specific genes, to produce
substrates, or opines, which are used solely by the soil bacterium containing the Ti-plasmids;
this equips them to metabolize the opines for survival (Schell, 1982).

Thomashow et al. (1980) demonstrated that each line of crown gall tumor contained a
“core” segment of Ti-plasmid DNA, which was postulated to be responsible for maintaining the
transformed state. The infection of the plant by A. tumefaciens induces both chemical signaling
from the plant cells by the production of phenolic compounds and the direct binding of the bac-
terium to the plant cell itself (Stachel and Zambryski, 1986; Winans, 1992). Roughly 25 Ti plas-
mid–encoded genes, termed vir genes, may be required for the development of tumors within the
plants (cf. Winans, 1992). Many of these vir genes are involved in the processing of the T-DNA
of the Ti plasmid. The gene products of the vir region facilitate the T-DNA transfer from the
bacterium to the plant cell by a process very similar to bacterial conjugation (Beijersbergen et
al., 1992). Furthermore, Hadley and Szalay (1982) and White et al. (1983) have presented evi-
dence that the genome of the untransformed host plant cell contains sequences in its DNA that
are homologous to sequences in or near the core region of the Ti plasmid. That DNA from the Ti
plasmid is required for the maintenance of the neoplastic state in the plant cell is demonstrated
by the fact that the neoplastic phenotype was lost concomitant with the loss of foreign DNA in
the plant cell (Yang et al., 1980). Such loss of tumorigenicity always involved the loss of the vir
region incorporated into all neoplasms studied (Yang and Simpson, 1981; Winans, 1992). This
loss likely occurs during meiosis of the plant cell (Turgeon et al., 1976).

These findings are of considerable interest, especially in view of the findings of the infec-
tious nature of some neoplasms in higher vertebrate animals. Some of the characteristics of
crown gall tumor induction by A. tumefaciens are listed in Table 4.1. The reader should remem-
ber these characteristics and refer back to them after considering the later discussions in this
chapter. This comparison will underline the similarity of the mechanisms involved in the induc-
tion of crown gall tumors in plants and the induction of malignant neoplasms in animals by on-
cogenic viruses.

Bacteria as Causal Agents of Neoplasia

As noted in Chapter 1, during the latter part of the nineteenth century, when bacteria were shown
to be the causal agents of many infectious diseases, it was natural for scientists to consider neo-
plasia as the result of a similar cause. The studies by Doven and the claim that Micrococcus
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neoformans was causative for many if not all human neoplasms are certainly examples of this.
However, bacteria have actually only recently been clearly demonstrated to be causative agents
in specific human neoplasms. In 1983, Warren reported the presence of an unidentified curved
bacillus closely associated with the gastric epithelium in humans exhibiting active chronic gas-
tritis. Subsequently, the organism was classified as Campylobacter pylori and shown by many
others to be associated with gastritis and ulceration of the upper gastrointestinal tract (cf. Dooley
and Cohen, 1988). Today this organism is known as Helicobacter pylori (DeCross and Marshall,
1993). Chronic infection with this bacterium in the human has now been associated, probably
causally, not only with the development of chronic gastritis and ulceration of the gastric and
upper intestinal mucosa, but also with the development of intestinal metaplasia of the gastric
mucosa (Rugge et al., 1996), gastric carcinoma (Parsonnet et al., 1991; Hansson et al., 1993),
and gastric lymphoma (Parsonnet et al., 1994) (Chapter 12). There is no evidence that the bacte-
rium induces neoplasia by mechanisms seen with Agrobacter induction of crown gall tumors in
plants. Mechanisms whereby this bacterium may induce neoplasia in the human are further con-
sidered in Chapter 12.

Following investigations in the human, it is now clear that species of Helicobacter occur in
other mammals as well. Helicobacter mustelae has been associated with gastric carcinoma in the
ferret (Fox et al., 1997) as well as with a gastric lymphoma (Erdman et al., 1997). Similar gastric
lymphomas have been induced in mice with another member of this bacterial family, Helico-
bacter felis (Enno et al., 1995). A somewhat more practial problem is the demonstration that
Helicobacter hepaticus is capable of inducing chronic hepatitis in specific strains of mice with
the subsequent development of hepatocellular neoplasms (Ward et al., 1994). Infection causes a
chronic stimulus to hepatocyte proliferation which increases the risk for the development of
hepatocellular neoplasia (Nyska et al., 1997). Thus, with the discovery of this bacterial class, it
is clear that such organisms may induce neoplasia both in humans and in experimental animals.
The exact mechanisms for such induction will be considered later. The remainder of this chapter
considers the primary infectious causative agents of neoplasia—viruses.

Intracellular parasites have long been implicated as the cause of certain types of neo-
plasms in vertebrate animals. In 1909, Ellerman and Bang demonstrated a viral causation for
avian leukosis. In 1911, Rous reported that cell-free extracts of a sarcoma in chickens would in
some instances produce sarcomas when injected into other chickens. In 1932, Shope described
the Shope papillomavirus of rabbits, and in the 1930s the Bittner mouse mammary tumor virus
was discovered (see below; Bittner, 1936). However, the general significance and potential im-
portance of viruses in the causation of cancer was not generally appreciated until after the dis-
covery of lysogeny in bacteria and the importance of latency in viral infections. In 1951, Gross
reported that injection of cell-free filtrates from AKR mice with leukemia into newborn AKR

Table 4.1 Characteristics of Crown Gall Tumor Induction by Infection 
with Agrobacter tumefaciens

1. Tissue regeneration, mitosis, DNA synthesis of host cells of infected 
wound

2. Infection of plant with plasmid-containing bacterium
3. Incorporation of plasmid DNA into host plant cell genome
4. Presence of DNA sequences common to all plasmid-transformed host 

cells; these sequences are apparently necessary for maintenance of 
the neoplastic state

5. Presence of sequences in untransformed plant cells that are homol-
ogous to DNA sequences in plasmids of A. tumefaciens
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mice resulted in a high percentage of leukemia in the inoculated animals at a later period. Since
Gross’s experiments, numerous individuals have extended these studies, and considerable bio-
logical knowledge is now available on the viral causation of neoplasms.

VIRUSES AS CAUSES OF CANCER

Viruses are ubiquitous obligate intracellular parasites. Because viruses replicate in and are de-
pendent upon their host cells, they use the rules, signals, and regulatory pathways of the host
cell. Viruses subvert and perturb normal cellular mechanisms and pathways as a means of repli-
cating. These perturbations can have dire consequences for the host cell. It is not an uncommon
consequence of a viral infection for the host cell to die. Though less common, viral infection can
change or transform a normal cell into a neoplastic one, ultimately leading to a cancer. In fact,
there is compelling evidence that several different human cancers are caused by viral infection
(Chapter 12). Clearly, appreciation of this relationship can be critical in the epidemiological con-
trol of cancer. Prevention or cure of a viral infection may lower the incidence of the cancer in-
duced by a given viral agent. Knowledge of cancer-causing viruses has served a second very
important function. These viruses cause cancer by perturbing normal cellular processes or path-
ways. Understanding specifically how different viruses do this has led to an appreciation and
understanding of various molecular pathways in the host cell that can contribute to the develop-
ment of cancer. Moreover, these studies have led to an appreciation and understanding of the
normal functions of these same processes and pathways. Many insights into cancer cell biology
and normal cell biology have resulted from the study of viruses that either cause cancer in ex-
perimental animals or transform cells in culture. Viruses with oncogenic potential in humans,
animals, or cell culture are known collectively as tumor viruses (for a review, see Vogt and
Nevins, 1996).

Animal viruses can be divided into two broad groups: those with DNA genomes and those
with RNA genomes. The DNA viruses with oncogenic potential are from six distinct virus
groups: hepadnaviruses, papillomaviruses, polyomaviruses, herpesviruses, adenoviruses, and
poxviruses. Two different families of RNA viruses have been found to have oncogenic potential:
retroviruses and a flavivirus, hepatitis C virus (Figure 4.1, Table 4.2). Some viruses can act as
carcinogens when infecting their natural host, either human or animal. Others, such as adeno-
viruses or SV40 (a polyomavirus), show their oncogenic potential only in experimental settings,
such as infection of cell cultures (Chapter 14). The time it takes different tumor viruses to cause
neoplasms can vary widely (Flint et al., 2000). Some induce tumors rapidly, within days or
weeks (e.g., the transducing retroviruses), while others take months if not years for cancer devel-
opment (e.g., human hepatitis B virus). Some tumor viruses, such as adenovirus or SV40 (poly-
omavirus), do not lead to neoplasms in cells in which they replicate, but only in cells that do not
support their replication.

Retroviruses

Reports in the early 1900s described the induction of neoplasms in chickens inoculated with a
“cell-free filtrate” (Ellerman and Bang, 1908; Rous, 1911). In retrospect, these early reports
were describing the induction of cancer via infection with avian retroviruses. Later in the twenti-
eth century, with the advent of cell culture methods, it became possible to induce oncogenic
transformation of individual cells in culture via retroviral infection. The retrovirus, Rous sar-
coma virus (RSV), was the first reported to transform cells in culture (Temin and Rubin, 1958).
The study of retroviruses has a rich and long history that has yielded many seminal discoveries.
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Figure 4.1 Artist’s conception of shapes and sizes of viruses from different families that cause neo-
plasms in vertebrates. On top are representations of five different DNA virus families that can cause neo-
plasia. Below are the two RNA viruses families associated with cancer. Polyomaviruses and papillomavirus
belong to the same family, the Papovaviridae. (Adapted from White and Fenner, 1994, with permission of
authors and publisher.)

Table 4.2 Oncogenic Viruses and Cancer

Families Associated Cancers

RNA viruses
Flaviviridae

Hepatitis C virus Hepatocellular carcinoma
Retroviridae Hematopoietic cancers, sarcomas, and carcinomas

DNA viruses
Hepadnaviridae Hepatocellular carcinoma
Papovaviridae

Papillomaviruses Papillomas and carcinomas
Polyomaviruses Various solid tumors

Adenoviridae Various solid tumors
Herpesviridae Lymphomas, carcinomas, and sarcomas
Poxviridae Myxomas and fibromas
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For example, the discovery of oncogenes (see below) came from the study of retroviruses.
Retroviruses are a large and diverse family of viruses, and not all family members are tumor
viruses. The virion contains two identical copies of a single-stranded RNA. Depending on the
family member, the RNA is 7 to 12 kb (Coffin et al., 1997). Retroviruses are enveloped (Figure
4.2). Their exterior is comprised of a lipid bilayer derived from the host cell. Embedded within
this lipid bilayer are virally encoded proteins called envelope or env proteins. The envelope
protein plays a major role in entry of the virus into a susceptible cell. Removal of the lipid bi-
layer reveals the nucleocapsid, a proteinaceous structure that contains the genomic RNA. The
viral gag gene encodes the proteins comprising the nucleocapsid. Inside the nucleocapsid is
found not only the genomic RNA, but two virally encoded proteins, reverse transcriptase and
integrase, which are encoded by the pol gene. Entry into a susceptible cell is dependent not only
on the virion envelope protein, but also on a cell surface receptor (Figure 4.3). Upon entry into
the cell, the nucleocapsid is uncoated and released into the cytoplasm. At this time, reverse tran-
scription takes place, the process in which the single-stranded RNA is converted into double-
strand DNA by the action of reverse transcriptase. Next, the linear double-stranded DNA is
transported into the nucleus of the cell and is integrated into the host DNA via the enzymatic
action of the viral integrase protein. At this point the viral DNA, referred to as a provirus, has

Figure 4.2 Generalized structure and organization of retroviral particle. The exterior of the virus is a
cell-derived lipid bilayer or membrane. Embedded within the membrane are two viral proteins, SU and
TM, which are encoded by the env gene. Env precursor polypeptide is proteolytically processed to give rise
to SU and TM. Underneath the lipid envelope are viral structural proteins which are encoded by the gag
gene. They are the matrix (MA), capsid (CA), and nucleocapsid (NC) proteins. CA is the subunit of the
capsid, which is represented by a hexagon. Inside the capsid are two identical copies of RNA genome
(which are coated with NC protein), the reverse transcriptase, RT, and the integrase, IN. The viral protease,
PR, is responsible for processing the gag and gag-pol precursor polypeptides to yield mature proteins.
(Adapted from Coffin et al., 1997, with permission of authors and publisher.)



Figure 4.3 Retroviral replication cycle. The virus, via the SU portion of the viral Env protein, binds to a
specific receptor on the surface of the susceptible cell. This interaction initiates a series of steps resulting in
entry of the virus into the cell. Fusion of viral and cellular membranes is an example of one mechanism by
which the viral capsid is uncoated and deposited into the cytoplasm. The process of reverse transcription
generates a double-stranded DNA copy, called proviral DNA, of the RNA genome. Long terminal repeats,
called LTRs, are at the 5′ and 3′ end of the proviral DNA. Proviral DNA is transported to the nucleus and
integrated into chromosomal DNA. The integrated provirus is transcribed by cellular RNA polymerase. RNA
transcription begins within the 5′ LTR and ends, via polyadenylation, within the 3′ LTR. Viral RNAs can be
either full-length or spliced, and are mRNAs for translation of viral proteins. The full-length RNA is also the
genomic RNA and becomes encapsidated into progeny virions. Viral proteins and two copies of the genomic
RNA assemble and progeny virus bud from the plasma membrane of the cell, followed by proteolytic matu-
ration of the virus. (Adapted from Coffin et. al., 1997, with permission of authors and publisher.)
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become a stable component of the host chromosome and will be inherited by daughter cells. The
proviral DNA contains long terminal repeats (LTRs), which are repeated sequences (up to sev-
eral hundred nucleotides), found at the 5′ and 3′ ends of the proviral DNA, and generated during
reverse transcription (Goff and Skalka, 1993; Varmus and Brown, 1989). The genomic organiza-
tion of all retroviruses has general, common features (Figure 4.4). Between the 5′ and 3′ LTRs
are the viral genes. All retroviruses capable of replicating have three genes in common: gag, pol,
and env. Each of these genes gives rise to multiple polypeptides as a consequence of posttransla-
tional processing. gag encodes the structural proteins that compose the caspid; pol encodes the
reverse transcriptase and integrase, enzymes that function in the synthesis and integration of the
provirus; env encodes the envelope glycoproteins that interact with cell surface receptors to me-
diate virus entry. The viral genome contains a number of cis-acting sequences that are important
for viral replication. The LTRs contain regulatory sequences for the synthesis of the viral mR-
NAs. The 5′ LTR contains enhancer and promoter sequences that are used by the host RNA tran-
scription machinery. The 3′ LTR contains sequences necessary for polyadenylation of the
mRNA transcript.

Other cis-acting sequences include signals for packaging RNA into virus particles, sites of
initiation of DNA synthesis, and specific sequences for correct integration of the proviral DNA.
Once the proviral state is established, the cell can produce progeny virus. First, RNA transcrip-

Figure 4.4 Generalized genetic organization of retrovirus. The proviral DNA has integrated into chro-
mosomal DNA. LTRs are comprised of three domains, U3, R, and U5. The viral genes, gag, pol, and env,
are between the LTRs. All replication-competent retroviruses have the above-mentioned genes. A subset of
retroviruses (e.g., HIV-1) have additional genes, termed accessory genes, which are found in the 3′ half of
the genome. The 5′ LTR contain enhancers and promoter elements, while the 3′ LTR contains the polyade-
nylation signal. Translation of genomic RNA gives rise to gag and gag-pol polyproteins, while the spliced
RNA is translated to yield the env precursor polypeptide. PBS and PPT are the sites of initiation of the first
and second strands of DNA, respectively. SA and SD are splice donor and acceptor sequences. (Adapted
from Coffin et al., 1997, with permission of authors and publisher.)
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tion, mediated by the host machinery, begins in the 5′ LTR and terminates in the 3′ LTR to pro-
duce a primary transcript that is essentially the genomic viral RNA. This will be the mRNA for
the gag- and pol-encoded proteins as well as genomic RNA for progeny virus. A spliced version
of the genomic RNA is synthesized and will be translated for the synthesis of env glycoprotein.
Upon synthesis and accumulation of all of the necessary viral proteins, a new virus particle will
assemble at the plasma membrane and bud from the cell, yielding a new progeny virus.

Oncogenic retroviruses can be isolated from neoplasms and, upon introduction into the
appropriate host, cause malignant and benign tumors. They can be divided into two general
groups on the basis of the time after infection at which the cancer phenotype appears: rapid (1 to
a few weeks) or slow (6 months to 1 year) (Coffin, 1996). Members of the rapid group will effi-
ciently transform cells in culture. This group of oncogenic retroviruses are also called the trans-
ducing retroviruses. The significance of this name is discussed below. A well-studied member of
the transducing retroviruses is RSV. Within 1 to 2 weeks of infection with RSV, a chicken will
develop several large sarcomas. In addition, infection of chicken embryo fibroblast cells in culture
with RSV will result in nearly all cells becoming transformed. The second group of oncogenic
retroviruses take a longer time to induce cancer in animals and are not transforming in cell cul-
ture. Members of this group are called the nontransducing retroviruses. The prototype member of
this class is the avian leukosis virus (ALV). As can be inferred from their different cancer pheno-
types, the two groups of oncogenic retroviruses induce cancer via different mechanisms.

Molecular analysis of the RSV genome reveals, in addition to the gag, pol, and env genes,
the presence of a fourth gene (Figure 4.5) (Schwartz et al., 1983). This gene is located between
the env gene and the 3′ LTR. Mutants of RSV that have this gene deleted are not transforming
but can still replicate, indicating that the new gene is not required for viral replication. But the
fourth gene, called v-src, is required and is sufficient for the development of cancer. v-src was
the first example of what is now called a viral oncogene or v-onc. Introduction and expression of
the v-src gene in cells in culture can lead to their transformation. It was found that normal
chicken cells contained a gene similar to v-src (Stehelin et al., 1976). In fact, sequences related
to v-src are present in other vertebrate species, including humans. The cellular gene that is a
homologue of v-src is called c-src (short for cellular-src) or proto-src, a proto-oncogene, and
contains introns, unlike its viral counterpart (Figure 4.6). The protein encoded by c-src can be
found in cells, and its expression does not lead to cell transformation in culture (Collet et al.,
1978; Iba et al., 1984). The c-src gene has biological and biochemical properties different from
v-src. Both c-src and v-src encode plasma membrane-associated proteins with tyrosine kinase
activity. Comparison of the amino acid sequence of v-src and c-src proteins reveals several
changes or mutations within v-src that are responsible for its transforming activities (Takeya and
Hanafusa, 1983). We now know that the v-src gene in RSV was captured or derived from its
cellular counterpart. The capture of an oncogene such as v-src is believed to happen during re-
verse transcription at a relatively low frequency. But because the selection and amplification of
these infrequent events is very powerful (i.e., clonal expansion of the neoplasm), capture of a
proto-oncogene by a retrovirus has been detected many times.

In addition to RSV, more than 60 other examples of transducing retroviruses that encode
over 30 different oncogenes have been isolated from a variety of birds and mammals (but not
from humans) (for a review, see Coffin et al., 1997) (Table 4.3). Each of these viruses has at least
one oncogene that is not required for viral replication but that is responsible for the virus’s can-
cer phenotype. For each example of a v-onc, a corresponding c-onc has been identified. The
existence of multiple v-onc genes and their corresponding c-onc genes suggested that there are
multiple ways to cause a cell to become cancerous. Proto-oncogenes have roles in the normal
functioning of a variety of cellular processes such as proliferation, differentiation, and develop-
ment. The v-onc gene almost always has changes or mutations that are responsible for the vi-
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rus’s ability to cause cancer. The role of oncogenes in cancer is further underscored by the fact
that some nonviral cancers are due to mutation of proto-oncogenes and formation of cellular
oncogenes (Table 6.2; Parada et al., 1982).

Other transducing retroviruses differ from RSV in one key respect (Figure 4.7). Whereas
RSV can replicate on its own, all other examples of transducing retroviruses are replication de-
fective (for a review, see Coffin et al., 1997). They are incapable of replicating on their own.

Figure 4.5 Rous sarcoma virus (RSV) contains an additional gene, src, not present in other retroviruses.
The src gene is located between the env gene and the 3′ LTR. In comparison, avian leukosis virus (ALV), a
closely related retrovirus, contains only the normal complement of genes, gag, pol, and env. RSV expresses
Src protein from a spliced mRNA. (Adapted from Cooper, 1995, with permission of author and publisher.)

Figure 4.6 Comparison of the chicken src proto-oncogene and the RSV src oncogene. The cellular src
proto-oncogene is comprised of 10 exons (filled boxes) that are separated by introns and spans 8 kb of chicken
chromosomal DNA. The viral src oncogene does not contain introns, as a consequence of splicing and reverse
transcription of a src mRNA. (Adapted from Cooper, 1995, with permission of author and publisher.)
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They require coinfection with a replication-competent or helper retrovirus to be propagated.
These viruses are replication defective because one or more of the viral replication genes (gag,
pol, or env) are missing. In their place is the viral oncogene. As a consequence of replacing part
of the viral genome, it is not uncommon for the v-onc to be expressed as a fusion with one of the
viral replication proteins such as gag. In some cases, the fusion partner of the v-onc gene con-
tributes to its oncogenic potential. There are two general mechanisms by which a v-onc of the
transducing retroviruses contributes to the cancer phenotype. As mentioned above, v-onc genes
contain mutations that confer an altered biochemical activity that in turn leads to an altered bio-
logical activity. In addition, in general, v-onc genes are expressed at levels higher than their
c-onc counterparts as a consequence of being under the transcriptional control of the viral LTR
(for a review, see Cooper, 1995). Higher levels of the v-onc mRNA can lead to higher levels of
the v-onc protein, which can contribute to the cancer phenotype.

The group of retroviruses that take longer (6 months to 1 year) to induce cancer do not
possess an oncogene. This group of oncogenic retroviruses induces neoplasms by integrating
near a proto-oncogene. This phenomenon is termed proviral insertional mutagenesis or cis-
activation (Figure 4.8). The presence of the provirus next to the proto-oncogene leads to its dys-
regulated expression, which plays a central role in induction of neoplasia (for a review, see Kung
and Vogt, 1991). The prototypic member of cis-activating retroviruses is ALV, which causes
lymphomas in chickens. Within a given ALV-induced lymphoma, all the cells contain an ALV
provirus at the same chromosomal site, indicating that the neoplasm was clonal. When different
independent lymphomas were examined, the ALV proviruses were found integrated into the same
region of cellular DNA, adjacent to the c-myc locus (Hayward et al., 1981). c-myc is the cellular
counterpart of a viral oncogene initially isolated from the transducing retrovirus, MC29. Insertion
of the ALV provirus results in overexpression of the c-myc gene. RNA transcription from the
ALV LTR, which is now next to the c-myc gene, leads to upregulation of its expression, which in
turn leads to neoplastic transformation. ALV can upregulate expression of other proto-oncogenes,
such as erbB, fos, and H-ras, by insertional activation to contribute to the induction of cancer
(Cooper, 1995). A second example of a non-transducing oncogenic retrovirus is mouse mammary
tumor virus (MMTV). MMTV has several preferred integration sites close to cellular genes, Int-1,
Int-2, and Int-3 (for a review, see Nusse, 1991; see Chapter 8). These three genes are located on
different chromosomes and are not related to one another. In mammary tumors the MMTV provi-
rus increases expression of the adjacent int locus, which likely contributes to tumor development.
Int-1, now called Wnt-1, belongs to a family of genes that play a role in pattern formation during
embryo development in organisms as diverse as Drosophila and mammals. Int-2 gene encodes a
member of the fibroblast growth factor family. The Int-3 gene codes for a protein believed to have
developmental function and is a member of the notch family of developmental regulators.

In summary, both transducing and nontransducing retroviruses contribute to the cancer pheno-
type via oncogenes. Proto-oncogenes are cellular genes that are important for a variety of cellular
processes such as proliferation, differentiation, and development. There are two general mecha-
nisms by which these oncogenic retroviruses contribute to the cancer phenotype: (1) by capture,
delivery, and expression of a variant version (v-onc) of a proto-oncogene and (2) by integrating next
to a proto-oncogene and causing its overexpression via the viral LTR. The study of oncogenic retro-
viruses has been revolutionary in that it led to the discovery of the oncogene. To date, no example
of a transducing or a cis-activating oncogenic retrovirus has been identified in humans.

DNA Tumor Viruses

DNA tumor viruses have been isolated from six different virus families (Table 4.2). These repre-
sent a diverse set of viruses with differing structures, cell tropisms, genome organizations, and
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Figure 4.7 Examples of transducing retroviruses that are replication defective. Oncogenes are shaded.
Top line represents RSV, which is replication competent and carries an intact gag, pol, and env gene. In
contrast, each of the other retroviruses is missing at least some portion of the three essential replication
genes. In their place is the oncogene. (MC29) avian myelocytomatosis virus (myc oncogene); (Ha-MSV)
Harvey murine sarcoma virus (ras oncogene); (Mo-MSV) Moloney murine sarcoma virus (mos oncogene);
(Ab-MLV) Abelson murine leukemia virus (abl oncogene); (SSV) simian sarcoma virus (sis oncogene).
(Adapted from Coffin et al., 1997, with permission of authors and publisher.)
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replication strategies. There is compelling evidence that some DNA tumor viruses can cause
cancer in humans (Chapter 12). Others do not pose a cancer threat to humans, but cause cancer
in animal hosts or transform cells in culture. Some important if not revolutionary insights have
come from the study of DNA tumor viruses, such as adenovirus and SV40, which cause cancer
only in experimental settings. The discovery of tumor suppressor genes (Chapter 5) was greatly
facilitated by the study of the two aforementioned viruses in a manner similar to the way the
study of retroviruses led to our understanding of cellular oncogenes and their functions. Tumor
suppressor proteins function to prevent the cell from becoming cancerous, in that inactivation of
all copies of a tumor suppressor gene or protein places a cell at an increased risk for cancer
development. In this case, loss of gene function means increased cancer risk. This is in contrast
to the oncogenes. Proto-oncogenes carry out a role in the normal functioning of a cell. Mutations
within proto-oncogenes that result in gain of function can lead to the development of cancer
(Chapter 5).

Adenoviruses

Adenoviruses are a large group of viruses that have been isolated from a wide range mammals
and birds (for a review, see Schenk, 1996). Adenoviruses that infect humans can cause mild res-
piratory distress, conjunctivitis, or gastroenteritis. In general, adenovirus infection is relatively
innocuous in humans. It does not lead to cancer. Adenoviruses have double-stranded linear DNA
genomes of approximately 36 kb. Human cell cultures are permissive for human adenovirus rep-

Figure 4.8 Example of proviral insertional mutagenesis or cis-activation. Activation of the c-myc proto-
oncogene by ALV integration. The c-myc proto-oncogene has three exons. Exon 1 does not encode protein.
In lymphomas, the most common integration site for ALV is in the first intron of the c-myc gene. Subse-
quently a deletion occurs that removes the first exon of c-myc and the 5′ portion of the provirus. Transcrip-
tion from the 3′ LTR then leads to higher than normal levels of c-myc protein expression. (Adapted from
Cooper, 1995, with permission of author and publisher.)
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lication. Productive infection results in virus multiplication, the death of the host cell, and spread
of the virus. Rodent cells are not permissive for human adenovirus replication; instead, human
adenovirus infection of rodent cells can result in cell transformation, albeit at a low frequency,
one in 105 cells. Also, infection of newborn hamsters with some human adenoviruses leads to
the development of tumors (Trentin et al., 1962). The study of the mechanism of adenovirus-
induced cell transformation has helped to uncover the action of the class of cellular genes called
tumor suppressor genes (see above and Chapter 5). In the transformed rodent cell, a piece of
adenovirus DNA is always found integrated into the host DNA (Figure 4.9). In contrast to retro-
viruses, adenoviruses do not have a required integration step in their replication cycle. In a cell
that is not permissive for adenovirus replication, the viral DNA can be integrated into one of the
host chromosomes. This process is carried out by host enzymes and occurs infrequently. The
integration is haphazard; usually incomplete copies of the viral DNA are present. Common to all
transformed cells is the presence and expression of two adenovirus genes, E1A and E1B (Doerfler,
1968; Gallimore et al., 1974; Sharp et al., 1974). Expression of the E1A and E1B genes is re-
quired and is sufficient to transform rodent cells (Graham et al., 1975). Conversely, adenoviruses
with certain mutations within E1A or E1B are not transforming. Each gene encodes several
polypeptides. In a productive infection, E1A and E1B proteins are required for viral replication.
E1A encodes two related proteins of 289 and 243 amino acids, while E1B codes for a 19- and
55-kDa protein. The 289-amino acid E1A protein is required for transformation and binds to
several cellular proteins, including the retinoblastoma gene product (Rb). The ability of E1A to
bind to Rb coincides with the transforming activity of adenoviruses (Whyte et al., 1988). In
binding to Rb, E1A inactivates its function. Rb is an example of a protein with tumor suppressor
activity. (Tumor suppressor proteins function to prevent the cell from growing out of control and
becoming cancerous.) Two of the ways that tumor suppressors work are (1) by regulating pro-
gression through the cell cycle and (2) by regulating induction of programmed cell death or
apoptosis. By inactivating Rb function, E1A contributes to the cancer phenotype. Similarly, the
55-kDa E1B protein inactivates a second tumor suppressor gene product, the p53 protein (Sar-

Figure 4.9 In adenovirus-transformed rodent cells, a common piece of viral genome is found integrated
into cellular DNA. The adenovirus genome is a linear double-stranded DNA of approximately 35 kb. When
a rodent cell is transformed by adenovirus, a portion of the viral DNA is found integrated into the cellular
DNA. The exact boundaries of the fragment that is integrated in each transformed clone differ, but contain
a common set of adenovirus sequences. The integrated DNA contains the adenovirus E1A and E1B genes,
which each express two mRNAs and two proteins. Transformation of the cell is dependent on expression of
the E1A and E1B polypeptides. (Adapted from Cooper, 1995, with permission of author and publisher.)
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now et al., 1982). In lytically infected human cells, E1A proteins function to cause quiescent
cells to enter S phase of the cell cycle, and E1B proteins block apoptosis. These changes make
the cell a better host for adenovirus replication, which culminates in death of the cell. In the
nonpermissive rodent cell, these same activities of E1A and E1B contribute to oncogenic trans-
formation. E1A and E1B can be considered oncogenes. In addition to their role in virally in-
duced cancers, tumor suppressor genes, such as Rb and p53, can play a crucial role in other
nonviral human cancers (Chapter 5). In contrast to oncogenes of transducing retroviruses, the
oncogenes of adenoviruses are not derived from cellular proto-oncogenes. In addition, adeno-
viral oncogenes are required for viral replication, whereas retroviral oncogenes are not. These
themes in adenovirus-induced transformation are also seen in other DNA tumor viruses, namely,
the SV40 virus and papillomaviruses.

Simian Virus 40 (SV40)

SV40, initially isolated from monkey kidney cells, has a covalently closed circular, double-
stranded DNA genome of 5243 bp (for a review, see Cole, 1996). SV40 has five genes, three of
which encode structural components of the virion (Figure 4.10). The other two genes encode the
large and small T antigens. In permissive cells, the large T antigen is required for viral replica-
tion, and in nonpermissive cells it contributes to transformation. SV40 does not induce tumors in
its natural host. Instead it replicates, killing the host cell with release of progeny virus. In a pro-
ductive infection, SV40 DNA is replicated in the nucleus as an extrachromosomal plasmid. Ro-
dent cells are not permissive for SV40 replication. Infection of rodent cells with SV40 can lead
to their transformation, albeit at a low frequency (similar to adenovirus). The way SV40 trans-
forms cells has a number of similarities to adenovirus transformation. In the transformed cell
one finds SV40 DNA integrated into the host DNA. Integration of the SV40 genome is not a
requisite step in its life cycle. Like adenoviruses (and unlike retroviruses), integration of SV40
DNA is not precise. Different integrants of SV40 are missing various and different portion of the
genome. But common to all transformed cells is the presence and expression of the large T anti-
gen gene (Sambrook et al., 1968; Botchan et al., 1976; Ketner and Kelly, 1976). The large T
antigen is a 708–amino acid protein that is multifunctional and is required for viral DNA replica-
tion (for a review, see Pipas, 1992). During a productive infection, it binds to the viral DNA
origin of replication and, in conjunction with host cellular DNA synthesis machinery, affects
viral DNA synthesis. In addition, it causes the cell to enter the S phase, making the cell a more
conducive host for viral DNA synthesis. Large T antigen accomplishes this by interfering with
the functions of the tumor suppressor proteins Rb and p53 (Lane and Crawford, 1979; Linzer
and Levine, 1979; DeCaprio et al., 1988). In a productive infection, these cells will ultimately
die and release progeny virions. In the nonpermissive cell, in which SV40 DNA has integrated,
expression of large T antigen ablates the tumor suppressor functions of Rb and p53, which leads
to transformation of the cell. In this respect, SV40 and adenovirus employ a similar strategy
except that SV40 uses one protein, large T antigen, instead of two. Large T antigen is a viral
oncoprotein that does not have a cellular counterpart.

Papillomaviruses

The papillomaviruses are a family of DNA viruses that induce cutaneous papillomas or warts in
a variety of mammals, including humans (for a review, see Howley, 1996). The Shope papillo-
mavirus was an early if not the first example of a DNA tumor virus (Shope, 1932). This virus
normally causes warts in its natural host, the cottontail rabbit. Domestic rabbits infected with the
Shope papillomavirus will also develop warts, which develop to carcinomas in many instances.
The bovine papillomaviruses (BPV) and human papillomaviruses (HPV) are the best experimen-
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tally studied members of this virus family. To date over 70 different HPVs and six BPVs have
been described. In humans, some of the HPVs cause benign neoplasms, such as warts. Other
human papillomaviruses are believed to be the causative agent of anogenital carcinomas, such as
cervical cancer. Most anogenital cancers in humans have an integrated copy of HPV, primarily
of the HPV-16 and HPV-18 subtypes. BPV-1 is the best-studied bovine family member. BPV
causes benign warts in cattle. Both BPV-1 and HPV-16 and -18 cause transformation of cells in
culture (Dvoretzky et al., 1980). The study of the ability of these viruses to transform cells has
led to the identification of the genes that contribute to this phenotype.

The papillomavirus genome is covalently closed circular DNA of approximately 8 kb
(Figure 4.11). The genetic organization of BPV and HPV is very similar, with some minor dif-
ferences. BPV-1 has 10 genes, while the HPVs have nine, which are located in a clockwise ori-

Figure 4.10 Genetic organization of SV40 genome. The genome of SV40 is a circular, double-stranded
DNA of 5243 bp. The VP-1, 2, and 3 genes encode virion structural proteins. The small T and large T genes
encode viral regulatory proteins. The protein encoded by the large T gene is named large T antigen. Rodent
cells are not permissive for SV40 replication. At a low frequency, SV40 will transform rodent cells. All
transformed cell clones contain an integrated, partial copy of the SV40 genome that expresses large T anti-
gen. Large T antigen is necessary and sufficient for the transformation of rodent cells. (Adapted from
Levine, 1992, with permission of author and publisher.)
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entation. Two of the genes, L1 and L2, code for subunits of the virion capsid. The remaining
genes are named E1 through E8. These code for non-structural proteins required for the viral life
cycle. In terms of transformation of cells in culture, BPV and HPV share common features but
also have some key differences. BPV-1 will transform the two mouse cell lines, C127 and NIH
3T3, in culture. In the transformed cell, BPV-1 DNA is commonly found as a multicopy plas-
mid, and integration is not required for the transformed state (Law et al., 1981). Three BPV-1
proteins, E5, E6, and E7 that contribute to the transforming potential of BPV-1 (Yang et al.,
1985). BPV-1 E5 is believed to make the most significant contribution to the transformed state,
with E6 and E7 playing ancillary roles (Schiller et al., 1986; Neary and DiMaio, 1989). BPV-1
E5 is a membrane protein that influences signaling of the platelet-derived growth factor (PDGF)
receptor to mediate transformation (Schlegel et al., 1986; Petti et al., 1991). In contrast, transfor-

Figure 4.11 Genetic organization of human papillomavirus (type 16). The genome is a circular, double-
stranded DNA molecule of 7,904 bp. The genes are E1 to E7, L1 and L2. The viral long control region
(LCR) contains transcriptional and replication regulatory elements. Genetic organization of BPV-1 is simi-
lar, with the presence of an additional gene, E8. With HPV-16, E6 and E7 are the major transforming genes.
The E3 gene, which is not indicated above, is not a consistent feature of all HPV isolates. (Adapted from
Levine, 1992, with permission of author and publisher.)
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mation by the oncogenic HPVs is mediated by the E6 and E7 genes (Bedell et al., 1987; Phelps
et al., 1988). E5 does not appear to play a role. The E6 and E7 proteins of the high risk HPVs act
in a fashion similar to SV40 large T antigen and adenovirus E1A and E1B proteins. E6 leads to
the degradation of the p53 tumor suppressor protein, while E7 binds to Rb to interfere with its
tumor suppressor functions (Dyson et al., 1989; Scheffner et al., 1990; Werness et al., 1990).

Herpesviruses

Herpesviruses are a large (nearly 100 members) and diverse group of viruses found widely
throughout vertebrates (for a review, see Roizman, 1996). Eight herpesviruses have been iso-
lated so far from humans: herpes simplex virus 1 (HSV-1), herpes simplex virus 2 (HSV-2), hu-
man cytomegalovirus (hCMV), varicella zoster virus (VZV), Epstein-Barr virus (EBV), human
herpesviruses 6 and 7 (HHV6 and HHV 7), and Kaposi sarcoma-associated herpes virus
(KSHV). EBV and KSHV are believed to contribute to two different human cancers (see Chap-
ter 12). Herpesviruses are enveloped viruses with very large DNA genomes ranging in size from
120 to 230 kb. Herpesviruses can establish two types of infections, lytic and latent. Lytic infec-
tions result in death of the host cell with production of virus. In a latent infection, the virus be-
comes dormant. The viral DNA is maintained in the host cell nucleus, as a circular plasmid, but
few if any viral genes are expressed. Latent infections can become reactivated leading to the
production of virus and sometimes pathological consequences for the host. Several animal
herpesviruses are associated with tumor formation. These include the Ranid herpesvirus 1
(RaHV-1), which can cause renal adenocarcinomas in leopard frogs (Davison et al., 1999), and
Marek’s disease herpesvirus (MDV), which causes a T-cell lymphoma in chickens (for a review,
see Ross, 1999). The mechanism by which these viruses cause cancer is not well understood.

Hepadnaviruses

Hepadnaviruses are a family of DNA viruses that infect the liver of their host. This family has
five well-characterized members that infect different birds and mammals (for reviews, see
Ganem, 1996; Seeger and Mason, 2000). Human hepatitis B virus (HBV) is the prototype mem-
ber of this family. Other members include woodchuck hepatitis virus (WHV), ground squirrel
hepatitis virus (GSHV), duck hepatitis B virus (DHBV), and heron hepatitis B virus (HHBV).
The hepadnaviruses can cause either transient or persistent infections. In humans, transient in-
fections are cleared within several months, while persistent infections are generally lifelong. The
host immune response is a key determinant in the ultimate fate of the hepadnavirus infection.
Chronic infections with HBV, WHV, and GSHV are associated with increased incidences of
hepatocellular carcinoma (HCC). In fact, HBV is the leading cause of liver cancer worldwide
(Beasley, 1988; also see Chapter 12).

The DNA genome of hepadnaviruses is only ~3 kb. Within the virus particle the DNA is in
a relaxed circular conformation. Although they contain DNA, hepadnaviruses replicate via re-
verse transcription of an RNA intermediate (Summers and Mason, 1982). Even though retro-
viruses also replicate via reverse transcription, there are fundamental differences between the
pathways employed by the two virus families. One difference is that hepadnaviruses do not have
an integration step in their life cycle. Instead, hepadnaviruses maintain their genomes as a co-
valently closed, circular DNA in the nucleus.

As mentioned above, infection with the mammalian hepadnaviruses can lead to the devel-
opment of HCC. In these liver tumors, it is common to find integrated pieces of hepadnaviral
DNA even though hepadnaviruses do not have an obligate integration step in their life cycle.
These findings raise the question whether DNA integration plays a role in the development of
liver cancer. The answer is yes and no. Infection of woodchucks with WHV results in the devel-
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opment of hepatocellular carcinoma, with frequencies approaching 100% after 2 years. In a
large percentage of liver tumors from infected animals, WHV DNA is found integrated near a
member of the myc oncogene family, N-myc (Fourel et al., 1990, 1994). The integrated WHV
DNA is thought to result in increased expression of the neighboring myc locus. This insertional
activation of the myc oncogene locus contributes to the development of the cancer. As illuminat-
ing as the WHV story has been, HBV-induced tumors do not seem to result from insertional
activation of a common oncogene. For HBV-induced liver cancers, a popular explanation is the
“indirect model” (Ganem, 1996), which states that HBV, its genes, and their products make no
direct contribution to transformation. Instead, HBV-induced liver injury, which is mediated by
the host immune response, ultimately leads to liver cancer. During chronic infection, a persistent
low level of liver damage is continuously occurring via the immune response. This immune re-
sponse, which is not vigorous enough to clear the infection, is responsible for the hepatitis. In
these individuals, the immune response leads to killing of infected cells. To replace the cells that
die, the rate of hepatocyte proliferation increases, with a concomitant increase in the frequency
of mutations. In humans, liver cancer develops after 20 to 40 years of chronic infection (Chapter
12). During this long latency period, the appropriate constellation of mutations accumulates, re-
sulting in the development of HCC. In spite of the popularity of the above model, it should be
emphasized that it is currently not well understood how HBV infection leads to the development
of HCC. It is possible that HBV contributes to HCC by multiple mechanisms, both direct and
indirect.

THE SIGNIFICANCE OF INFECTIOUS AGENTS IN THE CAUSATION 
OF NEOPLASIA

As noted in Chapter 1, the possibility that infectious agents are a significant cause of neoplasia
was quite popular in the latter part of the nineteenth century. However, the popularity of this
concept decreased during the twentieth century until about four decades ago, when several of the
oncogenic viruses became known and subsequently were characterized both biologically and in
a molecular sense. It is difficult to ascertain the importance of infectious agents as causes of
neoplasia in lower forms of animals in their natural habitat, but it is apparent, as can be seen
from many of the discussions in this chapter, that infectious agents can be a significant causative
factor for neoplasia, either induced or spontaneous, in domestic and laboratory animals. As dis-
cussed in Chapter 12, infectious agents as causative of human cancer may represent as much as
15% of the total cancer problem. While this may seem alarming, it also presents the possibility
that various preventive measures such as vaccination, better personal hygiene, and public health
measures can potentially control if not eliminate a number of infectious causes of human
neoplasia.
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5
The Etiology of Cancer: 
Germline Genetic Factors

The predominant environmental factors in the causation of cancer include chemicals, ionizing
and ultraviolet radiation, as well as specific infectious agents, predominantly viruses. Although
the majority of these agents may have as a principal component of their etiological mechanism
some interaction with and/or alteration of the cellular genome, neoplastic disease resulting from
the action of such agents is not generally thought of as hereditary or genetic disease. The term
hereditary or genetic disease usually connotes an abnormality transmitted through the germline
from parent to offspring. In this sense it is reasonable to state that, in considering all cases of
human neoplasia, most cancers are not the direct result of heredity but are acquired through an
interaction of the host with the environment. However, the interaction of the environment with
the genetic composition of the host, either directly or indirectly through the regulation of the
expression of the host genome, is important in the development of all human and animal neo-
plasms. Therefore, although relatively few human neoplasms exhibit a clearly defined Mende-
lian pattern of heredity, polygenic and multifactorial inheritance may play a significant role in
increasing the risk of cancer for a large number of humans. This discussion centers largely on
hereditary factors in human cancer, because there is a larger body of knowledge on this subject
in this species; however, germline genetic factors in the development of cancer in lower animals
are also considered.

DOMINANT AND RECESSIVE DISORDERS ASSOCIATED WITH A HIGH 
INCIDENCE OF HUMAN CANCER

Although the total number of cases of human cancer with a distinct Mendelian genetic mode of
inheritance is small relative to the incidence of neoplasia in general, a variety of autosomal and
sex-linked disorders, both dominant and recessive, are associated with or clearly causative of
specific neoplasms both in humans and in animals. For obvious reasons, the largest number of
examples of such conditions have been described and studied in humans. Some of these are
listed in Table 5.1, with the associated neoplasm(s) and the mode of inheritance of the specific
condition.

In the majority of autosomal recessive disorders, the principal biochemical defect con-
cerns some aspects of DNA metabolism or chromosomal structure, especially DNA repair. The
lack of capacity of cells from patients with xeroderma pigmentosum to repair ultraviolet damage
to their DNA is well known (cf. Cleaver, 1990). Studies of mutations in this disease have led to
the finding and characterization of 14 or more genes (Hoeijmakers, 1994) involved in nucleotide
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Table 5.1 Cancers and Precancerous Diseases Exhibiting a Distinct Mendelian Mode of Inheritance

Disease Associated Neoplasm(s)
Mode of 

Inheritance

Clastogenic and multiple syndromes
Bloom syndrome Leukemia, intestinal cancer (chromosomal 

breaks)
AR

Fanconi anemia Acute monomyelogenous leukemia, squamous 
cell carcinoma of mucocutaneous junctions, 
hepatocarcinoma, adenoma (chromosomal 
breaks)

AR

Dyskeratosis congenita (Zinsser-
Colde-Engman syndrome)

Leukoplakia with squamous cell carcinoma, in-
cluding that of cervix

XR
AD

Incontinentia pigmenti Wilms tumor, acute leukemia retinoblastoma 
(all in infancy)

XD

Noonan syndrome Schwannoma AD
Beckwith-Wiedemann syndrome Visceromegaly, cytomegaly, macroglossia, adre-

nal cortical neoplasia, Wilms tumor, hepato-
carcinoma

AD

Hereditary nonpolyposis
colorectal cancer

Colorectal cancer and adenomas
Endometrial, gastric, and ovarian cancers

AD

Genodermatoses
Neurocutaneous melanosis Malignant melanoma of skin and meninges AR
Xeroderma pigmentosum Skin cancer AR

Xerodermoid pigmentosum (in-
cluding De Sanctis-Cacchione 
syndrome)

AD

Multiple sebaceous gland tumors and 
visceral carcinoma (Torre syndrome)

Diverse gastrointestinal and urogenital cancers AR

Acrokeratosis verruciformis, van den 
Bosch syndrome

Warty hyperkeratosis AD
XR

Nevoid basal cell carcinoma syndrome Basal cell carcinomas, jaw cysts, and skeletal 
deformities

AD

Pachyonychia congenita Hyperkeratosis, cutaneous horns, leukoplakia AD
Multiple trichoepithelioma (Spiegler-

Brooke tumors; cylindromatosis)
Basal and squamous cell carcinomas, carcino-

mas, adenocarcinoma of salivary gland
AD
XD

Dysplastic nevus syndrome Dysplastic nevi, malignant melanomas, pancre-
atic cancer (?)

AD

Hidrotic ectodermal dysplasia Squamous cell carcinoma of palms and soles AD
Maffucci syndrome Hemangiomata, chondrosarcoma AD
Porokeratosis of Mibelli Squamous cell carcinoma within the lesion AD
Breast cancer in females Mammary carcinoma AD

Endocrine system
Multiple endocrine neoplasia 1 

(Werner syndrome, MEN 1)
Adenomas of islet cells, parathyroid, pituitary 

and adrenal glands, malignant schwannoma, 
nonappendiceal carcinoid, thyroid adenomas)

AD

Zollinger-Ellison syndrome Alpha cell nesidioblastoma and lymphatic me-
tastases

AD

Multiple endocrine neoplasia II (Sipple 
syndrome, MEN 11a)

Medullary carcinoma of thyroid, parathyroid 
adenoma, pheochromocytoma

AD
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Table 5.1 (continued)

Disease Associated Neoplasm(s)
Mode of 

Inheritance

Endocrine system (continued)
Mucosal neuromas and endocrine 

adenomatosis MEN (11b)
Pheochromocytoma, medullary carcinoma of 

the thyroid, neurofibroma, submucosal 
neuromas of tongue, lips, eyelids; intestinal 
ganglioneuromatosis

AD

Nervous system
Retinoblastoma, bilateral Sarcoma AD
Neurofibromatosis type 2 Acoustic neuromas, bilateral, gliomas, 

meningiomas
AD

Neuroblastoma Ganglioneurofibroma, pheochromocytoma AR
AD

Megalencephaly Ganglioneuroblastoma, glioblastoma AD

Gastrointestinal system
Familial polyposis coli Intestinal polyps, carcinoma of colon, hepato-

blastoma, medullablastoma, desmoids
AD

Gardner syndrome Intestinal polyps, osteomas, fibromas, seba-
ceous cysts, carcinoma of colon, ampulla of 
Vater, pancreas, thyroid and adrenal

AD

Peutz-Jeghers syndrome Intestinal polyps, ovarian (granulosa cell) 
tumors in 5% of females

AD

Tylosis with esophageal cancer Carcinoma of esophagus AD

Pulmonary and vascular systems
Fibrocystic pulmonary dysplasia Bronchial adenocarcinoma AD
Hereditary hemorrhagic telangiectasia 

of Rendu-Osler-Weber
Angioma AD

Lymphedema with distichiasis Lymphangiosarcoma of edematous limb AD

Urogenital system
Gonadal dysgenesis, hermaphroditism, 

Reifenstein syndrome
Gonadoblastoma, dysgerminoma AR

Stein-Leventhal syndrome Endometrial carcinoma AD
Wilms tumor Wilms tumor (nephroblastoma) AD
Hydronephrosis, familial Congenital sarcoma of kidney AD
Hypernephroma (renal cell carcinoma) Renal cell carcinoma AD
Denys-Drash syndrome Wilms tumor AD

Phakomatosis
von Recklinghausen neurofibroma-

tosis (type 1)
Fibrosarcoma, neuroma, schwannoma, meningi-

oma, polyps, optic glioma, pheochromocy-
toma, myelogenous leukemia, neurosarcoma 
in children

AD

Tuberous sclerosis Adenoma sebaceum, periungual fibroma, glial 
tumors, rhabdomyoma of heart, renal tumor, 
lung cysts

AD

(table continues)
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Table 5.1 (continued)

Key: AR, autosomal recessive; XR, X-linked recessive; AD, autosomal dominant.
Excerpted from a listing by Purtilo et al., 1978, as in Pitot, 1986.

Disease Associated Neoplasm(s)
Mode of 

Inheritance

Phakomatosis (continued)
von Hippel–Lindau syndrome, 

hemangiomatosis
Retinal angioma, cerebellar hemangioblastoma, 

other hemangiomas, pheochromocytoma, 
hypernephroma, cysts

AD

Sturge-Weber syndrome Angioma of numerous organs AD

Mesodermal and skeletal systems
Nevoid basal cell carcinoma syndrome Basal cell carcinoma, medulloblastoma, jaw 

cysts, ovarian fibroma, and carcinoma
AD

Multiple hamartoma syndrome 
(Cowden disease)

Papillomatosis of lip and mouth, hypertrophic 
and cystic breast with early cancer, thyroid 
adenoma and carcinoma, bone and liver cysts, 
lipoma, polyps, meningioma

AD

Multiple lipomatosis, sometimes site 
specific, neck or conjunctiva, 
cervical

Skin cancer AD

Multiple exostosis Osteosarcoma, chondrosarcoma AD
Fibro-osseous dysplasia Osteosarcoma, medullary fibrosarcoma AD

Hematopoietic malignancies
Kostmann infantile genetic 

agranulocytosis
Acute monocytic leukemia (chromosomal 

breakage)
AR

Family cancer syndrome Breast, colon, endometrium, lung carcinomas, 
lymphoma, or leukemia

AD

Ataxia telangiectasia Lymphocytic leukemia and lymphomas, carci-
noma of stomach, brain tumors (chromo-
somal breakage)

AR

DiGeorge syndrome Squamous cell carcinoma of upper respiratory 
tract

AD

X-linked agammaglobulinemia Leukemia, lymphoma XR
Wiskott-Aldrich syndrome Lymphoma XR
Severe combined immunodeficiency Lymphoma, leukemia, sarcoma XR
X-linked recessive lymphoprolifera-

tive syndrome
B-cell lymphomas, fatal infectious mono-

nucleosis, agammaglobulinemia
XR

Miscellaneous (multiple systems)
Family cancer syndromes (Li-

Fraumeni syndrome)
Colon, endometrium, ovary, breast, stomach 

carcinomas, lymphoma, sarcomas
AD
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excision repair (Chapter 3). Other autosomal recessive diseases with associated increased inci-
dences of neoplasia may exhibit genetic abnormalities related to defects in the maintenance or
repair of the structure of the genome. These include Bloom syndrome, Fanconi anemia, and
ataxia telangiectasia (cf. Hanawalt and Sarasin, 1986). Several diseases in this category, such as
Bloom syndrome, although manifest in all tissues, do not result in cancer of a wide variety of
tissues, but the malignant lesions in such diseases are limited to specific and often uncommon
organ sites (German, 1993). Individuals heterozygous for these diseases show little if any clini-
cal abnormalities (Heim et al., 1992) with the exception of patients heterozygous for the gene of
ataxia telangiectasia. A number of sites for cancer development have been reported in such
heterozygous individuals (Swift et al., 1990), but a significant excess cancer risk occurs only for
the breast in female relatives of ataxia telangiectasia patients (Easton, 1994). From an estimate
of 1.4% incidence of ataxia telangiectasia heterozygotes in the U.S. population, Swift et al.
(1990) have suggested that 9% to 18% of all cases of breast cancer in this country may occur in
women heterozygous for mutation(s) in the ataxia telangiectasia gene, which has recently been
cloned (Savitsky et al., 1995).

In addition to the specific disease entities mentioned above and listed in the table, it is now
apparent that some individuals exhibit higher spontaneous mutation rates, as monitored by chro-
mosome breakage rates, than other individuals (see below). Furthermore, it has been reported
(Pero et al., 1989) that individuals with a family history of cancer exhibit a significant reduction
in unscheduled DNA synthesis resulting from DNA repair, as evidenced in mononuclear leuko-
cytes, compared with individuals with no family history of any major cancer. These factors, to-
gether with the evidence that certain nonneoplastic diseases that may be associated with an
increased incidence of malignancy can also exhibit chromosomal instability—e.g., sarcoidosis
(Okabe et al., 1986), Down’s syndrome (Countryman et al., 1977), celiac disease (Fundia et al.,
1994), and ulcerative colitis (Emerit et al., 1972)—suggest that a significant segment of the
population may be at increased genetic risk for the development of neoplasia because of abnor-
malities in chromosomal stability. Several aspects of this phenomenon are considered later in
this chapter.

Almost all of the neoplasms resulting from the diseases listed in Table 5.1 show the fol-
lowing characteristics: (1) a relatively early age of the clinical onset of the neoplasm, the same
histogenetic type of neoplasm often occurring 20 or more years earlier than its occurrence in the
general population in the absence of a specific genetic background; (2) an unusual excess of
neoplasms occurring bilaterally in paired organs such as breast, adrenal, thyroid, kidney, acous-
tic nerve; (3) the appearance of multiple primary or multicentric cancers in nonpaired organs at a
much higher frequency than seen in comparable histogenetic neoplasms not having a genetic
basis; and (4) a predominance of autosomal dominant inheritance (Lynch et al., 1979).

Autosomal dominant disorders associated with an increased incidence of neoplasia usu-
ally exhibit an increase in one or a few specific types of neoplasms. One such disorder is familial
polyposis of the colon, which is primarily associated with numerous polyps and ultimately carci-
nomas of the large bowel. A related and probably identical condition is Gardner syndrome,
which was originally felt to involve primarily adenomas of the small bowel as well as other neo-
plasms, including those of the thyroid gland and the ampulla of Vater. However, recent investiga-
tions (Iida et al., 1989) strongly argue that these two conditions are the same disease, because
both exhibit tumors in the tissues mentioned above as well as osteomas, benign tumors of soft
tissue (desmoids), medulloblastomas of the cerebellum (Jagelman, 1991), and hepatoblastomas
(cf. Bülow, 1989). Chromosomes of cells, both intestinal and others, have been found by a num-
ber of investigators to exhibit both numerical and structural aberrations (Gardner et al., 1982;
Takai et al., 1986), and the morphology of skin fibroblasts grown in cell culture from patients
with familial polyposis/Gardner syndrome exhibits changes indicating that such cells are abnor-
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mal and more closely resemble cells in the process of the neoplastic transformation in vitro
(Antecol, 1988). Thus, alterations in a single gene, the APC gene (discussed below), can lead to
the development of neoplasms in a variety of tissues as well as the cellular changes noted above.

Clinically, a closely related disease is hereditary nonpolyposis colorectal cancer
(HNPCC), which was initially described by Warthin but studied most extensively by Lynch and
his associates (1995). This disease differs from hereditary polyposis, discussed above, in that
very few adenomas or polyps are present in affected individuals, their incidence not being in-
creased relative to the general population (cf. Smyrk, 1994). The adenomas that are present are
more often villous than polypoid, with a flat, spreading pattern that has a much greater tendency
to progress to malignancy. As in familial polyposis, patients develop colon cancer at a young age
and exhibit multiple cancers of the colon, with almost three-fourths occurring proximal to the
splenic flexure (cf. Smyrk, 1994). Originally this disease was termed the “cancer family syn-
drome,” because several other sites where neoplasia commonly developed in these patients had
been noted. These included the endometrium, small intestine, stomach, ovary, and genitourinary
tract (Watson and Lynch, 1993). HNPCC is decidedly more prevalent than familial polyposis, its
occurrence being estimated at from 2% to 6% of all colorectal cancers (Kee and Collins, 1991;
Lynch et al., 1991). If one considers individuals less than 35 years of age, the percentage exhib-
iting this genetic abnormality increases dramatically (Liu et al., 1995).

Another autosomal dominant condition in which neoplasms, primarily of mesenchymal
origin, have been reported is that of von Recklinghausen neurofibromatosis. This condition is a
relatively common trait, with a frequency of about 1 in 3000. Although the heterogeneous nature
of the disease was recognized by von Recklinghausen himself, only recently has the disease
been separated into at least two distinct clinical pictures, termed neurofibromatosis 1 and 2. The
latter has also been termed bilateral acoustic neurofibromatosis (Martuza and Eldridge, 1988).
Neurofibromatosis 1 affects approximately 100,000 people in the United States and is character-
ized by multiple brown skin macules (café au lait spots), intertriginous freckling, iris hamarto-
mas (Lisch nodules), and multiple skin neurofibromas. Other benign mesenchymal tumors,
neurological impairment, and bone abnormalities may also be seen. The hallmark of neurofibro-
matosis 2 is bilateral acoustic neuromas. Patients with mutations in the neurofibromatosis 2 gene
are usually severely affected, and offspring show that the gene is almost completely penetrant.
As with adenomas in familial polyposis, the neurofibromas may degenerate into neurofibro-
sarcomas and malignant schwannomas. In addition, other neoplasms—such as rhabdomyosar-
coma, leukemia, pheochromocytoma, and Wilms tumor—may also be found in these patients
(Riccardi, 1981). Another autosomal dominant disease affecting the skin is the dysplastic nevus
syndrome, which is associated with a marked increase in atypical (dysplastic) nevi of the skin,
which exhibit a propensity to develop into malignant melanomas, especially in younger affected
individuals (Greene, 1984; Goldstein et al., 1994). Although there have been examples of the
dysplastic nevus syndrome in patients with neurofibromatosis (Stokkel et al., 1993), a more ex-
tensive study revealed no significant excess of cancers other than malignant melanoma in pa-
tients with the dysplastic nevus syndrome (Tucker et al., 1993). Interestingly, at least two studies
(Lynch et al., 1993; Caporaso et al., 1987) reported that nonneoplastic cells of patients with the
dysplastic nevus syndrome exhibited significant chromosomal instability.

In various tissues with symmetrical distribution within the human body—including the
retina, kidney, breast, and thyroid—the bilateral occurrence of neoplasia at a relatively early age
usually indicates an autosomal dominant form of disease. Perhaps best known of these condi-
tions is bilateral retinoblastoma, which is also clinically inherited as an autosomal dominant
condition. The hereditary form of the disease represents about 40% of all cases of retinoblas-
toma; of these, 15% are unilateral and 25% bilateral. The remaining 60% are nonhereditary and
unilateral (cf. Newsham et al., 1995). With respect to the hereditary form, there is nearly a 50%
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risk that a child of an affected parent will receive the gene for the retinoblastoma, with a 90%
chance (penetrance) of manifesting the neoplasm. Complete penetrance (50% incidence) re-
sulted in offspring from parents with bilateral hereditary retinoblastoma, while only 42% of off-
spring of parents with hereditary unilateral retinoblastoma exhibited the disease (cf. Newsham et
al., 1995). The vast majority of cases becine manifest during the first few years of life, and many
patients may be treated successfully for this disease. However, such individuals have a drama-
tically increased risk of developing other neoplasms later in life, especially sarcomas of bone
and connective tissue, malignant melanoma, neoplasms of the brain, and a variety of other can-
cers (Eng et al., 1993). Mortality from a second neoplasm is dramatically greater in patients with
bilateral retinoblastoma than in those with unilateral disease. In addition, while somewhat con-
troversial in the past, the study by Eng and his associates clearly indicates that patients with
bilateral hereditary retinoblastoma receiving radiotherapy have a significantly greater risk of de-
veloping second primary neoplasms. This finding conforms to the results of a number of other
studies indicating that cells of patients with hereditary retinoblastoma exhibit a hypersensitivity
to DNA-damaging agents, including ionizing radiation (Heras and Larripa, 1988).

Another example of a bilateral neoplasm exhibiting an autosomal dominant mode of in-
heritance is Wilms tumor of the kidney. The incidence of synchronous bilateral Wilms tumor
varies between 4.4% and 9% of all cases (Mesrobian, 1988); Knudson and Strong (1972) have
presented evidence that all bilateral cases and a substantial number of unilateral cases of Wilms
tumor are the result of a germinal mutation. On this basis, although the exact incidence of the
hereditary form of Wilms tumor is not as clear as that of retinoblastoma, more than 10% of all
cases of Wilms tumor exhibit a Mendelian type of inheritance. Furthermore, most cases of the
hereditary form arise in multiple sites in both kidneys, at times producing a condition known as
nephroblastomatosis, a phenomenon related to the normal method of growth of the renal blast-
ema (Mesrobian, 1988). Of patients with bilateral Wilms tumor, 60% also exhibit various con-
genital abnormalities, the most common of which is aniridia. In this latter instance, the
combination of Wilms tumor with aniridia (lack of ocular irises), genitourinary malformations,
and mental retardation forms a syndrome known as the WAGR syndrome. Two other syndromes
in which Wilms tumor occurs are the Denys-Drash syndrome, in which many patients exhibit
intersexual disorders along with the Wilms tumor, and the Beckwith-Wiedemann syndrome, in
which patients sometimes exhibit Wilms tumor in association with enlargement of a number of
organs. Genes for each of these conditions occur near that for Wilms tumor on the short arm of
chromosome 11 (cf. Coppes et al., 1994). Patients with hereditary Wilms tumor show little if any
evidence of an increased risk for the development of other neoplasms; however, another autoso-
mal dominant condition, von Hippel-Lindau disease (vHL), is manifest by the development of
renal adenocarcinoma and, in addition, exhibits complex manifestations in multiple organ sys-
tems with tumors, both benign and malignant, in the brain, pancreas, and adrenals (Lamiell et
al., 1989). Renal malignancy is seen in about 25% of vHL patients, and about 60% of these
exhibit bilateral incidence of neoplasms. Evidence of neoplasia in vHL patients occurs prior to
age 40; by careful screening, the diagnosis may be made much earlier. Unlike the histology of
Wilms tumor, which exhibits an embryonic pattern, tumors in vHL are renal cell (clear cell)
carcinomas or hypernephromas (Linenan et al., 1995). In addition, at least two other forms of
hereditary renal cell cancer, one exhibiting a pattern similar to that of vHL and the other exhibit-
ing a papillary pattern, have been described (Maher and Yates, 1991; Linenan et al., 1995). Inter-
estingly, several investigators (Foster et al., 1994; Shuin et al., 1994; Whaley et al., 1994) have
reported that from one-third to more than one-half of sporadic renal cell carcinomas exhibit mu-
tations in the vHL gene.

The endocrine system is another organ system exhibiting bilaterality of hereditary neopla-
sia. As noted in Table 5.1, there are two general types of multiple endocrine neoplasia (MEN)—
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types I and II. Type II is separated into A and B subtypes, since the clinical picture in these cases
differs somewhat, resulting from different mutations within the affected gene. The bilateral neo-
plasms seen in MEN I are those of the parathyroids, small glands associated with the lateral
aspects of the thyroid gland, usually occurring in pairs on each side of the neck. Patients exhibit
abnormalities in calcium metabolism resulting from the hyperfunctioning of both hyperplasias
and neoplasms of the parathyroid. In addition, neoplasms of the pancreatic islet cells as well as
the pituitary are found (Bone, 1990). The age of onset of this disease is variable but is rare in
childhood and uncommonly seen after age 60. Years may elapse between the discovery of one
neoplasm and the appearance of the next (Schimke, 1984). In MEN II, the predominant neo-
plasms seen in both the A and B subtypes are medullary thyroid carcinoma and pheochromocy-
toma. The A form of this condition also exhibits parathyroid neoplasia, whereas the B form does
not. Conversely, the B form exhibits striking facial features, such as enlargement of the lips, and
abnormalities of the peripheral nervous system, including neuromatous nodules in and around
the mouth, as well as mucosal neuromas in the gastrointestinal tract and other abnormalities of
the nerves in the digestive tract, especially the colon. In the A form, the parafollicular C cell of
the thyroid becomes focally hyperplastic at an early age; from it, multifocal, bilateral medullary
thyroid cancers may develop (Schimke, 1984; Gagel, 1994). Medullary thyroid cancers in the B
form develop at an even earlier age and are usually more malignant than those in the A form
(Schimke, 1984).

One of the more obvious bilateral organs exhibiting a high incidence of neoplasia is the
female breast. The environmental risks associated with the development of breast cancer are the
subject of a later chapter (Chapter 10). The genetic risks to relatives of patients with breast can-
cer have been a topic of considerable study for the past several decades. In general, the risk of
developing breast cancer in immediate relatives of cases diagnosed prior to age 40 is fivefold
greater than that in individuals with no family history and twofold greater for relatives of cases
diagnosed over age 50 (cf. Easton et al., 1993). The risk of breast cancer is much greater in
women with two or more affected first-degree relatives than in women with only one affected
relative. The risk of developing breast cancer is also significantly greater in the relatives of
metachronous bilateral cases of breast cancer than in those relatives of patients with unilateral
breast cancer (Bernstein et al., 1992). These findings, which have developed during the past de-
cade, led to the suggestion that a small proportion of breast cancer cases are likely due to the
inheritance of a highly penetrant gene, the proportion of genetic cases being highest at younger
ages, especially in those under age 30 (Easton et al., 1993). In the last few years, several candi-
date genes for dominant breast cancer susceptibility have been discovered and/or proposed
(Eeles et al., 1994). In a recent estimation, Friedman et al. (1994) suggested that as many as 1 in
200 women will develop breast cancer over the normal life span as a result of a germline inher-
ited susceptibility in the United States. It is likely that more than a single gene is involved in this
inherited susceptibility, and breast cancer is still one of the most common genetic diseases in the
world. To date the most frequent single gene associated with hereditary breast cancer is the
BRCA1 gene, first localized by Hall et al. (1990b) through linkage studies and recently isolated
and characterized by Miki and his colleagues (1994). The frequency of significant mutations in
the BRCA1 gene contributing to breast and also ovarian cancer has been estimated to be 7 in
10,000 individuals or roughly 0.1% of the population (Easton et al., 1993). For patients bearing
a mutated copy of the BRCA1 gene, the cumulative risk of developing breast and ovarian cancer
is seen in Figure 5.1. The data in this figure, developed from a study of human patients, are
drawn for two different susceptibility alleles or mutations conferring high or moderate risk of
ovarian cancer, whereas the same two alleles show little difference in the risk of breast cancer. In
contrast, if one considers the proportion of breast cancer cases that result from dominant gene
mutations as a function of age at diagnosis, the curves are the reverse of that seen in Figure 5.1
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(Figure 5.2). Interestingly, Tulinius et al. (1994) have presented evidence that the risk of cancer
at all sites in relatives of breast cancer patients is increased over that of the general, unrelated
population. While this latter study was carried out in Iceland, it still further emphasizes that the
genetics of breast cancer development is complex and in many instances, where there is some
genetic predisposition, is likely to be multifactorial.

The onset of breast cancer at a relatively early age is also a characteristic of the Li-
Fraumeni syndrome, which is a clinically dominant disease in which gene carriers exhibit a high
risk of childhood sarcomas, early onset of breast cancer, brain tumors, leukemia, and adrenocor-
tical carcinoma (Li et al., 1988; Malkin, 1994). However, this is a relatively rare disease and is
causative in far less than 1% of all breast cancers (Eeles et al., 1994). In cultured fibroblasts
from these patients, spontaneous aneuploidy and relative resistance to the killing effect of ioniz-
ing radiation are noted (Bischoff et al., 1990; Chang et al., 1987). The gene whose mutations are
the basis for most patients with the Li-Fraumeni syndrome, the p53 gene, has been well charac-
terized and is discussed later.

Although Mendelian inheritance suggests that the genetic constitution of the host is the
prime causative factor in the development of benign and malignant neoplasms listed in Table
5.1, it should be obvious that the environment also plays a significant role. This becomes even
more important in consideration of the multigenic inheritance of a predisposition to cancer.

Figure 5.1 Cumulative risks of breast cancer (continuous lines) and ovarian cancer (dashed lines) in car-
riers of the BRCA1 mutation. These risk estimates assume allelic heterogeneity in which there are two sus-
ceptibility alleles, one of which is associated with a high ovarian cancer risk (1) and the other with
moderate to low ovarian cancer risk (2). (Reproduced from Easton et al., 1993, with permission of authors
and publisher.)
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A MUTATIONAL THEORY OF INHERITED AND SPONTANEOUS 
(SPORADIC) CANCER

While the diseases listed in Table 5.1 presumably develop as a result of mutations within a single
gene, mostly unique to that disease, this knowledge tells us little about how the disease actually
develops. In fact, if the mutation is in the germline, then every cell of the organism possesses a
copy of that mutated gene within its nucleus. If such a mutational change were truly dominant in
all cells, the host would be expected to develop neoplasms of numerous if not all tissues. This
does not occur, although in many diseases listed in Table 5.1, both dominant and recessive, neo-
plasia of several tissues may develop. Thus, the expression of the abnormal gene that leads to the
neoplastic change must require a number of other accompanying changes that may be genetic,
environmental, or both.

A reasonable solution to this dilemma was first proposed by Knudson (1971), who hypoth-
esized a two-mutational (two-hit) theory of carcinogenesis. His theory was developed primarily
to explain the epidemiological findings seen in hereditary retinoblastoma, in which nearly two-
thirds of the hereditary cases were bilateral but all of the sporadic cases were unilateral. The
former cases occurred in very young patients (mean age, 18 months), whereas the sporadic uni-
lateral cases developed at an average of 30 months or more. On the assumption that mutational
events occur at random and a relatively fixed rate, Knudson reasoned that at least two mutational
events, now understood to be frequently in each allele of the same gene, were necessary to con-
vert a normal cell into a neoplastic cell. If the first mutation or hit were postzygotic (spontaneous
or sporadic), the progeny of this mutated cell would then be at an increased risk of developing
into a neoplasm when one or more cells received a second hit involving the normal allele. How-
ever, since spontaneous mutagenic events are of the order of 1 in 105 per genetic locus (Bridges
et al., 1994; Glickman et al., 1994) the chance of a spontaneous two-mutational event would be
1 in 1010, which is highly unlikely and conforms, at the cellular level, to a very rare occurrence,
as is generally true of spontaneous cancer. If, however, the first hit were present in the germline
(prezygotic), with all cells in the organism having a mutation in one allele of the disease gene,
then a second hit would be 105 times more common. Thus, in such individuals, neoplasms would
be expected to develop much earlier, more frequently, and bilaterally in tissues in which neo-
plasia commonly developed. Furthermore, in this model, the neoplastic susceptibility would be
transmitted as an autosomal dominant trait, as noted clinically (Bolande and Vekemans, 1983).
A diagram of the two-hit theory of Knudson is seen in Figure 5.3.

Figure 5.2 The proportion of breast cancer cases resulting from dominant mutations in autosomal genes
as a function of the age of the patient. (Reproduced from Eeles et al., 1994, with permission of authors and
publisher.)
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When first proposed, this theory or model was felt to be potentially applicable to certain
germline-dominant diseases associated with a high incidence of neoplasia. Today, Knudson’s
theory is regarded as a major basis for our understanding of the process of carcinogenesis, the
pathogenesis of neoplasia. Furthermore, the theory set the stage for a more complete understand-
ing of many of the genetic and environmental factors in neoplastic development. Thus, while
almost all of the evidence points to a genetic basis for the conversion of a normal to a neoplastic
cell, Knudson’s theory made a clear distinction between germline genetic changes and somatic
(nongermline) genetic changes. In the clinically autosomal dominant conditions leading to neo-
plasia, the germline mutation put all cells of the organism at some degree of risk for a somatic
mutation that would result in a neoplastic cell. In the development of nonhereditary cancer, both
mutations or hits must have occurred in both alleles in individual somatic cells. If the two hits
occur, one in each allele of the gene whose abnormal function leads to the development of neo-
plasia, then the normal or wild-type gene must give rise to a product that protects the cell from
undergoing the neoplastic transformation. Expression of only one normal copy of the gene is
sufficient to prevent the appearance of the neoplastic phenotype. The genotypes of normal and
neoplastic cells in wild-type, heterozygous, and homozygous abnormal cells may be seen in
Table 5.2. This table shows the number of somatic events required before neoplasia develops,
along with the genotypes of the host cell and the neoplastic cell. Because of their function in
preventing or suppressing the neoplastic transformation of somatic cells, such genes have been
termed tumor suppressor genes. A more complete discussion of these genes appears later in
this chapter.

Figure 5.3 Diagrammatic representation of the two-hit theory of Knudson and associates. (Reproduced
from Junien, 1989, with permission of author and publisher.)
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Genetic Evidence Supporting the “Two-Hit” Development of Neoplasia

As noted above, Knudson’s original proposal of the two-mutational concept of neoplastic devel-
opment was based primarily on epidemiological data and appropriate models to explain the data.
It was not until a number of years after the proposal was first enunciated that cytogenetic and
molecular genetic evidence developed in its support. Both of these technologies are considered
here, as well as much of the evidence that has developed in support of Knudson’s thesis.

The Cytogenetics of Germline, Dominantly Inherited Cancer

Each species of living organism has evolved in such a way that its genome is packaged into a
number of structures termed chromosomes. Both the number and the structure of chromosomes
are characteristic of the species, so that, for example, the human exhibits a haploid (one copy of
each chromosome only) number of 23 chromosomes in its karyotype. However, most vertebrates
exhibit two copies of the chromosome within each somatic cell in the female, while the male has
one copy of the X and one copy of the Y chromosome. These last two are termed sex chromo-
somes, while all others in the karyotype are termed autosomes. Thus, the human karyotype for
all cells except certain germ cells and cells of some glandular organs is 46 chromosomes. This
number differs for other species; e.g., the rat karyotype is 42 chromosomes, that of the mouse 40
chromosomes, the hamster 44, etc.

Appropriate methods have been developed to allow the microscopic examination of chro-
mosomes and karyotypes of cells. In 1970, Caspersson and associates were among the first to
develop techniques that allowed studies of the substructure of chromosomes with the light mi-
croscope and assured definitive identification of individual autosomes. These techniques, which
have now been modified and extended by a variety of workers, have allowed the identification of
“bands” or regions of differential staining of the arms of individual chromatids in a variety of
species. Specific patterns of banding, characteristic of the species as well as of each of the chro-
mosomes within any one species, have now been described. Furthermore, the localization of in-
dividual genes on specific chromosomes and in relation to specific bands has been described in a
number of mammalian species as well as other species, both vertebrate and invertebrate. Figure
5.4 shows a diagram of chromosome 13 of the human karyotype, including its banding patterns
and indicating the position of a number of genes in the two arms of the chromosome. As noted in
the figure, the short arm is designated as the p arm, while the long arm is the q arm. The two are
separated by the centromere. In chromosome 13 the short arm (p) is polymorphic in nature, and
variations in size may occur in the heterochromatic satellite region (p13), the nucleolar organizer
or secondary constriction (p12), and the short arm proper (p11) (Yunis et al., 1979). One should

Table 5.2 Tumors Caused by Recessive Tumor Suppressor Genes in Hosts of Different 
Genotypes

Germline Genotype
Normal

Host Cell
Neoplastic

Cell
Number of 

Somatic Events
Probability of 

Neoplasms

Normal +/+ –/– 2 Rare
Heterozygote +/– – /– 1 ≈1
Homozygous abnormal –/– – /– 0 Many? (lethal)

Key: +, wild-type or normal gene; –, defective or deleted allele.
Based on Knudson, 1985.
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also note that each arm is separated into regions designated by the large numbers within the
blocked spaces and bands designated by the smaller numbers adjacent to individual bands of the
chromatid in the figure. This nomenclature was first standardized at an international conference
held in Paris in 1971 (Paris Conference, 1972). Later refinements have been undertaken in this
country for international use (ISCN, 1985). Thus, it is now possible to designate specific regions
of the chromosome according to the specific banding pattern as standardized by this nomencla-
ture. Although aberrations in karyotypes are not only characteristic of but perhaps ubiquitously
associated with malignant neoplasia (see below), it is only in the last two decades that specific
chromosomal alterations have been associated with neoplasms resulting from specific inherit-
ance patterns.

As indicated earlier, the recessive conditions of Bloom syndrome, Fanconi anemia, and
ataxia telangiectasia are associated with chromosomal instability, but no specific chromosomal
alterations have been demonstrated in these and other conditions that exhibit a more generalized
instability of karyotypes. However, in cancer-prone syndromes of a dominant type of inherit-
ance, in a number of instances either specific chromosomal alterations or specific structural gene
alterations have been demonstrated during the past 15 years, as evidenced by techniques of cyto-
genetics or molecular biology, respectively. These findings have, in turn, led to the localization
of specific gene(s) that appear to be responsible for the defect and the resulting neoplasm.

Table 5.3 lists some specific chromosomal changes associated with autosomal dominant
inherited cancers. Best known is the association of hereditary retinoblastoma with a small dele-
tion in the long arm of chromosome 13 (Francke and Kung, 1976; Wilson et al., 1973). Less than
5% of patients with retinoblastoma show such deletions (Horsthemke, 1992), but recent evi-
dence indicates that even those patients with normal chromosomal karyotype express molecular
biological and biochemical evidence of genetic abnormalities in this chromosomal structure.
Benedict et al. (1983) reported that patients with the characteristic chromosomal deletion exhibit
only half the normal activity of esterase D, the gene for which appears to be closely linked to the
area of deletion. In one patient with bilateral retinoblastoma and a normal karyotype, only 50%

p12 Ribosomal RNA-1

q12 fms-related tyrosine kinases
q12.3 Na+, K+-ATPase

q14.1 Esterase D
q14.1 - q14.2 Retinoblastoma-1
q14.1 - q14.3 Plasmin

q32 Propionyl IGA carboxylase
q32 - q33 Tripeptidyl peptidase
q34 Collagen IV & I polypeptide
q34 Coagulation factors VII and X
q34 RAP-2 (member of ras family, K-rev)
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Figure 5.4 Diagrammatic representation of human chromosome 13 in early metaphase, showing major
and minor bands, with the designation of the band positions of a number of genes shown on the right.
(Modified from Yunis et al., 1979; McKusick and Amberger, 1995.)
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of the normal esterase D activity was found in the patient’s normal cells. Interestingly, in cells
isolated from the neoplasm of this patient and exhibiting abnormalities of chromosome 13, no
detectable esterase D activity was found. More recent studies have demonstrated that the
esterase D gene is closely linked to that coding for retinoblastoma (van der Heiden et al., 1988;
Table 5.3). In further support of the two-hit theory, the second retinoblastoma allele frequently is
lost by chromosomal mechanisms (Cavenee et al., 1983).

Another example of chromosomal abnormalities in hereditary neoplasms is the demon-
stration of a constitutional deletion on the short arm of chromosome 11 in some patients with
Wilms tumor, specifically those with the WAGR syndrome, which includes a predisposition to
Wilms tumor (W), aniridia (A), genitourinary abnormalities (G), and mental retardation (R).
There is much variation in the size of these deletions, but chromosome band 11p13 is invariably
involved in the WAGR syndrome (Riccardi et al., 1978). Other phenotypic features frequently
associated with these deletions include congenital absence of the irises (aniridia), gonadal dyspla-
sia, and mental retardation. However, only 50% of patients with the congenital defects actually
develop Wilms tumor, indicative of the incomplete penetrance of the mutation predisposing to the
neoplasm or linked genes with different functions being deleted. More recently, several authors
have also demonstrated that hereditary renal cell carcinoma, an autosomal dominant condition, is
associated with translocations between the short arm of chromosome 3 and other chromosomes,
especially 11 and 8 (cf. Table 5.3). Although this condition is quite rare, when the translocation
involves chromosome 8, it has also been reported to involve the c-myc proto-oncogene, reminis-
cent of similar translocations seen in Burkitt’s lymphoma, resulting from somatic changes in the
karyotype (Drabkin et al., 1985). However, no rearrangement or abnormality in the structure of
the translocated proto-oncogene has yet been described. Finally, the balanced translocation be-
tween chromosomes 17 and 22 seen in a female patient with von Recklinghausen neurofibroma-
tosis 1 was actually an unusual manifestation, but, as shown below, it offered a clue to the
localization of the gene for this condition. Not shown in the table is the fact that hereditary med-
ullary carcinoma of the thyroid has also been found to be associated with a preponderance of
chromosomal structural abnormalities, as noted in karyotype preparations (Hsu et al., 1991).

Obviously, chromosomal deletions visible in the light microscope represent major alter-
ations in the genome, reflecting thousands of kilobases of DNA lost from that chromosome. Lo-
calization of the gene involved (usually 15 to 40 kilobases in size) requires more refined
technology, which has now been employed not only in the localization of genes for neoplasms
exhibiting a Mendelian type of heredity but also for numerous other genetic diseases as well.

Table 5.3 Specific Chromosomal Changes Associated with Cancer-Prone Autosomal 
Dominant Conditions

Neoplasm Chromosomal Abnormality References

Familial polyposis coli 5p21 deletion Hockey et al., 1989; 
Herrera et al., 1986

Familial renal cell carcinoma 3p;8q (p14.2; q24.1) translocation Drabkin et al., 1985; 
LaFargia et al., 1993

von Hippel–Lindau disease 3p13-pter deletion Kovacs, 1991
Retinoblastoma 13(q14.1 q14.3) deletion Sparkes, 1984
von Recklinghausen 17q;22q translocation Ledbetter et al., 1989

neurofibromatosis 1
neurofibromatosis 2 4q; 22q (q12; q12.2) translocation Arai et al., 1992

Wilms tumor 11p13 deletion cf. Housman, 1992
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The Molecular Genetics of Germline, Dominantly Inherited Cancer

The constitutional chromosomal deletions in several dominant neoplastic diseases supported the
two-hit hypothesis, but such examples (Table 5.3) were relatively unusual, and the biochemical
evidence, like that exemplified by the esterase D changes noted in hereditary retinoblastoma,
was exceptional. More recent techniques have allowed more detailed analysis of genetic material
to the point of and including the isolation and structural characterization of the genes involved in
many dominantly inherited diseases with high incidences of neoplasia (Table 5.4).

As we have already noted (Table 5.2), by the two-hit theory, both alleles of the gene in-
volved in a specific neoplasm, whether of hereditary or spontaneous origin, will have lost the
function of the gene in question. In the case of a germline inherited neoplastic condition, all cells
of the organism will exhibit heterozygosity of the gene locus, one allele being functional and the
other not. Thus, the neoplasm will have lost this heterozygous state to become homozygous for
the defective gene. Below it is shown that loss of heterozygosity can also be determined in dis-
eases of somatic cell origin since, by the two-hit theory, they would also be expected to exhibit a
homozygous genotype, as noted in Table 5.2.

The mutated gene in dominantly inherited neoplastic disease may be the result of point
mutations, small or larger deletions, or nonsense mutations leading to a truncation of the protein.
Mutation in the second allele, especially in dominantly inherited neoplasms, will be the result of
chromosomal abnormalities such as translocations, major deletions, recombination, etc. (Lasko
et al., 1991). It is also possible, however, that loss of function of the second allele may be far
more subtle, such as point mutations or minor deletions. When such changes occur, examination
of the karyotype may not be informative, since no chromosomal aberration can be detected.
However, one may use a molecular analysis, termed restriction fragment length polymorphism
(RFLP) analysis, which involves the use of restriction enzymes that cleave DNA strands at spe-

Table 5.4 Structure and Function of Genes of Dominantly Inherited Neoplastic Diseases

Modified from Skuse and Ludlow, 1995.

Gene Disease Gene Product
Subcellular

Location Function

RB1 Retinoblastoma pRB Nucleus Transcription factor
NF1 Neurofibromatosis type 1 Neurofibromin Cytoplasm GTPase activating 

protein (GAP)
p53 Li-Fraumeni syndrome p53 Nucleus Transcription factor
NF2 Neurofibromatosis type 2 Merlin Cytoskeleton Integration of cyto-

skeleton with 
plasma
membrane

ret MEN II ret kinase Plasma membrane Receptor tyrosine 
kinase

WT1 Wilms tumor syndrome WT1 Nucleus Transcription factor
DCC Familial colon cancer DCC Plasma membrane Cell adhesion
APC Familial polyposis APC Cytoplasm β-catenin binding
MTS1 Familial melanoma p16 Nucleus Kinase inhibitor
VHL von Hippel–Lindau syndrome VHL Unknown Unknown
MSH2 Hereditary nonpolyposis 

colorectal cancer
MSH2 Nucleus DNA repair

MLH1 Hereditary nonpolyposis 
colorectal cancer

MLH1 Nucleus DNA repair
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cific base sequences. Since numerous such restriction enzymes, each acting on a specific se-
quence of DNA extending from four to seven or more bases, are known (Roberts and Macelis,
1992), one may survey a variety of sequences in the DNA for changes. Such an RFLP analysis is
diagrammed in Figure 5.5 between normal and tumor DNA, using two examples of DNA struc-
ture. In one case the normal DNA of a gene is cleaved in three places by a single restriction
enzyme. This leads to three possible fragments of different sizes. In the second instance the dia-
gram involves a segment of DNA containing numerous repeated sequences. In each instance
shown, each horizontal line represents a segment of one allele of the gene investigated. In the
case where tandem repeats are present and the restriction enzyme cuts adjacent to the repeats as
well as somewhere else in the genome, only two fragments are obtained. If there is a deletion of
one of the copies or of the segment with a restriction sequence or if there is a mutation of the
restriction sequence, then digestion of the DNA in each case results in only a single band. Elec-
trophoresis of the bands and their reaction with the probe, a complementary sequence to a por-
tion of the DNA, as shown in the figure, results in a pattern shown in the lower portion of the

Figure 5.5 Restriction fragment length polymorphism (RFLP) method for the detection of allelic loss in
somatic cells. Minor variation in base sequences or repetitive sequences may occur without alteration of the
proteins encoded. Such alterations induce variations in recognition sites for restriction enzymes which
cleave DNA at specific sequences. Following cleavage the DNA is electrophoresed, bands (molecules) sep-
arated, blotted to a filter and hybridized with a radiolabeled DNA probe which recognizes a sequence in-
volved in the restriction reaction. In the Southern blot hybridization depicted, the normal genomic DNA on
the left contains a polymorphism recognized by the probe as two bands of different molecular sizes, each of
which corresponds to one of the two allelic copies. If one of the alleles has been deleted as a result of
restriction digestion, then one band will be missing allowing molecular confirmation of the deletion event.
(Modified from Viallet and Minna, 1990, with permission of the authors and publisher.)
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figure. The small band expected in the digestion of normal DNA without repeats would have
migrated off the gel and not be seen. As noted, in both instances one copy of the DNA is lost in
the neoplasm as a result of genetic alteration, thus demonstrating the loss of heterozygosity in
the tumor DNA. Table 5.5 lists dominantly inherited neoplastic diseases in which a loss of het-
erozygosity has been demonstrated. Examination of the table reveals that a number of regions of
loss of heterozygosity do not necessarily indicate the chromosomal localization of the gene for
the disease (Table 5.6), and in some instances several different chromosomal sites with loss of
heterozygosity may be noted in the same genetic condition—e.g., MEN II, familial breast can-
cer. Furthermore, in this example, the chromosomal localization of the gene primarily affected in
MEN II does not exhibit loss of heterozygosity (Table 5.6). This conforms to the nature of the
gene involved, the ret proto-oncogene, which was first isolated from DNA originating from a
human T-cell lymphoma (Takahashi et al., 1985). As discussed previously (Chapter 4), alter-
ations in proto-oncogenes are dominant in their effects, and thus mutation in a single allele of
the ret gene might be expected to result in neoplastic disease. In Table 5.5, there are also several
instances in which the loss of heterozygosity has been used to aid in the localization and ulti-
mate isolation and characterization of the gene affected in the disease under study—e.g., von
Hippel–Lindau syndrome, familial melanoma, tuberous sclerosis.

Through the use of the two techniques described above, cytogenetic analysis and RFLP
analysis, the chromosomal localization of a number of autosomal dominant conditions predis-
posing to specific neoplastic disease has been elucidated (Table 5.6). With localization of the
genes to specific chromosomal regions coupled with a knowledge of other genes and genetic
markers in the region of the locus being investigated (Figure 5.4), several of these genes have
been isolated and characterized through the use of a variety of molecular biological and molecu-
lar genetic techniques. A reasonably up-to-date listing of genes that are mutated in specific dom-
inantly inherited neoplastic disease and whose sequence structure has been elucidated are listed

Table 5.5 Loss of Heterozygosity in Dominantly Inherited Neoplasms

Chromosome region Neoplasm Reference

1p Familial breast carcinoma Lindblom et al., 1993b
1p MEN IIA Mathew et al., 1987
1q Familial breast carcinoma Lindblom et al., 1993b

3p25-p26 von Hippel–Lindau syndrome Richards et al., 1993
3p Familial renal cell carcinoma Zbar et al., 1987
3q MEN IIA Mulligan et al., 1993
5 Familial polyposis Sasaki et al., 1989

9p13-p22 Familial melanoma Walker et al., 1994
9q23.1-q31 Nevoid basal cell carcinoma 

syndrome
Chenevix-Trench et al., 1993

11p Wilms tumor Wadey et al., 1990
11p13-pter MEN II Mulligan et al., 1993

11q13 MEN I Radford et al., 1990
16p13 Tuberous sclerosis Nellist et al., 1993
16q Wilms tumor Maw et al., 1992
16q Familial breast cancer Lindblom et al., 1993a
17p Neurofibromatosis 1 Menon et al., 1990
17p Familial breast cancer Lindblom et al., 1993b

17q12-q21 Familial breast cancer Lalle et al., 1994
22q Neurofibromatosis 2 Couturier et al., 1990
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in Table 5.6. While it is beyond the scope of this text to depict the structure and sequences of the
genes listed in Tables 5.4 and 5.6, examples of a single, relatively large gene, that for retinoblas-
toma (over 200 kb pairs), and a relatively small gene (about 50 kb pairs), that for the von Hip-
pel–Lindau syndrome, are depicted in Figure 5.6. Thus, the degree of complexity of the genes is
not a factor in whether they served as the basis for dominantly inherited neoplastic disease. All
of the genes listed in Table 5.6 with the exception of that for MEN IIA and B conform to the
two-hit theory of Knudson, in that both alleles of the gene must be mutated in order that one or
more neoplasms arise. As noted earlier, the principal exception to this to date is MEN IIA and B,
in which only one of the two alleles need be mutated for neoplasia to arise.

At this point the student should appreciate that the evidence in support of the two-hit the-
ory is quite substantial for a number of dominantly inherited neoplastic conditions. However,
other mechanisms have been described in which the neoplastic phenotype may result from muta-
tions in only one of the alleles of the gene in question. Dominant negative mutations of some
genes noted in Table 5.6 have been described and are the result of specific alterations in the
tumor suppressor gene such that the mutant protein may disrupt the function of the products of
the normal allele through the formation of protein complexes between mutant and normal pro-
teins or through abnormal interactions with DNA sequences that are the target of the normal
gene. This phenomenon has now been described for the WT1 (Reddy et al., 1995) and the p53
genes (Srivastava et al., 1993).

Another mechanism resulting in the loss of function of both alleles in neoplastic tissues
may be seen when the gene in question is imprinted in one or the other parent (Rainier and Fein-
berg, 1994). Gene imprinting occurs when the allele of a gene inherited from one parent is re-
pressed and not expressed in cells of the offspring. A diagram of such a phenomenon is seen in
Figure 5.7 in relation to the imprinting of a tumor suppressor gene. Imprinting of the gene is
presumed to involve methylation of the DNA bases, resulting in repression and nonexpression of

Table 5.6 Chromosomal Localization of Genes for Dominantly Inherited Neoplastic Disease

Disease Chromosomal Locus Reference

Beckwith-Wiedemann syndrome 11p15 Koufos et al., 1989
Familial glomus tumors 11q23-qter Heutink et al., 1992
Familial melanoma 9p21 Hussussian et al., 1994
Familial breast cancer 17q21 (BRCA1) Hall et al., 1990b

13q12-13 (BRCA2) Wooster et al., 1994
Familial polyposis 5q21-22 Bodmer et al., 1987
Hereditary nonpolyposis colon cancer 3p21.3-23 Bronner et al., 1994

2p21-22 Fishel et al., 1993
Li-Fraumeni syndrome 17p13 McBride et al., 1986
Multiple endocrine neoplasia

Type I 11q12-13 Larsson et al., 1988
Type IIA,B 10q11-12 Mathew et al., 1987

Neurofibromatosis
Type 1 17q12-22 Seizinger et al., 1987
Type 2 22q11.1-13.1 Wertelecki et al., 1988

Retinoblastoma 13q14.1-14.3 Sparkes, 1984
Tuberous sclerosis 16p13.3 Nellist et al., 1993
von Hippel–Lindau disease 3p25 Seizinger et al., 1991
Wilms tumor (WAGR and Denys-

Drash syndrome)
11p13 (WT1) cf. Gerald, 1994
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the gene from that parent (Razin and Cedar, 1994). The methylation is inherited epigenetically
from one or the other parent, thus resulting in the expression of only a single, nonmethylated
gene from the other parent. While as yet there is no clear and distinct example that has been
proven to follow the scheme seen in Figure 5.7, there is evidence of the imprinting of tumor
suppressor genes or other related genes affecting or affected by the expression of a tumor
suppressor gene. In Table 5.7 are listed some examples of dominantly inherited neoplasia for
which there is some evidence for the imprinting (repression) of genes, both known and un-
known. New mutations giving rise to bilateral retinoblastoma exhibit a marked preference for
the paternal allele of the RB gene, suggesting as one mechanism that imprinting early in embry-
onic life affects chromosomal susceptibility to mutation (Zhu et al., 1989). Similarly, in MEN II,
all new mutations were of paternal origin (Carlson et al., 1994). Alleles in the neoplasms of
familial and sporadic cases of embryonal rhabdomyosarcoma are of paternal origin (Scrable
et al., 1989). In contrast, in familial glomus tumors it is the maternal allele that appears to be
imprinted (repressed), although the exact nature of the gene is as yet unknown (van der Mey
et al., 1989).

A potential role for genomic imprinting in carcinogenesis is best exhibited by findings of
the Beckwith-Wiedemann syndrome. In addition to various somatic manifestations including or-
ganomegaly (kidney, liver, and adrenal), hemihypertrophy, and gigantism, neoplasms arise in
these individuals, including Wilms tumor and embryonal rhabdomyosarcoma (cf. Tycko, 1994).
Although there is not substantial evidence for imprinting of the WT1 gene, two genes found very
close to WT1, H19 and IGF2, are imprinted from different parents. H19 is expressed from the
maternal allele and IGF2 from the paternal allele. Rainier demonstrated that more than two-
thirds of Wilms tumors exhibiting no loss of heterozygosity in the region of the WT1 gene ex-

Normal Cell Normal Cell Tumor Cell
Two Functional One Functional No Functional
Copies of IGF2 Copy of IGF2 Copies of IGF2

First Second
Event Event

Imprinting Point
Inactivates Mutation
One IGF2

Chromosome
Deletion

Chromosome-
Sorting Error

Active Gene

Inactive Gene

Figure 5.7 Parental imprinting of the insulin growth factor-2 (IGF2) gene, which is potentially involved
in Wilms tumor development. With imprinting of one gene, only mutation or loss of the other gene is
required to eliminate its function. (Reproduced from Sapienza, 1990, with permission of the author and
publisher.)
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hibited biallelic expression of one or both of these genes. Since IGF2 codes for a growth factor,
one possible mechanism contributing to the development of this neoplasm is the loss of the reg-
ulation of imprinting of this growth factor gene as well as H19, a function for which is as yet
unknown.

The two-hit theory of Knudson has gained substantial evidence in favor of its functioning
as a major mechanism in carcinogenesis. However, it is clear from this brief discussion that
other genetic and epigenetic mechanisms are involved in the development of malignant neopla-
sia. A number of these mechanisms are the subject of later chapters in the text.

SPONTANEOUS AND INDUCED DOMINANT AND RECESSIVE GENETIC 
DISORDERS ASSOCIATED WITH HIGH CANCER INCIDENCE IN 
LOWER ANIMALS

Until relatively recently, the germline genetics of cancer in lower animals was far less well stud-
ied than that in the human with a few specific exceptions—in particular, strains of mice where
genetic factors could be well controlled. However, specific dominant or recessive genes predis-
posing to a high incidence of neoplasia have not as yet been frequently seen in animal systems.
On the other hand, with the advent of molecular genetic techniques, it has become possible to
program genetic factors leading directly to the incidence of specific neoplasms.

Spontaneously Occurring, Dominantly Inherited Neoplasia in 
Lower Animals

Although our knowledge of dominantly inherited neoplasia in lower animals has not developed
rapidly, several excellent systems have been studied rather extensively. In the rodent these in-
clude the Eker rat (Eker et al., 1981) and the Min mouse (Moser et al., 1990). In the former
example, renal cell carcinomas develop in virtually all rats bearing the dominant mutation by the
age of 1 year. In addition, later in the life of these animals, pituitary adenomas, splenic sarcomas,
leiomyomas, and leiomyosarcomas of the female genital tract can be seen (Hino et al., 1994;
Everitt et al., 1995). The gene responsible for this condition is the rat equivalent of the tuberous
sclerosis gene (Table 5.6), which is found in the rat on chromosome 10q (Kobayashi et al., 1995;
Yeung et al., 1994). Allelic loss at the 10q locus of this gene has been reported in both spontane-
ous and chemically induced renal cell carcinomas in the Eker rat (Kubo et al., 1994). However,

Table 5.7 Gene Imprinting and Dominantly Inherited Neoplasia

Key: P, paternal imprint; M, maternal imprint

Neoplasm Imprinted Gene (parental) Reference

Bilateral retinoblastoma RB (P) Dryja et al., 1989
RB (?) Zhu et al., 1989

Naumova and Sapienza, 1994
MEN II ret (?) Carlson et al., 1994
Rhabdomyosarcoma ? (P) Scrable et al., 1989
Familial glomus tumors ? (M) van der Mey et al., 1989
Beckwith-Wiedemann syndrome H19 (P) Rainier et al., 1993

IGF2 (M) Rainier et al., 1993
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the phenotype of tuberous sclerosis in humans (see above) differs from that seen in the Eker rat
except for the occurrence of renal neoplasms (Kobayashi et al., 1995).

Another well-studied, dominantly inherited neoplasm is that of intestinal adenomas in Min
mice. In these animals, at a young age, multiple adenomas develop throughout the intestine, and
the mice are prone to develop mammary neoplasms (Moser et al., 1993). In this condition the
gene involved is completely homologous to the APC gene responsible for the development of
familial polyposis in the human (Table 5.4). In the original Min mouse, the mutation in the APC
gene is a nonsense mutation occurring as the result of a conversion of a leucine (TTG) to a stop
(TAG) codon by the transversion from T to A at nucleotide 2549 (Su et al., 1992). Studies on
allelic loss of the APC locus indicated that the gene was on mouse chromosome 18 (Luongo et
al., 1994). Other genes have been linked to the development of papillomas and squamous cell
carcinomas in the mouse (Lutzner et al., 1985) and thymomas in certain strains of rats (Mat-
suyama et al., 1986; Murakumo et al., 1993).

Another well-studied model occurs in fish of the genus Xiphophorus, in which a dominant
tumor formation gene (Tu) is under the control of a repressor gene (R). If the R gene is absent,
these animals develop fatal melanomas (cf. Anders et al., 1984). The Tu gene appears to encode
a membrane receptor tyrosine kinase (cf. Friend, 1993), but the function of the product of the R
gene is not known to date. A variety of malignant neoplasms of genetic origin have also been
described in the fruit fly, Drosophila melanogaster (Gateff, 1978). More recently, Watson et al.
(1994) have reviewed the more than 50 identified genes in which loss-of-function mutations
may lead to a variety of abnormalities in cell proliferation, including neoplasia in both the devel-
oping and adult Drosophila. Mutations in several genes termed lethal result in neoplastic over-
growth of tissues during development, including that of the brain. Abnormalities in several other
genes result in tumors of gonadal origin. Several of these genes involved in the development of
neoplasms appear to regulate differentiation under normal conditions; but when they are mu-
tated, they cause the appearance of benign and malignant neoplasms in the insect.

Transgenic and Gene-targeting Carcinogenesis

Although there are very few examples of dominantly inherited neoplastic disease in lower ani-
mals, as indicated above, the ability to manipulate the genome of mammalian organisms has
made enormous technological advances during the last decade. This has led to the production of
transgenic animals bearing oncogene or related constructs as a component of their genome (Jae-
nisch, 1988) and the production of animals with specific gene alterations resulting from gene
targeting (knockout) methods (Bronson and Smithies, 1994). Figure 5.8 presents a diagram of
the method used in producing transgenic animals. In this technique it is necessary to introduce a
specific genetic construct by means of microinjection into the fertilized egg. This is then im-
planted in the uterus of a pseudopregnant female, allowing embryonic development to proceed
through the birth of the fetus (cf. Camper, 1995). Pups are tested for the presence of the trans-
gene by securing samples of their DNA and analyzing it for the introduced genetic material.
Usually the transgene is expressed in a dominant manner. In contrast, when gene targeting is
employed, blastocysts (Chapter 2) are isolated from pregnant females, and the inner cell mass is
cultured to produce embryonic stem (ES) cells (Chapter 14). The gene construct used to target
the gene of interest is then transfected into the ES cells. Those cells exhibiting the altered gene
structure are isolated and injected directly into blastocysts, which are implanted into a foster
mother as with the microinjected fertilized eggs above. From this is produced a chimera which,
if the targeted ES cell has populated the germline, will be heterozygous for the gene alteration.
Subsequent breeding will produce homozygous progeny. This technique is outlined in Figure
5.9, along with a diagram depicting the results and mechanisms of the transfection step. Basi-
cally this step depends on homologous recombination of the transfected gene into the position of
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the normal gene, with subsequent recombination and replacement of one copy of the normal
gene with the gene construct containing a selectable marker in place of one or more of the ge-
netic components of the gene. Culture of ES cells having undergone this process of homologous
recombination will allow enrichment and isolation of the ES cells. The selectable marker allows
growth of cells containing such a gene in the presence of a drug which would be toxic to cells
not having this selectable gene. Complications arise in that some random incorporation of the
transfected gene occurs, and thus all clones must be tested to ensure that the one to be utilized
contains the disrupted or “knocked out” gene.

By means of these two techniques, it thus becomes possible to develop animals having
extra copies of a specific gene in their germline as well as animals missing one or both alleles of
a critical gene, such as a tumor suppressor gene.

Figure 5.8 Diagram of method for the development of transgenic mice, beginning with injection of
cloned DNA construct into the nucleus of a fertilized egg, implantation into pseudopregnant female, and
monitoring of offspring for the presence of the transgene. With subsequent breeding of transgene-positive
founder animals, inheritance of the transgene through the germline can be determined.
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Gene targeting (knockout) has been used in mice to study the effects of complete elimina-
tion as well as heterozygosity of the RB and p53 tumor suppressor genes. Mice in which one allele
of the Rb gene is mutated do not exhibit retinoblastomas, but some of the animals have pituitary
neoplasms that arise from cells in which the wild-type RB allele is absent (Jacks et al., 1992). The
elimination of both alleles results in death prior to the 16th day of embryonic life. Such animals
exhibit multiple defects with abnormalities in the hematopoietic system and central nervous sys-
tem (Lee et al., 1992a). On the other hand, mice with mutations in one or both of the p53 tumor
suppressor genes appear normal during the first few months of life but then begin to develop a
variety of mesenchymal and epithelial neoplasms (Donehower et al., 1992; Hooper, 1994).

In contrast, considerable work has been done with the transgenic approach, largely with
viral and cellular oncogenes as the structural gene within the constructs. In addition, constructs
in which growth factors, hormones, and even homeobox genes are the structural component of
the construct have been utilized (Table 5.8). Table 5.8 shows some examples of transgenic car-

Figure 5.9 Diagram of the procedure for homologous recombination (a) and the scheme for the develop-
ment of animals with a homozygous loss of the targeted gene (b). In the homologous recombination proce-
dure there is deletion of exon 2 (1) and its replacement by a selectable gene (the neor gene). This construct
is transfected into ES cells (3) in which homologous recombination occurs with replacement of the normal
gene by the gene containing the selectable sequence. In the scheme on the right, ES cells are cultured and
those containing the selectable genes isolated and grown in the presence of the drug (neo). Surviving cells
are implanted into a foster mother, and progeny in which the germ cells have been populated by the tar-
geted ES cell are obtained by selective breeding. Such chimeras are then bred to produce homozygous off-
spring exhibiting complete loss of the targeted gene. (From Yamamura and Wakasugi, 1991, with
permission of the authors and publisher.)
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cinogenesis with various constructs following the technique depicted in Figure 5.8. The listing is
only representative and by no means exhaustive. In addition, transgenic carcinogenesis has also
been established in other rodent species including the rat (Hully et al., 1994) and the rabbit
(Knight et al., 1988). One may assume that neoplasms resulting from transgenic carcinogenesis
as exemplified in Table 5.8 are the result of dominant effects of the structural genes utilized to
produce the animals, but some phenotypes resemble dominantly inherited neoplastic disease
syndromes of the human. For example, mice made transgenic with the HTLV tat gene under the
regulation of its LTR produce a syndrome very similar to neurofibromatosis I in the human (see
above). In addition, mice made transgenic with the c-mos proto-oncogene under the regulation
of the Moloney virus LTR develop a syndrome very similar to MEN II (Schalz et al., 1992). As
shown in the table, in some instances the regulatory region (promoter/enhancer) of the gene con-
struct targets the expression of the structural gene to specific tissues, with resultant neoplasms
arising only in those tissues. An exception to this is the description by Schaffner et al. (1995) of
the use of the promoter for prostate-specific antigen with a mutated Ha-ras gene in which no
prostatic neoplasms developed, but rather carcinomas of the salivary gland and the gastrointesti-
nal tract. Some regulatory components, especially the metallothionine promoter, have been uti-
lized so that the expression of the structural gene may be regulated by external factors, in this
instance zinc administration (Lee et al., 1992b; Dyer and Messing, 1989).

Although the induction of cancer by modern genetic techniques is, on the surface, quite
different from carcinogenesis by chemical and physical agents, there are many similarities in the
development of neoplasms from genetic, chemical, and physical carcinogens. Thus, the genetic
changes that occur during the process of carcinogenesis initiated by any of these methods may
have more similarities than differences, and both careful investigation and comparison of the
development of neoplasia from several different carcinogenic mechanisms may prove to be ex-
tremely fruitful in ultimately elucidating the critical mechanisms of cancer development.

MULTIFACTORIAL GENETICS OF CANCER

As indicated above, genetic predisposition to neoplasia resulting from alteration in a single gene
locus is a relatively rare cause of cancer in humans as well as in lower animals. A much greater
contribution of genetics to the causation of neoplastic disease are those conditions having pat-
terns of inheritance that conform to a polygenic or multifactorial mode of inheritance, recently
termed complex traits (Lander and Schork, 1994). Many common chronic diseases of adults (in-
cluding types of hypertension, coronary heart disease, diabetes mellitus, and schizophrenia) as
well as certain developmental defects (including cleft lip and palate, spina bifida, and congenital
heart disease) are known to be more frequent in those with family histories of such disorders. A
number of these diseases may be due to single gene defects and others to chromosomal abnor-
malities, but most are the result of multiple genetic and environmental factors combined. In
polygenic inheritance, multiple genes at independent loci interact in a cumulative fashion with
environmental factors that move an individual beyond the “threshold of risk,” so that the disease
becomes of biological and clinical significance, with environmental influences determining
whether and to what extent the individual is actually affected by the disease (Carter, 1970).
Thus, the heritability for a threshold trait is a simple measure of the degree to which the liability
is inherited. Figure 5.10 shows the distribution of such a disease liability in the general popula-
tion and among relatives of affected individuals. The location of the threshold (T) is the same in
both populations; however, the potential for disease is higher among relatives than in the general
population, in part because of the genes shared by affected individuals and their relatives. Thus,
the distribution of liability or potential for disease among the relatives of affected individuals is
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shifted to the right, that is, toward a greater risk, compared with the general population. For an-
other individual in the same family to exhibit the disease syndrome, a similar combination of
affected genes must be inherited. Since siblings share half their genes, the probability of a
brother or sister inheriting the same combination of genes is (1/2)n, where n is the number of
genes required to express the disease trait, assuming that none of the genes are linked. In con-
trast disorders of single genes affect 25% or 50% of the first-degree relatives who are at genetic
risk as based on mathematical inheritance patterns. On the other hand, multifactorial genetic dis-
orders usually affect no more than 5% to 10% of first-degree relatives, and the recurrence risk of
multifactorial disease varies from family to family. Risk estimation is significantly influenced by
two factors: (1) the number of affected persons already present in the family and (2) the severity
of the disorder in the index case. The greater the number of affected relatives and the more se-
vere the clinical presentation of the disease, the higher the risk to remaining relatives (Beaudet et
al., 1995). In general, just as with most monogenic neoplastic disease, a multifactorial genetic
etiology for disease is less frequently seen with increasing age beyond adolescence.

Genes That Modify Cancer Predisposition

In the earlier part of this chapter we discussed specific genes, abnormalities of which lead to the
development of specific neoplasms, usually in a fairly high percentage of affected individuals.
However, in multifactorial genetic traits, as noted above, a number of genes may be involved in
the expression of a predisposition to neoplastic disease. This may be the case even in those situ-
ations where cancer predisposition may result from mutations in a tumor suppressor or proto-
oncogene. Obvious proof of this latter statement is the fact that germline inherited mutations in
tumor suppressor genes do not result in neoplasms of all tissues, proliferating or not, but usually
only in certain tissues of the organism. Presumably, genes expressed in some tissues prevent the

Figure 5.10 The distribution of the risk (liability or potential for disease) in the general population (up-
per curve) and that of a family exhibiting a threshold or multigenic trait (lower curve) in which there is a
fixed threshold (T) that is identical in both populations. Individuals that are affected with the disease are
those with risks or liabilities above (to the right of) the threshold, as shown by all individuals within the
shaded areas of the curves. (Adapted from Duggleby et al., 1981, with permission of the authors and
publisher.)



160 Chapter 5

neoplastic transformation seen in other tissues. Furthermore, it is well known that exposures to
carcinogenic agents will result in only a proportion of the exposed individuals developing can-
cer. This may be due in part to a dose-response effect; but if the population is exposed to basi-
cally the same dose throughout, then the differential neoplastic response is probably the result of
individual differences in susceptibility during the development of neoplasia.

It has been estimated that up to 20% of all cancers in humans exhibit some form of inher-
ited predisposition (Müller and Scott, 1994). In many of these examples, it is likely that the basic
stimulus for the development of neoplasia is genetic and that environmental factors acting on a
variety of genes may alter the expression and neoplastic potential of the one or two critical genes
involved. On the other hand, the major etiological factors for cancer development may be
environmental, but the induction of neoplasia by environmental carcinogenic influences is mod-
ified by the expression of various genes within the organism. It is not always easy to distinguish
these two “pathways,” and in a number of instances one may make a cogent argument that
modifying genes affect neoplastic development no matter what the inciting cause, genetic or
environmental.

Genetic Modification of Germline Genetic Cancer Predisposition

As our knowledge of the specific genetic factors involved in the development of certain types of
neoplasms increases, the characterization of subsets of specific neoplasms as “complex traits” is
also enhanced. In some cases, such as retinoblastoma, where the penetrance of the gene exceeds
95%, it is unlikely that many cases can be attributed to a complex genetic trait, although other
genetic factors such as imprinting may play a significant role in the expression of a few such
neoplasms. On the other hand, with some of the more common neoplasms in which there is a
known genetic predisposition, an understanding of the genetic foundations for the disease has
become clarified. One such example is that of breast cancer, where (see above) two genes, the
BRCA1 and BRCA2, have been characterized as causally related, when mutated, to a significant
number of inherited cases. But if one examines the genetics of mammary and ovarian cancer in
general, one sees a spectrum of diseases ranging from Cowden’s disease to postmenopausal
breast cancer, in which it is likely that all women affected with this dominantly inherited predis-
position to multiple neoplasms exhibit either frank malignancy of mammary tissue or mammary
dysplasia (cf. Wolman and Dawson, 1991). Figure 5.11 shows a pie chart indicating the fre-
quency of several inherited syndromes in which mammary cancer is predominant, these fading
off into a larger group of polygenic diseases, with the majority of breast cancer resulting from
unknown, presumably environmental causes and thus termed sporadic mammary cancer (Lynch
et al., 1990). However, even in individuals bearing a mutated BRCA1 gene, the risk of develop-
ing mammary cancer is not absolute and is partly age-dependent, being greater prior to age 50
and decreasing somewhat by age 65 or 70 (King et al., 1993). Interestingly, these workers de-
scribe families in which some members develop mammary cancer and others ovarian cancer, but
the mutation in the BRCA1 gene is identical. A variety of environmental factors can increase or
decrease the risk of development of mammary cancer even in patients exhibiting genetic predis-
position. These include diet, age at first pregnancy, parity, abortions, or artificially imposed
menopause (Henderson, 1993; Andrieu et al., 1993). The age of onset of the disease is also re-
lated to the breast cancer incidence of immediate relatives, such that the risk is much greater
among women whose mother or sibling was diagnosed with breast cancer prior to age 40, but the
risk remains elevated even for those whose mothers were diagnosed with the disease at the age
of 70 years or older (Colditz et al., 1993). An equally important example of genetic predisposi-
tion to a common human neoplasm is that seen in polygenic colon cancer. While the two major
Mendelian genetic causes of colon cancer are shown, there are several others, as can be noted in
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Table 5.1, that contribute very small numbers to the chart. During the last decade there have been
at least two studies suggesting that polyps and colorectal cancers occur primarily in genetically
susceptible individuals in the human population, although the studies could not eliminate non-
heritable causes of the disease (Cannon-Albright et al., 1988; Houlston et al., 1992). These stud-
ies suggested that perhaps as many as 80% of patients with this disease exhibit some sort of
genetic predisposition in which one or a few genes may be the primary factors but multiple
genes are probably involved in the ultimate expression of the disease. As with breast cancer,
development of the disease at an earlier age increases the risk to siblings and close relatives
(Fuchs et al., 1994; St. John et al., 1993).

On the other hand, although there is little if any evidence that human leukemia is inherited
in a Mendelian fashion, there is good evidence to indicate that a number of patients with leuke-
mia may have had a significant predisposition for the disease. The groups at greatest risk are
listed in Table 5.9. One of the most interesting aspects of this listing is that, when one member of
identical twins develops leukemia at a relatively early age, the risk is about 20% that the unaf-
fected twin will also succumb to the disease; but this means that 80% do not appear to be at risk.

Figure 5.11 Schematic representation of the genetic heterogeneity seen in breast cancer in humans. (Af-
ter Lynch et al., 1990, with permission of authors and publisher.)
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At least one extensive study (Gunz et al., 1975) indicated that polygenic mechanisms may be
involved in the incidence of certain cases of chronic lymphocytic as well as acute leukemia but
not of chronic myelogenous leukemia.

Of the examples given in Table 5.9, the majority are associated with radiation effects or
genomic abnormalities. Several investigations of radiation-induced damage and DNA repair in
individuals with and without a family history of cancer have indicated that abnormalities tend to
occur, especially in patients with cancer or who are cancer-prone (Parshad et al., 1983; Pero et
al., 1989; Kovacs and Langemann, 1991). Hsu and associates (1991) used a standardized test
with the mutagen bleomycin to assay the mutagen sensitivity of the general population. These
investigators demonstrated that moderately sensitive to hypersensitive individuals make up al-
most 23% of the total population. Recently Lipkowitz et al. (1992) demonstrated an increased
frequency of abnormal rearrangements of immune receptor loci in peripheral blood lymphocytes
of agricultural workers. This may relate to an observed increased risk for lymphoid malignancy
in this occupational group. As noted earlier, patients who are heterozygous for the genetic dis-
ease ataxia-telangiectasia (see above), composing 0.7% to almost 8% of the population (Mur-
nane and Kapp, 1993), exhibit a slight but significant increase in radiosensitivity to ionizing
radiation. Since the genetics of DNA repair in response to chemical and physical insults is quite
complex (Chapter 3), multiple genes are likely to be involved in the genesis of many complex
trait neoplasms.

Other Genes Modifying Susceptibility to Inherited and Environmental 
Neoplastic Disease

The identification of specific genes involved in the multifactorial inheritance of neoplasia may
be grouped into a number of different general categories. We have already discussed the involve-
ment of genes involved in DNA repair. Three other areas involve gene products of the HLA lo-
cus coding for surface membrane antigens involved in immune mechanisms (Chapter 17), proto-
oncogenes, and pharmacogenetics. In the former category there is substantial evidence that spe-
cific HLA haplotypes (genotypes) are associated with an increased incidence of specific human
neoplasms, as reported in sporadic instances. As can be seen from Table 5.10, the greatest risks
related to specific HLA antigen haplotypes are associated with leukemias and lymphomas, the

Table 5.9 Groups at Exceptionally High Risk of Leukemia

Group Approximate Risk Average Age at Onset

Identical twin of child with leukemia 1 in 5a

aOf 22 sets of identical twins with one leukemic twin, the cotwin was affected in five instances.

Weeks or months
Radiation-treated polycythemia vera 1 in 6 10–15 years
Bloom syndrome 1 in 8b

bThree leukemics among 23 persons with Bloom syndrome.

30 years
Hiroshima survivors who were within 

1000 meters of the hypocenter
1 in 60 12 years

Down syndrome 1 in 95 10 years
Radiation-treated patients with anky-

losing spondylitis
1 in 270 15 years

Sibs of leukemic children 1 in 720 10 years
U.S. Caucasian children 15 years of age 1 in 2880 10 years

From Miller, 1971, with permission of the author and publisher.
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notable exceptions being neoplasms of the kidney and testicle. Since many leukemias and lym-
phomas arise from cells of the immune system where HLA haplotypes play a major role in gene
expression, the results seen in Table 5.10 might be expected, perhaps in relation to the immuno-
biology of the host-tumor relationship (Chapter 19). In another cell surface gene family, the
ABO blood groups, a relationship between blood group A and cancer of the stomach was found
among black and white patients in the southern United States (Newell et al., 1974).

Proto-Oncogenes in Multifactorial Cancer Susceptibility

On the basis of studies in animals with carcinogenic retroviruses, one might expect that muta-
tions in proto-oncogenes would be a major cause of germline neoplasia in the human. We have
already seen that this is generally not true, with the ret proto-oncogene being the only known
example of a causative association with specific human neoplasms (Tables 5.4 and 5.6). Evi-
dence that mutations in proto-oncogenes play any role in a genetic predisposition to neoplasia
has been somewhat controversial. In 1987 Krontiris reported that rare alleles of the Ha-ras
proto-oncogene were almost exclusively seen in the genomes of cancer patients (Krontiris et al.,
1987). Since that time, other studies (Klingel et al., 1991; Ryberg et al., 1992) have shown a

Table 5.10 HLA and Malignancy Associations and Linkages

Main data from the International HLA and Disease Registry as reviewed by Hors et al., 1984.

Unrelated Patients

Diseases HLA Antigen Relative Risk Family Studies

Leukemia
A.L.L. A2 1.39 Excess of shared HLA-A,B antigens 

and haplotypes in parents
A.M.L. Excess of shared haplotype in sibs 

and in the proband
C.L.L. DR5 8.08

Cancer
Nasopharynx (Chinese) A2 Bw46 2.38
(African) A29 19.5
Kidney DR5 4.7
Breast Bw35 1.35
Testicle Dw7 8.12
Uterus B12 1.46

Lymphoma
Hodgkin A1 1.38 Probable linkage with HLA

B5 1.33 Excess of HLA identical pairs of 
affected sibs

B8 1.23
B18 1.30

Non-Hodgkin
B Lymphoma (Negroid) B37 37.59

Kaposi sarcoma
(Mediterranean) DR5 12.7
(Other Caucasoid) DR2

Familial malignant 
melanoma

Possible linkage with HLA
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somewhat similar effect in German patients with colorectal cancer and in Norwegians with lung
cancer, respectively. Krontiris and associates (1993) have also extended their investigations and
proposed that 1 in 11 cancers of the breast, colon, and bladder possess such mutant alleles. On
the other hand, Hall et al. (1990a) were unable to find such an association, and Peto et al. (1988)
argued that there was no clear evidence of Ha-ras polymorphic alleles and cancer development.
A number of other negative studies in leukemias and lymphomas have been reported (Trench et
al., 1989; Knauf and Ho, 1991). A germline mutation in the mos proto-oncogene was uniquely
detected in a small series of patients with breast cancer (Lidereau et al., 1988), while a specific
allele of the myc proto-oncogene was significantly increased in males with bone and soft-tissue
sarcomas (Kato et al., 1990). Thus, the role of germline mutations in proto-oncogenes in cancer
susceptibility with the exception noted above has not yet been clarified. On the other hand, given
the considerable experimental basis and the suggestion of positive effects noted above, it is
likely that mutations in such genes may play a role in the multifactorial origin of neoplasia. In
contrast, as noted further on (Chapter 6), somatic mutations in proto-oncogenes appear to play
significant roles in cancer growth and development.

The Role of Pharmacogenetics in Multifactorial Neoplasia

As noted in Chapter 3, the metabolism of many chemical carcinogens is critical to their carcino-
genic action. Thus, one might expect that the susceptibility to the development of neoplastic
disease resulting from exposure to a chemical carcinogen will depend on the host’s capability of
“activating” the agent to its ultimate form through appropriate metabolic pathways. Genetic al-
teration in such pathways can lead to an enhanced or decreased susceptibility of the individual to
neoplasia induced by the carcinogenic agent.

Phase I Genes

As discussed in Chapter 3, the principal components of the phase I xenobiotic metabolizing en-
zymes are those of the cytochrome P450 family. Table 5.11 lists the cytochrome P450 genes of
the human, their chromosomal location where known, the number of amino acids in the gene
product, the organs of major expression, and, where known, those carcinogens that are activated
by the individual members of the family.

More than two decades ago, a report indicated that high inducibility of the aromatic hydro-
carbon hydroxylation pathway was a significant risk factor for human lung cancer (Kellerman
et al., 1973). These studies were performed with human lymphocytes, and it was assumed
that changes seen in this peripheral tissue reflected changes in the lung, since a high level of
inducibility of AHH in lymphocytes was more frequently observed in lung cancer patients
than in patients with other diseases. These results became quite controversial, since others
were unable to reproduce these data, but more recent studies in Japan have related a specific
mutation in a codon of exon 7 in the cytochrome P-450IA1 gene exhibits a different geno-
typic distribution between controls and lung cancer patients, as noted in Table 5.12 (Hayashi
et al., 1992).

The mutation in the gene is the result of a transition from an adenine residue to that of a
guanine, resulting in a change from an isoleucine (Ile) to a valine (Val) residue, as depicted in
Figure 5.12. Individuals with the homozygous mutation (Val/Val) tend to develop lung cancer at
a greater frequency with lower consumption of cigarettes (Figure 5.13). A different polymor-
phism revealed by the restriction enzyme MspI also demonstrated polymorphisms in the Japa-
nese population that were related to increased risk of lung cancer, especially at low numbers of
cigarettes smoked (Nakachi et al., 1991). Studies in other races, especially in Scandinavians, did
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not give evidence of the relationship of such polymorphisms, as noted in the Japanese popula-
tion to lung cancer or cigarette dose (Hirvonen et al., 1992; Alexandrie et al., 1994). On the other
hand, homozygosity for the MspI mutant genotype was positively associated with in situ col-
orectal cancer in Japanese and Hawaiians (Sivaraman et al., 1994).

Another phase I enzyme exhibiting significant genetic polymorphism and related to differ-
ent cancer susceptibility is cytochrome P-4502D6. This cytochrome is responsible for the me-
tabolism of a number of clinically used drugs, especially those involved in the treatment of
hypertension, depression, cardiac arrhythmias, and some analgesics. In general, humans may be
divided into “extensive metabolizers” (EM) and “poor metabolizers” (PM). About 8% of the
Caucasian population are PM individuals (cf. Nebert, 1991). The structures of the best known
variant alleles and the normal (wt) gene (EM) may be seen in Figure 5.14 (Nebert, 1991).

Table 5.11 Nomenclature of Human Cytochrome P450 Gene Family Together with Some 
Characteristics of the Gene, Its Product, Its Expression, and the Carcinogens Activated

Key: B(a)P, benzo(a)pyrene; 2-AAF, 2-acetylaminofluorene; 4-ABP, 4-aminobiphenyl; Glu-P-1, 2-amino-6-methyldipy-
rido[1,2-a:3′,2′-d]imidazole; IQ, 2-amino-3-methylimidazo[4,5-f]quinoline; AFB1, aflatoxin B1; Trp-P-2, 3-amino-1-
methyl-5 H-pyrido[4,3-b]indole; 2-AF, 2-aminofluorene; NDEA, N-nitrosodiethylamine; NNK, 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone; 6-AC, 6-aminochrysene.
Adapted from Kawajiri and Fujii-Kuriyama, 1991, with permission of authors and publisher.

P450
Gene
Symbol Trivial Name

Chromosomal
Location

Amino
Acid

Residues Organs
Carcinogens

Activated

CYP1A1 P1, c, form6 15q22-qter 512 Extrahepatic B(a)P, 2-AAF etc.
CYP1A2 P3, d, form 4 15 516 Liver 2-AAF, 4-ABP, 

Glu-P-1, IQ, 
AFB1, Trp-P-2, 
2-AF etc.

CYP2A6 IIA3, P450(I) 19q13.1-13.2 494 Liver AFB1, NDEA etc.
CYP2B6 Liver and 

extrahepatic
6-AC

CYP2B7 IIB1 19q12-q13.2 491 Liver AFB1

CYP2C8 form 1, IIC2 490 Liver
CYP2C9 IIC1, mp-4 10q24.1-24.3 490 Liver
CYP2C10 mp, mp-8 490 Liver
CYP2D6 dbl 22q11.2-qter 497 Liver NNK
CYP2E1 j 10 493 Liver NDMA, NDEA etc.
CYP2F1 IIF1 19q12-13.2 491 Lung
CYP3A3 HLp 504 Liver AFB1

CYP3A4 NF 503 Liver AFB1, B(a)P-7, 
8-diol, 6-AC etc.

CYP3A5 hPCN3, HLp2 7q21.3-q22 502 Liver
CYP3A7 HFL33 503 Liver AFB1, IQ
CYP4B1 IVB1, P450HP 1p12-p34 511 Placenta, lung
CYP7 7α 504 Liver
CYP11A1 SCC 15 521 Steroidogenic
CYP11B1 11β 8q21-22 503 Adrenal
CYP17 17α 10 508 Steroidogenic
CYP19 arom 15q21.1-21.3 503 Steroidogenic
CYP21A2 C21B 6p21.3 494 Adrenal
CYP27 2q33-qter 499 Liver
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Phase II Metabolism

Of the phase II genes, those studies most extensively are the N-acetyltransferases and glu-
tathione-S-transferases in relation to the pharmacogenetics of neoplasia. It is the former gene
family that have been studied in relation to human cancer for the longest period. In the human, at
least three N-acetyltransferase (NAT) gene loci exist. One of these is probably a pseudogene,
while the two expressed genes, NAT 1 and NAT 2, are both located on chromosome 8 but are
separated by at least 25 kb (Grant, 1993). It is the NAT 2 gene locus that is involved in human
acetylation polymorphism. A schematic diagram of most of the variant alleles is shown in Figure
5.15. In this diagram the wildtype alleles are designated as R, the mutant alleles as S. These

Table 5.12 Distribution of P450IA1 Genotypes in Healthy Controls and Lung 
Cancer Patients

Modified from Hayashi et al. (1992).

Genotypes [# patients (% of total)]

Ile/Ile Ile/Val Val/Val Total

Controls 233 (65.1) 108 (30.2) 17 (4.7) 358 (100)
Lung cancer 120 (56.6) 66 (31.1) 26 (12.3) 212 (100)
Kreyberg I 66 (56.9) 34 (29.3) 16 (13.8) 116 (100)
Squamous cell carcinoma 41 (61.2) 16 (23.9) 10 (14.9) 67 (100)
Kreyberg II adenocarcinoma 54 (56.3) 32 (33.3) 10 (10.4) 96 (100)
Stomach cancer 54 (56.8) 37 (39.6) 4 (4.2) 95 (100)
Colon cancer 59 (69.4) 21 (24.7) 5 (5.9) 85 (100)
Breast cancer 65 (66.5) 29 (29.6) 4 (4.1) 98 (100)

Figure 5.12 Structure of the polymorphic site in exon 7 of the P-450IA1 gene. The cysteine residue, a
heme-binding thiolate ligand, is noted as enclosed with a box. The mutant codon is indicated by the G over
the A reflecting the transition giving rise to the valine (Val) as noted below the normal amino acid
sequence. (Adapted from Hayashi et al., 1992, with permission of authors and publisher.)
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designations also indicate the rate at which the transacetylation is catalyzed, R indicating rapid
and S slow acetylator phenotypes.

Although the mechanism of the ineffective acetylation by the mutant slow acetylator phe-
notypes is not generally known, the M1 mutant appears to cause a decrease in the amount of
NAT 2 protein in the liver because of defective translation, whereas M2 translation results in an
unstable enzyme (Blum et al., 1991).

Since N-acetyltransferases are involved in the formation of the ultimate forms of aromatic
amine carcinogens (Chapter 3), studies of the frequency of the rapid and slow acetylator pheno-
types in workers exposed to such agents became an important project. Table 5.13 shows the rela-
tionship of bladder cancer incidence in industrial chemical workers classified as to whether each
individual was a slow or rapid acetylator. From these data, workers with the slow acetylator phe-
notype were at a far greater risk of developing bladder cancer than rapid acetylators (cf. Nebert,
1991). Fettman et al. (1991) have suggested that such slow acetylators appear to be predisposed
to bladder cancer as a result of the shift in metabolism of arylamines to oxidation and glucu-
ronidation with concentration of the metabolites in the urine, thus increasing the risk of bladder
cancer. In contrast, according to these investigators, the rapid acetylator phenotype may be iden-
tified in a disproportionately large number of colorectal cancer patients presumably through the
enhanced production of mutagenic arylamides and acetoxyarylamines initiated by the N-acetyl-
transferase pathway. However, not all investigations have supported this latter concept (Probst-
Hensch et al., 1995; Oda et al., 1994). A scheme of the metabolic pathway of an arylamine
showing the two alternative paths indicated above may be seen in Figure 5.16.

Figure 5.13 Relative distribution of cumulative cigarette consumption of patients in the Ile-Val geno-
types, where the total number of patients with each of the genotypes is considered as 100%. Vertical arrow-
heads indicate mean cigarette consumption of patients with each genotype. (Adapted from Nakachi et al.,
1993, with permission of authors and publisher.)
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Another metabolic phase II pathway is the inactivation of various chemical carcinogens by
their conjugation with the tripeptide glutathione, catalyzed by glutathione S-transferase. One
form of this enzyme, termed GST1, is dominant in the population with approximately 50% of
individuals exhibiting the recessive characteristic resulting in little or no measurable GST1 ac-
tivity (Seidegård and Pero, 1985). The distribution of GST1 in lung cancer patients and appro-
priate controls expressed as a fraction or percentage of patients expressing the gene (dominant
expression) in relation to the total patients studied is seen in Table 5.14. Again, patients with
lung cancer exhibit lower proportions of the dominant gene activity than do controls.

When the expression of both genes is studied in the same population, the relative risks of
the patients bearing the mutant form of P450IA1 and the recessive expression of GST1 exhibit
extremely high relative risks, demonstrating the complexity of the genetic background of indi-
viduals and their risk of developing cancer on exposure to chemical carcinogens (Table 5.15). As
noted in Figure 5.13, the relative risks can increase to 40 or 50 when one takes into consideration
the age and total cigarette consumption.

Figure 5.14 Diagram of the wild-type (wt) and variant alleles of the human CYP2D6 8P and 7P are
pseudogenes, while 6 is the functional CYP2D6 gene. The box with a question mark may be an additional
CYP2D gene or pseudogene. The mutations that have been characterized are denoted by asterisks. X1, X2,
X3, and X4 are restriction sites (XbaI). In the 11.5 allele the functional gene is completely missing, while in
the 44 allele a large insertion (heavy bar) is present in the 5′ half of the functional CYP2D6 gene. Other
alleles are also known (cf. Shields, 1994), and a particularly interesting allele is that exhibiting a 12-fold
amplification of the functional gene resulting in an ultrarapid metabolism of the enzyme’s normal sub-
strates (Johansson et al., 1993). The major association with human cancer is the strong association of the
EM phenotype with lung cancer as shown in several studies (Caporaso et al., 1992; Hirvonen et al., 1993).
CYP2D6 polymorphism is not related to human colorectal cancer (Ladero et al., 1991a), but these individ-
uals have presented some evidence suggesting an increased risk of breast cancer among women with the
PM phenotype (Ladero et al., 1991b). (Adapted from Nebert, 1991, with permission of the author and pub-
lisher.)
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Figure 5.15 Schematic diagram of variant alleles at the NAT 2 gene locus. Identities of the nucleotides
at the six variable regions of the 870-bp NAT 2 coding sequence are indicated for the allele, R1. Deviations
from this are indicated as base changes (G, C, A, T) on each of the other alleles are as any gains and losses
of recognition sites for the various restriction endonucleases indicated. (Adapted from Grant, 1993, with
permission of author and publisher.)

Table 5.13 Acetylator Phenotypes and Industrial Bladder Cancer

Data from Cartwright et al., 1982.

Acetylator Type
Chemical
Workers

Never Chemical 
Workers

Cancer Invasiveness

Low High

Slow 22 (96%) 52 (59%) 59 14
Rapid 1 36 33 3
Total 23 88
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In addition to the above noted relationship of alterations in glutathione S-transferase I ex-
pression and lung cancer, the null or decreased expression of this gene has also been associated
with increased risk for hepatocellular carcinoma (McGlynn et al., 1995), adenocarcinoma of the
stomach and colon (Strange et al., 1991), bladder cancer (Bell et al., 1993), and mesothelioma
(Hirvonen et al., 1995). In addition, the null phenotype of the glutathione-S-transferase I gene is
associated with larger amounts of polycyclic aromatic hydrocarbon-dGMP adducts in the lungs
of smokers.

Figure 5.16 Potential pathways for the metabolism of arylamines. Abbreviations used: UDPGA, uridine
diphosphoglucuronic acid; UDP-GT, UDP-glucuronosyltransferase; PAPS, phosphoadenosine phosphosul-
fate; ST, sulfotransferase. (From Fettman et al., 1991, with permission of the author and publisher.)

Table 5.14 Distribution of Glutathione S-Transferase I in Smokers with Various 
Types of Lung Cancer and in Matched Controls

Data from Seidegård et al., 1990.

Males (+/ratio of t/total) Females (+/ratio of t/total)

Controls 70/127 (0.55) 42/65 (0.65)
Squamous cell carcinoma 21/45 (0.47) 6/17 (0.35)
Adenocarcinoma 19/61 (0.31) 9/32 (0.28)
All lung neoplasms 47/129 (0.36) 23/62 (0.37)
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Multifactorial Carcinogenesis in Animal Systems

Surprisingly, given our relatively detailed knowledge of the genomes of several murine and in-
sect species, fewer studies aimed at identifying genes whose expression modifies the develop-
ment of neoplasia have been carried out in these lower species. Studies in the mouse are perhaps
the best documented. In Table 5.16 may be seen a listing of most of the known genes that have
been found to modify the development of neoplasia in animals treated with chemical carcino-

Table 5.15 Relative Risk Estimate of the Combined Genotypes of the 
P450IA1 and GST1 Genes for Lung Cancer

Adapted from Hayashi et al., 1992.

Genotypes

P450IA1 Ile/Ile IIe/Val Val/Val
GST1 + – + – + –

Lung cancer 1.0 1.19 2.97
1.0 1.74 1.74 1.42 2.30 5.83

Kreyberg I 1.0 1.11 3.32
1.0 1.84 1.33 1.75 1.63 7.94

Squamous cell 
carcinoma

1.0 0.84 3.34
1.0 2.31 1.16 1.54 2.02 9.07

Kreyberg II 
(adenocarcinoma)

1.0 1.28 2.54
1.0 1.62 2.21 1.04 3.07 3.45

Table 5.16 Modifying Genes in Germline Genetic (GG) and Chemical (C) Carcinogenesis in Animals

Species Neoplasm(s) Carcinogen
Modifying gene, 

Locus, or Linkage Reference

Mouse Intestinal tumors Mutated APC gene 
(GG)

Mom 1 Dietrich et al., 
1993

Mouse Hepatomas Ethylnitrosourea (C) Hcs Drinkwater, 1989
Mouse Lung adenomas Urethan (C) pas (K-ras) Malkinson, 1991

Malkinson and 
You, 1994

Rat Pituitary tumors Estrogen (C) Prl-linked Shepel and 
Gorski, 1990

Mouse Plasmacytomas Tetramethyl-
pentadecan (C)

Linkage near Gt10 
on chromosome 4 
and Frgr2 on 
chromosome 1

Mock et al., 1993

Mouse Small intestinal cancer Ethylnitroso-urea 
(C)

ssic1 Fijneman and 
Demant, 1995

Rat Thymic lymphoma N-propyl-N-nitroso-
urea (C)

Tls-1, -2, -3 Ogiu et al., 1995

Rat Hepatoma Spontaneous Atp7b Wu et al., 1994
Rat Mammary carcinoma Dimethylbenz-

anthracene
Mcs Zhang et al., 

1989
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gens. In at least one instance, that of the Min mouse, a germline genetic mutation in the APC
gene (see above) is the basis for neoplastic development. In this latter case, the modifying gene
termed Mom1 has been reported to be identical to the gene for secretory type II phospholipase
A2 (Pla2s), as reported by MacPhee et al. (1995). These latter authors suggest that the modify-
ing gene acts to alter the cellular microenvironment within the intestinal crypts, thereby modify-
ing the number of polyps that develop.

A number of examples of genes, all of which have been only partially or very little charac-
terized, have been shown to alter the tumor response to the administration of one or a few doses
of a chemical carcinogen. The Hcs locus first described by Drinkwater modifies the develop-
ment of hepatomas in the liver of the mouse after ethylnitrosourea administered during neonatal
life or hepatomas that develop spontaneously. The action of the gene is to alter the rate of repli-
cation of preneoplastic hepatocytes. Manenti et al. (1994) have also reported at least five other
Hcs loci in the mouse, but the functions of these are as yet unknown. Malkinson and his associ-
ates have reported the existence of multiple pulmonary adenoma susceptibility (pas) genes that
affect the spontaneous or chemically induced numbers of pulmonary adenomas in appropriate
mouse strains (Malkinson, 1991). In studies directed towards identifying such genes, they have
presented evidence that different forms of Ki-ras proto-oncogene in which a 37-bp sequence
within the first intron of the gene is present once in the DNA of sensitive strains and twice in that
of resistant mice (Malkinson and You, 1994). The authors have considered several possible
mechanisms for the modifying action of this mutation. Fijneman et al. (1994) have also shown
that other loci within the major histocompatibility complex are likely to modify lung tumor sus-
ceptibility in the mouse as well. Susceptibility to estrogen-induced pituitary tumors in rats segre-
gates with the prolactin (Prl) gene or in some closely linked gene (Shepel and Gorski, 1990).

There have also been reported instances of enhanced spontaneous and chemically induced
neoplasia in both rats and mice exhibiting specific genotypes. One of the most extensively stud-
ied is the viable yellow gene (Avy), the expression of which increases the incidence of spontane-
ous and induced tumors in mouse strains carrying the nude (nu/nu) mutation (Chapter 15;
Stutman, 1979). In addition, mice of the C3H strain carrying the Avy gene show an extremely
high spontaneous incidence of mammary and liver neoplasms (Heston and Vlahakis, 1968). In
rats, two separate mutations not obviously related to cancer development have been shown to act
as modifiers in the development of specific neoplasms. Rats of the LEC strain bearing a deletion
in the copper transporting ATPase gene homologous to that causing Wilson’s disease (Wu et al.,
1994) in the human exhibit a high spontaneous rate of both renal and liver cancer (Izumi et al.,
1994; Ono et al., 1991). Whether this is related to the abnormality in copper metabolism must
await further investigation. Another rat strain bearing a small deletion mutation in the albumin
gene, in which homozygotes exhibit almost no measurable serum albumin, exhibit a higher inci-
dence of neoplasms of the kidney (Nagase et al., 1983) after dimethylnitrosamine administration
and of the brain after a single transplacental administration of ethylnitrosourea to homozygous
rats (Usuki et al., 1992).

Pharmacogenetics as a Multifactorial Variable in Animal Cancer

The study of multiple forms of phase I and phase II genes in animals has, for some species, been
almost as extensive as that in humans. However, the initial studies relating the metabolic activa-
tion of chemical carcinogens to specific genes was carried out in the mouse more than two de-
cades ago, when the relationship between the induction of a phase I activity, aryl hydrocarbon
hydroxylase (AHH) by the carcinogen methylcholanthrene was related to the “carcinogenic in-
dex” or susceptibility to chemical carcinogenesis of the skin in a series of inbred mouse strains.
These data are depicted in Figure 5.17. These studies stimulated investigations mentioned above
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in relation to aryl hydrocarbon hydroxylase induction in human cells in patients with lung can-
cer. Interestingly, induction of sarcomas by the subcutaneous implantation of the same carcino-
gen gave various results in relation to the aryl hydrocarbon hydroxylase activity, depending on
the dose of the carcinogen implanted (Prehn and Lawler, 1979). The genetic locus that is critical
for the environmentally induced response in these phase I genes as well as a number of phase II
genes has been termed the Ah locus. This locus codes for one member of a family of proteins
that are ligand-activated transcription factors involved in the regulation of the expression of a
number of genes. The molecular mechanisms of this regulatory process are being elucidated but
are beyond the scope of this text. The interested reader is referred to recent reviews (Swanson
and Bradfield, 1993; Okey et al., 1994).

A mutation in the cytochrome P450–metabolizing debrisoquine has been reported in the
rat (Matsunaga et al., 1989) owing to an absence of expression of the gene. No carcinogenesis
investigations have yet been carried out on this strain, but in another study (Aitio et al., 1991)—
with outbred rats administered the carcinogen diethylnitrosamine for 20 weeks—a correlation of
individual susceptibility to the development of liver cancer was related to the pattern of a num-

Figure 5.17 Relationship between the carcinogenic index (Iball index) for the induction of neoplasms in
mice by subcutaneous administration of 3-methylcholanthrene as a function of the induction of aryl hydro-
carbon hydroxylase (AHH) activity by 3-methylcholanthrene in the liver for each of 14 genetically distinct
inbred strains of mice, each indicated by a separate solid circle. The Iball index is defined as:

The carcinogenic potency (I) of a chemical is thus related to both the number (as %) of neoplasms induced
and the time required (latent period) for neoplasms to appear (Chapter 13). By this reference potent carcin-
ogens usually induce many neoplasms in a short time, whereas weak carcinogens induce fewer neoplasms
only after a prolonged period. (After Thorgeirsson and Nebert et al., 1977, with permission of the authors
and publisher.)

I tumor yield (%)
latent period (days)
---------------------------------------------- 100×=
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ber of cytochrome P450 gene products. This relationship was most accentuated at low dose lev-
els and thus was felt to be a closer reflection of human exposure.

Several phase II genes have also been investigated in rodents, but most extensively investi-
gated and compared with the human are the N-acetyltransferases. Polymorphic forms of slow
and rapid acetylator phenotypes have been described in the hamster (Ferguson et al., 1994),
mouse (Chung et al., 1993), rabbit (Sasaki et al., 1991), and rat (Hein et al., 1991). Mutations in
the hamster are somewhat analogous to those seen in the human, but those in the rabbit appear to
be quite different. McQueen et al. (1982) demonstrated that, in hepatocytes from rapid and slow
acetylator rabbits maintained in culture and treated with hydralazine, DNA repair was present in
cells from the slow acetylators but not in those from the rapid acetylators. This suggested a po-
tential difference in the susceptibility to amine carcinogens as well. A similar result was seen in
hepatocytes of rapid and slow acetylator strains of mice treated with aminofluorene (cf. Weber
and Hein, 1985).

GENETIC CARCINOGENESIS: THE KEY TO UNLOCKING THE SECRETS 
OF CANCER?

From this overview, the student will hopefully appreciate that the explosion in our knowledge of
genetic mechanisms is reflected in a dramatic increase in our understanding of neoplasia and its
genesis. In the remainder of this text, there are numerous other examples verifying this state-
ment. However, as indicated earlier in this chapter, germline genetic alterations do not constitute
the major cause of neoplasia in the human, although especially the multifactorial, polygenic area
may be involved in the causation of a great percentage of all human cancer. The next chapter
views the genetics of neoplasia not from the germline but from the inheritance of somatic cells.
This process, as we have noted from our definition of neoplasia (Chapter 2), is ubiquitous, and
much of our knowledge of somatic cell genetics has now evolved from the genetic revolution of
the latter part of this century.
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6
The Etiology of Cancer: Somatic Cell Genetics

While germline genetic factors are likely to be involved as major causes in the genesis and de-
velopment of 20% or more of human cancers, it is now evident that genetic alterations in so-
matic cells occur in virtually all neoplasms. A somatic mutation results in a hereditary alteration
in the non-germ cells of the mature or maturing organism. Although this definition does not re-
quire that the heritably transmitted change necessarily be due to an alteration in the genome it-
self, epigenetic alterations that result in the neoplastic transformation are not usually considered
as mutations.

Early in this century Theodore Boveri (1914), after extensive studies of the mitotic appara-
tus and chromosomes of both normal and neoplastic cells, proposed that cells of malignant neo-
plasms possess the uniform characteristic of abnormal karyotypic morphology. Such
abnormalities might reside in the mitotic apparatus as well as in the structure and/or chromo-
somes themselves. While Boveri’s thesis lay almost dormant until the revolution in molecular
genetics during the last several decades, today it is apparent that his original thesis probably
applies to virtually all known neoplasms. A number of studies over the years have reported nor-
mal karyotypes in both human (Tseng and Jones, 1969; Joensuu et al., 1986; Mitelman, 1981)
and animal neoplasms (Mitelman, 1974; Nowell et al., 1967), but more recent studies have ques-
tioned the significance of “normal” karyotypes in malignant cells. While nearly one-third of
more than 300 cases of acute lymphoblastic leukemia exhibited normal karyotypes, as evidenced
in a workshop in 1980 (Mitelman, 1981), more recent advances have questioned the normalcy of
earlier studies (Yunis, 1984; Misawa et al., 1988). In addition, more extensive investigation of
“diploid” transplantable hepatomas in rats (Wolman et al., 1973) did not confirm earlier reports
of normal karyotypes in these solid tumors. Thus, it is likely that with refinement of cytogenetic
methods, virtually all malignant neoplasms will be found to exhibit abnormal karyotypes, as
Boveri postulated.

TYPES OF STRUCTURAL MUTATIONS: SOMATIC AND 
GERMLINE GENETICS

We have already noted (Chapter 5) that a variety of different types of mutations including chro-
mosomal deletions may result in germline inherited cancer predisposition. However, the variety
of known genetic mutations that can be found in neoplastic cells is quite extensive and likely to
be expanded as more detailed knowledge of structural alterations in DNA occurs. Table 6.1 lists
structural mutations in genes that may result in the alteration of genetic expression, the hallmark
of the “relative autonomy” of our original definition of neoplasia (Chapter 2). While “silent”
mutations occur, even some of these may lead ultimately to alterations in expression and/or reg-
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ulation of genetic information (Shub and Goodrich-Blair, 1992). The events listed in Table 6.1
may potentially occur in most genes, but they are most relevant to the expression and function of
genes that play a significant role in the neoplastic transformation, i.e., proto- and cellular onco-
genes and tumor suppressor genes. Although we have discussed several of these genes already
(Chapters 4 and 5), their characteristics are reviewed in Table 6.2. Point mutations in genes can
lead to structural alterations in the gene product that change its function, as in the case of the ras
proto- and cellular oncogenes that code for G proteins important in signal transduction (Chapter
7). Dominant negative mutations (Herskowitz, 1987) result in a new gene product that interferes
with the function of the normal gene product, which is encoded by the remaining normal allele.
Probably the most common somatic mutation in neoplasia involves structural alterations in
genes that govern chromosomal alterations, insertional mutagenesis, and gene amplification (Ta-
ble 6.1). In fact, the frequency of the latter type of mutations is significantly higher than that of
point mutations in cells (Holliday, 1991). Dynamic mutations are the result of changes in the
copy number of repeated sequences within genes. In the fragile X syndrome, there is more than
a fourfold increase in the number of CGG repeats within the coding sequence of a specific X-
linked gene, the FMR-1 gene (Fu et al., 1991). This syndrome is a leading cause of mental retar-
dation worldwide (Nelson, 1995) and has been associated with a possible increase in neoplastic
disease (Cunningham and Dickerman, 1988). On the other hand, fragile sites—i.e., regions of
chromosomes exhibiting instability toward breakage in the presence of antifolates, ionizing radi-
ation—and certain carcinogens have been related to chromosomal rearrangements commonly

Table 6.1 Structural Mutations in Genes That Result in Altered Gene Expression

Event Consequence Examples

Base mutation or deletion in 
coding sequences

New gene product with altered 
activity

Hormone independence
Activation of tyrosine kinase 

activity
Dominant negative mutations

Base mutation or deletion in 
noncoding sequences

Altered regulation of expression 
and function of normal gene 
product

Transcriptional regulation
Activation of proto-oncogene

Frameshift mutations Altered or deleted gene product Loss of gene product
Insertion or substitution with 

repetitive DNA elements 
(“transposons”) or “external”
DNA

Altered regulation of gene ex-
pression

Loss of gene product or altered 
transcription

Chromosomal translocation Altered mRNA, new gene prod-
uct, altered regulation of gene 
expression

bcr-abl gene fusion
c-myc regulation

Dynamic mutations (increase in 
repeated sequences)

Blockage of transcription Fragile X syndrome, Kennedy 
disease

Recombination
Somatic crossing over
Gene conversion

Change or block in transcription 
rate

Gene disruption
Genetic instability

Gene amplification Increased expression of normal 
gene

Human cancers
Drug resistance

Hyper- or hypomethylation of 
regulatory sequences in genes

Altered regulation of gene 
expression, normal gene 
product

Developmental gene expression
Genomic imprinting
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seen in a variety of different types of neoplasms (Yunis and Hoffman, 1989; De Braekeleer et al.,
1985). These mutations are to be distinguished from those induced by “mutator” genes, which
cause microsatellite instability resulting from a lack or alteration of “mismatch” DNA repair
(Chapter 3). Although mutations in such genes have been linked to the germline inheritance of
nonpolyposis colon cancer, somatic mutations in these “mutator” genes occur as somatic muta-
tions in colon and other neoplasms (Rüschoff et al., 1995). Recombinatorial events are many
times associated with chromosomal alterations but may occur within the individual chromo-
some, as evidenced by various rates of sister chromatid exchange in both normal (Elbling and
Colot, 1986) and neoplastic (Slavutsky et al., 1984) cells.

Theoretically, somatic mutations may reflect any one or several of the mutations (Table
6.1) occurring within a single cell. Furthermore, spontaneous mutations occur in somatic cells
quite frequently (Chapter 3; Bridges et al., 1994). In studying somatic mutations in neoplastic
cells, until recently the principal evidence for the occurrence of somatic mutations in neoplasia
was the presence of chromosomal abnormalities. The expansion of methods and increased knowl-
edge of gene structure have now made it possible to identify point, frameshift, and small deletion
mutations in individual genes involved in carcinogenesis, i.e., oncogenes and tumor suppressor
genes. However, the major dilemma in the importance of somatic mutagenesis in neoplastic dis-
ease is whether such mutations are the result or the primary cause of the neoplastic process.

BASE, FRAMESHIFT, AMPLIFICATION, AND INSERTIONAL OR 
SUBSTITUTIONAL MUTATIONS IN SPECIFIC GENES IN SOMATIC CELLS 
AS FACTORS IN NEOPLASTIC DEVELOPMENT

Somatic Mutations in Proto- and Cellular Oncogenes

With the advent, during the last two decades, of a clearer understanding of primary target genes
for the action of carcinogenic agents, the search for mutations within specific genes has ad-
vanced dramatically. Prior to the development of modern methods of DNA sequencing and the
use of the polymerase chain reaction (PCR), analysis of specific mutations in oncogenes was
determined by indirect methods followed by specific sequencing. This procedure was first exem-
plified by demonstrating that the Ha-ras-1 proto-oncogene bearing a single base substitution in

Table 6.2 Characteristics of Proto-Oncogenes, Cellular Oncogenes, and Tumor Suppressor Genes

From Pitot, 1993, with permission of publisher.

Proto-Oncogenes Cellular Oncogenes Tumor Suppressor Genes

Dominant Dominant Recessive
Broad tissue specificity for can-

cer development
Broad tissue specificity for can-

cer development
Considerable tissue specificity 

for cancer development
Germline inheritance rarely 

involved in cancer 
development

Germline inheritance rarely 
involved in cancer 
development

Germline inheritancy frequent-
ly involved in cancer 
development

Analogous to certain viral 
oncogenes

No known analogs in oncogenic 
viruses

No known analogs in oncogenic 
viruses

Somatic mutations are activated 
during all stages of neoplas-
tic development

Somatic mutations activate dur-
ing all stages of neoplastic 
development

Germline mutations may be ini-
tiated, but mutation to neo-
plasia occurs only during the 
stage of progression
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the 12th codon resulted in the substitution of valine for glycine in the mutated gene product.
Initial evidence for this alteration came from studies of transfection of DNA from the human
bladder carcinoma cell line, T24, transfected into mouse 3T3 cells, which resulted in their mor-
phological transformation (Chapter 9; Tabin et al., 1982). The transfection assay became a
method for the rapid screening of “activated” proto-oncogenes in neoplasms. When such activa-
tion was discovered, analysis of mutations in candidate proto- and cellular oncogenes could be
determined by more detailed nucleic acid sequence methods.

It has now become apparent that the Ha-ras-1 proto-oncogene is only one of a family of
genes coding for G proteins whose function is involved in the mediation of signal transduction
pathways (Chapter 7). Several other ras proto- and cellular oncogenes have been studied (Tables
6.3 and 6.4), but the most extensive investigations into the structure and effects of mutations on
the protein function have been carried out on the Ha-ras-1 proto-oncogene and its product. Fig-
ure 6.1 shows a ribbon drawing of the Ha-ras-1 (p21) proto-oncogene product showing the
loops (λ1-10) and helices (shown as multilined bands). The positions of important amino acid
residues are labeled for orientation, as noted in the figure. Most of the known mutations in the
ras gene family occur in codons 12, 13, and 61 (Bos, 1989). While the details of how amino acid
substitutions at these positions affect the function of the p21 molecule have not been completely
clarified (Bokoch and Der, 1993), such mutations cause a loss of the ability of the p21 protein to
become inactivated, thus resulting in a constant stimulation of the signal transduction path-
way(s) resulting in cell growth, cell function, or cell differentiation on a constitutive basis (cf.
Kiaris and Spandidos, 1995). Through such a mechanism, mutations at codons 12, 13, or 61
would thus confer a proliferative advantage to the cell bearing such mutations, allowing its se-
lective overgrowth and overfunction in a general population of its normal peers.

Since the ras proto- and cellular oncogene family has been most extensively studied, most
investigations have observed specific mutations in one member of this family. Table 6.3 lists
examples of human and animal neoplasms in which 50% or more of the tumors exhibited a mu-
tated oncogene. This is not meant to imply that other lesions exhibited no evidence of such mu-
tations. Rather, one finds that in the majority of human neoplasms as well as many animal

Table 6.3 Somatic Mutations in Proto-Oncogenes in Neoplasms

Neoplasm
Oncogene
Mutated Percent Reference

Human
Colon carcinoma c-Ki-ras 60% (37/61) Burmer et al., 1991
Lung adenocarcinoma (in smokers) c-Ki-ras 80% (8/10) Reynolds et al., 1991
Pancreas adenocarcinoma c-Ki-ras 92% (35/38) Nagata et al., 1990
Cholangiocarcinoma c-Ki-ras 50% (9/18) Tada et al., 1992
Thyroid adenomas N, c-Ha, c-Ki-ras 85% (25/25) Shi et al., 1991
Thyroid follicular carcinomas N, c-Ha, c-Ki-ras 50% (8/16) Shi et al., 1991
Acute myelogenous leukemia N-ras 19–70% Bos, 1989

c-fms 100% (28/28) Dubreuil et al., 1988
Animal
Hepatoma (mouse, B6C3F1 strain) 

(spontaneous)
c-Ha-ras 65% (67/103) Anderson et al., 1992

Mammary carcinoma (methylnitro-
sourea-induced)

c-Ha-ras 87% (61/70) Anderson et al., 1992

Epidermal neoplasms (dimethylbenz-
anthracene-induced

c-Ha-ras 95% (58/61) Anderson et al., 1992
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tumors similar mutations may be found. In humans an average of 5% to 10% of all neoplasms
exhibit mutation(s) in at least one oncogene studied (Nishimura and Sekiya, 1987). However,
several human neoplasms including some sarcomas (Castresana et al., 1993), adrenal neoplasms
(Moul et al., 1993), and neuroendocrine neoplasms of the lung (Wagner et al., 1993) are not
associated specifically with mutations in ras oncogenes. While spontaneous hepatomas arising
in the B6C3F1 strain exhibited a high incidence (65%) of mutations in the c-Ha-ras gene, other
mouse strains having a lower incidence of spontaneous liver tumors, including the C57BL/6J
and BALB/c strains, possess few if any such mutations in hepatomas arising spontaneously
(Buchmann et al., 1991). Interestingly, Sugio et al. (1994) indicated that mutations in the c-Ki-
ras gene occurred relatively late in the development of lung cancer, since early lesions did not
exhibit these mutagenic changes. c-Ki-ras mutations may be found in normal colonic mucosa in
the human (Ronai et al., 1994) as well as in very early lesions prior to the appearance of frank
cancer (Smith et al., 1994).

Proto- and cellular oncogenes other than those of the ras family may also be found in a
variety of human neoplasms, as exemplified in Table 6.4. While many of the changes noted in
the table were reported only in single cases, the variety of mutation type and loci involved exem-
plify the extent of such changes in the human. A number of examples of amplification of proto-
oncogenes have been described. Similarly, mutations in proto-and cellular oncogenes other than
the ras gene family have also been reported in lower animals including c-myb (Shen-Ong and

Table 6.4 Activation of Human Proto- and Cellular Oncogenes

Modified from Martin-Zanca et al., 1986. The last three genes, hst, ROS1, and gsp are from the reports by
Terada et al., 1990; Birchmeier et al., 1987; and Lyons et al., 1990.

Gene

Activation as Oncogenes
Mechanism of 

activationType of tumor Frequency

dbl Diffuse B-cell lymphoma Single case Unknown
erbB-1/HER Glial tumors, A431 cells 5–10% Amplification
erbB-2/neu Adenocarcinomas, several organs 5–10% Amplification
mas Activated during gene transfer Single case Rearrangement
mcf-3/ros Activated during gene transfer Single case Rearrangement
mel Melanoma Single case Unknown
met MNNG-HOS cells Single case Translocation and 

rearrangement
myb AML, COLO 201 cells Isolated cases Amplification
L-myc Small cell lung carcinoma 20%a Amplification
N-myc Neuroblastomas stages III and IV 50% Amplification
raf-1 Stomach cancer, glioblasts Isolated cases Rearrangement
H-ras Several carcinomas 1–5% Point mutation
K-ras Most types of tumors

Lung and bladder carcinomas
10–15%

1%
Point mutation
Amplification

N-ras Leukemias, other types of tumors 5–25% Point mutation
ret Activated during gene transfer Single case Rearrangement
trk Colon carcinoma Single case Rearrangement with 

tropomyosin
hst Esophageal cancer >50% Amplification
ROS1 Glioblastoma cell line Single case Rearrangement
gsp Pituitary adenoma 18% Point mutation
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Wolff, 1987), the neu activated in rat neoplasms of the central nervous system (Perantoni et al.,
1994), and the Spi-1 cellular oncogene in murine erythroleukemia (Moreau-Gachelin, 1994).

Somatic Mutations in Tumor Suppressor Genes

As indicated by our earlier discussions (see above), somatic mutations in tumor suppressor
genes will effect the neoplastic transformation only if both alleles of the suppressor gene are
affected. Because of the relative tissue specificity of neoplasms developing in patients with
germline mutations in these genes, one might expect that a similar specificity would be found in
somatic mutations. In part this is true, as noted earlier (Chapter 5) by somatic mutations seen in
up to 56% of clear-cell renal carcinomas (Shuin et al., 1994; Foster et al., 1994); but no muta-
tions were found in non-clear-cell renal carcinomas. In addition, about 20% of sporadic central
nervous system hemangioblastomas, benign neoplasms often associated with the von Hip-
pel–Lindau (VHL) syndrome, also exhibit somatic mutations in the VHL gene (Kanno et al.,
1994). Similarly, mutations in the APC tumor suppressor gene of hereditary familial polyposis
are seen in about 60% of esophageal and gastric cancers in the human (Tahara, 1995).

Somatic mutations in tumor suppressor genes have been most extensively investigated in
the Rb (retinoblastoma) (Table 6.5) and p53 tumor suppressor genes. A surprisingly high fre-
quency of mutations has been noted in the Rb gene in a number of different neoplasms in the
human. As noted in the table, several of these determinations have been made through the use of
the Southern blot analyses in which allelic loss (loss of heterozygosity, or LOH) can be deter-
mined (Chapter 5). Specific point mutations have not been determined in most instances, and the
majority of changes are seen in carcinomas rather than benign neoplasms as exemplified by the
virtual absence of Rb mutations in parathyroid adenomas (Cryns et al., 1994). The presence of
deletions within the promoter region of the Rb gene in prostatic carcinomas, as reported by
Bookstein et al. (1990), was later not confirmed by Sarkar et al. (1992). Osteosarcomas are the
most common second malignancy found in individuals with hereditary retinoblastoma. A loss of

Figure 6.1 Schematic representation of the three-dimensional structure of the ras protein. In the figure,
loops and several important amino acid residues are labeled, including glycine-12 and glutamine-61. (After
Pai et al., 1989, with permission of the authors and publisher.)
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heterozygosity for chromosome 13 probes has been observed in individuals with osteosarcoma,
whether or not these patients had a previous history of retinoblastoma (cf. Benedict et al., 1990).
In a series of some 30 cases of primary osteosarcoma, 13 exhibited structural abnormalities in
the Rb gene (Toguchida et al., 1988). Other sporadic soft-tissue sarcomas exhibited somatic mu-
tations in the Rb gene (Weichselbaum et al., 1988) with the exception of childhood rhabdomyo-
sarcomas (De Chiara et al., 1993). However, in osteosarcomas arising in mixed gonadal
neoplasms, somatic mutations in Rb are unusual (Reuvekamp et al., 1992). Thus, somatic muta-
tions in the Rb tumor suppressor gene have been reported in a number of nonocular neoplasms.
This phenomenon is even more extensively seen in the p53 tumor suppressor gene.

Somatic Mutations in the p53 Tumor Suppressor Gene

Somatic mutations in the p53 tumor suppressor gene in human cancer have been seen more com-
monly than somatic mutations in any other single gene. About half of all cases of human cancer
studied exhibit somatic mutations in the p53 gene (Harris, 1993), including nearly 70% of col-
orectal cancers, 50% of lung cancers, and 40% of breast cancers (Culotta and Koshland, 1993).
As Harris (1993) has noted, mutations in the p53 tumor suppressor gene are different from those
seen in other tumor suppressor genes. Whereas Rb and APC are commonly inactivated by non-
sense mutations, causing truncation or instability of the protein, more than 90% of the mutations
in the p53 tumor suppressor gene are missense mutations, transitions, or transversions that result
in a change of an amino acid within the protein. Such changes may alter the conformation and
increase the stability of the protein. This observation has led a number of authors to utilize im-
munohistochemistry of tissue slices with antibodies specific to a mutant p53 protein to obtain
evidence for presumed mutation in the p53 gene (Bartek et al., 1991; Zusman, 1995). Guinee et
al. (1995) extended these studies, demonstrating that enhanced immunohistochemical staining
for p53 correlated predominantly with the presence of missense mutations in specific exons
(5–8) of the p53 gene. The p53 protein consists of 393 amino acids with functional and evolu-
tionarily conserved domains (Harris, 1995). A diagram of the relative frequency of mutations at
specific sites in the human p53 tumor suppressor gene is seen in Figure 6.2. The majority of
missense mutations occur in the conserved hydrophobic region, while nonmissense mutations
are distributed throughout the protein. Direct mutagenesis of p53 cDNA by benzo[a]pyrene di-

Table 6.5 Somatic Mutations in the Rb Tumor Suppressor Gene

*LOH = loss of heterozygosity

Type of Neoplasm Species Frequency Mutation(s) Reference

Colorectal carcinoma Human 35% LOH,* amplification Meling et al., 1991
Esophageal

Squamous cell carcinoma Human 54% LOH Boynton et al., 1991
Adenocarcinoma Human 36%

Lung, small cell carcinoma Human 30% LOH, deletion Hensel et al., 1990
Lymphomas Human 5% rearrangement Ginsberg et al., 1991
Mammary carcinoma Human 59% LOH Tamura et al., 1994
Osteosarcoma Human 43% structural changes in 

Rb gene
Toguchida et al., 1988

Parathyroid carcinoma Human 100% allelic loss Cryns et al., 1994
Prostate carcinoma Human 1 of 7 deletion within pro-

moter region
Bookstein et al.,1990
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olepoxide and the epoxide of aflatoxin B1 results in G:C-T:A transversions in a number of loca-
tions in the conserved region by the diolepoxide and a similar change with the ultimate form of
aflatoxin. These mutations were localized to a considerable extent to codon 249 (Puisieux et al.,
1991), but this codon was not a target for the benzo[a]pyrene diolepoxide. Interestingly, in hepa-
tocellular carcinomas developing in individual regions of the world where aflatoxin B1 exposure
is endemic, a similar transversion in codon 249 was noted (Hsu et al., 1991). A diagram of the
proportion and types of various mutations seen in a number of cancer types as well as the distri-
bution of p53 mutations in general is given in Figure 6.3. As noted in the figure, there are dis-
tinct, different distributions of the various types of mutations in each of the types of cancer
depicted. This is particularly notable in colon cancer, which develops in adenomatous polyposis
coli in patients exhibiting a germline mutation in APC, compared with sporadic colon cancer
where only somatic mutation in this gene is presumably involved. The proportions of the transi-
tion mutations G:C to A:T at CpG dinucleotide positions where the C is presumably methylated
are quite different in colon and lung cancer. Rideout et al. (1992) have suggested that this indi-
cates a more important role for endogenous mutagens in colon cancer than in lung cancer, where
presumably exogenous tobacco smoke is the primary carcinogenic factor.

In later chapters (Chapters 9 and 15) the molecular functions of p53 and other tumor sup-
pressor genes are considered. However, it is obvious that this gene in particular is the target for a
variety of exogenous and endogenous mutagens. It is also clear that many other somatic muta-
tions may occur in both oncogenes and tumor suppressor genes, and it is unlikely that any single
mutation in any single gene is the ubiquitous lesion that leads directly to cancer.

Somatic Mutations of the p53 Tumor Suppressor Gene in 
Experimental Neoplasia

Concurrent with the extensive work done on the somatic mutations in the p53 tumor suppressor
gene in humans, a number of animal systems have been investigated in a similar manner. Fortu-
nately, the gene and protein structure of p53 is conserved within the mammalian kingdom, and
thus reagents can be used to some extent across species. Table 6.6 lists a number of studies in
rats and mice in which mutations have been discovered and for the most part characterized as to

Figure 6.2 Schematic representation of the p53 molecule. The protein extending from the amino termi-
nus (N) on the left to the carboxy terminus (C) on the right is diagramed with its functional and evolution-
arily conserved domains. The numbers indicate the codons where a very high incidence of mutation
(mutational hot spots) occurs. (Adapted from Harris, 1995, with permission of the author and publisher.)
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Figure 6.3 Proportions of various types of somatic mutations in the p53 tumor suppressor gene in a
large number of cancers [upper left, p53 (n = 1312)] and in several types of neoplasms. The numbers in
parentheses next to the type of cancer and p53 indicate the numbers of mutations. (Adapted from Harris
and Hollstein, 1993, with permission of the authors and publisher.)
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specific codons and base changes. Numerous other studies have examined the immunohis-
tochemical staining of p53 in tissue sections, but since this is not an absolute method for identi-
fying somatic mutations in the gene, these are not included here.

As can be noted from the table, the frequency of mutations in the various systems shown
ranges from very high to less than 10% of the neoplasms examined. Since almost all of these
examples are from neoplasms resulting from chemical carcinogenesis, the sequence alterations
are of significance. Interestingly, aflatoxin B1 administered to rats does not induce mutations at
codon 249 (Hulla et al., 1993) such as seen in p53 from humans exposed to this carcinogen (Fig-
ure 6.3). Furthermore, p53 mutations are virtually absent from mouse liver tumors, either sponta-
neous or chemically induced (Kress et al., 1992a; Goodrow et al., 1992; Rumsby et al., 1994), as
well as from neoplasms induced in rat liver by a peroxisome proliferator that has no known di-
rect covalent interaction with DNA (Smith et al., 1993a). In addition, administration of nickel
subsulfide and iron, a mixture carcinogenic for the rat kidney, resulted in neoplasms that did not
exhibit mutations in the p53 gene (Weghorst et al., 1994). Thus, for a number of chemical carcin-
ogens, the p53 tumor suppressor gene is either not a target or one that is hit only in frequently,
although it is possible that the p53 gene is mutated often but not selected for in these tumors.

SOMATIC MUTATIONS AS REFLECTED BY CHROMOSOMAL ABERRATIONS

Quantitatively, neoplasia is a disease more commonly seen in older individuals (Chapter 9), and
there is ample evidence to indicate that both point mutations (Lee et al., 1994) and chromosomal
aberrations increase with age (Nisitani et al., 1990; Liu et al., 1994). Despite this correlation, the

Table 6.6 Somatic Mutations of the p53 Tumor Suppressor Gene in Experimental Carcinogenesis

Organ/Species Carcinogen Mutation Frequency Reference

Bladder/rat FANFT Missense, non-
sense frameshift

7.4% Asamoto et al., 
1994

Epidermis/mouse Benzo[a]pyrene G to T transversion 60% Ruggeri et al., 
1993

Epidermis/mouse UV radiation C to T transition 20–30% Kress et al., 1992b
van Kranen et al., 

1995
Epidermis/mouse β radiation Point, insertion, 

deletion
47% Ootsuyama et al., 

1994
Kidney/rat Ethylnitrosourea 

(transplacental)
G to T transversion 75–100% Ohgaki et al., 1992

Liver/rat Choline-deficient diet Point, deletion 73% Smith et al., 1993b
Liver/rat Acetylaminofluorene Point 31% Ho et al., 1995
Liver/rat Aflatoxin B1 ? 20% Lilleberg et al., 

1992
Lung/mouse Methylene chloride ? 8% Hegi et al., 1993
Mammary

HAN/mouse
Spontaneous Point, deletion, 

insertion
3/5 Jerry et al., 1993

Thymic lymphomas/
mouse

Methylnitrosourea or γ
radiation

Point 4/30 Brathwaite et al., 
1992

Zymbal gland/rat 2-amino-3-methylimid-
azo[4,5-f]quinoline

Point, deletion 4/15 Makino et al., 
1992
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genome of most species is reasonably stable throughout their lifetime, and there is little if any
evidence that the aging process is itself carcinogenic (Chapter 8). Even so, the search for so-
matic mutations that are characteristic of neoplasia amidst the apparent randomness of back-
ground mutations has been the goal of many investigators since the time of Boveri. This search
was initially rewarded by the demonstration of a specific chromosomal change associated with a
specific neoplasm, chronic myeloid leukemia in humans, by Nowell and Hungerford (1960).
This condition is a neoplasm of polymorphonuclear leukocytes, is chronic in that the neoplastic
cells are reasonably well differentiated, and the disease has a relatively protracted course. The
original observation of an abnormally small G group (chromosomes 21 and 22) led to later stud-
ies that confirmed it to be chromosome 22 with an abnormal shortening of the long arm of the
chromosome. The resultant chromosome has been termed the “Philadelphia” chromosome (Ph1)
after the city where it was first described. The Ph1 chromosome occurs in over 90% of patients
with chronic myeloid leukemia (CML). It has also been reported in about 20% of adults with
acute lymphoblastic leukemia (ALL), 5% of children with ALL, and about 2% of adults with
acute myeloid leukemia (AML) (Barton and Westbrook, 1994).

In 1973 Rowley reported that the “shortening” of the long arm of chromosome 22, resulting
in the Ph1 chromosome, was actually the result of a translocation of this chromosomal segment to
the long arm of chromosome 9. In Figure 6.4 may be seen an artist’s representation of this trans-
location. Later studies by Geraedts and Van der Ploeg (1980) showed that the translocation is not

Figure 6.4 Diagram of chromosome translocation in chronic myeloid leukemia. The break occurs in
chromosomes 9 and 22 in the area of the dotted lines. The translocation chromosome 9 is labeled 9q+
because of the additional genetic information on the long arm (q), extending it to a greater length than
normal. Conversely, the translocation chromosome 22q-(Ph1) exhibits a shortening of the long arm because
the translocated segment of chromosome 9 is smaller than that translocated from chromosome 22 to
chromosome 9. (Adapted from Rowley, 1990b, with permission of the author and publisher.)
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accompanied by any measurable loss in the DNA of the two chromosomes involved. Studies after
Rowley’s initial observation indicated that, while a majority of translocations resulting in the Ph1

chromosome are to chromosome 9q, translocations to other chromosomes have been seen, in-
cluding 12q, 17q, and 19q as well as more complex rearrangements (Sandberg, 1980).

In 1982 the Abelson (abl) proto-oncogene was localized to chromosome 9 by DeKlein and
his associates. In 1984 Groffen and his associates cloned the translocation breakpoint. In these
studies it was demonstrated that the abl gene translocated from chromosome 9 to 22, and the
region of the breakpoint on chromosome 22 was limited to a small 5.8-kb region termed bcr
(breakpoint cluster region). Thus, the gene on chromosome 22 in which this breakage occurs
bears the terminology, bcr. As a result of the translocation, there is produced a chimeric bcr-abl
fusion gene. A diagram of the genes at the breakpoints and on the translocated chromosomes is
seen in Figure 6.5, which shows two translocation schemes. In A, the resultant protein has a
molecular weight of 210,000, while in B the resultant protein is smaller, 190,000 Da (Rowley,
1990a; Barton and Westbrook, 1994). As noted, the breakpoints involve the 5′ region of the abl
proto-oncogene, but the bcr gene is cleaved nearer the middle of the gene in the small p210
fusion gene. In the smaller p190 fusion gene, the bcr breakpoint is in the first intron of the bcr
gene (Barton and Westbrook, 1994). Although the normal abl protein has relatively weak ty-
rosine kinase activity, the protein product of the fused gene exhibits a much stronger tyrosine
kinase activity (cf. Barton and Westbrook, 1994). Nearly 98% of CML cases exhibit the break-
point patterns seen in Figure 6.5. In the remaining 2%, other aberrant transcripts have been re-
ported (cf. Barton and Westbrook, 1994). None of the different CML fusion genes examined to
date have a breakpoint in the c-abl gene of chromosome 9 at exactly the same location. The
breakpoints appear to be distributed more or less at random within the 5′ region of the c-abl gene
(cf. Groffen and Heisterkamp, 1989).

Figure 6.5 A. Map of the BCR/ABL fusion gene seen in CML and some adult patients with ALL. The
breakpoint has occurred between the third and fourth exons included in the BCR region. These are equiva-
lent to exons 11 and 12 in the bcr gene. The chimeric mRNA is diagramed below the gene. B. Map of the
fusion gene in some ALL patients showing the breakpoint in the first intron of the bcr gene. The breakpoint
in the abl gene is identical with that seen in CML in this example. The mRNA is much smaller than that
seen in CML. (Adapted from Rowley, 1990b, with permission of the author and publisher.)
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The importance of the presence of the BCR/ABL fusion gene in CML is exemplified by
the finding that even in patients lacking an identifiable Ph1 chromosome, a number do exhibit
the fusion gene probably representing an interstitial insertion or bcr rearrangement (cf. Dobrovic
et al., 1991). Patients not exhibiting the fusion gene in the absence of a Ph1 chromosome usually
exhibit atypical disease features and a more rapid and progressive course (cf. Dobrovic et al.,
1991; Barton and Westbrook, 1994). The exact mechanism by which the BCR/ABL fusion gene
is related to the neoplastic transformation in CML is not clear. Recently, the function of the bcr
gene was reportedly to encode a GTPase-activating protein whose function is involved with that
of several proto-oncogenes, especially the ras gene family (Diekmann et al., 1991). Thus, the
BCR/ABL protein may function to form a complex of an intrinsic GTPase-activating signal
transduction pathway with an activated protein tyrosine kinase, both of which functions have
been implicated in carcinogenesis (Chapter 16).

KARYOTYPIC CHANGES IN NEOPLASIA: RANDOM AND NONRANDOM

Prior to the discovery of the Philadelphia chromosome, no specific pattern of chromosomal ab-
normalities in neoplasia had been observed. This is the likely reason that Boveri’s initial pro-
posal was generally disregarded. However, following Rowley’s observation of the translocation
resulting in the formation of the Philadelphia chromosome in CML, investigators employed
newer techniques to determine whether any karyotypic changes were specific to one or more
histogenetic types of neoplasms.

Figure 6.6 portrays the chromosomes of the human karyotype, indicating positions of cer-
tain proto- and cellular oncogenes and tumor suppressor genes as well as sites of translocations,
deletions, trisomies, and inversions. The banding pattern seen is that of a single chromatid of
each of the chromosomes from the human karyotype. All of the chromosomes, including those
which as yet have not been involved in the genesis of any specific histogenetic neoplasm, are
represented in the figure. As noted in the figure, most of the neoplasms associated with translo-
cations, inversions, or deletions are leukemias. The reason for this is technical, in that examina-
tion of the karyotypes of leukemic cells is much easier than of the karyotypes of solid
neoplasms. However, the figure also shows chromosomal alterations characteristically seen in
several sarcomas as well as epithelial neoplasms. In most of the examples, the percentage of
patients exhibiting the specific chromosomal abnormality is less than 50%. However, in a num-
ber of neoplasms the chromosomal abnormality is characteristically greater than 50%, as noted
in Table 6.7.

Since it is the leukemias and lymphomas that have revealed the most consistent and easily
studied chromosomal aberrations, detailed investigations of a number of chromosomal translo-
cations analogous to the Ph1 chromosome have been carried out and in turn have served as mod-
els for similar chromosomal aberrations in neoplasms of diverse types (Figure 6.6 and Table
6.7). Here three examples of structural aberrations occurring in a high percentage in specific
neoplasms are considered in more detail.

The 8:14 Translocation in Burkitt Lymphoma

Burkitt lymphoma is endemic in certain parts of the continent of Africa (Chapter 11). A variant
form of this disease is seen in the North American continent and other parts of the world. As
noted from Table 6.7, an extremely high proportion of individuals with this disease exhibit a
specific chromosomal translocation. A diagram of the translocation is seen in Figure 6.7; the
translocation involves a disruption of two genes involved in the breakpoint. These are c-myc
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Table 6.7 Nonrandom Chromosome Abnormalities in Malignant Diseases

Key: AML, acute myeloblastic leukemia; AMMoL-M4Eo, acute myelomonocytic leukemia with abnormal eosinophils;
APL-M3, M3V, hypergranular (M3) and microgranular (M3V) acute promyelocytic leukemia; CML, chronic myelo-
genous leukemia.
The references for the solid tumors are noted in the table. The findings in leukemias are taken from Rowley, 1990.

Disease Chromosome Abnormality Percent of Patients

Leukemias
CML t(9;22)(q34;q11) ~100
CML blast phase t(9;22)(q34;q11) with +8, +Ph1, +19, 

or I(17q)
~70

APL-M3, M3V t(15;17)(q22;q11-12) 60–100
AMMoL-M4Eo inv(16)(p13q22) or t(16;16)(p13;q22) 100 (25% of M4)
Therapy-related AML –7 or del(7q) and/or –5 or del(5q) 90

Solid tumors
Small-cell lung carcinoma del(3p14-23) ~90%

Mitelman and Heim (1990)
Meningioma del(22) ~64%

Dumanski et al. (1990)
Synovial sarcoma t(X;18)(p11.2;q11.2) ~80%

Turc-Carel et al. (1987)
Myxoid liposarcoma t(12;16)(q13;p11) ~90%

Panagopoulos et al. (1994)
Ewing sarcoma t(11;22)(q24;q12) 88%

Turc-Carel et al. (1988)
Burkitt lymphoma t(8;14)(q24;q32) ~90%

Manolov and Manolova, 1972
Follicular lymphoma t(14;18)(q32;q21) ~90%

Weiss et al., 1987

Figure 6.6 Human chromosome map showing position of oncogenes (< lowercase), translocation and
breakage sites (arrow with number in parentheses designating other chromosome involved in the transloca-
tion), deletions (boxes with diagonal lines), trisomies (+), inversions (two-way arrows), and the notation of
the specific neoplasm associated with the designated chromosomal abnormality (uppercase or combination
of upper- and lowercase letters). The karyotype represents Giemsa bands at the 400 band stage. The no-
menclature for the cellular oncogenes is identical with that in Table 4.4, Chapter 4. The key to the abbrevi-
ations of the neoplastic conditions designated in the figure is as follows, in alphabetical order: ALL, acute
lymphocytic leukemia with t(4;11); AML, acute myelogenous leukemia with t(8;21); AMoL, acute mono-
cytic leukemia with t(9;11); AMMoLe, acute myelomonocytic leukemia with inversion of chromosome 16
(double reversed arrows); ANLL, acute nonlymphocytic leukemia with deletion in chromosome 5; APL,
acute promyelocytic leukemia with t(15;17); AW, aniridia “Wilms” tumor syndrome with small deletion of
short arm of chromosome 11; BL, Burkitt’s lymphoma and B-cell lymphoma with t(8;14); CLL, chronic
lymphocytic leukemia with t(11;14) and trisomy of chromosome 12; CML, chronic myelogenous leukemia
with t(9;22); Endca, endometrial carcinoma with deletion of the X chromosome; EW, Ewing sarcoma with
t(11;22)(q24;q12); FL, follicular lymphoma with t(14;18); MLS, myxoid liposarcoma t(12;16)(q13;p11);
Mng, meningioma with deletion of chromosome 22; MPT, mixed parotid gland tumor with t(3;8); Nb, neu-
roblastoma with deletion of portion of long arm of chromosome 1; OPA, ovarian papillary adenocarcinoma
with t(6;14); Rb, retinoblastoma with deletion of segment of short arm of chromosome 13; RCC, renal cell
carcinoma with t(3;8); SCLC, small-cell lung cancer with deletion of short arm of chromosome 3; SS, syn-
ovial sarcoma t(X:18)(p11;q11). For further details of this map, the reader is referred to the text and the
review by Yunis (1983) as well as Rowley (1990) and Mitelman and Heim (1990).
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present on chromosome 8 and the heavy chain of the immunoglobulin gene family (Chapter 15).
The figure indicates two different genes resulting from the translocation, one seen predomi-
nantly in African Burkitt lymphoma and the other seen more commonly in North American Bur-
kitt lymphoma (Haluska et al., 1987). Other variants have also been reported involving
chromosome 8 with translocations to chromosome 2 or chromosome 22 (Aisenberg, 1984). In
many B-cell lymphomas with translocations that involve immunoglobulin genes (Chapter 16), a
significant rearrangement of the immunoglobulin genes may be found in the lymphoma cell ge-
nomes (Cleary et al., 1984; Haluska et al., 1986). Because of the nature of the normal somatic
recombination seen in immunoglobulin genes (Chapter 16), it is possible that the formation of
the translocation may be related to this normal process seen in B cells. A similar finding of the
relationship of chromosomal abnormalities to the T-cell receptor genes (Chapter 19) has led to
similar proposals of the mechanisms of chromosomal abnormalities in T-cell neoplasms (Boehm
and Rabbitts, 1989).

Despite extensive knowledge of the detailed structure of the fusion of the c-myc and
immunoglobulin genes at the breakpoint, the molecular mechanism of the dysregulation of the
c-myc proto-oncogene that occurs in this condition remains unclear (Aisenberg, 1993). As seen
in Figure 6.7, the sites of disruption of the two genes involved may differ slightly between
different neoplasms, especially in different parts of the world. Croce and Nowell (1985) sug-
gested that enhancer elements within the immunoglobulin gene that had been translocated may
serve to increase transcription of the c-myc proto-oncogene, but as yet this concept remains
theoretical.

Figure 6.7 Differences in the t(8:14) chromosome translocation of the African Burkitt lymphoma
(P3HR-1) and sporadic Burkitt lymphoma (CA 46) with only the 14q+ chromosome illustrated in each
case. In the case of African Burkitt lymphoma, the breakpoint lies upstream of the joining (J5) region of the
heavy immunoglobulin chain on chromosome 14 and more than 50 kb 5′ of the intact c-myc on chromo-
some 8. In contrast, in sporadic Burkitt lymphoma, this example demonstrates a breakpoint much farther 3′
into the immunoglobulin heavy chain gene region and the elimination of the first exon of c-myc. (From
Haluska et al., 1987, with permission of the authors and publisher.)
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The 14:18 Translocation in Follicular Lymphomas

In general, it has been stated that translocation between chromosomes 14 and 18 is the most
common cytogenetic abnormality observed in malignant lymphomas (Rowley, 1988). As noted
in Table 6.7, as many as 90% of follicular lymphomas may exhibit this abnormality. The translo-
cation places the IgM heavy chain gene on chromosome 14 in juxtaposition to the bcl-2 cellular
oncogene on chromosome 18 (Figure 6.8). The bcl-2 gene, designation for B-cell lymphoma/
leukemia, has been shown to play an important role in apoptosis, programmed cell death (cf.
Bagg and Cossman, 1993). The bcl-2 gene product appears to inhibit the process of apoptosis in
both normal and neoplastic cells. In the translocation, the coding region of the bcl-2 gene is left
intact, and there is a marked deregulation of the gene following translocation. This in turn leads
to an inhibition of programmed cell death of B lymphocytes with continued expansion and po-
tential for other secondary genetic events that are seen in lymphomas.

The 15:17 Translocation in Acute Promyelocytic Leukemia

Acute promyelocytic leukemia is a distinct subtype of acute nonlymphocytic leukemias in which
a translocation occurs between chromosomes 15 and 17 with the breakpoints noted in Table 6.7.
Larson et al. (1984) have argued that every patient with this condition exhibits the 15:17 translo-
cation. A more detailed scheme of the translocation may be seen in Figure 6.9. As noted, the
genes involved are the retinoic acid receptor-α (RAR-α) and a gene termed PML (abbreviation
for promyelocytic leukemia). The gene resulting from the translocation involves the amino ter-
minal two-thirds of the coding region of the PML gene. A large portion but not all of the RAR-a
receptor comprises the other portion of the fused gene (de Thé et al., 1991). While there have
been several suggested mechanisms by which the fused gene product interferes with the normal
function of the receptor that plays a role in promyelocytic differentiation, the important clinical
characteristic of this disease is that more than 85% of patients respond to the administration of
retinoids by an induced differentiation in vivo of the leukemic cells, resulting in a remission of
the disease.

Figure 6.8 Schematic presentation of the bcl-2/Ig fusion gene and multiple chimeric mRNA products.
In the figure P1 and P2 denote separate promoter regions for the bcl-2 gene. (From Seto et al., 1988, with
permission of the authors and publisher.)
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Figure 6.9 Diagram of the genesis and dimerization of the PML/RAR-α fusion protein. At the upper
part of the figure the reciprocal translocations between the long arms of chromosomes 15 and 17 in APL
are shown with the derived (der) chromosomes in the center. In the middle of the figure are shown the
protein sequences for the PML and RAR-α genes with the upper single arrowheads associated with the
dashed line indicating the most common breakpoints involved in the translocations in APL. At the bottom
of the figure are shown possible mechanisms by which the fusion of the two genes may lead to leukemo-
genesis, including heterodimerization with wild-type PML and inactivation of the latter, inactivation of
other retinoid receptors (RXR), and inactivation of these as well as homodimerization of the fusion proteins
with subsequent binding to PML and/or RAR-α target genes. (From Warrell et al., 1993, with permission
of the authors and publisher.)
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The Significance of Fusion Genes Resulting from Chromosomal Somatic 
Mutations in Neoplasia

The original observation of the Ph1 chromosome by Nowell and Hungerford (1960), a seemingly
isolated fact when first reported, has given rise to a major increase in our understanding of the
ramifications of somatic mutations in the neoplastic cells. The four examples discussed thus far
of the detailed analysis of the translocation-derived chromosomes seen in various lymphomas
and leukemias are in fact only the beginning of what promises to be an enormous increase in our
understanding not only of the ramification of genetic changes in neoplasia, but also in the struc-
ture of the human genome and the potential for genetic alterations residing therein. In Table 6.8
is a reasonably complete listing through 1994 of the known fusion genes and the proteins result-
ing from specific translocations not only in lymphomas and leukemias, but also in a number of
other solid neoplasms. A number of generalizations resulting from these investigations are
slowly developing. As one views the functions of the various genes involved, one is struck by the
large numbers of transcription factors and DNA-binding proteins involved in the translocations
and ultimately in the fusion proteins. In addition, although thus far a minority, genes involved in
signal transduction, including protein kinases and receptors make up most of the remaining
functions of the known fusion proteins. There is also the question of the de- or dysregulation of
the production of the active component of the fusion protein in which the genes are usually acti-
vated either by an increase in their transcription or by an enhanced functional efficiency of the
fusion protein itself. Translocations involving immunoglobulin genes or T-cell receptor (TCR)
genes (Chapter 19) might be considered a special case since these genes are naturally rearranged
in their normal cells for the generation of active immunoglobulins or antigen-receptor genes. As
noted from the table, fusion genes may involve tumor suppressor genes (EWS/WT1) or proto-
oncogenes as in myc/IgH, TPR/MET, and RET/D10S170. In addition, an interesting fusion of
the FUS (also termed the TLS, translocated in liposarcoma) gene fused to the chop gene is seen
in myxoid liposarcoma. In this instance the FUS gene codes a nuclear RNA-binding protein,
while the chop gene codes a growth arrest gene. Fusion of the two seems to eliminate the RNA-
binding domain of FUS with subsequent potential inappropriate targeting of the fusion gene
product to regulatory elements normally interacting with FUS alone (Crozat et al., 1993). Inter-
estingly, approximately 50% of benign lipomas are characterized by cytogenetic rearrangements
involving 12q14-15 in a presumably balanced translocation with a variety of other autosomes as
well as the X chromosome (Sreekantaiah et al., 1991). One of the partners in the fusion is the
gene, HMGI-C, belonging to the high-mobility group (HMG) family of DNA-binding proteins,
possibly playing a role in adipogenesis and mesenchyme differentiation (Ashar et al., 1995). For
further information on some of the fusion genes listed in Table 6.8, the references cited should
be examined more closely.

NONRANDOM CHROMOSOMAL ABNORMALITIES CHARACTERISTIC OF 
SPECIFIC ANIMAL NEOPLASMS

While there have been numerous investigations of the karyotypes of many neoplasms in experi-
mental and domestic animals (cf. Sasaki, 1982; Kerler and Rabes, 1994), relatively few constant
karyotypic changes occurring in specific histogenetic types of neoplasms have been noted. Table
6.9 shows some examples of known chromosomal abnormalities characteristic of certain neo-
plasms in the mouse and the rat. One of the earliest and most frequently studied is the trisomy of
chromosome 15 in the mouse, which is found in the vast majority of T-cell lymphomas and leu-
kemias regardless of the inducing agent (Sasaki, 1982; Spira, 1983). This change occurs both in
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spontaneous and chemically and physically induced T-cell neoplasms as well as some B-cell
tumors in mice (Spira, 1983). In a related neoplasm, the plasmacytoma induced by pristane in
the mouse, regularly translocations involving chromosome 15 are noted in virtually all such
neoplasms including those infected with the oncogenic Abelson virus, wherein a somewhat
different characteristic translocation and a trisomy of chromosome 11 is noted in contrast to
those neoplasms induced by pristane alone (Table 6.9). The (12;15) chromosome translocation
causes a juxtaposition of the c-myc proto-oncogene to one of the heavy chain immunoglobulin
genes in a head-to-head orientation very much like that seen in the Burkitt lymphoma (8;14)
translocation (Wirschubsky et al., 1985; Figure 6.7). The high incidence of the trisomy of chro-
mosome 7 seen in mouse skin carcinomas had earlier been seen to a large extent in premalignant
skin lesions in the mouse induced by a similar protocol (Aldaz et al., 1989). Interestingly, the
virtual absence of trisomy 7 in skin carcinomas induced in mice transgenic for the v-Ha-ras
oncogene may be related to the fact that the c-Ha-ras proto-oncogene occurs on that chromo-
some (French et al., 1994).

Kerler and Rabes (1994) have reviewed much of the literature on the cytogenetics of rat
neoplasms. By combining a number of studies they concluded that the majority (about two-
thirds) of the studies exhibited abnormalities in chromosome 2, either numerical or structural.
The reference in the table is to a specific study (Sugiyama et al., 1978) which showed that about
one quarter of erythroblastic leukemias induced by DMBA exhibited a trisomy of this chromo-
some. A trisomy of chromosome 4 was noted in almost all of ENU-induced “neurogenic” neo-
plasms in the rat (Au et al., 1977). The most commonly affected chromosome in rat neoplasms is
chromosome 1 (Kerler and Rabas, 1994). This is also true in hepatic neoplasms, although abnor-
malities in chromosomes 2, 3, 4, 6, 7, 10, and 11 exhibit substantial abnormalities. A major por-
tion of the alterations in chromosome 1 are noted in the distal portion of the long arm (Kerler
and Rabas, 1994).

Thus, consistent chromosomal abnormalities characteristic of specific histogenetic neo-
plasms can be noted in lower animals as well as in humans. Despite these consistencies in both
animals and the human, we are still faced with the dilemma of the extensive, apparently random
nature of the majority of chromosome abnormalities seen in malignant neoplasms, as well as the

Table 6.9 Neoplasms in Mice and Rats Exhibiting Consistent Chromosomal Abnormalities

Species Disease
Chromosome
(Abnormality) Incidence Reference

Mouse Myeloid leukemia 2 (partial deletion) 93% Blatt & Sachs, 1988
Mouse Plasmacytoma 

(Pristane-induced)
6;15 or 12;15 (trans-

location)
100% Ohno et al., 1979

Mouse Plasmacytoma 
(Pristane/Abelson virus)

15;16 translocation
11 (trisomy)

100%
52%

Wiener et al., 1990
Wiener et al., 1995

Mouse T-cell leukemia/lymphoma 15 (trisomy) 65–95% cf. Sasaki, 1982
Mouse Skin carcinoma

(DMBA/TPA induced) 7 (trisomy) 95+% Bremner et al., 1994
(v-Ha-ras transgene + 

TPA)
15 (trisomy) 33% French et al., 1994

Rat Erythroblastic leukemia 
(DMBA-induced)

2 (trisomy) 24% Sugiyama et al., 1978

“Neurogenic” neoplasms 
(ENU-induced)

4 (trisomy) 92% Au et al., 1977
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question of the primacy of the more specific chromosomal abnormalities in the causation of
such neoplasms.

NEOPLASIA AS A DISEASE OF CELL DIFFERENTIATION

In the past, the term somatic mutation has been used broadly to encompass cell differentiation.
However, it is likely that most processes of cell differentiation occurring in the development of
multicellular organisms do not involve a series of directed genetic mutations with the possible
exception of the hypermutation seen in the development of immunoglobulins and related mole-
cules (Neuberger and Milstein, 1995). Rather, the heritable phenotypes that occur during differ-
entiation are associated with alterations in the regulation of genetic expression of a genome
identical in most cells of the organism. The mechanisms of cell differentiation are for the most
part still relatively obscure, but despite rapid advances in our understanding of the molecular
biology of both germline and somatic mutations, significant efforts have been directed toward
understanding neoplasia in the light of developmental biology.

Many experimental and histopathological investigations in oncology during the past cen-
tury have pointed to a loss of the capacity of neoplastic cells to differentiate. However, during
the last several decades, investigators have pointed out examples in plants (Braun and Wood,
1976), lower animals (Pierce and Wallace, 1971; Pierce, 1974), and humans (Rangecroft et al.,
1978) in which neoplastic cells have exhibited the capability of specific differentiation. As we
shall see in Chapter 9, continued differentiation of malignant neoplasms may lead to regression
and conversion to a benign or nonneoplastic condition. In addition, studies beginning with those
of Friend and her associates (1971) have demonstrated that experimental and even human neo-
plasms can be induced to differentiate in vitro by the addition of a variety of chemicals (cf.
Freshney, 1985). Furthermore, Sachs (1993) and colleagues have demonstrated that both normal
and leukemic hepatopoietic cells can be induced to differentiate by a variety of endogenous
growth factors and hormones. These studies and others (cf. Lynch, 1995) have led to the concept
that endogenous factors may be capable of regulating the development and differentiation of
neoplastic cells.

That such endogenous factors are important in the regulation and suppression of neoplasia
was best exemplified by the studies of Mintz and Illmensee (1975), Papaioannou et al. (1975),
and others. These experiments, which were the actual forerunners of the embryonic stem cell
technology discussed in Chapter 5, were carried out by the inoculation of malignant teratoma
cells that had originated from a genetically distinct line of mice, the line 129 inoculated into
blastocysts of normal mice of another line (Figure 6.10). The resultant animals exhibited cells of
the genotype of the 129 line but no neoplasms. Later studies by Stewart and Mintz (1981) dem-
onstrated that cells from the malignant teratoma line had populated the germline of the chimeric
animal. It was found, however, that this phenomenon was not always reproducible with the ter-
atoma cells, and thus for controlled experiments embryonic stem cells were preferable.

As extensions of these investigations, attempts have been made to suppress the neoplastic
phenotype by inoculation of neoplastic cells at later stages of embryonic development and even
in the adult. Gootwine and his associates (1982) inoculated myeloid leukemia cells into mouse
embryos in utero at 10 days of gestation with the result that healthy adult mice were obtained,
although the cells contained a genetic marker derived from the leukemic cells, implying the sup-
pression of their neoplastic phenotype. Somewhat similar experiments were carried out with
neuroblastoma cells, with a different end point (Pierce et al., 1982). More recently, Coleman and
his associates (1993) have demonstrated that malignant liver epithelial cells in culture, when in-
oculated directly into the liver or the spleen of an adult rat, resulted in the suppression of their
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malignancy and their incorporation into hepatic plates in a differentiated state. In sum, these
experiments suggest that, under appropriate environmental conditions, malignant cells can be
induced to revert to a normal phenotype and lose all obvious characteristics of the neoplastic
transformation for the apparent lifetime of the host.
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7
The Natural History of Neoplastic 
Development: Initiation and Promotion

The nature of disease can be fully understood only in light of its pathogenesis or natural devel-
opment within the organism. An understanding of the pathogenesis of disease is the basis for
rational medical management and therapy. The pathogenesis of most infectious diseases was
elucidated prior to the discovery of antibiotics, thus permitting the use of these drugs in the ra-
tional management and therapy of these diseases. Similarly, a better understanding of the patho-
genesis of arteriosclerosis has led to the rational use of diet in the control and management of
this disease, which ultimately kills more individuals in our society than does cancer. Thus, it is
reasonable to predict that enlarging our understanding of the pathogenesis of neoplastic disease
will be equally useful.

THE LATENCY OF NEOPLASIA

One of the ubiquitous characteristics of the natural history of the development of a neoplasm in
vivo is the extended period of time between the initial application of a carcinogen—be it physi-
cal, chemical, or biological—and the appearance of a neoplasm. This latency phenomenon or
tumor induction time, which can be demonstrated most readily following treatment with chemi-
cal carcinogens, has been shown to occur even when the carcinogen is administered continu-
ously to an experimental animal. There is no obvious evidence of neoplastic growth or clinical
neoplasia during the latency period. For example, when the carcinogen diethylstilbestrol is ad-
ministered to a pregnant animal, neoplasms appear only much later in the offspring. This latency
phenomenon may also be seen after infection by some oncogenic viruses, ionizing radiation, or
in the enigmatic production of sarcomas by the subcutaneous implantation of plastic or metal
disks. Thus, the latency period of the carcinogenic process may be considered as a general fea-
ture of the natural history of neoplasia. The period of latency varies with the type of agent, its
dosage, and certain characteristics of the target cells as well as of the host.

Although morphological changes occurring during the early stages of neoplasia were de-
scribed during the early decades of this century, it was in the 1940s that a better understanding of
the biological changes that occur after exposure to a carcinogen was obtained. The beginnings of
our understanding for the basis for the latency phenomenon in carcinogenesis was pioneered by
Rous and Kidd (1941). Rous and his associates coined the term initiate in reference to the appli-
cation of tar to the ear of a rabbit; subsequent wounding of the treated area promoted the appear-
ance of neoplasms growing along the edge of the wound. In 1944 Mottram reported that
treatment of mice with the irritant croton oil after a brief treatment with a small amount of
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benz[a]pyrene resulted in a much higher incidence of skin tumors in the treated area than when
the carcinogen was given alone. In 1947, Berenblum and Shubik’s extension of the work of Mot-
tram clearly demonstrated that skin carcinogenesis in the mouse could be divided into a stage of
initiation, which resulted from the direct administration of a single dose of a known chemical
carcinogen such as benz[a]pyrene or another carcinogenic polycyclic hydrocarbon, followed by
a stage of promotion, which did not require the application of a carcinogenic agent but rather the
repeated application of a second agent that by itself was incapable of inducing the neoplastic
transformation. These latter authors employed the irritant croton oil as the agent given repeat-
edly, as had Mottram (1944), to complete the second stage, promotion.

The basic experimental protocol used by these investigators to demonstrate initiation and
promotion in the development of skin cancer in the mouse, extended and refined by Boutwell
(1964), is depicted in Figure 7.1. The experiment was designed so that administration of the
“initiating agent” induced no tumors. When initiation was followed by chronic administration of
croton oil, the promoting agent, in multiple doses, tumors developed whether the administration
of croton oil was begun immediately after initiation or delayed for even as much as a year
(Loehrke et al., 1983; Van Duuren et al., 1975), although the aging of the animal might decrease
the efficiency of promotion (Chapter 8). Administration of croton oil prior to initiation or with-

Figure 7.1 Outline of the format of experiments demonstrating initiation and promotion as developed
from studies of carcinogenesis of mouse skin. Each line represents an experimental condition in which
there is either no application or a single application (x) of the initiating agent, usually a carcinogenic poly-
cyclic hydrocarbon. The multiple vertical arrows represent multiple applications of the promoting agent
(phorbol ester, phenobarbital, or other known promoters for mouse skin). The time span may extend from
15 to more than 70 weeks, depending on the dosages of the initiator and promoter used, the mouse species
and strain employed in the experiment, or the format of the experiment such as line 3, in which the delay
between initiation and promotion may be more than a year. In line 6 the time intervals between applications
of the promoting agent may be 4 weeks or more, whereas in the other experiments the promoting agent is
administered twice weekly. The term tumors refers to papillomas or carcinomas, the latter occurring when
the experiment is extended for a sufficiently long time.
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out initiation resulted in no tumors. Interestingly, when the frequency of administration of the
promoting agent was decreased to a tenth or less of the carcinogenic format, no tumors resulted
(Boutwell, 1964). This last experiment suggested that the effects of the promoting agent were
not very long lasting, in contrast to the effects of the initiating agent (line 3). Boutwell and
others have maintained that the effects of promoting agents are reversible (see below).

THE STAGES OF INITIATION AND PROMOTION AS GENERAL 
CHARACTERISTICS OF CARCINOGENESIS

As indicated above, the initial studies of the basis for the latency of neoplastic development were
carried out primarily in the mouse epidermis. Later studies by Foulds and others (Foulds, 1949;
Medina, 1976) on the intermediate lesions occurring during the development of mammary ade-
nocarcinomas in the mouse represented another system for the study of neoplastic development,
but the initial emphasis was on the fate of early lesions rather than on the entire process. Within
the last two decades, the development of a number of different histogenetic neoplasms in a vari-
ety of species has been investigated and found to have characteristics very similar to those origi-
nally described in the mouse epidermis model. Table 7.1 lists many of the animal systems in

Table 7.1 Animal Systems Exhibiting the Stages of Initiation and Promotion during Carcinogenesis

Tissue End-Point Lesion Species Initiator Promoter

Bladder Papilloma, carcinoma Dog 2-Naphthylamine D,L-Tryptophan
Bladder Papilloma, Rat MNU, FANFT Saccharin

Carcinoma Rat BBN BHA,
Urolithiasis

Colon Adenoma Rat MNNG Lithocholate
Adenocarcinoma Rat DMH Na barbiturate

Dermis Fibrosarcoma Mouse 3-MC TPA
Embryo cells 

(in vitro)
Foci of altered 

morphology
Hamster BP, MNNG TPA,

1,25-(OH)2D3

Epidermis Papilloma, Mouse, BP, DMBA, 3-MC, TPA, skin abrasion,
carcinoma rat, 7-BrMeBA, TEM, Telcocidin B,

hamster Trp-P-2 Aplysiatoxin, 
Okadiac acid, 
Pristane,
Chrysartoxin,
Dioctanoylglycerol

Epidermis Melanoma Hamster, DMBA TPA
mouse Croton oil

Esophagus Carcinoma Rat AMN TPA
Carcinoma Rat NNP NaCl

Forestomach Papilloma, carcinoma Rat MNNG BHA
Carcinoma Rat MNNG Histamine

(table continues)
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Table 7.1 (continued)

Tissue End-Point Lesion Species Initiator Promoter

Liver Neoplastic nodule, Rat AAF, DMH, PB
adenoma, hepato- DEN, DMN,
cellular carcinoma DAB, or NNM αHCH, CPA, Nafenopin

PenCDF
Wy-14,643
Choline deficiency
Dietary tryptophan
TCDD
DDT
BHT
Ethinyl estradiol
Mestranol
Orotic acid
CHCl3
Deoxycholic acid
Polyhalogenated

biphenyls
Dibromoethane

Liver Hepatocellular 
carcinoma

Hamster BHP PB

Cholangiocarcinoma DCA
Adenomas DMN CCl4

Liver Hepatocellular 
adenoma

Mouse DEN PB, BHA, DEHP

Hepatocellular
carcinoma

(C3H,
DBA, 
CD-1,
B6C3F1
strains)

Polychlorinated
biphenyls

TCPOBOP

Liver Hepatoma Trout Aflatoxin Me-sterculate
Lung Pulmonary adenomas Mouse Urethan BHT

4NQO Glycerol
Mammary gland Adenoma/carcinoma Rat DMBA Prolactin, dietary fat, 

caloric content, and 
energy utilization

NMU Dietary fat
Pancreas Adenoma, acinar Rat Azaserine Unsaturated fat

Adenocarcinoma,
acinar

Rat Rat Rat

Ductular carcinoma Rat HAQO Testosterone
Prostate Adenocarcinoma Rat NMU Testosterone
Stomach,

glandular
Adenomas and 

carcinomas
Rat MNNG Nataurocholate

Adenocarcinoma Rat MNNG Formaldehyde
Adenocarcinoma Rat MNNG P-methylcatechol

(table continues)
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which the stages of initiation and promotion may be identified. The exact characteristics of the
stages in different tissues may vary somewhat with the experimental conditions and as a result of
the biology of the system itself. There is also substantial evidence for the existence of the stages
of initiation and promotion in the development of a number of human neoplasms, considered
later (Chapter 11).

In Table 7.1, most of the end-point lesions induced are malignant neoplasms. However, the
development of malignancy implies that the final stage, progression, in which cancer develops
(Chapter 9) has also occurred. Thus, strictly speaking, a study of the stages of initiation and
promotion should be restricted to the development of preneoplastic lesions that have distinct
characteristics (see below) distinguishing them from malignant neoplasms. Preneoplasia thus
may be defined as lesions in the stage of initiation and/or promotion, while neoplastic lesions
are restricted to those in the stage of progression (Chapters 9 and 10). Although it has not been
possible to identify preneoplastic lesions in the genesis of all neoplasms listed in Table 7.1, a
large number of putative preneoplastic lesions have been described in animal carcinogenesis. A
number of these are listed in Table 7.2. Most of the examples in Table 7.2 may be found in Table
7.1 as examples of two-stage carcinogenesis. As discussed in Chapter 10, many of these preneo-
plastic lesions in rodents have their counterparts in the development of neoplasia in the human.

Table 7.1 (continued)

Key: Abbreviations used in this table are as follows: MNU, N-methyl-N-nitrosourea; FANFT, N[4-(5-Nitro-2-furyl)-2-
thiazoly]formamide; BBN, N-butyl-N-(4-hydroxybutyl)nitrosamine; BHA, butylated hydroxyanisole; MNNG,
N-methyl-N1-nitro-N-nitrosoguanidine; 1,2-DMH, dimethylhydrazine; TPA, tetradecanoyl phorbol acetate; 3-MC,
3-methylcholanthrene; BP, benzo[a]pyrene; 1,25-(OH)2-D2, 1α,25-dihydroxycholecalciferol; DMBA, 7,12-dimethyl-
benzanthracene; 7-BrMeBA, 7-bromomethyl benzanthracene; TEM, triethylene melamine; Trp-P-2, 3-Amino-1-methyl-
5H-pyrido[4,3-b]-indole; AMN, N-amyl-N-methylnitrosamine; AAF, 2-acetylaminofluorene; DEN, diethylnitrosamine;
DMN, dimethylnitrosamine; DAB, dimethylaminoazobenzene; NNM, N-nitrosomorpholine; αHCH, αhexachloro-
cyclohexane; PenCDF, 2,3,4,7,8-pentachlorodibenzofuran; CPA, cyproterone acetate; PB, phenobarbital; TCDD,
2,3,7,8-tetrachlorodibenzo-p-dioxin; DDT, dichlorodiphenyltrichloroethane; BHT, butylated hydroxytoluene; DCA,
deoxycholic acid; DEHP, di(2-ethylhexyl)-phthalate; TCPOBOP, 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene; 4NQO,
4-nitroquinoline-1-oxide; NMU, N-nitrosomethylurea; HAQO, 4-hydroxyaminoquinoline 1-oxide; DHPN, N-bis(2-
hydroxypropyl)nitrosamine; AT, 3-amino-1,2,4-triazole; EPH, 5-ethyl-5-phenylhydantoins; AOM, azoxymethane; PB,
phenobarbital.
Modified from Pitot, 1996, with permission of the publisher.

Tissue End-Point Lesion Species Initiator Promoter

Stomach,
glandular
(continued)

Adenocarcinoma Rat MNNG Somatostatin

Adenocarcinoma Rat MNNG Meth and Leu
Enkephalins

Thyroid Adenomas Rat DHPN PB, AT
DEN PB, EPH
NMU I2-deficient diet

Vagina Stromal polyp Rat NMU Estradiol
Papilloma, carcinoma Mouse DMBA TPA
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THE STAGE OF INITIATION

As noted in Figure 7.1, the application of a single appropriate low dose of a carcinogenic poly-
cyclic hydrocarbon does not of itself result in the development of any tumors. However, the po-
tential for preneoplastic development may be realized by addition of the promoting agent,
strongly arguing for the presence of cells altered or “initiated” in the carcinogen-treated skin.

Until recently, characterization and quantification of the stage of initiation could be ac-
complished well only after the process of carcinogenesis had begun. Thus, the presence of pre-
neoplastic and/or neoplastic lesions implied that initiation had occurred. Many preneoplastic and
neoplastic lesions appear to be derived from single cells (cf. Tanooka, 1988). It is on this basis,
then, that some of the characteristics of the stage of initiation have been delineated. To date, it
has not been possible to identify in an unequivocal manner single initiated cells, although single
cells having some of the characteristics of initiated cells have been described in several experi-
mental systems (Moore et al., 1987; Nakano et al., 1994; Solt et al., 1985). Therefore most of the
discussion on the cellular and molecular biology of initiation has been deduced from experi-
ments in which the implication is that the characteristics of the stage of initiation are being
investigated.

Table 7.2 Preneoplastic Lesions in Rodent Carcinogenesis

Tissue Species Preneoplastic Lesion Reference

Adrenal Rat Altered proliferative foci Furuya and Williams, 1985
Bladder Rat NADH:menadione oxidoreductase-

positive foci
Vanderlaan et al., 1982

Bladder Dog Alkaline phosphatase-negative foci Radomski et al., 1978
Brain Rat Focal oligodendroglial hyperplasia Lantos and Pilkington, 1979

Galloway et al., 1990
Cholangioles

(bile ducts)
Rat Cholangiofibrosis Bannasch, 1986

Colon Rat Aberrant crypts Pretlow, 1994
Bird, 1995

Fibrous tissue Rat Atypical proliferative foci Nikitin et al., 1993
Esophagus Mouse Epithelial dysplasia papilloma Rubio, 1983
Kidney Mouse Succinic dehydrogenase-negative foci 

of tubules
Ahn et al., 1994

Kidney Rat “Proliferative tubules” Bannasch, 1986
Liver Rat Altered hepatic foci Pitot, 1990
Mammary gland Rat Hyperplastic terminal end buds Russo et al., 1983
Pancreas Rat Acidophilic foci Murata et al., 1987
Stomach Rat Intestinal metaplasia Sasajima et al., 1979

Dysplastic mucin-positive foci Tsiftsis et al., 1980
Thyroid Rat γ-Glutamyltranspeptidase-positive 

foci
Moriyama et al., 1983

Tracheobronchial 
epithelium

Rat Atypical metaplasia Nettesheim et al., 1981
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Morphologic and Biological Characteristics of the Stage of Initiation

One of the striking characteristics of the stage of initiation, deduced from the experiments out-
lined in Figure 7.1, was the irreversibility of its effects. An extensive delay of administration of
the promoting agent after initiation still led to the development of tumors. Other biological char-
acteristics of initiation could also be concluded from the experiments of Figure 7.1. Application
of the promoting agent must follow initiation, although in some investigations in the skin,
Fürstenberger et al. (1985) suggested that a partial inversion of this sequence could induce
mouse skin carcinogenesis. Other biological characteristics of the stage of initiation are given in
Table 7.3. The effectiveness of initiation by chemicals is sensitive to alterations in xenobiotic
metabolism (Talalay et al., 1988) and in trophic hormones (Liao et al., 1993). As discussed in
Chapter 3, the ability of a carcinogenic agent to initiate cells may depend on the ability of the
cell to metabolize the agent to its ultimate carcinogenic form. The process of initiation appears
to be most effective when the agent is administered during the DNA synthesis phase of the cell
cycle, as noted both in vivo (Rabes et al., 1986) and in cell culture (Grisham et al., 1980). Sev-
eral studies (Borek and Sachs, 1968; Columbano et al., 1981; Kakunaga, 1975) have indicated
the critical importance of one or several rounds of cell division that must occur in the presence of
the initiating agent for a cell to become initiated.

An important characteristic of the stage of initiation is the fact that spontaneous
(endogenous or fortuitous) initiation occurs in living organisms, probably rather frequently.
The existence of spontaneously initiated cells can be deduced from the occurrence of sponta-
neous neoplasms in both the human and in experimental animals. Single putatively initiated
cells have been described in the rat liver (Moore et al., 1987), and their spontaneous clonal
progeny have been identified by several investigators (Schulte-Hermann et al., 1983; Xu et
al., 1990). Other spontaneous preneoplastic lesions have been described in experimental sys-
tems (Maekawa and Mitsumori, 1990; Pretlow, 1994) as well as in the human (Dunham,
1972; Pretlow, 1994). Therefore it would appear that the spontaneous or fortuitous initiation
of cells in a variety of tissues is a very common occurrence. It follows, then, that the develop-
ment of neoplasia may be a function solely of the action of agents at the stages of promotion
and/or progression.

The absence of either a readily measurable threshold or no-effect dose level and of a max-
imal response of the formation of initiated cells short of lethal cellular toxicity to the tissue
and/or animal are major characteristics of the process of initiation. Such a dose-response curve
is seen in Figure 7.2. As noted in the figure, extrapolation of the data points of those animals
administered the carcinogen will extend the curve to the ordinate where some tumors are seen to

Table 7.3 Morphological and Biological Characteristics of the Stage of Initiation

Irreversible in viable cells
Initiated “stem cell” usually not morphologically identified
Efficiency sensitive to metabolic and other cellular factors and the cell cycle
Spontaneous (endogenous) occurrence of initiated cells
Requires cell division for “fixation”
Dose-response does not exhibit a readily measurable threshold
Relative potency of initiators depends on quantitation of the numbers of preneo-

plastic lesions after defined period of promotion
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occur in the absence of any administered carcinogen. As the curve is drawn, however, even at the
lowest theoretical doses, one must presume an ever-so-slight increase in tumor incidence over
that seen in the absence of the carcinogen. While the potential pitfalls in the extrapolation of
data points have been considered by a number of individuals (Preussmann, 1980; Aldridge,
1986), at present there is insufficient evidence for the existence of measurable thresholds of the
effects of initiation. Further support for this concept may be seen in Figure 7.3, which depicts a
dose-response curve of the appearance of single putative initiated hepatocytes as a function of
the amount of a single dose of the chemical carcinogen diethylnitrosamine. Although this curve

Figure 7.2 Liver tumor incidence expressed as percentage response in mice given various daily doses of
2-acetylaminofluorene for 24 months. These data were taken from the review by Fishbein (1980). A small
percentage of animals not receiving any of the carcinogen developed liver neoplasms within the 24-month
period, as evidenced by the symbol slightly above the origin on the y axis. However, extrapolation of the
data points through the origin of animals given 2-acetylaminofluorene can be accomplished.
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Figure 7.3 The effect of varying the dose of diethylnitrosamine administered to rats 24 hours after a
70% partial hepatectomy on the number of single hepatocytes expressing the placental form of glutathione
S-transferase (PGST+) per liver 14 days after carcinogen administration.
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appears to exhibit a threshold, the data points may readily be extrapolated through the origin.
Other studies in which DNA adducts of a specific carcinogenic agent are measured as a func-
tion of dose similarly result in a linear relationship extrapolatable through the origin (cf. Zeise
et al., 1987). While the determination of the initiating potency of chemical agents has gener-
ally not been done in rat liver, a measure of the relative potency of several initiating agents has
been made on the basis of the quantitation of numbers of preneoplastic focal lesions (Pitot
et al., 1987).

THE BIOLOGY OF THE STAGE OF PROMOTION

A variety of chemicals have been shown to induce and/or influence the stage of promotion.
However, unlike chemicals inducing the stage of initiation, there is no evidence that promoting
agents or their metabolites directly interact with DNA or that metabolism is required at all for
their effectiveness (Chapter 3). Figure 7.4 shows some representative structures of various pro-
moting agents. Tetradecanoyl phorbol acetate (TPA) is a naturally occurring alicyclic chemical
that is the active ingredient of croton oil, a promoting agent used for mouse skin tumor promo-
tion. Saccharin is an effective promoting agent for the bladder, and phenobarbital is an effective
promoting agent for hepatocarcinogenesis. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is
probably the most effective promoting agent known for rat liver carcinogenesis, but is also effec-
tive in the lung and skin. Butylated hydroxytoluene (BHT) is an antioxidant chemical that has
been added to foodstuffs to prevent oxidation and spoiling. Estradiol is shown as a representative
of endogenous hormones that are effective promoting agents. Both androgens and estrogens,
natural and synthetic, are effective promoting agents in their target end organ as well as in liver
(Taper, 1978; Sumi et al., 1980; Kemp et al., 1989). Cholic acid enhances preneoplastic and neo-
plastic lesions in the rat colon (Magnuson et al., 1993), whereas 2,2,4-trimethylpentane and un-
leaded gasoline effectively promote renal tubular cell tumors in rats (Short et al., 1989). The
final two structures noted, Wy-14,643 and nafenopin, are two members of the large class of car-
cinogenic peroxisome proliferators that induce the synthesis of peroxisomes in liver, are effec-
tive promoting agents, and, with long-term administration at high doses, induce hepatic
neoplasms (Reddy and Lalwani, 1983). Multiple other agents—including polypeptide hormones
(see above), dietary factors including total calories, many halogenated hydrocarbons, and nu-
merous other chemicals—have been found to enhance the development of preneoplastic and
neoplastic lesions in one or more systems of carcinogenesis including the human.

The distinctive characteristic of promotion, as contrasted with the stage of initiation, is the
reversible nature of this stage (cf. Pitot and Dragan, 1996 and Table 7.4). Boutwell (1964) first
demonstrated that, by decreasing the frequency of application of the promoting agent after initi-
ation in mouse skin with a carcinogenic aromatic polycyclic hydrocarbon, a lower yield of papil-
lomas was obtained in comparison with that obtained by a more frequent application of the
promoting agent. Other investigators (Andrews, 1971; Burns et al., 1978) later demonstrated that
papillomas developing during the stage of promotion in mouse epidermal carcinogenesis regress
in large numbers on removal of the promoting agent. The regression of preneoplastic lesions
upon withdrawal of the promoting agents may be owing to apoptosis (Schulte-Herrmann et al.,
1990). This proposed mechanism is supported by the demonstration that many promoting agents
inhibit apoptosis in preneoplastic lesions (Schulte-Herrmann et al., 1993; Wright et al., 1994).
Another potential pathway of this operational reversibility is “redifferentiation” or remodeling
(Tatematsu et al., 1983). This remodeling process is said to occur in hepatocarcinogenesis in the
rodent when focal or nodular lesions appear to change to adult, normal-appearing liver. Thus,
cells in the stage of promotion are dependent for their continued existence on continued admin-
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istration of the promoting agent (Hanigan and Pitot, 1985), as implied by the early studies of
Furth (1959) on hormonally dependent neoplasia.

Another characteristic of the stage of promotion is its susceptibility to modulation by
physiological factors. The stage of promotion may be modulated by the aging process (Van
Duuren et al., 1975), as well as by dietary and hormonal factors (Sivak, 1979). Glauert et al.
(1986) demonstrated that promotion of hepatocarcinogenesis was less effective in rats fed a rela-
tively defined, semisynthetic diet than in those fed a crude, undefined, cereal-based diet. The

Figure 7.4 Structures of representative promoting agents. (From Pitot and Dragan, 1996, with permis-
sion of publisher.)
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promotion stage of chemically induced rat mammary cancer is also modulated by dietary
(Cohen et al., 1991) and hormonal (Carter et al., 1988) factors. Many of these topics will be
considered more extensively in Chapter 8. Many such modulating factors are themselves pro-
moting agents. Several hormones are carcinogenic. Such hormones are effective promoting
agents and thus may serve as an exogenous or endogenous source for modulation of cell prolif-
eration during carcinogenesis (Pitot, 1991). Thus, endogenously produced, potentially carcino-
genic promoting agents may cause the endogenous promotion of initiated cells.

The dose-response relationships of promoting agents exhibit sigmoid-like curves with an
observable threshold and maximal effect. Such relationships are depicted in Figure 7.5, in which
the dose-response curve for binding of TPA with its receptor is compared with the dose-response
curve for the TPA promotion of dimethylbenzanthracene-initiated papillomas in mouse skin
(Ashendel, 1985; Verma and Boutwell, 1980). The threshold effects of promoting agents may be

Table 7.4 Morphological and Biological Characteristics of the Stage of Promotion

Operationally reversible both at the level of gene expression and at the cell level
Promoted cell population existence dependent on continued administration of the 

promoting agent
Efficiency sensitive to aging and dietary and hormonal factors
Endogenous promoting agents may affect “spontaneous” promotion
Dose-response exhibits measurable threshold and maximal effect
Relative potency of promoters is measured by their effectiveness to cause an expan-

sion of the progeny of the initiated cell population
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considered a consequence of the reversible nature of their effects at the cellular level (see above).
The maximal effect is due to a saturation of ligand binding in the former case and to the promo-
tion of all initiated cells in the latter (Figure 7.5). Although one may not directly equate the
variables in the two processes, the similarity in the shapes of the curves is striking (Figure 7.5).
The relative potency of promoting agents may be determined as a function of their ability to
induce the clonal growth of initiated cells. Thus, the net rate of growth of preneoplastic lesions
can be employed to determine relative potencies for promoting agents (Pitot et al., 1987). The
end point analyzed in studies of the stage of promotion is a preneoplastic lesion that develops
clonally from initiated cells in the tissue under study. While the listing of such lesions as noted
in Table 7.2 would in many cases be the appropriate end point, a number of studies still utilize
malignant lesions as the end point for the studies of the stage of promotion (Table 7.1). The
reader should be aware of this discrepancy in reading the literature and interpret the results
appropriately.

There is also a controversy surrounding the question of thresholds for initiating agents and
promoting agents. In essence, it is statistically impossible to prove or disprove the presence or
absence of thresholds in either case by experimental means. Since extrapolation is necessary to
state that no threshold exists for initiating agents, one can never be certain that the extrapolation
faithfully reflects the actual situation at extremely low dose levels. Furthermore, if the single
altered hepatocytes expressing glutathione S-transferase aberrantly are initiated cells, then, from
Figure 7.3, it might be possible to argue the existence of a threshold. On the other hand, it is
virtually impossible to prove the existence of a threshold either in this case or that of promoting
agents despite data such as seen in Figures 7.3, 7.4, and 7.5. The reason for this is again statisti-
cal in that, if sufficient numbers of animals were used in the experiment, it is possible that an
occasional one might exhibit a neoplastic response. Since statistics cannot answer this question,
we are faced with interpreting the experimental data in light of the best experimental evidence
available combined with our knowledge of the most probable mechanisms involved in the action
of initiators and promoters. Since most, if not all, initiating agents act through a mutagenic
mechanism permanently altering the structure of DNA in an irreversible manner (Chapter 3), no
threshold of effect would theoretically be possible, since even a single molecule of the active,
mutagenic form of the initiating agent could induce a single mutation. Promoting agents exert
their effects by a reversible mechanism at the level of either gene expression or cell replication,
whereby a single molecule would have essentially no effect in inducing changes characteristic of
promoting agents (see below). Therefore, at the present time, one may conclude that initiation
exhibits no practical threshold, whereas promoting agents do exhibit threshold or no-effect lev-
els that will vary dramatically from agent to agent. Further discussion of the practical aspects of
this problem may be found in Chapter 13.

Cell and Molecular Mechanisms of the Stages of Initiation and Promotion

Although the descriptive and morphological characteristics of the stages of carcinogenesis are
critical to our initial understanding of the pathogenesis of neoplasia, a complete knowledge of
the molecular mechanisms of carcinogenesis may be necessary to control the disease through
rational therapy, earlier diagnosis, and reasonable methods of prevention. However, our under-
standing of the molecular mechanisms of carcinogenesis is incomplete. On the other hand, there
has been an explosion of knowledge in this area during the past decade. From some of this
knowledge, it has now become possible to establish some reasonably valid mechanisms for the
stages of initiation and promotion. Some of these mechanisms for these two stages are given in
Table 7.5.
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Initiation

While the morphological and biological characterization of the stage of initiation has been
somewhat limited, mechanistic studies of this stage have been more extensive, especially in rela-
tion to the metabolic activation of chemical carcinogens and the structure of their DNA adducts.
As indicated earlier, however, the molecular mechanisms of this stage must conform to the ob-
servable biological characteristics of this stage. At least three processes are important in initia-
tion, including metabolism, DNA repair, and cell proliferation. Perturbation of any of these
pathways has an impact on initiation. Just as initiated cells are difficult to distinguish morpho-
logically and phenotypically from their normal counterparts, the molecular alterations responsi-
ble for initiation may be equally subtle. As already indicated, initiating agents or their
metabolites are mutagenic to DNA (see above). Thus, carcinogenic agents that are capable of
initiating cells when administered at doses that do not induce neoplasia (incomplete carcinogen-
esis) initiate cells in experimental models of multistage carcinogenesis (Boutwell, 1964; Dragan
et al., 1994a). Furthermore, such subcarcinogenic doses of initiating agents may induce substan-
tial DNA alkylation (Pegg and Perry, 1981; Brambilla et al., 1983; Ward, 1987) but do not ap-
pear to induce karyotypic alterations.

More than three decades ago, mutational lesions were classified into two general groups,
microlesions and macrolesions. While our knowledge of mutational events has increased since
then, the classification is still generally applicable (Table 7.6). The stage of initiation appears to
result from the formation of microlesions in DNA, while macrolesions are characteristic of the

Table 7.5 Some Cell and Molecular Mechanisms in the Stages of Initiation and Promotion

Initiation Promotion

Mutational microlesions (transitions, trans-
versions, frameshift, base-pair substitu-
tions) involving the cellular genome

Reversible enhancement or repression of 
gene expression mediated directly via 
receptors specific for the individual pro-
moting agent and/or indirectly through 
the formation of reactive oxygen interme-
diates and their reversible effect on gene 
expression

In some species and tissues, point mutations 
occur in proto-oncogenes and/or potential 
cellular oncogenes

Inhibition of apoptosis by promoting agents

Mutations in genes of signal transduction 
pathways may result in altered phenotype

No direct structural alteration in DNA re-
sults from action or metabolism of pro-
moting agent

Table 7.6 Classification of Mutations

Modified from Banks, 1971.

Microlesions Base-pair substitutions (transitions, transversions)
Frameshifts

Macrolesions Deletions
Gene amplification (duplications)
Chromosomal rearrangement, clastogenesis
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stage of progression. By definition (Chapter 9), direct induction of major chromosomal alter-
ations in a cell can immediately induce the stage of progression directly, thereby bypassing the
stages of initiation and promotion, provided that the altered cell remains viable and capable of
replication. Sargent et al. (1989) demonstrated normal karyotypes of cells from altered hepatic
foci in the stage of promotion in the rat, and Aldaz et al. (1987) showed that epidermal papillo-
mas in the mouse that occurred early during promotion were diploid in character. A number of
investigations have demonstrated specific point mutations in genes that are compatible with
those induced in vitro by the adducts resulting from treatment with carcinogenic chemicals (cf.
Anderson et al., 1992). The potential genetic targets for initiating agents have now been eluci-
dated to some extent (Chapter 6). Individual variability, species differences, and organotropism
of the stage of initiation are a balance of carcinogen metabolism, cell proliferation, and
DNA repair.

The activation of proto-oncogenes and cellular oncogenes by specific base mutations,
small deletions, and frameshift mutations results from DNA synthesis in the presence of DNA
damage, including the presence of adducts. Methods for determining such alterations in speci-
mens consisting of only a few hundred or a thousand cells have been available only during the
last decade (cf. Komminoth and Long, 1993; Alard et al., 1993), permitting the analysis of muta-
tions in specific genes potentially involved in the neoplastic transformation of DNA from very
small samples.

The ras genes code for guanosine triphosphatases, which function as molecular switches
for signal transduction pathways involved in the control of growth, differentiation, and other cel-
lular functions (Hall, 1994). Table 7.7 lists a number of examples in rodent tissues of specific
mutations in two of the ras genes, the Ha-ras proto-oncogene and the Ki-ras cellular oncogene.
With the exception of mouse skin, the frequency of such mutations in preneoplastic lesions in
experimental animals in the stage of promotion is about 20% to 60%. In multistage carcinogene-
sis in mouse skin, the frequency increases to nearly 100% (Bailleul et al., 1989). In general, the
mutations noted are those which theoretically could result from DNA adducts formed by the
particular carcinogen.

Interestingly, spontaneously occurring neoplasms in mice also exhibit a significant inci-
dence of point mutations in the ras proto- and cellular oncogenes (Rumsby et al., 1991; Can-
drian et al., 1991), but neoplasms in corresponding tissues in other species do not necessarily
exhibit activating mutations in proto- or cellular oncogenes (Tokusashi et al., 1994; Kakiuchi et
al., 1993; Schaeffer et al., 1990). In addition, mutated ras genes have been described in normal-
appearing mouse skin after DMBA or urethane application (Nelson et al., 1992). On the other
hand, Cha et al. (1994) have reported that a very high percentage of untreated rats contained
detectable levels of Ha-ras mutations in normal mammary tissue. Thus, mutations seen in neo-
plasms in untreated animals may result from the selective proliferation of cells containing preex-
isting mutations.

While several classes of genes appear appropriate as targets for DNA-damaging carcino-
gens, the actual role of proto- and cellular oncogene mutations in establishing carcinogenesis is
not entirely clear. In the earliest preneoplastic lesions studied (Table 7.7), only about one-third
exhibit mutations in the ras gene family, but it is quite possible that other proto- and cellular
oncogenes may be targets. Evidence that tumor suppressor genes may be targets for the initiation
of early malignant development comes largely from studies of genetically inherited neoplasia. In
these rare hereditary cancers, one of the alleles of a tumor suppressor gene contains a germline
mutation in all cells of the organism (Paraskeva and Williams, 1992; Knudson, 1993), thus, in
theory, initiating all cells in the organism. However, the exact gene(s) critical for the initiation of
a specific cell type after administration of a specific carcinogen has not yet been defined in any
instance. Furthermore, as noted from Chapter 5, other genes may be involved in the stage of



Natural History of Neoplastic Development 237

Ta
b

le
 7

.7
M

ut
at

io
na

l A
ct

iv
at

io
n 

of
 r

as
 O

nc
og

en
es

 d
ur

in
g 

th
e 

St
ag

e 
of

 I
ni

tia
tio

n

a T
he

 n
um

be
rs

 in
 th

is
 c

ol
um

n 
re

fe
r 

to
 th

e 
co

do
n 

po
si

tio
n 

in
 th

e 
cD

N
A

 (
m

R
N

A
) 

of
 th

e 
ge

ne
 p

ro
du

ct
.

b T
he

 n
um

er
at

or
 in

di
ca

te
s 

th
e 

nu
m

be
r 

of
 a

ni
m

al
s 

ex
hi

bi
tin

g 
th

e 
m

ut
at

io
n;

 th
e 

de
no

m
in

at
or

 r
ef

er
s 

to
 th

e 
to

ta
l n

um
be

r 
of

 a
ni

m
al

s 
st

ud
ie

d.

Sp
ec

ie
s/

T
is

su
e

C
ar

ci
no

ge
n

 L
es

io
n

 G
en

e/
M

ut
at

io
na

 F
re

qu
en

cy
b

 R
ef

er
en

ce

R
at

/c
ol

on
A

zo
xy

m
et

ha
ne

A
be

rr
an

t c
ry

pt
 f

oc
i

K
-r

as
/G

→
A

/1
2

5/
16

Sh
iv

ap
ur

ka
r 

et
 a

l.,
 1

99
4

M
ou

se
/li

ve
r

D
ie

th
yl

ni
tr

os
am

in
e

G
6P

as
e–  f

oc
i

H
a-

ra
s /

C
→

A
/6

1
12

/1
27

B
au

er
-H

of
m

an
n 

et
 a

l.,
 1

99
2

A
→

G
61

M
ou

se
/lu

ng
U

re
th

an
e

Sm
al

l a
de

no
m

as
K

i-
ra

s /
A

→
G

/6
1

32
/1

00
N

uz
um

 e
t a

l.,
 1

99
0

A
→

T
61

R
at

/m
am

m
ar

y 
gl

an
d

N
-m

et
hy

l-
N

-n
itr

os
ou

re
a

In
iti

at
ed

 c
el

l c
lo

ne
s

H
-r

as
/G

→
A

/1
2

17
%

Z
ha

ng
 e

t a
l.,

 1
99

1
H

am
st

er
/p

an
cr

ea
s

N
-n

itr
os

o-
bi

s(
2-

ox
op

ro
py

l)
-a

m
in

e
Pa

pi
lla

ry
 h

yp
er

pl
as

ia
K

-r
as

/G
→

A
/1

2
12

/2
6

C
er

ny
 e

t a
l.,

 1
99

2
M

ou
se

/s
ki

n
D

M
B

A
/T

PA
Pa

pi
llo

m
a

H
a-

ra
s /

A
→

T
/6

1
12

/1
4

Q
ui

nt
an

ill
a 

et
 a

l.,
 1

98
6



238 Chapter 7

initiation, although it is likely that alterations in one or a very few genes constitute the “rate-
limiting step” in the initiation of any individual cell.

Promotion

Boutwell (1974) was the first to propose that promoting agents induce their effects through their
ability to alter gene expression. During the past decade, our understanding of mechanisms in-
volving the alteration of gene expression by environmental agents has increased exponentially
(Morley and Thomas, 1991; Rosenthal, 1994). The regulation of genetic information is mediated
through recognition of the environmental effector—hormone, promoting agent, drug, etc.—and
its specific molecular interaction with either a surface or a cytosolic receptor. Several types of
receptors exist in cells (Mayer, 1994; Pawson, 1993; Strader et al., 1994) and are depicted in
Figure 7.6. Plasma membrane receptors may or may not possess a tyrosine protein kinase do-
main on their intracellular region (Figure 3.25B), while others have multiple transmembrane do-
mains with the intracellular signal transduced through G proteins and cyclic nucleotides (Figure
3.25A) (Mayer, 1994; Collins et al., 1992). The other general type of receptor mechanism in-
volves a cytosolic receptor that interacts with the ligand (usually lipid-soluble) that has diffused
through the plasma membrane (Figure 3.24). The ligand-receptor complex then travels to the
nucleus before interacting directly with specific DNA sequences known as response elements
(Figure 7.6).

The figure shows in a highly simplified manner the cascade effect of receptor-ligand and
protein kinase interactions, resulting in changes in transcription as well as cell replication within
the nucleus. As shown in the figure, interaction of transmembrane receptors containing a ty-
rosine protein kinase domain involves initially their dimerization, induced by ligand interaction.
This activates the protein kinase domain of the receptor, causing autophosphorylation. This, in
turn, attracts a cytoplasmic complex, Grb2-Sos, to the plasma membrane (Aronheim et al., 1994;
Egan et al., 1993). Sos is a member of a family of regulatory proteins termed guanine-nucleotide
exchange factors (GEFs) (Feig, 1994). Sos association with the G protein Ras stimulates, along
with other protein interactions, the exchange of GDP with GTP on the Ras α subunit. The GTP-
Ras, in turn, interacts with B-raf, a cytoplasmic serine-threonine protein kinase, with subsequent
activation of its catalytic activity and initiation of a kinase cascade, ultimately resulting in the
phosphorylation and activation of transcription factors including Jun, Fos, Myc, CREB, and ulti-
mately E2F and Rb, the tumor suppressor gene (Lewis et al., 1998; Janknecht et al., 1995; Rous-
sel, 1998). A number of other transcription factors are also activated by other pathways
involving phospholipase C, phosphatidylinositol kinase, and protein kinase C (Vojtek and Der,
1998; Takuwa and Takuwa, 1996).

As indicated in Figure 7.5, the critical, rate-limiting step in this process is the mediation of
the signal through the G-protein family. The G proteins are targeted to the plasma membrane
through lipid moieties, both isoprenoid and fatty acyl, covalently linked to the carboxyl terminal
region of the protein (Yamane and Fung, 1993). In this way, the initiation of the signal by the
ligand-receptor interaction can be physically related to the rate-limiting G-protein activation
step. The activation cycle of the G-protein family is seen in Figure 7.7. As seen from the figure,
activation is accompanied by GTP binding to the α subunit of the G protein, such binding being
dramatically stimulated by GEF proteins such as Sos. Activation also involves dissociation of
the α from the β and γ subunits, allowing the α subunit to interact with and activate downstream
members of the pathway, a protein kinase in the case of the growth factor-related pathway (Fig-
ure 7.6) or with other membrane molecules such as adenyl cyclase in the case of multiple trans-
membrane domain receptors (Figure 7.6). The activated G protein has an extremely short half-
life because of the action of RGS (regulator of G-protein signaling) proteins, which stimulate
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Figure 7.6 Diagram of principal mechanisms of intracellular signal transduction initiated either within
the cytosol or at the plasma membrane. Lipid-soluble molecules such as steroid hormones interact directly
with a cytoplasmic receptor after passing through the plasma membrane, this receptor being in association
with heat shock protein 90 (HSP 90). Following association and dissociation with different protein species,
the ligand receptor complex enters the nucleus and interacts with DNA in association with specific DNA
sequences known as hormone response elements (HRE). Receptors for many polypeptides hormones
(Chapter 3) and growth factors (Chapter 16) have a single transmembrane domain and associate or dimer-
ize after interaction with its ligand. This association activates the tyrosine kinase activity of the cytoplasmic
component of the receptor, phosphorylating both itself and other proteins. In the figure, an intermediate
protein, Sos, complexes with the G protein, Ras, which interacts with a protein kinase, B-raf, activating its
kinase activity and initiating the kinase cascade shown in the figure, ultimately ending up with activation of
transcription factors, in this case the E2F class. The G protein–linked receptors have multiple transmem-
brane domains, and interaction with the ligand results in the activation of a membrane-associated G protein,
which in turn activates adenylcyclase (AC) to produce increased levels of cyclic AMP. This small molecule,
termed a second messenger, activates the cyclic AMP–dependent protein kinase (PKA), which in turn
phosphorylates several other substrates, ultimately including the cyclic AMP response element
(CRE)–binding protein (CREB). This protein interacts with its DNA response element, CRE, resulting in
enhanced transcription. MAPK, mitogen activated protein kinase; MEK, MAPK kinase; RSK, ribosomal
S6 kinase. p91ARF and E2F are specific transcription factors.
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GTP hydrolysis to GDP with subsequent reassociation of the G protein in its inactive state
(Koelle, 1997). Some receptors having a single transmembrane domain do not possess tyrosine
protein kinase activity but require interaction with a cytoplasmic protein kinase. The exact
mechanism of this interaction, which does not involve protein phosphorylation, is not clear at the
present (Silvennoinen et al., 1997). The kinases involved have a direct interaction with the cyto-
plasmic domain of the receptor and are termed Jak or janus (two-faced) kinases. These in turn
may cause phosphorylation of the tyrosines in the cytoplasmic region of the receptor with subse-
quent activation via the pathway seen in Figure 7.6. In some cells, especially those of the im-
mune system, the Jak kinases may cause phosphorylation of specific transcription factors known
as STATs (Chapter 19; Silvennoinen et al., 1997).

The multiple transmembrane domain receptors are in direct association with G proteins
and, on activation of the receptor by interaction with a ligand, may activate a kinase termed a G-
protein receptor kinase (GRK) or another effector such as adenyl cyclase (AC, Figure 7.6)
(Böhm et al., 1997; Rasenick et al., 1995). While the α subunits of G proteins are major factors
in this signaling pathway, the β and γ subunits also appear to be involved (Pitcher et al., 1992).

In addition to the plasma membrane receptors, gene expression can be regulated through
the interaction of cytoplasmic receptors with their ligands as previously discussed in Chapter 3
(Figures 3.23 and 3.24). Just as with membrane receptors, the pathways of the cytoplasmic re-
ceptors involve multiple interactions with proteins, phosphorylation, and ultimate alteration of
transcription through factor interaction with DNA (Weigel, 1996; Pratt and Toft, 1997). In all of
these pathways, in addition to alteration of transcription and gene expression, enhancement or
inhibition of cell replication may also be an end point achieved through transcriptional modula-
tion of the cell cycle (Chapter 9).

Many promoting agents exert their effects on gene expression through perturbation of one
of the signal transduction pathways, as indicated in Figure 7.6. One may, in general, classify
receptor mechanisms into three broad classes—steroid, tyrosine kinase, and G protein–linked.
The majority of the more commonly studied promoting agents exert their actions by mediation
of one or more of the receptor pathways indicated in Figure 7.6. In Table 7.8 are listed some of

Figure 7.7 The guanine nucleotide cycle for heterotrimeric G proteins. The inactive G protein on the left
is a GDP-bound heterotrimer. Ligand-bound activated receptors, either directly or indirectly, catalyze the
exchange of GDP for GTP, leading to association of the α subunit from the βγ dimer (right). The separated
G-protein subunits are thus activated for signaling. The G protein becomes an inactive heterotrimer again
following action of the intrinsic GTPase activity of the α subunit returning it to the GDP bound form. RGS
proteins can bind to activated G-protein α subunits and greatly accelerate the GTP-hydrolysis reaction. Pi,
phosphate. (Adapted from Koelle, 1997, with permission of author and publisher.)
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the most studied promoting agents known or postulated to be effectors in signal transduction
pathways. While protein kinase C (PKC) is not itself one of the three types of receptors noted in
Figure 7.6, it is a mediator of the signal transduction pathways of both the tyrosine kinase and G
protein–linked transduction pathways. TPA interacts directly with membrane-bound PKC, dis-
placing the normal activator, diacylglycerol, and serving to maintain the kinase in its active and
soluble form (Ashendel, 1985). The continual activation of this kinase then stimulates further
transduction pathways by phosphorylation of specific proteins (Stabel and Parker, 1991). TCDD
acts in the steroid pathway via a specific receptor, the Ah receptor, the ligand-receptor complex
together with other proteins, ultimately altering the transcriptional rate of genes possessing spe-
cific regulatory sequences (HRE). In a similar manner, sex steroids, some synthetic antioxidants,
and peroxisome proliferators interact with specific soluble receptors and altered gene expression
by presumed mechanisms similar to that of TCDD (Chapter 3, Figures 3.23 and 3.24). While in
some instances the actual receptor is still not defined, those for polypeptide hormones and
growth factors consist of either the tyrosine kinase or G protein–linked types depending on the
structure of the polypeptide. The “receptors” for okadaic acid and cyclosporine have been re-
ported to be protein phosphatase 2A and cyclophilin-A respectively (Fujiki and Suganuma,
1993). These proteins, like PKC, are involved in phosphorylation mechanisms of the tyrosine
kinase and G protein–linked pathways, although specific sites and mechanisms have not been
completely clarified at this time. Thus, the action of promoting agents in altering gene expres-
sion may be mediated through specific receptors. This hypothesis provides a reasonable expla-
nation for the tissue specificity demonstrated by many promoting agents. The receptor-ligand
concept of promoting agent action is based on the dose-response relationships involving phar-

Table 7.8 Some Promoter-Receptor Interactions in Target Tissues

Adapted from Pitot and Dragan, 1996, with permission of the publisher. Further references may be found in the text.
Cyclosporine as a promoter of murine lymphoid neoplasms has been described by Hattori et al. (1988).

Promoting Agent Target Tissue(s) Receptor Status Type

Tetradecanoylphorbol acetate 
(TPA)

Skin Defined (protein 
kinase C)

Tyrosine kinase/
G protein–linked

2,3,7,8-Tetrachlorodibenzo-p-
dioxin (TCDD); planar PCBs

Skin, liver Defined (Ah receptor) Steroid

Sex steroids (androgens and 
estrogens

Liver, mammary 
tissue, kidney

Defined (estrogen and 
androgen receptors

Steroid

Synthetic antioxidants (butyl-
ated hydroxytoluene, BHT; 
butylated hydroxyanisole, 
BHA)

Liver, lung, fore-
stomach

Postulated Steroid (?)

Phenobarbital Liver Postulated Unknown
Peroxisome proliferators 

(WY-14,643, nafenopin, 
clofibrate)

Liver Defined [peroxisome 
proliferator-activated 
receptor (PPAR)]

Steroid

Polypeptide trophic hormones 
and growth factors (prolac-
tin, EGF, glucagon)

Liver, skin, mam-
mary gland

Defined or partially 
characterized (Chap-
ters 3 and 11)

G protein–linked/
tyrosine kinase

Okadaic acid Skin Defined (?) (protein 
phosphatase-2A)

Unknown

Cyclosporine Liver, lymphoid 
tissue

Defined (cyclophilin) Tyrosine kinase/
G protein–linked
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macological agents. The basic assumptions of such interactions argue that the effect of the agent
is directly proportional to the number of receptors occupied by the ligand. The intrinsic activities
of the chemical and the signal transduction pathways available in the tissue are important factors
in the type and degree of response observed (Saltiel, 1995).

Indirect Pathways of Tumor Promotion. In addition to the specific action of tumor pro-
moters on gene expression mediated directly via specific ligand (promoting agent)-receptor in-
teractions, another mechanism of tumor promotion has been identified that involves the indirect
action of promoting agents in inducing the formation of reactive oxygen radicals (Chapter 3),
which in turn involve signal transduction pathways specifically activated by such “oxidative
stress.” Cells may also be subjected to other types of stress involving changes in temperature,
pressure, substrate availability, etc., but the roles of these mechanisms in tumor promotion, if
any, have not been clarified. On the other hand, reactive oxygen radicals, whether developing
internally within the cell from the indirect action of chemical agents or directly from the action
of chemical and physical agents, alter a number of signal transduction pathways. One mecha-
nism for such alteration appears to be a change in the redox state of several of the protein species
themselves (Cimino et al., 1997). Cerutti and colleagues (Cerutti, 1985) were among the first to
argue that reactive oxygen species played a major role in tumor promotion. Since that time, it
has become apparent that many extracellular ligands generate and/or require reactive oxygen
radicals and their derived species in the transmission of some of their signals to the nucleus
(Lander, 1997). Such pathways include those involving growth factors and hormones, ion trans-
port, transcription factors, and apoptosis (Lander, 1997). In particular, the oxidation state of tran-
scription factors is of paramount importance in the effects of free radicals, especially of oxygen
metabolism, and redox potential in governing signal transduction pathways. In Figure 7.8 may
be seen several examples of the effect of reactive oxygen species (ROS) in regulating the func-
tion of several transcription factors (cf. Cimino et al., 1997). Notable in the figure are zinc-finger
transcription factors such as the AP-1 family of transcription factors, which are involved in a
variety of signal transduction pathways including that from TPA, ultraviolet-A, TCDD, and ion-
izing radiation (cf. Dalton et al., 1999). Another transcription factor noted in the figure (B) is
NF-κB, which plays a central role in the regulation of many genes involved in cellular defense
mechanisms, pathogen defenses, immunological responses, and expression of cytokines and cell
adhesion molecules (Dalton et al., 1999). As shown in the figure, NF-κB consists of two sub-
units, p50 and p65, which are restricted to the cytoplasm because of their association with an
inhibitory subunit, I-κB. NF-κB translocates to the nucleus following phosphorylation of I-κB
which frees NF-κB from the complex. This allows NF-κB to interact with specific sequences in
DNA (cf. Cimino et al., 1997). Such interaction with DNA is markedly altered by oxidation of
the proteins, as is the phosphorylation of I-κB. As noted in C of the figure, heat-shock proteins
(HSF) may also be altered in their function as chaperones and in the ability of the cell to cope
with external stress by alteration in the ROS (cf. Cimeno et al., 1997). There is also substantial
evidence that ROS may alter the function of a variety of kinases involved in signal transduction
including protein kinase C (Konishi et al., 1997) and the mitogen-activated protein kinase
(MAPK) family (Guyton et al., 1996). Even G proteins themselves, such as members of the ras
family, play a significant role in the signal transduction effects resulting from ROS, sometimes
themselves being important targets for redox changes (cf. Finkel, 1998).

Promoting agents, which themselves are responsible for the direct induction of reactive
oxygen molecules (e.g., growth factors, phorbol esters), induce the production of ROS in a vari-
ety of cell types. Some examples of this are seen in Table 7.9. The table was restricted to non-
phagocytic cells and is modified from a similar table by Gamaley and Klyubin (1999). Thus, the
specific signal transduction pathway resulting from the specific interaction of ligand with recep-
tor is complemented by the mostly indirect production of ROS, which, in turn, may enhance the
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induced alteration of genetic expression by the promoting agent. The importance of the induc-
tion of ROS by promoting agents is perhaps best noted by the effect of antioxidants and related
chemical species capable of significantly inhibiting the promoting action of many promoting
agents (Chapter 8). In addition, since ROS are capable of altering the structure of DNA in a
variety of ways (Chapter 3), this effect may also play a role in the action of promoting agents.
However, that such is unlikely is seen by the reversible nature of the action of promoting agents
(see above), in contrast to the irreversibility of the induction of mutations by ROS. Furthermore,
as the student may recall from Table 3.6, extensive endogenous DNA damage resulting from
ROS and other factors is occurring all of the time. Repair of such damage is largely the function
of the mismatch repair system also discussed in Chapter 3. Although theoretically ROS may
initiate cells, there has been little if any evidence that such occurs (Glauert and Clark, 1989;
Denda et al., 1991; Takaba et al., 1997). It is more likely that structural alterations induced by
ROS during the action of promoting agents may play a major role in the transition of cells from
the stage of promotion to that of progression (Chapter 9).

Cell Cycle Regulation

Although the exact mechanism(s) by which promoting agents selectively enhance cell replica-
tion in preneoplastic cells is unknown, our understanding of the interaction of ligand-receptor
signaling with the cell cycle and its regulation has dramatically increased in recent years. Figure
7.9 diagrams an integration of the cell cycle and apoptosis with the signal transduction pathways
(Figure 7.6). Phosphorylation of the mitogen-activated protein kinase (MAPK) via the signal
transduction pathway activates this kinase (Figure 7.9), which then activates various transcrip-
tion factors, the proto-oncogene products, c-myc, c-jun, and c-fos (Seger and Krebs, 1995). Rb,
the retinoblastoma tumor suppressor gene, is made throughout the cell cycle. It becomes highly
phosphorylated at the beginning of DNA synthesis (G1,S). This releases a transcription factor,
E2F, which is complexed with the highly phosphorylated but not the hypophosphorylated Rb
protein. E2F then is available to stimulate the transcription of a variety of genes needed for the
transition from G1 and the initiation of DNA synthesis. As noted above, ligand-receptor interac-
tions can result in the activation of E2F and thus the transcription of genes needed for continuation
of the cell cycle. This continuation involves a variety of protein kinases and proteins known as
cyclins (cf. Oratta, 1994) that are discussed more exhaustively in Chapters 9 and 15. Another tu-
mor suppressor gene, the p53 gene, also plays a role as a transcription factor, preventing continu-
ance of the cell cycle on the occasion of DNA damage (Wu and Levine, 1994). Such a pause allows
the cells to repair such damage or, if the damage is excessive, to undergo apoptosis (Figure 7.9). If

Table 7.9 Some Promoting Agents That Induce ROS Production in Various Cells

Agonist Cell Type

Epidermal growth factor A431, fibroblasts, keratinocytes
Fibroblast growth factor 3T3 L1 cells, chondrocytes
Insulin 3T3 L1 cells, fat cells
Phorbol esters B lymphocytes, fibroblasts, platelets
Platelet-derived growth factor 3T3 L1 cells, fibroblasts, smooth muscle cells
Thyrotropin Thyroid cells
Transforming growth factor Endothelial cells, fibroblasts, osteoblasts
Tumor necrosis factor B lymphocytes, endothelial cells, fat cells, fibro-

blasts, mesangial cells, smooth muscle cells
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Figure 7.9 Diagram of the cell cycle and its associated cycle to apoptosis or terminal differentiation
with potential to return to the active cycle under the influence of growth factors and related components.
Signal transduction may regulate the cell cycle through kinase activation involving the E2F-Rb interaction
or other kinases and related molecules involved in the cell cycle (Chapter 9). (From Laird and Shalloway,
1997; Müller et al., 1993.)
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the p53 gene is mutated or absent, such a pause does not occur and the cell cycle continues
replicating despite the presence of damage, resulting in mutations and clastogenesis (Lane,
1992; Sander et al., 1993; Dulic et al., 1994). Obviously, the missing mechanistic link is a clear
understanding of the selective enhancement of the cell cycle in preneoplastic cells by promoting
agents (Jacobs, 1992). A variety of possibilities exist, including increased concentrations of re-
ceptors or any one or more of the components of the signal transduction pathway, as well as
mutations in transcription factors, cyclins, cdks, or other components of the cell cycle. As yet,
however, definitive studies to pinpoint such mechanisms have not been performed.

Role of Cell Division in Tumor Promotion

In recent years there has been an increased appreciation of the role of promoting agents in en-
hancing cell replication in the entire carcinogenic process. In some models, cell replication dur-
ing this and the final stage of carcinogenesis has been postulated to be the key to the entire
developmental process of neoplasia (Cohen and Ellwein, 1990). The significance of the en-
hancement of proliferation of cells already possessing a mutated genome on their advancement
into the final stage of progression and malignant neoplasia is considered in Chapter 9.

It is now clear that many tumor-promoting agents are mitogenic, at least for certain cell
populations. TPA when applied to mouse skin results in a rapid increase in DNA synthesis in
most basal skin cells (Frankfurt and Raitcheva, 1972). From studies in liver, Cayama et al.
(1978) and others have argued strongly that the initiation of chemical carcinogenesis requires
cell proliferation. The role of cell proliferation in “fixing” the initiated change is discussed fur-
ther in Chapter 14. However, numerous studies have shown that, although cell replication may
be necessary for the “fixation” of tumor initiation, it is not sufficient in itself to assure the con-
tinuance of the process of promotion and ultimate tumor formation by the initiated cell(s) or
their progeny (Boutwell, 1974).

Studies with cultured cells have demonstrated that several of the phorbol esters are capable
of increasing the frequency of amplification of specific genes within these cells in culture (Bar-
soum and Varshavsky, 1983; Hayashi et al., 1983). Such direct effects of tumor promoters on the
genome of the cell have not in the past been considered a significant factor in tumor promotion.
On the other hand, studies by several authors (Emerit and Cerutti, 1982; Birnboim, 1982) have
demonstrated that TPA, added to leukocytes in vitro, induces the formation of chromosomal
breaks and other abnormalities. Such changes may be the result of the action of oxygen metabo-
lites, especially superoxide radicals (Chapter 3), since the enzyme superoxide dismutase
strongly inhibits the clastogenic activity of this tumor promoter in such a system. Earlier studies
in support of these findings included the demonstration of the induction of sister chromatid ex-
changes by TPA in cultured cells, a process clearly involving DNA strand breakage (Nagasawa
and Little, 1979). Although other investigators had some difficulty in reproducing these results
(Thompson et al., 1980), Nagasawa and Little (1981) indicated that the effect is markedly de-
pendent on the medium in which the cells are maintained during the experiment. That such ef-
fects are active in vivo is supported by the findings of Kozumbo and associates (1983), who
demonstrated the inhibition of ornithine decarboxylase induction and tumor promotion by anti-
oxidants that eliminate the accumulation of oxygen metabolites, such as the superoxide radical.
In addition, several studies (cf. Verma et al., 1977) have shown that inhibitors of prostaglandin
synthesis also prevent tumor promotion. Since the synthesis of prostaglandins involves oxygen
radical formation, these effects further support a possible role of oxygen metabolites in the pro-
cess of tumor promotion.
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Early studies by Boutwell (1964) suggested that the process of tumor promotion could be
divided into at least two stages. Boutwell used limited treatments with croton oil that were insuf-
ficient to produce skin papillomas. This was followed by repeated treatments with turpentine,
which then allowed the development of papillomas (cf. DiGiovanni, 1992). Slaga et al. (1980)
and Fürstenberger et al. (1981) confirmed these studies and extended them into the use of other
agents, some of which were effective only during the “second stage” of promotion, such as
mezerein or derivatives of TPA (Marks and Fürstenberger, 1986). The “first stage” of promotion
was termed conversion, which could be effected by several applications of TPA. This resulted in
no tumors when no further treatment was given. Repeated application of a second-stage pro-
moter such as mezerein would then lead to the development of papillomas, although mezerein
given alone after initiation did not result in a significant number of skin lesions (cf. Perchellet
and Perchellet, 1988). Fürstenberger et al. (1983) have also shown that the effects of a single
dose of TPA may last for at least 8 weeks; this suggests that the “reversibility” of tumor promo-
tion is largely related to the second stage of this process. The exact nature of each of the stages
of tumor promotion in the skin is not clear, but it is quite possible that the first stage of tumor
promotion is closely related to the process of fixation (see above), whereas the second stage
involves a more direct effect on the subsequent cellular population. By this concept, most known
promoting agents for liver carcinogenesis are second-stage promoters.

The selective induction of proliferation of initiated cell populations was first intimated by
the work of Solt and Farber (1976), who used 2-acetylaminofluorene administration as a “selec-
tion agent” for the enhancement of proliferation of altered hepatic foci in a modified initiation-
promotion protocol. A similar “selection” of certain initiated clones by TPA promotion has also
been postulated as occurring during multistage carcinogenesis in mouse skin (cf. DiGiovanni,
1992). Later studies demonstrated that 2-acetylaminofluorene was acting as a promoting agent
in this protocol (Saeter et al., 1988). Farber and his colleagues (Roomi et al., 1985) espoused the
concept that the lowered xenobiotic metabolism of preneoplastic cell populations gave such cells
a competitive advantage in toxic environments such as those provided by the chronic administra-
tion of carcinogens. Schulte-Hermann and associates (1981) demonstrated that several hepatic
promoting agents—including phenobarbital, certain steroids, and peroxisome proliferators—se-
lectively enhanced the proliferation of cells within preneoplastic lesions in rat liver. A similar
effect was reported by Klaunig in preneoplastic and neoplastic hepatic lesions in mice respond-
ing to promotion by phenobarbital (Klaunig, 1993). The response of preneoplastic hepatocytes
in the rat to partial hepatectomy is also greater than that of normal hepatocytes (Laconi et al.,
1994). Preneoplastic hepatocytes in culture exhibit an inherently higher level of replicative DNA
synthesis than normal hepatocytes (Xu et al., 1988). Thus, the characteristic of promoting agents
at the cell and molecular level to increase cell proliferation of preneoplastic cell populations se-
lectively more than that of their normal counterparts may be the result of altered mechanisms of
cell cycle control within the preneoplastic cell.

Mechanisms of Action of Three Promoting Agents

Although the signal transduction pathways for promoting agents discussed above are generally
applicable, it is useful to consider the more specific molecular mechanisms and pathways of the
most commonly employed promoting agents in experimental systems. These are tetrade-
canoylphorbolacetate (TPA) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), promoting
agents effective in a variety of tissues, and phenobarbital (PB), a promoting agent effective in
only a few tissues.



248 Chapter 7

Tetradecanoylphorbolacetate

The receptor for TPA was shown to be a cytosolic serine/threonine protein kinase termed protein
kinase C (Leach et al., 1983; Ashendel et al., 1983). Pathways activated by the TPA interaction
with protein kinase C in its membrane-bound form are outlined in Figure 7.10 (Kazanietz and
Blumberg, 1996). Diacylglycerol, the normal endogenous activator of protein kinase C, may be
produced by the action of phospholipases after being activated either from a transmembrane
growth factor receptor or a multiple transmembrane protein receptor (Figure 7.6). TPA is a more
effective ligand activator than the endogenous diacylglycerol, thus causing the enhancement of
the various pathways noted that involve the activation of another protein kinase, Raf-1 (B-raf),
and the subsequent cascade of various events ending with the phosphorylation. This ultimately
results in the changes in phosphorylation levels of a dimeric transcription factor, AP-1, usually
consisting of a heterodimer comprising one molecule each of the proto-oncogenes c-jun and
c-fos. This heterodimer interacts with a DNA sequence, termed the TPA-responsive element
(TRE), whose sequence is TGA(G/C)TCA (Kazanietz and Blumberg, 1996). The regulatory re-
gions of many genes possess AP-1 sites thus resulting in the numerous effects of TPA on cells
(Chapter 14, Table 14.9).

The other signal transduction pathway activated by TPA is that involving the nuclear
transcription factor NFκB. This protein is normally maintained in the cytoplasm in a complex
with another protein, IkB, which prevents its entrance into the nucleus by formation of the
complex. Phosphorylation of IFκB by specific protein kinases (cf. Karin, 1999) that themselves
may be phosphorylated by protein kinase C causes the degradation of IFκB by the ubiquitin
pathway, freeing the NFκB protein for entrance into the nucleus and interaction at its specific
sequence motif, GGG(A/G)NNYYCC (Miyamoto and Verma, 1995). NFκB may also be acti-
vated by alteration in intracellular thiols, presumably involving oxidative stress (cf. Keyse,
1997). Just as with AP-1, which is also affected by oxidative stress, the target genes for NFκB
comprise an extensive list, a number of which are concerned with the immune system (Schreck
et al., 1997).

It is of interest that although TPA activates protein kinase C, chronic administration of the
promoting agent causes a downregulation of this gene in mouse epidermis and in preneoplastic
papillomas (Hansen et al., 1990). The activation of protein kinase C appears also to phosphory-
late the epidermal growth factor receptor at serine residues (Davis and Czech, 1984), which may
be related to the demonstration that the epidermal growth factor receptor binding to EGF is dra-
matically inhibited by TPA. This inhibition is reversed in the absence of the promoting agent
(Magun et al., 1980). While these seemingly discordant results may be explained by a variety of
mechanisms, it is clear that TPA induces cell replication in the epidermis, the overriding factor
in its promoting action.

2,3,7,8-Tetrachlorodibenzo-p-dioxin

Another model promoting agent to be considered is 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), an effective promoter in a variety of tissues but primarily in liver and skin in the rodent
(Pitot et al., 1980; Poland et al., 1982). TCDD is an environmental contaminant that is both a by-
product of a variety of chemical syntheses and a product of various types of combustion (Hites,
1990; Bumb et al., 1980). TCDD is extremely toxic (cf. Lilienfeld and Gallo, 1989; Pohjanvirta
and Tuomisto, 1994) and is likely the most effective promoting agent on a per-molecule basis
that has been described (Pitot et al., 1980). Virtually all of the toxicities of TCDD (Pohjanvirta
and Tuomisto, 1994) are mediated through the interaction of TCDD with the Ah receptor as
first described by Poland (cf. Poland and Knutson, 1982). The signal transduction pathway ef-
fecting the toxicity and promoting activity of TCDD has now been established to some degree
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Figure 7.10 Pathways of protein kinase C–activated signal transduction. Interaction of TPA with the
membrane-associated protein kinase C leads to an enhancement of its catalytic domain (C), which in turn
may phosphorylate several different substrates as noted in the figure. This leads to a phosphorylation cas-
cade with ultimate transcriptional activation of phorbol ester-inducible genes. Transcriptional activation is
mediated by two independent routes, the ras/raf-1 and the IkB/NF-κB pathways. Abbreviations: R, regula-
tory domain of PKC; C, catalytic domain of PKC; PLC, phospholipase C; GRB-2, growth receptor–bound
protein 2 (an adapter between the growth receptor tyrosine kinase and SOS through its SH2 domain; SOS
(son of sevenless), a guanine-nucleotide dissociation protein that releases GDP from RAS and allows GTP
to bind and activate RAS; MAP kinase, mitogen-activated protein kinase; NF-κB, nuclear factor κB; IκB,
inhibitory subunit of nuclear factor κB. (Adapted from Kazanietz and Blumberg, 1996, with permission of
the authors and publisher.)
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(Figure 7.11). As shown in the figure, TCDD interacts with the Ah receptor in the cytoplasm, the
receptor being maintained in a native form through interaction with heat-shock proteins or chap-
erones (Henry and Gasiewicz, 1993; Whitlock, 1993). Interaction of the receptor with the ligand
(TCDD) in the cytoplasm leads to a dissociation of the chaperone-Ah receptor complex and its
binding to another somewhat related protein, the Ah receptor nuclear translocator protein (Arnt)
(Reyes et al., 1992). This complex is then translocated into the nucleus, where it interacts with a
specific core nucleotide sequence, T_GCGTG (Whitlock, 1993). Just as with TPA, this complex
transcriptionally activates a large number of different genes, including many of the phase I xeno-
biotic metabolizing genes such as members of the cytochrome P450 family and a variety of oth-
ers (DeVito and Birnbaum, 1994; Grassman et al., 1998). Like TPA, TCDD administration in
vivo, albeit at doses considerably in excess of those used for tumor promotion, downregulated
both the epidermal growth factor receptor (Sewall et al., 1995) and protein kinase C (Bombick et
al., 1985). In addition, in cell culture, TCDD inhibited intercellular communication, like many
other tumor promoting agents (Chapter 14) (De Haan et al., 1994). Like TPA, TCDD induces
DNA synthesis and cell replication in preneoplastic foci but has very little if any effect on the
nonfocal hepatocytes in such livers (Buchmann et al., 1994). This finding is in concert with that
of its similar selective effect in inhibiting apoptosis of cells of altered hepatic foci without signif-
icantly altering the apoptotic index of the nonfocal liver (Stinchcombe et al., 1995). A potential
mechanistic explanation of this latter finding is the demonstration that TCDD also suppresses
apoptosis in rat hepatocytes treated in vitro with an apoptogenic dose of ultraviolet light. TCDD
administration resulted in a dose-dependent increase in the phosphorylation of the p53 tumor
suppressor protein (Wörner and Schrenk, 1998). This suggests that phosphorylation of key sites
on the p53 protein prevents its action as a mediator of apoptosis (Bates and Vousden, 1999).

Phenobarbital

Phenobarbital (PB), the more classic tumor promoter of rodent hepatocarcinogenesis, appears to
have a somewhat more complex mechanism of signal transduction than either TPA or TCDD.
TPA inhibited the PB induction of phase I genes (Steele and Virgo, 1988), while PB inhibited
the translocation of protein kinase C from the soluble to the particulate or membrane fraction of
the cell (Brockenbrough et al., 1991), which is the normal pathway by which TPA activates pro-
tein kinase C to initiate signal transduction pathways. Like that of TPA, chronic administration
of PB caused a decrease in epidermal growth factor receptor protein levels (Orton et al., 1996).
PB also increased expression of the transcription factor c-fos, which is important in the enhance-
ment of gene expression by TPA through the AP-1 regulatory site on DNA (see above) as well as
in enhancing the expression of glutathione S-transferase in preneoplastic foci in rodent liver
(Bitsch et al., 1999). However, the exact signal transduction pathway of phenobarbital has not
been as readily elucidated as those of TPA and TCDD. In 1991, He and Fulco reported on a
sequence in DNA which had some of the characteristics of a PB-responsive element. Later stud-
ies from this laboratory (Liang et al., 1995) defined the wild-type sequence, termed a Barbie
box, as AT(A/C)AAAAGCTGGTG. Such sequences were found in the regulatory regions of
several PB-responsive genes (Fournier et al., 1994). More recently, Negishi and associates de-
fined another regulatory DNA element involved in the phenobarbital induction of cytochrome
P450 CYP2B genes (cf. Honkakoski and Negishi, 1998). This sequence, termed the PB-respon-
sive enhancer module (PBREM), did not contain any sequences of the Barbie box but usually
occurred distal in the 5′ region of genes containing Barbie boxes. The sequence of the PBREM
51 base-pair enhancer element is seen in Figure 7.12.

These same workers have now demonstrated that several regulatory factors including a
constitutively active receptor (CAR) are capable of transactivating the PBREM (Kawamoto et
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al., 1999). Phenobarbital appears to have an active function in this process, since it is capable of
altering protein binding to this unit in native chromatin (Kim and Kemper, 1997). Thus, the phe-
nobarbital signal transduction pathway appears to be quite analogous to that seen with TCDD in
relation to the CAR receptor, but this does not explain the function of the Barbie box. Other
studies (Stolz et al., 1998) indicate that phenobarbital induction of the PB-responsive cyto-
chrome P450s requires interactions among multiple regulatory proteins and multiple cis-acting
elements in the regulatory regions of these genes.

The mechanisms described for the action of these three promoting agents—TPA, TCDD,
and PB—are responsible for the phenotypes noted in preneoplastic lesions, which differ signifi-
cantly from those of their normal cellular counterparts. However, based on studies up to the
present time, these mechanisms involved in both preneoplastic and normal cells appear to be the
same. How these mechanisms result in selective cell replication and gene expression within pre-
neoplastic tissues, giving them a growth advantage over their normal counterparts but being to-
tally dependent on a continued presence of the promoting agent, is not clear at the present time.

The Molecular Basis of the Reversibility of the Stage of Tumor Promotion

The theoretical and practical aspects of ligand-receptor interactions have been previously re-
viewed (cf. Pitot, 1995). Herein such relationships are considered as they concern the action of
tumor promoters. The basic assumption of the ligand-receptor interaction is that the effect of the
agent is directly proportional to the number of receptors occupied by that chemical ligand and
that a maximum response of the target is obtained only when all receptors are occupied. As seen
in Figure 7.13, a simple bimolecular interaction between the ligand and receptor can be utilized
to determine a dissociation constant, KL, of the receptor-ligand complex. Although a variety of
mathematical relationships may be derived from this simple equation (cf. Ruffolo, 1992), only
the dose-response relationship is considered here. The dose-response of the receptor-ligand in-
teraction takes the shape of a sigmoidal curve identical to that seen with the inhibition of TPA
binding depicted in Figure 7.5. The figure denotes a threshold response at very low doses and a
maximal effect above a specific dose. Theoretically, the linear conversion of the sigmoidal
curves, such as seen in Figure 7.5, may indicate effects at even lower doses than those usually
studied, but this depends on the association constant of the ligand-receptor complex and the sub-
sequent fate of the complex (Aldridge, 1986). Withdrawal of the ligand reverts the system to its
original state. Thus, the regulation of genetic expression that occurs by the ligand-receptor
mechanism predicts a threshold and reversible effect unlike that of genotoxic carcinogenic
agents, in which an irreversible nonthreshold response is assumed on theoretical grounds and
can be demonstrated in a variety of instances (Druckrey, 1967; Zeise et al., 1987). Furthermore,

Figure 7.12 The 51-bp enhancer element (PBREM) as delineated by transfection in mammalian cells.
The two putative nuclear receptor binding motifs are within the boxes as well as an NFI binding sequence.
Variations in other cytochrome P450IIB genes are noted below the primary sequence with the differences
indicated. (Adapted from Honkakoski et al., 1998, with permission of the authors and publisher.)



Natural History of Neoplastic Development 253

at very low doses of some carcinogenic agents, an apparent reversal or “protective” effect of the
agent can actually be demonstrated. This phenomenon has been termed hormesis (Teeguarden et
al., 1998). Regardless of whether this latter effect can be more generalized, it is apparent that
both the measured dose response and the receptor mechanisms of tumor promotion imply a no-
effect or threshold level for the action of these agents during carcinogenesis. Thus, the stage of
tumor promotion, unlike that of initiation and progression, does not involve mutational or struc-
tural events in the genome but rather is concerned with the reversible alteration of the expression
of genetic information.

Role of Apoptosis in Tumor Promotion

As noted from Figure 7.9, there occurs a period during the cell cycle when the cell may enter
into a differentiated, usually G0 state and remain so for hours, days, or years. In some instances
such a decision to enter G0 also culminates in terminal differentiation and apoptosis or pro-
grammed cell death (Chapter 2). Although Figure 7.9 indicates that such decisions are made at
the G0/G1 switchpoint or checkpoint, deviation of the cell cycle to apoptosis may occur during
any of the stages of the cycle (cf. King and Cidlowski, 1995).

We have already considered (Chapter 2) some of the biological characteristics of apopto-
sis, and during the last few years a considerable body of knowledge has accumulated related to
molecular characteristics and controls of this process. Figure 7.14 is an extension of Figure 2.5
and shows a hypothetical diagram of the sequence of events leading to apoptosis. It indicates the
genes and gene products involved during the various phases noted—induction, mediation, mod-
ulation (effector stage in Figure 2.5), and degradation. DNA strand breakage by ionizing radia-
tion induces an increase in the amount of p53 tumor suppressor gene by a posttranscriptional
mechanism (cf. Canman and Kastan, 1995). In turn, the p53 protein acts as a transcriptional acti-
vator of several genes that serve to inhibit the cell cycle, thus presumably allowing time for the
cell to repair the DNA damage. If the damage is excessive or repair mechanisms fail, the pres-
ence of excessive amounts of p53 protein appear to enhance cellular apoptosis. The Rb-1 gene
normally suppresses cell proliferation in its underphosphorylated form, in which it binds to the
transcription factor E2F-1. A deficiency of the Rb-1 protein results in activation of E2F-1 re-
sponsive genes and an inappropriate entry of cells into the S phase, leading ultimately to apopto-
sis or division of a cell with a mutated genome (Almasan et al., 1995).

Figure 7.13 Representation of receptor–ligand interaction and dissociation with derivation of the KL,
dissociation constant of the receptor–ligand complex.
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Another pathway leading to apoptosis is that of ligand-receptor interactions, including the
interaction of TGFβ-1 (see above) with its receptor, and the Fas ligand interaction with its recep-
tor (Nagata and Golstein, 1995). In addition, the deprivation of growth factors from cells may
also lead to apoptosis (Thompson, 1995). Mechanisms involved in such ligand-receptor–medi-
ated apoptosis may be similar to those involved in ligand-receptor enhancement of cell prolifer-
ation. Some of the effector molecules, as noted in the figure, include the ras G protein and
protein kinase C (PKC).

Metabolic or cell cycle perturbations that induce apoptosis include the effect of ceramide,
a product of sphingomyelin hydrolysis (Bose et al., 1995) and a variety of drugs capable of in-
hibiting or altering the cell cycle (Smets, 1994). Ceramide-induced apoptosis may involve signal
transduction pathways, which involve ligand-receptor mechanisms as well (Obeid and Hannun,
1995). The effects of many chemotherapeutic drugs may involve mechanisms causing a mitotic
catastrophe, which occurs when cell cycle (Spruck et al., 1999) or mitotic (Pihan and Doxsey,
1999) components are themselves overexpressed or defective. This latter phenomenon has a
number of characteristics similar to those of apoptosis, and many cells showing such changes
ultimately undergo apoptosis (King and Cidlowski, 1995).

Figure 7.14 A theoretical scheme showing the general classes of perturbations which can initiate the
“death signal” mediated by a variety of intracellular effectors. The intracellular effectors are then modu-
lated by both enhancers and inhibitors, resulting ultimately in the activation of proteases, leading to alter-
ations in cellular structure as well as the activation of nucleases causing DNA fragmentation. Descriptions
of the various genes noted in the figure may be found in the text and/or the references. Those genes whose
actions have been shown to be involved in apoptosis in hepatocytes are underlined with solid lines. The
genes whose action is assumed to occur during hepatocyte apoptosis are underlined with dotted lines.
(From Pitot, 1998. Reproduced with permission of the publisher.)
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Effector genes may modify the development of apoptosis either in a positive enhancing or
negative inhibitory manner. Predominant among gene products that prevent the development of
apoptosis is the Bcl-2 gene, which codes for a protein in the mitochondrial membrane (Hocken-
bery et al., 1990). The Bcl-2 gene has a variety of demonstrated functions involving mitochon-
drial permeability, especially to proteins such as cytochrome c, ions, and protective actions
against reactive oxygen species produced by the mitochondrion (cf. Mignotte and Vayssiere,
1998). Cells expressing high levels of this protein are resistant to apoptosis induced by several
different mechanisms (cf. Hoffman and Liebermann, 1994). In contrast, Bax, a gene whose tran-
scription is enhanced by the p53 protein, results in an acceleration of apoptosis. Just as in mito-
sis, checkpoints (Chapter 9) have been proposed, first during the modulation stage, when
enhancers and inhibitors of the death signal are opposed, and second at the initiation of the deg-
radation stage, by activation of the protease caspases (Oltvai and Korsmeyer, 1994) in a cascade
of activation of the 10 or more known caspases (cf. Cohen, 1997).

The exact role of poly(ADP-ribosyl)ation catalyzed by poly ADP-ribose polymerase
(PARP) is not clear. This enzyme is activated by DNA strand breaks and is somehow involved in
the more efficient repair of DNA. In some cell types, inhibition of PARP inhibits apoptosis
(Tanaka et al., 1995); in other cell types, it either has no effect or causes a questionable enhance-
ment of the process of programmed cell death (cf. Binder and Hiddemann, 1994). The common
pathway of the degradation phase of apoptosis is protease activation, which may occur directly,
as by the action of cytotoxic T cells, or by other mechanisms possibly involving signal transduc-
tion (Martin and Green, 1995). The first protease that was identified as an effector during apop-
tosis in several cell types was the interleukin-1β-converting enzyme (ICE) (Kumar, 1995). A
number of similar proteases have been implicated in apoptosis in lower forms of life, and pro-
teolysis itself is necessary for the activation of ICE-like proteases (Kumar, 1995, 1999). While
the relationship between the various genes apparently acting earlier in the effector phase and
ICE-like proteases is not entirely clear, evidence has indicated that ICE-like proteases do cleave
PARP, thus eliminating it as an effective factor (Gu et al., 1995). A number of other proteins
including kinases, the retinoblastoma, and APC tumor suppressor genes are cleaved by the
caspases (cf. Thornberry et al., 1997). Caspases activate, by proteolysis, a DNase that is capable
of degrading chromosomal DNA (Enari et al., 1998).

A number of promoting agents, including growth factors, are effective inhibitors of apop-
tosis in preneoplastic cells (Table 7.10). Although the mechanisms underlying the inhibition of
apoptosis by promoting agents are not clear, it would appear from the list that growth factor
inhibition of apoptosis may be largely the result of maintaining cells within the cell cycle, not
allowing ready exit to the apoptotic pathway (Figure 7.9). Other hormones may act through sig-
nal transduction pathways involving nuclear receptors such as the sex hormones, TCDD, and
nafenopin, a peroxisome proliferator.

The inhibition of apoptosis by TPA may well be mediated by the protein kinase C path-
way, which is the principal method by which this promoting agent effects its action as a tumor
promoter (cf. Evans, 1993). Just as cell replication is enhanced selectively in preneoplastic cells
by the action of promoting agents (see above), apoptosis appears to be more selectively inhibited
by promoting agents in preneoplastic lesions as compared with normal tissues (Stinchcombe et
al., 1995; Schulte-Hermann et al., 1993). Inhibition of the apoptosis of single initiated cells may
also occur in the presence of tumor promotion (Dragan et al., 1994a,b). Dietary restriction ap-
pears to eliminate initiated cells, probably through apoptosis (Grasl-Kraupp et al., 1994). Thus,
programmed cell death plays a major role in both the stages of initiation and promotion. In par-
ticular, the reversibility of the stage of promotion, shown at the molecular level in a diagram-
matic manner in Figure 7.13, at the cellular level involves the relief of the inhibition of apoptosis
by removal or inhibition of action (Chapter 8) of the promoting agent. Withdrawal of the pro-
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moting agent results in loss of all or almost all of the preneoplastic cells in the stage of promo-
tion through apoptosis stimulated by both humoral and cellular mechanisms which are inactive
as long as the promoting agent is present. Apoptosis also plays significant roles in the stage of
progression and the therapy of neoplasia, as discussed further on (Chapter 20).

DEFINITIONS OF INITIATING AND PROMOTING AGENTS

Some of the characteristics of initiation and promotion, stages in the natural history of the devel-
opment of neoplasia, have already been noted (Tables 7.1 and 7.3). On the basis of these charac-
teristics as well as our knowledge of carcinogenic agents, it is possible to formulate working
definitions of the two types of agents.

Initiating Agent

An initiating agent is a chemical, physical, or biological agent that is capable of directly altering
the genetic component (DNA) of the cell irreversibly. Such alteration(s) may be the result of a
covalent reaction of DNA with the initiating agent itself or with one of its metabolites, but this
alteration may, at least theoretically, also include a distortion of the structure of DNA without
covalent binding to its components. Alternatively or in addition, the agent may cause DNA
strand breaks, an elimination of one of its component parts (e.g., bases or sugars), or errors in
DNA repair. Many initiating agents at high doses may produce more extensive genetic abnor-
malities characteristic of the stage of progression.

Promoting Agent

A promoting agent is an agent capable of altering the expression of genetic information of the
cell as well as, in many cases, inhibiting programmed cell death or apoptosis of the cell. While
promoting agents may be metabolized by the cell, most or all of their promoting effects are the

Table 7.10 Promoting Agents as Inhibitors of Apoptosis in Vivo

Reference

Growth Factors
Nerve growth factor Binder and Hiddemann, 1994
Fibroblast growth factor Binder and Hiddemann, 1994
Platelet-derived growth factor Binder and Hiddemann, 1994
Colony-stimulating growth factors Binder and Hiddemann, 1994

Hormones
Estrogens, progesterone, androgens Binder and Hiddemann, 1994
Adrenocorticotrophic hormone Schulte-Hermann et al., 1993

Pharmacological Agents
α Hexachlorocyclohexane Schulte-Hermann et al., 1993
Phenobarbital Schulte-Hermann et al., 1993
TPA Schulte-Hermann et al., 1993
Nafenopin Schulte-Hermann et al., 1993
TCDD Stinchcombe et al., 1995

Metabolites
Cholic acid Magnuson et al., 1994
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result of interaction of the native agent with specific cellular components, especially receptors,
thereby resulting in an alteration of gene expression and altered mitosis and apoptosis. In es-
sence, promoting agents selectively enhance cell replication of preneoplastic cells and selec-
tively inhibit apoptosis of neoplastic cells.

The above definitions have the advantage over other terminology of being applicable to
almost all examples of initiating and promoting agents. Oncogenic viruses and radiation have
the properties of initiating agents, since they alter the basic structure of the DNA of the cell.
Inasmuch as neoplasms result from the action of a number of viruses and types of radiation,
many of these also possess promoting activity and thus may be considered complete carcino-
gens, i.e., having both initiating and promoting activity. Many agents that have been shown to be
carcinogenic—such as polycyclic hydrocarbons, carcinogenic aromatic amines, nitrosamines
(Chapter 3), oncogenic RNA and DNA viruses (Chapter 4), and ionizing and ultraviolet irradia-
tion—may be considered complete carcinogens. As discussed earlier in this chapter, incomplete
carcinogens (agents capable of initiation but not promotion) have been shown to exist, but as yet
only rarely. The classic experiments of Berenblum and Haran-Ghera (1957a,b), demonstrating
incomplete carcinogenesis by urethane in mouse skin, indicated the existence of such chemicals,
but since urethane is a complete carcinogen for several other tissues, its action as a “pure” initia-
tor was quite restricted. Furthermore, studies by Deringer (1962) with specific strains of mice
indicated that, under certain circumstances, urethane may act as a complete carcinogen in the
skin as well. Scribner and Scribner (1980) demonstrated that dibenzo[a,c]anthracene does have
the characteristics of an incomplete carcinogen for mouse skin, although its carcinogenicity for
other tissues has not been adequately tested.

The diversity of promoting agents may be seen from the structures depicted in Figure 7.4.
Several of these compounds act as promoting agents in various tissues with a relatively high
degree of specificity. For example, saccharin is an effective promoting agent in bladder carcino-
genesis but not in hepatocarcinogenesis (Nakanishi et al., 1982). These authors also demon-
strated that phenobarbital, although an effective promoting agent in the liver, was totally
ineffective as a promoter for bladder carcinogenesis. Not only estrogens, but a variety of hor-
mones have been shown to serve as effective promoting agents in vivo (Berenblum, 1978). Ber-
enblum proposed that hormones should be considered as a class of promoting agents that
effectively promote initiated cells, whether initiated specifically by known environmental inter-
vention or by background environmental factors. Not shown in Figure 7.4 is the “foreign body”
or “plastic film” carcinogenesis discussed in Chapter 3. Several experimental studies (Ryan et
al., 1981; Brand et al., 1975) have indicated that such foreign bodies can act as promoting
agents. Furthermore, Topping and Nettesheim (1980) presented evidence that asbestos acts like a
promoting agent in experimental tracheal carcinogenesis. This finding correlates well with the
known epidemiological phenomenon of the marked enhancement of bronchogenic carcinoma in
humans exposed to asbestos who are smokers as compared with those smokers not exposed to
asbestos (Chapter 11).

THE STAGES OF INITIATION AND PROMOTION IN HUMAN 
CARCINOGENESIS

Evidence for the existence of the stages of initiation and promotion in the human have come
largely from clinicopathological and epidemiological studies. That initiation occurs in the hu-
man is evidenced by the spontaneous incidence of cancer in the human population, implying
initiation as an essential component for the development of such neoplasms. Evidence for the
existence of the stage of promotion in human neoplasia is not so definitive as that seen in the
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animal, but since the pathogenesis of cancer development in the human may be recapitulated in
the animal, one may use such model systems to potentially identify the stage of promotion in the
development of human neoplasia.

Morphological evidence for the clonal expansion of initiated cells during tumor promotion
is based on the description of preneoplastic lesions and attempts to relate such lesions to the
development of specific malignancies (cf. Henson and Albores-Saavedra, 1986; Dunham, 1972).
Table 7.11 lists some preneoplastic lesions of the human and their related or analogous lesions in
the rodent. The preneoplastic nature of the human lesions has been inferred from both histo-
pathological and epidemiological studies. The similarity of putative human preneoplastic lesions
to comparable lesions known to be preneoplastic that develop in experimental animal models
further supports the preneoplastic nature of the human alterations. For example, nodular hyper-
plasia of the adrenal cortex is quite commonly seen in the rodent, and the preneoplastic potential
of the lesions has been implied for many years in the animal (Dunn, 1970). The lesions observed
in mammary carcinogenesis are also quite analogous in animals and humans (van Bogaert,
1984). In addition, the lesions observed in the liver and colon of animals are strikingly similar to
their human counterparts. Although examples exist where the congruence of the preneoplastic
counterpart in the human is not distinct during pathogenesis of the developing neoplasm in ani-
mals (e.g., the dysplastic nevus to malignant melanoma), in general the similarities of preneo-
plastic lesions in the human and experimental animal strongly argue that the stages of the
carcinogenic process in mammals are very similar across species.

Table 7.11 Preneoplastic Lesions in the Human and Their Counterparts in Rodents

Adapted from Pitot and Dragan, 1995, with permission of the publisher.

Tissue Human Rodent

Skin Keratoacanthoma Papilloma
Tracheobronchial epithelium Atypical metaplasia 

(Trump et al., 1978)
Atypical metaplasia

Esophagus Moderate to severe dysplasia 
(Kuwano et al., 1993)

Moderate to severe dysplasia

Stomach Intestinal metaplasia 
(Correa, 1983)

Glandular dysplasia

Gastric dysplasia 
(Saraga et al., 1987)

Colon Aberrant crypts 
(Pretlow et al., 1992a,b)

Aberrant crypts

Pancreas Focal acinar cell dysplasia Atypical acinar cell foci
Liver Liver cell dysplasia Altered hepatic foci

Focal nodular hyperplasia “Neoplastic” nodules
Bladder Moderate to severe dysplasia 

(Coon et al., 1983)
Papillary hyperplasia

Adrenal Adrenocortical nodules 
(Cohen, 1966)

Adrenocortical hyperplasia

Mammary gland Atypical lobule type A 
(Jensen et al., 1976)

Hyperplastic terminal end buds
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Reversal of Human Preneoplasia

As noted above, the primary characteristic of the promotion stage seen in models of cancer de-
velopment is its operational reversibility (Williams and Watanabe, 1978; Iversen, 1982; Moore
et al., 1983; Hill et al., 1989). Several examples of the reversibility of human preneoplasia are
provided in Table 7.12. Lung cancer risk has been reported to decrease exponentially with the
time after cessation of smoking. After 15 to 20 years of nonsmoking, the risk of lung cancer in
the smokers that stopped smoking was essentially equivalent to that for nonsmokers (cf. Reif,
1981). In addition, Zatonski et al. (1990) demonstrated a dramatic decrease in the risk of laryn-
geal cancers in smokers who had stopped smoking, as well as in those who stopped smoking for
1 to 4 years but then resumed the habit. This last finding is very similar to the lessened effect of
intermittent compared with continual exposure to a promoting agent on the subsequent yield of
preneoplastic lesions (Boutwell, 1964; Xu et al., 1991). In addition, atypical epithelial hyperpla-
sia of the oral cavity seen in tobacco users disappears upon cessation of tobacco product use
(Table 7.12). Furthermore, the administration of retinoids can also lead to the reversible disap-
pearance of oral leukoplakia (Hong et al., 1986).

Several other organ systems also exhibit preneoplastic lesions that regress under some
conditions. For example, preneoplastic lesions of the stomach and colon display an instability
based on their regression with or without intervention (Table 7.12). In addition, chemopreventive
trials with nonsteroidal anti-inflammatory agents have demonstrated a regression of the polyps
that are believed to be precursors to colonic adenocarcinomas (Giardiello et al., 1993). Perhaps
the clearest example of regression of a human preneoplastic lesion is that of regression of nodu-
lar hyperplasia and adenomas of the liver induced by administration of some synthetic estrogen
preparations to premenopausal women (Edmondson et al., 1977; Steinbrecher et al., 1981;
Bühler et al., 1982). Most of these lesions disappeared upon cessation of use of these contracep-
tive preparations (Table 7.12).

Table 7.12 Reversibility of Carcinogenesis at the Stage of Tumor Promotion (Preneoplasia) in Humans

Adapted from Pitot and Dragan, 1995, with permission of the publisher.

Lesion Promoting Agent Reversal Effect Reference

Gastric epithelial 
dysplasia

Dietary factors Regression and disappear-
ance of dysplasia

Rugge et al., 1991

Lung cancer Cigarette smoke Decrease in risk as function 
of time after cessation

Reif, 1981

Laryngeal cancer Cigarette smoke Decrease in risk after 
complete and interval 
cessation

Zatonski et al., 1990

Hepatic nodular 
hyperplasia 
(adenomas?)

Synthetic estrogens Loss of lesion after cessa-
tion of use

Bühler et al., 1982
Steinbrecher et al., 1981
Edmondson et al., 1977

Leukoplakia Chewing tobacco 
and/or tobacco 
smoke

Disappearance of lesion 
after cessation of tobacco 
abuse

Eveson, 1983
Larsson et al., 1991

Rectal and colonic 
polyps

Dietary factors (?) 
in patients with 
familial polyposis

Regression of polyps after 
anti-inflammatory ther-
apy or dietary change

Giardiello et al., 1993
DeCosse et al., 1989



260 Chapter 7

Thus, it is apparent that the stages of initiation and promotion, including the major charac-
teristic of the latter, operational reversibility, can be demonstrated in the human. Thus, it is likely
that the genesis of many if not the majority of human neoplasms may involve the stages of initi-
ation and promotion, accounting not only for the extensive known latent period in the develop-
ment of human neoplasia (Chapter 11) but also the effects of a variety of chemopreventive
(Chapter 8) agents acting during the stage of promotion to prevent further development of the
neoplastic process.
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8
The Natural History of Neoplastic 
Development: Host Effects During 
Carcinogenesis

In the last chapter, characteristics and mechanisms of the early stages of neoplastic develop-
ment—initiation and promotion—were presented as being the result of cellular and molecular
changes induced by specific carcinogenic agents. However, one must not forget that a neoplasm,
by definition, develops within a complete, viable, multicellular organism. In a later chapter
(Chapter 14) the “transformation” of normal cells to cells having distinctive characteristics while
cultured in vitro is considered. However, in order to relate such transformation in vitro to the
neoplastic process in vivo, the whole animal must be utilized as a testing arena in order to deter-
mine the neoplastic potential of cells that have been altered in culture.

The host plays a variety of modifying roles in carcinogenesis as the result of its interac-
tion with exogenous modifying factors, factors present within the organism (termed endoge-
nous modifiers), or both. For all general categories of carcinogenic agents—chemicals,
viruses, radiation, and genetics—the interplay of exogenous and endogenous modifiers with
the host as defined both phenotypically and genotypically is a major factor in the development
of neoplasia.

The stage of neoplastic development that appears most susceptible to the action of exoge-
nous and endogenous modifiers is promotion. On the other hand, genetic factors, which may be
less susceptible to modification, may play a role at more than one stage in neoplastic develop-
ment. Just as the host-tumor relationship (Chapters 17, 18, and 19) is critical to our ultimate
understanding of the control and therapy of established neoplastic disease, a complete compre-
hension of host effects during carcinogenesis may be vital for the practical prevention of neo-
plasia or termination of its natural history prior to significant clinical effects in the host.

ENDOGENOUS MODIFIERS

Within the organism, a variety of substances can affect the development of neoplasia. Some of
these are products of specific genes within the organism, some of which have already been dis-
cussed (Chapter 5). Others are factors inherent in the development of the organism, as well as
hormones and related endogenous components that under normal circumstances maintain the
“internal milieu” of the organism. As has been pointed out, several of these latter factors are
carcinogenic in their own right and thus might be important in the development of spontaneous
neoplasia (Pitot, 1993).
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Genetic Modifiers in Spontaneous and Chemically Induced Carcinogenesis

The most basic of the endogenous factors that may modify the process of carcinogenesis is the
genetic constitution of the host and the resultant gene products produced by the expression of a
number of “modifier” genes, many of which were discussed in Chapter 5. However, it is impor-
tant to distinguish between such “modifying” genes and those genes, tumor suppressor genes
and proto-oncogenes, that are directly involved in the origin of the stages of initiation and pro-
gression (see Chapters 5 and 9). Modifying genes, discussed in Chapter 5, can generally be
grouped as those involved in xenobiotic metabolism and the major histocompatibility complex
(MHC) in both humans and animals. In animals, a number of modifying genes do not appear to
be involved in either xenobiotic metabolism or in the MHC system (Drinkwater, 1995; Table
5.16). The functions of the products of several of these genes are known, whereas others are only
speculative. A genetic alteration in the MHC in the rat has been associated with a marked in-
crease in the development of liver cancer in males and breast cancer in females (Melhem et al.,
1991). Similarly, in several mouse strains differing genetically in the MHC (termed H-2 in the
mouse), substantial differences in the incidence of neoplasms of the liver, lung, mammae, ovary,
and uterus were seen and correlated with different alleles of the H-2 locus (cf. Smith and Wal-
ford, 1978). These situations may be analogous to that seen with the relationship of specific
MHC alleles and an enhanced incidence of specific neoplasms in humans (Chapter 5). On the
other hand, modifying genes in the development of neoplasia other than genes of xenobiotic me-
tabolism and the MHC region in the human have not been extensively characterized. Table 8.1
shows several examples of such modifying genes that fall into a number of categories, including
receptors or mutations in the G-CSF receptor gene, that are involved in the pathogenesis of se-
vere congenital neutropenia with progression to acute myeloid leukemia in many cases (Dong et
al., 1995). Enhanced susceptibility to prostate cancer has been seen with genetic polymorphisms
in the vitamin D receptor and the androgen receptor (Ingles et al., 1997), while an increase in
pulmonary cancer and a number of other cancers, especially in the black population, appears to
be related to a deletion in the poly(ADP-ribose) polymerase gene (Bhatia et al., 1990). Interest-
ingly, hereditary pancreatitis resulting from a mutation in the cationic trypsinogen gene in-
creases the risk of pancreatic cancer dramatically (Lowenfels et al., 1997). Thus, it is likely from
this and animal studies that there are numerous genes whose products exhibit a variety of differ-
ent functions that may modify, in a positive or negative manner, the development of neoplasia.

Table 8.1 Modifying Genes in the Development of Cancer in the Human

Neoplasm
Modifying Gene, 
Locus, or Linkage

Function of 
Gene Product Reference

Breast Aromatase Converts C19 andro-
gens to estrogens

Kristensen et al., 2000

Acute myeloid leukemia G-CSF receptor gene Receptor for gran-
ulocyte colony-
stimulating factor

Dong et al., 1995

Pancreas Cationic trypsinogen 
gene

Precursor of proteo-
lytic enzyme

Lowenfels et al., 1997

Prostate AR Androgen receptor Ingles et al., 1997
VDR Vitamin D receptor Ingles et al., 1997

Pulmonary cancer PADPRP gene Poly(ADP-ribose) 
polymerase

Bhatia et al., 1990
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This is not unexpected in view of the discussion presented on polygenic inheritance of neoplasia
in Chapter 5.

Genetic Factors in Viral Carcinogenesis

Host genes that regulate the expression of virus-induced leukemia in animals have been studied
to a much greater extent than host genes involved in chemical and physical carcinogenesis (cf.
Meruelo and Bach, 1983; Kozak et al., 1989). The susceptibility of mice to the Friend virus
(FV), a typical oncogenic RNA virus, has been shown to be the result of a multiple-gene trait (cf.
Steeves and Lilly, 1977). In particular, a locus in the host’s genome termed the Fv-1 locus on
chromosome 4 significantly affects the susceptibility of the host to the virus. The function of the
gene product of the Fv-1 locus is not entirely clear. Recently, Best et al. (1996) have cloned the
Fv-1 gene and demonstrated that it appears to be derived from the gag region of an endogenous
retrovirus unrelated to murine leukemia viruses. Since genetic restriction at the Fv-1 locus re-
sults in failure of the Friend murine leukemia virus DNA to integrate into the host genome (cf.
Axelrad, 1989), Goff (1996) has pointed out that the Fv-1 gene product is able to block virus
development during the early phase of the viral life cycle after reverse transcription but before
establishment of the integrated provirus in the host genome. The site within the cell where the
Fv-1 gene product acts is uncertain. At least two alleles of this locus occur, and one may sepa-
rate mouse strains into two types (N type and B type) depending on which of the two alleles is
present in their genome. It is possible to characterize viruses as N-tropic or B-tropic—that is,
whether the virus replicates in NIH (N-type) mice or in BALB/c (B-type) mice. Thus, the gene is
quite important for the susceptibility of specific mouse strains to certain RNA oncogenic viruses.

Another genetic locus, the Fv-2 gene, has a major effect on the response of mice to the
Friend and to the Rauscher murine retroviruses. Mice recessive for this gene are completely re-
sistant to these viruses, whereas heterozygotes and homozygotes for the normal gene product are
susceptible. Risser (1979) suggested that the Fv-2 locus codes for a specific hematopoietic dif-
ferentiation antigen. More recently, Hoatlin et al. (1990) have presented evidence that the Fv-2
protein controls the response to a leukemogenic membrane glycoprotein (gp55) encoded by the
Friend spleen focus-forming virus and the hormone erythropoietin. Through such regulatory ef-
fects, the Fv-2 gene product can modulate infection by the virus in hematopoietic tissue.

As shown in Table 8.2, at least three other Fv genes have been described, each of which
regulates different aspects of the expression of the Friend virus. A large number of other genetic
loci associated with expression of viruses or viral products have also been described in various
strains of mice. In strain AKR mice and their hybrids, loci coding for the endogenous form of
the virus have been found within their genomes—that is, the Akv locus localized to chromosome
7. The nomenclature for the latter locus has been changed to Emr-11 (Bedigian et al., 1983).
Other examples of such structural genes for endogenous viruses within the genome of the host
have been described in the BALB/c strain of mouse (Kozak and Rowe, 1979), as well as another
locus on chromosome 1 in at least five different mouse strains (Kozak and Rowe, 1980).

Although these genes have been most carefully studied in the mouse, similar genes have
also been described in other species including the Bvr-1 locus in the cat, which restricts the ex-
pression of a type-C RNA virus (O’Brien, 1976) and the Bevi locus on human chromosome 6,
which controls the replication of baboon type-C virus in human cells (Lemons et al., 1977).

Hormones as Endogenous Modifiers of Carcinogenesis

In Chapter 3 the carcinogenic effects of a variety of hormones within the organism were pre-
sented. In Chapter 7 it was noted that in general the carcinogenic action of such endogenous
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Table 8.2 Loci Affecting Leukemogenesis by Type C RNA Viruses in Mice

Modified from Meruelo and McDevitt, 1978, with the following additions: aGardner et al., 1980; bOdaka, 1973; cOdaka
et al., 1981; dShibuya et al., 1982; eHilkens et al., 1979; fSilver and Fredrickson, 1983; gHartley et al., 1983; hGazdar
et al., 1977.

Genetic locus Function
Chromosome

Location Dominance

Akv-1 Controls initial expression of virus in AKR mice 
and hybrids containing an AKR background

7 Susceptibility

Akv-2 Controls initial expression of virus in AKR mice 
and hybrids containing an AKR background

? Susceptibility

Akvr-1 Resistance to viremia of AKR endogenous retro-
virus and of virus-mediated lymphoma

? Resistancea

Fv-1 Controls efficiency of initial virus infection 4 Resistance
Fv-2 Determines the response of mice to the spleen focus-

forming virus component of FV preparations
9 Susceptibility

Fv-3 Controls the in vitro susceptibility of lymphocytes 
to the suppressive action of Friend murine leuke-
mia virus

? Resistanceb

Fv-4 Controls resistance to NB-tropic Friend murine leu-
kemia virus in wild mice

12 Resistancec

Fv-5 Controls the types of erythropoiesis induced by 
Friend erythroleukemia virus

? Expression is 
codominantd

Rfv-1 Resistance to FV associated with H-2G or H-2D
region

17 Resistance

Rfv-2 Resistance to FV associated with the H-2K or H-2L
region

17 Resistance

f Flexed—involved in hereditary anemia—confers
resistance to Friend virus by reducing available 
erythroid precursors

? Resistance

Gv-1 Controls expression of GIX antigen 17 or 4 (?) Expression is 
semidominant

Gv-2 Controls expression of GIX antigen 7 Expression is 
dominant

Rgv-1 Confers resistance to Gross virus-induced leukemia 
and is linked to H-2

17 Resistance

Rgv-2 Confers resistance to Gross virus-induced leukemia; 
remains a statistical construct and may turn out to 
be Fv-1

? Resistance

Rrv-1 Influences resistance to the A-RadLV strain 17 ?
S1 Steel—a mutation involved in hereditary anemia, 

which reduces susceptibility to FV by decreasing 
available erythroid targets for infection

? Resistance

W Dominant spotting—involved in hereditary anemia, 
causes reduction of erythroid precursors for FV

? Resistance

Rec-1 Required for binding of Rauscher murine leukemia 
virus envelope protein, gp70

5 Susceptibilitye

Fhe Controls susceptibility to Friend helper virus 
erythroplastosis

? Resistancef

Rmcf Restricts the replication of MCF viruses 5 Resistanceg

Ram-1 Required for binding of amphotropic murine leuke-
mia virus to cell

8 Susceptibilityh
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hormones is their effectiveness as promoting agents. Thus, it would be expected that hormones
play a significant role as endogenous modifiers within a multicellular organism.

As noted in Chapter 3, particularly Figures 3.19 and 3.20 as well as Table 3.7, dramatic
changes in circulating levels of specific hormones maintained for long periods of time can result
in the development of neoplasms, especially in endocrine tissues. In a similar manner, alteration
of internal levels of several different hormones can affect the development of neoplasia induced
by chemicals and viruses. One of the earlier studies on the effects of alterations in the endocrine
status of rats on their susceptibility to chemical hepatocarcinogens was carried out by
Bielschowsky (1961). Dramatic inhibition of the development of hepatic neoplasms by thy-
roidectomy and adrenalectomy was noted. Administration of growth hormone or cortisone to
thyroidectomized animals reversed this inhibition to a very great degree (Figure 8.1). Since these
original studies, a number of similar investigations have been carried out. Most of these studies
involve carcinogenesis of the liver or mammary gland (Table 8.3). In rat liver, the effects de-
scribed by Bielschowsky have been extended by use of a number of different chemical carcino-
gens. The predominant effect noted has been an inhibition of carcinogenesis—with the
exception of ovariectomy in both the mouse and the rat, which has been reported to enhance
carcinogenesis by 2-AAF and urethane respectively (Table 8.3). Hypophysectomy inhibited or
eliminated carcinogenesis in rat liver and mammary gland by several different chemical carcino-
gens with a notable exception of dimethylnitrosamine (Yamamoto and Weisburger, 1977). Or-
chiectomy inhibits carcinogenesis in rat and mouse liver by several different chemical
carcinogens, as it did also in one study in rat kidney (Takizawa and Hirose, 1978). Ovariectomy
inhibits carcinogenesis in rat mammary glands by both ionizing radiation and DMBA (Table

Figure 8.1 The effect of the endocrine status of male rats given 2-acetylaminofluorene on the induction
of liver neoplasms. THYREX, thyroidectomized; ADREX, adrenalectomized; GH, growth hormone;
CORT, cortisone. (After Bielschowsky, 1961.)
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8.3). In both rats and mice, ovariectomy appeared to enhance chemical carcinogenesis in liver
and in mouse kidney when a partial hepatectomy was performed simultaneously (Vesselinovitch
et al., 1973). Interestingly, sialoadenectomy (removal of the submandibular salivary gland) in-
hibited spontaneous mouse mammary carcinogenesis (Kurachi et al., 1985). In addition, the
number of colonic tumors induced by azoxymethane in rats was increased by surgical orchiec-
tomy, but most efficiently by chemical orchiectomy plus the antiandrogen cyproterone acetate
(Izbicki et al., 1990).

Table 8.3 The Effect of Endocrine Ablations on Carcinogenesis in Animals

Procedure Tissue Carcinogen Effect Reference

Adrenalectomy Rat liver 2-AAF No effect Reuber, 1969
Rat mammary gland DMBA Enhancement Carter et al., 1988

Hypophysectomy Rat liver 2-AAF Inhibition Reuber, 1969
Rat liver Aflatoxin B1 Inhibition Goodall & Butler, 

1969
Rat liver 3′Me-DAB Inhibition Griffin et al., 1953
Rat liver DMN No effect Lee & Goodall, 

1968
Rat mammary gland DMBA Inhibition Carter et al., 1988

Orchiectomy Rat liver DEN/AAF Inhibition Matsuura et al., 
1994

Rat liver 2-AAF Inhibition Tokumo et al., 
1993

Mouse liver Urethan Inhibition Vesselinovitch & 
Mihailovich, 
1967

Rat kidney N-nitrosobutylurea Inhibition Takizawa & Hi-
rose, 1978

Rat liver Aflatoxin/CQ4 Inhibition Cardeilhac & Nair, 
1973

Rat colon azoxymethane Enhancement Izbicki et al., 1990
Ovariectomy Rat liver 2-AAF Enhancement Mulay & O’Gara,

1962
No effect Katayama et al., 

1984
Mouse liver Urethane Enhancement Vesselinovitch & 

Mihailovich, 
1967

Mouse kidney and 
partial hepatectomy

Ethylnitrosourea Enhancement Vesselinovitch 
et al., 1973

Rat mammary gland Ionizing radiation Inhibition Solleveld et al., 
1986

Rat mammary gland DMBA Inhibition cf. Russo and 
Russo, 1996

Sialoadenectomy Mouse mammary 
gland (C3H/HeN 
strain)

None Inhibition Kurachi et al., 
1985

Thyroidectomy Rat liver 2-AAF Inhibition Reuber, 1969
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Sex Hormones as Endogenous Modifiers of Carcinogenesis

As noted in Table 8.3, removal of the primary sources of male and female hormones in mammals
can have significant effects on chemical and radiation carcinogenesis. Thus, one must conclude
that sex hormones can play a significant role as endogenous modifiers in carcinogenesis. This
should already be obvious from the statistical information presented in Chapter 1 and becomes
even more so from the epidemiological studies of human cancer (Chapter 11). In experimental
animals, a highly significant effect of sex on chemical carcinogenesis is seen in the liver. With
several aromatic amine carcinogens, especially 2-AAF, hepatoma incidence is much higher in
the male than in the female, as is the incidence of preneoplastic lesions after 2-AAF administra-
tion (Tokumo et al., 1993). Interestingly, N-hydroxy-AAF is equally carcinogenic for both sexes
in several strains of rats. In mice, there is a significant effect of the sex of the animal on sponta-
neous mouse hepatoma incidence (Table 8.4). The incidence of hepatomas in female mice is
slightly to markedly lower than the incidence of such lesions in males (Grasso and Hardy, 1975).
Induced alterations in the endogenous sex hormone concentrations also affect the incidence of
mouse hepatomas. Breeding enhanced the incidence of hepatomas in males but inhibited the in-
cidence in females (Burns and Schenken, 1943a,b). Castration of male C3H mice reduced the
incidence of hepatomas in these animals by one-third but had little influence in CBA mice (An-
dervont, 1950). The incidence of hepatic neoplasms was increased in female C3H mice treated
with testosterone (Agnew and Gardner, 1952). Thus, with few exceptions, one may conclude
that in the mouse, androgens promote hepatocarcinogenesis while estrogenic hormones tend to
inhibit this process (Poole and Drinkwater, 1996).

The mechanism for this differential effect of sex on hepatocarcinogenesis is not entirely
clear, but to some extent it is a function of the control of xenobiotic metabolism of endogenous
and exogenous carcinogenic agents. Early studies by Lotlikar (1970) demonstrated that the en-
zymic esterification of 2-N-hydroxy-AAF was significantly higher in the male than in the female
rat, while earlier studies by this investigator (Lotlikar et al., 1964) demonstrated that hypo-
physectomy decreased the urinary excretion of N-hydroxy-AAF. Weisburger et al. (1964) had
earlier reported a difference in the excretion of hydroxylated forms of 2-AAF by males and
females. Male rats are also more sensitive than females to the toxic actions of aflatoxin B1

(Kamdem et al., 1982).
A more subtle mechanism of hormonal modification of carcinogenesis may be seen in

the effects of gonadectomy and sex hormone administration during the neonatal period. This
“imprinting” of the expression of genes of xenobiotic and steroid metabolism by hormones and
xenobiotics, as distinguished from genetic imprinting (Chapter 5), is a more general phenome-
non, the molecular basis of which is unclear (Skett and Gustafsson, 1979). Such “imprinting”
may result from the exposure of newborn rats to a number of drugs including phenobarbital
(Haake and Safe, 1988), thus effecting a more or less permanent increase in specific xenobiotic
enzymes that can alter the metabolism of carcinogens in later life (Faris and Campbell, 1981).
In addition, carcinogens themselves may imprint genes of xenobiotic metabolism when ad-
ministered during the neonatal period (Herd and Greene, 1980; Soyka, 1980). However, with
reference to sex hormones, testosterone administered in the neonatal period causes a sub-
sequent enhancement of specific cytochrome P450 forms (Chang and Bellward, 1996; Shimada
et al., 1987) as well as enzymes of steroid metabolism (Chang and Bellward, 1996; cf. Skett
and Gustafsson, 1979). Administration of diethylstilbesterol, a potent synthetic estrogen,
during the neonatal period alters the capacity of adult female rats to form and/or dispose of
DNA adducts of aflatoxin B1 metabolites after a single dose of the carcinogen to the adult
(Lamartiniere, 1990).
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Table 8.4 Incidence of Hepatomas in Various Strains of Mice

Strain Substrain

Number Incidence, %

Male Female Male Female

C3H
20 10 20 0

320 – 26 –
19 – 18 –

102 85 –
f 96 – 71 –
e 79 – 78 –
f 108 – 57 –
Y/AYA 63 – 100 –
Y/Aa 94 – 88 –
eB/Fe ←134→ ←7→
AHe 10 30 (20 ma)
eB/De 90 59
f/He – 17
HeO 323 32

BALB/c
49 51 Nil
30 – Nil –
– 131 – <1

Charles River
137 144 2 1.5

4 4 Nil Nil
A

←400→ ←–1.5–→
←–?–→ ←–– 1–– →

5 5 0 0
– 20 – Nil

AHe 39 36 7 Nil
CF

CF-W 107 119 Nil Nil
CF-W 23 30 Nil Nil
CF-1 125 117 15 Nil
CF-1 288 297 20 13

(0.7ma)
C57

BL ?10 ?10 1 1
BL 143 171 <1 <1
IF 19 31 0 3
BL/6/C3H 79 87 10 Nil
BL/6/AKR 90 82 5 1.0

Y ←129→ ←–1.6–→
C – 150 – Nil
STS – 18 – Nil
DBA/2eBDE – 5
HR/De 12 6

(table continues)
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Inhibition of Carcinogenesis by Hormones

Although a number of hormones may act as endogenous carcinogens, presumably through their
promoting action (Pitot, 1993), in several examples treatment with exogenous hormones actually
inhibited the development of neoplasia. Chedid et al. (1980) demonstrated that the administra-
tion of corticosteroids as well as adrenocorticotrophic hormone (ACTH) inhibited the develop-
ment of hepatocellular carcinomas after administration of aflatoxin B1. Similarly, administration
of the neural hormone neurotensin inhibited the induction of pancreatic carcinomas by azaserine
in rats (Tatsuta et al., 1991). This latter finding was somewhat surprising, since chronic adminis-
tration of this hormone had previously been shown to induce growth of the pancreas as well as to
enhance exocrine pancreatic secretion. The mechanism of this effect was not clear; but in an-
other observation by Russo et al. (1990), a biological mechanism for the effect of an exogenous
hormone was proposed. These investigators had observed that mammary carcinogenesis is in-
hibited in rats that had completed a pregnancy prior to exposure to the carcinogenic polycyclic
hydrocarbon DMBA. As a mechanism, they proposed that the placental hormone, chorionic go-
nadotropin (hCG), was the mediator of these effects. They demonstrated that administration of
hCG simulated mammary gland differentiation, depressing the labeling indices of the terminal
structures in the glands of hCG-treated animals. This induction of terminal differentiation thus
prevented the “fixation” of DMBA initiation (Chapter 7) and inhibited carcinogenesis by this
agent. The potential for the use of hCG in the human as a chemopreventative agent for mam-
mary cancer has never been adequately studied or exploited.

Endogenous Hormones as Modifiers of Viral Carcinogenesis

Since genetic factors of the host are important in the expression of oncogenic viruses in vivo,
one might suspect that hormones and growth factors, as products of specific genes in the host,
might affect the expression of viruses within the host. A prime example of such an effect is the
induction of transcription of the mouse mammary tumor virus (MMTV) genome by glucocorti-

Table 8.4 (continued)

amalignant tumors.
From Grasso and Hardy, 1975, with permission of the authors and publisher. The reader is re-
ferred to the original publication for references to the individual substrains.

Strain Substrain

Number Incidence, %

Male Female Male Female

Wild Mice 9 3
CBA/Cb/Se 37 47 11 4
ICR 28 – Nil –
RF 262 – 3 –
ASH CS1 429 420 5 Nil

(0.2m)a

TF1 107 91 13 (2m)a 5
CF-LP 240 24 16 (2m)a 6
BDH-SPF 106 112 2 0
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coids (cf. Beato, 1991). Treatment of cells with one or more integrated copies of the MMTV
genome with glucocorticoids leads to an accumulation of MMTV particles (cf. Beato, 1991).
The mechanism of this hormonal stimulation involves the interaction of glucocorticoid and
progestin receptors with a specific hormone-responsive element (HRE) present in a proximal
region of the U3 portion of the long terminal repeat (LTR) (see Chapter 4). This HRE contains
four overlapping recognition sites to which the activated receptors bind (cf. Günzburg and
Salmons, 1992). In many cells the levels of glucocorticoid and progestin receptors appear to be
the limiting factor in MMTV transcription (cf. Beato, 1991). However, other hormones and
growth factors, including prolactin and transforming growth factor β, also appear to modulate
expression of MMTV (cf. Beato, 1991; Munoz and Bolander, 1989). In these latter instances, the
exact mechanism by which these factors enhance or inhibit MMTV transcription is not clear at
present. Other oncogenic viruses, including the SV40 DNA papovavirus (Chapter 4), contain
hormone-responsive elements in their genomes that may, in turn, alter the expression of the virus
in the host (e.g., Zuo et al., 1997). From these few examples, then, one may appreciate the dra-
matic effects of hormones as endogenous modifiers in virtually all types of carcinogenesis.

Aging as an Endogenous Modifier of Carcinogenesis

Cancer is a disease that increases with age both in the human and in animal populations that
have been studied thus far. Persons 65 years of age and older bear the greatest burden of cancer,
with 55% of all neoplasms occurring in this age group (Yancik and Ries, 1991). In the human,
however, this increase is not continuous from birth in that, from shortly after birth until the age
of puberty, in the United States and many other Western countries, cancer is the second most
common cause of death from disease (Chapter 1). The high incidence of cancer at an early stage
appears to reflect genetic as well as intrauterine and neonatal environmental influences. How-
ever, the number of individuals with cancer at this early age is an extremely small fraction of the
total, as can be seen in Figure 8.2. The curve in Figure 8.2 is actually a composite of a number of
curves, each for a specific histogenetic type of neoplasm. Examples of the general types of
curves are shown in Figure 8.3A and B. In this instance, a number of the major cancers seen in
older age groups—i.e., prostate, rectum, pancreas, etc.—increase exponentially after midlife
(Figure 8.3A). However, in several neoplasms more commonly seen in the younger age groups,
the curves are quite different, as noted in Figure 8.3B. Neoplasms of the bone as well as acute
lymphoblastic leukemia show a biphasic curve, with a significant increase in the younger age
groups, a low plateau during middle age, and then a continuing increase in the older age groups
above age 55. Cancer of the testis may be considered a cancer of young adults, with its peak
incidence at about 30 years of age, decreasing then almost exponentially for most of the remain-
der of the life span, with a small increase between ages 70 and 80. A somewhat different pattern
of breast cancer incidence in the human is noted, with a relatively rapid increase between ages
20 and 40 and a flattening out of the curve after age 40, most dramatically seen in the 40- to
50-year-old range, with increases as age increases after that (Kessler, 1992). Interestingly,
there is a gradual decline in breast cancer incidence after age 55 in Japanese women (Kodama
et al., 1992).

Spontaneous carcinogenesis in rodents is also age-related, with relatively few neoplasms
appearing within the first 12 months in most but not all strains (Tamano et al., 1988; Yamate et
al., 1990; Chandra and Frith, 1992a,b). Interestingly, in a comparison of cancer mortality in the
Beagle dog and humans, Albert et al. (1994) demonstrated that the age dependence and total
cancer mortality was the same in both sexes in both species, although the total cancer mortality
was somewhat greater in female Beagles owing primarily to an increase in the incidence of
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breast cancer. Thus, it is likely that, in general, there is little if any difference in the effect of
aging on spontaneous carcinogenesis in humans and domesticated and experimental animals.

The reason for the dramatic increase in both the incidence and death rate from cancer as a
function of increasing age in these mammalian species is not entirely clear. The two major theo-
ries to explain this phenomenon are the following: (1) the aging process itself is responsible for
this high incidence of neoplasia; (2) the increasing cancer incidence is due to a continuous effect
of environmental influences as organisms age; or (3) both (1) and (2). It is unlikely that specific
genetic mechanisms, such as those that may play a role in prepubertal cancer incidence, are in-
volved. Peto et al. (1975) attempted to distinguish experimentally between environmental and in-
trinsic aging as mechanisms for the increased incidence of neoplasms seen with advancing age,
using skin tumor induction in mice by multiple applications of benzo[a]pyrene as a model system.

These authors predicted results from such an experiment on the basis of the two theories
stated above. These predictions are seen in Figure 8.4. In hypothesis I, the incidence rate of neo-
plasia depends wholly on age and not at all on the duration of the treatment (exposure). In hy-
pothesis II, the incidence rate depends wholly on the duration of the treatment (exposure) but not
at all on age. These are the two extreme predictions, but the data obtained experimentally (Peto
et al., 1975) agree very closely with hypothesis II. These authors concluded that skin carcino-
genesis by this agent in this model system was independent of any intrinsic effects of aging, such
as failing immunosurveillance (Chapter 19) or age-related hormonal alterations.

When a protocol of epidermal carcinogenesis, which distinguishes the stages of initiation
and promotion, is employed in the mouse, an intrinsic effect of the aging animal, especially on
the latter process, may be discerned. Van Duuren et al. (1975) were the first to show a general
decrease in tumor production when promotion by TPA was carried out at later ages. Later stud-
ies by Stenbäck et al. (1981) confirmed this finding and indicated a significant decrease in the

Figure 8.2 Cancer incidence rates by 5-year age groups including all races and both sexes. The data for
this figure are taken from the National Cancer Institute SEER program from 1983 to 1987. (Adapted from
Yancik and Ries, 1991, with permission of authors and publisher.)
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Figure 8.3A The pattern of continued increase of incidence in several different types of cancer from
adolescence to old age.
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Figure 8.3B The pattern of the peak incidence of cancer in the young followed by a decline and in some
cases a secondary rise in the elderly. (Adapted from Miller, 1980, with permission of author and publisher.)
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promotional efficacy of TPA in aging mice, as evidenced by epidermal carcinogenesis initiated
with DMBA on the skin. On the other hand, Loehrke et al. (1983) saw no such effect when
initiation was carried out systemically by intragastric administration of DMBA. Other data indi-
cate that phenobarbital may be somewhat more effective in promoting the growth and appear-
ance of hepatocellular foci (Chapter 7) in aged as compared with young rats (Ward, 1983).

Mechanisms of the Effect of Aging on Carcinogenesis

In view of Peto’s finding that carcinogenesis was dependent on the presence of the carcinogen
rather than the age of the animal, one possible mechanism for the effect of aging is a differential
effect of chemical carcinogens in inducing neoplasia as a function of age. Anisimov has re-
viewed much of the data on organ-specific carcinogenesis by a variety of chemicals and radia-
tion and found no distinct pattern of modification of the carcinogenic effect by the aging process
(Anisimov, 1989). Somewhat similar discrepancies have been seen in a few examples of chemi-
cal carcinogenesis in aging humans (Leutzinger and Richie, 1995). An interesting effect of aging
was noted in the development of sarcomas from foreign-body implantation in rats (Paulini et al.,
1975). In this study, young animals were seen to first develop malignant mesenchymal neo-
plasms after a mean of 17.2 months, whereas old rats had developed similar lesions after only
6.3 months. Furthermore, Lijinsky et al. (1993) demonstrated that, with rare exceptions, the ad-
ministration of chemical carcinogens to rats did not alter the incidence of spontaneous neo-
plasms occurring with age.

Figure 8.4 Life tables depicting percentages of mice without tumors against age and duration of expo-
sure to benzo[a]pyrene under hypotheses I and II. Details of the hypotheses are given in the text. (From
Peto et al., 1975, with permission of the authors and publisher.)
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Another potential mechanism of the increased incidence of neoplasia with age is that the
immune system fails to suppress spontaneous and induced neoplasms. In a later chapter (Chap-
ter 19) there is a more extensive discussion of the immune system in relation to carcinogenesis
and neoplasia. In old animals, the thymus, an important organ of the immune system, is atrophic.
This is accompanied by excessive apoptosis of mature lymphocytes from the thymus (T lympho-
cytes) in humans (Phelouzat et al., 1996). There is also an increase in the proportion of commit-
ted or memory-type T (thymic) lymphocytes as compared with naïve T cells and a decline in the
response of naïve T cells to activation and their capacity to enter the cell cycle (Globerson,
1995). In part, this may be due to a decline in the production of interleukin-2, a growth factor for
T lymphocytes (Pahlavani and Richardson, 1996). Natural killer (NK) cell functions in humans
and mice are somewhat discrepant. In the mouse, there is a profound loss of NK cell function in
spleen and lymph nodes in older animals, while in the human, blood-derived NK cells show little
if any age effect (Miller, 1996). Both T cell–mediated immunity and NK-cell cytotoxicity have
been implicated in the host immune response to some neoplasms (Chapter 19). Thus, the aging
process, in modifying this immune response, may allow the growth of neoplasms that would
otherwise be suppressed by the immune response.

Just as aging of the immune response is a theoretical mechanism for the increased inci-
dence of cancer seen in the aged, our increasing understanding of genes involved in cellular se-
nescence and apoptosis may also offer a genetic or inherent mechanism for the effect of aging
resulting in an increased incidence of neoplasia (Barrett et al., 1994; Benson et al., 1996). Such a
hypothesis, however, is not in line with the experiment of Peto (1975; Figure 8.4), which argues
that the aging process itself is not a major factor in the increased incidence of neoplasia noted in
older organisms. A better understanding of the interrelated mechanisms of the process of aging
and of neoplasia offers promise of potential applications of this area to the control of neoplastic
disease.

EXOGENOUS MODIFIERS

In a general sense, all carcinogenic agents may be considered exogenous modifiers of carcino-
genesis. However, below are discussed the effects of specific agents and processes not usually
considered to be carcinogenic as exogenous modifiers of the various stages of carcinogenesis.
Here it becomes obvious that, because of the characteristics of the stage of tumor promotion in
its responsiveness to environmental factors, both endogenous and exogenous, most exogenous
agents affecting carcinogenesis appear to act at the stage of tumor promotion. Furthermore,
agents exhibiting promoting activity may also inhibit the effect of some carcinogens when given
prior to or concomitant with a complete carcinogen or an initiating agent (Chapter 7).

Effects of Drugs and Other Agents and Procedures on the Stages 
of Carcinogenesis

Earlier in this chapter, it was already noted that changes in hormones can alter the process of
carcinogenesis, probably through their effects on the stage of promotion. However, in view of
the requirement for the metabolism of many complete carcinogenic agents to a reactive form,
which is probably the actual initiating agent, modifications of the metabolic activation by exoge-
nous agents may lead to alterations in the efficiency and/or repair of the initiation process. In
Chapter 3, the effect of the administration of mixtures of carcinogenic agents was briefly consid-
ered. The discussion here focuses on the effect of combining carcinogenic agents, which can
result in an enhancement or synergistic effect or, conversely, an inhibitory or antagonistic effect.
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In a recent review, Berger (1995) used the term synergism when a combination of carcinogens
exerts an effect exceeding the arithmetic sum of the effects of the chemicals individually. In the
extreme, combinations of chemicals each at a specific dose may be carcinogenic while each
chemical administered individually at the same dose is noncarcinogenic. Antagonism is defined
as the combination of carcinogens exerting an effect less than additive or even lower than the
effect of one of the carcinogens singly. Berger (1995) has reviewed a number of the synergistic
and antagonistic effects of binary and ternary mixtures of chemical carcinogens. The variables
associated with the carcinogenic effect of combinations of chemicals are multiple, including the
sequence of the administration of the individual chemicals, the toxicity of one or more of the
members of the mixture at the doses employed, and the organ specificity of the individual
agents. In some instances, combinations of carcinogens led to the development of neoplasms of
tissues that are not usually induced by either of the agents employed (cf. Newberne and Connor,
1980). In an earlier study, Berger et al. (1987) administered to rats a mixture of three different
carcinogenic nitrosamines, each at doses that were not carcinogenic when given alone. The mix-
ture was carcinogenic. In a series of studies by Ito and colleagues (Takayama et al., 1989; Fuku-
shima et al., 1991; Uwagawa et al., 1991), the administration of up to 40 carcinogenic agents or
multiple mixtures of carcinogenic with noncarcinogenic agents resulted, as expected, in a vari-
ety of effects, both synergistic and additive, but no attempt at determining mechanisms was un-
dertaken with these extremely complex experiments. In some instances, a change in the solvent
in which the carcinogenic agent is applied to tissues such as skin may enhance the carcinogenic
action of such an agent, e.g., specific polycyclic hydrocarbons (Warshawsky et al., 1993). While
the toxicity of one or more components of the mixture may tend to inhibit the carcinogenic ef-
fect of the mixture, in other instances, especially in hepatocarcinogenesis, toxicity results in an
enhancement of the proliferative activity of hepatocytes, thereby enhancing the carcinogenic ac-
tion of carcinogenic agents even at low doses (Taylor et al., 1974; Pitot et al., 1978). Enhancing
effects of the hepatoproliferative agent α-hexachlorocyclohexane have been demonstrated with
several hepatocarcinogens (Schulte-Hermann and Parzefall, 1981).

Chemical inhibition of carcinogenesis has been most extensively studied during hepato-
carcinogenesis. The carcinogenic action of some nitrosamines and azo dyes is inhibited by the
prior or simultaneous administration of carcinogenic polycyclic hydrocarbons, the latter not usu-
ally considered as complete carcinogens for the liver (cf. Venkatesan et al., 1970). The inhibition
of azo dye hepatocarcinogenesis by benzimidazole derivatives such as chloramphenicol and di-
ethylstilbesterol (Akao and Kuroda, 1978; Blunck et al., 1971/1972) gives further examples of
this inhibition. A most likely mechanism for the inhibition of carcinogenesis of the liver by these
agents is their effect on altering the metabolism of the carcinogen and inhibiting the formation of
reactive metabolites (Berger, 1995). Both β-naphthoflavone and pregnenolone-16α-carbonitrile
are inducers of xenobiotic metabolism and inhibitors of hepatocarcinogenesis induced by dime-
thylnitrosamine (Argus et al., 1978). In other tissues, chloroform administration inhibits 1,2-
dimethylhydrazine-induced gastrointestinal tract neoplasms in rats (Daniel et al., 1989), while
some polycyclic hydrocarbons that are noncarcinogenic or weakly carcinogenic inhibit initiation
of epidermal carcinogenesis by DMBA or benzo[a]pyrene (cf. Berger, 1995). Inhibition of hepa-
tocarcinogenesis by azo dyes can also be accomplished by surgical alteration of the blood supply
of the liver to produce a portacaval anastomosis, that is, diversion of the portal blood supply
from the liver to the systemic circulation via the vena cava (Ricco et al., 1977). Thus, one can
appreciate that the addition of agents or procedures to simple carcinogenic experiments may
produce a variety of alterations in the process of carcinogenesis, especially experimental hepato-
carcinogenesis. While many of these agents act to alter the stage of initiation, others may affect
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the stages of promotion and/or progression. The next section shows a similar complexity of di-
etary effects on carcinogenesis.

Dietary Factors Influencing Stages of Carcinogenesis

One of the major exogenous modifiers of carcinogenesis is diet (cf. Rogers et al., 1993). Effec-
tors of such modification include the caloric content of the diet; its major constituents, such as
protein, lipid, and carbohydrate; and trace factors in the diet such as various vitamins, minerals,
and contaminants. Dietary contaminants, where their identity is known, may exert direct carci-
nogenic effects. Examples of such are aflatoxin B1, lipid peroxides, and toxic metals. Since these
are covered in other sections, the composition of the diet in relation to normal constituents is
considered here.

Caloric Restriction

One of the earliest observations on the dietary modification of carcinogenesis was the effect of
caloric restriction on tumor incidence. This relatively simple modification significantly de-
creased tumor incidence, both experimentally induced by chemicals and spontaneously induced
in animals and possibly in humans. An early example of this effect was the reduction of the
incidence of skin tumors induced by dibenz[a,h]anthracene by more than one-half by stringent
caloric restriction (cf. Tannenbaum, 1947). In addition, caloric restriction to about 50% of ad
libitum markedly reduced the incidence of spontaneous mammary tumors (Sarkar et al., 1982)
as well as of pulmonary neoplasms, hepatomas, and leukemias in mice. Tucker (1979) demon-
strated that, under the conditions of caloric restriction described by Tannenbaum, mice lived
longer and exhibited fewer hepatic neoplasms than mice fed ad libitum. The effect was much
more marked in the males than in the females. Caloric restriction of 25% reduced both lung and
lymphoid tumors, but the most dramatic decrease was seen in the incidence of hepatic
neoplasms (Conybeare, 1980). On the other hand, caloric restriction had no effect on the pro-
gression of hyperplastic nodules to hepatocellular carcinoma (M.S. Rao et al., 1983); this sug-
gested that both the development and the stage of tumor progression are not sensitive to this
dietary effect.

Concomitant with the decrease in spontaneous tumor incidence with caloric restriction is
an extension of the life span of the animal (Weindruch, 1992; Masoro, 1996) as well as a greater
maintenance of immune function (Fernandes et al., 1997), amelioration of chronic renal disease
(Gumprecht et al., 1993), and age-related changes in the small intestine of the rat (Heller et al.,
1990). In Figure 8.5 may be seen the relation of survival to age as well as tumor incidence in
female mice (Weindruch, 1992). There was an increase of approximately 35% in life span in the
group that ate about 60% of the calories of the normal group. Overall tumor incidence for the
control group was 78%, and for the restricted group 38%. The caloric effect on neoplastic devel-
opment, induced or spontaneous, is not limited to one organ system but rather can be noted in
the development of a number of different histogenetic types of neoplasms (Albanes, 1987; Birt,
1987). Furthermore, as expected, in both hepatocarcinogenesis in mice (Lagopoulos and Stalder,
1987; Kolaja et al., 1996) and in pancreatic carcinogenesis in the rat (Roebuck et al., 1993),
preneoplastic lesions also decreased in number and in size in calorically restricted animals. This
indicates that caloric restriction exerts its effect very early in the stage of promotion, inhibiting
this stage during its development. Keenan et al. (1996) showed that the incidence of spontaneous
tumors in restricted and ad libitum fed rats was similar, indicating that caloric restriction does
not affect the initiation stage. Furthermore, in concert with the earlier findings of M.S. Rao et al.
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(1983), Keenan et al. (1995) demonstrated that moderate dietary restriction does not affect the
stage of progression in spontaneous neoplastic development.

In the diet, the most concentrated source of calories is from fat. Thus, there has been con-
siderable discussion of the role of dietary fat vis-à-vis total dietary calories in effecting the alter-
ations of caloric restriction and ad libitum feeding. Several studies have now indicated that it is
total caloric intake rather than fat intake that governs the ultimate yield of neoplasms both in
mouse skin carcinogenesis and rat mammary carcinogenesis (cf. Boutwell, 1992). This effect is
noted in Table 8.5. However, Birt et al. (1992) demonstrated that restriction of fat calories re-
sulted in a greater inhibition of papillomas than when carbohydrate was restricted in the diet.

Figure 8.5 Influence of caloric restriction initiated at 3 weeks of age on the life span and tumor inci-
dence of female mice of the long-lived C3B10RF1 hybrid strain. The circles depict the age at death for
tumor-bearing mice on normal (closed circles) and restricted (open circles). (Adapted from Weindruch,
1992, with permission of author and publisher.)

Table 8.5 Restriction of Caloric Intake Modulates the Enhancing Effect of Fat on Mouse 
Skin Carcinogenesis and Rat Mammary Carcinogenesis

Adapted from Boutwell, 1992, with permission of the author and publisher.

Mouse Skin Carcinogenesis
Caloric intake 

(% of ad libitum)
Fat level 

(% of diet)
Fat intake (grams per 

mouse per day)
Skin carcinomas (%)

100 5 0.06 54
66 15 0.24 28

Rat Mammary Carcinogenesis
Caloric intake 

(% of ad libitum)
Fat level 

(% of diet)
Fat intake (grams per 

rat per day)
Mammary neoplasms 

(%)
100 5 0.6 43

81 30 2.2 7
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Still, the majority of experimental evidence argues that the caloric content of the diet is para-
mount in importance in producing the effects of caloric restriction. However, later in this chap-
ter, we note that the composition of the fat can actually make significant differences in
modifying the effects of carcinogenesis.

In addition to the dramatic effects of caloric restriction on spontaneous and chemically
induced carcinogenesis, caloric restriction also alters carcinogenesis by radiation and viruses.
Gross and Dreyfuss (1990), in a study with female rats, found that 89% of animals fed ad libitum
developed neoplasms, predominantly leukemias and mammary carcinomas. When fed a
restricted diet (about 50% of control calories), only 23% of irradiated animals developed neo-
plasms. Of the controls, 48% of the ad libitum unirradiated females developed similar neoplastic
lesions, while none of the unirradiated females on a restricted diet developed neoplasms. Males
showed a similar effect but at lower incidences. In another study with mice bearing the
MMTV/v-Ha-ras transgene, Fernandes et al. (1995) examined the effect of caloric restriction on
the expression of the transgene in mammary tissue of transgenic mice. Using a diet containing
60% of the calories of the ad libitum control group, they found that, whereas the tumor incidence
was 83% in the ad libitum animals, it was 27% in the calorie-restricted animals. Since the trans-
gene construct utilized the MMTV long terminal repeat as a promoter of the v-Ha-ras oncogene,
this study suggests that both virus-induced and transgene-induced carcinogenesis are subject to
the inhibitory effect of caloric restriction. In contrast, while caloric restriction inhibited the in-
duction of intestinal neoplasms in rats by methylazoxymethanol acetate, which requires meta-
bolic activation to exert its carcinogenic effect, caloric restriction had no effect on the induction
of these neoplasms in rats administered the direct-acting carcinogen N-methylnitrosourea (Pol-
lard and Luckert, 1985). In this latter study the restricted animals were fed at 75% of the caloric
level of the ad libitum animals. Thus, whether carcinogenesis by direct-acting carcinogens is not
affected by caloric restriction or requires a higher degree of caloric restriction to show the effect
has yet to be determined.

Unlike chronic caloric restriction, acute complete caloric restriction by fasting has not
been intensively studied. Initiation by diethylnitrosamine in rats is quantitatively unaffected by a
48-hour fast (Schmitt et al., 1993). When the fasting period is followed by refeeding, a signifi-
cant enhancement of the initiation of preneoplastic focal lesions occurred (Tessitore et al., 1996)
as well as an enhancing effect on the growth of nodules after a selection protocol of hepatocar-
cinogenesis (Laconi et al., 1995). It is likely that the enhancement of initiation is the result of an
enhancement of DNA synthesis on refeeding, as was shown later by Hikita et al. (1997), with
simultaneous enhancement of “fixation” of initiation. These last authors fasted animals for two
5-day periods interspersed by a 2-day feeding respite. At the end of the fasting periods, preneo-
plastic lesions had essentially disappeared, but reappeared quantitatively within 1 week of re-
feeding at levels identical to those of nonfasted animals. These authors demonstrated that the
loss of preneoplastic cells was due to apoptosis with sparing of a stem cell(s) to allow rapid
regrowth of preneoplastic lesions on refeeding. Thus, acute fasting and refeeding can modulate
the stage of promotion in hepatocarcinogenesis and may enhance the efficiency of initiation
through increased cell replication upon refeeding.

Mechanisms of the Effect of Dietary Restriction on Carcinogenesis

A number of potential mechanisms have been proposed to explain the inhibitory effect of caloric
restriction on normal aging (Masoro, 1996). While some of these theories, including a retarda-
tion of “growth” and the decrease in endogenous formation of reactive oxygen molecules, can be
applied to the effect of caloric restriction on carcinogenesis, other mechanistic factors undoubt-
edly play a role (Hocman, 1988b).
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Paramount among the mechanisms of the effect of caloric restriction on aging and neo-
plastic development are endogenous hormones. A striking effect is that described by Schwartz
and Pashko (1994) in the demonstration that adrenalectomy could reverse the inhibition of skin
papilloma development by food restriction in a two-stage carcinogenesis experiment involving
DMBA initiation and TPA promotion. Furthermore, these authors demonstrated that adrenalec-
tomy 2 weeks before initiating food restriction abolished the effect of the latter on the induction
of pulmonary adenomas in A/J mice by DMBA (Pashko and Schwartz, 1996). The inhibition of
mammary carcinogenesis by caloric restriction is also accompanied by a reduction in serum con-
centrations of prolactin and estrogens in rats (Sylvester, 1986) and decreases in serum insulin-
like growth factor I and insulin (Ruggeri et al., 1989).

A major potential mechanism for both the antiaging and anticarcinogenic effects of dietary
restriction is the latter’s effect on intracellular oxidative stress (Yu, 1996). Caloric restriction
inhibits the oxidative damage to DNA that occurs normally (Djuric et al., 1992; Gao and Chou,
1992). The significance of this finding is emphasized by the demonstration that caloric restric-
tion enhances activities of enzymes involved in antioxidant processes including superoxide dis-
mutase, catalase, and glutathione peroxidase (G. Rao et al., 1990). However, these authors
demonstrated that the effects on antioxidant enzymes did not occur in all tissues—e.g., intestinal
mucosa—and in other tissues varied quite significantly (Xia et al., 1995). On the other hand,
mitochondria in general and the electron transport system in particular are probably the most
significant sources of active oxygen radicals (Feuers et al., 1993). Xenobiotic metabolism is sig-
nificantly affected by caloric restriction. In Table 8.6 may be seen the effect of caloric restriction
on some phase I and phase II enzyme levels in ad libitum and calorie-restricted animals (cf. Hart
et al., 1992). Similarly, the formation of aflatoxin B1-DNA adducts in liver of calorie-restricted
animals is decreased (Chou and Chen, 1997) and increased with dimethylnitrosamine (Prasanna
et al., 1989). In the skin, food restriction inhibits the formation of DMBA-DNA adducts

Table 8.6 Effect of Caloric Restriction on Selected Hepatic Drug-Metabolizing 
Enzymes

N.S. = not studied.
Adapted from Hart et al., 1992, with permission of authors and publisher.

Enzyme Ad libitum Restricted % Change

Phase I enzymes
Testosterone-6β-hydroxylase 0.12 0.09 –25
Testosterone-16α-hydroxylase 2.67 1.71 –36
Lauric acid 12-hydroxylase 3.45 12.21 +253
4-Nitrophenol hydroxylase 0.43 0.91 +111
7-Ethoxyresorufin-O-deethylase 0.037 0.045 N.S.
Aminopyrene-N-demethylase 3.54 3.24 N.S.
7-Ethoxycoumarin-O-deethylase 0.43 0.68 +58
Testosterone-17-oxidase 0.87 1.79 +105

Phase II enzymes
Glutathione S-transferase

1,2-Dichloro-4-nitrobenzene 27.6 39.2 +42
1-Chloro-2,4-dinitrobenzene 1130 1050 N.S.

N-Acetyltransferase 2.09 4.60 +123
UDP-glucuronyltransferase

2-Aminophenol 3.33 5.43 +63
Bilirubin 2.09 3.49 +67
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(Schwartz and Pashko, 1986) after DMBA application but increases the formation of
benzo[a]pyrene-DNA adducts in the lung of the mouse, with a concomitant increase in cyto-
chrome P4501A1, which metabolizes benzo[a]pyrene en route to its active form (Chen et al.,
1996). Furthermore, caloric restriction increases the formation of endogenous I compounds
(Chapter 3), spontaneous DNA adducts of largely unknown structure (Randerath et al., 1993).
Thus, the role(s) of oxidative stress, xenobiotic metabolism, and DNA adduct formation in the
mechanism of the antiaging and anticarcinogenic effect of caloric restriction are not entirely
clear, but a lowering of intracellular oxidant reactions is a universal effect of caloric restriction.

Cell Replication and Apoptosis during Caloric Restriction

Generally, as one might expect, caloric restriction tends to decrease cell replication, DNA and
RNA synthesis in various tissues of both the rat (Merry and Holehan, 1985) and the mouse (Lok
et al., 1990). Interesting exceptions to this generalization have been noted, however. Klurfeld et
al. (1987) found, in concert with earlier studies, that caloric restriction inhibited by almost 50%
the formation of colon neoplasms in rats administered 1,2-dimethylhydrazine. However, caloric
restriction induced a significant increase in the DNA labeling index of normal colonic mucosal
cells. Similarly, Keenan and associates (1994) noted that both male and female rats fed for a year
at a level of 65% of the ad libitum caloric intake exhibited a dramatic increase in the labeling
index of hepatocytes. The mechanism of this effect may be related to a compensatory hyperpla-
sia of the liver, resulting from the increased rate of apoptosis of hepatocytes that occurs with
caloric restriction (James and Muskhelishvili, 1994; Grasl-Kraupp et al., 1994) in both mice and
rats. Both of these groups suggested that the enhanced apoptotic rate occurring in the liver dur-
ing caloric restriction might also explain the effect of caloric restriction in inhibiting the devel-
opment of spontaneous neoplasms. Muskhelishvili et al. (1996) presented evidence for this in
demonstrating that dietary restriction induced apoptosis in approximately 70% of putatively ini-
tiated glutathione S-transferase-π-positive hepatocytes, occurring after only 1 week of dietary
restriction to 2-year-old ad libitum–fed mice. Grasl-Kraupp et al. (1994) and associates reported
a similar experiment in rats, utilizing a 95-day period of caloric restriction with subsequent ad-
ministration of nafenopin, a promoting agent and peroxisome proliferator (Chapter 7). These
authors continued their study to 900 days, examining both preneoplastic and neoplastic lesions,
and demonstrated a dramatic decrease in the growth of preneoplastic lesions as well as the num-
ber of neoplastic lesions (Figure 8.6). These studies, taken together, offer substantial evidence
for a major role in the altered regulation of cell turnover in the calorically restricted animal by
the elimination of initiated cells as well as the inhibition of proliferation and enhancement of
apoptosis of cells in the stage of promotion, leading to lower rates of development of preneo-
plastic lesions (Wachsman, 1996).

Dietary Constituents and Carcinogenesis

The caloric content of the diet is made up of the caloric values of its various constituents. The
constituents of the diet consist of protein, fat, and carbohydrate as the major components and
vitamins, minerals, and related factors as the minor components. As shown above in relation to
the overall carcinogenic process, the caloric content of the diet plays a major role. However,
individual constituents of the diet also modify the carcinogenic process.

Dietary Protein. Early studies with rats demonstrated that the incidences of certain
spontaneous neoplasms are very dependent on the level of the protein in the diet (Ross and Bras,
1973). In these animals the spontaneous incidence of thymoma increased more than threefold in
animals on a low-protein diet (10% casein), while increasing the dietary protein content by a
factor of five decreased the incidence of thymoma by a factor of eight. In most other examples,



294 Chapter 8

feeding either a 10% or a 50% casein diet lowered the spontaneous incidence of epithelial neo-
plasms compared with that of animals on a 22% casein diet. While total tumor risk was found to
be correlated with caloric consumption, the diet containing a higher amount of protein for a
given caloric intake resulted in a higher risk of malignancy. Furthermore, a high absolute protein
consumption shortly after weaning and that relative to body weight during the early adult period
were correlated with a higher probability of developing spontaneous neoplasms (cf. Mohr and
Lewkowski, 1989).

The chemical induction of neoplasia in various rodent tissues is likewise affected by the
protein content of the diet. Early studies in rats showed that when animals were fed a 5%
(casein) protein diet, they exhibited significantly fewer aflatoxin-induced hepatomas than rats
fed four to six times higher levels of casein (Madhaven and Gopalan, 1968; Wells et al., 1976).
More recent investigations by Campbell and associates (O’Connor and Campbell, 1987; Schul-
singer et al., 1989) demonstrated that lowering the dose of casein dramatically inhibits the
growth of altered hepatic foci induced by aflatoxin B1 in vivo. Furthermore, if the casein in the
diet were replaced by wheat gluten, a low-quality protein, the development of altered hepatic
foci was significantly inhibited compared with animals fed a casein diet at the same level for the
same period. Lysine supplementation of the wheat gluten in the diet during the stage of promo-
tion returned the growth of altered hepatic foci to normal (Schulsinger et al., 1989).

The protein content of the diet does not influence the growth of skin tumors, but a high-
protein diet enhances DMBA-induced lung tumors in mice and DMH-induced neoplasms in rats
(cf. Kritchevsky, 1988). In his discussion, the author points out that most studies have been car-
ried out with casein as the protein source, emphasizing the significance of the study by Schul-

Figure 8.6 Effect of a 95-day period of caloric restriction on the volume of spontaneously occurring
altered hepatic foci (PPF) and on the formation of liver tumors in animals administered nafenopin, a perox-
isome proliferator and tumor promoting agent. Animals were fed ad libitum except for a group that were
calorically-restricted to 60% of the calories of the control diet from day 285 to day 380 at the end of which
time the volume of altered hepatic foci had decreased considerably (open circle, a). The insert at the right
shows the number of liver tumors per rat in control (Co) and calorically restricted (FR) animals at the end
of the experiment (day 900). The total column represents the number of grossly detectable lesions per liver,
the hatched and solid part of the bar represents the numbers of adenomas and carcinomas. (Adapted from
Grasl-Kraupp et al., 1994, with permission of authors and publisher.)



Host Effects During Carcinogenesis 295

singer et al. (1989). An increase in intake of protein prior to the administration of DMBA to
induce mammary neoplasms decreased the number of tumors induced (Clinton et al., 1979).
However, increasing the protein content of the diet after initiation, during the promotion phase,
resulted in an increased incidence of mammary neoplasms. These results can be explained on
the basis of an increased rate of metabolism of the carcinogen to noncarcinogenic metabolites in
the liver of animals on a high-protein diet when DMBA is administered, resulting in a decreased
level of potentially active metabolites of DMBA reaching the mammary gland (Hawrylewicz
et al., 1982). The composition of the diet also appears to be important in determining the inci-
dence of mouse hepatomas. In early studies, Tannenbaum and Silverstone (1949) showed that
the incidence of mouse hepatomas increased with the rising content of casein in a partially puri-
fied diet until 26% of the diet consisted of protein. At a higher level of dietary casein, the inci-
dence decreased significantly. Thus, the effect of the high protein content of the diet on
carcinogenesis may occur at the stage of initiation by stimulating the metabolism of the chemi-
cal carcinogen to noncarcinogenic metabolites, with subsequent inhibition of this stage. The ef-
fect of high-protein diets on the stage of promotion may be either an enhancement or an
inhibition, as noted above. Unfortunately, our knowledge of the mechanism of this effect is very
limited.

Of the amino acid constituents of protein, tryptophan has been most widely studied for its
effects on carcinogenesis in several different species in both bladder and liver (Sidransky, 1998).
The initial studies in this area were described by Dunning et al. (1950), wherein Fischer female
rats fed a purified diet, that had been supplemented with DL-tryptophan and contained 0.06%
2-AAF, exhibited a high incidence of bladder carcinomas, but no carcinomas developed when
2-AAF was administered in the absence of dietary tryptophan. Later Radomski and associates
(1977) reported that female beagle dogs fed a diet containing 4-aminobiphenyl with supple-
mental DL-tryptophan developed a low incidence of bladder tumors, while animals receiving
4-aminobiphenyl in the absence of supplemental dietary tryptophan developed no such neo-
plasms. A number of studies on hepatocarcinogenesis in the rat gave variable results when tryp-
tophan was added to the diet, in some cases an enhancing effect and in other cases no effect (cf.
Sidransky, 1998). L-Tryptophan has many of the characteristics of a promoting agent, including
an apparent interaction with a nuclear receptor (cf. Sidransky, 1998). Thus, some of the effects
of increased dietary protein on carcinogenesis may be related to the tryptophan content of the
diet causing a promoting action in the carcinogenic process.

Dietary Lipids and Carbohydrates. As suggested earlier in this chapter, the effect of lip-
ids in the diet on carcinogenesis may be controversial in that the effects noted are the result
primarily of the caloric content of the diet rather than specifically of the lipid content and of
individual lipids themselves (see above). This is emphasized by the data depicted in Table 8.5.
However, the fact still remains that dietary lipids do have significant effects, primarily in en-
hancing the development of a number of neoplasms induced by a variety of chemical and physi-
cal factors, as noted by the listing depicted in Table 8.7 from Birt (1987). Almost all of the
effects of dietary fat listed in Table 8.7 are to enhance the development of neoplasms of a variety
of tissues as a result of spontaneous and induced carcinogenesis.

Notably absent from the table is the effect of dietary lipids on mammary carcinogenesis,
which has been the subject of considerable investigation, both experimentally (Pariza et al.,
1986) and in the human (Prentice et al., 1989; Hunter et al., 1996). A variety of studies in exper-
imental animals have indicated that the caloric and fat contents of the diet independently en-
hanced mammary tumor incidence in rats and mice (Freedman et al., 1990). However, Welsch
et al. (1990) indicated that the increase in mammary neoplasia following DMBA administration
in rats occurred only in animals fed ad libitum. Mammary carcinogenesis induced by the direct-
acting carcinogen N-nitrosomethylurea (NMU) was primarily enhanced by the level of calories
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in the diet (Beth et al., 1987) although the tumor-promoting effects of dietary fat manifested a
threshold rather than a linear dose-response effect (Cohen et al., 1986). Furthermore, these ef-
fects of dietary fat were reportedly not related in a significant way to changes in endogenous
levels of estrogen or prolactin (Clinton et al., 1995). However, early studies (Gammal et al.,
1967) suggested that the type of dietary fat—i.e., corn oil versus coconut oil—significantly af-
fected the development of mammary neoplasms in that animals receiving the corn oil diet devel-
oped a greater number of tumors. Subsequent studies demonstrated that fish oils rich in ω3 fatty
acids, particularly eicosapentaenoic and docosahexaenoic acids, consistently inhibited mam-
mary carcinogenesis in mice and rats when administered during the promotion stage (cf. Welsch,
1992). In contrast, safflower and corn oil, which contain predominantly ω6 fatty acids such as
linoleic acid, exhibited a significant tumor-promoting effect in mouse mammary carcinogenesis
induced by DMBA (Cameron et al., 1989). The structures of representative ω3 and ω6 fatty ac-
ids are depicted in Figure 8.7. The mechanism of this difference in effect on tumor promotion of
ω3 and ω6 fatty acids is not known but may be related to their differential effect on the synthesis
of prostaglandins, a series of hormones derived from these molecules (Lands, 1992).

As indicated from Table 8.7, increases in dietary fat enhance the development of neo-
plasms in a number of other tissues. The early studies of Miller and Rusch demonstrated the
importance of the type of fatty acids in the diet on the incidence of azo dye–induced liver neo-
plasms (cf. Miller et al., 1944). When animals were fed unsaturated fat together with the carcin-

Table 8.7 Effects of Dietary Fat on Carcinogenesis at Sites Other Than the Mammary Gland in 
Several Rodent Species

Key: NE, no effect; ↑, enhanced carcinogenesis.
Adapted from Birt, 1987, with permission of author and publisher.

Site Animal Agent Effect of High-Fat Diet

Skin Mouse None (spontaneous) ↑
Polycyclic hydrocarbon ↑
UV light ↑

Lung Mouse None ↑, NE
Hamster Benzo[a]pyrene (BP) on ferric oxide ↑

N-nitrosobis(2-oxopropyl)-amine (BOP) ↑
Colon Rat 1,2-dimethylhydrazine (DMH) ↑, NE

Azoxymethane (AOM) ↑
Methylazoxymethanol acetate (MAM) ↑, NE
3,2′-Dimethyl-4-amino-biphenyl (DMAB) ↑
Methylnitrosourea (MNU) ↑

Liver Mouse None ↑
Rat Aminoazo dyes ↑
Hamster Aflatoxin B1 (AFB) ↑

Acetylaminofluorene (AAF) ↑
BOP ↑

Pancreas Hamster BOP ↑
Rat Azaserine (AZA) ↑

Prostate Rat None (promoted with testosterone) ↑
Brain Mouse None ↑
Ear duct Rat DMH NE
Kidney Rat DMH NE

Hamster BOP ↑
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ogen, the tumor incidence was much greater than when animals were fed an isocaloric amount
of saturated lipids. Birt et al. (1989) reported that in Syrian hamsters initiated with N-nitrosobis-
(2-oxopropyl)amine (BOP) at 8 weeks of age, a three- to fourfold enhancement of pancreatic
carcinogenesis occurred in those hamsters fed high-fat diets ad libitum or fed equivalent caloric
intakes. Rats initiated with azaserine, which induces acinar cell adenomas and carcinomas—in
contrast to the BOP-induction of ductular carcinomas of the pancreas in hamsters—were studied
during the promotion stage of carcinogenesis. Azaserine induces acinar foci of acidophilic and
basophilic appearance. A diet containing 20% unsaturated fat induced an increase in the number
of acidophilic foci as well as an increase in the thymidine labeling index of their nuclei com-
pared with rats fed a 20% saturated fat diet or a control diet of 5% unsaturated fat (Roebuck,
1986). Later studies by O’Connor et al. (1989) demonstrated an inhibition of the development of
these preneoplastic acinar cell foci and nodules by ω3 fatty acids in the diet, whereas ω6 fatty
acids induced a significant increase in the growth of these preneoplastic lesions. Furthermore,
dietary linoleic acid acts to promote pancreatic lesions in rats and hamsters (Appel et al., 1994).
In the rat, an apparent threshold for this effect of linoleic acid is seen at concentrations between
4% and 8% in the diet, above which both the number and size of acidophilic foci increase (cf.
Roebuck, 1992).

Dietary lipid content also enhances the development of preneoplasia and neoplasia in the
intestine of mice and rats. In the mutant mouse strain min, which is genetically prone to develop
polyps in the intestine, increasing the dietary fat content increased the number of polyps in the
large and small bowel as well as increasing the size of the polyps in the small bowel (Wasan et
al., 1997). In a review of some 14 studies of such experiments, a positive relationship was found
between the incidence of colon carcinoma and fat intake (Zhao et al., 1991). This association
was seen with the inbred Fischer 344 strain, but no such association was apparent for Sprague-
Dawley rats. In contrast, while a high-fat diet enhanced the early development of colon neo-
plasms in rats after azoxymethane administration for 2 weeks, alteration in the fat content of the
diet after neoplasms had developed did not change the neoplastic outcome, suggesting a lack of
effect of dietary fat on the stage of progression in this tissue (Bird et al., 1996). As with mam-
mary and pancreatic carcinogenesis, the type of lipid in the diet has significant effects on the
carcinogenic process in the intestine. Dietary cholesterol enhances both the development of pre-
neoplastic aberrant crypts and ultimately the number of colon neoplasms in mice and rats (Ken-

Figure 8.7 Structures of representative ω3 and ω6 polyunsaturated fatty acids.
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dall et al., 1992; Hiramatsu et al., 1983). In mice administered 1,2-dimethylhydrazine (DMH),
corn oil containing a large percentage of unsaturated fats markedly enhanced both the number
and volume of neoplasms in the intestine as compared with mice fed an equivalent amount of
beef tallow, which is composed primarily of saturated fats (Nutter et al., 1990). Also, as in the
case of pancreatic and mammary carcinogenesis, dietary ω3 fatty acids inhibited while ω6 fatty
acids enhanced the development of intestinal neoplasms induced by azoxymethane (Reddy and
Sugie, 1988; Minoura et al., 1988).

The effect of carbohydrate administration on carcinogenesis seems to be of less impor-
tance and to exert less influence than protein and lipid components of the diet. A high-carbohy-
drate diet inhibited the development of hyperplastic nodules and neoplasms of the liver induced
by 3′-methyl-4-dimethylaminoazobenzene (DEN) (Sato et al., 1984), whereas a high-sucrose
diet—in comparison with an equivalent (65%) level of glucose—significantly enhanced the
growth of preneoplastic hepatic foci initiated with DEN (Hei and Sudilovsky, 1985). Treatment
of Sprague-Dawley rats with azoxymethane for 8 weeks resulted in a lower growth rate and less
dysplasia of preneoplastic aberrant crypts when animals were administered cornstarch rather
than sucrose in the diet (Caderni et al., 1994, 1997). In general, however, neither sucrose feeding
nor systemic administration of sucrose enhanced spontaneous or induced carcinogenesis (cf.
Kritchevsky, 1988).

Mechanisms of the Effects of Protein, Lipid, and Carbohydrate on Carcinogenesis.
Mechanisms of the effects of the major dietary constituents on carcinogenesis differ where evi-
dence for a mechanism exists. As indicated earlier (see above), inhibition of carcinogenesis by
dietary protein may be related to its effect on xenobiotic metabolism to enhance the latter, caus-
ing the formation of noncarcinogenic metabolites of the agent involved (cf. Mohr and
Lewkowski, 1989). It has also been suggested that enhanced dietary protein levels may produce
effects on the immune system that could enhance or inhibit the development of carcinogenesis,
although how this might directly relate to effects of dietary protein on carcinogenesis is not clear
(Mohr and Lewkowski, 1989). The enhancement effect of dietary sucrose, especially in hepato-
carcinogenesis, may be related to the fact that dietary fructose significantly enhanced the growth
of altered hepatic foci in livers of rats initiated with N-nitrosomorpholine (Enzmann et al.,
1989). Since fructose is one of the two sugars in the sucrose molecule and glucose does not
appear to have a similar enhancing effect (Hei and Sudilovsky, 1985), the effects of sucrose may
be that of the fructose resulting from hydrolysis in the intestine.

In contrast to our lack of knowledge of the mechanisms involved in the effects of protein
and carbohydrate on carcinogenesis, there is significant information available on potential
mechanisms of the effect of dietary lipids on carcinogenesis. The differential effect of ω3 and
ω6 fatty acids on mammary carcinogenesis was not reflected in the number of mammary neo-
plasms induced by NMU in rats that exhibited an Ha-ras codon 12 mutation (Ronai et al., 1991).
However, Lu et al. (1995) did find that a much larger proportion of mammary neoplasms in rats
from this protocol exhibited a wild-type Ha-ras genotype when fed a high-fat diet in comparison
with a low-fat diet. In colon carcinogenesis induced by azoxymethane, Singh et al. (1997) dem-
onstrated that diets high in ω6 fatty acids exhibited an enhanced expression of the small ras-p21
proto-oncogene as well as an increased accumulation of the protein product in the cytoplasm in
comparison with animals fed an ω3 fatty acid–rich diet. These studies suggest mechanism(s) by
which high-fat diets of different composition may affect the process of initiation through altering
the expression of wild-type and mutant ras proto-oncogenes. In this vein, dietary fat was also
found to promote spontaneous carcinogenesis of the mammary gland in MMTV/v-Ha-ras trans-
genic mice (DeWille et al., 1993), and studies by others (Etkind et al., 1995) have indicated a
more rapid development of mammary neoplasms in mice containing an endogenous MMTV
proviral DNA in their genome. That ω6 fatty acids act as promoting agents in the development
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of colon neoplasia in rats was seen from the demonstration of a significantly lower number of
apoptotic cells/crypts in the proximal colon of rats compared with those receiving ω3 fatty acids
in the diet (Chang et al., 1997). This further indicates that the promoting action of ω6 fatty acids
is in part to inhibit apoptosis, presumably selectively in altered cells within the colonic mucosa.
The fact that dietary cholesterol may enhance the development of intestinal neoplasms is proba-
bly related to its metabolic conversion to bile salts, a number of which are known promoting
agents for intestinal cancer in the rodent (Klurfeld et al., 1983). Corn oil diets, high in ω6 fatty
acids, also enhance the metabolism of chemical carcinogens through a direct effect on xenobi-
otic metabolism, leading, in this case, to an increased production of the proximate and ultimate
forms of such agents (Newberne et al., 1979; Wade et al., 1982). These studies on the mecha-
nisms of the effects of dietary protein, lipid, and carbohydrate on the stages of carcinogenesis
further substantiate their effectiveness in influencing the stages of initiation and promotion, pri-
marily the latter.

Dietary Micronutrients in Carcinogenesis

While the bulk of the diet is made up of protein, carbohydrate, and lipid as well as significant
nondigestible components in crude diets, a number of so-called micronutrients, vitamins, miner-
als, and related substituents are necessary for the survival and growth of the multicellular organ-
ism (Hunt and Groff, 1990). Table 8.8 lists most of the macro- and micronutrients that serve as
exogenous modifiers in carcinogenesis in experimental animals. A number of these in relation to
the human are discussed later in the text (Chapter 11). Since the macronutrients in relation to
carcinogenesis have already been discussed, this section emphasizes the effect of micronutrients
as exogenous modifiers of carcinogenesis.

In the strict sense, vitamins are micronutrients that are essential for the nutrition and via-
bility of a multicellular organism and that cannot be synthesized in amounts sufficient for
growth and/or normal function of the organism. The effects of the listed vitamins and minerals
on the carcinogenic process are primarily to inhibit the process of carcinogenesis when present
in sufficient or more than sufficient quantities. However, when the organism is deficient in one
or more of these micronutrients, the carcinogenic process in one or more tissues is enhanced. It
will also be noted that, as with macronutrients, the stages of carcinogenesis at which micronutri-
ents exert their primary effects are, in most cases, initiation and/or promotion.

Retinoids. Over the past two decades, a remarkable effect of excess vitamin A and/or its
derivatives on the development of epidermal, pulmonary, and other types of neoplasia has been
demonstrated (cf. Lotan, 1980; Sporn and Roberts, 1983; Birt, 1986). In early studies in the
hamster given carcinogenic hydrocarbons intranasally (a regimen that induces squamous cell
carcinoma of the lung), carcinogenesis could be completely inhibited by the administration of
high levels of vitamin A. The feeding of a diet containing high levels of vitamin A inhibited skin
carcinogenesis by 7,12-dimethylbenz[a]anthracene in mice (Bollag, 1972). In addition, when vi-
tamin A was applied directly to the skin after carcinogenesis was well under way, the morpho-
logical type of neoplasm produced was altered. This latter effect was inhibited by actinomycin D
(Prutkin, 1971). These earlier studies have now been extended to a variety of other tissues and
the development of neoplasms therein. Table 8.9 from Birt (1986) lists many of the more dra-
matic effects of retinoids on experimental carcinogenesis in several organs. Some of the most
dramatic effects, as noted in this table, can be seen in the inhibition of carcinogenesis in the
mouse skin by chemicals through the use of a variety of retinoids (Table 8.9; DeLuca et al.,
1996). Retinoic acid was found to enhance or inhibit the development of papillomas in mouse
epidermis during the two-stage process of carcinogenesis (Hennings et al., 1982; Verma et al.,
1982). The differences in this effect are not clear, although Verma et al. (1982) demonstrated that
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when DMBA was given in multiple doses without TPA, retinoic acid failed to inhibit the devel-
opment of papillomas. Several different retinoid analogs, administered in the diet after initiation
with DMBA, acted to promote the development of papillomas (McCormick et al., 1987). Inter-
estingly, mice on a severe vitamin A–deficient diet failed to develop visible tumors in the two-
stage carcinogenesis protocol, but supplementation with retinoic acid after 12 weeks on the defi-
cient diet resulted in the rapid development of papillomas by week 22 (DeLuca et al., 1989).
Thus, the effects of retinoids on epidermal carcinogenesis in the mouse depend on the format of
the carcinogenesis experiments and the structure of the retinoid employed. Furthermore, retin-
oids given orally inhibit the development of the stage of progression in multistage epidermal
carcinogenesis in the mouse (DeLuca et al., 1994).

One of the most striking demonstrations of an effect of vitamin A on carcinogenesis in the
rat is the inhibition of N-methyl-N-nitrosourea–induced bladder carcinogenesis by the synthetic
retinoid 13-cis-retinoic acid (Sporn et al., 1977). In this case, administration of the retinoic acid
derivative inhibited the incidence and extent of bladder cancer development even when its ad-
ministration was initiated after cessation of carcinogen dosing. Administration of 13-cis-
retinoate to animals given dimethylhydrazine inhibited the production of colonic neoplasms
(Newberne and Suphakarn, 1977). Narisawa et al. (1996) have extended these investigations by

Table 8.8 Dietary Factors That Alter Cancer Incidence in Lower Animals

Key: +, enhancement of carcinogenesis; –, inhibition of carcinogenesis.

Dietary Component Cancer Type Change Stage of Action

Macronutrients
Calories Breast, skin, liver, colon + Promotion
Carbohydrate Liver, pancreas – Initiation

Kidney + Initiation
Protein Liver – Initiation

Liver + Promotion
Fat Breast, pancreas, skin + Promotion

Micronutrients
Vitamins
Vitamin A (retinoids) Skin, bladder, lung, colon, breast – Promotion
Vitamin C Breast, kidney – ?
Vitamin D Colon – Promotion
Vitamin E Skin, breast – Promotion/?Progression
Folic acid Colon, cervix, lung, brain – Initiation
Riboflavin Liver – Initiation
Minerals
Calcium Colon – Promotion?
Selenium Breast, colon, liver – Initiation and/or promotion
Zinc Esophagus – Initiation/progression

Miscellaneous Dietary Factors
Alcohol Liver, colon + Promotion
Methyl group deficiency Liver + Promotion (initiation?)
Minor nonnutrient 

components of fruits 
and vegetables

Breast, stomach, colon – Initiation and/or promotion

Fiber Colon – Promotion
Intestinal flora Colon ± Initiation/promotion?
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demonstrating the inhibition of the development of preneoplastic aberrant crypt foci in the intes-
tine of rats following MNU administration. Later studies by Mack et al. (1990) and Sarkar et al.
(1995) have further substantiated the inhibition of 3′-methyl-4-dimethylaminoazobenzene–in-
duced hepatic neoplasia in the rat. Furthermore, the feeding of β-carotene in a multistage model
of hepatocarcinogenesis in the rat significantly inhibited the development of preneoplastic al-
tered hepatic foci (Moreno et al., 1995). In addition to the inhibitory effects of retinoids on
DMBA- and MNU-induced mammary neoplasia in the rat, dietary retinyl acetate inhibited the
development of mammary neoplasms induced by estrogen in female rats (Holtzman, 1988). The

Table 8.9 Some Effects of Retinoids on Chemical Carcinogenesis

Key: Def., deficiency; ret. Ac., retinoic acid; NE, negative; ↑, enhancement of carcinogenesis; ↓, inhibition of carcino-
genesis.
Adapted from Birt, 1986, with permission of author and publisher.

Site Species Agent Retinoid Effect Reference(s)

Skin Mice DMBA Vit. A analogs ↓ Bollag, 1971
Mice DMBA + TPA Retinoic Ac ↑ or ↓ Hennings et al., 1982
Mice UV light Retinoic Ac ↑ Forbes et al., 1979

Salivary glands Hamsters DMBA Vit. A. def. NEa Chaudhny et al., 1961
DMBA 13 cis ret. Ac ↓ Shklar et al., 1980

Mammary gland Rats DMBA Ret. acetate ↓ Moon et al., 1976
Rats MNU Ret. acetate + 

analogs
↓ Moon et al., 1977; 

Moon & McCormick, 
1982

Mice DMBA analogs NE Welsch et al., 1984
Mice None Retinyl acetate NE Maiorana & Gullino, 

1980
Forestomach Hamsters DMBA Vit. A palmitate ↓ Chu & Malmgren, 1965

Hamsters BP Vit. A palmitate ↓ Chu & Malmgren, 1965
Urinary bladder Rats BBN Vit. A analogs ↓ Miyata et al., 1978; 

Sporn et al., 1977
Mice BBN Vit. A + analogs ↓ Moon et al., 1982
Rats MNU 13 cis ret. Ac. ↓ Squire et al., 1977
Rats FANFT Vit. A def. ↑ Cohen et al., 1976
Rats FANFT Ret. palmitate NE Cohen et al., 1976

Lung Rats 3MC Vit. A def. ↑ Nettesheim et al., 1979
Rats 3MC Ret. acetate NE Nettesheim et al., 1979
Hamsters BP-FeO3 Retinyl acetate ↑ Smith et al., 1975

Trachea Hamsters MNU Vit. A analogs ↑ Stinson et al., 1981
Liver Rats AFB1 Vit. A def. ↑ Newberne & Rogers, 

1973
Rats DMAB Ret. acid ↓ Dauod & Griffin, 1980
Hamsters BOP Vit. A analogs ↑ Birt et al., 1983

Colon Rats AFB1 Vit. A def. ↑ NE Newberne & 
Suphakarn, 1977

Rats MNNG Vit. A def. ↓ Narisawa et al., 1976
Rats DMH 13 cis ret. Ac ↓ Newberne & 

Suphakarn, 1977
Rats MNU Vit. A analogs NE Silverman et al., 1981

Pancreas Hamsters BOP Vit. A analogs ↑ NE Birt et al., 1983
Rats Aza Vit. A analogs ↓ Longnecker et al., 1982
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inhibition of MNU-induced mammary carcinogenesis by retinyl acetate may be due to preven-
tion of the progression of very early neoplastic lesions (Thompson and Becci, 1979). Thus, one
may conclude that, in general, retinoids tend to inhibit carcinogenesis of a variety of tissues in
rats and mice but to a lesser extent in hamsters. Most inhibitory effects of retinoids occur during
the stage of promotion, in part by an inhibition of DNA synthesis induced by the promoting
agent (Paulsen, 1984; Gendimenico et al., 1989). However, Dogra et al. (1984) reported that the
extent of binding of benzo[a]pyrene to lung DNA in vivo was about 2.5-fold higher in vitamin
A-deficient rats than in those receiving a normal amount of vitamin A. Other mechanisms by
which retinoids exert their effects may be directed by an alteration of the expression of specific
genes important in the stage of promotion, such as ornithine decarboxylase (Chapter 7; Verma et
al., 1979). Retinoids are also involved in the induction of transglutaminase in the epidermis
(Yuspa, 1982). This enzyme has been implicated in the process of apoptosis in a number of cell
populations (Fesus et al., 1996). Since retinoids are known to exert their effect on gene expres-
sion via the retinoid receptors (Chapter 3), it is likely that many of the effects of retinoids may be
mediated through such a mechanism. Furthermore, there are specific antagonisms between retin-
oic acid receptors and other transcriptional activators such as c-jun and c-fos (Yang-Yen et al.,
1991). An enhancement of the immune system by retinoids may also serve as an indirect mech-
anism for the inhibition of the development of preneoplastic and neoplastic lesions (Watson and
Moriguchi, 1985; Malkovsky et al., 1983).

Vitamins C and E. Several vitamins and at least one mineral, selenium, play significant
roles in the regulation of the metabolism of active oxygen radicals and related molecules within
cells. Vitamins C (ascorbate) and E (α tocopherol) are two of these, while retinoids also exhibit
antioxidant effects both in vivo and in vitro (cf. Krinsky, 1993). The structures of these three
vitamins and their relatives may be noted in Figure 8.8. Vitamin C is water soluble, while caroti-
noids and vitamin E are predominantly lipid-soluble. The action of vitamin E as an antioxidant
can be seen in Figure 8.9. In this figure, the interaction between vitamin C (ascorbate) and the
reaction of tocopherols with lipid peroxyl radicals can be noted: the tocopheroxyl radical inter-
rupts the radical chain reaction, thereby preventing the chain propagation of lipid peroxidation
(Sies et al., 1992). Vitamin C is water-soluble and can also react with glutathione to regenerate
the vitamin, while reduced glutathione is reformed by its reductase. In this way the antioxidant
system exerts its effect through these two vitamins in both an aqueous and a lipid (membrane)
environment (Meister, 1994). While vitamin C has been shown to inhibit the development of a
number of different histogenetic types of neoplasms—including those of the colon, lung, kidney,
and epidermis (Birt, 1986; Chen et al., 1988)—high levels of sodium ascorbate act to enhance
the development of colon and bladder neoplasms in rodents (cf. Block and Schwarz, 1994). This
latter effect is perhaps not surprising, since ascorbic acid has been known for almost two de-
cades to induce mutations in several different life forms (cf. Shamberger, 1984). On the other
hand, such investigations have also demonstrated the antimutagenic effects of this vitamin (cf.
Shamberger, 1984). The exact mechanisms for these divergent effects of the same molecule are
not totally clear at the present time but are probably related to a combination of dose and its
effectiveness as both an antioxidant and oxidant.

While administration of vitamin E, either by diet or topically, inhibits the development of
skin, forestomach, colon, and mammary neoplasms in rodents (Birt, 1986), Some questions have
been raised and discrepancies noted as to the effectiveness of this vitamin. Ura et al. (1987) re-
ported an inhibition of the “selective” action of 2-acetylaminofluorene on DEN induction of al-
tered hepatic foci in rat liver by dietary vitamin E, but this regimen had no effect on later stages
of the process, including progression. In contrast, Lii et al. (1997) were unable to find any effect
of vitamin E on the development of preneoplastic hepatic foci resulting from neonatal initiation
by DEN with subsequent phenobarbital promotion. Furthermore, Kolaja and Klaunig (1997) re-
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ported an enhancement of the growth of hepatic focal lesions in mice by both vitamin E supple-
mentation and deficiency. In the azaserine induction of preneoplastic foci in rat pancreas, while
the growth of acidophilic foci was inhibited in rats administered excess vitamins A and C, vita-
min E exerted an inhibitory effect only on basophilic but not acidophilic foci (Woutersen and
van Garderen-Hoetmer, 1988a). However, vitamin E as well as β-carotene inhibited the develop-
ment of preneoplastic aberrant crypt foci in the colon of rats fed a high-fat, low-fiber diet
(Shivapurkar et al., 1995). While the mechanisms of these discrepancies are not clear, both of
these vitamins, C and E, may potentially inhibit “endogenous” carcinogenesis by inhibiting nit-
rosation of secondary amines ingested in the diet or produced in vivo (cf. Birt, 1986). In addi-
tion, both vitamins can inhibit mutagenesis, in vitro carcinogenesis, and the binding of active
carcinogenic metabolites to cellular DNA as well as chromosomal breakage induced by chemi-
cal carcinogens (cf. Chen et al., 1988).

Figure 8.8 Structures of vitamins with antioxidant activity. The tocopherol series has the phytyl side
chain (R3). The radical function in the tocopheroxyl radical occurs at the hydroxyl of the chromane moiety.
(Adapted from Sies and Stahl, 1995, with permission of authors and publisher.)
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Miscellaneous Vitamin Effects in Carcinogenesis. One of the earliest effects of vitamins
on carcinogenesis was reported by Morris and Robertson (1943), who observed that develop-
ment of spontaneous mammary neoplasms was markedly depressed in C3H mice fed a ribofla-
vin-deficient diet. This was in contrast to later studies demonstrating that riboflavin deficiency
was accompanied by an increase in the effectiveness of carcinogenic azo dyes to induce hepato-
mas. This latter effect was probably due to the markedly diminished azo dye reductase activity
seen in livers of riboflavin-deficient rats. Riboflavin is the cofactor of this enzyme, which me-
tabolizes azo dyes to noncarcinogenic intermediates (cf. Miller and Miller, 1953). Similarly,
folate deficiency, in both animal and human studies, has been associated with an increased risk
for the development of neoplasms of the colon, cervix, lung, and brain (cf. Kim et al., 1997), but
the role of folate in neoplastic development is not yet entirely clear (Glynn and Albanes, 1994).
Cravo et al. (1992) reported the enhancement of the development of colonic neoplasia in rats
treated with dimethylhydrazine that were folate deficient as compared with animals on control
diets. Other studies have demonstrated that folate deficiency produces significant alterations in
DNA and chromosome structure, including breakage, in both animals and humans in vivo
(MacGregor et al., 1990; Blount et al., 1997). The active form of vitamin D, 1α,25-dihydroxyvi-
tamin D3, inhibits the proliferation of a variety of different neoplastic cells, both in vivo and in
vitro (cf. Reichel et al., 1989). Administration of an analog of 1α,25-dihydroxyvitamin D3 in-
hibited the development of colonic neoplasms induced by azoxymethane in rats when adminis-
tered in the diet (Wali et al., 1995). The effects of this vitamin may be related to its regulation of
the metabolism of calcium, whose effectiveness as an exogenous modifier is discussed below.

Minerals Effective as Exogenous Modifiers of Carcinogenesis. Of the minerals known
as exogenous modifiers of carcinogenesis, calcium is probably the most widespread in nature
and exhibits the most varied functions in this category. The calcium ion is essential for cell repli-
cation and survival (Clapham, 1995). Within the cell, there are a large number of different cal-
cium-binding proteins (Villereal and Palfrey, 1989) whose functions are modulated by calcium
levels within the cell. These functions include muscle contraction, nerve transmission, mem-
brane transport, signal transduction, and cell cycle progression (Clapham, 1995; Takuwa et al.,

Figure 8.9 Action of vitamin E as an antioxidant in relation to lipid peroxides and subsequent oxidation
by ascorbate. (Adapted from Sies et al., 1992, with permission of authors and publisher.)
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1995). The reader is referred to the reviews cited for more details on the various functions of
calcium and its binding proteins. Since regulation of the cell cycle is very important in carcino-
genesis and neoplasia, it is not surprising to find that normal cells, and to a lesser extent neoplas-
tic cells, exhibit varying degrees of inhibition of replication (Whitfield, 1992). Calcium added to
the diet dramatically inhibited the development of neoplasms in rats administered 1,2-dimethyl-
hydrazine in the presence or absence of vitamin E (McIntosh, 1992). In a separate study, Pence
et al. (1995) demonstrated that calcium could effectively inhibit cholic acid promotion of
azoxymethane-induced colon neoplasms. This finding is also reflected in the apparent inhibition
of recurrences of adenomatous polyps in the human after polypectomy and after colorectal sur-
gery for colorectal cancer (Duris et al., 1996). Thus, excess calcium may downregulate the stage
of promotion in carcinogenesis of the colon and potentially other tissues through its regulatory
effects on cell division and signal transduction.

Zinc is another mineral widespread in living systems and involved in numerous functions,
including DNA replication, transcription, and a variety of peptidases and dehydrogenases (Wu
and Wu, 1987; Coleman, 1992). In concert with these functions, especially those related to DNA
synthesis and transcription, zinc deficiency inhibits the growth of a number of transplanted neo-
plasms in animals in vivo (cf. Walsh et al., 1994). In contrast, Fong et al. (1984) had previously
reported that zinc deficiency enhanced the incidence of esophageal neoplasms induced by
methylbenzylnitrosamine. This may be related to a direct effect of the deficiency in damaging
the esophageal epithelium, with subsequent enhancement of replication of some epithelial cells.
Very high levels of dietary zinc inhibited carcinogenesis by DMBA in hamsters and by azo dyes
in livers of rats (cf. Walsh et al., 1994). Zinc deficiency induces thymic atrophy, which may be
secondary to glucocorticoid-mediated apoptosis of thymocytes, thus potentially affecting the
carcinogenic process indirectly (Fraker et al., 1995).

Another mineral micronutrient that has exhibited significant effects as an exogenous mod-
ifier of carcinogenesis is selenium. In living organisms, selenium is almost always associated
with proteins which, in animal tissues, are almost exclusively in the form of selenocysteine
(Burk and Hill, 1993). Selenocysteine has been termed the 21st amino acid in ribosome-medi-
ated protein synthesis in both prokaryotes and eukaryotes. Selenocysteine is formed cotransla-
tionally on a seryl tRNA with a UCA anticodon. The complementary mRNA codon is UGA.
This codon is also a “stop” codon signifying the end of translation of an mRNA. It appears that
the use of the selenocysteine tRNA in preference to the termination of translation depends on
adjacent sequences within the mRNA (Stadtman, 1996; Böck et al., 1991). About a half dozen
selenoproteins are known in mammals (Birk and Hill, 1993; Stadtman, 1996), but the protein
that appears to be most significant in the function of selenium as an exogenous modifier of car-
cinogenesis is its presence in glutathione peroxidase. This enzyme participates in the elimination
of potentially harmful active oxygen radicals and their products by mechanisms such as depicted
in Figure 8.10.

The effects of selenium administration and selenium deficiency on carcinogenesis in
several different types of tissues are seen in Table 8.10. Excess dietary inorganic selenium inhib-
its colon carcinogenesis induced in rats by bis(2-oxopropyl)nitrosamine (Birt et al., 1982),
1,2-dimethylhydrazine (Jacobs, 1983), and azoxymethane (Reddy et al., 1988). This inhibition
can also occur with organic selenium compounds (Reddy et al., 1987), with the effects of this
micronutrient occurring primarily during the stage of promotion (Reddy et al., 1988). In con-
trast, selenium deficiency either had no effect (Pence and Buddingh, 1985) or inhibited the inci-
dence and development of colon tumors in rats after azoxymethane administration (Reddy and
Tanaka, 1986).

In this last study, no interaction with vitamin E in the diet was seen. However, Woutersen
and van Garderen-Hoetmer (1988b) demonstrated an inhibitory effect of dietary selenium on the
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development of preneoplastic lesions in the pancreas of rats administered azaserine and in ham-
sters administered N-nitrosobis(2-oxopropyl)amine when animals were fed diets high in satu-
rated fat. In rats initiated with aflatoxin B1, those fed a diet deficient in selenium exhibited a
significantly enhanced growth of preneoplastic foci in their livers as compared with livers of rats
fed a normal amount of selenium. Rats fed a high-fat diet exhibited an inhibition of initiation by
the administration of excess selenium (Baldwin and Parker, 1987). Excess organic and inorganic
selenium also inhibited the development of preneoplastic foci in livers of animals administered
either azoxymethane or aflatoxin B1 respectively (Sugie et al., 1989; Milks et al., 1985), as well
as a necrogenic dose of DEN followed by a partial hepatectomy (LeBoeuf et al., 1985). How-
ever, when initiation was carried out with a nonnecrogenic dose of DEN followed by promotion
with phenobarbital, the addition of inorganic selenium to the diet actually enhanced the growth
of preneoplastic lesions. In contrast, Dorado et al. (1985) were unable to demonstrate any effect
of added dietary selenium in the format of the latter experiment. Reportedly, both inorganic and

Figure 8.10 The glutathione redox cycle. ROOH/ROH: peroxy radical/alcohol. H2O2: hydrogen perox-
ide. GSH-Px: glutathione peroxidase. GSH/GSSG: reduced/oxidized glutathione. GSSG-R: glutathione re-
ductase. NADPH/NADP: reduced/oxidized nicotinamide adenine dinucleotide phosphate. G-6-PD:
glucose-6-phosphate dehydrogenase. G-6-P: glucose-6-phosphate. HMP: hexose monophosphate.

Table 8.10 Effects of Selenium on Chemical Carcinogenesis

Key: NE, negative; ↓, inhibition of carcinogenesis.
Adapted from Birt, 1989, with permission of author and publisher.

Site Species Agent Effect Reference(s)

Skin Mice uv light ↓ Overvad et al., 1985
Mice 3MC ↓ Shamberger, 1970
Mice α-Pyrene ↓ Shamberger, 1970

Liver Rat DMAB ↓ Clayton & Baumann, 1949
Rat AAF ↓ Harr et al., 1972
Rat DEN ↓ LeBoeuf et al., 1985

Trachea Hamster MNU NEa Thompson & Becci, 1979
Lung Rat BOP ↓ Birt et al., 1982
Mammary gland Mice DMBA ↓ Medina & Shepherd, 1981

Rat DMBA ↓ Ip, 1981; Ip, 1983
Rat MNU ↓ Thompson & Becci, 1980

Colon Rat DMBA ↓ Jacobs et al., 1977
Rat BOP ↓ Birt et al., 1982
Rat AOM ↓ Soullier et al., 1981

Pancreas
(high-fat diet)

Hamster
Rat

BOP
Azaserine

↓
↓

Woutersen & van Garderen-
Hoetmer, 1988b
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organic forms of selenium administered in excess inhibited the development of mammary tu-
mors in rats induced by either DMBA or MNU (Welsch et al., 1981; Ip and White, 1987), al-
though a more recent study by Lane et al. (1990) did not find an inhibition by selenomethionine
or selenocysteine. However, excess inorganic selenium did inhibit DMBA-induced mammary
cancer development in mice. In the study by Ip and White (1987), vitamin E potentiated the
effect of the inorganic but not the organic forms of selenium. In another study, Ip reported that
administration of vitamin C in a similar experiment nullified the protective effect of inorganic
selenite but had no effect on the inhibitory effect of selenomethionine on mammary carcinogen-
esis (Ip, 1986). Deficiencies of selenium together with a deficiency of vitamin E enhanced mam-
mary carcinogenesis by MNU, but deficiencies of either single nutrient had no effect in altering
the carcinogenic response (Thompson, 1991). In addition, Lijinsky et al. (1989) were unable to
find an effect of dietary selenium on the induction of esophageal and bladder neoplasms in rats
by two different nitrosamines.

The principal mechanism whereby selenium probably exerts its inhibitory effect on car-
cinogenesis is through its role as an essential component of the enzyme glutathione peroxidase,
which is an essential part of the antioxidant defense system as described previously (Figures 8.8
and 8.9). The enzymatic activity of glutathione peroxidase is directly related to the concentration
of selenium in blood (cf. Hocman, 1988a). Several of the studies noted above found an increased
activity of glutathione peroxidase in several tissues in animals fed high levels of selenium in the
diet (Birt et al., 1982; Reddy et al., 1987; Lane et al., 1990). In addition, feeding a combination
of vitamin E and selenium to rats administered DMBA to induce mammary neoplasms inhibited
lipid peroxidation occurring immediately after DMBA administration. This inhibition was di-
rectly correlated with an inhibition of mammary carcinogenesis (Takada et al., 1992). In addition
to the effect of selenium on oxidant reactions, Medina and Morrison (1988) suggested several
other possible mechanisms, including an alteration of carcinogen-DNA interactions, mainte-
nance of intracellular glutathione levels, and effects on DNA and protein synthesis as well as
gene expression. While a selenium-deficient diet reduced the level of cytochrome P450IA1, it
did not affect its inducibility (Gairola and Chow, 1982). Conversely, administration of inorganic
selenite to rats administered 1,2-dimethylhydrazine in vivo inhibited DNA alkylation signifi-
cantly both in liver and in colon (Harbach and Swenberg, 1981). Dipple et al. (1986) found a
similar inhibition of DMBA-deoxyadenosine adducts in fetal mouse cell cultures when adminis-
tered 1 hour prior to but not 3 hours after the addition of the carcinogen. This study was some-
what at odds with an earlier investigation by Ip and Daniel (1985), who were unable to
demonstrate any significant effect of DMBA-DNA binding in vivo in liver and mammary gland
when excess inorganic selenite was administered. However, more recent investigations by Liu et
al. (1991) showed a marked inhibition of total DMBA-DNA adducts after selenite supplementa-
tion of the diet for only 2 weeks. In addition, hepatic DNA of selenium-deficient rats exhibited a
significant number of single-strand breaks shortly after injection of 2-acetylaminofluorene, but
no effect of dietary selenium on DNA repair could be demonstrated (Wortzman et al., 1980).
Thus, while most evidence argues that selenium exerts its inhibitory effect at the promotion
stage of carcinogenesis, there is evidence that the initiation stage may also be affected by
this mineral.

Other Minerals as Exogenous Modifiers of Carcinogenesis. Another relatively common
mineral in living systems is iron and its salts. Feeding an excess level of iron in the diet resulted
in increased mammary tumor incidence and lowered natural killer cell activity in rats (Spear and
Sherman, 1992). Smith et al. (1993) also reported that injections of iron-dextran producing an
iron overload caused a marked enhancement of the development of hepatic nodules in animals
administered hexachlorobenzene, a hepatic carcinogen. Iron overload is known to induce tissue
damage and increase the formation of reactive oxygen species (Okada, 1996). Iron deficiency
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enhanced lipid peroxidation in dimethylhydrazine-fed rats. This effect was also accompanied by
an increase in liver glutathione peroxidase (Rao and Jagadeesan, 1996). Although these investi-
gators did not carry the studies through to neoplasms, their findings, coupled with those cited
above, argue that iron may serve as an exogenous modifier of carcinogenesis by altering lipid
peroxidation and active oxygen formation. Deficiency of another mineral, copper, enhanced the
formation of colonic neoplasms after dimethylhydrazine administration to rats (Greene et al.,
1987; DiSilvestro et al., 1992). The mechanism for this effect is not clear at present.

Miscellaneous Dietary Factors in Carcinogenesis

Table 8.8 lists a number of miscellaneous dietary factors that act as exogenous modifiers of car-
cinogenesis. As noted, these are quite heterogeneous and some are as yet undefined, such as
fiber, intestinal flora, and cruciferous vegetables. However, ethanol, and to a lesser extent diets
deficient in methyl groups, are better defined in a chemical sense. In particular, ethanol as a
dietary factor in carcinogenesis plays a very significant role not only in animals but also in hu-
mans (Chapter 11).

Ethanol. As further discussed in Chapter 11, the excessive intake of alcoholic beverages
by humans has long been considered a significant risk factor for various types of cancer
(Thomas, 1995; Longnecker and Enger, 1996), although a direct causal relationship has been
questioned by some (cf. Rubin, 1996). Furthermore, epidemiological studies in the human have
virtually all been carried out with dietary intake of ethanolic mixtures containing a variety of
other substances, a number of which are known to be at least mutagenic if not carcinogenic (cf.
Blot, 1992). In animal studies, however, it is possible to utilize the major organic constituent of
alcoholic beverages, ethanol itself. Even in experimental studies, however, the demonstration of
ethanol as an exogenous modifier of carcinogenesis has not been uniform (cf. Seitz and
Simanowski, 1988; Garro and Lieber, 1990). Yet, there is sufficient evidence from a number of
animal studies to indicate that, under some conditions, ethanol may act as an enhancer of exper-
imental carcinogenesis by either a cocarcinogenic or promoting effect. Examples of such effects
on carcinogenesis in several tissues of rats and mice may be seen in Table 8.11. In the rat, several
different concentrations of ethanol in the drinking water enhance hepatocarcinogenesis induced
by several different chemical agents. This fact—together with the effects noted in esophageal,
gastric, and mammary carcinogenesis (Table 8.11)—tends to present experimental situations
that may be analogous to the genesis of neoplasia in the same tissues in the human (Longnecker
and Enger, 1996; Thomas, 1995). Singletary (1997) has reviewed the effect of ethanol in experi-
mental mammary carcinogenesis and demonstrated that, in the mouse, spontaneous mammary
carcinogenesis is little if at all affected by dietary ethanol. In the rat, however, most studies have
indicated an enhancement of mammary carcinogenesis, with a few examples exhibiting no ef-
fect. Even the study noted in the table (Singletary et al., 1995) indicated that high concentrations
of ethanol (30% of calories) exhibited no enhancing effect on mammary carcinogenesis induced
by MNU, while ethanol intakes of 15% or 20% of calories exhibited a significant enhancement,
primarily during the promotion stage. An interesting example of an exogenous modification of
carcinogenesis by ethanol is that of the administration of DMN to C57BL mice, wherein the
hepatocarcinogenic effect of the agent was essentially not altered by ethanol, but animals receiv-
ing the chemical carcinogen plus ethanol exhibited a dramatic incidence of olfactory neuroblas-
tomas (Griciute et al., 1987).

In view of the widespread exposure to dietary ethanol, a variety of studies on the potential
mechanisms of its toxicity have been carried out. A general survey of the genotoxicity of alcohol
and its primary metabolite acetaldehyde (Bridges et al., 1987) concluded that ethanol is weakly
mutagenic to bacteria and clastogenic to eukaryotic cells both in vivo and in vitro. The effect of
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ethanol on germ cells was not clarified. However, ethanol with some degree of specificity in-
duces cytochrome P450 2E1 in mammals (Tsutsumi et al., 1993). This cytochrome also activates
several nitrosamines, including DMN and DEN, which may be important in its inhibitory and
enhancing effects on carcinogenesis induced by these agents (Swann et al., 1984; Carlson,
1990). Further in line with this suggestion is the fact that lowering of the carboydrate intake,
which would be expected to enhance xenobiotic metabolism in the liver (Hartshorn et al., 1979),
together with ethanol ingestion enhanced the initiation of DEN hepatocarcinogenesis in rats
(Yonekura et al., 1992). In addition to these factors, ethanol enhances lipid peroxidation and in-
hibits excisional DNA repair (cf. Garro and Lieber, 1990).

Dietary Deficiency of Methyl Groups and Carcinogenesis. As discussed previously (Chap-
ter 3), diets deficient in components involved in the utilization and production of methyl groups
may, on prolonged administration, induce a development of liver neoplasms in rats (Mikol et al.,
1983; Ghoshal and Farber, 1984; Nakae et al., 1992) as well as in mice (Yoshida et al., 1993).
However, even prior to the demonstration of this direct dietary-deficient induction of neoplasia,
the importance of methyl donors in the diet and the responses to chemical carcinogens was well
known (cf. Rogers, 1995). Dietary methyl deficiency enhances the induction of hepatic neoplasia
in rats by aflatoxin B1, DEN, AAF, and several other chemicals. As noted above, folate deficiency
can contribute substantially to the lack of normal methyl group metabolism (cf. Rogers, 1995).

The most obvious mechanism for the carcinogenic effect of methyl group deficiency is a
lack of methylation of DNA or abnormalities in this process. This phenomenon has been shown
in animals fed such methyl-deficient diets (Wainfan et al., 1989; Zapisek et al., 1992). These
changes in nucleic acid methylation, which are accompanied by alterations in gene expression,
are quite reversible on reintroduction of a normal diet (Christman et al., 1993). Correlations of
alterations in the expression of specific proto-oncogenes have been noted in livers of rats fed a

Table 8.11 Ethanol as an Exogenous Modifier of Experimental Carcinogenesis

Key: ↑, enhanced carcinogenesis; ↓ latency, decreased latency of appearance of neoplasms; ig.: intragastric

Site Species Agent Dose Effect Reference

Liver Rat Aflatoxin B1 10% in H2O ↑ Tanaka et al., 1989
Rat DEN 20% in H2O ↑ Takada et al., 1986
Rat DEN 5% in H2O ↑ Driver and 

McLean, 1986
Rat Ethynylestradiol 

norethindrone
acetate

10% in H2O ↑ Yamagiwa et al., 
1991

Esophagus Mouse N-nitrosomethyl-
benzylamine

30% in diet ↑ Eskelson et al., 
1993

Mammary gland Mouse spontaneous 12% in H2O ↓ latency Schrauzer et al., 
1979

Rat MNU 15 or 20% in 
diet

↑ Singletary et al., 
1995

Olfactory organ Mouse OMN 80 mg twice 
weekly ig.

↑ Griciute et al., 
1987

Lung Mouse DMN 1–10% in H2O ↑ Anderson et al., 
1992

Stomach Rat MNNG 0.5 mL IP 
every 2 days

↑ Iishi et al., 1989
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methyl-deficient diet (Dizik et al., 1991). In addition, methyl group–deficient diets induce alter-
ations in nucleotide pools (James et al., 1992) and an increase in the level of uracil in hepatic
DNA (Pogribny et al., 1997). An alternative or complementary mechanism of the effect of me-
thyl-deficient diets is the enhanced lipid peroxidation (Yoshida et al., 1993) and deoxyguanosine
hydroxylation of DNA occurring in hepatocytes of rats fed a methyl-deficient diet (Nakae et al.,
1990). That such an oxidant effect of the diet is significant is also shown by the inhibitory effects
of derivatives of vitamins C and E on the induction of preneoplastic lesions in livers of animals
fed such diets (Mizumoto et al., 1994). Lombardi and associates (Lombardi and Smith, 1994)
have studied the effect of choline deficiency and a more intense methyl-deficient diet on hepato-
carcinogenesis, demonstrating a promoting action of such diets that may or may not be enhanced
by phenobarbital (Shinozuka and Lombardi, 1980; Saito et al., 1990). Lombardi and associates
have further argued that the promotion of endogenous initiated cells present within the livers of
normal untreated rats can explain the promoting and carcinogenic effects of choline deficiency
(Lombardi and Smith, 1994). Such a mechanism was also proposed by Sawada et al. (1990). Thus,
while the mechanistic effects of methyl-deficient diets are quite varied, their effects on altering the
stages of carcinogenesis appear to occur primarily at the stage of promotion through their en-
hancement of cell replication (Lombardi and Smith, 1994) and effects on DNA structure and gene
expression. However, it is also reasonable to assume that the promutagenic and potentially clasto-
genic effects of the diets may enhance the transition from the stage of promotion to progression.

Minor Components of Fruits and Vegetables as External Modifiers of Carcinogenesis.
That a high consumption of fruits and vegetables leads to a statistically significant protective
effect on cancer incidence in a variety of sites in humans has been shown in a large number of
studies (Block et al., 1992; Chapter 11). Wattenberg and associates (cf. Wattenberg and Loub,
1978) were among the first to investigate specific chemicals occurring within vegetables, nota-
bly cruciferous plants (cabbage, cauliflower, broccoli, etc.), that exerted a preventive effect on
carcinogenesis. Since that time, with the advancement of knowledge in this area, Wattenberg
(1985; 1992) has proposed a classification of minor nonnutrient inhibitors of carcinogenesis
found in fruits and vegetables according to their action in relation to the carcinogenic process.
The first category consists of compounds that prevent the formation of carcinogens from precur-
sor substances either in vivo—e.g., ascorbate’s prevention of the formation of nitroso com-
pounds from the reactions of nitrites with appropriate amines—or prior to consumption of such
compounds by the organism. Examples of the latter would be compounds preventing the forma-
tion of carcinogenic heterocyclic amines in meat products (Chapter 3) or those preventing the
formation of urethane in alcoholic beverages and inhibiting the destruction of hydrazines in
mushrooms (cf. Wattenberg, 1990). The second category of nonnutrient dietary inhibitors of car-
cinogenesis is that comprising so-called blocking agents. These agents inhibit metabolic activa-
tion of carcinogens and/or increase carcinogen detoxification by enhancing phase I and phase II
pathways of xenobiotic metabolism (Chapter 3) in vivo. Those in the third category, suppressing
agents, inhibit the development of the neoplastic process in cells previously exposed to carcino-
genic agents. This category includes protease inhibitors (St. Clair et al., 1990; Hocman, 1992)
and other dietary proteins (Papenburg et al., 1990; Messina et al., 1994), inhibitors of the arachi-
donic acid cascade (cf. Rao et al., 1993a), inositol hexaphosphate, and other chemicals (cf. Wat-
tenberg, 1992). The structures of some of these blocking and suppressing agents are seen in
Figure 8.11. Several of the phenolic chemicals seen in the figure act as blocking agents by en-
hancing the level of glutathione S-transferase activities. Benzyl isothiocyanate acts in a similar
manner, while a large class of chemicals termed glucosinolates, occurring in cruciferous vegeta-
bles, induce these phase II activities and also act on phase I enzyme activities. The glucosino-
lates share a common basic molecular skeleton, containing a β-D-thioglucose grouping, a side
chain, and a sulfonated oxime moiety. The various members of this group differ in the side chain
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(Verhoeven et al., 1997). Ellagic acid is, like several other chemicals noted in Figure 8.11, anti-
mutagenic, occurring naturally in grapes, nuts, and strawberries (cf. Hayatsu et al., 1988). A
number of other phenolic compounds found in tea and coffee also exert inhibitory effects on
carcinogenesis (Dragsted et al., 1993). From this discussion, therefore, it becomes obvious that
these nonnutrient minor constituents of fruits and vegetables use a number of different mecha-
nisms for their inhibitory effects on carcinogenesis. However, these may be grouped primarily
into effects on initiation (carcinogen activation) and the stage of promotion as emphasized by
Wattenberg (1992).

Dietary Fiber as an Exogenous Modifier of Carcinogenesis. Unlike most of the other
exogenous modifiers considered in this chapter, studies on the effect of dietary fiber on carcino-
genesis originated largely from human epidemiological investigations (cf. Howe et al., 1992).
Since such investigations in the human did indicate a significant protective effect of dietary fiber
from colon cancer, investigative studies to reproduce such effects in animals have been under-
taken. Specific studies on the effect of various types of dietary fiber have indicated that poorly

Figure 8.11 Chemical structures of some nonnutrient minor constituents of fruits and vegetables that
can serve as exogenous modifiers of carcinogenesis. β-naphthoflavone is a synthetic congener, but the re-
maining structures are of naturally occurring substances.
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fermentable fibers such as wheat bran and cellulose are protective, while pectin and some other
fermentable fiber supplements may have no effect or enhance chemically induced colon carcino-
genesis in rodents (Jacobs, 1986; Bingham, 1990). In a recent study, Pierre et al. (1997) demon-
strated that the administration of short-chain fructo-oligosaccharides to mice carrying the min
mutation reduces the occurrence of colon tumors. Potential mechanisms for this inhibitory effect
of fiber on colon carcinogenesis in animals (and by analogy in humans) include a reduction in
fecal bile acid concentrations and an increase in the presence of short-chain fatty acids, particu-
larly butyrate, as a result of fermentation of the fiber in the colon by bacteria (cf. Klurfeld,
1992). Cellulose fiber in particular has been demonstrated to prevent DNA damage by bile acids
in an in vitro system (Cheah and Bernstein, 1990). As part of these mechanisms, it is now well
known that changing the fiber content of the diet may also change the colonic microflora—e.g.,
germ-free rats exhibited a higher incidence of colon tumorigenesis than conventional rats when
both were treated with azoxymethane by the intrarectal route (Reddy et al., 1975). In earlier
studies, Popp and associates (Rickert et al., 1984) demonstrated that alteration in the fiber com-
position of the diet as well as in the microflora of the large intestine dramatically affected the
carcinogenicity of 2,6-dinitrotoluene. In addition, lactic acid–fermenting bacteria, even when
fed to animals, decreased the incidence of both preneoplastic and neoplastic lesions in mice ad-
ministered dimethylhydrazine and other carcinogenic compounds (cf. Rafter, 1995).

EXOGENOUS MODIFIERS AND CANCER PREVENTION

Although the effective therapy of cancer is an ultimate goal of medical science, the prevention of
cancer is, at our present state of knowledge, the most effective and, relatively, the most inexpen-
sive mode of controlling this disease. The prevention of cancer has been discussed by a number
of authors (Schottenfeld, 1981; Hirayama, 1992; Doll, 1996). Optimistically, our knowledge of
the incidence of neoplasia in the human suggests that age-specific incidence rates might be re-
duced by as much as 80%, half of this reduction coming through the application of existing
knowledge (Doll, 1996). In fact, such knowledge has already been applied to specific popula-
tions with significant results (Hirayama, 1992). As has been noted (Pitot, 1993), cancer preven-
tion may occur passively or actively. Passive prevention of cancer involves a cessation or
restriction of exposure to potentially carcinogenic influences, such as the cessation of smoking,
dietary modification, and avoidance of excessive sunlight. Active cancer prevention involves a
positive activity on the part of the individual by such things as vaccination against oncogenic
viruses, dietary modification and supplements, or the administration of agents externally and/or
internally that are known to prevent neoplastic development. This last subject is most pertinent
to our discussion in this chapter.

Chemoprevention of Cancer by Exogenous Modifiers

Chemoprevention in relation to cancer is “the inhibition or reversal of carcinogenesis (before
malignancy) by intervention with chemical agents” (Kelloff et al., 1996). From this definition it is
obvious that the active prevention of neoplastic development by the administration of exogenous
chemical modifiers of carcinogenesis is effective at the stages of initiation and/or promotion.
However, because of the ubiquitous nature and occurrence of the stage of initiation in the mam-
malian population (Chapter 7), it may not be realistic at the present time to attempt to utilize
chemicals to prevent the spontaneous initiation of cells. However, it is clear that a reduction in the
number of initiated cells is feasible by a number of the agents noted earlier in this chapter. Thus,
for chemoprevention to be effective in most cases, it must exert an effective inhibitory action on
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the stage of promotion. As developed earlier in this chapter, numerous examples of exogenous
modifiers inhibiting the stage of promotion have been demonstrated. Furthermore, a combination
of passive prevention formats such as those noted above, together with the administration of
chemopreventive agents, may be the most effective approach to cancer prevention at this time.

In addition to the many naturally occurring exogenous modifiers that can serve as chemo-
preventive agents, a number of synthetic chemopreventive agents have now been developed from
both human and animal studies. A number of these are listed in Table 8.12. Aspirin and other
nonsteroidal anti-inflammatory drugs (NSAIDs), when administered for extended periods, have
been shown to reduce the risk of colon cancer and polyps in humans (Giovannucci et al., 1995;
Suh et al., 1993). As with dietary fiber (see above), the experiments in animals largely followed
this observation in humans, and, as noted from the table, NSAIDs caused significant inhibition
of both colon and bladder carcinogenesis as well as inhibition of the development of polyps in
mice genetically prone to develop such lesions. Since NSAIDs appear to exert their effects by an

Table 8.12 Some Synthetic Chemopreventive Agents

Agent Species
Site of 

neoplasm Carcinogen Effect Reference

Aspirin and other 
NSAIDs

Rat Colon DMH ↓a Davis and Patter-
son, 1994

Mouse Bladder OH BBN ↓ Rao et al., 1996
Mouse (min) Intestine Genetic 

mutation
↓ Jacoby et al., 

1996
Diallylsulfide and 

organosulfur 
compounds

Rat Colon AOM ↓ (invasive 
cancers)

Reddy et al., 
1993

Rat Forestomach Anstolochic 
acid

↓ Hadjiolov et al., 
1993

Rat Liver DEN ↓ (pre-
neoplastic
foci)

Haber-Mignard 
et al., 1996

Aflatoxin B1 ↓
Difluoromethyl-

ornithine
Rat Bladder BHBN ↓ (for 60 

weeks)
Uchida et al., 

1989
Rat Liver DEN ↓ Kojima et al., 

1993
Mouse Colon DMH ↓ Tempero et al., 

1989
Oltipraz Rat Liver AFB1 ↓ Bolton et al., 

1993
Rat Colon AOM ↓ Rao et al., 1993b

Finasteride Rat Prostate DMAB ↓ Tsukamoto
et al., 1995

Tamoxifen Hamster Liver Zeranol ↓ Coe et al., 1992
Rat Mammae EMS ↓ Ueo et al., 1993

N-(4-Hydroxy-
phenyl)retin-
amide

Rat
Rat

Liver
Prostate

DEN/AAF
Spontaneous

↓
↓

Mishkin et al., 
1985

Pollard et al., 
1991

aInhibition of carcinogenesis.
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inhibition of the prostaglandin pathway, their mechanisms may be similar to those noted in the
different effects of ω3 and ω6 fatty acids (see above; Lands, 1992). The synthetic organosulfur
compounds utilized in chemoprevention are analogous to those occurring naturally and presum-
ably exert similar effects (cf. Wattenberg, 1992). Difluoromethylornithine (DFMO) is an effec-
tive inhibitor of the early steps in polyamine synthesis necessary for the stabilization and
function of RNA and DNA (cf. Pegg, 1988). Thus, DFMO exerts its effects in the stages of initi-
ation and promotion because of its inhibition of DNA synthesis and cell proliferation. When
DFMO is given in the diet together with selenite, the inhibition of DMBA-induced mammary
neoplasms in rats is inhibited to a much greater extent than if either chemopreventive agent is
administered alone (Ip and Thompson, 1989). This and other studies thus suggest that chemo-
prevention may be more effective when more than one agent is administered, an effect analo-
gous to the enhanced efficacy of combinations of chemotherapeutic drugs used in the treatment
of cancer (Chapter 17). Oltipraz, which is actually an organosulfur compound, protects against
chemically induced carcinogenesis in lung, trachea, forestomach, colon, breast, skin, liver, and
urinary bladder in rodents (Kensler et al., 1992). Its effects also appear to involve both initiation
and promotion. The synthetic steroid finasteride is known to inhibit the conversion of testoster-
one into dihydrotestosterone, and its administration significantly inhibits the chemical induction
of prostatic carcinomas in rats induced by 3,2′-dimethyl-4-aminobiphenyl (DMAB). Tamoxifen
alters the interaction of estrogen with its receptor and inhibits the development of neoplasia in
tissues wherein estrogen plays a significant role in neoplastic development. Finally, as alluded to
earlier in this chapter, a variety of synthetic retinoids have also been shown to be effective
chemopreventive agents.

All of the synthetic exogenous modifiers noted in Table 8.12 exerted an inhibitory effect
during the stage of promotion in chemical carcinogenesis. Several also alter the stage of initia-
tion. This further reinforces the observation that the stages of neoplastic development most
sensitive to prevention and modification of neoplastic development are initiation and promotion.
Another critical target of such agents, whose importance becomes more evident in the next two
chapters, is the transition of cells in the stage of promotion to the irreversible stage of
progression.
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9
The Natural History of Neoplastic 
Development: Progression

The stages of initiation and promotion were discussed in Chapter 7 as the beginning processes
leading to the ultimate development of cancer. However, it should be clear to the reader that
many of the behavioristic characteristics of malignancy (Chapter 2) are not expressed in the
stages of initiation and promotion. Thus, the cellular populations of these stages are rightfully
said to represent preneoplasia. It is in the final stage of neoplastic development, the stage of
progression, that neoplasia is expressed as a true clinical disease condition.

The transition from the early progeny of an initiated cell to the biologically malignant cell
population is essential to the development of cancer in the host. In the human, the conversion of
the reversible lesion of leukoplakia in the mouth to a frankly invasive malignant epidermoid car-
cinoma is an excellent example of such transition. A number of neoplasms may change from a
low degree of malignancy to a rapidly growing, virulent, fatal neoplasm at some time in their
development within the host. Collectively, these processes, especially the increasing growth rate,
have been termed the progression of neoplasia.

Foulds (1954) was one of the first to recognize the importance of the development of neo-
plasia beyond the appearance of an initial gross tumor. He postulated that the early stages of
initiation and promotion were really part of a larger and continuous process of progression.
Later, Noble (1977) characterized progression as “the tendency for a cell to escape from its in-
herent limited capacity for proliferation.”

Foulds (1964) suggested that tumor progression may be considered from at least two
viewpoints. The first he termed the “independent progression of neoplasms,” which meant that
progression occurred independently in each of several different primary neoplasms in the same
animal. The second component of progression he termed the “independent progression of char-
acters,” in which any one of a number of characteristics of a neoplasm changed (or progressed)
independently of others. The “characters” referred to by Foulds included growth rate, invasive-
ness, metastatic frequency, hormonal responsiveness, and morphological characteristics. Many
of the characteristics described by Foulds are a direct function of demonstrable changes in the
genome of the cell or closely associated with them. Karyotypic alterations in neoplasms may be
directly correlated with increased growth rate (Fisher et al., 1975; Wolman, 1983; van Echten et
al., 1995), invasiveness (Bevacqua et al., 1988), metastatic potential and capability (Nicolson,
1987; Frost et al., 1987), hormone responsiveness (cf. Wolman, 1983), and morphological char-
acteristics (Ritchie, 1970). Thus, the characters and their changes during progression as de-
scribed by Foulds (1964) are a reflection of the genetic and karyotypic heterogeneity
characteristically seen in the stage of progression both by karyotypic analyses and more detailed
molecular studies (Heim, 1996; Sengstag, 1994). Concomitant with these changes, the karyo-
type of the cell population in the neoplasm changes as progression occurs. An example of such a
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change in karyotype may be seen in Figure 9.1, which depicts the normal karyotype of the rat at
the top of the figure; the next three karyotypes are those of stem cell lines from early transplant
generations 3 to 5 years later. At the bottom of the figure, the karyotype of the cell line 7 to 8
years after continued transplantation are seen. The increase in marker chromosomes (arrows)
dramatically indicates the changing karyotypes, especially in the later transplant generations. In
most instances, repeated transplantation results in more rapidly growing tumors with a higher
degree of aneuploidy.

A similar karyotypic evolution has been described with successive passages of Chinese
hamster cells explanted to cell culture as euploid cells, which progressed through various pas-
sages to a heteroploid tumorigenic cell line (Cram et al., 1983). Similarly, Kerler and Rabes
(1996) have demonstrated the karyotypic evolution of a clonal rat liver cell line during the stage
of progression in vivo as well as in vitro. In the human, a large number of examples of karyo-
typic evolution in vivo have been described (Jacoby et al., 1995; Atkin and Baker, 1969; Haapasalo
et al., 1991; Norming et al., 1992; Sato et al., 1991; Hemmer and Schön, 1993; Morse et al.,
1994). Nowell (1982, 1986) pointed out the importance of clonal evolution of cells exhibiting
abnormal karyotypes both in relation to tumor cell heterogeneity and also to tumor progression,
especially in various human leukemias such as chronic myelogenous leukemia. Yosida (1983)
related invasiveness and metastatic capability of neoplastic cells—both characteristics of pro-
gression as noted by Foulds (see above) to the karyotypic evolution of neoplastic cells. Thus,

Figure 9.1 Karyotype of normal male rat (upper karyotype) with three karyotypes of serial transplanta-
tions from cell lines growing in 1961–62, 1965–67, and 1968–70. Arrows indicate the change in marker
chromosomes in stem line cells of the neoplasms. (Adapted from Yosida, 1983, with permission of author
and publishers.)
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there is considerable evidence that progression is closely correlated with the appearance and
subsequent evolution of karyotypic abnormalities in neoplastic cells, if not caused by them (cf.
Nowell, 1990).

Kraemer and associates (1972) noted that, in a population of neoplastic cells exhibiting an
extremely rapid growth rate and a high degree of aneuploidy, the DNA content of the average
cell remained quite constant. Despite the constancy of the DNA content per cell, the population
exhibited an extreme range of karyotype, extending at times from near diploid to hypotetra-
ploidy. An example of this phenomenon, taken from the work of Kraemer and his associates
(1972), is seen in Figure 9.2. In view of the myriad of karyotypes present in the population, they
explained this phenomenon by postulating that the neoplastic cell had lost the ability to maintain
a stable karyotype and that chromosomal components were interchanged with considerable fre-
quency during successive cell cycles in this population. The changes seen do not reflect simply
variation in numbers of chromosomes but also in their structure (Kraemer et al., 1974).

Although the exact mechanism of the phenomenon described by Kraemer and associates is
not understood at the molecular level, the implications of such a phenomenon are clear. Some
neoplastic cells in the stage of progression “shuffle” their chromosomes and components of their
genome at some time during the cell cycle. It also appears from these studies (Kraemer et al.,
1974) that cloning of a single cell from the HeLa heteroploid population results in a clone exhib-
iting the same DNA content as the original culture but also exhibiting a variety of karyotypes. If
this conclusion is correct, then the heteroploid clone could only be accomplished by breakage
and/or reconstitution of DNA strands during successive cell cycles, as well as aneuploidy, by
mechanisms that are only incompletely understood at present (see below). More recently, Dues-

Figure 9.2 Auramine O-Feulgen-DNA distributions and chromosome number histograms of (a) normal
human diploid WI-38 and (b) malignant HeLa cells in culture. The DNA content was determined by flow
cytometry and the chromosome number by standard karyotyping. (Adapted from Kraemer et al., 1972, with
permission of the authors and publisher.)
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berg and associates (Duesberg et al., 1998; Rasnick and Duesberg, 1999) suggested a mechanism
for the phenomenon described by Kraemer and reproduced in part by Duesberg. Their sugges-
tion is that aneuploidy destabilizes the karyotype on the basis that it biases balance-sensitive mi-
tosis proteins and organelles such as centrosomes, tubulin, etc. By their mechanism, aneuploidy
tends to generate variations in chromosome number and evolution autocatalytically, resulting in
karyotypic instability of neoplastic cells that is proportional to their degree of aneuploidy.

Although significant phenotypic heterogeneity has been described during the stage of pro-
motion in hepatocarcinogenesis in the rat (Pitot et al., 1978; Peraino et al., 1984), significant
biochemical homogeneity (Eriksson et al., 1983) and the lack of demonstrable genetic heteroge-
neity and instability characterize the stages of initiation and promotion (Chapter 7). Unlike the
relatively limited phenotypic characteristics of cells in the stages of initiation and promotion,
those in the stage of progression may undergo a continued evolution toward increased autonomy
from host influences (Pitot, 1989). This process is accompanied by—or a reflection of—the con-
tinued evolution of karyotypic changes that accompanies the evolution of the stage of progres-
sion, as has been described in a variety of systems, both experimental (Aldaz et al., 1987;
Sargent, 1996) and in the human (Nowell, 1986; Korabiowska et al., 1997).

THE BIOLOGY OF THE STAGE OF PROGRESSION

The growth of the progeny of initiated cells in the stage of promotion (preneoplastic cells) and
their transition to the biologically malignant cell population constitute the major portion of the
natural history of neoplastic development. We have already discussed the characteristics of the
stages of initiation and promotion (Chapter 7). The transition of preneoplastic to neoplastic cells
in the stage of progression may be considered the critical point in the development of neoplasia,
although malignancy does not necessarily develop immediately after such transition. While the
changes occurring during this transition may differ from tissue to tissue and proceed along a
variety of pathways (see below), certain morphological and biological characteristics of the
stage of progression can be delineated from studies of both experimental and human neoplasia.
A listing of some of the major morphological and biological characteristics of the stage of pro-
gression may be seen in Table 9.1. Irreversibility of this stage is emphasized by the demonstrable
alterations in the cellular genome—e.g., chromosomal translocations (Wolman, 1983), chromo-
somal deletions (Sato et al., 1991), gene amplification (Tlsty, 1996), and other structural DNA
alterations (Malins et al., 1996) that are found within this stage. Such genomic changes clearly
distinguish the stage of progression from the reversible preceding stage of promotion (Sargent et
al., 1989; Aldaz et al., 1987; Balaban et al., 1986). Although the “reversibility” of the stage of

Table 9.1 Morphological and Biological Characteristics of the Stage of Progression 
During Carcinogenesis

Irreversible
Morphologically and molecularly discernible alterations in the cellular genome
Evolving karyotypic instability
Growth of cells in the stage of progression sensitive to environmental factors during early 

phase of this stage
Benign and malignant neoplasms observed in this stage
“Progressor” agents act to induce the transition of cells in the stage of promotion to that of 

progression
Spontaneous (fortuitous) induction of the stage of progression from the stage of promotion
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promotion is accompanied by increased apoptotic rates (Chapter 7), the rate of apoptosis during
the stage of progression varies dramatically with the histogenetic type of neoplasm (Staunton
and Gaffney, 1995). Furthermore, as the stage of progression is extended into metastatic growth,
cells may become increasingly resistant to apoptosis (Glinsky et al., 1997). As noted in Table
9.1, although cells in the stage of progression are not completely dependent for their existence
on the continued presence of the promoting agent, promoting agents and other environmental
factors may enhance the growth and genetic expression of cells in the stage of progression, espe-
cially early during the development of this stage. As growth of the neoplasm continues and kary-
otypic instability evolves, responses to environmental factors may be altered or lost (Noble,
1977; Welch and Tomasovic, 1985). Agents that act only to effect the transition of a cell from
the stage of promotion to that of progression may properly be termed progressor agents. Some
examples are seen in Table 9.2. Such agents would presumably have the characteristic of induc-
ing chromosomal aberrations but may not necessarily be capable of initiation; in some cases,
they may serve to enhance the clastogenesis associated with evolving karyotypic instability. Fur-
thermore, the transition of the stage of progression from that of promotion frequently occurs as a
spontaneous event even in studies involving chemical carcinogens that possess progressor agent
activity (Luebeck and Moolgavkar, 1996; Cohen and Ellwein, 1990). In addition, there has been
substantial evidence to demonstrate that the enhanced proliferation of cells in the stage of pro-
motion does itself increase the likelihood of major genetic changes, resulting in demonstrable
chromosomal alterations characteristic of the stage of progression (Ames and Gold, 1990b). Fa-
cilitation of the spontaneous transition from the stage of promotion to that of progression may
occur, at least in part, through the mediation of active oxygen radicals, which occur commonly
in the living cell (Chapter 3) and have been shown to be clastogenic in cells in vitro (Ochi and
Kaneko, 1989; Emerit et al., 1991), as well as in the evolution of the stage of progression to the
metastatic state in vivo (Malins et al., 1996).

The experimental demonstration of the stage of progression is somewhat more complex
than that of initiation and promotion. In Figure 9.3 may be seen a general experimental format
designed to demonstrate the effect of the administration of a progressor agent (lll) after a course
of initiation and promotion with most of the appropriate controls. However, in this instance the
end point that is quantitated is the number of neoplastic lesions (NL). In experimental systems,
the most effective development of neoplasia involves the continued administration of the pro-
moting agent even after application of the progressor agent has ceased. This might be expected,
because cells early in the stage of progression respond to promoting agents, and this continuing
proliferative response yields an increase in neoplastic lesions in the experimental system (Table
9.1). As noted, a lower yield of lesions, but usually still significantly different from the controls,

Table 9.2 Putative Progressor Agents in Carcinogenesis

Modified from Pitot and Dragan, 1994.

Agent
Initiating
Activity

Clastogenic
Activity

Carcinogenic
Activity

Arsenic salts – + +
Asbestos fibers ? + +
Benzene – + +
Benzoyl peroxide – + ±
Hydroxyurea – + ±
1,4-Bis[2-(3,5-dichloropyridyloxy)]-benzene – + +
2,5,2′,5′-Tetrachlorobiphenyl – + ±
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may be obtained without additional administration of the promoting agent. Because of the dura-
tion of the experiment, preneoplastic lesions occur to varying degrees in each of the experimen-
tal groups. The difficulty in such studies is the quantitation of the neoplastic lesions, which is
usually carried out by determining the incidence and multiplicity of malignant tumors. However,
premalignant lesions already in the stage of progression occur quite commonly (cf. Henson and
Albores-Saavedra, 1986); thus the appropriate end point for the effect of progressor agents is the
quantitation of such lesions. As yet, this has been extremely difficult to do, and thus quantitative
analyses of the effects of progressor agents remain relatively crude.

CELL AND MOLECULAR MECHANISMS OF THE STAGE OF PROGRESSION

The stage of progression usually develops from cells in the stage of promotion but may develop
directly from normal cells as a result of the administration of relatively high, cytotoxic doses of
complete carcinogenic agents capable of inducing both initiation and progression. In addition,
the incorporation into the genome of genetic information such as oncogenic viruses, the stable
transfection of genetic material, or spontaneous chromosomal alterations may enhance the tran-
sition into the stage of progression. As previously noted in Table 9.1 and reemphasized in Table
9.3, the principal hallmark and characteristic of the stage of progression is that of evolving kary-
otypic instability. It is this molecular characteristic of cells in the stage of progression that poten-
tially leads to multiple “stages” or changes in malignant cells that were first described by Foulds
(1954) as “independent characteristics.” As has been pointed out (cf. Harris, 1991), karyotypic
changes are common if not ubiquitous in neoplastic cells in the stage of progression. A number
of studies (Tlsty et al., 1993; Mäkelä and Alitalo, 1986; Sager et al., 1985) have emphasized the

Figure 9.3 General experimental format for demonstration of the stage of progression and the effect of
progressor agents in experimental systems. NL, neoplastic lesions; ±, occasional or infrequent; 1+, few; 2+,
some; 4+, many; ❙❙❙, administration of progressor agent as single or several multiple doses; V, initiation;
���, promoting agent dosing.

Table 9.3 Some Cell and Molecular Mechanisms in the Stage of Progression

Genetic macrolesions (chromosomal translocations, deletions, gene amplification, recombination, 
gene conversion) resulting from evolving karyotypic instability

Irreversible changes in gene expression including fetal gene expression, altered MHC gene 
expression, and ectopic hormone production

Selection of neoplastic cells with genotypes/phenotypes for optimal growth in response to the 
cellular environment

Mutations in both alleles of one or more tumor suppressor genes
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enhancement of gene amplification in neoplastic cells. Tlsty et al. (1989) demonstrated that the
spontaneous rate of gene amplification in a number of neoplastic cell lines was almost 100 times
the rate measured in nonneoplastic cells. In contrast, the frequencies of spontaneous point muta-
tions have not generally been significantly different between normal and neoplastic cells (cf.
Harris, 1991). Recently, however, with the demonstration that alterations in mismatch repair
genes were responsible for increased incidences of several different types of neoplasms in af-
fected individuals (Chapter 5), studies of micro- and minisatellite mutations have been under-
taken in a variety of different neoplasms (Lothe, 1997; Speicher, 1995). This has led to the
finding that, although 50% to 100% of neoplasms with mutations in mismatch repair genes ex-
hibit mutations in micro- and minisatellites (Lothe, 1997), approximately 4% to 20% of sponta-
neous neoplasms of a variety of types exhibit similar “instability” (Speicher, 1995). The impact
of this latter finding is softened by the demonstration that the frequency of microsatellite alter-
ations in normal tissue is of the order of 1–5 × 10–2, while that of the variation in minisatellite
sequences may be as high as 10–1 in normal human tissues (Simpson, 1997). Of perhaps greater
significance in the relationship of microsatellite mutations to the stage of progression is the pro-
posal by Shibata et al. (1996) that the diversity of microsatellite mutations may be related to the
number of replications and clonal expansions of the neoplasm during its development in the
stage of progression.

Mutations in proto-oncogenes and tumor suppressor genes are relatively common in ma-
lignant neoplasms, both in the human (Yokota and Sugimura, 1993; Kiaris and Spandidos, 1995;
Harris, 1996) and in the animal (Stowers et al., 1987; Jacks, 1996). In general, mutations can be
identified in proto-oncogenes at early stages, including preneoplasia in the development of neo-
plastic disease (Burmer and Loeb, 1989; Ando et al., 1991; Ranaldi et al., 1995; Pellegata et al.,
1994; Bauer-Hofmann et al., 1992). While many but not all proto-oncogene mutations can be
seen in very early lesions, mutations in the p53 tumor suppressor gene in a variety of situations
in both animals and the human are most readily identified during the stage of progression
(Tamura et al., 1991; Navone et al., 1993; Tanaka et al., 1993; Donghi et al., 1993). In addition,
abnormalities in the expression of the p16 tumor suppressor gene in melanomas are found fre-
quently during the stage of progression but rarely in earlier stages (Reed et al., 1995). However,
since karyotypic instability is unlikely to lead directly to point mutations in oncogenes and tu-
mor suppressor genes, it is more likely that their appearance in malignant neoplasms reflects the
selection of cells better suited to the growth environment of the neoplasm, such cells already
having these mutations. Thus, the stage of progression is a function not only of evolving karyo-
typic instability but also of the selection of cells most suited for their aggressive replication and
continued growth. Some cell and molecular mechanisms involved in the stage of progression are
listed in Table 9.3. It should be noted that all of the characteristics in Table 9.3 can be directly
associated with the evolving karyotypic instability, which may be considered the fundamental
abnormality of this stage. Mechanisms associated with karyotypic instability are numerous and
include disruption of the mitotic apparatus, alteration in telomere function (Ledbetter, 1992;
Blackburn, 1994), inhibition of topoisomerase function (Cortés et al., 1993), DNA hypomethy-
lation (Smith, 1998), DNA and genetic recombination (Chorazy, 1985; Murnane, 1990; Seng-
stag, 1994), gene amplification (Tlsty et al., 1993), gene conversion (Taghian and Nickoloff,
1997), and gene transposition (cf. Cheng and Loeb, 1993). As noted above, the relationship of
alterations in mismatch repair with karyotypic instability is not entirely clear. Because of its
unique role as “guardian of the genome,” abnormalities in the p53 tumor suppressor gene may
also contribute to evolving karyotypic instability (Sood et al., 1997). As Shackney and Shankey
(1997) have pointed out, p53 abnormalities become appreciable in many developing neoplasms
just prior to the transition from preinvasive to invasive malignancy. Thus, it appears that there are
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many pathways to the development of karyotypic instability in neoplastic cells in the stage of
progression.

Mutational macrolesions (Table 7.6) resulting from chromosomal translocations, dele-
tions, recombinations, and other karyotypic changes have been discussed in Chapter 6 in relation
to the formation of fusion genes. Other examples of gene rearrangement occurring during the
stage of progression may be seen in experimental and human myelomas, in which rearrange-
ment of immunoglobulin genes mimics in part the normal rearrangement occurring in these
genes during the maturation of antibody-producing plasma cells (Chapter 16). The small onco-
genic DNA viruses whose genetic material is directly incorporated into that of the host cell may
transform normal cells into neoplastic cells exhibiting the biological and molecular characteris-
tics of progression (Rapp and Westmoreland, 1976). The T antigen, the product of the oncogene
in such viruses, induces a large variety of chromosomal aberrations in transformed cells and may
induce recombinational events in transformed and infected cells as well (cf. Fanning and Knip-
pers, 1992). Some defective oncogenic RNA viruses lacking a specific transforming v-onc gene
(Chapter 4) induce neoplasms in vivo only after a long latent period. Hayward et al. (1981) were
among the first to demonstrate that—at least in specific cases—the delay is related to the re-
quirement for the insertion of the DNA of the virus in an appropriate position in relation to the
proto-oncogene, c-myc. Since that time, neoplasia resulting from retroviral integration into re-
gions controlling the expression of specific cellular genes, termed insertional mutagenesis, has
been described in a number of instances (Gray, 1991). Furthermore, Noori-Daloii et al. (1981)
demonstrated the occurrence of gene amplification as well as structural alterations of the chro-
mosomal region in which the insertion occurs. Other examples of such insertion occurring dur-
ing the stage of progression have also been described (Breuer et al., 1989; Lazo and Tsichlis,
1988). Such findings further indicate that the stage of progression may occur very early in the
natural history of many virus-induced neoplasms.

Gene amplification is another characteristic of the stage of tumor progression that may be
directly related to karyotypic instability (Tlsty, 1996). With a number of drugs—including meth-
otrexate (Sharma and Schimke, 1994), nitrogen mustards (Lewis et al., 1988), and etoposide
(Campain et al., 1995)—amplification of the target gene(s) of the drug occurs, with resulting
drug resistance due to the marked increase in the amount of gene product. As a result of this
induced gene amplification, the neoplastic cell may become quite resistant to the effects of the
drug (cf. Chapter 18). Gene amplification may also be induced by carcinogenic agents such as
the tumor promoter tetradecanoyl phorbol acetate (Chapter 7), which is capable of stimulating
amplifications of several genes in cultured cells, including folate reductase (Varshavsky, 1981),
metallothionein I (Hayashi et al., 1983), and SV40 DNA in the host genome of transformed
hamster embryo cells (Lavi, 1981).

The instability of the genome of the neoplastic cell in the stage of progression makes plau-
sible an extension of the “promoter insertion theory” (Chapter 4) as a potential mechanism for
many of the characteristics of progression, especially those related to growth and gene expres-
sion in this stage of development of neoplasms of viral, chemical, and physical origin. Further-
more, aneuploid cells, including those in the stage of progression, may be more likely to be able
to incorporate exogenous DNA into their genome than are normal diploid cells (e.g., Coonrod et
al., 1997). Numerous examples of “transfection” of genes into aneuploid cells with subsequent
stable expression of genes in a small number of progeny have been described (cf. Graf, 1982).
During the recent past, the transfection of genes isolated from neoplastic cells into appropriate
recipient cells has been utilized as a method for identifying cellular oncogenes or transforming
genes (cf. Cooper, 1982). Initially, studies by several laboratories identified a mutated Ha-ras
proto-oncogene as the transforming gene occurring in both human and animal neoplasms
(Chang et al., 1982; Parada et al., 1982). Later studies demonstrated that specific base changes in
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the normal Ha-ras proto-oncogene resulted in this transformation (Tabin et al., 1982). Since then
a number of such transforming genes, not all of which are derivatives of proto-oncogenes, have
been described (Table 9.4). Land et al. (1983) demonstrated that transfection of two different
“transforming genes” into third-passage rat embryo fibroblasts resulted in the neoplastic trans-
formation. Transfection of the genes separately failed to induce such transformation. The anal-
ogy between this phenomenon and that of the stages of promotion and progression in vivo is
apparent. However, several studies have demonstrated that the transfection process itself can in-
duce chromosome rearrangements and other types of mutations and epigenetic changes in recip-
ient cells, leading to an induction of genomic instability in murine cells (Bardwell, 1989; Gilbert
and Harris, 1988; Denko et al., 1994). Furthermore, transfection of a normal proto-oncogene
into neoplastic cells in vitro enhanced karyotypic instability, so that the integration of the trans-
fected gene occurred predominantly in aberrant chromosomes (de Vries et al., 1993). Thus,
while the transfection of specific genes has many potential uses, the interpretation of the “trans-
formation” of cells in culture and possibly also in vivo may be somewhat difficult in view of
these latter experiments.

The continuing evolution of the stage of progression may also be related to irreversible
changes in genetic expression. As noted above, alteration in methylation of the genome in neo-
plastic cells can occur as an early event in neoplastic development, possibly even preceding the
stage of progression, and may continue during the stage of progression, resulting in altered gene
expression (Smith, 1998; Makos et al., 1993). As noted in Table 9.3, such mechanisms, in addi-
tion to karyotypic instability, can lead to alterations in major groups of genes such as (1) those
expressed during fetal life but not normally in the adult (Chapter 15), (2) repression and/or hy-
perexpression of genes involved in histocompatibility (Chapter 19), and (3) the ectopic produc-
tion of hormones by neoplasms derived from cells that normally do not express such genes
(Chapter 18). In addition, the expression of genes important in DNA synthesis, the cell cycle,
and apoptosis may also be abnormal in neoplastic cells in the stage of progression, including
cyclins (Imoto et al., 1997; Wani et al., 1997), telomerase (Shay and Wright, 1996), and the bcl-
2 gene (Chapter 6) (Bronner et al., 1995). Hyperexpression of the c-myc proto-oncogene report-
edly is an example of the altered expression of a gene during the stage of progression, primarily
as a result of the amplification of the proto-oncogene (Garte, 1993). Drug resistance in neoplasia

Table 9.4 Mutations in Genes Whose Transfection Leads to Cell Transformation

Gene Mutation
Cell Type 

Transformed Reference

neu (rat) T → A (codon 664) NIH3T3 Bargman et al., 1986
N-ras (mouse) G → A (codon 12) NIH3T3 cf. Guerrero and Pellicer, 1987
K-ras (mouse) G → A (codon 2) NIH3T3 cf. Guerrero and Pellicer, 1987
H-ras (mouse) A → T (codon 61) NIH3T3 Wiseman et al., 1986
trk 5 (human) 153 bp deletion NIH3T3 Coulier et al., 1990
vav (mouse) deletion of helix-

loop-helix region
NIH3T3 Coppola et al., 1991

ect 2 (mouse) truncation of 5′
0.5 kb of cDNA

NIH3T3 Miki et al., 1993

fyn (human) try528 → phe528 NIH3T3 Davidson et al., 1994
met (human) meth1268 → threo1268 NIH3T3 Jeffers et al., 1997
kit (human) T → A (codon 559) B2/F3 Hirota et al., 1998
rat (human) cys634 → arg634 NIH3T3 Cote et al., 1995; Asai et al., 1995
fms (human) leu301 → ser301 NIH3T3 Roussel et al., 1988
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has also been directly associated with karyotypic instability, first by Terzi (1974) and more re-
cently by Duesberg et al. (2001), who observed that a major mechanism of drug-resistant muta-
tions in cell lines was characterized by and probably the result of karyotypic instability. More
recently, Schnipper et al. (1989) noted that, in an artificial system dependent on drug resistance,
the frequency of resistance increased with duration of exposure to the clastogenic large T anti-
gen. Studies have also demonstrated that the expression of a gene can be affected by its location
in the chromosome, as when a gene is moved close to a heterochromatic region. This is termed
the position effect (cf. Pardue, 1991). Finally, in a recent study, Li et al. (1997), investigating a
system of chemical transformation of Chinese hamster cells (Chapter 14) in culture, noted that
aneuploidy correlated completely with the induction of cell transformation and presumed neo-
plasia in this system.

On the basis of our knowledge of tumor progression and its characteristics, one may thus
propose the following definition of this stage in the development of neoplasia: progression is
that stage of neoplastic development characterized by the irreversible evolution of karyotypic
instability, which results directly in mutational macrolesions, irreversible changes in gene ex-
pression, and the selection of neoplastic cells with genotypes/phenotypes optimal for growth in
the immediate environment. These characteristics are further reflected by an increased growth
rate, increased invasiveness, successful metastatic growth, and alterations in biochemical and
morphological characteristics of the neoplasm.

The latter part of the definition distinguishes the phase of progression from that of promo-
tion, in which such major genetic changes have not been demonstrated. We have already noted
(Chapter 6) gene rearrangements that occur during neoplastic development, many of these rear-
rangements being somewhat specific for individual types of neoplasms (Table 6.8). By the above
definition, these neoplasms are thus in the stage of progression. Other examples of gene rear-
rangement occurring during the stage of progression are in experimental and human myelomas,
in which rearrangement of immunoglobulin genes mimics in part the normal arrangement occur-
ring in these genes during the maturation of antibody-producing plasma cells (Chapter 19).

The effect of the addition of exogenous genetic material, together with all of the apparatus
needed for its expression, may be seen in virus-induced neoplasms, especially those resulting
from RNA viruses. When the virus is nondefective, as with the Rous sarcoma virus, a stage of
promotion cannot readily be discerned, since tumor production and growth are so rapid (Ha-
nafusa, 1975). Similarly, many oncogenic DNA viruses, especially those whose genetic material
is directly incorporated into that of the host cell, transform normal cells rapidly into neoplastic
cells, which then exhibit many of the biological characteristics of progression (Rapp and West-
moreland, 1976). On the other hand, certain defective oncogenic RNA viruses, especially those
lacking a transforming v-onc gene (Chapter 4), induce neoplasms only after a long latent period.
In several instances, this delay is related to the requirement for the insertion of the DNA of the
virus in an appropriate position in relation to proto-oncogenes (Chapter 4). Other DNA viruses
that are clastogenic in human tissues include the hepatitis B virus (Simon et al., 1991), the hu-
man papillomavirus (Hashida and Yasumoto, 1991), the cytomegalovirus (Sakizli et al., 1981),
and human polyomaviruses (Lazutka et al., 1996). Such oncogenic viruses that induce clastoge-
nesis may be considered as progressor agents themselves.

CELLULAR REPLICATION, THE CELL CYCLE, AND THE 
STAGE OF PROGRESSION

We have already noted that the stages of initiation and promotion require cell replication for
their expression. The stage of initiation requires “fixation” of the genetic changes in the initiated
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cell by at least one round of cell replication (Chapter 7). The stage of tumor promotion is charac-
terized by a selective promoter-induced replication of initiated cells into clonal colonies. In the
stage of progression, however, while cell replication is necessary for the ultimate growth of the
neoplasm, it is the aberrancies of the cell cycle that are inherent as the major characteristic of
this stage, karyotypic instability. The requirements for cell proliferation during the stages of car-
cinogenesis are summarized in Table 9.5.

The Cell Cycle

The events that occur during cellular division have for the past 125 years been a subject of fasci-
nation and intense study (Orlowski and Furlanetto, 1996; King et al., 1994). Mitosis, the process
of the division of the cytoplasm and the nucleus of a cell, and meiosis, the process of cellular
division leading to a 50% reduction in the number of chromosomes (Kleckner, 1996), have been
studied morphologically and biochemically in an attempt to dissect the functional components
leading up to and following this visible sign of cellular replication. From such investigations it
has become apparent that most dividing cells undergo a sequence of processes that have been
termed the cell cycle and that culminate in mitosis. As can be seen in Figure 9.4, the cell cycle is
divided into at least four separate components, with a fifth phase, G0, consisting of cells that
appear to leave the normal cell cycle but can be induced to reenter the cycle by specific stimuli.
The tendency for liver cells to divide after partial hepatectomy may be an example of the stimu-
lation of cells in G0 to reenter the cycle. In addition, some cells, especially certain nerve cells of
the brain, may leave the cycle and never reenter it under any known circumstances. On the other
hand, neoplastic cells may undergo many normal cycles or alternatively leave the cell cycle and
enter G0. This latter course may be due to major chromosomal abnormalities, with such affected
cells never reentering the cycle but rather ultimately dying. Other cells may remain in the G0

state as dormant or latent neoplastic cells (Chapter 10).
Our understanding of the molecular mechanisms involved in the cell cycle and its regula-

tion has become increasingly clear during the last decade. Figure 9.5 is a schematic of the cell
cycle, depicting the periods during which specific proteins and their complexes appear and dis-
appear as well as external factors controlling the cell cycle at specific points. Key in driving and
regulating the cell cycle are the cyclins, of which at least eight have now been described (Noble
et al., 1997). The cyclins are bound to cyclin-dependent serine/threonine protein kinases desig-
nated CDKs and are essential for their activation. Association of the individual cyclins with spe-
cific CDKs as well as the regulation of CDKs by phosphorylation and/or inhibitor proteins timed
in their appearance at specific periods of the cell cycle results in regulated complexes that drive
the events of the cell cycle. While the concentration of cyclins varies during the cell cycle, as
noted in the figure, levels of the CDKs remain relatively constant. Cyclin levels increase in re-

Table 9.5 Cell Proliferation and Multistage Carcinogenesis

Stage Cell Proliferation Requirements

Initiation One to two cell cycles of target cell needed 
to “fix” the molecular initiation event

Promotion Multiple cell cycles of initiated cell selec-
tively induced by promoting agent(s)

Progression Multiple cell cycles as a result of abnormal-
ities in cell cycle components and/or 
effectors of the cycle
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sponse to transcriptional activation and decrease following degradation through ubiquitination
and proteosome function.

A number of factors external to the cycle itself and cyclin/CDK functions exist as regula-
tors of the cell cycle through a variety of mechanisms. A major regulator of the cycle is the
retinoblastoma tumor suppressor protein pRB (Chapter 5). This protein in its unphosphorylated
state interacts with the E2F family of transcriptional factors (Chapter 7) to prevent transcription
of critical components necessary for initiation of the cell cycle (Okayama et al., 1996). Cyclin D
in association with one of its kinases (CDK4 or CDK6) as an active phosphorylation complex
inactivates pRB by phosphorylation of the protein during G1, such that at the restriction point
(designated by the solid triangle in the G1 phase of the cell cycle in Figure 9.5), the cell cycle is
initiated and subsequent events are allowed to take place (Pardee, 1989). The cycle is controlled
by other external proteins as well. The transcription of the inhibitor p16 is enhanced by growth
factor inhibitors such as TGFβ as well as components of the E2F family. This latter mechanism
acts as a negative feedback loop in regulating the cycle in normal cells. Members of the p16
family inhibit the action of the cyclin D/CDK4 or 6 complex by interfering with its formation,
while p21, termed a “universal CDK inhibitor” (Sherr, 1994), and its family (p27, p57) inhibit
CDK activity by forming a tertiary complex with the cyclin/CDK complex (Okayama et al.,
1996). This latter family of inhibitors forms an inactive complex with the cyclin/CDK complex.
The inhibitor p21 is directly regulated by the p53 tumor suppressor protein at the transcriptional
level (Mowat, 1998), as noted in Figure 9.5.

With the exception of cyclin D in continuously cycling cells, the rapid disappearance of
the cyclins during the cycle is the result of proteolysis mediated by the ubiquitin pathway, a pro-
cess that has been well understood biochemically for several years (Ciechanover and Schwartz,
1998). Basically, the process involves the covalent attachment of several molecules of the small
protein ubiquitin to a lysine on the substrate protein. This complex is directed to the proteosome,
a complex proteolytic machine that degrades such polyubiquitinated protein into small peptides
(Baumeister et al., 1998; Murray, 1995). Ubiquitination and proteolysis of the cyclins are en-
hanced by the presence of a specific sequence (the “destruction box”) located near the N termi-
nus of the protein, thus facilitating rapid destruction of the cyclin (cf. Klotzbücher et al., 1996).
Concomitant with the destruction of cyclins, there is no further phosphorylation of pRB, which
becomes dephosphorylated during the M phase as a result of the action of a protein phosphatase,
with subsequent reactivation and sequestration of E2F (cf. Riley et al., 1994). Such a change in

Figure 9.4 The cell cycle, indicating the periods of interphase (G1), DNA synthesis (S), the period be-
tween the end of DNA synthesis and the beginning of mitosis (G2), and the mitotic interval (M). The G0

state is also depicted as a side extension of interphase, with the possibility that the G0 cell may reenter the
cycle (dashed line).
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the phosphorylation status also alters pRB interaction with a variety of other proteins involved in
transcription, cell differentiation, and apoptosis (Herwig and Strauss, 1997; Whyte, 1995). Ubi-
quitination is also critical for the entrance into and cessation of mitosis. A specific protein com-
plex termed the anaphase promoting complex has been described in eukaryotes from yeast to
humans. Several of the proteins in this complex have been isolated and characterized. The func-
tion of the complex is to promote the transition from metaphase to anaphase by ubiquitinating
mitotic cyclins and targeting them for destruction (Page and Hieter, 1997).

Regulation of the Cell Cycle—Checkpoints

In addition to the various components of the cell cycle and their regulation, the existence of sur-
veillance systems that interrupt cell cycle progression when damage to the genome or spindle is
detected or when cells have failed to complete an event has been described. These systems have
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been termed checkpoints (cf. Paulovich et al., 1997). The first checkpoint occurs in the region of
the G1/S boundary in the cell cycle, as noted in Figure 9.5. Functioning of this checkpoint is seen
when DNA strand breaks induce G1 arrest, thereby delaying the transition of cells from the G1

phase to the S phase. Other types of DNA damage that may cause a G1 arrest and function of the
G1/S checkpoint include mutations, DNA adducts, replicative gaps, etc. (Kaufmann and Paules,
1996). A major function of the G1 arrest at this checkpoint is to allow DNA repair, primarily
excisional repair, to function, thereby permitting the cell to continue through the cycle. One of
the major mechanisms of the arrest is mediated by the p53 tumor suppressor gene that is acti-
vated by DNA damage. The enhanced expression of p53 allows for transactivation of other
genes, paramount among which is the Waf1 or p21 gene, which we have noted as a general in-
hibitor of cyclin/CDK complexes. By this mechanism, the G1 checkpoint can be activated and
will continue to be activated until repair has occurred, p53 activation is eliminated, and p21 is
destroyed by proteolysis, allowing the cycle to continue. However, if the damage is irreparable
or too severe, p53 activation may enhance and initiate the process of apoptosis, thus eliminating
a cell whose DNA alterations could not be repaired. The reader should also note that the alter-
ations inducing the activation of the G1 checkpoint are those we have already discussed as occur-
ring during the process of initiation in carcinogenesis. Thus, if DNA repair is faulty or a cell
carrying a mutation gets through the checkpoint, initiation is a potential result. Another potential
checkpoint is that of S-phase replicon initiation (Kaufmann and Paules, 1996). Evidence for its
existence comes from the fact that both chemical and physical damage to DNA that manages to
escape the G1/S checkpoint may lead to an inhibition of replicon initiation of DNA synthesis
during the S period. It is not completely clear which genes are involved in this process, but it is
likely that ε, one of the DNA polymerases, as well as the ataxia telangiectasia (AT) gene (Chap-
ter 5), is active in this process. The other major checkpoint is that of the G2/M boundary, which
is activated by double-stranded DNA breaks and results in preventing the progression of the cy-
cle through mitosis (Paulovich et al., 1997). This delay has been associated with an inhibition of
the activity of CDK1, which is associated with cyclins A and B (cf. Kaufmann and Paules,
1996). Since repair of double-stranded DNA breaks is more complicated than that of simple ex-
cisional repair (Chapter 3), delay at the G2/M checkpoint facilitates repair by increasing the time
for repair to occur and by transcriptionally inducing gene expression concomitant with the inhi-
bition of the activity of CDK1. An increase in the level of expression of cyclins A and B and of
CDK1 occurs to compensate for the inhibition, possibly owing to phosphatase activity. However,
if cells with unrepaired chromatin damage are driven into mitosis, the chance for major chromo-
somal abnormalities is great. Thus, failure of this checkpoint can lead to the induction of the
stage of progression. A checkpoint at the spindle assembly has also been reported to occur in
lower eukaryotes and quite probably occurs in mammals as well (Elledge, 1996).

THE CELL CYCLE IN NEOPLASIA

As yet, no irreversible abnormalities in the cell cycle have been demonstrated during the stage of
promotion; however, the promoting agent phenobarbital does appear to affect one of the check-
points in the cell cycle (Goldsworthy et al., 1999). During the stage of progression, both muta-
tions in and altered regulation of cell cycle components have been described. A listing of genes,
together with their abnormalities and the neoplasms in which such abnormalities are noted, is
given in Table 9.6. Several of these genes, such as the retinoblastoma and p53 genes, have been
discussed previously in relation to the genetic changes occurring in neoplasia (Chapters 5 and
6). From the table it can be noted, however, that several of the cyclins, most notably cyclin D1,
exhibit increased expression largely through the mechanism of amplification and translocation.
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As noted from our previous discussion (Figure 9.5), one may readily understand that increased
levels of these cyclins, especially when other factors regulating the cell cycle show abnormali-
ties—e.g., p16, p53, and p21—can drive the enhanced replicative activity of neoplasms in the
stage of progression. Most studies of p21 in human neoplasms have found few if any somatic
mutations in this gene, although some polymorphisms in the gene have been described (cf. Gar-
tel et al., 1996). The report by Jung et al. (1995) of an increased expression of p21 in a variety of
cell lines from human gliomas suggests, just as with the increased transcription of cyclin A in
leukemias (Paterlini et al., 1995), that amplification of the gene does occur in these neoplastic
cells. The amplification of CDK4 noted in the number of gliomas and sarcomas (cf. Hall and
Peters, 1996) would be expected to further the enhanced activity of the cycle by its association
with cyclin D1. The hBUB1 gene controls mitotic delay in response to spindle alterations. The
protein product exhibits kinase activity and was found to be mutated in several colorectal cancer
cell lines and associated with karyotypic instability (Cahill et al., 1998). Many of the alterations
noted in the table are the result of processes probably occurring during the stage of progression
concomitant with increased karyotypic instability. These include translocations, amplification,
and deletions. Thus, a direct causative relation between the critical feature of the stage of pro-
gression, karyotypic instability, and deregulation of the cell cycle is readily understood from
data such as those presented in Table 9.6.

Cell Proliferation and the Risk of Neoplastic Development

Although it has been long recognized that increased cell proliferation and neoplasia are related,
it is only within the last decade that substantial emphasis has been placed on a potential role of
cell proliferation itself in increasing the risk of neoplastic development (Croy, 1993). The
present debate centers around whether cell proliferation itself is carcinogenic or whether it func-
tions only as implied in our original definition of neoplasia (Chapter 2). Ames and colleagues
(Ames and Gold, 1990a; Ames et al., 1993) have argued that mitogenesis is itself mutagenic
and, in the presence of numerous real and potential opportunities for endogenous mutation, en-
hances the risk for mutation far more than seen in a quiescent cell. Furthermore, during cell

Table 9.6 Mutations and Altered Expression of Genes of the Cell Cycle in Neoplasia

Gene Alteration Neoplasm with Alteration Reference

p53 Mutation Lung, colon, liver, 
endometrium, etc.

Levine et al., 1991
Giaretti, 1997

RB Mutation, deletion Retinoblastoma,
osteosarcoma

Schubert et al., 1994

Cyclin D1 Translocation, 
amplification

Lymphomas, breast, 
esophagus, bladder

Hall and Peters, 1996

p16 Mutation, deletion Melanoma, cholangioma, 
esophagus, gliomas

Hall and Peters, 1996

Cyclin E Amplification, mutation Stomach, breast Akama et al., 1995
Keyomarsi et al., 1995

hBUB1 Mutation Colorectal cancer lines Cahill et al., 1998
 Cyclin A Increased transcription 

(amplification?)
Leukemias Paterlini et al., 1995

p21 Increased expression Gliomas Jung et al., 1995
CDK4 Amplification Gliomas and sarcomas cf. Hall and Peters, 1996
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division, single-stranded DNA does not have the protection of base-pairing or histones and thus
is more sensitive to damage than double-stranded DNA. Finally, these authors argue that cell
division triggers mitotic recombination, gene conversion, and nondisjunction while allowing
gene duplication and loss of 5-methylcytosine in DNA. A summary of these factors is seen in
Table 9.7. All of these processes can be directly related to karyotypic abnormalities seen in the
stage of progression. Similarly, cytotoxicity occurring at extremely high doses of agents being
tested for carcinogenicity (Chapter 13) causes lysosomal breakdown, chromosome aberrations,
and DNA double-strand breaks, all of which are again related to the characteristics of progressor
agents (Bradley et al., 1987). Biological modeling of specific experimental systems has also led
to the conclusion that rates of cell proliferation are integral if not the key factor in carcinogenesis
of the rodent bladder induced by chemical carcinogens (Cohen and Ellwein, 1991a). Further-
more, a critical role for cell proliferation in carcinogenesis may be evidenced by the fact that a
number of carcinogenic agents exhibit their carcinogenicity only when target cells are stimu-
lated to divide and proliferate, usually as a result of toxicity induced by excessive doses of the
test agent—e.g., exceeding the maximally tolerated dose (MTD) (Chapter 13). Furthermore,
several studies (Table 9.8) have demonstrated a distinct correlation between the induction of cell
proliferation as reflected in the labeling index (LI) and the development of neoplasia. Cunning-
ham (1996) has similarly reported a positive association between increased cell proliferation and
carcinogenesis.

On the other hand, several authors have argued that cell proliferation is not a major risk for
neoplastic development (Weinstein, 1992; Farber, 1996; Melnick, 1992; Ward et al., 1993). In
addition, arguments have been raised that chemical toxicity may not be a factor in the risk of

Table 9.7 Enhancement of the Risk of Spontaneous Initiation and 
Progression by Cell Proliferation

Increased risk of mutation during cell division
Enhanced chance for aneuploidy during mitosis
Enhancement of gene amplification at time of cell division (S phase)
Alteration of cytosine methylation during S phase

Table 9.8 Cell Proliferation Correlated with the Carcinogenic Effects of Chemicals

aLabeling index

LIa Tumors

Chemical Organ/Species Low High
Low 
Dose

High
Dose Reference

Hexachlorobutadiene Kidney/rat ? + ? + Kociba et al., 1977; 
Stott et al., 1981

Chloroform Liver/mouse (f) – +++ – +++ Larson et al., 1994
Furan Liver/mouse, rat ND +++ ± +++ Wilson et al., 1992
Methyl t-butyl ether Kidney/rat (m) + +++ – +++ Prescott-Matthews 

et al., 1997
FANFT

(N-[4-(5-nitro-2-furyl)-
2-thiazolyl]formamide

Bladder/rat (m) – +++ – +++ Cohen and Ellwein, 
1991b
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chemical carcinogenesis (Huff, 1993; Tennant et al., 1991; Hoel et al., 1988). Despite these res-
ervations, however, it is difficult to argue that cell replication is not an inherent factor in carcino-
genesis, although it is clear that a variety of other factors are also critical in the carcinogenic
process. Furthermore, cell replication, as noted in the points made by Ames and colleagues (see
above), enhances the risk of spontaneous initiation and progression as well as that induced by
specific chemical, physical, or biological carcinogens. The enhanced cellular replication induced
by promoting agents clearly suggests that a mutationally altered cell within an initiated clone
has a greater risk of spontaneously entering the stage of progression than do normal cells derived
from noninitiated cells. As seen above, cellular replication itself occurring during the stage of
progression causes the continued evolution of karyotypic instability characteristic of and leading
to greater degrees of malignancy.

CELLULAR REPLICATION RATES IN NEOPLASIA

In the natural history of neoplastic development, cellular replication plays a major role (Table
9.5), especially when the natural history of the replicating neoplastic cell population extends to
its ultimate conclusion, the metastatic neoplastic cell. Certain populations of normal cells within
the mammalian organism also undergo cellular replication, in some cases continuously, as in the
bone marrow and intestinal epithelium, but in others more intermittently or only under specific
circumstances, as in the liver following partial hepatectomy. In the epithelium of the bronchus,
epidermis, and cervix, there is constant turnover and loss of cellular populations as the result of
cell division from the basal or stem cells and subsequent migration and further cell replication
(with final cell loss from the surface of the epithelium). It has been estimated that during the life
span of an individual, the renewal of these epithelia represents between 1014 and 1016 cell divi-
sions. Since the background mutation rate is 10–6 per gene per cell division, there is presumed to
be some mechanism to eliminate or repair the numerous mutations that presumably occur in
these cells during the lifetime of the individual. Theoretically, one or more such mutations might
then lead to the conversion of a normal to an initiated cell. Subsequent mutation(s), spontaneous
or induced, would transit the cell into the stage of progression.

Cairns (1975) has suggested that at least two mechanisms safeguard against such conver-
sion. One mechanism involves the loss of cells that harbor such mutations through normal elim-
ination such as desquamation or terminal differentiation. Second, it is theoretically possible that
the daughter cell remaining in the stem cell population after division, the so-called immortal
daughter cell, always receives the DNA molecules that represent the older of the two parental
strands. In this way mutations occurring during replication would not collect in the stem cell
population.

Although these ideas are unproven, they do have a counterpart in the development of can-
cer at several sites in the human. Oehlert (1973) and others have shown that the earliest changes
seen in the development of neoplasia in the skin and bronchus are focal increased mitotic activ-
ity, loss of polarization, and breakdown of the structure of the epithelium. In the colon, where
stem cells for the mucosal epithelium occur deep within the crypts, an increased rate of cell
proliferation was noted in the deep region of the colonic crypts in aberrant crypts, putatively a
preneoplastic lesion (Roncucci et al., 1993). However, earlier studies by Deschner (1982) sug-
gested that an increased rate of DNA synthesis was seen in the upper (lumenal) region of crypts
with colon cancer (isolated polyps) and familial polyposis. Since individual crypts were not ex-
amined, it is difficult to compare the two studies. In any event enhanced cell replication in cer-
tain regions of the crypt occurs very early during the development of these preneoplastic lesions
in the genesis of colon cancer (Yamashita et al., 1994). In the case of carcinoma of the cervix,
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some early lesions, including carcinoma in situ and its precursors, have been shown to regress
and disappear spontaneously, while others continue their development to carcinoma (Christoph-
erson, 1977).

The growth characteristics of neoplasms in vivo have never been adequately investigated.
Most scientists rely on a simple external measurement or on a determination from radiological
studies to estimate the volume of a neoplasm (e.g., Greengard et al., 1985), considering such
changes a function of time. Studies have also employed radioactive techniques either in vivo or
in vitro, with labeled precursors of DNA, especially thymidine (for example, Newburger and
Weinstein, 1980; Schiffer et al., 1979). On the basis of such investigations, the doubling time of
the average human neoplasm, estimated as the time required to double the size of the tumor
mass, has been reported to be between 50 and 60 days (Charbit et al., 1971). During the last
decade, another method for determining cell proliferation in tissues, which has the advantage of
not requiring prelabeling of the tissues with a precursor, is the immunohistochemical staining of
a nuclear protein associated with cell proliferation, termed the proliferating cell nuclear antigen
(PCNA). Analysis of PCNA expression in histological sections has been utilized for the estima-
tion of growth fractions in neoplasms (Kamel et al., 1991; Gelb et al., 1992). PCNA functions as
a processivity factor for DNA polymerase δ, the latter being the enzyme responsible for the rep-
lication of chromosomal DNA (Kelman, 1997). PCNA also interacts with cyclin D and p21 (Fig-
ure 9.5) and also appears to function in DNA repair (Kelman, 1997). More extensive
measurements (Steel, 1977) have shown a variety of doubling times in a number of human tu-
mors and their metastases. The values for such measurements for a number of histogenetic neo-
plasms of the human is seen in Table 9.9. From these data, adenocarcinomas of the colon appear
to have the longest doubling times; metastatic lesions grow more rapidly. In most examples, hu-
man rectal cancer proliferates more slowly than normal rectal mucosa (Britton et al., 1975). In a
more recent study of human tumor proliferation with bromodeoxyuridine administered in vivo
to label DNA, Wilson (1991) found an enormous variation in the potential doubling time of sev-
eral of the more common human carcinomas, ranging from a few days to more than 100 days in
the case of lung cancers. An added complication is that apoptotic indices—the relative number
of apoptotic bodies in a neoplasm—also vary in different neoplasms (Staunton and Gaffney,
1995). In general, apoptotic indices are greater than or similar to mitotic indices in neoplasms,
but with exceptions such as melanoma and occasional metastatic lesions, where the rate of mito-
sis exceeds that of apoptosis. In malignant lymphomas, high apoptotic indices correlated signifi-
cantly with overall lethality (Leoncini et al., 1993). However, most neoplasms are quite
heterogeneous with respect to replicating cell populations (Nervi et al., 1982). As with normal
tissues, it has been demonstrated that a small fraction of cells (the stem cells) are responsible for
maintaining the integrity and continued survival of the neoplasm (cf. Trott, 1994; Chapter 14).
By definition, a stem cell is capable of an indefinite number of divisions. For example, during
the lifetime of a human being, a typical hematopoietic stem cell may divide some 2000 to 3000
times, with an exact stability of its genomic and functional integrity. It may be said that stem
cells have a proliferative capacity that is equal or superior to that of virtually all neoplastic cells
(Trott, 1994). As shown in Chapter 20, if any neoplastic stem cells survive therapy, a recurrence
of growth of the neoplasm will occur. With a technique of quantitative transplantation, it has
been demonstrated that the number of stem cells in the neoplasm varies from every cell being a
potential stem cell to one stem cell per 105 to 106. Whereas stem cells of normal tissues (such as
epithelia and bone marrow) exhibit restrained, orderly proliferation and differentiation, stem
cells of neoplastic tissues exhibit a relative degree of autonomy, as exhibited in the entire neo-
plasm and in line with our original definition of neoplasia (Chapter 2).

Most experimental tumors in laboratory animals exhibit a growth pattern that is character-
ized by a declining rate of cell replication. Such growth has been regarded as an exponential
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Table 9.9 Anatomic Site, Histological Type, and Volume Doubling Time of 780 Primary and 
Metastatic Human Tumors

Modified from Steel, 1977.

Histological Type Anatomic Site
No. of 

Tumors

Mean
Volume 

Doubling
Time (days)

95% Confidence
Limits on Mean

Metastases observed in the lung
Adenocarcinoma Colon and rectum 56 94.86 84.1–107.1

Breast 44 73.74 55.7–97.7
Kidney 14 60.16 36.9–98.1
Uterus 15 78.23 55.2–110.9
Thyroid 16 67.22 43.9–102.9
Ovary 4 33.30

Squamous cell carcinoma Head and neck 27 56.78 42.9–75.1
Bladder 8 70.67
Lung 5 67.20

Sarcoma Fibrosarcoma 28 65.22 45.9–92.8
Osteosarcoma 34 30.20 24.1–37.8
Ewing sarcoma 9 17.55
Other sarcomata 30 42.91 31.8–58.0

Teratoma 80 30.25 25.2–36.4
Childhood tumors 4 19.71
Melanoma 8 53.47
Lymphoma 11 26.82 18.6–38.6

Metastases observed in lymph nodes
Carcinoma 9 41.63
Lymphosarcoma 5 19.80
Reticulum cell 

sarcoma
12 17.68 12.4–25.2

Hodgkin disease 10 48.59 31.0–76.2

Primary bronchial neoplasms
Carcinoma Adenocarcinoma 64 148.30 121.0–181.0

Squamous cell 
carcinoma

85 84.49 75.0–95.0

Mixed 7 135.00
Undifferentiated 55 79.10 67.0–93.0

Primary adenocarcinoma 
of colon and rectum

19 632.00 426.0–938.0

Primary breast carcinoma 17 95.82 68.0–134
Primary bone sarcoma 6 68.50
Lung metastases All adenocarcinomata 159 77.8 69.3–87.3

All squamous cell 
carcinoma

62 52.4 42.7–64.3

All sarcomata 92 43.90 36.8–52.3
Lymph node metastases All lymphomata 27 26.25 19.3–35.8
Primary lung carcinoma All types 211 98.87 89.8–108.8
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growth function limited by an exponential retardation. As seen in Figure 9.6, the initial exponen-
tial growth of the neoplasm is characterized by successive mean generation times that increase
according to an exponential equation, but growth is soon limited by an exponentially decreasing
function. Laird (1965), in a comprehensive study of a large number of spontaneous, induced, and
transplantable neoplasms in several species, showed that the number of cell doublings required
for a neoplasm to grow unperturbed from a single cell to a predicted upper limit was essentially
constant in the majority of systems studied in a specific species. In both animal and human, the
smallest neoplasm likely to be detected by physical or radiological examination is about 1 g in
weight, containing from 108 to 109 neoplastic cells. This lesion will be the result of about 30
doublings in cell number if it is clonally derived from a single neoplastic cell (Tannock, 1989).
Another 10 doublings of the cells in the lesion will result in a potentially lethal tumor of approx-
imately 1 kg. Therefore the period of neoplastic growth that is reasonably measurable represents
only about one-quarter of the total development of the neoplasm itself. Obviously, this scenario

Figure 9.6 A plot of the growth of a murine neoplasm transplanted into a susceptible host. The theoreti-
cal Gompertz curve that best fits the data is shown, as is a single exponential curve, the latter constructed
on the basis that the doubling time observed during the first interval measured remains constant throughout
the growth of the tumor. (After Laird, 1965, with permission of the author and publisher.)
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describes a neoplasm in the stage of progression, since, as we have already seen, cells in the
stages of initiation and promotion represent different genetic populations incapable of the dou-
bling pattern of the cell in the stage of progression.

The preceding description of tumor growth, however, does not take into account the poten-
tial for metastatic growth. Figure 9.7 shows a Gompertzian model of the growth of a mammary
neoplasm in the human. The shaded region represents the variation in growth that could occur in
the primary neoplasm (T) and in metastatic lesions (M). As discussed above, neoplastic lesions
growing within the time frame and cell number are limited by the threshold of detection, and
zero time would not be clinically or experimentally evident. Most important, one notes that at
zero time, at which the neoplasm is first detected, one might predict that almost one-third of the
metastatic lesions that will ultimately occur were initiated and present during the 12 months pre-
ceding the diagnosis (Tubiana, 1982).

This consideration of cell kinetics and cell proliferation in neoplasia has significant practi-
cal applications, as discussed later in the text (Chapter 20). In addition, from the model shown in
Figure 9.7, it is obvious that a knowledge of the doubling times of neoplasms can also be related
to the appropriate intervals between screening examinations that are necessary for the effective
discovery of a neoplastic lesion before a cancer disseminates beyond the region of origin
(Spratt, 1981).

Figure 9.7 Gompertzian model of growth of human breast neoplasm. As predicted by the Gompertzian
model, the doubling time of both the primary neoplasm (T) and the metastatic lesions (M) lengthens pro-
gressively with growth and time. The shaded areas represent the potential variation in the development of
different lesions in different individuals, and the box labeled “threshold of detection” indicates the history
of neoplastic growth prior to clinical or experimental detection. As noted, this model predicts that nearly
one-third of the metastases eventually occurring were initiated during 12 months preceding the diagnosis.
(Adapted from Tubiana, 1982, with permission of the author and publishers.)
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CARCINOGEN CLASSIFICATION IN RELATION TO THE NATURAL HISTORY 
OF NEOPLASTIC DEVELOPMENT

With the division of the process of carcinogenesis into at least three distinct and sequential
stages, it now becomes possible to place carcinogenic agents into various categories depending
on their effecting one or more of the stages of initiation, promotion, and progression. Such a
classification is given in Table 9.10. Agents that are capable of initiation and thus are true in-
complete carcinogens are very rare if they exist at all. The “pure” initiating activity of certain
chemicals in specific tissues has been reported (cf. DiGiovanni, 1992); but in most instances, at
higher doses or in different tissues, such agents can be shown to be carcinogenic, usually acting
as complete carcinogens. On the other hand, as we have seen from the experimental basis for a
distinction between initiation and promotion, very low doses of complete carcinogens will act to
initiate cells but cannot sustain the remainder of the carcinogenic process. This consideration is
undoubtedly very important in carcinogenesis in the human, where most exposures to a carcino-
genic agent are at extremely or relatively low levels. The list of promoting agents and putative
promoting agents is, like complete carcinogens, growing steadily. Progressor agents in the strict
sense of inducing the characteristics noted in Table 9.2 have been only tentatively identified (Ta-
ble 9.2). Some agents, specifically initiating and progressor agents, possess as a primary aspect
of their carcinogenic mechanism the ability to alter the structure of DNA and/or chromosomes.
Such “genotoxic” effects of these agents have been linked directly to the induction of neoplasia.
However, a number of chemicals when administered chronically to animals induce the develop-
ment of neoplasia, but there is no evidence of their direct “genotoxic” action on target cells.
Considering the effects of chemicals on the development of neoplasia via a multistage process,
one may classify such agents as promoting agents acting to expand clones of spontaneously ini-
tiated cells. The consequent selective enhancement of cell replication in such initiated cell
clones sets the stage for the spontaneous transition of an occasional cell into the stage of pro-
gression, as discussed above. However, this explanation of “nongenotoxic” carcinogenesis is
likely to be oversimplified. Specifically, Tennant (1993) has demonstrated that, in a large series
of whole-animal bioassays for carcinogenesis (Chapter 13), the frequencies of induced neoplasia
by nonmutagenic carcinogens does not correlate well with the spontaneous rates of neoplastic
development in a variety of tissues in control animals. A number of potentially indirect mecha-
nisms for the action of nongenotoxic carcinogens—such as induction of oxidative stress, the per-
manent but nonmutagenic alteration of gene expression, or enhancement of intrachromosomal
recombination (Schiestl, 1989)—may contribute to mechanisms involved in this process. Table

Table 9.10 Classification of Chemical Carcinogens in Relation to Their Action on 
One or More Stages of Carcinogenesis

Initiating agent (incomplete carcinogen)—a chemical capable only of initiating cells
Promoting agent—a chemical capable of causing the expansion of initiated cell clones
Progressor agent—a chemical capable of converting an initiated cell or a cell in the 

stage of promotion to a potentially malignant cell
Complete carcinogen—a chemical possessing the capability of inducing cancer from 

normal cells, usually possessing properties of initiating, promoting, and progressor 
agents
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9.11 lists a representative sample of chemicals that are nonmutagenic as assessed by induction of
mutations in bacteria or mammalian cells but which, on chronic administration, are carcinogenic
in experimental systems. As indicated in the table, a number of these chemicals have been
shown to be promoting agents, but some are not. Several of those that are not promoting agents
may be classified as putative progressor agents, as evidenced by their effectiveness as clastogens
in experimental systems (Table 9.2). A number of other chemicals (Tennant, 1993) have not
been tested for their action at specific stages of carcinogenesis and thus cannot neatly be placed
into the classification of Table 9.11.

Along with other mechanisms, agents that are not mutagenic or genotoxic may induce di-
rect toxicity, with sustained tissue damage and subsequent cell proliferation. Both direct DNA
damage and increased cell proliferation may lead to clastogenesis (Scott et al., 1991). The cell
proliferation resulting from toxicity may selectively induce enhanced replication of an already
damaged genome in the initiated cell population (Larson et al., 1994). Thus, while cell toxicity
does not directly induce carcinogenesis, it is capable of indirectly enhancing the process (Brad-
ley et al., 1987; Grasso et al., 1991). Since many agents that are tested at chronic doses induce at
least a mild degree of toxicity, it has been argued that the format of the testing system leads to
the induction of neoplasia. Thus, neoplastic development observed with the administration of
test compounds may result from enhanced cell proliferation due to toxicity, associated with
chronic high doses utilized, rather than from a direct carcinogenic effect of the agent (Ames and
Gold, 1990b). However, several types of nonmutagenic chemical carcinogens have primarily a
tumor-promoting type of effect, including agents that induce P450s, other mitogenic agents, and
cytotoxic agents as well as many that act through receptor-mediated processes.

Table 9.11 Some Nonmutagenic Chemical Carcinogens

aNot tested. +, effective; –, not effective; ±, weakly effective as a promoting agent.
Adapted from Pitot and Dragan, 1996, with permission of the publishers.

Compound Species/Target Organ Promoting Action

Benzene Rat, mouse/zymbal gland –
Butylated hydroxyanisole Rat, hamster/forestomach +
Chlorobenzilate Rat/liver +
Chloroform Rat, mouse/liver +
Clofibrate Rat/liver +
Dieldrin Mouse/liver +
Diethylhexyl phthalate Rat/liver ±
p,p′-Dichlorodiphenyldichloroethylene Rat/liver +
1,4-Dioxane Mouse, rat/liver, NTa

nasal turbinate
Furfural Mouse/liver +
Lindane Mouse/liver +
Methapyrilene Rat/liver +
Polychlorinated biphenyls Rat, mouse/liver +
Reserpine Mouse/mammary tissue NT
Saccharin Rat/bladder +
2,3,7,8-Tetrachlorodibenzo-p-dioxin Rat/liver, lung +
Trichloroethylene Mouse/liver +
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EVOLVING KARYOTYPIC INSTABILITY—BASIS FOR THE STAGE OF 
PROGRESSION

Just as the basis for the stage of initiation is a simple mutation in one or more cellular genes
controlling key regulatory pathways of the cell and the basis for promotion is the selective alter-
ation of signal transduction pathways in the initiated cell, the basis for the stage of progression
is evolving karyotypic instability. In contrast to initiation and promotion, which do not exhibit
any obvious patterns in their development, substantial evidence is now accumulating that the
evolution of karyotypic changes, as the basis for the stage of progression, assumes certain pat-
terns that appear to be tissue-specific.

Perhaps the first example of the tissue-specificity of karyotypic evolution in the stage of
progression was exemplified by the Philadelphia chromosome, characteristically seen in more
than 90% of cases of chronic myelogenous leukemia (Chapter 6). In the early development of
this disease, essentially the only karyotypic abnormality seen in neoplastic cells is the 9:22
translocation, which constitutes the Philadelphia chromosome. However, as the disease evolves,
numerous other karyotypic abnormalities become apparent, none of which are as common as the
translocation resulting in the abnormal chromosome (Barton and Westbrook, 1994). Using this
example in the human as a model, more recent investigations have not only demonstrated char-
acteristic chromosomal abnormalities in tissue-specific neoplasms (Chapter 6, Table 6.8) but
have also developed—from karyotypic studies in preneoplastic, neoplastic, and metastatic neo-
plasms—plausible schemes or patterns for the genetic and cytogenetic pathways of the stage of
progression in specific tissues. Some examples of such patterns of karyotypic evolution are seen
in Table 9.12. In several instances, the “early change” is assumed from the most consistent kary-
otypic findings in primary neoplasms and their benign counterparts. In the animal, it is possible
to localize such changes to a much greater extent than in the human, as exemplified by karyo-
typic studies on the development of neoplasia in the mouse epidermis (Aldaz et al., 1989), hepa-
tocyte in the rat (Sargent et al., 1997), and the plasmacytoma in the mouse (Ohno et al., 1979). It
is of interest that two of these three examples are associated with a trisomic or duplicative
change in specific chromosomes as the earliest alterations noted. Similar duplicative changes as
early alterations can be noted in the genesis of several other animal and human neoplasms (Table
9.12). The “later changes” noted in the table are not meant to be inclusive, since—as these neo-
plasms develop further—subsequent chromosomal changes can be noted in many, but in others
an apparently stable (Heim et al., 1988) and sometimes “normal” (Dutrillaux, 1995) karyotype
may be maintained for the history of the neoplasm, especially in the human. In this latter in-
stance, subtle alterations in other chromosomes likely exist, for in most instances, when such
neoplasms are placed in cell culture, karyotypic evolution continues. The initial changes seen in
the human in chronic myelogenous leukemia, Ewing sarcoma, and myxoid liposarcomas are
translocations; while in the carcinomas indicated, the early lesions are more frequently repre-
sented by trisomic changes. For the process of colon carcinogenesis in the human, Fearon and
Vogelstein have developed a genetic model that includes molecular changes during the early pe-
riod of the stage of progression (adenomas and primary carcinomas), while changes in chromo-
somes 17 and 18 as well as other molecular changes occur late in the stage of progression, as
noted in the table. A diagram of their model of colon carcinogenesis is shown in Figure 9.8. The
terms in the boxes indicate the various morphological and biological characteristics of each
succeeding step, with the indication of the stages of carcinogenesis in which each may be
placed. Note that sequential karyotypic alterations in specific chromosomes are seen during the
stage of progression (Fearon and Vogelstein, 1990). The loss of chromosome 22 in meningiomas
is a frequent somatic mutation in this benign neoplasm (Chapter 6), but further development of
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the stage of progression results in a number of chromosomal and molecular alterations (Weber et
al., 1997).

Thus, as emphasized in Chapter 6, the seemingly random karyotypic alterations occurring
during the stage of progression are now more frequently being patterned as a sequence of
changes that only become random during the established portion of the stage of progression. The
apparent tissue specificity of many of the patterns of karyotypic evolution in the stage of pro-
gression seen in Table 9.12 is of great significance to our understanding of the development of
this stage. However, the possible mechanisms for the evolution of karyotypic instability in neo-
plastic cells in relation to chromosomal alterations—coupled to the mutational events initiating
carcinogenesis—remain as a primary dilemma in unraveling the mechanisms of carcinogenesis.
The continued evolution and amplification of these genetic alterations are the result of the grad-
ual alteration in mechanisms controlling the cell cycle. Unfortunately, our knowledge of these
molecular mechanisms is still in its infancy, and it is unlikely that a rational, effective therapy for
neoplasia in general will be found until we understand the molecular basis for karyotypic evolu-
tion in neoplasia. However, a number of other parallel processes and abnormalities result from
evolving karyotypic instability. The next chapter focuses on several of the more important of
these processes in the stage of progression.

Table 9.12 Cell Type Patterns of Karyotypic Evolution in the Stage of Progression

Cell Type Early Change Later Change Reference

Animal
Epidermis (mouse) +6, +7 +15, +6, –7 French et al., 1994

Aldaz et al., 1989

Hepatocyte (rat) +1q3.6-q4.2 –3q, –6pter Sargent et al., 1997
Lymphoid (mouse) +15 +17 Wiener et al., 1978
Mammary gland (rat) +1q2.2-q4.3 or 

–1q2.1q3.1
–17, –18, –X, t 
(1′,2) (q2.2q2.2)

Aldaz et al., 1992

Plasmacytoma (mouse) t (6;15) or t (12;15) t (10–15) Ohno et al., 1979
cf. Miller and Miller, 1983

Human
Chronic myelogenous 

leukemia
t (9;22) (q34;q11) +8, +19 t(15:17) Barton and Westbrook, 1994

Colon +7 –1p, –18, –17 Bardi et al., 1995
Bardi et al., 1993
Herbergs et al., 1994

Ewing sarcoma t (11;22) (q24;q12) +8, t (1;16) cf. Busam and Fletcher, 1997
Myxoid liposarcomas t (12;16) (q13, p11) +8, +1, –12 Turc-Carel et al., 1986

Örndal et al., 1990
Lung carcinomas –3p (14,2)-9p (LOH) +7, –5q (13–21) Whang-Peng et al., 1982

Thiberville et al., 1995
Miura et al., 1992
Lee et al., 1987

Meningioma –22 +1q, 20, –1p
–18q, –9p (LOH)

Weber et al., 1997

Prostate carcinoma +7q31, 5q +1, +8, +12 Koivisto et al., 1996
Jenkins et al., 1998
Boland et al., 1995

Uterine cervix +3q ? Heselmeyer et al., 1996
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10
Consequences of the Stage of Progression

In Chapter 9 were discussed the basic biological and molecular mechanisms of the stage of pro-
gression in the development of neoplasia. Unlike the stages of initiation and promotion, the
stage of progression encompasses, for the most part, the clinical disease resulting from the pres-
ence and growth of neoplastic cells within the host. While the control or elimination of the
stages of initiation and promotion are considered as methods of cancer prevention, the control of
neoplastic disease during the stage of progression is almost entirely in the realm of therapy. Even
early diagnosis of the disease in the stage of progression is not a form of prevention but rather a
form of efficient therapy. The longer the stage of progression is allowed to develop, the less
efficient become the therapeutic modalities used to treat this disease. It is the changes that occur
during this stage of progression that dictate the way that neoplasia is diagnosed and treated.

Clonality of Neoplasms

Previous chapters discussed alterations in single cells (initiation) as well as in cellular popula-
tions (promotion), leading to the development of the stage of progression. Stem cells (Chapters 9
and 14), each of which may give rise to a clone of genetically identical cells, occur in both nor-
mal and neoplastic cellular growth. However, a question that has always intrigued investigators
in the field of oncology is whether a neoplasm arises from a single cell or from multiple cells (a
field) that have been transformed to neoplasia almost simultaneously, e.g., by viruses or germ-
line genetic alterations. The answer to this question is by no means simple (Tanooka, 1988). In
considering clonality, one must determine at what stage in the development of neoplasia the
“founder” cell (not identical to a stem cell as defined in Chapter 14) occurs. Such a founder cell
may be a normal cell that becomes initiated, and its progeny develop through the stage of pro-
motion, with subsequent transition of a single cell in the clone to the stage of progression. Alter-
natively, the founder cell may be in the stage of promotion, which then gives rise to a clone in
the stage of progression. Finally, since genetic abnormalities occur commonly during the stage
of progression, subclones may appear, suggesting that the neoplasm is polyclonal in origin (Fey
and Tobler, 1996; Woodruff, 1988). Usually the founder cells of neoplasms are those resulting
from the transition of a cell in the stage of promotion to the stage of progression. However, pre-
neoplastic lesions produced experimentally in the liver (Weinberg and Iannaccone, 1988) and
the skin (Deamant and Iannaccone, 1987) are reportedly clonal.

Methods for Determining Clonality

The first indications that neoplasms were clonal came from cytogenetic and biochemical analy-
ses. In chronic myelogenous leukemia, in which the leukemic cells all possess the Philadelphia
chromosome, a monoclonal origin of the neoplasm would be expected. Myelomas and several
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types of lymphomas almost always produce only a single type of immunoglobulin. From our
knowledge of immunobiology (Chapter 16), myelomas and lymphomas thus were felt to arise
from a single cell or a very few cells. However, the most widely used method for the determina-
tion of a monoclonal or polyclonal origin of neoplasms depended on investigations of the iso-
zymic forms of X-linked enzymes in cells.

In the normal mammalian female, early during embryonic development but after meiosis,
one of the two X chromosomes in each cell is repressed (Figure 10.1). The mechanism of this
repression is unknown, but it culminates, in the fully developed organism, in a mosaic cellular
pattern consisting of a number of populations of cells expressing the genes on one X chromo-
some, while the remaining cellular populations of the organism express the genes on the other X
chromosome. If an individual is heterozygous (different alleles or copies of the gene in each of
the two chromosomes), then some cells will express one form of the gene and other cells the
other form. In relation to the monoclonal derivation of neoplasms, some females are mosaic for
two isozymic forms of the enzyme glucose-6-phosphate dehydrogenase, resulting from the re-
pression of one or the other X chromosome in individual cells during early embryonic life, as
stated by the Lyon hypothesis. Thus, if a neoplasm arising in such a mosaic individual contains
only a single form of this enzyme, it is likely to have resulted from a single cell. On the other
hand, it is difficult to rule out the possibility that the early neoplastic transformation occurred in
many cells, but that then one or very few cells attained a growth advantage and overgrew the vast
majority of the population. In studies with chimeric mice produced by the amalgamation of two

Figure 10.1 Diagrammatic representation of the Lyon hypothesis. The zygote (fertilized egg) is de-
picted as that of a female inheriting one X chromosome from the mother (Xm) and the other from the father
(Xp). These chromosomes are passed to daughter cells, but at some early time in embryogenesis a differ-
ence occurs in the behavior of each of the two X chromosomes in each somatic cell, so that only one X
chromosome remains active in each cell and its subsequent daughter cells. The other X chromosome is
inactive and becomes the Barr body, as noted in the figure. Thus the adult female becomes a mosaic with a
number of cells expressing the genes of Xp, while others express those of Xm. (After Fialkow, 1974, with
permission of the author and publisher.)
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embryos (allophenic mice), neoplasms of the skin induced in such animals exhibited an apparent
clonal growth in that genetic markers characteristic of only one of the two parent embryos ap-
peared in the neoplasms (Condamine et al., 1971). However, hepatomas produced in such ani-
mals were mosaic; that is, they possessed genetic characteristics of each of the parent embryos.

With the advent of newer methods of molecular biology, newer methods for the determina-
tion of clonality in cells have been developed. Table 10.1 lists more traditional methods, as de-
scribed above, and a number that utilize techniques of molecular biology to analyze genetic
alterations. The restriction fragment length polymorphism (RFLP) analyses have been discussed
previously (Chapter 5). One may also combine the polymerase chain reaction with RFLP deter-
mination to increase the sensitivity of the analysis, such that the clonality of as few as 100 cells
may be determined (Gilliland et al., 1991). While cells of a myeloma or lymphoma may be
shown to be clonal by measuring the genetic structure of their immunoglobulin or T-cell recep-
tor, owing to the production of only a single molecular species of these proteins by a lympho-
cyte, studies have demonstrated an apparent polyclonality of some lymphomas when the
structure of the T-cell receptor gene is measured in these lesions (Ohno et al., 1997; Bignon et
al., 1990). This phenomenon may be explained by arguing that the founder cell of each clone
was produced during the stage of progression rather than in the transition from promotion to
progression or earlier (Collins, 1997). DNA fingerprint analysis may also be somewhat variable,
possibly owing to the appearance of subclones. Analysis of breakpoint cluster regions, as in the
Philadelphia chromosome, is another method giving results similar to cytogenetic analysis but
taking advantage of the unique, stable genetic alteration in the breakpoint region. Finally, the
structures of the genomic termini of the Epstein-Barr virus (EBV) in episomes of infected cells
may indicate whether the neoplasm arose from a very low multiplicity of infection (very few
viral particles per target cell) or from a high multiplicity, with many cells being simultaneously
infected and giving rise to a lymphoma (Chapter 12). Table 10.2 list data indicating the mono- or
polyclonality of a variety of neoplasms of the human. As noted from the table, only two heredi-
tary neoplasms, neurofibroma and trichoepithelioma, have been shown to be consistently poly-
clonal in origin, although recent studies have suggested polyclonality for several other
neoplasms, both hereditary and spontaneous. These studies, which are now more than 20 years

Table 10.1 Methods of Clonality Determination

Adapted from Wainscoat and Fey, 1990, with permission of the authors and publisher.

General Approach

Methods

Traditional DNA

X-chromosome inactivation G6PD isoenzymes Allophenic 
mice

X-linked RFLPs

Lymphocyte analysis Immunoglobulin light chain 
analysis

Immunoglobulin and T-cell receptor 
gene analysis

Somatic mutation Cytogenetic analysis Detection of chromosome loss by 
RFLP analysis

Detection of chromosome transloca-
tions by breakpoint cluster probes

Detection of somatic mutations by 
DNA fingerprinting

Detection of specific point mutations
Viral integration analysis Analysis of genomic EBV termini
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Table 10.2 Single- or Multiple-Cell Origin of Tumors Determined with Immunoglobulin (Ig) and 
Glucose-6-Phosphate Dehydrogenase (Glc-6-PD) Markers

Marker
Single Cell 

(no. of specimens)
Multiple Cell 

(no. of specimens)

Myeloproliferative disorders
Chronic myelocytic leukemia Glc-6-PD 8 0
Polycythemia vera Glc-6-PD 2 0

Lymphoproliferative disorders
Acute “Burkitt-type” Ig 6 0

leukemia Ig >150 Rare
“Hairy-cell” leukemia Ig 2 0
Chronic lymphosarcoma leukemia Ig 11 0
Reticulum cell sarcoma Glc-6-PD 2 0
Burkitt lymphoma Glc-6-PD 45 1

Ig 92 1
Non-Hodgkin lymphoma Glc-6-PD 4 0

Ig 38 0
Chronic lymphocytic leukemia Ig K150 Rare
Multiple myeloma Glc-6-PD 2 0

Ig Many Rare
Carcinoma

Nasopharynx (anaplastic) Glc-6-PD 7 0
Cervix, preinvasive Glc-6-PD 9 0

invasive Glc-6-PD 30 0c

Ovary Glc-6-PD 3 0
Palate Glc-6-PD 4 0
Thyroid Glc-6-PD 5 0
Melanoma Glc-6-PD 2 0
Nephroblastoma Glc-6-PD 2 0
Bronchioloalveolar lung carcinoma X-linked RFLPs 0 3e

Papillary peritoneal carcinoma p53 2 4f

Hereditary
Neurofibroma Glc-6-PD 0 14
Trichoepithelioma Glc-6-PD 0 12(?)
Polyps in Gardner syndrome Glc-6-PD 0 3a

aHsu et al., 1983

Medullary thyroid carcinoma Glc-6-PD 4 0b

bBaylin et al., 1978
cEnomoto et al., 1997

Familial adenomatous polyposis Y chromosome 4 13d

dNovelli et al., 1996
eBarsky et al., 1994

adenomas probes

fMuto et al., 1995

Endocrine
Solitary thyroid adenoma Glc-6-PD 22 0

Miscellaneous benign
Leiomyoma of uterus Glc-6-PD 184 0
Lipoma Glc-6-PD 6 0
Salivary gland adenoma Glc-6-PD 2 0
Ovarian teratoma Glc-6-PD 39 0
Neurofibroma (sporadic) Glc-6-PD 2 0

Modified from Fialkow, 1976.
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old for the most part, were carried out on relatively large amounts of neoplastic tissue. More
recent techniques have allowed the analysis of microdissected samples from morphologically
distinct microscopic lesions. Such studies have in general confirmed the monoclonal origin of
each distinctive lesion (Cheng et al., 1998).

Studies in experimental animals have indicated a clonal nature for some neoplasms
(Collins and Fialkow, 1982); in other cases, however, chemicals have induced neoplasms of
multicellular origin (Reddy and Fialkow, 1979). A follow-up analysis of the latter studies dem-
onstrated that sarcomas induced by the subcutaneous injection of methylcholanthrene may de-
velop as monoclonal or polyclonal neoplasms, depending on whether benzene or olive oil is the
solvent vehicle in which the carcinogen is administered (Reddy and Fialkow, 1981). The same
authors (Reddy and Fialkow, 1983) later showed that papillomas induced by a single painting of
dimethylbenzanthracene, followed by promotion with TPA, are predominantly monoclonal in
origin, whereas those neoplasms resulting from the repeated applications of the carcinogen itself
exhibit a much higher incidence of polyclonal origins. A suggested explanation of these apparent
discrepancies is that a relatively small dose of initiating agent may tend to induce more mono-
clonal neoplasms simply because fewer cells will be initiated, whereas relatively higher doses of
an initiating agent will ultimately result in polyclonal neoplasms because of a greater chance of
adjacent cells being initiated and developing together. However, Deamant and Iannaccone
(1987) argued that the different observations of monoclonal or polyclonal neoplasms were the
result of confounding by the presence of varying amounts of nonneoplastic dermal tissue. On the
other hand, differences in growth rates and other factors such as nutrition (blood supply) and
interaction among clones of neoplastic cells may result in the apparent monoclonality of a
neoplasm even if the process of initiation was not clonal (cf. Woodruff, 1988; Chow and
Rubin, 2000).

An alternative view of the clonality of neoplasms is that taken by Nowell (1976) and oth-
ers on the clonal evolution of a neoplastic cell population, with neoplasms considered to evolve
by the selection of one or more clones of cells during their natural developmental history. By this
concept, the clonality of a neoplastic cell population in the stage of progression may simply be
the result of the selective growth advantage of a clone of cells appearing during the natural his-
tory of development of the neoplasm, resulting in the overgrowth by this population. This has
been recognized over the years by the demonstration of “stem” cell populations in neoplasms
with a characteristic karyotype. Such clonal evolution can also account to a great degree for the
progression of many neoplasms. It has also been suggested that diseases heretofore not classified
as neoplastic in origin may exhibit clonal development of their basic pathological lesion and
thus could possibly be related to the neoplastic transformation. This appears to be the case in
atherosclerosis, as suggested by Benditt (1974), who demonstrated that the fibrous plaque seen
in blood vessels in the early development of this disease is clonal, as shown by the use of X-
linked markers.

Thus, the data (Table 10.2) in human neoplasia argue that most neoplasms are clonal in
origin. However, this does not imply that their clonality arose at the stage of initiation but rather
at the stage of progression. Preneoplastic lesions in the stage of promotion both in skin (Reddy
and Fialkow, 1983) and in rat liver (Weinberg and Iannaccone, 1988) are clonal, presumably
arising from single initiated cells. However, as discussed in Chapter 9, neoplastic lesions arise
within preneoplastic lesions, presumably initiating a new clone, as evidenced both from different
karyotypes and other markers of progression (Giaretti, 1997; Scherer et al., 1984). Apparently
polyclonality may, in turn, result from high doses of the carcinogenic agent (Reddy and Fialkow,
1983), resulting in cells transiting into the stage of progression within a short time period.
Therefore the clonal nature of both preneoplasia and neoplasia is an important aspect of our con-
sideration of the natural history of neoplastic development.
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THE ANATOMICAL EXTENSIONS OF NEOPLASIA

In Chapter 2 the distinctions between benign and malignant neoplasia were discussed, with the
caveat that the distinction was largely artificial but convenient. In the context of the stages of
neoplastic development, the imperfections of the behavioral classification of neoplasia become
more apparent. While virtually all preneoplastic lesions may be considered as benign in the be-
havioristic classification, a significant number of benign lesions also occur during progression,
such as adenomas of the thyroid, stomach, colon, ovary, and liver, as well as a few mesenchymal
neoplasms (Henson and Albores-Saavedra, 1986). Still, the key distinction between benign and
malignant neoplasms resides in their ability to extend beyond the primary growth by the process
of invasion into adjacent tissues and to successfully metastasize, with resultant independent sec-
ondary growths. In recent years the characteristics and to some extent the mechanisms involved
in the development of these anatomical extensions of neoplasia, invasion, and metastasis have
been clarified.

Invasion

Initial considerations of the characteristics and mechanisms of invasive neoplastic growth ar-
gued that the increased mobility and rapidity of growth of the neoplastic cell, together with a
capacity for proteolysis and a decrease in pH (possibly owing to the high glycolysis of the neo-
plasm; Chapter 15), were responsible for its ability to invade normal tissue (cf. Sylvén, 1968).
Other mechanisms also were invoked to explain tumor cell invasion, including differences in
intracellular osmotic pressure between normal and neoplastic cells, the degree of host reactions
such as inflammation, the anatomical structure of the tissue being invaded, and the loss of “con-
tact inhibition,” a process whereby normal cells are inhibited in growth and motion by adjacent
cells. All of these were thought to be factors in neoplastic cell invasion both in vivo and in vitro.

During the last decade, these descriptive characteristics and mechanisms of the process of
neoplastic invasion of normal tissues have been greatly advanced by a better understanding of
the molecular nature of cell-cell interaction in vivo as well as the interaction of cells with their
immediate environment as defined by their surrounding extracellular matrix.

The Extracellular Matrix

In general terms, the extracellular matrix (ECM) consists of a mixture of macromolecules, ions,
and substrates that are specific for any given tissue. The ECM thus provides a distinct environ-
ment for different cells of the organism (Scott-Burden, 1994). The ECM is largely made up of a
complex blend of macromolecules, some of which, once formed, may exist for the life span of
the organism (Hay, 1991). The macromolecules of the ECM largely but not entirely consist of
fiber-forming elements (collagen and related molecules) and glycoprotein and proteoglycan
“packing” components. A diagram of the ECM associated with vascular elements is given in
Figure 10.2, in the upper part of which are depicted endothelial cells resting on a basement mem-
brane. Basement membranes are heterogeneous, highly specialized, electron-dense structures
constructed from components of a number of the extracellular matrix proteins. They vary from
20 to 200 nm in thickness and function to separate epithelia and endothelia from their underlying
connective tissue. Basement membranes provide anchorage for adjacent cells as well as stimuli
for cell differentiation, cell migration, and cell phenotype (Stanley et al., 1982; Weber, 1992).

Of the ECM molecules depicted in Figure 10.2, collagen is the predominant species, mak-
ing up approximately one-third of the protein in the human body (cf. Scott-Burden, 1994). There
are more than 14 different species of collagen molecules (van der Rest and Garrone, 1991), with
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type 1 collagen the predominant species in the ECM. The collagen structure is that of an ex-
tended triple helix bound together by numerous hydrogen bonds, some of which are dependent
for their formation on posttranslational hydroxylation of proline and lysine catalyzed by a vita-
min C (ascorbic acid)–dependent reaction. In addition, the collagen structure is further cemented
by glycosylation of these and other hydroxyl groups, as well as oxidation of the ε-amino groups
of lysine, some of which are oxidized by a copper-dependent lysyl oxidase and form covalent
crosslinks with amino groups of adjacent collagen molecules, binding the multimolecular struc-
ture into strong, stress-resistant collagen fibers. Elastin—which is a key component of the ECM
in pliable tissues such as vessels, alveolae of the lung, dermis, and intestine—has a structure
somewhat similar to that of collagen, but with more hydrophobic domains that act as “coiled
springs” and are related to the protein’s elasticity.

A variety of glycoproteins and proteoglycans are associated with the ECM in normal tis-
sues. The diagrammatic structures of several of these molecules are seen in Figure 10.3. The
three glycoproteins shown—fibronectin, laminin, and SPARC—are generally representative of
the glycoproteins existing in the ECM. All of the glycoproteins have various domains within the
protein that interact selectively with cellular and matrix components, as indicated in the dia-
gram. Fibronectin is composed of two nearly identical polypeptides linked by disulfide bridges
and having a combined molecular weight near 450,000 (cf. Ruoslahti et al., 1982). The molecule
is made up of a series of polypeptide repeats, as indicated in the figure (I, II, and III). Fibronectin
monomers have varying numbers of these repeats, the number being dependent on differential
splicing of fibronectin mRNA in various tissues. As a result, fibronectin monomers may exist in
a wide diversity of molecular sizes. SPARC consists of a single polypeptide chain with four do-
mains, as shown. In contrast, the laminin structure is more cruciform, consisting of three peptide
chains linked together by disulfide bonding in the carboxyl half of the three peptides. Each of the
three peptides is encoded by a different gene (cf. Scott-Burden, 1994), but no differential mRNA

Figure 10.2 Diagrammatic representation of the ECM in association with vascular elements. Endothe-
lial cells (EC) rest on a basement membrane (BM) of the internal vascular wall, whereas smooth muscle
cells (SMC) are surrounded by molecules of the ECM. The internal elastic lamina (EL) acts as a fenestrated
layer between the subendothelial intima and smooth muscle cells of the vascular medial layer. Molecules of
the ECM shown schematically are tenascin (TN), proteoglycans (PG), laminin (LN), fibronectin (FN),
thrombospondin (TSP), and collagen fibers which are depicted as large dashed lines. (Adapted from Scott-
Burden, 1994, with permission of the author and publishers.)
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splicing has been reported, although at least seven different forms resulting from the association of
different gene products have been reported (Timpl and Brown, 1994). Laminin and at least two
other ECM glycoproteins, thrombospondin and tenascin, possess a large number of epidermal
growth factor–like repeats in their structure. It has been theorized that cleavage of the molecule
may produce active epidermal growth factor molecules affecting the growth of tissue (Chapter 14).

The proteoglycans consist of a protein backbone (core protein) that has many threonine
and serine residues. To these hydroxyl groups are attached a series of long, linear carbohydrate
chains termed glycosaminoglycans, which usually consist of a dimeric repeat structure of acid
and amine structures of sugars (cf. Scott-Burden, 1994). Individual proteoglycans may bind to
hyaluronic acid chains or in some cases may actually span membranes. A “link” protein may
assist in this association, which leads to the formation of large aggregated molecules that largely
fill the interstices of the ECM. It must be emphasized that the proteoglycans are an extremely
diverse series of molecules, exhibiting the general structure shown in Figure 10.3 but having
different oligosaccharides and core proteins, depending on the tissue and the species (Kjellén
and Lindahl, 1991).

Cell Adhesion and Cell Behavior

While cells exist in the organism in various environments of extracellular matrix, both epithelial
and mesenchymal cells interact directly with each other to form stable arrangements, as in epi-
dermis and glandular and mucosal epithelium; they also undergo transient interactions involving
lymphocytes in nodes and lymphoid organs, polymorphonuclear leukocytes, and macrophages.
These cell-cell interactions form the basis for the architecture of tissues as well as their morpho-
genesis (Gumbiner, 1996). Both stable and transient cellular adhesions are the result of the inter-
action of ectoproteins of the plasma membrane interacting with each other on different or the
same cell types as well as an interaction with the ECM. Diagrams of the structure of the four
major molecular species of cell adhesion molecules are given in Figure 10.4. Each of these mo-
lecular species consists of a single transmembrane polypeptide with the exception of the inte-
grins, which are heterodimers, an α and a β chain. The α subunit provides the molecular basis
for ligand binding, while the β subunit is the major link to the cytoskeleton and signal transduc-
tion apparatus. At least 15 α subunits and 8 β subunits are known, giving rise to at least 19
different integrins (cf. Elangbam et al., 1997). Various members of the integrin family function
in a variety of ways in different cell types, including embryogenesis, wound healing, and the
immune response. These functions involve cell migration, cell-cell adhesion, and cell-ECM in-
teraction, as well as signaling molecules, the latter primarily through the β integrins (LaFlamme
and Aver, 1996). They are the most widely distributed adhesion molecules in mammalian organ-
isms and possibly the most versatile (Faull, 1995). The extracellular heterodimeric portion of the
molecule serves as a receptor for a variety of ligands, including collagen, laminin, fibronectin,
fibrinogen, and several other cell adhesion proteins as well (Faull, 1995). The intracellular por-
tion of these molecules, in turn, interacts with the cytoskeleton (Chapter 16) allowing for poten-
tial signal transduction mechanisms (see below).

The immunoglobulin family of molecules involved in cell adhesion are products of the
immunoglobulin gene superfamily, which is discussed further in Chapter 17. Members of this
family are linked to the plasma membrane as shown in Figure 10.4 and are involved in protein
recognition, a process essential in the immune response (Chapter 19) as well as in cell adhesion.
A short list of members of the immunoglobulin gene superfamily that are involved in cell adhe-
sion is seen in Table 10.3. These adhesion molecules are expressed extensively on lymphocytes
and other members of the immune system as well as in vascular endothelial cells and cells of the
nervous system (Turner, 1992). One member of the family, NCAM, is a primary cell adhesion
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molecule that appears very early in development in all three germ layers and plays a very impor-
tant role in the development of the central nervous system. Many other members of the family
are involved in the relatively transient interaction of leukocytes, macrophages, and related cells
in the vascular system during tissue injury, inflammation, and related processes. The selectins
play a similar role in these processes in that they are expressed on the surface of endothelial
cells, leukocytes, and platelets. These molecules influence the localization of circulating leuko-
cytes on the endothelium at the site of inflammation. Members of this family are involved in a

Figure 10.4 Diagrams of the molecular structure of families of cell adhesion molecules. See text for
explanation. (Adapted from Garrod, 1993, with permission of the author and publisher.)

Table 10.3 Adhesion Molecules of the Immunoglobulin Gene Superfamily

Immunoglobulin Other Names Liganda

aThe α and β ligands refer to various members of the integrin family. The term CD fol-
lowed by a number indicates an immunologic classification to be discussed later
(Chapter 17). 

Adapted from Menger and Vollmar, 1996, with permission of the authors and publisher.

ICAM-1 CD54 αLβ2 (CD11a-CD18)
αMβ2 (CD11b-CD18)

ICAM-2 CD102 αLβ2 (CD11a-CD18)
ICAM-3 CD50 αLβ2 (CD11a-CD18)

αMβ2 (CD11b-CD18)
VCAM-1 CD106 α4β1 (CD49d-CD29)

α4β7

PECAM-1 CD31 PECAM-1
MAdCAM-1 L-selectin, α4β7



Consequences of Progression 383

very early period of immune-inflammatory reactions as well as in the “homing” of lymphocytes
to various places in the organism (Elangbam et al., 1997). The ligands for the selectins are car-
bohydrate moieties on protein molecules, such as mucins and sialated polysaccharide antigens
on cell surfaces (Faull, 1995). A major contribution to cell-cell adhesion is made by calcium-
dependent cadherins. These are simple transmembrane glycoproteins involved in establishing
and maintaining intercellular connections through homophilic binding—i.e., a cadherin mole-
cule on one cell binds to another cadherin molecule of the same type on an adjacent cell. The
cytoplasmic domain of cadherins is linked to cellular components through catenins, proteins that
are necessary for cadherin function (cf. Garrod, 1993). Three subclasses of cadherins have been
recognized: epithelial (E)-cadherin or uvomorulin, placental (P)-cadherin, and neural (N)-
cadherin (Elangbam et al., 1997). Cadherins function in cell-cell adhesion by clustering on the
plasma membrane to form adhesion junctions. Interactions between cells involve the N-terminal
cadherin repeat domain, potentially generating a “cadherin zipper,” whose strength depends on
the number of cadherin molecules involved in the adhesion junction (Klymkowsky and Parr,
1995). An excellent example of these adhesion junctions is seen in the skin, where a subgroup of
cadherins termed the desmosomal cadherins localize to desmosomes in the skin and are linked
to the keratin filament network, giving strength to the epidermal covering (Faull, 1995).

Several other adhesion molecules have been described, the most important of which is
CD44, expressed on the surface of T lymphocytes (Chapter 19). This glycoprotein, which is a
receptor for hyaluronic acid, regulates adhesion of these and other cells to endothelial cells and
monocytes, a process that effects the recruitment of T lymphocytes to sites of inflammation
(Elangbam et al., 1997). Since specific glycoproteins and mucins have now been shown to inter-
act with individual selectins, one may also suggest that these proteins can act as adhesion mole-
cules, at least with a transitory function (Menger and Vollmar, 1996).

Adhesion (Adherens) Junctions, Focal Adhesions, and Cell Signaling

As implied above, the structure of organisms and their tissues depends on the adhesion and inter-
action of cells to each other as well as of cells to basement membranes and the ECM. The cad-
herins are the major mediators of cell-cell adhesion, while the integrins mediate the attachment
of cells to basement membranes and the ECM. Both the adherens junctions and the focal adhe-
sions involve an intracellular interaction between the cytoplasmic portion of the adhesion mole-
cule, cadherin or integrin, with cytoskeletal components (Chapter 16) and signal transduction
pathways (Chapter 7). Figure 10.5 presents diagrammatic and hypothetical illustrations of an
adherens junction and focal adhesions with their extracellular contacts and intracellular associa-
tions with protein species. The adherens junction diagrams the interaction or “zipper” intercellu-
lar contact zone between molecules of cadherens on one cell and those on another. Such
interactions involve two dimers interacting in an antiparallel orientation through their adhesive
binding surfaces, thus forming a continuous linear ribbon structure (Gumbiner, 1996; Aberle et
al., 1996). These interactions also involve calcium-binding pockets that bridge and stabilize the
successive structural repeats through coordination of acidic amino acid residues and align the
domains into a rod shape (cf. Aberle et al., 1996). The cytoplasmic domains of the cadherins
interact with catenins α and β and plakoglobin, which is closely related to β-catenin. These mol-
ecules, in turn, interact with the cytoskeleton, directly or indirectly—both microfilaments and
intermediate filaments (Chapter 16). In addition, the catenins may complex with the product of
the tumor suppressor gene, APC or adenomatous polyposis coli (Chapter 5; Polakis, 1997;
Aberle et al., 1996). Certain functional ratios of cadherins, catenins, and the APC gene product
seem to be necessary for the maintenance of a normal phenotype in epithelial cells (cf. Rosales
et al., 1995). These complexes and/or another protein, p120cas, are involved in protein phos-
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Figure 10.5 (A) A model illustration of the adherins junction showing the interaction of cadherins from
two different cells. Each cadherin is associated through its intracellular component with the proteins α, α-
catenin; β, β-catenin; p, plakoglobin (adapted from Takeichi et al., 1993, with permission of authors and
publisher). (B) Focal adhesion assembly models showing on the left a quiescent cell adhering to the extra-
cellular matrix (ECM). Interactions of integrins binding to the ECM in the extracellular component are
noted. The integrins are linked to the cytoskeleton via proteins such as talin and others which are not
shown. In the left portion of the figure integrins are shown under little tension with the myosin in a relaxed
conformation. In the right-hand portion of the figure is seen myosin light chain phosphorylation stimulated
in response to Rho (a member of the G protein family) activation. Myosin is shown as assembling into
bipolar filaments generating tension on actin, resulting in clustering of the integrins bound to the ECM.
This integrin clustering activates the focal adhesion kinase (FAK) leading to autophosphorylation (FAK-
PY) and recruitment of other members of the signaling complex noted as a star. The model depicted is not
meant to demonstrate all components of the assembly, but rather those of greater importance. (Adapted
from Burridge et al., 1997, with permission of the authors and publisher.)
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phorylation by cellular tyrosine kinases. Thus, catenin complexes appear to be involved in signal
transduction pathways, but the exact mechanisms for this are not clear as yet. Takeichi et al.
(1993) suggested that tyrosine phosphorylation of β-catenins may modulate their actions so as to
loosen cell-cell contacts, causing a destabilization of the cadherin-cadherin interactions.

Focal adhesions (Figure 10.5) involve an interaction of cells with basement membranes
and the ECM mediated by plasma membrane–spanning integrins. The cytoplasmic portion of the
β integrin interacts with intracellular proteins such as talin and vinculin, as noted in the figure,
which, in turn, associate with actin molecules of the microfilaments. In the figure, it is hypothe-
sized that intracellular alterations leading to microfilament contraction cause a clustering of the
integrin dimers, producing and strengthening focal adhesions and their interaction with the ECM
and/or basement membranes (Figure 10.5). Also noted in the figure is the mediator of signal
transduction, the focal adhesion kinase (FAK) (Burridge et al., 1997). This kinase interacts di-
rectly with the cytoplasmic tail of the β integrin subunit and also contains at least two SH2 bind-
ing domains (Chapter 7). It has been suggested (Clark and Brugge, 1995) that clustering of the
integrins activates FAK, which in turn induces its autophosphorylation and subsequent binding
to SH2 domains of signal transduction molecules such as Src and Grb2. A small GTP-binding
protein, rho, appears to regulate the assembly of focal adhesions with actin fibers in response to
growth factors (Ridley and Hall, 1992). This pathway may then continue the signal through ras
to MAPK and the nucleus (Chapter 7). Thus, by alterations from the environment or from within
the cell, adhesion molecules and the adhesive interaction of cells with each other and with the
ECM and basement membranes can lead to dramatic alterations in gene expression within cells
during normal development, hormonal alterations within the organism, or reaction to noxious
external stimuli. Alterations in cell adhesion play a major role in the biological activity of neo-
plastic cells that invade and metastasize during the stage of progression.

Invasive Properties of Neoplastic Cells

Some pathologists have advanced the thesis, based primarily on studies of epithelial carcinoma
in situ, that malignant neoplasia is characterized initially by invasion of neoplastic cells into and
through the basement membrane (Figure 10.2). Despite reservations and exceptions to this ob-
servation, there is little question of the importance of the invasive properties of neoplastic cells
in the stage of progression to the development of the disease. From knowledge of normal cell
interactions with the extracellular matrix (ECM) and each other, as discussed above, similar in-
teractions of neoplastic cells have been studied during the past two decades. Invasion deals pre-
dominantly with interactions of neoplastic cells with the ECM, while cell-cell interactions are
somewhat more important in the mechanisms of metastases to be discussed later in this chapter;
however, both interactions play roles in both invasion and metastases (Liotta, 1990).

Extracellular Matrix—Neoplastic Cell Interactions

A critical factor in the process of invasion is the interaction of neoplastic cells with the ECM.
Thus, one would expect to see qualitative and quantitative alterations in the molecular species
depicted in Figure 10.2. For carcinomas, interaction with the ECM and basement membranes
involves primarily integrins and to a lesser extent selectins and immunoglobulin-like molecules.
Integrin expression in normal epithelial cells is usually seen in a polarized pattern, while the
integrin pattern in carcinomas is dispersed and discontinuous. Loss of expression or increased
expression of some specific integrins may be seen in specific neoplastic cell types, leading to
enhanced invasive and/or metastatic properties (Rosales et al., 1995). A loss or significant reduc-
tion in expression of the α5β1 integrin, which has a function as the “classical” fibronectin recep-
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tor, occurs in many transformed and neoplastic cells (cf. Juliano, 1993; Rosales et al., 1995).
Fibronectin itself was first characterized as the large, external, transformation-sensitive (LETS)
protein because it was lost from the surface of many transformed cells (Vaheri and Ruoslahti,
1975; Mautner and Hynes, 1977). The interaction of this integrin receptor with fibronectin in-
volves recognition of a specific amino acid sequence, arginine-glycine-aspartate (RGD), that is
also present in a number of other ECM proteins, including laminin, vitronectin, and collagen,
type I (Yamada, 1991). Other recognition sequences are also present in several of these ECM
proteins, allowing for the interaction with other integrins. Furthermore, the interaction of these
ligands with specific integrins can be inhibited by specific synthetic peptides that contain these
recognition sequences (Yamada, 1991; Stetler-Stevenson et al., 1993a). Overexpression of inte-
grins such as α5β1 leads to a reduction in malignant potential in animal systems as well as a
reduction in cell proliferation (cf. Rosales et al., 1995; Varner and Cheresh, 1996). Interaction of
integrins with their ligands may also alter apoptosis in either a positive or negative manner, de-
pending on which integrin is involved (cf. Varner and Cheresh, 1996). These effects on cell pro-
liferation and apoptosis are probably the result of the effect of integrin-ligand interaction,
resulting in activation of the focal adhesion kinase and its substrates, as suggested in Figure 10.5
(cf. Rosales et al., 1995; Juliano, 1993). Rosales et al. (1995) have suggested that the loss of
certain integrins from neoplastic cells, in particular α1β1, may result in the elimination of a ma-
jor “trigger” for apoptosis, the presence of unliganded integrin on cells that are not interacting
with the ECM. Just as inhibition of apoptosis enhances tumor promotion, so this mechanism of
the elimination of apoptosis of cells in the stage of progression would result in an enhancement
of the development of this stage.

Protease Involvement in Invasion

While the interaction of neoplastic cells with the ECM via integrins is critical for the invasive
properties of neoplastic cells, of equal importance is the ability of the neoplastic cell to destroy
or alter physically the barriers posed to invasion by the ECM. Basement membranes are a criti-
cal component of these barriers, but they also include collagen and other components of the
ECM. While noninvasive cells form focal adhesion contacts with the underlying ECM and
tightly adhere via cell surface receptors, invasive cells produce membrane protrusions that actu-
ally invade the ECM (Monsky and Chen, 1993). But such physical invasion is not sufficient to
allow a neoplastic cell to extend through a basement membrane or appreciably into the ECM.
However, the invadopodia and membrane vesicles produced by the invading cell contain integral
membrane proteases as well as receptors and activators for a variety of latent proteases. These
include serine proteases, cathepsins, and a variety of matrix-metalloproteinases (MMPs). The
principal serine protease involved in neoplastic invasion is the urokinase-type plasminogen acti-
vator (u-PA). This protease catalyzes the conversion of the inactive plasminogen to the active
plasmin, a broad-spectrum protease that catalyzes the degradation of a variety of protein sub-
strates. Plasminogen is found ubiquitously in the serum and interstitial fluids of mammals
(Duffy, 1993; Mignatti and Rifkin, 1993). u-PA is synthesized as an inactive precursor peptide
and secreted as such, as are all other proteases involved in the invasion of neoplastic cells with
the exception of recently described membrane proteases. The precursor form of u-PA interacts
with a membrane receptor on the surface of the cell that produced it or an adjacent cell and is
then cleaved by either a membrane protease, a cathepsin, or by plasmin, the product of its cata-
lytic function. In general, neoplasms produce higher levels of u-PA than corresponding normal
cells, a fact that has been known for a number of decades (cf. Duffy, 1993). It is likely that the
plasmin produced by the catalytic action of u-PA then functions in turn to activate (cleave the
precursor form) other proteases involved in the process of invasion.
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The largest group of proteases associated with the process of neoplastic invasion is the
matrix metalloproteinase family. A recent listing of the members of this family and their domain
structure is seen in Figure 10.6. Just as with u-PA, several of the MMPs are expressed at high
levels in many neoplasms in vivo, giving further evidence of their importance in the process of
invasion. However, regulation of the activity of such potent proteases is critical in order that the
process be regulated in the whole organism. Thus, several tissue inhibitors of metalloproteinases
(TIMP) have been described, and two members of this group, TIMP-1 and TIMP-2, are well
characterized (Stetler-Stevenson et al., 1993b). Low levels of TIMP expression correlate with
enhanced invasive and metastatic capabilities in neoplastic cells from both murine and human
sources (cf. Stetler-Stevenson et al., 1996). Inhibitors of u-PA and cathepsins, which are known
as serpins (serine proteinase inhibitors), have also been described (Pemberton, 1997) and per-
form a similar regulatory function with respect to the serine proteases involved in the invasive
process. Evidence for a significant role of cathepsins, which include the lysosomal cysteine or
aspartic proteinases classically described as functional at an acid pH optimum, in the invasive
process is not so great as with u-PA and the MMPs. However, cathepsins have the capability of
degrading many of the ECM proteins (Monsky and Chen, 1993) as well as activating u-PA and
inactivating both the TIMPs and serpins. Because of their normal lysosomal compartmentation,
it is likely that their effects in the invasive process occur secondarily as a result of apoptosis and
necrosis of both normal and neoplastic cells.

Figure 10.7 is a diagram of the interactive functions of proteases and protease inhibitors in
the ultimate modification of the extracellular matrix. The diagram indicates the changes in pro-
tease activation and inhibition as a cascade, analogous to the blood clotting protease cascade
(Davie et al., 1991). By means of this cascade mechanism, a very tight control or regulation in
ECM remodeling is maintained under normal conditions. However, alterations of protease and
protease inhibitor concentrations by neoplastic cells can alter the cascade in favor of the invasive
characteristic of the neoplastic cell.

Cadherins in the Invasive Process

While the process of invasion involved primarily direct interaction with the ECM through inte-
grins and the simultaneous action of proteases, cell-cell adhesion must be altered to allow the
invasive process to occur. Cadherins play a primary role in cell adhesion and thus will also play
a role in invasion, especially in epithelial tissues, which normally exhibit considerable cell adhe-
sion. In general, in malignant neoplasms, E-cadherin expression is reduced or abnormally local-
ized (Mareel et al., 1994). The progression from benign to malignant neoplasia in mouse skin
tumors induced by the two-stage protocol also exhibits a reduced expression of E-cadherin in the
malignant but not the benign form (Ruggeri et al., 1992). A similar finding was reported by Perl
et al. (1998) in transgenic pancreatic β-cell carcinogenesis. While Mareel et al. (1994) had
suggested that mutations in cadherins had not been found in primary neoplasms, more recently
Berx et al. (1996) have demonstrated a variety of different somatic mutations in the E-cadherin
gene of infiltrating lobular breast carcinomas but not in breast cancers of other histopathological
types. However, a variety of other potential mechanisms for decreased cadherin expression are
known, including posttranslational modifications, alterations in catenins, and other interacting
molecules as well as environmentally induced alterations in expression of the cadherin genes
(Fish and Molitoris, 1994; Mareel et al., 1993). From these studies and a variety of others, both in
vivo and in vitro, the cadherins have been labeled as invasion/metastasis suppressor molecules.

In addition to changes in cell-cell adhesion and interaction with the ECM, neoplastic cells
must have the ability to locomote and migrate in order to express their invasive and metastatic
properties. As indicated in Figure 10.5, changes at the focal adhesion through interaction of inte-
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Figure 10.6 List and diagrams of the domain structure and classification for MMPs indicating the
classes of this family based on the presence of similar domains. MT, membrane type; Pre, leader sequence;
Pro, prodomain; CAT, catalytic domain; H, hinge domain; F, furin consensus site; FN, fibronectin-like do-
main; TM, transmembrane domain. (Adapted from Chambers and Matrisian, 1997, with permission of the
authors and publisher.)
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grins with proteins and especially intracellular actin and myosin microfilaments can result in
enhanced cell motility. Conversely, external factors may stimulate cellular motility through in-
teraction with receptors and subsequent signal transduction pathways exerted through the focal
adhesions. Among such external factors are the autocrine motility factor, a 55-kDa cytokine,
which is produced by various neoplastic cells and in turn stimulates motility and organ-coloniz-
ing ability (Nabi et al., 1992). A number of other secreted cytokines that specifically induce cell
motility, having molecular weights in the range of the autocrine motility factor and higher (up to
92 kDa), have also been described. One of these is the scatter factor/hepatocyte growth factor
(SF/HGF). This growth factor interacts with the proto-oncogene c-met, which is its membrane
receptor. SF/HGF may act as a mitogen or a motility factor (motogen) and also to induce or alter
morphogenesis of both normal and neoplastic cells (cf. Ruiz and Gunthert, 1996). In both of
these examples as well as others, alterations in cellular motility effected by these motogens are

Figure 10.8 Schematic representation of the events involved in neoplastic cell invasion of basement
membranes. LM, laminin. (Adapted from Dedhar, 1990, with permission of the author and publisher.)
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the result of signal transduction pathways that interact with intracellular molecules controlling
motility by microfilaments via the focal adhesions as indicated above.

On the basis of the morphological characteristics of the process of invasion in vitro as well
as our knowledge of the interaction of cells with the ECM, Liotta and his associates (Aznavoo-
rian et al., 1993) proposed a model that was applicable both to neoplastic invasion as well as the
initiation of successful metastatic growth. In Figure 10.8 may be seen a schematic representation
of the events involved in the invasion of basement membranes by neoplastic cells; this represen-
tation may also be applied to invasion through endothelial basement membranes and even into
the ECM itself. As noted, the step of attachment involves the interaction of integrins with the
various components of the ECM in the basement membrane. The phase of degradation or local
proteolysis involves the activation of u-PA and subsequently the MMPs. Finally, the process of
migration through the altered ECM resulting from the first two steps completes the invasive pro-
cess. The motility of the invading neoplastic cell is probably a function of signal transduction
and the alteration of actin/myosin interactions (Figure 10.5) as well as the continued binding of
integrin receptors with components of the ECM through focal adhesions and other surface struc-
tures interacting with specific components of the ECM. It is these components, which include
the selectins, the cadherins, and members of the immunoglobulin superfamily on the surface of
the cell, that play an even greater role in the successful development of metastatic lesions within
the host, as described below.

METASTASIS AND METASTATIC GROWTH

Metastasis: Incidence and Mechanism

As noted earlier, a metastatic tumor is one that originates in and is physically separated from the
primary neoplastic growth. The capacity of malignant tumors to metastasize is one of the major
features of their lethality to the host.

Routes of Metastasis

Anatomically, a number of pathways for metastatic cells are possible. The most obvious is the
blood circulation, in which neoplastic cells gain entrance to the vascular system by invasive and
related processes and then are carried by the bloodstream to new sites, where they initiate
growth. Usually this new growth begins in small capillaries, where neoplastic cells are caught
and begin to invade through the capillary endothelium to initiate a new growth. It is obvious
from a variety of studies that the number of cells that enter the bloodstream is far greater than the
number that ever give rise to metastatic lesions. The phenomenon of “canceremia” or neoplastic
cells in the blood has been studied in the past through the use of blood filtrates in which the
number of neoplastic cells per milliliter of blood may be estimated. In advanced cases of neopla-
sia this number is quite high, whereas in early tumor growth there may be virtually no tumor
cells within the blood vascular system. Recently, sensitive systems have been able to detect as
few as one epithelial tumor cell per milliliter of whole blood (Denis et al., 1997; Komeda et al.,
1995). In this study, the presence of neoplastic cells in the blood was generally correlated with
the presence of metastatic lesions, but not entirely. With the polymerase chain reaction (PCR),
patients exhibiting the presence of metastases showed a significantly higher level of the hepato-
cyte-specific alpha-fetoprotein mRNA in blood. Furthermore, from experimental studies, it
would appear that only when a neoplasm reaches a certain critical size does it begin to shed cells
into the bloodstream. Of the cells entering the bloodstream, considerably fewer than 0.01% ever
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give rise to any metastatic lesions (cf. Sellwood et al., 1969). Classical clinical observations have
indicated that carcinomas metastasize more frequently via the lymphatic system, whereas sarco-
mas spread more commonly through the blood vascular system. However, the presence of nu-
merous anastomoses between venous and lymphatic vessels tends to invalidate this concept
(Fisher and Fisher, 1966).

Another common route of metastasis is the lymphatic system, in which the flow of neo-
plastic cells, although considerably slower than in the bloodstream, is probably of a similar mag-
nitude. Some neoplasms may implant in other sites by mere physical movement from one site to
another. This is commonly seen in certain ovarian or gastrointestinal neoplasms, with resultant
implantation of neoplastic cells from one side of the peritoneal cavity to the other. A similar sort
of implantation is probably the mechanism responsible for the appearance of accessory spleens
or splenosis—i.e., intraabdominal splenic tissue separate from the spleen itself (Carr and Turk,
1992).

With the advent of numerous surgical techniques, a new pathway of metastasis has be-
come apparent. If the surgeon is not careful, the operative knife may enter the neoplasm and
become covered with living cells, which may be carried to and implanted at another site in the
surgical field. This phenomenon has accounted for the reappearance of tumors in the operative
site some months or years after the initial surgery. In addition, manipulation of the neoplasm
during surgery may initiate both vascular and lymphatic metastatic lesions. However, now that
these problems are apparent, most surgeons take extreme care to prevent the occurrence of such
metastasis during curative resections by isolating the neoplastic lesion prior to extirpation and
by thorough washing of the wound site.

In experimental oncology, the analog to surgical metastasis is the tumor transplant.
Clearly, in the original behavioristic classification of neoplasms, the distinguishing feature of the
metastatic capability of the malignant neoplasm is reflected in its transplantability. In some in-
stances, however, it has been possible to transplant neoplasms that have not been shown to be
behavioristically malignant in the original primary host. This further points out the artificiality
of the behavioristic classification to the experimental oncologist.

Incidences and Sites of Metastases of Neoplasms

As stated previously, the number of metastatic cells that give rise to metastatic lesions is ex-
tremely small. Metastases usually appear in the adjacent lymph nodes or in the lung or liver, the
site depending on where the tumor originates and its histogenetic origin. Certain neoplasms may
have a predisposition, because of their anatomical location, to metastasize to certain organs.
Cancer of the lung not uncommonly metastasizes to the brain, possibly because of neoplastic
invasion into the pulmonary veins, from which metastatic cells may enter the carotid arteries and
pass to the brain. Carcinoma of the breast regularly metastasizes to the adrenal glands, and
carcinoma of the prostate frequently metastasizes to bones, particularly the vertebrae. Relatively
few metastatic lesions occur in some organs—for example, the spleen and thymus. In the case of
the thymus, this is probably because of its peculiar vascular system. Neoplastic cells may have
difficulty in establishing metastatic lesions in the spleen because of its unique anatomical struc-
ture and its function in eliminating senescing or otherwise damaged cells (Bishop and Lansing,
1982). Figure 10.9 is a diagram of the organ distribution pattern of metastases from a variety of
cancers.

Although the anatomical location of the organ in which metastases colonize can in many
instances be explained by vascular connections of the primary tumor and adjacent lymphoid
structures, in many circumstances the relative high incidence of metastasis of specific neoplasms
to specific organs cannot be explained on this basis. Furthermore, it is possible, by using trans-
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planted highly malignant murine neoplasms, to select variant metastatic cells that have a high
predilection for growth in specific organs (Nicolson, 1978; Fidler et al., 1978). For example,
clones of cells may be obtained from the parent neoplasm by repeated selection in vivo. These
clones have a propensity for growth in the liver, the lung, or the brain. In recent years the mech-
anism for such organ selectivity has been studied rather intensively with respect to metastasis
occurring through the vascular system. The critical tissue in organ-specific metastasis is the en-
dothelium that lines the interior of blood/lymph vessels and the heart. The vascular endothelium
provides a protective and antithrombogenic surface as well as acting as a vehicle for transport of
various substances from or into the bloodstream. In this process the endothelium performs dis-
tinctive biological functions at different vascular sites and in individual organs (Fishman, 1982).
Such functions appear to involve specific structural and chemical microdomains of the endothe-
lial cell surface (cf. Pauli et al., 1990). Some of these domains may be expressed in an organo-
typic and vessel caliber–dependent fashion, whereas others are transient and regulated in a
positive or negative manner depending on the functional needs of the tissue (cf. Pauli et al.,
1990). The biochemical diversity of normal endothelial cells has been verified at the molecular
level, demonstrating clear differences in carbohydrate and other moieties exposed on the surface
of the cell. Included in these molecular arrays are the familiar cell adhesion molecules, integrins,
cadherins, immunoglobulin superfamily members, selectins, and CD44. However, since the met-
astatic cell is floating freely within the bloodstream, lymph, or body cavities, the metastatic cell
must find a suitable molecular interaction with an endothelial cell and subsequently utilize its
invasive properties to extend through the vessel wall, through the basement membrane, and into
the ECM in order to colonize the tissue. This process, which is quite analogous to that seen in
Figure 10.8, is depicted in Figure 10.10, where the interaction is termed a “docking and locking”
of the metastatic cell (Honn and Tang, 1992). Initial interaction of the neoplastic cell with the
endothelium is likely to occur through members of the immunoglobulin superfamily, selectins
and CD44, as well as interactions of these and other molecules with integrins. A variety of sur-
face carbohydrate determinants on neoplastic cells as well as the endothelium appear to deter-
mine the initial aspects of successful metastasis (cf. Dennis and Laferte, 1987; Kannagi, 1997;
McEver, 1997). The initial recognition or “docking” step depicted in Figure 10.10 occurs be-
tween the moving neoplastic cell and the underlying endothelial cell. This interaction is medi-
ated by relatively weak and transient adhesive forces of carbohydrate-carbohydrate and/or
carbohydrate-protein interactions involving primarily selectin recognition of carbohydrates and
members of the immunoglobulin superfamily recognizing specific integrin receptors (Honn and
Tang, 1992; Miyasaka, 1995). This process is very similar to “homing” of lymphocytes to spe-
cific areas of the organism (Roos, 1993). However, as with the altered genetic expression so
characteristic of the stage of progression, neoplastic cells often employ ectopic expression of
adhesion molecules to facilitate their interaction with endothelium and ultimately during the
process of invasion (Tang and Honn, 1995). An excellent example of this is noted in the altered
expression of CD44, the hyaluoranate receptor. This surface molecule contains 20 exons, and
different tissues express different splice forms of the molecule. At least 20 different CD44 iso-
forms have been described based on alterations in the content of 10 variable exons occurring in
the center of the molecule (Tuszynski et al., 1997). Malignant neoplasms express a wide variety
of the splice variants, a number of which have been shown by transfection and other similar
experiments to increase neoplastic cell growth and metastasis dramatically in vivo (Sleeman
et al., 1995; Cooper and Dougherty, 1995).

In addition to the molecular species found in tissue-specific endothelial cells, certain tis-
sues produce factors that stimulate the growth of metastatic neoplastic cells (cf. Nicolson, 1992).
At times, neoplastic cells themselves may produce growth factors that can stimulate their own
growth (autocrine growth). In other instances, experiments have demonstrated that both sponta-
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neous and transplanted metastatic neoplasms that are seen to metastasize frequently to specific
tissues are also found to have their growth stimulated in vitro by extracts from those tissues to
which they readily metastasize but not to other tissues (cf. Rusciano and Burger, 1992). An ex-
cellent example of tissue-specific growth enhancement of metastases is seen when prostatic ade-
nocarcinoma metastasizes to the bone marrow, producing characteristic bone-forming
(osteoblastic) lesions. The growth rate of these metastases is significantly more rapid than that of
primary prostatic neoplasms. This effect appears to be due to the production in the bone marrow
of a growth factor that is able to enhance specifically the growth of prostatic cancer cells
(Chackal-Roy et al., 1989).

In most experimentally produced neoplasms, the animal is killed prior to the occurrence of
metastatic lesions. Therefore it is not uncommon to find an animal harboring a histologically
malignant neoplasm with no evidence of metastatic lesions. Were the animal to be allowed to die
of the cancer, the incidence of metastatic lesions would be much higher in such experimental
situations. Similarly, in the human, malignant neoplasms of the central nervous system rarely
metastasize, since the lethal changes occurring in the confined space of the skull kill the host
before the neoplasm has had an opportunity to express its metastatic capabilities (Alvord, 1976).

In the past it was felt that lymph nodes presented a barrier to the spread of metastatic cells
(Cady, 1984). Several experimental findings have seriously questioned this concept and indicate
that many neoplastic cells initially retained in lymph nodes maintain only a temporary residence
there, and the nature of the neoplastic cells may be at least as great a determinant of their resi-
dence in lymph nodes as are the biological and mechanical properties of such structures (Fisher
and Fisher, 1967; Kohno et al., 1979). Substantial evidence has accumulated that trauma may
increase the number of metastatic cells (if such trauma is directed at the primary neoplasm) and
may increase the chance of successful metastatic growth at a site distant from the primary neo-
plasm (Fisher et al., 1967).

The Pathogenesis of Metastasis

The overall pathogenesis of metastatic growth is a subject of concern to all individuals seeking a
better understanding of the cause and control of cancer. It is usually the metastatic lesions of a
primary neoplasm that are the direct or indirect cause of the demise of the patient with cancer.
Since the first realization that metastatic neoplasia originated from a primary neoplasm (Chapter
1), the methods by which metastatic cells successfully colonize distant tissues have been investi-
gated. Figure 10.11 is a diagram of the overall pathogenesis of metastatic lesions in a general sense.

Vascularization of a primary neoplasm involves an interesting interaction between neo-
plastic cells and the host, the latter supplying the vasculature—a topic discussed in Chapter 18.
Invasion into the vascular system occurs by mechanisms that have already been discussed (Fig-
ure 10.8 and text). Neoplastic cells within the circulation interact with blood platelets, lympho-
cytes, and other circulating blood cells of the host. Fibrinogen and fibrin, its polymeric product,
are likely to be related in a second, indirect manner to the formation of metastases (Malone et
al., 1979). The interaction of neoplastic cells with platelets during and after their “docking”
(Figure 10.10) is also a critical factor in the initial establishment of a metastatic clone. The
“locking” or subsequent late phase of the process depicted in Figure 10.10 involves a firmer
adhesion mediated by activation-dependent integrins and potential interaction with blood coagu-
lation elements, especially blood platelets. Neoplastic cells in vitro exhibit the capability to
cause platelet aggregation, which also involves surface carbohydrate-receptor interactions
(Honn et al., 1992). The combination of platelet interaction with the neoplastic cell to form a
minithrombus and the interaction of integrins with surface molecules on the endothelial cell sta-
bilize the interaction of the neoplastic cell with the endothelial surface. Following this, there
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occurs both the release of proteases, as in the invasive process (Figure 10.8), as well as endothe-
lial cell retraction to aid in the invasive process of the metastatic cell through the endothelial
membrane. Furthermore, platelets release a variety of growth factors, including the platelet-
derived growth factor (PDGF) and transforming growth factor-β (TGF-β) (Chapter 16), which
can enhance growth of the metastatic clone. Subsequent to extravasation or invasion through the
blood vessel wall, subsequent growth of the metastatic clone depends on a variety of complex
interactions between the neoplastic cell population and that of the host. Paramount among these
interactions is the development of blood vessels (angiogenesis) from normal host cells to supply
the vasculature, oxygen, and nutrients to the developing neoplasm. This subject is considered
more extensively as a complex host-tumor relationship in Chapter 18.

Genetic Mechanisms of Metastases

Virtually all successful metastatic lesions from primary neoplasms are aneuploid and in the stage
of progression. It is, in fact, the karyotypic instability of neoplastic metastatic lesions that differ-
entiate them from nonneoplastic metastatic cells. One must recall that certain normal tissues also

Primary malignant
neoplasm

Vascularization
Invasion Transport

Lymphatics
Venules

Capillaries

Interaction with host
platelets, lymphocytes and

other blood elements

Extravasation Adherence of
tumor cells

Arrest in capillary bed
of organs

Lung

Metastases

Establishment of
microenvironment

and growth into

Figure 10.11 The pathogenesis of metastasis. Note that the extension from the primary neoplasm in-
volves invasion into the vascular system and the subsequent development of metastases through the dock-
ing and locking mechanisms in Figure 10.10. (Adapted from Poste and Fidler, 1980, with permission of the
authors and publishers.)
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have the capacity to metastasize. The placenta uniformly metastasizes during the last several
months of pregnancy; in individuals who have died during this period, metastatic cells are found
in the maternal pulmonary vasculature. Under normal circumstances, after parturition, meta-
static placental cells die as a result of the alteration in the hormonal environment. Accessory
spleens may be considered metastases from normal spleens. In certain cases of trauma, espe-
cially after fractures of bone, fat cells and other bone marrow elements may metastasize to other
parts of the organism, sometimes with acute deleterious effects.

Just as karyotypic instability is probably the genetic basis for the altered phenotypes of
neoplastic cells and affords them the advantage of invasion into adjacent tissues, metastatic cells
that successfully invade and colonize secondary areas of the host do so because of their evolved
genetic constitution. Karyotypic instability of neoplasms in the stage of progression results in a
karyotypically heterogeneous neoplasm with cells of unequal metastatic potential (cf. Hart and
Fidler, 1981). As already implied and seen in many of the examples used, genetic and epigenetic
heterogeneity of neoplastic cells in the stage of progression can account for the complexity of
many of the diverse properties of cancer (cf. Heppner and Miller, 1998). The incidence of spon-
taneous metastases in both primary and transplanted neoplasms is quite variable (Milas et al.,
1983; Giavazzi et al., 1980). In the extreme, highly metastatic cells in experimental animals ex-
hibit substantial increases in the rate of mutation (per cell generation) and may, even after clon-
ing, generate metastatic variants at an apparent rate of about 10–5 per cell per generation (Cifone
and Fidler, 1981; Harris et al., 1982). Neoplastic cells with fewer karyotypic and thus genetic
changes have a lower incidence of successful metastatic growth, as evidenced by differences in
gene amplification (Figure 10.12). In this figure, neoplasms exhibiting no metastasis show a
lower degree of gene amplification than neoplasms exhibiting successful metastatic growth
(Donovan-Peluso et al., 1991). It should also be noted that it is possible to select metastatic vari-
ants from neoplasms exhibiting little or no spontaneous metastatic activity in vivo (Frost et al.,
1987). This finding has significant implications in the use of cytotoxic drugs capable of such
metastatic selection in the therapy of neoplasia (Chapter 20).

Specific Genes Affecting Metastatic Potential

Although it is clear that genomic instability is the ultimate basis for the development of the stage
of progression and its primary consequences, invasion and metastasis, one may ask whether spe-
cific genes and their products are involved in these last two processes. The critical nature of the
expression of cell adhesion components, proteinases, and coagulation mechanisms of impor-
tance in invasion and metastasis has already been discussed. However, it is also apparent that
specific genes and their products not directly involved in invasive and metastatic processes also
influence, both directly and indirectly, these operations. Some of these genes are listed in Table
10.4, along with their functions and the correlation, either positive or negative, with metastatic
potential. The Wnt-1 gene was found disrupted in several but not all primary mammary carcino-
mas in mice induced by the mouse mammary tumor virus through a mechanism of insertional
mutagenesis (Chapters 4 and 8). However, no disruption or alteration of the gene was seen in any
metastatic lesions, indicating that alteration of the gene either inhibited or was not relevant to the
appearance of metastases (Sarkar, 1990). The mts-1 (p9Ka) gene, which codes for a calcium
binding protein, is expressed at high levels in rat metastatic mammary tumor cell lines but not in
benign neoplasms (cf. Ponta et al., 1994). In contrast, expression of the wild-type nm23 gene
appears to inhibit the development of metastases, while mutation (Wang et al., 1993) or reduced
levels of expression of the gene are related to an increased potential for metastases in most (Bev-
ilacqua et al., 1989) but not all (Russell et al., 1997) carcinomas. In the case of the L-myc gene,
a particular polymorphism was correlated with extensive metastases of lung cancer, especially
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adenocarcinomas in the human (Kawashima et al., 1988). Hendrix and associates (1992,1996)
have also demonstrated a correlation of the expression of the intermediate filament proteins vi-
mentin and keratins K8 and K18 (Chapter 16) with the metastatic potential of experimental mel-
anoma cells. Higher levels of expression of these genes in transfected melanoma cells as well as
other naïve neoplastic cells exhibited a higher degree of metastatic and invasive potential. Not
listed in the table but of great significance is the suggestion by Glinsky et al. (1997) that meta-
static cells exhibit a greater resistance to apoptosis than nonmetastatic neoplastic cells. Concom-
itant with this is a diminished level of nuclear calcium-dependent endonucleases and reduced
activity of specific caspases.

Table 10.4 shows that most of the examples given are genes whose products function ei-
ther in signal transduction pathways or as transcription factors, and all are associated with an
interaction of the cell with its environment. Studies have also been undertaken wherein genes,
especially those involved in signal transduction, are transfected into cells with a low metastatic
potential to determine whether artificial disruption of signal transduction pathways would en-
hance metastatic growth. This was found to occur from studies by Liotta and colleagues (cf.
Muschel and Liotta, 1988). Their investigations demonstrated that transfection of a mutant ras
oncogene into mouse fibroblasts in culture resulted in increased expression of the transfected
gene and enhanced expression of the endogenous ras gene. Both of these parameters correlated
with a dramatic increase in metastatic growth of the transfected cells in vivo, usually in nude
(immunocompromised, Chapter 19) mouse hosts. A striking example of this correlation is seen
in Figure 10.13, where transfection of a mutant ras gene (EJ-ras) or wild-type ras (cHras) with
the mutant v-myc oncogene into rat embryo fibroblasts showed a dramatic increase in lung me-
tastases in nude mice and also a dramatic increase in the activity of collagenase. Transfection of
the mutant EJ-ras gene, together with a viral oncogene E1A, resulted in no metastases or en-
hanced collagenase activity, although the resultant transfectants were tumorigenic in the immu-
nocompromised host (Garbisa et al., 1987), suggesting that collagenase production was
necessary for successful metastatic growth but not neoplasia. While these authors presented
evidence that some of the transfectants exhibited little or no aneuploidy, other studies indicated
that ras transfection of mouse cell lines resulted in enhanced aneuploidy of the metastatic cells
(Ichikawa et al., 1990) and that ras transfection accelerates rather than initiates formation of

Table 10.4 Expressed Genes Correlated with Metastatic Potential

Key: + indicates an enhanced expression of the gene, with an increase in metastases; – indicates that
expression of the wild-type gene is seen in primary neoplasms that do not metastasize or metastasize
infrequently.

Gene Function Correlation Reference

fucosyltransferase Modification (fucosyla-
tion) of surface proteins

– Burger et al., 1982

int-1 (Wnt-1) Glycoprotein + Sarkar, 1990
(signaling, ECM) Papkoff et al., 1987

L-myc Transcription factor? – Kawashima et al., 1988
Ebralidze et al., 1989

mts-1 (p9Ka) Ca2+-binding protein + Dunnington et al., 1984
nm23 Nucleoside diphosphate 

kinase
– Biggs et al., 1990

Bevilacqua et al., 1989
Vimentin/keratins Intermediate filaments in 

cytoskeleton
+ Hendrix et al., 1992

Hendrix et al., 1996
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metastases (Greig et al., 1985). Furthermore, in other rodent cells, transfection of the ras
oncogene did not result in enhanced metastatic potential (Baisch et al., 1990; Tuck et al., 1990).
As a further complication in the interpretation of such transfection experiments, Kerbel et al.
(1987) reported that exposure of SP1, a nonmetastatic mouse mammary adenocarcinoma cell
line, to calcium phosphate alone in the absence of DNA resulted in an increase in clones mani-
festing metastatic properties. Furthermore, transfection of DNA may induce chromosome re-
arrangements and other types of mutations as well as epigenetic changes in recipient cells
(Bardwell, 1989).

Figure 10.13 Transfection of the mutant oncogene EJ-ras or the wild-type proto-oncogene cHras with
the viral oncogene vmyc into diploid rat embryo fibroblasts (REFs) induces collagenase activity and me-
tastasis formation. In contrast, transfection with mutant ras (EJ-ras) together with the adenovirus oncogene
E1A eliminates the metastatic capability and increase in collagenase activity, but the cells remain fully neo-
plastic. The correlation between metastatic potential and expression of type IV collagenase is apparent.
Numbers and letters in parentheses indicate the designation of the specific cell line under study. (Modified
from Liotta and Kohn, 1990, with permission of the authors and publisher.)
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That enhanced ras expression from either the endogenous gene or a transfected gene was
not the only factor involved in enhanced metastatic capability of such cells was demonstrated by
Ichikawa et al. (1992), who found that suppression of metastatic ability could occur by genetic
means even in the presence of enhanced expression of the transfected ras oncogene. Further-
more, transfection of other oncogenes in NIH 3T3, the standard cell line utilized, also resulted in
an enhanced potential for metastases (Egan et al., 1987; Greenberg et al., 1989). Transfection of
p53 genomic clones into murine carcinoma cells exhibiting a low metastatic capacity led to an
enhancement of the expression of the p53 protein together with increased metastatic potential of
these cells (Pohl et al., 1988). In analogy to the original mutant ras oncogene studied by Liotta
and colleagues, a single point mutation in the met proto-oncogene eliminated metastatic poten-
tial but not transformation to neoplasia of rat fibroblasts (Giordano et al., 1997). Although it is
somewhat difficult to draw any general conclusions from these transfection experiments, it is
clear that, under certain experimental circumstances, transfection of specific genes does enhance
the metastatic potential of the cells being studied. In view of the functional characteristics of the
small sample of endogenous genes that affect metastatic potential, as noted in Table 10.5, the
types of genes used for the transfection experiments have functions overlapping with those indi-
cated in the table, e.g., signal transduction. Thus, it is very likely not only that the metastatic
phenotype is characterized by alterations in cell adhesion molecules and proteinases but also that
alteration of signal transduction pathways plays a major role in the development of the success-
ful metastatic phenotype.

Table 10.5 External Modulators of Metastatic Growth

Modulating Agent Responsive System Response Reference

Angiostatin Cell lines in mice Inhibition O’Reilly et al., 1994
Dietary components

Linoleic acid 
(omega-6)

Primary murine mammary 
neoplasms

Enhancement Erickson & Hubbard, 
1990

Omega-3 fatty acids Mammary cell lines in vivo Inhibition Rose et al., 1995
Retinoids Murine melanoma B-16 in vivo Inhibition Edward and MacKie, 

1989
Vitamin D3 Lewis lung carcinoma in mice 

in vivo
Inhibition Young et al., 1995

Hormones
Melanocyte stimulat-

ing hormone
B-16 melanoma in vivo Enhancement Parker et al., 1991

Prostacyclins Numerous systems Inhibition cf. Chen et al., 1992
Hypoxia cell lines in mouse lung Enhancement Young et al., 1988
Ionizing radiation Numerous systems Enhancement cf. von Essen, 1991
Peptides

RGD congeners B16 melanoma systems Inhibition Humphries et al., 
1986

Saiki et al., 1989
Sheu et al., 1992

Laminin peptide B16 melanoma lung colonization Enhancement Kanemoto et al., 1990
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Modulation of Metastatic Growth

A number of factors, both internal and external, have been found to modify or alter metastatic
growth. The genetic constitution of the metastatic cell may be considered among the internal
factors altering metastatic potential with variable expression of genes, as indicated above. In
addition to the genetic modulation of metastasis, there is also evidence that alteration in DNA
methylation may affect the metastatic potential of neoplastic cells (Olsson and Forchhammer,
1984).

A number of external modulators of metastatic growth have been described. Representa-
tive examples of such modulators are given in Table 10.5. It should be noted from the table that
the systems utilized to study the effects of such modulators on metastatic growth are somewhat
artificial. In many instances the treatment occurs in vitro, with subsequent infusion of the cells
into a suitable host animal. Angiostatin is a polypeptide fragment of plasminogen that bears
some of the loop structures of the proprotease. This material blocks neovascularization of me-
tastases in a model system. In analogy with tumor promotion (Chapter 8), omega-6 fatty acids
enhance, while omega-3 fatty acids inhibit, metastatic growth of primary and transplanted neo-
plasms (Erickson and Hubbard, 1990; Rose et al., 1995). In similar artificial systems, both retin-
oids and vitamin D3 inhibit the development of pulmonary metastases (Edward and MacKie,
1989; Young et al., 1995). The best example of hormonal effects on metastases is seen with the
various prostacyclins, including prostaglandins (Chapter 8), in which, generally, inhibition of
metastatic development in a variety of systems has been reported (cf. Chen et al., 1992). Cells
subjected to hypoxia in vitro undergo anomalous DNA synthesis and karyotypic changes. Such
cells, as expected, have a higher potential for metastatic growth (Young et al., 1988). In a similar
vein, another potential progressor agent, ionizing radiation, enhances metastatic growth in a va-
riety of different experimental systems, although the occurrence of such a phenomenon in the
human has not been completely substantiated (cf. von Essen, 1991). As suggested from the ear-
lier discussion of specific sequences in a variety of cell adhesion molecules and especially po-
tential ligands for integrins and other cellular receptors, congeners of the tripeptide RGD
generally inhibit the development of metastases in experimental systems. These effects presum-
ably occur within the docking and locking pathway depicted in Figure 10.10. Interestingly, a
synthetic peptide of 19 amino acids from the sequence of the A chain of laminin increases exper-
imental metastasis in the murine melanoma system (Kanemoto et al., 1990). In an interesting
report, Malins et al. (1996) presented data indicating that a greater than twofold increase in hy-
droxyl radical damage occurred in metastatic tumor DNA as compared with nonmetastatic tu-
mor DNA.

From these few examples it is apparent that the development of metastases from a primary
neoplasm is a very complex phenomenon both anatomically and at the cell and molecular levels.
Although successful metastatic growth occurring clonally is a statistically uncommon phenome-
non in an animal bearing a primary neoplasm, it actually takes only a single successful meta-
static lesion to drastically worsen the prognosis of an individual with the disease. As discussed
in Chapter 20, the primary difficulty in cancer therapy is the successful elimination of me-
tastases, either by removal of the primary lesion before metastatic growth occurs or by some
form of chemotherapy to curtail and ultimately eliminate the growth and spread of metastases.

The Dormancy of Neoplasia

Clinicians have known for some time that certain neoplasms may remain in the organism for
many years without expressing their malignancy to any significant degree (cf. Berg et al., 1971).
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An anatomical structure once known as the lateral aberrant thyroid has, in retrospect, been
shown in many cases to be a very slowly growing metastatic carcinoma of the thyroid (Black,
1948). These tumors may remain in the host for decades, exhibiting little if any of their lethal
potential (Seigal and Modan, 1981). Similar latent lesions of mammary glands may occur in
association with carcinoma of the breast (Jensen et al., 1976). Such latent neoplastic cells are not
to be confused with the recently termed “minimal residual disease,” which occurs in both leuke-
mias (Coustan-Smith et al., 1998) and carcinomas (Lindemann et al., 1992). Newer methods of
molecular biology have allowed the detection of minimal residual disease at the cellular level by
a variety of techniques involving the detection of specific nucleic acids and proteins (Hirsch-
Ginsberg, 1998).

Fisher and Fisher (1959) demonstrated dormancy in tumor cells in an experiment in which
more than 100 rats were inoculated with 50 cells of a highly malignant neoplasm. When the
animals were left alone for 20 weeks, they did not show any clinical signs of the presence of
malignant cells. However, when a surgical laparotomy was performed, this procedure alone was
sufficient to stimulate malignant growth, with subsequent lethal consequences in all the operated
animals, even when the inoculated cells had remained dormant in the animal for 3 months. The
mechanism(s) for such an effect is still not clear, but recently Holmgren and associates (1995)
demonstrated that when angiogenesis is inhibited (Chapter 18), lung micrometastases will re-
main dormant in mice until relief of the angiogenesis inhibition. In this case, neoplastic cells of
the dormant micrometastases exhibited a greater than threefold higher incidence of apoptosis
than those in metastases growing in animals not subjected to angiogenesis suppression. Another
potential mechanism for this effect was suggested by Kodama and associates (1992), who found
that experimental pulmonary metastases were facilitated in mice by hydrocortisone pretreat-
ment, which they suggested as a substitute for the surgical stress that occurred in the Fisher and
Fisher experiment. In any event, this experiment clearly demonstrates that neoplastic cells in the
stage of progression, having already metastasized, may remain dormant in the host until some
alteration within the internal environment of the host occurs, allowing such cells to continue
their natural development in the stage of progression and leading ultimately to the destruction of
the host. This critical interaction between the host and the neoplasm is discussed further in
Chapters 17, 18, and 19.

THE REGRESSION OF NEOPLASIA

Experimental oncologists have known for years that some neoplasms may regress in vivo. This
regression may be seen readily in tumors transplanted into new hosts. The host recognizes the
tumor as foreign tissue and thus tends to reject it immunologically. In the human, examples of
tumor regression are quite rare and many such examples may be explained on the basis of host
immunity to the neoplasm, although in some instances such a mechanism may not explain the
peculiar behavior of the neoplasm (O’Regan and Hirshberg, 1993). This is particularly true
when certain types of neoplasms appear to differentiate into adult benign tissues after initially
having demonstrated their malignant potential both morphologically and biologically (cf.
Bolande, 1985). The mechanism for this phenomenon has not yet been explained, but it is un-
likely that it is mutational. One of the earliest examples of a “controlled” reversion of differenti-
ation of a neoplasm to normal tissue is seen in the plant. The crown gall tumors briefly discussed
in Chapter 4 and several other plant neoplasms (including a teratoma) can, under controlled con-
ditions, differentiate and produce a normal plant (Braun, 1972; Sacristán and Melchers, 1977).
However, studies by Braun and Wood (1976) demonstrated that the differentiation of neoplastic
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plant cells to a normal phenotype may occur without the loss of the Ti-plasmid (Chapter 4), so
that, under appropriate conditions such as those seen in cell culture, these cells will again ex-
press their neoplastic phenotype. Yang et al. (1980) have also shown that the generation of nor-
mal-appearing plants from a number of crown gall neoplasms is accompanied by the loss of Ti-
plasmid sequences in the plant DNA; this indicates the necessity of the plasmid for the mainte-
nance of the transformed state in vivo. Thus, the mechanism of the reversion of plant neoplasms
to a normal phenotype may reflect changes in the genetic apparatus of the cell, including loss of
oncogenic sequences (Yang et al., 1980) or changes in methylation of DNA, both mechanisms
resulting in changes in the cellular production of auxins or plant hormones. Neoplastic plant
cells are capable of producing their own supply of auxins, while nonneoplastic cells require ex-
ogenous sources of these regulatory substances (cf. Syôno and Fujita, 1994).

There have been a number of examples of regression resulting from differentiation of neo-
plastic cells of both benign and malignant neoplasms in experimental animals. Seilern-Aspang
and Kratochwil (1962) demonstrated that carcinogen-induced epidermoid carcinoma in the newt
in many instances will differentiate to normal-appearing cells, which ultimately disappear from
the organism. Cooper and Pinkus (1977) have demonstrated that the intrauterine transplantation
of basal cell carcinomas in the rat causes such cells to differentiate into keratinizing foci and
cysts, with eventual complete loss of the malignant phenotype. Pierce (1974) was among the
first to emphasize that both benign and malignant neoplasms commonly exhibited the capability
for differentiation even to the point of terminal cell types incapable of further replication. As
described in Chapter 5, Stewart and Mintz (1981), Papaioannou et al. (1975), Rossant and
McBurney (1983), and others have demonstrated the differentiative capabilities of teratocarci-
noma cells by their inoculation into developing blastocysts of genetically distinct animals, with
subsequent development of chimeras composed of cells of both teratocarcinoma and host lin-
eage, all of which exhibit a normal phenotype. Even in the adult, neoplastic cells may colonize
their tissue of origin and differentiate morphologically into their normal adult counterpart, e.g.,
rat hepatocytes (Coleman et al., 1993). The induction of differentiation of neoplasms by chemi-
cals is now a well-known phenomenon, usually occurring most readily in vitro (Freshney, 1985;
Chapter 14). Such chemical induction of differentiation has been studied most extensively in
hematopoietic and lymphoid tissues both in humans and experimental animals (Sachs, 1993).
The potential for therapeutic intervention in neoplasia has even been realized in a few diseases,
such as acute promyelocytic leukemia (Chapter 6; Breitman et al., 1994).

In the human, neuroblastoma of childhood, which in most cases is highly malignant and
derived from neuroblasts of the adrenal medulla, may in a small percentage (about 7%) of all
cases spontaneously regress either by differentiation to a benign ganglioneuroma or by disap-
pearance of the neuroblastoma cell (Pahlman and Grotte, 1982). Evans (1982) has pointed out
that it is mainly infants with an early stage of the disease who survive. In particular, almost 90%
of patients exhibiting the clinical picture of a stage IV-S (De Bernardi et al., 1992) neuro-
blastoma survive free of their neoplasm with little or no therapeutic intervention. Spontaneous
differentiation of neuroblastomas both in vivo and in vitro has been described both with and
without treatment (Evans et al., 1976). A histologically related neoplasm, retinoblastoma, may
also undergo spontaneous regression even in patients with the genotype for this disease (Gal-
lie et al., 1982). Bolande (1985) has pointed out the potential significance of the regression,
especially by the process of differentiation, of several types of malignant neoplasms in early
life in the human, suggesting that specific repressive influences or factors of the internal envi-
ronment may exert effects on neoplasms similar to those seen in the teratocarcinoma chimeras
(see above).
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A number of other rather common neoplasms in the adult human have been shown to re-
gress spontaneously in rare instances (cf. Lewison, 1976). In the human, many primary lesions
of malignant melanoma regress, reportedly as high as almost 60% (McGovern et al., 1983).
However, the prognosis in patients with regressing primaries is usually less favorable than in
those where no regression of the primary lesion is seen. Prehn (1996) has suggested that the
reason for this is that the regression is the result of a relatively strong immune reaction, but that
surviving neoplastic cells are more aggressive. However, Kelly et al. (1985) found no difference
in prognosis between melanomas exhibiting regression and those that did not show such an ef-
fect. Interestingly, in miniature swine, regression of spontaneous melanoma occurs with nearly a
100% incidence (Oxenhandler et al., 1982). An interesting phenomenon has been described for
renal cell carcinomas, in that removal of the primary tumor may lead to disappearance of pulmo-
nary metastases (Markewitz et al., 1967; Fujita et al., 1988; Vogelzang et al., 1992). In addition,
several isolated cases of spontaneous regression of hepatocellular carcinomas have been re-
ported (cf. Kaczynski et al., 1998). In the special case of the chorionepithelioma, a malignant
neoplasm of the placenta, spontaneous regression may be accounted for by host immunity, as the
tumor tissue is actually foreign to the maternal immune system. In the male, a morphologically
similar neoplasm that may arise from host tissues does not regress spontaneously.

The reader should keep in mind that spontaneous regressions of neoplasms in the human
are exceedingly rare. However, the spontaneous regression of neoplasia in the human is now a
well-documented albeit very sporadic phenomenon (Challis and Stam, 1990). A variety of theo-
retical mechanisms have been proposed to explain such occurrences (Stoll, 1992; Noda, 1993),
including alterations in signal transduction, cell adhesion, and immunological, hormonal, and
even “psychoneuroimmunological” mechanisms. With a few exceptions of demonstrable en-
hancement of immunological responses to specific neoplasms and the direct effect of chemicals
on specific genes to induce differentiation, no satisfactory explanation has been forthcoming in
cases where the diagnosis is clear. In the human, there have been at least two examples in which
regression of neoplasms is a demonstrable component of their natural history. These include
basal cell carcinoma (Curson and Weedon, 1979; Hunt et al., 1994) and intraepithelial neoplasia
(carcinoma in situ) of the uterine cervix (Hanselaar et al., 1998). Differentiation of neoplastic
cells, both in the human and in lower animals, has been described repeatedly, although in the
vast majority of cases only a portion of the total neoplastic cell population differentiates to the
terminal state. In some cases, differentiation, especially in lymphoid neoplasms, may result in a
more malignant neoplasm (cf. Lynch, 1995). As discussed earlier (Chapter 7), preneoplastic le-
sions in the absence of promoting agents naturally regress, primarily through the mechanism of
apoptosis. Regression of cells in the stage of progression, however, appears to use more varied
mechanisms. The natural history of neoplastic development must take into account the potential
for regression or differentiation of established neoplasms. Such considerations may alter our ear-
lier considerations (Chapter 2) of the arbitrary nature of distinguishing benign from malignant
neoplasms when viewed as dynamic processes traversing the stages of promotion and progres-
sion in neoplastic development. At least theoretically, some benign neoplasms may, in essence,
be differentiated cell populations (such as the ganglioneuroma resulting from differentiation of
the neuroblastoma) and thus will never develop beyond that stage. On the other hand, some le-
sions considered benign neoplasms may be cells in the stage of promotion, reflecting preneo-
plastic lesions (e.g., hepatic adenomas in patients receiving synthetic estrogens; Chapter 7).
Unfortunately, it is not possible by means of histopathology to distinguish readily between be-
nign neoplasms with the potential for progression to malignancy and those resulting from the
differentiation of neoplastic cells. Further studies at the molecular level may allow a more defin-
itive distinction.
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Predicting the Stage of Progression—Prognosis

A patient always wants to know the outcome of his or her disease, whether treated or untreated.
This desire is critical in patients suffering from cancer, both before and after treatment. Thus, a
variety of biological, cellular, and molecular features of neoplastic development in the human
have been studied, so that the patient may be informed of the most probable outcome of the
disease with the greatest degree of accuracy. At the cellular level, malignant neoplasms in the
human have been divided according to histological grade. The grade of a neoplasm is deter-
mined by its degree of anaplasia, both positional and cytological, although the latter characteris-
tic usually predominates in the final determination of the grade of a malignant neoplasm. The
grading of neoplasms by the pathologist can be done most easily with certain types of carcino-
mas, especially epidermoid carcinomas. A grade 1 carcinoma is a highly differentiated, slightly
anaplastic carcinoma. At the other extreme, a grade 4 carcinoma is histologically very similar to
a carcinosarcoma, a highly malignant, aneuploid, rapidly growing neoplasm. Grades 2 and 3 are
intermediate stages, and their designation is obviously somewhat subjective. The histological
grading of the tumor is always done by grading the most anaplastic histological areas of the
neoplasm. In general, those neoplasms exhibiting lower grades offer the best prognosis, whereas
high-grade malignancies offer a poorer prognosis.

In contrast to the histological grading of neoplasms by the pathologist, many histogenetic
types of malignant neoplasms in the human have been subjected to the process of staging for the
purposes of prognosis as well as therapy. The staging of neoplasms has been employed to char-
acterize the lesion’s invasive and extensive characteristics. For example, in the case of carcinoma
of the cervix, a stage zero tumor would be a carcinoma in situ. Carcinoma in situ, of course,
would not have invaded deeply into the cervix, although it might have invaded into the surround-
ing epithelium. Such intraepithelial invasion may also be seen in Paget disease of the nipple,
which heralds a malignant neoplasm of the breast. One of the earlier examples of tumor staging
was that of invasive cervical carcinoma. This scheme depended on whether the tumor was con-
fined to the uterus (stage I), extended into neighboring regions such as the vagina and uterine
ligaments (stage II), or showed distant metastases (stage III). The efficacy of therapy of a neo-
plasm will vary depending on the stage at which the neoplasm is first treated. However, in order
to compare treatment regimens as to their effectiveness, it is important for the physician to make
such comparisons at a specific stage.

The International Union Against Cancer in cooperation with the World Health Organiza-
tion has recently devised a general method for the clinical staging or description of the extent of
neoplastic disease in the human patient. This system has been termed the TNM system (Sobin et
al., 1988). In general, it identifies the extent of disease by the use of three symbols:

T = extent of primary neoplasm
N = condition of regional lymph nodes
M = distant metastases

A typical example of such a classification is seen in Table 10.6. This system, unlike attempts to
standardize the histological classification of neoplasms, has enjoyed general acceptance, with
modifications necessitated by the histological type of neoplasm by most of the international
medical community. It is already being used extensively for malignant neoplasms of the breast,
oral cavity, urinary bladder, lung, and other organs. Besides the obvious significance of staging
in relation to the medical prognosis of the disease itself, staging has found extensive usefulness
in the therapy and management of various types of malignant neoplasms. One of the best exam-
ples of this is the complicated staging of Hodgkin disease, a specific type of malignant lym-
phoma seen in the human. The method of staging used for this disease is more complicated than
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the simple TNM system. Definitive therapy for each stage of the disease has now been designed
and has resulted in cure rates for this neoplasm exceeding 90% (Moormeier et al., 1989).

With the refinement of cellular and molecular techniques, a variety of prognostic indica-
tors have now been developed and are being employed more frequently, together with grading
and staging, in the prognosis of neoplasia. Table 10.7 lists a variety of genetic alterations seen in
neoplasms in relation to their predictive effectiveness in the prognosis of specific neoplasms. As
noted in the table and as expected, both mutations and amplification or overexpression of proto-
oncogenes and tumor suppressor genes result in a poorer prognosis. The fact that mutation in the
p53 tumor suppressor gene in patients with colon carcinoma already exhibiting metastases indi-
cates a more favorable response might suggest that such cells are more sensitive to some of the

Table 10.6 TNM System of Clinical Staging of Neoplasia

Neoplasm
TO No evidence of primary tumor
TIS Carcinoma in situ
T1, T2, T3, T4 Progressive increase in tumor size and involvement
TX Tumor cannot be assessed

Nodes
NO Regional lymph nodes not demonstrably abnormal
N1, N2, N3, etc. Increasing degrees of demonstrable abnormality of regional lymph 

nodes. (For many primary sites the subscript “a,” e.g., N1a, may 
be used to indicate that metastasis to the node is not suspected; 
and the subscript “b,” e.g., N1b, may be used to indicate that 
metastasis to the node is suspected or proved.)

NX Regional lymph nodes cannot be assessed clinically

Metastasis
MO No evidence of distant metastasis
M1, M2, M3 Ascending degrees of distant metastasis, including metastasis to 

distant lymph nodes

Table 10.7 Molecular Indicators of Prognosis of Neoplasia

Neoplasm Alteration
Prognostic
Description Reference

Breast Mutant p53 expression Poor Allred et al., 1993
c-erbB-2 amplification Poor Paterson et al., 1991
int-2 amplification Poor Henry et al., 1993

Colon with metastases Mutant p53 expression Favorable Belluco et al., 1996
Gastric c-erb-2 overexpression Poor Yonemura et al., 1991
Liver c-myc amplification Poor Abou-Elella et al., 1996
Lung K-ras mutations Poor Mitsudomi et al., 1991

Non–small cell Vega et al., 1996
Lymphoma

B cell p53 mutations Poor Ichikawa et al., 1997
Diffuse large cell bcl-6 rearrangement Favorable Offit et al., 1994

Neuroblastoma N-myc amplification Poor Bowman et al., 1997
TRK overexpression Favorable Nakagawara et al., 1993
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chemotherapeutic regimens utilized. The bcl-6 proto-oncogene is structurally related to a class
of transcription factors involved in the regulation of cell proliferation, differentiation, and organ
formation (cf. Offit et al., 1994). The TRK proto-oncogene is one component of the high-affinity
nerve growth factor receptor in neuronal cells (cf. Nakagawara et al., 1993). However, it is diffi-
cult to explain the favorable prognostic features that result from rearrangement or overexpres-
sion of these two proto-oncogenes.

Not appreciated from the table is the growing evidence that multiple alterations in molecu-
lar species such as those depicted in Table 10.7 within the same cell almost always indicate a
less favorable prognosis (Zheng et al., 1991; Henry et al., 1993). Again, this is to be expected, as
karyotypic instability leads both to the selection of altered genotypes and the further amplifica-
tion of a variety of proto-oncogenes. As yet, however, these molecular prognosticators (Table
10.7) are only a research tool. Not until many more analyses have been carried out on numerous
patients with a variety of different neoplasms will it be possible to add molecular indicators of
prognosis to the classical grading and staging methods that are in primary use today.

THE NATURAL HISTORY OF NEOPLASTIC DEVELOPMENT—A SUMMARY

Figure 10.14 presents a diagram of the natural history of neoplasia as the student may perceive
it, beginning with the process of initiation, extending through the reversible promotion of the
initiated cell to a visible tumor, followed by the natural progression of this tumor into a benign
neoplasm and the ultimate expression of malignancy, that of distant metastases. At the bottom of
the figure is the concomitant relationship of the cellular karyotype extending throughout this
process. Exactly where in this scheme the progeny of initiated cells begin to exhibit the karyo-
typic abnormalities characteristic of the stage of progression will depend on the tissue of origin,
the dose of the carcinogenic agent, and the rate of cell proliferation in the preneoplastic stages.
Furthermore, it is important to remember that, although this diagram indicates the monoclonality
of neoplasms, multiclonal neoplasms may well follow the same natural history, although in a
somewhat more complicated manner, such as the coalescence of multiple clones during the stage
of progression. The diagram does not show the potential for regression or dormancy during the
stage of progression but rather represents the primary pathway of neoplastic development.

It should also be realized that not every neoplastic cell resulting from the transformation of
a normal cell must follow this entire series of stages. Thus, complete carcinogens at very high
doses may result in aneuploid neoplastic cellular populations on initial administration, such that
the stages of initiation and promotion as defined in this text are bypassed. However, the develop-
ment of the greater majority of human neoplasms is likely to progress through the natural history
depicted in Figure 10.14.

An understanding of the natural history of neoplastic development is essential to our un-
derstanding of the mechanisms involved in the induction of neoplasia by chemical, physical, and
biological agents as well as genetic factors. Table 9.10 gives a mechanistic classification of car-
cinogens as related to their specific actions during the individual stages of carcinogenesis. It is
obvious from this classification that some chemicals may possess two of the classifications, such
as promotion and progression or initiation and progression. It is, however, important to note that
in this classification a complete carcinogen must have exhibited the capability of possessing ini-
tiating, promoting, and progressing capabilities by definition. The importance of this classifica-
tion should be obvious to the student by now in that promoting agents given chronically over a
long period of time, acting on spontaneously initiated cells, may mimic complete carcinogens
and be classified as such in the absence of detailed mechanistic studies. On the other hand, pro-
gressor agents that truly do not have initiating capabilities would be dependent on their “com-
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plete carcinogenic” effects in the presence of promoted clones of cells. Since spontaneous
promotion clearly occurs but takes considerable time in order to produce significant lesions, en-
vironmental progressor agents may be more carcinogenic in older individuals. Thus, an under-
standing of the mechanistic classification of carcinogens will lead not only to a better
understanding of the mechanism of action of specific carcinogenic agents but also to an im-
provement in the modalities of both cancer prevention and cancer therapy.
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11
Environmental Factors in the Etiology of 
Human Cancer—Chemical Agents and 
Processes

As noted in Chapter 1, the incidence of cancer at various tissue sites in humans varies greatly
among countries and even within certain countries. Immigrants and especially their descendants
tend to acquire the cancer incidences characteristic of their new habitats. The conclusion has
been drawn that a high percentage, perhaps as much as 80%, of the more frequent and statisti-
cally important human neoplasms (of the bronchi, stomach, colon, breast, and others) have envi-
ronmental factors, including lifestyle, as major components of their etiology. This has further led
to a general agreement that at least 50% of all human cancers could be avoided if existing etio-
logical knowledge were applied (cf. Tomatis et al., 1997). Differences in the exposure to carci-
nogenic radiations [other than solar ultraviolet (UV) light as the major cause of skin cancer],
infectious disease, or hormonal factors do not appear sufficient to explain the geographical dif-
ferences noted for most of the major cancers. Therefore a number of environmental chemicals,
both synthetic and of natural occurrence, are under strong suspicion as carcinogens important in
the etiology of much cancer in the human. Most notable among these are the chemicals in to-
bacco smoke. Asbestos and certain industrial chemicals have been implicated in some human
cancers. However, contrary to some reports, present cancer incidence trends do not suggest a
significantly rising age-adjusted incidence if lung cancer is factored out. Other than the continu-
ing rise in bronchogenic carcinoma (resulting primarily from cigarette smoking) and the sharp
decline in primary gastric carcinoma, little change has occurred in the incidences of major hu-
man neoplasms within the past 20 years. Suggestions that within the next decade as many as
25% of all cancers will result from occupational exposure to environmental agents have not been
substantiated epidemiologically. These claims are based largely on a variety of theoretical pro-
jections. Although it is important to determine the most probable causes of cancer in humans
with an aim of preventing this disease, it is very important to ensure that proposed preventive
measures are based on scientific fact. We must not let the fear of cancer infect our society with a
cancer of fear.

METHODS FOR THE DETERMINATION OF ETIOLOGICAL FACTORS IN 
HUMAN CANCER

“An ounce of prevention is worth a pound of cure.” This well-known adage has become increas-
ingly popular in relation to the prevention of cancer. Cairns (1975) has pointed out that more
deaths from infectious disease have been prevented through measures such as vaccination, sani-
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tary engineering, and widespread education and immunization of the population than by thera-
peutic measures, including the use of antibiotics. As our knowledge of the nature and causes of
cancer increases, many individuals have proposed that cancer prevention can become a reality
and be as effective as preventive programs against infectious diseases. One of the major bases
for this proposal is the estimation, originally suggested by Higginson, Doll, and others (cf. Hig-
ginson, 1979), that 80% to 90% of all human cancers are determined by environmental factors.
This estimate was derived by comparing the worldwide high and low cancer death rates for indi-
vidual neoplasms (Table 1.1). The lowest cancer death rate was considered to be due to inherent
genetic and other “nonenvironmental factors,” with the difference between the lowest and the
highest rates implicated as resulting from environmental agents. Even if the estimate were off by
100%, however, the environmentally induced cancers in the human would still be highly signifi-
cant and, if prevented, could dramatically decrease the morbidity and mortality from cancer.

One of the major known environmental causes of cancer in the human is smoking (Chap-
ter 1). Unfortunately we have not taken sufficient advantage of this knowledge to decrease the
incidence of lung cancer, which is still increasing at a significant rate throughout the world. The
determination of the myriad of other environmental factors important in the causation of cancer
in the human is still a major problem. The most direct method for the determination of etiologi-
cal factors in the causation of human cancer is the science of epidemiology. When epidemiolog-
ical data are not available, scientists must rely on laboratory studies to aid in the determination
of such etiological factors.

Epidemiological Methodology

Epidemiology has been defined as the study of the distribution and determinants of health and
disease (Stewart and Sarfaty, 1978). Epidemiological methods seek to infer from observation
rather than experimentation. Epidemiological observations may take a number of forms (cf.
Rogan and Brown, l979). Already in Chapter 1 one of the principal techniques of epidemiology
was discussed—that of surveys resulting in statistical findings of the incidence, morbidity, and
mortality of disease. In addition to such studies, the following are some of the general means of
obtaining epidemiological data:

1. Episodic observations. The observation of isolated cases of cancer in relation to a spe-
cific environmental factor has yielded clues in the past to cause-and-effect relation-
ships. However, deductions must be carefully evaluated in properly designed studies.

2. Retrospective studies. Investigations of the histories, habits, and other characteristics
of groups of individuals who have developed a disease have been frequent sources of
epidemiological data. This type of study is usually the first step in attempting to iden-
tify causative factors. An important factor in such investigations is the use of case
controls, and in many instances the suitable designation of such controls is the critical
component in the study. Controls in case-control studies should be as similar as possi-
ble in every way to the case population, differing only in the presence of the disease or
condition in the cases. A study design of such a retrospective study is noted in Table
11.1. In case-control studies, a number of patients with the disease under study
(cases) are investigated in relation to another variable such as exposure to a chemical
or dietary component. As noted in the table, one may readily determine the propor-
tions of cases in controls that are exposed to the material. The calculation of the odds
ratio, which is basically a cross-product ratio, may be related, sometimes very closely,
to another parameter termed the relative risk, the risk in the exposed group/risk in the
unexposed group (Rogan and Brown, 1979). An odds ratio that is close to one implies
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that there is no association between the chemical or component of interest and the
disease being studied. An odds ratio less than one suggests a negative association be-
tween the two parameters, while an odds ratio greater than one implies a positive as-
sociation. Increasing odds ratios connote an increase in exposure-related risk of
having the disease (Goldberg, 1983). However, retrospective studies have a number of
problems, such as the ability of the subject to recall previous environmental expo-
sures, selection bias, and survivor bias (Lilienfeld, 1983).

3. Prospective studies. Prospective investigations involve analyses of the development of
cancers in individuals with specific social habits, occupational exposures, etc. Such
investigations require large populations, long follow-up periods (usually several
years), and high follow-up rates for both controls and test groups. Many such investi-
gations are presently under way in the United States and throughout the world.

Any one or all of these types of studies may be concerned with a single or with multiple
factors involved in the causation of specific human cancers. Factors that lead to cancer or affect
its development in humans are probably multifactorial in the vast majority of instances. Such
factors include chemicals, radiations, genetic background, and biological agents and may be ad-
ditive, synergistic, or antagonistic. Several agents may act at the same stage (that is, initiation or
promotion) or at different stages.

Epidemiological studies can only identify factors that are different between two popula-
tions and that are sufficiently important in the etiology of the condition under study to play a
determining role under the conditions of exposure. Furthermore, on the basis of epidemiological
studies alone, it is usually very difficult to determine whether a specific chemical is or is not
carcinogenic to the human. The reasons for this difficulty are the extended periods between first
exposure and clinical occurrence of the neoplasm, the high background incidence for many can-
cers in the general population, the relatively imprecise knowledge of the nature of the exposure
in most instances, exposures to multiple agents, and other confounding variables. Thus, many
negative epidemiological studies must be considered as inconclusive for indicating the risk fac-

Table 11.1 Retrospective Study Designa

aDesign of a retrospective (case-control) epidemiological study. The
cases and controls, selected as shown, differ only in the presence or
absence of the disease in question. This study attempts to relate expo-
sure to a specific agent to the presence or absence of the disease. From
these data as shown, one may calculate an odds ratio, which is impor-
tant in determining both causation and risk.

Adapted from Goldberg, 1983, with permission of the author and
publisher.

Selection

Cases
(disease present)

Controls
(disease absent)

Exposed a b
Not exposed c d
Totals a + c b + d

Proportions exposed

Odds ratio

a
a c+
----------- b

b d+
------------

a d×
c b×
-----------
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tor of relatively weak carcinogens or of low doses of carcinogens for inducing neoplastic disease
in the human population.

In view of the fact that epidemiological studies in themselves are often insufficient to es-
tablish the carcinogenicity of an agent for humans, laboratory studies have been employed to
complement or in some cases to supplant epidemiological observations where they exist. Many
recent epidemiological investigations employ studies of biological markers such as DNA ad-
ducts, mutations in tumor suppressor genes and cellular oncogenes, genotypes for specific
genes, and a variety of metabolites, proteins, and histopathological indications of preneoplasia
as intermediate end points in a variety of studies (Perera, 1996). These and other methodologies
are considered in Chapter 13, but at this point the discussion is restricted to a consideration of
epidemiological data in determining the carcinogenicity of agents for humans. One of the pio-
neer agencies in the assessment of the carcinogenic risk of chemicals for humans has been the
International Agency for Research on Cancer (IARC). In the recent preambles to monographs
on the evaluation of carcinogenic risks to humans, IARC has defined the overall evaluation of
the carcinogenicity to humans of an agent, mixture, or circumstance of exposure in the following
manner (IARC Monographs, 1996):

Group 1—The agent (mixture) is carcinogenic to humans. The exposure circumstance entails
exposures that are carcinogenic to humans.
This category is used when there is sufficient evidence of carcinogenicity in humans. Exceptionally,
an agent (mixture) may be placed in this category when evidence in humans is less than sufficient
but there is sufficient evidence of carcinogenicity in experimental animals and strong evidence in
exposed humans that the agent (mixture) acts through a relevant mechanism of carcinogenicity.

Group 2
This category includes agents, mixtures, and exposure circumstances for which, at one extreme,
the degree of evidence of carcinogenicity in humans is almost sufficient as well as those for
which, at the other extreme, there are no human data but for which there is evidence of carcino-
genicity in experimental animals. Agents, mixtures, and exposure circumstances are assigned to
either group 2A (probably carcinogenic to humans) or group 2B (possibly carcinogenic to hu-
mans) on the basis of epidemiological and experimental evidence of carcinogenicity and other
relevant data.

Group 2A—The agent (mixture) is probably carcinogenic to humans. The exposure circumstance
entails exposures that are probably carcinogenic to humans.
This category is used when there is limited evidence of carcinogenicity in humans and sufficient
evidence of carcinogenicity in experimental animals. In some cases, an agent (mixture) may be
classified in this category when there is inadequate evidence of carcinogenicity in humans and
sufficient evidence of carcinogenicity in experimental animals as well as strong evidence that the
carcinogenesis is mediated by a mechanism that also operates in humans. Exceptionally, an
agent, mixture, or exposure circumstance may be classified in this category solely on the basis of
limited evidence of carcinogenicity in humans.

Group 2B—The agent (mixture) is possibly carcinogenic to humans. The exposure circumstance
entails exposures that are possibly carcinogenic to humans.
This category is used for agents, mixtures, and exposure circumstances for which there is limited
evidence of carcinogenicity in humans and less than sufficient evidence of carcinogenicity in
experimental animals. It may also be used when there is inadequate evidence of carcinogenicity
in humans but there is sufficient evidence of carcinogenicity in experimental animals. In some
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instances, an agent, mixture, or exposure circumstance for which there is inadequate evidence of
carcinogenicity in humans but limited evidence of carcinogenicity in experimental animals, to-
gether with supporting evidence from other relevant data, may be placed in this group.

Group 3—The agent (mixture or exposure circumstance) is not classifiable as to its carcinoge-
nicity to humans.
This category is used most commonly for agents, mixtures, and exposure circumstances for
which the evidence of carcinogenicity is inadequate in humans and inadequate or limited in ex-
perimental animals.

Exceptionally, agents (mixtures) for which the evidence of carcinogenicity is inadequate
in humans but sufficient in experimental animals may be placed in this category when there is
strong evidence that the mechanism of carcinogenicity in experimental animals does not operate
in humans.

Agents, mixtures, and exposure circumstances that do not fall into any other group are also
placed in this category.

Group 4—The agent (mixture) is probably not carcinogenic to humans.
This category is used for agents or mixtures for which there is evidence suggesting lack of carci-
nogenicity in humans and in experimental animals. In some instances, agents or mixtures for
which there is inadequate evidence of carcinogenicity in humans but evidence suggesting lack of
carcinogenicity in experimental animals, consistently and strongly supported by a broad range
of other relevant data, may be classified in this group.

Despite the limitations of epidemiological studies in determining etiological factors for
human cancer, under most circumstances an agent cannot be classified as carcinogenic for hu-
mans unless significant epidemiological evidence for its carcinogenic action in humans is avail-
able. From such evidence, a number of agents—chemical, physical, and biological—have been
shown to be carcinogenic in humans. A recent detailed listing of such chemical carcinogens in
the human has been presented by the National Toxicology Program of the U.S. government (Re-
port on Carcinogens, 1998). The remainder of this chapter considers the majority of such agents
classified as carcinogenic for the human at the present time.

CHEMICAL CARCINOGENESIS IN HUMANS

In Chapter 3 the experimental basis for the induction of cancer by chemicals of both exogenous
and endogenous origin was considered. In a general sense, our knowledge of chemical carcino-
genesis in the human can be traced to the observation by Ramazzini (cf. Wright, 1964) of the
relatively high incidence of breast cancer in Catholic nuns (Chapter 1). Ramazzini proposed that
breast cancer in this occupational group was the result of their lifestyle, and today there is good
evidence to argue that endogenous hormonal interactions play a dominant role in the incidence
of breast cancer, especially as related to the time of childbearing (Henderson et al., 1982). The
first evidence for an exogenous chemical cause of cancer was described by Hill, who related the
use of tobacco snuff to the occurrence of nasal polyps (Hill, 1761). Somewhat later, Pott
demonstrated the causal relationship of soot to scrotal cancer in chimney sweeps (Chapter 3).
Within the last century, a number of specific chemicals, industrial processes, and physiological
conditions have been shown to be causally related to increased incidences of specific human can-
cers. This chapter focuses on the majority of such agents as listed by the IARC (Vainio et al., 1991)
and reviewed by Doll and Peto (1981). For the sake of discussion we have divided these agents
into those associated with lifestyle, with occupations, and with medical therapy and diagnosis.
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Carcinogenic Chemical Agents and Related Factors Associated 
with Lifestyle

Table 11.2 is a listing, taken from the two references cited above, of those agents or conditions of
lifestyle causally related to specific neoplasms in humans on the basis of epidemiological studies.
The carcinogenicity of alcoholic beverages for human is related mostly to their action in associa-
tion with another known carcinogenic agent. The combination of excessive alcohol ingestion and
smoking markedly increases the risk of men and women for oral and laryngeal cancer compared
with either of these two agents alone or in their absence (Herity et al., 1982; Day et al., 1993;
Blot et al., 1994). The combination of ethanol ingestion in the form of alcoholic beverages and
smoking also increased the risk of several cancers of the digestive tract, including the esophagus,
rectum, and liver (Choi and Kahyo, 1991) in a cohort in Korea. Several studies have also impli-
cated the combination in enhancing the development of premalignant lesions in the colon (Mar-
tiñez et al., 1995; Boutron et al., 1995) and in the esophagus (Castelletto et al., 1992). Cancer of
the liver is associated with excessive alcohol consumption (Tuyns, 1979; Adami et al., 1992), and
data reported by Ohnishi et al. (1982) suggest that habitual alcohol intake can promote the devel-
opment of hepatocellular carcinoma in patients infected with the hepatitis B virus, a known onco-
genic virus for the human liver (see below). Similarly, excessive intake of alcoholic beverages
enhances the carcinogenic effect of the hepatitis C virus, an RNA virus oncogenic for human
liver (Donato et al., 1997). While excessive ingestion of alcoholic beverages has also been associ-
ated with esophageal, rectal, and pancreatic cancer, a much more extensive series of investiga-
tions has been concerned with the potential relationship of alcoholic beverages and breast cancer.
Although a causal relationship between alcohol ingestion and breast cancer has been disputed by
some (Schatzkin and Longnecker, 1994), there is substantial epidemiological evidence from sin-
gle and multiple studies for such an association (Smith-Warner et al., 1998). In Figure 11.1 may
be seen a regression curve for the relationship between total alcohol intake per day and the risk of
developing breast cancer. This study involved a pooled analysis of six prospective studies involv-

Table 11.2 Carcinogenic Factors Associated with Lifestyle

Chemical(s), Physiological 
Condition, or Process Associated Neoplasm(s)

Evidence for 
Carcinogenicitya

Specific chemical agents
Alcoholic beverages Esophagus, liver, oro-

pharynx, and larynx
Sufficient

Aflatoxins Liver Limited

Physiological conditions or processes
Dietary intake (fat, protein, calories) Breast, colon, endo-

metrium, gallbladder
Sufficient

Salted fish (Chinese style) Stomach Sufficient
Reproductive history

a. Late age at 1st pregnancy Breast Sufficient
b. Zero or low parity Ovary Sufficient

Sexual promiscuity Cervix uteri Sufficient
Tobacco smoking Mouth, pharynx, larynx, 

lung, esophagus, bladder
Sufficient

Tobacco chewing (betel quid, etc.) Mouth, pharynx Sufficient

aThis terminology refers to the IARC categorization and is based on the epidemiological findings in the
IARC monographs and the review by Doll and Peto, 1981.
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ing more than 300,000 women evaluated for up to 11 years. While there does appear to be some
form of a threshold below 10 g/day, the relationship of significant risk to daily alcohol intake of
30 g or more appears very solid. Interestingly, consumption of alcoholic beverages reportedly is
protective against the development of endometrial (Webster et al., 1989) and ovarian cancer
(Gwinn et al., 1986). Although a variety of alcoholic beverages contain known chemical carcin-
ogens, including nitrosamines (Tuyns and Griciute, 1980), and different forms of alcoholic bev-
erages may have slightly different influences on the incidence of certain types of human cancer,
most evidence suggests that the principal effect is due to the alcohol itself and is largely
independent of the form in which it is drunk (Doll and Peto, 1981).

Aflatoxins and Other Dietary Contaminants

In 1960 more than 100,000 young turkeys died in England. Studies showed that the death of the
birds was due to a contaminant present in the peanut meal, obtained from South Africa, in their
diet. Comparable problems arose in eastern Africa at the same time. Careful chemical studies
demonstrated that the offending agent belonged to a group of toxic metabolites termed the afla-
toxins, which are produced by some strains of the ubiquitous mold Aspergillus flavus. Shortly
thereafter, the carcinogenicity of purified aflatoxin B1 was demonstrated in rodents, the most
striking characteristic being its extremely high potency. Fifteen parts per billion of aflatoxin B1

in the diet for approximately 1¹⁄₂ years produced hepatomas in all treated rats. In trout, one part
or less per billion was effective as a carcinogen (Newberne and Butler, 1969).

Epidemiological studies have shown that the geographical regions in which there is exten-
sive contamination of foodstuffs by aflatoxin are also the areas where the incidence of human
liver cancer is relatively high. However, for the most part in these same areas, there is substantial
prevalence of hepatitis B and/or C infections. Thus, at least one study has suggested that
aflatoxin exposure in these areas has relatively little influence on the primarily virally induced
hepatic neoplasms (Campbell et al., 1990). On the other hand, several studies have shown a direct

Figure 11.1 Nonparametric regression curve for the relationship between total alcohol intake and breast
cancer. (From Smith-Warner et al., 1998, with permission of the authors and publisher.)
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association between the aflatoxin content of food and the frequency of hepatomas in the popula-
tion. In parts of Africa and East Asia where aflatoxin is found in the diet, levels of 100 to 1000
parts per billion in individual foodstuffs are not unusual. Thus, unlike most other environmental
carcinogenic agents for the human, the dose of aflatoxin to which the human is exposed greatly
exceeds that known to produce cancer in experimental animals. As yet, however, because of the
major role played by hepatitis B and C in the induction of human hepatic neoplasia (see below),
the role of aflatoxin exposure in the causation of human hepatic neoplasia is somewhat uncertain.

Further evidence for the role of aflatoxin in inducing hepatic neoplasia comes from two
sources. Several “markers” (Chapter 17) have now been developed and demonstrated to be di-
rectly related to aflatoxin exposure. In one study (Ross et al., 1992), a large number of Chinese
patients were followed for several years. In those individuals exhibiting evidence both of hepati-
tis B virus infection and aflatoxin exposure as measured by a urinary marker, the aflatoxin-N7-
guanine adduct, a dramatic increase in the risk of developing liver cancer compared with the
presence of either factor alone was noted. In addition, as we have noted in Chapter 6 (Figure
6.2), aflatoxin exposure has been related to a specific mutation at codon 249 in the p53 tumor
suppressor gene (Hsu et al., 1991; Bressac et al., 1991). Further extension of these studies has
demonstrated that patients from areas with high aflatoxin levels are more likely to exhibit the
codon 249 mutation and other p53 mutations, especially transversion, than are patients from ar-
eas with low aflatoxin exposure (Lasky and Magder, 1997). However, other studies in nonhuman
primates, as in the rat (Chapter 6), did not exhibit codon 249 mutations in p53 or, for the most
part, in any other part of the gene investigated when animals were exposed to aflatoxin B1

(Fujimoto et al., 1992). Furthermore, later investigations have suggested that many p53 gene
mutations, which may be common in advanced hepatocellular carcinomas, occur as a late event
during the stage of progression (Hsu et al., 1994). Thus, it appears that while some codon muta-
tions in the p53 gene in hepatocytes may occur as an initiating event in hepatocellular carcinoma
in the human, most mutations in this gene may be the result of selection during the stage of
progression (Dragan and Pitot, 1994). The most likely scenario, however, is that high aflatoxin
exposure to the human on a chronic basis may act as both an initiating and promoting stimulus
which, in the presence of a viral infection involving clastogenic events (Hino et al., 1991), ulti-
mately leads to the development of hepatocellular carcinoma. Although other mold toxins, such
as sterigmatocystin (Gopalakrishnan et al., 1992), have been suggested as additional etiological
factors in human liver cancer, their role in this disease has not been proven at the present time.

Other natural products—such as the pyrrolizidine alkaloids (McLean, 1970), which occur
in extracts of various roots and leaves found in various parts of the world; cycasin, obtained from
extracts of the cycad nut (Hoffmann and Morgan, 1984); and safrole (Borchert et al., 1973), a
naturally occurring flavoring agent—have been shown to be carcinogenic for the liver in rodents.
As yet there is no significant evidence that these materials cause hepatomas in humans, although
the pyrrolizidine alkaloids have been implicated in the production of vascular disease of the liver
in Jamaica and other West Indian countries (McLean, 1970). On the other hand, some natural
products, as noted in Chapter 8 (Table 8.8), are inhibitory to the process of carcinogenesis, includ-
ing even some naturally occurring mutagens (Stavric, 1984). A few edible plants have been found
to contain or produce agents capable of inducing cancer in one or more species. Bracken fern is
both a food delicacy and salad green in certain parts of the world. When fed to rats, this agent is a
carcinogen for the bladder and intestine (Pamukcu et al., 1976). In areas of the world where cattle
graze on bracken fern–containing pastures, these animals develop urinary bladder tumors.

An example of the induction of cancer in the human by naturally occurring dietary con-
taminants is described in several provinces of the People’s Republic of China. In these locales,
there is a positive correlation between the extremely high incidence of esophageal carcinoma
and the consumption of pickled and otherwise moldy foodstuffs that contain carcinogenic nitro-
samines (Singer et al., 1986; Li et al., 1986). Although the exact chemical structures of almost
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all of these dietary contaminants are unknown, at least one N-nitroso compound has been iso-
lated from corn bread inoculated with fungi (Shixin et al., 1979) and from extracts of pickled
vegetables. Moldy cornmeal fed to rats induces carcinoma and epithelial dysplasia of the fore-
stomach. Since this latter structure is quite similar anatomically to the esophagus in the human,
there is reason to argue for a causal relation of these contaminated foodstuffs to the high inci-
dence of esophageal cancer in areas where such dietary contamination occurs.

Perhaps the most ubiquitous group of carcinogenic agents occurring “naturally” in the diet,
primarily in cooked foods, are the heterocyclic amines, which have been described and studied
by a number of investigators (cf. Sugimura et al., 1996). Figure 11.2, adapted from these authors
(Sugimura et al., 1996), shows the structures of a number of mutagenic and carcinogenic hetero-
cyclic amines that occur in heated foods. These substances apparently result from the pyrrolysis
of amino acids and proteins. The chemistry of these reactions has been investigated and shown to
occur in both crude and chemically characterized systems (Vuolo and Schuessler, 1985). The
amount of these materials present in cooked food varies with the cooking method—i.e., broiling,
frying, barbecuing, or microwaving—and the temperature of cooking above 150°C (Robbana-
Barnat et al., 1996). Thus, one might expect that individuals consuming diets prepared in various
ways will consume different levels of these carcinogenic amines; such a difference has been re-
ported, for example, between Americans and Japanese (Nagao et al., 1996) as well as in specifi-
cally and carefully studied cohorts (Augustsson et al., 1997). Cancer potency estimates for the
human have been placed as high as 1 in 103 or 104 for an average lifetime of cooked beef intake
of approximately 0.5 lb/day (Bogen, 1994). On the other hand, Gold et al. (1994), in a very ex-
tensive study, have suggested that even the most potent of the heterocyclic amines offers a rela-
tively low risk in the average American diet compared with other, less potent materials but which
are consumed at much higher levels (e.g., ethyl alcohol). Epidemiological evidence suggests
both a relationship between the methods of cooking meats and the daily consumption of meat in
relation to the incidence of various cancers, especially colon cancer (cf. Felton et al., 1997).

A major area of concern in modern food technology is the addition of chemical agents to
processed foods for flavor, coloring, and preservation. Also, additions to the human diet of po-
tential carcinogens at low levels have been made inadvertently through the contamination of food
sources by pesticides and industrial wastes. Examples of compounds that have been shown to be
carcinogenic in experimental animals and that have entered the human diet are certain pesticides,
DDT, and dieldrin as well as the industrial contaminant polychlorinated biphenyls. Specific addi-
tions to the human diet of agents that have been found to be carcinogenic at very high levels in
experimental animals include the synthetic antioxidant butylated hydroxytoluene (BHT), the col-
oring agent red dye 2, and the artificial sweetener saccharin. Of these, saccharin created a na-
tional controversy in relation to the legal constraints of the Delaney amendment (Chapter 13) and
the wishes of Congress and the public to keep this material on the market. Sodium nitrite has
been used as a preservative in a wide variety of prepared meat products for many years. Although
nitrites themselves are not carcinogenic, they have been shown in experimental animals to react
with secondary amines both in the food and in the intestine to produce carcinogenic nitrosamines
(Leaf et al., 1989). The demonstration of low levels of dimethylnitrosamine in fish meal treated
with nitrite and the presence in flour of trace amounts of diethylnitrosamine, produced from dry-
ing the grain in a stream of exhaust gases containing oxides of nitrogen, are ample evidence that
such compounds can be produced outside the living organism (cf. Gangolli et al., 1994). Further-
more, some experimental studies have demonstrated the production of a number of different ma-
lignancies of the gastrointestinal and respiratory tracts by the addition of nitrite and secondary or
tertiary amines to the diet (Matsukura et al., 1977; Yoshida et al., 1993).

Studies have demonstrated that the major amount of nitrite in humans originates from en-
dogenous sources, largely through the reduction of nitrates by oral bacteria ingested as compo-
nents of vegetables and plant foodstuffs (Tannenbaum et al., 1978). The contribution of
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exogenous nitrite to the total internal nitrite pool is only about 10%, thus raising significant
questions as to what role if any nitrite preservatives and coloring agents have in the genesis of
human cancer. Hartman has reported that the daily levels of nitrate ingestion in the 1970s
showed a strong positive correlation with gastric cancer mortality in at least 12 countries
(Hartman, 1983), and human exposure is still quite extensive (Bartsch et al., 1989). However,
Pobel et al. (1995). in a case-controlled study in France, were unable to demonstrate any associ-
ation between the intake of nitrate and nitrite and the increased risk of stomach cancer.

A few edible plants have been found to contain or produce agents capable of inducing
cancer in one or more species. Bracken fern is both a food delicacy and salad green in certain
parts of the world. When fed to rats, this agent is a carcinogen for the bladder and intestine (Pa-
mukcu et al., 1976). In areas of the world where cattle graze on bracken fern–containing pas-
tures, these animals develop urinary bladder tumors.

Nutritional Dietary Factors

Although dietary contaminants and alcohol in particular contribute significantly to the genesis of
the cancer burden in the human population throughout the world, a factor that is probably more
important in human carcinogenesis is the effect of dietary nutrients, both macro and micro. We
have already noted in Chapter 8 that such dietary constituents demonstrably play major roles in
both the spontaneous and induced development of neoplasia in lower animals. In one of the ear-
lier, extensive studies of the effect of human diet on cancer development, Hoffman (1937) con-
cluded that “overnutrition is common in the case of cancer patients to a remarkable and
exceptional degree, and . . . overabundant food consumption unquestionably is the underlying
cause of the root condition of cancer in modern life.” Doll and Peto (1981) proposed that as
many as one-third or more of human cancers were causatively associated with dietary nutrient
factors. As seen from Table 11.2, the IARC has concluded—on the basis of epidemiological and
experimental evidence—that dietary factors are a sufficient cause of human neoplasia, specifi-
cally those neoplasms listed in the table and potentially some more. There is ample experimental
evidence to support this classification, as we saw from Chapter 8. While it is not possible in
most instances to study the long-term incidence of cancer in individuals on balanced, restricted
diets, inferences may be made from studies of relatively common human conditions such as obe-
sity, weight gain, and body stature, where diet appears to play a significant role. In particular,
obesity and a high body mass index (BMI), defined as the weight in kilograms of an individual
divided by the square of his or her height in meters, are associated with increased mortality in
men and women (Garfinkel, 1986; Manson et al., 1995). In middle-aged obese women who had
never smoked, the relative risk of death from cancer and cardiovascular disease was 2.1 and 4.1
respectively (Manson et al., 1995). Similar trends had been seen earlier (Garfinkel, 1985). Obe-
sity has been associated with increased risks of cancer of the breast, colon, endometrium, esoph-
agus, liver, pancreas, and prostate (Osler, 1987; Ingram et al., 1989; Garfinkel, 1985; Møller et
al., 1994b). Albanes et al. (1988) have also reported that short stature in both men and women is
associated with a reduced risk of cancer, suggesting a role for nutrition early in life in human
carcinogenesis. While these data on obesity and stature do not prove that dietary excesses and
restriction are related respectively to increases and decreases in human cancer incidence, they
are quite suggestive and clearly in line with data from experimental studies (Chapter 8).

Although it is difficult to study the overall effects of caloric restriction and excess on the
incidence of human cancer, epidemiological and nutritional investigations directed toward spe-
cific nutrients, both macro and micro, have indicated a variety of associations, both positive and
negative, with the development of specific human cancers. Table 11.3 gives a tabulation of many
of the major nutritional dietary factors involved in site-specific human carcinogenesis. The inci-
dence of bladder cancer is not affected by a variety of dietary factors, although Risch et al.
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(1988) reported that the daily intake of cholesterol was positively associated with a mild increase
in risk of developing this neoplasm. On the other hand, consumption of green and yellow vegeta-
bles (G&YV) or increased vitamin C in women was associated with a significantly decreased
risk of bladder cancer development (La Vecchia et al., 1989; Nomura et al., 1991). Although
animal studies have not supported the cholesterol finding, investigations in animals have demon-
strated effects of retinoids and vitamin C in preventing the development of experimental neopla-
sia (Sporn et al., 1977; cf. Block, 1991). Serum levels of selenium have also been shown to be
inversely related to the incidence of bladder cancer in the human (Helzlsouer et al., 1989).

The evidence for diet as a major role in the incidence of gastrointestinal cancer in humans
comes from studies of the lifestyle and dietary habits of particular societal groups. The Seventh
Day Adventist population abstains from smoking and drinking, and about 50% of these individ-
uals eat a largely vegetarian diet, avoiding the use of coffee, tea, hot condiments, and spices.
General cancer mortality in this group is 30% to 50% lower than that in the general population
for most cancer sites that are unrelated to smoking and drinking. In particular, cancers of the
lower gastrointestinal tract are between 30% and 35% lower than in the controls. Another impor-
tant source of evidence for the importance of diet in cancer incidence is the study of cancer inci-
dence in migrants moving from one part of the world, where the incidence of a specific cancer is
high or low, to another area, where the opposite is true. One of the most striking examples of this
is seen in the dramatic decrease within only two generations in the incidence of stomach cancer
in Japanese migrating to the United States, and the simultaneous marked increase in the inci-
dence of colon cancer in this population on migration (cf. Liu et al., 1993). Willett (1990) has
also presented evidence that human cancer risks are inversely correlated with the level of blood
retinol and with the dietary content of β-carotene, both derivatives of vitamin A.

A number of studies both in animals (Hawrylewicz et al., 1982) and humans (Toniolo et
al., 1994; Vatten et al., 1990) have indicated that diets high in protein or in “red meat” are asso-
ciated with increased incidences of mammary neoplasia, but there has been considerable contro-
versy on the role of dietary fat in enhancing mammary neoplasia, especially in humans. While a
number of studies, including Howe et al. (1991) and Wynder et al. (1997), indicate a significant
role for high fat diets in promoting the development of human breast cancer, a number of other
investigations have not supported such a role. Rather, evidence suggests that the association is
linked to total energy consumption rather than to levels of dietary fat per se (Willett, 1997). Fig-
ure 11.3 shows the now classic relationship between fat consumption and breast cancer deaths in
a variety of countries (Carroll and Khor, 1975), on which are superimposed the more recent data
of Willett et al. (1987). As can be noted, both fat consumption and calories from fat consumed
are related directly to the death rate due to breast cancer.

Unfortunately, as pointed out by Schatzkin et al. (1989) and noted in the figure, the rela-
tive risk of breast cancer for women in the highest compared with the lowest fat-consuming
groups would be only 1.5. Since animal studies support both viewpoints (Freedman et al., 1990;
Rose, 1997), it is most likely that both the total energy content of the diet and dietary lipid itself
play roles in the development of mammary cancer both in humans and in animals. In general,
studies on the role of specific protective factors in mammary cancer development in humans
have been conflicting. Freudenheim et al. (1996) described a study in humans that indicated that
intake of fruits and vegetables decreased the risk of breast cancer development, and Rose (1990)
reported that dietary fiber may have a protective effect because of its influence on estrogen me-
tabolism and excretion or by other mechanisms. A protective effect of dietary fiber in N-meth-
ylnitrosourea–induced mammary cancer in rats has been published (Cohen et al., 1996), and
several studies (Zile et al., 1986; Rao et al., 1990) have indicated an inhibitory effect of retinoids
and antioxidant micronutrients in the development of experimental mammary neoplasia.
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In the case of colon carcinogenesis, the most convincing data in humans are the associa-
tion of red meat in the diet with an increased risk of the development of colon cancer (Giovan-
nucci and Goldin, 1997). As discussed earlier in this chapter and in the literature by Potter
(1993) and others, this association may be directly related to the production of mutagens and
heterocyclic amines (Figure 11.2) during the cooking process. A more controversial association
is that of dietary fat with an increased incidence of colon cancer. One of the most detailed stud-
ies was that of Willett et al. (1990) among a large cohort of middle-aged and older women. This
study demonstrated a positive association of the risk of colon cancer development with increased
animal fat intake. Other studies (cf. Statland, 1992) have tended to confirm this finding, but an-
other view is that neither case-control nor cohort studies have found that total fat composition of
the diet increased the risk of colon cancer (Giovannucci and Goldin, 1997). Interestingly, at the
experimental level, Nutter et al. (1983) reported that the feeding of beef protein to mice did not
significantly affect the response of the intestines to 1,2-dimethylhydrazine–induced carcinogen-
esis. Unfortunately, the study did not indicate the actual treatment of the beef protein. On the
other hand, dietary fat enhances experimental intestinal carcinogenesis, both chemically induced
(Zhao et al., 1991) and genetically based (Wasan et al., 1997).

In four out of five prospective studies, an association has been noted between low serum
cholesterol and an increased risk for colon cancer (cf. Burnstein, 1993). On the other hand, feed-
ing of high-cholesterol diets to rodents during chemical induction of colon carcinogenesis sig-
nificantly enhanced the number of colon neoplasms per animal (Hiramatsu et al., 1983; Makino
et al., 1989). While the reasons for this association are not understood, it is likely that changes in
bile acid metabolism may be the important factor. A number of epidemiological studies have

Figure 11.3 Relation between age-adjusted breast cancer mortality rates, per capita fat consumption,
and percentage calories in the diet from fat (after Schatzkin et al., 1989, with permission of the authors).
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revealed that fecal bile acid concentrations are elevated in populations having a high incidence
of colon cancer, notably those consuming a high-fat, western-style diet (cf. Cheah, 1990). Bile
acids have also been found to act as promoting agents in the experimental induction of colon
carcinogenesis in animals (cf. Cheah, 1990). Recently, however, Narisawa et al. (1998) found
that one bile acid, ursodeoxycholic acid, prevented N-methylnitrosourea–induced colon carcino-
genesis in rats. Gupta and associates (1983) isolated from human feces and determined the struc-
ture of a number of hydrocarbon ethers, which they designated as fecapentaenes. These
materials are evidently synthesized by bacteria within the colon and exhibit strong mutagenic
activity (Kingston et al., 1990). However, their effectiveness as initiators or complete carcino-
gens in rats and mice has not been repeatedly verified in animals (Weisburger et al., 1990; Ward
et al., 1988; Shamsuddin et al., 1991), and as yet the role of these unique mutagens in the induc-
tion of human colon cancer is not clear.

In a recent review, Weinberg (1994) reported that studies in animal models and relatively
large groups of humans indicate a positive association of excessive iron with colorectal carcino-
genesis. In contrast, administration of excessive calcium salts decreases the risk and develop-
ment of colon cancer in both humans (Newmark and Lipkin, 1992) and animals (Pence et al.,
1995). In the United Kingdom, a recent study indicated that patients selecting diets containing
significantly less fruit and vegetables than were present in the diets of age-matched controls had
an increased risk of developing colorectal cancer (Matthew et al., 1997). In experimental studies,
Narisawa and associates (1996) had shown that a variety of natural carotenoids found in fruits
and vegetables inhibited the development of preneoplastic aberrant crypt foci in the colons of
rats receiving N-methylnitrosourea. There is now developing a substantial body of epidemiolog-
ical data indicating a relationship between the status of the vitamin folic acid and the risk of
developing colorectal neoplasia (Mason, 1994). These studies indicate that folate deficiency is
related to an increased risk of colorectal neoplasia—a finding that is clearly supported by animal
investigations (Mason, 1994; Cravo et al., 1992). Dietary fiber content has also been associated
with a decreased risk of cancers of the colon and rectum in a number of epidemiological studies
(Howe et al., 1992). This has been confirmed more recently (Le Marchand et al., 1997), where
study of a cohort of a variety of ethnic groups indicated a strong, dose-dependent, inverse associ-
ation in both sexes with fiber intake measured as crude fiber, dietary fiber, or nonstarch poly-
saccharides. Experimental evidence supports these findings (Jacobs, 1986), although
experimental studies indicated that certain fibers were much more effective than others in such
preventive effects. Matthew et al. (1997) reported that a group of patients at increased risk of
colorectal cancer selected diets containing significantly less fruit and vegetables than those not
at risk. This further supports the more general finding that diets high in fruits and vegetables
tend to decrease the risk of a number of cancers (Hirayama, 1994).

Studies on the association of dietary factors with endometrial cancer, like cervical cancer,
have not been extensive. In at least two studies (Zheng et al., 1995a; Levi et al., 1993), evidence
was presented that consumption of various types of meats was associated with an increased risk
of this disease. However, other investigations found either the reverse (Barbone et al., 1993) or
no significant effect (Tzonou et al., 1996). The latter authors, studying a cohort in Greece, did
present evidence that increased intake of monounsaturated fat, mostly olive oil, was somewhat
protective. Few if any animal studies in this area have surfaced.

Carcinoma of the esophagus has long been known to be associated with smoking and al-
cohol abuse (Gao et al., 1994a; Launoy et al., 1997; Gammon et al., 1997). Dietary factors are
also directly as well as indirectly related to the development of esophageal cancer in the human.
At least two studies have demonstrated an increased risk of this lesion in populations consuming
corn or maize as a predominant portion of their diet (Sammon and Alderson, 1998; van Rensburg,
1981). Sammon and Alderson (1998) have postulated that one possible mechanism concerns the
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presence of high concentrations of linoleic acid, a precursor of gastric prostaglandin synthesis,
in maize. Together with other dietary abnormalities, this may lead to an increased concentration
of prostaglandin E2 in the gastric mucosa, with subsequent pyloric relaxation and related events
leading to a greater reflux of gastric juices into the esophagus. It is this mechanism that is felt to
be important in the development of a preneoplastic condition termed Barrett esophagus, the inci-
dence of which has increased dramatically in North America and western Europe in recent years
(Cameron, 1994). Approximately 10% of individuals with some degree of acid reflux in the
esophagus suffer from this condition, the overall incidence of which may be in the neighborhood
of 1 in 80 adults in the general population in these areas (cf. Cameron, 1994). Although esoph-
ageal cancer is a relatively uncommon cause of death in patients with Barrett esophagus (van der
Burgh et al., 1996), patients with this condition have a 30- to 125-fold greater risk of developing
esophageal cancer than the general population (cf. Cameron, 1994). Smoking and alcohol do not
appear to be related to the predisposition of the changes seen in Barrett esophagus, but they are
strongly associated with the development of adenocarcinoma in patients with established Barrett
esophagus (Gray et al., 1993). Thus, diet, which in turn affects gastric acidity and reflux of gas-
tric contents into the esophagus, may be related to an increased incidence of esophageal carci-
noma. Increased intake of animal fat and cholesterol have also been related to an increased
incidence of esophageal cancer (Launoy et al., 1998; Kaul et al., 1986). However, no significant
associations were reported with total calories and esophageal cancer incidence (Brown et al.,
1995), but salty and fried food intake was associated with increased risk (Gao et al., 1994b). The
protective action of antioxidant vitamins such as A, C, and E, as well as fruits and vegetables,
has been reported in several studies (Zheng et al., 1995b; Gao et al., 1994b; Brown et al., 1995;
Launoy et al., 1998). At least one study in animals has shown a protective effect of vitamin E on
nitrosamine-induced esophageal neoplasia in mice (Odeleye et al., 1992). Although one study
involving dietary supplementation in a cohort in the People’s Republic of China showed no spe-
cific effect of antioxidant vitamins and zinc on the prevalence of premalignant lesions of the
esophagus, those individuals with large increases in these components in the blood were more
likely to have a histologically normal esophagus at the end of the trial (Wahrendorf et al., 1988).
In contrast, zinc deficiency in rats caused the development of a significantly higher incidence of
esophageal and forestomach neoplasia in animals administered precursors of the carcinogen N-
nitroso-N-benzylmethylamine (Fong et al., 1984). Thus, while diet may not directly be a major
cause of esophageal cancer in the human, indirect effects leading to esophageal reflux and the
significant potential for prevention indicate that diet plays an important role in the ultimate de-
velopment of this disease in the human.

Cancer of the gallbladder is not uncommon in the human but is unusual in most animal
species, even in experimental studies. In the human, studies have indicated that both a high-
carbohydrate diet as well as one containing high levels of fats and oils and a high total energy
intake are associated with an increased incidence of this disease (Moerman et al., 1993; Zatonski
et al., 1997). These factors may also be related to the close association of biliary tract cancer and
the presence of gallstones and obesity (cf. Tominaga and Kuroishi, 1994). In one Japanese study,
intake of animal proteins and fats, as well as ingestion of fruits and vegetables, decreased the
risk of gallbladder cancer (Kato et al., 1989). In contrast, our knowledge of dietary factors in the
development of liver cancer, primarily hepatocellular carcinoma, comes from a knowledge of
infectious agents. including the hepatitis B and C viruses (Chapter 12) and dietary contaminants
such as aflatoxin (see above). Alcohol also plays a significant role in the development of cancer
of this organ, but specific major dietary factors have not been studied extensively in the human.
In one study (Yu et al., 1995), a low consumption of dark green vegetables was associated with
an increased risk of hepatocellular carcinoma, as was a low serum retinol level. In animals a
number of studies have shown the effects of specific dietary constituents on the development of
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liver neoplasia (Chapter 8). He et al. (1997) demonstrated that dietary extracts of carrots, toma-
toes, and orange juice decreased the number of preneoplastic foci during initiation and also in-
hibited the growth of focal lesions during the stage of promotion. In general, administration of
retinoids during hepatocarcinogenesis inhibits the process (Mack et al., 1990; Moreno et al.,
1995; Gradelet et al., 1998). However, retinol itself reportedly enhanced carcinogenesis by 3′-
methyl-4-dimethylaminoazobenzene (Ohkawa et al., 1991). Some studies actually indicated that
β-carotene and related compounds were more effective than vitamin A and its derivatives in in-
hibiting the development of preneoplastic lesions in experimental hepatocarcinogenesis (Sarkar
et al., 1995; Moreno et al., 1995). Similarly, vitamin E reportedly prevented the induction of
preneoplastic enzyme-altered foci in rats (Ura et al., 1987), but it actually enhanced the growth
of hepatic focal lesions in mice (Kolaja and Klaunig, 1997).

Dietary factors as causative of lung cancer have not been extensively investigated, since
the primary cause of this disease is tobacco abuse. High dietary fat may increase the risk of lung
cancer (Byers et al., 1987), and cholesterol intake was associated with significant increased risk
in one investigation by Jain et al. (1990). Most studies of the relationship of dietary factors to
lung cancer risk have been concerned with antioxidant vitamins and related dietary constituents
both in the pure form and within fruits and vegetables. Le Marchand et al. (1989) demonstrated
a strong inverse association between lung cancer risk and the intake of all vegetables, while an-
other investigation (Yong et al., 1997) indicated a protective effect of both fruits and vegetables,
especially those containing carotenoids. Ingestion of crude retinoids and carotenoids, especially
β-carotene and vitamin E from fruits and vegetables as measured by serum levels of these com-
ponents, indicated a protective action in decreasing the risk of lung cancer (Yong et al., 1997;
Menkes et al., 1986; cf. Fontham, 1990). In contrast, two studies on vitamin E and β-carotene
supplements to smokers demonstrated the absence of any preventive effect and found that β-
carotene supplementation may slightly increase lung cancer incidence in cigarette smokers
(Albanes et al., 1996; Omenn et al., 1996). An earlier study by Blot et al. (1994) in a different
population suggested that supplementation with β-carotene, vitamin E, and selenium decreased
the risk of lung cancer in smokers. In part, these discrepancies may be related to the fact that
several reports indicate that vitamin E and carotenoids may exert their effects in patients who are
relatively light smokers compared with those smoking heavily (Knekt, 1993; Yong et al., 1997).
A preventive effect on the incidence of mesothelioma was also related to the intake of vegeta-
bles, especially cruciferous vegetables, whose consumption was inversely related to risk of this
lesion in the lung induced by a different carcinogen—asbestos (Schiffman et al., 1988). Simi-
larly, the prevalence of bronchial metaplasia, a preneoplastic condition, in asbestos-exposed
workers was inversely related to the dietary intake of vitamin A (Mayne et al., 1998). Thus, sim-
ilar dietary relationships have been noted for two entirely different histological types of neo-
plasms within the pulmonary cavity in the human. In nonsmokers, both men and women, dietary
β-carotene, raw fruits and vegetables, and vitamin E supplements reduced the risk of lung cancer
(Mayne et al., 1994).

While there are few if any data on the effect of diet on leukemias, myeloma, and sarcomas,
at least one study (Chiu et al., 1996) did demonstrate that excessive dietary fat and animal
protein increased the risk of non-Hodgkin lymphomas in older women. However, considerable
data have accumulated, as noted earlier (Chapter 6), on the effect of retinoids, especially trans-
retinoic acid (Tallman et al., 1997), in inhibiting the growth of acute promyelocytic leukemia. In
this instance, administration of high levels of these retinoids induced differentiation with the
potential for increased apoptosis of leukemic cells, the mechanism of which was discussed
earlier (Figure 6.6). In a Japanese cohort, daily meat consumption was significantly associated
with the occurrence of ovarian cancer (Mori and Miyake, 1988). The consumption of carrots and
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presumably β-carotene was found to be inversely associated with the risk of this neoplasm
(Engle et al., 1991).

Several studies have indicated dietary factors as causative in the development of pancre-
atic cancer in the human. Increased intake of dietary meat as well as increased caloric intake
reportedly enhance the risk of developing this lesion (Farrow and Davis, 1990; Ohba et al., 1996;
Silverman et al., 1998). At least one study of a cohort from Poland indicated a strong positive
association with the intake of cholesterol (Zatonski et al., 1991) as well as some positive associ-
ation with dietary protein. However, Farrow and Davis (1990), studying a cohort in western
Washington in the United States, did not find any effect of dietary cholesterol. In rodents, espe-
cially rats, dietary fat enhances or promotes the development of preneoplastic acinar lesions in
the pancreas (cf. Roebuck, 1992). This is primarily true of dietary unsaturated fats of the omega-
6 but not the omega-3 series (Chapter 8). Thus, promotion of these lesions by dietary fat appears
only partly related to the high caloric content of the fat itself. Frequent consumption of fruits,
vegetables (particularly carrots), and plant foods/protein lowered the risk of pancreatic cancer
(Norell et al., 1986; Ohba et al., 1996). While no exactly comparable animal studies have been
carried out, several investigations have demonstrated the inhibition of the development of
preneoplastic foci in the pancreas of azaserine-treated rats by the administration of synthetic
retinoids (Roebuck et al., 1984), β-carotene, and selenium (Woutersen and van Garderen-
Hoetmer, 1988).

Just as with cancer of the breast, a major dietary factor in the development of prostatic
carcinoma is dietary fat (Giovannucci, 1998; Whittemore et al., 1995), which finding is also re-
flected in the relationship of obesity to the risk of fatal prostate cancer (Snowdon et al., 1984).
As in mammary cancer, there is also evidence that total energy intake is related to the develop-
ment of preclinical prostate cancer (Meyer et al., 1997). However, not all investigations have
supported these findings (e.g., Key et al., 1997). In a recent review, Giovannucci (1998) argued
that the strongest correlation for a positive association of dietary factors with prostate cancer
exists with dairy products, especially milk and high-fat milk. Just as in Figure 11.3, studies have
demonstrated a quasilinear correlation between age-adjusted prostate cancer mortality and di-
etary animal fat (Rose et al., 1986). These workers have thus put the two relationships together
and demonstrated an interesting quasilinear relationship between the age-adjusted mortality of
prostate cancer and that of breast cancer in populations of a number of countries throughout the
world (Figure 11.4). Dietary protein/meat intake has also been positively associated with an in-
creased risk of prostate cancer in several studies (Heshmat et al., 1985; Talamini et al., 1992;
Vlajinac et al., 1997). As with a large number of neoplastic cell types, fruits and vegetables and
their constituents, especially carotenoids, have generally been found to play a protective role in
the development of prostate cancer (Ohno et al., 1988; Mettlin et al., 1989; Mills et al., 1989).
The single vegetable found most influential in several studies is the tomato, and within this
vegetable the presence of the carotenoid lycopene appears to be a consistently effective inhibitor
of the development of this lesion in humans (Giovannucci et al., 1995; Clinton et al., 1996).
Although β-carotene and related carotenoids have been shown in some studies to be negatively
associated with the risk of prostate cancer, other investigations have argued the opposite
(Kolonel et al., 1988). Later investigations by this group in Hawaii (Le Marchand et al., 1991)
have tempered their earlier findings, but several other studies have also shown a positive or no
effect of vitamin A and related retinoids on the risk of prostate cancer (cf. Giovannucci, 1998).
Interestingly, an inverse relationship between serum retinol and the risk of prostate cancer has
been reported by at least two groups (Hsing et al., 1990; Hayes et al., 1988). In animal investiga-
tions, Wynder and associates (1994), in a review, have pointed out that the preponderance of
studies on the effect of high fat intake in experimental prostate carcinogenesis have not reported
any effect, although caloric restriction may cause a significant inhibition of tumor incidence. On
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the other hand, synthetic retinoids fed in the diet can inhibit chemically (Pollard et al., 1991) and
genetically induced prostate cancer in rodents (Slawin et al., 1993). In contrast to the extensive
studies on the effect of diet on prostate cancer risk, relatively few investigations have been car-
ried out on the effect of diet on the development of renal carcinoma. Two studies (Mellemgaard
et al., 1996; Wolk et al., 1996) have indicated the importance of total dietary energy intake in the
risk of renal cell carcinoma, but they found discrepant results on the protective effect of fruits
and vegetables. These investigations included populations from Australia, Denmark, Sweden,
and the United States.

Unlike many other neoplasms of the gastrointestinal tract and their related components, a
major dietary factor associated with increased risk of gastric cancer is the high salt or sodium
chloride content of ingested foods. This finding has been demonstrated in numerous investiga-
tions in the human, several of which are listed in the table and confirmed with experimental
studies in rodents (Takahashi et al., 1994). In animals, the promoting or enhancing effect of so-
dium chloride on the development of gastric cancer can be related to a concentration-dependent
tissue damage and subsequent cell proliferation in the stomach mucosa of the rodent (Charnley
and Tannenbaum, 1985; Furihata et al., 1996). As a possible factor in these toxic effects of the
salt, Takahashi et al. (1991) demonstrated that administration of sodium chloride is associated

Figure 11.4 Relationship between breast and prostate cancer mortality rates for 30 countries for the
years 1978–79. The axes indicate the age-adjusted mortality rate (MR) per 100,000 individuals. (Adapted
from Rose et al., 1986, with permission of the authors and publishers.)
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with enhanced lipid peroxidation in the gastric mucosa. In addition to gastric carcinogenesis, the
development of nasopharyngeal carcinoma, while primarily related to infection with the
Epstein-Barr virus (see below) has also been positively associated with a high-salt diet (Yu et al.,
1986; Zou et al., 1994). The ingestion of sodium nitrate as a potential precursor of nitrite and
subsequent nitrosation of secondary amines within the stomach (see above) have been argued to
be potentially significant factors in the dietary causation of stomach cancer in the human (Hart-
man, 1983). However, other studies do not appear to bear this out (Pobel et al., 1995), and stud-
ies on the carcinogenicity of sodium nitrate in rats were negative (Maekawa et al., 1982). Pickled
vegetables, which may also contain high levels of salt as well as possible carcinogenic nitro-
samines (see above), have also been associated with an increased risk of gastric cancer (Ahn,
1997; Ramón et al., 1993). The relatively high incidence of gastric cancer in Iceland may be
related to the high level of smoked fish consumed in that country. But as yet the dietary factors
involved in the high morbidity and mortality rates of stomach cancer in Japan have not been
clearly identified. The suggestion has been made that one reason for the decrease in gastric can-
cer seen in the United States over the past four decades is the addition of antioxidants to dairy
products and other foods containing fat; however, this proposal has not been verified. As with
other cancers of the gastrointestinal tract, consumption of fruits and vegetables is inversely asso-
ciated with the incidence of stomach cancer in the human (Coggon et al., 1989; Graham et al.,
1990; Tuyns et al., 1992). In mainland China, it appears that ingestion of Chinese cabbage, a
staple food for lower income groups, may have an important role in reducing the risk of the
development of stomach cancer (Hu et al., 1988). The components of fruits and vegetables that
have been most closely associated with their preventive effect are ascorbic acid and β-carotene
(Hansson et al., 1994; Kromhout and Bueno-de-Mesquita, 1997). The most important factor ap-
pears to be the concentration of vitamin C within the gastric juice rather than serum levels of
ascorbate (Correa et al., 1998). In some animal studies (cf. Krinsky, 1994), administration of
carotenoids may inhibit chemically induced development of gastric carcinoma.

General Considerations of Dietary Effects on Human Cancer Development

While the data in Table 11.3 are necessarily incomplete in their coverage of the literature, certain
trends are clearly evident. Excess dietary meat—especially cooked meat, dietary fat, and excess
dietary calories have been associated in a number of studies with an increased risk of a variety of
human neoplasms. On the other hand, average increased intake of fruits and vegetables, as well
as a number of the micronutrients found in these substances—e.g., vitamins A, C, E, and other
carotenoids—are associated with a decreased risk of developing a variety of neoplasms in the
human, especially when taken at somewhat increased levels compared with average consump-
tion. Unique dietary factors include the possible effect of dietary cholesterol in increasing the
risk of esophageal, lung, and pancreatic cancer and the effect of dietary salt on the development
of stomach, nasopharyngeal, and esophageal cancer. Other dietary constituents that have been
studied in relation to the risk of human cancer include milk and dairy products, studies that have
been inconclusive for ovarian cancer risk (Mettlin and Piver, 1990; Cramer et al., 1989) but have
suggested a relation to an increased risk of lymphoid neoplasia in at least one investigation
(Ursin et al., 1990). More theoretical (Parodi, 1997) and experimental studies ( Papenburg et al.,
1990) have suggested that milk components may inhibit the development of neoplasia in humans
and animals. Soy protein and its associated constituents, which make up major components of
the human diet in certain parts of the world, especially southeast Asia, have been suggested as
preventive for human cancer development (Persky and van Horn, 1995; Barnes, 1998), whereas
animal studies, although predominantly supportive of these epidemiological indications, are by
no means consistent (Messina et al., 1994; Sørensen et al., 1998). A more consistent inhibition
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of neoplasia in human and animals can be seen with the family of cruciferous vegetables. These
include such common vegetables as horseradish, turnip, cabbage, brussels sprouts, cauliflower,
broccoli, Chinese cabbage, radish, and mustard (cf. Verhagen et al., 1997). A number of epide-
miological and animal studies have shown the effectiveness of cruciferous vegetables in inhibit-
ing the development of a variety of human and animal neoplasms (cf. Nestle, 1997). The
principal active ingredients in the inhibition of carcinogenesis are the glucosinolates and their
hydrolysis products. These share a common basic skeleton containing a β-D-thioglucose group-
ing, a side chain, and a sulfonated oxime moiety but differ in their side chain. A general structure
is as follows:

These agents are active inducers of phase II xenobiotic metabolizing enzymes (Chapter 3).
In addition, they are effective in preventing oxidative DNA damage both in humans (Verhagen et
al., 1997) and in rodents (Deng et al., 1998). Another chemical commonly found in cruciferous
vegetables, indole-3-carbinol, also inhibits experimental carcinogenesis, probably by a similar
mechanism (Grubbs et al., 1995), but in some studies clear evidence for tumor-promoting activ-
ity of carcinogenesis by this compound has also been found (Dashwood, 1998). Thus, there is
ample evidence to indicate the importance of a variety of dietary plants and their constituents in
effectively inhibiting the development of neoplasia in mammalian organisms. It should be noted
that such inhibition occurs predominantly at the stage of tumor promotion, as noted from the
listing seen in Table 11.4. While the listing of types of neoplasia affected by these dietary factors
is incomplete, as noted from Table 11.3, the neoplasms listed represent numerically the pre-
dominance of human neoplasia affected. Thus, as expected and readily noted from Table 11.3,
preventing the dietary induction of human neoplasia by appropriate alternate dietary intake is
not only feasible but, in most countries, readily or reasonably applicable. A number of studies
have actually attempted to estimate the preventive potential of dietary alteration in the inci-
dence of specific human neoplasms (cf. Miller et al., 1994). Table 11.5 summarizes a number of
studies attempting to estimate potential preventive effects of dietary alterations on various
neoplasms.

Thus, while one may be unwilling to accept the suggestion that 35% of human cancer is
directly related to diet (Doll, 1992), there is increasing evidence that diet and related factors play

Table 11.4 Stages of Carcinogenesis at Which Dietary Factors Alter Cancer Incidence (Humans)

Key: +, increased risk; –, decreased risk.

Dietary Component Cancer Type
Change
in Risk Stage of Action

Calories Breast, pancreas, prostate + Promotion
Protein Colon, prostate + ?
Fat Breast, colon, prostate + Promotion
Vitamin A, β-carotene (retinoids) Esophagus, lung, skin – Promotion
Cruciferous vegetables Stomach, colon – Initiation, promotion
Alcoholic beverages Rectum, breast, liver, larynx + Promotion
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a major role in the incidence of human cancer. However, this role is quite complex and in all
likelihood does not result from the direct conversion of normal to neoplastic cells by dietary
constituents but rather stems from an alteration in the development of cells within the organism
that have the potential for neoplastic growth.

Reproductive and Sexual Behavior as Causative Factors in Human Cancer

That certain types of reproductive and sexual behavior alter the incidence of human cancer has
been known since the time of Ramazzini (see above). Doll and Peto (1981) pointed out that
pregnancy and childbirth seem to play a significant role in the prevention of cancers of the en-
dometrium, ovary, and breast in that all of these conditions are less common in women who have
borne children early than in those who have had no children. However, the risk factors for these
various types of neoplasms do have some significant differences. These are noted in Table 11.6,
where most of the risk factors are tabulated in relation to various physiological and pharmaco-
logical events.

As noted in the table, the two classic risk factors related to genital and mammary cancer in
the female are alterations in the onset and cessation of menstruation—i.e., the time of menarche
and of menopause. Menarche occurring at an early age (less than 13 years of age) is a significant

Table 11.5 Estimates of Potential Effects of Dietary Change on the Incidence of Various Cancers

Site Action

Potential Incidence Reduction

PARa

aPAR, population-attributable risk. Square brackets are used when some of the benefit derives from eliminating smok-
ing. Estimates for males, except for breast, endometrium, and ovarian cancer. ? signifies that no estimate of effect is
available.

Modified from Miller et al., 1994, with permission of authors and publisher.

Potentially
Preventable

Oropharynx, esopha-
gus, and larynx

[Eliminate smoking and] reduce alcohol, in-
crease fruit and vegetable consumption

[90%] 86%

Stomach Reduce nitrite, cured meats and salt-preserved 
foods, increase fruit and vegetable 
consumption

68% 74%

Colon and rectum Reduce fat and increase vegetables 50% 79%
Breast Reduce fat and increase vegetables 27% 75%

Reduce obesity (postmenopausal women) 12%
Endometrium Reduce obesity 30% 82%
Ovary Reduce fat ? 66%
Prostate Reduce fat ? 81%
Kidney [Eliminate smoking], reduce fat [30%] 98%
Lung [Eliminate smoking], reduce fat and increase 

vegetables
[80%] 76%

Bladder [Eliminate smoking], reduce dietary 
cholesterol

[60%] 73%

Pancreas [Eliminate smoking], reduce calories and 
dietary cholesterol, increase vegetables

[50%] 70%

Liver Reduce alcohol 30% ?
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risk factor for breast cancer development in later years (Titus-Ernstoff et al., 1998). While some
earlier studies have suggested that early menarche may not be a risk factor, most indicate that
such a circumstance does increase the risk of breast cancer as compared with menarche after age
15 (Adami et al., 1990). This increased risk is found only for cancer of the breast and en-
dometrium and not for that of the ovary and cervix. Conversely, early age at menopause, whether
natural or surgical, produces the opposite effect in both of these tissues as well as in the ovary,
while late age at natural menopause exhibits an increased risk of endometrial and mammary can-
cer but not cervical neoplasia. As would be expected, increasing years between menarche and
menopause also act to increase risk for both endometrial and breast cancer, but data are insuffi-
cient to determine the effects on ovarian and cervical cancer risk (Schottenfeld, 1995). Thus,
menstrual parameters may affect the development of endometrial, ovarian, or breast cancer in
various ways but do not seem to have a significant effect on cervical cancer risk. Although most
cervical neoplasms are squamous cell carcinomas, a significant number of adenocarcinomas
arising from the cervical canal of the uterus also occur. Interestingly, the risk factors for these
lesions are more closely related to those for cancer of the cervix than to cancer of the en-
dometrium (Kjaer and Brinton, 1993).

Perhaps more important than menstrual parameters in the risk of development of these
hormonally influenced neoplasms are the effects of pregnancy and frequency of intercourse. As

Table 11.6 Comparison of Hormonal Risk Factors for Cancers of the Endometrium, Ovary, 
Cervix, and Breast

Endometrium Ovary Cervix Breast

1. Menstruation
Early age at menarche + 0 0 +
Early age at natural or surgical 

menopause
– – 0 –

Late age at natural menopause + ? 0 +
Increasing years between menarche and 

menopause excluding pregnancies 
and duration of pregnancies and oral 
contraceptive use

+ ? ? +

2. Pregnancy/intercourse
Married, never pregnant + + – +
Early age, first full-term pregnancy 0 0 0 –
Multiple full-term pregnancies – – + –
Age >35 1st full-term pregnancy 0 0 0 +
Age >35 last full-term pregnancy – 0 + ?
Cumulative number of lactating months 0/+ 0 ? –
Multiple sexual partners ? ? + ?

3. Obesity
Premenopausal women + ? ? –/+
Postmenopausal women + ? ? +

4. Exogenous steroids
Estrogen/progestin oral contraceptives – – + +/?
Estrogen replacement without progestin + –/? 0 +
Estrogen replacement with progestin +/– – 0 +/?

Key: +, increased risk (> 1.0); –, decreased risk (< 1.0); 0, no risk relation established; ?, available data in-
sufficient or equivocal.
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noted above, the nulliparity of Catholic nuns, which Ramazzini related to the high incidence of
breast cancer in this population, affects not only this tissue but is also a risk factor for endome-
trial and ovarian cancer; however, nulliparity is significantly a negative or protective factor for
cervical cancer risk. In contrast to the increased risk of mammary cancer in relation to an early
menarchal age, the occurrence of the first full-term pregnancy at an early age (less than 20 years)
confers a significant protection against the development of breast cancer but apparently has no
relationship to risk of the other three neoplasms noted in Table 11.6. As also noted in the table,
first full-term pregnancy occurring after age 35 results in a significantly increased risk of mam-
mary neoplasia. In one analysis, this amounted to a 40% increase as compared with a first birth
prior to age 20 years (Adami et al., 1990). However, Lambe et al. (1994) reported, in confirma-
tion of other studies (Kvåle and Heuch, 1987; Kampert et al., 1988), that pregnancy transiently
increases the risk of breast cancer but reduces the risk in later years. In women with two preg-
nancies, the short-term adverse effect of the second pregnancy is masked by the long-term pro-
tection imparted by the first pregnancy. Furthermore, women with many late pregnancies and
those with a few widely spaced pregnancies exhibited a higher risk for the development of breast
cancer than did nulliparous women in one study (Kvåle and Heuch, 1987). The observation of
the protective effect of early pregnancy and the short-term increased risk followed by later pro-
tection may be related to mechanisms seen in rodents, such as those described by Russo and
colleagues (cf. Russo et al., 1992), wherein pregnancy results in an alteration of the lobular
structure of the breast, which in turn may modulate the susceptibility of the target cells for the
initiation of mammary neoplasia (Russo and Russo, 1996). In contrast, these effects noted in the
development of sporadic or nongenetically based breast cancer are not seen in a hereditary sub-
set of breast cancers (Lynch et al., 1984), although a consistent increase in the risk of breast
cancer was seen among women having a mother or sister with the disease that was exacerbated
by first pregnancy (Colditz et al., 1996).

Multiple full-term pregnancies, except perhaps those occurring at a very late age, act as a
protective sequence for endometrial, ovarian, and mammary cancer but not cervical cancer
(Brinton et al., 1989). Lactation, especially for extensive periods, does act as a protective factor
against the risk of breast cancer as reported in some but not all studies (cf. Adami et al., 1990;
Newcomb et al., 1994; Enger et al., 1998). No definitive effect on the risk of endometrial, ova-
rian, or cervical cancer has been reported in relation to lactation, whether for long or short peri-
ods. In contrast, the incidence of cervical cancer, of both morphological types, is directly related
to the number of sexual partners. This may be related to the risk seen with multiple full-term
pregnancies, especially if they occurred with different sexual partners. The reason for this differ-
ence is most likely related to infections with the human papillomavirus (Chapter 12) (Schiffman
and Brinton, 1995). This complicates our understanding of the role of other factors in this dis-
ease, including the age at first intercourse, smoking, and the use of oral contraceptives, as noted
in the table (Harris et al., 1980).

DeWaard et al. (1964) were the first to describe the association between obesity and in-
creased breast cancer risk. In women who are more than 50 lb overweight, the risk ratio is a
factor of 10 to 1 (Rose, 1996). The risk of breast cancer resulting from a greater body mass is
most significant in older women, while a reported decrease in relative risk of breast cancer oc-
curs in younger women of large body size (Velentgas and Daling, 1994). The dramatic increase
in risk of endometrial cancer as a result of increased body mass is probably related to the fact
that the conversion of the precursor steroid androstenedione to estrone actually takes place in the
stroma of fat cells. Thus, in obese women with more fat cells present, more estrone is produced,
and one has a situation similar to the effect of unopposed estrogens administered exogenously
and the high risk of endometrial cancer (Gambrell, 1994; see below). A similar effect has been
postulated as the mechanism for the effect of a miscarriage or abortion late in reproductive life,
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followed by the lack of a subsequent full-term pregnancy. This effect may also result in the pres-
ence of “unopposed” estrogen leading to an increased risk of endometrial cancer (McPherson et
al., 1996). The effect of abortion on breast cancer risk is equivocal (Adami et al., 1990), while
such a procedure seems to be unrelated to ovarian cancer risk (cf. Daly, 1992).

Exogenous steroid hormones have been used specifically in medical practice for more
than a half century. The initial use of the synthetic estrogen diethylstilbesterol to prevent early-
term miscarriages resulted in a significant risk of vaginal and cervical cancer in offspring of
women so treated (see below). With the advent of estrogens and progestins used in contracep-
tion, numerous studies were developed to study the effect of chronic administration of such
agents on the development of neoplasms of the female reproductive tract and breast. As noted
from Table 11.6, the modern oral contraceptive preparations combining estrogens and progestins
serve to decrease the risk of endometrial and ovarian cancer (Rose, 1996; McGowan, 1989). In
contrast, long-term users of oral contraceptives are at excess risk for the development of cervical
cancer (Schiffman and Brinton, 1995). While the use of oral contraceptive preparations in
younger women carries with it a significant increase in risk of breast cancer (Velentgas and Dal-
ing, 1994), the risk in older women is either nil (Velentgas and Daling, 1994) or equivocal (cf.
Adami et al., 1990). However, several studies have indicated that postmenopausal estrogen re-
placement does significantly increase the risk of breast cancer in older women, especially when
the treatment is continued for extended periods (Steinberg et al., 1991; Beral et al., 1997). A
much more dramatic effect has been reported on the increased risk of endometrial cancer in
women receiving unopposed estrogen therapy. The risk ratio for this effect ranges from six- to
eightfold (Gordon et al., 1977; Antunes et al., 1979). Combining estrogen replacement therapy
with progestins dramatically reduces the risk of endometrial cancer (Beresford et al., 1997), and
the administration of progestins even years after unopposed estrogen tends to prevent the effect
of the latter (Barrett-Connor, 1992). Exogenous steroids generally tend to decrease the risk of
ovarian cancer—with one interesting exception, where replacement hormone use was associated
with a threefold increased risk of a histological subset of ovarian neoplasms termed endometri-
oid neoplasms (Weiss et al., 1982; Daly, 1992). Estrogen replacement therapy does not affect
cervical cancer risk (Persson, 1996). On the other hand, postmenopausal estrogen therapy plays
a protective role in the development of colorectal cancer (Calle et al., 1995) and large colorectal
adenomas (Grodstein et al., 1998). An interesting debate focuses on the effect of xenoestro-
gens—estrogenic chemicals occurring naturally in plants and animals—as well as side effects of
pesticides and other chemicals on the risk of breast, testicular, and prostate cancers as well as
other physiological processes (Crisp et al., 1998; Safe, 1998). As yet, however, this consider-
ation has little or no epidemiological base but remains as a potential for future investigations.

Our knowledge of hormonal factors in the etiology of neoplasms of the male genital tract
and male breast is far less advanced than that concerning the female. Table 11.7 shows some of
the factors for which there is some evidence of a relationship with the development of these
lesions. Our knowledge of prostate cancer, which is now the most common, potentially fatal
neoplasm in the United States, is necessarily greater than that of testis or male breast. Further-
more, preneoplastic and premalignant lesions found in the prostate, benign prostatic hyperplasia,
and occult prostatic carcinoma have been studied extensively in relation to their potential associ-
ation with the development of prostatic cancer. While benign prostatic hyperplasia is generally
considered as having an etiology different from that of prostatic carcinoma (Griffiths et al.,
1991), epidemiological studies have reported both an increased risk or no risk of invasive cancer
in relation to the incidence of benign prostatic hyperplasia (Nomura and Kolonel, 1991). Occult
prostatic cancer is extremely frequent throughout the world and increases in incidence with ad-
vancing age in the world male population. However, men in Japan and Taiwan have one of the
lowest rates of clinically significant prostate cancer in the world; on the other hand, Japanese
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men living in the continental United States exhibit an incidence of overt prostate cancer ap-
proaching that in Caucasian men in the United States. Similar associations are seen with black
men in the United States compared with their counterparts in certain African nations (Wilding,
1995). The fact that prostate cancer patients become sexually active at an earlier age, have more
sexual partners before marriage, have a higher fertility, and usually have a history of venereal
disease compared with controls (Nomura and Kolonel, 1991; cf. Boyle and Zaridze, 1993) sug-
gests an infectious agent involved in the causation of prostate cancer, in analogy to that seen in
cervical cancer in the female (see above). Increased risk of prostate and testicular cancer has
been seen in younger and older age groups respectively in at least two different studies (Mishina
et al., 1985; Maden et al., 1993). Evidence of some of these parameters as associated with differ-
ent risks for cancer of the male breast is less well known. However, endogenous hormones, espe-
cially androgens, appear to be associated with an increased risk for prostate cancer, while
increases in circulating estrogens have been seen with male breast cancer (Calabresi et al.,
1976). The best evidence for a role of endogenous androgens in the development of prostate
cancer is seen in the fact that castration at an early age almost totally inhibits the development of
prostate cancer as well as benign prostatic hyperplasia (cf. Nomura and Kolonel, 1991). High
levels of circulating testosterone were also associated with an increased risk of prostate cancer in
one study (Gann et al., 1996), but several other studies have been relatively inconsistent (No-
mura and Kolonel, 1991; Wilding, 1995). In many men with occult prostate cancer, testosterone
levels are low or normal despite a normal prostate-specific antigen (PSA) level (Morgentaler et
al., 1996). This suggests that PSA levels, which are used extensively as biochemical markers in
screening for the presence of prostate cancer (Chapter 17), may be altered by variations in serum
androgen levels. During the last two decades, with the increasing popularity of vasectomy as a
method for contraception, a number of studies have investigated the relation of this procedure to
the risk of prostate and testicular cancer. While a very large study indicated that testicular cancer
is not related to vasectomy (Møller et al., 1994a), studies on the relation of the operation to pros-
tate cancer risk have demonstrated an increased risk (Zhu et al., 1996) or a possible protective

Table 11.7 Hormonal Risk Factors for Cancers of the Prostate, Testes 
and Male Breasta

aSee key below Table 11.6 for definitions of symbols. Blanks indicate that no
studies are available on that parameter for the neoplasm in question. See text for
discussion and references.

Prostate Testis Male Breast

Endogenous hormones:
Androgens +
Estrogens +

Other hormones +
Specific drug therapy +
Vasectomy ? 0
Undescended testes ? +
Obesity +
Early puberty – +
Sexual intercourse +/– 0/+ – (?)
Related conditions

Occult prostate cancer +/0
Benign prostatic hyperplasia ?
Infections + +
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effect (cf. Nomura and Kolonel, 1991). A major risk factor for testicular cancer, however, is the
presence of an undescended testis, where the risk may be as high as eightfold or greater (Moss
et al., 1986; Forman et al., 1994).

Both endogenous and exogenous hormones play significant roles in the incidence of hu-
man cancer, especially of the breast, prostate, endometrium, and ovary (Henderson et al., 1982;
Key, 1995). Hormones are also likely to play some role in the development of other human can-
cers including those of the testis, thyroid, bone (Henderson et al., 1982), and of liver cell ade-
nomas (Edmondson et al., 1976). It is also possible that endogenous hormones play a role in the
development of other human neoplasms, but few or no definitive data are presently available.
Furthermore, as can be seen from the relation of obesity to cancer incidence and endogenous
hormone production, relations between dietary intake and endogenous hormonal levels may also
effect an increased risk of various types of neoplasms. As yet, however, the complexity of these
and other interactions in the genesis of human neoplasia has not been as well delineated as in
animal studies. Still, it would be foolish to underestimate the importance of dietary and hor-
monal factors in the genesis of human neoplasia.

Tobacco Abuse as a Definitive Cause of Human Cancer

While diet and hormone alterations play major roles in the causation of human cancer, in most
instances the exact mechanism resulting in such increased risk is not clear. In the abuse of to-
bacco and tobacco products through smoking, chewing, and related uses, a more definitive caus-
ative mechanism of human cancer has been clarified. Early observations in this century (cf.
Hoffman, 1915) related cancer of the buccal cavity, and particularly of the lip, to smoking habits,
especially with pipes. In this context, smoking was related to the use of the betel nut as a masti-
catory for chewing, a habit that has been known since the fourth century A.D. in different parts of
the world (Sharan, 1996). Over time, the form of mastication of the betel nut has changed de-
pending on the social circumstances. Thus, the betel nut may be used alone or as a quid along
with a variety of ingredients including perfumes, stimulants, and different types of tobacco.
Extracts of the quid have been shown to be carcinogenic in the mouse and other species (Bhide
et al., 1979). Extracts of the nut itself contain alkaloids that have been shown to be mutagenic in
bacteria (cf. Sharan, 1996). Recently, there has been a decline in betel quid chewing, especially
in the young, and a concomitant decline in oral cancer (Reichart, 1995). Related uses of tobacco
include its use as snuff and for chewing without the other additives of the betel quid. Chewing
tobacco, a form of smokeless tobacco, while popular around 1900, decreased dramatically in use
until about 25 years ago, at which time there was a marked increase in sales and production of
smokeless tobacco, used both for chewing and for snuff dipping (holding cut tobacco between
the cheek or lip and gingiva or beneath the tongue) (Connolly et al., 1986). This type of expo-
sure to tobacco, as well as the betel quid, has been deemed as carcinogenic for humans by the
IARC (IARC, 1985). While the IARC has deemed the evidence for human carcinogenicity of
chewing tobacco as limited, alkaloids extracted from smokeless tobacco during its use give
rise to potent carcinogenic N-nitrosamines such as NNK (Chapter 3) (Hoffmann and Hecht,
1988). Unfortunately, the use of smokeless tobacco today is most common in children and
young adult males (Squier, 1988) as well as in young women who chronically dip snuff. In one
study of this last population, the relative risk of oral and pharyngeal cancer approached 50-fold
(Winn et al., 1981).

Tobacco smoking as a cause of lung and a variety of nonrespiratory cancers is largely a
phenomenon of the twentieth century, especially the last two-thirds of the century. To a signifi-
cant degree, this is probably the result of the ready availability and popularity of cigarettes. The
mass production of cigarettes was made possible by the invention of the cigarette-rolling ma-
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chine in the latter part of the nineteenth century, followed by the development of safety matches.
The result of these inventions is seen by the fact that in 1880 smokers averaged 40 cigarettes per
year, while in 1977 this average increased to 12,854 (Bartecchi et al., 1995). Concomitant with
the increasing consumption of cigarettes was seen the increasing mortality from lung cancer
(Figure 11.5). Tobacco abuse is the leading preventable cause of death in the United States, ac-
counting for about 20% of total deaths (Bartecchi et al., 1994). This figure includes not only
cancer but also respiratory and cardiovascular diseases caused by tobacco abuse. A further sig-
nificant factor in the popularity and consumption of cigarettes is the extensive advertisement of
their use. Cigarette marketing expenditures increased from $491 million in 1975 to $3274 mil-
lion in 1988 (Bartecchi et al., 1995). An even more alarming statistic, estimated by Peto et al.
(1996), is that some 3 million deaths a year are attributable to smoking now, and this figure will
rise to 10 million per year in 30 to 40 years from now. This indicates that about 200 to 300
million of today’s 3 billion adults can be expected eventually to die from tobacco abuse.

The results of tobacco abuse are not limited to its carcinogenic effects on the lung and
upper respiratory tract. A significant proportion of a variety of other neoplasms can also be at-
tributable to smoking in the United States (Figure 11.6). As with any chemical carcinogen, the
risk of developing cancer of the lung and of the other organs noted in Figure 11.6 will vary with
the number of cigarettes smoked per day. In a large study reviewing a number of reports, the
relative risk of lung cancer versus the number of cigarettes smoked per day was essentially linear
up to 40 cigarettes per day, which is as far as the study extended. However, the various reports
differed in the relative risk seen from 10 to 40. Laryngeal cancer risk in a number of studies was
even greater by far, but the spread was more extensive. For nonrespiratory cancers attributable to
smoking, the relative risk was generally less than 10 for those who smoked 40 cigarettes per day
(Dreyer et al., 1997). A more specific listing of the estimated cancer deaths caused by cigarette
smoking in the United States in 1988 is seen in Table 11.8.

Not in the table, however, are at least two other types of neoplasms for which there is
significant evidence of a causal relationship to tobacco abuse. One of these is hematopoietic can-
cer, including leukemias and to a lesser extent lymphomas. Since cigarette smoke contains ben-
zene and is a source of ionizing radiation (polonium 210), both known causes of leukemia, it is
quite possible that the two- to threefold excess of leukemias seen in smokers is related to their
habit (cf. Newcomb and Carbone, 1992). A more alarming association is that described by Gio-
vannucci and Martinez (1996) on the relation between smoking and cancers of the large bowel in
U.S. men. In 1950, age-adjusted colorectal cancer incidence and mortality rates were similar in

Figure 11.5 Relationship of cigarette consumption and total deaths from lung cancer in the United
States 1900 to 1989. (Reprinted from an NIH publication entitled Smoking, Tobacco and Cancer Program,
1990.)



Environmental Factors 453

U.S. men and women. By 1986, however, incidence rates were 34% higher and mortality rates
44% higher in men. These authors conclude that the increasing ratio of male to female mortality
from colorectal cancer over the latter half of this century may have resulted from tobacco use by
men earlier in the century. If this thesis is correct, as many as 20% of the large bowel cancers in
men may be attributable to smoking during the last two decades. All of this information leads to
the conclusion that tobacco abuse in general and cigarette smoking in particular are definable
and thus preventable causes of approximately one-third of the cases of potentially fatal human
cancer (Doll and Peto, 1981).

Figure 11.6 Proportion of cancer deaths that can be attributed to smoking in the United States in 1985.
(Adapted from Newcomb and Carbone, 1992, with permission of the authors and publisher.)

Table 11.8 Estimated Cancer Deaths Caused by 
Cigarette Smoking in the United States, 1998

From the National Cancer Institute, 1998.

Site Males Females Total

Lung 83,321 50,987 134,308
Esophagus 6,970 2,002 8,972
Pancreas 3,626 4,619 8,245
Oral cavity 4,801 1,579 6,380
Bladder 3,679 1,402 5,081
Kidney 3,202 481 3,683
Larynx 2,706 769 3,475
Cervix 1,499 1,499

Total 108,305 63,338 171,643
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Carcinogenic Agents Associated with Occupations

In 1713 Bernardino Ramazzini, of whom we have already spoken, published a text entitled De
Morbis Artificum, or Diseases of Workers, which was translated in 1964 by Wright. It is in this
text that Ramazzini describes the high incidence of mammary cancer in nuns, attributing it to
their celibate life. However, the remainder of the book does not consider neoplastic disease to
any extent in the more than 50 occupations described. Scrotal cancer in one-time chimney
sweeps, described by Pott, was a later example of occupational cancer. During the nineteenth
century, several reports of the association of specific cancers with mining, smelting, dyeing and
lubrication processes and industries were reported. Unfortunately, in many instances, little was
done for many years to protect the worker, a neglect of which we are still not entirely free today
(Table 11.9).

The association of occupational exposure to asbestos and the subsequent development of
bronchogenic carcinoma and mesothelioma have been well established (cf. Selikoff, 1978).
However, in virtually all of the studies undertaken in this field, the highest incidence of bron-
chogenic carcinoma was found in those individuals exposed to asbestos who also had a history
of cigarette smoking. In fact, risk ratios for the development of bronchogenic carcinoma of a

Table 11.9 Carcinogenic Risks Associated with Occupations

aSee legend of Table 11.2.

Chemical, process, or industry Associated neoplasm(s)
Evidence for 

Carcinogenicitya

Acrylonitrile Lung, colon, prostate Limited
Arsenic Lung Sufficient
Asbestos Lung, mesothelioma, 

gastrointestinal tract (?)
Sufficient

Manufacture of auramine Bladder Limited
Aromatic amines and nitroaromatics 

(aminobiphenyl, benzidine, 
2-naphthylamine, 4-nitrobiphenyl)

Bladder Sufficient

Benzene Leukemia Sufficient
Beryllium and its compounds Lung Limited
Bis(chloromethyl) ether Lung Sufficient
Boot and shoe manufacture and repair Nasal carcinoma Sufficient
Cadmium and its compounds Lung, prostate (?) Limited
Chromium and certain of its 

compounds
Lung, stomach, bone Sufficient

Furniture manufacture (hardwood) Nasal carcinoma Sufficient
Hematite mining (underground) Lung Sufficient
Isopropyl alcohol manufacture Cancer of paranasal 

sinuses
Sufficient

Nickel refining Lung, nasal sinuses Sufficient
Phenoxy herbicides, phenols, and 

polyhalogenated dioxins
Soft tissue sarcoma, 

lymphoma
Limited

Rubber industry (certain occupations) Leukemia, bladder Sufficient
Soot, tars, and oils Skin, lung, bladder, 

gastrointestinal tract
Sufficient

Trichloroethylene Liver and biliary tract Limited
Vinyl chloride Liver (angiosarcoma) Sufficient
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large cohort of asbestos insulation workers in the United States and Canada as well as asbestos
miners in Finland showed a dramatic increase in risk with smoking as compared with either
smoking or asbestos exposure alone (Thiringer and Järvholm, 1980). This relationship can be
seen in Table 11.10.

Hammond and Selikoff (1973) have suggested that this differential indicates the probable
necessity for multiple environmental agents for the induction of bronchogenic carcinoma in the
individuals exposed to asbestos. Carcinomas occurring in smokers exposed to asbestos exhibit a
greater incidence of adenocarcinoma than those seen in smokers alone (Mollo et al., 1990;
Johansson et al., 1992). In contrast, there appears to be little or no association between cigarette
smoking and the occurrence of mesothelioma (Muscat and Wynder, 1991). Most pleural and
peritoneal mesotheliomas in men can be attributed to exposure to asbestos, although such an
association is less clear in women (Spirtas et al., 1994). The latency period from the first expo-
sure to the diagnosis of mesothelioma may range from 20 to 45 years (Roggli, 1995; cf. Pisani et
al., 1988). Asbestos fibers differ in structure. The predominant types are noted in Table 11.11,
together with the evidence of their carcinogenicity in inducing mesotheliomas in the human
(Pisani et al., 1988). Virtually all fiber types are carcinogenic (Huncharek, 1994) with the possi-
ble exception of anthophyllite (Meurman et al., 1974), as noted in the table. Further evidence in
support of the direct carcinogenic effect of asbestos is the fact that mesotheliomas can be in-
duced in rodents by appropriate exposure to this material (Wagner and Berry, 1969). Although
other fibrous materials such as fiberglass have been shown to be carcinogenic in the rodent
(Stanton et al., 1977), there is essentially no evidence to date that fiberglass causes human
cancer.

The mechanism of asbestos carcinogenesis is unclear. However, asbestos fibers can cause
cytogenetic effects in cell culture as well as “transformation” (Chapter 14) of Syrian hamster
embryo cells in culture (Oshimura et al., 1984; Dopp et al., 1995). Hei et al. (1992) have also
demonstrated that asbestos fibers may induce large deletions in hamster-derived cells in culture;
this could be related to its clastogenic effects. In addition, asbestos fibers are able to generate
reactive oxygen species in vitro, suggesting a molecular mechanism for the cytogenetic and
transformation effects noted (Moyer et al., 1994). Although the mechanism of asbestos induc-
tion of cancer is as yet unknown, the demonstration that the type and size of fiber are important
for the carcinogenicity of this material indicates that its carcinogenic action may be similar to
that of “plastic film” carcinogenesis (Chapter 3). Several inorganic compounds and their primary
elements have also been shown to be carcinogenic in the human (Table 11.9). There is only lim-
ited evidence that cadmium and its compounds are carcinogenic for the human, the best evi-
dence being pulmonary carcinogenesis in epidemiological studies, where an actual dose-
response relationship may exist (cf. Waalkes et al., 1992). The evidence is significantly less for a
causative factor in human prostate cancer (Waalkes and Rehm, 1994). On the other hand, chro-
mium compounds have been causally related to cancers of the respiratory system, especially the
lung, as well as the stomach, bone, and the urogenital tract (cf. Cohen et al., 1993; Costa, 1997).

Table 11.10 Calculated Risk Ratios for Cancer of the Lung

Adapted from Thiringer and Järvholm, 1980, with permission of the authors and
publisher.

Smoking – – + +
Asbestos exposure – + – +
Risk ratios: 1 4 11 91 (Selikoff et al., 1968)

1.0 1.4 12 17 (Meurman et al., 1974)
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As noted earlier (Chapter 3), there is substantial evidence for the interaction of chromium com-
pounds with DNA, induction of protein-DNA crosslinks, and direct mutagenic effects on DNA
(cf. Cohen et al., 1993). Chromium compounds are clastogenic in humans and animals both in
vivo and in vitro (cf. Vainio and Sorsa, 1981). Exposure to nickel-containing dust in refineries
and other working environments is causally related to cancers of the respiratory tract, especially
the nose and lungs, after exposure periods extending from 5 to 25 years (cf. Magos, 1991). In
most instances such neoplastic development was associated with other evidence of toxicities,
such as chronic pulmonary irritation, rhinitis, and sinusitis.

A situation similar to the problem of asbestos exposure may be seen in underground hema-
tite miners in several areas of Europe as well as in this country. Since iron oxide has not been
found to be carcinogenic in laboratory animals—although hematite dust enhances the carcino-
genic activity of hydrocarbons in the lung—the exact agent or agents producing the increased
incidence of lung cancer in this occupational group have not yet been identified. Similarly,
workers in the furniture industry and related fields exposed to high levels of wood dust, espe-
cially from hardwood (Leclerc et al., 1994), are more prone to develop adenocarcinoma of the
nasal cavity and sinuses. A similar finding has been demonstrated for workers in the shoe indus-
try in England; again, the offending agents are unknown. In previous years, during the manufac-
ture of isopropyl alcohol, oils were produced whose exact structure was not known but whose
presence was obviously related to the process. Workers in this industry had a significant increase
in cancer of the larynx and nasal cavity after chronic inhalation of these oils. Today the manufac-
turing process has been changed so that there is no risk to the worker.

One of the most interesting inorganic elements whose compounds have been shown to be
carcinogenic in the human is arsenic. As indicated in Chapter 3, the evidence for the carcino-
genic effects of arsenic is far better in the human than in experimental animals. Only in the last
two decades has it been shown that arsenic compounds are carcinogenic in rodents, primarily if
not exclusively in the Syrian golden hamster, without the addition of other agents (Yamamoto et
al., 1987). More recently, a number of studies have demonstrated that organic arsenicals, espe-
cially methylated arsenicals, may act as promoting or progressor agents in several different ex-
perimental systems and species (Yamanaka et al., 1996; Hayashi et al., 1998; Yamamoto et al.,
1997; Germolec et al., 1997). Furthermore, in cells isolated from the Syrian hamster embryo and
explanted to tissue culture, arsenical compounds in the medium induced cell transformation

Table 11.11 Types of Asbestos Fibers: Environmental Exposure 
and Carcinogenicity

Type Exposure
Mesothelioma

Carcinogenicity

Crocidolite Miners (South Africa) High
Factory workers

Amosite Miners High
Insulators
Factory workers

Tremolite Environmental (Greece) High (?)
As a contaminant in chrysotile

Chrysotile Miners (North America) Low
Insulators
Factory workers

Anthophyllite Miners (Finland) None



Environmental Factors 457

(Chapter 14) and cytogenetic effects (Lee et al., 1985). One of the earliest extensive reviews of
arsenical cancer in the human was that of Neubauer (1947), in which he described clinical char-
acteristics of cancer of the skin associated with ingestion of medicinals as well as occupational
exposures. Since that time and especially during the last decade, there have been extensive
epidemiological investigations on various exposures to arsenic compounds by a variety of envi-
ronmental routes. A related environmental exposure to arsenic is in drinking water. One of the
most extensively studied cohorts of individuals exposed to high levels of arsenic in drinking wa-
ter was described in Taiwan (Chen et al., 1992). The concentration of arsenic in the well water
was associated significantly with an increased risk for cancers of the liver, nasal cavity, lung,
skin, bladder, and kidney in both males and females. While some have perhaps questioned the
applicability of these findings to other situations, at least two other studies (Hopenhayn-Rich et
al., 1996; Tsuda et al., 1995) have obtained similar evidence for the effect of arsenic in drinking
water on the development of bladder and lung cancer. These findings have considerable practical
importance in the United States, where a very large proportion of drinking water contains low
levels of inorganic arsenic. However, a recent study by Buchet and Lison (1998) from Belgium
has indicated that a low to moderate level of environmental exposure to inorganic arsenic (20 to
50 µg/L drinking water) does not seem to affect the causes of mortality in the exposed popula-
tion. Generally, from these epidemiological studies, one may propose that inhaled arsenic in-
duces primarily respiratory cancer, whereas ingested arsenic is associated with increased risk of
cancer at multiple sites, including the skin and a variety of organs (Byrd et al., 1996). Further-
more, from the epidemiological investigations as well as experimental studies demonstrating the
effective clastogenicity of arsenic and its compounds while producing an absence of point muta-
tions (Stöhrer, 1991), as well as the effects on multistage carcinogenesis in animals, arsenicals
may be more closely related to progressor agents (Chapter 9), exerting their effects at the late,
progressor stage of the carcinogenic process (Brown and Chu, 1983).

The use of specific organic chemicals in industrial processes dates back to the middle of
the last century; the carcinogenic effects of several of these chemicals have been completely or
partially defined in the human species. The earliest of these were some aromatic amines used in
the dye industry. In 1895, Rehn noted bladder neoplasms in three men working in a dye factory
that used aniline as the basic ingredient for the preparation of fuchsin dyes (Rehn, 1895). Since
that time, bladder neoplasms among aromatic amine workers have been referred to as “aniline
tumors,” although it is now known that the bladder carcinogen in Rehn’s report was not aniline
but 4-aminobiphenyl (Connolly and White, 1969). A related and also extensively produced
chemical was β-naphthylamine, which was purified by distillation and sublimation in closed
rooms during the last century. As noted in Figure 11.7, these distillation conditions resulted in
the development of bladder cancer in virtually 100% of the individuals who worked in those
rooms. While the danger to the human of the aromatic amines listed in Table 11.9 is now well
known and considerable safety precautions are employed where such chemicals are used, there
has still been some recent evidence that other aromatic amines, such as o-toluidine, may be a
causal agents for bladder cancer in some industries (Ward et al., 1996).

A far more pervasive and common environmental chemical that has been designated as
carcinogenic for the human is benzene. Although the clear carcinogenic effect of benzene in
laboratory test animals has been demonstrated conclusively only within the last two decades, an
association between exposure to benzene and leukemia has been known since before 1930 (De-
lore and Borgomano, 1928). In chronic bioassay studies, benzene induced neoplasms in a num-
ber of sites in both rats and mice (Huff et al., 1989). In the human, the toxicity for the
hematopoietic system has been well documented, the most common effect being aplastic anemia
(Smith, 1996). Although workers in the chemical and rubber industries may be exposed to
greater concentrations of benzene for longer periods of time than the general population, expo-
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sure to benzene is pervasive (Figure 11.8). As noted in Figure 11.8, a typical smoker takes in
roughly 2 mg of benzene per day, primarily from mainstream cigarette smoke. Nonsmokers in-
hale about one-tenth of this amount, predominantly from ambient air but also from automobile
vapors (Wallace, 1996). Outdoor air contributes about 40% of the total benzene dose for non-
smokers, while the remainder involves primarily gasoline and automobile vapor emissions asso-
ciated with automobile driving and maintenance as well as environmental tobacco smoke (ETS)
exposures. As expected from its myelotoxicity, there is strong evidence that benzene induces
leukemia, predominantly if not exclusively acute myelogenous leukemia, as noted from the
combination of six studies reported by Lamm et al. (1989) (Figure 11.9). Although there is some
suggestion that benzene may induce multiple myeloma (Goldstein, 1990), other studies have not
borne out this suggestion (Wong, 1995).

Medinsky et al. (1994) have pointed out that acute myelogenous leukemia appears to in-
volve repeated exposure to cytotoxic concentrations of benzene. Other studies (Wong, 1995;
Schnatter et al., 1996) have demonstrated apparent thresholds of benzene exposure below which
there is no evidence of neoplastic development. Smith (1996) has pointed out that benzene is not
a “classic” chemical carcinogen in that it does not form a highly electrophilic metabolite on me-
tabolism, and there is relatively little binding to DNA of radiolabeled benzene or its metabolites,
although DNA adducts can be demonstrated by the 32P-postlabeling technique (Bodell et al.,
1996). However, both benzene and its metabolites induce chromosomal alterations in both hu-
mans and animals (cf. Snyder and Kalf, 1994). Chronic exposure to benzene induces breaks and
translocations in specific chromosomes in vivo, which are significant at exposures of greater
than 31 ppm (Figure 11.10) (Smith et al., 1998). Thus, while there has been much speculation as
to the mechanism(s) of benzene carcinogenesis, it would appear that the known characteristics

Figure 11.7 Increasing risk of bladder carcinoma following exposure to various aromatic amine carcin-
ogens. Note the 100% incidence in those distilling 2-naphthylamine. (From Connolly and White, 1969,
with permission of the authors and publisher.)
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of this agent allow its classification as a progressor agent in human neoplastic development
(Chapter 9).

Although the dioxins and polyhalogenated biphenyls induce neoplasms in experimental
animals, it is important to note here the present controversy that suggests an effect of dioxins on
the induction of soft tissue sarcomas. Hardell et al. (1995) have presented evidence that chronic
exposure to phenoxy acids or chlorophenols is associated with significant increases in soft tissue
sarcomas in Swedish workers, but others (cf. Bond and Rossbacher, 1993) were not able to con-
firm this in a similar study in Finland. Since these compounds are usually contaminated by diox-
ins and related toxic compounds, the argument has been made that such studies indicate the
potential carcinogenicity of dioxins for humans. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)
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Figure 11.8 Sources of benzene exposure in smokers (A) and nonsmokers (B). A typical smoker takes
in roughly 2 mg of benzene per day, while a nonsmoker typically inhales about 0.2 mg of benzene per day,
assuming in the latter incidence an average exposure of 15 µg/m3 and an alveolar respiration rate of 14
m3/day. (Adapted from Wallace, 1996, with permission of the author and publisher.)
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and related halogenated compounds are pervasive environmental chemical contaminants which
are of no practical or useful importance. TCDD and many of its congeners are minor by-prod-
ucts of a variety of synthetic processes utilized in the preparation of antiseptics and herbicides.
They are also produced by incomplete combustion of a variety of halogen-containing organic
chemicals and thus occur in stack exhausts and cigarette smoke. TCDD is extremely toxic to a
variety of species (cf. Pohjanvirta and Tuomisto, 1994) and is carcinogenic on long-term expo-
sure as well as being one of the most potent promoting agents known for experimental liver and
skin cancer (Chapter 7; Lucier et al., 1993). In humans, the carcinogenic potential of TCDD has
been confused by exposures that are almost always in association with multiple other chemicals
and confounding effects such as smoking. However, the IARC has classified TCDD and phe-
noxy herbicides as carcinogenic to humans on the basis of limited evidence from epidemiologi-
cal studies and sufficient evidence from animal studies (McGregor et al., 1998). An analysis of
four Swedish studies was one of the bases for this decision, although other earlier investigations
(Kang et al., 1987; Riihimäki et al., 1982) did not support such an association. Somewhat less
clear is the association of non-Hodgkin lymphoma with herbicide and TCDD exposure, al-
though the increasing incidence of this disease in a number of countries could be based, at least
in part, on such chronic exposure (Zahm and Blair, 1992; Hardell et al., 1994). Still, because of
the relative lack of genotoxic effects of TCDD in general and its extremely potent promoting
action in experimental animals, its carcinogenic effects may be more closely related to this latter
characteristic.

Unlike TCDD, the 2-carbon halogenated compounds trichloroethylene and vinyl chloride
are produced and used extensively worldwide for a variety of occupational procedures. About a
quarter of a million tons of trichloroethylene are produced in the world each year and used as a
solvent in numerous industrial processes. The IARC (1995) has concluded that there is limited
evidence in humans for the carcinogenicity of this compound, but a committee of the National
Research Council in the United States (James et al., 1996) felt that the evidence both in humans
and animals was less convincing, although they did choose to calculate a cancer risk based on
estimates by the U.S. Environmental Protection Agency. A much less controversial subject is the
association of malignant neoplasms of the liver with exposure to vinyl chloride, the monomer
used in the production of a variety of plastics. A review by the IARC in 1975 reported on 43
cases of angiosarcoma found in 10 different countries throughout the world, all of the patients
having a history of working with vinyl chloride. Hepatic angiosarcoma is an extremely rare neo-
plasm in humans, and thus the incidence seen in this group is far out of proportion to what might
be expected in the general population. Cooper (1981) reviewed a population of 10,173 men
whose jobs involved a probable exposure to vinyl chloride prior to January 1, 1973. In this

Figure 11.9 The percent observed/percent expected by type of leukemia for six studies as described by
Lamm et al. (1989). ALL, acute lymphatic leukemia; CLL, chronic lymphatic leukemia; AML, acute
myelogenous leukemia; CML, chronic myelogenous leukemia. (Reproduced with permission of the
authors and publishers.)
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group, eight angiosarcomas were found, as well as a twofold increase in malignant neoplasms of
the brain and other parts of the nervous system. Although the low incidence of these neoplasms
in this large population suggests that vinyl chloride is a relatively weak carcinogen, the rarity of
hepatic angiosarcoma in the general population strongly supports the causal relationship be-
tween the organic monomer and the induction of this mesenchymal neoplasm. In addition, vinyl
chloride exposure induces other, somewhat uncommon pathologies in the liver, including exten-
sive fibrosis, which may lead to portal hypertension (increased pressure within the portal venous
system), splenomegaly, and hypertrophy and hyperplasia of both hepatocytes and hepatic and
splenic mesenchymal cells (Thomas et al., 1975). Vinyl chloride is rapidly absorbed after respi-
ratory exposure and is metabolized in the liver by the cytochrome P450 2E1 system to electro-
philic metabolites, particularly chloroethyleneoxide and chloroacetaldehyde. These
electrophiles react with DNA bases to form adducts, of which the etheno-base compounds (Fig-
ure 3.9) are highly persistent, with half-lives of more than 30 days (cf. Marion et al., 1996).
Mutations in the K-ras and p53 genes occur in the livers of exposed individuals. The etheno

Figure 11.10 Structural chromosome alterations in chromosomes 8 and 21 in lymphocytes from blood
of workers exposed to different levels of benzene in comparison with unexposed controls. The p values are
significant for exposures at greater than 31 ppm. (Adapted from Smith et al., 1998, with permission of the
authors and publishers.)
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adducts cause transition and transversion mutations in bacterial systems (Cheng et al., 1991;
Marion et al., 1996).

The United States government has sponsored publications suggesting that occupational
causes of neoplasia in humans may be responsible for as much as 20% of total cancer mortality,
but Doll and Peto (1981) have presented compelling arguments that such is not the case. Their
review of the presently available statistical and epidemiological evidence indicates that only
about 4% of all cancer deaths in the United States can be attributed to occupational causes. Fur-
thermore, the strict governmental regulation of actual and potential industrial health hazards
promises to reduce this figure even further in the future (Chapter 13).

Carcinogenic Agents for the Human Associated with Medical Therapy 
and Diagnosis

In modern times the dictum of Hippocrates that a physician above all should do no harm to his or
her patient has been modified to a consideration of the benefit to the patient in relation to the risk
of the procedure or therapy involved. Many times the risk to the patient was unknown or unsus-
pected, and it was only at a later date that the risk factor became evident. Perhaps the best exam-
ple of this was the administration of diethylstilbestrol to pregnant women in order to avert a
threatened abortion. The benefit of such a procedure was obvious, but the risk did not become
obvious until many years later, when a small percentage of the female offspring of mothers
treated with this estrogenic analog during gestation developed vaginal carcinomas, usually
shortly after puberty (Herbst, 1981) (Table 11.12). The incidence of clear cell adenocarcinoma

Table 11.12 Carcinogenic Risks of Chemical Agents Associated with Medical Therapy and 
Diagnosis

aSee notes below Table 11.3.

Chemical or Drug Associated Neoplasms
Evidence for 

Carcinogenicitya

Alkylating agents 
(cyclophosphamide, melphalan)

Bladder, leukemia Sufficient

Inorganic arsenicals Skin, liver Sufficient
Azathioprine (immunosuppressive 

drugs)
Lymphoma, reticulum cell 

sarcoma, skin, Kaposi 
sarcoma (?)

Sufficient

Chlornaphazine Bladder Sufficient
Chloramphenicol Leukemia Limited
Cyclosporine Lymphoma, skin Sufficient
Diethylstilbesterol Vagina (clear cell carcinoma) Sufficient
Estrogens:

Premenopausal Liver cell adenoma Sufficient
Postmenopausal Endometrium Limited

Methoxypsoralen with ultraviolet light Skin Sufficient
Oxymetholone Liver Limited
Phenacetin Renal pelvis (carcinoma) Sufficient
Phenytoin (diphenylhydantoin) Lymphoma, neuroblastoma Limited
Radon Lung Sufficient
Tamoxifen Endometrium Sufficient
Thorotrast Liver (angiosarcoma) Sufficient
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of the vagina in women exposed to diethylstilbestrol in utero is about 1 per 1000 exposed moth-
ers (Melnick et al., 1987). However, other abnormalities of the genital tract, especially a condi-
tion known as vaginal adenosis, occurred in about 70% of women exposed to diethylstilbestrol in
utero (Johnson et al., 1979). While no carcinogenic effects were noted in male offspring exposed
in utero, several anomalies of the genital tract have been described as well as possible modifica-
tion of social behaviors in men exposed in utero (Mittendorf, 1995). Prenatal exposure of mice to
diethylstilbestrol induces a variety of both neoplastic and developmental abnormalities in the
genital tracts of both male and female offspring, some of which mimic those seen in the human
(Newbold, 1995). Recently, there have been reports that women exposed to diethylstilbestrol in
utero do have a moderately increased risk for developing breast cancer (Greenberg et al., 1984);
this risk does not increase with time (Calle et al., 1996). Diethylstilbestrol may be metabolized to
reactive forms, as shown by in vitro studies (Tsutsui et al., 1986; Gladek and Liehr, 1989). This
alteration may lead to the formation of 32P-postlabeled DNA adducts (Liehr et al., 1985), ele-
vated 8-hydroxydeoxyguanosine levels in DNA in vivo (Roy et al., 1991), and DNA damage in
germ cells in mice in vivo (Racine and Schmid, 1984). Diethylstilbestrol is clastogenic in a vari-
ety of systems (Birnboim, 1985), such as human leukocytes, and it induces aneuploidy in vivo
and in vitro (Bishun et al., 1977). Interestingly, clear-cell adenocarcinomas of the vagina induced
by diethylstilbesterol show no evidence for the induction of mutations in the K-ras or H-ras
protooncogenes, the Wilms’ tumor suppressor gene, the estrogen receptor gene, or the p53 tumor
suppressor gene, but evidence of microsatellite instability was found in all of the neoplasms ex-
amined (Boyd et al., 1996). Thus, unlike natural estrogens, this synthetic estrogen may exert its
effects by altering DNA and genomic structure during the stages of initiation and/or progression.

Other synthetic estrogens, primarily utilized as oral contraceptives, have been associated
with the induction of liver cell adenomas when taken chronically by premenopausal women. The
relation of risk of development of liver cell adenomas to the duration of the use of oral contra-
ceptives is given in Table 11.13 (Edmondson et al., 1976). While some isolated cases have been
reported as indicating an association between liver cell adenomas, dysplasia, and hepatocellular
carcinoma (Tao, 1992), the epidemiological evidence to date is insufficient to conclude that
there is a relation between carcinoma development and exposure to synthetic estrogens in oral
contraceptives. Furthermore, studies have demonstrated that, upon withdrawal of the oral contra-
ceptives, regression of adenomas and particularly a related lesion, focal nodular hyperplasia, oc-
curs (Steinbrecher et al., 1981; Pain et al., 1991). Furthermore, the more recent preparations of
oral contraceptives contain other steroids such as progestins, which seem to moderate the ten-
dency for liver adenomas to develop. The potential relation between synthetic estrogens used in
oral contraceptives and the development of breast cancer has been extensively investigated. In

Table 11.13 Duration of Use of Oral Contraceptives for 
30 Case-Control Pairs

aCompared with use up to 1 year. Similar relative risks are obtained
if a matched analysis is performed.

Duration (months) Cases Controls Risk Ratioa

<12 6 15 1.0
13–36 4 8 1.3
37–60 7 7 2.5
61–84 4 2 5.0
85–108 3 1 7.5
>109 10 1 25.0
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premenopausal women, there is some evidence for a slight increase in risk, again related to the
length of use, as noted in Figure 11.11 (McGonigle and Huggins, 1991; Rookus and van Leeu-
wen, 1994). In postmenopausal women—in a study combining more than 50 epidemiological
investigations—it was concluded that a small increase in the relative risk of breast cancer oc-
curred within the first 10 years after cessation of the use of synthetic estrogens/progestins. Sub-
sequently, the risk disappeared (Calle et al., 1996). A more striking phenomenon, however, is the
relationship of unopposed (no progestins) estrogens and endometrial cancer in postmenopausal
women. In this instance, the so-called hormonal replacement therapy was shown some years ago
to be associated with a substantial (6- to 15-fold) risk for the development of endometrial carci-
noma (Antunes et al., 1979). While the concomitant administration of progestin with the estro-
gen does not completely eliminate the risk (Beresford et al., 1997) of lingering effects of
unopposed estrogen after administration has ceased, most carcinogenic effects of estrogens to
the endometrium can be prevented by the addition of a progestin (Barrett-Connor, 1992).

More recently, on the basis of both clinical and experimental investigations, synthetic anti-
estrogens have come into play both for the therapy of breast cancer and for its prevention. At
present the most commonly utilized antiestrogen is tamoxifen, which has a structure not unre-
lated to that of diethylstilbestrol (Chapter 3). This chemical has been shown to decrease the re-
currence of breast cancer significantly after therapy. In addition, in a large clinical trial recently
completed, tamoxifen decreased the risk of developing primary breast cancer in a high-risk pop-
ulation (Jordan, 1993; Fisher et al., 1998). Tamoxifen exhibits estrogen-antagonist activity in the
breast and the hypothalamic-pituitary axis (Mandeville and Houde, 1994). However, in most
other tissues, this chemical is a moderately active estrogen. Although in a large number of stud-
ies involving tamoxifen, in both therapeutic and preventive situations, little or no carcinogenic
risk was demonstrated (Morgan, 1997), a significant number of investigations have indicated
that tamoxifen therapy increases the risk of endometrial cancer sevenfold or more (Fisher et al.,
1994; Morgan, 1997). Despite this finding, the benefit of using tamoxifen far exceeds this risk
factor (Fisher et al., 1994; Assikis et al., 1996). Tamoxifen’s carcinogenic action appears to be
similar to that of diethylstilbestrol in that it and its congeners induce 32P-postlabeled DNA ad-
ducts (Li et al., 1997). These antiestrogens are effective promoting agents in experimental sys-
tems (Dragan et al., 1995; Kim et al., 1996), and tamoxifen and its congenors induce aneuploidy
in rodent tissues in vivo (Sargent et al., 1996). Thus, at least in some experimental systems,
tamoxifen exhibits the characteristics of a complete carcinogen.

Figure 11.11 Breast cancer in women younger than 45 years of age: relative risk by total years of oral
contraceptive use before first-term pregnancy in nine studies. OC, oral contraceptive; FTP, first-term preg-
nancy. (Adapted from Schlesselman, 1990, with permission of the author and publisher.)
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Androgenic steroids in the form of synthetic congeners of testosterone, such as
oxymetholone, have been used in the long-term therapy of aplastic anemia. A number of case
reports of hepatocellular carcinomas have arisen in individuals treated for this and other condi-
tions by this form of steroid (cf. Hoover and Fraumeni, 1981).

A number of agents known to damage DNA have been used in the therapy and diagnosis
of various diseases, especially neoplasia. Alkylating agents are used primarily for the treatment
of malignant neoplasms, and a number have been causally associated with the induction of a
variety of leukemias and solid neoplasms, especially in children receiving intensive therapy for
acute leukemia (Chapter 20). The induction of acute nonlymphocytic leukemia has been re-
ported in adults receiving such chemotherapy, especially for Hodgkin disease (Swerdlow et al.,
1992; Karp and Smith, 1997). Table 11.14 lists a number of chemotherapeutic agents used in the
treatment of cancer that have been evaluated in the IARC monograph program. As noted from
the table, almost all of these agents are alkylating agents, which are thus capable of reacting with
DNA in their ultimate forms (Chapter 3).

The risk of development of a secondary leukemia does not increase linearly with time but
rather exhibits a sharp peak or “critical window” of incidence, as noted in Figure 11.12. Al-

Table 11.14 Selected Chemotherapy Agents That Have Been Evaluated in the IARC 
Monographs Program

Key: ALK, DNA alkylation; INT, DNA intercalation; STR, DNA strand breakage; DNA MeI, DNA me-
thylation inhibitor.
Modified from Boffetta and Kaldor, 1994, with permission of the authors and publisher.

Agent
Mechanism
of Action

Agents carcinogenic to humans (IARC group 1):
N,N-Bis(2-chloroethyl)-2-naphthylamine (Chlornaphazine) ALK
1,4-Butanediol dimethanesulfonate (Busulfan, Myleran) ALK
Chlorambucil ALK
(1-(2-)Chlorethyl)-3-(4-methylcyclohexyl)-1-nitrosourea (methyl-CCNU, 

semustine)
ALK

Cyclophosphamide ALK
Melphalan ALK
MOPP and other combined chemotherapy, including alkylating agents ALK
Thio-TEPA [tris(1-aziridinyl)-phosphine] ALK
Treosulphan ALK

Agents probably carcinogenic to humans (IARC group 2A):
Doxorubicin INT, STR
Azacytidine DNA MeI
Bischloroethyl nitrosourea (BCNU) ALK
(1-(2-)Chloroethyl)-3-cyclohexyl-1-nitrosourea (CCNU) ALK
Chlorozotocin ALK
Cisplatin ALK
Nitrogen mustard ALK
Procarbazine hydrochloride ALK

Agents possibly carcinogenic to humans (IARC group 2B):
Bleomycin STR
Darcarbazine ALK
Mitomycin C ALK
Uracil mustard ALK
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though ionizing radiation is also utilized in the therapy of neoplasia, especially in association
with chemotherapy at times, the carcinogenic effects of the chemotherapeutic agents can be dis-
tinguished from those of ionizing radiation (cf. Swerdlow et al., 1992; Reimer, 1982). More re-
cently, newer therapeutic agents are being employed, and, although studies are yet incomplete,
evidence strongly suggests that the effective platinum drugs as well as the topoisomerase inhibi-
tors are carcinogenic (Greene, 1992; Karp and Smith, 1997). The topoisomerase inhibitors in-
duce specific chromosomal abnormalities that are reflected in the ultimate neoplasms, usually
leukemias, suggesting that such agents are primarily effecting the stage of progression.

There is no question of the association of lung cancer with chronic exposure to arsenic in
industrial situations, but the exposure to arsenic compounds in the treatment of various diseases
was widespread during the earlier parts of this century. Organic arsenicals were used to treat
syphilis, and there is some evidence for an association with skin cancer in individuals receiving
such treatment for prolonged periods. However, a much firmer association of skin as well as
liver cancer with the chronic administration of Fowler’s solution has now been well documented
(Pershagen, 1981). This medicament, in the form of a solution of 1% potassium arsenite in aque-
ous alcohol, was used for the treatment of dermatitis, arthritis, and other conditions, including
chronic leukemia. Since the material was often administered for years, some patients received
many grams of arsenic during their period of treatment. An interesting study by Fierz (1966)
reported a dose-response relationship between the development of skin cancer and the ingestion
of Fowler’s solution (Figure 11.13).

Chlornaphazine, which had been used to treat preleukemic conditions in humans, was
shown to be carcinogenic for the bladder and today is no longer utilized in such therapy (IARC,
1982). Methoxypsoralen, which interacts with DNA, has been used in combination with ultravi-
olet light in the treatment of a skin condition known as psoriasis. Clear evidence of the induction
of squamous cell carcinoma of the skin by this regimen has been reported (Stern and Laird,
1994). In addition, the administration of methotrexate, an analog of the vitamin folic acid, also
increases the risk of skin cancer in patients with psoriasis treated by this antimetabolite. More
recently, these same studies have indicated that the risk of malignant melanoma also increases in

Figure 11.12 Risk function for the development of leukemia in patients with Hodgkin disease regard-
less of the type of treatment employed. The natural log transformation of the risk equation and the two-
sided p value for the nonlinear term are noted in the figure. (Adapted from Blayney et al., 1987, with per-
mission of the authors and publisher.)
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patients who have been treated with ultraviolet light and methoxypsoralen for extended periods,
usually involving more than 250 separate treatments (Stern et al., 1997). There has also been
some epidemiological evidence that extensive exposure to fluorescent light may be a potential
risk factor for melanoma (Walter et al., 1992), and there is an even greater risk from the use of
sunlamps for tanning in a Swedish population, with a relative risk factor greater than 7 when
such devices are used more than 10 times a year by young people (Westerdahl et al., 1994).
These instances were in the absence of treatment with methoxypsoralen, indicating, as reiterated
in the next chapter, the potential danger of ultraviolet and near-ultraviolet radiation in the devel-
opment of skin cancer in the human.

Although not strictly a chemical cause of human cancer, thorium dioxide in a colloidal
form known as Thorotrast was once used for diagnostic imaging of the liver and other tissues in
vivo for the diagnosis of both primary and metastatic neoplasia in the human. This radioactive
compound is sequestered by tissues of the body, especially in the liver, and not released for long
periods. The continuous radiation by alpha particles, as well as ionizing photons emitted from
the spontaneous disintegration of thorium within the tissue, leads to neoplasia, especially of vas-
cular elements in the liver, resulting in angiosarcoma (van Kaick et al., 1978).

A group of drugs has been utilized in the chemical immunosuppression of patients in prep-
aration for transplantation of organs and tissues from one individual to another. The principal
drug that has been associated with neoplasms in this group of patients is azathioprine. Although
this drug and others used during clinical immunosuppression interact with DNA, it is not clear
whether such compounds are actually carcinogenic in themselves or act by suppressing the natu-
ral resistance of the host to malignant cells already present. The predominant neoplasms appear-
ing in such immunosuppressed patients are those derived from the skin and the immune system.
In a study of more than 6000 individuals having had kidney transplant surgery in the United
States, Hoover and Fraumeni (1973) reported dramatic increases in the risk for these two types
of neoplasms; the most striking was reticulum cell sarcoma, the occurrence of which was 350
times greater than in the general population. A more recent series from England (London et al.,
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tion. (After Fierz, 1966.)
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1995) showed a somewhat different distribution of neoplasms in 70 of 918 renal transplant pa-
tients; 53% of these tumors were cutaneous in origin. The risk of developing these neoplasms of
the skin, mostly squamous cell carcinomas, rose almost exponentially during a 20-year follow-
up. It is reasonable to suggest that a major mechanism for the induction of neoplasia in immuno-
suppressed patients is the loss of host resistance to neoplastic cells that are already present but
are normally prevented from expressing their neoplastic potential by immune mechanisms of the
host. A marked increase in the incidence of Kaposi sarcoma has been seen in immunocompro-
mised patients in this and other countries, especially male homosexuals with the acquired immu-
nodeficiency syndrome (AIDS), a disease associated with marked immune dysfunction and loss
of resistance to infectious agents (Kahn and Walker, 1998) (Chapter 12). These increases in neo-
plasms seen in immunosuppressed individuals may in part reflect the inability of the host to re-
sist the development of neoplasia by immunological mechanisms, as discussed further in
Chapter 19.

The association of leukemia with administration of the antibiotic chloramphenicol may be
related to its depressive action on the bone marrow (IARC, 1982). Similarly, in 1987, the IARC
classified the analgesic phenacetin as a cause of cancers of the renal pelvis, ureter, and bladder.
Today this agent is not available as an over-the-counter analgesic in most western countries.
There is little or no evidence that salicylates or acetaminophen exhibit any carcinogenic effects
in the human. The association of lymphomas with the chronic administration of phenytoin for
the control of epilepsy is very limited, with significant conflicting evidence (Olsen et al., 1989;
Scoville and White, 1981). This drug induces lymphoid reactions that are at times difficult to
distinguish from neoplasia, but there is limited evidence for its causal association with lym-
phoma, although the risk is probably much less than the benefit to the epileptic patient. An inter-
esting but as yet unknown effect of administration of a known carcinogenic agent to humans for
medicinal purposes was the use of ethylcarbamate (urethane) as a cosolvent in aqueous solutions
of water-insoluble analgesics in Japan from 1950 through 1975 (Miller, 1991). No epidemiolog-
ical follow-up was made of the use of some hundred million 2-mL ampules of 7% to 15% solu-
tions of ethylcarbamate injected into patients between 1950 to 1975. Whether this and other
medical treatments with potential carcinogens will alter cancer risk and incidence remains for
future study.

Thus, it is clear that some forms of medical therapy and diagnosis are not without signifi-
cant carcinogenic risk under certain circumstances. Chapter 13 presents a further discussion of
the relation of benefit to risk in our society in the employment of known or suspected carcino-
genic agents. In the final analysis, society and/or the individual must determine when one factor
outweighs the other.

Multistage Chemical Carcinogenesis in the Human

The multistage nature of chemical carcinogenesis can be demonstrated in the human as it has
been in the animal, although, for obvious reasons, not with the same degree of accuracy. Epide-
miologists have utilized terms such as late-stage carcinogens to indicate agents such as asbestos
and arsenic that exhibit effects after very long latent periods. The analogy of such terminology to
progressor agents is obvious. It is also possible to classify, at least tentatively, chemical agents
that have been shown to be carcinogenic in the human or have such a potential in relation to their
action at one or more of the three stages of carcinogenesis. A number of agents considered in
this chapter may be classified as effective promoting agents in the development of human neo-
plastic disease. Several other agents are potentially promoting agents in human carcinogenesis
on the basis of experimental investigations. A compilation of the principal promoting agents for
the human is given in Table 11.15 (Pitot, 1982). From this list and the information presented in
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this chapter, it is apparent that the effects of chemicals in the environment on the incidence of
human cancer are more likely to be related to the stages of tumor promotion and progression
than to initiation.

Although not all such agents have been shown by epidemiological studies to be important
factors in human cancer, a number clearly can be. We have already discussed some aspects of
the importance of dietary caloric intake and dietary fat in the genesis of human cancer. In addi-
tion, experimental evidence has clearly indicated that dietary fat, especially unsaturated fatty ac-
ids, may act as a promoter in experimental mammary carcinogenesis and possibly in several
other histogenetic types of neoplasms (cf. Carroll, 1980). Cigarette smoke is a complete carcino-
gen but contains many promoting agents, and epidemiological evidence argues that tumor pro-
motion is a major factor in the development of pulmonary cancer in the human as a result of
smoking (cf. Farber, 1981). Although there are numerous controversies over the relation of arti-
ficial sweeteners to human bladder cancer and of dioxins to human neoplasia, there is ample
experimental evidence that both of these agents are promoters for bladder and liver cancer in
experimental systems (cf. Pitot, 1982). As Berenblum (1978) has suggested, all endogenous hor-
mones may be considered to be promoting agents, and the action of synthetic estrogens in induc-
ing liver cell adenomas in the human, as well as in rodents argues for a promoting role of these
compounds. Finally, epidemiological evidence that alcoholic beverages promote esophageal,
gastric, and hepatic cancer in the human is substantial, although relatively little evidence has
been uncovered to demonstrate their promoting action in animals (Lieber et al., 1979).

Several known chemicals shown to be carcinogenic to the human may be classified prima-
rily as progressor agents. These include asbestos fibers, benzene, and arsenic on the basis of
their clastogenic properties and relatively little evidence of their action as initiators. Unfortu-
nately, it is difficult to prove the biological and molecular mechanisms involved in human car-
cinogenesis directly. However, animal studies have been utilized extensively in developing
rationales for determining the carcinogenic risk of specific chemicals to humans. It is only logi-
cal that one should also consider the mechanisms similar to if not identical with those in several
species including the human, and from this one can devise appropriate preventive and therapeu-
tic measures for dealing with human chemical carcinogens.

Table 11.15 Neoplasms Associated with Prolonged Contact with Promoting 
Agents in the Environment

aPromotion demonstrated in experimental animals, but not as yet in humans.
Adapted from Pitot, 1982, with permission of the publisher.

Agent Resultant Neoplasm

Dietary fat Mammary adenocarcinoma
High caloric intake Increased cancer incidence in general
Cigarette smoke Bronchogenic carcinoma (esophageal 

and bladder cancer)
Halogenated hydrocarbons (dioxin, PCBs) Livera

Phorbol esters Esophageal cancer (?)
Saccharin Bladdera

Phenobarbital Livera

Prolactin Mammary adenocarcinomaa

Synthetic estrogens Liver adenomas
Alcoholic beverages Oral cancer

Liver and esophageal cancer
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12
Environmental Factors in the Etiology of 
Human Cancer—Physical and 
Biological Agents

At our present state of knowledge, evidence argues that the majority of human neoplasms result
from the chemical induction of neoplasia; however, it is clear that radiation, both ionizing and
ultraviolet, as well as infectious agents also contribute as primary factors in the development of a
significant proportion of human neoplasia. Just as with chemical carcinogenesis, in the human
the basis of our knowledge of the physical and infectious causation of human cancer derives
from both epidemiological and experimental findings. However, unlike many chemical carcino-
gens whose carcinogenic activity in the human is based either entirely on experimental findings
[e.g., 2-acetylaminofluorene, dimethylnitrosamine, and ethyleneimine (Chapter 13)] or solely on
epidemiological findings [e.g., organic arsenicals and ethanol (Chapter 11)], evidence for the
ultraviolet and ionizing radiation–induced human neoplasia as well as a number of viruses as
causative of human neoplasia is based solidly on both experimental and epidemiological evi-
dence. This chapter looks at the epidemiological evidence of physical and infectious carcinogen-
esis in the human in the light of basic experimental findings, most of which have already been
considered earlier in the text.

PHYSICAL CARCINOGENESIS IN HUMANS

It is likely that radiogenic neoplasms have occurred in humans sporadically since the dawn of
civilization; but only in the 20th century, with the advent of our greater knowledge of the compo-
nents of the electromagnetic spectrum and the existence of ionizing and ultraviolet radiation,
have the cancer-inducing properties of these latter two agents been recognized. Although exper-
iments in animals have shown us a great deal about the basic aspects of radiogenic neoplasia,
epidemiological studies in humans have advanced our knowledge of radiogenic neoplasms to an
almost equal or greater extent. The most unfortunate and at the same time the greatest single
incidence of radiation-induced cancers in humans resulted from the atomic bomb explosions at
Hiroshima and Nagasaki.

Ionizing Radiation Exposure

Today humans are exposed daily to both ionizing and ultraviolet radiation. Fortunately, when the
sources of such radiation are recognized, exposure may often be voluntarily controlled to a much
greater degree than was seen in the 1800s and early 1900s, during the days of Madame Curie,
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Roentgen, radium dial painters, and the shoe-store x-ray machines. Figure 12.1 lists the common
sources of exposure to ionizing radiation and the average dose per individual in millisieverts
(Chapter 3) per year in this decade. As can be noted from the figure, natural sources of radiation,
especially radon, a radioactive elemental gas that permeates the earth’s surface, contribute to the
majority of exposure of humans to ionizing radiation. Cosmic radiation is a much smaller but
significant source, while medical irradiation, both therapeutic and diagnostic, is second only to
radon in its contribution to this background radiation. Sources of medical therapeutic irradiation
involve relatively high doses, but these are applied to only a small segment of the total popula-
tion. On the other hand, diagnostic radiation is used quite extensively in all age groups in most
western and many other countries but involves much lower doses of ionizing radiation. A much
smaller source of ionizing radiation also applicable to specific portions of the population (much
less than 1% of total human exposure) is that of occupational exposure from nuclear power
plants. That 3% of total radiation exposures come from consumer products is somewhat mis-
leading (Hoel, 1995). The main sources included in this category are building materials, water
supplies, and agricultural products, which are not generally thought of as consumer products.
Perhaps the best known consumer product involving radiation is cigarette smoke. Polonium 210,
a radioactive element, is found in tobacco as a result of airborne radon decay deposited on the
tobacco plants’ leaves. However, the differences in estimates of radiation doses resulting from
cigarette smoke are so disparate that the contribution of cigarette smoke to radiation carcinogen-
esis is quite uncertain (cf. Hoel, 1995).

Table 12.1 shows a ranking of those cancers associated with the carcinogenic effects of
ionizing radiation (Boice et al., 1996). For those cancers most frequently associated with radia-
tion, one may also find other factors involved, along with the overall risk, as noted in Table 12.2.
While leukemia is frequently the earliest observed radiogenic cancer after exposure to ionizing
radiation of the human, such neoplasms may be considered of relatively less importance, since
the radiation effect dies out in a relatively short time. However, solid tumors induced by radia-
tion develop much later, and the increased cancer risk evidently persists for most if not all of the
lifetime of exposed individuals (Radford, 1983).

Cosmic
   0.27

Terrestrial
      0.28

Internal
   0.39

Radon
     2

Occupational
     + other
        0.02

Consumer products
              0.1

Nuclear
medicine
   0.14

A B

Human-made
0.6

Medical x-ray
0.39

Figure 12.1 Average annual radiation exposure: A. effective total dose equivalent in millisieverts (mSr);
B. breakout of human-made exposures in mSv. (Modified from Hoel, 1995, with permission of the author
and publisher.)
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Table 12.1 Risk Estimates of Various Human Cancers in Relation to Exposures to Ionizing Radiation

Range of Risk Estimates

Type of Cancer
RR at 
1 Gy

Excess Risk
× 104 PY-Gy Comment

Cancers Frequently Associated with Radiation, with Authoritative Risk Estimates
Leukemia 1.3–6.2 0.5–2.9 Especially myeloid leukemia
Thyroid 1.6–31 3.0–13 Low mortality
Female breast 1.1–2.7 3.5–18 Little risk if exposed after 40 years of age

Cancers Occasionally Associated with Radiation, with Valid Risk Estimates
Lung 1.0–1.6 0.0–1.7 Interaction with smoking uncertain
Stomach 1.0–1.7 0.0–4.7 Major A-bomb effect
Colon 1.0–1.9 0.0–3.0 Not seen after cervical cancer
Esophagus 1.3–1.6 0.3–0.5
Bladder 1.1–2.3 0.1–1.0 Both low and high dose effect
Ovary 1.0–2.3 0.1–0.7
Myeloma 1.0–3.3 0.0–0.3 Uncertainty which association causal

Cancers Rarely Associated with Radiation, with Uncertain Risk Estimatesa

Note: Relative risks and rankings of cancers associated with exposure to ionizing radiation in relation to the strength of
the associations found and the availability of reliable estimates of radiation risk per unit organ dose.
aAssociation is inconsistently found and/or available estimates of risk are highly uncertain.

Brain, meninges, and nervous 
system

1.0–5.9 0.0–1.1 Mainly after childhood exposures

Kidney 1.0–1.7 0.0–1.1
Liver 1.0–1.5 0.0–1.6 Major Thorotrast effect (angiosarcoma 

and cholangiocarcinoma)
Salivary glands 1.1–1.7 0.1–0.2 Little evidence
Non-Hodgkin lymphoma b

bNo reliable estimate available.

b Little evidence, possible high dose effect
Skin 1.0–2.0 0.1–2.5 Effect may be limited to high doses (or 

ultraviolet necessary)
Rectum 1.0–1.2 0.0–0.1 Effect may be limited to high doses
Uterus 1.0–1.01 0.0–0.5 Effect may be limited to high doses
Bone 1.0–1.1 0.0–0.1 Effect may be limited to high doses 

(radium dial painters)
Connective tissues b b Effect may be limited to high doses

Cancers Never or Sporadically Associated with Radiation, with No Risk Estimatesc

cSites for which radiation-induced cancers have not been reported or confirmed.

Chronic lymphocytic leukemia b b Absent?
Pancreas b b Little evidence
Hodgkin’s disease b b Little evidence
Prostate b b Little evidence
Testis b b Little evidence
Cervix b b Little evidence
Certain childhood cancersd

dRetinoblastoma, Wilms’ tumor, and other tumors of embryonic origin.

b b Absent?
Supporting tissues of skeletone

eMuscles, tendons, and synovial membranes of joints.

b b Little evidence

Adapted from Boice et al., 1996, with permission of the authors and publishers.
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Human Neoplasms Resulting from Exposure to Ionizing Radiation

Risk estimates for a variety of human cancers related to exposures to ionizing radiation are given
in Table 12.1. Leading the list is leukemia, which has been the most frequent fatal cancer in a
variety of situations. Perhaps most notable is the relatively high incidence of leukemia attribut-
able to exposure to radiation from the atom bomb blasts of Hiroshima and Nagasaki (Shimizu et
al., 1990). Leukemia was also a major result of x-ray treatment of ankylosing spondylitis in per-
sons diagnosed between 1935 and 1957 in the United Kingdom (Weiss et al., 1995). Just as with
the atom bomb survivors, the major risk of leukemia development occurred during the first 10
years following the first x-ray treatment, with risk decreasing rapidly to near zero thereafter. The
incidence of chronic lymphocytic leukemia was not significantly affected by ionizing radiation,
an effect also noted in the atomic bomb survivors (Ishimaru et al., 1979). Another dramatic rela-
tionship between therapeutic radiation and induction in human cancer is seen with external radi-
ation of the head, neck, and upper thorax and the induction of benign and malignant neoplasms
of the thyroid gland. As shown in Figure 12.2, an almost linear dose-response of ionizing radia-
tion and the developing thyroid cancer is noted in individuals radiated prior to age 15, whereas
older individuals do not exhibit a similar risk relationship (cf. Schneider and Ron, 1997). This
finding emphasizes the sensitivity of young individuals, with relatively high rates of cell replica-
tion in a variety of tissues, during growing years. A similar relationship is also seen in the induc-
tion of female breast cancer by ionizing radiation, as noted from the fact that essentially all cases
of breast cancer resulting from radiation after the atom bomb blasts occurred in premenopausal
women under age 40 (Goodman et al., 1994). A similar effect was noted in patients receiving
radiotherapy for breast cancer in relation to risk of developing cancer in the unaffected breast.
The risk of cancer development in the second breast was significantly increased among women
less than 45 years of age who underwent radiation therapy (Boice et al., 1992). Furthermore,
children irradiated for various therapeutic reasons also exhibited an increased risk of breast can-
cer development (Modan et al., 1989; Hildreth et al., 1989). Another unfortunate example of
radiation carcinogenesis in the human was that of workers who utilized pigments containing ra-
dium salts to paint the dials of watches and airplane instruments. Many of the people operating
such industries and instructing the workers did not believe the radium-containing paint to be
hazardous. Thus, many of these workers absorbed the radioactive ions by mouth from the prac-
tice of shaping a sharp point to the brush with their lips after dipping the brush in a solution of
radium ions. Within 15 to 25 years after exposure, a significant number of these individuals de-
veloped osteogenic sarcomas from the deposition of the radioactive radium in their bones. In
addition, a large number of carcinomas of the cranial sinuses also occurred (Rowland and Lucas,
1984). Many of the other radiogenic neoplasms listed in Table 12.1 as significantly associated
with ionizing radiation exposure were identified in patients surviving the atom bomb blast. A

Table 12.2 Factors in Radiation Response in Three Radiogenic Cancers in the Humana

aAfter Fry and Ainsworth, 1977.

Factor Leukemia Thyroid Lung

Age sensitivity Fetus most sensitive Peak at 4 years ?
Risk (no. cases/106/year/rad) 0.7–15 1–6 0.6–3
Average latent period (years) 7–13 10–15 15
Duration of excess riskb (years)

bData not precise.

15 30 lifetime
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significant exception is the relatively rare phenomenon of postirradiation soft tissue sarcomas,
which developed in a small percentage (less than 5%) of patients receiving relatively intensive
doses of therapeutic radiation for a variety of reasons (Laskin et al., 1988; Brady et al., 1992;
Bloechle et al., 1995). Osteogenic sarcomas and malignant fibrous histiocytomas predominate
among these induced neoplasms, which usually have a very poor prognosis (Robinson et al.,
1988).

Situational Exposures of Humans to Ionizing Radiation

As noted above, in a number of specific situations humans are exposed to excesses of ionizing
radiation. The atom bomb blasts at Hiroshima and Nagasaki and medical therapy have ac-
counted for a substantial part of such radiation.

Radon and Human Cancer

One of the more perplexing situations in which humans are exposed to low levels of ionizing
radiation involves the ubiquitous element known as radon gas. The carcinogenic effects of this
gas are most evident in underground miners, especially those in uranium mines, where substan-
tial levels of radon gas occur. Figure 12.3 shows the relative risk of lung cancer for cohorts of
miners for all exposures and for exposures restricted to under 600 WLM (working-level
months). For all exposures, any deviation from linearity was not statistically significant (Lubin
et al., 1995). The dashed line in the right-hand figure indicates a relative risk of 1.0. For residen-
tial radon exposure, living 30 years in a home with concentrations of radon gas at 1 and 4 pCi/L

Figure 12.2 Dose-response curves for the development of thyroid cancer averaged from five cohort
studies of childhood exposure (<15 years of age) and two studies of adult exposure (>15 years). (From
Ron, 1996, with permission of the author and publisher.)
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is equivalent to about 6 and 24 WLM respectively. Thus, while the dose-response curve indicates
that the very low levels of exposure over extended periods in homes carry a significant risk, it is
almost impossible to determine unequivocally the actual carcinogenic risk of this environmental
agent to the human at these extremely low doses. However, a study in Sweden (Pershagen et al.,
1994) concluded that residential exposure to radon gas is an important cause of lung cancer in
the general population, and a recent metanalysis of eight epidemiological studies on the long-
term effects of exposure to indoor radon concentrations also concluded that this environmental
agent was a factor in cancer induction in the human (Lubin and Boice, 1997). Furthermore, an
earlier investigation (AMA, 1987) concluded that variations of radon levels in private dwellings
in the United States are 100-fold or greater, with many homes exceeding the 4 pCi/L seen in the
figure (AMA, 1987). Radon gas is clastogenic and mutagenic in experimental systems (Jostes,
1996). However, the total impact on the general population of exposure to this ubiquitous radio-
active gas may never be completely known.

Occupational Exposures to Ionizing Radiation

Since medical therapy contributes significantly to the population burden of ionizing radiation
(Figure 12.1), it is not surprising that workers who utilize sources of ionizing radiation, particu-
larly radiologists, will show some excess risk for neoplasia. In fact, the first cancer that was
attributed to the effects of ionizing radiation was on the hand of a radiologist, reported in 1902,
and leukemia was first associated with chronic exposure to ionizing radiation by radiologists (cf.
Boice et al., 1996). The incidence of leukemia in radiologists in the first half of this century was

Figure 12.3 Relative risks (RR) of lung cancer for categories of working-level months (WLM) for all
exposures to radon by underground miners and for exposures restricted to individuals of less than 600
WLM. For all exposures, deviation from linearity was not statistically significant. The dashed line indicates
a relative risk of 1. For comparison, residential radon exposure, living 30 years in a home at 1 and 4 pCi/L
is equivalent to about 6 and 24 WLM, respectively (from Lubin et al., 1995, with permission of the authors
and publisher.)
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three to four times that in the general population, and skin cancer was also excessive in this
group. However, since the middle of this century, such an association has dramatically de-
creased, in all likelihood because of the greater control and protection from sources of ionizing
radiation used in medical practice. In part because of increased public concern, many studies
have been carried out on workers at various nuclear installations and shipyards involved in the
building of nuclear-powered vessels. In general, these studies have not indicated any significant
risk of cancer in such installations in the United States (Boice et al., 1996). Even after accidental
emissions, as at the Three Mile Island Nuclear Plant, subsequent follow-up has not indicated
significant influence of this accident on cancer risk in the area (Hatch et al., 1990). However, in
the accident occurring in the Chernobyl Nuclear Power Plant in the Soviet Union, excess cases
of leukemias and thyroid cancers had already been diagnosed and verified by 1997 (Ivanov et
al., 1997). Thus, an accident at a nuclear installation does carry a potential for significant risk of
exposure and subsequent carcinogenesis. However, careful maintenance and protective and
safety measures have essentially eliminated the environmental risk of ionizing radiation from
these sources.

Medical Therapy and Diagnosis as Sources of Ionizing Radiation

The fact that therapeutic radiation poses a significant risk to the patient in most instances is rec-
ognized by all, but, as noted above, the benefit in most instances far outweighs the risk. Several
examples of carcinogenesis resulting from therapeutic radiation have already been discussed.
The association of subsequent cancers with treatment of cervical cancer, Hodgkin disease, and a
number of childhood cancers has been described (cf. Boice, 1981), as well as the increased risk
of cancer developing in the contralateral breast after radiation treatment for cancer in the af-
fected breast (see above). In addition, a series of women who received radiation treatment for
acute postpartum mastitis have also shown a significantly increased risk for developing breast
cancer (Shore et al., 1986). In women who had received radiation therapy for breast cancer, there
was an increased risk of lung cancer developing 10 years later even in nonsmokers, but a multi-
plicative effect was observed in smokers (Neugut et al., 1994).

Less apparent is the risk of cancer development from diagnostic radiation, in most in-
stances for routine diagnoses. Diagnostic radiography was found to have only a small influence
on the occurrence of leukemia and breast cancer in women so exposed (Evans et al., 1986) as
well as in several studies investigating the radiation risk of mammography. Essentially no excess
cancer risk was determined for this diagnostic procedure, especially in relation to the potential
benefit obtained by mammographic screening (Feig, 1984). In addition to the relative safety of
diagnostic x-rays, the use of radioactive iodine in determining abnormalities in the thyroid gland
by techniques of nuclear medicine is not carcinogenic to the human, as evidenced in one large
cohort subjected to these diagnostic procedures (Holm et al., 1988). On the other hand, Bross et
al. (1979) argued that small subgroups in the general population are particularly sensitive to ion-
izing radiation, and this factor should be taken into account in determining safe exposures.

Furthermore, not all diagnostic radiation is free from risk. There is now substantial evi-
dence that children irradiated in utero with ionizing radiation for diagnostic purposes have an
excess risk of childhood cancer of about 40% (cf. Wakeford, 1995). Another series supporting
this finding reported approximately a twofold increase in risk of childhood cancer after prenatal
x-ray exposure (Harvey et al., 1985). The use of Thorotrast (Chapter 11) as an x-ray contrast
medium for diagnosing the presence of lesions in the liver, kidney, and other solid organs has
now clearly been associated with the development of angiosarcoma of the liver as well as leuke-
mia from the alpha radiation given off by the decay of thorium (Andersson and Storm, 1992).
There has also been a report that diagnostic radiation may increase the risk of salivary gland
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neoplasms (Preston-Martin et al., 1988). Still, despite these few examples of the sensitivity of
the exposed individual (the fetus) and the chronic intense localized dose of radiation such as that
from iodine 131, diagnostic radiation is a comparatively safe procedure in which the extensive
benefits generally far outweigh the minimal risk.

Estimate of Risk of Human Cancer Due to Ionizing Radiation

While there is no question that substantial doses of radiation provide a considerable risk of car-
cinogenesis to the human being, estimating and predicting the risk of low doses of radiation is
extremely difficult. It is made more difficult by the fact that there is no single unifying model
that describes the dose-response effect when dealing with doses less than 100 rad. Moreover,
because of the large number of subjects and the long time elapsing between irradiation and the
appearance of cancer (for instance), studies on risk estimates are usually complicated by uncer-
tainties about the size of the irradiation dose to affected individuals and the possible influence of
factors other than radiation. For these reasons, estimates of risk are based on extrapolations from
assumptions about dose-response relationships.

Some of the most extensive conclusions about the relative risk of ionizing radiation were
developed from studies of survivors of the atomic bomb blasts at Hiroshima and Nagasaki. Fig-
ure 12.4 shows the relative risk for cancer at one grade of exposure for survivors from 1950
through 1985 (Shimizu et al., 1990). The overall incidence of cancer in Hiroshima and Nagasaki
between 1958 and 1987 increased more than 40% in males and some 15% in females (Goodman
et al., 1994). The rate of liver cancer has increased dramatically among males in these cohorts
during the past 20 years, with a twofold increase in incidence in the past 10 years alone. How-

Leukemia
All cancers except leukemia
Esophagus
Stomach
Colon
Rectum
Liver, primary
Gallbladder
Pancreas
Lung
Breast
Uterus
Ovary
Prostate
Urinary tract
Malignant lymphoma
Multiple myeloma

0.1 0.5 1 2 3 4 5 10

Relative Risk

Figure 12.4 Relative risk for development of individual types of cancer at one Gy exposure with 90%
confidence intervals for survivors of the atom bomb blasts at Hiroshima and Nagasaki from the years 1950
through 1985. (Adapted from Shimizu et al., 1990, with permission of the authors and publisher.)
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ever, this finding undoubtedly involves a number of risk factors other than the radiation expo-
sure. Interestingly, in children of atomic bomb survivors who were less than 20 years old
between 1946 and 1982, the risk of cancer did not increase significantly as the parental gonadal
dose increased (Yoshimoto, 1990).

The absolute risk from exposure to ionizing radiation for the development of neoplastic
disease has always been considered as linear, with the absence of any threshold effect (Figure
12.3; Chapter 3). Recently, this concept was given substantial experimental reinforcement by the
report by Hei et al. (1997) that the traversal through a cell by a single α particle has a low prob-
ability of being lethal to the cell, with over 80% survival following such an exposure, but the
frequency of gene mutations is enhanced more than twofold over the background in these sur-
viving cells. This clearly indicates that a single photon or particle can have mutational and po-
tentially carcinogenic effects on a single cell (Hei et al., 1997). While it appears that almost all
models of radiobiological cellular reactions conform approximately to a linear-quadratic dose-
response relation at low, protracted doses (Sachs et al., 1997), an analysis of the dose-response
curves for rates of several different types of cancer, especially leukemia, in survivors of the atom
bomb blast indicated a U-shaped dose-response curve. Such a curve for leukemia deaths is seen
in Figure 12.5 and follows the findings by Kondo (1990). While several reports have questioned
these findings and conclusions (Little and Muirhead, 1997; Pierce and Vaeth, 1991), this horme-
sis (biphasic dose-response relationship) effect has been reported for some chemical carcinogens
(Teeguarden et al., 1998; Parsons, 1994; Rossi, 1981). No obvious mechanism for such a “pro-
tective” effect of low doses of ionizing radiation is obvious; however, Makinodan and James
(1990) have found that low doses of ionizing radiation potentiate responses in the immune sys-
tem, which could in part explain this apparent protective effect of carcinogens.

The federal government and the National Academy of Sciences of the United States have
been extremely concerned about the estimation of risks to ionizing radiation. Several reports of
the National Research Council’s Committee on the Biological Effects of Ionizing Radiations
(BEIR) have been concerned with this subject in particular. The latest BEIR V report has
validated previous estimates of radiation effects and risks with some claim that ionizing
radiation is more hazardous than had been previously assumed. Despite the extensive efforts of
many, the BEIR V report “illustrates that the data currently available about radiation effects are
still too meager to define quantitative risk estimates at low exposures with absolute certainty”
(Hendee, 1992).

Figure 12.5 Dose-response relation of leukemia deaths among atom bomb survivors. (Adapted from
Hattori, 1994, with permission of the author and publisher.)
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Ultraviolet Radiation Exposure

Perhaps the greatest single risk of radiation exposure to the human being is not ionizing radia-
tion, but rather exposure to ultraviolet light in sunlight. In the 1940s Rusch and his colleagues
(Rusch et al., 1941) demonstrated the production of skin tumors in mice by ultraviolet radiation;
the most carcinogenic wavelengths lay between 2900 and 3400 angstroms. As noted in Chapter
3, ultraviolet radiation spans the wavelengths of light between 2000 and 4000 angstroms. The
span of the electromagnetic spectrum is generally divided into three regions: ultraviolet C
(UVC) ranging from 2000 to 2900 angstroms (Å); ultraviolet B (UVB), ranging from 2900 to
3200 Å; and ultraviolet A (UVA), ranging from 3200 to 4000 Å (cf. Longstreth, 1988). UV
radiation that reaches the earth’s surface is almost entirely in the UVA and UVB region, since
ozone in the stratosphere strongly absorbs UVC and to some extent UVB but not UVA. In
experimental situations, neoplasms have been produced with a combination of UVA and UVB
but not with UVA alone. These data have been interpreted to indicate that UVB is capable of
initiation and possibly also tumor promotion, while UVA is essentially only a promoting agent
(Elwood, 1984).

The most common neoplasms of the skin in the human are squamous cell carcinoma, basal
cell carcinoma, and melanoma. Experimental induction of the former two lesions in the skin of
rodents by UV radiation has been repeatedly demonstrated, but the induction of malignant mela-
noma in experimental animals by any means is a relatively unusual event. Similarly, as pointed
out below, epidemiological evidence strongly indicates the carcinogenic effect of UV radiation
in the induction of squamous and basal cell carcinomas of the skin; but the epidemiological evi-
dence linking sunlight exposure to the development of malignant melanoma in the human is not
quite so firm.

The Epidemiology of Ultraviolet-Induced Skin Cancer

According to Armstrong and Kricker (1996), at least six major lines of evidence support the
proposition that sun exposure causes skin cancer (Table 12.3). Interestingly, the publication on
sunlight and skin cancer of the International Agency for Research on Cancer (IARC) (1992)
argues that the evidence was sufficient for both melanoma and nonmelanoma skin cancer
(basal and squamous cell carcinomas of the skin), but was more substantial in support of a
causative relationship between sun exposure and melanoma development. This is somewhat
surprising in view of considerable literature, both before and after the IARC report, that does
not indicate such a certain relationship between UV radiation and melanoma development (Ur-
bach, 1997; Leffell and Brash, 1996; Elwood, 1996). In any event, there is no question that UV

Table 12.3 Categories of Epidemiological Evidence for the Causation of Skin 
Cancer by Sun Exposure

Adapted from Armstrong and Kricker, 1996.

1. Skin cancers are more frequent in residents of areas of high ambient solar radiation.
2. Skin cancers are more frequent in sun-sensitive people.
3. Skin cancers occur mainly on sun-exposed areas of the body.
4. Skin cancers are more frequently seen in people having high sun exposure.
5. Skin cancers are more frequent in people with benign sun-related skin conditions.
6. Skin cancers are less likely to occur where the skin is protected against solar radia-

tion by a variety of means.
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radiation in sunlight plays a major if not the predominant role in the development of skin cancer
in the human.

Squamous and Basal Cell Skin Cancers

In conformance with the arguments expressed in Table 12.3, the incidence rates of squamous
and basal cell carcinomas in whites increase significantly more dramatically than those of mela-
noma with increasing proximity to the equator and with increasing measured ambient UV radia-
tion (cf. Armstrong and Kricker, 1996). Migrant studies, primarily from Australia, have
demonstrated that the incidence and mortality rates of basal cell carcinoma and melanoma are
higher in people born in countries with high ambient solar radiation than in migrants to these
countries from areas with lower ambient solar radiation. The evidence for squamous cell carci-
noma is similar but not so extensive. Furthermore, basal and squamous cell carcinomas are much
more frequently found in areas of the body that are most frequently exposed to sun, mainly the
head and neck, and to a lesser extent the shoulders and back (Armstrong and Kricker, 1996).
Actual quantitation of exposure to sunlight is somewhat more difficult, but Kricker et al. (1995)
have been able to develop a dose-response curve relating total sun exposure to the risk of devel-
opment of basal cell carcinoma in an Australian cohort (Figure 12.6). When lifetime exposure is
considered as in this figure, the quadratic model utilized showed an initial rise in the risk of basal
cell cancer with increasing exposure of the site, with a peak at about 35,000 hours of exposure,
followed by a fall. The interesting exception was the head and neck, while the trunk showed the
greatest odds ratio of 2.4. The apparent inhibition of carcinogenesis by increasing sun exposure
is suggestive of a hormetic effect (see above) perhaps different from that depicted in Figure 12.5.
A benign lesion, which in some cases may be a precursor of squamous cell carcinoma, is the

Figure 12.6 Quadratic curve and 95% confidence intervals for the continuous relationship between total
hours of sun exposure and the development of basal cell carcinoma. In this model, the interaction between
exposure and body site was not significant. Abscissa: total hours of sun exposure. Ordinate: odds ratio.
(From Kricker et al., 1995, with permission of the authors and publisher.)
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actinic or solar keratosis that also occurs predominantly if not almost exclusively on the head
and neck, the back of the hands, and rarely the trunk.

Malignant Melanoma

Like the actinic keratosis mentioned above as a rare precursor lesion to squamous cell carci-
noma, the pigmented nevus has been considered by some to be a benign form of melanoma or at
least of collections of melanocytes. The incidence of both actinic keratoses and nevi is related to
sun exposure, as demonstrated by the prevalence of nevi in young Australian children that is
inversely proportional to the latitude of residence (Kelly et al., 1994) and by the fact that individ-
uals with a history of severe sunburn in childhood have a significantly increased risk of nevus
development (Dennis et al., 1996). In the United States, adults typically have fewer than 50 nevi,
and the relative risk of melanoma increases by both nevus type and number (Tucker, 1998) (Ta-
ble 12.4). As noted from the data presented in Table 12.4, the odds ratio for the development of
melanoma is threefold in patients with more than 50 nevi. Dysplastic nevi have a much greater
risk for melanoma development, as reflected in their distinctly abnormal morphology (Tucker,
1998). In addition to the number of nevi, sun exposure, and migrant history, genetic susceptibil-
ity (Chapter 5) and intermittent exposure to sunlight (Elwood, 1996) play significant roles in the
development of malignant melanoma in the human. As indicated above, sun exposure during
childhood increases the risk of melanoma development in the adult (Autier and Doré, 1998;
Longstreth, 1988).

Table 12.4 Adjusted Estimated Relative Risks of Melanoma by Nevus Type 
and Number

Key: CI, confidence interval; RR, relative risk.

No. of Nevi by Type No. of Cases No. of Controls
Adjusteda

RR (95% CI)

aMutually adjusted and adjusted for age, gender, center, referral pattern, morphologic dys-
plastic nevi <5 mm, sunburns, freckles, solar damage, scars, nevus excisions, and family his-
tory of melanoma.

Nevi >2 mm and <5 mm
0–24 258 658 1.0
25–49 163 190 1.8 (1.3–2.5)
50–99 169 107 3.0 (2.1–4.4)
≥100 123 43 3.4 (2.0–5.7)

Nondysplastic nevi >5 mm
0 239 507 1.0
1 135 224 0.9 (0.7–1.3)
2–4 188 195 1.3 (1.0–1.8)
5–9 86 51 1.7 (1.0–2.7)
≥10 65 21 2.3 (1.2–4.3)

Dysplastic nevi
None 301 778 1.0
Indeterminate 72 127 1.0 (0.7–1.6)
1 64 50 2.3 (1.4–3.6)
2–4 121 33 7.3 (4.6–12)
5–9 45 15 4.9 (2.5–9.8)
≥10 55 6 12 (4.4–31)

Adapted from Tucker (1998) with permission of author and publisher.
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Somatic Mutations and Other Mechanisms Involved in the Ultraviolet 
Light Induction of Skin Cancer

As noted in Chapter 6, both chemical and physical carcinogens may initiate carcinogenesis by
inducing somatic mutations in specific genes that are critical in the normal functioning of the
cell. While such mutations have been described both in proto-oncogenes and tumor suppressor
genes, it has been pointed out that proto-oncogenes require specific mutations for the
“activation” of the protein (Chapter 6), but tumor suppressor genes may be inactivated by a
considerably more extensive range of mutations. This latter effect leads to a greater propensity
for mutations in tumor suppressor genes to retain the “signature” of the carcinogen involved.
As noted in Chapter 3, UV light produces two relatively unique mutations in DNA, a pyrimidine-
pyrimidine dimerization and a 6-4 linkage between two adjacent pyrimidines (Taylor, 1994).
These changes lead to a C → T transition at dipyrimidine sites as well as tandem CC → TT
mutations, which are highly characteristic of UVB and UVC radiation. Almost 90% of hu-
man squamous cell cancers exhibit such mutations in the p53 tumor suppressor gene (Leffell
and Brash, 1996; Kraemer, 1997). Furthermore, actinic keratoses exhibit a similar high fre-
quency of p53 mutations, which are the signature of UV exposure (cf. Kraemer, 1997). Jona-
son et al. (1996) found that normal-appearing skin in patients who did not have skin cancer
contained clones of cells with characteristic UV-type p53 mutations. Such mutant cells usu-
ally occurred in clones of 60 to 3000 cells (Brash, 1997), quite reminiscent of the altered
hepatic foci seen in rodent liver initiated with chemical carcinogens (Chapter 7). In older
individuals, almost 1 epidermal cell in 20 on the face and hands exhibited a p53 UV-type
mutation. Brash and colleagues have proposed that the relatively high incidence of such
clones is due to the fact that normal squamous cells undergo apoptosis, especially in sunlight-
damaged skin, whereas cells containing one allele of a mutated p53 tumor suppressor gene
are more resistant to apoptosis. If the stem cell of such mutated clones is not eliminated by
normal epidermal turnover, such mutated cells can remain in the epidermis for many years,
with their progeny exhibiting the potential for developing into actinic keratoses, with 1 in
1000 of these lesions developing into squamous cell cancers (Figure 12.7; Kraemer, 1997;
Brash, 1997).

In addition to somatic mutations in the p53 tumor suppressor gene, which appear to
account for the majority of squamous cell cancers, about half of basal cell cancers but
relatively few melanomas exhibit similar mutations. In these latter two instances, from our
knowledge of the molecular genetics of hereditary syndromes involving abnormally high inci-
dences of basal cell cancers (Gorlin syndrome) and malignant melanomas (familial melanoma
syndrome) (Chapter 6; Brash, 1997), involvement of somatic mutations may be considerably
more complex.

Immunological Factors in the Development of Skin Cancer in the Human

There has been some epidemiological evidence suggesting an association between the incidence
of non-Hodgkin lymphoma and solar UV radiation in England and northern Europe (Bentham,
1996; Adami et al., 1995). While such an association has not been found in the United States
(Hartge et al., 1996), alteration in the immune system by UV light, which is known to occur
(Chapter 19), may possibly contribute to this increased incidence of this non-skin cancer. Fur-
thermore, patients with immunological abnormalities do have a greater propensity for certain
types of skin cancer, suggestive of a potential role for abnormalities in the skin immune system
in development during both the promotion and progression stages of human skin cancer. This
topic is discussed more extensively in Chapter 19.
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Nonionizing, Nonultraviolet Radiation and Human Cancer

Unlike the solid scientific and epidemiological bases for the causal relationship between ioniz-
ing and UV radiation and the genesis of human cancer, the association of radio frequency, mi-
crowave, and visible radiation and magnetic fields with the causation of human cancer has been
driven largely by legal, political, and social factors, with little or no scientific and epidemiologi-
cal base. Perhaps the initial driving force attempting to relate exposure to such energy fields and
long wavelengths was the mere fact that these represented some form of radiation, and some
perhaps influential individuals made little or no distinction between such radiation and ionizing
and UV radiation. As noted in Chapter 3, this is clearly not correct. Furthermore, Valberg et al.
(1997) have argued with sound scientific basis that biological effects in humans from extremely
low-frequency electromagnetic fields of the order of those found in residential environments are
“implausible based on current understanding of physics and biology.” There is little or no repro-
ducible evidence that such radiation and magnetic fields induce any mutational damage to DNA
in living cells in a direct manner, such as evident with exposure to ionizing and UV radiation.
Furthermore, evidence of overall carcinogenic effects induced by radio frequency and/or micro-
wave radiation and magnetic fields is predominantly negative and/or irreproducible (McCann et
al., 1998; Kavet, 1996). A more reproducible effect of extremely low frequency (ELF) electro-
magnetic fields is on gene transcription in experimental studies, as listed in Table 12.5. Epidemi-
ological investigations have in some areas been somewhat more reproducible, although in
virtually all reported studies associations reported may well be due to factors and variables not
controlled for or even considered in the investigation when one is looking for only a single asso-
ciation regardless of other factors (Lacy-Hulbert et al., 1998).

Many scientists in cancer research have viewed the publicity given to the potential of car-
cinogenesis by nonionizing, non-UV radiation and magnetic fields as excessive, misleading, and
unscientific. However, the effects of electromagnetic fields on specific experimental systems of

Table 12.5 Effects of ELF Electromagnetic Fields on Gene Transcription in Vitro and in Vivo

Adapted from Pitot, 1998, with permission of publisher. See Kaune (1993) for details on units of measurement.

System Genes Exposure/Time Change Reference

In Vitro
Lymphoblastoid 

human cell line
c-fos, c-jun,

c-myc, PKC
60 Hz/15 min 

384 milligauss
Increase Phillips et al., 1992

Hela S3 cells c-fos 0.18–0.2 T/24 h Increase Hiraoka et al., 1992
HL-60 cell line 

(human leukemia)
c-myc, β-actin

histone 2B
60 Hz/20 min 

5.7 µT
Increase Goodman et al., 1992

B-lineage lymphoid 
cells (human)

Lyn kinase 60 Hz/0–18 h Increase Uckun et al., 1995

Human lymphoma 
CEM cells

Ornithine
decarboxylase

60 Hz/1 h Increase Byus et al., 1987

In Vivo
Liver regeneration 

(rat)
Ornithine

decarboxylase
50 Hz, 0.006 T 

30 min/h–12 h
Increase Ottani et al., 1984

Mammary tissue 
(rat)

Ornithine
decarboxylase

50 Hz, 50 µT
6 weeks

Twofold 
increase

Mevissen et al., 1995

Mouse liver Metallothionein 3–4.7T 6–48 h Two- to 
threefold
increase

Satoh et al., 1996
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the living cells or organism (Table 12.5) offer the potential that continued chronic exposure of
humans and other mammals to such forms of energy may produce altered health effects, of
which carcinogenesis is perhaps the least likely.

BIOLOGICAL CARCINOGENESIS IN THE HUMAN

As noted earlier, in Chapter 4, biological factors as causes of cancer in lower animals have been
known since the beginning of the twentieth century and were suspected even earlier. However, it
was not until the latter half of the twentieth century that infectious agents began to be signifi-
cantly appreciated as causative factors in human cancer. Perhaps the scientific embarrassment
engendered by the irreproducibility of Febiger’s experiment (Chapter 4) led to an aversion of
scientists to try and relate infectious agents to the development of the neoplastic process. This
was true despite the suggestion from ancient times of an association between infection with spe-
cies of platyhelminth worms, especially Schistosoma haematobium, and bladder cancer; this had
been known or suspected for thousands of years beginning in ancient Egypt (cf. Elsebai, 1977;
Hicks, 1983). That bacteria and viruses could cause human cancer was not substantially appreci-
ated until the last four decades of the twentieth century.

Extracellular Parasites and Their Roles in the Causation of Human Cancer

The principal extracellular parasites causally associated with human cancer are species of
worms, flukes, and bacteria. The specific species of each of these classes of organisms for which
such an association has been determined by the IARC according to the criteria noted at the be-
ginning of Chapter 11 are listed in Table 12.6. The IARC evaluation specifies whether there is
sufficient evidence that the infection is carcinogenic or whether the evidence is limited, leading
to possible or probable carcinogenesis.

In the class of helminths, Schistosoma haematobium, a parasitic worm that affects an esti-
mated 200 million people in 74 countries, represents by far the greatest infestation potentially
resulting in human cancer (IARC, 1994b). Eggs of the parasite, usually spread by human excre-

Table 12.6 Extracellular Parasites Causally Associated with Human Cancer

Summarized from IARC Monograph 61, 1994.

Species Class
Regions of 
Infection Associated Cancers

IARC
Evaluation

Clonorchis sinensis Helminth (fluke) China, Vietnam Hepatocellular 
carcinoma

Limited

Opisthorchis 
viverrini

Helminth (fluke) Thailand, Eastern 
Europe, Russia

Hepatocellular
carcinoma

Cholangiocarcinoma

Sufficient

Schistosoma 
haematobium

Helminth (worm) West and Central 
Africa, Egypt, 
Middle East

Bladder carcinoma Sufficient

Schistosoma 
japonicum

Helminth (worm) China, Indonesia Liver, colorectal cancer Limited

Helicobacter pylori Bacteria Worldwide Gastric carcinoma
Gastric lymphoma

Sufficient
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ment, mature in an aqueous environment to a small multicellular larval form, which infects a
specific species of snails. The larvae mature in the snail to a swimming form, termed cercariae,
which then penetrate human skin, enter the vascular system, and metamorphose into young
worms, which colonize in the host, especially in the bladder. The chronic infection may lead to
bladder carcinoma by a mechanism that is not clear at present. However, studies by Rosin and
Anwar (1992) demonstrated chromosomal changes in the urothelial cells of the bladder in pa-
tients with chronic infestations of S. haematobium. Since urine itself contains a number of
growth factors, the combination of the promoting effect of such growth factors and the induced
karyotypic abnormalities may lead to neoplasia. Schistosoma japonicum infestations have been
associated with the development of liver and colorectal cancer, but the evidence for a direct
causal association is relatively limited (IARC, 1994b).

Infestation of the human with liver flukes, another form of helminth, can also lead to the
development of liver cancer. This is particularly true in the case of infections with Opisthorchis
viverrini, which has an even more complicated life cycle, in which the development to the adult
involves two intermediate hosts. In this instance the fluke infests the liver through the biliary
system, in which the worms live and lay eggs that are excreted through the feces. As with schis-
tosomes, there is no reproduction of the adult form within the human. Chronic infestation with
this parasite can lead to the development of hepatocellular carcinoma and cholangiocarcinoma
(IARC Monograph 61, 1994).

At present, the most widespread extracellular parasite causatively associated with the de-
velopment of human cancer is the bacterium Helicobacter pylori. This species is one of a num-
ber of related bacterial species that infect a variety of different animal species. In 1984, Marshall
and Warren (1984) identified the organism and called it Campylobacter pylori and associated its
infection in the stomach with gastritis and peptic ulceration. Infection with the organism occurs
worldwide and varies from 30% to 90% in patients over 55 years of age (IARC, 1994b). Chronic
infection with the organism may induce chronic active inflammation of the gastric mucosa,
which may ultimately lead to the loss of gastric glands and the establishment of atrophic gastritis
with associated development of intestinal metaplasia and dysplasia (Kuipers, 1998). Other work-
ers have shown that the bacterium is associated with early development of gastric cancer (Asaka
et al., 1994; Endo et al., 1995), and Rugge and associates (1996) have suggested that chronic
infection by H. pylori plays a role in the promotion of gastric carcinogenesis. In support of this
last proposal is the finding by Peek et al. (1997) that infection by H. pylori increases gastric
mucosal proliferation in relation to the severity of the gastritis induced. The increased prolifera-
tion was not accompanied by a parallel increase in apoptotic indices.

There is substantial evidence that lymphomas of the mucosa-associated lymphoid tissue
(MALT) of the stomach are also causally related to infection with H. pylori (cf. Wotherspoon,
1998). The low-grade forms of these MALT lymphomas occur in association with infection with
the bacterium and may completely disappear on successful eradication of the bacterial infection
(cf. Wotherspoon, 1998). Furthermore, the early lesions of this disease appear to be monoclonal
(Nakamura et al., 1998; Sorrentino et al., 1996). However, specific chromosomal alterations may
occur in these lesions, suggesting a mechanism whereby some growths do not regress on eradi-
cation of the infection but continue as neoplasms (Banerjee et al., 1997).

Mechanisms of the effect of H. pylori on the gastric mucosa have been somewhat difficult
to investigate because of the lack of experimental models. However, recently Honda et al. (1998)
have demonstrated the development of H. pylori–induced gastric carcinoma in Mongolian ger-
bils. Establishment and maintenance of the infection in humans depends on the ability of the
bacterium to attach to the gastric mucosa, which it does through a blood group antigen (protein)
(Borén et al., 1993), and then to produce prodigious amounts of the enzyme urease, which cata-
lyzes the formation of ammonia from urea, which is normally present at millimolar levels in



508 Chapter 12

body fluids. This expediency allows the organism to exist at a reasonable pH, since the ammonia
neutralizes the gastric hydrochloric acid in the immediate area around the bacterium (Stark et al.,
1995; Dunn et al., 1997). Ammonium ions and/or urease may also be toxic to adjacent gastric
mucosal cells, as is a cytotoxin produced by the bacterium itself (Cover, 1996). In addition to
these possible mechanisms, the bacterium does elicit an immune response by several mecha-
nisms, including the release of the toxin mentioned above; the presence of the gene cagA, which
is associated with virulence; the release of a lipopolysaccharide, albeit of relatively low immu-
nogenic activity; and other factors that lead to a mucosal immune response that rarely may result
in the elimination of the infection but much more commonly leads to a chronic, protracted gas-
tritis with continued bacterial colonization (Dixon, 1994; Moran, 1996; Shimoyama and Crab-
tree, 1998). Host responses to such immunomodulatory factors include the development of
mucosa-associated lymphoid follicles, whereas normal gastric mucosa exhibits no lymphoid ac-
cumulation (cf. Ferrero, 1997). In the final analysis, chronic infection with H. pylori may lead to
chronic superficial gastritis, which then has a number of potential end points, as noted in Figure
12.8. Although, as pointed out in Chapter 3, chronic infections are relatively rare in our society
today, chronic infections with H. pylori and parasitic helminths appear to be exceptions and may
lead to neoplasia, just as was noted in chronic skin infections.

Figure 12.8 Infection with Helicobacter pylori progresses to chronic superficial gastritis within months
in most infected individuals. Left untreated, this condition may persist for life in most people. A small
number of individuals, however, may develop peptic ulcer disease, lymphoproliferative diseases including
MALT lymphoma, or severe chronic atrophic gastritis, leading to adenocarcinoma of the stomach.
(Adapted from Blaser, 1996, with permission of the author and publishers.)
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Viruses as a Cause of Specific Human Cancers

Viruses were demonstrated to cause neoplasms in lower animals as early as 1909 (Ellermann
and Bang, 1909). Several decades later, Gross reported the presence of a virus-like agent in mice
capable of causing salivary gland carcinomas when inoculated into newborns (Gross, 1953). The
association of viruses with human cancer was not seriously appreciated until a report by Epstein
and associates (1964) described the presence of virus particles in lymphoblasts isolated from a
lymphoma of the type originally reported by Dr. Dennis Burkitt (1958). Burkitt had observed
that the lymphoma bearing his name occurred primarily in children in certain parts of Africa.
Because of this, he proposed an infectious origin for the neoplasm (cf. Henle et al., 1979) based
largely on this peculiar geographic distribution, which was similar to some other infectious dis-
eases seen in Africa. Since the discovery of the Epstein-Barr virus (EBV) in 1964, there has
been an almost exponential increase in the number of viruses shown to cause specific human
cancers. Moreover, the number of people at risk from infections of such oncogenic viruses and
subsequent risk of neoplasia is well into the millions throughout the world. Table 12.7 lists vi-

Table 12.7 Viruses and Human Cancer and Related Disease

Key: (C), causative; (A), associated; ?, questionable.
Table taken from data in IARC monographs (vol. 59, 1994; vol. 64, 1995; vol. 67, 1996; vol. 70, 1997) and references in text.

Human Cancer/Disease IARC Classification

DNA Viruses
Epstein-Barr virus (EBV) Burkitt lymphoma Sufficient

Hodgkin disease Sufficient
Immunosuppression-related lymphoma Sufficient
Infectious mononucleosis (C)
Nasopharyngeal carcinoma Sufficient
Oral hairy leukoplakia (C)
Sinonasal T-cell lymphoma Sufficient

Hepatitis viruses
Hepatitis B Hepatocellular carcinoma Sufficient

Herpes simplex II virus Carcinoma of cervix and vulva (A)
Human papillomavirus Warts (C)

Types 16, 18 Carcinoma of anus, cervix, penis, oral cavity, 
esophagus, larynx, skin papillomas of 
esophagus, nasal cavity

Sufficient

Types 6, 11 Carcinoma of conjunctiva, eyelid, oral cavity, 
larynx, esophagus

Limited

Kaposi sarcoma herpes virus Kaposi sarcoma and lymphoma of body 
cavities

Limited

Papovaviruses (JC, BK, SV40) Progressive multifocal leukoencephalopathy 
(JC virus)

(C)

Brain neoplasms and mesotheliomas (SV40) (A) ?

RNA Viruses
Hepatitis viruses

Hepatitis C Hepatocellular carcinoma Sufficient
Human immunodeficiency 

virus (HIV)
AIDS Sufficient

Human T-cell lymphotropic 
viruses (HTLV)

T-cell leukemia/lymphoma
Tropical spastic paraparesis

Sufficient
(A)
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ruses known to be causative or at least associated with the development of a variety of human
neoplasms as well as specific nonneoplastic diseases that may be indirectly associated with an
increased development of neoplasia, such as the acquired immunodeficiency syndrome (AIDS).
In the table, the IARC classification of carcinogenic risk is given where it has been published.
Where the IARC has not made any definitive statements or the condition is not a neoplasm, the
codes C for causative and A for associated are given. Each of these agents is considered briefly
in the remainder of this chapter.

DNA Viruses and Human Cancer

Epstein-Barr Virus as a Cause of Human Disease

Worldwide infection with EBV is so widespread that by the third decade of life it is estimated
that 80% to 100% of individuals have become carriers of the infection (IARC, 1997). In the
United States, antibody to EBV occurs in about 10% of individuals in the neonatal period, rising
to some 60% by 10 years of age (Evans and Niederman, 1989). In contrast, antibody to EBV is
seen in nearly 90% to 100% of individuals less than 10 years of age in Africa as well as the East
and West Indies. In parallel with these differences, the picture of EBV-induced disease differs
significantly in the United States and these other regions of the world. Perhaps the most common
disease induced by EBV in the United States is infectious mononucleosis, characterized by fe-
ver, sore throat, tonsillitis, lymphadenopathy, and splenomegaly. This self-limiting disease rarely
has a protracted course, although some complications may occur (Sumaya, 1989; Okano and
Gross, 1996). Primary EBV infection is usually asymptomatic, and infection occurs predomi-
nantly via salivary and urinary contact (cf. Gratama and Ernberg, 1995). Thus, in populations
with high standards of hygiene, such as predominate in western cultures, primary EBV infec-
tions may not occur until late childhood or adolescence, at which time the potential for develop-
ing infectious mononucleosis appears to predominate in individuals with a relatively mature
immune system. In contrast, in Third World countries, especially where classic Burkitt lym-
phoma predominates, extensive infections with the virus occur early in life, as noted by the anti-
body response, resulting in neoplastic development. This theory, while not yet proven, does take
into account a number of the epidemiological and geographical characteristics of these diseases.

The clinical and histopathological characteristics of Burkitt lymphoma have allowed the
distinction of at least two forms of the disease—that predominating in young children and af-
fecting lymphoid tissue of the head and neck, with quite characteristic clinical features in associ-
ation with the lymphadenopathy of the disease; and a second clinical form involving lymphoid
structures in the abdominal cavity, seen in older children and adults (cf. Levin and Levine,
1998). In the first or “African” form of the disease, more than 95% of patients exhibit infection
with the Epstein-Barr virus and infectious virus within the neoplasm. In the abdominal form,
which is increasing in Africa along with socioeconomic improvements, only 10% to 30% of
such neoplasms appear to be associated with the Epstein-Barr virus (IARC, 1997). There is also
substantial evidence that malarial infestation, especially in the young, increases the risk of devel-
oping Burkitt lymphoma. The lymphoma is rare in regions in which malaria eradication cam-
paigns have been successful. Another possible environmental factor in the pathogenesis of
Burkitt lymphoma in Africa is the presence of and use of products from the plant Euphorbia
tirucalli (IARC, 1997). The phorbol esters present in this plant have structures closely related to
the phorbol esters used as tumor-promoting agents in experimental studies in mouse epidermal
carcinogenesis (Chapter 7). Such agents can increase the ability of EBV to transform B lympho-
cytes and increase the likelihood of chromosomal alterations in such cells. The plant is endemic
in areas of equatorial Africa where Burkitt lymphoma incidence is quite high.



Physical and Biological Factors 511

EBV is also causally associated with the development of nasopharyngeal carcinoma, a dis-
ease with a remarkable racial and geographical distribution. In most parts of the world, the inci-
dence is usually less than 1 per 100,000 persons per year (Parkin et al., 1997). However, in some
provinces of mainland China, the rates may be as high as 25 to 40 per 100,000 person-years. The
most common histological type of these neoplasms is undifferentiated carcinomas, with promi-
nent lymphoid stroma accounting for up to 80% of the cases (Niedobitek et al., 1996). Squamous
cell carcinomas with little or no lymphoid stroma make up the remaining percentage of these neo-
plasms. While the undifferentiated carcinomas with lymphoid stroma almost all exhibit detectable
virus, a smaller percentage of the squamous cell carcinomas do so. Thus, even sporadic cases
throughout the world of the undifferentiated carcinoma/lymphoid stroma type of nasopharyngeal
carcinoma exhibit molecular evidence of EBV causation. To a greater extent than with Burkitt
lymphoma, environmental factors appear to regulate the expression of the neoplastic state in that
individuals living in endemic regions migrating to nonendemic regions exhibit a dramatic de-
crease in the incidence of nasopharyngeal carcinoma within the first generation (IARC, 1997).
Several environmental factors, including the consumption of highly salted fish and other preserved
foods, have been related to nasopharyngeal carcinoma incidence, specifically in the regions where
this lesion is endemic. In addition, exposure to formaldehyde, tobacco smoke, alcohol, and vari-
ous herbal preparations as well as host genetic factors have been implicated in this dramatic mi-
gratory effect on the incidence of nasopharyngeal carcinoma (Jeannel et al., 1999).

Hodgkin disease is a form of malignant lymphoma characterized by the presence of abnor-
mal mononuclear cells and their multinucleated variants, termed Reed-Sternberg cells. In addi-
tion, the histological picture is quite heterogeneous and variable, with various classifications
having been reported (Jackson and Parker, 1944; Lukes et al., 1966). The incidence of Hodgkin
disease in western populations is largely bimodal with respect to age (Figure 12.9). Generally,
few cases occur among children, but there is a rapid increase in incidence among teenagers,
peaking at about age 25. The incidence then decreases to a plateau through middle age, after
which rates increase with age to a second peak. In developing countries, Hodgkin disease in
childhood is much more common, with the children at risk appearing to be of the lower social
class. Epidemiological studies have suggested a role for the Epstein-Barr virus in the causation
of Hodgkin disease, since infectious mononucleosis was found to be a significant risk factor for
Hodgkin disease in the first 5 years after diagnosis of the former condition (cf. Levin and Le-
vine, 1998). Furthermore, infectious mononucleosis usually occurs in young adulthood, in
higher social classes with higher maternal education and lower housing density in childhood; in
addition, smaller sibship size is another risk factor for young adulthood Hodgkin disease, all of
these factors being indicative of a “late” exposure to an infectious agent (Mueller, 1996). Al-
though a relationship between EBV and Hodgkin disease had been suspected for several de-
cades, the breakthrough for such a causative association came from molecular epidemiology.
Assays by a variety of techniques have demonstrated the EBV genome in neoplastic cells of
about 30% to 50% of Hodgkin disease cases in western countries; but in South America and the
Orient, this proportion may reach 60% to 100%. Thus, the infectious pattern for this disease is
quite analogous to that for Burkitt lymphoma in the younger age groups, although the pathogen-
esis of the EBV induction of Hodgkin disease in older age groups is not clear.

Another relatively unusual neoplasm strongly associated with EBV infection is the sino-
nasal T-cell lymphoma, also known as lethal midline granuloma or reticulosis. EBV is present in
most tumor cells of these neoplasms (IARC, 1997) but is found much less frequently in sinona-
sal B-cell lymphomas. This neoplasm indicates that EBV may colonize T cells as well as B
cells, the latter characteristic of infectious mononucleosis and Burkitt lymphoma. Several other
neoplasms have also been associated with EBV with molecular technologies, but for the most
part at very low incidence. These include gastric adenocarcinoma and a variety of lymphoepithe-
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liomas seen in the human (Anagnostopoulos and Hummel, 1996). In addition, EBV may infect
certain New World primates, particularly cotton-topped tamarins, with the resultant develop-
ment of lymphomas (IARC, 1997).

Pathogenesis and Characteristics of EBV Infection in Humans

The Epstein-Barr virus is a member of the herpesvirus family and has also been designated as
human herpesvirus 5 or HHV5. The DNA genome of the virus exists in the virion as a double-
stranded linear molecule of 172 kb. Figure 12.10 gives an outline of the structure of the EBV
genome in its latent or episomal form as it occurs in nonneoplastic lymphoblastoid cells found in
all EBV-infected individuals and as it is also found within neoplastic cells of Burkitt lymphoma
(Steven, 1997). Although a number of proteins are produced by the virus and more than 100
coded in the genome, within Burkitt lymphoma cells only the EBNA (EB virus nuclear antigen)
1 is expressed, while in nonneoplastic lymphoblastoid cells a variety of other proteins are ex-
pressed as well (cf. Steven, 1997). The proteins (9) expressed in the nonneoplastic, lymphoblas-
toid cells have a variety of functions involving cell signaling and evasion of the immune system.

The pathogenesis of EBV infection involves the specific molecular interaction between a
major membrane antigen on the virus, gp350, and its specific binding to a receptor on the sur-
face of B cells, CD21. CD21 is also a receptor for a component of the complement system in-
volved in host immunity (Chapter 19). In cells not possessing this specific receptor but yet

Figure 12.9 Age-specific incidence rates of Hodgkin disease per 100,000 population for each sex as
noted in the areas listed in each of the four graphs. The inclusive years studied were as follows: Cali-Co-
lombia, 1962–66; Connecticut, U.S.A., 1960–62; Rural Norway, 1964–66; Urban Norway, 1964–66.
(Adapted from IARC, 1997, with permission of the authors and publisher.)
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capable of infection by EBV, it is thought that the virus is taken up by endocytosis or, in the case
of epithelial cells, by interaction with antibodies and subsequently with specific receptors (Lin et
al., 1997; Sixbey and Yao, 1992). A diagram of the initial pathogenesis of EBV infection is in
Figure 12.11. Lymphoblastoid B cells that have been rendered “immortal” by infection with
EBV continue to have a number of copies of the virus as episomes within their nuclei. These
circles of episomal viral DNA are independent of the host genome but replicate appropriately
during the cell cycle. Rarely, the EBV genome can also persist by integrating into chromosomal
DNA (cf. IARC, 1997). Integration into host cell DNA is seen more commonly in cultured cell
lines of lymphoid cells (Lawrence et al., 1988; Matsuo et al., 1984). The presence of the virus
and its products drives the proliferation of these cells, but their number is controlled by the pri-
mary immune response of T cells (Chapter 19) in normal individuals. However, in carriers, a
small number of lymphoblastoid EBV-infected B cells continue to survive and evade the im-
mune system. In contrast, in primary infections where the proliferating B cells initially over-
come the immune response, infectious mononucleosis may result, with the vast majority of cells
in the blood being activated T cells programmed to eliminate EBV-infected cells. Sugden (1994)
has reported that only one infectious particle of EBV is necessary for the infection of a single B
cell to yield indefinitely proliferating, latently infected “immortalized” progeny. However, the
mechanism of the transformation to neoplasia resulting in the various neoplasms noted in Table

Figure 12.10 Structure of EBV DNA episome indicating patterns of gene transcription during latency in
cells of Burkitt’s lymphoma. The double-stranded, linear EBV genome within the virion is covalently
closed within the episome by overlapping terminal repeat sequences (TR). The genome possesses four in-
ternal repeat regions (IR). In bold letters are shown the sites of transcription of genes expressed during the
infection. EBV-encoded RNAs (EBERs) are noncoding transcripts which are abundantly expressed in all
forms of viral latency. mRNAs are also expressed coding for a putative protein termed BARF0 and a pro-
moter region termed F/Qp. EBNA 1 is the only protein actually shown to be expressed in Burkitt lym-
phoma cells. (From Steven, 1997; reproduced with permission of the author and publisher.)
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12.7 is not absolutely clear. Whereas the number of viral episomes found in the lymphoblastoid
B cells is relatively low (5 to 100 per cell) (Steven, 1997), in Burkitt lymphoma cells as well as
in cells of nonneoplastic conditions such as oral “hairy” leukoplakia, 200 or more viral DNA
molecules per cellular genome may be found in lymphoblastoid B cells (Greenspan et al., 1985).

The Immune System and the Development of EBV-Induced Neoplasms

The response to EBV infection by the development of neoplasms seen in young Africans and in
people of several other underdeveloped countries—in contrast to the self-limiting infectious
mononucleosis resulting from EBV infection in western countries having relatively high stand-
ards of hygiene—suggests that host immune functions may play a role in these differential re-

Figure 12.11 A proposed summary of Epstein-Barr virus infection. EBV is transmitted in saliva, subse-
quently infecting predominantly B cells in vivo. Infected cells are driven by viral proteins to proliferate
during the primary infection, which is in most instances curtailed by the development of specific cytotoxic
T cells (immunocytes). The virus persists in the lymphoid compartment in small noncycling B cells in
which it expresses a very limited number of proteins that are relatively weak targets for the cytotoxic T
cells. Infected B cells may also enter a productive cycle, leading to the release of infective virus in saliva.
Both noncycling and proliferative cells are susceptible to the host immune surveillance. (From Steven,
1997, with permission of the author and publishers.)
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sponses to the same infectious agent. Support for such a thesis was forthcoming in the
description by Purtilo and others of the very high incidence of lymphomas in patients with ge-
netic immunodeficiencies, especially in a condition known as the X-linked lymphoproliferative
syndrome (cf. Purtilo, 1981). In this condition, the development of infectious mononucleosis
may lead to the further development of atypical lymphoproliferative disease and lymphomas; the
latter condition occurs in up to 25% of affected individuals. Logically, one would also expect to
find EBV-induced lymphomas in adults whose immune system has been significantly compro-
mised. This is true in that organ-transplant recipients may develop EBV-induced lymphoprolif-
erative disease, of which lymphomas are a significant portion (Lucas et al., 1997). Such EBV-
induced diseases may occur in as many as 35% of transplant recipients, while in a series of pedi-
atric liver transplants, the occurrence ranged from 9% to 14% (cf. Lucas et al., 1997; Renard et
al., 1991; Malatack et al., 1991). Even in patients developing lymphomas without any clinical
evidence of altered immune function, a significant number of EBV genomes may be found in the
neoplastic cells (IARC, 1997; Aozasa et al., 1998). Another example of acquired immunodefi-
ciency in the human is that of the disease AIDS. It has been reported that between 10% and 20%
of individuals with AIDS will have B-cell lymphoma as either their initial or their subsequent
AIDS-defining condition (Aboulafia, 1998). However, the presence of the Epstein-Barr virus
within neoplastic cells of these lesions varies dramatically all the way to 100% in some series
(IARC, 1997). The pathogenesis of non-Hodgkin lymphomas in AIDS patients appears to be
similar to that of posttransplant lymphoproliferative disorders involving an initial EBV-driven
proliferation of B cells, leading eventually to the outgrowth of fully malignant lymphomas
(Gaidano and Dalla-Favera, 1995). It has also been suggested that a subtype of EBV, termed
type 2, may be the predominant infectious agent in lymphomas arising in immunocompromised
individuals (De Re et al., 1993). In any event, it is clear that the immune system plays a major
role in the pathogenesis of EBV infection in the human, leading either to benign infections ex-
hibiting little or no clinical abnormalities that make up the vast majority or to a variety of differ-
ent neoplasms, predominantly those involving cells of the immune system. Strategies and
attempts have also been developed to produce an effective vaccine against infection with the
virus (Moss et al., 1996; Spring et al., 1996), but to date no general success has been achieved.

Hepatitis Viruses and Human Cancer—Hepatitis B

The first suggestion that the hepatitis B virus (HBV) might be related causally to genesis of
human hepatocellular carcinoma (HCC) was made by Payet et al. (1956). Subsequently it was
recognized that chronic viral hepatitis was a frequent sequela of HBV infection on the basis of
the identification of viral surface antigens in patients with chronic viral hepatitis. Today it is
estimated that there are nearly 300 million individuals chronically infected with HBV. A map
indicating the areas where infection predominates is seen in Figure 12.12 (IARC, 1994a). Gen-
erally speaking, the highest incidence of HCC is also found in the areas exhibiting the highest
incidence of chronic HBV hepatitis (Melnick, 1983). Furthermore, almost every patient with
HCC in highly endemic areas (but not in the United States) exhibits serological and virological
evidence of hepatitis B infection. Since it is not possible to eliminate chronic infection com-
pletely and the incubation period for the development of HBV-associated HCC may be as long
as 30 years, the potential incidence of HCC as a result of this chronic infection is very high,
approaching 40% in some areas (cf. Chisari and Ferrari, 1995). Today liver cancer ranks sixth of
the most common, potentially fatal cancers in the world (Chapter 1). The reason for these dis-
tinctive differences in incidence of HBV infection and HCC is seen diagrammatically in Figure
12.13. In several Asian countries, notably Taiwan, hepatitis B is frequently passed from mother
to infant, resulting in very early infections; almost all of these infants subsequently become
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chronic carriers. A similar phenomenon occurs in African countries, although the mode of initial
transmission is not clear. In nonendemic countries, such as the United States and many European
countries, the primary infection that occurs later in life seldom results in the chronic carrier
state. HCC is a relatively unusual sequela of the carrier state in nonendemic areas; but in en-
demic areas such as Taiwan and parts of mainland China, the risk for developing HCC is 200-
fold greater than in uninfected individuals (Buendia, 1992). This risk may be increased as much
as eightfold if the infected individual is chronically exposed to aflatoxin B1 as a contaminant in
the diet (cf. Groopman et al., 1996). Vaccines against HBV are now readily available but some-
what expensive. Thus far, extensive vaccination programs have not been carried out in most
countries with the exception of Taiwan, where there is evidence of the prevention of cancer by
the vaccine when it is administered to children (cf. Wild and Hall, 1999).

Pathogenesis and Cell Biology of HBV Infection

HBV belongs to a group of hepatotropic DNA viruses known as the hepadnaviruses, which are
found in a number of mammalian and avian species (Chapter 4). A diagram of the structure of
the virus shows the major antigens (Ags) to which the host develops antibodies. The DNA ge-
nome is small, about 3200 bp, and occurs as a circular complete minus (–) strand with a comple-
mentary plus (+) strand that is incomplete (Chapter 4). As with other animal hepadnaviruses, the
virion contains a DNA polymerase/reverse transcriptase that is utilized during its complex life
cycle, as described in more detail in Chapter 4. Since the life cycle of the virus involves an RNA
intermediate, as in retroviruses, one might expect to find integrated viral DNA in the host
genome. This is true, although in many instances the integration of the viral genome into host
cell DNA appears to involve rearrangement and recombination of the viral genome (Takada et
al., 1990; Zhou et al., 1987). Other studies have indicated that incorporation of the viral genome
into the host genome results in genetic instability of the host cell genome (Hino et al., 1991;
Matsuzaki et al., 1997), indicating that virus infection in the hepatocyte may mimic the action of
a progressor agent (Chapter 9). Although there is no known “oncogene” within the HBV

Figure 12.12 Geographical pattern of the prevalence of hepatitis B infection in the humans. Black:
≥8%, high; gray: 2% to 7.9%, intermediate; white: <2%, low. (From IARC Monograph 59, 1994, with
permission of the publisher.)
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genome, an interesting gene termed the X gene, giving rise to a protein with a similar designa-
tion, occurs in all hepadnaviruses. Mutation of the X gene results in loss of viral replication in
the animal host (cf. Yen, 1996). The X protein functions as a transcriptional transactivator for a
number of cellular genes (cf. Koike and Takada, 1995) and may also be involved in the processes
of cellular DNA repair (Feitelson and Duan, 1997; Prost et al., 1998) and signal transduction
(Cong et al., 1997).

As noted above, chronic infection with HBV is a prolonged, lifelong process that may be
dramatically modified by appropriate therapy (Hoofnagle and di Bisceglie, 1997; Terrault, 1996)
but probably never completely cured. The natural history of HBV infection, leading ultimately
to cirrhosis and/or hepatocellular carcinoma, is seen in Figure 12.15. Furthermore, it is quite
likely that the immune response of the host to the chronic infection with HBV plays a major role

Figure 12.13 Outline of the modes of HBV transmission in countries where the infection is endemic as
compared with where it is non-endemic. The rates of progression to chronicity and the HCC incidence in
endemic and non-endemic regions are noted in the figure as % of the population affected. (Adapted from
Buendia, 1992, with permission of the author and publisher.)
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in the ultimate development of hepatocellular carcinoma. Transgenic mice that overproduce the
hepatitis B virus large-envelope polypeptide and accumulate toxic quantities of hepatitis B sur-
face antigen within the hepatocyte develop extensive, prolonged hepatocellular injury involving
inflammation, regenerative hyperplasia, aneuploidy, and ultimately hepatocellular carcinoma
(Chisari et al., 1989). This finding has implied that the immune response induced by HBV infec-
tion is perhaps equal to or more important in the development of hepatocellular carcinoma in the
human than is the integration of the viral genome into the host DNA (Chisari and Ferrari, 1995).
Thus, the immune response resulting in chronic viral hepatitis, cell proliferation, and apoptosis
may be analogous to tumor promotion in rodent hepatocarcinogenesis (Chapter 7), and the pro-
gressor action of the virus transits such promoted cells into the stage of progression and malig-
nant neoplasia in the human host.

Herpes Simplex Viruses and Human Cancer

In 1972 a report by Frenkel et al. (1972) demonstrated the presence of a portion of herpes sim-
plex II viral DNA within a human cervical neoplasm. Since that time, a number of investigations
have demonstrated the presence of fragments of the herpes simplex genome within human geni-
tal neoplasms (Macnab, 1987), but the significance of such findings in the genesis of human
genital neoplasia is not clear, especially in view of the demonstrated importance of the human
papilloma virus in the development of such neoplasms (see below). Transfection experiments
both in vivo (Anthony et al., 1989) and in vitro (DiPaolo et al., 1990) have demonstrated the
oncogenic potential of herpes simplex DNA in lower animals, but epidemiologic studies have
not indicated that a direct causal association between herpes simplex virus infection and genital
cancer occurs in the human (Melnick et al., 1976; Graham et al., 1982). Somewhat more re-
cently, Di Luca et al. (1995) have proposed that herpes simplex virus may function as a “cooper-

Figure 12.14 Diagrammatic structure of the hepatitis B virus. The envelope is noted as consisting of
several proteins, which are the surface antigens to which antibodies are produced. The nucleocapsid core
contains the partially double-stranded viral genome and the DNA polymerase/reverse transcriptase (large,
filled circle). The boxes indicate the positions of direct repeats (DR1 and DR2). The core antigen protein
(HbcAg) may also serve as an antigen for the host immune system. (Adapted from Blum et al., 1989, with
permission of the authors and publisher.)
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ating agent” in the development of human genital neoplasia. The virus might act as an initiator
or a progressor or even to alter cellular and viral gene expression. As yet, however, these con-
cepts are somewhat theoretical, and the actual role, if any, that herpes simplex virus infection
may play in the development of human genital cancer is not clear.

Human Papillomaviruses and Human Cancer

As noted in Chapter 4, papillomaviruses infect a variety of vertebrate species including the hu-
man. More than 70 different strains of papillomavirus have been isolated from the human
(IARC, 1995). Most of these viruses are associated with a number of human conditions, both
benign and malignant. Table 12.8 lists some of the more common strains and their association
with specific human diseases. As noted in the table, the most common strains causally associ-
ated with human cancer are types 16, 18, 31, and 45, while a number of other strains are asso-
ciated with the development of benign lesions. The worldwide burden of human papillomavirus
(HPV) infections is not known, but zur Hausen (1996) has pointed out that cervical cancer repre-
sents the second most frequent malignant neoplasm in women worldwide, corresponding to ap-
proximately 450,000 new cases per year or 5.8% of the global cancer incidence. If one accepts
that more than 50% of anogenital cancers and 20% of oral, laryngeal, and nasal cancers contain

Figure 12.15 Diagram of the natural history of HBV infection leading to chronic hepatitis, cirrhosis,
and hepatocellular carcinoma (HCC). Possible interventions are noted at the top of the figure. Note that
while HBV replication occurs early in the disease, integration into DNA and the potential for genomic
instability occur in parallel with the development of HCC. (Adapted from di Bisceglie et al., 1988, with
permission of the authors and publisher.)
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the high-risk HPV types, papillomavirus infections may be the cause of almost 10% of the
worldwide cancer burden. The IARC (1995) has argued that more than 90% of all cervical can-
cers are caused by infection with various types of HPV. HPV infection is also quite common in
immunocompromised patients such as those with AIDS or transplants. A high rate of association
with HPV infections in the skin is seen in the rare, inherited disease known as epidermodyspla-
sia verruciformis. Affected individuals are extremely sensitive to widespread HPV infection in
the skin, leading initially to various types of skin warts and to the development of multiple cuta-
neous malignancies in about half of these infected patients (cf. Majewski and Jablonska, 1992).
The genetic defects in the disease may involve two different genes, one of which is X-linked.
The development of skin lesions also depends on cocarcinogenic effects of ultraviolet radiation
and presumably some defect in the major histocompatibility complex and tumor necrosis factor
locus and antigen presentation (Chapter 18). In homosexual men with AIDS, the relative risk of
developing anorectal cancer associated with HPV may range up to 80% (IARC, 1995). Simi-
larly, more than half in a series of renal transplant patients exhibiting nonmelanoma carcinomas
of the skin had evidence of HPV infection in the neoplasms (Shamanin et al., 1996). As might be
expected, human papillomaviruses are commonly found in normal skin of immunocompetent
hosts (Astori et al., 1998).

By far the most common human neoplasm associated with HPV infection is carcinoma of
the uterine cervix. The presence of HPV has been noted both in cervical dysplasia as well as in
cervical intraepithelial neoplasia (CIN). Although HPV-associated cervical dysplasia and low-
grade CIN may spontaneously regress (Kataja et al., 1989), persistent HPV infection is associ-
ated with persistent cervical dysplasia (Ho et al., 1995); in higher grades of CIN, the incidence
of HPV infection increases (Bergeron et al., 1992). Other risk factors associated with cervical
HPV infections include current smoking, warts in sexual partners, and increasing frequency of
sexual intercourse per week, especially with different partners (Kataja et al., 1993; Tortolero-
Luna, 1999).

Table 12.8 Association of HPV Types with Various Clinical Lesions

Key: LSIL, low grade squamous intraepithelial lesions; HSIL, high grade squamous intraepithelial le-
sions.

Boldface numbers indicate those types most commonly associated with the lesion.
Adapted from Stoler, 1996.

Clinical lesion HPV Types

Common warts (verruca vulgaris) 2, 4
Plantar warts 1
Flat warts 3, 10, 28, 41
Epidermodysplasia verruciformis 5, 8, as well as 9, 12, 14, 15, 17, 19, 

20–25, 36–38, 47, and 49
Butcher’s warts 7
Condyloma acuminatum (genital warts) 6, 11, 42, 43, 44
Laryngeal papillomatosis 6, 11
LSIL or equivalent Essentially all mucosotropic types 

(>24 types)
HSIL Same as invasive cervical cancer
Invasive cervical cancers 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 

58, 59, 66, 67, and 68
Bowenoid high-grade dysplasia Mainly 16
Invasive squamous cancer of other anogenital sites Mainly 16
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Pathogenesis of HPV Infection

HPV is structurally very closely related to the lower animal papillomaviruses (Chapter 4). Un-
like HCV (above), the viral genome is relatively stable, with only 1% of genomic variability
originating over periods exceeding 105 years (cf. IARC, 1995). HPVs are highly specific for the
human, but as yet it has not been possible to readily infect human cells in culture with HPV;
consequently molecular investigations must be done with transfected cells or in artificial human
transplants to athymic mice (Kreider et al., 1986). In preneoplastic cervical dysplasia and many
CINs, papillomaviruses occur in the circular episomal form; but in malignant neoplasms, inte-
gration of the viral genome into the host cell DNA is the rule. A diagram of the organization of
the HPV genome and its pattern of integration is seen in Figure 12.16. In comparison with the
genome of animal papillomaviruses (Chapter 4), the organization is quite similar, although the
integration structure may vary in some neoplasms (Stoler, 1996). Of the genes noted in the fig-
ure, E5, E6, and E7 are associated with growth stimulation and the transformation process. L1
and L2 are capsid proteins, and the other E genes are concerned with viral replication and tran-
scription (Chapter 4). Thus far, in vitro systems for infection of cells in culture and development
of vaccines to HPV have not been developed. On the other hand, transgenic mice expressing one

Figure 12.16 Organization of the HPV genome and pattern of its integration. In low-grade lesions the
circular episomal form is dominant. In most neoplasms integration occurs randomly in the host genome,
although the viral genome is usually disrupted in the E2 open reading frame, leading to loss of E2 protein
transregulatory functions. (After Stoler, 1996, with permission of the author and publisher.)
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or more of the critical genes have the potential to increase our knowledge of the pathogenesis
and possible immunology of the virus infection (Griep and Lambert, 1994).

The natural history of the development of cervical cancer has been studied in several epi-
demiological investigations (cf. IARC, 1995; Melbye and Frisch, 1998). A peak incidence of
HPV infection is observed among women aged 20 to 25 years, followed by another peak of
high-grade cervical lesions 5 to 10 years later. The incidence of cancer of the cervix declines in
women over 50 years of age, after which time increasing incidences of vulvar, penile, and anal
cancer, many of which are associated with HPV infection, are seen (Figure 12.17). However,
studies in both immunodeficient and immunocompetent women have indicated that HPV infec-
tion is followed by the development of dysplastic and intraepithelial neoplasia, the latter ulti-
mately developing into invasive carcinoma. This model of HPV pathogenesis suggests that the
virus may serve as a promoting agent during its episomal life, transforming into a progressor
agent upon integration of the viral genome into the host cell genome (Kashyap and Das, 1998).

Human Herpesvirus 8 and Human Cancer

We have already seen the actual and potential role of herpesviruses in the causation of human
cancer. EBV was among the first definitive human cancer-causing viruses, and the herpes sim-
plex group has been suggested but not proven to have a role in the development of cervical
cancer in the human. In 1994 Chang et al. demonstrated the presence of a human herpesvirus,
now termed HHV-8 or Kaposi sarcoma–associated herpesvirus (KSHV), in all epidemiological
forms of Kaposi sarcoma, an angiosarcoma found worldwide but most recently at an extremely
high incidence in AIDS patients, which is 7000 times higher than in the non-AIDS population
(Emmanoulides et al., 1996). HHV-8 genomes have also been consistently found in primary ef-
fusion lymphoma (PEL) and multicentric Castleman disease (MCD). Originally, PEL was con-
fused with the form of Burkitt lymphoma seen in western nations, involving primarily

Figure 12.17 Age-specific incidence of cervical, vulvar, anal, and penile cancer in the Danish popula-
tion. (After Melbye and Frisch, 1998, with permission of the authors and publisher.)
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abdominal lymphoid structures. However, closer investigation revealed clear differences be-
tween the two and particularly in the viral genomes involved. The virus has also been found in
several benign and malignant endothelial lesions in patients with Kaposi’s sarcoma (Dictor et
al., 1996). In addition, in other studies the presence of HHV-8 sequences was seen in premalig-
nant Bowen disease (71.4%) and malignant squamous cell carcinoma (50%), as well as in 33.3%
of actinic keratoses (Inagi et al., 1996). In addition, McDonagh et al. (1996) reported the pres-
ence of HHV-8 sequences in 29% of angiosarcomas in patients, most of whom were not immu-
nocompromised. Transmission of HHV-8 in AIDS patients appears to be largely by sexual
means. However, in Africa, both horizontal and vertical transmission of HHV-8 is quite common
among young children (cf. Schulz, 1999). Although the presence of the virus in Kaposi sarcoma,
PEL, and MCD argues very strongly that there is a causative association between infection and
the neoplastic transformation, other data are also supportive of this argument. Flore et al. (1998)
demonstrated the transformation of primary human endothelial cells by HHV-8 in vitro. In addi-
tion, the relationship of the presence of antibodies to HHV-8–associated latent nuclear antigens
(see below) in relation to the development of Kaposi sarcoma strongly indicates a direct caus-
ative relationship (Figure 12.18).

HHV-8 Characterization and Pathogenesis of Virus Associated Human Neoplasms

The genome of HHV-8 consists of a 140.5-kb length of DNA unique coding region flanked by
multiple G+C-rich 801-bp terminal repeat sequences (Russo et al., 1996). The genome contains
a number of “pirated” genes that have very close cellular homologs in a manner analogous to
that seen with retrovirally transduced oncogenes (Chapter 4). Table 12.9 lists several of these
genes with their cellular homolog and possible function (Boshoff and Weiss, 1998). However,
expression of the viral genome in Kaposi’s sarcoma is quite limited (Zhong et al., 1996). One of
the genes expressed is analogous to transforming proteins found in other herpesviruses and may
be related to transformation by HHV-8 (Lee et al., 1998). Latently infected cells have multiple
copies of circularized HHV-8 DNA maintained as episomes in a manner similar to that of EBV
(cf. Ballestas et al., 1999). A latency-associated nuclear antigen appears to mediate the efficient

Figure 12.18 Estimated prevalence of serum antibodies against HHV-8–associated latent nuclear anti-
gens in 40 patients with AIDS-associated Kaposi sarcoma in relation to the number of months prior to the
diagnosis of the neoplasm. (After Gao et al., 1996, with permission of the authors and publisher.)
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persistence of extrachromosomal DNA of HHV-8 in the same way that the EBV nuclear antigen
performs this function (Ballestas et al., 1999). As noted in Table 12.9, a number of the pirated
genes code for proteins involved in cell growth and death. This may actually serve to modulate
the growth of neoplastic, latently infected cells of Kaposi sarcoma and other HHV-8–induced
neoplasms (Dittmer and Kedes, 1998). A model of the pathogenesis of Kaposi sarcoma is seen
in Figure 12.19, indicating the production of various growth factors and related proteins in cells
early during infection, with subsequent transformation to sarcoma cells and continued produc-
tion of autocrine growth factor (Emmanoulides et al., 1996). HHV-8 may also induce lysis of
infected cells with production of virus (Ensoli and Sirianni, 1998). This model of the pathogene-
sis of the development of Kaposi sarcoma after infection with HHV-8 is quite analogous to that
for the development of Burkitt lymphoma after infection with EBV except for the fact that,
based on present knowledge, it is unlikely that there is a high incidence of subclinical infections
with HHV-8 in the general population throughout the world.

Papovaviruses in Relation to Human Disease

As noted in Table 12.7, herpes, hepatitis, and papilloma viruses constitute the major infectious
causes of human neoplasms. However, the search for papovaviruses as etiological agents in hu-
man neoplasia was pursued intensively for several decades. The first indication for a role of pa-
povaviruses in human disease was the observation by Zu Rhein and Chou (1965) of the presence
of papovavirus-like particles in the nuclei of glial cells from patients with a rare demyelinating
disease, progressive multifocal leukoencephalopathy (PML). Later studies by these workers and
their colleagues (Padgett et al., 1971) allowed the cultivation of papovaviruses from the brain of
a patient with PML. Subsequently, this virus has been termed the JC virus, and it is closely re-
lated to other papovaviruses such as the simian virus 40. The majority of patients with PML
exhibit some impairment of the T-cell immune response (Chapter 18). As many as 4% of pa-
tients with AIDS will have PML, while up to 85% of all new cases of PML will have AIDS (cf.
Tornatore et al., 1994). In PML, the JC virus infects oligodendrogliocytes, cells responsible for
the myelination of nerve axons in the central nervous system. Destruction of these cells leads to

Table 12.9 Potential Functions of Pirated KSHV Genes

Viral Gene Cellular Homolog Possible Function

K1 — Promote cellular growth
ORF 4 CD46 Complement regulation
K2 IL-6 Lymphocyte growth promotion
K4, K4.1 and K6 vMIP-I, -III Paracrine growth and angiogenesis
ORF 16 Bcl-2 Prevents apoptosis
K9 IRFa

aInterferon regulatory family.

Promote growth, immunoregulatory
K12 — ? Transactivator
ORF 71 DED domain proteins Prevent apoptosis
ORF 72 Cyclin D Promote cellular growth
ORF 73 (LNA-1) — ? Transactivator
ORF 74 IL-8 GPCRb

bG protein–coupled receptor homolog.
Adapted from Boshoff and Weiss, 1998, with permission of the authors and publisher.

Promote cellular growth
K14 NCAM-like protein Intercellular signaling
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the loss of myelin in axons and disruption of normal function in the central nervous system
(Aksamit, 1995).

The JC virus also induces a variety of neoplasms in rodents, especially hamsters, and can
also infect a variety of cultured cells (Zu Rhein, 1987; cf. Major et al., 1992). In addition, brain
tumors have been induced in monkeys inoculated with the JC virus (London et al., 1978). A
closely related virus, the BK virus, is commonly present in normal individuals, but there is little
or no evidence that the virus is involved in the causation of human disease (Wold et al., 1978).
However, a recent study by Flægstad et al. (1999) detected BK virus DNA in all of a series of 18
human neuroblastomas.

In support of a potential role for papovaviruses in the causation of specific human neo-
plasms, some evidence has been reported for the presence of simian virus 40 DNA in several
different types of human brain neoplasms (Krieg et al., 1981; Bergsagel et al., 1992; Martini et
al., 1996) and in malignant mesotheliomas (Testa et al., 1998). At least one group (Bergsagel et
al., 1992) has suggested that there may be a causal relationship between these viruses and the
genesis of these brain tumors involving papovavirus genomes present in those human neo-
plasms. One possible source of infection is suggested to be through inadvertent inoculation of
humans with the simian virus 40 that had contaminated vaccines against other viruses used be-
tween 1955 and 1963 (Carbone et al., 1997). However, Strickler et al. (1998) reported an exten-
sive retrospective epidemiologic study that showed no association between exposure to simian
virus 40-contaminated poliovirus vaccine and increased rates of brain neoplasms, sarcomas, or
mesotheliomas.

Although the JC and BK virus, when infecting rodent cells, become incorporated into the
DNA with subsequent transformation to the neoplastic state (cf. Major et al., 1992), JC virus in
brains and kidneys of patients with PML is not integrated into the host cell genome (Grinnell et

Figure 12.19 Model of the pathogenesis of Kaposi sarcoma. bFGF, basic fibroblast growth factor; IL,
interleukin; KSHV, Kaposi sarcoma–associated herpesvirus; Onco M, oncostatin M; TNF-α, tumor necro-
sis factor-alpha. (From Emmanoulides et al., 1996, with permission of the authors and publisher.)
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al., 1983). Thus, while there is no question that the JC virus causes PML, the relation, if any, of
papovaviruses to the causation of human neoplasia remains an unanswered question with rela-
tively little supporting data for such an association at the present time.

RNA Viruses and Human Cancer

Although the association of DNA viruses causally with human cancer has been known for more
than four decades, it is only within the last 15 years or so that a causative association between
specific RNA viruses and human neoplasia has been elucidated. The viruses involved are the
hepatitis C virus and two retroviruses, human immunodeficiency virus and human T cell
lymphotropic virus. Literally millions of humans are infected at the present time with these
three different virus types, and the prospects for control and prevention are not bright at the
present time.

Hepatitis Viruses and Human Cancer—Hepatitis C

While hepatitis B infection has been known or at least suspected as a cause of chronic viral hep-
atitis and HCC for nearly half a century, the nature of hepatitis C virus as a cause for the same
two conditions has been reasonably understood only for the last decade. Prior to that time, pa-
tients with chronic viral hepatitis who did not exhibit evidence of hepatitis A or B infection were
classified as infected with non-A, non-B (NANB) hepatitis virus (cf. Purcell, 1994). Cloning and
sequencing of the hepatitis C virus genome, reported in 1989 (Choo et al., 1989), allowed for
accelerated progress in our understanding of the nature of this virus and the pathogenesis of its
effects in the human. The virus is quite infectious, with more than 50% of exposed individuals
developing chronic infection. However, infection occurs almost entirely by the parenteral route
with the most common mode of transmission involving transfusions and/or parenteral contact
with blood products (Heintges and Wands, 1997). The proportions of the modes of viral infec-
tion are seen in Figure 12.20. Blood transfusion, illicit intravenous drug use, and similar high-
risk behavior accounts for 90% of HCV infections. Prior to 1990, when blood testing for HCV

Figure 12.20 Risk factors associated with HCV infections in the human. (From Koff, 1998, with per-
mission of the author and publisher.)
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began nationally, the transmission from blood transfusions was probably proportionally much
higher than seen in Figure 12.20 (Alter, 1997). Antibodies to viral proteins are indicative of viral
infection. The prevalence of such antibodies in blood donors in the world is seen in Figure
12.21. Although very high levels of infection are noted in regions of Africa, the Ukraine, and
Vietnam, other areas including western countries exhibit significant levels of infection in the
general population. In Japan, where HCV infection in relation to HCC development has been
investigated, the risk of HCC among HCV carriers was 30% for males between the ages of 45
and 64 years and 6% for females between the ages of 50 and 64 years (cf. Tanaka and Tsukuma,
1999). These studies indicate that HCV carriers have an extremely high probability of develop-
ing HCC, and their lifetime risk for this disease is comparable to or greater than the risk of HBV
carriers. In addition to HCV infection as a cause of HCC, the virus has also been implicated in
the pathogenesis of low-grade non-Hodgkin lymphomas, especially those producing extensive
amounts of cryoglobulins, a specific form of immunoglobulin-like molecules (cf. Silvestri and
Baccarani, 1997; Pozzato et al., 1996). HCV has been found in bone marrow and lymphoid cells
of infected patients and may cause B-cell clonal expansion (Santini et al., 1998). Infections with
both HBV and HCC have been found in patients with hepatocellular carcinoma, but usually rep-
resenting a relatively small percentage of the total, 1.6% to 3% in two different series (Tanaka
and Tsukuma, 1999; Hadziyannis et al., 1995).

Pathogenesis and Cell Biology of HCV Infection

Hepatitis C virus is a positive-strand RNA virus related to the flaviviruses on the basis of molec-
ular and biophysical characteristics (cf. IARC, 1994). A diagrammatic characterization of the
virion and its genome and genomic products is seen in Figure 12.22. After infection, the posi-
tive-strand RNA of the virus is translated by ribosomes producing the various proteins, including
the RNA-dependent RNA polymerase necessary for the production of the minus strand and sub-
sequent replication to produce the positive strand that interacts with the various structural pro-
teins and is released from the cell by a budding mechanism (Koff, 1998). The core protein (p21,

Figure 12.21 World map illustrating the prevalence of antibodies to hepatitis C virus (HCV) in blood
donors measured by modern technologies. (From Heintges and Wands, 1997, with permission of the au-
thors and publisher.)
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Figure 12.22) is the antigen inducing the predominant antigenic response in patients with hepato-
cellular carcinoma (Watanabe et al., 1991), and there is some evidence that this protein has the
ability to transform rat fibroblasts in culture as well as to suppress apoptosis (cf. DiBisceglie,
1997). A number of different genotypes of the virus have been reported and are now classified
into types I to VI with various subtypes (IARC, 1994). The host range or species specificity of
HCV infection is limited to humans and chimpanzees. The nucleotide divergence of the various
genotypes may be as high as 20%, and there is substantial evidence that the virus exhibits ex-
treme genetic variability with an estimated rate of nucleotide change of 10–3 substitution/site
year (cf. Bréchot, 1997). Such extreme genetic variability, which is comparable to that seen with
the AIDS virus (see below), markedly reduces the effectiveness of the development of any vac-
cine for the virus infection. Still, the viral gene products are quite immunogenic and are associ-
ated with chronic infection of the target organ, the liver, ultimately leading to cirrhosis and HCC.
Since the HCV genome does not integrate into the host cell genome but its gene products may
serve to transactivate cellular genes (e.g., Ray et al., 1997), the virus serves the function of a
complex promoting agent in inducing HCC.

Retroviruses and Human Cancer

Two retroviral types from each of two subfamilies, the lentiviruses and the oncoviruses, have
been associated with human neoplasia. In the lentivirus subfamily of retroviruses (Chapter 4),
human immunodeficiency virus types 1 and 2 (HIV-1; HIV-2) induce human diseases involving

Figure 12.22 Schematic features of the HCV virion, its RNA, and functional products thereof. (After
Esumi and Shikata, 1994; modified by authors with newer findings.
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immunodeficiency and wasting syndromes. In the oncovirus subfamily, human T-cell lympho-
tropic viruses (HTLV) types I and II have been associated causally or by association only, re-
spectively (IARC, 1996), with human disease. In Figure 12.23 may be seen diagrammatic
representations of the genomic structures of the HIV-1 virus and of HTLV-I. Because of exten-
sive investigation, many of the functions of the various genes of HIV-1 are known, as evidenced
from the figure. The tax and rex genes in HTLV-I may be considered as analogs of the tat and rev
genes in HIV-1. Note that these viral genomes are significantly more complicated than those
discussed in Chapter 4, involving a variety of oncogenes that had been transduced into a variety
of retroviruses, both in the natural state and artificially. The analogous genes—such as tat, rev,
tax, and rex—do not appear to have counterparts in the mammalian genome. Furthermore, HIV
functions to kill specific cells of the immune system, causing a release of virus, while HTLV
infection in cells stimulates cell growth while allowing the production of infectious virus.

HIV and Human Cancer

HIV is the cause of acquired immunodeficiency syndrome (AIDS), a slowly debilitating, almost
always fatal, human disease. The disease has been recognized relatively recently as a specific
entity, and in 1985 criteria for the diagnosis of AIDS were developed (cf. Purtilo et al., 1986).
Since then, the disease has increased dramatically in numbers throughout the world. As of mid-
1993, the estimated distribution of HIV infections in adults throughout the world is shown in
Figure 12.24 (Merson, 1993). Although there is no definitive evidence that the HIV virus actu-
ally transforms cells to neoplasia unaided by other viruses, the IARC has stated that infection
with HIV-1 is carcinogenic to humans, while infection with HIV-2 is possibly carcinogenic to
humans (IARC, 1996). We have already noted above the dramatic increase in Kaposi sarcoma
seen in AIDS patients and resulting from infection and transformation of cells with HHV-8 (see
above). A listing of neoplasms developing in AIDS patients at levels significantly higher than
those of the average population is seen in Table 12.10. In general, “non-AIDS” cancers exhibit
an increased risk of 1.9 in a large series of AIDS patients recently studied (Goedert et al., 1998).
The vast majority of AIDS-related lymphomas are associated with EBV infections (Gaidano and
Dalla-Favera, 1995). Increased incidences of many of the other neoplasms seen in the table may
be related to infection with other potentially oncogenic herpesviruses or, more likely, with the
dramatically compromised immune system, allowing the growth of neoplasms that otherwise
might have been suppressed by a normal immune response (Chapter 18).

Characteristics and Pathogenesis of HIV and Its Infection

The genome of HIV as noted in Figure 12.23 has a number of genes and genetic elements that
involve both viral replication and the virus’s interaction with the infected cell. The predominant
cell types infected by the virus through specific receptors are the “helper” (CD4) T cell (Chapter
18) and the macrophage (Greenberg, 1992). As a retrovirus, the DNA copy integrated into the
cell genome may remain dormant in the cell for extended periods, but in most instances the in-
fected cell produces an altered array of its normal products as a result of the infection as well as
producing multiple new virions with the ultimate demise of the cell (Shearer, 1998). However,
there is no firm evidence that HIV viruses actually transform cells that they infect, and thus the
carcinogenic influence of the virus is indirect, compromising the immune system and allowing
infection by a variety of other oncogenic viruses as well as the expression of neoplasms nor-
mally suppressed by the host immune system (Chapter 18). Therapy of AIDS has been directed
toward preventing viral replication by use of inhibitors of the reverse transcriptase and the pro-
tease, both required for viral synthesis. While dramatic therapeutic effects have been obtained,
the genetic variation of HIV ultimately results in the development of a resistant viral strain
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within the patient (Arts et al., 1998; Ridky and Leis, 1995). Since RNA viruses are deficient in
specific proofreading mechanisms of the reverse transcriptase, replication errors that occur be-
come immortalized, as can be seen in the genetic variation in viruses in patients in vivo (Hahn et
al., 1986; Nowak et al., 1991). Mutation rates of the virus have been estimated at 3 × 10–4 to 3 ×
10–5 per base per round of replication (Pezo and Wain-Hobson, 1997). Such rates of mutation
are close to the maximum possible. Thus, it is not surprising that vaccines against the virus have
been relatively unsuccessful in preventing infection in primates. These molecular facts bode ill
for any lasting method of vaccination or therapeutic cure of the established disease, emphasizing
the primary role of prevention in the control of AIDS in the world.

HTLV and Human Lymphomas

Like HIV infection, infection with HTLV is also worldwide, as noted in Figure 12.25. However,
unlike HIV, sequence conservation is the rule in viral infections throughout the world, with the

Figure 12.24 Estimated distribution of cumulative HIV infections in adults in various parts of the world
as of mid-1993. (Adapted from Merson, 1993, with permission of the author and publisher.)

Table 12.10 AIDS-Associated Malignant Neoplasms

Relative Riska

aAverage (range).

Kaposi sarcoma 310 (292–330)
Non-Hodgkin lymphoma 113 (104–123)
Angiosarcoma 37 (4–133)
Anal carcinoma 32 (12–69)
Leukemia 11 (3–28)
Hodgkin disease 7.6 (4–13)
Soft tissue sarcoma 7 (1.5–21)
Squamous cell carcinoma (unusual sites) 7 (1.4–20)
Multiple myeloma 4.5 (1–13)
Brain 3.5 (1.4–7)
Seminoma 3 (1.1–6)

Adapted from Goedert et al., 1998.
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overall nucleotide divergence of strains being only about 4%, depending on the region of the
genome analyzed (cf. Ferreira et al., 1997). HTLV transmission occurs at birth due to infection
in mothers or later in life through sexual contact, blood transfusion, and needle sharing, modes
quite similar to the transmission of HIV infections. Like HIV, HTLV as a cause of human lym-
phomas was first reported less than two decades ago (Poiesz et al., 1980). While HIV has an
incubation or latent period, usually of several years during which no clinical disease is evident,
the incubation period for the development of adult T-cell leukemia/lymphoma after infection
with HTLV is probably in the order of decades (Wiktor and Blattner, 1991). Generally, the clini-
cal course of the disease is short, but several variants that induce a chronic disease picture have
also been described (cf. Wiktor and Blattner, 1991).

HTLV-I–Associated Myelopathy/Tropical Spastic Paraparesis

In addition to the clear causal association of HTLV-I with adult T-cell leukemia/lymphoma in
various parts of the world, in these same areas the virus has also been associated with a chronic
progressive demyelinating disease that affects predominantly the spinal cord. This disease re-
portedly affects between 0.2% and 5% of HTLV-I infected individuals in endemic areas and is
more frequent in women than in men (cf. Ferreira et al., 1997). The mechanism whereby some
individuals develop tropical spastic paraparesis and not T-cell leukemia is not clear. However,
there is some evidence suggestive of genetic factors that may be responsible for these differ-
ences (cf. Tajima and Takezaki, 1998). Typically, the onset of tropical spastic paraparesis is in
the fourth decade of life, but transfusion of HTLV-I–infected blood may result in development of
the condition within as little as 6 months (such a finding argues very strongly for a causative
relationship between HTLV-I and tropical spastic paraparesis).

Pathogenesis of HTLV-Induced Lymphoma

HTLV-I efficiently transforms human primary lymphocytes of several varieties to neoplasia both
in vivo and in vitro. However, leukemia develops in only a small portion of infected individuals
after a long time. Thus, a variety of events in the infected host, including interaction with the

Figure 12.25 Worldwide distribution of HTLV-I. (Adapted from Wigdahl and Brady, 1996, with per-
mission of the authors and publisher.)
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immune system and genetic factors, probably play roles in the ultimate pathogenesis of the dis-
ease itself. Viral genes, particularly the tax gene, are capable of transactivating a variety of host
cell genes, some of which are listed in Table 12.11. Notably, the genes transactivated include
interleukin-2 (IL-2) and its receptors (IL-2Rα). This lymphokine (Chapter 18) working through
its receptor is a critical growth factor for the lymphoid cells infected by the virus. Thus, the
virus, in addition to transactivating many other genes, some of which are important in cell repli-
cation (PCNA, c-fos), places the cell in an autocrine mode of growth, i.e. producing both the
growth factor IL-2 and its receptor within the same cell. In addition, Yoshida (1996) has pre-
sented evidence that the Tax protein is involved in binding to specific nuclear factors involved in
cell cycle function. The virus integrates into the host genome randomly (Ohshima et al., 1998)
and in so doing appears to induce substantial chromosomal abnormalities. However, because of
the extended latent period of viral existence within the genomes of host cell lymphocytes and no
obvious neoplastic expression, the viral infection may act initially as a promoting agent over an
extended period, ultimately resulting in a transition to the stage of tumor progression and neo-
plasia. Preclinical studies in animal models involving lower primates and rabbits have suggested
the feasibility of an HTLV-I vaccine, but as yet no human trials to test the efficacy of such vac-
cines have been undertaken (cf. IARC, 1996).

The Impact of Infectious Agents in the Causation of Human Cancer

Recently Parkin et al. (1999) made estimates of the global health burden of infection-associated
cancers. Their conclusions were that approximately 15% of human neoplasms were caused by
infectious agents worldwide as of 1990. This includes 10% of all lymphomas and leukemias,
70% of all liver cancers, 42% of gastric carcinomas, and 88% of carcinomas of the cervix and
vulva worldwide. These authors estimated that 1.2 million cancer cases were attributable to
infectious agents in the year 1990. Most of this burden was related to viral infections. Almost
a third, 4.3% of the 14.8%, were related to infection with Helicobacter but only a small pro-
portion to parasitic infections. Theoretically, with the development of appropriate vaccines
and other therapeutic modalities, most such cancers could probably be prevented within the

Table 12.11 Cellular Genes Transactivated by HTLV-1 Tax

Adapted from Wigdahl and Brady, 1996, with permission of the authors and
publisher.

Cytokines Receptors Cell Cycle Miscellaneous

IL-2 IL-2Rα PCNA Vimentin
IL-3 β-polymerase c-fos
IL-1α (repressive) c-sis
GM-CSF PTHrP
TGF-β1 Proenkephalin
NGF β-globin
Act-2 cytokine e-globin
TNF-α egr-1 (Krox-24)

egr-2 (Krox-20)
Class I MHC
Class II MHC
IκB
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next decade, given the appropriate economic requirements. Just two decades ago, the percent-
age of cancers caused by infectious agents was considered to be less than 1%; but as our
knowledge has increased, infectious agents clearly play a significant role in the worldwide
burden of cancer.

The Causes of Human Cancer

As we have discussed in earlier chapters (Chapter 5 and 6), it is likely that less than 5% of
human cancers are directly caused by genetic abnormalities. Genetic predisposition, on the
other hand, plays a much greater role in the development of human cancer, but also requires
environmental input. Thus, one may suggest that up to 90% of human cancer is caused by
environmental factors. Figure 12.26 is a diagram of the various environmental causes of hu-
man cancer as originally proposed for the United States population by Doll and Peto (1981).
Although this chart is more than two decades old, there is substantial evidence to support these
proportional contributions. While the proportion of cancer due to infection is higher than de-
picted in the figure (see above), this change would not dramatically affect the overall distribu-
tion of causations. As we have noted in this and the previous chapter, environmental factors
contributing to cancer causation are, at least theoretically if not practically, remediable. In
fact, at least two-thirds of human cancer could be prevented by appropriate actions, individual
and societal. Although cancer therapy, as we shall see later in the text, has made enormous
strides during the last few decades, it is likely that our knowledge of the significant environ-
mental factors in the causation of human cancer will lead to extensive programs of prevention
in the near future.

Figure 12.26 Proportions of cancer deaths attributed to various environmental factors. (After Doll and
Peto, 1981.)
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13
Evaluation of Toxic and Carcinogenic 
Environmental Agents: Scientific and 
Societal Considerations and Their Role in 
Cancer Prevention

Definitive epidemiological observations and investigations are the surest way to relate a specific
etiologic agent—chemical, physical, or biological—causally with human neoplasms, but epide-
miological studies are still relatively insensitive for identifying causative factors in human can-
cer. Such studies can only identify factors that are different between two populations and that are
sufficiently important to play a determining role under the conditions of exposure. Furthermore,
on the basis of epidemiological studies, it is extremely difficult to determine whether a specific
chemical is or is not carcinogenic to the human because of the extended lag period between
exposure and clinical occurrence of a neoplasm, the high background incidence of many cancers
in the general population, the relatively imprecise knowledge of the nature of the exposure in
most instances, and a number of other confounding variables. Only under exceptional circum-
stances such as the induction of rare and infrequent neoplasms—e.g., vinyl chloride and an-
giosarcoma (Dannaher et al., 1981)—is it possible to identify an agent as carcinogenic solely by
epidemiological studies when the incidence of cancer induced by that agent is less than 50%
more than the occurrence of the resulting cancer in the general human population. Therefore, a
“negative” result of an epidemiological investigation must be considered as inconclusive for
determining whether or not a relatively weak carcinogenic agent has a role in the etiology of
human neoplasia. How, then, is it possible to identify actual and potential carcinogenic agents in
our environment by methods other than epidemiological studies? This question has been
answered in part by relating the results of additional studies, usually carried out with experimen-
tal animals, to the problem of the etiology of human cancer and the risks of environmental
agents to populations and/or specific individuals. It is from such studies that government agen-
cies make decisions that ultimately regulate the production and use of—and accordingly the
exposures of populations to—agents determined to be actually or potentially carcinogenic for
the human.

The ultimate goal of such epidemiological and basic studies is the prevention of human
cancer. As discussed in the last two chapters, there is today sufficient scientific knowledge to
allow the prevention of more than 60% of human cancers. The failure to achieve such a goal is
largely the result of personal and societal decisions well beyond the realm of science. However,
since the prevention of disease is by far the most effective and inexpensive mode of health care,
it is appropriate that there be a constant and sustained effort to utilize the ever-expanding knowl-
edge of neoplasia to accomplish its control through cancer prevention.
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PREVENTION OF HUMAN CANCER—ACTIVE AND PASSIVE

Cancer prevention in humans may in general be grouped into two approaches: active and pas-
sive. Table 13.1 supplies an outline of various methods of cancer prevention with an indication
of the stage of carcinogenesis toward which the preventive measure is directed. The passive pre-
vention of cancer involves the cessation of smoking, dietary restrictions, and modification of
other personal habits such as those of a sexual nature. Active prevention of cancer development
is usually accomplished by the administration of an agent to prevent infection by carcinogenic
viruses and other organisms or by the intake of chemicals, nutrients, or other factors that may
modify or prevent the action of carcinogenic agents. Theoretically, passive cancer prevention or
the alteration of one’s “carcinogenic” habits can be the most effective and unintrusive method of
cancer prevention. However, for many individuals, passive prevention requires external persua-
sion, such as governmental regulation or peer pressure, to force an alteration of their habits.
Obviously, in many instances such methods are doomed to failure. Active cancer prevention,
which many consider a form of preventive “therapy,” is likely to be the most effective method in
this area.

Most of the examples noted in Table 13.1 have been discussed earlier in this text. Individ-
uals with hereditary conditions involving alterations in specific oncogenes or tumor suppressor
genes constitute a relatively small part of the population. However, genes that may modify the
susceptibility of an individual to the development of certain types of neoplasms probably
represent significant factors in the development of an important fraction of human cancers (Spitz
and Bondy, 1993). In reviewing the table, one can see that most methods of cancer prevention
are linked to action at the stage of promotion. Because this is the reversible stage of neoplastic
development, such a finding is not surprising. However, since we still do not know all or even
most of the causes of human cancer, the continued identification of agents, especially chemicals,
that might induce human cancer is important. While the results of epidemiological studies, when
exhibiting sufficient evidence for a causal relationship, may be considered the “gold standard,”
such detailed studies, even where feasible, for all the potentially carcinogenic agents existing
and entering into our environment would be impossible. Therefore, during the last half century,
as knowledge of the mechanisms of carcinogenesis increased, a significant effort backed by a

Table 13.1 Modes of the Prevention of Cancer

Key: I, initiation; Pr, promotion; Pg, progression.
After Pitot (1993).

Mode Stage

Passive
Smoking cessation Pr, Pg
Dietary restriction Pr
Moderation of alcohol intake Pr
Modification of sexual and reproductive habits I, Pr
Avoidance of excessive ultraviolet exposure I, Pr

Active
Dietary modification and supplements Pr
Vaccination against oncogenic viruses I, Pr
Application of ultraviolet blocking agents in appropriate situations I, Pr
Selective screening for certain preneoplastic lesions I, Pr
Determination of genetic background in relation to neoplastic disease I, Pr
Administration of antihormones Pr
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number of governmental agencies throughout the world was directed toward the development of
methods for the identification of potentially carcinogenic agents in the environment by a variety
of different systems from bacteria to whole animals. This chapter deals with the identification,
characterization, and ultimate estimation of human risk from chemical, biological, and
physical agents.

IDENTIFICATION OF POTENTIAL CARCINOGENIC AGENTS

A major factor in determining the carcinogenic potential of an agent is its identification as being
carcinogenic. While this statement appears obvious and even redundant, identification of a car-
cinogen is necessary but not sufficient for determining carcinogenic potential. Still, identifica-
tion is the starting point and for this reason has received the most attention. Generally speaking,
the various tests that have been applied to identifying agents with carcinogenic potential may be
classified into several general areas. These are seen in Table 13.2. As noted in the table, the time
involved in the assay has been arbitrarily separated into short, medium, and long. Short-term
assays usually involve days to a few weeks for development of an end point; medium-term as-
says require weeks to some months but much less than a year. Long-term bioassays usually in-
volve 1¹⁄₂ to 2 years of treatment of animals with a test agent. Each of these general categories
consists of specific methods, and each is considered in somewhat greater detail below.

Short-Term Tests—Mutagenesis Assays

A variety of short-term tests, almost all of which are involved in direct or indirect assays of
mutagenicity, both in vivo and in vitro, have now been developed and are used to aid in the
identification of potential carcinogens. However, virtually all of these methods are of limited use
in directly establishing the estimation of the risk that such chemicals pose for the human popula-
tion. As seen in earlier chapters in this text (Chapters 5 and 6), a ubiquitous characteristic of
neoplastic cells is the presence of a variety of different types of mutations. The fact that many
but not all carcinogenic agents are mutagenic or may be metabolized to mutagenic forms further
establishes the importance of mutations in the development of the neoplastic process. It is on this
basis that short-term tests for mutagenicity were developed to identify potential carcinogenic
agents on the basis of their capacity for inducing mutations in DNA in cells in vitro or in vivo.

Table 13.3 lists many of the more commonly used short-term tests for mutagenicity and
thus carcinogenic potential. The most widely utilized of these mutagenicity assays was origi-
nally developed in Salmonella typhimurium by Bruce Ames and associates (Ames et al., 1975).
In this assay, bacterial cells that are deficient in DNA repair and lack the ability to grow in the

Table 13.2 General Methods for Identification of Potential Carcinogens

Methods Time Frame

Short term
Mutagenesis assays Several weeks
Transformation in cell culture 1–3 months

Medium term
Qualitative and quantitative analysis of preneoplasia 2–8 months

Long term
Chronic bioassay in animals 18–24 months
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Table 13.3 Short-Term Tests for Mutagenicity

Test End Point Reference

Gene mutation assays in vitro
Prokaryote mutagenesis in 

vitro (Ames test, etc.)
Back or forward mutations in 

specific bacterial strains
Maron & Ames, 1983

Mouse lymphoma thymidine 
kinase (TK)

Mutations in TK Majeska & Matheson, 1990

Chinese hamster ovary (CHO) 
and V79 hypoxanthine 
guanine phosphoribosyl-
transferase (HGPRT)

Mutations in HGPRT Li et al., 1987

Gene mutation assays in vivo
Dominant lethal assay Death of fertilized egg in mam-

malian implanted species
Bateman, 1973
Lockhart et al., 1992

Sperm abnormality induction Microscopically abnormal sperm Wyrobek & Bruce, 1975

Mutation induction in transgenes in vivo
LacZ– mouse Mutations in LacZ– gene Myhr, 1991
LacI mouse Mutations in LacI gene cf. Mirsalis et al., 1994
LacI rat Mutations in LacI gene de Boer et al., 1996
rpsL mouse Mutations in rpsL gene Gondo et al., 1996

Chromosomal alterations in vivo
Heritable translocation test 

(mice)
Translocations induced in germ 

cells
Generoso et al., 1980

Rat bone marrow clastogene-
sis in vivo

Chromosomal aberrations in 
bone marrow cells in vivo

Ito et al., 1994

Micronucleus test Appearance of micronuclei in 
bone marrow cells in vivo

Tinwell and Ashby, 1994
Heddle et al., 1983

Chromosomal alterations in vitro
Mitotic recombination, mitotic 

crossing over, or mitotic 
gene conversion in yeast

Conversion of heterozygous 
alleles to homozygous state

Wintersberger & Klein, 1988

Induced chromosomal aberra-
tions in cell lines

Visible alterations in karyotype Galloway et al., 1985

Sister chromatid exchange Visible exchange of differentially 
labeled sister chromatids

Latt, 1981
Murphy et al., 1992

Primary DNA damage
DNA repair in vivo or in vitro Unscheduled DNA synthesis 

and/or DNA strand breaks
Furihata & Matsushima, 1987

Rodent liver: unscheduled 
DNA synthesis induction

Unscheduled DNA synthesis in 
rodent liver cells in vivo 
and/or in vitro

Kennelly, 1995
Steinmetz et al., 1988
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absence of histidine are treated with several dose levels of the test compound, after which rever-
sion to the histidine-positive phenotype is ascertained. Because bacteria differ in their metabolic
capabilities compared with mammals, a drug-metabolizing system is added to these assays. Spe-
cifically, the 9000 g supernatant (S9) that results from centrifuging a liver homogenate prepared
from a rat treated with an inducer of multiple P-450s, such as Aroclor 1254, is used in combina-
tion with an NADPH regenerating system. The method for performing the Salmonella assay (the
Ames assay) is described in Figure 13.1. Several different lines of Salmonella have been gener-
ated to permit the detection of point mutations (TA100, TA1535) and frameshift mutations
(TA98, TA1537, TA1538), and the assay is continuously being refined. Typically, five dose lev-
els of the test compound are used in addition to the solvent control. Activation-dependent and
activation-independent positive control mutagenic substances are tested concurrently. Certain
types of carcinogens are not detected by these bacterial mutagenicity assays, including hormonal
carcinogens, metals, agents that have a multiple-target-organ mode of action, and agents with a
nongenotoxic mode of action. This bacterial reverse mutation system, when performed in the
presence of a mammalian S9 activation system, is, however, a very sensitive screen for the detec-
tion of many mutagenic agents.

In addition to the bacterial mutational assay, several in vitro mammalian cell mutation as-
says exist, including the mouse lymphoma L5178Y (MOLY) assay and the Chinese hamster
ovary (CHO) assay. These mammalian mutagenicity assays use either the hypoxanthine-guanine
phosphoribosyltransferase (HGPRT) or the thymidine kinase (TK) gene as the end point. The
basis for these assays is seen in Figure 13.2. They are similar to the Ames assay in that the phe-
notypic expression of a mutation in a single-copy gene is compared in treated and untreated
cells. These assays are frequently performed in the presence of an exogenous metabolizing
source, such as an epithelial cell layer that has been irradiated. The mammalian mutation test
systems are forward mutation assays in which the heterozygous state of a gene is used as a tool
to detect genetic damage that might result in the loss of a phenotype, e.g., growth in the presence
of a toxic compound. In CHO cells, the X-linked HPGRT locus is used as the target gene for
analysis. This enzyme is important in purine salvage and allows the incorporation of toxic purine
analogs such as 6-thioguanine and 8-azaguanine into DNA, resulting in inhibition of cell growth
and/or cell death. Alternatively, a mutation in this gene that results in phenotype loss may permit
colony formation in the presence of toxic analogs. Assays based on the forward mutation of TK
are similar in that colony formation in the presence of a DNA-damaging agent is scored in the
presence of a pyrimidine analog. Because these short-term tests are based on the premise that
carcinogens damage DNA, their concordance with the chronic bioassay in vivo (see below) is
only between 30% and 80%. In addition, the results of tests are coincident with each other and
tend to detect the same types of carcinogens without providing the battery approach that has
been suggested. Among the short-term mutagenicity tests that use mutation as the end point, the
Ames assay has been the best studied and has been applied to the greatest number of compounds.

Gene Mutation Assays in Vivo

Until relatively recently, a measurement of mutational effects in vivo was rather difficult to per-
form. One of the more popular assays utilized in this area was the dominant lethal assay, in
which male mice are exposed to a potential genotoxic stimulus and mated with untreated female
mice; the percentage of pregnancies or number of implants is then determined (Lockhart et al.,
1992). While the method is fairly easy to perform, relatively few carcinogenic agents have been
studied by this method. Similarly, the production of sperm abnormalities in mice by the adminis-
tration of chemical agents in vivo has not found general use as a short-term mutagenic assay
(Wyrobek and Bruce, 1975).
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Figure 13.1 Scheme of the Ames test for mutagenesis of chemicals in Salmonella bacterial strains. The
upper part of the figure outlines the preparation of the S-9 mixture of enzymes and particulates prepared
from rodent liver taken from animals previously administered an agent to induce the concentration of such
metabolizing enzymes. The Salmonella, which require histidine for their growth (his–), are grown in the
presence of histidine, separated from the growth media, and added with the test chemical and S-9 mix as
well as soft agar containing a trace of histidine, which allows the cells to undergo one or two divisions
(required for mutation fixation). The S-9 and soft agar mix is transferred to a petri dish while still warm,
incubated for several days, and the colonies that develop in the absence of histidine are counted. (Modified
from McCann, 1983, with permission of the author and publisher.)
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In recent years, with a variety of genetic tools available, genetically engineered cells and
animals have been developed that have found use in short-term mutagenesis assays. The four
examples given in Table 13.3 are those most commonly used for mutational analysis in vivo. The
first three involve genetically engineered animals containing transgenes within which are com-
ponents of the lac operon of Escherichia coli, a set of coordinately regulated genes involved in
lactose metabolism. A schematic representation of the lac operon is seen in Figure 13.3. Some
details of the function of the lac operon are given in the figure legend. Basically, the lacI and
lacZ genes are the ones utilized in the mutational assays. As noted in the figure, mutations in the
lacI gene will alter the regulation of expression of the lacZ gene, which codes for β-galactosi-
dase activity. Thus, the transgene contains either one or the other of the operons. Mutations in
the bacterial transgene are determined by the methods seen in Figure 13.4. In this technique,

Figure 13.2 Outline of chemically induced mutation in mouse cell lines with thymidine kinase (TK) or
hypoxanthine-guanine phosphoribosyltransferase (HGPRT) as the target gene. (Reproduced from Pitot and
Dragan, 1996, with permission of the authors and publisher.)
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DNA is extracted from the tissue of interest, and because of the nature of the transgene, con-
struct may be packaged into a bacterial virus, lambda, which then infects the bacteria, E. coli, on
a lawn of bacterial growth on a dish as noted in the figure. By selecting appropriate bacterial
strains and media, one can isolate mutant phage and analyze the sequence of the lacI or lacZ
gene as appropriate. Thus, one may obtain both the number of mutations per unit DNA from the
mouse or, more importantly, the actual sequence changes induced by the mutagenic action of the
original agent. The rpsL transgene works by a similar mechanism but by a different metabolic
pathway (Gondo et al., 1996).

Since several of the transgenic animals are commercially patented, this assay may entail
some expense, but it is relatively versatile for an in vivo assay for mutagenic identification.
However, its ability to detect nonmutagenic carcinogens is doubtful. Of interest is the fact that
with at least one carcinogenic agent, ethylnitrosourea, the relative sensitivities of mutations in-
duced in the lacI transgene and hprt, an endogenous gene, were essentially identical (Skopek et
al., 1995). Species differences occur with different carcinogens in that, for example, aflatoxin B1

treatment resulted in a much greater number of mutations in the lacI rat than in the lacI mouse
(Dycaico et al., 1996). External ionizing radiation was not very mutagenic in the lacZ transgenic
mouse (Takahashi et al., 1998), but of interest is the finding that the promoting agent phenobar-
bital enhanced mutation frequency in the livers of lacZ transgenic mice treated with diethylnitro-
samine (Okada et al., 1997). While a significant number of spontaneous mutations occur in the

Figure 13.3 Schematic representation of the lac operon in E. coli. A. The lacI gene codes for protein
that forms a homotetramer that binds to the lacO operator sequence. Binding of the repressor to lacO pre-
vents transcription of lacZ. B. Transcription of lacZ occurs in the presence of the inducing agent, isopropyl-
β-thiogalactoside (IPTG). Mutations of the lacI may result in partial or complete inactivation of the lac
repressor, the lacI tetrameric protein. Furthermore, mutations in the lacZ gene may prevent interaction with
the repressor or may be nonfunctional, resulting in no production of the structural gene, lacZ. (Reproduced
from Provost et al., 1993, with permission of the authors and publisher.)
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transgene, as yet this does not appear to be an insurmountable problem (de Boer et al., 1998).
Thus, the potential for utilizing such transgenic models for the in vivo assay of mutagenesis is
clearly bright. However, their effectiveness in identifying promoting and progressor agents has
yet to be validated.

Chromosomal Alterations

As noted in Chapter 6, chromosomal alterations are extremely common if not ubiquitous in all
malignant neoplasms, as was originally suggested by Boveri (1914). Therefore, the induction of
chromosomal abnormalities by chemicals in relatively short-term in vivo and in vitro methodol-
ogies would logically be considered as an excellent test for carcinogenic potential. Although this
has been true in general, the application of various tests for clastogenicity, aneuploidy, and chro-
matid alterations has not formed the basis for determining the potential carcinogenicity of chem-
icals. In part, the technology involved is more complicated and expensive than most of the gene
mutation assays, and the molecular basis for at least one of the more common tests, that of sister
chromatid exchange, is not fully understood. Theoretically, from considerations discussed in
Chapter 9, short-term assays for the induction of clastogenicity and related abnormalities would
allow the rapid identification of potential progressor agents.

Chromosomal alterations in vivo were studied in germ cells two decades ago by Generoso
et al. (1980) in mice. As carried out by these workers, this procedure involves the administration
of an agent to male mice shortly before breeding and subsequent examination of male offspring

Figure 13.4 Sequence of steps utilized in the determination of the mutagenicity of chemicals in trans-
genic rodent mutagenicity assays in vivo. The details of the test are briefly discussed in the text or the
reader may refer to the original article. (From Recio, 1995; reproduced with permission of the author and
publisher.)
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for sterility and/or chromosomal abnormalities in both germ and somatic cells. The test is some-
what complex, and thus far only a few very potent mutagenic agents have been found positive in
it. A more commonly employed short-term test for clastogenesis is the micronucleus test, which
measures induced clastogenesis in rodent bone marrow in vivo by morphological evaluation of
micronuclei containing chromosome fragments in cell preparations from bone marrow (Heddle
et al., 1983). However, this assay also has an occasional false positive, such as vitamin C (Tin-
well and Ashby, 1994). With the LEC rat, which exhibits a defect in copper metabolism leading
to hepatitis and hepatomas, an increased frequency of chromosome aberrations was seen in the
bone marrow after administration of direct-acting alkylating agents that did not need metabolic
activation (Ito et al., 1994). However, carcinogenic agents requiring metabolic activation, espe-
cially in the liver, induced fewer chromosomal abnormalities in the bone marrow of these rats
than in normal rats.

Studies in vitro of chromosomal alterations have been carried out both in yeast and in cul-
tured mammalian cells. In the former, various genetic end points are studied, the abnormalities
seen being the result of chromosomal alterations (Wintersberger and Klein, 1988). In mamma-
lian cell lines, most of the systems used the same lines as for the gene mutation assays, e.g.,
Galloway et al. (1985). Relatively few analyses of induced chromosomal alterations have been
carried out in normal diploid cells in culture. This test is used much more extensively than most
of the other short-term tests involving chromosomal alterations (cf. Ishidate et al., 1988). As
might be expected, some discrepancies have arisen between the mutagenic and clastogenic ef-
fects of chemicals by these two different systems (cf. Ashby, 1988). Furthermore, chromosomal
alterations in these cell lines are sensitive to oxidants (Gille et al., 1993; Shamberger et al., 1973;
Kirkland et al., 1989), and preferential targets of chemicals in these aneuploid cell lines are
chromosomes bearing amplified genes, already indicative of the karyotypic instability of the cell
lines being used (Ottagio et al., 1993).

Another short-term test involving changes in chromosomal structure by mechanisms not
entirely understood is the technique of “sister chromatid exchange” (SCE). During metaphase,
sister chromatids, each of which is a complete copy of the chromosome, are bound together by
mechanisms that involve specific proteins (Nasmyth, 1999). SCE reflects an interchange be-
tween DNA molecules within different chromatids at homologous loci within a replicating chro-
mosome (Latt, 1981). The detection of SCEs requires methods of differentially labeling sister
chromatids. The usual technique is to allow a cell to incorporate a label, usually a halogenated
pyrimidine such as bromodeoxyuridine (BrdU), for one replication cycle and then letting it un-
dergo a second replication cycle in which the presence of the labeled precursor is actually op-
tional. Results of such a technique are seen in Figure 13.5. The degree of staining is noted by the
shading of the boxes symbolizing the individual sister chromatids. The diagram in Figure 13.5
indicates the normal staining pattern that would be seen in the absence of SCE. In Figure 13.6
may be seen an example of cells in culture subjected to the technology seen in Figure 13.5,
wherein several SCEs can readily be noted. Although the exact mechanism of this phenomenon
is not understood, the frequency of induced SCEs has been related linearly to the induction of
mutation in the same cell (Carrano and Thompson, 1982). On the other hand, clastogenic events
do not parallel SCE formation (Galloway and Wolff, 1979). SCEs occur in normal individuals
(Sinha et al., 1985), and the increased levels of SCEs induced in cultured cell lines many times
disappear after a number of cell divisions in the absence of the inducing agent (Muscarella and
Bloom, 1982). Increases in SCEs may also be induced in cell culture by altering amino acid
levels (Zhang and Yang, 1992) and under conditions of nucleotide-pool imbalance (Kaufman,
1986). The procedure has been used in vivo as well as in vitro (DuFrain et al., 1984). In an
extensive examination and comparison of the SCE method with cytogenetic changes, the two
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methods were about 70% congruent, again indicating that clastogenesis and SCEs are not identi-
cal phenomena (Gebhart, 1981).

Primary DNA Damage

The measurement of DNA damage and repair induced by exogenous chemicals, both in vivo and
in vitro, has been a relatively common technology used in short-term tests for potential carcino-
genicity. The most generally utilized technology involves the analysis of nonreplicative DNA
synthesis with appropriately labeled precursor nucleotides (cf. Harbach et al., 1991). More so-
phisticated techniques involve the measurement of DNA strand breakage by eluting DNA frag-
ments from columns to which the DNA is bound with an alkaline solution (Sina et al., 1983;
Miyamae et al., 1997). These techniques have been applied to a variety of tissues in cell culture,
both primary and cell lines. Primary liver cell cultures have been among the most popular of the
tissues utilized (Williams et al., 1989; Strom et al., 1981; Swierenga et al., 1991). While primary
hepatocyte cultures have the advantage of an extensive endogenous metabolic apparatus, other
workers have attempted to obviate the problem of metabolism of the agent to the active form by
administration of the test chemical in vivo, with subsequent explantation of specific organ tis-
sues to culture and measurement of unscheduled DNA synthesis in such cultures (cf. Furihata
and Matsushima, 1987). Just as with all of the short-term tests indicated above, the use of DNA
repair analysis has limitations, as evidenced by the fact that in an extensive investigation by Wil-
liams and associates (1989) of 167 chemicals testing negative, 44 were carcinogenic. This and
the other points raised in this section demonstrate both the usefulness and limitations of short-
term tests of mutagenicity and DNA damage for indicating potential carcinogenicity. Regulatory
agencies have chosen to approach this problem by requiring a number of different tests to be
performed during the study of a particular compound, and these data are taken into account with
all of the other information, especially that developed by studies in vivo, as discussed below.

Figure 13.5 Sister chromatid differentiation by BrdU-dye techniques. Cells incorporate BrdU for one
cycle shown on the left, followed by a second cycle of replication in which BrdU may be present or absent,
the only difference being the intensity of labeling difference. Sister chromatids in metaphase chromosomes
from such second-division cells will exhibit unequal staining intensity either by fluorescence or direct ob-
servation by visible light, depending on the stain utilized. Solid, hatched, and open areas around each rect-
angle symbolizing the sister chromatid represent intense, intermediate, and pale staining respectively.
(Adapted from Latt, 1981 with permission of the author and publisher.)
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Short-Term Tests—Transformation and Cell Culture

The phenomenon of carcinogenesis in cultured cells is discussed more extensively in Chapter
14. The terms transformation and focus formation in cultured cells, the basic end points of
determining potential carcinogenicity by this technology, are defined in terms of their use and
meaning in Chapter 14. As with other of the short-term tests listed in Table 13.3 and discussed
above, determination of the “neoplastic” transformation in cultured cells has also taken the di-
rection of the use of a primary (directly from the animal) culture system in which the cells are
diploid and normal in all measurable respects. Another direction is the use of a number of cell
lines exhibiting aneuploidy but having reasonably defined cultural characteristics. The tech-
niques for the latter have been somewhat standardized (Dunkel et al., 1991), and an extensive
degree of study has been carried out with primary Syrian hamster embryo (SHE) cells in primary
culture for predicting the carcinogenic potential of a variety of chemicals (cf. Isfort et al., 1996;
Barrett et al., 1984). While these techniques are relatively straightforward although somewhat
more difficult to score in the SHE system, for the most part they suffer from the inability of the
cells to metabolize test agents to their ultimate forms. In addition, given the expense required for
the establishment and use of tissue culture methodology, this has been a less than popular short-
term test for carcinogenic potential. On the other hand, perhaps more than most of the other
short-term tests utilized, transformation to neoplasia in vitro in cell culture has found consider-
able usefulness in studying the basic cell and molecular aspects of the neoplastic transformation
(Chapters 14 and 16).

Figure 13.6 Example of Chinese hamster cells grown for two generations in BrdU and stained with
Giemsa stain after appropriate treatments. The differential staining of the two sister chromatids can be
readily noted, and the exchanges are indicated by arrows. (Adapted from Takayama and Sakanishi, 1977,
with permission of the authors and publisher.)
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Chronic Bioassays for Carcinogenicity—Medium- and Long-Term

The ability to induce neoplasia in lower animals has been the basis for our understanding of the
pathogenesis of neoplasia. Early studies showing the induction of skin cancer in mice by coal tar
derivatives and of liver cancer by organic dyes (Chapter 3) led to the establishment of model
systems in these and other tissues, both for the investigation of cancer development and ulti-
mately for testing of agents for their carcinogenic potential. The administration of chemicals in
the diet for extended periods, pioneered in the 1930s by Yoshida and colleagues (Sasaki and
Yoshida, 1935), formed the basis for the establishment of the chronic bioassay of carcinogenic-
ity that is used today. This methodology was espoused by the National Cancer Institute some 30
years after Yoshida’s findings (Hadidian et al., 1968), and almost 200 assays of chemicals for
their carcinogenic potential by the prolonged feeding to animals was carried out over the next
decade (Hottendorf and Pachter, 1985). Parallel to the use of this lifetime model of carcinogene-
sis in small rodents was the development of various organ-specific model systems, multistage
models, and most recently the use of transgenic animals in carcinogen testing. A listing of these
animal models is seen in Table 13.4.

Chronic 2-Year Bioassay

Today the gold standard for determining potential carcinogenic activity of a chemical is through
the use of the chronic 2-year bioassay for carcinogenicity in rodents. This assay involves test
groups of 50 rats and mice of both sexes and at two or three dose levels of the test agent. The

Table 13.4 Animal Models of Neoplastic Development

End Point References

Chronic 2-year bioassay Tumors in all organs Sontag, 1977

Tissue specific bioassays
Liver, mouse Hepatomas Carmichael et al., 1997
Lung, mouse Pulmonary adenomas Shimkin and Stoner, 1975
Brain, rat Gliomas Kroh, 1995
Mammary gland, rat/mouse Adenomas and carcinomas Dunnick et al., 1995

Medium-term bioassays
Ito model Hepatic adenomas and carcinomas Ito et al., 1989
Newborn mouse Neoplasms in liver, lung, lymphoid 

organs
Fujii, 1991

Multistage models of neoplastic development
Bladder, rat Papillomas/carcinomas Hicks, 1980
Colon, rat Aberrant crypt polyp Sutherland and Bird, 1994
Epidermis, mouse Papillomas DiGiovanni, 1992
Liver, rat Altered hepatic foci Pitot et al., 1996

Transgenic mice
Knockout of p53 tumor suppres-

sor gene (p53def)
Tumors in heterozygous animals 

having normal phenotype
Donehower, 1996

v-Ha-ras with zetaglobin pro-
moter; tandem insertion on 
chromosome 11 (TG.AC)

Induced transgene expression 
in skin leads to papilloma 
development

Spalding, 1993
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animals should be susceptible but not hypersensitive to the tested effect. In general, two strains
are typically used by regulatory agencies in the United States, the B6C3F1 mouse and the F344
rat. The format for the bioassay is seen in Figure 13.7. Quite simply, animals at about 8 weeks of
age are placed on the test agent at the various doses for another 96 weeks of their lifespan. The
test agent may be administered by dietary feeding, by gavage on a regular basis, or by inhalation
in rather complex chambers. A variety of pretest analyses are carried out, such as those for acute
toxicity, route of administration, and determination of the maximum tolerated dose (MTD). The
use of the MTD has been challenged by many, arguing that the toxic effects of high doses of an
agent can cause a replicative response in normal cells that could lead to an increase in neoplasia
quite secondary to the effects of the agent itself (Cutler et al., 1997; Haseman and Lockhart,
1994). This is supported by the finding of a very high percentage, nearly half in some instances,
of agents exhibiting no potential for mutagenicity but inducing neoplasia at the MTD (Gold et
al., 1993). Furthermore, these two strains of rodents have a significant spontaneous tumor inci-
dence, as can be noted in Table 13.5.

Because so many research dollars go into carcinogenicity testing and the data resulting
from such studies are expected to be useful not only in hazard identification but also in risk
estimation, an acceptable scientific protocol with quality assurance must be followed to produce
scientifically and statistically valid data. A variety of factors relevant to the acceptable outcome
of a carcinogenicity study are considered, including animal husbandry; the identity and purity of
the test compound and identification of any contaminants; the homogeneity, stability, and physi-
cal properties of the test compound under various storage conditions; and the solubility, stability,
and availability of the test compound in the solvent. In addition, the formulation should be either
that which is to be administered to humans or that which permits bioavailability in the test or-
ganism. The environment of the rodent is also important, and care should be taken to control for
sources of variability in the animals, their diet, and their housing. While the usual comparison in
animal studies is the concurrent control, for a number of situations historical controls may be
more appropriate (Haseman et al., 1997).

The underlying basis for risk extrapolation from animals to human is that the animal is a
good model for human cancer development. In fact, 2-year bioassay models have been used to
detect the compounds listed by the International Agency for Research on Cancer (IARC) (Vainio
et al., 1991) as known human carcinogens. Also, most known human chemical carcinogens have
a carcinogenic potential in animals that supports the results of epidemiological studies (Vainio et
al., 1985). Exceptions include ethanol and arsenic. In addition, it has now become evident that
some neoplastic responses to chemicals in animals are unique to the rodent and species as well
as the sex involved. These include such responses as thyroid neoplasia (McClain, 1989), the in-
duction of α2u-globulin (Swenberg et al., 1985) resulting in renal neoplasms in male rats, and
peroxisome proliferation (Ashby et al., 1994) associated with the induction of hepatic neoplasia
in rats. In addition, a significant problem that has arisen in the continued use of the chronic bio-
assay is the requirement for ad libitum feeding. This results in animals, especially in rats, of
extreme weight by the end of the 2 years; many will have died spontaneously prior to the end of

Figure 13.7 Diagram of format for chronic 2-year bioassay for carcinogenic potential.
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the test. Such complications are now being remedied by the use of dietary restriction in the
chronic bioassay for the 2-year period. As shown in Chapter 8, this phenomenon reduces sponta-
neous cancer incidence and extends lifespan in rodents, and its usefulness in the refinement of
the 2-year chronic bioassay is now becoming more appreciated (Keenan et al., 1996; Allaben
et al., 1996).

The statistical analysis of results obtained in chronic bioassays has also been difficult when
the analysis results in relatively few neoplasms in test animals. As can be seen from Table 13.6, a
relatively high percentage of animals must bear tumors before a statistically significant result

Table 13.5 Spontaneous Tumor Incidence (Combined 
Benign and Malignant) in Selected Sites of the Two Species, 
B6C3F1 Mice and F344 Rats, Used in the NCI/NTP Bioassay

Adapted from Pitot and Dragan, 1996, with permission of publisher.

Site

B6C3F1 Mice F344 Rats

Male Female Male Female

Liver
adenoma 10.3 4.0 3.4 3.0
carcinoma 21.3 4.1 0.8 0.2

Pituitary 0.7 8.3 24.7 47.5
Adrenal 3.8 1.0 19.4 8.0
Thyroid 1.3 2.1 10.7 9.3
Hematopoietic 12.7 27.2 30.1 18.9
Mammary gland 0 1.9 2.5 26.1
Lung 17.1 7.5 2.4 1.2

Table 13.6 Percentage of Animals with Tumors (Rx) Administered 
a Test Agent Required to Obtain Statistical Significance When 
Compared with Control Animals with Tumors (Co)

Adapted from Sontag, 1977.

Percent with 
Tumors in Control

Number of Animals
Percent with 
Tumors in RxControl + Test Agent

0 50 50 10
100 50 6
500 50 4

10 50 50 26
100 50 22
500 50 20

20 50 50 38
100 50 34
500 50 32

30 50 50 50
100 50 46
500 50 44
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can be obtained in the face of significant development of spontaneous lesions. Since the latter
phenomenon is clearly a problem in these animals (Table 13.5), borderline results become a very
difficult problem for regulatory agencies in determining whether or not a compound actually is
carcinogenic in the assay or not. An exception to this is when a very unusual histogenetic type of
neoplasm not seen spontaneously is found in the test animals at a significant, even very low level
(Chu et al., 1981; Basu et al., 1996). The enumeration of all neoplasms versus those in specific
tissues also can raise difficulties in interpretation of the bioassay. Despite these criticisms and
problems, the chronic 2-year bioassay continues to be the major basis for regulatory action in
this country and in many countries throughout the world.

Tissue-Specific Bioassays

During the performance of long-term bioassays, it became obvious that certain tissues in specific
species exhibited neoplasms more frequently than others when a test agent was administered.
From these observations, several tissue-specific bioassays were developed with the objective of
a reasonably sensitive assay carried out in a shorter time than the usual chronic 2-year bioassay.
The best-known tissue-specific assay is that utilizing the mouse liver. In a recent analysis of
chronic bioassays carried out by the National Toxicology Program, Crump et al. reported that
108 of 390 studies indicated a positive carcinogenic response to the test chemical. In 81 of these
studies, female mice exhibited significant increases in the incidence of hepatic neoplasms. As
noted in Table 13.5, there is a high incidence of spontaneous hepatoma development in mice,
more so in the male (Chapter 8). This has led to controversy in the interpretation of the signifi-
cance of the development of mouse hepatomas, especially if they are the only statistically sig-
nificant increased neoplastic response in the test animals. As a result of this controversy, the
interpretation of the significance of the induction of mouse hepatic lesions has been called into
question (cf. Dragan et al., 1998; Moch et al., 1996). A further complication of this assay is the
fact that in at least one study, the majority of the chemicals testing positive exhibited no evidence
of an ability to induce DNA damage or mutation (Carmichael et al., 1997).

Another tissue-specific bioassay that was developed by Shimkin and associates more
than two decades ago (Shimkin and Stoner, 1975) is the development of pulmonary adenomas
and carcinomas, primarily in strain A mice. The assay was shown to effectively identify a
number of relatively potent carcinogenic agents, including a few inorganic carcinogens (Stoner
et al., 1976). However, although the assay has not been generally accepted as a major com-
ponent for the determination of carcinogenicity of chemicals, it has found usefulness in the
determination of the molecular mechanisms of pulmonary carcinogenesis in this strain of
animals (You et al., 1989; Nuzum et al., 1990). In addition, as noted from Table 13.4, induction
of gliomas in the rat brain and of mammary neoplasms in both the rat and the mouse may
exhibit potential for tissue-specific bioassays. There have also been attempts to utilize lower
vertebrates in the development of tissue-specific bioassays, such as the rainbow trout embryo
(Hendricks et al., 1980).

Medium-Term Bioassays

While tissue-specific bioassays were directed in part at decreasing the time required for the
analysis of carcinogenic potential in vivo, at least two assays have been specifically designated
as having reduced the time for the development of an end point. The one most intensively used
today, primarily in Japan, is the model developed by Dr. Nobuyuki Ito and colleagues (Ogiso
et al., 1990; Shirai, 1997). A diagram of the format for this assay is seen in Figure 13.8. The
entire assay takes only 8 weeks, and the end point is nodules and focal lesions in the liver of rats
that stain for glutathione S-transferase pi (GST-P). The initial “programming” of the liver by
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administration of a necrogenic dose of diethylnitrosamine poses some problems in that this dose
by itself is carcinogenic, but only after a year or more. Furthermore, this high dose is also clasto-
genic to rat hepatocytes in vivo (Sargent et al., 1989). However, these authors and their col-
leagues have demonstrated a significant degree of correlation between long- and medium-term
results, indicating the usefulness of this assay as a potential surrogate for the chronic bioassay
(Ogiso et al., 1990). More recently these authors have used a slightly modified protocol in which
five potent carcinogenic agents are administered for a 4-week period, followed by administration
of the test chemical for a subsequent 24- to 32-week period (Ito et al., 1996). Unlike the assay
depicted in Figure 13.7, this more complicated procedure may allow the detection of promoting
and progressor agents as well as complete carcinogens in a variety of different tissues. However,
outside of Japan these assay procedures have not been generally utilized.

The newborn mouse model of chemical carcinogenesis was initially described by Shubik
and colleagues (Pietra et al., 1959) and later used extensively in studies of mouse hepatocarcino-
genesis by Vesselinovitch and colleagues (1978). More recently, Fujii (1991) has utilized this
procedure in the determination of the carcinogenic potential of 45 different chemicals with quite
reasonable results. The end point of neoplasms in a variety of different tissues, including lung,
liver, lymphoid and hematopoietic tissues, is determined within a 1-year period. The assay is
relatively inexpensive, utilizing small amounts of the test materials. As yet, however, this assay
has not found general usefulness in the determination of carcinogenic potential by regulatory
agencies.

Multistage Models of Neoplastic Development

As previously noted, the original studies on multistage models of carcinogenesis were developed
with the epidermis of the mouse (Chapter 7). It was not until some 40 years after those initial
experiments that there was some attempt at standardization of the multistage model of carcino-
genesis in mouse skin for the analysis of the carcinogenic potential of specific chemicals
(Pereira, 1982). The format for such assays was essentially that described in Chapter 7 (Figure

Figure 13.8 The medium-term liver bioassay protocol for identification of potentially carcinogenic
agents. DEN, diethylnitrosamine; GST-P, glutathione S-transferase pi. (Reproduced from Shirai, 1997, with
permission of the author and publisher.)
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7.1). Few refinements in the procedure were added with the exception of the use of a genetically
susceptible strain of mice, the SENCAR strain, which is now utilized in such tests (Slaga, 1986).
This system may also be extended to the potential analysis of progressor agents (Hennings et al.,
1993; Warren et al., 1993).

Considerably later than the initial reports of the mouse skin system, Hicks et al. (1975)
demonstrated the cocarcinogenic or promoting action of several agents in the development of
bladder cancer in the rat. Subsequently, other promoting agents have been demonstrated with
this or a related assay, some of which appear to be relatively unique to this tissue for both ana-
tomical and chemical reasons (Cohen and Lawson, 1995; Ito and Fukushima, 1989). At about
the same time as the initial report of the multistage bladder model of carcinogenesis, Peraino and
associates (1977) reported a multistage model of carcinogenesis in the rat liver. This finding has
led to the development of a number of models of multistage carcinogenesis in the rat liver. Solt
and Farber (1976) reported a model somewhat analogous to that of Ito and colleagues, but with
an aim directed primarily at studying mechanisms of hepatocarcinogenesis rather than utilizing
it as an assay system for potential carcinogens. Shortly thereafter, Pitot et al. (1978) developed a
model wherein initiation was performed with a nonnecrogenic dose of the initiating agent, sub-
sequently followed by chronic administration of a promoting agent. The format of these two
assay systems are noted in Figure 13.9. The end point of these systems is the quantitative analy-
sis of altered hepatic foci measured by one of several enzymatic markers, the most sensitive be-
ing the expression of GST-P (Hendrich et al., 1987). Several studies have investigated the
potential for such analyses in the detection of chemical carcinogens (Pereira and Stoner, 1985;
Williams, 1989; Oesterle and Deml, 1990). A similar format has been used to study the preneo-
plastic aberrant crypt foci in the colon of animals administered potential carcinogens (Ghia et
al., 1996). However, as yet all such assays utilizing preneoplastic end points have not found gen-
eral usefulness in the identification of potential carcinogenic agents. It is possible that in the
future such assays may be useful in distinguishing between agents exerting their carcinogenic
effect primarily at one or another of the stages of carcinogenesis.

Figure 13.9 Formats of short-term models of multistage hepatocarcinogenesis in the rat. A. The Solt-
Farber model, in which animals are administered a necrogenic dose of diethylnitrosamine followed 2
weeks later by the administration of 0.02% acetylaminofluorene (shaded bar) with a 70% partial hepatec-
tomy performed after 1 week of AAF feeding and sacrifice 1 week following the surgery. B. The Pitot et al.
(1978) model, in which a non-necrogenic dose (10 mg/kg) of DEN is administered 24 hours after a partial
hepatectomy (PH), and animals are fed a normal diet for 8 weeks, at which time they are placed on a diet
containing 0.05% phenobarbital for a subsequent 24 weeks and then sacrificed. The end point of both mod-
els is the quantitation of altered hepatic foci.
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Transgenic and Knockout Mice as Models of Carcinogenesis

With the advent of the development of transgenic animals as well as gene targeting in mice
(Chapter 5), recent efforts have been directed toward the development of animal models with
specific genetic alterations that make them more susceptible to carcinogenesis by external
agents. As noted from Table 13.4, the most popular of these are mice exhibiting one defective
allele of the p53 tumor suppressor gene and a transgenic mouse line (TG·AC) carrying a v-Ha-
ras oncogene fused to a zeta globin promoter. A high frequency of a variety of spontaneous
neoplasms develop in p53-deficient mice. The incidence of such tumors is noted in Figure 13.10.
In general, all of the homozygous p53-defective mice develop neoplasms by 10 months of age,
while the heterozygous mice have a 50% incidence by 18 months, with over 90% incidence by 2
years of age (Donehower, 1996). However, the heterozygous animals did not show an acceler-
ated carcinogenesis of the liver, even when hepatocarcinogens were administered (Dass et al.,
1999). In addition to this model system, which mimics the Li-Fraumeni syndrome in humans
(Chapter 5), a large number of other gene-targeted mutations have been developed in mice but
have not yet been utilized as model systems for identifying potential carcinogenic agents
(Rosenberg, 1997).

The TG·AC transgenic mouse is one of a large number of potential transgenic mice and
rats that might be considered for the study of the development of neoplasia in response to test
agents. However, in most cases the expression of the transgene is targeted to a specific tissue,
and thus one deals with a tissue-specific development of neoplasia (cf. Goldsworthy et al.,
1994). The TG·AC transgenic mouse is very effective in the identification of potential promoting
agents for the skin. Administration of the well-known skin-promoting agent, TPA (Chapter 7),
could induce the development of papillomas after only three to ten applications (Spalding et al.,
1993). These investigators also studied several other potential promoting and progressor agents,

Figure 13.10 Tumor incidence of p53–/– and p53+/– mice. The relative frequency of each of the types of
neoplasms is indicated by the proportionate size of the pie slice. (From Donehower, 1996, with permission
of the author and publisher.)
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all of which exhibited a short latency period and high incidence of papilloma induction. Thus, it
is apparent that each of these genetic models of carcinogenesis has a role to play in the identifi-
cation of potential carcinogenic agents. It will require considerable effort to validate each of the
models with respect to tissue-specific carcinogenesis by complete carcinogens or by promoting
and/or progressor agents (cf. Tennant, 1998).

EVALUATION OF CARCINOGENIC POTENTIAL

The multiple in vivo and in vitro tests described thus far in this chapter present the experimental-
ist or the regulator with an extensive amount of data from which to draw conclusions about the
carcinogenic potential of the test agent. In addition, epidemiological studies (Chapters 11 and
12) provide perhaps the most definitive means of estimating the carcinogenic potential to hu-
mans from exposure to a specific agent. While such studies, if definitively positive, are the best
evidence for the carcinogenic potential of an agent to the human, the evidence is usually ob-
tained after an exposure has occurred in a population. In general, epidemiological studies can
detect differences between populations only when there is approximately a twofold increase
above the background incidence of neoplasia in the control population. Since many more agents
than those classified as group 1 by IARC exhibit carcinogenic potential, the in vitro and in vivo
tests described earlier have been used as surrogates in attempting to determine carcinogenic po-
tential and risk to the human population. The results of such tests clearly offer qualitative infor-
mation regarding the identification of agents exhibiting some potential hazard with respect to
one or more aspects of the process of carcinogenesis as we know it today. Major difficulties
remain in attempting to extrapolate in a scientific and meaningful way information obtained
from in vitro and in vivo tests to an estimation of the potential risk of such agents to the human
population as inducers of disease, especially neoplasia. As might be expected, a number of prob-
lems are involved in the scientific and practical application of information developed from short-
and long-term tests to the estimation of human risk.

The Problem of Extrapolation

Since bacterial mutagenicity (Figure 13.1) is the most widely and extensively utilized test for
estimating the qualitative carcinogenic potential of an agent, a number of investigations have
been directed toward determining the relationship of bacterial mutagenesis and carcinogenesis
of the same chemical, usually in rodents. An early graphical relationship of such a series of tests
is seen in Figure 13.11. Obviously, considerably more efforts have been carried out since the
publication of this in 1976 (Sugimura et al., 1976). However, the figure does place in rather de-
finitive terms compounds that exhibit either carcinogenic and/or mutagenic activities. The indi-
cated description of complete carcinogen, promoting agent, initiating agent, etc., is an exercise
allowing the further classification of such agents in multistage carcinogenesis. In a far more ex-
tensive study, Tennant et al. (1987) related the results of bacterial mutagenicity to carcinogenic
potential as determined in the chronic 2-year bioassay and found that the short-term assay de-
tected only about half of the carcinogens as mutagens. These studies and a slightly later one by
Ashby (1989) pointed again to the importance of using more than a single short-term assay in
attempting to relate DNA structural alterations to potential carcinogenicity. Although the predic-
tion of carcinogenic potential by the bacterial mutagenicity tests together with other short-term
tests is in the neighborhood of 60% to 70%, it is somewhat surprising that interspecies extrapo-
lation of carcinogenesis in rats and mice is not much greater than this. In an analysis by Gold et
al. (1989), chronic bioassays for carcinogenic potential in either mice or rats were only about
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70% to 75% predictive of carcinogenicity in the other species. In a more recent study (Fung et
al., 1993) of 379 chemicals tested by the National Cancer Institute/National Toxicology Program
for carcinogenic potential, only slightly more than 50% of the chemicals tested exhibited carci-
nogenicity in at least one organ of one sex of one species. Less than half of these exhibited carci-
nogenic potential in both species tested, a situation most likely to be indicative of a carcinogenic
hazard to humans.

Structure-Activity Relationships of Chemicals to Risk and Extrapolation

Although the Pullman’s (Chapter 3) were among the first to attempt a structure-activity relation-
ship of carcinogenic chemicals in relating this to predicting carcinogenicity in animals and po-
tentially humans, this approach has been expanded during the last several decades. This is
largely the result of various methodologies for the analysis of chemical structures and the exten-
sive capability of data handling by computers and more modern technologies. Figure 13.11 de-
picts a summarized diagram of many of the “reactive forms” of chemical carcinogens. However,
there are numerous other subtleties in structure that may be related to some carcinogenic poten-
tial. While it is beyond the scope of this text to consider this subject in detail, the student may be
interested in reading several reviews of the subject using different approaches, such as those of
Klopman and Rosenkranz, 1994; Enslein et al., 1994; and Zhang et al., 1996. Attempts have
been made to predict carcinogenicity of nongenotoxic chemicals by structure-activity relation-
ships (Lee et al., 1995) and distinguishing between genotoxic and nongenotoxic chemicals by
similar methods (Cunningham et al., 1998). An extensive review of the implications of structure-
activity relationships for cross species extrapolation in DNA damage and repair as related to
mutagenesis and carcinogenesis has also been published (Vogel et al., 1996). In ideal circum-
stances, prediction of the carcinogenic action of a chemical by its structure is very much to be
desired. In the final analysis, the prediction of the carcinogenic effect of specific structures in the

Figure 13.11 Graphical representation of mutagens and nonmutagens in relation to their known carci-
nogenic potential in animal tests. The labeling of the quadrants using the classification of Table 9.10 is a
further potential extrapolation of these data. (After Sugimura et al., 1976, with permission of the authors
and publisher.)
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human would be most useful, but as yet the biological effects of carcinogenic chemicals in the
human are so diverse that no such ideal for extrapolation has been found.

Several other issues are also relevant to cross-species extrapolation, including differences
in metabolism of chemical agents between the species. While metabolic schemes are qualita-
tively similar across species, significant quantitative differences, especially in metabolic rate,
partly owing to elimination kinetics, are the rule. Exposure estimation is frequently based on the
daily dose administered or on plasma concentration used as a surrogate for concentrations in the
tissue. Using plasma concentrations for extrapolation across species assumes that each species
responds in the same manner to any given dose of an agent. In the final analysis, it may be that
the best basis for cross-species comparison is serum concentration expressed as milligrams per
kilogram body weight, since this better predicts tissue concentration-response effects after
chronic administration (Allen et al., 1988; Monro, 1992). Thus, it is clear that the problem of
extrapolation of both short- and long-term tests to carcinogenic potential in the human is much
less than perfect, suggesting an important need for reevaluation and reinterpretation of the tests
currently in use. Needless to say, a program to develop better extrapolative end points should be
a major priority.

The Dose-Response Problem

Another important component in the analysis of assays for carcinogenic potential, both in vivo
and in vitro, is that of the dose-response to a particular test agent. Just as with radiation carcino-
genesis (Chapter 3), the effectiveness of the induction of neoplasia by an agent is dependent on
the dose of that agent administered to the test animal. The dose-response curves for the stage of
initiation in rodent liver neoplasia were already noted in Chapter 7, as well as the dose-response
of promoting agents in the mouse epidermal model of multistage carcinogenesis. The differ-
ences in the shapes of these two curves were discussed in that chapter and are considered
again below.

Other factors may also influence a dose-response curve, such as the toxicity of the agent,
the bioavailability of the agent, and the metabolic or pharmacokinetic characteristics of the agent
within the living organism. A classic dose-response of a complete carcinogen and some of its
ramifications are seen in Figure 13.12 (Druckrey et al., 1963). In this figure, curve 1 shows the
relationship between the daily dose administered and the median total dose of animals develop-
ing carcinoma. Thus, the left ordinate indicates the sum of all doses administered up to a 50%
tumor incidence, therefore relating the total dose to the tumor incidence. In this way the straight-
line relationship, if extrapolated, would proceed through the origin. Curve 2 relates the daily
dose of carcinogen to the median induction time of the appearance of the first neoplasm. While
extrapolation of curve 1 through the origin indicates that there is no dose at which some inci-
dence of neoplasms is not apparent, it should be noted that if the daily dose is less than 0.1
mg/kg, no experimental data points are available. Furthermore, extrapolation of curve 2 to this
low-dose region indicates that at doses lower than 0.1 mg/kg, the rats used in this experiment
and whose lifetime is approximately 1000 days will not live sufficiently long for carcinomas to
appear. In the assay depicted in Figure 13.12, the animals were administered a carcinogenic
agent at a constant rate in the diet. Littlefield and Gaylor (1985) noted that with another com-
plete carcinogen, 2-acetylaminofluorene, both the dose rate and the total dose administered are
important in the final analysis. These workers demonstrated that when the total doses of this test
agent were similar, the higher dose rates with shorter time periods induced a higher prevalence
of neoplasms.

The use of the maximal tolerated dose (MTD) has been criticized because of the toxicity it
induces, paralleled by an increase in cell proliferation in a number of susceptible organs (Ames
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and Gold, 1990). At the other end of the dose-response curve, the problem of the presence or
absence of a threshold (no-effect level) of a carcinogenic agent is still hotly debated. It has al-
ready been noted that, on theoretical grounds, agents capable of damaging DNA might not be
expected to exhibit a threshold, whereas those exerting their effects through complicated recep-
tor-mediated pathways, as with promoting agents, would be expected to exhibit a threshold of
their effects (Aldridge, 1986). In addition, as briefly pointed out in the previous chapter (Chapter
12, Figure 12.5), carcinogenic agents, whether DNA-damaging or not, may exhibit a lower than
control effect at very low doses (Kitchin et al., 1994; Teeguarden et al., 1998). Despite these
observations, as well as the data depicted in Figure 13.12 and our knowledge of the mechanism
of action of promoting agents, regulatory agencies have in general not seen fit to alter the philos-
ophy that carcinogenic agents do not have threshold dose levels. As outlined below, this philoso-
phy has permeated much of the regulatory action taken to date with respect to agents shown to
be carcinogenic in any form of life.

In most epidemiological studies it has not been possible to determine the doses of the
agents to which humans have been exposed, and only occasional, rather crude retrospective
dose-response curves are available. However, a summary was made by the Meselson Committee
(1975) of dose levels of several known human carcinogens that appear to be carcinogenic for
certain human populations. These estimated levels were compared with levels of these agents
known to produce neoplasms in animals (Table 13.7). They show that the cumulative doses re-
quired per unit of body weight for tumor induction in the human and in experimental animals are
of the same order of magnitude for four of the six agents. However, a more detailed comparison
would require a correction for the short observation time in many of the studies on humans (as in
the case of diethylstilbestrol and vinyl chloride), since many cancers in humans do not appear
for 20 to 30 years after exposure. In addition, both vinyl chloride and diethylstilbestrol cause a
very rare neoplasm in humans that is not usually seen in experimental animals. Thus, the effec-
tive doses of several agents known to be carcinogenic for humans and rodents are not markedly
dissimilar in the two species. If this conclusion can be extended to other chemical carcinogens in
the human environment, then both the qualitative and quantitative extrapolations of such find-
ings in the animal to the human situation have some degree of validity.

Figure 13.12 Dose-response relation seen in the chronic feeding of 4-dimethylaminostilbene to rats. 1.
Relation between the daily dose and the median total dose for animals that developed carcinoma. 2. Rela-
tion between daily dose and median induction time. The abscissa shows the daily dose; the ordinate on the
left is the total dose administered, and on the right is the time from the beginning of the experiment. All
scales are logarithmic. (Modified from Druckrey et al., 1963.)
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The Problem of the Potency of Carcinogenic Agents

It should be apparent by now that not all carcinogenic agents are equally effective in inducing
neoplasia, i.e., they exhibit differing carcinogenic potencies. The potency of an agent to induce
neoplasia has been simply defined as the slope of the dose-response curve for induction of neo-
plasms (Choy, 1996). However, such a definition has generally not been the basis for estimates
of carcinogenic potency based on data from chronic bioassays with continuous administration of
the agent. In Table 13.8 may be seen a listing of some methods for the measurement of the po-
tency of carcinogens, beginning with the early study by Iball (1939) resulting in the Iball Index,
which was used for a number of years thereafter. The relationship of Meselson and Russell
(1977) may also be derived from the results of bacterial mutagenesis assays. The potency rela-
tionship developed by Crouch and Wilson (1979) is dependent on a linear, no-threshold extrapo-
lation of the animal bioassay result, giving the slope as β in the equation seen in the table (Barr,
1985). The TD50 has been extensively used, and values were recently compiled by Gold and
Zeiger (1997) for a large number of chemicals. The range of carcinogenic potencies developed
from such a relationship may be seen in Figure 13.13. Tennant and his associates (1997) have
modified the TD50 potency relationship, using a different fraction of animals that develop neo-
plasms. The T25 is defined by these workers as the chronic dose rate in mg/kg of body weight per
day that will give 25% of the animals neoplasms at a specific tissue site, after correction for
spontaneous incidence, within the standard lifetime of the test species. As expected, since the
relationship is basically the same as that noted in Table 13.8 except for only half the percentage,
the T25 values are usually roughly one-half those of the TD50 values. Pepelko (1991) has pointed
out one of the difficulties of these absolute potency measurements in that differences in solubil-
ity, bioavailability, and some other pharmacokinetic parameters do cause considerable variabil-
ity in some of the potency values reported.

While the four relationships noted in the table under “absolute” do analyze carcinogenic
potency of a chemical from the data on the bioassay of that chemical alone, Glass and associates
(1991) proposed a relative potency relationship that has some degree of flexibility and may have
some application in risk assessment different from the absolute analyses. Pitot et al. attempted to
determine indices relating the stages of initiation and promotion to the potency of the agents
inducing such stages. In the case of the initiation index, which is relatively straightforward, the
values obtained are absolute. In the case of the promoting index, the value is always given in
relation to the nontreated control, which does develop focal lesions from endogenous promo-
tion of spontaneously initiated hepatocytes (Chapter 7). These measures of initiating and pro-
moting potencies have been applied only to multistage hepatocarcinogenesis in the rat. But it is
quite feasible to extend such analyses to multistage carcinogenesis in a number of other solid
organs where the immediate results of initiation can be quantitated and the relative growth of
lesions from the initiated cell population can be determined with some degree of accuracy
(Pitot et al., 1987).

Carcinogenic Potencies Across Species

Although the parameter of carcinogenic potency is not of major concern to regulatory agencies,
there have been a number of attempts at relating this parameter to carcinogenesis in the human.
In 1989 Crump attempted to relate the potency of carcinogens in mice and humans, using a po-
tency calculation somewhat similar to the T25 (Dybing et al., 1997), but did not find a great deal
of concordance. Their results are seen in Figure 13.14, with the key for the chemical symbols in
the figure legend. These authors suggest several reasons for lack of concordance, a major one
being that confirmed human carcinogens have not been adequately studied in many animal mod-
els. However, they concluded, on the basis of the data seen in Figure 13.14, that animal and
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human potencies as measured by them were strongly correlated. Somewhat earlier than the data
presented in Figure 13.14 was the study of Gold et al. (1987), who applied the TD50 potency
index from animal studies to a number of chemicals having chronic occupational exposure for
U.S. workers. They proposed the use of the TD50 to develop an index termed the permitted expo-
sure/rodent potency (PERP), which does not estimate absolute risks directly, but rather is indica-
tive of relative hazards for the substances to exposed workers. In a more recent study, Dedrick
and Morrison (1992) related the carcinogenicity of several alkylating agents in causing leukemia
in patients treated for cancer compared with the potency of these agents to induce neoplasms in

Figure 13.13 Range of carcinogenic potency as determined by the TD50 potency relationship of Peto
et al. (1984). (Adapted from Gold et al., 1998, with permission of the authors and publisher.)
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rats and mice. In general, a good correlation among species was observed when the carcinogenic
potency was based on the total lifetime exposure.

RELATION (EXTRAPOLATION) OF BIOASSAY DATA TO HUMAN RISK

Campbell (1980) suggested the thesis that the risk (R) of some agent or event can be estimated
as a function of the product of the probability (P) of the event and the severity of the harmfulness
of the event or agent (H):

R = P × H

From the simplest viewpoint, the risk-taker may accept harm of greater severity (high value of
H) only if the probability of occurrence (P) is very low. Conversely, events that are only mod-
estly harmful (low value of H) may be acceptable at higher levels of frequency or probability.
From this argument, safety may be taken as a measure of acceptability of some degree of risk.

Table 13.9, taken from the work of Oser (1978) and Upton (1980), lists the risk of death
classified in relation to specific activities. From this table, all of the activities listed exhibit some
degree of risk or probability (P) of death or harm (H). The important point to note is that the
probability of risk per million persons per year ranges from 0.1 for lightning striking to 20,000
in the case of motorcycling. A careful person presumably compares the risks of any event to his
or her health with the benefits that will potentially accrue before making a decision. Relatively
few people may actually do this, and even when they do, precisely what index is chosen as the
indicator of relative safety is a function of the value judgment of each individual.

As to the risk of cancer, the harm (H) is considered by most lay persons to be extremely
great. In view of this concern by the public, the U.S. government through its regulatory agencies,
such as the Environmental Protection Agency (EPA), the Food and Drug Administration (FDA),
and others, has assumed a major role in practical considerations of human risk from environ-
mental agents. Two theorems are the basis for the estimations of human risk from carcinogenic
agents in the environment.

1. A threshold (no-effect) level for a carcinogenic agent cannot be determined with any
degree of accuracy.

2. All carcinogenic agents produce their effects in an irreversible manner, so that the
actions of small amounts of carcinogenic agents in our environment are additive—
producing a “carcinogenic burden” for the average individual during his or her
lifetime.

These bases may be considered as default assumptions that are utilized if there is not sufficient
evidence to alter these assumptions. Recent guidelines by the EPA have indicated that at least
one regulatory agency is beginning to consider and even include in their final disposition of the
regulation of a chemical data that may alter these default assumptions (Page et al., 1997). Since
the presence of thresholds of promoting agents as well as their reversibility has already been
noted (Chapter 7), such data may become useful in consideration of regulation of chemicals in
the future. However, the gold standard chronic 2-year bioassay that is utilized as the mainstay in
regulation of both industrial and pharmaceutical chemicals does not distinguish between initiat-
ing, promoting, and progressor agents; it will require substantial additional studies to give cause
to alter the default assumptions. As noted above, scientific risk estimation should be carried out
with the full knowledge of the action of the carcinogenic agent as a complete carcinogen, or as
having a major action at one or more of the stages of carcinogenesis.
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The extrapolation of bioassay data to human risk estimation is one of the most difficult
problems that has faced society and will face us for years to come as numerous new chemicals
enter the environment. In attempting to predict the behavior of a chemical in the human from
data obtained from bioassays, a number of factors should be considered in extrapolation of bio-
assay data to human risk (Kraybill, 1978). These include:

• Reproducibility of experimental data
• Tumor incidence in experimental animals on a dose-dependent basis
• Relative approximation of experimental dose to that of human exposure
• Acceptable design and statistical evaluation of bioassay

Table 13.9 Risk of Death, by Type of Activity

After Oser, 1978, and Upton, 1980.

Activity
Risk of Death per 

Million Persons per Year

Travel
Motorcycling 20,000
Pedestrian 40
Automobile 20–30
Airplane 9

Sports
Car racing 1,200
Rock climbing 1,000
Canoeing 400
Skiing 170
Power boating 30
Swimming (recreational) 19–30
Bicycling 10

Eating and drinking
Alcohol—one bottle of wine/day 75
Alcohol—one bottle of beer/day 20

Low-level radiation
Coal mining (black lung disease, 1969) 8,000
Nuclear plant worker (0.8 rem/year, average) 

(radiation-induced cancer)
80

Airline pilot (0.3 rem/year, average) 
(radiation-induced cancer)

30

Grand Central Station (40 hours/week, 0.12 rem/year) 12
Jet air travel, general population (0.47 mrem/year) 

(radiation-induced cancer)
0.047

Miscellaneous
Smoking 20 cigarettes/day 2,000–5,000
Pregnancy 230
Abortion after 14 weeks 70
Contraceptive pills 20
Home accidents 12
Vaccination against smallpox 3
Earthquakes (California) 1.7
Hurricanes 0.4
Lightning 0.1
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• Consensus on interpretation of histopathological changes
• Availability of biochemical, metabolic, and pharmacokinetic data to be considered in

final decision making

Not included in these factors proposed more than two decades ago is a knowledge of the action
of the agent as an initiating, promoting, or progressor agent. Unfortunately, not all of these fac-
tors are taken into account when regulatory decisions are made at the governmental level con-
cerning specific compounds in our environment. Newer requirements for more extensive studies
of compounds that would satisfy these factors are a goal to be achieved but as yet not attained.

Another consideration in determination of human risk is whether or not the estimation is
qualitative or quantitative. Qualitative risk estimation is much easier to develop based on qualita-
tive analyses of the variety of bioassay procedures utilized. As noted in Chapter 11, the IARC as
well as regulatory agencies throughout the world take very seriously the qualitative finding of
induction of neoplasia in one or two species of animals as a qualitative indication of risk of car-
cinogenicity to the human. However, quantitative risk analysis is much more difficult. In fact, a
number of epidemiologists have refused to make such quantitative relationships on the basis of
animal data and would only use data in the human to carry out such estimates. Still, as we have
seen from the utilization of various “safe” doses of carcinogenic agents and a variety of other
factors, quantitative risk assessment has been and is being applied to human risk situations of
specific chemicals and mixtures. Paramount in such considerations are the use of mathematical
models in which, making a variety of assumptions, one may develop quantitative risk estimates
for the human. Some of these models are considered below.

STATISTICAL ESTIMATES OF HUMAN RISK FROM BIOASSAY DATA BY 
USING MATHEMATICAL MODELS

The statistical analyses of whole-animal bioassay data have employed over the years a number
of mathematical models in an attempt to relate experimental data to the human situation, espe-
cially for the purposes of quantitating human risk insofar as is possible. As Gaylor and Shapiro
(1979) have pointed out, “There is no choice but to extrapolate.” This means, in essence, that
because of the insensitivity of epidemiologic studies and the number and quantity of actual and
potential carcinogens in our environment, one must make every attempt possible to relate data
from bioassay studies to the human condition, especially the potential risk to the public. Most of
these mathematical models have as a basic tenet the assumption that carcinogenic agents lack a
threshold, act irreversibly, and have effects that are additive. Equations for some of the more
commonly used models are given in Table 13.10. None of these models can prove or disprove
the existence of a threshold of response, and none can be completely verified on the basis of
biological argument; however, the models have been useful in data evaluation and are presently
being used by some federal agencies in extrapolating experimental data to the human risk situa-
tion. One of the most commonly used techniques is the log-probit model. In the earlier use of
this model, the procedure was to regard every agent as carcinogenic. On this assumption, one
must determine some “safe” dosage level at which the risk calculated would not exceed some
very small level such as 1 in 100,000,000 or 10–8.

The linear multistage model, first proposed by Armitage and Doll (1954), incorporates the
idea of multiple steps into a statistical approach for risk analysis. This multistage model (Figure
13.15) incorporates one aspect of the pathogenesis of neoplastic development, that of multiple
stages, but cell cycle-dependent processes, the dynamics of cell kinetics, birth rate, and death
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rate are not considered. Furthermore, the transition from one stage to the next is considered irre-
versible. Despite these deficiencies, the linearized multistage model is one of the most com-
monly utilized models at the present time. At a low dose, the multistage model is used to fit the
observed tumor incidence data to a polynomial of the dose as noted in Table 13.10. The linear
multistage model is not appropriate for estimating low-dose carcinogenic potency for many
chemicals. In most cases, the dose response of high doses of testing differs substantially from
the considerably lower doses for exposure. Pharmacokinetic and pharmacodynamic models pro-
vide information that can help bridge the gap between the high dose and low dose scenarios
(Anderson, 1989). A second problem is associated with extrapolation of lifetime exposure of
animals to the MTD of a compound to the less than lifetime exposure common for humans. This
problem has been addressed by the EPA through the use of the Weibull model (Hanes and
Wedel, 1985), which assumes that risk is greater when encountered at a younger age, and, once
exposure occurs, risk continues to accrue despite the cessation of exposure. However, observa-
tions in humans and experimental animals have demonstrated that in many cases risk decreases
after exposure ceases, as would be true if the agent were a promoting agent.

More recently, biomathematical modeling of cancer risk assessment has been used in an
attempt to relate such models more closely to the biological characteristics of the pathogenesis
of neoplasia. The best known of these biologically based models is that described originally by
Moolgavkar, Venzon, and Knudson, termed the MVK model (Moolgavkar, 1986). This model,
which is depicted in Figure 13.15, reproduces quite well the multistage characteristics of neo-
plastic development with µ1, the rate at which normal cells are converted to “intermediate” cells
(initiated cells), and µ2, the rate at which intermediate cells are converted to neoplastic (N) cells.
These rates model the rates of initiation and progression in multistage carcinogenesis, while the
stage of promotion represents the expansion of the intermediate cell population, which is a
function of α2, the rate of division of “intermediate cells,” and β2, the rate of differentiation
and/or death of intermediate cells. Other factors in the model that are also true in biology are the
rate of replication and cell death of normal or stem cells. While this model originally was
developed to explain certain epidemiological characteristics of breast cancer incidence and
mortality in humans (Moolgavkar, 1986), it has found potential application in a variety of multi-
stage models including that of rat liver (Luebeck et al., 1991). Application of the model to risk
assessment problems has not found wide use, but this may change in the next few years (Ander-
son et al., 1992). In addition, integration of biological data, including pharmacokinetic and
pharmacodynamic parameters, should aid in the development of a more biologically based risk
assessment model.

Table 13.10 Mathematical Models Used in the Extrapolation of the 
Risk of Carcinogenic Agents to the Human

Equation for the Probability (P) of Tumor 
Induction at Dose d

One-hit (linear) model P(d) = 1 – e(–λd)

k – 1
Multihit (k-hit) model P(d) = 1 – Σ(λd)ie–λd/i!

i = 0
Multistage model P(d) = 1 – exp[– (α1 + β1d) . . . (λk + βkd)]
Extreme-value model P(d) = 1 – exp[– exp(α + βlog d)]
Log-probit model P(d) = Φ[α + βlog10(d)]
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REGULATION OF CARCINOGENIC RISK AT THE FEDERAL LEVEL

At least four federal agencies have as their primary responsibility the regulation of risk. These
agencies include the Consumer Product Safety Commission (CPSC), the EPA, the U.S. Food
and Drug Administration (FDA), and the Occupational Safety and Health Administration
(OSHA). At least two types of regulations affect risk analysis; these include regulations similar
to the Clean Water Act, which imposes technology-based standards that are dictated by the best
available technology, and the Clean Air Act, which imposes health- or risk-based standards to
protect human health by providing an ample margin of safety. A number of laws have been

Figure 13.15 The Armitage and Doll (upper) and MKV (lower) models of multistage carcinogenesis. In
the former, the number of stages is unspecified (Tk), and the transition between them is irreversible. In the
MKV model, the fates of stem cells (S) and intermediate (I) cells are death (D) or proliferation. Rarely, I
cells undergo µ2 to malignancy (M). The rates of replication (α2) and apoptosis (β2) for I cells are indi-
cated, and similar rates for S cells are implied. µ1 and µ2 are the rates of the first genetic event (initiation)
and the second genetic event (progression). (Adapted from Pitot and Dragan, 1996, with permission of the
authors and publishers.)
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passed that control exposure to carcinogens in food, drugs, and the environment (Table 13.11).
Perhaps the most controversial is the Food, Drug, and Cosmetic Act of 1938, including the 1958
amendment known as the Delaney Amendment. The Delaney Amendment was passed to curtail
any possible use of additives in food and drugs that had been demonstrated to induce cancer in
humans or animals. This law ignores the presence of endogenous or endogenously produced
compounds that have carcinogenic action. For example, nitrites are effective bactericidal agents
when used at low levels as food additives, but nitrites are produced extensively in vivo during
normal metabolism of nitrogenous compounds, especially when nitrates are present in the diet
(Rogers, 1982). High doses of nitrites given with secondary amines result in the formation of
nitrosamines, which are carcinogenic in rodents (Rogers, 1982). Thus, a number of difficulties
are encountered when food and additives are regulated with strict adherence to the Delaney
Amendment.

Besides science, a major driving force in legislative actions concerning the regulation of
carcinogenic or potentially carcinogenic chemicals in the environment is the benefit obtained
from such regulation. The saccharin-cyclamate debates were an interesting example of this
(Kraybill, 1976). Saccharin is carcinogenic at a very high dose in rat uroepithelium (Anderson et
al., 1988). After considerable debate, the U.S. Congress passed a law permitting the use of this
“carcinogenic” compound as an artificial sweetener because of its low cost and benefit to a vari-
ety of individuals, especially diabetics. Recently, the courts rejected the use of two food color-
ings in drugs and cosmetics on the basis of an interpretation of the Delaney Amendment as
prohibitive of the use of additives even when only minimal risk can be demonstrated. The EPA
faces a difficult situation in the regulation of pesticides when it attempts to balance the require-
ment of the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA), which requires a bal-
ance of risk and benefit in the application of pesticides to raw agricultural products, and the zero
tolerance for carcinogens in processed foodstuffs mandated by the Delaney Amendment. OSHA
is responsible for regulating workers’ exposure to potential toxins, including carcinogens. The
statutes require that feasibility be considered in concert with lack of effect on workers’ health. In

Table 13.11 Selected Federal Laws for Regulation of Toxic and Carcinogenic Agents

Adapted from Office of Science and Technology Policy, 1986.

Name of Act and Year Passed and Amended Area of Concern

Food Drug and Cosmetic Act (FDC): 1906, 1938, 
amended 1958 (Delaney), 1960, 1962, 1968, 1976, 
1980, 1984, 1986, 1987, 1990, 1992

Food, drugs, cosmetics, food ad-
ditives, color additives, new 
drugs, animal feed additives, 
medical devices.

Federal Insecticide, Fungicide, and Rodenticide Act 
(FIFRA): 1948, amended 1972, 1975, 1976

Pesticides

Clean Air Act: 1970, amended 1974, 1977, 1978, 1980, 
1981, 1982, 1983, 1990

Air pollutants

Clean Water Act: 1972, amended 1977–1983, 1987, 
1988, 1990, 1992; originally the Federal Water 
Control Act

Water pollutants

Occupational Safety and Health Act (OSHA): 1970, 
amended 1974, 1978, 1979, 1982, 1990, 1992

Workplace exposure to toxicants

Toxic Substances Control Act (TOSCA): 1976, 
amended 1981, 1983, 1984, 1986, 1988, 1990, 1992

Hazardous chemicals not cov-
ered elsewhere, including pre-
market review
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the case of Industrial Union Department v American Petroleum Institute, the Supreme Court
found that the allowable levels of a compound (i.e., benzene) could be established only if a sig-
nificant risk from exposure could be demonstrated and that this risk could be lessened by a
change in practice. In the final analysis, a significant proportion of risk to the average citizen is
based on the perception of risk.

International Aspects of Environmental Regulation

Other countries have both preceded and followed legal actions in the United States in regulating
noxious and carcinogenic agents that can and do occur in the human environment. The United
Kingdom passed a Clean Air Act some three decades ago, well before such legislation appeared
in the United States (cf. Hall, 1976). This same nation passed legislation regulating pollution in
natural waters within the country at about the same time as similar legislation was enacted in the
United States. The European Common Market has also advanced several programs in the area of
environmental pollution, especially as related to air and water environments. More generally,
they have established an environmental program that concerns itself with the impact of factors
involving alterations in the environment, waste disposal, and educational programs (cf. Johnson,
1976). Other countries throughout the world have recognized the importance of controlling po-
tentially damaging agents and have acted accordingly.

RISK-BENEFIT CONSIDERATIONS IN THE REGULATION OF ACTUAL AND 
POTENTIAL CARCINOGENIC ENVIRONMENTAL HAZARDS

We have briefly reviewed the methods for determining the actual and potential carcinogenic
agents in our environment, methods for the estimation of risk to the human population of such
agents, and the governmental approach to the regulation of such agents in our environment. An
equally important consideration includes somewhat undefined concepts such as benefit-risk
analysis, cost-effectiveness, and risk-cost analysis in the regulation of hazardous agents in our
environment. These concepts are concerned with such traditional regulatory terms as “safe,”
“lowest feasible,” and “best practicable technology.”

Some of the regulatory legislation leaves no latitude for considerations of benefit versus
risk. This is the case with the Delaney Amendment, a simplistic legal statement that can create
major problems when the regulatory agencies are faced with obeying the law. Problems also
arose with respect to nitrite, since the benefits of removing nitrites as preservatives in packaged
meats were balanced against the risk of bacterial contamination, especially by Clostridium botu-
linum, in nonpreserved packaged products. Federal regulatory agencies decided that these data
were insufficient to ban nitrites under the Delaney clause, and thus nitrite continues to be widely
used as a preservative, although at lower levels.

Attempts have been made to quantitate and characterize risks versus benefits. One way is
to consider risks to the environment and to health as opposed to risks to society and to general
aspects of health. It is evident that reduction in risk from direct exposure to an environmental
factor will, at some level of additional cost of control, create new risks to society in terms of
increased costs of products, availability of services, personal freedoms, employment, and so on.
This relation is shown in Figure 13.16. In controlling risks to the environment and to health,
there is a point beyond which the benefits to society and the individual begin to decrease because
of the cost, both financial and otherwise, incurred in reducing risk toward actual zero. As im-
plied previously, there are very rare instances in which actual zero risk is obtained in any cir-
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cumstance. The points for best practicable technology (BPT) and for best available technology
(BAT) are seen on the risk curve. Clearly BPT in risk reduction is less costly than BAT.

More extensive risk-benefit analyses have been published, such as those of Moll and
Tihansky (1977), in which dollar values have been estimated for each life that could potentially
be saved by eliminating a specific agent from the environment. They also point out that the risks
of specific agents in industrial situations may be far greater than those to society as a whole. An
example is asbestos, which, though clearly hazardous to some industrial workers, causes little or
no hazard at the levels of exposure of the population in general. In this respect, Samuels (1979)
has pointed to the potential fallacy in many benefit-risk determinations unless one takes into
consideration the concept of necessary risk, especially as related to occupational and industrial
hazards. This concept stresses the importance of making every effort to eliminate hazardous
agents in our environment that are important to society by replacing them with equally useful but
less hazardous or nonhazardous components. If this cannot be done and a necessary risk is
present, this consideration must be balanced against the benefits.
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14
The Natural History of the Development of 
Neoplasia in Cultured Cells and Tissues

Although the explantation of cells from a multicellular organism into an extraorganismal envi-
ronment, that is, tissue culture, had been known since the beginning of this century, it was not
until the early 1940s that Earle and associates (cf. Earle and Nettleship, 1943) attempted to in-
duce the neoplastic transformation in cultured mammalian cells. These now classic experiments,
which were carried out by the addition of polycyclic hydrocarbons to cultures of mouse fibro-
blasts, were monitored by the inoculation of treated and untreated cell cultures into host animals.
Unfortunately the results of these experiments were ambiguous, since neoplasms arose in the
test animals whether treated or control cultured cells were inoculated. As a result, the question
of the feasibility of carcinogenesis in vitro lay dormant for almost two decades. However, the
cells from these experiments have been maintained, even up to the present day, as the L cell line
(cf. Jackson, 1991).

TECHNIQUES OF TISSUE CULTURE

It is not the objective of this text to present an extensive discussion of the methodology of cell
and organ culture. The interested student is referred to the bibliographic references (e.g., Nar-
done, 1987; Celis and Celis, 1994). However, it is important to understand the difference be-
tween organ culture and cell culture. In the former, fragments of organs or even whole organs are
removed from the organism, and their viability and organization are maintained in an artificial
environment. While larger samples of tissue usually did not survive more than a few days, organ
culture of fragments of colon (Shamsuddin et al., 1978), mouse mammary glands (Iyer and Ban-
erjee, 1981), and embryonic rat pancreas (Parsa and Marsh, 1976) could be maintained for some
period of time in culture. During this time the microscopic anatomy of the tissue was retained,
remaining essentially identical with that seen in the organ in vivo.

On the other hand, cell culture involves the isolation and/or dispersion of cells from organs
and tissues, with their subsequent cultivation as cellular populations with little regard to their
original morphology and functionality. Such cell cultures may be cloned, that is, single cells are
isolated and allowed to proliferate to a visible colony. Quantitative measurements and genetic
studies may be performed relatively easily with cell cultures provided that the cells either are
available in significant quantity or replicate quite readily in the culture environment. The term
primary culture indicates those cells obtained directly from the animal and cultured in the spe-
cific system under study. The terms secondary and transfer cultures refer to the subsequent cul-
tivation of cells, with the inoculum taken from cells already in culture. In Figure 14.1, a cutaway
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diagram of an organ and a cell culture in a petri dish may be noted. The major distinction is the
special structure required to maintain the tissue in its organoid form while assuring access of
sufficient nutrients from the medium for maintenance of viability. Cell cultures, on the other
hand, usually consist of a monolayer of cells or small cell colonies, at most only a few cells in
thickness, lying entirely within the environment of the liquid medium. A variety of other config-
urations for organ cultures have also been described (cf. Anderson and Jenkinson, 1998; Minuth
et al., 1996). Cell cultures may also be maintained as suspensions of cells (e.g., Himmelfarb et
al., 1969) or as multicellular spheroids (e.g., Korff and Augustin, 1998).

In general, cells within organ cultures maintain most of the genetic and functional capabil-
ities of comparable cells in vivo. In cell culture, however, especially of tissues from certain types
of animals such as rodents, the natural history of cells transferred and cultivated for long periods
is that of karyotypic and biochemical changes, usually in the direction of increased aneuploidy
and decreased biochemical differentiation. Certain terminologies have been developed for cer-
tain types of cell cultures and their progeny (Schaeffer, 1990). A cell line arises from a primary
culture at the time of the first successful secondary or subculture. The cell line cultures thus
should consist of lineages of cells originally present in the primary culture. Cell lines are termed
finite or continuous if the history and potential of the line is known. If this is not known, then the
term line will suffice. A cell strain may be derived either from a primary culture or from a cell
line by the selection or cloning of cells having specific properties or markers. Thus, descriptions
of cell strains should also include any specific features of the strain. As with cell lines, the terms
finite or continuous are used as prefixes if the history and potential of the culture is known; oth-
erwise, the term strain by itself is sufficient. Obviously, cell lines and strains may be derived
from organ cultures as well. Cells from strains or lines may be frozen at liquid air temperatures
and maintained in this state for years with relatively efficient recovery of viability on thawing. A

Figure 14.1 Diagram of tissue culture as organ culture (A) and cell culture (B). In the organ culture
system shown, a fragment of whole tissue rests on a wire screen through which the medium permeates. For
cell culture, suspensions of cells are plated on the surfaces of petri dishes, allowed to attach, and then cov-
ered with appropriate media. (The example in A is taken from Trier, 1976, with permission of the author
and publisher.)
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few primary cell cultures have also been successfully maintained in this way, but organ cultures
do not readily survive such treatment.

The media in which organ and cell cultures are maintained or stimulated to grow have
been quite complex, consisting of numerous nutrients of known composition as well as, in most
instances, numerous materials of unknown chemical composition such as serum, partial protein
hydrolysates, and tissue extracts. During the last several decades, a number of chemically de-
fined media have been developed for use with primary cultures as well as for the growth and
maintenance of cell lines and cell strains. While the vast majority of these media are effective for
cells that are derived from neoplasms or have a significant number of characteristics of neopla-
sia, several such media have been utilized for normal cell lines. These include human diploid
fibroblasts (Bettger et al., 1981), human epidermal keratinocytes (Tsao et al., 1982), and human
lymphocytes (Shive and Matthews, 1988). A number of other cell lines may also be maintained
in defined media (Taub, 1990). The defined media may contain a number of proteins, growth
factors, and other nutrients that presumably occur at some level in the serum, plasmid, or other
organismal fluid that is used in nondefined culture media (Barnes, 1987; Bjare, 1992).

In addition to the composition of the medium, which is critical for cell growth and mainte-
nance, the matrix on which the cells are cultured has become of increasing significance during
the last two decades. Prior to this time most cultures with the exception of organ cultures were
maintained on glass or plastic as the substratum. In 1975, Michalopoulos and Pitot described the
primary culture of parenchymal hepatic cells from rats on collagen membranes. This technology
allowed considerably longer maintenance times as well as enhanced biochemical and morpho-
logical differentiation of these cells in primary culture. During the next decade or more, similar
or related technologies were developed to culture a variety of mesenchymal (cf. Kleinman et al.,
1981) and differentiated epithelial tissues (e.g., Montesano et al., 1983; Yang et al., 1979; Yang
et al., 1982; Chambard et al., 1981). Reid and associates (Rojkind et al., 1980) demonstrated the
importance of the presence of extracellular matrix molecules (Chapter 10) in maintaining epithe-
lial cells in a morphologically and biochemically differentiated state for extended periods of
weeks or months (cf. Reid and Jefferson, 1984). A combination of extracellular components and
collagen gels could effect the same result (Lin et al., 1997). Other variations in substratum for
epithelial cell culture included the “sandwich” technique, with the matrix present on both sides
of the epithelial sheet (Kern et al., 1997; Beken et al., 1997), and cocultivation of hepatocytes
with littoral cells from the same organ (Namieno et al., 1996; Guguen-Guillouzo et al., 1983). A
number of other very sophisticated technologies have been utilized for the culture of a variety of
different cell types, both in microscopic and very large instruments, the latter allowing for the
culture of large numbers of cells useful as molecular biological reagents and/or the production of
specific protein products.

Differentiation in Cell Culture—Stem Cells

Although organ cultures maintain a relatively highly differentiated state of the cells for limited
periods of time, until recently most cell lines, even after explantation in vitro for a few weeks,
lost many differentiated characteristics that the tissue may have had in the whole animal. While
there are exceptions to this statement, such as keratinocyte cultures (cf. Linge, 1996) and the
growth of cells on specific substrata or “scaffolds” (Freed and Vunjak-Novakovic, 1998), the
majority of cell lines and strains maintained in culture show relatively few differentiated charac-
teristics, morphologically or molecularly. This problem has now been surmounted by the dem-
onstration of the differentiation of cultures of embryonic stem cells (ES cells; Chapter 5) into a
variety of different tissue types in vitro and in vivo (O’Shea, 1999). Stem cells may be defined as
cells exhibiting extensive self-renewal properties extending throughout the life of the organism
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while at the same time retaining the ability to generate differentiated progeny (cf. Hollands,
1997; Morrison et al., 1997). It has now become apparent, within the last decade, that such ES
cells exhibit the potential to differentiate along different tissue lines as a result of the presence of
a variety of different factors, usually polypeptides, that regulate differentiation into various lin-
eages (cf. Pedersen, 1999). Thus, with appropriate manipulation it is possible to generate cells of
the hematopoietic (Dieterlen-Lièvre, 1997), immune (Chen and Mok, 1995), and neural (Brüstle
et al., 1999) systems. Stem cells of the epidermis and gastrointestinal tract derived from adult
tissues have also been isolated (Jones, 1997). A diagram of the procedure used for generating
stem cells from the early embryo with their potential for transplantation in vivo is seen in Figure
14.2. While in the past it has been possible to maintain certain differentiated characteristics by
careful control of a variety of culture conditions (Wolffe and Tata, 1984; Watt, 1991), the ability
to characterize, isolate, and culture both ES cells and stem cells from adult tissues from which
differentiated tissues arise offers great potential not only for a study of the mechanisms of differ-
entiation but also for the practical application of organ transplantation and replacement (Peder-
sen, 1999; Thomson et al., 1998).

CARCINOGENESIS IN ORGAN CULTURES

Attempts at the induction of neoplasia in organ cultures were made in a reasonably systematic
way by Heidelberger (1973) after the earlier studies of Lasnitzki (1963). Heidelberger attempted
to induce carcinomas in organ culture of rat prostate by the addition of carcinogenic polycyclic
hydrocarbons to the cultures. Although significant morphological changes occurred, including
squamous metaplasia and cytological anaplasia, no neoplasms were produced when the cultures
exhibiting such changes were inoculated into suitable mouse hosts. Later studies by Lasnitzki
(1976) in this system demonstrated that retinoids added to the cultures could reverse the mor-
phological effects produced by 10 days of incubation with a polycyclic hydrocarbon.

As an extension of these investigations, several investigators have developed an in vitro–in
vivo format for carcinogenesis in organ cultures. Basically, the cultures are exposed to carcino-
gen for a specific time and then directly reimplanted into syngeneic hosts in order to study the
development of neoplasia in vivo in the inoculated host. One example of such a system is the use
of mouse mammary epithelial cells exposed to carcinogens and then implanted into the mam-
mary fat pads. In such a system, morphological neoplasms of the mammary gland developed
(Iyer and Banerjee, 1981; Rivera et al., 1981). In earlier studies, Laws and Flaks (1966) pro-
duced a similar effect by treating embryonic mouse lung tissue in organ culture with methyl-
cholanthrene for 8 days and subsequent implantation into the flank of syngeneic mice. In more
than half of the tissues implanted in vivo, pulmonary adenomas and related lesions developed
from the implanted tissue. A difficulty of these experiments was the question of whether or not
the original carcinogen had been completely removed from the cultures prior to their inoculation
into suitable hosts. Obviously, if this removal had not occurred, one would be dealing merely
with carcinogenesis in vivo.

IN VIVO–IN VITRO CARCINOGENESIS

With the refinement of tissue culture methodology, it is now possible to place cells from a vari-
ety of different tissues into culture. With such techniques, several systems have been devised in
which the stage of initiation has been induced in vivo in appropriate animals, with the stages of
promotion and progression allowed to continue primarily in vitro. Laerum and Rajewsky (1975)
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described the transplacental initiation of fetal brain with ethylnitrosourea, with the subsequent
culture of cells of the central nervous system begun several days after initiation. This led to a
characteristic series of phenotypic alterations in the cultured cells, climaxed after some months
by the demonstration of their neoplastic potential on inoculation into appropriate hosts, with the
production of neoplasms. Figure 14.3 is a diagrammatic representation of the in vivo–in vitro
system involving the initiation of cells in the fetal central nervous system by ethylnitrosourea
given to the pregnant dam, the carcinogen reaching its target by the transplacental route. This is
followed by cell culture of fetal brain tissue. The subsequent phenotypic stages of changes in

Figure 14.3 Diagrammatic representation of the in vivo–in vitro system for “pulse” carcinogenesis by
ethylnitrosourea (ENU) in fetal brain cells. (After Laerum and Rajewsky, 1975, with permission of the
authors and publisher.)



Natural History of Neoplasia in Vitro 599

cells from animals treated with ethylnitrosourea in utero are also represented, along with the
demonstration that neoplasms occurred after reimplantation of cells maintained in culture for 6
to 7 months. Control cultures do not exhibit the phenotypic changes seen in the figure and essen-
tially cease growing after a week or so in culture (Laerum and Rajewsky, 1975). Chronic treat-
ment of the cultures of fetal rat brain cells exposed to ethylnitrosourea in utero resulted in a
dramatic acceleration of the morphological changes seen later in control cultures (Kokunai et al.,
1986). Similar morphological findings were reported with rat kidney cells isolated from animals
within 24 hours after a single carcinogenic dose of dimethylnitrosamine (Hard et al., 1977). In
this instance, however, while phenotypic changes occurred in culture, no demonstration of neo-
plasms resulting from the inoculation of such altered cells into suitable hosts was reported. In
contrast, x-irradiation of pregnant Syrian hamsters with the subsequent culture of cells from the
irradiated embryos resulted in cell lines that gave rise to neoplasms when inoculated into appro-
priate Syrian hamster hosts (Borek et al., 1977).

Nettesheim and his colleagues (1981) developed an excellent system for following the
morphological and biological changes during neoplastic development in rodent respiratory tract
epithelium. In this system, initiation and early stages of promotion are induced in segments of
trachea implanted subcutaneously in vivo. Subsequent isolation of epithelial cells from the tra-
chea and culture of such cells show morphological alterations as well as the induction of neo-
plasms when these cells are inoculated into appropriate hosts. Although these systems have not
been used widely by other investigators, they represent a potentially powerful tool with which to
dissect both the early and late changes occurring during carcinogenesis in vivo and in vitro.

NEOPLASTIC “TRANSFORMATION” IN CELL CULTURE

It was almost 20 years after the pioneering studies of Earle and associates that Berwald and
Sachs (1963) demonstrated the “transformation” of hamster embryo cells growing in cell cul-
tures. These investigators utilized cells dissociated from hamster embryos by proteolytic diges-
tion and dispersion of the cells, essentially as single cells. These cells were plated directly onto
feeder layers of cells (normal cells having had their growth arrested by radiation or chemical
means) in appropriate containers, usually petri dishes, at relatively low density (number of cells
per plate) and were allowed to attach and grow. After seeding, appropriate carcinogenic agents
were administered either in the medium or as ionizing radiation. The cultures were allowed to
grow for 8 to 10 days, and the resultant colonies were fixed and stained. A diagram of the proce-
dure is shown in Figure 14.4. Transformed cell colonies were identified by specific morphologi-
cal characteristics distinguishing transformed from control or solvent-treated cells. The
morphological characteristics demonstrated were those of small fusiform cells that grew in an
irregular, random criss-cross pattern and did not appear to exhibit contact inhibition of move-
ment or growth, as was found in untreated control cells in culture (Figure 14.5). The lack of
“spontaneous” transformation in Syrian hamster embryo (SHE) cells as compared with the rela-
tive frequency of spontaneous transformation in mouse (Sanford et al., 1970) and rat cells in
culture (Morel-Chany et al., 1985) was apparently critical to the success of this system. On the
other hand, human fibroblastic cells rarely exhibited the morphologic transformation character-
istics seen in Figure 14.4 (Hayflick, 1977). The mechanism of such spontaneous morphological
transformation is not clear, although Rubin and associates (Rubin et al., 1990; Ellison and
Rubin, 1992) have proposed several mechanisms based on studies of aneuploid cell lines.
“Transformation” of such cell lines is discussed later in this chapter. That “morphological trans-
formation” itself may not be a reflection of neoplastic transformation was seen by the studies of
Evans et al. (1972), demonstrating that sera from different species and even different sexes
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within the same species resulted in different rates and yields of morphological transformation in
culture as well as neoplastic development on inoculation of 106 or more cells into an appropriate
mouse host.

Some of the characteristics of the experiments by Berwald and Sachs were quite interest-
ing, especially the fact that the incidence of transformation was extremely high, exceeding 80%
in some experiments. This argued rather strongly that the mechanism of the transformation by
chemicals was not a simple mutation, because of the high incidence of conversion. These au-
thors also demonstrated the transformation in vitro of hamster embryo cells (Borek and Sachs,
1968) and of human cells (Borek, 1980) by x-irradiation and by infection with oncogenic pa-
povaviruses (cf. Sachs, 1974).

Studies by Huberman et al. (1976) indicated that cell transformation in culture is due to a
mutagenic event in view of the constant ratio of transformation to mutation to ouabain resistance
induced by carcinogenic hydrocarbons in vitro. While these studies did indicate an approximate
20-fold greater rate of transformation than of mutation, studies by Barrett and Ts’o (1978) indi-
cated that morphological transformation in primary SHE cell cultures occurred with a frequency
from 20 to 500 times higher than mutation at two different loci. This finding strongly suggests
that the two processes are not identical. A review by Parodi and Brambilla (1977) of much of the
literature on the relation between mutation and transformation in cell culture concluded that
there was “an absolute difference between structural mutations and transformation.” Further-
more, Elmore et al. (1983) demonstrated that increased mutation rates were not a necessary fac-
tor in carcinogen-induced transformation of human fibroblasts. Similarly, Kaden et al. (1989)

Figure 14.4 Protocol for the assay of morphological transformation of hamster embryo cells by chemi-
cals or radiation. Midterm hamster embryos were removed from pregnant uteri, minced, enzymatically dis-
sociated, and seeded as single cells on feeder layers (normal cells having had their growth arrested by
radiation or chemical means). The newly seeded cells are treated with either radiation or chemicals, and the
resultant colonies developing from the hamster embryo cells (normal and transformed) are scored after 8 to
10 days of incubation. (Adapted from Hall and Hei, 1986, with permission of the authors and publisher.)
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found no simple correlation between spontaneous mutation rate and the malignant phenotype in
Chinese hamster embryo fibroblast lines. The same conclusion had been drawn for the chemical
and radiation induction of transformation in the mouse C3H/10T1/2 fibroblast cell line
(Landolph and Heidelberger, 1979; Chan and Little, 1982). However, the fact that some struc-
tural alteration in DNA is associated with the neoplastic transformation in vitro was evidenced
by the finding of Barrett et al. (1978) that ultraviolet irradiation of cells that had incorporated the
base analog bromodeoxyuridine into their DNA were transformed. Neither of these two pertur-
bations alone induced this transformation. Since it is well known that bromodeoxyuridine incor-
poration into mammalian cell DNA induces mutations by itself and that mutagenesis is markedly
enhanced by the ultraviolet irradiation of such treated cells, these authors concluded that trans-
formation resulted, at least in part, from the ultraviolet-induced structural alteration in DNA con-
taining bromodeoxyuridine. Double-stranded DNA breaks induced by electroporated restriction
enzymes induced morphological transformation in a mouse cell line, C3H10T1/2 (Borek et al.,
1991). Transformation of SHE cells is also accompanied in many instances by the induction of
aneuploidy. This is especially notable with both the synthetic estrogen diethylstilbestrol (Tsutsui
et al., 1983) and asbestos fibers (Oshimura et al., 1984; Dopp et al., 1995). The normal estrogen,
17β-estradiol, was also effective in inducing both cell transformation and numerical chromo-
some changes in SHE cells (Tsutsui et al., 1987). However, male sex hormones, both synthetic
and natural, exhibited only a very weak transforming effect on SHE cells (Lasne et al., 1990).
While diethylstilbestrol may induce mutations at some but not all loci studied, no DNA adducts
occurred in SHE cells at concentrations up to 10 µg/mL (Hayashi et al., 1996). Changes in the
32P-postlabeling pattern of DNA adducts did occur in SHE cells in the presence of estradiol and
some of its metabolites (Hayashi et al., 1996). Thus, while there is evidence that DNA damage
can be correlated with morphological transformation, the quantitative relationships between mu-
tation and transformation are not identical.

Studies by Heidelberger (1973) with the prostate system confirmed and extended these
investigations. In Heidelberger’s studies, the organ cultures treated with hydrocarbons were dis-

Figure 14.5 An artist’s conception of the microscopic appearance of normal and transformed cells in
culture. The single-cell layer of spindle cells is characteristic of normal cells, which ultimately exhibit con-
tact inhibition of replication, whereas transformed cells exhibit cytologic anaplasia and “piling up” of one
cell on another, with lack of contact inhibition of replication.



602 Chapter 14

persed into cell suspensions and transformed cell lines were produced. DiPaolo et al. (1971a)
confirmed the findings of Berwald and Sachs and demonstrated that, by inhibiting the cellular
toxicity of carcinogenic hydrocarbons in hamster embryo cell cultures with various noncarcino-
genic chemicals, one may dissociate the transforming property from the toxic metabolic prop-
erty of carcinogenic hydrocarbons (DiPaolo et al., 1971b). The cytotoxicity of carcinogenic
polycyclic hydrocarbons for cell cultures appears to depend on the presence and inducibility of
the microsomal aryl hydroxylase complex, the regulation of which is mediated through the prod-
uct of the Ah locus (Chapter 7). Utilizing human mammary epithelial cells, Stampfer et al.
(1981) demonstrated that inhibition of growth of such cells was 50 to 100 times more sensitive
to the presence of benzo[a]pyrene than were cultured fibroblasts. Nebert and associates (cf.
Benedict et al., 1972) have shown that the metabolism of the hydrocarbon is necessary for cyto-
toxicity in that the inhibitors of hydrocarbon metabolism also inhibit the toxicity. Furthermore,
Peterson and associates (1979) have demonstrated that the mutagenic lesion(s) produced by car-
cinogenic agents in cell culture is not associated with the cytotoxicity of the agent. On the other
hand, Poiley et al. (1980) demonstrated that in a large number of normal hamster embryo cell
preparations, those cells that were consistently more easily transformed by polycyclic hydrocar-
bons had consistently higher levels of aryl hydrocarbon hydroxylase and that the enzyme could
be induced to a higher level by treatment with appropriate agents.

In addition to the systems mentioned above, which are concerned primarily with mesen-
chymal cell transformation, a number of differentiated epithelial cell types derived either from
endoderm or ectoderm (Chapter 2) have been reported. These include cells derived from rat liver
(e.g., Borenfreund et al., 1975; Montesano et al., 1980; Williams et al., 1973), mouse mammary
epithelial cells (Miyamoto et al., 1988), rat tracheal epithelial cells (Thomassen et al., 1983), rat
bladder (Hashimoto and Kitagawa, 1974), rabbit bladder (Summerhayes et al., 1981), and epi-
dermal keratinocytes (Slaga et al., 1978; Yuspa et al., 1983b; Fusenig and Boukamp, 1998). In
primary cultures of hepatocytes, the usual chemical hepatocarcinogens may not be effective for
their conversion to proximate and ultimate forms because of the loss of phase I activity (Guil-
louzo, 1986). On the other hand, polycyclic hydrocarbons and alkylating agents as well as afla-
toxin (Schaeffer and Heintz, 1978) and ethionine (Brown et al., 1983) did reportedly induce
“transformation” of rat liver epithelial cells in culture. Perhaps the best-characterized of the epi-
thelial transformations in vitro is that of keratinocytes, both rodent and human. Fusenig and
Boukamp (1998), on the basis of studies of a spontaneously immortalized cell line obtained
from normal human keratinocytes maintained in culture for an extended period, have proposed a
multistage model for the development of normal keratinocytes into malignant neoplastic cells
because of changes seen both in vivo and in vitro (Figure 14.6). Such a series of alterations are
analogous to those seen in the stage of progression in both human and rodent neoplastic devel-
opment (Table 9.12, Figure 9.8). In this model, however, the conversion of the immortal cell
(HaCaT) occurring spontaneously in normal keratinocyte cultures to a “benign cell” requires
transfection with the H-ras cellular oncogene. A major finding allowing for such experiments
was the demonstration that high levels of calcium ions induced terminal differentiation of mouse
epidermal keratinocytes, but continued maintenance may occur at decreased calcium concentra-
tions. Treatment with several different types of chemical carcinogens induced the formation of
cells that were resistant to the high calcium-induced differentiation of the keratinocytes
(Kilkenny et al., 1985).

In general, transformation of mouse keratinocytes by a variety of chemical agents may be
readily accomplished, but the transformation of human cells (either mesenchymal or epithelial)
to cells capable of neoplastic growth in immunosuppressed animal hosts has met with much less
success (McCormick and Maher, 1988; Kuroki and Huh, 1993; Holliday, 1996). Previous results
demonstrating the growth of human cells in soft agar (anchorage independence; see below) may
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not be a good method to characterize chemically induced transformation of human cells in vitro
(Peehl and Stanbridge, 1981). On the other hand, several investigators (Milo et al., 1996; Gruen-
ert et al., 1995; Stampfer and Bartley, 1985) have reported transformation and the formation of
immortalized cell lines from both mesenchymal and epithelial human cells. Grafström (1990)
reviewed such studies in human epithelial tissues in vitro. The mechanism for this peculiar “re-
sistance” of human cells to transformation in vitro, despite the ability of such cells to metabolize
polycyclic hydrocarbons and even form DNA adducts with their ultimate forms, is still not com-
pletely understood.

CRITERIA FOR NEOPLASTIC TRANSFORMATION IN VITRO

One of the critical points in the study of transformation in vitro is that it is obviously impossible
to utilize the usual in vivo criteria of carcinogenesis to identify neoplastic cells. The morpho-
logic changes seen initially by Berwald and Sachs (1963) were claimed to be the result of onco-
genesis; however, such claims could be substantiated only if the cells could grow as neoplasms
in a suitable host. Thus, there has been much discussion of the criteria for the neoplastic trans-
formation in vitro. No universal criteria have been generally accepted, although many scientists
in the field may have agreed on a number of characteristics (Katsuta and Takaoka, 1973). The
more important of these criteria are listed in Table 14.1.

Few if any neoplastic cell populations in vitro exhibit all of the criteria indicated in Table
14.1. Furthermore, after initiation in vitro, transformed cells may acquire one or more of the
characteristics shown as a function of time in culture after initiation. Barrett and Ts’o (1978)
demonstrated in hamster embryo fibroblasts that the temporal acquisition during transformation
in vitro of many of the characteristics listed in Table 14.1 was not simultaneous. Rather, morpho-
logical transformation (criterion 4) and the production of plasminogen activator (Chapter 16)
occurred soon after the treatment with the carcinogen, whereas the growth of transformed cells
in soft agar (criterion 3) usually occurred more than 30 population doublings after exposure to

Figure 14.6 Schematic for “stages” of the transformation of normal human keratinocytes to metastatic
cells in vivo. The conversion of the immortal cell to the benign cell requires transfection of the H-ras cellu-
lar oncogene as well as several other cultural characteristics noted in the figure. The steps thereafter can be
demonstrated in vivo as well as in a special model in vitro system of these authors. (Adapted from Fusenig
and Boukamp, 1998, with permission of the authors and publisher.)
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the carcinogen. In a sense, this indicates that an analogy can be drawn between the progression
of carcinogenesis in vivo and the full expression of cell transformation in vitro (Table 14.2).

Most investigators in oncology would probably agree that the criterion in Table 14.1 that is
paramount for proving that a cell has been transformed to the neoplastic state in vitro is the
formation of a neoplasm in vivo on inoculation of the putative transformed cultured cells (crite-
rion 1). Other than this criterion, the characteristic most frequently correlated with the neoplastic
potential of cells in vivo that had been transformed in vitro is their ability to grow in soft agar
(Freedman and Shin, 1974; Weinstein et al., 1976) or exhibit “anchorage independence.” As
noted above, a major exception to this are human cells that may be “transformed” to anchorage
independence but yet do not exhibit neoplastic potential in vivo (Peehl and Stanbridge, 1981).
Furthermore, Kaplan and Ozanne (1983) argued that anchorage-independent growth is a
function of the total concentration of growth factors in the medium to which these cells can
respond. Thus, this criterion becomes a function of both the concentration of growth factors in
the medium and the presence of their receptors on the surface of the cell, transformed or
nontransformed.

Immortalization of cells in culture, i.e. the ability to continue replication beyond a finite
number of doublings, a characteristic of normal cells (Hayflick, 1997), is seen with many, but
not all, cells transformed in vivo or in vitro. The finite life span of most normal cells in vitro may
be in some ways analogous to aging and the finite life span in vivo (Macieira-Coelho, 1993;
Smith and Pereira-Smith, 1996). The process of immortalization in vitro probably involves spe-
cific genetic alterations linked to chromosomal changes, although “epigenetic” mechanism(s)
cannot be ruled out in some instances (Trott et al., 1995).

Several workers have shown that “normal” cells or those transformed in vitro but exhibit-
ing only a few of the criteria (Table 14.1) may grow as neoplasms in vivo when inoculated to-
gether with supporting structures—for example, glass beads (Boone, 1975), plastic plates
(Sanford et al., 1980), or gelatin sponge (Okada et al., 1992). Barrett (1980) found that primary
cultures of hamster embryo cells may be transformed to a stage in which neoplasms are pro-
duced in vivo only when the cultured cells are inoculated with polymer supports (Table 14.2).
Several model cell lines that are aneuploid but commonly used in transformation studies in vitro,
for instance C3H/10T1/2 and 3T3 mouse lines, exhibit such behavior (Boone and Jacobs, 1976);
this indicates that all or some of these cell lines are beyond the stage of initiation. Furthermore,
such cell lines may be transformed by alterations in the density of the cell culture (Haber and
Thilly, 1978; Rubin et al., 1995), alkalinity of the medium (Oberleithner et al., 1991),
polyamines (Tabib and Bachrach, 1998), anoxia (Anderson et al., 1989) and glass fibers (Whong
et al., 1999), conditions that are unlikely to or have not induced transformation in primary cul-
tures. On the basis of such findings, studies of the neoplastic transformation in vitro should be

Table 14.2 Characteristics of Stages in Syrian Hamster Embryo (SHE) Cell Transformation to Neoplasia

a( ) = designations by Barrett (1980). Reproduced with permission of author and publisher.

Normal SHE (GSHE)a Immortalization (FOL+) “Tumorigenic” (ST–)

Diploid Aneuploid Aneuploid
Low fibrinolytic activity Enhanced fibrinolytic activity Enhanced fibrinolytic activity
Anchorage dependent Anchorage dependent Anchorage independent
Nontumorigenic in suspension Nontumorigenic in suspension Tumorigenic in suspension
Nontumorigenic when attached 

to plastic substrate
Tumorigenic when attached to 

plastic substrate
Tumorigenic when attached 

to plastic substrate
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carried out with cells of known genotype and phenotype, ideally shortly after primary explanta-
tion and while still euploid.

It is clear that the ultimate standard of the neoplastic transformation is still the establish-
ment of malignant neoplasms in vivo, but all of the characteristics listed above (Table 14.1) ap-
ply to transformed cells in vitro, and, taken together, they strongly support the identification of a
clone of cells transformed in vitro as biologically neoplastic. Still, with the possible exception of
neoplasms induced on inoculation in vivo, no single criterion can mark a cell transformed in
culture as biologically neoplastic.

CELL TRANSFORMATION AND THE NATURAL HISTORY OF NEOPLASTIC 
DEVELOPMENT IN VITRO

The definition of neoplasia noted in Chapter 2 was developed from observations of neoplastic
disease in vivo. The criteria of transformation in cell culture listed in Table 14.1 did not define
neoplastic disease in vitro but rather described a number of its characteristics. While neoplasia
in vivo and cell transformation in vitro exhibit many apparent dissimilarities, considerable effort
has been expended in trying to identify analogies in the natural history of the development of the
neoplastic process in vivo and in vitro. We have already noted the changes spontaneously occur-
ring in SHE cells transformed with chemical carcinogens or ionizing radiation (Table 14.2).
However, a number of studies have been directed toward more controlled investigations of po-
tential “stages” occurring during the development of cell transformation in vitro.

Initiation (Fixation)

As discussed earlier (Chapter 7), there is substantial evidence that the stage of initiation requires
that division of the cell susceptible to the carcinogenic agent occur while the carcinogenic agent
is present. This phenomenon was perhaps even more definitively demonstrated in cell culture
with chemical carcinogenesis of SHE cells (Berwald and Sachs, 1963). These authors demon-
strated that, unless the carcinogen remained in the culture medium for a period at least equiva-
lent to that of a single cell cycle of the cells being treated, no transformation would occur. This
finding led to the demonstration in cell culture that at least one round of cell division was neces-
sary for the neoplastic transformation to be “fixed” (cf. Kakunaga, 1975). A similar phenome-
non held true for both DNA tumor virus- and x-irradiation–induced transformation in cell
culture, although the latter effect appeared to require two cell generations (Borek and Sachs,
1968). Sachs (1974) had suggested that possibly two cell divisions are required to fix transfor-
mation by chemicals in cell culture as well. In the C3H/10T1/2 cell line, “transformation” is
most efficient when the carcinogen is applied just prior to the onset of DNA synthesis in cultures
synchronized for this parameter (Jones et al., 1977; Grisham et al., 1980).

In several instances, transformation induced by known carcinogens (such as polycyclic
hydrocarbons) indicated that this process in vitro follows the kinetics of a single-hit phenome-
non, exhibiting no threshold (cf. DiPaolo et al., 1971a), that is, lacking a “no-effect” level of the
carcinogenic agent (Chapter 13). However, in the C3H10T1/2 cell line, the frequency of initia-
tion or formation of foci by chemical carcinogens was found to decrease with increasing cell
density of the culture (Huband et al., 1985). Furthermore, polycyclic hydrocarbons (such as
benzo[a]pyrene) are themselves capable of inducing quiescent, confluent cultures of hamster
embryo cells to enter DNA synthesis, after which cell transformation becomes apparent
(Mironescu and Love, 1974).
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Promotion

The first relatively clear demonstration of distinct stages in the transformation of cells in culture
was the report by Mondal and Heidelberger (1976) of cells of the C3H/10T1/2 mouse line that
were initiated with ultraviolet radiation and promoted with TPA (Table 14.3). Later studies by
Sanchez et al. (1986), using N-methyl-N′-nitro-N-nitrosoguanidine (MNNG) as an initiating
agent for the C3H10T1/2 cell line followed by promotion with TPA, induced numerous foci of
morphologically transformed cells. Removal of TPA from the medium of such dishes containing
foci resulted in regression of up to 84% of the foci and loss of morphological transformation.
Stages in the induction of transformation in this cell line by chemicals (Lillehaug and Djurhuus,
1982) and ionizing radiation (Han and Elkind, 1982) have also been reported (Table 14.4). In
addition, apparent steps in the transformation of other cell lines have also been identified (Tho-
massen and DeMars, 1982; Table 14.4). The JB6 mouse epidermal cell line (Colburn et al.,
1982) has been used to identify genes potentially involved in the stage of tumor promotion in
vitro as well as more broadly (Lerman et al., 1987). Transformed foci may be induced in this cell
line by several different promoting agents.

In primary cultures, the natural history of neoplastic development has been best defined in
the hamster embryo cell transformation system (Barrett and Ts’o, 1978). After initiation by
either chemicals (Poiley et al., 1979) or radiation (DiPaolo et al., 1981), a clear promoting effect
by TPA could be demonstrated in hamster embryo cells. Poiley et al. (1979) demonstrated that
TPA could act as either an inhibitor or a promoting agent, depending on the length of time be-
tween initiation and the first addition of the promoting agent. Furthermore, Rivedal and Sanner
(1982) demonstrated that reversal of the timing of the initiation and promotion stages resulted in
no significant enhancement of transformation frequency in this system. Using this same system,
Rivedal and Sanner (1981) demonstrated that several metal salts—including nickel sulfate, cad-
mium acetate, and potassium chromate—could act to promote the transformation of hamster

Table 14.3 Transformation of C3H/10T1/2 Cells by Ultraviolet Light and Tetradecanoylphorbol 
Acetate (TPA)a

aThe concentration of TPA used was 0.1 µg mL–1.

Treatment Schedule
Plating

Efficiency %

No. of Dishes 
with Foci/Total 
No. of Dishes

% Dishes 
with Foci

Transformation 
Frequencyb

bPercentage of transformed foci per surviving cell plated.

0.5% Acetone 19 0/23 0 0
TPA (0.1 µg mL–1) 20 0/12 0 0
Ultraviolet, 10 erg mm–2 19 0/12 0 0
Ultraviolet, 10 erg mm–2 + TPA

48 hc

cTime after irradiation when TPA was added. Altered colonies or foci were enumerated 8–10 days after ultraviolet
irradiation.

Adapted from Mondal and Heidelberger, 1976.

19 3/12 25 0.08
72 h 19 5/12 42 0.18

Ultraviolet, 25 erg mm–2 17 0/16 0 0
Ultraviolet, 25 erg mm–2 – TPA

48 h 18 10/12 83 0.83
72 h 18 11/12 92 0.69
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embryo cells initiated by benzo[a]pyrene. That spontaneously initiated cells may occur in these
cultures was reported by Nakano and Ts’o (1981), who found subpopulations of cells lacking
contact inhibition of cell division and anchorage dependence for growth in cell cultures
established from hamster embryos. Sodium fluoride acts as a promoter in this system but was
also shown to induce transformation in SHE cells in the absence of other initiating agents
(Tsutsui et al., 1984). Two other promoting agents, mezerein (Tu et al., 1992) and diethylstil-
bestrol (Hayashi et al., 1996), can induce transformation in cultured SHE cells as well. As
pointed out by Boyd and Barrett (1990), these agents induce DNA damage, principally clasto-

Table 14.4 Promotion of Cell Transformation in Vitro

Initiating Agent Promoting Agent Reference

Primary Cells
SHE Methylcholanthrene TPA Poiley et al., 1979

X-irradiation TPA DiPaolo et al., 1981
— Mezerein Tu et al., 1992
— Estrogen Hayashi et al., 1996
Benzo[a]pyrene Ni2+, Cd2+, and 

chromate salts
Rivedal and Sanner, 1981

Benzo[a]pyrene NaF Jones et al., 1988
Benzo[a]pyrene pH 6.7 Kerckaert et al., 1996

Rat tracheal 
epithelium

N-methyl-N′-nitro-N-
nitrosoguanidine
(MNNG)

TPA Steele et al., 1984

Mouse mammary 
organ culture

7,12-dimethyl-
benz[a]anthracene

TPA Mehta and Moon, 1986

Cell Lines
C3H/10T1/2 mouse 

cells
MNNG TPA Boreiko et al., 1986

MNNG Mezerein
MNNG TCDD Abernethy et al., 1985
Methylcholanthrene Tri-n-butyltin Parfett and Pilon, 1993

Mouse BALB/c-
3T3

MNNG TPA Tsuchiya and Umeda, 1997

Methylcholanthrene Transforming growth 
factor β

Hamel et al., 1988

Methylcholanthrene 1α, 25-Dihydroxy-
vitamin D3

Sasaki et al., 1986

Methylcholanthrene Tumor necrosis 
factor α

Komori et al., 1993

Mouse JB6 epi-
dermal cell line

— TPA Colburn et al., 1982

Mezerein
Epidermal growth 

factor
WB·344 rat liver 

epithelial cell 
line

— Transforming growth 
factor β

Zhang et al., 1994

Ei5 rat liver epithe-
lial cell line

— Transforming growth 
factor α

Tsao and Zhang, 1992
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genic effects suggesting that SHE cells are either quite sensitive to progressor agents or do in
fact have a significant population of spontaneously initiated cells. In fact, Ueo et al. (1990)
found that early-passage, normal diploid SHE cells contained a transient subpopulation of cells
lacking density-dependent inhibition of cell division and presumably capable of forming mor-
phologically transformed colonies. The interesting effect of lowered pH as a promoting agent in
this system described by LeBoeuf and colleagues (cf. Kerckaert et al., 1996) may be explained
by a concomitant increase in cell division caused by such lowered pH. Interestingly, the
non–phorbol ester tumor promoter, okadaic acid, does not promote morphological transforma-
tion in SHE cells, although it is quite effective in mouse epidermis in vivo (Rivedal et al., 1990).
In addition to the other examples of initiation/promotion systems in primary cultures, stages in
the neoplastic development of other cell types in primary culture have been reported for the
mouse submandibular gland epithelium (Wigley, 1983), rat embryo cells (Chouroulinkov and
Lasne, 1978), and mouse epidermal cells (Yuspa et al., 1981). When hepatocytes were initiated
in vivo and continued on several carcinogens for 6 to 12 weeks, TPA did not stimulate DNA
synthesis or promote growth of primary cultures obtained from such livers (Kayano et al., 1982).
In contrast, studies by Kaufmann et al. (1988) demonstrated that phenobarbital induced a prolif-
eration of foci in primary cell culture from animals treated with methyl(acetoxymethyl)nitro-
samine and then explanted to primary culture. These authors suggested that the proliferation of
putatively initiated hepatocytes required the presence of the promoting agent as shown in vivo
from other studies (Chapter 7). Kopelovich (1981) has shown that fibroblasts cultured from indi-
viduals genetically predisposed to colorectal cancer are less sensitive to the toxic effects of the
promoting agent TPA, and Friedman et al. (1984) demonstrated that in cultures of colonic epi-
thelial cells, TPA stimulated DNA synthesis in cells derived from patients with familial polypo-
sis but not in control individuals. Later studies (Antecol, 1988) did not appear to substantiate
these findings.

From all of these studies it becomes apparent that transformation of cells in culture may
exhibit identifiable stages of initiation and promotion, with a number of the characteristics seen
in these stages in vivo (cf. Boyd and Barrett, 1990). Some of the differences in vivo versus in
vitro may be related either to the genetic constitution of the cells under study, e.g., cell lines, or
the heterogeneity of the primary cultures utilized, e.g., SHE cells. In either event, the similarities
are much greater than the differences, arguing that studies of the multistage nature of neoplastic
development as seen in cell culture may have significant application to an understanding of
mechanisms occurring both in vivo and in vitro in these individual stages. Because of the ability
to control the cellular environment in vitro, cell culture may offer significant advantages as long
as the investigator maintains a close association of findings in vitro with those in vivo.

Actions of Promoting Agents in Vitro

The number of multistage models of carcinogenesis in vitro has increased significantly over the
past decade or more, and studies on the effects of promoting agents in a variety of cell systems
have been quite extensive. Most of these studies have been directed toward the effects of TPA on
cultured cells, both normal and neoplastic. A number of these effects of phorbol esters on cells
in culture are listed in Table 14.5. Some of the effects of promoting agents, not necessarily phor-
bol esters, have been discussed in previous chapters. As noted from the table, TPA has a variety
of effects in a variety of cell systems. The list of effects of TPA in a variety of cell cultures that
are noted in Table 14.5 is by no means exhaustive. Some of the changes, such as induction of
ornithine decarboxylase and enhanced cell division, can also be demonstrated in vivo during the
stage of promotion, but TPA inhibited DNA synthesis and induction of ornithine decarboxylase
in primary cultures of human epidermal cells (Chida and Kuroki, 1984). The effects on gene



Natural History of Neoplasia in Vitro 611

Table 14.5 Effects of Phorbol Diester Tumor Promoters on Cells in Culture

Effects Response Cell Type Reference

Biochemical
Uptake of small molecules

Sugars Increased Chick embryo fibroblasts—
primary

Yamanishi et al., 1983

Choline Increased C3H10T1/2 cell line Lijian et al., 1988
DNA strand breaks, 

chromosomal damage
Increased Birnboim, 1982

Prostaglandin synthesis Increased Rat liver (C-9) cell line Levine, 1988
Gene amplification Increased Mouse 3T6 mouse line Barsoum and 

Varshavsky, 1983
Histone phosphorylation Increased BALB/C mouse spleno-

cytes—primary
Patskan and Baxter, 

1985
Lipid reorganization of 

plasma membrane
Increased MDCK canine kidney cell 

line
Packard et al., 1984

Reorganization of actin 
filaments

Increased FL human amnion cell line Sastrodihardjo et al., 
1987

DNA synthesis Increased 3T3 mouse cell line Dicker and Rozengurt, 
1980

DNA synthesis Decreased/
increased

Human skin fibroblasts—
primary

Kopelovich and Chou, 
1984; Oesch et al., 
1988

Gap junctional intercellular 
communication

Inhibited Several cell types cf. Yamasaki and 
Fitzgerald, 1988

Signal transduction Altered Rat hepatoma cell line O’Brien et al., 1991
DDT1MF-2 smooth 

muscle cell line
Leeb-Lundberg et al., 

1985
Rat hepatocytes—primary González-Espinosa and 

García-Sáinz, 1995
Caro et al., 1992

Gene expression
Enzyme induction

Ornithine decarboxylase Increased H35 rat hepatoma cell line Goodman et al., 1988
Rat hepatocytes—primary Warholm, 1992

Transglutaminase Increased Mouse epidermal cells—
primary

Yuspa et al., 1983a

Protein tyrosine 
phosphatase

Increased NIH 3T3 mouse cells Elson and Leder, 1995

Purine nucleoside 
phosphorylase

Increased Human thymocytes—
primary

Martinez-Valdez and 
Cohen, 1988

Cytochrome P4501 Increased H35 hepatoma cell lines Roesch and Wiebel, 
1990

c-fos and c-myc proto-
oncogenes

Increased HU 1752 human urothelial 
cell line

Skouv et al., 1987

Biological
Cellular morphology Altered Many different cell types cf. Diamond et al., 1978
Cell division Increased Many cell types cf. Diamond et al., 1978
DNA synthesis in low 

calcium Ca2+ medium
Increased Mouse keratinocytes—

primary
Yuspa et al., 1983b

(table continues)
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expression as indicated by enzyme induction in the table are quite extensive and appear to be
mediated through a specific consensus sequence in DNA, TGAC(G)TCA. This same sequence is
involved in the AP-1 transcription activator complex involving the transcription factors, jun and
fos, both of which are proto-oncogenes (cf. Szabo et al., 1991). Changes in cell morphology
resulting from alterations in intracellular cytoskeletal elements such as actin (Rifkin et al., 1979)
are reversible on removal of the promoting agent from the culture. A further discussion of alter-
ations in cytoskeletal elements in cultured cells is presented in Chapter 16. However, it is impor-
tant to point out that the vast majority of the effects of TPA noted in Table 14.5 are completely
reversible on removal of the agent from the medium.

In addition to TPA, the effects of phenobarbital, a commonly used promoting agent in
multistage hepatocarcinogenesis (Chapter 7), have also been studied with respect to its effects in
cultured cells, predominantly in hepatocytes (Table 14.6). In general, in adult hepatocytes in cul-
ture, phenobarbital may transiently stimulate DNA synthesis under certain conditions (Yusof
and Edwards, 1990); but on continued cultivation in the presence of this agent, DNA synthesis is
usually inhibited (Manjeshwar et al., 1992; Miyazaki et al., 1998). In neonatal hepatocytes, on
the other hand, an increase in cell growth was reported (Armato et al., 1985). A striking effect of
phenobarbital on rat hepatocytes is its inhibition of the proliferative effects of a variety of growth
factors (Meyer et al., 1989; Tsai et al., 1991). The increases noted in the smooth endoplasmic
reticulum and cytochrome P450 2B1/2 reflect effects that are noted in livers of animals treated
with phenobarbital in vivo.

The effects of a number of other promoting agents effective in multistage epidermal car-
cinogenesis in the mouse and hepatocarcinogenesis in the rat have also been studied, but the
description of such effects is beyond the scope of this text. The examples given in Tables 14.5
and 14.6 are of two of the more commonly studied promoting agents in these systems. Their
effects are manifold, a number of which can also be noted in vivo. However, the use of cell
culture affords a much more controlled environment in which to study the direct effects of these
tumor promoting agents on specific cell types.

TPA Alteration of Cell Differentiation

One of the more interesting effects of the phorbol diesters is their ability to modulate differentia-
tion. TPA inhibits the induced differentiated expression of erythroid functions in murine erythro-
leukemia cells (Fibach et al., 1979); it also inhibits morphological differentiation in cultured

Table 14.5 (continued)

Effects Response Cell Type Reference

Biological (continued)
Expression of mutations Increased V79-H3 Chinese hamster 

cell line
Tsuda, 1981

Terminal differentiation Inhibited or 
stimulated

Erythroleukemia cell lines Fibach et al., 1979; Lotem
and Sachs, 1979

Myeloid leukemia—
primary

Herpesvirus, retrovirus, 
and EB virus synthesis

Increased Several cell types cf. Diamond et al., 1978

Malignant transformation 
by chemicals, radiation, 
or oncogenic viruses

Increased Variety of cell types cf. Diamond et al., 1978
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mouse neuroblastoma cells (Ishii et al., 1978), but it induces normal differentiation in mouse and
human myeloid leukemia cells (Lotem and Sachs, 1979). Although TPA inhibited granulocytic
colony growth in cultures of human hematopoietic cells in vitro (Aye and Dunne, 1983), admin-
istration of TPA to patients with lowered blood counts resulting from cancer chemotherapy
caused an increase in the peripheral white blood counts (Han et al., 1998). Terminal differentia-
tion may also be induced acutely by administration of TPA to normal primary epithelial cells
(Willey et al., 1984). Phorbol esters are also capable of activating or inducing the production and
synthesis of several types of oncogenic viruses including EBV (Lin et al., 1983), mouse mam-
mary tumor virus (Arya, 1980), and type C retroviruses (Hellman and Hellman, 1981).

TPA and Promoting Agent Effects on Gap Junctional Intercellular 
Communication (GJIC)

Cells, both in vivo and in vitro, communicate with each other or allow the direct transport of
small molecules from one cell to another through the mediation of structures known as gap junc-
tions. These structures, depicted in Figure 14.7, consist of hexameric channel structures known
as connexons. Each protein subunit of the connexon is termed a connexin. Connexons from adja-
cent cells directly interact to produce a channel or pore between two cells as noted in the figure.
Generally, the connexins in any connexon are identical or homotypic. In general, in vivo homo-
typic connexons are the rule, and interactions between cells to produce gap junctions result in
the structure shown in Figure 14.7C, which involves interactions between homotypic or identical
connexins. However, heterotypic interactions both within connexons and in gap junctions have
also been described (Bruzzone et al., 1996). The pore or channel produced on opening of the gap
junction as noted in Figure 14.7B allows the passage of molecules up to approximately 1000 Da
in molecular mass (Kumar and Gilula, 1996). Thus, signaling molecules such as cyclic AMP,

Table 14.6 Effects of Phenobarbital on Cells in Culture

Effects Response Cell Type Reference

Biochemical
Growth factor responses Decrease Rat hepatocytes—primary Meyer et al., 1989

Tsai et al., 1991
Reorganization of cytoskeletal 

components
Increase Rat liver epithelial cell lines Decloitre et al., 1990

Gap junctional intercellular 
communication

Decrease Mouse hepatocytes—primary Ruch and Klaunig, 
1988

Smooth endoplasmic reticu-
lum proliferation

Increase Neonatal rat hepatocytes—
primary

Guillouzo et al., 1978

Gene expression
Enzyme induction

Glutathione S-transferase Increase Rat hepatocytes—primary Vandenberghe et al., 
1991

Cytochrome P450-2B1/2 Increase Rat hepatocytes—primary Sidhu and Omiecinski, 
1998

Biological
Cell growth and division Decrease Rat hepatocytes—primary Miyazaki et al., 1998

Increase Neonatal rat hepatocytes—
primary

Armato et al., 1985

Survival Increase Rat hepatocytes—primary Miyazaki et al., 1990
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Figure 14.7 Diagram of the molecular steps leading to the formation of intercellular channels (gap junc-
tions). A. Connexins are seen to oligomerize in a hexameric structure. B. The connexon is transported and
inserted into the plasma membrane. C. Connexons from adjacent cells interact to form complete intercellu-
lar channels clustered in specialized membrane regions, the gap junctions. (From Bruzzone et al., 1996,
with permission of the authors and publisher.)
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many drugs, ions, and nutrients may pass through the channel occurring in the gap junction (Fig-
ure 14.7). The connexins themselves are members of a large multigene family occurring differ-
entially in tissues (Table 14.7).

Studies on the inhibitory effects of promoting agents on GJIC in vitro were first reported
almost simultaneously by two different laboratories (Murray and Fitzgerald, 1979; Yotti et al.,
1979) and later by Trosko and others (Trosko et al., 1980). Since that time, considerable work
has extended these earlier investigations with a variety of cultured cells, both primary and cell
lines, and numerous different promoting agents whose effectiveness in the second stage of car-
cinogenesis has been demonstrated in vivo (cf. Yamasaki and Fitzgerald, 1988; Yamasaki et al.,
1999). Transformed foci of mouse cells exhibit GJIC between transformed cells but do not ap-
pear to communicate through GJIC with surrounding nontransformed cells (cf. Yamasaki et al.,
1999). In general, transformed cells in culture appear to have a decreased GJIC as compared to
their normal counterparts (cf. Yamasaki, 1990). However, other examples have been reported of
neoplastic cells in culture exhibiting increased GJIC correlated with their increased growth rate
(Asamoto et al., 1994). In Table 14.8 is seen a listing (not exhaustive) of a number of examples
of promoting agents whose effectiveness has been established in vivo, and their effects on GJIC
in cultured cells, both primary and cell lines.

As noted in the table, not all promoting agents inhibit GJIC. The concentrations utilized in
culture may not reflect those seen in vivo, and in some instances there is evidence that the effects
in vitro may not be replicated in vivo (Kam and Pitts, 1988) but in other instances such replica-
tion has been demonstrated (Tateno et al., 1994). Notably trichloroethylene inhibits GJIC in
mouse hepatocytes but not in rat hepatocytes in primary cultures (Table 14.8). Similar effects
were known with the promoting agent saccharin, which was found to inhibit GJIC in the V-79
Chinese hamster cell line (Trosko et al., 1980) but not in human fibroblasts (Mosser and Bols,
1983). Furthermore, it appears that the conditions of the culture may alter the effectiveness of
the agent to affect GJIC (Miller et al., 1987). Although TCDD does inhibit GJIC in primary rat
hepatocyte cultures, it had no effect in the V-79 Chinese hamster cell line (Lincoln et al., 1987).

Table 14.7 Connexin Multigene Family

Adapted from Kumar and Gilula, 1996, with permission of authors and pub-
lisher. The protein size in general is deduced from that predicted from the con-
nexin cDNA.

Greek Letter 
Nomenclature

Molecular Mass 
Nomenclature

Predicted
Molecular

Mass (kDa)

Examples of 
Organs with 
Expression

α1 Cx43 43.0 Heart
α2 Cx38 37.8 Embryo
α3 Cx46 46.0 Lens
α4 Cx37 37.6 Lung
α5 Cx40 40.4 Lung
α6 Cx45 45.7 Heart
α7 Cx33 32.9 Testis
α8 Cx50 49.6 Lens
β1 Cx32 32.0 Liver
β2 Cx26 26.5 Liver
β3 Cx31 31.0 Skin
β4 Cx31.1 31.1 Skin
β5 Cx30.3 30.3 Skin



616 Chapter 14

Ta
b

le
 1

4.
8

E
ff

ec
ts

 o
f 

Pr
om

ot
in

g 
A

ge
nt

s 
on

 G
ap

 J
un

ct
io

na
l I

nt
er

ce
llu

la
r 

C
om

m
un

ic
at

io
n 

(G
JI

C
) 

in
 C

el
l C

ul
tu

re

A
ge

nt
C

el
l t

yp
e

E
ff

ec
t

E
ff

ec
tiv

e 
co

nc
en

tr
at

io
n/

tim
e

M
et

ho
db

R
ef

er
en

ce

A
m

ob
ar

bi
ta

l (
liv

er
)a

R
at

 h
ep

at
oc

yt
es

—
pr

im
ar

y
In

hi
bi

tio
n

0.
25

 m
M

/1
4 

da
ys

M
ic

ro
in

je
ct

io
n 

dy
e 

co
up

lin
g

R
en

 a
nd

 R
uc

h,
 1

99
6

C
ho

lic
 a

ci
d 

(c
ol

on
)

V
-7

9 
C

hi
ne

se
 h

am
st

er
 c

el
l l

in
e

N
on

e
50

–2
00

γ /
m

L
/7

 d
ay

s
M

et
ab

ol
ic

 c
oo

pe
ra

tio
n

N
od

a 
et

 a
l.,

 1
98

1
C

hl
or

ob
en

zi
la

te
 (

liv
er

)
V

-7
9 

C
hi

ne
se

 h
am

st
er

 c
el

l l
in

e
In

hi
bi

tio
n

10
–2

5
µ M

/3
 d

ay
s

M
et

ab
ol

ic
 c

oo
pe

ra
tio

n
F

lo
ds

tr
öm

 e
t a

l.,
 1

99
0

D
D

T
 (

1,
1-

B
is

[4
-c

hl
or

o-
ph

en
yl

]-
2,

2,
2-

tr
ic

hl
or

o-
et

ha
ne

) 
(l

iv
er

)

M
ou

se
 h

ep
at

oc
yt

es
—

pr
im

ar
y

In
hi

bi
tio

n
0.

1-
10

 γ
/m

L
/8

 h
M

et
ab

ol
ic

 c
oo

pe
ra

tio
n

R
uc

h 
an

d 
K

la
un

ig
, 1

98
6

D
ie

th
yl

st
ilb

es
tr

ol
 (

liv
er

)
V

-7
9 

C
hi

ne
se

 h
am

st
er

 c
el

l l
in

e
N

on
e

0/
08

1-
0.

1 
γ /

m
L

/8
 d

ay
s

M
et

ab
ol

ic
 c

oo
pe

ra
tio

n
B

ar
re

tt 
et

 a
l.,

 1
98

3
E

pi
de

rm
al

 g
ro

w
th

 f
ac

to
r 

(l
iv

er
)

T
51

B
 r

at
 li

ve
r 

ep
ith

el
ia

l c
el

l 
lin

e
In

hi
bi

tio
n

25
 n

g/
m

L
/1

 h
M

ic
ro

in
je

ct
io

n 
dy

e 
co

up
lin

g
L

au
 e

t a
l.,

 1
99

2

α -
L

in
ol

en
at

e 
(m

am
m

ar
y 

gl
an

d)
W

B
-F

34
4 

ra
t l

iv
er

 e
pi

th
el

ia
l 

ce
ll 

lin
e

In
hi

bi
tio

n
50

 µ
M

/2
 d

ay
s

Ph
ot

ob
le

ac
hi

ng
H

as
le

r 
et

 a
l.,

 1
99

1

L
ito

ch
ol

ic
 a

ci
d 

(c
ol

on
)

V
-7

9 
C

hi
ne

se
 h

am
st

er
 c

el
l l

in
e

In
hi

bi
tio

n
5–

20
γ /

m
L

/7
 d

ay
s

M
et

ab
ol

ic
 c

oo
pe

ra
tio

n
N

od
a 

et
 a

l.,
 1

98
1

O
ka

da
ic

 a
ci

d 
(e

pi
de

rm
is

)
B

A
L

B
/c

 3
T

3 
m

ou
se

 c
el

l l
in

e
N

on
e

1–
10

γ /
m

L
/1

2 
da

ys
M

ic
ro

in
je

ct
io

n 
dy

e 
co

up
lin

g
K

at
oh

 e
t a

l.,
 1

99
0

Ph
en

ob
ar

bi
ta

l (
liv

er
)

M
ou

se
 h

ep
at

oc
yt

es
—

pr
im

ar
y

In
hi

bi
tio

n
50

0 
γ /

m
L

/4
 h

M
ic

ro
in

je
ct

io
n 

dy
e 

co
up

lin
g

R
uc

h 
an

d 
K

la
un

ig
, 1

98
8



Natural History of Neoplasia in Vitro 617

Po
ly

br
om

in
at

ed
 b

ip
he

ny
l 

(l
iv

er
)

a T
is

su
es

 in
 p

ar
en

th
es

es
 d

en
ot

e 
th

os
e 

in
 w

hi
ch

 th
e 

ag
en

t i
s 

ef
fe

ct
iv

e 
as

 a
 p

ro
m

ot
er

 o
f 

ca
rc

in
og

en
es

is
 in

 v
iv

o.

V
-7

9 
C

hi
ne

se
 h

am
st

er
 c

el
l 

lin
es

b T
he

 th
re

e 
pr

in
ci

pa
l m

et
ho

ds
 in

di
ca

te
d 

in
 th

is
 c

ol
um

n 
ar

e 
st

an
da

rd
 in

 m
os

t l
ab

or
at

or
ie

s.
 T

he
 r

ea
de

r 
is

 r
ef

er
re

d 
to

 th
e 

in
di

vi
du

al
 r

ef
er

en
ce

 f
or

 th
e 

sp
ec

if
ic

 m
et

ho
d 

in
vo

lv
ed

. I
n 

br
ie

f,
 th

e
m

ic
ro

in
je

ct
io

n 
in

vo
lv

es
 i

nj
ec

ti
on

 o
f 

a 
si

ng
le

 c
el

l 
w

it
h 

a 
fl

uo
re

sc
en

t 
dy

e,
 t

he
n 

de
te

rm
in

in
g 

it
s 

m
ig

ra
ti

on
 t

o 
ad

ja
ce

nt
 c

el
ls

 w
it

h 
a 

fl
uo

re
sc

en
ce

 m
ic

ro
sc

op
e.

 M
et

ab
ol

ic
 c

oo
pe

ra
ti

on
 i

n-
vo

lv
es

 e
ith

er
 p

re
la

be
lin

g 
a 

ce
ll 

po
pu

la
tio

n 
w

ith
 a

 r
ad

io
ac

tiv
e 

pr
ec

ur
so

r, 
m

ix
in

g 
it 

w
ith

 a
n 

un
la

be
le

d 
po

pu
la

tio
n,

 a
nd

 d
et

er
m

in
in

g 
tr

an
sf

er
en

ce
 to

 th
e 

un
la

be
le

d 
ce

ll 
po

pu
la

tio
n 

or
, a

lte
r-

na
tiv

el
y,

 in
 c

el
ls

 e
xh

ib
iti

ng
 m

ut
at

io
ns

, m
ak

in
g 

th
em

 r
es

is
ta

nt
 to

 b
as

e 
an

al
og

s.
 I

nh
ib

iti
on

 o
f 

m
et

ab
ol

ic
 c

oo
pe

ra
tio

n 
is

 m
ea

su
re

d 
as

 th
e 

in
cr

ea
se

d 
re

co
ve

ry
 in

 c
oc

ul
tu

re
s 

of
 r

es
is

ta
nt

 a
nd

se
ns

iti
ve

 c
el

ls
 in

 a
 m

ed
iu

m
 c

on
ta

in
in

g 
th

e 
an

al
og

. P
ho

to
bl

ea
ch

in
g 

in
vo

lv
es

 m
ic

ro
in

je
ct

io
n 

dy
e 

co
up

lin
g 

w
ith

 a
 v

er
y 

so
ph

is
tic

at
e d

 in
st

ru
m

en
t, 

as
 n

ot
ed

 in
 th

e 
re

fe
re

nc
e.

In
hi

bi
tio

n
5–

10
γ /

m
L

/2
 d

ay
s

M
et

ab
ol

ic
 c

oo
pe

ra
tio

n
T

ro
sk

o 
et

 a
l.,

 1
98

1

T
C

D
D

 (
2,

3,
7,

8-
te

tr
a-

ch
lo

ro
di

be
nz

o-
p -

di
ox

in
)

(l
iv

er
)

R
at

 h
ep

at
oc

yt
es

—
pr

im
ar

y
In

hi
bi

tio
n

10
–8

–1
0–1

4 M
/2

 d
ay

s
M

ic
ro

in
je

ct
io

n 
dy

e 
co

up
lin

g
B

ak
er

 e
t a

l.,
 1

99
5

T
PA

 (
ep

id
er

m
is

)
B

A
L

B
c/

3T
3 

m
ou

se
 c

el
l l

in
e

In
hi

bi
tio

n
1–

10
 n

g/
m

L
/4

 h
M

ic
ro

in
je

ct
io

n 
dy

e 
co

up
lin

g
Y

am
as

ak
i e

t a
l.,

 1
98

5

T
ri

ch
lo

ro
et

hy
le

ne
 (

liv
er

)
M

ou
se

 h
ep

at
oc

yt
es

—
pr

im
ar

y
In

hi
bi

tio
n

10
–4

–1
0–5

M
/3

 h
M

ic
ro

in
je

ct
io

n 
dy

e 
co

up
lin

g
K

la
un

ig
 e

t a
l.,

 1
98

9

T
ri

ch
lo

ro
et

hy
le

ne
 (

liv
er

)
R

at
 h

ep
at

oc
yt

es
—

pr
im

ar
y

N
on

e
10

–4
–1

0–5
M

/3
 h

M
ic

ro
in

je
ct

io
n 

dy
e 

co
up

lin
g

K
la

un
ig

 e
t a

l.,
 1

98
9



618 Chapter 14

As noted in the table, the time during which the culture is exposed to the agent varies
extensively from 1 hour to 2 weeks. This has suggested several different mechanisms, some of
which must act relatively rapidly while others may exert their effects over more extended peri-
ods, raising the possibility of alterations in gene expression. As noted in Table 14.5, acidic pH
could act as a promoting agent in the SHE cell transformation system. Ruch et al. (1990) demon-
strated that acidic pH actually inhibited GJIC in these cells, thus possibly relating the two ef-
fects. Other studies have implicated phosphorylation of the connexins and their assembly as
alterations being affected by promoting agents in cultured cells (Asamoto et al., 1991; Matesic et
al., 1994). An effect both on connexin phosphorylation and alteration in connexin expression by
TPA in mouse primary keratinocytes has also been noted (Brissette et al., 1991). Epidermal
growth factor effects may involve the signal transduction pathway of this ligand with its receptor
activating intracellular protein kinases (Kanemitsu and Lau, 1993). TPA downregulates E-cad-
herin in mouse keratinocytes (Jansen et al., 1996).

Some have argued that the inhibition of GJIC by promoting agents in vitro is a ubiquitous
characteristic of promoting agents. However, even the incomplete listing of Table 14.8 indicates
that a significant number of exceptions to this putative generalization occur. Still, the importance
of GJIC in intercellular associations, the reversibility of the effects of promoting agents on con-
nexin expression, e.g., Neveu et al. (1990), and the large number of examples where such an
inhibition does occur (Table 14.8) argue that while modulation of GJIC by promoting agents
may not be ubiquitous to all, it probably plays a very significant role in the development and
maintenance of this stage in many instances.

Modulation of the Neoplastic Transformation in Vitro

Several studies (Grisham et al., 1980; Jones et al., 1976; McCormick and Bertram, 1982) have
shown that the initiation of the neoplastic transformation in vitro is likely to be most effective at
or near the interface of the G1 and S phases of the cell cycle. As with the natural history of
neoplastic development in vivo (Chapter 8), the stages of initiation and promotion may be mod-
ulated during carcinogenesis in vitro. As noted in Table 14.9, a variety of materials are effective
in inhibiting transformation itself as well as altering the stages of initiation and promotion where
such stages can be effectively identified. In primary cultures, most investigations have been car-
ried out on the SHE cell system. Agents such as butylated hydroxytoluene and other antioxi-
dants as well as cortisone act in a manner similar to that seen in vivo (Chapter 8). In contrast,
fatty acids such as stearic acid and its derivatives, which have been found to enhance the stage of
promotion in vivo, inhibit transformation of these cells in vitro (Embleton and Noy, 1991). Se-
lenite ions added to mouse mammary gland organ culture were found to have opposite effects
depending on their concentration in the culture (Chatterjee and Banerjee, 1982).

By use of cell lines, particularly the C3H10T1/2, a variety of inhibitors of transformation
have been identified. A very interesting effect is the inhibition of transformation by various pro-
tease inhibitors (Kennedy, 1985) that also alter the effectiveness of modulators of protein kinase
C during the transformation process (Umans and Kennedy, 1992). As noted in the table, several
other agents such as ascorbate, aspirin, and β-carotene, which do inhibit development of the
stage of promotion in vivo (Chapter 8), are also effective in this cell line in inhibiting morpho-
logical transformation. Unlike the effects in SHE cells, cortisone did not alter transformation
induced by ionizing radiation in C3H10T1/2 cells (Kennedy and Weichselbaum, 1981). Arrest
of proliferation of this cell line in isoleucine-free medium with subsequent replacement of this
amino acid and exposure to MNNG causes an enhancement of transformation, probably by ef-
fecting a more efficient rate of initiation because of increased cell cycling on release of the nutri-
tional block (Grisham et al., 1979). Borek et al. (1983) noted the dependence of transformation
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of C3H10T1/2 cells on the presence of triiodothyronine (T3). Complete removal of this hormone
from the medium resulted in virtually complete loss of transformation effectiveness by ionizing
radiation and chemical carcinogens. Addition of T3 back to the cultures restored transformation
effectiveness.

Thus, while there are clear similarities between the modulation of transformation and the
stages of initiation and promotion in vitro and in vivo, there are also significant differences. Un-
til clearer definitions of the stages of initiation and promotion in vitro are obtained and the rela-
tionship of morphological transformation to the neoplastic transformation is understood, it will
be difficult to rectify these differences between the in vivo and in vitro systems.

Progression

Since the principal characteristic of the stage of progression in morphological terms is the ap-
pearance of benign and malignant neoplasms, an analogous stage in cell culture would require
some evidence that such cells are truly neoplastic. Thus, to be in the stage of progression cells in
the process of cell transformation in vitro would have as an absolute characteristic the formation
of neoplasms in vivo.

However, as noted in Chapter 9, the principal cellular and molecular characteristic of the
stage of progression is that of evolving karyotypic instability and accompanying aneuploidy.
Thus, one may reasonably argue that cells in culture undergoing transformation and exhibiting
karyotypic instability are in the stage of progression. At our present state of knowledge this is
probably an oversimplification. There are a number of aneuploid cell lines with relatively stable
karyotypes that do not appear to develop into neoplasms when inoculated into an appropriate
host. This also is not a true test unless one always reinoculates the transformed culture presumed
to be in the stage of progression into the host from which it arose. Since this is not always possi-
ble, the lack of response or takes on reinoculation of “transformed” cells in vivo may be the
result of immune responses in the host, the lack of appropriate circumstances in the host to allow
growth of the inoculated cells, or the production by the cultured cells of a product detrimental to
the host or to which the host responds excessively. The immunobiology of the host–tumor rela-
tionship is discussed later in the text (Chapter 19); there are very few neoplastic cell populations
producing materials toxic to the species from which they arose. On the other hand, it has been
pointed out earlier that the use of a variety of supports such as sponges, plastic films, etc., does
allow the growth of cells in vivo as neoplastic cells when otherwise they would not grow (Boone
et al., 1979; Sanford et al., 1980).

In parallel with the evolution of the stage of progression in vivo, one would expect to find
some degree of karyotypic evolution in cell transformation as well. Table 14.10 gives a collec-
tion of several studies indicating that, both in chemically induced and spontaneous transforma-
tion, a time-dependent pattern of karyotypic changes evolves in the cells. Thus, one could argue
by analogy that such cells are in the stage of progression, exhibiting its primary characteristic,
karyotypic instability. Further evidence for this characteristic of the stage of progression in cell
transformation in culture can be seen from the studies by Tlsty and her associates (1989) demon-
strating that the rate of spontaneous gene amplification in transformed cells is significantly
higher than that seen in nontransformed cells. Even in cell lines, it is possible to demonstrate an
evolution of genomic instability when one compares nontransformed 3T3 mouse cells to those
transformed by chemicals, radiation, or spontaneously (Honma et al., 1994). Mamaeva (1998)
has emphasized the significance of karyotypic evolution in cells in culture, arguing that there are
certain generalities that one may apply to the karyotypes of transformed and permanent cell
lines. These include the nonrandom character of numerical and structural chromosome changes
in cell lines of different histogenesis, the loss of one of the sex chromosomes during prolonged
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cultivation, a similarity of the total chromosome material in all cells of the line despite their
karyotypic heterogeneity, and retention of, as a minimum, disomy in all autosomes in most cell
lines. Several of these characteristics echo the earlier findings of Kraemer et al. (1972) in com-
paring karyotypes of an established neoplastic cell line with those of normal cells (Chapter 9).

It is also possible to identify “progressor” agents in cell transformation. Hojo et al. have
reported that cyclosporine induces many of the characteristics of the stage of tumor progression
in a nontransformed cell line (Hojo et al., 1999). The SV40 T antigen of itself is capable of
driving karyotypic instability, which precedes neoplastic transformation in human diploid fibro-
blasts (Ray et al., 1990). Furthermore, Li et al. (1997) demonstrated that transformation of pri-
mary cultures of Chinese hamster embryo cells by chemicals or spontaneous transformation
resulted in essentially 100% of transformed cells exhibiting aneuploidy. These authors have ar-
gued that in this transformation process aneuploidy is the cause rather than a consequence of the
transformation event itself. Thus, it would appear that, while the initial transformation event as
originally described by Berwald and Sachs (1965) and further delineated by Barrett and his col-
leagues may not involve in all instances karyotypic alterations, events following transformation
almost always lead to a stage in in vitro carcinogenesis that is completely analogous to the stage
of progression in vivo. The alternative is the reversion of the transformed cell to a normal pheno-
type or its loss by apoptosis, which is considered below.

Loss or Modification of Malignant Potential as an Alternative Stage in the 
Natural History of Neoplastic Transformation in Vitro

An interesting finding resulting from studies of the neoplastic transformation in vitro is the phe-
nomenon of the reversion from the transformed to the normal state after the initial exposure of
cells to a carcinogenic agent. Rabinowitz and Sachs (1970) found that the incidence of the rever-
sion from the morphologically transformed state to that of a morphologically normal cellular
appearance and life span in chemical or radiation transformation was exceedingly high, usually
in the range of 81% to 93%, although such reversion occurred in only 5% of polyoma-trans-
formed SHE cells. Many of these reversion variants reacquire characteristics of normal cells,
such as a limited life span in vitro (Rabinowitz and Sachs, 1970). Such a high rate of reversion
did not support the concept that the transformation process was the result of a single gene muta-
tion, but it did not rule out the role of chromosomal changes in the genesis of cell transformation

Table 14.10 Patterns of Karyotypic Evolution in Cell Transformation in Vitro

Cell Type Carcinogen
Early

Change
Other

Changes References

Chinese hamster embryo 
cell line

Spontaneous 3q+ 6–, 10+ Shimizu et al., 1995

Rat tracheal epithelial cells 
(from primary)

MNNG 4+, 7+, 11+ 3– Endo et al., 1990

SHE cells, primary NaHSO3 13– 5q– Popescu and DiPaolo, 
1988

Diethylstilbestrol 11+ 19+  Ozawa et al., 1989
Salivary gland epithelial 

cell lines
Spontaneous 2–, 12– 9–, 13+ Cowell and Wigley, 

1982
WCHE/5 Chinese hamster 

cell line
Spontaneous ? 5+ Cram et al., 1983
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in culture. Such revertants occur even in virus-transformed cells, and the reverted cells still pos-
sess viral information within their DNA. Sachs and associates (Hitotsumachi et al., 1972) dem-
onstrated that most if not all reverted cells exhibit significant karyotypic abnormalities, usually
characterized by some degree of polyploidy. They proposed a model that implies that the bal-
ance of gene dosage for the expression and suppression of the neoplastic transformation is criti-
cal in the formation of revertants. These concepts may be considered a forerunner of our
knowledge of tumor suppressor genes, and later studies by Koi and Barrett (1986) supported this
concept in suggesting that loss of tumor-suppressive function was then involved in the develop-
ment of the stage of progression in SHE cell transformation. In addition, a number of instances
of “transient” reversion of the transformed phenotype have been seen with the application of a
variety of agents to specific cell culture systems. Examples of this include cycloheximide in hu-
man cell transformation (Cho and Rhim, 1979), chemically defined media in C3H/10T1/2 cells
(Tomei and Bertram, 1978), interferon treatment of C3H10T1/2 cells (Brouty-Boyé and Gresser,
1981), and variation in cell density of different cell lines (Brouty-Boyé et al., 1980; Bempong
and Myers, 1985). Reversion of the transformed phenotype in transformed NIH3T3 cell line was
accomplished by the tumor-promoting agent okadaic acid (Sakai et al., 1989). Within 1 week of
removal of the okadaic acid, the morphology of the cells reverted to the malignant phenotype.
Suggesting that signal transduction is involved in some of these transient alterations, several re-
ports have demonstrated the morphological reversion of transformed cells in vitro by the addi-
tion of cyclic AMP or its congenors (Johnson et al., 1971; Krystosek and Puck, 1990).

In addition to the “spontaneous” or transient reversion of cells transformed in culture, in-
duction of such reversions or, in most cases, terminal differentiation has been described for a
number of neoplasms cultured in vitro. Table 14.11 lists several such examples, together with
the various chemicals and culture conditions inducing such reversion or terminal differentiation.
We have already noted the effect of TPA in inducing and inhibiting differentiation of various
cells in culture. The examples given in Table 14.11 extend this to other agents, several of which
are not promoting agents, demonstrating a greater variety of chemicals inducing this effect in
cell culture.

Even more extensively studied examples of the induction of terminal differentiation in
neoplastic cells in culture are those of various leukemic cells, both primary and cell lines ob-
tained from both human and animal sources. In Table 14.12 may be seen the rather extensive list
of chemical agents capable of inducing differentiation in a human myeloid cell line (HL-60) and
in the Friend erythroleukemia cell line from the mouse. The HL-60 cell line has been studied in

Table 14.11 Induced Differentiation in Cultured Neoplastic Cells

Cell Type Agent Reference

Breast cancer cell line, human TPA, mycophenolic acid Bacus et al., 1990
Choriocarcinoma cell line, human Methotrexate Friedman and Skehan, 1979
Colon carcinoma, human N,N-dimethylformamide Dexter et al., 1979

Hexamethylene bisacetamide Schroy et al., 1989
Hodgkin cell line, human Extracellular matrix Hsu et al., 1987
Melanoma cell lines, mouse 3-Acetamidobenzamide Durkacz et al., 1992

human Mycophenolic acid Kiguchi et al., 1990
Osteosarcoma cell line, human 1,25-Dihydroxyvitamin D3 Bonewald et al., 1992
Rhabdomyosarcoma, rat cell line Retinoic acid, dimethylformamide Gerharz et al., 1989
Small cell lung cancer cell lines, 

human
Retinoic acid Doyle et al., 1989
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many laboratories (cf. Hozumi, 1983; Collins, 1987), while the Friend erythroleukemia cell line
from the mouse has also been extensively investigated (cf. Rifkind et al., 1978). The HL-60 cell
line has the interesting variation that cells may differentiate either to macrophages or granulo-
cytes, some agents inducing transformation of the former (e.g., TPA), others the latter or both.
HL-60 cells induced to differentiate to granulocytes apparently died subsequently via apoptosis
(Martin et al., 1990).

It is significant that a number of chemotherapeutic drugs are among those inducing differ-
entiation of leukemic and other neoplastic cell types. These include topoisomerase inhibitors
(Nakaya et al., 1991), actinomycin D, methotrexate, and several base analogs. The potential
importance of such findings with respect to the chemotherapy of cancer are discussed in
Chapter 20.

Mechanistic Studies of Induced Differentiation

Since the changes that accompany induced differentiation of neoplastic cells are quite extensive
(Olsson et al., 1996), a number of findings have suggested a variety of potential mechanisms
involved in the induction of differentiation of cells in culture. Alterations in DNA methylation
have been found during the induced differentiation of Friend erythroleukemia cells (Vizirianakis
and Tsiftsoglou, 1996). Interestingly, the DNA methylation inhibitor, 5-azacytidine, is not a very
effective inducer of differentiation of the Friend erythroleukemia system (Christman, 1984).
Other studies using these cell lines suggest that alterations in membrane structure (Lyman et al.,
1976), protein kinase C activation (Aihara et al., 1991), and alterations in the expression of a
cyclic AMP–dependent protein kinase (Tortora et al., 1991) are indicative of significant effects
in alterations of signal transduction pathways as components of the induced differentiation pro-
cess. A role for heat-shock proteins and their interaction with the signal transduction pathway as
components of the differentiation program has been suggested (Whitesell et al., 1994). Sachs
(1993) and his associates have studied the effects of growth factors and cytokines that are nor-
mally involved in the regulation of erythroid and granulocyte maturation. These workers have
suggested that reversion and induction of differentiation may occur in appropriate cell types

Table 14.12 Induction of Differentiation in Cultured Leukemia Cell Lines

Cultured Neoplastic 
Cell Line Inducers

Terminally Differentiated 
Cell Type

Myeloid leukemia 
(human)

Arginase hexamethylene bisacetamide, 
dimethylsulfoxide, genistein, hypoxan-
thine, actinomycin D,L-ethionine, tunica-
mycin, alkyl lysophospholipids, 1α,25-
dihydroxy vitamin B3, tetradecanoylphor-
bol acetate, retinoic acid, methotrexate, 
topoisomerase inhibitors, N-acetylspermi-
dine, 4-hydroxynonenal

Macrophage or granulocyte

Friend erythroleukemia 
(mouse)

Dimethylsulfoxide, butyrate, 5-azacytidine, 
6-thioguanine, hypoxanthine actinomycin 
D, hexamethylene bisacetamide, pyridine 
N-oxide, dimethylformamide, bromode-
oxyuridine, high-K+ medium, puromycin 
aminonucleoside, N-methyl-nicotinamide, 
L-histindinol

Orthochromatic normoblast
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even in the presence of significant genetic abnormalities such as chromosomal alterations. That
active oxygen radicals may be involved in this process as well is suggested by the report by
Barrera et al. (1991) of the induction of differentiation of HL-60 cells by 4-hydroxynonenal, a
major product of lipid peroxidation. Although all of these various items of information do not
make a clear picture as yet, the establishment of the phenomenon of the induction of differentia-
tion of neoplastic cells in vitro and the several model systems in which mechanisms of this effect
can be studied have opened the way to the potential use of such technologies in the therapy of
human neoplasia (Chapter 20).

GENETIC STUDIES OF THE NEOPLASTIC TRANSFORMATION IN VITRO

Because one of the principal mechanisms involved in the neoplastic transformation is presumed
to be that of specific structural alterations in the cellular genome, cell culture potentially offers a
system in which to study directly genetic alterations causally related to or associated with the
neoplastic transformation. Just as studies on the genetics of cell transformation by oncogenic
viruses allowed the demonstration of temperature-sensitive mutants (Chapter 4), it has also been
possible to isolate such mutants in cells transformable in culture. However, the examples of such
identification have thus far been in cell lines, and it is somewhat difficult to equate such findings
with those involving specific mutations in viral onc genes. Both in a line of epithelial cells de-
rived from rat liver (Yamaguchi and Weinstein, 1975) and in the C3H/10T1/2 cell line (Boreiko
and Heidelberger, 1980), mutants have been isolated that behave like transformed cells at tem-
peratures of 33° to 36°C, whereas at 40°C such alterations are lost. Colburn and associates (Ler-
man et al., 1986) have identified genes, termed pro 1 and pro 2, that specify the sensitivity to the
induction of transformation by TPA in a mouse epidermal cell line called JB6. Homologs of
these genes have also been identified in human neoplasia, but only the pro 1 homolog was able
to confer sensitivity to TPA-induced transformation and transfected into JB6 cells. Related stud-
ies by Bouck and diMayorca (1982) with a mouse cell line have suggested that transformation
by a papovavirus is expressed as a dominant trait, whereas transformation by chemicals is indic-
ative of a recessive trait. Other studies have partially characterized or postulated genes associ-
ated with neoplastic transformation in vitro in a human squamous cell carcinoma cell line (Li et
al., 1995) and SHE cell transformation respectively (Preston et al., 1994). Of recent interest is
the report by Hahn et al. (1999) of the induced transformation of normal human epithelial and
fibroblast cells in primary culture by the transfection with retroviral vectors of three different
genes, telomerase (Chapter 15), the SV40 large T antigen, and an oncogenic allele of the H-ras
proto-oncogene. These authors suggested that the ectopic expression of these three genes re-
sulted in the direct conversion of normal to neoplastic cells in vitro. These latter studies are some
of the few that have been carried out on the genetics of the neoplastic transformation in primary
cell cultures.

Somatic Cell Hybridization as a Tool to Study Mechanisms of the Neoplastic 
Transformation in Vitro

With the discovery of the phenomenon of somatic cell hybridization or cell fusion, the potential
for genetic studies on somatic cells, especially neoplastic cells, was realized, at least theoreti-
cally. In this process (shown diagrammatically in Figure 14.8), two cells from the same or differ-
ent species are fused, usually in the presence of inactivated Sendai virus, certain lipids,
polyethylene glycol, or electrofusion (Široký and Cervenka, 1990) , resulting in the formation of
a single cell with two nuclei. This is termed a heterokaryon when cells of two different types or
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species are fused. If cells of the same type are fused, the product is termed a homokaryon. The
binucleate hetero- or homokaryon contains all of the genetic apparatus from each of the two
original cells. After DNA synthesis, mitosis occurs with a mixing of the chromosomes from
each of the two nuclei and subsequent formation of a single nucleus containing most or all of the
chromosomes from the two donor cells. As the hetero- or homokaryon continues to undergo
successive cell divisions, generally chromosomes of one or the other of the donor cell nuclei are
lost until a relatively stable karyotype is obtained, usually consisting of virtually all of the
chromosomes of one donor cell and one or only a few chromosomes from the other. By suitable
chromosome identification one can determine the origin of each of the chromosomes of the
heterokaryon.

Ephrussi (1965) and Harris (1972) and their associates were among the first to utilize this
technique in an attempt to determine whether or not the inheritance of the malignant state in
such heterokaryons acted as a dominant or recessive trait. In some of their studies on the fusion
between malignant and nonmalignant cells, malignancy behaved like a recessive character, al-
though fusion of a variety of malignant cells failed to demonstrate any complementation of the
supposed genetic trait, since all such resulting heterokaryons were malignant (Wiener et al.,
1974). When fusion of normal cells with virally transformed cells occurred, the resulting heter-
okaryon was neoplastic if it possessed integrated viral information within its genome (Croce et
al., 1975). While a number of other studies demonstrated that hybrids produced within the same
or different species sometimes were neoplastic, the careful studies of Stanbridge and associates
reproduced the earlier investigations of Ephrussi and Harris studying the fusion of normal and
neoplastic cells of the same or different tissues (cf. Stanbridge, 1984). The suppression of tum-
origenicity occurred even in hybrids in which the neoplastic cell possessed activated oncogenes
(Geiser et al., 1986). In some instances, the suppression of malignancy in the hybrid involves the
production of gene products involved in terminal differentiation (Harris and Bramwell, 1987). In

Figure 14.8 Outline of the fusion of somatic cells in the laboratory. The chromosomes of each of the
two cells arising from two different species are denoted by + and λ. After fusion of the cells and subsequent
mitosis, the heterokaryon is seen to contain the chromosomes of both cells, but subsequent replication re-
sults in stable clones with a reduced number of chromosomes.
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an extension of these investigations, Howell and Sager (1978), using techniques of mass fusion
of whole cells with enucleated cytoplasm to form “cybrids,” have shown that the suppression of
tumor-forming ability may be cytoplasmically transmitted in specific cybrids. This finding was
further supported by the studies of Israel and Schaeffer (1988), using normal and transformed
cells derived from an original single clone.

Harris and his associates (Jonasson et al., 1977) also showed that if a normal–malignant
hybrid lost many of its chromosomes, the neoplastic state would reappear; this indicates that the
normal cells may contain specific suppressors of malignancy. Sachs and associates (Hitotsuma-
chi et al., 1972) have suggested similar mechanisms, even relating the suppressor function to
specific chromosomes within hamster cells (see above). More recently Sasabe and Inana (1991)
have demonstrated that the suppression of malignancy in hybrids between a retinoblastoma cell
line and a “nontransformed” NIH 3T3 resulted in cells of a nontransformed phenotype. These
authors suggested that the normal retinoblastoma gene from the nontransformed cells was re-
sponsible for this change.

In general, these findings using homo- and heterokaryons of normal and neoplastic cells
are compatible with the presence of tumor suppressor genes in situations where the transformed
or malignant phenotype is suppressed in the heterokaryon. On the other hand, cell fusion of nor-
mal and neoplastic cells has found an interesting application in the production of monoclonal
(uniquely specific) antibodies directed toward specific antigens (see Chapter 19). This tech-
nique, pioneered by Kohler and Milstein (1976), involves the fusion of normal antibody-produc-
ing cells obtained from the spleen or lymph nodes of animals immunized against certain
antigens with malignant myeloma cells (cf. Westerwoudt, 1985). Specific clones of cells result-
ing from the fusion can be isolated and their antibody production determined. After cloning and
isolation, the resulting homokaryon (termed a hybridoma) can be grown in appropriate animals
or in cell culture for the production of specific monoclonal antibodies. This technique, a by-
product of attempts to determine whether neoplasia is a dominant or recessive trait by the
method of cell fusion, has revolutionized our ability to produce large amounts of monospecific
antibodies for research and clinical use.

CELL CULTURE AS A TOOL IN OUR UNDERSTANDING OF 
CARCINOGENESIS AND CANCER

The transformation of cells in culture to the neoplastic state, both spontaneously and induced by
chemical, physical, and biological agents, exhibits many similarities to carcinogenesis in vivo.
In this chapter an effort has been made to emphasize the more important examples of close anal-
ogies between the carcinogenic process in vitro and in vivo. It is through a more careful study of
the mechanisms of such analogies that a better understanding of the process of carcinogenesis
may be forthcoming. On the other hand, an understanding of the mechanisms of the differences
between the carcinogenic process in vivo and that in vitro may be equally rewarding.
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15
The Cellular and Molecular Biology of 
Neoplasia in Vivo

The discoveries of chemical, physical, and biological carcinogenic agents and their actions have
been among the most exciting and significant in our understanding of the causation of cancer
and of many aspects of its prevention, but nothing has intrigued the biological scientist more
than the molecular differences between cancer cells and normal cells. The first hint of this inter-
est by biochemists in the cancer problem was shown during the first two decades of this century
when the structures of nucleotides and sugar phosphates were just becoming known to biochem-
ical scientists. In a review, Potter (1982) detailed much of the historical development of bio-
chemical investigations into the cancer problem through 1975 (Table 15.1). Just as with the
initial morphological and biological studies of the neoplastic process (see Chapter 1), the devel-
opment of biochemistry and, more recently, cell and molecular biology has given rise to a series
of hypotheses on the biochemical nature of neoplasia as well as the molecular mechanisms that
result in the conversion of a normal cell to a neoplastic cell. This chapter considers, first, the
historical development and bases for some of the better known theories of the biochemical na-
ture and genesis of neoplasia in vivo. The evolution of such concepts into our more modern-day
understanding of molecular lesions in neoplastic cells is then discussed.

BIOCHEMICAL THEORIES OF CARCINOGENESIS AND CANCER

Although some understanding of biochemical reactions occurring in living systems such as fer-
mentation were known during the latter half of the nineteenth century, quantitative studies on
such reactions were pioneered by the German chemist Otto Warburg. Warburg was recognized
internationally for his investigations in photosynthesis; in addition, he made a very significant
initial contribution to our understanding of biochemical reactions occurring in neoplastic cells.

Glycolysis of Cancer Cells: The Warburg Theory

During the 1920s, the predominant investigations of the biochemistry of cancer centered around
the monumental studies of Otto Warburg. He observed that, in the absence of oxygen, tumor
slices utilized glucose and produced lactic acid. Warburg termed this process anaerobic glycoly-
sis. Generally, slices of cancer tissue were found to produce more lactic acid than did normal
tissue slices. In addition, he observed that both normal and neoplastic tissue slices produced less
lactic acid in the presence of oxygen (aerobic glycolysis) than in the presence of nitrogen. He
called this latter phenomenon the Pasteur effect in reference to Pasteur’s earlier observation that
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Table 15.1 Historical Perspectives in Cancer Biochemistry

Period Cancer Biochemistry General Biochemistry

1913–23 Enzyme differences 1918, 3′RNtidesa from RNA
1918, Fructose 6-P
1922, Glucose 6-P

aRibonucleotides.
After Potter, 1982, with permission of the author and publisher.

1923–33 Aerobic glycolysis—respiratory
defect (Warburg theory)

1924, Slice technique
1929, ATP
1930, Deoxyribose
1933, Glycolytic scheme

1933–43 Warburg theory 1934–1935, TPN, DPN (NADP, NAD)
1936, Homogenate technique
1937, Citric cycle
1939, Oxidative phosphorylation

1943–53 Convergence theory (Greenstein)
Protein deletion theory (Miller and 

Miller)

1950, Alternative metabolic pathways
1951, 5′RNtides from RNA
1952, Pentose cycle
1952, Active transport across membranes

1953–63 Catabolic deletion theory (Potter)
Morris hepatoma lines (Morris)
Minimal deviation concept (Potter)

1953, DNA structure
1954, 5′RNtides in acid-soluble fraction
1956, Feedback
1957, Repression
1958, Cyclic AMP
1960, Cell hybridization
1961, Genetic code

1963–68 Altered feedback theory (does not im-
ply presence or absence of somatic 
mutation) (Monod and Jacob; Pitot 
and Heidelberger; Potter)

Molecular correlation concept 
(Weber)

Altered mRNA template stability 
(Pitot)

Metabolic activation of chemical car-
cinogens (Miller and Miller)

Tumor promoters as reversible gene 
derepressors (Boutwell)

1964, Selection of cell hybrids
1964, Hormonal modulation of enzyme activity 

and synthesis in cell cultures
1967, Cell-free mRNA-directed enzyme synthesis
1967, Hormonal modulation of developmental en-

zyme formation

1968–75 Reconciling assumption: provirus as 
gene (Temin)

Unbalanced retrodifferentiation 
(Uriel)

Dysdifferentiation (Sugimura)
Unbalanced blocked ontogeny 

(Potter)
Altered gene expression (Weinhouse)
Pleiotypic response (Tomkins)
Pleiotropic controls (Weber)

1969, Regulated termination of gene transcription
1970, Reverse transcriptase
1971, Restriction endonucleases for specific 

sequences in DNA
1972, complementary DNA using reverse tran-

scriptase on purified globin mRNA
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yeast ceased fermentation when exposed to oxygen. In 1930, Warburg published his book on the
metabolism of tumors, in which he demonstrated that in a wide variety of benign and malignant
neoplasms investigated, tumors of both humans and lower animals exhibited a significant if not a
very high rate of glycolysis (Warburg, 1930). Warburg’s theory (based on his studies up to that
time and reiterated in 1956) stated that cancer cells originate from normal cells as a result of an
irreversible injury to their respiration, this injury to the normal cell being compensated for in the
cancer cell by increased fermentation (glycolysis). Until 40 years ago, there were few if any
exceptions to this generalization, although many normal tissues exhibited equally high and in
some instances even higher rates of glycolysis than the vast majority of tumors studied; exam-
ples are embryonic tissue, the retina, and the renal papilla. In view of these findings, two ques-
tions arose that were never answered satisfactorily by proponents of the Warburg hypothesis.
The first is the primary association of glycolysis with the growth rate of tumors rather than with
the neoplastic transformation itself. A number of studies carried out in many laboratories dem-
onstrated a reasonable degree of correlation of glycolytic rate with growth rate of tumors in
many systems. Thus, glycolysis may be a secondary event as a result of the loss of control of
cellular replication in most neoplasms. The second question concerns the validity of many com-
parisons of neoplastic tissues with their cells of origin. This problem recalls our original defini-
tion of relative autonomy, which was relative to the tissue from which the neoplasm arose.
Normal tissues differ dramatically in their biochemistry as well as their cell and molecular biol-
ogy, and neoplasms are found to do the same. This fact was not completely evident during the
time of Warburg but now becomes a major factor in determining the significance of changes in
neoplastic cells in relation to their normal counterparts.

Weinhouse (1976), in reviewing the Warburg theory on its fiftieth anniversary, summa-
rized the experimental evidence pertaining to Warburg’s hypothesis (Table 15.2). It was apparent
that tumors do exhibit the Pasteur effect, although quantitatively not as efficiently as normal tis-
sues. Weinhouse concluded, “There is no evidence either from Warburg’s own observations or
from those of his contemporaries that respiration in cancer is either quantitatively lower or fails
to lower glycolysis.” Warburg, and later Greenstein (see below), attempted to generalize their
findings to include all neoplasms. Today it is clear that comparisons of normal liver with highly
differentiated hepatocellular carcinomas reveal little if any difference in the glycolytic capacities
of the two tissues, although, as these neoplasms continue to be transplanted, they tend to in-

Table 15.2 Condensed Tumor Metabolism Data of Warburg, Burk, and Othersa

aValues are given in the Q notation, as µliters of gas absorbed or evolved/h/mg dry wt, with ranges given
underneath in parentheses. The Q notation can be converted to µmol/min/g by multiplying the Q value by
0.15 on the assumption that 1 g fresh tissue is equivalent to 200 mg dry tissue.

After Weinhouse, 1976, with permission of the author and publisher.

Tissue QO2 Q A
Pasteur 
Effect

14 normal tissues of various 
animals

9.3
(3–21)

7.2
(2–19)

2.1
(0–10)

5.1
(1–16.5)

15 types of neoplasms of vari-
ous animals

11.8
(5.3–19.8)

25.6
(14.0–34.8)

14.0
(4.7–24.6)

11.6
(6.3–17.8)

13 human neoplasms studied 
by Warburg

5.3
(2–6)

20.5
(13–29)

13.3
(5–19)

7.2
(3–11)

11 Flexner-Jobling carcinomas 
studied by Warburg

8.0
(3.5–13)

32.1
(27–37)

24.6
(19–28)

7.0
(3–9)

N2
CO2

O2
CO2
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crease their glycolytic activity. Investigations in the 1950s actually demonstrated the existence
of primary hepatomas with little or no increased glycolytic rate compared with that of normal
liver (cf. Greenstein, 1954). Malignant lymphoblasts glycolyze at essentially the same rate as
their normal counterparts, and it is likely that malignant teratomas do not exhibit a degree of
glycolysis in excess of that found in embryonic tissues. Thus, in support of Warburg’s original
hypothesis, most neoplasms do have relatively high rates of glycolysis, but, just as we saw nor-
mal karyotypes in early neoplasia, normal glycolytic rates do exist in many neoplasms, espe-
cially those that grow slowly and are well differentiated. Increased glycolysis may, therefore, be
a characteristic of the stage of tumor progression, similar to the occurrence of many karyotypic
changes in neoplasms.

Convergence Hypothesis of Greenstein

Some 45 years ago, the late Jesse Greenstein, author of Biochemistry of Cancer (1954) (the next
major text after Warburg’s work on the biochemical characterization of neoplasia), proposed that
the biochemical constitution of neoplasms tended to converge to a relatively common enzymatic
pattern. Several authors, including V. R. Potter (1964) of the McArdle Laboratory, pointed out
that the Greenstein hypothesis had not challenged that of Warburg but actually extended it. War-
burg’s ideas of convergence were limited to the area of glycolysis and respiration, whereas those
of Greenstein were extended to a number of enzymatic functions in the cell that could be ana-
lyzed in the 1940s. Greenstein understood and realized the importance of using valid tissue com-
parisons: he was among the first biochemists studying cancer to realize the importance of
comparing liver with hepatomas, since they are relatively homogeneous cellular populations. In
stating the hypothesis of convergence, Greenstein (1956) recognized the existence of exceptions
to his theory, although perhaps not their importance for an understanding of the cancer problem
in general. Since the enunciation of the convergence hypothesis, a number of exceptions have
been reported on comparison of relatively highly differentiated neoplasms with their appropriate
cells of origin (Morris, 1965; Mekhail-Ishak et al., 1989). However, like the Warburg hypothesis,
the convergence hypothesis can be reconciled with our better understanding of the development
of the stage of progression.

Deletion Hypothesis

Unlike the two hypotheses mentioned above, the deletion hypothesis, first advanced by the Mill-
ers (1947) more than 35 years ago, was not based on studies with many different neoplasms, but
rather evolved from investigations on the production of hepatic cancer by the feeding of ami-
noazo dyes to experimental animals. The basic experimental observation was that the dye be-
came bound in a covalent fashion to proteins of the liver of the dye-fed animal, whereas little or
no dye binding occurred in the protein of the neoplasms ultimately produced (cf. Chapter 3).
The Millers thus postulated that carcinogenesis resulted from “a permanent alteration or loss of
protein essential for the control of growth . . . .” The reader should note that at this time the
structure of DNA was not known and the concept of the gene was rather nebulous. Later studies
by Sorof et al. (1958) and others indicated that the proteins to which the dyes were bound in
greatest amounts constituted an electrophoretically slow-moving class termed the h2 proteins.
These proteins were found to be missing from the neoplasms that were produced by dye feeding.
However, investigations with highly differentiated neoplasms have shown the presence of the h2

protein(s), although little or no dye binding occurred in the h2 fraction (Sorof et al., 1966).
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It is now clear that, for the covalent linkage between amine carcinogens and liver macro-
molecules to occur, aromatic amine carcinogens must be “activated” by N-hydroxylation and
subsequent esterification, as described in Chapter 3. Lotlikar (1970) did demonstrate the
capability for N-hydroxylation (Chapter 3) in several of the highly differentiated hepatomas.
Thus, the absence of a portal blood supply and the generally lowered rate of blood perfusion
through these neoplasms, as shown by Gullino and Grantham (1961), coupled with the low drug
metabolism, may explain the lack of covalent interaction between the carcinogen and soluble
proteins of the neoplasm. Elizabeth Miller (1951) and Heidelberger (1970) showed that a com-
pletely analogous situation took place during skin carcinogenesis by hydrocarbons. A protein
isolated from mouse skin binds hydrocarbons in a direct relationship to their carcinogenic activ-
ity for the skin. Electrophoretically, this protein had many of the characteristics of the h2 proteins
of liver.

About 10 years after the original proposal of the deletion hypothesis, Potter (1958) sug-
gested that the proteins deleted during carcinogenesis may be identical to or associated with en-
zymes involved in catabolic reactions, a view compatible with the Greenstein hypothesis as well
as with some of the biological aspects of neoplasia; for example, rapid growth. Furthermore,
several experimental hepatomas demonstrated a complete lack of many catabolic reactions char-
acteristic of liver, in support of the concept of “catabolic deletion.” However, not long after the
initial proposal of the catabolic deletion hypothesis, a series of hepatocellular carcinomas rang-
ing from poorly differentiated to highly differentiated were produced in the laboratory of Harold
Morris (Morris and Wagner, 1968), and their chemical characteristics were studied by numerous
investigators. These studies demonstrated that the highly differentiated hepatocellular carcino-
mas exhibited virtually all of the normal hepatic enzymatic functions investigated and, in several
instances, lacked any abnormal glycolytic capacity, while the enzyme pattern of the poorly dif-
ferentiated neoplasms was characteristic of the concept of “catabolic deletion.”

The discovery of the Morris hepatomas and the investigation of their biochemical charac-
teristics greatly altered the biochemical concepts of neoplasia that had developed up until 1961.
Studies with these neoplasms demonstrated that simple qualitative measurements of enzymes
and proteins of neoplasms were not sufficient to characterize the critical difference(s) between a
normal and a neoplastic cell.

Minimal Deviation Concept

As a result of investigations with the first of the transplantable Morris hepatomas (no. 5123),
Potter (1961) proposed the concept of the “minimal deviation” neoplasm, at the opposite end of
the spectrum from those neoplasms conforming to the original Greenstein convergence hypo-
thesis. Potter’s concept was that some neoplasms were probably very closely related to or
virtually identical with the initiated cell. An experimental program was proposed to examine a
variety of transplantable hepatomas either to discover an essential alteration found in all
examples or to disprove a generalization by finding exceptions. The phenotype of the highly
differentiated hepatomas deviated only slightly from normal with respect to their growth charac-
teristics and exhibited relatively few abnormalities except those necessary for the expression of
neoplasia. As these cells progressed, their deviation from the cell(s) of origin increased to
produce a moderately or maximally deviated neoplasm. The term minimal deviation hepatoma
appeared to apply to a number of the Morris transplantable neoplasms. Although there has been
some discussion of this concept in the literature, its correlation with both morphology and kary-
otype appears to follow the distinction between neoplasms as to their degree of differentiation.
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Molecular Correlation Concept

Shortly after the demonstration of the existence of a spectrum of transplantable hepatomas, We-
ber and associates (Weber, 1983) embarked on an extensive biochemical analysis of the enzy-
matic patterns of these neoplasms. These workers attempted to assemble the data into a
modification of the idea of catabolic deletion, but in direct relation to cell replication and the
growth rate of the neoplasm. Thus, by the molecular correlation concept, certain enzymatic ab-
normalities seen in a class of neoplasms compared with their cells of origin may be closely cor-
related with the growth rate of the neoplasm. Other functions, usually those more closely
associated with the degree of differentiation of the organ, show little or no relation to the growth
rate of the neoplasm. Weber’s investigations were extended to include several different types of
experimental neoplasms, numerous enzymatic functions, and specific metabolic pathways
(Weber, 1983).

Biochemical Theories of Neoplasia Revisited

Although the four theories described above are not considered in most modern-day investiga-
tions of the cell and molecular biology of neoplasia, their influence on our basic knowledge of
the biochemistry of neoplastic cells was very significant. Today, in retrospect, one may view the
theories as related to studies of neoplastic cells in the stage of progression. Even those highly
differentiated hepatocellular carcinomas forming the basis of the minimal deviation concept of
Potter were almost all in the stage of progression as defined by karyotypic alterations (Nowell
et al., 1967; Wolman et al., 1973). Thus, it is reasonable to suggest that the Warburg, Greenstein,
and Weber concepts all involve studies of neoplasms in the stage of progression, while the dele-
tion hypothesis may be more closely related to the stage of initiation, since the original theory,
although ahead of its time, basically argued for the presence of a specific gene mutation as the
seminal event in the conversion of a normal to a neoplastic cell. From all of these studies com-
bined, however, it is reasonable to argue that there is as yet no evidence for a cellular pattern of
metabolism specific to the neoplastic state, but there is evidence that in the natural history of
neoplasia, there is a progression of neoplastic cells through morphological, karyotypic, and
metabolic changes.

The reader should be aware that a number of other theories of carcinogenesis and of the
neoplastic transformation have been proposed during the past half century. Several of these have
been considered in earlier chapters, but it is not possible nor is it the function of this text to
review all of the proposed theories of carcinogenesis. Rather, the rest of this chapter emphasizes
several specific biochemical, cell, and molecular biological changes in preneoplastic and neo-
plastic cells, making appropriate comparisons wherever possible.

GENE EXPRESSION AND ITS REGULATION IN PRENEOPLASIA 
AND NEOPLASIA

Studies of the biochemistry of neoplasia during the first half of this century centered on qualita-
tive and quantitative differences in enzyme levels reflecting gene expression. Approaches to an
understanding of the most critical characteristic of neoplasia, that of relative autonomy, had to
await methods for the investigation in the regulation of genetic expression in eukaryotic cells.
Early investigations were concerned with changes in enzyme activities and, later, actual rates of
enzyme synthesis and mRNA expression in neoplasms as compared with their appropriate tissue
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of origin in response to specific environmental agents including hormones, drugs, dietary fac-
tors, and other environmental changes.

The Regulatory Cybernetics of Preneoplasia and Neoplasia

Although the term cybernetics refers to the theoretical aspects of control processes in various
systems, it is used here in a more general reference to the control of the variety of processes
necessary for the viability of a cell. It is the regulation of these control processes, the regulation
of genetic expression, whose alteration is likely the key to our ultimate understanding of the
molecular nature of the neoplastic transformation. Here, a number of examples of the alteration
of the regulation of genetic expression in neoplastic cells are considered; where possible, this
discussion is extended to the cell and molecular mechanisms of such alteration, the basis of the
relative autonomy of neoplasia (Chapter 2).

Preneoplasia

Compared with studies on neoplastic tissues, relatively few investigations have attempted to in-
vestigate the regulation of gene expression in preneoplastic tissues. In epidermal papillomas of
mouse skin, overexpression of some genes occurs, including 12-lipoxygenase (Krieg et al.,
1995), metallothionein (Hashiba et al., 1989), and mRNAs for which a function has not been
defined (Krieg et al., 1993). In other instances, regulation of gene expression is abnormal or
absent, such as with K14, a keratin protein (Roop et al., 1988), and enzymes of xenobiotic me-
tabolism (Reiners et al., 1998).

Earlier studies by Kitagawa (1971) noted that partial hepatectomy did induce mitotic activ-
ity in preneoplastic nodules and hyperplasia of liver but less so in hepatomas in the rat. Studies
of gene expression in altered hepatic foci have shown numerous differences in gene expression
(Pitot, 1990) as well as altered responses to environmental agents compared with normal hepato-
cytes (Olsson et al., 1995). Removal of the inducing agent or promoting agent may cause not
only a loss of cells through apoptosis, but also a reversal of the altered gene expression prior to
cell death (Neveu et al., 1990; Li and Rozman, 1995). This latter point is indicative of the tran-
sient nature of cells in the stage of promotion as well as their altered gene expression.

Neoplasia

Studies on the cybernetics or regulation of gene expression in hepatocellular carcinoma cells in
the stage of progression were initiated some four decades ago in studies on the hormonal and
substrate regulation of several different enzymes of amino acid metabolism (Pitot, 1959; Pitot et
al., 1961). Some of these earlier studies had been reviewed previously (cf. Goldfarb and Pitot,
1976; Sabine, 1975), but no generalization could be made. Table 15.3 gives examples of some of
these earlier studies, which indicate both a normal response as well as an absence of response of
gene expression to the administration of specific agents and under certain physiological condi-
tions. While no specific regulatory mechanism is defective in all neoplastic cells when compared
with these effects in their normal counterparts, even in most instances where an effect is noted in
the neoplasm, this can be distinguished by differential sensitivity or other factors from that seen
in the normal circumstance. An abnormality in control mechanisms that was thought to be char-
acteristic of all hepatomas was that of the loss of the repressive control of cholesterol synthesis
(Brown et al., 1973). However, in cell culture and in “preneoplastic” livers, the feedback both by
dietary cholesterol in vivo and addition of the agent to cell culture resulted in some degree of
repression of cholesterol biosynthesis (Sabine, 1976; Depass and Morris, 1982). The effect,
which centers around the regulation of the synthesis of the key enzyme, hydroxymethylglutaryl-
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coenzyme A (HMG-CoA) reductase, a microsomal enzyme, has been described in both experi-
mental and human neoplasms of the liver as well as leukemic cells. In view of the fact that
hepatoma cells growing in vitro do exhibit cholesterol feedback of the expression of HMG-CoA
reductase (Beirne and Watson, 1976), the original generalization developed in vivo was ques-
tioned as to its significance on the basis of the availability of the regulatory molecule(s) to the
neoplastic cells because of differences in cholesterol accumulation and transport to the neoplasm
itself (Harry et al., 1971). As with a number of other circumstances where enzyme regulation
appears to be abnormal, the lack of effect of cholesterol on HMG-CoA reductase expression does
not appear to be a result of structural alterations in the enzyme itself (e.g., Beirne et al., 1977).

In contrast to the attempted generalization of loss of cholesterol feedback in hepatomas,
xenobiotic metabolism in such lesions is for the most part qualitatively not defective when neo-
plasms are compared with controlled tissues. Again, studies on the structure of the enzymes in-
volved did not reveal significant differences (Ohmachi et al., 1985). The expression of several
enzymes of amino acid metabolism in response to substrate and hormonal factors is abnormal
(Tryfiates et al., 1974), while in other circumstances neoplasms appear to respond to the more
general stimulus of dietary protein influx like normal tissues in liver (Brebnor et al., 1981).
However, as noted in the table, the lack of response of hepatomas to the hydrocortisone induc-
tion of tyrosine aminotransferase seen in vivo in pyridoxine (B6) deficiency is likely a result of
the inability of the neoplasm to synthesize sufficient active forms of the vitamin in vivo (Tha-
nassi et al., 1981). This is of note since the regulation of this specific gene has been extensively
studied both in normal and neoplastic tissue in vivo and in vitro for a number of years as a model
of the regulation of enzyme synthesis (Sorimachi et al., 1981; Thompson et al., 1966). Thyroid
hormone is also capable of inducing mitochondrial α-glycerophosphate dehydrogenase in well-
differentiated but not poorly differentiated hepatomas (Hunt et al., 1970). This finding, perhaps
unexpected, indicates that as the stage of progression continues, regulation of specific genes will
likely be further altered or lost altogether.

Thus, from these earlier studies it is not possible to draw any qualitative conclusions with
respect to specific gene up- or downregulation. However, if one investigates quantitative differ-
ences in gene expression in different neoplasms, an interesting phenomenon occurs, at least in
rat liver. This finding is seen in Figure 15.1, in which the activities of four different enzymes and
the glycogen content of rat liver and of nine highly and well-differentiated hepatocellular carci-
nomas exhibiting chromosome numbers as shown is demonstrated. In each box there are three
distinct points related to activities and content on a 12%, 30%, and 60% protein diet. The dark
areas indicate the enzyme activity. While there are relatively few qualitative differences in nor-
mal and neoplastic tissue, the striking characteristic is that the set of data for each neoplasm is
unique to that neoplasm and also distinguishes it from normal liver. Other studies have also indi-
cated the heterogeneity of phenotypes of each neoplasm studied (Mehle et al., 1993; cf. Arvan,
1992). While this finding may be interpreted in many ways, one scenario is that the alterations
reflect the beginning of karyotypic instability, which is the basic alteration in the stage of pro-
gression (Chapter 9). Interestingly, some degree of this has also been seen in preneoplastic le-
sions in the liver (see below).

This phenotypic heterogeneity of the regulation of gene expression in neoplasms, mostly
hepatic in origin, is the complete opposite of the Warburg and Greenstein concepts of the bio-
chemistry of neoplasia as described earlier in this chapter. The establishment of the Morris series
of transplanted hepatocellular carcinomas as a major model system for the study of the biochem-
istry of neoplasia served to accelerate the search for critical biochemical differences between
normal and neoplastic cells. Well-differentiated and, to a lesser extent, even poorly differentiated
hepatic neoplasms (cf. Potter and Watanabe, 1968) exhibit phenotypic heterogeneity of altered
regulation of genetic expression. Such diverse populations of neoplasms as mouse hepatomas
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(Reynolds et al., 1971), myelomas (M. Potter, 1972), rat mammary adenocarcinomas (Hilf et al.,
1970), human endometrial cancers (Siracky, 1979), human renal cell carcinomas (Mehle et al.,
1993), and many others (Dexter and Calabresi, 1982) exhibit metabolic, genomic, and regulatory
heterogeneity. The phenotypic heterogeneity shown in Figure 15.1 indicates the variation in
quantitative enzyme levels under three different environmental conditions (dietary protein con-
tents) in normal liver and in nine different, well-differentiated hepatocellular carcinomas. As the
reader can appreciate, no vertical set of five boxes is identical with any other. On the other hand,
there is no single enzyme abnormality or regulatory abnormality common to all neoplasms stud-
ied. Further investigations of the Morris tumors as well as other well-differentiated hepatic neo-
plasms have not uncovered any duplicate phenotypes. Unfortunately, with the possible exception
of the regulation of cell replication or DNA synthesis, which may be considered to be abnormal
in all neoplasms as the operational part of our definition (Chapter 2), no single regulatory mecha-
nism has thus far been found to be abnormal in all neoplasms investigated. Thus, the search for a
specific biochemical abnormality present in all neoplasms and directly related to the neoplastic
transformation has not borne fruit, but all neoplasms exhibit one or more abnormalities in the reg-
ulation of genetic expression as might be expected from the definition of neoplasia (Chapter 2).

A somewhat analogous situation to the findings in Figure 15.1 may be implied by data on
the phenotypic heterogeneity of preneoplastic enzyme-altered foci developing during the stage
of promotion in rat hepatocarcinogenesis (Buchmann et al., 1992; Hendrich et al., 1987). While
these data of phenotypic heterogeneity of preneoplastic lesions are not quantitative, the data are
certainly compatible with the concept that preneoplastic cells and neoplastic cells during the
early stages of progression show a degree of heterogeneity of gene expression that suggests that
no single qualitative chemical defect common to all neoplasms will ever be discovered. How-
ever, such data do indicate that an understanding of the mechanism of this variability may be one
key that helps to unlock the door to our understanding of the entire process of the neoplastic
transformation.

Mechanisms of Regulatory Cybernetics and Its Abnormalities in 
Preneoplasia and Neoplasia

Although the listing in Table 15.3 and the data in Figure 15.1 describe a number of alterations in
the regulation of metabolism or gene expression in several different neoplasms in rodents, the
data do not give insight into the mechanisms involved in these alterations. This omission is not
due to a lack of effort but rather to the paucity of information on such mechanisms at the time of
these studies. Within the last two decades, considerable advances have been made in our under-
standing of the mechanisms of the regulation of genetic expression in mammalian systems. In
this section, several major areas of these mechanisms and examples of their abnormalities both
in preneoplasia and in neoplasia are considered.

Signal Transduction

The role of signal transduction as a means whereby environmental stimuli alter gene expression
and cellular metabolism is now well established, as already discussed in previous chapters
(Chapter 7 and 9). A reiteration of this material is not necessary or appropriate here, but some
examples may clarify the subjects of this chapter.

Preneoplasia

As noted in Chapter 7, the principal if not sole function of promoting agents is the activation of
signal transduction pathways mediated by specific receptors or indirectly through closely related
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pathways. The mechanisms of these effects involve reversible reactions between the promoting
agent (ligand) and the receptor. Thus, the phenotype of cells in the stage of promotion (preneo-
plastic cells) is a function of the enhanced gene expression resulting from the induced signal
transduction in the constant presence of the promoting agent. This is also true for the induction
of reactive oxygen radicals, mostly indirectly, by promoting agents which cause oxidoreduction
of glutathione, protein thiols (Dalton et al., 1999), and induced valence changes in heavy metals,
especially iron (cf. Cimino et al., 1997; Chapter 3).

Although considerable effort has been directed toward an understanding of the mecha-
nisms of action of promoting agents as signal transducers, the expression of genes involved in
signal transduction pathways in preneoplastic lesions has not been a frequent topic of study.
Table 15.4 shows a short list of alterations in growth factors and their receptors in preneoplastic
lesions in several tissues induced by several different carcinogenic regimens. In mouse epider-
mis, there generally appears to be an increase in the expression of two different growth factors as
well as their receptors. This in itself may lead to an enhancement of growth of such cells by an
internal metabolic loop termed autocrine secretion in which the cell produces both a growth fac-
tor and the receptor mediating its signal transduction pathway (Chapter 16). In the mouse the
more common basophilic preneoplastic foci exhibit little if any expression of transforming
growth factor α, whereas the acidophilic foci almost all express this gene. In the rat, transforming
growth factor α is rarely expressed in preneoplastic foci (Pitot et al., 1996). The more advanced
lesion of nodular hyperplasia seen in the human liver in at least one study shows a majority of
lesions expressing this growth factor. In contrast, in mouse liver foci, transforming growth factor
β showed a significant decrease in all foci investigated (Moser et al., 1996). Growth factor recep-
tors and G proteins for the most part showed some increase in almost all of the preneoplastic
lesions listed in the table. Obviously, this table is not meant to be exhaustive, but rather to indi-
cate that components of signal transduction pathways are altered, mostly with increases in vari-
ous preneoplastic lesions. Since promoting agents in general induce the expression of signal
transduction pathways (Chapter 7), the increases seen in this table might well be expected. How-
ever, it must be remembered that both the molecular and cellular phenomena of the stage of pro-
motion are reversible upon removal of the promoting agent, and thus the changes seen in this
table are in turn reversible. The molecular mechanisms of the changes listed in Table 15.4 were
discussed in Chapter 7 and in detail with three commonly used promoting agents. Thus, such
mechanisms would be underlying the changes seen in the table and are not reiterated here.

Neoplasia

As in preneoplasia, signal transduction pathways in neoplasia may also be expressed at higher
levels than in their normal counterparts. In fact, true to the definition of neoplasia itself, at least
one signal transduction pathway is defective in every neoplasm, although the defective pathway
may not be the same in different neoplasms, as suggested by the phenotype heterogeneity noted
earlier. As the stage of progression continues, the rule is to see more and more defective path-
ways regulating genetic expression. However, unlike the case in preneoplasia, these defects oc-
cur in the absence of any exogenous agent such as a promoting agent, although promoting
agents may enhance the alterations seen in neoplasia. In neoplasia, unlike most preneoplasias,
the defectiveness of the signal transduction pathways is, in a number of proven cases, the result
of one or more mutations in the pathway, usually at critical points. Such mutations may be one
or more of those listed in Table 6.1. In many other instances the mechanism of change is not
known. While it is impossible to present a comprehensive listing of such defects seen in numer-
ous neoplasms, a number of examples are given in Table 15.5. Although there have been some
examples (Chapter 7) in which simple mutations (microlesions, Table 7.6) in key genes involved
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in signal transduction pathways may be found during the stage of promotion, it is likely that
such mutations allow the preneoplastic cell the growth advantage necessary for its development
as a readily identified lesion. Even with such mutations, however, preneoplastic cells in the ab-
sence of the promoting agent do not enjoy the growth advantage occurring with continued stim-
ulus of the promoting agent.

Of the numerous studies on alterations in signal transduction pathways in neoplasms, only
a relatively small number of the more commonly studied alterations are considered here. Some
further detail, especially on growth factor components, are described in Chapter 16. Table 15.6
lists a number of alterations in specific components of signal transduction pathways, beginning
with ligands, primarily growth factors, their receptors, and some of the better studied distal com-
ponents of these pathways. The table consists of isolated examples that reflect the more general
literature. In many instances the mechanism of the effect noted is not understood, but very likely
reflects a change in gene expression. Whether this is due to amplification or some other major
genetic alteration or simply a microlesional mutation that somehow affects expression is not
clear at this time. However, where mechanisms are better understood, they are listed in the table.
It is noteworthy that of the growth factors listed, only the example of epidermal growth factor
production by pancreatic ductular carcinomas in the hamster shows no change in the expression
of this gene. In virtually every other instance there is an increase in expression owing to en-
hanced transcription, loss of imprinting (LOI), or gene amplification.

In contrast to the growth factors themselves, the expression of growth factor receptors is
increased in a number of instances; most of the examples given are due to gene amplification,
but in other instances there is a marked decrease or even loss of expression of growth factor
receptors such as the insulin-like growth factor-II receptor and the transforming growth factor β
receptor. This appears to be the result of significant mutational alterations, both micro- and mac-
rolesional. This raises the interesting possibility that the loss of growth factor receptors would
make a neoplasm unresponsive to such growth factors, while their presence or even enhanced
expression would give a distinct advantage to neoplasms having these characteristics. This is
discussed more extensively in Chapter 16.

The G proteins of the ras family comprise an extremely large multigene family (Kaziro et
al., 1991). The three examples in this table are those that have been best studied. It should be
noted that both point mutations as well as gene amplification and enhanced transcription are
mechanisms involved with the altered expression of these components, as well as their altered
catalytic activity, as was discussed earlier (Chapter 7). The relatively high incidence of point
mutation of the H-ras gene in mouse hepatomas is not seen in preneoplastic lesions in the liver
of the mouse, where only 10% exhibit this mutation (Bauer-Hofmann et al., 1992). Enhanced
expression of the protein kinase, c-raf, in the examples given is due to gene rearrangement. Sim-
ilarly, the activation of the abl proto-oncogene is due to a gene rearrangement as described in
Chapter 6. Many other such similar alterations in kinases as well as in transcription factors (see
below) are listed in Table 6.8. Finally, in this table the signal transduction pathway involving the
APC tumor suppressor gene (Chapter 5) has as a key component β-catenin (Figure 15.2). As
noted in the figure, the APC gene, together with two other genes, GSK and AXIN, are required
for proteolytic elimination of β-catenin by the proteasome. Mutations of APC prevent this effect,
allowing the β-catenin concentration to build up and, together with other nuclear transcription
factors, TCF and CPB, enhance transcription. It is of interest to note that this pathway is also
linked to the pathways involved in cell-cell interactions through integrins (Chapter 10) and that
mutations in β-catenin have been found in a large number of other neoplasms including those of
the liver, melanomas, and ovarian neoplasms (cf. Morin, 1999).

Although it is very likely that abnormalities and signal transduction pathways play a major
role in the abnormal growth and development of neoplastic tissue, other components of the cell’s



Molecular Biology of Neoplasia in VIvo 659

Ta
b

le
 1

5.
6

A
lte

ra
tio

ns
 in

 T
ra

ns
cr

ip
tio

n 
Fa

ct
or

s 
in

 N
eo

pl
as

ia
 in

 V
iv

o

Fa
ct

or
N

eo
pl

as
ia

/S
pe

ci
es

Fr
eq

ue
nc

y
M

ec
ha

ni
sm

R
es

ul
t

R
ef

er
en

ce

c-
M

af
M

ye
lo

m
a/

hu
m

an
25

%
t(

16
q2

3)
Fu

si
on

 p
ro

te
in

C
he

si
 e

t a
l.,

 1
99

8
c-

M
yb

V
ar

io
us

/h
um

an
>

50
%

G
en

e 
am

pl
if

ic
at

io
n

E
nh

an
ce

d 
tr

an
sc

ri
pt

io
n

O
h 

an
d 

R
ed

dy
, 1

99
9

c-
M

yc
V

ar
io

us
/h

um
an

10
%

–2
0%

G
en

e 
am

pl
if

ic
at

io
n 

t(
8:

14
)

E
nh

an
ce

d 
tr

an
sc

ri
pt

io
n

G
ar

te
, 1

99
3

B
ur

ki
tt 

ly
m

ph
om

a/
hu

m
an

~8
0%

t(
8:

14
)

In
ap

pr
op

ri
at

e 
ex

pr
es

si
on

N
er

i e
t a

l.,
 1

98
8

N
F-

kB
C

ut
an

eo
us

 ly
m

ph
om

a/
hu

m
an

55
%

Fu
si

on
 g

en
e

E
nh

an
ce

d 
tr

an
sc

ri
pt

io
n

N
er

i e
t a

l.,
 1

99
6

R
E

L
D

if
fu

se
 la

rg
e 

ce
ll 

ly
m

ph
om

a/
hu

m
an

23
%

G
en

e 
am

pl
if

ic
at

io
n

E
nh

an
ce

d 
tr

an
sc

ri
pt

io
n

H
ou

ld
sw

or
th

 e
t a

l.,
 

19
96

N
-M

yc
N

eu
ro

bl
as

to
m

a/
hu

m
an

35
%

G
en

e 
am

pl
if

ic
at

io
n

E
nh

an
ce

d 
tr

an
sc

ri
pt

io
n

C
oh

n 
et

 a
l.,

 1
99

0
p5

3
V

ar
io

us
/h

um
an

~5
0%

M
ut

at
io

ns
R

ed
uc

ed
 d

eg
ra

da
tio

n 
of

 
th

e 
pr

ot
ei

n
H

ai
na

ut
 a

nd
 H

ol
ls

te
in

, 
20

00
R

et
in

oi
c 

ac
id

 
re

ce
pt

or
A

cu
te

 p
ro

m
ye

lo
cy

tic
 

le
uk

em
ia

/h
um

an
~9

0%
+

t(
15

:1
7)

Fu
si

on
 p

ro
te

in
W

ar
re

ll 
et

 a
l.,

 1
99

3

W
T

1
W

ilm
s 

tu
m

or
/h

um
an

 
(s

tr
om

al
 p

re
do

m
in

an
t)

60
%

D
el

et
io

n/
m

ut
at

io
n

In
ac

tiv
at

io
n

Sc
hu

m
ac

he
r 

et
 a

l.,
 

19
97



660 Chapter 15

metabolic machinery also play major roles in the molecular mechanisms of the “relative auton-
omy” and altered cell replication of neoplastic cells. The remainder of this chapter covers sev-
eral of these cellular metabolic functions for which a reasonable amount of information is
available on the mechanisms of the abnormalities seen in neoplastic tissue.

Transcription Factors

As seen from discussions in Chapter 7, the final common pathway of signal transduction is me-
diated by transcription factors interacting directly with specific sequences in DNA. Permanent
alterations or mutations in transcription factors of a number of different types have been noted in
neoplastic cells. These include dominant negative mutations in which an alteration in the struc-
ture of one allele of a transcription factor leads to the formation of a protein which interrupts the
function of the normal allele (Sheppard, 1994). Also, amplification, deletion, and gene fusion
following translocation resulting in the formation of new genes (Chapter 6) are seen with tran-
scription factors in neoplasms.

Transcription factors and some of their functions have previously been cited in Chapters 6,
7, and 9, especially in relation to the action of tumor promoting agents and the transcriptional
regulation of the cell cycle through the E2F family of transcription factors (Farnham et al., 1993;
Bernards, 1997). However, the complexity of transcriptional activation of gene expression has
become more apparent during the last few years. Not only are transcription factors themselves
critical in this process, but also coactivators, accessory proteins, and other components are in-
volved, some of which interact with other sequences in DNA while at the same time affecting
the expression of the transcriptional factor through protein:protein interactions (cf. Martin,

Figure 15.2 The APC/β-catenin pathway and its regulatory components. In a normal situation where no
mutations occur in any of the proteins noted, β-catenin is actively targeted by the APC complex for protea-
some degradation. However, mutations in β-catenin may stabilize the protein, preventing its proteasomal
digestion and allowing it to activate the transcription factors noted including MYC and cyclin D1. Other
components may also control this pathway. (Modified from Morin, 1999, with permission of the author and
publisher.)
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1991). Figure 15.3 shows an artist’s conception of the action of RNA polymerase in the presence
and absence of the E2F/DP heterodimeric transcription factor, the latter in the presence of the
activator Sp1 or the inhibitor Rb (Chapter 9). Several “basal factors” involved in RNA poly-
merase action are also noted. The diagram is a considerable oversimplification of this process, in
analogy to other transcriptional activation processes.

Alteration in the expression of transcription factors in neoplasms is a relatively common
event in neoplasia but relatively uncommon in preneoplasia. One example of the alteration of
transcription factor expression, in particular c-jun, is seen in the expression of preneoplastic foci
and even single hepatocytes in livers of mice administered diethylnitrosamine (Nakano et al.,
1994). Its complexing partner, c-fos, has also seen increased expression in preneoplastic aberrant

Figure 15.3 A scheme showing the action of a heterodimeric transcription complex of DP and E2F. A.
When no transcription factor is bound, the rate of transcription by RNA polymerase is low. B. The het-
erodimeric transcription factor binds and is also associated with an enhancing factor, SP1, which in turn
then interacts with RNA polymerase to stimulate transcription, resulting in a high rate of transcription of
the gene. C. Unphosphorylated Rb binds to the DP/E2F complex and prevents its action with the RNA
polymerase, thus suppressing the expression of the gene. BF, basal factors of the RNA polymerase complex
(see text).
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colonic crypts in rats (Stopera et al., 1992). In neoplastic lesions, alterations in several of the
more commonly studied transcriptional factors are seen in Table 15.3. Only a few examples are
given, but this does not mean that there are not other numerous examples, some of which are
referred to in the reviews cited. Those factors that have been most extensively studied have also
shown the greatest degree of alteration and types of alteration, as exemplified by the p53 tumor
suppressor gene, the c-myc cellular oncogene, and the c-myb cellular oncogene. Numerous ex-
amples of fusion genes involving transcription factors have also been described (Chapter 6), and
only a few of the more common examples are noted in the table. Interestingly, none of the E2F
family members have been found to be mutated in human cancers. A similar finding has been
reported with the transcription factor c-jun, a critical member of the important Ap-1 transcrip-
tion heterodimer (cf. Rahmsdorf, 1996).

As noted in the table, several of the genes listed are amplified in a variety of different
neoplasms, resulting in enhanced transcription. The fusion proteins involving c-myc and the ret-
inoic acid receptor effect the expression of the former in cells where the protooncogene is nor-
mally not expressed, and of the retinoate receptor in an altered receptor/transcription factor that
may inhibit the action of the normal factor such as in a dominant mutation (see above). The
variety of mutations seen in the p53 gene involve both an alteration in the protein such that its
normal turnover or degradation is reduced, allowing for an enhanced amount of protein present,
and also in many instances interference with the function of the normal allele through a domi-
nant mutation mechanism (Hainaut and Hollstein, 2000). The WT1 gene is found to be mutated
in about 60% of a specific morphological type of Wilms tumor, that exhibiting a stromal-pre-
dominant pattern (Schumacher et al., 1997). Patients having neoplasms exhibiting different his-
tologies have a lower apparent rate of mutation of the WT1 gene; as yet, it is not certain what
gene is involved in a number of cases of Wilms tumor.

Although this table gives a very small representation of alterations in transcription factors
in neoplasms, it is not unlikely that virtually every neoplasm exhibits some form of alteration in
one or more transcription factors. Such changes, which are genetically determined as the stage
of progression advances, then may interact with alterations in cell cycle components, leading to
the altered growth patterns characteristic of neoplasms in general.

The Cell Cycle and Neoplasia

Alterations in the cell cycle and its components are generally considered to be found only in the
stage of progression and not in promotion or preneoplasia. Studies of both mouse mammary
tumor development (Said and Medina, 1995) and in human colorectal neoplasia (Polyak et al.,
1996) support this statement, although cyclin A was found to be overexpressed in all hyperpla-
sias in mouse mammary glands (Said and Medina, 1995). In addition, Robles and Conti (1995)
have demonstrated that premalignant lesions in mouse skin carcinogenesis exhibited an in-
creased level of cyclin D1 as investigated by an immunohistochemical technique. Interestingly,
Balasubramanian et al. (1998) found dramatic increases in cyclin kinase inhibitors in skin papil-
lomas, in contrast to the finding in most neoplasms (Table 15.7). On the other hand, there has
been considerable work on the expression of cell cycle components in neoplasms (Draetta and
Pagano, 1996); therefore this discussion focuses primarily on this topic.

As noted in Chapter 9, control mechanisms for the cell cycle involve both a cascade of
protein phosphorylations that relay a cell from one stage to the next and a set of checkpoints that
monitor the completion of critical events and may delay progression to the next stage of the cell
cycle if required to maintain cell function (Collins et al., 1997). A diagram of the various regula-
tors of the cell cycle is shown in Figure 15.4. In this figure, the crucial role of E2F is noted, as
was discussed in Chapter 9 (Figure 9.5). Also noted in the figure by asterisks are those genes
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altered in one or more neoplasms by mutation of one or more mechanisms, e.g. amplification,
base mutation, deletion, fusion, etc. In addition to the pathways noted in Figure 15.4, the role of
E2F and its association with p53 in growth control, growth arrest, and apoptosis is noted in Fig-
ure 15.5. A more detailed listing of the functional abnormalities of these various components
scored by an asterisk in Figures 15.4 and 15.5 is given in Table 15.7.

The central role of E2F when activated by release of Rb by phosphorylation is shown in
this figure, as in Figure 9.5. In addition, the tempering effects of E2F on members of the INK4
family of cyclin inhibitors, while at the same time enhancing the expression of the cyclins and
their kinases, indicate the delicate balance with which the cell cycle is regulated. The examples
noted in Table 15.7 of alterations in several cell cycle regulators and components are by no
means complete and are only given as examples. Again, it is quite likely that at least one and
usually more than one of these components are abnormal through mutation, amplification, or
enhanced transcription in virtually all neoplasms in the stage of progression. Furthermore, alter-
ations in these components appear to become more severe as progression continues (Said and
Medina, 1995). As noted from the table, gene amplification and mutations appear to be the more
common changes seen in these various factors. In many instances, the nature of the mutation is
unknown and may reflect other allelic changes, including deletion. Alterations in the p27 cyclin-

Figure 15.4 Positive (→) and negative (—|) regulators of the cell cycle and the critical role of E2F in
this process. Those symbols associated with an * indicate that that gene product is abnormally expressed in
neoplasia, many of the abnormalities noted more particularly in Table 15.7. The designations for the com-
ponents of the cell cycle, cyclins, phases, and cdks are the same as shown in Figure 9.5. Inhibitors of the
cyclins are shown in two families, the INK4 family which encompasses p16, p15, p18, and p19, and the
CIP/Kip family, including p21, p27, and p57 (cf. Michalides, 1999). Bub1, gene involved in chromosome
segregation; GF, growth factors; adhesion, cell adhesion components and pathways; APC, tumor suppres-
sor gene of familial adenomatous polyposis. (Modified from Michalides, 1999, with permission of the au-
thor and publisher.)
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dependent inhibitor in which there is a decrease if not total elimination of expression appear not
to result from mutations in most cases (cf. Millard and Koff, 1998). The changes in the cyclins
that have been noted are largely due to gene amplification and chromosomal rearrangement, es-
pecially in the case of cyclin D1. A variety of neoplasms have exhibited such changes in the
expression of this gene as well as in cyclin E, both of which play key roles in entrance into the
cell cycle. Mutational inactivation of the Bub1, whose product is concerned with the proper seg-
regation of chromosomes in cells, may play a significant role in the development of aneuploidy
in neoplastic cells (Cahill et al., 1998).

Functional Consequences of Alterations in Cell Cycle Components

In general, as shown from studies in yeast (Hartwell and Kastan, 1994), significant alterations in
the expression of any one of the components of the cell cycle may, over time, lead to derepres-
sion of the cycle, aneuploidy, and chromosomal abnormalities. However, in most instances one
sees abnormalities in more than one component of the cell cycle within any neoplastic cell. Sim-
ple overexpression of cyclins D1 or E leads to accelerated transition through G1, reduced growth
factor dependency. However, in the case of these two cyclins, simple overexpression does not
appear to result in cell transformation in most instances (cf. Michalides, 1999), although associ-
ation with alterations in p53 may do so. Amplification of cyclin D1 is a very common event in
many human neoplasms (Hall and Peters, 1996).

Figure 15.5 Diagram of the E2F-p19ARF-p53 connection between growth control, growth arrest, and ap-
optosis. Those genes having an * indicate abnormalities in neoplastic cells, some of which are considered
in Table 15.7 and others, e.g., p53, Rb, in the text previously. See text for discussions of mdm2, bax, ATM,
and p19/arf. The figure emphasizes the critical roles of E2F-1 and p53. (Modified from Michalides, 1999,
with permission of author and publishers.)
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Alterations in cyclin kinase, especially Cdk4, as well as cyclin-dependent kinase inhibi-
tors, especially p16, have also been characterized in a number of human neoplasms (Hall and
Peters, 1996). However, several of the cyclin kinase inhibitors such as p21 and p27 have rarely if
at all been found in a mutation form in neoplasms. In human ovarian carcinoma, a lack of muta-
tion of the p16 gene was found, although there was expression of aberrant p16 RNA transcripts
(Suh et al., 2000). On the other hand, since p21 expression is regulated by p53 and mutations in
p53 are found in a number of malignancies, loss of p53 function may result in loss of the normal
functioning of p21 and other checkpoint control components (Orlowski and Furlanetto, 1996).
Despite the lack of mutations in p27 found in human cancer, deletions of this gene have been
seen in a number of aggressive carcinomas in the human (cf. Millard and Koff, 1998). Like p16,
p18 is commonly mutated in a number of human neoplasms (cf. Millard and Koff, 1998).

As noted earlier (Chapter 6), a variety of “stress signals”— including DNA damage, hy-
poxia, etc.—lead to activation of the p53 tumor suppressor gene. This, in turn, can potentially
lead to a variety of different functions, as noted in Figure 15.5. E2F-1 induces p53 expression
which, like DNA damage via the DNA kinase, may cause arrest of the cell cycle in normal cells.
The p19ARF protein interacts with E2F-1 and is important in the transcriptional activation by
E2F-1. Furthermore, p53 induces mdm-2, which subsequently binds and destabilizes p53 in the
feedback loop noted in Figure 15.5. Although mdm-2 has been termed a proto-oncogene, it was
originally discovered as one of several genes in a transformed cell line resulting from amplifica-
tion of double minute particles, from which the terminology mouse double minute (mdm) was
derived. The mdm-2 protein physically associates with the p53 tumor suppressor protein, block-
ing its transactivational effects. In addition, it seems to stimulate degradation of the protein
(Haines, 1997). mdm gene amplification is quite common in a number of neoplasms (Haines,
1997; Flørenes et al., 1994). E2F-1 enhances the expression of p53 and also neutralizes mdm-2
through its stimulation of the expression of p19/arf (cf. Michalides, 1999). The ATM gene codes
for a multifunctional enzyme having various kinase activities and involved in the response to
DNA damage (Lavin and Shiloh, 1997). p53 also transactivates both the p21 cyclin-dependent
inhibitor as well as BAX, which enhances apoptosis (cf. Brady and Gil-Gómez, 1998). En-
hanced expression of BAX has been noted in prostatic neoplasia (Johnson et al., 1998), but low
levels of BAX expression have been associated with a poor clinical outcome in breast cancer
(Krajewski et al., 1995). Alternatively, p53 may induce apoptosis in cells. Mutations in this tu-
mor suppressor gene thus lead to a lack of apoptotic response to DNA damage in neoplastic
cells, which is quite commonly seen in many neoplasms.

Cell Cycle Checkpoints in Neoplasia

As noted in Figures 15.4 and 9.5, the checkpoints of the cycle occur at the G1/S interface, at the
end of G2, and in M. Defects in each of these checkpoints have been noted in neoplasia. In addi-
tion, the restriction (R) point at which the decision is made whether to enter the mitotic cycle is
another component that may be defective in neoplastic cells. The (R) and G1/S checkpoint de-
fects may be in part due to the overexpression of D and E-type cyclins seen in so many neoplasms
(Hunter and Pines, 1994). Defects in p53 also result in defective G1/S checkpoint function in
neoplastic cells (cf. Sherr, 1996) as well as genetic instability (cf. Morgan and Kastan, 1997).
Defects in the cyclin B-Cdk1 (Cdc2) phosphorylation, resulting in activation of the complex in
neoplastic cells, allow the neoplastic cell to enter mitosis with damaged DNA (cf. Hunter and
Pines, 1994). Mutations in the Bub1 gene (Figure 15.7), which controls the mitotic checkpoint
and chromosome segregation, are seen in a variety of human neoplasms (Cahill et al., 1998). Al-
terations in this gene and related genes involved in the completion of normal mitosis can lead to
aneuploidy, a hallmark characteristic of cells in the stage of progression (cf. Molinari, 2000).
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Thus, it may be noted that numerous defects occur in the cell cycle of neoplastic cells and
contribute ultimately to the evolving karyotypic instability characteristic of the stage of progres-
sion (Chapter 9). Since, as noted earlier, enhanced mitotic activity may lay the foundation for
enhanced aberrations in the cell cycle on the basis of mutation and/or selection, other mecha-
nisms of regulating DNA expression may be found to be abnormal. Knowledge and understand-
ing of such mechanisms may allow the elucidation of the transition of preneoplastic cells
exhibiting few if any mutational alterations into neoplastic cells in the stage of progression that
exhibit the profound mutational alterations discussed above. One such mechanism may be found
in the alterations of DNA methylation, discussed below.

DNA Methylation in Preneoplasia and Neoplasia

As discussed in Chapter 3, the methylation of cytosine in DNA constitutes a mechanism not only
of regulating the expression of DNA but also of maintaining the normal chromosomal integrity
of the cell. These two mechanisms are quite interrelated, as more recent studies have indicated
(cf. Jones and Laird, 1999; Gray et al., 1999). Methylation of cytosine residues in DNA occur
primarily adjacent to guanine residues, forming CpG sequences in the DNA molecule. Where
multiple CpG sequences are repeated up to about 1 kb in length, the region is termed a CpG

Figure 15.6 Mechanisms for potential roles of DNA methylation in neoplastic development. Unfilled
circles denote unmethylated CpGs; filled circles indicate methylated CpGs. a. Aberrant hypermethylation
of CpG islands could result in their transcriptional silencing or repression. In all examples, the gene is
indicated by the filled rectangle. b. Hypomethylation of CpG dinucleotides in protooncogene promoter re-
gions may facilitate an increased expression of the proto-oncogene. (Adapted from Laird, 1997, with per-
mission of author and publisher.)



668 Chapter 15

island (cf. Laird, 1997). The methyl groups of the CpG sequence do not affect base pairing but
do influence protein-DNA interaction by protruding into the major groove (Razin and Riggs,
1980). In general, DNA methylation in CpG islands within promoter regions of specific genes
inhibits the transcription of the gene by interfering with transcription initiation through reducing
the binding affinity of sequence-specific transcription factors (cf. Jones and Laird, 1999). Fur-
thermore, methylation-dependent, sequence-specific DNA-binding proteins that have been de-
scribed (cf. Hendrich and Bird, 1998) may act as transcriptional repressors. Particularly in
relation to our consideration of the stage of progression, DNA hypomethylation of mammalian
cells enhances mutation rates (Chen et al., 1998) and may lead to chromosome and genomic
instability (cf. Jones and Gonzalgo, 1997; Xu et al., 1999).

Figure 15.6 is a simplistic diagram demonstrating the silencing of tumor suppressor genes
and the activation of proto-oncogenes. In this diagram, tumor suppressor gene silencing involves
hypermethylation of CpG islands, as has been documented in a number of instances (see below).
Proto-oncogene activation, on the other hand, may occur as a result of decreased methylation of
specific CpG dinucleotides rather than CpG islands. As discussed in Chapter 3, endogenous mu-
tation of genes may result from oxidative deamination of 5-methylcytosine to thymine. The mis-
match monitoring repair system reverses the effect of these mutations in the vast majority of
instances where they occur in vivo (Chapter 3). Thus, alterations in DNA methylation may theo-
retically be involved in cancer causation by a variety of mechanisms, as indicated in Figure 15.6
and mentioned in the paragraph above.

Preneoplasia

There is substantial evidence that changes in DNA methylation occur during the stage of preneo-
plasia. This evidence comes from the demonstration both of global changes in DNA methylation
as well as changes in CpG methylated sites in specific genes. At the moment there is little if any
evidence for alterations in the methylation of CpG islands during the preneoplastic process. In
addition, diets deficient in precursors of methyl groups have been shown to induce DNA hypom-
ethylation quite effectively and rapidly (Wainfan and Poirier, 1992). Several such diets also in-
duce neoplasia, especially in the liver, upon prolonged administration (cf. Poirier, 1994, Chapter
3). Some suggestions that alterations in DNA methylation alone are sufficient for initiation have
also been made (Boehm and Drahovsky, 1983). However, other studies indicate that such is not
the case (Sawada et al., 1990) but rather that diets deficient in methyl group precursors are effec-
tive promoting agents at least in the liver (Yokoyama et al., 1985). This may be expected, since
alteration in DNA methylation results in alterations in gene expression (see above). Further-
more, the effects of methyl-deficient diets are completely reversible, both as to the lesions in-
duced and the methylation status of the DNA in the liver (Christman et al., 1993). The latter
process, involving global DNA methylation as well as methylation of specific genes, recovers
more slowly than the restoration of the normal morphology of the liver. It is important to note,
however, that these latter studies investigated only a relatively few CpG sites of specific genes
by the technique of isoschizomer restriction enzyme analysis. Thus, the slower return to normal
DNA methylation status with this technology may not reflect the methylation of many DNA
CpG sites, since there is no substantial evidence that global DNA methylation is retarded upon
return to normal dietary administration. The slow return to normal DNA methylation status of
some sites may reflect cell turnover.

Table 15.8 shows examples of the relative global and specific gene alterations in DNA
methylation in some putatively preneoplastic lesions. Global DNA methylation occurs quite
early upon feeding severely methyl-deficient diets, as early as 1 week after initiation of the diet.
Simultaneous with such global demethylation, increases in the levels of mRNAs were seen for
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several oncogenes and decreases in other genes such as epidermal growth factor receptors
(Wainfan and Poirier, 1992). Even administration of a specific hepatocarcinogen, such as dichlo-
roacetic or trichloroacetic acid, causes transient decreases in the level of 5-methylcytosine in
DNA in the liver. Interestingly, determination of exposure to dichloroacetic, but not trichloroace-
tic acid, resulted in an increase of 5-methylcytosine in adenomas to the level found in nonin-
volved liver, suggesting different mechanisms for the two carcinogens (Tao et al., 1998). The
majority of the studies on alterations in CpG methylation in specific sites with the isoschizomer
restriction enzyme technique could be related to alterations in the expression of the gene. Inter-
esting exceptions were noted in a specific gene, CDKN2/p16, an inhibitor of the cell cycle in
which bisulfite conversion of unmethylated cytosines to uracil results in DNA sequence
changes, which can be analyzed and the specific methylcytosine sites determined. This tech-
nique is more accurate than the isoschizomer technology, which looks at only several specific
sequences but not at many other regions containing methylated cytosines (Saluz and Jost, 1993).
Similar findings were seen with the glutathione S-transferase pi gene, specifically in the pro-

Table 15.8 Alterations in DNA Methylation in Preneoplasia

DNA Region of 
Methylation

Carcinogen
or Process Tissue/Species Alterationa

aIn most studies of global hypomethylation, total 5-methylcytosine amounts in the DNA were determined. However, in
those studies having an * by the alteration, the isoschizomer technique was utilized; in those with **, the bisulfite, with
DNA sequencing, was used to analyze and determine the presence or absence of DNA methylation.

Reference

Global Methyl-deficient 
diets

Liver/rat Hypomethylation Wainfan and 
Poirier, 1992

Christman
et al., 1993

Global Dichloro- or tri-
chloroacetic acid

Liver/mouse Hypomethylation 
(transient)

Tao et al., 1998

c-myc 1,2-Dimethyl-
hydrazine

Liver nodules/rat Hypomethylation* Rao et al., 1989

N-nitrosomor-
pholine

Liver nodules/rat Hypomethylation* Münzel et al., 
1991

c-Ha-ras, c-fos Methyl-deficient, 
amino acid-
defined diet

Liver/rat Hypomethylation* Zapisek et al., 
1992

CDKN2/p16 Spontaneous Esophageal 
dysplasia/
human

Hypermethylation** Klump et al., 
1998

NNKb

bNNK = 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone.

Squamous
metaplasia in 
lung/rat

Hypermethylation** Belinsky et al., 
1998

β-hydroxy-β-
methylglutaryl
coenzyme A 
reductase

1,2-Dimethylhydra-
zine or aristo-
cholic acid

Liver nodules/rat Hypomethylation* Rossiello et al., 
1994

Growth hormone Spontaneous Colon polyps/
human

Hypomethylation* Goelz et al., 
1985

Glutathione S-
transferase π

Methyl-deficient 
diet

Liver/rat Hypomethylation** Steinmetz 
et al., 1998
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moter region of animals placed on a methyl-deficient diet (Steinmetz et al., 1998). In this in-
stance, specific sites in the promoter region of the gene, several involving transcription factors
that might otherwise not have been noted with the isoschizomer technique were found to be hy-
pomethylated. This is in congruence with the high expression of the gene both in the livers of
animals fed the methyl-deficient diet and in preneoplastic and neoplastic lesions in the livers of
these animals. The presence of hypomethylation of specific genes in benign neoplasms of the
liver in the rodent and in the colon in the human (Table 15.8) further suggests that some changes
in methylation of specific CpGs may be important in the early development of neoplasia during
the stage of promotion and extending into the stage of progression.

Neoplasia

It is becoming increasingly clear that alterations in DNA methylation in one or more genes in
neoplasia are likely without exception (cf. Liang et al., 1998; Baylin et al., 1998). The examples
of global hypomethylation in neoplastic cells are numerous and most definitive in rapidly grow-
ing, less differentiated neoplasms (Gama-Sosa et al., 1983; Kim et al., 1994). A few examples of
altered methylation of specific genes in neoplasms may be noted in Table 15.9. In many of the
references given, the newer and more definitive technology of bisulfite treatment with subse-
quent PCR and sequencing is utilized. Both hypo- and hypermethylation of CpG dinucleotides
are seen in components of the various genes listed. In most instances, the methylation occurs in
the regulatory region of the gene and in general this may be correlated with an enhanced expres-
sion of the gene in the case of DNA hypomethylation or a repression of expression with DNA
hypermethylation. In the case of glutathione S-transferase, π hypermethylation occurs in two
different types of neoplasms in the human, whereas hypomethylation occurs in hepatomas in the

Table 15.9 Altered Methylation of Specific Genes in Neoplasia

Gene Changea

aThe indication of methodology used is the same as that in Table 15.8.

Tissue/Species Reference

Albumin Hypermethylation* Hepatoma/rat Vedel et al., 1983
α-Fetoprotein Hypomethylation* Hepatoma/human Peng et al., 1993
Glutathione S-trans-

ferase π (1)
Hypermethylation** Hepatoma/human Tchou et al., 2000

Hypermethylation* Prostate carcinoma/human Lee et al., 1994
Hypomethylation** Hepatoma/rat Steinmetz et al., 1998

E-cadherin Hypermethylation* Hepatoma/human Kanai et al., 1997
Hypermethylation** Gastric carcinoma/human Tamura et al., 2000

Methylguanine-DNA 
methyltransferase

Hypermethylation** Many types/human Esteller et al., 1999

Oncogenes and tumor suppressor genes
bcr-abl fusion gene Hypermethylation** Chronic myelogenous 

leukemia/human
Zion et al., 1994

DNA mismatch repair 
gene – hMLH1

Hypermethylation** Gastric cancer/human Fleisher et al., 1999

BRCA1 gene Hypermethylation** Sporadic breast and ovarian 
cancer/human

Esteller et al., 2000

p16 tumor suppressor 
gene

Hypermethylation** Lung adenocarcinoma/rat Belinsky et al., 1998

c-myc Hypomethylation* Hepatoma/human Nambu et al., 1987
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rat. In all of these instances, the correlation with expression of the gene is quite close. Hyperme-
thylation of the repair enzyme methylguanine-DNA methyltransferase, with resultant repression,
may be associated with alteration in response to specific drugs or carcinogens (Esteller et al.,
1999). Hypermethylation has been consistently associated with the repression of tumor suppres-
sor genes, several examples of which are noted in the table. In the case of proto-oncogenes, one
might suppose that hypomethylation would be the rule, as is noted in the case of c-myc in human
hepatomas, where increased expression is associated with hypomethylation (Nambu et al.,
1987). However, an interesting exception to this generalization is noted in the progressive de
novo DNA methylation at the bcr-abl cellular oncogene locus during the progression of chronic
myelogenous leukemia (Zion et al., 1994). In this instance, patients with this condition who ex-
hibit dramatic hypomethylation of this gene at the time of diagnosis invariably demonstrate in-
creased methylation of the fusion gene as the disease progresses. Thus, the great majority of the
information available in this field demonstrates that alterations in DNA methylation occur early
during the natural history of the development of neoplasia and progressively become more devi-
ant as the cell enters and continues in the stage of progression. As already noted, such changes in
DNA methylation lead to dramatic alterations in the expression of specific genes as well as in
genomic stability. While it is tempting to speculate that such alterations in DNA methylation
may be the basis for the evolving karyotypic instability seen in the stage of progression, such a
conclusion is clearly premature at this time.

Alterations in Genomic Imprinting

In Chapter 5 the phenomenon of genomic imprinting was discussed (Figure 5.7), and several
neoplasms having a genetic basis to their etiology were discussed in relation to the potential
importance of genomic imprinting in their neoplastic expression (Table 5.7). In neoplasms not
having a genetic basis, the loss of imprinting (LOI) or alteration in the normal imprinting pattern
of a specific gene may be seen in a variety of neoplasms (Table 15.10). Although the table indi-
cates only five genes that have been relatively well studied in neoplasms as compared with their
normal counterparts, some 20 or more imprinted genes have been described in the mouse
(Kelsey and Reik, 1998), involving at least seven different chromosomes. Many of these genes

Table 15.10 Some Imprinted Genes in Rat (r), Mouse (m), and Human (h) and Their Alterations 
in Neoplasia

Imprinted
Gene/Function

Expressed
Allele in 

Normal Tissue

Alteration
in

Neoplasia
Neoplasm/
Syndrome Reference

Igf2/growth factor Paternal (m, h) LOI Glioma (h) Uyeno et al., 1996
LOI Ewing’s sarcoma (h) Zhan et al., 1995
LOI Gastric cancer (h) Wu et al., 1997
LOI Renal cell cancer (h) Oda et al., 1998

H19/RNA, function 
unknown

Maternal (m, h) LOI Numerous types (h) 
of neoplasms

Looijenga et al., 
1997

Igf2R/Igf2 clearance 
receptor/mannose 6 
PO4 receptor

Maternal (r, m) LOI? Liver, mammary 
gland (r, m)

de Souza et al., 
1997

p57KIP2/cyclin-cdk 
inhibitor

Maternal (m, h) LOI Wilms tumor (h) Taniguchi et al., 
1997

p73/homologous to p53 Maternal (h) LOI Renal cell cancer (h) Mai et al., 1998
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have counterparts in the human and rat, in which imprinting has also been demonstrated, al-
though occasionally the imprinting pattern between species differs (Bartolomei and Tilghman,
1997). As noted in the table, the imprinted genes most extensively investigated in neoplasia are
the Igf2 (insulin growth factor-2) and H19 genes. LOI of Igf2 has been seen in a variety of neo-
plasms, as noted in the table; in hepatic neoplasms in the human, however, biallelic expression
of the gene in this tissue occurs after birth (cf. Aihara et al., 1998). But in the rodent, the imprint-
ing of this gene is maintained during adult life (cf. Bartolomei and Tilghman, 1997). While this
species differential may be related to imprinting of specific promoter regions in this gene (Wutz
and Barlow, 1998), the Igf2 gene lies immediately adjacent to the H19 gene in rodents and the
human. Note that the H19 gene expresses the maternal allele, while Igf2, the paternal allele
(Table 15.10). Thus, the expression of the two genes is closely linked, and the differential
imprinting has led to a number of theories related to the mechanism of this effect (Tilghman
et al., 1993; Banerjee and Smallwood, 1995). The abnormal expression of these two genes is felt
to be an important factor in the phenotype of patients with the Beckwith-Wiedemann syndrome
(Table 5.1), which is characterized by extensive overgrowth postnatally and neoplasms such as
Wilms tumor of the kidney (Reik and Maher, 1997). A couple of recent investigations have
suggested that CTCF, a specific DNA binding protein that binds in the region intermediate be-
tween the two genes, may play a major role in this mechanism (Bell and Felsenfeld, 2000; Hark
et al., 2000).

While the Igf2 receptor gene (mannose 6-phosphate receptor) is paternally imprinted,
most of the alterations that have been described involve major mutations and deletions of the
gene rather than specifically LOI. Such lack of or uncontrolled expression of the gene is felt to
play a role in both the early and late stages of hepatic neoplasia (de Souza et al., 1997). The
p57KIP2 cdk inhibitor is also found in the same region as the Igf2/H19 complex in mouse, human,
and rat; thus one might expect to see the effects noted in the table in Wilms tumors. The actual
function of p73 is not clear as yet, and thus it is difficult to relate the LOI of this gene to specific
functions in neoplasia. However, it is apparent from even these few studies that LOI can play an
important role in the alteration of genetic expression so characteristically seen in neoplasms in
the stage of progression.

Altered Mechanisms of Apoptosis in Neoplasia

As discussed in Chapter 7, one of the characteristics of promoting agents is their effectiveness in
inhibiting the process of apoptosis in preneoplastic cells. Just as with many other mechanisms
that are transiently altered in preneoplastic cells by the presence of the promoting agent, alter-
ations in mechanisms of apoptosis, as in cell replication, likely are altered in some way in virtu-
ally every malignant neoplasm (cf. Laderoute, 1994). Furthermore, an extensive study by
Staunton and Gaffney (1995) suggested that the apoptotic index was characteristic of each histo-
genetic type of neoplasm. The apoptotic index generally was greater than or similar to the mi-
totic index for the individual type of neoplasm under study. Already discussed is the importance
of the increased expression of the bcl-2 proto-oncogene, the apoptotic inhibitor, in follicular
lymphomas (Figure 6.8).

While a variety of pathways have been shown to be involved in the induction of apoptosis
(Figure 7.14), central themes are now becoming obvious in relation to the development of apop-
tosis in normal and neoplastic cells. Figure 15.7 is a simplified diagram of potential mechanisms
for the effects of DNA damage- as well as oncogene-induced apoptosis. Already discussed is the
importance of the p53 tumor suppressor gene in activating apoptosis in normal cells as a result
of DNA damage, the effect apparently mediated through the ATM gene (Figure 15.5). In this
figure, it is noted that the p53 protein enhances the expression of the proapoptic gene, bax,
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which effects alterations in mitochondrial permeability, resulting ultimately in activation of the
caspase pathway to apoptosis. Similarly, the proto-oncogene c-Myc, as well as the viral onco-
gene E1A, inhibits the effect of the specific p53 inhibitor Mdm2 mediated through ARF. By this
mechanism p53 is activated and the same situation as noted with DNA damage occurs. Muta-
tions of genes, as noted in the figure, can result in alteration of the apoptotic pathway either
through the p53 tumor suppressor gene or by bypassing it and acting directly on the bax/bcl-2
pathway or other pathways not completely understood (Lowe and Lin, 2000).

A variety of other methods for the induction of apoptosis through specific ligand/receptor
mechanisms are also present in many cells throughout the organism. Several of these are dis-
cussed later in the text (Chapter 17). However, as noted in the figure, the extensive potential for
alteration in genes required for the basic apoptotic mechanism seen in Figure 15.7 is indicative
of the statement that most if not all neoplasms exhibit one or more abnormalities in these steps in
this critical process governing the ultimate growth of neoplasms in the host.

Telomerase and Its Alteration in Neoplasia

Telomeres are repeat sequences found at the distal ends of chromosomes, forming a cap or end
to the chromosome and preventing interactions between chromosomes that may threaten their
structure and/or stability (Greider and Blackburn, 1996). While the repeated sequence occurring
in telomeres may vary in length from 5 to 15 kb, the maintenance of telomere length presents a
problem in cell replication because lagging-strand synthesis is not able to fully replicate the te-
lomere end (Figure 15.8). From the figure, it becomes obvious that cells must possess one or
more mechanisms to solve the problem noted in the figure—i.e., to prevent telomeres from be-

Figure 15.7 Diagram of DNA damage- and oncogene-induced apoptosis. Oncogenes and proto-onco-
genes such as E1A and c-myc respectively induce apoptosis through both p53-dependent and -independent
pathways as noted in the figure. Both pathways may facilitate cytochrome c release from mitochondria
which in turn effects the activation of the caspase cascade. Components of this pathway that have been
shown to be mutated in neoplasms are shown in black. Mito, mitochondria; Cyto c, cytochrome c; Apaf-1,
caspase adapter; Casp-9, caspase-9 and caspase cascade. (Modified from Lowe and Lin, 2000, with permis-
sion of the authors and publisher.)
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coming progressively shorter during successive cell divisions, as such a process ultimately leads
to a loss of viability. The solution of this problem by the cell was reported by Blackburn and
associates (Greider and Blackburn, 1985) in the discovery of telomerase, an enzyme that has the
function of extending telomeres.

Telomerase is actually an RNA-dependent DNA polymerase of specialized function.
Figure 15.9 presents a model for telomerase action in which the enzyme possesses an RNA hav-
ing sequences complementary to the telomeric DNA of the region. As shown in the figure, te-
lomerase may extend the DNA sequences by the telomeric repeats for the appropriate number of
species and tissue. In this way, telomeres would not decrease in size, as shown in the problem
diagrammed in Figure 15.8. Recent studies by Griffith and associates (1999) indicate that pro-
teins binding to telomeres may also be involved in the formation of a large duplex loop of the

Figure 15.8 The telomere end-replication problem seen diagrammatically. During DNA replication,
synthesis of the lagging strand requires an RNA primer (lined box). The primers that are extended by DNA
polymerase are subsequently removed, leaving gaps which the polymerase can repair as long as they do not
occur at the end of the telomere because there is the absence of a primer 5′. As a result, one daughter strand
will lack the DNA previously encoded by the terminal sequence. If no correction is made, then the DNA
sequence will decrease in length each time cell replication occurs. (Adapted from Hamilton and Corey,
1996, with permission of the authors and publisher.)
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telomere, which may be concerned with the protection and replication of telomeres. There is
also evidence that cells may use other mechanisms besides polymerase to solve the end-
replication problem, specifically mechanisms involved in the repair of double-strand DNA
breaks (cf. Colgin and Reddel, 1999). Mice whose telomerase gene has been eliminated by gene
targeting (Chapter 5) did not appear to show any significant phenotypic differences from normal
animals when first reported (Blasco et al., 1997), but later investigations of a similar strain of
telomerase-negative mice indicated that these animals exhibited a somewhat shortened life span
and increased incidence of spontaneous neoplasia (Rudolph et al., 1999).

Following Blackburn’s discovery, a number of observations noted that chromosome ends
became shorter in cells during aging, both in vivo and in vitro (cf. Shay, 1995). In addition, te-
lomerase activity in the majority of somatic tissues in adult animals was found to be essentially
nonexistent. Exceptions were in the germ cells and also in some stem cell populations (cf. Bac-
chetti, 1996). Investigation of neoplastic cells demonstrated that, in contrast to normal cells,
most neoplastic cells do possess telomerase activity, although they usually have relatively short
telomeres (cf. Ishikawa, 1997). More detailed studies, however, have not shown a consistent ab-
sence of telomerase in normal tissues and an increased activity in the neoplastic tissues (e.g.,
King et al., 1999; Kojima et al., 1997). An example of one study of a variety of human neo-
plasms and the activity of telomerase in these tissues is seen in Table 15.11. Note that many
normal tissues do not exhibit activity of the enzyme, while others do. In some instances, such as
large cell carcinoma of the lung, the telomerase activity is essentially equal to that of normal
tissue. Preneoplastic lesions of liver (Kitamoto and Ide, 1999; Tsujiuchi et al., 1996), prostate
(Zhang et al., 1998), lung (Yashima et al., 1997), and ovary (Wan et al., 1997) did exhibit telo-
merase activity, but usually at a lesser level than that seen in neoplastic tissues. Other studies,
however, have indicated that there may be no general tendency toward telomere reduction in
malignant tissues (Schmitt et al., 1994) and that telomerase activity may well be a biomarker of
cell proliferation rather than malignant transformation (Belair et al., 1997). In some studies, pro-
gressive telomere shortening and telomerase reactivation are associated with tumor progression
(Miura et al., 1997; Sawyer et al., 1996) and the cell cycle (Harley and Sherwood, 1997). Thus,
while many neoplasms exhibit increased telomerase activity and some degree of telomeric pres-
ence in their cells, it does not appear that all neoplasms exhibit this interesting change in vivo.
The next chapter takes up telomerase loss and reactivation during cell culture as a characteristic
of the neoplastic transformation in vitro.

Isozymes, Mutant or “Unique” Proteins, and Fetal Gene Expression 
in Neoplasia

One of the anticipated results of biochemical studies of neoplasia was the discovery of an en-
zyme or protein unique to the neoplastic cell. However, an apparently unique protein species
could be the result of the derepression of a normally quiescent segment of the genome expressed
in fetal but not in adult tissue of the same lineage, or it could be genuinely unique, as the result
of one or more mutations in a gene for an enzyme or protein of the normal cell of origin. The
presence in tumor tissue of “new” proteins not found in their cell of origin but resulting from
expression of genetic information normally repressed in the cell of origin has been described
repeatedly. This latter mechanism is directly related to the “relative autonomy” of the neoplastic
cell in the sense of its inability to regulate the expression of its own genetic material, as is done
by its cell of origin.

In 1959, Markert and Moller coined the term isozyme, which was generally defined as a
member of a family of multiple, separable forms of enzymes occurring within the same organ-
ism and having the same or very similar catalytic activity. Examination of such isozyme families
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in neoplasms, especially those of rodent liver, demonstrated that several isozymic forms of en-
zymes occurred in experimental hepatomas but were either absent or at very low levels in normal
liver. In 1982, Weinhouse reviewed much of the literature to date on this subject in relation to
murine hepatic lesions, demonstrating that the new and unique isozymic forms seen in neo-
plasms, as compared with their cell of origin, could almost always be found in other normal
tissues in the adult or in the cell of origin of the neoplasm during fetal life. A “unique” aldehyde
dehydrogenase was found in rat hepatomas by Lindahl (1979) but was later found to be induced
in normal adult tissues by some carcinogenic agents, especially 2,3,7,8-tetrachlorodibenzo-p-
dioxin (Hempel et al., 1989). Some enzymes and proteins in tumors were found to differ in the
nonprotein portion of the molecule, thus leading to an apparent new “isozyme,” as reported with
γ-glutamyltranspeptidase (Tsuchida et al., 1979), and also with the iron storage protein ferritin
(Linder et al., 1975).

The altered isozyme composition of neoplasms is not ubiquitous but appears to be more
characteristic of the poorly differentiated, rapidly growing tumors than of the highly differenti-
ated, slowly growing neoplasms. Thus, the appearance of fetal or other isozymes in neoplasms
may be related to tumor progression, as suggested by Weinhouse (1973). On the other hand, the
appearance of fetal forms of proteins in neoplastic cells is not unique to isozymes. In fact, the
expression of fetal genes in neoplasms in the adult is the rule rather than the exception. As with
other biochemical characteristics of neoplasms, however, this expression also appears to be quite

Figure 15.9 Model for telomerase action. a. Binding of telomerase to the end of telomeric DNA via the
RNA component of the enzyme. b. The RNA component of telomerase serves as a template for the exten-
sion of the telomere 3′ end. c. Translocation of telomerase along the newly synthesized strand. d. Further
extension of the telomere 3′ end occurs, and the process continues with subsequent translocation-extension 
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variable and heterogeneous. Furthermore, expression of a fetal gene is not unique to the neoplas-
tic state but may occur in vivo in certain pathological conditions such as inflammation and re-
generation. Cultured cells may also express fetal genes in vitro, as exemplified by the
investigations of Sirica and associates (1979).

While these earlier studies laid the foundation for identifying and understanding differ-
ences in phenotypes of various neoplasms, it was not until the advent of the “explosion” in mo-
lecular biological techniques and knowledge in the last two decades that structural differences in
a variety of proteins in neoplasms resulting from mutational alterations in the genes for such
proteins became well documented. Unlike the situation 25 years ago, when few if any docu-
mented alterations in protein structure could not be accounted for by altered gene expression in
neoplasms, today there is considerable evidence for the presence of mutant proteins and their
genes within neoplastic cells. The majority of such examples occur within cellular oncogenes,
which by definition are mutated cellular genes, and in tumor suppressor genes. Many of these

steps. e. Synthesis of the complementary strand (C-rich) then occurs by extension of an RNA primer by a
conventional DNA polymerase. Removal of the RNA primer leaves a 3′ overhang at the telomeric end.
hTR, human telomerase RNA component; hTERT, human telomerase reverse transcriptase. (Adapted from
Urquidi et al., 1998, with permission of the authors and publisher.)
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Table 15.11 Expression of Normalized Telomerase in Tumors and Corresponding 
Healthy Tissues

Cell or Tissue Type Tissue
Normalized
Telomerasea

aNormalized telomerase = 100 × (telomerase/rRNA).

Tumor in 
Sample, %b

bPercentage of tumor cells in frozen tumor sections stained with hematoxylin and eosin was scored
by a pathologist.

Adapted from de Kok et al., 2000, with permission of the authors and publisher.

Pancreas Healthy tissue 0.00
Healthy tissue 0.00
Healthy tissue 0.00
Adenocarcinoma 0.36 30
Adenocarcinoma 6.11 70
Neuroendocrine tumor 2.77 90

Lung Healthy tissue 0.54
Healthy tissue 0.51
Healthy tissue 0.34
Large cell carcinoma 0.53 40
Adenocarcinoma 20.1 40
Adenocarcinoma 2.41 60
Adenocarcinoma 6.57 60
Nondifferentiated carcinoma 5.84 40

Colon Healthy tissue 6.54
Healthy tissue 7.44
Adenocarcinoma 1.95 60
Adenocarcinoma 3.49 20
Adenocarcinoma 19.8 80
Adenocarcinoma 3.43 40
Adenocarcinoma 0.00 40

Esophagus Healthy squamous epithelium 0.50
Healthy squamous epithelium 4.94
Healthy squamous epithelium 1.26
Adenocarcinoma 3.40 20
Adenocarcinoma 8.54 50
Adenocarcinoma 5.94 30
Adenocarcinoma 7.35 15
Adenocarcinoma 6.47 10
Adenocarcinoma 10.57 10

Bladder Healthy epithelium 0.00
Healthy epithelium 0.00
Healthy epithelium 0.00
Carcinoma 1.37 80
Carcinoma 14.80 50
Carcinoma 1.80 70
Carcinoma 10.17 70
Carcinoma 25.25 75
Carcinoma 7.41 50
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alterations have been discussed in this chapter and earlier chapters, but by way of review some
of the better-documented structural alterations in such genes are listed in Table 15.12. Although
the p53 tumor suppressor gene has been discussed earlier, it is important to emphasize the ex-
tremely high rate of mutations seen in this gene in human neoplasia (cf. Hainaut and Hollstein,
2000). In Figure 15.10 may be noted the percentage and relationship of transitional and transver-
sional mutations in this gene in a variety of different human neoplasms.

The importance of p53 function has been previously noted in Figure 15.9 in a highly sim-
plified diagram. The role of p53 as “guardian of the genome” is implied from that figure in that,
in the presence of DNA, damage with subsequent activation of p53 by the ATM kinase mediated
by a checkpoint kinase (Hirao et al., 2000; Morgan and Kastan, 1997) can lead to arrest of the
cell cycle by transactivation of the cyclin inhibitor p21, allowing repair to occur. This is paral-
leled by activation of an apoptotic pathway which, if the cell damage is not repaired in a timely
fashion or cannot be repaired, leads to death of the cell. Mutations in p53 to a great extent alter
its transactivation capabilities, thus interrupting its guardian function and allowing the cell to
survive and replicate with major DNA damage. Although mutation of the p53 gene may be con-
sidered an initiation event, most studies both in humans (e.g., Navone et al., 1993; Tanaka et al.,
1993; Kuwabara et al., 1998) and animals (Miller, 1999) indicate that such mutations are identi-
fied predominantly during the stage of progression. Furthermore, during the stage of progression
there is ample evidence that elimination of wild-type p53 activity leads to gene amplification
(Livingstone et al., 1992), chromosome instability (Shao et al., 2000), and genomic instability
due to alteration in checkpoint function (cf. Smith and Fornace, 1995). Thus, loss of p53 func-
tion may contribute in a major way to the evolving karyotypic instability characteristic of the
stage of progression.

The PTEN tumor suppressor gene appears to be a regulator of specific kinases involved in
signal transduction (Sun et al., 1999). Somatic mutations of the PTEN gene have been seen in
acute myeloid leukemia (Liu et al., 2000) and hepatocellular carcinomas (Kawamura et al.,
1999). The PTEN gene appears to function in neoplasms of the endometrium as a “gatekeeper,”
as does the p53 gene for a number of other tissues as well (Ali, 2000). Genes having “caretaker”
functions may be those such as the mismatch repair genes found defective in hereditary non-
polyposis colorectal carcinoma (Chapter 5). The concept of gatekeeper and caretaker has been
proposed and discussed by Kinzler and Vogelstein (1997). Allelic imbalances and somatic muta-
tions of the p16 tumor suppressor gene, an inhibitor of CDK4 (Table 15.7), were seen in soft
tissue sarcomas (Schneider-Stock et al., 1998).

Mutations in cellular adhesion molecules involved in invasion and metastasis have also
been described, as indicated previously in Chapter 10. In particular, genes of the cadherin fam-
ily, which are considered tumor suppressor genes, are mutated in a fairly high percentage of
breast cancers (Berx et al., 1996) and very likely in a variety of other human neoplasms (cf.
Semb and Christofori, 1998). Mutations in the catenin gene, which is involved in the function of

Table 15.12 Genes and Gene Families Commonly Exhibiting 
Mutations in Neoplasia

p53
PTEN
Cell cycle inhibitors, e.g., p16
Cadherins, catenins, and other genes involved in cell-cell interactions
Receptors
G proteins
Transcription factors
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the APC tumor suppressor gene (Chapter 5), have been noted in both human neoplasms (Koch et
al., 1999) and those induced in animals (Ogawa et al., 1999). Other proteins involved in such cell
adhesion function include integrins and the CD44 glycoprotein family. In both of these in-
stances, neoplasms express isoforms that their cells of origin frequently do not (cf. Rudzki and
Jothy, 1997; Schapira, 1981). The other three types of protein listed in the table have been dis-
cussed rather extensively in this chapter and will not be discussed again here. It is sufficient to
say that mutations in proto-oncogenes, resulting in their conversion to cellular oncogenes, and in
tumor suppressor genes are undoubtedly ubiquitous in neoplasia although it is not yet clear in
exactly which stage of neoplastic development the predominant mutations occur, nor, with the
exception of specific hereditary conditions involving single tumor suppressor genes (Chapter 5),
what the actual initiation mutation is.

Secondary Biochemical Changes Resulting from Alteration of 
Genetic Expression

It appears that the principal mechanisms resulting in the alteration of genetic expression in neo-
plastic cells concern themselves with the processes of transcription or translation or both, but
changes in the concentration and/or presence of specific enzymes have distinct ramifications in

Figure 15.10 Relationship between CpG transitions and GC to TA transversions in the p53 cDNA.
Neoplasms have been listed according to the frequency of GC to TA transversions (increasing from top to
bottom). Note that those neoplasms exhibiting a low frequency of GC to TA transversions show a high
frequency of CpG transitions and vice versa. Generally it is considered that neoplasms exhibiting a low
level of p53 CpG transitional mutations and high GC to TA transversion mutations are associated with or
caused by exogenous risk factors. (Adapted from Hainut and Hollstein, 2000, with permission of the au-
thors and publisher.)
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the ultimate phenotype of the neoplastic cell. Such changes are seen in structural lipids, espe-
cially the glycolipids, and in their presence or absence on the surface membrane of the cell. Ha-
komori and Kannagi (1983) have summarized many of the data concerning changes in the
expression of these molecules that result from alterations in levels of enzymes responsible for
their synthesis in a variety of different neoplasms. Such surface changes may affect the anti-
genicity of the neoplastic cell (Chapter 15) or its metastatic potential. The appearance or disap-
pearance of specific glycolipid structures on the surface of the cell may also express a fetal
phenotype.

In addition to glycolipids, the lipid composition of neoplasms, especially hepatomas, dif-
fers from that of normal liver (cf. Ruggieri and Fallani, 1979), as does the fatty acid composition
of phosphatides of normal and malignant epidermis (Carruthers, 1967). Such changes would be
expected because of the altered regulation of enzymes synthesizing sterols as well as fatty acids
(Sabine, 1975). In particular, Van Hoeven and his associates (1975) demonstrated in a study of
several different mouse and rat hepatomas that the plasma membranes of such cells exhibited
increased cholesterol content and a decrease in the degree of unsaturation in the fatty acids of
most lipid classes in the neoplasms.

Illustrating further ramifications of such structural alterations resulting from changes in
the regulation of genetic expression, a number of studies have indicated both altered and de-
creased interaction of hormones with their receptors and the activation of adenylate cyclase in
neoplasms of both the human and lower animals (cf. Hunt and Martin, 1979). Pezzino et al.
(1979) have shown that five malignant hepatomas of varying growth rates have lowered capaci-
ties for binding insulin and glucagon to membrane receptors; this may be due to a decrease in
receptor number, lowered affinity, or site-site interactions of the hormones, receptors, and
plasma membrane structures. These findings further demonstrate the ramifications of altered ge-
netic expression, which can, in turn, lead to alterations in the ability of environmental factors to
initiate intracellular mechanisms leading to the control of gene expression.

The importance of structural alterations in proteins resulting from changes in the regula-
tion of genetic expression is probably not completely appreciated at the present time. The pio-
neering studies of Hakomori and associates pointed out the importance of glycolipid and other
structural component changes which in turn alter the function of the cell. Olden (1993) has em-
phasized that the expression of aberrant oligosaccharide moieties of glycoproteins and glycolip-
ids is a typical characteristic of essentially all animal and human neoplasms regardless of their
causative mechanisms. Thus, it is obviously not necessary to have mutations in specific proteins
in order to alter functional characteristics of cells; rather, alterations and the regulation of ge-
netic expression may be of equal or greater importance than mutational alterations in specific
proteins and groups of proteins.

THE CELL AND MOLECULAR BIOLOGY OF PRENEOPLASIA AND 
NEOPLASIA—ITS ROLE IN OUR UNDERSTANDING OF THE 
NEOPLASTIC PROCESS

As noted in this chapter, the development of our understanding of the cell and molecular biology
of the neoplastic process has closely paralleled advances in our understanding of the cell and
molecular biology of normal cells. In retrospect, initially naïve concepts of the biochemistry of
neoplasia were based on the assumption that a single biochemical abnormality could explain the
neoplastic phenotype. As knowledge of the natural history of neoplastic development and of cel-
lular and molecular biology advanced, such a concept was no longer tenable. However, today the
pendulum has swung entirely in the opposite direction, in that the complexity of the cell and the
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molecular biology of the neoplasia are becoming more obvious, and there is no evidence of a
ubiquitous, single defect resulting in this disease. Rather, it is apparent that the vast majority of
the phenotypic and genotypic alterations seen in neoplasia—i.e., cells in the stage of progres-
sion—are a direct result of the primary characteristic of this stage, evolving karyotypic instabil-
ity (Chapter 9).

In Table 15.13 may be seen a summary of our knowledge to date of a number of processes
and functions in the cell and molecular biology of preneoplasia and neoplasia. Although the ta-
ble indicates that in virtually every instance of neoplasia the cell and molecular process stated is
defective, it is important to note that there is no single component of any of these processes that
is ubiquitously abnormal in all neoplasms. However, the majority of neoplasms exhibit at least
one defective process in each of those listed. This is indicated by ++++. In all other instances,
there are examples of neoplasms that do not exhibit abnormalities in the process listed. In view-
ing the listing in preneoplasia, it is noted that the majority show either no or a few examples of
abnormalities in the process listed. Furthermore, such as in signal transduction, the processes
occurring in the preneoplastic cell are essentially normal but hyperexpressed as a result of the
chronic administration of the promoting agent. Removal of the promoting agent will, of course,
result in loss of cell viability (Chapter 7). The three exceptions to this generalization are seen
with DNA methylation, apoptosis mechanisms, and the expression of mutant proteins. In this
last instance, by our definition of initiation, one should expect that every initiated cell will have
mutations in various genes and thus express mutant proteins, although examples of this are not
nearly so extensive as that in neoplasia. Abnormalities in apoptosis—i.e., inhibition of this pro-
cess—are characteristic of the action of promoting agents, but such an effect is lost in the ab-
sence of these agents in preneoplastic tissue. The increase or changes in DNA methylation in
preneoplasia are likely ubiquitous to all preneoplastic cells, although only certain examples have
been tendered (Table 15.8), but in virtually every carefully studied case such abnormalities are
noted. Alterations in DNA methylation may be the basis for the transition from promotion to
progression and, at least initially, for the development of karyotypic instability in progression.
However, at our present state of knowledge, this is clearly a tenuous statement, and it may be
that further information will bring a variety of other mechanisms to the fore as candidates for the
basis of the cellular and molecular biology of neoplasia. A comparison of the cellular and mo-

Table 15.13 The Cell and Molecular Biology of Preneoplasia 
and Neoplasia—Summary

Key: 0, no change from normal; +/–, variable or no change; + to ++++,
little to substantial and consistent change from normal.

Cell and Molecular Process Preneoplasia Neoplasia

Glycolysis +/– +++
Regulation of gene expression 0/+ ++++
Signal transduction 0/++ ++++
Transcription factors +/– ++++
Cell cycle + ++++
DNA methylation +++ ++++
Apoptosis mechanisms +++ ++++
Telomerase +/– +++
Unique protein expression 0 (?) ++++
Mutant protein expression ++ (?) ++++
Unique lipid and carbohydrates 0 (?) +++
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lecular biology of preneoplasia with that of neoplasia does, however, emphasize the importance
of an understanding of the molecular transition between these two stages as critical to our under-
standing of the ultimate formation of the cancer cell.

It should be noted here, however, that alterations in a number of the cell and molecular
processes that are seen in neoplasia—i.e. the stage of progression—contribute significantly to
the evolving karyotypic instability characteristic of this stage. This includes alterations in com-
ponents of the transcription mechanism, cell cycle, DNA methylation, telomerase, and the al-
tered or eliminated function of specific tumor suppressor genes such as p53. This would suggest
that the basis for the karyotypic instability in neoplastic cells develops from a large number of
molecular alterations in the cell. The natural history of the stage of progression is thus likely to
result from the successive alteration of individual mechanisms, each of which by itself could
lead to genomic instability. Such a scenario may make it very difficult to design therapeutic
modalities that are able to correct or interdict the evolution of karyotypic instability of the neo-
plastic cell.
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16
Cellular and Molecular Biology of Neoplastic 
Transformation in Vitro

Although the study of the biochemistry and the cell and molecular biology of neoplasia in vivo
has elucidated many significant and important characteristics of neoplasia, the ability to trans-
form cells in vitro with various carcinogenic agents has been a very popular and useful tool. This
is particularly true in systems of cultured cells exhibiting a normal phenotype and genotype that
may be transformed to neoplasia by viruses, chemicals, or radiation and where direct compari-
sons with the parent culture may be made. While “pure” cultures of normal tissues, ideally de-
veloping as clones, may not always be completely feasible, cultures of fibroblasts, keratinocytes,
T cells (lymphocytes), and some other cell types do fit this criterion and have been used in com-
parison with their transformed counterparts. However, the majority of studies attempting to
identify critical differences between normal and neoplastic cells have not followed these rigor-
ous criteria. Despite this fact, considerable valuable information about the cell and molecular
biology of neoplastic transformation in vitro has been obtained.

One of the first systems studied was that of normal embryonic chick fibroblasts compared
with cells from cultures of the same tissue that had been transformed by the Rous sarcoma virus
in vitro. This system and most others that have been studied are of mesenchymal origin; thus
broad extrapolation of such findings to the in vivo situation may be somewhat limited. Biologi-
cal transformation of cells in vitro has several distinct advantages over chemical- and radiation-
induced transformation, the most important of which is the use of mutants of the oncogenes in-
volved in the transformation. On the other hand, chemical- and radiation-induction of transfor-
mation in vitro may have greater general application, especially in relation to transformation of
epithelial cells such as keratinocytes and hepatocytes.

MEMBRANE TRANSPORT IN NORMAL AND TRANSFORMED CELLS

Some of the earliest investigations of the biochemical changes accompanying transformation in
vitro involve the study of glycolysis as well as the transport of small molecules across plasma
membranes, especially sugars. In 1968, Temin reported that the glycolysis of chick embryo fi-
broblasts infected with a strain of the Rous sarcoma virus exhibited a considerably higher rate
than uninfected cultures (Figure 16.1). Studies by others confirmed these findings, but the actual
mechanism was not clear—i.e., transport, phosphorylation, or both (Temin, 1974), until later
studies demonstrated that infection by the virus actually induced expression of the glucose trans-
porter gene in the infected cells (Birnbaum et al., 1987; White and Weber, 1988). In addition, the
rate of uptake of glucose analogs was also dramatically enhanced in Rous sarcoma virus–trans-
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formed chick embryo fibroblasts (Table 16.1), but the apparent rate of uptake of a variety of
other nutrients and substrates was not significantly different from that of normal growing chick
embryo fibroblasts (Weber et al., 1984). In these earlier studies, it was demonstrated that glucose
uptake was concomitant with the first appearance of morphological changes in the virus-infected
cells (cf. Hatanaka, 1974) and that hexokinase activity did not change at the time of transforma-
tion with the RNA oncogenic virus. Perhaps the most conclusive evidence that the alteration in

Figure 16.1 Glycolysis of cultures of uninfected chick embryo fibroblasts (CEF) and Rous sarcoma vi-
rus (RSV) infected CEF in media containing limiting amounts of serum. For infection, RSV (Fujinami
strain) was added to the culture 40 minutes before zero time. Cultures were harvested at each of the days
indicated, and the lactate in the medium determined as a measure of glycolysis. (Modified from Temin,
1968, with permission of the author and publisher.)

Table 16.1 Rates of Nutrient Uptake by Chicken Embryo Fibroblasts

From Weber et al., 1984, with permission of the author and publisher.

Uptake Rate

Nutrient Density-Inhibited Normal Growing
Rous Sarcoma 

Virus–Transformed

2-Deoxyglucose 1.0 6.8 23.9
3-O-Methylglucose 1.0 6.5 32.8
Uridine 1.0 4.0 3.4
Adenosine 1.0 2.1 —
Thymidine 1.0 9.0 8.9
α-Aminoisobutyric acid 1.0 4.5 4.5
Phosphate 1.0 1.9 1.8
Potassium 1.0 1.8 1.6
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glucose uptake was a function of the viral infection was through the use of temperature-sensitive
mutants of the virus. Cells infected with a temperature-sensitive mutant of the Rous sarcoma
virus were morphologically and biologically transformed in vitro at 35°C but not at 39.5°C. In
experiments demonstrating the induction of expression of the glucose transporter gene after in-
fection with the Rous sarcoma virus, both wild-type virus and temperature-sensitive mutants
produced the morphological and biochemical changes at the permissive temperature of 36°C;
but when the temperature was raised to 41.5°C, only the cells infected by the wild-type virus
exhibited the enhancement of glucose transporter expression (White and Weber, 1988). The use
of such temperature-sensitive viral mutants in demonstrating the importance of a variety of other
functions in the transformation of chick embryo fibroblasts has also been reported, including the
membrane association of actin (see below) (Wickus et al., 1975), the synthesis of several mem-
brane polypeptides (Isaka et al., 1975), and the synthesis of glycosaminoglycan in chick embryo
chondroblasts (Shanley et al., 1983). At the time many of these experiments were carried out,
the existence and function of oncogenes was still not completely understood, and thus the use of
such mutants was very helpful in determining functions of the cell that were directly related to
the function of the gene responsible for the oncogenic transformation.

Relatively early studies with mammalian cells transformed by RNA sarcoma viruses
suggested that enhanced phosphorylation, not enhanced transport of hexoses, was the mecha-
nism for differences seen in hexose metabolism (Bissell et al., 1973; Jullien et al., 1982).
However, both the studies by White and Weber (1988) and those by Birnbaum et al. (1987)
clearly demonstrated, by using temperature-sensitive mutants, that infection with RNA sarcoma
viruses induced a dramatic increase in glucose transporter gene expression. Unlike cells trans-
formed by RNA oncogenic viruses, transformation by small DNA viruses of mouse cells does
not specifically enhance sugar transport (cf. Hatanaka, 1974). The transport of amino acids
studied with the use of nonmetabolized α-aminoisobutyrate in cells transformed by the SV40
virus gave varied results. Human cells (Patterson et al., 1976) transformed by this virus showed
no difference in transport of α-aminoisobutyrate as compared with nontransformed cells,
whereas mouse cells infected by the same virus showed an increase in the sodium ion
gradient–dependent transport of α-aminoisobutyrate (Lever, 1976). While transport mechanisms
after chemical carcinogenesis in vitro have not as yet been studied in detail, the cellular and
molecular changes that occur after infection with oncogenic viruses depend on both the virus
and the species of recipient cells.

CHARACTERISTICS OF THE SURFACE MEMBRANE OF NORMAL AND 
TRANSFORMED CELLS IN VITRO

In Chapters 10 and 14, the importance of the structure of the external plasma membrane in rela-
tion to tumor invasion, tumor metastases, and the phenomenon of contact inhibition of both cell
movement and cell replication were discussed. Thus it was appropriate that one of the earliest
investigations of the biochemistry and cell biology of transformed cells was related to the sur-
face membrane. In 1969 Burger (cf. Burger, 1973) demonstrated that the addition of certain
plant proteins, loosely termed agglutinins, would cause the agglutination of virally transformed
cells in culture. In contrast, the parent cells from which the transformed cells were derived did
not agglutinate when specific plant materials were added to the medium. The purified material
responsible for the agglutination was found to be a glycoprotein with a molecular weight of ap-
proximately 18,000. This material reacted in a similar manner with a number of neoplastic cell
types obtained from neoplasms growing in vivo as well as cells transformed in culture by chem-
icals, ionizing radiation, viruses, or “spontaneously.” In many instances, cells that had reverted
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or lost their transformed phenotype also lost their capacity for agglutination in the presence of
the plant agglutinin.

Several other plant agglutinins or lectins, as they are known, have been found to affect
neoplastic cells in a similar manner. In addition, some nontransformed cells also exhibit agglu-
tinability, thus making the original generalization invalid. Furthermore, Burger and others (cf.
Sharon, 1977) demonstrated that treatment of normal cells with trypsin for very short periods of
time rendered them agglutinable. This last experiment indicated that normal cells contained re-
ceptor sites for the plant agglutinins but that these sites were normally “protected” by some pep-
tide components of the surface membrane. Furthermore, it was shown by Sachs (1974) that some
variants of polyoma-transformed cells showed varying degrees of agglutination by concanavalin
A, another plant lectin. Sachs’ laboratory also demonstrated that normal fibroblasts in mitosis
are agglutinated by concanavalin A as well as by the wheat germ lectin, whereas transformed
fibroblasts in mitosis are not agglutinated by these lectins.

As can be seen from Table 16.2, lectins from both plant and animal sources interact rather
specifically with certain sugars and their derivatives. Those from plant sources react primarily
with specific sugar moieties, while lectins or selectins from mammalian sources (Chapter 10)
react with more complex oligosaccharide structures. As noted from the table, lectins are proteins
with a selective affinity for simple or complex sugars. Their specificity is dependent not only on
the presence of the sugar in the terminal position but also on its anomeric confirmation, the at-
tachment site to and nature of the subterminal sugar, the number of receptor sites, and the degree
of steric hindrance caused by surrounding structures. In the mammal, as exemplified in the hu-
man, lectins are involved in the interaction of specific cells with other specific cell types (Chap-
ter 10). Their functions in plants is not entirely clear.

The binding of lectins to the carbohydrate moieties listed in Table 16.2 is not by means of
covalent linkages but rather through weak molecular interactions such as van der Waals forces.
Other studies (cf. Nicolson, 1976) have demonstrated that whether cells were agglutinated by a

Table 16.2 Some Examples of Specific Lectins in Plants and Animals

Taken in part from data of Rapin and Burger, 1974, with permission of the authors and publisher.

Source (trivial name)
Predominant Chemical 

Specificity Reference

Canavalia ensiformis (concanavalin A 
from jack bean)

D-mannose cf. Rapin and Burger, 1974

Glycine max (soybean agglutinin) N-acetyl-D-galactosamine cf. Rapin and Burger, 1974
Triticum vulgaris (wheat germ agglutinin) N-acetylglucosamine cf. Rapin and Burger, 1974
Phaseolus vulgaris (phytohemagglutinin 

of red kidney bean)
N-acetyl-D-galactosamine cf. Rapin and Burger, 1974

Ricinus communis (castor bean agglutinin) D-galactose cf. Rapin and Burger, 1974
Lotus tetragonolobus (lotus agglutinin) L-fucose cf. Rapin and Burger, 1974
Limulus polyphemus (hemolymph aggluti-

nin of the horseshoe crab)
Sialic acid cf. Rapin and Burger, 1974

Homo sapiens (galectin-3) β-galactosides Ochieng et al., 1998
Homo sapiens [P-selectin (GNP-140)] Galβ1-4 (Fucα1-3)

GlcNAcβ1-3Galβ1-
4Glc

Brandley et al., 1990

Homo sapiens [E-selectin (ELAM-1)] NeuNAcα2-3Galβ1-
4(Fucα1-3) GlcNAc

Brandley et al., 1990
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lectin or not, the total number of lectin molecules bound to the surface was usually the same for
both normal and neoplastic cells. The answer to this puzzle became apparent when lectin mole-
cules labeled with fluorescent dyes were used to interact with normal and neoplastic cells. Such
experiments demonstrated a difference in the surface distribution of lectins bound to normal
cells compared with lectins bound to tumor cells. On normal cells, the lectin molecules were
distributed randomly, whereas they appeared to be aggregated into clusters on the surface of tu-
mor cells. This is shown in Figure 16.2. Furthermore, lectins in their polyvalent form are capable
of inducing a redistribution of lectin-binding sites on the plasma membrane of the cell, which
then becomes agglutinated. This latter process may extend to the clustering of such sites to form
a large mass on one portion of the cell surface, which has been termed a cap. Capping occurs
more rapidly on transformed fibroblast cell lines than on untransformed cells under identical
circumstances (cf. Nicolson and Poste, 1976) and occurs commonly on normal lymphocytes (see
below). Capping involves an interaction of the surface receptor molecules (such as lectin recep-
tors as well as a variety of other receptors including those for hormones, growth factors, and so
on) with elements of the cytoskeleton, discussed later in this chapter (Bourguignon and Bourgui-
gnon, 1984). The effectiveness and rapidity of capping, as well as agglutination, which results
from cluster formation of lectin-binding sites, is dependent on these and several other factors
including the cell density of the culture (Inbar et al., 1977) and the ATP content of the cells
(Vlodavsky et al., 1973) but not the ploidy of the cell (Sivak and Wolman, 1972). In addition, the
fatty acid and cholesterol composition of the cell membrane also affects the effectiveness and

Figure 16.2 Pathways of ligand (concanavalin A)-induced receptor redistribution on cells. After ligand
binding, initially dispersed receptors may remain dispersed or undergo clustering. The clustered receptor-
ligand complexes may coalesce or form patches and eventually caps. (After Nicolson and Poste, 1976, with
permission of the authors and publisher.)
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speed of agglutination of cells (Hill and Borysenko, 1979). This latter characteristic may be re-
lated in part to the microviscosity (fluidity-rigidity behavior) of the cell membrane. However, a
number of studies using fibroblast-like cells in culture reported various results from increased
fluidity of the plasma membrane of transformed fibroblasts to a lowered fluidity of the mem-
brane of these cells compared with that of normal or untransformed fibroblasts (cf. Nicolson,
1976; Shinitzky and Inbar, 1976). Normal lymphocytes exhibited a greater microviscosity
(lesser fluidity) than malignant lymphocytes grown in suspension (Shinitzky and Inbar, 1976).
This phenomenon may be related to the cholesterol content of these cells in that normal lympho-
cytes contain about twice the amount of this molecular species as lymphoma cells (Shinitzky
and Inbar, 1974). Lectin and antibody-induced capping of receptor sites is readily seen in normal
lymphocytes, but may not occur under the same circumstances with neoplastic lymphocytes (In-
bar et al., 1973). Furthermore, redistribution of surface receptors may occur on lymphocytes in
hypertonic medium even in the absence of any ligands (Yahara and Kakimoto-Sameshima,
1977). Thus, the mobility of receptors and related molecules on the surface of various cell types
is dependent on a variety of factors, including the valency of the ligand, microviscosity of the
membrane, and interaction of the plasma membrane molecule, receptor or otherwise, with intra-
cellular components, including elements of the cytoskeleton and other members of the signal
transduction pathway (e.g., Graziadei et al., 1990).

After these extensive studies on differential lectin agglutination of normal and transformed
cells in culture, some investigators extended these studies into the in vivo situation. Becker
(1974) demonstrated a differential lectin agglutination of fetal and malignant hepatocytes com-
pared with adult hepatocytes. The latter cells, even after treatment with protease, cannot be ag-
glutinated by concanavalin A, whereas fetal liver cells and hepatoma cells are agglutinated by
this lectin. Weiser (1972) also demonstrated that intestinal epithelial cells of the human fetus,
but not of the adult, can be agglutinated by concanavalin A. These studies suggest that in at least
some cell populations the property of agglutination by lectins is another example of the expres-
sion of fetal characteristics by neoplastic cells. In both normal and neoplastic keratinocytes, both
in vivo and in vitro, the expression of lectin binding by using a variety of different lectins exhib-
ited significant differentiation-dependent expression. Normal keratinocytes in culture bound
those lectins that neoplastic keratinocytes also bound with the exception of the Ulex europaeus
agglutinin I (peanut agglutinin), which was bound to neoplastic keratinocytes but not to normal
cells (Suter et al., 1991).

In accord with the changes in lectin-binding sites described above, biochemical studies of
the surface membrane of normal and transformed cells in vitro have shown differences. Surface
glycoproteins and gangliosides of cells transformed by viruses, chemicals, and x-rays in vitro
show significant but not necessarily common differences when compared with nontransformed
cells cultured in vitro (Baker et al., 1980; Srinivas and Colburn, 1984; Glick, 1979). Smets et al.
(1978) demonstrated that alterations in membrane glycopeptides of transformed cells did not
always correlate with anchorage-independent growth in vitro, although tumors derived from cell
lines showed a correlation of the two characteristics. Furthermore, the addition of retinoic acid
to transformed mouse fibroblasts greatly increases their adhesive properties, which appear to be
related to the effect of this vitamin A derivative on the biosynthesis of cell-surface glycoproteins
(Sasak et al., 1980). In agreement with these findings is the demonstration by several in-
vestigators of lowered levels in transformed cells of a glycosyltransferase involved in the synthe-
sis of glycoproteins and gangliosides on the surface membrane (Roth et al., 1974; Patt and
Grimes, 1974).

A frequent finding in transformed cells in culture was the absence or marked decrease of a
cell surface glycoprotein of molecular weight of about 250,000 (Chen et al., 1976). This protein
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had been designated as LETS (large external transformation-sensitive protein). The protein was
shown to be absent from the surface of cells transformed by some oncogenic DNA viruses. Inter-
estingly, when cells were transformed by a temperature-sensitive mutant of the SV40 virus, the
LETS protein did not disappear from the surface of infected cells cultured at the nonpermissive
temperature (Shopsis and Sheinin, 1976). Another cell surface protein that is greatly reduced in
many transformed cells in culture is fibronectin, a large, adhesive protein found in many cells, in
connective tissue, and in plasma (Chapter 10). This protein is involved in the maintenance of the
cellular cytoskeleton and the interaction of cells with collagen and with other intercellular mo-
lecular matrices. It is now apparent that the LETS protein and fibronectin are quite likely one
and the same molecular species (cf. McDonagh, 1981). Several secretory glycoprotein species,
one having a molecular weight of 35,000 (Gottesman and Cabral, 1981) and another protein
family of molecular weight 60,000 to 62,000 (Senger et al., 1980, 1983) were identified and
correlated with transformation of both fibroblastic and epithelial cells in culture. While these
early findings posed many more questions than they answered, knowledge of characteristics of
the surface membrane of the cells in culture in part laid the foundation for our understanding of
cell-cell interaction, which has become so important in our understanding of the processes of
invasion and metastases during the stage of progression in vivo.

ARCHITECTURE OF TRANSFORMED CELLS IN VITRO

Although early histologists suggested that the cytoplasm of cells possessed a characteristic ar-
chitecture, the full impact of these observations did not become clear until the demonstration of
cytoskeletal components, microtubules, contractile microfilaments, and intermediate (10-nm)
filaments in cells. The most common method of demonstration of these structures has been by
fluorescent antibody techniques.

Microtubules are ultramicroscopic tubular structures found in virtually all cells. They
comprise a family of proteins called tubulins α, β, and γ (cf. Burns, 1991). The α- and β-tubulins
form heterodimers and assemble into microtubules. γ-Tubulin is primarily associated with the
poles of the microtubule structure. Originally, microtubules were felt to be primarily involved in
mitosis, where they make up a major portion of the mitotic spindle. However, it is now apparent
that microtubules have definitive patterns of organization within cells, depending on the cell
type, and are associated with a variety of other proteins that are important in a number of cellular
functions. A listing of some of the structure/function relationships of microtubules in cells is
given in Table 16.3. A number of proteins have been associated with microtubules and are essen-

Table 16.3 Structure/Function Relationships of Microtubules in Cells

Structure Function

Mitotic spindle Chromosome segregation
Interphase microtubule network Intracellular organization, organelle movements, 

and coordination of membrane traffic, includ-
ing secretion

Dendrites Neural morphogenesis, postsynaptic densities
Axon Neural morphogenesis, presynaptic densities, 

axonal transport
Cilia, flagella Cell motility
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tial for several of the functions noted in Table 16.3. As expected, different cells express different
protein families for such microtubule expression (cf. Lane and Allan, 1998; Avila, 1992). Mi-
crofilaments are the smallest of the components of the cytoskeleton and consist of one or more
of several contractile proteins and their associated molecular species related to actin and myosin
(cf. Goldman et al., 1979).

Intermediate filaments are a more diverse group of cytoskeletal elements, which have been
divided into a number of groupings including keratins, vimentin, desmin, and neurofilament pro-
teins (Table 16.4; Weber and Osborn, 1982). These cytoskeletal elements are members of a large
multigene family, many of which are differentially expressed in different tissues (Fuchs and Ha-
nukoglu, 1983; Moll et al., 1982). Such variation in the expression of components of the multi-
gene family of intermediate filaments has also been seen in neoplastic cells, both in vivo and in
vitro (Wada et al., 1992; Skalli et al., 1988; Caulín et al., 1993), and this finding has been used
diagnostically to distinguish general classes of neoplasms (cf. Miettinen et al., 1983). Summer-
hayes et al. (1981) demonstrated that rat bladder epithelium in culture as well as nontumorigenic
foci altered by exposure to benzo[a]pyrene demonstrated no detectable vimentin filaments.
However, tumorigenic cell lines from this tissue did express this protein. In mouse epidermal
keratinocytes, both viral and chemical transformation resulted in abnormalities in the expression
of keratins (cf. Caulín et al., 1993). Specifically, keratin K8 was upregulated in transformed epi-
dermal cell lines and in neoplasms resulting from injection of the cells back into appropriate
mouse hosts.

One of the most striking changes exhibited in the cytoskeleton of transformed cells is ex-
emplified by Figure 16.3. The upper figure is an artist’s conception of the patterns of microfila-
ments forming networks of “actin cables” extending in a parallel fashion throughout the
cytoplasm of the cultured cell resting on a surface. Below this is shown the microfilament pat-
tern in a transformed cell. Here the filaments display very little parallel arrangement, and there is
diffuse fluorescence to indicate depolymerization of microfilaments into their constitutive mole-
cules, which react to give the diffuse pattern. The normal patterns of microtubule (Brinkley and
Fuller, 1978) and intermediate filaments (Ben-Ze’ev, 1984) lose the organization seen in non-
transformed cells when they become transformed.

Both microfilaments and microtubules interact directly with the surface membrane of the
cell. Thus, both the morphology of a cell and the mobility of its lectin-binding sites are in all
likelihood directly related to microtubule and microfilament organization. This probability has
been demonstrated by a direct relationship between concanavalin A capping and a redistribution
of microtubules as well as the changes induced by a temperature-sensitive Rous sarcoma virus
(cf. Nicolson and Poste, 1976). In the latter instance, both cell morphology and surface topogra-
phy are altered concomitantly with changes in the organization and assembly of microfilaments.
Therefore, it is quite likely that the mobility of lectin-binding sites in neoplastic cells is more
directly related to changes in the microfilament-microtubule system governing cell architecture
than to membrane microviscosity. In transformed fibroblasts exhibiting this disruption of mi-
crofilaments, receptor proteins that are normally associated with a relatively rigid organization
of the structures would become more mobile, allowing for the lectin induction of clustering and
capping (Wang and Goldberg, 1976). In the case of the lymphocyte, capping induced by lectins
and by antibodies to specific surface receptors may be directly related to the interaction of mi-
crofilaments with surface membrane receptors and other proteins (Bourguignon and Bourgui-
gnon, 1984). Ultimately in the normal lymphocyte, as discussed in Chapter 20, interaction with
lectins or antibodies stimulates cell replication, but such stimulation may not always be effective
in neoplastic lymphocytes.
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Figure 16.3 Patterns of microfilaments (actin cables or fibers) in normal and transformed fibroblasts
growing in vitro. The regular pattern of parallel microfilaments in the normal cell can be contrasted with
the disarray and diffuseness of the cables and fibers in the transformed cell.
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PROTEINS AND mRNA IN TRANSFORMED CELLS

Because of the relative homogeneity of transformed cell populations in vitro, it has been possi-
ble to make direct comparisons between both messenger RNA and protein populations of trans-
formed cells with those of their nontransformed counterparts. In these instances, it becomes
extremely important to be rigorous in the populations being compared, as noted above.

Messenger RNAs in Normal and Transformed Cells in Culture

Comparative studies of different RNA populations in normal and transformed cells have been
somewhat cyclic with respect to methodologies. As an example, in 1980, Moyzis and associates
compared nuclear RNA and polysomal poly(adenylic acid) messenger RNA in normal SHE cells
and a cell line that had originally been treated with benzo[a]pyrene. Utilizing the liquid hybrid-
ization techniques popular at that time, they were able to demonstrate relatively few changes in
the qualitative pattern of gene expression in these two cell populations. However, when specific
messenger RNAs were investigated after transformation by a variety of methods, distinct quanti-
tative changes could be found between normal and transformed cells in culture. Some examples
of such instances are seen in Table 16.5. While many more examples might be given, many of
them do not satisfy the criteria discussed at the beginning of this chapter. However, the examples
given do indicate dramatic differences in the messenger RNA levels of the specific genes indi-
cated. Most of the examples are matrix or cytoskeletal proteins, with one oncogene-related ex-
ample. There are obviously numerous other examples that could be given in the oncogene area,
but that would only further emphasize the point made in the table.

Within the last few years, a variety of technologies have been developed for examining
large numbers of messenger RNAs in cells, both in vivo and in vitro. Because of the ease and
“purity” of the use of cells in culture, many of the examples of these technologies are in cultured
cells. Table 16.6 lists some of the more modern technologies that have been utilized, with appro-
priate references. The student is urged to examine the references for details of the methods them-
selves. Of the methods listed, the differential display method is relatively simple and

Table 16.5 Expression of Some Specific mRNAs in Transformed Compared with Their 
Nontransformed Controls

Key: t/nt, transformed/nontransformed; CEF, chick embryo fibroblasts; SHE, Syrian hamster embryo; CMV, cytomega-
lovirus; RSV, Rous sarcoma virus; MNNG, N-methyl-N-nitro-N-nitrosoguanidine.

Gene Cell Type Carcinogen
Relative 

Change (t/nt) Reference

Actin Rat fibroblast CMV ↓ (0/1) Leavitt et al., 1985
Collagen precursor CEF RSV ↓ (1/10) Adams et al., 1977
Fibronectin CEF Avian sarcoma virus ↓ (1/10) Fagan et al., 1981
fms-related Rat tracheal 

epithelial cells
MNNG or γ radiation ↑ (5–19/1) Walker et al., 1987

Keratins (3) Mouse epidermal 
cells

Spontaneous ↓ (~0/1) Roop et al., 1983

Pro α1 collagen SHE cells 4-nitroquinoline-1-
oxide

↓ (0/1) Majmudar et al., 
1988
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inexpensive but exhibits difficulties from false positives and negatives. Subtractive hybridization
is an elegant technology that requires some experience to obtain appropriate results. The DNA
microarray methods presently in use allow for the examination of the expression of 104 or more
genes but are extremely expensive. The less expensive “gene screens” usually have fewer than
103 genes with which to examine differential expression from different mRNA populations. As an
example, the subtractive hybridization method has been utilized to compare a normal strain of hu-
man mammary cells with an aneuploid neoplastic cell line obtained from a pleural effusion (Lee et
al., 1991). Although the comparison here does not conform to the criteria indicated at the begin-
ning of this chapter, it does demonstrate that the method allows for the identification of differential
expression of specific genes in two populations as well as the identification of genes not yet
described.

Differential Protein Expression in Normal and Transformed Cells

Studies of differential protein contents in transformed cells related to those in normal cells were
initially concerned with the investigation of specific proteins or related groups of proteins. One
such protein species that was intensively studied was related to earlier investigations, more than
half a century ago, of certain neoplastic cells grown in vitro that have the ability to lyse plasma
clots rapidly. This observation was further investigated by Reich and associates (cf. Unkeless et
al., 1973), who demonstrated that many cells transformed in vitro release a proteolytic factor
into the culture medium that has the ability to activate plasminogen, an inactive precursor of the
proteolytic enzyme plasmin. The plasminogen activator of SV40-transformed hamster cells
growing in vitro was characterized as a protein with a molecular weight of 50,000. The produc-
tion of this activator can be correlated in many transformed cells with the other characteristics of
transformation (Table 14.1). Again, however, we are faced with the fact that the plasminogen
activator is not produced by all cells transformed in vitro or in vivo (San et al., 1977). Further-
more, the production of plasminogen activator does not correlate with certain biochemical char-
acteristics of transformed cells, such as the increased rate of hexose transport in Rous sarcoma
virus–transformed fibroblasts (Wolf and Goldberg, 1976). Thus, although plasminogen activator
production may be an important characteristic of specific transformed cells, it is not an ubiqui-
tous characteristic of the neoplastic transformation. On the other hand, its obvious relationship
to proteases involved in neoplastic invasion and metastases (Chapter 10) strongly suggests that
this characteristic in vitro has its counterparts in vivo (Duffy and O’Grady, 1984).

Table 16.6 Methods for Screening the Expression of Large Populations of Messenger 
RNAs in Cells

Method Basis Reference

Differential display Use of synthetic DNA “tags” to probe 
and display differentially expressed 
mRNAs

Martin et al., 1998

DNA microarray and “gene
screens”

Individual gene sequences “fixed” to a 
“chip,” screen, or other frame for 
subsequent hybridization to mRNA 
populations

Ramsay, 1998; 
Iyer et al., 1999

Subtractive hybridization Liquid hybridization of two related 
mRNA and cDNA populations, 
with subsequent isolation of cDNAs 
not hybridizing

Lee et al., 1991
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In analogy to the search for specific and ubiquitous biochemical changes characteristic of
the neoplastic state, the production of a variety of different proteins and enzymes were investi-
gated in transformed cells in culture. Some examples in systems involving reasonable compara-
tive studies, as discussed at the beginning of this chapter, are seen in Table 16.7. As with the
messenger RNAs noted in Table 16.5, the functions of the proteins in this table are concerned
with intercellular and intracellular proteins as well as components of the cell cycle. As expected,
a variety of other differences in cell cycle function between normal and transformed cells have
also been described (e.g., Crissman et al., 1991; Xiong et al., 1993), but a more extensive consid-
eration is beyond the boundaries of this text.

Ornithine decarboxylase catalyzing the initial step of polyamine biosynthesis has been im-
plicated as a major rate-limiting step early in the stage of promotion in mouse epidermis, partic-
ularly its response to TPA (O’Brien, 1976). As noted in the table, infection of mouse 3T3 cells
with murine sarcoma virus (MSV) produces a dramatic increase in the protein content in such
cells within 4 days after infection (Gazdar et al., 1976). Some of this increase may be due to
stabilization of the protein rather than new synthesis and expression (Bachrach, 1976). In an
interesting contrast, spontaneously transformed mouse epidermal cells for the most part exhibit
a basal level less than that seen in the nontransformed cells and for the most part are induced to
higher levels by the addition of TPA (Yuspa et al., 1980). Transfection of ornithine decarboxy-
lase constructs into mouse 3T3 cells induces transformation (Moshier et al., 1993). Thus, while
polyamine synthesis is critical for cell growth and normal maintenance, these somewhat dispar-
ate findings again indicate that there is no ubiquitous change in polyamine metabolism in neo-
plasia as evidenced by this single important key enzyme.

Another protein not listed in the table but having critical functions in the neoplastic trans-
formation both in vivo and in vitro is p53, as already discussed elsewhere (Chapters 6 and 15).
This protein, having a molecular weight of 53,000 (from which it derives its name), was first
described in association with the large T antigen of SV40-transformed cells (cf. Crawford,
1983). The relative levels of this protein in normal and transformed mouse cells are listed in
Table 16.8. As shown by many, the presence of this protein is not characteristic of all trans-
formed or neoplastic cells in animals, but it clearly plays a major role in cell replication, re-
sponse of the cell to injury, and neoplastic transformation (Chapter 15). The level of p53
messenger RNA in many nontransformed mouse cells was found to be the same as that in their
SV40-transformed progeny. The marked difference in the levels of p53 was largely the result of

Table 16.7 Altered Levels of Specific Proteins in Transformed Cells

Key: CEF, chick embryo fibroblasts; RSV, Rous sarcoma virus; SV40, simian virus 40; MSV, murine sarcoma virus.

Protein Cell Type Carcinogen
Relative 

Change (t/nt) Reference

Actin CEF RSV ↓ (0.3–0.5/1) Wickus et al., 1975
Calmodulin Mouse 3T3 SV40 ↑ (2/1) Chafouleas et al., 1981
cdc2 (p34) Human keratinocytes Spontaneous ↑ (7/1) Rice et al., 1993
Collagen

polypeptides
CEF RSV ↓ (1/10) Levinson et al., 1975

Cyclins A and B Human keratinocytes Spontaneous ↑ (~6/1) Rice et al., 1993
Integrin α5β1 Rat fibroblasts RSV ↓ (0.5/1) Plantefaber and 

Hynes, 1989
Ornithine decar-

boxylase
Mouse 3T3
Mouse epidermis

MSV
Spontaneous

↑ (20–25/1)
↑ (~0.5/1)

Gazdar et al., 1976
Yuspa et al., 1980
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sequestration and inactivation of the p53 by the SV40 large T antigen (cf. Herzig et al., 1999).
Although p53 is a tumor suppressor gene, it has been shown to have transforming activity both
in human (Slingerland and Benchimol, 1991) and rat (Rovinski and Benchimol, 1988) cells. The
phosphorylation of p53 plays a major role in its intracellular function, although discrepancies
have been found with respect to its phosphorylation and the effect of this change on transforma-
tion in vitro (cf. Milczarek et al., 1997). However, transformation in vitro is associated with
phosphorylation of a number of other proteins (Arrigo et al., 1983; Kobayashi et al., 1981;
Cooper et al., 1983). In contrast, sulfation of proteins on their tyrosine residues was dramatically
decreased in embryonic rat fibroblasts infected with the Rous sarcoma virus (Liu and
Lipmann, 1984).

Two-Dimensional Electrophoresis of Proteins in Normal and Transformed Cells

In analogy to the techniques noted in Table 16.6 but developed somewhat earlier, the two-dimen-
sional electrophoretic separation of proteins in cells was seen as a method to examine the syn-
thesis of many proteins simultaneously (Anderson and Anderson, 1979; O’Farrell, 1975). With
this technique, a number of investigations have found quantitative differences in the protein pop-
ulations of normal as compared with transformed cells. Bravo and Celis (1982) separated about
1300 polypeptides from normal and SV40-transformed human fibroblasts and from normal and
spontaneously transformed human amnion cells. These investigators were unable to detect any

Table 16.8 Relative Levels of p53 in Mouse Cells

Cell Description
Amount of 
p53a (%)

a All the values, corrected for the total protein content of the extract, are given relative
to SVA31E7 as 100%.

From Crawford, 1983, with permission of the author and publisher.

SVA31E7 SV40-transformed BALB/c 3T3 100
MCA Methylcholanthrene-induced C56BL/6 

fibrosarcoma
31

CQ15 Spontaneously transformed C3H.Q embryo 
fibroblast

19

3T6 Mouse embryo fibroblast Swiss 16
Py A31C2 Polyoma-transformed BALB/c 3T3 16
PYS Parietal yolk sac carcinoma 3
PCC4 Embryonal carcinoma 2
F9 Embryonal carcinoma 2
F9 AC C19 Differentiated carcinoma 2
WME 10 Whole mouse embryo, 10 days gestation ≤1
WME 12 Whole mouse embryo, 12 days gestation ≤1
WME 14 Whole mouse embryo, 14 days gestation ≤1
WME 15 Whole mouse embryo, 15 days gestation ≤1
BMK Baby mouse kidney, strain TO ≤1
3T12 Mouse embryo fibroblast, BALB/c 2
3T3.A31 Mouse embryo fibroblast, BALB/c ≤1
3T3K Mouse embryo fibroblast, Swiss ≤1
L929 Methylcholanthrene-induced tumor ≤1
NS1 Mouse myeloma ≤1
Thymocytes Baby mouse thymus, strain TO ≤1
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new major polypeptide in the transformed cells, although perhaps as many as 10% of the pep-
tides varied quantitatively between normal and transformed cells. Croy and Pardee (1983) re-
solved approximately 1000 polypeptides in normal and benzo[a]pyrene-transformed mouse 3T3
cells and identified a protein exhibiting a greater rate of synthesis and of stability in transformed
as compared with nontransformed cells. Garrels and Franza (1989) compared protein maps con-
taining about 1600 distinct polypeptides in nontransformed rat embryo fibroblasts and these
cells transformed by the SV40-, adenovirus, or Kirsten murine sarcoma virus. No overall corre-
lation between growth-regulated changes and transformation-induced changes was seen, al-
though some 26 coregulated proteins were found overexpressed in the transformed cells. Figure
16.4 shows a computer interpretation of a two-dimensional gel electrophoresis of normal human
fibroblasts (Celis et al., 1987). In this study, comparing the nontransformed cells with those
transformed by the SV40 virus, a striking decrease in the levels of many proteins was seen in the
transformed cells as well as the appearance (or increased synthesis) of some 47 polypeptides that
were either absent or present in very low amounts in normal cells. These are noted as black spots
on the computer printout. Although this study did not attempt to identify the polypeptides exhib-
iting such differences, the technology to do so rapidly became available. From other studies
(e.g., Leavitt et al., 1982), the use of this technology allowed the identification of mutations in
the β-actin gene of transformed human fibroblasts. However, isolation and characterization of
such mutants is extremely difficult with two-dimensional gel electrophoresis; with the advent of
the technologies indicated in Table 16.6, the nucleic acid methodologies have largely supplanted
those involving the electrophoresis of proteins.

CYCLIC NUCLEOTIDES, CALCIUM, BASE ANALOGS, AND 
TRANSFORMATION IN VITRO

In Chapter 14, modulation of cell transformation in vitro was discussed. The effects of a variety
of structurally dissimilar chemicals in modulating the transformation process were listed in Ta-
ble 14.9. However, several such chemical modulators of the transformation phenotype in vitro
were purposely omitted to be discussed in this chapter, primarily because their effects can be
closely related to other mechanisms, and in some instances a fair amount of knowledge exists as
to the mechanism of the effects themselves. Each of these three factors is considered separately.

Cyclic Nucleotides and Cell Transformation

A possible role for cyclic nucleotides in cell transformation in vitro was suggested some three
decades ago when studies by Pastan and associates (cf. Johnson et al., 1971) demonstrated that
the addition of cyclic AMP to CEF cultures transformed by the Rous sarcoma virus (RSV) re-
sulted in an alteration in their morphology to that of normal, contact-inhibited cells with a lower
growth rate. However, further investigation demonstrated that not all transformed cells re-
sponded in this manner upon the addition of cyclic AMP to the medium (Roth et al., 1982). The
concentration of cyclic AMP in cells transformed in vitro was significantly less than that in cor-
responding nontransformed cells, especially during conditions of little or no cell replication (cf.
Pastan, 1975). However, at least in cell lines transformed by temperature-sensitive SV40 mu-
tants, a change in temperature from the restrictive to the permissive temperature or vice versa did
not alter the cyclic AMP levels of these cells (Burstin et al., 1974). Otten et al. (1971) demon-
strated an inverse correlation between growth rate and cyclic AMP levels when many cell lines
were compared during logarithmic growth. Furthermore, in RSV-transformed chick embryo fi-
broblasts, plasma membrane adenylate cyclase activity was reduced, and its Km for ATP was
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significantly lower in normal cells than in the transformed cells. Anderson et al. (1973) sug-
gested that these changes may be mediated through some modification of the plasma membrane
by viral transformation. Other studies by Sharma and associates (1977) as well as by Simantov
and Sachs (1975) demonstrated apparent structural changes in cyclic AMP–binding proteins in
an adrenocortical carcinoma and neuroblastoma, respectively.

Alterations in the cyclic AMP levels in normal and transformed cells have also been corre-
lated with changes associated with the plasma membrane. Willingham and Pastan (1974) dem-
onstrated that, in cultured mouse 3T3 cells, low levels of intracellular cyclic AMP may be
correlated with increased agglutinability by concanavalin A, whereas high levels of the cyclic
nucleotide are seen in those cells exhibiting decreased agglutinability. Cyclic AMP also appears
to affect the glycopeptide composition of the surface membranes of cultured cells (Roberts et al.,
1973), and the morphological changes seen in cultured neoplastic cells after the addition of cy-
clic nucleotides are also associated with a reappearance of contact inhibition of growth in these
cells (cf. Pastan, 1975).

Another cyclic nucleotide, cyclic GMP, was shown by Goldberg and associates (see Had-
den et al., 1972) to vary with cell replication in a manner opposite to that seen with cyclic
AMP—that is, cyclic GMP levels increase when lymphocytes are stimulated to replicate,
whereas the levels of this cyclic nucleotide are decreased in starved cells, in which cyclic AMP
levels increase. In embryonic hamster kidney fibroblasts in culture, the addition of serum, insu-
lin, or other growth factors caused a decrease in cyclic AMP levels but had no effect on cyclic
GMP levels. However, when these cells were transformed by polyomavirus, the cyclic GMP
concentration increased sixfold (Richman et al., 1981). The inverse relation between cyclic
AMP levels in cells and their rate of replication has led to applications both in experimental and
clinical situations. Bang et al. (1994) has shown the induction of terminal differentiation by ex-
ternally added cAMP to a line of cells derived from adenocarcinoma of the prostate in the hu-
man. The addition induced terminal differentiation of these cells in vitro. In addition, Cho-
Chung and associates (cf. Tagliaferri et al., 1988), using analogs of cAMP, induced both growth
inhibition and phenotypic reversion of murine sarcoma virus–transformed mouse 3T3 cells. A
more extensive review by these investigators laid the foundation for potential clinical uses of
such chemicals in the therapy of neoplasia (Cho-Chung et al., 1991).

Calcium Ions and the Neoplastic Transformation in Vitro

Already discussed is the importance of calcium ions in activating protein kinase C, an enzyme
that appears to be important in the mediation of some tumor promoters (Chapters 7 and 15).
Calcium ions were shown to be very important in mediating the action of cyclic AMP in a vari-
ety of functions (cf. Rasmussen, 1974; Whitfield et al., 1979). It is now apparent that a large
number of intracellular Ca2+-binding proteins are involved in signaling mechanisms (cf. Niki et
al., 1996). One of the most important of these proteins is calmodulin, which is involved in the
regulation of protein phosphorylation–dependent cascades as well as in interaction with cyto-
skeletal elements (cf. Veigl et al., 1984). Generally speaking, the calmodulin levels of trans-
formed cells of mesenchymal origin are higher than those present in nontransformed cells (cf.
Veigl et al., 1984). Early studies showed that both mouse and chicken fibroblasts transformed by
oncogenic viruses, as compared with their normal counterparts, required a markedly decreased
concentration of Ca2+ in the medium to sustain cell replication in culture (Boynton and Whit-
field, 1976; Balk et al., 1979). This was also found to be true for keratinocytes, in which high
concentrations of calcium induce differentiation and ultimately apoptosis, but low concentra-
tions of the ion favor keratinocyte replication. Transformed keratinocytes could not be induced
to differentiate in high concentrations of calcium ions and, in fact, replicated quite well in low
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concentrations (cf. Whitfield, 1992). Although the mechanisms of many of these differences are
not absolutely clear, it is now apparent that cells not only have specific Ca2+ channels for en-
trance but also Ca2+-sensing receptors. This is diagrammed in Figure 16.5, which also indicates
the importance of the endoplasmic reticulum as a transporter and storehouse for calcium within
cells (cf. Hebert and Brown, 1995). Thus, it is likely that transformed cells that do not respond to
calcium in normal ways have defects in one or more of the pathways shown in Figure 16.5 as
well as in the regulation of the expression of various calcium-binding proteins, especially
calmodulin.

Effects of Nucleic Acid Analogs on Transformed Cells

In Chapter 13, the use of the thymine analog 5-bromodeoxyuridine was discussed in relation to
the demonstration of sister chromatid exchanges (Figures 13.5 and 13.6). Almost 30 years ago,
Silagi (1971) demonstrated an interesting effect of the incorporation of 5-bromodeoxyuridine
into the DNA of mouse melanoma cells. Growth of these cells in media containing the analog
caused a suppression of growth, loss of pigment formation, and a lost or markedly decreased
ability to grow as tumors when inoculated into appropriate hosts. These effects were completely

Figure 16.5 Diagram illustrating the manner in which Ca2+ acts as an extracellular messenger. Activa-
tion of the Ca2+-sensing receptor (by binding of Ca2+ to negatively charged regions) activates phospholi-
pase C (PLC; possibly via a Gq protein), leading to increased intracellular levels of diacylglycerol (DG) and
inositol 1,4,5-trisphosphate (IP3), and concomitant release of Ca2+ from internal stores (e.g., the endoplas-
mic reticulum). The rise in Ca2+ is sustained by influx of Ca2+ through channels in the plasma membrane.
The Ca2+-sensing receptor can also reduce receptor-mediated increases in cAMP levels (possibly via a Gi

protein). The Ca2+-induced changes in the activities of these second messenger systems leads to changes in
the activities of a series of kinases (e.g., PKC and PKA), which in turn alter the biological activities of the
cell. AC, adenylate cyclase; PIP2, phosphatidylinositol bisphosphate. (From Hebert and Brown, 1995, with
permission of the authors and publisher.)
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reversed by growing the cells in thymine without 5-bromodeoxyuridine. This was of great inter-
est, since—in addition to the induction of sister chromatid exchange—5-bromodeoxyuridine
also induces specific-locus mutations and the expression of fragile sites in cultured cells (Morris,
1991). More recently, Anisimov and associates (1993) demonstrated the carcinogenicity of this
analog in association with other agents when administered in vivo for chronic periods. Other
effects of addition of this analog to the medium of cultured cells include the induction of endog-
enous oncogenic viruses, especially RNA viruses (cf. Goz, 1978). In a sense, it would appear
that the analog tends to enhance “differentiation” of the expression of the viral genome.

In addition to 5-bromodeoxyuridine, 5-azacytidine, an analog of cytidine, also has the ca-
pacity to “activate” retroviral genomes within a variety of cells in vitro (Jaenisch et al., 1985). In
addition, in other systems the analog induces the appearance of differentiated characteristics in a
variety of different cell types (Jones, 1985). It is presumed that the effects of this analog are due
to its effects on DNA methyltransferase responsible for the methylation of cytosines in DNA
(Jüttermann et al., 1994). However, exactly how the 5-bromodeoxyuridine exerts its effect on
reversing neoplasia and altering differentiation is not clear at the present time.

GROWTH FACTORS AND THE NEOPLASTIC TRANSFORMATION

Biologists have long recognized the presence and critical importance of factors, both exogenous
and endogenous, capable of regulating either positively or negatively the growth, development,
and cell replication of cell populations within an organism. Paramount among these factors are
the trophic hormones of endocrine origin, such as those from the anterior pituitary, pancreatic
islets, and gonads. However, the importance of trophic factors in regulating cell growth and
replication was not entirely appreciated until the advent of tissue culture methodology. The crit-
ical importance of serum in the maintenance, growth, and replication of mammalian cells in cul-
ture was obvious with the very earliest experiments of Carrel and others (cf. Carrel and
Lindbergh, 1938).

Serum and the Nutrition of Transformed Cells

One of the earliest studies showing distinctive differential serum requirements for transformed
cells was that of Temin (1966), who demonstrated a lowered requirement for serum by cells
transformed by the RSV compared with nontransformed chick embryo fibroblasts. Similarly,
SV40-transformed human lung fibroblasts exhibited a lowered requirement for a number of se-
rum factors including some ions (McKeehan et al., 1981). Chemically transformed 3T3 mouse
cells also had a much lower serum requirement than normal cells, although these cells exhibited
“normal” growth controls at low serum concentrations (Holley et al., 1976).

In contrast to the lowered serum requirement of transformed cells, a number of publica-
tions have indicated that neoplastic cells in culture exhibit an increased requirement for the es-
sential amino acid methionine (Halpern et al., 1974; Hoffman, 1982; Breillout et al., 1990).
Studies discussed in Chapter 17 also indicate that certain neoplasms have specific requirements
for other individual amino acids. With this knowledge, it has also been possible to develop se-
rum-free cell culture media for both normal and neoplastic cells (cf. Taub, 1990; Bjare, 1992).
However, the development of such serum-free media initially required the isolation and charac-
terization of factors—virtually all polypeptide in nature—occurring in serum and having both
trophic and inhibitory effects on cells in culture. A number of these growth factors and related
agents are discussed below.



716 Chapter 16

Growth-Enhancing and -Inhibitory Factors in Cell Transformation

In his original experiments, Temin (1966) proposed that the lowered requirement for serum was
related to growth factors within this medium. At that time, only one or two such growth factors
had been isolated and characterized, although there had been many experiments in a variety of
systems with crude serum or tissue extracts, demonstrating both the enhancement and inhibition
of the replication of cells in culture (cf. Keski-Oja et al., 1988; Siegfried, 1992). Furthermore, as
pointed out by Siegfried (1992), there is some difficulty in the precise definition of a growth
factor, because some molecules may have quite different effects on different tissues within the
organism. An example of such overlapping functions may be seen in Figure 16.6, wherein a
polypeptide may act as a growth factor in one tissue, as a hormone-controlling secretion in an-
other tissue, and as a neurotransmitter in the brain (cf. Siegfried, 1992). Thus, one may consider
an operational definition for a growth factor as a peptide that produces a biological signal via a
specific high-affinity receptor that results in altered growth or differentiation (Siegfried, 1992).
A listing of such growth factors exhibiting either growth enhancement, growth inhibition, or
both, is seen in Table 16.9.

The rather extensive listing in Table 16.9 is by no means complete. For example, it omits
the trophic hormones, growth hormone, and insulin, and some of the families are incomplete,
such as the transforming growth factor-β family (Lawrence, 1996). Most of the factors listed in
Table 16.9 are of a molecular weight below 20 kDa and with no known modifications of the
polypeptide, such as carbohydrate or lipid. The exceptions are the platelet-derived growth factor
family, whose members in their dimeric forms are in excess of 30 kDa, and transforming growth
factor-β whose dimers are 25 kDa. Erythropoietin, a circulating hormone produced by kidney
and liver and acting as a growth factor for the erythroid progenitor population, is a complex,
glycosylated protein of molecular weight 46 kDa. Transforming growth factor-β, the tumor ne-
crosis factor, and the interferon families are generally considered to be inhibitors of cell growth
(Keski-Oja et al., 1988). Some 50 years ago, investigators proposed that cell replication in vivo
may be controlled by a negative feedback mechanism through endogenous inhibitors of replica-
tion. Such inhibitors were termed chalones and thought to be cell type–specific (cf. Patt and
Houck, 1980). Other cell growth inhibitors have been partially characterized (Miyazaki and
Horio, 1989), but the three families noted are perhaps the best characterized of the “chalones” at
present.

Figure 16.6 Overlapping functions of polypeptides exerting distinctive effects in biological systems.
(Adapted from Siegfried, 1992, with permission of the author and publisher.)
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Growth Factor Receptors

In order for growth factors to exert their trophic effects, it is necessary for such polypeptides to
interact with specific receptors on the surface of the target cell. We have already noted this in
previous chapters (3, 7, and 15). However, in the case of growth factors, their receptors are pre-
dominantly of the type involving a single polypeptide chain or its dimeric or trimeric forms,
having both external and cytoplasmic domains with a single transmembrane domain. Examples
of a number of diagrammatic structures for the receptors for growth factors may be seen in Fig-
ure 16.7. Virtually all of these receptors are glycoproteins having a high affinity for their specific
growth factor, with their molecular weights being considerably in excess of those of the ligand
growth factors themselves, usually in the range of 50 kDa to 150 kDa. As noted in the figure,
many but not all growth factor receptors exhibit tyrosine protein kinase activity in the cytoplas-
mic domain, such activity being activated by interaction with the ligand, as was previously dis-
cussed in Chapter 7. In virtually all instances, interaction of the receptor with its ligand involves
a dimerization or in some instances a trimerization of the receptor molecules in the cell mem-
brane (cf. Weiss and Schlessinger, 1998).

Signaling mechanisms that are initiated and result in transduction to the nucleus have al-
ready been discussed in relation to receptors containing an intrinsic tyrosine kinase (Chapter 7;
Fantl et al., 1993). However, as noted from Figure 16.7, receptors involved in hematopoietic and
lymphoid cells do not contain tyrosine kinase in their cytoplasmic domain. In this instance, the
signal transduction pathway must involve tyrosine kinases that are separate molecules within the
cytoplasm of the cell. A considerable amount of work has elucidated many of the details of this
pathway (Silvennoinen et al., 1997; McCubrey et al., 2000). A diagram of the pathway that in-
volves a family of tyrosine kinases known as JAK kinases (Janus kinases) and STAT transcrip-
tion factors (signal transducers and activators of transcription) is seen in Figure 16.8. As noted in
the figure, the JAKs phosphorylate the cytokine receptor and at the same time phosphorylate
members of signal transduction pathways, not only the STAT pathway but, as noted in the figure,
other pathways involved in signal transduction of receptors having inherent tyrosine kinase
within their cytoplasmic domains. This “cross-talk” between the JAK-STAT pathways and other
signaling pathways allows such cells to activate a variety of transcription factors and subse-
quently genetic expression. Such cross-talk also exists between peptide growth factor transduc-
tion pathways and steroid hormone receptor signaling pathways (cf. Ignar-Trowbridge et al.,
1995). As discussed in the next chapter, tumor necrosis factors utilize a different signaling path-
way, which in many instances directs the cell into apoptosis (Chapter 17).

Transforming Growth Factors

Following the characterization of epidermal growth factor (cf. Carpenter and Cohen, 1990) and
nerve cell growth factor (Levi-Montalcini, 1987), the search for other growth factors and their
characterization became a popular area of research in the 1970’s. During this time, Todaro and
associates reported the striking observation that media from murine sarcoma virus–transformed
cells possessed growth factor properties when added to normal or some other neoplastic cells
(De Larco and Todaro, 1978). Most striking was the fact that these “growth factors” actually
induced the morphological transformation of normal cells and anchorage-independent growth,
one property in cell culture that correlates quite well with tumorigenicity in vivo (Table 14.1).
This striking effect may be noted microscopically in Figure 16.9. Untreated normal rat cells
shown in A exhibit a single monolayer of growth and a quite regular pattern. Treatment with
media from murine sarcoma–transformed rat cells induced the normal cells to growth in the pat-
tern seen in B, in which cells become quite crowded and pile up on one another as characterized
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by the transformed phenotype. Even more striking is the absence of anchorage-dependent
growth of the normal rat cells in C but the growth in single colonies of more than 500 cells each
in the soft agar, as noted in D (Todaro et al., 1981). Subsequent to these studies, Todaro and
associates (Marquardt et al., 1984) isolated and determined the amino acid sequence of the “sar-
coma growth factor,” which was subsequently termed transforming growth factor-α (TGF-α).
The structural similarity of TGF-α to epidermal growth factor is seen in Figure 16.10. Although
not shown in the figure, both growth factors are originally synthesized as a large transmembrane
precursor, and the active growth factor as seen in Figure 16.10 is cleaved from the cell surface
and released into the surrounding environment (cf. Kumar et al., 1995). Interestingly, the “nor-
mal” epidermal growth factor (EGF) may also induce transformed properties in cells in vitro by
addition to the medium (Liboi et al., 1986). Other studies have indicated that many cells in cul-
ture may respond to a variety of growth factors by exhibiting properties of the transformed phe-
notype (Kaplan and Ozanne, 1983; van Zoelen et al., 1988). Furthermore, as might be expected,
both TGF-α and EGF interact with the EGF receptor, and both are produced by a variety of
normal tissues (Rall et al., 1985; Salomon et al., 1990).

A second transforming growth factor, TGF-β, was independently discovered by two labo-
ratories (Moses et al., 1981; Roberts et al., 1981). TGF-β was later shown to be a component of
the crude “sarcoma growth factor” present in the media of retrovirus-transformed cells (cf.
Lawrence, 1996). Subsequent studies have demonstrated that this growth factor is one of a very

Figure 16.8 Diagram of interaction between the JAK-STAT and Ras pathways in signaling in hemato-
poietic and lymphoid cells. The arrows indicate action of components toward others. (Adapted from Lea-
man et al., 1996, with permission of the authors and publisher.)
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large family of growth factors occurring normally in a variety of species with quite divergent
functionalities. TGF-β itself occurs in three different forms, TGF-β1, -β2, and -β3, which are
produced from a large precursor form nearly three times the size of the active growth factor
monomer (Figure 16.11). As seen from the figure, there is considerable sequence conservation
in the active TGF-β component, but the pro and pre components exhibit much less conservation.
The extended polypeptide containing the pro- and active TGF-β are combined within the cell as
dimers, which are proteolytically cleaved, and a binding protein [latent TGF-β-binding protein
(LTPB)] is linked by a disulfide bond to the pro region. Secretion of these latent complexes of
TGF-β are secreted into the cellular environment, as noted in Figure 16.12. The active dimeric
form of TGF-β is freed from the complex by one or more of the components seen in the figure,
and this dimeric active form may then interact with receptors with subsequent cell signaling

Figure 16.9 A. Untreated normal rat kidney cells. B. Normal rat kidney cells treated with crude “sar-
coma growth factor” for 6 days. C. Untreated normal rat kidney cells plated in 0.3% soft agar. D. Colony of
normal rat kidney cells plated in 0.3% soft agar, treated with “sarcoma growth factor,” and photographed
two weeks after treatment. See text for details. (Adapted from Todaro et al., 1981, with permission of the
authors and publisher.)
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Figure 16.10 Structures of epidermal growth factor (A) and transforming growth factor α (B) in the
mouse and rat, respectively. The extreme similarity of the positions of the disulfide (CYS-CYS) bridges
and the lengths and sequence similarities of the intervening chains are readily noted. Invariant amino acid
residues present in all known epidermal growth factor-like structures are depicted with shaded circles in the
transforming growth factor structure.
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(Roberts and Sporn, 1996). In contrast to the predominantly growth-stimulatory activity of TGF-
α and other growth factors listed in Table 16.9, TGF-β and members of its family have a number
of other functions. In fact, TGF-β acts as a growth-stimulatory agent for only a few cell types of
mesenchymal origin (cf. Wakefield et al., 1991). TGF-βs are strongly growth-inhibitory for most
epithelial cells, as well as cells of the hematopoietic system. TGF-β may also serve to enhance
or inhibit the expression of the differentiated phenotype of a number of cells.

TGF-β Signaling Mechanisms

The TGF-β receptor complex differs from those depicted in Figure 16.9 in that, while having a
cytoplasmic protein kinase domain, the specificity for this protein kinase is not tyrosine but
serine/threonine. Furthermore, there are two types of TGF-β receptors, and interaction with the
ligand requires an interaction with each of the two types, type 1 and type 2. Since type 2 recep-
tors may bind ligand directly from the medium while type 1 receptors cannot, it is likely that the
final complex involves a heterotetramer in which the type 1 receptor may differ depending on
the member of the TGF-β family involved (cf. Ruscetti et al., 1998). A diagram indicating the
interaction with TGF-β and the two forms of the receptor as a heterotetramer with activation of
the kinase domain is seen in Figure 16.13. For this signal transduction pathway, a different series
of downstream signaling molecules known as Smad proteins are involved, with a series of phos-
phorylations, as noted in the figure, ultimately resulting in an activated complex of Smad pro-
teins that may associate with transcription factors and activate DNA transcription of specific
genes (Visser and Themmen, 1998).

Influences of Growth Factors on Cell Transformation

Prior to the discovery of transforming growth factors, there was a general belief that cells pro-
ducing hormones or growth factors did not possess receptors for the hormone or growth factor
produced by the cell itself. The secretion by such cells of endocrine glands was termed endo-
crine secretion. Alternatively, cells producing a hormone or growth-enhancing or -inhibitory
factor might be in close association with target cells containing the receptor for such ligands,
with the endocrine cell itself still not possessing such receptors. The demonstration by Todaro

Figure 16.11 Regions of homology and overall structure of mammalian TGF-β isoforms. The three
mammalian TGF-βs are highly homologous to one another in the C-terminal region of 112 amino acids
(a.a.) but show much more sequence divergence in the precursor (pre) and pro regions. The black bars
indicate regions of sequence identity between TGF-β1, -β2, and -β3. The percentage identity in each do-
main is given below the numbers of a.a. Other members of the TGF-β family show virtually no homology
in the pro region but still are quite homologous in the C-terminal 112 a.a. (Adapted from Wakefield et al.,
1991, with permission of the authors and publisher.)
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and his associates of the production of a transforming growth factor, TGF-α, soon led to the
demonstration that cells producing this factor also possess the EGF receptor, thus allowing both
the production and the stimulation by the growth factor product all within a single cell. This was
termed autocrine secretion, and these three types of secretion are diagrammed in Figure 16.14.
At first, this phenomenon was felt to be unique to neoplastic cells and to possibly explain their
enormous growth advantage over their normal counterparts (cf. Todaro et al., 1981). During the
past two decades, however, examples of both paracrine and autocrine secretion in normal cells
have been reported (cf. Wysolmerski and Stewart, 1998; Tsao et al., 1993).

Figure 16.12 Diagram of the formation and activation of latent complexes of TGF-β. Latent TGF-β
consists of a noncovalent complex between the LAP form and the mature TGF-β. In the large latent com-
plex, LAP is covalently bound to a protein called the latent TGF-β–binding protein (LTBP) by a disulfide
linkage. These complexes may be either sequestered by extracellular matrix or activated by a cooperative
proteolytic process involving the mannose-6-phosphate receptor and a surface-bound protease after secre-
tion from the cell. Only the mature, biologically active, C-terminal domain of TGF-β binds to its signaling
receptors. (Adapted from Roberts and Sporn, 1996, with permission of the authors and publisher.)
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Transforming Growth Factors and Multistage Carcinogenesis

Since TGF-α as well as EGF itself may induce phenotypic transformation in normal cells in
vitro, it is reasonable to suggest that these agents may act as promoters in vivo. Furthermore,
there is now ample evidence that TGF-α is expressed in a variety of malignant neoplasms, and
many of these neoplasms exhibit an enhanced level of the EGF receptor, many times owing to
gene rearrangements or amplification of the EGF receptor gene as a component of the stage of
tumor progression (cf. Salomon et al., 1990).

Various types of “dysregulation” of growth factor–receptor pathways in transformed cells
have been described (cf. Hatakeyama and Taniguchi, 1988). A number of examples of changes
in the epidermal growth factor–receptor pathway in transformed cells have been described (To-
daro et al., 1976; Cherington et al., 1979; Hollenberg et al., 1979). Several of these reports (e.g.,
Hollenberg et al., 1979; Cherington et al., 1979) have demonstrated a decreased requirement for
epidermal growth factor in transformed cells. The role that autocrine stimulation of such cells
played in these findings was not clear at that time. In addition, in Syrian hamster embryo cells
transformed in vitro, alterations and the responsiveness of these cells to epidermal growth factor,
platelet-derived growth factor, and transforming growth factor β were significantly altered (Is-
fort et al., 1994).

Figure 16.13 Diagram of the TGF-β heterotetramer receptor and its signaling pathway. Upon activation
of the serine/threonine receptor kinase by interaction with its ligand, pathway-specific Smads are phospho-
rylated leading to heterodimerization with Smad4, the complex then translocating to the nucleus where it
binds directly, or in a complex with other factors, to DNA. The inhibitory Smads (Smad7) bind to the type
1 receptor and prevent phosphorylation of the pathway-specific Smads. (Adapted from Visser and Them-
men, 1998, with permission of the authors and publisher.)
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The response of transformed and neoplastic cells to TGF-β tends to be lost, primarily dur-
ing the stage of progression. Since TGF-β acts primarily to inhibit the growth of epithelial and
many mesenchymal cells, such a loss of receptor activity and function is perhaps to be expected.
There is now substantial evidence that much of this TGF-β resistance is the consequence of in-
activating mutations either in the type 1 or type 2 TGF-β receptors or one of the several Smad
proteins (Reiss, 1997). In fact, Smad2 has been implicated as a tumor suppressor gene involved
in the control of cell invasion (Prunier et al., 1999). In contrast, Oft and associates (1998) have
argued that TGF-β signaling may be rather important for the invasiveness and metastasis of cer-
tain carcinoma cells both in vivo and in vitro. Krieg et al. (1991) reported that constitutive over-
expression of TGF-β1 mRNA was observed in malignant carcinomas but not in benign
premalignant lesions. Furthermore, 100% of pancreatic and 83% of colonic neoplasms have a
mutation affecting at least one component of the TGF-β pathway (cf. Blobe et al., 2000). How-
ever, the activity of the entire pathway was not investigated. An autocrine type of secretion for
TGF-β has been described in transformed fibroblasts, and in many instances this is associated
with aberrant EGF receptor regulation (Newman, 1993). Repression or inactivation of TGF-β
receptors has also been described in the genetically based retinoblastoma and in hereditary non-
polyposis colorectal cancer (cf. Ruscetti et al., 1998).

Thus, it appears that growth factor signaling pathways are largely aberrant in transformed
cells in vivo as they are in many neoplastic cells in vitro. Furthermore, a number of pathways in
other growth factors are also abnormal in transformed cells, as noted in Table 16.10. The
EGF/TGF-α autocrine pathway is not functional in all neoplasms, although all cells transformed
by chemicals appear to exhibit an enhancement in TGF-α expression (cf. Lee et al., 1993). It is
likely that such increased expression of these growth factors makes up the basis for the de-
creased requirement for EGF in chemically transformed mouse cells (Cherington et al., 1979).
Furthermore, some neoplastic cells may begin to express growth factor receptors and thus re-
spond to growth factors to which their normal counterparts would not (cf. Descamps et al.,

Figure 16.14 Diagram of the types of cellular secretion. The black dots represent the secretory product
or ligand and the heavy black half circles on the cell membrane the specific receptor for the secreted ligand.
(Adapted from Todaro et al., 1981, with permission of the authors and publisher.)
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1998). A similar effect had earlier been reported with the platelet-derived growth factor and its
receptor (Bowen-Pope et al., 1984). Insulin-like growth factors I and II may also be expressed at
higher levels in a variety of neoplasms in vivo and in vitro, often with their receptor exhibiting
expression as well, leading to autocrine growth potential (Werner and LeRoith, 1996). Mutations
in the IGF-II/mannose-6-phosphate receptor, which prevent such autocrine effects or growth fac-
tor effects on the neoplastic cells themselves, have been reported, as discussed in Chapter 15.
Interestingly, hepatocyte growth factor may actually inhibit proliferative activity of a variety of
neoplastic cell lines (Tajima et al., 1991). In another cell culture system, Seslar et al. (1995)
demonstrated an interaction between TGF-β production and hepatocyte growth factor expres-
sion, with a clear interaction between various cell types in the culture.

Since the responses to growth factors in the neoplastic cell may be altered as a result of the
development of autocrine stimulation, mutations in signaling pathways, interactions between
growth factors and adjacent cell types (paracrine secretion), or altered imprinting, it is very
likely that growth factors do play a role in the enhanced cell replication during the stage of pro-
gression. It is very likely that many of the characteristics described in this section are the result
of evolving karyotypic instability in this stage, and thus, while many interesting different pat-
terns of responses may be seen in transformed and neoplastic cells, no single alteration may be
seen ubiquitously in all transformed and neoplastic cells.

Table 16.10 Defective Growth Factor Pathways in Transformed Cells

Growth Factor System Cell System
Change Related to 

Transformation Reference

Epidermal growth fac-
tor/transforming
growth factor α

Cells transformed in 
vitro by chemicals

Increased expression 
with or without 
enhanced receptor 
expression

Cf. Lee et al., 1993

Fibroblast growth factor Mouse 3T3 cell lines Mutant and normal 
forms of these 
genes induce 
transformation

Cf. Hatakeyama 
and Taniguchi, 
1988

Hepatocyte growth factor Hepatocellular carci-
noma cell lines

Growth inhibition Shiota et al., 1992

Spontaneous transfor-
mation of 3T3 cells

Increase in HGF recep-
tor due to gene 
amplification

Cooper et al., 1986

Insulin growth factor-1 SV40 transformed 3T3 
cells

Increased expression Porcu et al., 1992

Interleukin-2 HTLV-transformed cell 
lines

Increased expression of 
IL-2 receptor

Hatakeyama and 
Taniguchi, 1988

Platelet-derived growth 
factor (PDGF)

Syrian hamster embryo 
cell transformation

Decreased responsive-
ness in half of trans-
formed cell lines 
tested

Isfort et al., 1994

Transforming growth 
factor β

Retinoblastoma cell 
lines

Absence of TGF-β
receptors

Kimchi et al., 1988
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DNA METHYLATION, TELOMERASE, CELL SENESCENCE, AND 
TRANSFORMATION

In Chapter 15 the importance of alterations in DNA methylation was discussed, as well as telo-
merase activity and telomere length as common alterations in neoplasia. In cultured cells, these
functions appear to play a quite significant role, especially in the phenomenon of cell senes-
cence, which was briefly described in Chapter 14. In short, essentially all cells that are placed in
culture have a finite period or finite number of doublings during which they remain structurally
and genetically normal cells (Hayflick, 1997). At the end of this time, the cells either die or
some of them become “transformed” to an immortal phenotype that is accompanied by an al-
tered karyotype, which usually expresses instability subsequently as the cells are continued in
culture. In recent years, the association of DNA methylation and telomerase and telomeres has
been a subject of intense investigation. These are considered separately here, although in fact
they are closely related functions.

DNA Methylation and Transformation

When cells are first placed into culture, there is usually a rapid general loss of DNA methylation;
but as immortal cells emerge, the methylated DNA content of such cell lines appears to increase
(cf. Razin and Cedar, 1991). Recall that in neoplastic cells in vivo there is a general hypomethy-
lation of DNA, although there are clearly areas of hypermethylation within the DNA of a variety
of human neoplasms (cf. Laird and Jaenisch, 1994). Baylin and associates (1997) have reviewed
some of the changes that may be seen in the DNA methylation capability of cells in culture as a
function of the level of the DNA-methyltransferase activity. Figure 16.15 summarizes much of
the experimental data for the relations between DNA methyltransferase activity to fibroblast ag-
ing and senescence as well as infection with the SV40 oncogenic virus. The changes in methyla-
tion seen on initial explantation are not appreciated from the graph, although the relative DNA
methyltransferase of young fibroblasts may be considered as reflecting the initial loss of DNA
methyl groups and, presumably, the activity of the enzyme, especially in epithelial cell cultures.
The further loss of methyltransferase as the fibroblasts are continued in culture is reflective of a
further loss in DNA methylation as well. At the time of senescence there is a reversal of this
effect, occurring over a shorter time period; at the time of crisis—i.e., in this case transformation
by SV40 virus—DNA methyltransferase is subsequently enhanced and then stabilizes. This was
further investigated by Slack et al. (1999), who showed that T-antigen expression in transformed
cells is accompanied by an elevation in DNA methyltransferase mRNA and protein as well as
global genomic DNA methylation. These results and others (e.g., Kautiainen and Jones, 1986)
suggest that transformed cells in cell culture may actually have enhanced levels of DNA methy-
lation, which is an interesting contrast to the global demethylation seen in neoplasms in vivo.

Telomeres, Telomerase, and Cell Senescence and Transformation

As suggested in Chapter 15, the normal adult mammal tends to have extremely short or virtually
absent telomeres in many of the highly differentiated cell types within the organism. When cells
are initially placed in culture, especially mesenchymal cells, they initially have telomeres as well
as exhibit telomerase activity. As mesenchymal cells are maintained in culture, their telomeres
decrease in length until they become extremely short; the cells then stop replicating and subse-
quently die or go through a crisis (see above), at which time immortal cells develop. These im-
mortal cells now exhibit telomerase activity and have telomeres, although usually shorter than
those in the original cell population at explantation. Transformation by oncogenic viruses or
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chemicals will also reactivate telomerase and in many instances allow for the immortality of
such transformed cells, as noted in Chapter 14 (Table 14.1). A diagram of this process is given in
Figure 16.16.

It should be noted from the figure that germ cells and stem cells have a constant and rela-
tively high level of telomerase activity and possess telomeres of substantial size. Induced differ-
entiation of immortal cells causes a pronounced downregulation of telomerase activity in a wide
variety of transformed cells (Sharma et al., 1995) but a lack of effect in some other cell lines
(Bestilny et al., 1996). There is also evidence that the p53 gene is involved in the entrance of
cells into the senescent period (Wynford-Thomas, 1996). The decrease in telomerase activity as

Figure 16.16 The telomere hypothesis of cell aging. TRF is the terminal restriction fragment length
made up of the terminal TTAGGG repeats in human cells plus a small, variable length, proximal fragment.
Germ cells maintain telomerase activity as well as their telomere length upon cell division. Somatic cells in
general are telomerase negative and, as a consequence, their telomeres shorten with each cell division by
approximately 50 bp (cf. Krupp et al., 2000). When somatic cell telomeres shorten sufficiently, cell cycle
arrest occurs, with the activation of a senescent phenotype (M1 or Hayflick limit). If cells are transformed,
they may bypass M1, but their telomeres continue to shorten, since telomerase has not been activated.
When telomeres shorten to the point where chromosome function is impaired, cells enter a crisis period
(Figure 16.15 or M2). In the absence of transforming virus infection, a few cells emerge from crisis that
have activated the telomere maintenance machinery and telomerase. It is these cells that are immortal and
maintain stable telomere lengths during culture. (Adapted from Morin, 1997, with permission of the author
and publisher.)
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cells in vitro approach senescence does not appear to be a direct function of DNA methylation,
although this process can contribute to the repression of telomerase in some cells (Dessain et al.,
2000). The marked shortening of telomeres as cells approach senescence is associated with in-
creasing chromosome instability in mammals (Pommier et al., 1995) as well as in lower forms,
where inhibition of telomerase induces chromosomal destabilization (Izbicka et al., 1999). In
fact, Reddel (2000) has emphasized that many of the more common genetic changes seen in
neoplasia may play a key role in the immortalization process of cells transformed in vitro.

Thus, while there is reasonable evidence to argue that telomerase activity as well as telo-
mere length is associated with aging and senescence in vitro and in many instances in vivo
(Krupp et al., 2000), the presence of the enzyme and of telomeres, even shortened, has not been
universal in neoplasia (Krupp et al., 2000). Still, inhibition of telomerase may be an appropriate
method with which to induce death in appropriate neoplasms (Herbert et al., 1999).

THE MOLECULAR AND CELL BIOLOGY OF CELL TRANSFORMATION 
IN VITRO—ITS CONTRIBUTION TO OUR UNDERSTANDING OF THE 
NEOPLASTIC PROCESS

As noted in Chapter 14 as well as in this chapter, cells in culture have many but not all of the
characteristics of neoplastic cells in vivo. In particular, the cell and molecular alterations in
transformed cells sometimes appear to be relatively unique to the situation. However, with care-
ful comparison between normal and transformed cells in vitro, some characteristics seen in
transformed cells may be directly applied to the in vivo situation. This was certainly the case
with telomerase and its disappearance in senescence and reappearance during transformation,
thus making it a potential therapeutic target in the management of neoplastic disease. Although
the multistage nature of neoplasia has not been extensively studied in cell culture, probably be-
cause of the lack of good model systems, the SHE cell system has shown that there are consider-
able similarities in the biology and quite likely the cell and molecular changes occurring during
the three stages of carcinogenesis in this in vitro system. Cell culture offers an exciting tool with
which to study the neoplastic transformation and a variety of other processes that impinge on our
knowledge and ultimate control of the neoplastic process.
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17
The Host–Tumor Relationship—
Nutritional Factors and Biomarkers

It is important to remember, in considering neoplasia as defined in this book, that two entities are
involved, the host and the neoplasm. Each is independent yet in many ways dependent on the
other. The neoplasm is dependent on the host for its blood supply and other supporting tissues,
and the host responds to the viability and the nutritional requirements of the neoplasm in the
maintenance of the internal milieu of the organism. Weiss (1976) pointed out that the host-tumor
relation is quite analogous to the host-parasite relation, which is usually considered in infectious
diseases. The tumor-bearing host is confronted with a population of living cells sufficiently inde-
pendent of the host (relative autonomy) and sufficiently different at the molecular level to war-
rant designation as parasitic. Yet the analogy of the neoplastic cell to an exogenous parasite is
not altogether correct, because in this case the relation to the host is much more subtle, in that
the parasitic element is derived from the host’s own tissues.

This relation between host and tumor is perhaps the major factor in the clinical symptom-
atology seen in patients with cancer. According to the late Jesse Greenstein (1958), “The host-
tumor relationship is the key to the cancer problem.” With the rapid advances in our knowledge
of mechanisms in pathobiology, however, the problem of the host-tumor relation has been some-
what deemphasized; yet it is as significant today as it has ever been.

CANCER CACHEXIA

It is not unusual for humans and lower animals with advanced cancer to lose weight and to be-
come emaciated even to the point that the host appears to die of starvation rather than as a result
of any localized effects of the neoplasm. In the initial growth phase, the neoplasm may give
evidence of host restraints. However, after the neoplasm reaches a substantial size within the
host, it often continues to grow, regardless of the nutritional and hormonal needs of the host. A
neoplasm transplanted to mice that were fasted for 48 or 60 hours with interval 24-hour access to
food showed a significant decrease in growth (Pavelic′, 1982). In some experimental animals,
body growth ceases when the neoplasm becomes grossly demonstrable; thereafter, the body
weight may remain essentially constant or decrease somewhat, while the neoplasm continues to
increase in size and cell number. In animals this latter phase may be correlated with the involu-
tion of the thymus (Ertl, 1972).

The sum of the changes noted above has been termed cachexia, which may also be seen as
a similar symptomatology in a number of disease states other than cancer, such as the acquired
immunodeficiency syndrome (AIDS), major trauma, extensive surgery, malabsorption syn-
dromes, and severe sepsis (Tisdale, 1997). Cachexia differs from starvation, either self-induced
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(anorexia nervosa) or as the result of circumstances, in that in the latter situations, especially
during continued starvation, there is a much greater loss of adipose tissue than other compo-
nents, while in cancer cachexia there is equal loss of both fat and muscle (Moley et al., 1987).
Furthermore, in contrast to simple starvation, the changes in body composition seen in patients
with cancer cachexia cannot be reversed by the provision of extra calories.

Cachexia has been defined by Costa (1963) as “the sum of those effects produced by neo-
plasms in the host, which are not the immediate result of mechanical interference with recogniz-
able structures.” About 50% of all cancer patients exhibit the syndrome of cancer cachexia,
characterized by loss of adipose tissue and skeletal muscle mass, weakness, anorexia (loss of
appetite), depletion of host components such as lipid and protein, electrolyte and water abnor-
malities, and a progressive fading of vital functions (cf. Tisdale, 1997, Table 17.1). Accompany-
ing asthenia is a prevalence of fatigue, which may, in turn, be related to anemia, pain, nutritional
deficiency, infection with fever, or depression (Groopman, 1998). In cancer patients receiving
chemotherapy (Chapter 20), the prevalence of fatigue has been reported to range from 75 to 96%
(cf. Stone et al., 1998). The degree of cachexia, however, is not correlated in any simple manner
with caloric intake, tumor burden, tumor cell type, or anatomical site of involvement. Some indi-
viduals with widespread neoplasms exhibit no clinically recognizable cachexia, whereas others
with extremely small neoplasms may show characteristics of this syndrome (cf. Costa and
Donaldson, 1980). For example, cachexia is relatively uncommon in patients with adenocarci-
noma of the breast, while it is very common in other forms of adenocarcinoma, as of the lung or
pancreas (MacDonald et al., 1995).

Nutrition and Cancer Cachexia—Anorexia

The mechanisms of the development of cancer cachexia are complex and not completely under-
stood. Costa (1977) likened the cachectic state to the diseases of protein-calorie malnutrition,
kwashiorkor, and marasmus, which are more commonly seen in relatively undeveloped areas of
the world. In fact, patients with advanced cancer may lose significant amounts of nitrogen and
fat and exhibit protein-calorie malnutrition (Nixon et al., 1980). As with malnutrition, some of
the characteristics of cachexia may be overcome by forced feeding programs involving either
total parenteral nutrition, that is, intravenous feeding, or hyperalimentation by means of stomach
intubation or similar methods. However, such methods do not appear to prolong survival or af-
fect many of the complications of advanced neoplasia (Balducci and Hardy, 1985; Vigano et al.,
1994). In view of this lack of effectiveness of such nutritional modalities, various pharmacologi-
cal approaches to the treatment of cachexia in advanced cancer patients have been utilized
(Loprinzi et al., 1992; Vigano et al., 1994). The drug therapy utilized involves either hormones

Table 17.1 Manifestations of Cancer Cachexia

1. Anorexia
2. Weight loss
3. Asthenia (weakness)
4. Changing body image
5. Chronic nausea
6. Negative energy balance
7. Anemia, metabolic alterations (protein, lipid, carbohydrate)
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such as corticosteroids, progestational drugs, and anabolic steroids administered in an attempt to
change the altered hormonal milieu of the tumor-bearing host or mood-altering drugs such as
cannabinoids to alter the psychology of the host. In the final analysis, however, cancer cachexia
cannot be completely reversed without the elimination of the neoplasm (van Eys, 1982).

Warnold and associates (1978) demonstrated that the development of cachexia may be ac-
companied by an increase in the resting metabolic rate and the daily energy expenditure in can-
cer patients, even in the absence of significant physical activity. In comparing cancer patients
with healthy subjects, these authors found that while energy intake was not significantly differ-
ent between the two groups, the daily energy expenditure and resting metabolic rate were signif-
icantly greater in cancer patients than in controls (Table 17.2). Shortly thereafter, Bozzetti and
colleagues (1980) reported that resting metabolic rates were increased by 60% in a heteroge-
neous group of 65 patients with advanced cancer. These investigators found a significant correla-
tion between resting metabolic expenditure and percentage of body weight loss. Furthermore, a
number of investigations have found that weight loss in cancer patients, especially that found at
initial diagnosis, had a dramatic effect on survival (Table 17.3). This table shows that weight loss
is quite common in patients with cancer, and it may be stated that nearly every patient who dies
from cancer will develop weight loss at some time during the course of the disease (Langstein
and Norton, 1991).

Anorexia, Weight Loss, and Cancer Cachexia

Despite the relatively low plasma glucose levels in many cachectic patients, a factor that usually
stimulates appetite, a typical characteristic of cachexia is anorexia or loss of appetite. This
symptom is an extremely important characteristic of the syndrome of cachexia, as anorexia may
aggravate weight loss, weakness, hormonal changes, and progressive alterations in a number of
vital functions. Grosvenor and colleagues (1989) determined that anorexia occurs in approxi-
mately 50% of newly diagnosed cancer patients. Even in the 1930s, it was recognized that at
least 20% of all cancer deaths were due solely to malnutrition (Warren, 1932). It is not clear that
any single cause is primary in the anorexia of cancer, but a number of possible factors have been
described over the past two decades (Table 17.4). However, since the publication of Table 17.4,
substantial evidence has developed to indicate that humoral factors, many affecting the central
nervous system, may be very important in the development of anorexia in cancer patients and
can be directly related to several of the factors listed in Table 17.4. In addition, recent studies in
animals have demonstrated that spontaneous physical exercise may modify the cachectic state,
particularly in slowing the muscle wasting, although, toward the end of the experiments, the en-
ergy costs of exercise accelerated the catabolic state (Deuster et al., 1985; Daneryd et al., 1990).

Within the last decade, studies on the mechanism of anorexia have been oriented toward
the effects of circulating hormones and metabolic constituents. In a rat hepatoma experimental
model, Chance and associates (1991) demonstrated a correlation between increases in ammonia

Table 17.2 Energy Relationships in Cancer Patients

Controls Cancer Patients

Energy intake 1470 kcal/day 1270 kcal/day
Energy expenditure 1420 kcal/day 2020 kcal/day
Basal metabolic rate 1170 kcal/day 1630 kcal/day
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concentration in the blood and the development of cancer-induced anorexia. A number of inves-
tigations, some of which are considered later in this chapter, have demonstrated that specific
hormones in the general class of cytokines (Chapter 19; Matthys and Billiau, 1997) may also be
important in the development of anorexia. Perhaps primary among these is tumor necrosis factor
α (TNF-α; see below), but other cytokines such as interleukin-1 (IL-1; Laviano et al., 1996), and
even endogenous opioids that are involved in the regulation of food intake may also play a role
in the mechanism of the anorexia of cancer (Yim and Lowy, 1984). Several investigations have
implicated the amine hormones serotonin and dopamine as playing significant roles in the mech-
anism of the anorexia of cancer. Initial studies by Chance et al. (1983) demonstrated increased
concentrations of tryptophan, the precursor of serotonin, as well as the amine itself and 5-hy-
droxyindoleacetic acid, one of its metabolites, in specific regions of the brain related to the con-
trol of food intake and appetite in tumor-bearing rats. These studies were extended by Rossi-
Fanelli and associates (Muscaritoli et al., 1996; Cangiano et al., 1996; Laviano et al., 1996). In
particular, these authors demonstrated a correlation between the ratio of free tryptophan to neu-
tral amino acids (valine, leucine, isoleucine, tyrosine, and phenylalanine) and the content of se-

Table 17.3 Weight Loss in Cancer Patients at Initial Diagnosis: Its Effect on Survival 
Following Cancer Treatment

Diagnosis No. Patients

Percent with 
Weight Loss 
at Diagnosis

Survival (Weeks)

Weight Loss No Weight Loss

Breast 289 36 45 70a

aSignificantly different from weight loss patients.
Adapted from Langstein and Norton, 1991, with permission of the authors and publisher.

Sarcoma 189 39 25 46a

Colon 307 54 21 43a

Prostate 78 56 24 46a

Small cell lung 436 60 27 34a

Lung 590 61 14 20a

Pancreas 111 83 12 14
Gastric 179 83 27 41a

Table 17.4 Possible Causes of Anorexia in Individuals with Cancer

Modified from Costa and Donaldson, 1980, with permission of the authors and publisher.

1. Nonspecific manifestation of disease
2. Mechanical interference with the gastrointestinal tract
3. Alterations of taste and/or smell perception
4. Learned food aversions
5. Production of lactate
6. Production of ketones
7. Hypothetical tumor toxins
8. Direct effect on appetite center
9. Psychological factors

10. Treatment (chemotherapy, radiation therapy)
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rotonin in brain. This led to a hypothesis depicted in Figure 17.1, in which tumor growth
resulted in increased plasma tryptophan concentrations, which, in turn, successively competed
with neutral amino acids for access to the central nervous system across the blood-brain barrier.
From this, the hypothalamus metabolized tryptophan to serotonin, in turn resulting in anorexia
by a direct effect of this amine hormone on centers controlling food intake. However, as pointed
out by these authors, the simple concentration of serotonin in the hypothalamus is not the only
factor involved, but its metabolism and release by neurons in the hypothalamus and the effect of
cytokines acting directly on cells of the central nervous system are involved in the development
of anorexia (Laviano et al., 1996). Later studies by Varma et al. (1999), using elaborate surgical
techniques with cannulation of the hypothalamic area and ventromedial nucleus concerned with
the regulation of food intake, came to similar conclusions as those noted in Figure 17.1.

While it is likely that serotonin and perhaps dopamine are involved in the mechanism of
anorexia in cancer patients, it is also clear that a number of other polypeptide factors, some of
which have been mentioned above, play significant roles in the anorexia of cancer. These, partic-
ularly tumor necrosis factor, are discussed later in this chapter.

Protein Metabolism and Neoplastic Growth

As noted above, the weight loss associated with malignant disease involves a reduction of both
body fat and body protein. In the normal adult mammal, proteins are continuously synthesized
and degraded. This dynamic process, termed protein turnover, is regulated by a variety of hor-
monal as well as nutritional factors. In the healthy adult, a state of nitrogen balance occurs, with
protein synthesis equal to protein degradation. In the tumor-bearing host, this relationship is dis-

Figure 17.1 Postulated pathogenic mechanism involved in the development of cancer anorexia. In the
tumor-bearing animal, plasma tryptophan (TRP) concentrations increase, facilitating the competition with
other large neutral amino acids (LNAA) in crossing the blood-brain barrier via the specific L-transport sys-
tem. BCAA, branched-chain amino acids; Phe, phenylalanine; Tyr, tyrosine; Met, methionine; CSF, cere-
brospinal fluid. As a consequence of the successful competition of TRP across the blood-brain barrier, TRP
concentrations in the central nervous system (CNS) increase, leading to enhanced serotonin (5-HT) synthe-
sis in the hypothalamus, ultimately leading to anorexia. (Adapted from Laviano et al., 1996, with permis-
sion of the authors and publisher.)
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turbed, so that there is usually a net loss of nitrogen from nonmalignant tissues as protein degra-
dation exceeds synthesis. The relationship of the host to the neoplasm with respect to protein
and amino acid metabolism is depicted diagrammatically in Figure 17.2.

As depicted in the figure and noted in numerous studies, protein degradation in the cancer-
bearing host occurs to the greatest extent in the musculature of the organism. In experimental
systems, protein synthesis in muscle decreases (Paxton et al., 1987) while protein degradation in
this same tissue increases dramatically, as measured by several different methods (Tessitore et
al., 1987; Lazarus et al., 1999). In a mouse model, this enhanced protein degradation in muscle
was associated with a rise in PGE2, one of the prostaglandins, (Smith and Tisdale, 1993). In turn,
the protein degradation in muscle could be inhibited by administration of the ω-3 polyunsatu-
rated fatty acid, eicosapentaenoic acid (Beck et al., 1991). These factors may be considered as a
direct or indirect effect of the neoplasm on the host via known and unknown humoral influences
(Figure 17.2). In the human, Emery et al. (1984) reported that protein synthesis in muscle could
account for only about 8% of total body protein synthesis in cancer patients, as compared with

Figure 17.2 Relationships of protein and amino acid metabolism in the tumor-bearing host.
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53% in normal control subjects. In contrast to skeletal muscle, protein synthesis in liver in-
creased during cachexia (Paxton et al., 1987), although—in one experimental system—as tumor
growth continued, protein degradation became predominant in that organ (Tessitore et al., 1987).
Unlike these other tissues, the adrenals in experimental systems become enlarged and remain so
during the entire experimental period (Tessitore et al., 1993). This is probably due to a general-
ized stress response, both psychologically and physically, which in turn results in increased lev-
els of gluconeogenic hormones such as glucagon and cortisol (cf. Hulsewé et al., 1997).
Although overall protein synthesis in livers of cancer-bearing animals increased, there was no
change in the synthesis of serum albumin, the major protein component of serum, in either hu-
mans (Lundholm et al., 1980) or experimental animals (Ove et al., 1972); however, in tumor-
bearing rats, albumin catabolism was increased, an effect abolished by adrenalectomy (Jewell
and Hunter, 1971). But in patients with hepatocellular carcinoma, O’Keefe et al. (1990) demon-
strated that amino acid incorporation into serum albumin and other serum proteins was higher
than that in controls or in patients with hepatic metastasis.

As noted in Figure 17.2, the intermediary between muscle and liver and, in turn, the neo-
plasm is the blood amino acid concentrations. In general, as noted earlier in this chapter, patients
exhibit decreases in the concentrations of gluconeogenic amino acids, including the branched-
chain neutral amino acids (Figure 17.1). This is in contrast to individuals exhibiting severe mal-
nutrition, in whom the concentration of these amino acids is usually normal or increased (cf.
Tisdale, 1997). As might be expected of a rapidly growing tissue, neoplastic cells under both in
vitro and in vivo conditions have a high capacity for concentrating amino acids. Furthermore,
tumor-bearing animals fed a protein-containing diet were actually observed to excrete less nitro-
gen and consequently appeared to be in a more positive nitrogen balance than controls without
neoplasms (cf. Goodlad, 1964). This is also true of human patients with advanced cancer (Bren-
nan and Burt, 1981). In animal experiments, analysis of the tumors showed them to contain more
nitrogen than was retained during the experimental period. Thus, part of the tumor protein must
have been obtained at the expense of the tissues of the host. This ability of the tumor to draw
directly on its host tissue proteins is also illustrated by the observation that tumor growth in ani-
mals maintained on a protein-free diet was still about three-quarters of the rate observed in
protein-fed animals. Observations such as these in both humans and animals have led investiga-
tors, originally Mider et al. (1948), to describe the growing tumor as a nitrogen trap.

Although the original studies leading to the concept of the nitrogen trap were carried out
with only a few neoplasms, there is substantial reason to believe that the concept is applicable to
many forms of cancer. Some neoplasms appear to have special types of nitrogen traps in the
form of enzymatic capacities for the selective degradation of essential amino acids (Pitot et al.,
1961). When such a circumstance is present, the host becomes deficient in an essential amino
acid (e.g., threonine) while the neoplasm retains its ability to synthesize protein and to grow.
Another specific amino acid “trap” has been shown for the nonessential amino acid glutamine in
experimental systems (cf. de Blaauw et al., 1997). While glutamine is the most abundant free
amino acid in the organism, because of the increased protein synthesis and need for this amino
acid as well as its concomitant breakdown by neoplasms, glutamine may become a “condition-
ally” essential amino acid because the capacity for the endogenous biosynthesis of this amino
acid is exceeded by tissue utilization (cf. de Blaauw et al., 1997). Stein (1978) has suggested that
the progressive weight loss, abnormal gluconeogenesis, and lactate recycling seen in cachexia
may be the result of an imbalance of essential amino acids within the host that results from se-
lective uptake of essential amino acids. This imbalance may prevent the host from effectively
decreasing gluconeogenesis as long as the tumor persists in causing an amino acid imbalance.
The capacity of a neoplasm to act as a selective nitrogen trap is undoubtedly associated with the
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characteristic of relative autonomy of the tumor cell, but other factors may also play a role.
Sidransky and Verney (1979) demonstrated that the livers of hepatoma-bearing rats do not re-
spond to several nutritional stresses, such as a protein-free diet or tryptophan administration, as
do the livers of non-tumor-bearing animals. Thus the neoplasm, directly or indirectly, may alter
the regulatory mechanisms of normal tissues. On the other hand, it would appear that the break-
down of protein in muscle is not necessarily due to an enhancement of protein degradation but
rather to an inhibition of protein synthesis, leading to a greater net degradation of muscle protein
(Svaninger et al., 1983).

Many neoplasms, especially those exhibiting relatively rapid growth during the process of
cachexia, have a decidedly greater ability to concentrate many if not most amino acids within
their cells (cf. Goodlad, 1964). Shortly after the administration of a labeled amino acid, the
“pools” of amino acids within various normal tissues are labeled to a much greater extent than
those in neoplastic tissue. Some years ago, Busch and associates (1961) showed that when la-
beled amino acids were administered to animals in the form of proteins such as albumin, tumor
proteins were found to have a much greater specific activity than proteins in nonneoplastic tis-
sue. This suggests that the amino acids in the form of proteins are better substrates for protein
synthesis in neoplasms and that tumors perhaps have a selective advantage in extracting whole
proteins from the bloodstream. Furthermore, humans and animals with large or rapidly growing
neoplasms usually exhibit hypoalbuminemia.

The amino acid requirements of tumors do not appear to differ significantly from those of
normal tissues except with regard to nutritional requirements apparently associated with growth
and possible specific abnormalities seen in certain neoplasms. A peculiarity of tumor nutrition
has been exploited therapeutically by the use of the enzyme asparaginase to treat certain leuke-
mias and lymphomas in which the tumor cells themselves require the amino acid asparagine for
growth and survival (Uren and Handschumacher, 1977). The use of this enzyme to deplete the
host of a specific amino acid that apparently does not significantly compromise normal tissue
metabolism differs from other studies, in which diets missing certain amino acids were fed in an
attempt to determine the effect of nutritional deficiencies on tumor growth. Other attempts have
also been carried out with enzymes that selectively degrade other amino acids, such as phenyl-
alanine and methionine, in experimental systems. However, unlike the asparaginase system, the
amino acids degraded by these enzymes are essential for normal cells in general and, although
inhibition of tumor growth was demonstrated, such preparations have not come into clinical use.
Because of the metabolic importance of glutamine (see above), glutaminase prepared from
bacterial sources has been used in both experimental and human systems with some success
(Roberts et al., 1971; Spiers and Wade, 1976), but it has not found general use, possibly because
of its toxicity. Furthermore, comparable experiments have been attempted with amino
acid–deficient or –limited diets, again with variable results (Lorincz et al., 1969). On the other
hand, the use of vitamin-deficient diets has received some attention, especially since at least one
vitamin analog, methotrexate (an analog of folic acid), is used routinely in clinical chemother-
apy (Jolivet et al., 1983). In this instance it has been demonstrated that, in experimental animals,
the drug is more effective when folic acid–deficient diets are fed (Rosen et al., 1964). Patients
receiving methotrexate for prolonged periods must also be carefully monitored to ensure that the
drug therapy, while combating neoplastic growth, does not produce a folic acid deficiency.

Many patients with advanced cancer also exhibit significant anemia. Although the exact
mechanism for this anemia is not clear at present, there is substantial evidence that humoral fac-
tors produced by the neoplasm (Zucker et al., 1980) or by the host in response to the neoplasm
(Ludwig and Fritz, 1998) result in a decreased production of the hormone erythropoietin. The
decrease in the production of this hormone appears to be the general common denominator seen
in cancer-related anemia (cf. Spivak, 1994) and is likely due to the effect of cytokines produced
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as a result of neoplastic interaction with the host. A diagram of the proposed pathophysiology of
the anemia of cancer is seen in Figure 17.3. The nomenclature of the various cytokines indicated
in the figure is discussed further in Chapter 19. Besides the general mechanism, there are other
causes of anemia in cancer patients, such as direct blood loss, autoimmune hemolysis, cachexia,
nutritional deficiencies, and the therapy of the neoplasm itself (Ludwig and Fritz, 1998).

Carbohydrate Metabolism and Gluconeogenesis in the 
Cancer-Bearing Organism

One of the earliest metabolic abnormalities described in cancer patients was that of glucose
intolerance (Rohdenberg et al., 1919). Glucose intolerance is evidenced by increased con-
centrations and delayed clearance of blood glucose following oral or intravenous glucose admin-
istration (Holroyde and Reichard, 1981). Such an effect may be due, at least in part, to tissue
insensitivity to insulin as well as a defective response of β cells of the pancreas to insulin secre-
tion following hyperglycemia. Despite this fact, in experimental systems, insulin may actually
modify or even reverse the cachexia of neoplasia (Moley et al., 1985; Beck and Tisdale, 1989a).

Another abnormality commonly seen in cancer patients with advanced disease is an in-
crease in glucose turnover as measured by isotopic techniques (cf. Chlebowski and Heber,
1986). Although few difference in the rates of glucose production and oxidation have been ob-
served in patients with cancer, there is substantial evidence for differential cycling of the mole-
cule. Although glucose is converted to a variety of metabolites, a major metabolite that may be
recycled is lactate. This recycling through the process of gluconeogenesis, which is predomi-
nantly a function of liver and kidney, is diagrammatically represented in Figure 17.4. Under nor-
mal conditions, lactate produced in peripheral tissues would provide the individual with
maximum energy available from glucose oxidation (cf. Holroyde and Reichard, 1981). In pa-
tients with neoplasia, especially those exhibiting weight loss, measurements of the Cori cycle
have demonstrated dramatic increases in this process (Table 17.5). This is particularly true in
patients who have increased basal metabolic rates (BMR), where the Cori cycle contributes a

Figure 17.3 Diagram of the pathophysiology of anemia in cancer patients. AIS, anemia-inducing sub-
stance; BFU-E and CFU-E, precursors of red blood cells; IFN, interferon; IL, interleukin; TNF, tumor ne-
crosis factor. (Reproduced from Nowrousian et al., 1996, with permission of the authors and publisher.)
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little less than two-thirds of the total glucose turnover, requiring considerable energy expendi-
ture by the host.

Part of the assumed mechanism for this phenomenon is the high rate of glycolysis that is
characteristic of malignant neoplasms (Chapter 15). Glucose uptake and lactate release has been
found to be dramatically increased in neoplastic cells, possibly in part a consequence of the pre-
dominant form of hexokinase seen in neoplasms, which is essentially unresponsive to hormonal
and external stimuli (Mathupala et al., 1995). Thus, in a sense, the neoplasm may also be con-
sidered a glucose trap, which is further evidenced by some human (Marks et al., 1974) and
experimental (McDevitt and Tisdale, 1992) studies showing that hypoglycemia is found in
cancer-bearing hosts. The exact mechanism of this phenomenon is not clear but may be related
not simply to the “glucose trap” effect of the neoplasm but also to humoral factors induced by
the cancer itself (Chapter 18).

As noted in Figure 17.4, a major component of the Cori cycle is the phenomenon of gluco-
neogenesis or the conversion of lactate and other related molecules to glucose. These other mol-
ecules include amino acids such as leucine, alanine, and those whose metabolism gives rise to
potentially gluconeogenic substrates. As indicated earlier, gluconeogenesis is further enhanced
by hormones within the organism, especially corticosteroids and glucagon, the former being a
product of the stress response contributing to the altered protein metabolism in the tumor-
bearing host (Figure 17.2). Metabolically, it is possible to reverse, at least transiently, the gluco-
neogenesis of the tumor-bearing host, as noted in Figure 17.5. In this experiment, 14C-alanine

Figure 17.4 Diagram of the Cori cycle, in which peripheral tissues, including neoplastic cells, metabo-
lize glucose to lactate. The lactate is circulated by the bloodstream to the liver and kidneys, where it is
converted back to glucose; but in the process, a substantial amount of energy is required.

Table 17.5 Total Glucose Turnover and Cori Cycle Measurements in Cancer 
Patients and Normal Subjects

Modified from Holroyde and Reichard, 1981, with permission of the authors and publisher.

Total Glucose 
Turnover Cori Cycle

g/1.73m2/24 h

Normal, overnight fast 200 36
Normal, 7-day fast 144 36
Cancer, stable weight 187 33
Cancer, progressive weight loss 268 115
Cancer, progressive weight loss with increased 

basal metabolic rate
370 212
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was administered to a cancer-bearing patient, and the glucose was isolated from the blood before
(pre) and after (post) total parenteral nutrition (TPN). By forcing the metabolism of the host
through administration of carbohydrate, lipid, and amino acids intravenously, one may suppress
the gluconeogenesis in the cancer patient, showing that responses in normal tissues still appear
to be functional. However, the tumor burden, the metabolism of the neoplasm, and the
altered hormonal milieu of the host lead ultimately to the abnormalities in carbohydrate
metabolism noted.

Lipid Metabolism in the Tumor-Bearing Host

During prolonged starvation, the organism gradually converts its metabolism from that depend-
ent on glucose and amino acids to one dependent on lipids and their breakdown products—

Figure 17.5 Percentage of 14C-alanine recovered as 14C-glucose after a single injection of 14C-alanine to
a cancer-bearing patient before and 2 weeks after total parenteral nutrition (TPN). (Adapted from Brennan
and Burt, 1981.)
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ketone bodies. This change results in a decrease in oxygen consumption and a sparing of protein
breakdown (cf. McAndrew, 1986). In patients with cancer cachexia, these metabolic adaptations
normally seen during starvation do not occur. As noted earlier, there is a recycling of lactate
(Figure 17.4) as well as pyruvate and an increase in the use of acetoacetate (ketone body) by
neoplastic tissue (cf. McAndrew, 1986).

Alterations in fat metabolism in the entire tumor-bearing organism have been seen both in
experimental animals and in patients. These alterations include increases in circulating triglycer-
ides, free fatty acids (FFA), and glycerol (Noguchi et al., 1988; Legaspi et al., 1987). Body fat
constitutes 90% of energy reserves in the adult organism, and loss of whole-body fat is a consis-
tent feature of cancer cachexia (cf. Tisdale, 1997). While normal individuals suppress lipid mo-
bilization after administration of glucose, this process is impaired in patients with neoplastic
disease, in whom the oxidation of fatty acids continues throughout the stage of progression. The
hypertriglyceridemia seen in animals bearing neoplasms may also be due in part to the fact that
lipoprotein lipase expression and activity in both fat and muscle decline from the normal level,
possibly owing to some humoral factor produced by or as a result of the neoplastic growth
(Noguchi et al., 1991). The effect of neoplastic growth on adipose tissue extends even to apopto-
sis of adipocytes in most of the cancer-bearing patients studied (Prins et al., 1994). It has been
speculated that the liver exhibits a demand for the utilization of free fatty acid to supply the
energy for increased gluconeogenesis in cancer patients (Levin and Gevers, 1981). In this vein,
the feeding of a diet in which up to 80% of the calories was supplied as medium-chain triglycer-
ides resulted in a reduction in weight loss as well as in the percentage contribution of the neo-
plasm to the final body weight (Tisdale et al., 1987). Furthermore, this regimen restored the
nitrogen balance to that seen in non-tumor-bearing controls (Beck and Tisdale, 1989b). More
recently, Pariza et al. (1999) have demonstrated that conjugated isomers of the fatty acid linoleic
acid have effects in experimental animals that may inhibit carcinogenesis at each of the major
stages. In relation to this discussion, dietary conjugated linoleic acid (CLA) was found to protect
against cachexia induced in mice by the administration of tumor necrosis factor. The suggested
mechanism for this effect is an alteration or inhibition of the signal transduction pathway in-
duced by this cytokine (Pariza et al., 1999). In concert with the increases in triglycerides, there is
an elevation in the low-density lipoproteins in the plasma. It is these lipoproteins that are synthe-
sized in the liver and carry triglycerides to peripheral tissues and to a great extent to the neo-
plasm (Clark and Crain, 1986). Thus, the lack of glucose inhibition of fat mobilization from the
fat depots, the continued oxidation of fatty acids, and the absence of increased dietary fat intake
lead to a depletion of fat stores with concomitant increase in metabolic rate from fatty acid oxi-
dation required for gluconeogenesis. Maintenance of the Cori cycle combines with alterations in
fat metabolism to contribute to a net loss of body weight in the cancer-bearing patient.

HUMORAL FACTORS IN CANCER CACHEXIA

As indicated earlier in this chapter, a variety of humoral or circulating factors influence the de-
velopment of cancer cachexia and many nutritional aspects of the host-tumor relationship. Fur-
thermore, the interactions and interrelations of many of these factors add to the complexity of
the mechanisms of cachexia seen in the tumor-bearing host. No single amino acid, cytokine,
steroid, or polypeptide hormone can account for the syndrome of cancer cachexia. A list of some
of the major humoral factors and their interrelationships are seen in Table 17.6.
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Table 17.6 is not meant to be exhaustive, as may be noted later in the chapter, but rather
indicates the complexity of the various hormones, cytokines, and amines that contribute to the
clinical picture of cachexia in the cancer patient. The reader is referred to various reviews on the
effects of other factors noted in the table (Tisdale, 1997; Inui, 1999; Laviano et al., 1995; Mat-
thys and Billiau, 1997; Roubenoff, 1997). The cytokines interleukin-1, interleukin-6, interferon-
γ, and tumor necrosis factor-α all appear to have some degree of effectiveness in inducing some
aspects of the syndrome of cancer cachexia (Tisdale, 1997). However, in some instances little or
no change is seen in the serum levels of one or the other of these cytokines, again suggesting that
no single factor is effective in inducing the syndrome of cancer cachexia. Of these cytokines, the
best studied, which may serve to model the others as well as many other components of the
syndrome of cancer cachexia, is tumor necrosis-α (TNF-α). Prostaglandins are produced both
by host cells and in some cases by neoplastic cells. Thus, administration of inhibitors of prosta-
glandin synthesis will have variable effects. However, in mice in which several cytokines were
eliminated by gene targeting, inhibition of prostaglandin production by the neoplasm and host
resulted in improvement of the cachectic state (Cahlin et al., 2000).

Tumor Necrosis Factor-α and Related Cytokines in Cancer Cachexia

The effects of TNF were first observed in the latter part of the nineteenth century by Coley
(1893) based on the observation that patients with streptococcal infections might also exhibit a
partial remission of some neoplasms. Subsequent investigations demonstrated that injection of
bacterial products, specifically a lipopolysaccharide, could induce hemorrhagic necrosis of
transplantable neoplasms in mice. Subsequently, a serum factor associated with administration
of the bacterial product was isolated and named tumor necrosis factor (Carswell et al., 1975).
Since that time, there has been a dramatic increase in our knowledge of TNF-α, its genetics, and
its function. TNF-α is a member of a superfamily of genes of which more than 10 are presently
known, along with their respective receptors (cf. Gruss, 1996). Neoplasms engineered to express
high levels of TNF when grown in mice rapidly induce a syndrome of cancer cachexia (Oliff

Table 17.6 Humoral Factors and Their Interrelations in Cancer Cachexia

Factor Interrelating Factors Some Major Effects

Corticosteroids Catecholamines, insulin Gluconeogenesis, insulin resistance
Glucagon Corticosteroids Gluconeogenesis, hyperglycemia
Insulin Glucagon, corticosteroids Hypoglycemia and glucose 

utilization by Cori cycle
Interleukin-1 Serotonin, tumor necrosis factor-α Anorexia, weight loss, 

hypoalbuminemia
Interleukin-6 Interferon-γ, tumor necrosis 

factor-α
Muscle atrophy

Leptin Tumor necrosis factor-α,
interleukin-1

Regulation of food intake

Prostaglandins Interleukin-6, interferon-γ, tumor 
necrosis factor α

Lipolysis, protein degradation, fever 
and immune suppression

Serotonin Interleukin-1 Appetite suppression
Tumor necrosis factor-α Interleukin-1, interleukin-6, leptin Anorexia, lipolysis, apoptosis
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et al., 1987). An interesting comparison of the clinical and metabolic alterations seen in cancer
cachexia with those of the in vivo effects of TNF-α are listed in Table 17.7. As noted, there are
relatively few differences in the syndrome and the effects of the cytokine, at least in those
parameters listed. However, in some model systems it was possible to dissociate some of the
effects of TNF-α from the cachectic syndrome. In particular, a number of studies have failed to
detect elevated circulating levels of TNF-α in cachectic cancer patients or to associate an eleva-
tion of this cytokine with the development of cachexia (cf. Tisdale, 1997). Still, the effects of the
cytokine serve as an excellent model with which to consider the mechanisms whereby such hu-
moral substances may exert effects leading to cachexia in the cancer patient.

TNF-α is produced predominantly by tissue macrophages, but other cell types—including
endothelial cells, fibroblasts, and epithelium—synthesize significant amounts of this polypep-
tide when subjected to appropriate stimuli (cf. Luster et al., 1999). A closely related member of
the TNF-α family, lymphotoxin-α, is produced exclusively by lymphocytes, but its functions are
not as well known as those of TNF-α, although both ligands interact with the same receptors
(see below). TNF-α is synthesized as a large transmembrane molecule (Figure 17.6). It may be
activated by a proteolytic cleavage at the surface of the cell membrane, releasing the 17-kDa
active ligand, which may circulate in an endocrine manner or interact with adjacent cells in a
paracrine manner.

Mechanisms of TNF-α Action—Signaling Pathways

As noted above, TNF-α is a member of a superfamily of ligands each having its own receptor,
although TNF-α may interact with either of two different receptors. This is shown schematically

Table 17.7 Some Clinical and Metabolic Alterations in Cancer 
Cachexia: Comparison with the In Vivo Effects of Tumor Necrosis 
Factor

Parameter Cachexia Tumor Necrosis Factor

Anorexia Yes Yes
Weight loss Yes Yes
Anemia Yes Yes
Skeletal muscle

catabolism ↑ ↑
synthesis ↓ ↑

Hepatic protein
synthesis ↑ ↑
gluconeogenesis ↑ NAa

aNA = not available
Reproduced from Alexander and Norton (1993) with permission of the
authors and publisher.

Serum glucose ±/↓ ↑ then ↓
Lactate recycling ↑ ↑
Total body water ↑ ↑
Serum lipid/triglyceride ↑ ↑
Lipoprotein lipase activity ↓ ↓
Lipid stores ↓ ↓
Lipogenesis ↑ ↑
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in Figure 17.7, which indicates that most cells of the organism possess receptors for TNF-α. As
noted in the figure, interaction with the 55-kDa receptor (now known as CD120a) involves sig-
nificantly more functions than interaction with the 75-kDa receptor. In the latter case, it appears
that activation is preferentially by the cell-bound form of TNF, and it is likely that many of its
functions are as yet unknown (cf. Wallach et al., 1999). As with many other receptors, the active
form is the dimer, and the predominant form of the soluble TNF-α ligand is a homotrimer, which
likely has as one of its functions the induction of dimerization and subsequent signal transduc-
tion from the receptor.

A schematic representation of the 55- and 75-kDa (CD1206) receptors for TNF and
lymphotoxin-α is seen in Figure 17.8. In addition, another receptor, Fas, is shown because of
its similarity to the 55-kDa TNF receptor. It has a separate ligand and associates with a kinase
that is involved in the induction of apoptosis by the interaction of Fas with its ligand (cf. Baker
and Reddy, 1996). The interesting characteristic of the Fas and 55-kDa TNF-α receptor are
domains in the intracellular portion of the molecule known as death domains. These domains
interact with proteins as shown, having the names of TRADD and FADD. While the exact
molecular mechanisms of these proteins is unknown, it is likely that they recruit other pro-
teins, possibly activating such to ultimately result in apoptosis or, in the case of the 55-kDa
TNF-α receptor, activation of the nuclear transcription factor NF-κB (Beyaert and Fiers,
1998). The 75-kDa receptor, on the other hand, associates with different proteins known as
TRAFs, which apparently have specific regions involved in the ultimate signaling pathway to
NF-κB activation as shown (cf. Wallach et al., 1999). Not shown in this diagram but appar-

Figure 17.6 Proposed mechanism for priming and activation of TNF production from the macrophage.
(Reproduced from Mizuno, 1992, with permission of the author and publisher.)
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ently involved in TNF-α induction of apoptosis is the sphingomyelin signaling pathway,
which involves lipid intermediates, notably ceramide, and NF-κB translocation to the nucleus
(Yang et al., 1993).

Thus, TNF-α has effects that induce both cell replication, presumably through signal
transduction pathways to activation of nuclear transcription factors, and apoptosis, via the death
domains of the receptor and associated proteins, leading to activation of the apoptotic pathway.
It is of interest that in the mouse skin, TNF-α acts as a tumor promoter (Fujiki and Suganuma,
1994) and may also serve as an autocrine growth factor for human B lymphocytes (Boussiotis
et al., 1994). All of this illustrates the complexity with which these humoral factors exert their
effects at a mechanistic level, leading to their part in the induction of cancer cachexia in the
whole organism.

Figure 17.7 Diagram of TNF-α-receptor interactions leading to various effects within the organism.
The receptors occur on virtually all cells throughout the organism, thus accounting for the generalized or-
ganismal response resulting from circulating levels of TNF. (Adapted from Bazzoni and Beutler, 1996,
with permission of the authors and publisher.)



Figure 17.8 Diagrammatic representation of the proposed interaction between three members of the
TNF receptor superfamily and their associated proteins. Both CD120a (55 kDa) and Fas transduce apop-
totic signals via a C-terminal death domain following activation by the ligand. The death domain region, in
addition to its function as an effector in apoptosis, also appears to mediate protein-protein interactions re-
sulting in nuclear events including NF-κB activation. In contrast, the other TNF receptor, CD120b (75
kDa), recruits a different set of proteins, the TRAF protein, resulting in signal transmission. This in turn
transduces nuclear events that may result in the modulation of cellular responses and gene expression. The
figure depicts the receptors as monomers for clarity, but it should be remembered that it is their dimeric
form that is active. (Modified from Baker and Reddy, 1996, with permission of the authors and publisher.)
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THE COMPLEXITY OF CANCER CACHEXIA

As indicated at the beginning of this chapter, the syndrome of cancer cachexia resembles several
nutritional syndromes such as starvation or protein-calorie malnutrition. It is clear, however, that
this aspect of the host-tumor relationship is extremely complex, involving not only nutritional
factors but also a wide variety of humoral and hormonal components, many of which are known
and a number of which are undoubtedly unknown. The idea that humoral factors or hormones
may be critical in the causation of cachexia was actually first suggested more than four decades
ago by Nakahara and Fukuoka (1958), who proposed that a hormone-like substance that they
termed toxohormone was responsible for significant changes in the tumor-bearing host, particu-
larly a depression of the level of the enzyme catalase in the liver. Although the concept of toxo-
hormone is generally not considered as significant in the cachectic syndrome today, this original
work pointed the way to the present-day understanding that numerous hormones and humoral
factors are involved in the cancer cachexia syndrome.

Cancer cachexia is among the most devastating syndromes associated with advanced can-
cer and may account directly for between 10% and 22% of all cancer deaths (cf. Tisdale, 1997).
The ideal therapy of cancer cachexia is obviously complete removal of the offending neoplasm.
Since this is usually not possible because of metastatic spread, various modes of therapy have
been employed to relieve symptomatology when treatment of the neoplasm has been relatively
unsuccessful. These include the use of several different steroid hormones, both natural and syn-
thetic, and more recently eicosapentaenoic acid which may be able to prevent the muscle
wasting (Beck et al., 1991). The use of anabolic steroids as well as corticosteroids may produce
transient effects on appetite but have not been generally successful. As with many other aspects
of the cancer problem, it is apparent that only when a complete understanding of the variety of
factors contributing to the syndrome of cancer cachexia is achieved will it be possible to develop
effective treatment modalities for this complex interaction between the neoplasm and the host.

CALCIUM HOMEOSTASIS IN THE HOST-TUMOR RELATIONSHIP

Our discussion thus far of the nutritional aspects of the host-tumor relationship has included
only organic nutrients as well as humoral factors of an organic nature. However, studies have
demonstrated the inhibition of neoplastic growth by the depletion of essential inorganic constitu-
ents such as zinc (Mills et al., 1984a) and magnesium (Mills et al., 1984b). While such parame-
ters are of undoubted importance in the nutrition of the tumor-bearing host, a far more
significant inorganic constituent is calcium. A diagram of normal adult calcium homeostasis is
seen in Figure 17.9. Since calcium, unlike organic nutritional components, is not “degraded” by
the organism, a balance, just as with nitrogen, is established by the organism. In the adult, where
bone growth has essentially ceased, calcium balance is neutral, as shown in the figure. However,
in the young, growing individual, there is a positive calcium balance with greater retention of
ingested calcium than excretion, while individuals critically ill from a variety of different dis-
eases as well as those with renal insufficiency sometimes occurring as a complication of chemo-
therapy will be in a negative calcium balance (Abramson et al., 1990). Hypercalcemia, an
increase in serum calcium concentration, is probably the most common metabolic complication
of malignant disease (Ralston, 1994). This condition occurs in about one-third of patients with
multiple myeloma and in five or more percent of all patients with solid neoplasms (Glover and
Glick, 1987). Of patients with breast cancer, 30% to 40% exhibit this complication (Muggia,
1990). In fact, the most frequent metabolic oncological emergency is hypercalcemia (Glover and
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Glick, 1987). From the pathways noted in Figure 17.9, one may note that hypercalcemia can
result from at least one of three mechanisms acting alone or in combination. These are increased
calcium absorption from the gut, decreased excretion of calcium in the kidney, and accelerated
calcium resorption into the serum from bone (Warrell, 1992). In cancer patients exhibiting hy-
percalcemia, calcium absorption from the gut is generally suppressed and contributes relatively
little calcium to the systemic circulation (Coombes et al., 1976). An interesting exception to this
generalization is seen with some lymphomas in which the neoplasm itself synthesizes the vita-
min 1,25-dihydroxyvitamin D, which regulates the absorption of calcium from the gut (Davies
et al., 1994).

During the first two-thirds of the twentieth century and earlier, hypercalcemia due to ma-
lignant disease was thought to be primarily a function of the effects of metastases in bone, caus-
ing resorption of the skeleton and increase in serum calcium. The three most common
neoplasms in humans—breast, prostate, and lung cancer—frequently affect the skeleton with
metastases to bone. Since these three types of neoplasms are diagnosed in almost three-quarters
of a million new individuals each year, the 5% suffering from hypercalcemia becomes a very
significant figure. However, it was not until some 15 years ago that a better understanding of the
mechanism of hypercalcemia became apparent. The major internal hormone that regulates cal-
cium metabolism is secreted by the parathyroid gland, parathyroid hormone. Neoplasms of the
parathyroid gland in many cases secrete excessive amounts of this hormone, as discussed in
Chapter 18. This leads to hypercalcemia but may be considered a special case, although occa-
sionally neoplasms of other tissues may secrete parathyroid hormone ectopically and result in
hypercalcemia (Nussbaum et al., 1990). However, in 1987, several laboratories reported the iso-
lation of a polypeptide significantly larger than the parathyroid hormone but having at least

Figure 17.9 Pathways leading to calcium homeostasis in the adult organism. (Modified from Seymour,
1995, with permission of the author and publisher.)
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some of the sequences of this hormone at its amino terminal end (cf. Broadus et al., 1988). Fig-
ure 17.10 shows the organization of the human parathyroid hormone (PTH) gene and that of the
parathyroid hormone-related protein (PTHRP) gene. While at first PTHRP and its product were
felt to be exclusively produced in neoplasms, it was rapidly shown that PTHRP is a normal hor-
mone essential both for normal development of the mammal as well as for normal homeostasis
in the adult. Figure 17.11 lists tissues in the fetus and the adult in which PTHRP is produced and
exerts its hormonal effect. Interestingly, the parathyroid glands of both the fetus and the adult
produce PTHRP. Furthermore, many of the tissues noted produce the hormone, and it has a para-
crine effect on adjacent tissues as well as endocrine effects on distant tissues. Furthermore, as
noted from Figure 17.10, there are two promoters for the PTHRP gene, resulting in several
forms produced in different tissues (Burtis, 1992). PTH is a polypeptide of 84 amino acids in the
human, whereas the various forms of PTHRP range from 139 to 173 amino acids in length (Sey-
mour, 1995). The first 34 amino acids beginning from the N-terminal are structurally similar and
functionally equivalent in PTH and the forms of PTHRP. However, the remainder of the
polypeptides are different, and in PTHRP there is a region involved in calcium transport in the
middle of the polypeptide, whereas the C-terminal domains are involved in osteoclast metabo-
lism in bone (Seymour, 1995; Strewler, 2000). Figure 17.12 gives the plasma levels of PTHRP in
normal individuals as well as in those exhibiting the humoral hypercalcemia of malignancy
(HHM), several different types of neoplasms, as well as two non-neoplastic conditions. Essen-
tially, it is only neoplasms that exhibit higher than normal levels of PTHRP in the plasma (Mar-
tin and Grill, 1992).

As already noted, the secretion of PTHRP, while accounting for the vast majority of hyper-
calcemia of malignancy, is not the only hormone that can trigger or affect this parameter of the
host-tumor relationship. In Table 17.8 is a short list of other factors that induce hypercalcemia,
primarily through their action on bone. Notably in this list are the growth factors TGF-α and

Figure 17.10 Diagram of organization of human parathyroid hormone (PTH) and parathyroid hor-
mone–related protein (PTHRP) genes. The PTH gene has three exons that encode a pre-pro region
(light shading) and the mature protein (dark shading). A more complex PTHRP gene possesses two
promoters (P1, P2), either of which can initiate transcription. The distal three of its eight exons can be
alternatively spliced (arrows) to yield at least three different mRNA transcripts, encoding different
lengths of the mature protein. (Reproduced from Burtis, 1992, with permission of the author and
publisher.)
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Figure 17.11 Diagrammatic summary of the sites of parathyroid hormone–related protein (PTHRP)
production and action. PTHRP can function either in an endocrine or paracrine manner in normal adult and
fetal tissues depending on whether it acts locally or is secreted into the circulation. Neoplasms which pro-
duce this hormone primarily do so in an endocrine manner. (Reproduced from Rosol and Capen, 1992, with
permission of the authors and publisher.)

Figure 17.12 Plasma levels of PTHRP in patients with neoplasms and other disease states as well as
normal controls. HHM, humoral hypercalcemia of malignancy; SCC, squamous cell carcinoma. (Repro-
duced from Martin and Grill, 1992, with permission of the authors and publisher.)
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TGF-β, which act on osteoblasts and osteoclasts, two cell types critical in bone formation and
resorption (Mundy, 1989). Not surprisingly, IL-1 and TNF-α, as well as lymphotoxin, also cause
hypercalcemia and probably play a significant role in hypercalcemia seen with multiple my-
eloma and various lymphomas. One of the earlier fashionable theories for the pathogenesis of
hypercalcemia was the production of prostaglandins of the E series, which were shown to stimu-
late osteoclastic bone resorption (cf. Gutierrez et al., 1990).

While all of these factors may be important in certain types of neoplasms, such as those of
the immune system and some epithelial neoplasms, all of the evidence argues that PTHRP is the
primary stimulator of the hypercalcemia in the majority of neoplasms.

BIOMARKERS OF THE HOST-TUMOR RELATIONSHIP

In addition to explaining the basis for the majority of cases of hypercalcemia of malignancy, the
presence of high levels of PTHRP in the plasma indicates the presence of a neoplasm in the host,
although not specifically defining the histogenetic type of neoplasm (Figure 17.12). Thus,
PTHRP is one of a large number of substances that are secreted, are present on or within the
neoplastic cell, or may be produced by normal cells in response to the presence of or factors in
or released by the neoplasm. This large group of such substances are termed tumor markers,
since they indicate the presence or specific characteristics of one or more neoplasms. Generally
speaking, tumor markers may be characterized at virtually all levels of genetic expression. This
is seen diagrammatically in Figure 17.13. Markers at the genomic level include cytogenetic
markers, loss of heterozygosity (LOH), and specific mutations. Messenger RNAs produced spe-
cifically in neoplastic cells may be used as markers in tissue sections, while proteins within and
secreted by neoplastic cells can be used as markers in tissue sections as well as in body fluids.
Products of metabolism and/or specific enzymic function, such as polyamines, lactate, etc., may
also be considered as tumor markers. As seen in Chapters 15 and 16, intracellular tumor markers
are very useful in our understanding of the critical alterations that give rise to the neoplastic cell.
However, a number of these changes have found usefulness in cytological and histological diag-
noses, and materials secreted or released from neoplastic cells have been measured in blood,
urine, cerebrospinal fluid, etc. It is the diagnostic, prognostic, and screening usefulness of tumor
markers that are considered here.

Tumor Markers in Clinical Studies

Tumor markers useful in the diagnosis of specific neoplasms date back to the middle of the nine-
teenth century with the description of Bence-Jones urinary proteins as markers for multiple my-
eloma (cf. Virji et al., 1988). Since that time, a large number of markers have been developed

Table 17.8 Other Factors Contributing to the Hypercalcemia of Malignancy

Transforming growth factor-α
Transforming growth factor-β
Interleukin-1
Tumor necrosis factor-α
Lymphotoxin
Prostaglandins
Colony-stimulating factors
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both from experimental studies and studies directly in the human. However, only a relative few
tumor markers in body fluids are generally useful for screening, diagnostic, therapeutic, and
prognostic studies. Tissue markers may be more successful in the future, particularly with the
advances of methodologies allowing for the identification of mutational, cytogenetic, mRNA,
and protein markers within tissue sections.

The important criteria for the usefulness of a tumor marker are its sensitivity and speci-
ficity with respect to identifying the neoplastic cell in which or from which the marker arose. A
sensitive marker detects a high percentage of patients with the disease, while a specific marker
is present only in cancer patients and not in those without cancer (Magdelénat, 1992). Table
17.9 shows an outline and definition of sensitivity and specificity as predictive values in neo-
plasia. The values in Table 17.9 are linked to both sensitivity and specificity, but also to the
prevalence (P) or incidence of the disease in the population studied. Knowing this latter param-
eter and calculating sensitivity and specificity, one may obtain a “positive predictive value” as
shown in the following equation:

Figure 17.13 Tumor markers occur in or are produced from neoplastic cells at several levels of genetic
expression. DNA-based markers may be the result of specific nucleotide alterations, sequence alterations,
as well as cytogenetic changes. When transcribed, many such genomic alterations will be reflected both at
the mRNA and protein level (transcription and translation). Markers at the protein and enzyme level may be
detected within the cell on sample sections or within body fluids, having been released from normal or
dying neoplastic cells. Low-molecular-weight products include abnormal nucleic acid bases, polyamines,
amine hormones, and others. (Modified from Lehto and Pontén, 1989, with permission of the authors and
publisher.)
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where S equals sensitivity, Sp equals specificity and P equals prevalence. The positive predictive
value is extremely useful in screening large groups of patients for the purpose of monitoring the
presence of neoplasia at an early time point when the disease is most treatable (cf. Nielsen and
Lang, 1999). An example of using this information to determine the predictive value in screen-
ing for ovarian cancer with a specific tumor marker, CA 125, a serum protein, may be seen in
Table 17.10. As noted in the table, screening in the general population gives a very high predic-
tive value far in excess of the actual prevalence. However, by screening only women with pelvic
masses, the number of false positives can be dramatically reduced.

In order to screen large populations effectively for a neoplasm, a very high degree of spec-
ificity (greater than 95%) and good sensitivity would be required considering the relatively low

Table 17.9 Sensitivity and Specificity as Values Predictive of Neoplasia

Key: TP, true positive or patients having cancer; FP, false positive or patients expressing the marker but not having
cancer; FN, false negative or patients not expressing the marker but having cancer; TN, true negative, patients not
expressing the marker and not having cancer.
Adapted from Magdelénat, 1992, with permission of the author and publisher.

Cancer No Cancer

Marker Positive TP FP Positive predictive value
Negative FN TN Negative predictive value

Sensitivity = TP/TP + FN Specificity = TN/TN + FP

Positive predictive value (S) (P)×
(S)(P) (1 Sp)(1– P)–+
--------------------------------------------------------=

Table 17.10 Results of Screening for Ovarian Cancer with the Tumor Marker CA 125 
in Several Different Populations of Women

Adapted from Bates, 1991, with permission of the author and publisher.

Screening in the general population (20 to 40 cases of ovarian cancer/100,000 persons)
Sensitivity = 80%
Specificity = 99% in a healthy population
Prevalence = 30/100,000 = 0.0003

Screening in American women with pelvic masses
Sensitivity = 80%
Specificity = 78%
Prevalence = 18/182 = 0.0989

Screening in Scandinavian women with pelvic masses
Sensitivity = 87%
Specificity = 88%
Prevalence = 91/184 = 0.5

Positive predictive value 0.80( ) 0.0003( )
(0.80)(0.0003) (1 0.99)(1– 0.0003)–+
---------------------------------------------------------------------------------------------- 0.023 (2.3%)= =

Positive predictive value 0.80( ) 0.0989( )
(0.80)(0.0989) (1 0.78)(1– 0.0989)–+
---------------------------------------------------------------------------------------------- 0.285 (28.5%)= =

Positive predictive value 0.87( ) 0.5( )
(0.87)(0.5) (1 0.88)(1– 0.5)–+
---------------------------------------------------------------------------- 0.88 (88%)= =
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prevalence of the neoplasm in the general population, as noted above. In fact, a simple calcula-
tion shows that in ideal conditions (1% incidence of the disease, 99% sensitivity and specificity),
the frequency of false positives would be in the neighborhood of 50% (Magdelénat, 1992). Per-
haps the best example where screening for a specific tumor marker has had a major impact in
mortality reduction is the assay of human chorionic gonadotropin (HCG) in choriocarcinoma.
The relatively high incidence of the neoplasm (5% to 10%) in women who have had an hydati-
form mole, together with the excellent sensitivity and specificity of the assay and the high
chemosensitivity of the neoplasm, has resulted in the combination of these factors leading to
excellent detection and care of patients with this neoplasm.

One may also look at this problem in another way, as seen in Figure 17.14. In this in-
stance, if one assumes a bell-shaped curve of the distribution of marker values for diseased and
nondiseased individuals with a slight overlap as shown in the figure, one may calculate a
“cutoff” value beyond which one considers marker values under the curve (3,4) as positive.
However, in selecting such a value, one must take into account a number of other factors such as
(1) the risk of complications associated with the screening test, (2) the dollar cost of the screen-
ing test and subsequent cost for further testing, (3) the subject’s anxiety as well as anticipated
medical and economic burdens, and (4) the social and public health impact of either missing
positive cases or identifying truly nondiseased patients as being diseased (Makuch and Muenz,
1987). These are questions involving the “risk/benefit” ratio, discussed in Chapter 13 but in a
different context.

A major use of several tumor markers is in following the course of the disease after ther-
apy. As long as the neoplasm is present in substantial amount in the organism, the marker will
also, of course, be present in the tissue but also in secreted markers or those released by the
neoplasm into body fluids. On removal of the neoplasm, if almost all or all of the neoplastic
tissue has been surgically excised, the level of the marker will fall to near normal or normal
levels. If there is regrowth of the primary or metastatic lesions of the neoplasm, in almost all
instances the level of the marker itself will also increase and indicate to the clinician that signifi-
cant neoplastic growth is occurring. A diagram of what might be expected in the circumstance of
primary therapy with remission following recurrence in relation both to tumor burden and ex-
pression of the tumor marker is seen in Figure 17.15. As noted from the figure, the appearance
of the marker in most instances usually occurs after significant growth of the neoplasm has oc-

Figure 17.14 Potential outcomes in classifying patients into one group or another based on the true dis-
tribution of tumor marker values in two distinct populations: (1) true negatives; (2) false negatives; (3) false
positives; (4) true positives. (Adapted from Makuch and Muenz, 1987, with permission of the authors and
publisher.)
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curred. Following primary therapy with excision and/or destruction of the vast majority of neo-
plastic cells, the level of the marker decreases in accord with the loss of the tumor burden. Serum
markers decrease dramatically following the removal of the neoplasm, usually with half-lives of
less than 1 week (cf. Duffy, 1996; Takashi et al., 1989). If the neoplasm is not completely re-
moved, some low level of the marker will remain in body fluids and then increase again as the
residual neoplasm grows, as noted in the figure. In this way, the clinician may monitor the effec-
tiveness of therapy as well as recurrence of the neoplasm.

As Virji et al. (1988) have pointed out, to date no tumor marker has been shown to be
specific or sufficiently sensitive to be used in the detection and screening of neoplasms in the
general population. However, some years ago, Weber (1982) proposed a list of characteristics
for detecting and utilizing biological markers in monitoring human neoplastic disease (Table
17.11). The table includes not only screening and diagnosis but also the following therapy by
using a tumor marker, as discussed below. With the ready availability of biopsy material from a
variety of neoplasms, which in the past could not be had, an additional requirement would be its
detection in tissue sections and samples of the neoplasm itself. The rather arbitrary upper limit
of 200 million cells for detection does not indicate a lower limit. Utilizing tissue sections and
modern methodologies (see below), it is now possible to detect markers in only a few cells or in
extremely low concentrations in body fluids. Recently, Hayes et al. (1996) have proposed a tumor
marker utility grading system (TMUGS) for the evaluation of the clinical utility of tumor markers
and the establishment of an investigational program for evaluation of new tumor markers.

Tumor Markers of Carcinogenesis and Carcinogen Exposure

In addition to the use of markers for the detection, diagnosis, therapeutic efficacy, and prognosis
of neoplasms within organisms, markers have also been utilized to monitor both experimental

Figure 17.15 Graphical relationships of marker expression in the serum and tumor growth or burden.
Note that there is a direct parallel between the level of expression of the marker and the tumor burden,
although in primary treatment, which many times is surgical, there is a very abrupt drop in tumor burden
because of removal of the neoplasm, whereas secondary treatment may be chemotherapy and/or radiation
leading to a somewhat slower loss of tumor burden. Regrowth of the neoplasm a second time usually
causes demise of the patient. (Adapted from Magdelénat, 1992, with permission of the author and
publisher.)
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animals and human populations for their exposure to a variety of environmental carcinogens.
This general field, when applied to humans, has come to be known as molecular epidemiology.
In some publications, this terminology has been relatively global, including not only markers
resulting from environmental exposures but also markers of genetic predisposition to neoplasia,
some of which were considered in Chapter 5 (Perera, 1996). Some of the markers that have been
utilized, as well as an indication of their sensitivity and specificity, may be seen in Table 17.12.
The determination of urinary 8-hydroxy-2′-deoxyguanosine is utilized as a biological marker of
in vivo oxidative DNA damage (Shigenaga et al., 1989). Metabolites of carcinogens, particularly
aflatoxin, have also been useful in monitoring exposure of patients to this carcinogen (cf.

Table 17.11 Requirements for Biological Markers for the Detection and 
Monitoring of Human Neoplastic Disease

1. Specificity for neoplasia
2. Specificity for tumor type
3. Should indicate cancer cells in patient before they are clinically evident
4. Should indicate extent of tumor burden
5. Should be a sensitive indicator of success of anticancer treatment
6. Should signal presence of micrometastatic lesions
7. Should indicate recurrence of neoplasia
8. Should be detectable in blood, urine, and tissues
9. Simplicity and low cost of test

10. Assay should be sensitive to detect less than 200 million cells

Table 17.12 Some Commonly Utilized Molecular Epidemiology Markersa

Key: –, low; +, medium; ++, high; +++, very high. T. Comp., technical complexity; HPLC, high-pressure liquid
chromatography; GCMS, gas chromatography—mass spectroscopy; PCR, polymerase chain reaction.
aSensitivity refers to the level of exposure inducing the biomarker modification (low sensitivity, high exposure
needed). Specificity attests to the rate of false positives and principally the ability of the test to indicate the in-
volvement of specific carcinogens.

Adapted from Izzotti et al., 1997.

Marker Methodology Sensitivity Specificity T. Comp.

Urinary aflatoxin metabolites HPLC/fluorescence 
Immunoaffinity 
chromatography

+ +++ +

Urinary 3-methyladenine GCMS + ++ ++
Urinary nitrosoproline HPLC + ++ +
Urinary 8-hydroxyguanosine HPLC ++ – +
Hemoglobin alkylation GCMS + ++ ++
DNA adducts HPLC/GCMS ++ +++ +++

ELISA + + +
32P postlabeling +++ – +++

Protein adducts HPLC/GCMS ++ +++ +++
HPRT mutation In vitro cell viability – – +
Glycophorin-A mutation flow cytometry – – +
Oncogene mutations PCR +++ + +++
Tumor suppressor gene 

mutations
PCR +++ – +++



770 Chapter 17

Wogan, 1992). Adducts of hemoglobin by several different chemical carcinogens, including
aflatoxin and polycyclic hydrocarbons as well as aromatic amine carcinogens in smokers, have
also been used as a form of molecular dosimetry to chemical carcinogens in humans (Skipper
and Tannenbaum, 1990). Measurement of the levels of DNA adducts by the techniques de-
scribed by a number of workers includes studies both in experimental animals and in humans
(La and Swenberg, 1996; Poirier and Weston, 1996). Such measurements may be used not only
as dosimetry studies of exposure but also studies on the effects of preventive environmental fac-
tors on the presence of such adducts in blood cells in vivo (Peluso et al., 2000). Bhatnagar and
Talaska (1999) have presented a provocative model of expected cancer rate, exposure history,
and biomarker levels in workers exposed to a specific carcinogen during this century (Figure
17.16). In the model, one can see the potential “latent” period followed by an increase in risk,
which then tapers off after cessation of exposure. Such a model could certainly explain a variety
of different exposures, especially in the nineteenth century, to various chemical carcinogens. Re-
cently, Bartsch (2000) reviewed studies on biomarkers in cancer etiology and prevention over
the last two decades, indicating the potential usefulness of such markers in programs and trials
of cancer prevention.

Figure 17.16 A model of expected cancer rate, exposure history, and biomarker levels of workers born
in 1935 and beginning work with exposure to a carcinogen at age 18. The biomarker levels shown would be
consistent with a steady 8 hours per day, 5 days per week exposure and a biomarker with a 120-day half-
life. In this model the risk or cancer rate is based on recent age-specific lung cancer rates in the United
States. Note that the biomarker for exposure is present basically only during the period that the worker is
exposed because of the relatively brief half-life. (Adapted from Bhatnagar and Talaska, 1999, with permis-
sion of the authors and publisher.)
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Tumor Markers in Human Neoplastic Disease

The number of tumor markers that could be utilized in some experimental or human situation is
extremely large, but to date only a relatively small number have been used in screening, detec-
tion, and diagnosis, prognosis, and follow-up of human neoplastic disease. Table 17.13 provides
a listing of a variety of markers that are utilized for any one of these parameters in specific hu-
man neoplasms. One of the first generally accepted markers was originally recognized by Gold
and Freedman (1965) as a glycoprotein, which they termed carcinoembryonic antigen (CEA).
They found that it was produced in large quantities in the large bowel and initially was felt to be
relatively specific for that lesion (cf. Moertel et al., 1993). Even some patients with colonic pol-
yps had elevated CEA levels (Doos et al., 1975). It is now apparent that a large number of neo-
plasms and even normal tissues produce varying amounts of CEA. Furthermore, CEA is a family
of proteins that are normally found at high levels in fetal gut and appear to be involved in inter-
cellular adhesion (Benchimol et al., 1989) as well as signal transduction (Dráber and Skubitz,
1998). Another glycoprotein is CA 125, which has been used as a marker of ovarian neoplasms,
but is even more generally found in normal tissues as well as other neoplasms (cf. Jacobs and
Bast, 1989).

Notice from the table that a number of markers are still in the experimental stage, and
actually only those so indicated are approved by the U.S. Food and Drug Administration for use
in the United States. In mesenchymal neoplasms as well as lymphomas and leukemias, it is ap-
parent that the cytogenetic markers are primarily for diagnostic purposes. Similarly, but not
shown in the table, is the use of cytoskeletal proteins as tissue markers for a variety of different
types of neoplasms that aid the pathologist in specific diagnoses (Virtanen et al., 1984; Table
16.4). If one analyzes the tumor markers associated with any specific type of neoplasm, a wide
variety of different markers, both in tissue and body fluid, may be seen. Table 17.14 presents a
short list of markers found in two different types of lung cancer at two different stages (Chapter
10). However, this is only a small part of the total number of markers that have been described in
human bronchogenic carcinoma (e.g., Coombes et al., 1976).

As discussed in Chapter 10 (Table 10.7), a variety of tissue markers in the form of changes
in expression and mutation in proto-oncogenes and tumor suppressor genes have been utilized to
make predictions about the natural history of neoplastic growth in specific individuals—i.e., the
prognosis of the disease in such persons. Within the last few years, it has also been possible to
detect mutations of tumor suppressor genes and proto-oncogenes in plasma DNA of cancer pa-
tients (e.g., Silva et al., 1999; Kopreski et al., 2000). In addition, antibodies to the p53 tumor
suppressor protein have been found in human cancer patients with a specificity of 96% but sen-
sitivity of 30% (Soussi, 2000). Whether such markers will be a useful adjunct to prognosis, de-
tection, or therapy still remains to be seen.

One of the most frequently utilized tumor markers at the present time is the prostate-
specific antigen (PSA). This protein is a glycoprotein with a molecular mass of 33 to 34 kDa
existing in at least five isomers. It is a serine protease capable of catalyzing the hydrolysis of a
variety of proteins. PSA is not synthesized exclusively by the prostate, since both normal tissues
(breast and endometrium) as well as nonprostatic neoplasms (breast, and salivary glands) also
secrete this material into the serum (cf. Duffy, 1996). In men, the normal serum PSA values
increase with age (DeAntoni, 1997). PSA concentrations in black men are significantly higher
than those in whites (Morgan et al., 1996), leading to a differential discrimination in prostate
cancer diagnosis between these two races based on PSA concentrations. Recently, it has been
noted that PSA in the serum is predominantly bound to α-1-antichymotrypsin (PSA-ACT) with
a smaller percentage bound to a macroglobulin. Recent studies have suggested that measurement
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of PSA not bound to protein may increase the sensitivity of the test (Potter et al., 1999). While
the sensitivity of the assay, especially if free PSA is taken into account, may reach 100%, the
specificity of the assay ranges from 20% to 95% in a variety of series (Potter et al., 1999). In
Figure 17.17 may be noted serum PSA levels in healthy controls as well as a variety of condi-
tions in which one might expect to see an increase in the marker. While patients with prostate
cancer exhibit a very high median level, the overlap with patients having the benign condition,
benign prostatic hyperplasia (BPH)—as well as with other genitourinary cancers or diseases in
patients who had undergone prostatectomy—is still exhibiting some overlap. It is possible that
the analysis of free PSA may tighten these numbers so there will be much less overlap, increas-
ing the sensitivity of the assay. Despite these shortcomings, this tumor marker is being utilized
for screening and monitoring of men over 50 years of age together with a measurement of other
clinical parameters.

Thus, it is apparent that tumor markers have some usefulness in certain neoplasms,
especially in the diagnosis of mesenchymal neoplasms and the usefulness of PSA in moni-
toring the presence of prostatic carcinoma. Like so much in cancer research, the potential for

Table 17.14 Serum Biomarkers in Lung Cancer

CEA, carcinoembryonic antigen; CA-125, cancer antigen 125; SCC Ag, squamous cell carcinoma antigen; TPA, tissue
polypeptide antigen; AGP, alpha-1-acid glycoprotein; NSE, neuron-specific enolase; CK BB, BB isoenzyme of creatine
kinase; ChrA, chromogranin A; CA 19-9, cancer antigen 19-9.
Adapted from Strauss and Skarin, 1994.

Marker

Non-Small-Cell Lung 
Cancer (Approximate % 

Elevated)

Small-Cell Lung 
Cancer (Approximate 

% Elevated)

Comment
Local-

Regional Metastatic Limited Extensive

CEA 20–45 30–65 0–38 40–65 Marked elevations usually associ-
ated with metastatic disease in 
SCLC and NSCLC

CA-125 15–35 35–75 20–30 60 May help predict resectability in 
NSCLC

SCC Ag 15–35 15–35 5–10 5–10 Frequency of elevation not signif-
icantly higher in disseminated 
than in localized disease

TPA 20–35 50–75 40–50 40–50 Abnormal pretreatment TPA 
value heralds an adverse prog-
nosis within all stage groupings

AGP NR NR 80–90 80–90 Elevated in vast majority of SCLC 
independent of stage

NSE 0–10 10–20 30–40 70–85 Powerful prognostic variable in 
SCLC

CK BB NR NR Rare 25–35 Marked elevation in SCLC 
predicts poor response to 
chemotherapy

ChrA 0–10 10–20 50 70 Elevations in SCLC predict re-
sponse to chemotherapy

CA 19–9 50–55 45–55 35–50 45–55 Limited data available in lung 
cancer
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the usefulness of these markers, many of which contribute to the host-tumor relationship, is as
yet unfulfilled.
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18
The Host–Tumor Relationship—
Endocrine Factors and Stromal Reaction

As noted in the last chapter, neoplastic growth significantly alters the homeostasis of the host.
The presence of the neoplasm may alter the host’s nutritional status to the point of starvation,
termed cachexia in the tumor-bearing host. The complexity of the mechanisms of tumor
cachexia was emphasized, but clearly the effects of the neoplasm on the host and the relatively
autonomous growth of the neoplasms are the key factors in the development of the cachexia
of cancer.

Normal homeostasis is controlled in the organism by a delicate balance of multiple inter-
cellular regulatory molecules generally known as hormones. This is not to say that small mole-
cules such as glucose, nonesterified fatty acids, amino acids, and other small molecule substrates
are not important in the homeostasis of the organism. However, generally speaking, the func-
tional, trophic (replicative), and tissue-specific controlling factors that maintain organismal ho-
meostasis are hormones. Hormones may be polypeptide in character, such as growth hormone
and insulin, or of low molecular weight, such as prostaglandins and steroid hormones. Some
groups of hormones have distinctive designations dependent on their function, such as cytokines
(Chapter 19), interleukins (Chapter 19), growth factors (Chapter 16), and others. Still, in the
general sense, these chemicals produced by specific cells and acting in an autocrine, paracrine,
or endocrine manner may be considered as hormones. In previous chapters we have discussed a
number of such hormones, including growth factors (Chapter 16), tumor necrosis factor alpha
(Chapter 17), and the parathyroid hormone-related protein (PTHRP) (Chapter 17). Many of
these and other components designated, in the general sense, as hormones are produced by a
variety of cell types, whereas other polypeptides, steroids, and small molecules are produced
primarily by specific cell types and have largely an endocrine function, such as growth hormone,
steroid hormones, and insulin. This chapter considers the latter class both from the standpoint of
the effect of such hormone production by the host on the neoplasm and the effect of the produc-
tion of such hormones by neoplasms on the host.

Effects of the Endocrinology of the Host on the Neoplasm

As emphasized at the beginning of the last chapter, neoplasia must always be taken in the con-
text of the neoplasm and the host. Since neoplastic cells must exist within the environment of the
host, factors produced by the host that directly affect the neoplastic cell will obviously alter the
neoplasm’s growth and function. In Chapter 3 (Figure 3.19), the cybernetic relationship of endo-
crine glands within the mammalian organism was depicted in relation to the demonstration of
the carcinogenicity of endogenous hormones (Figure 3.20). Earlier studies by Furth and associ-
ates (cf. Furth, 1961) demonstrated the inhibition of the development of mammary neoplasms in
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rats induced with 3-methylcholanthrene by ovariectomy and hypophysectomy shortly after ad-
ministration of the carcinogen. These authors demonstrated that administration of mam-
motrophic pituitary polypeptide hormones for several months after surgery would allow the
development of mammary neoplasms, indicating their growth responsiveness to the effects of
these pituitary trophic hormones. Briand et al. (1982) carried out similar experiments but in-
duced mammary adenocarcinomas by treatment of ovariectomized mice with progesterone or
estrone. Continued treatment with the hormone resulted in mammary neoplasms, but absence of
such treatment resulted in the development of very few neoplasms. However, if the animals were
kept for extended periods of time (a year or more), then some neoplasms developed. Similar
findings have been demonstrated experimentally with other types of neoplasms that grow only in
animals possessing very high levels of circulating hormones of the type to which the cell of ori-
gin is normally responsive (cf. Clifton and Sridharan, 1975).

In a more detailed experiment, Furth and colleagues (cf. Furth, 1961) performed a varia-
tion of the experiment depicted in Figure 3.20, utilizing, as a source of hormone, functional pitu-
itary neoplasms that could be transplanted into the host. In this instance, as outlined in Figure
18.1, a functional pituitary thyrotropin-producing neoplasm was transplanted into a rat, and the
thyroid gland was sampled at various periods. Initially lesions histologically indistinguishable
from neoplasms of the thyroid developed in the gland, but—as noted in the figure—surgical re-
moval of the functional pituitary transplant resulted in complete regression of these “neo-
plasms.” Furthermore, transplantation of these lesions into animals of the same inbred strain but
with no functional pituitary thyrotropic neoplasm transplant (FPTNT) allowed for no growth.
However, if the FPTNT was maintained in the host for longer periods, some neoplasms devel-
oped which on removal of the transplant did not entirely regress, although substantial regression
occurred (Figure 18.1). Finally, if the thyrotropin-producing transplant was maintained suffi-
ciently long in the host, neoplasms would develop which even in the absence of the transplant
and the thyrotropic stimulus grew, could be transplanted into other animals, and metastasized.
Furth termed these three “stages” in the development of completely autonomous neoplasms as
dependent, responsive, and autonomous (Figure 18.1). The reader will immediately see the com-
plete analogy to the stages of promotion and progression in neoplastic development. The fully
dependent neoplasm is a preneoplastic lesion arising from a spontaneously initiated cell but still
completely dependent on the promoter (thyrotropin). The responsive neoplasm is one with a cel-

Figure 18.1 Diagram of the development of dependent, responsive, and autonomous neoplasia follow-
ing chronic exposure of the thyroid in vivo to thyrotropin from a functional pituitary thyrotropic neoplasm
transplant.
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lular population that can survive and exist in the absence of the hormone but grows relatively
slowly in the stage of progression. The completely autonomous lesion is that of the usual malig-
nant neoplasm in the stage of progression. Theoretically, a neoplasm of any of the tissues de-
picted in Figure 3.19 may undergo a similar series of “stages” in the development to neoplasia.
In the human there are no unequivocal examples of dependent neoplasms, although in one re-
spect the placenta may be considered a dependent tumor, its maintenance dependent entirely on
the “abnormal” hormonal environment of the pregnant female.

Continued proliferation of such “dependent” cells can lead to a gradual progression in pro-
liferative vigor as a result either of environmental stimuli, of host-induced modification of cells,
or of a natural selection of a more aggressive cell type, in a manner analogous to tumor progres-
sion (Chapter 9). Such neoplasms may exist in the host even in the absence of the trophic hor-
mone or environmental stimulus, although at relatively low growth rates in many instances. Such
neoplasms are termed hormonally responsive tumors and are exemplified by such neoplasms as
carcinoma of the prostate or of the breast in the human, since castration or treatment with hor-
mones substantially reduces the growth rate of many of these neoplasms. Less often, hormone-
responsive neoplasms give rise to nonresponsive or reversely responsive variants—the original
inhibitor becoming a stimulant of the tumor cell in the latter case (Clifton and Sridharan, 1975).
Although the latter situation is rare, it may be brought about by therapy in humans and has also
been shown to develop in experimental situations. This may be related to the demonstration of
the development of mutations or variants in the steroid hormone receptors present within the
neoplastic cell (cf. Sluyser, 1994; see below). Finally, responsive tumors may progress to an au-
tonomous neoplasm, in which hormones have little if any effect on its growth rate. The natural
history in humans of neoplasms of endocrine tissue is a progression from responsive to the au-
tonomous stage.

Host Effects on Human Neoplasia

Although Furth, Clifton, and their colleagues discovered an experimental basis for hormone de-
pendency and responsiveness of endocrine neoplasms, their work was actually anticipated by the
demonstration by Beatson (1896) that surgical removal of the ovaries in patients with advanced
cancer of the breast caused a slowing of growth and even regression in some cases. In 1941
Huggins and his associates (Huggins et al., 1941a,b) applied some of the principles suggested by
Beatson’s study to the treatment of cancer of the prostate in human males. They noted that cas-
tration and estrogen administration caused a prolongation of life in patients with prostate cancer,
as well as changes and regression in the neoplastic gland itself. This led to a major area of clini-
cal investigation involving the predictability of the hormone responsiveness of several neo-
plasms in the human and in animals, especially that of mammary carcinoma. The methodology
involved in these studies concerns the measurement of receptor proteins in cells that interact
with steroid hormones (Figures 3.23 and 3.24). A somewhat more detailed diagram of the com-
ponents and action of this hormone-receptor complex may be seen in Figure 18.2. As noted in
the figure, the estrogen receptor, a transcription factor (Figure 3.24) occurs in the cytoplasm in
association with heat-shock proteins (hsp90) (Ylikomi et al., 1998) and immunophilin chaper-
ones (Pratt and Toft, 1997). Binding of estrogen leads to dissociation of the heat-shock proteins,
receptor dimerization with an enhancement of phosphorylation of serine 167 in the estrogen re-
ceptor protein (Castaño et al., 1998). The phosphorylated receptor dimer-ligand then enters the
nucleus and, in association with several coactivators (Freedman, 1999), activates transcription of
specific genes within the cell.

Those breast cancers in the human that exhibit moderate to elevated levels of the estrogen-
receptor protein are usually found in more highly differentiated (lower-grade) carcinomas exhib-
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iting a relatively slow rate of cellular replication (Martin et al., 1979). Furthermore, patients with
estrogen receptor–positive breast cancers usually experience longer survival after treatment than
do patients with estrogen receptor–negative neoplasms (Furmanski et al., 1980). Metastatic le-
sions from primary breast cancers usually exhibit a lower level of estrogen-receptor proteins
than the primary lesions (Görlich and Jandrig, 1997). Interestingly, those carcinomas exhibiting
Barr bodies (Chapter 10) in more than 10% of the tumor cells examined were much more likely
to have high levels of the estrogen-receptor protein than those neoplasms exhibiting a lower pro-
portion of Barr body–containing cells (Rosen et al., 1977).

Measurement of the estrogen-receptor content of mammary neoplasms has demonstrated
that the absence of such receptors usually predicts a lack of response to hormone therapy, that is,
a lack of hormone responsiveness (Osborne and McGuire, 1978). Unfortunately, the presence of
the receptor does not assure that the neoplasm will be hormone-responsive but it does increase
the chances of such an occurrence to about 1 in 2. Several studies in animals (King et al., 1976;
Vignon and Rochefort, 1978) have also shown that the presence of estrogen-receptor proteins in
mammary tumors does not necessarily confer an estrogen responsiveness to the growth of these
neoplasms. However, the analysis of a second steroid hormone receptor, the progesterone recep-
tor, has indicated that neoplasms exhibiting both estrogen and progesterone receptors have a rel-
atively high degree of responsiveness, usually 70% to 80% of the cases (cf. McGuire et al.,
1978). Responsiveness to endocrine therapy may occur in a variety of ways, including modifica-
tion of the internal hormonal milieu of the host by surgical adrenalectomy or hypophysectomy,
the administration of androgens or large doses of estrogens or, during the last two decades, ad-
ministration of antiestrogens (cf. Jensen, 1981). Responsiveness to these various types of endo-
crine therapy as a function of the presence or absence of the estrogen and progesterone receptors
is shown in Table 18.1. Interestingly, estrogen receptor–negative neoplasms are usually more
responsive to cytotoxic chemotherapy in metastatic breast cancer than are neoplasms that are
estrogen receptor–positive (Lippman et al., 1978). In contrast, the presence of the estrogen re-
ceptor may impart a poorer prognosis for young women with breast cancer (Aebi et al., 2000).
As noted above, estrogen receptor–positive breast cancers are more often diploid than are their
negative counterparts, and their proliferative activity is inversely related to the estrogen receptor
content, as noted above (Raber et al., 1982). As an additional variable, estrogen receptor–nega-
tive breast cancers that do not express the epidermal growth factor receptor (EGFR) are usually
more responsive to primary endocrine therapy than those expressing EGFR (cf. Robertson,
1996). Thus, in general, one may conclude that estrogen receptor–negative breast cancers are
further along in the stage of progression than are estrogen receptor–positive breast cancers.
While most of the epidemiological risk factors for estrogen receptor–positive and estrogen re-
ceptor–negative or –deficient breast cancers were similar, one striking difference was that the

Table 18.1 Response to Endocrine Therapy in Patients as a Function of the 
Presence (+) or Absence (–) of the Estrogen Receptor (ER) and Progesterone 
Receptor (PR)

Adapted from Sunderland and McGuire, 1991, with permission of the authors and
publisher.

Hormone Status Number of Patients Percent Responding (number)

ER+/PR+ 319 68 (217)
ER–/PR+ 26 42 (11)
ER+/PR– 223 32 (72)
ER–/PR– 197 9 (18)



788 Chapter 18

late age at first full-term pregnancy was a risk factor for estrogen receptor–rich breast cancer but
not for estrogen receptor–poor breast cancer (McTiernan et al., 1986).

Resistance to Endocrine Therapy in Breast Cancer

While the lack of estrogen receptors would be the obvious cause for resistance to endocrine ther-
apy, another potential mechanism is the mutational alteration in the estrogen-receptor gene that
prevents the normal interaction of the hormone with its receptor. Interestingly, genetic variants
in estrogen receptors have been found in normal breast tissue (Leygue et al., 1996). Many of
these variants appear to be the result of various splicing differences in the formation of the mes-
senger RNA for the receptor protein (cf. Miksicek, 1994). Although there has never been a clear
association with altered estrogen receptors and the responsiveness to endocrine therapy, some
preliminary data suggest that this might be true (Raam et al., 1988). There are, however, other
potential changes in the cell that may lead to the resistance of the neoplastic cell to endocrine
therapy, as noted in Figure 18.3. It is quite likely that the development of hormone resistance as
the stage of progression continues is multifactorial, involving changes in more than one of the
various potential alterations seen in Figure 18.3.

Steroid Receptors in Neoplasms Other Than Those of Mammary Origin

Steroid-receptor proteins have also been studied and found in other neoplasms (Stedman et al.,
1980). A number of such examples are seen in Table 18.2. Although this table is by no means
complete, it does give the reader an indication that these various receptor proteins are expressed
in a wide variety of neoplasms in the human as well as some in the animals that have been stud-
ied. In the case of hepatocellular adenomas and renal neoplasms in the rat, both associated with

Figure 18.3 Potential multifactorial resistance to hormones of breast neoplasms. Resistance to the hor-
mone may occur by changes at the level of the ligand, receptor, or a variety of other effectors. (Adapted
from Hansen and Fuqua, 1999, with permission of the authors and publisher.)
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estrogen administration, virtually all of these neoplasms, as might be expected, contain estro-
gen-receptor proteins (cf. Schmid et al., 1985; Anderson et al., 1979).

With this knowledge, it was logical to try to determine whether or not those neoplasms
possessing steroid receptors might be responsive to the effects of doses of the steroid or anti-
steroid. There have been several attempts to treat specific neoplasms containing estrogen recep-
tors, such as hepatocellular carcinomas and melanomas, with antiestrogens; the most successful
of these have been attempts relating steroid receptor protein content with responses to antiandro-
gens or estrogens in prostate cancer (Sadi and Barrack, 1994) and glucocorticoid receptors to
corticosteroid responses in lymphatic leukemias (cf. Homo-Delarche, 1984). However, in nei-
ther of these conditions has the determination of steroid-binding proteins been successfully re-
lated to the effectiveness of therapy to the same degree that estrogen- and progesterone-receptor
content has been related to the therapy of breast cancer.

Hormonal Effects of Neoplasms on the Host

The concept that neoplasms may produce hormones and/or hormone-like substances has already
been introduced. The parathyroid hormone–related protein (PTHRP, Chapter 17) that regulates
calcium metabolism in peripheral tissues is an example. A number of neoplasms derived from
tissues that, in the adult, normally produce this hormone have been described (Chapter 17). In
addition, as pointed out below, neoplasms produce a number of as yet unidentified materials that

Table 18.2 Steroid Receptor Proteins in Extramammary Neoplasms

Key: AR, androgen receptor; ER, estrogen receptor; GR, glucocorticoid receptor; PR, progesterone
receptor.

Neoplasm Receptor Incidence Reference

Human
Chronic lymphocytic leukemia ER 8/11 Rosen et al., 1983
Endometrial carcinoma ER 132/154 Ingram et al., 1989

PR 144/154 Ingram et al., 1989
Glioma ER 3/20 Fujimoto et al., 1984
Hepatocellular carcinoma ER 12/30 Nagasue et al., 1986
Lung cancer ER 6/15 Beattie et al., 1985

PR 2/15 Beattie et al., 1985
GR 31/43 Beattie et al., 1985
AR 21/30 Beattie et al., 1985

Melanoma ER 61/141 Walker et al., 1987
AR 10%–35% cf. Walker, 1988
GR 28%–86% cf. Walker, 1988

Meningioma ER 18/36 Fujimoto et al., 1984
Prostate cancer AR 8/10 Habib et al., 1986

ER 11%–62% Bonkhoff et al., 1999
Renal cell carcinoma ER 17%–31% Karr et al., 1983

PR 17%–29% Karr et al., 1983
AR 20% Karr et al., 1983

Thyroid carcinoma ER 32/76 Diaz et al., 1991
Animal

Pituitary neoplasms (rat) ER 100% Winneker et al., 1981
Renal neoplasms (rat) ER 100% Anderson et al., 1979
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exert significant effects on host tissues. However, the best-understood aspect of hormonal effects
of neoplasms on the host involves functional neoplasms of endocrine tissues.

Effects of Functioning Neoplasms of the Endocrine System on the 
Host-Tumor Relationship

It has been known since the nineteenth century that neoplasms derived from endocrine tissues
can retain the function of their cell of origin. However, the extent of this phenomenon was not
appreciated until the last four decades. Table 18.3 is a partial list of functional neoplasms of
endocrine tissues in the human. These neoplasms elaborate the hormones normally produced by
their cell of origin. However, the regulation of the production of one or more hormones normally
produced by that tissue is clearly aberrant in all cases, many times to such a degree that the
pathophysiological changes that result from the excess hormone give rise to specific clinical
findings. Therefore such neoplasms reflect the relative autonomy characteristic of all neoplasia,
but this aberrant regulation is manifest not so much in growth control as in the regulation of the
elaboration of their secretory products. In most instances the production of the hormone shows
little or no environmental regulation by the host. On the other hand, there are now specific in-

Table 18.3 Some Functional Neoplasms of Endocrine Tissue

Neoplastic Classification
Hormones Elaborated 

by Tumors Clinical Findings

Interstitial cell tumor of testis Androgens Masculinization
Arrhenoblastoma Androgens Masculinization
Granulosa-theca cell tumor of 

ovary
Estrogens Feminization

Acidophilic adenoma of pituitary Somatotrophic hormone Pituitary gigantism or 
acromegaly

Chromophobe adenoma of 
pituitary

Thyrotropin Hyperthyroidism

“Prolactin-cell” adenoma of 
pituitary

Prolactin Amenorrhea-galactorrhea 
syndrome, hypogonadism

Adrenocortical adenoma Aldosterone Conn syndrome
Adrenocortical adenoma Cortisone Cushing syndrome
Pheochromocytoma Adrenalin and/or noradrenalin Paroxysmal hypertension
Medullary carcinoma of thyroid Calcitonin, etc. Dysphagia, diarrhea
Thyroid carcinoma Thyroxine, T3 Graves’ disease (thyrotoxicosis)
Parathyroid adenoma Parathormone Hyperparathyroidism
Islet cell adenoma (see Figure 

18.4)
Insulin Paroxysmal hypoglycemia

Glucagon Migratory erythema, diabetes
Gastrin Zollinger-Ellison syndrome, 

peptic ulceration
Somatostatin Mild diabetes, hypochlorhydria

Renal cell carcinoma (Wilms 
tumor)

Erythropoietin Polycythemia

Carcinoid Serotonin, substance P, hista-
mine, kallikrein

Carcinoid syndrome

Hodgkin disease Various cytokines and growth 
factors

Lymphoid hyperplasia, immuno-
suppression, and fibrosis
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stances in which such regulation still occurs to some extent, as in the production of calcitonin by
medullary carcinoma of the thyroid (Deftos et al., 1971). In this example, calcitonin secretion by
the tumor can be regulated by the administration of calcium, glucagon, or hypocalcemic agents.
This may be the reflection of the presence of receptors in the neoplastic cell. In support of this is
the fact that the responsiveness of carcinoid neoplasms to the administration of the somatostatin
analog, octreotide is dependent on the presence of somatostatin receptors in the neoplasm
(Kvols and Reubi, 1993).

Just as with the pancreatic islet, the anterior pituitary consists of a variety of different hor-
mone-secreting cell populations and thus gives rise to a variety of different functional neo-
plasms, each producing primarily but not exclusively one of the polypeptide hormones of the
pituitary. The three listed in Table 18.2 comprise the more common lesions, but in addition neo-
plasms producing excessive amounts of adrenocorticotropic hormones as well as various gona-
dotropins have been described (cf. Thapar et al., 1995). Thyrotropin-secreting pituitary
adenomas have rarely been seen; the vast majority are not associated with hypersecretion of
other anterior pituitary hormones (Beck-Peccoz et al., 1996). Similarly, in the adrenal cortex one
finds cells producing either aldosterone, a hormone regulating potassium metabolism and blood
pressure, or cortisone, the steroid hormone affecting sodium metabolism as well as gluconeo-
genesis (Chapter 17). Conn syndrome resulting from hyperaldosteronism is associated with hy-
pertension and hypokalemia; Cushing syndrome is associated with hypertension, sodium
retention, and a peculiar form of truncal obesity and rounded facies as well as abdominal stria.
Neoplasms of the adrenal medulla are mostly pheochromocytomas that secrete excessive
amounts of catecholamines, primarily adrenalin (epinephrine), noradrenalin (norepinephrine),
and dopamine, resulting in frequent severe bouts of hypertension. In the thyroid, medullary car-
cinoma of the “C” cells (which normally produce calcitonin) results in diarrhea and dysphagia
(difficulty in swallowing) when these cells produce excessive amounts of calcitonin (Cohen and
Modigliani, 1993). The normal function of this hormone is to decrease levels of calcium in the
blood. In contrast, as discussed in Chapter 17, parathormone, the product of the parathyroid
gland, when produced in excess by parathyroid adenomas, produces excessive hypercalcemia,
loss of bone, and renal kidney pathology. Carcinoid neoplasms may occur in a variety of tissues
of the gastrointestinal tract and lungs developing from neuroendocrine cells in these tissues (see
below). These neoplasms in their differentiated state produce excessive amounts of serotonin
and other hormones, as noted, producing among other effects vasoactive changes that appear to
be associated with episodic flushing, diarrhea, abdominal pain, and eventually right-sided valvular
heart disease (Kulke and Mayer, 1999). An interesting functional process of neoplastic cells in
Hodgkin lymphomas is their production of a variety of cytokines (Chapter 19). These hormone-
like substances have a variety of effects on immune cells and, together with growth factors pro-
duced by these malignant lymphocytes, apparently produce the changes seen in this disease as
noted in the table (Gruss et al., 1994; Hsu et al., 1993; Teruya-Feldstein et al., 2000).

In endocrine tissues with multiple cellular populations—such as the pituitary, adrenal, thy-
roid, and islets of Langerhans—separate and distinct clinical syndromes are produced, the spe-
cific kind depending on which of the cell types of the gland becomes neoplastic. The spectrum
of hormones produced by the various cell types of neoplasms of the islets of Langerhans is
shown in Figure 18.4 (cf. review by Friesen, 1982). The β cell classically produces insulin and
presumably is the neoplastic element found in insulinomas. The δ or α1 cell of the islet produces
gastrin, and neoplasms derived from this cell are responsible for the peptic ulceration of the
stomach and duodenum found in the Zollinger-Ellison syndrome. In addition, other cellular spe-
cies of the islets have been found to be producers of amines and the hormone secretin. Neo-
plasms of the α cells may produce glucagon, giving rise to hyperglycemia. As a result, these
individuals express clinical diabetes as well as a peculiar necrolytic migratory erythema appear-
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ing as a skin rash–like phenomenon, with healing and reappearance (Wermers et al., 1996). Sev-
eral neoplasms producing the hormone somatostatin, a polypeptide also produced in the
hypothalamus (Pimstone et al., 1979), have been reported (Vinik et al., 1987). As this hormone
regulates the secretion of a number of other hormones including insulin, glucagon, gastrin, and
pituitary polypeptides, neoplasms of the D cell appear to result in a syndrome indistinguishable
from mild diabetes. Such interrelationships of hormones have been known for some time and
play a role in the pathophysiology of syndromes resulting in the excessive production of other
hormones of endocrine neoplasms. Furthermore, a number of these hormones are produced in
precursor forms, such as those noted in Figure 18.5. Of the pre-pro forms, only those shaded in
the diagram actually are the functional components, although a number of neoplasms secrete the
pro hormones, whereas their tissues of origin seldom secrete significant amounts of such struc-
tures (cf. Rehfeld et al., 1996). Since processing of the pre-pro forms of these proteins is post-
translational, their secretion is a further indication of the altered regulatory mechanisms present
in such neoplasms.

Another group of neoplasms of endocrine tissues that appear to be related are those of the
amine precursor uptake and decarboxylation (APUD) system (cf. Baylin, 1975; Pearse, 1968).
Cells of the APUD system include pancreatic islet cells, pituitary cells producing adreno-
corticotropic hormone (ACTH) and melanotropin, C cells of the thyroid, gastrointestinal ar-
gentaffin cells, and adrenal medullary cells. This concept, which was first proposed by Pearse
(1968), relates functional cell types to their synthesis and storage of polypeptide and amine
hormones. Such cell types are thought to arise from the neural crest. A diagram of the APUD
system is seen in Figure 18.6. This concept not only links various neoplasms by their embryo-
logical origin, but also accounts for the production of amine and polypeptide hormones by some
neoplasms that arise in tissues where APUD cells were thought to be absent or in the minority,
such as in the lung, thymus, and urogenital tract. Today the term “neuroendocrine” is used more
frequently than “APUD” to characterize neoplasms that produce polypeptide hormones as well
as amines in which identical or similar forms are secreted by cells of the nervous system
(Capella et al., 1994). A number of members of this group produce more than a single hormone
(cf. Weil, 1985).

Mechanisms of Altered Hormone Gene Expression in Endocrine Neoplasms

The mechanism of the excessive production of hormones by many endocrine neoplasms is not
completely understood in most instances. Obviously, alterations in the levels of transcription
factors, receptors, or perturbations in signal transduction pathways might explain a number of
the examples. It is unlikely that the evolving karyotypic instability of the stage of progression is
directly involved in most examples, since the most common examples of functioning endocrine
neoplasms are in adenomas and in highly differentiated carcinomas that are likely to be very
early in the stage of progression. However, several investigations have demonstrated specific
mutational alterations in receptors and components of signal transduction pathways that are
probably responsible for the excessive specific hormone production in the individual cases
described.

In 1990 Lyons and associates (Lyons et al., 1990) described a putative cellular oncogene
termed gsp. The wild-type protooncogene of gsp is the α-subunit of the G protein involved in the
response of pituitary cells to growth hormone–releasing hormone (GHRH). A diagram of the
effect of the mutations that have been found in this proto-oncogene is seen in Figure 18.7. The
amino acid substitutions noted result in constitutive activation of adenyl cyclase (AC) and subse-
quent cyclic AMP formation, which, in turn, activates a signal transduction pathway leading to
both hyperplasia and hyperfunction (cf. Spada et al., 1994, 1998).
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Figure 18.5 Structure and organization of different pre-pro hormones expressed in the pancreas. The
numbers at the upper right of each structure indicate the number of amino acid residues. Pre-pro insulin is
an example of a precursor from which the entire sequence is used for synthesis of one bioactive peptide.
Pre-pro glucagon and pre-pro VIP (vasoactive intestinal peptide) are polyprotein precursors containing sev-
eral homologous but not identical bioactive peptides. Pre-pro TRH (thyrotropin releasing hormone) is an
example of a polyprotein precursor containing five identical copies of the bioactive peptide. (Adapted from
Rehfeld et al., 1996, with permission of the authors and publisher.)
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At least one of these mutations has been found in about 40% of growth hormone–secreting
pituitary neoplasms in several series (Johnson et al., 1999; cf. Spada et al., 1998). However, an-
other series from Australia (Boothroyd et al., 1995) found a much lower incidence of such muta-
tions in pituitary and other neoplasms. A second cellular oncogene, gip2, has mutations in
similar regions of an α subunit of a different G protein whose function results in decreased cy-
clic AMP levels and decreased calcium ion mobilization (cf. Spada et al., 1992). The gip2 cellu-
lar oncogene has been identified in about 10% of nonfunctioning pituitary adenomas as well as
in neoplasms of the ovary and adrenal cortex. However, the exact functional alteration contribut-
ing to the neoplastic process or alterations in function in these neoplasms is not absolutely clear
(cf. Spada et al., 1998).

Another example of mutations in a proto-oncogene leading to the formation of a cellular
oncogene is seen with the thyrotropin receptor in adenomas of the thyroid gland. In this instance,
the multimembrane domain receptor has been shown to be mutated in from 50% (Krohn et al.,
1998) to 80% (Parma et al., 1995) of hyperfunctioning thyroid adenomas. Figure 18.8 gives a
diagram of the thyrotropin receptor, indicating in black the amino acids where mutations were
demonstrated (Parma et al., 1995). Mutation in the receptor appears to cause hyperfunction and
proliferation of the adenomatous thyroid epithelium by constitutively elevating cyclic AMP
(Krohn et al., 1998; Parma et al., 1995). About 30% of hyperfunctioning thyroid adenomas also
exhibit the presence of the gsp cellular oncogene (O’Sullivan et al., 1991; Suarez et al., 1991).

In contrast to mutations in the G proteins in endocrine neoplasms noted above, mutations
in N-ras, H-ras, and K-ras are relatively infrequent in thyroid and adrenal neoplasms in the hu-
man (Moley et al., 1991; Moul et al., 1993). Only about a quarter of adenomas and carcinomas
of the thyroid exhibit ras gene mutations (Namba et al., 1990). Interestingly, Shi et al. (1991)
reported that a 50% to 80% rate of ras codon 61 mutations occurred in thyroid tumors develop-
ing in an iodide-deficient area. While adrenocortical neoplasms exhibited low levels of G-pro-

Figure 18.6 Distribution of some peptide hormone-producing tissues arising from the neural crest and
belonging to the APUD system. The associated neoplasms of these tissues are designated by boxes. (After
Schein, 1973, with permission of the author and publisher.)
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tein mutations, they were found to overexpress insulin growth factor-II in more than 80% of
carcinomas studied (Gicquel et al., 1995).

One may speculate that the mutations seen in the G proteins and receptors in pituitary and
thyroid adenomas reflect initiating mutations, since they appear to function in a dominant man-
ner and would likely produce effects in the cell even if only one allele were mutated. However,
considerable further studies will be required before such questions can be answered.

Effects on the Host-Tumor Relationship Produced by Hormones Elaborated 
by Neoplasms of “Nonendocrine Tissues”

Ectopic hormone production, a term coined by Liddle and associates (1962), refers to the pro-
duction of hormones by neoplasms of nonendocrine origin or the production of hormones by
endocrine neoplasms not associated with the normal gland of origin (cf. Smith, 1975). It is also
possible that the “ectopic” production of a hormone by a neoplasm is the result of a relatively
small number of cells in the tumor that are derived from normal endocrine tissue and produce
the hormone in question. Under these circumstances, such hormone production by the neoplastic
tissue cannot be considered as truly ectopic. In fact, a number of criteria have been delineated,
one or more of which must be satisfied in order to demonstrate that the neoplasm is producing
the hormone inappropriately or ectopically (cf. Wajchenberg et al., 1994; Baylin and Mendel-
sohn, 1980). These characteristics, which confirm that a given neoplasm is the source of ectopic
hormone production, are listed below. There have been suggestions that all neoplasms produce

Figure 18.7 Diagram of the effect of single amino acid substitutions replacing Arg 201 with either Cys
or His, or Gln 227 with either Arg or Leu in the protooncogene α-subunit of Gs, a G protein. The substitu-
tions lead to the constitutive activation of adenyl cyclase (AC) and cyclic AMP formation by inhibiting
GTPase activity. Increased cyclic AMP levels activate protein kinase A, which in turn phosphorylates
CREB, initiating gene transcription. (Adapted from Spada et al., 1994, with permission of the authors and
publisher.)
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at least one hormonally active substance ectopically (Odell et al., 1977). On this basis as well as
other studies, it is likely that many of the unexplained changes seen in the tumor-bearing host
may be the result of one or more known or unknown hormones being elaborated by neoplasms.

1. Abnormal endocrine function
2. Disappearance of endocrine abnormalities following removal of neoplasms
3. Persistence of elevated levels of hormone following removal of gland normally pro-

ducing the hormone
4. Increased concentrations of the hormone in the neoplasm compared with surrounding

tissues
5. Molecular evidence for the synthesis of the hormone by the neoplastic cells

The first recognition that hormones elaborated by neoplasms arose from cells not consid-
ered to elaborate such hormones was described by Brown in 1928. More than 30 years later,
Liddle et al. (1969) recognized that lung cancers were associated with Cushing syndrome, nor-
mally seen with hyperadrenocorticism, and demonstrated that the neoplasms contained large
amounts of biologically active adrenocorticotropic hormone (ACTH). While originally consid-
ered relatively rare, Cushing syndrome resulting from ectopic production of ACTH-like
polypeptides by lung and other neoplasms is increasingly being recognized such that a wide va-
riety of neoplasms may be associated with “ectopic” Cushing syndrome (cf. Odell, 1997). Some
of these neoplasms produce a hormone that is biologically, physically, chemically, and immuno-
logically indistinguishable from human pituitary adrenocorticotropic hormone. Others produce

Figure 18.8 Diagram of the thyrotropin receptor structure in the membrane of thyroid epithelial cells.
The circles with letters indicate the amino acids in which mutations have been found. The black symbols
refer to mutations found in a series of adenomas for which the entire exon 10 of the protein was sequenced
(Parma et al., 1995), while the white circles refer to other mutations found in toxic adenomas of the thyroid.
(Reproduced from Parma et al., 1995, with permission of the authors and publisher.)



798 Chapter 18

variously modified forms of the hormone, as discussed below. Through its action on the adrenal
glands, this ectopically produced hormone may cause all of the symptomatology of Cushing
syndrome, a clinical picture of moon face, enlarged abdomen with linear streaking of the skin of
the lower trunk, hypertension, and salt retention. The production of such a hormone is not sup-
pressible by the administration of corticosteroid hormones, natural or synthetic.

Table 18.4 lists a variety of neoplasms derived from nonendocrine tissues that elaborate
one or more hormone-like substances resulting in specific clinical findings. As noted in the ta-
ble, several neoplasms—e.g., small-cell carcinoma of lung, renal cell carcinoma, adrenal neo-
plasms—may give rise to more than one hormone produced ectopically. In fact, lung cancers
may elaborate more than 20 different hormones, most of which are not elaborated by pulmonary
tissue in the normal state (Keffer, 1996). While ectopic hormone production is relatively com-
mon in some neoplasms, such as small-cell carcinoma of the lung, and contributes to the major-
ity of the clinical symptomatology seen in general regardless of the source of the hormone, some
ectopic hormone production is relatively rare, such as prolactin and rennin (cf. Odell, 1997).

Table 18.4 Some Ectopic Hormone–Producing Neoplasms and Their Effectsa

aFurther information on ectopic hormone-producing neoplasms may be obtained from the following references: Keffer,
1996; Odell, 1997; Macaulay and Smith, 1995.

Neoplasm
Hormone-like Substances 
Elaborated by Neoplasm Clinical Findings

Small-cell carcinoma of the lung, 
carcinoids, thymoma, carci-
noma of colon

ACTH, corticotropin-releasing 
factor

Cushing syndrome

Small-cell carcinoma of lung, 
carcinoma of pancreas

Antidiuretic hormone Hyponatremia (low serum 
sodium)

Hepatoblastoma Luteinizing hormone Precocious puberty
Bronchogenic carcinoma, 

adrenocortical carcinoma, 
renal cell carcinoma

Chorionic gonadotropin Gynecomastia

Hydatidiform mole, choriocarci-
noma, embryonal carcinoma of 
testis

Thyroid-stimulating hormone Hyperthyroidism

Cerebellar hemangioblastoma, 
adrenal adenoma, uterine 
fibroma, hepatoma

Erythropoietin Erythrocytosis

Squamous cell carcinoma, acute 
myeloblastic leukemia

Parathormone Hypercalcemia (increased serum 
calcium)

Pulmonary carcinoma Growth hormone Acromegaly
Hypertrophic pulmonary osteo-

arthropathy
Fibrosarcoma, mesothelioma, 

adrenocortical carcinomas
Insulin-like growth factor-II Hypoglycemia

Small-cell carcinoma of lung Antidiuretic hormone (ADH), 
arginine vasopressin (AVP)

Hyponatremia, renal sodium 
loss

Renal cell carcinoma, bron-
chogenic carcinoma, breast 
cancer, and others

Prolactin Generally negligible

Lung cancer, ovarian cancer Renin Hypokalemia (low serum 
potassium)
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Mechanisms Involved in Ectopic Hormone Production by Nonendocrine Neoplasms

In most of the examples given in Table 18.4, one might suggest that such a change in gene ex-
pression is the result of defect(s) at the gene, transcription, or posttranscriptional level. Many of
the mechanisms discussed in Chapter 15 would thus be applicable. However, another potential
mechanism is that related to posttranslational processing of polypeptides such as depicted in
Figure 18.5 with reference to the production of pancreatic hormones. Such appears to be the case
for the production of ACTH, where a 31-kDa peptide is the initial translation product, then lead-
ing to a variety of different products including ACTH, lipotropin, and β-endorphin, as well as
melanocyte-stimulating hormone (MSH). A diagram of the posttranslational processing of the
precursor peptide proopiomelanocortin (POMC) is seen in Figure 18.9. It will be noted from this
that ACTH is only one of many peptides produced by this posttranslational processing mecha-
nism. Wajchenberg and associates (1994) have presented evidence that probably all tissues syn-
thesize at least small amounts of POMC-derived peptides, but only in neoplasms where it is
produced in substantial amounts does one see significant clinical findings. Thus, one might ar-
gue that the “ectopic” production of ACTH by small-cell lung cancers and a variety of other
tissues is not truly ectopic, since such tissues appear to have the capability of producing the pre-
cursor. In other neoplasms, however, there is evidence for differential splicing of the POMC
transcript, giving rise to different mRNA species, some of which may be associated with the
ectopic ACTH syndrome and others not (cf. Wajchenberg et al., 1994).

Overexpression of insulin-like growth factor-II (IGF-II) in mesenchymal and adrenal neo-
plasms may be related to the loss of imprinting of the gene, as discussed in Chapter 15 (Gicquel
et al., 1995). The high level of IGF-II may induce hypoglycemia by inhibiting the output of glu-
cose from the liver (cf. Fradkin et al., 1989). However, these mechanisms may not comprise the
majority of alterations leading to the elaboration of hormone-like substances by nonendocrine
neoplasms. It is tempting to speculate that in a number of instances the aberrant hormone pro-
duction may be the result of evolving karyotypic instability with its associated gene amplifica-
tion and gene translocations.

Paraneoplastic Syndromes Unassociated with Increased Production of 
Known Hormones

The term paraneoplastic syndrome has been used to denote clinical signs and symptoms that are
not directly related to the neoplasm or its metastases (cf. Eckhardt, 1994). This rather broad clas-
sification would then include almost any determinant of the host-tumor relationship, including
cachexia, anorexia, hormones elaborated by endocrine neoplasms, as well as hormones secreted
by neoplasms developing from nonendocrine tissues and the production of nonhormonal ele-
ments leading to host responses resulting in specific syndromes. The clinical effects resulting in
these syndromes are thus not dependent on the bulk of the neoplastic tissue but on its function-
ing within the organism (Eckhardt, 1994). In this broad definition, one could perhaps include
almost all neoplasms, since all produce some remote effect not dependent on the bulk or the
invasive or metastatic characteristics of the neoplasm itself. Thus, as others have done (cf. Agar-
wala, 1996; Zimmermann and Greenberg, 1996; Macaulay and Smith, 1995), the term paraneo-
plastic syndromes is here restricted to those resulting from hormones elaborated by neoplasms
of nonendocrine tissues, nonhormonal components elaborated by neoplasms but directly or indi-
rectly inducing specific signs and symptoms in the organism, and physical effects resulting from
overproduction of products of the neoplasm. Already discussed are paraneoplastic syndromes
resulting from hormone production by neoplasms of nonendocrine tissues (see above); consid-
ered below are the effects of nonhormonal components elaborated by neoplasms on the host.
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Paraneoplastic Syndromes Associated with Production of Nonhormonal Factors by 
the Neoplasm

By the definition indicated above, one could include cancer cachexia as a paraneoplastic syn-
drome; but generally this has not been done, since it is such a complex, little understood phe-
nomenon that occurs to one degree or another in organisms bearing any malignant neoplasm.
Table 18.5 shows a listing of a number of clinical syndromes associated with neoplasms but for
which there is no known hormonal cause. Acanthosis nigrans—a lesion of the skin that is usu-
ally symmetrical, elevated, rough-surfaced, and hyperpigmented—is usually associated with
carcinomas of the gastrointestinal tract, especially the stomach, but it may also be seen with
malignancies of the breast, prostate, lung, breast, and ovary (cf. Poole and Fenske, 1993). There
has been some suggestion that this lesion may be related to the production of melanocyte-stimu-
lating hormone (see above), but other suggestions implicate some as yet unknown epidermal
growth substance (cf. Poole and Fenske, 1993). Mucocutaneous pigmentation is seen with the
inherited Peutz-Jeghers syndrome. This syndrome is associated with benign tumorous malfor-
mations of the gastrointestinal tract known as hamartomas, which are probably not neoplastic
(cf. Utsunomiya et al., 1975). Other mucocutaneous manifestations of paraneoplastic effects of
neoplasms have also been described but are not included in the table (cf. Poole and Fenske,
1993; Herzberg, 1998; Kurzrock and Cohen, 1995). Arthralgia and hypertrophic pulmonary os-
teoarthropathy (forms of arthritis) have long been known to be associated with neoplasms affect-
ing the lung and pleura (cf. Naschitz et al., 1995). Hypertrophic pulmonary osteoarthropathy is
basically an overgrowth of soft tissue in the distal phalanges (fingers and toes) leading to a phe-
nomenon known as “clubbing.” One of the first hematological paraneoplastic disorders de-
scribed was that of Trousseau syndrome, the association of thrombosis with malignancy. Deep
vein thrombosis of the lower extremities and pulmonary embolism result from a hypercoagula-
ble state induced by the neoplasm, most commonly a mucin-producing neoplasm of the gas-
trointestinal tract or of the lung and pelvic organs (cf. Staszewski, 1997). Multiple myeloma, a
neoplasm of antibody-producing plasma cells, in most instances produces excessive amounts of
circulating immunoglobulins, which can deposit in various organs leading to renal failure, where
there is actual blockage of the renal tubular system, and to amyloidosis, a disease characterized
by extracellular deposition of complex proteins causing dysfunction of the organ by the presence
of large amounts of amyloid (cf. Barlogie et al., 1992; Dhodapkar et al., 1997; Tan and Pepys,
1994). However, the most common paraneoplastic syndromes associated with neoplastic elabo-
ration of nonhormonal substances are those related to autoimmune reactions to proteins pro-
duced by the neoplasms themselves. Autoimmunity is discussed more extensively in Chapter 19,
but it is basically the immune reaction of the host to products of its own genetic makeup, so-
called self-antigens.

Table 18.5 Paraneoplastic Syndromes Resulting from Excessive Production of Nonhormonal 
Components by Neoplasms

Neoplasm Clinical Findings

Adenocarcinoma of stomach, breast, lung Acanthosis nigricans
Peutz-Jeghers syndrome (hamartomas of gastro-

intestinal tract)
Mucocutaneous pigmentation (lips, mucous 

membranes, skin)
Pulmonary and pleural neoplasms Hypertrophic pulmonary osteoarthropathy
Gastrointestinal and pulmonary neoplasms Deep vein thrombosis
Multiple myeloma Renal failure and amyloidosis
Multiple different histogenetic types of neoplasms Autoimmunity to various tissues (see Table 18.6)
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Paraneoplastic Neurological Syndromes

Paraneoplastic syndromes affecting the central and peripheral nervous systems may make up a
substantial part of host-tumor effects, especially when certain neoplasms are considered
(Dalmau and Posner, 1997). For example, it has been estimated that 75% of patients with lung neo-
plasms suffer from a paraneoplastic myopathy (cf. Müller-Felber and Pongratz, 1998). A large
number of other syndromes are associated with the production of autoantibodies and the effects
of their reaction with antigens within and on cells in both the central and the peripheral nervous
system, as delineated in Table 18.6. As noted in the table, a number of autoantibodies are in-
duced by antigens in neoplasms that without exception are not neural in origin. In addition to the
paraneoplastic neurological syndromes, there are a number of other paraneoplastic myopathies
which likely are related to autoantibodies, including a dermatopolymyositis involving inflamma-
tion of skeletal muscle (Müller-Felber and Pongratz, 1998), an autoimmune mucocutaneous dis-
ease, paraneoplastic pemphigus associated with lymphomas (Fullerton et al., 1992), and
paraneoplastic autoimmune hemolytic anemias and thrombocytopenias also associated with leu-
kemias and lymphomas (Staszewski, 1997).

The significant characteristic of these types of paraneoplastic syndromes is the production
of proteins whose genes are not normally expressed in the tissue of origin of the neoplasm. This
is quite comparable to the elaboration of hormones from nonendocrine tissues. Darnell (1996)
has suggested that the antigens produced by the neoplasms are normally not exposed to the im-
mune system in the adult because of the protected nature of the central nervous system. The
immune response, in the form of cells or antibodies, may then somehow traverse the blood-brain
barrier and react with the antigens normally produced in cells of the nervous system, as postu-
lated in Figure 18.10. This mechanism, however, does not completely explain the other auto-
immune phenomena such as those directed to muscle tissue, red cells, and platelets.

Potential Mechanisms for the Production of Paraneoplastic Syndromes in the 
Host-tumor Relationship

Most cells within the mammalian organism with the exception of the egg, sperm, and certain
cells of the immune system (Chapter 19) contain the same genetic information in one form or
another. Differentiation results from a selective suppression and expression of the genetic infor-
mation available in the cell. There is significant evidence that neoplasia may be a disease of
differentiation (Chapter 6). The paraneoplastic syndromes, on the other hand, appear to involve
almost exclusively the production of proteins expressed from a single gene, although several
such proteins may be expressed within the same neoplasm. It would appear more likely, al-
though not proven, that a reasonable mechanism is a direct relation of this altered “differentia-
tion” to the evolving karyotypic instability characteristic of the stage of progression. Virtually all
of the neoplasms involved in paraneoplastic syndromes as well as the production of hormones
by neoplasms of nonendocrine tissue are in the stage of progression. In view of the multiple
potential alterations that can occur in the genome during the evolution of the unstable karyotype
(Chapter 9), it is not unreasonable to consider that the “ectopic” production of hormones, a vari-
ety of other proteins, and the excessive amount of proteins leading to the syndromes described in
this chapter are the result of the instability of the genome of the neoplastic cell.

Stromal Reaction of the Host to Neoplasms

In our discussion of benign neoplasms (Chapter 2), it was demonstrated that the host may form a
fibrous capsule around the neoplasm, apparently in an attempt to separate this growth from the
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remainder of the organism. Although the exact mechanism that stimulates the production of this
capsule is not yet clear, a number of potential mechanisms are now becoming apparent. In some
cases a portion of the capsule is probably the result of collapse and degeneration of neoplastic as
well as normal tissue in the area. A very important factor in this situation as well as in the growth
of all neoplasms is the fact that the host supplies the blood—vascular system—for the nutrition
of the neoplasm. Denekamp and Hobson (1982) demonstrated almost two decades ago that in a
large number of experimental neoplasms, the rate of proliferation of vascular endothelium
within the neoplasm is much greater than the vascular endothelial proliferation in nonneoplastic
tissues of the host. Even more striking is the demonstration by several authors (cf. van den
Hooff, 1988) that fibroblasts in the stroma (the nonneoplastic supporting host tissue of the neo-
plasm) exhibit some features usually considered characteristic of neoplastic cells, including
chromosomal alterations and several interesting characteristics seen by transformed cells in
vitro, such as disorganized growth patterns, differential agglutinability by lectins, and extended
life span. It should be kept in mind that all cells in a neoplasm other than the neoplastic cells
themselves are derived from normal host tissues. These include blood and lymphatic vessels,
fibrous tissue, and other normal tissues that support the neoplasm or become trapped by its
growth. In rare instances, the host stromal tissue, especially blood vessels, appears to undergo
malignant transformation in vivo. The mechanism of this change is unknown, but may be seen in
certain neoplasms of the central nervous system (cf. McMenemey, 1966).

In certain neoplasms the host may react to the growth of the tumor by the production of
extensive amounts of fibrous tissue. Such a reaction has been termed a scirrhous reaction and

Figure 18.10 Model for the pathogenesis of paraneoplastic neurological disorders. Proteins normally
made only in neurons are expressed in the systemic neoplasm with concomitant reaction of the immune
system to the neural protein as foreign, since it is not normally presented to the immune system because of
the immunologically privileged state of neurons. The antibodies and/or immunocytes (T cells, Chapter 19)
cross the blood-brain barrier and react with sites of the protein production in normal neurons and related
cells. (Adapted from Darnell, 1996, with permission of the author and publisher.)
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the neoplasm a scirrhous tumor (Figure 18.11). This type of reaction may be seen in some
carcinomas of the breast, pancreas, colon, and others, as well as in their metastases. In the past,
neoplasms inducing a scirrhous reaction in the host were considered limited to epithelial tumors
that secrete glycoproteins and mucopolysaccharides. In some instances, as seen in carcinoma of
the breast that metastasizes to the liver, the scirrhous reaction in the metastatic lesions may be so
severe as to compromise or even virtually destroy liver function. More than 50 years ago, inves-
tigators pointed out a spatial relationship often seen between peripheral lung cancer and collage-
nous scars, usually in the vicinity of the pleura. A number of instances of neoplasms arising in or
near the scar, usually adenocarcinomas and many in association with old tuberculosis, made
some investigators suggest that the scar itself was a major factor in the pathogenesis of these
neoplasms (cf. van den Hooff, 1988). As yet, however, there is no mechanistic relationship be-
tween pulmonary neoplasia and pulmonary scarring other than this interesting statistical and
histological association between the two. Neoplasms that possess relatively little scirrhous reac-
tion have been termed medullary tumors when they are soft and easily dissected from the host
(Figure 18.11). In some such medullary neoplasms, there is a substantial lymphoid infiltrate
which in many instances leads to a very favorable prognosis with few if any metastases (Rapin
et al., 1988).

A different type of reaction, that of production of amyloid, an amorphous mixture of gly-
coproteins resulting from a combination of cellular secretion and proteolysis (cf. Hawkins,
1988), occurs in association with several types of neoplasms, including those of the APUD sys-
tem (Pearse, 1980), as well as both carcinomas and mesenchymal neoplasms (Husby et al.,
1982). The production of amyloid is quite common in myelomas, where its source is the exces-
sive amount of immunoglobulins produced by the neoplasm (Isobe and Osserman, 1974).

Figure 18.11 Diagram of the stromal reaction of the host to epithelial neoplasms, showing the extensive
fibrous reaction in the scirrhous response compared with the relatively small fibrous reaction in the medul-
lary response.
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Potential Mechanisms Controlling Stromal Reaction of the Host to the Neoplasm

It is very likely that a major mechanism whereby neoplasms induce a stromal response of the
host is through their secretion of various growth factors, which, in turn, can regulate the develop-
ment of the extracellular matrix, angiogenesis, and fibrous tissue. Transforming growth factor-β
has been implicated in several of these reactions such as an effect on regulating the expression
and structure of extracellular matrix chondroitin/dermatan sulfate proteoglycans (Bassols and
Massagué, 1988; Taipale et al., 1998) as well as specific proteoglycan gene expression (Iozzo
and Cohen, 1993). Transforming growth factor-β plays a major role in tissue fibrosis (Border
and Noble, 1994) and thus, together with other growth factors such as basic fibroblast growth
factor (Table 16.9), may be important in the scirrhous reaction developing in relation to certain
epithelial neoplasms (Figure 18.11). In addition to the apparent changes seen in stromal fibro-
blasts noted above, Scanlan et al. (1994) have described the induction of a protein on stromal
fibroblasts, termed the fibroblast activation protein, possessing serine protease activity, which
could mimic some of the cellular-extracellular matrix interactions discussed in Chapter 10 in
tumor invasion. Wernert (1997) has pointed out that the stroma of neoplasms in fact has a variety
of different functions, including the production of growth factors and a variety of other proteins
that may transduce signals capable of modification of proliferation of neoplastic cells. However,
the most important aspect of the stromal host-tumor relationship may be the development of a
blood supply supporting neoplastic growth.

Angiogenesis

Although the vasculature or blood supply of neoplasms has been investigated since the nine-
teenth century, it is only in the past few decades that the morphology and mechanisms of
blood vessel formation in neoplasms have been studied extensively. Blood vessels in neoplas-
tic tissue appear to differ from blood vessels in normal tissues with respect to their growth
and neogenesis, especially at the areas of greatest growth of the neoplasm along its borders
with normal tissue (cf. Beckner, 1999). In 1971 Folkman proposed a theory that neoplasms lie
dormant yet viable and unable to grow beyond 2 to 3 mm3 in size in the absence of vascular-
ization from the host. He proposed that neoplasms produced a diffusible product that stimu-
lated angiogenesis by host vessels to supply the vasculature for the neoplasm. Another term,
vasculogenesis, refers to the formation of a primary vascular network during embryonic
development of the vascular system (cf. Malonne et al., 1999). Angiogenesis, on the other
hand, develops from preexisting vessels from which capillary sprouts migrate to produce new
vessels.

Angiogenesis may occur in the organism as a result of a number of different stimuli. A
simplified diagram of the “angiogenic cascade” is seen in Figure 18.12. As noted, the phase of
initiation of angiogenesis may be stimulated by vascular injury, wounds, neoplastic growth,
and/or local inflammation. Proliferation of the new vascular sprout with “invasion” into the ex-
tracellular matrix (ECM, Chapter 10) occurs with many of the characteristics seen with neoplas-
tic invasion. Finally, maturation with lumen formation and differentiation of the new vessel
occurs. As noted in the figure, the initiation phase of angiogenesis as well as to some extent the
proliferation phase depend on the presence of growth factors and other hormones, while the mat-
uration phase in normal tissues depends to a great extent on various inhibitors of angiogenesis,
allowing for differentiation and normal vascular formation in the healing sequence. A list of var-
ious angiogenic stimulators and inhibitors is seen in Table 18.7.
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Growth Factors and Angiogenesis

Of all of the growth factors listed in Table 18.7 as angiogenesis stimulators, only two, vascular
endothelial growth factor (VEGF) and placental growth factor (PlGF), influence the behavior
and replication of endothelial cells directly (cf. Norrby, 1997). Many of the other stimulators
appear to act indirectly, possibly by stimulating other cells such as macrophages and mast cells
as well as endothelial cells themselves to produce VEGF (Norrby, 1997). VEGF itself is a highly
specific mitogen for vascular endothelial cells, and at least five isoforms have been described,
generated as a result of alternative splicing from a single VEGF gene (cf. Neufeld et al., 1999).
At least three VEGF receptors have been identified, each showing some specificity for VEGF
and PlGF. A diagram of the receptors and their ligand specificities in seen in Figure 18.13. Note
that the VEGFR-3 is also involved in lymphangiogenesis as well as angiogenesis. The lymphat-
ics are extremely important in the overall circulation of any tissue and in neoplasms as well,
offering another pathway for the release of neoplastic cells into the lymphatic circulation.
VEGF-mediated angiogenesis is very important in the developing embryo but is relatively rare
in the normal adult, the exceptions being the female reproductive system (in the ovary) as well as
wound healing and tissue repair (cf. Klagsbrun and Moses, 1999). Some of the other angiogene-
sis stimulators, such as the angiopoietins, appear to play a major role in angiogenesis in the de-
veloping embryo (cf. Klagsbrun and Moses, 1999).

Just as in neoplastic invasion, VEGF induces significant increases in specific integrins
(Senger et al., 1997), and others have identified integrin αvβ3 as a marker of angiogenic and
proliferating vessels (Brooks et al., 1994a). Antagonists to this integrin actually induce apoptosis
in angiogenic blood vessels (Brooks et al., 1994b). Another very important factor regulating the
expression of VEGF is hypoxia (Shweiki et al., 1992). This phenomenon may actually mediate

Figure 18.12 The angiogenic cascade. Angiogenesis is depicted as a continuum of three phases or
stages as shown. Initiation of angiogenesis may occur from vascular injury, neoplastic growth, or activation
by a variety of cytokines. The proliferative/invasive stage is characterized by an increased release of pro-
teolytic enzymes, differential regulation of cell adhesion molecules, endothelial cell migration, prolifera-
tion, and invasion of adjacent tissues. The maturation/differentiation phase occurs on the basis of cell-cell
and cell-ECM interactions, as well as the release of various angiogenesis inhibitors and maturation compo-
nents resulting in differentiation into mature blood vessels. (Adapted from Brooks, 1996, with permission
of the author and publisher.)
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hypoxia-initiated angiogenesis through the induction of hypoxia-inducible factor (HIF)-1α, a
transcription factor regulating specific genes involved in cell cycle control and other important
cell functions (Carmeliet et al., 1998).

Angiogenesis in Neoplastic Growth

In accord with Folkman’s (1971) prediction that neoplasms produce factors stimulating angio-
genesis by the host, Denekamp and Hobson (1982) demonstrated that endothelium in neoplasms
had an extremely high proliferative index, in marked contrast to the reportedly low DNA label-
ing of normal tissue endothelium. On the basis of the large number of angiogenesis stimulators
listed in Table 18.7, as well as the fact that all neoplasms produce at least one or more such
factors ectopically or as a result of the differentiation program of their tissue of origin, the result
of Denekamp and Hobson can be readily explained. While a number of normal tissues—
especially heart, skeletal muscle, ovary, and intestine—produce significant amounts of one or
more of the isoforms of VEGF, one or more isoforms of this growth factor are likely produced
by virtually every malignant neoplasm (Nicosia, 1998). Furthermore, there is now ample evi-
dence that several cellular oncogenes may modulate angiogenesis via indirect effects on VEGF
production by neoplastic cells (Bouck, 1993; Rak et al., 1995; Schlessinger, 2000).

The Angiogenic Switch During Carcinogenesis

Folkman and his colleagues (Folkman et al., 1989) were among the first to report that angio-
genic activity as assayed in an in vitro system first appeared in “hyperplastic” islet cells of the
pancreas in transgenic mice expressing the SV40 large T antigen in these cells prior to the onset
of formation of neoplasms. They extended this observation to other transgenic models and have
applied it to the development of human neoplasms, as noted in Figure 18.14. In this figure, the

Table 18.7 Factors Modulating the Angiogenic Cascade

Angiogenesis Stimulators Angiogenesis Inhibitors

Basic fibroblast growth factor (bFGF) Platelet factor 4 (fragment)
Acidic fibroblast growth factor (aFGF) Thrombospondin-1
Transforming growth factor-α (TGF-α) Interferon-alpha/beta
Transforming growth factor-β (TGF-β) Prolactin fragment
Platelet-derived growth factor (PDGF) Angiostatin (fragment of plasminogen)
Insulin-like growth factor (IGF) Tissue inhibitors of metalloproteinases
Vascular endothelial growth factor (VEGF) TIMP-1
Platelet-derived endothelial cell growth factor TIMP-2
Hepatocyte growth factor (HGF)/SF bFGF soluble receptor
Angiopoietin-1 Placental proliferin-related protein
Angiogenin Endostatin (fragment of type XVIII collagen)
Placental growth factor (PlGF) Vasostatin (fragment of calreticulin)
Interleukin-8 Angiopoietin-2 (in absence of VEGF)
Prostaglandins E1 and E2

Androgens
Proliferin
Estrogens
Angiopoietin-2 (in presence of VEGF)
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early expression during carcinogenesis of genes whose products are involved in angiogenesis,
such as VEGF, occurs at the morphological stage of dysplasia or carcinoma in situ (CIS). Fol-
lowing that, angiogenesis itself occurs with ultimate invasive malignancy. This model is com-
pletely in accord with the stages of initiation, promotion, and progression, as indicated in the
figure. The preneoplastic lesion is the hyperplastic ductular proliferation, while progression be-
gins with carcinoma in situ, extending to invasive carcinoma. Thus, in this model, one of the
critical genetic alterations occurring in the transition from the reversible stage of promotion to
the irreversible stage of progression is activation of angiogenesis. As expected, overproduction
of VEGF by neoplastic cells contributes to malignant progression in model systems (Aonuma et
al., 1999). Recently, another accompanying genetic change in the angiogenic switch is the acti-
vation of a metalloproteinase also involved early in the stage of progression (Fang et al., 2000).

Thus, it becomes apparent that angiogenesis is not only critical for the growth of malig-
nant neoplasms but also may well be an important marker in the critical transition from the stage
of promotion to that of progression in epithelial and probably other neoplasms. Mechanisms in-
volved in the exact activation of these genes—such as altered methylation, gene amplification,
translocation, or direct enhanced transcription—are not apparent as yet.

As discussed in Chapter 20, antiangiogenesis has now developed into a field with potential
chemotherapeutic effectiveness in the treatment of solid neoplasms. Although, as with any such
therapeutic modality, there are difficulties (Westphal et al., 2000), there is also considerable
promise, since the therapy is not related to the neoplasm directly, with its unstable karyotype,
allowing for a variety of mechanisms of drug resistance (Chapter 20), but rather the therapy is
directed at a normal tissue with a stable karyotype, namely the endothelium. While studies have

Figure 18.13 The three known VEGF receptors, VEGFR-1, VEGFR-2, and VEGFR-3, and their inter-
action with specific VEGF isoforms. Ligand binding induces receptor signal transduction leading to vari-
ous responses, some of which are listed below the figure. While all ligands are capable of mediating signals
for angiogenesis, at least VEGF-C induces lymphangiogenesis. sVEGFR-1, soluble VEGFR-1, encoded by
alternatively spliced mRNA; HSPG, heparan sulfate proteoglycan; NP-1, neuropilin-1, a cell surface glyco-
protein involved in the central nervous system. (Adapted from Veikkola and Alitalo, 1999, with permission
of the authors and publisher.)
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demonstrated the effectiveness of antiangiogenesis factors (Kim et al., 1993; Kerbel, 2000), it
will be only after extensive studies in the human that the effectiveness of this form of therapy for
the treatment of neoplasia will be realized.
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19
Immunobiology of the 
Host–Tumor Relationship

For more than a century it has been evident that the various tissues of an organism are structur-
ally different at both the morphological and molecular levels. In terms of immunobiology, this is
reflected in the fact that tissues are antigenically distinct—that is, each tissue possesses unique
macromolecules capable of stimulating a specific immune response within a foreign host. This
fact has certainly been obvious to the biochemist, as each tissue has a relatively unique enzy-
matic content and thus would be expected to be antigenically distinct. An antigen may be de-
fined as a substance capable of eliciting an immune response when the immune system of the
organism is exposed to the antigen. An antibody is a circulating globulin specifically reactive
with the antigen responsible for its production or with a comparable (cross-reactive) antigenic
species. Antigens that are relatively specific to the tissue in which they are found have been
termed tissue-specific antigens (Milgrom, 1966) or, in another context, differentiation antigens.
A differentiation antigen is operationally defined as a determinant, detected in immunological
tests (usually specific antibody-containing sera), that is limited in its pattern of expression to
specific tissues (cf. Old et al., 1962; Old and Stockert, 1977). Lymphocyte populations express
particular differentiation antigens on their surfaces. When a number of monoclonal antibodies
(Chapter 14) recognize or react with the same differentiation antigen, these antibodies define
clusters of differentiation, or CD. The nomenclature for some of these CD antigens is considered
below.

ONTOGENY AND PHYLOGENY OF THE IMMUNE RESPONSE

Many invertebrates exhibit cellular recognition and aggressive reaction against foreign cells and
antigenic structures. Such organisms also exhibit innate constitutive mechanisms, such as cellu-
lar engulfment or phagocytosis of foreign materials and the formation of bactericidal substances.
Some relatively primitive vertebrates such as sharks have circulating serum immunoglobulins
that have considerable structural similarity to the same types of molecules in mammals (March-
alonis and Schluter, 1994). The evolution of the vertebrate immune system has been in the direc-
tion of greater diversity and complexity in relation to the recognition of “non-self,” the
specificity of the immune response, and the structures of the molecules involved (Du Pasquier,
1992). The immune response of vertebrates exhibits the highest degree of specificity in that all
vertebrates are capable of generating an immunological response upon stimulation by an antigen
(cf. Roitt, 1977). The immune response in vertebrates initially involves innate immunity, which
is a rapid and nonspecific, more primitive response usually occurring on the initial exposure of
the immune system to foreign substances. Adaptive or anticipatory immunity (Klein, 1997),
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which is characteristic of higher vertebrates, involves specificity in the response by the forma-
tion of specific immune globulins (antibodies) and cells that react specifically with certain anti-
gens. Innate or nonanticipatory immunity is more characteristic of invertebrates (see above),
many of which have little if any adaptive immunity. However, vertebrates also possess innate
immunity, which depends on proteins directly encoded in the germline that identify potentially
noxious substances such as bacterial surface proteins, lipopolysaccharides, and protozoan as
well as multicellular parasitic organisms (Fearon and Locksley, 1996; Hoffmann et al., 1999).
Innate immunity is mediated by several cell types including macrophages and natural killer
cells, circulating proteins such as the complement system, and a number of antimicrobial pep-
tides produced by secretory cells, especially of the gut (cf. Abbas and Janeway, 2000). It is also
apparent that unmethylated DNA of such parasitic organisms may play a significant role in in-
nate immunity (Krieg, 2000). However, it is the adaptive immune response that primarily con-
cerns us in this chapter.

The cellular interrelations of the immune system during embryonic development in the
vertebrate follow similar pathways in a number of vertebrate species. The first systematic study
of the developmental biology of the immune system was undertaken in the chicken. Stem cells
from the yolk sac of the early embryo and the primitive bone marrow appeared to develop in this
species along two general lines, one of which populated the thymus and the other a structure in
the intestine of the bird known as the bursa. From this schema, cells that populated the thymus
came to be known as T cells, while cells developing from the bursa were termed B cell. In mam-
mals, that do not possess the anatomical structure known as the bursa, it has become apparent
that several other tissues, predominantly the bone marrow, appear to be the equivalent of the
bursa. Figure 19.1 shows a scheme for the development and migration of lymphocytes in fetal
life and to some extent continuing into adult life. Stem cells derived from the yolk sac in the

Figure 19.1 Development and migration of lymphocytes. Stem cells originating in the yolk sac, fetal
liver, or bone marrow are disseminated in the bloodstream, where some migrate to the thymus, ultimately
differentiating into T lymphocytes, while others differentiate within the bone marrow to produce B cells.
Such T and B cells eventually circulate in blood and lymph and colonize the appropriate areas of lymphoid
tissues. (From Miller, 1992, with permission of the author and publishers.)
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embryo, as well as fetal liver and bone marrow—the latter in both the embryo and the adult—
circulate and populate the thymus in the case of T cells and the follicles and medullary cords of
the lymphocyte in the case of B cells (Miller, 1992). Within the thymus, T cells further differen-
tiate into several varieties expressing CD (see above) antigens, specifically CD4 and CD8, each
having specific functions, as discussed below (Weissman, 1994). In addition, later in life, T cell
differentiation occurs extensively in extrathymic tissues such as liver, intestine, and omentum, as
the thymus itself tends to atrophy with age (Abo, 1993).

MEDIATION OF THE IMMUNE RESPONSE

Differentiation of the lymphocyte population also results in the differentiation of function. T
cells generally are involved in the mediation of responses that directly involve the interaction of
the T cell with cells bearing antigenic components. B cells, in contrast, when activated directly
or indirectly by a specific antigen, produce antibodies, which in turn circulate in the organism,
reacting with antigen occurring at a distance from the cell and producing the antibody. This lat-
ter response, characteristic of B cells, is termed the humoral immune response. Each is consid-
ered separately below.

The Humoral Immune Response

Humoral immunity is the result of the formation of specific antibodies reactive with specific
antigens and the ultimate consequences of such a reaction either by eliminating foreign antigens
or in producing abnormal reactions within the host itself (autoantibodies). In order to consider
the humoral immune response, however, it becomes necessary to understand the principal mo-
lecular species involved in this response.

Structure and Function of Antibodies

Antibodies are the proteins that form the basis for the humoral response to foreign antigens.
Their structure has been known for some years and may be seen in schematic form in Figure
19.2. The upper portion of the figure gives a schematic structure of the basic immunoglobulin
monomer (IgG). Each such structure consists of two identical heavy (H) chains and two identical
light (L) chains. Segments of each of the molecules contain intrachain disulfide bonds within
domains and homology regions. The domains marked VH and VL exhibit great variation in their
amino acid sequence, especially in the hypervariable (HV) regions. Interspersed between the hy-
pervariable regions are the less variable framework (FW) residues. The peptide chains are con-
nected to each other by disulfide bonds as shown. The “hinge” region is characterized by a
sequence of three prolines, which serve to give the molecule a specific confirmation in that re-
gion (Putnam, 1969). The constant (C) regions of the heavy and light chains are shaded with
diagonal lines. There are three domains, 1, 2, and 3, for the constant region of the heavy chain.
The structures of the constant regions of the heavy chain differ among the five different types of
immunoglobulins as discussed below. The Fab and Fc fragments may be produced by treatment
of the molecule with the enzyme, papain, which cleaves the structures near the hinge region,
leaving two Fab molecules and a single Fc fragment. The Fc region contains carbohydrate as well
as functional regions as shown in the figure.

The light chains consist of two classes or isotypes, κ and λ, for all immunoglobulin
classes. The immunoglobulin classes are shown in schematic form as units or multiples of the
basic immunoglobulin monomer in the figure. The class is determined by the type of the con-
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Figure 19.2 The structure of immunoglobulins. The upper portion of the figure details the structure of
an individual antibody molecule. The different parts of the heavy chain V region are indicated on the right,
and the segments of the gene that code for these nucleotides are shown in parentheses. The interchain disul-
fide bonds are shown as –S-S–, whereas the amino (NH2) and carboxyl (COOH) ends of the molecule are
as designated. (Adapted and modified from Teillaud et al., 1983, with permission of the authors and
publisher.)

The diagrams in the lower portion of the figure are the comparative structures of the several immu-
noglobulins. IgG is the most commonly found immunoglobulin, while IgM is the immunoglobulin charac-
teristically formed as an immediate response to the administration of a new foreign antigen. The overall
structure of the IgD, IgG, and IgE is comparable to the upper figure, with the individual peptide chains and
interchain disulfides shown as single lines. The IgA and IgM molecules are polymers of this monomeric
structure held together by a joining piece (J) and, in the case of IgA, an additional piece, the secretory
component (SC), which seems to be necessary to allow IgA entrance into mucosal secretions. (Lower
portion of the figure modified from Goldman and Goldman, 1984, with permission of the authors and
publisher.)
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stant regions (C) of the heavy chains (µ, δ, γ, α, and ε) corresponding respectively to IgM, IgD,
IgG, IgA, and IgE. Any individual immunoglobulin molecule possesses only one type of heavy
chain and one type of light chain.

In the case of the multimeric IgA and IgM immunoglobulins, the individual monomers are
covalently interactive through a separate polypeptide, termed the J chain, whose synthesis oc-
curs within B cells (cf. Mestecky et al., 1974). In addition, IgA molecules may be secreted into
saliva, milk, sweat, and other body secretions. The secreted dimeric IgA molecule contains a
separate glycoprotein termed the secretory component (SC), which it obtains during the transcy-
tosis of the IgA from the basal to the luminal surface of the secretory cell through which it
passes. Figure 19.3 is a schematic representation of the uptake of both IgA and IgM by secretory
mucosal cells following the interaction of these immunoglobulins secreted by plasma cells in the
immediate adjacent tissue, termed the lamina propria. SC is synthesized as an inherent plasma

Figure 19.3 Steps in the production of human secretory IgA (right, top) and secretory IgM (right, bot-
tom) via SC-mediated epithelial transport of J chain–containing polymeric IgA (IgA-J) and pentameric
IgM (IgM-J) secreted by local plasma cells (left). Transmembrane SC is synthesized in the rough endoplas-
mic reticulum (RER) of secretory epithelial cell and matures by terminal glycosylation (●) in the Golgi
complex. After sorting through the trans-Golgi network (TGN), SC is phosphorylated (�) and expressed as
polymeric Ig (pIg) receptor at the basolateral plasma membrane. Endocytosis of noncovalently ligand-com-
plexed and unoccupied pIg receptor is followed by transcytosis to apical endosomes and finally by cleavage
and release of secrtory Ig molecules with bound SC as well as excess of free SC at the luminal cell face.
During the external translocation, covalent stabilization of the IgA-SC complexes regularly occurs (two
disulphide bridges indicated in secretory IgA), whereas free SC in the secretion apparently serves to stabi-
lize the noncovalent IgM-SC complexes (dynamic equilibrium indicated for secretory IgM). (From
Brandtzaeg, 1995, with permission of the author and publisher.)
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membrane protein, which also acts as a receptor for these immunoglobulins. Following interac-
tion, the IgA or IgM complexed with the plasma membrane receptor FC is transcytosed through
the cytoplasm of the cell to be secreted through its luminal surface. Either prior to or at the time
of secretion, the SC molecule loses its membrane interactive component (Solari and Kraehen-
buhl, 1985). In this way the secretory component has been termed the sacrificial receptor, since
the molecule is utilized only once, partially cleaved, and secreted in association with the immu-
noglobulin. The association of the glycoprotein SC with the immunoglobulin protects the mole-
cules against proteolytic attack (Brandtzaeg, 1985). These mucosal immunoglobulins are
considered the first line of defense against infectious agents coming in contact with various mu-
cous membranes (Mestecky, 1987).

Regulation of Antibody Formation

Exposure of the immune system to certain antigens results in the production of antibody reactive
with antigen. Later in this chapter the interaction of T and B cells in the regulation of antibody
production is discussed. After the administration of an antigen, there is a relatively abundant
production of IgM antibody, which continues and then falls off, while the production of IgG
increases beginning shortly after that of IgM and does not fall as rapidly after peaking (Figure
19.4). Administration of a second dose of the antigen some 4 weeks later results in a relatively
rapid increase in the level of IgG with some IgA and IgE but with much less increase in IgM.
This is continued even after a third injection. The IgG that is produced following the second and
third injections usually has a much greater affinity for the antigen, while that of IgM increases
only slightly (Janeway and Travers, 1996).

The production of antibody is also regulated in a feedback manner. Administration of spe-
cific antibody to an animal immunized against the antigen specific to the antibody results in an
inhibition of the formation of the specific antibody. This result has been clinically useful in the
prevention of Rh incompatibility in pregnant women after the initial sensitizing pregnancy

Figure 19.4 Synthesis of antibody types during the primary and secondary and later responses to
the administration of an antigen at the periods shown by the numerical boxes and arrows on the X axis.
(Adapted from Janeway and Travers, 1996, with permission of the authors and publisher.)
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(Clarke, 1973). While the suppression by IgG molecules is antigen-specific, such antibodies
binding to one epitope of a complex antigen may suppress the antibody response to all epitopes
of this antigen. An epitope is the simplest antigenic determinant specifically reactive with an
antibody molecule, as depicted in Figure 19.5. Although the exact mechanism of this regulation
is not understood, it appears that intact Fc regions of the molecules are required for the effect (cf.
Heyman, 1990).

Another as yet largely theoretical but potentially very important mechanism of the regula-
tion of antibody formation is the proposed network theory of the immune system in which idio-
typic determinants are primarily involved in the recognition and regulation of other immune
response products and mechanisms (Jerne, 1974). An idiotype, as noted in Figure 19.5, consists
of epitopes found in or near the antigen-combining sites of immunoglobulins and, as discussed
below, in the T cell receptor. Since the variable regions possess an extremely wide variety of
idiotopes (see below), the opportunity for the immune system to produce antibodies to such id-
iotopes is always present. While as yet there is not substantial evidence that anti-idiotype anti-
bodies play a major role in the regulation of antibody formation or the immune system in
general, there is evidence that anti-idiotypic antibodies are formed within the organism and pos-
sibly play a significant role in regulating the formation of autoantibodies, i.e., antibodies to the
proteins of the organism or “self” antigens (Dwyer, 1992; Rodey, 1992).

A variety of other factors also regulate antibody response—including drugs, hormones,
and dietary factors—but a detailed discussion of these topics is beyond the scope of this text.

B Lymphocytes and the Antibody Response

For the production of circulating antibodies, B cells must mature into secretory plasma cells.
However, the immune response is highly specific, and thus only certain B cells will respond to
certain antigens. For many years it had been argued that such a response was the result of a

Figure 19.5 Terminology of the immunoglobulin-antigen interaction. A paratope is the antigen-combin-
ing site formed by the combined variable region segments of the heavy and light chains of immunoglobu-
lins or the appropriate chains of the T-cell receptor. Idiotopes are epitope conformations in or around the
antigen combining site, the paratope. The region labeled as paratope may also serve as an idiotope. (Repro-
duced from Rodey, 1992, with permission of the author and publisher.)
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direct specific interaction of the antigen with an immunoglobulin-like molecule on the surface of
the B cell, such an antibody being specific for the epitope of the antigen. During the last decade,
the general structure of such a receptor on B cells has been described, as shown in Figure 19.6.
In this figure, the antigen receptor complex is composed of two heavy chains that are transmem-
brane and two light chains that are extracellular. Associated in the membrane with this immuno-
globulin are two other components termed Ig-α and Ig-β. These molecules are known to bind
several different protein-tyrosine kinases which in turn are capable of activating signal transduc-
tion pathways, which ultimately result in an increase in replication and differentiation of the B
cell interacting with the specific antigen (DeFranco, 1992; Justement, 1994).

In the uncommitted B cell that has developed from the stem cells of the bone marrow or
other sites of lymphopoiesis, the receptor immunoglobulin is the monomeric transmembrane
form of IgM or IgD. The further differentiation of the uncommitted B cell and the production of
IgG, IgA, and IgE involve complex genetic rearrangements, as discussed below.

B-Cell Differentiation and the Genetics of Antibody Production

As noted above, millions of B lymphocytes mature, having on their surface millions of different
IgM and IgD receptor molecules complementary to what many feel are billions of antigen spe-
cies. An understanding of the mechanism of this highly complicated biological phenomenon has
evolved rapidly over the last several decades, since the determination of the structure of immu-
noglobulin molecules. Contributory to such an understanding was the “clonal selection theory”
proposed initially by Burnet (1970) and refined by many others. Major support for this theory
came from the finding that myelomas in different patients each secreted a single molecular spe-
cies of immunoglobulin and thus were clonal for that species. The receptor concept developed
above was in part based on such findings. The remaining dilemma, however, was the mechanism
for the production of the extreme diversity of antibodies to respond to an even greater diversity
of antigens. Two general theories to explain this were entertained. The first, the germline theory,
argued that immunoglobulin genes are expressed in exactly the same way as those for any other
protein. This model required an enormous number of genes simply coding for the millions of
immunoglobulin molecules. A second theory argued that there were only a limited number of
immunoglobulin genes, which somehow diversified as the antibody-forming B lymphocytes de-
veloped from their stem cells. However, at the time, the theory demanded a completely original

Figure 19.6 Model for the major portion of the antigen-receptor complex of B lymphocytes. mIg is
composed of two heavy chains of the types depicted in Figure 19.2 that are transmembrane and two light
chains (κ or λ) as shown. (Reproduced from DeFranco, 1992, with permission of the author and publisher.)
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mechanism for such diversification. An answer to this dilemma came from the studies of Tone-
gawa and associates (cf. Brack et al., 1978), who demonstrated that DNA of the embryo con-
tained a number of λ gene sequences, only one of which could be found in plasma cell DNA.
Tonegawa and associates argued that the most likely explanation of these data was that somatic
recombination had occurred during the development of plasma cell DNA coding for a single
molecular species of the λ chain, suggesting that embryonic DNA contained a number of possi-
ble λ chains. Subsequent studies by numerous investigators (Goldman and Goldman, 1984;
Leder, 1983; Early et al., 1980) confirmed and extended these findings. In the genome, immuno-
globulin genes occur in various places throughout the karyotype (cf. Matsuda and Honjo, 1996).
Within each immunoglobulin genomic region there are multiple exon segments coding for dif-
ferent portions of the heavy or light chain. As a B cell matures and becomes committed to the
production of a specific antibody, rearrangements, recombinations, and deletions of the vast ma-
jority of genes coded for the portions of the peptide chains occur. The result is that the mature B
cell possesses a single pair of genes coding for a functional specific antibody. A diagram of the
generation of a specific κ chain resulting from gene rearrangement and RNA processing may be
seen in Figure 19.7. For the light chain, some species may have as many as 200 variable region
genes in the embryo as well as in most non–antibody-producing cells in the adult. Each of the V

Figure 19.7 A diagram of κ gene expression. Note that the pathway from germline κ genes to proteins
that are secreted involves alterations in the structure of DNA, RNA, and protein. The critical and unique
component is the extensive DNA recombination which joins one of many germline Vκ regions to one of
several J gene segments, resulting in a rearranged gene which is then transcribed, processed, secreted by
cleavage of the signal peptide, finally resulting in a κ chain to be associated with the heavy chain. (After
Max, 1993, with permission of the author and publisher.)
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genes, whether of the κ or λ type, retains certain structural features, including a “leader” se-
quence coding for a hydrophobic sequence of amino acids involved in the secretion of the anti-
body molecule through the cell membrane. As noted in Figure 19.7, there are also a series of
small sequences termed the J or joining sequences for the human κ chain. Five J sequences are
present, each capable of joining with variations of the V gene (Figure 19.7). In the human λ
chain system there are six C genes, each one linked to its own J sequence, while in the mouse
there are four such combinations. During lymphocyte development, one V gene with its leader
sequence is recombined with one of the J sequences along with a single C gene to form an active
light chain. During RNA processing, intervening sequences and extra J genes in the transcript
are spliced out to yield a coherent messenger RNA, which is then translated into a protein. If the
protein is secreted, the leader sequence is first cleaved off.

The formation of the heavy-chain variable region is similar to that of the light chain except
that the V genes are situated at a much greater distance from the C genes in the DNA of the
embryo, and a second region, the D or diversity gene, is also present between the V and J genes.
The D genes are segments from 12 to 15 base pairs in length, which in the human comprise
about 30 different sequences. In Table 19.1 may be seen an estimate of the number of the light
and heavy chain combinations. The table is taken from data in Janeway and Travers (1996) and
is of the human. Similar numbers in the mouse vary somewhat from those of the human but are
generally similar overall. Such values for other species have not been established as yet. In addi-
tion, as other factors enter into the diversity so that the total number of potential antibody struc-
tures is many orders of magnitude more than the final number in Table 19.1 (see below).

The formation of the heavy-chain constant region is considerably more complex than that of
the light chain, since there are at least five classes of heavy chains, as shown diagrammatically in
Figure 19.8. The final formation of the C genes in the plasma cell DNA results from “isotype
switching,” in which various segments of the DNA in the C gene region are deleted with sub-
sequent recombination. By a similar technique, the V-D-J combination may be moved to other
immunoglobulin genes. In the figure, 5′ of the C genes are long stretches of repeated noncoding
sequences. In noncommitted B cells expressing IgM or IgD, the gene structure retains two C
genes, those for the µ and the δ constant region. In this case one of the sequences is excised during
RNA processing so that only a single heavy chain is produced (cf. Janeway and Travers, 1996).

It should be noted that in any single B cell, only one of the pair of genes coding for an
immunoglobulin molecule is expressed. This phenomenon, termed allelic exclusion, indicates
that if, for a given immunoglobulin gene in a single B lymphocyte, the alleles, one from each
parent, are different, the lymphocyte will express only one of the alleles. The mechanism for this
phenomenon is not known, although recent studies suggest a role for DNA methylation in allelic
exclusion (Mostoslavsky et al., 1999; Bergman, 1999). A further factor in antibody diversity is
the fact that antibody genes exhibit somatic hypermutation, especially in domains around the
rearranged V region of the molecule (Neuberger and Milstein, 1995). The mutation rates in these
regions have been estimated to be as high as one point mutation per 1000 bp per cell generation,

Table 19.1 Numbers in the Antibody Repertoire of the Human

Gene Segment IgH IgL(k and d)

Variable segments 51 69
Diversity segments 30 —
Joining segments 5 5
Combinatorial joining 4650 350
Combinatorial association 1.6 × 106
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which is many orders of magnitude higher than the spontaneous mutation rate (cf. Storb, 1996).
This hypermutation occurs during a narrow period of B-cell differentiation in germinal centers
of lymphoid tissues, involves primarily transitions and transversions, especially the former
(Neuberger and Milstein, 1995); and is not a result of defective DNA repair mechanisms (cf.
Jacobs et al., 1998). A recent study (Muramatsu et al., 2000) suggested that RNA editing may be
involved in this process, which increases the diversity potential and also generates antibodies of
a higher affinity, with subsequent selection for the expression of those antibodies producing a
more effective immune response (French et al., 1989).

Mechanisms of V(D)J Recombination

The rearrangements and deletions leading to mature immunoglobulin genes and their products
(Figures 19.7 and 19.8), as well as the formation of T cell receptor genes (see below), are medi-
ated by a common type of recombination signal sequence (RSS) that flanks virtually all recom-
binationally competent genes segments within the gene families of immunoglobulins and the T-
cell receptor (cf. Oettinger, 1999). A diagram of the steps in V(D)J recombination is seen in
Figure 19.9. Two genes specific for lymphoid tissue, RAG1 and RAG2 (recombination activat-

Figure 19.9 Diagram of V(D)J recombination. In the first stage of the reaction, the RAG1 and RAG2
proteins aided by HMG1 or HMG2 bind to a pair of recombination signal sequences (RSS) and introduce a
double-strand break in a two-step reaction. In the second stage the hairpinned coding ends and blunt “sig-
nal” ends are resolved to form the coding and signal junctions as noted. The two RSS are indicated as white
and shaded triangles. (Adapted from Oettinger, 1999, with permission of the author and publisher.)
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ing gene), together make up the V(D)J recombinase and collaborate with one or the other of two
high-mobility-group (HMG) proteins to form the V(D)J recombinase, recognize the RSS, and
cleave between the latter and the coding sequence. Subsequent rejoining to form the mature cod-
ing segment as well as the signal joint involves a number of other proteins including terminal
deoxytransferase and DNA-dependent protein kinase (Fugmann et al., 2000). The signal joint or
complex that contains the RAG and HMG proteins appears to function in the downregulation of
RAG gene expression, consistent with the need to remove RAG proteins from the signal end
complex before joining occurs to produce the coding sequence (cf. Fugmann et al., 2000). This
general mechanism appears to be applicable to many if not all of the recombinatorial events oc-
curring in immunoglobulin and T-cell-receptor diversity.

The Cellular Immune Response

While the discovery of antibodies and an understanding of some of the characteristics of hu-
moral immunity began during the turn of this century, an understanding of the cell-mediated
immunity took much longer and appears to be considerably more complicated. T cells do not
produce antibody but exert most of their immunological effects through direct interaction with a
variety of cells. Considered below are, first, the characteristics of the T cell and how it responds
to foreign antigens and second, the interaction of the T- and B-cell populations.

The T-Cell Receptor

T cells, just like B cells, must have a mechanism for recognizing and interacting with foreign
antigens in a specific manner, namely, through a receptor mechanism (see above). Initial evi-
dence identifying T-cell receptors came from the use of monoclonal antibodies (Chapter 14) spe-
cific for individual T cells, indicating a unique molecular species on the surface of such cells.
Refinement of these experiments led to the conclusion that each T cell bears about 30,000 T-cell
receptor molecules on its surface. Subsequent studies by numerous investigators have demon-
strated that the T-cell receptor consists of two different polypeptide chains originally termed the
α and β chains bound to each other by a disulfide bond. The entire structure is quite homologous
to the Fab fragment of IgG (Figure 19.2). Such α:β heterodimers appear to account for antigen
recognition by more than 90% of the various functional classes of T cells (cf. Janeway and
Travers, 1996).

The two T-cell receptor proteins are anchored to the cell membrane through a transmem-
brane region that extends into the cytoplasm (Figure 19.10). Just as with the B-cell receptor,
several proteins are associated with the T-cell receptor to serve in the mediation of signals result-
ing from the interaction of the T cell receptor with an antigen. These proteins are known collec-
tively as CD3 and consist of a γ, δ, and ε forms which have sequence homologies to
immunoglobulins. In addition, two other proteins, either ζ and η, also are part of this complex
either as homo- or heterodimers. Finally, adjacent to the T cell receptor complex are molecules
known as coreceptors, the CD4 and CD8 molecules, which are involved in the functional inter-
action of specific T cells, which may express either CD4 or CD8, with antigen presenting cells
(see below). It is through the cytoplasmic portion of the ζ/η protein dimer of the T cell recep-
tor:CD3 complex and the cytoplasmic domain of the CD4 or CD8 molecule that signal transduc-
tion is mediated (Figure 19.10).

The Genes of the T Cell Receptor

Just as with immunoglobulins, both membrane and soluble forms, one might conclude that a
great degree of diversity must be inherent in the expression of the genes, since T cells react with
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so many different molecular species of antigens, many of which do not induce B cell responses
(see below). A diagram of the T-cell receptor gene complexes that are presently known is seen in
Figure 19.11. The α and β gene complexes are those primarily expressed in T lymphocytes, as
noted above. In contrast, human γ/δ T lymphocytes recognize unconventional antigens via their
heterodimeric T cell receptor in a non-MHC-restricted fashion (see below) (Kabelitz et al.,
2000). Only a small percentage (1% to 5%) of mature T lymphocytes express the γ/δ T cell re-
ceptor heterodimer (Kabelitz et al., 2000). γ/δ T cells are distributed in different anatomical
sites—such as the epidermis, intestines, and reproductive organs—as compared with the α/β T
cells (Yoshikai, 1991). Despite the relatively small representation of these cells in the organism
in general, the predominant T-cell type found in murine epidermis and epithelium is largely γ/δ
cells. Still, the exact differential function of the γ/δ T cells is not known, and it is assumed that
the predominant T-cell response is through the α/β T cell.

As noted from Figure 19.11, T-cell receptor genes express variable (V), constant (C), join-
ing (J), and diversity (D) regions with the exception of the γ gene complex, which has no D
regions. Interestingly, the δ gene complex is a component within the α gene complex and thus,
during maturation of a T cell to an α/β form, the δ gene is eliminated (cf. Breit and van Dongen,
1994). The maturation of T cells occurs through the elimination by recombination and deletion
of gene segments just as with immunoglobulins (see above). The potential total diversity of im-
munoglobulins and T cell receptors of the α/β type is seen in Table 19.2. As noted in the table,
while T cell receptor genes have many fewer D segments than immunoglobulins, there is a
greater diversity, where the D segments can be read in three different frames, thus dramatically
increasing the total actual D segments and J segments. This leads to an increase by two orders of

Figure 19.10 Diagram of the T-cell receptor:CD3 complex in association with a CD4 molecule and po-
tential protein tyrosine kinases. A similar structure would be seen for CD8 T-cells where the CD8 molecule
replaces the CD4 molecule. Similarly, some TCR:CD3 complexes have η molecules in place of one of the
ζ species. The positions of the various proteins indicate interactions. (Modified from Janeway and Travers,
1996, with permission of the authors and publisher.)
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magnitude in junctional diversity, resulting in approximate equal numbers of epitopes that can
be recognized by immunoglobulins or the T cell α/β receptor (cf. Janeway and Travers, 1996).
The γ/δ T-cell receptor diversity is very similar, but T-cell receptor genes appear to undergo no
somatic hypermutations (cf. Raulet, 1989; Zheng et al., 1994), and they are usually not associ-
ated with CD4 and CD8 molecules (Pardoll et al., 1987; Raulet, 1989). Hypermutation of immu-
noglobulin genes also contributes to the diversity of immunoglobulin genes. This process
increases with age and with reentry of memory B cells into the hypermutation process (cf. Neu-
berger and Milstein, 1995).

Cellular Interactions in the Immune Response

As already noted, the immune response involves several different types of cells (T and B lym-
phocytes), each of which has various forms as noted both by morphology and surface antigens.
However, it is clear that the immune response involves many more different types of cells, their
subtle interactions, and numerous protein signals termed cytokines or lymphokines, which regu-
late both the expression of specific genes as well as cell proliferation in the target cell. The rela-
tions of some of these cell types may be seen in Figure 19.12. In the figure, the developmental
origin of T and B cells as well as macrophages from the bone marrow is depicted. The macro-
phage or antigen-presenting cell—which takes on various forms in tissues such as “dendritic”
cells, monocytes, and sinusoidal-lining cells—plays a key role in cellular interactions in the im-

Figure 19.11 Schematic diagram of the germline configuration of the four human T-cell receptor (TcR)
gene complexes. The TcR-α gene complex consists of more than 50 Vα gene segments, a long stretch of J
gene segments, and 1 Cα gene segment. The TcR-δ locus is located within the TCR-α gene complex as
shown and consists of many fewer Vδ (about 6), Dδ (3), Jδ (3), and 1Cδ gene segment. The TcR-β gene
complex contains about 51 Vβ gene segments grouped in 24 families and two Cβ gene segments that are
preceded by one Dβ and six or seven Jβ gene segments. The TcR-γ gene complex consists of two Cγ gene
segments preceded by two or three Jγ gene segments and a restricted number of Vγ gene segments, which
are grouped into four families as shown. (After Breit and van Dongen, 1994, with permission of the authors
and publisher.)
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mune response. The mechanism of antigen processing and presentation will be considered be-
low. Although antigens may interact directly with B cells to evoke or accelerate subsequent
immune responses (see below), most foreign antigens, including tumor antigens, are first pro-
cessed by one of several pathways. In the sequence of events that follow the presentation of the
processed antigen by the macrophage to unstimulated T and B cells, the T cells play a major
role. Some T cells, termed helper cells, interact with B cells in the presence of the antigen to
stimulate the further differentiation of the B cell to the effector plasma cell that produces anti-
bodies specifically reactive with the antigen (cf. Janeway and Travers, 1996). Such an inter-

Table 19.2 Comparison of the Total Diversity of Immunoglobulins and of T Cell 
α/β Receptors in the Human

Element

Immunoglobulin αβ Receptors

H κ α β

Variable segments (V) 51 69 ~70 52
Diversity segments (D) ~30 0 0 2
D segments read in three frames rarely – – often
Joining segments (J) 5 5 61 13
Joints with N and P nucleotidesa

aDuring the recombination events leading to the ultimate immunoglobulin molecule, there occurs
loss or addition of nucleotides at the recombination junctions. Additions of nucleotides at this
junction fall into two categories: template-dependent (P nucleotides) and template-independent
(N regions) (cf. Komori et al., 1993). N region addition may be effected by the enzyme, termi-
nal deoxytransferase, in B cells (Desiderio et al., 1984).

From Janeway and Travers, 1996, with permission of the authors and publisher.

2 (1) 1 2
Number of V gene pairs 3519 640
Junctional diversity ~1013 ~1013

Total diversity ~1016 ~1016

Figure 19.12 Pathways of cellular responses to a foreign antigen (Ag). The figure indicates the various
cell types and their interactions with various other cell types as noted by the arrows.
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action results in the elaboration by the helper T cell of a number of lymphokines which in turn
stimulate the B or T recipient cell to proliferate, thus enhancing and accelerating the clonal ex-
pansion of the effector T or B cells. The effector or killer T cell has on its surface, along with the
T-cell receptor, the CD8 coreceptor, as noted in Figure 19.13. The helper T cell has a similar
structure but with the CD4 coreceptor in place of the CD8 molecule.

In addition to the coreceptors seen in Figure 19.13, it is now apparent that there are several
different costimulatory receptors that interact between the antigen-presenting cell and the T lym-
phocyte. CD28 is a major costimulatory receptor on T cells, and B7 its costimulatory ligand on
antigen-presenting cells (cf. Robey and Allison, 1995). Another regulatory molecule, CTLA-4,
also occurring on the surface of T cells when interacting with B7, causes a block in the produc-
tion of cytokines, cell cycle progression, and cell differentiation (cf. Lee et al., 1998).

Subgroups of T-Helper Cells

As we have noted above, a class of T cells appears to exist, the T suppressor cell population,
whose function is to inhibit specific immune responses. In opposition to this, helper T cells en-
hance the immune response, both cell-mediated and humoral. However, it is now apparent that
there are at least two different types of T-helper cells, known as Th1 and Th2, which are commit-
ted before antigenic stimulation (cf. Abbas et al., 1996). But the most potent differentiation-
inducing stimuli are specific cytokines or lymphoid growth factors. Interleukin-12 (IL-12), pro-
duced by activated macrophages and dendritic cells, is the principal Th1-inducing cytokine,
while IL-4 induces the development of Th2 cells. In turn, each of these classes of T-helper cells
produces a variety of cytokines and exhibits functions as shown in Table 19.3.

Figure 19.13 Diagram of the interaction of helper and killer (effector) T cells with presenting cells. The
interaction involves the association of the T cell receptor and its coreceptor (CD4 or CD8) with the presen-
tation of antigen in association with appropriate MHC (major histocompatibility complex) molecules (see
below). (After von Boehmer and Kisielow, 1991, with permission of the authors and publisher.)
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T Cell–Independent B-Cell Response

As noted above, there is a subset of B lymphocytes, termed B1, that do not interact with T cells
in order to produce antibodies. Such cells respond directly to antigens by their interaction with
the B-cell receptor. B1 cells are usually not found in the bone marrow but rather home predomi-
nantly in the peritoneal and pleural cavities. Such cells recognize common bacterial antigens as
well as self-antigens (cf. Fagarasan and Honjo, 2000). They appear to contribute to the mucosal
immune response (Figure 19.3) and also in the production of autoantibodies.

Suppressor T Cells

Another population of T cells that is central to the regulation of the immune response is that of
suppressor T cells. These cells modulate both T and B cell–effected immunity by suppressing
the replication, maturation, and/or function of potential effector cells (Kapp et al., 1984). There
has been some controversy with respect to their actual existence (Arnon and Teitelbaum, 1993).
A number of suppressor T cells are antigen-specific, while others may suppress pathways by
nonspecific cellular interactions (Kapp et al., 1984). Earlier studies have suggested that sup-
pressor T cells are restricted—i.e., require an interaction by a specific gene product, that of the
I-J gene in the mouse, which is involved in macrophage–T cell interactions (Dorf and Benacer-
raf, 1985; Hayes and Klyczek, 1985; Asano and Tada, 1989). The development of suppressor T
cells involves many fewer antigen-presenting cells (macrophages) for their induction than
T-helper cells (Dorf et al., 1992). In addition, there is substantial evidence that T-suppressor
cells mediate the suppressor action via factors comparable to lymphokines (Dorf et al., 1992).
These factors may include transforming growth factor-β (Chapter 16) and interleukin-10 (Mason
and Powrie, 1998).

Table 19.3 Principal Features of Human CD4 T Cell Subsets

Adapted from Romagnani, 1994, with permission of the author and publisher.

TH1 TH2

Cytokines Produced
Interferon-γ +++ –
Tumor necrosis factor-β +++ –
Interleukin-2 +++ – or +
Tumor necrosis factor-α +++ +
Granulocyte-macrophage CSF ++ ++
Interleukin-3 ++ +++
Interleukin-10 – or + +++
Interleukin-13 + ++
Interleukin-4 – +++
Interleukin-5 – +++
Functions
B-cell help (total Ig) + +++

Help for IgE and IgG4 – +++
Eosinophil and mast cell differentiation and activation – +++
Macrophage activation +++ –
Delayed-type hypersensitivity +++ –
Cytolytic activity +++ –
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γδ T Cells

While the majority of T-cell receptors are made up of the α and β chains (greater than 90%), a
small percentage (1% to 10%) of T cells express the heterodimer T-cell receptor consisting of γ
and δ chains (Figure 19.11). While the function of these cells is not absolutely clear, it is noted
that they do have distinct properties. They are relatively small cells that express almost no CD4
and considerably less CD8 than αβ T cells (cf. Kabelitz et al., 1999). Furthermore, the interac-
tion of the γδ T cell with an antigen-presenting cell does not require the MHC molecules as do
the αβ T cells, as noted in Figure 19.13. While their function is not clear at present, they do
appear to express reactivity towards a variety of foreign, self, and neoplastic antigens.

Natural Killer Cells

Another subset of lymphocytes is the natural killer (NK) cells, which are shown in Figure 19.12
as derived from T cells. Other evidence suggests that these lymphocytes are unique and different
in their origin from either T or B cells and thus likely derived in the bone marrow, like all other
major players in the immune response (Lotzová, 1993). NK cells appear to function in graft re-
jection, tumor immunity, and the regulation of hematopoiesis (Robertson and Ritz, 1990). NK
cells spontaneously react with cells exhibiting foreign antigens on their surface, but may also
interact with specific carbohydrates on the cell surface (Brennan et al., 1995) as well as a variety
of other surface targets (Storkus and Dawson, 1991). However, in contrast to cytotoxic T cells,
NK cells not only do not require the presence of proteins of the MHC locus (see below) in order
to exert their lytic effect but such proteins actually inhibit NK cells from interacting with cells
containing such proteins. Such inhibition appears to be mediated by specific membrane recep-
tors expressed on NK cells (cf. Lanier, 1998). In this way, NK cells complement the T- and B-
cell repertoire of the cell-mediated and humoral responses that are restricted by the presence of
such histocompatibility antigens (Gumperz and Parham, 1995; Reyburn et al., 1997). The pro-
duction of NK cells in the host may also be enhanced by immunostimulatory agents such as
interferon and lymphokines, especially interleukin-2 (Robertson and Ritz, 1990). Newborn hu-
mans are deficient in NK cell activity—a factor that may be involved in the peculiar immunolog-
ical reactivity of neonates (Kaplan et al., 1982).

REGULATION OF THE IMMUNE RESPONSE

As noted in Figure 19.12, the development of the immune response is extremely complex but
also must be highly regulated if the host is to mount an appropriate response to one or more
specific antigens. The mechanisms of the regulation of the immune response involve the pres-
ence of specific surface gene products as well as the production of stimulatory and inhibitory
signals both within the immunocyte and via signals secreted and received by cells in the immune
response. These regulatory factors are considered below under several different headings.

Genetics in the Regulation of the Immune Response

While it is obvious that specific genes control the amino acid sequence of the immunoglobulins
and T cell–receptor components involved in the immune response, the elucidation of the genet-
ics involved in cellular interactions that mediate the immune response has also been a major
topic of immunobiology. Many of the genes coding for products involved in the regulation of the
immune response of the organism are located in regions of the genome designated as the major
histocompatibility complex (MHC), located in the human on chromosome 6 (the HLA complex)



836 Chapter 19

and in the mouse on chromosome 17 (H-2 complex). A diagram of the major components of
these two MHC regions is seen in Figure 19.14, along with a diagram of the protein structures of
the major histocompatibility complex antigens. Class I antigens are ubiquitous and found on
most cells within the organism. Class I molecules have a single integral membrane unit consist-
ing of three domains—α1, α2, and α3—as shown in Figure 19.14. This molecule is in associa-
tion noncovalently with β2 microglobulin, a 12 kDa soluble protein. This latter protein is, in the
mouse, found on the H-3 minor histocompatibility locus present on chromosome 2 (Rammensee
and Klein, 1983). The class II MHC antigen is a heterodimer of two transmembrane units, α (33
kDa) and β (29 kDa), both encoded in the MHC. Class II antigens are expressed primarily on B
cells, macrophages, and all antigen-presenting cells as well as endothelium (cf. Germain, 1994).
Recently, another set of MHC-like genes, termed the CD1 family, have been described. These
genes appear to be involved in antigen presentation to a subset of phenotypically identifiable
CD1-restricted T cells (cf. Park et al., 1998). In general, the antigens presented by this system
involve glycolipid structures and related molecules (e.g., Prigozy et al., 2001).

Antigen Processing and Presentation in the Immune Response

As indicated earlier (Figure 19.5), a specific antibody reacts with a specific epitope or confirma-
tion of a relatively small peptide unit or comparable structure within an antigen. While the struc-

Figure 19.14 Schematic representations of the gene organization of the human HLA and mouse H-2
major histocompatibility complexes as well as cartoons of the class I and class II MHC antigen molecules
with their domain organizations. Details of the class III regions of the MHC are not shown. It is in this
region that other genes, especially those for complement, occur (cf. Claman, 1992). (After Germain, 1994,
with permission of the author and publisher.)
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ture of the antibody-combining region dictated a relatively small molecular size for the epitope,
the mechanism for selection of the epitope by the antibody-producing cell as well as the T-cell
receptor of the T lymphocyte was not clear. It is now apparent that this is dictated by the process-
ing of antigens by antigen-presenting cells. In addition, antigen processing is required for the T-
cell receptor to engage molecules of the MHC that are associated with a small polypeptide chain
bearing the epitope. The receptor does not engage the antigen unless the antigen forms part of
the complex involving the MHC molecule. This requirement of the interaction of the T-cell re-
ceptor with MHC molecules is termed MHC restriction. Such restriction then requires that for a
T cell to become activated by processed antigens, there must be an interaction between the T-cell
receptor and the peptide carried in the cleft of the MHC antigen. As noted earlier, exceptions to
this restriction are δγ T cells and NK cells.

Since at least two sets of MHC molecules, class I and class II, are required for the recogni-
tion of protein antigens, other factors in such association and recognition are the CD8 and CD4
molecules on the surface of cytolytic and helper T lymphocytes respectively. In addition to CD8
and CD4 molecules, several other “costimulatory” molecules have been described that enhance
the stimulation of the T cell interacting through its receptor with the polypeptide fragment car-
ried by the MHC class 1 or class 2 antigen (cf. Jenkins, 1994; Yoshinaga et al., 1999).

While the processing and presentation of antigens are clearly effective in adult and devel-
oped tissues, there is evidence that neonatal macrophages are deficient in their ability to present
antigen and express cell-surface MHC antigens (Lu and Unanue, 1985). Although T-cell differenti-
ation in the thymus is presumably complete by 18 to 20 weeks of fetal life in the human, T cells of
the newborn show a decreased potential to provide help and suppression for antibody production
by B lymphocytes, and they do not develop into cytotoxic T lymphocytes (Hanson et al., 1997).

Mechanisms of Antigen Processing and Presentation

During the past several years it has become apparent that antigens from different locations vis-à-
vis the cell are processed by somewhat different routes. A diagram of this is seen in Figure
19.15. As noted in the figure, peptides produced from endogenous cytosolic proteins that enter

Figure 19.15 Pathways of antigen presentation by MHC class I and class II molecules. Antigens taken
up into the cell are internalized into endosomes (E), where they are partially degraded and subsequently
bind to class II MHC molecules and are thence transported to the cell surface. Proteins that either occur in
the cytosol or migrate there from external sources (X) are processed by the proteasome, transported into the
cisternae of the endoplasmic reticulum through the Golgi and subsequently to the surface. (Adapted from
Unanue and Cerottini, 1989, with permission of the authors and publisher.)
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the cytosol either endogenously or from exogenous sources, as noted, are processed probably
through a structure known as the proteasome, which results in relatively short peptides of 10 to
20 amino acids length. These are transported through the membrane of the endoplasmic reticu-
lum by a “transporter associated with antigen processing” (TAP). From thence the peptide asso-
ciates with an MHC class I molecule occurring in the endoplasmic reticulum, the complex that is
subsequently passed through the Golgi and ultimately expressed on the surface of the plasma
membrane (Germain, 1994; Unanue and Cerottini, 1989). Within the proteosome are compo-
nents, LMP proteins, which appear to alter the substrate specificity of the protein degradation
occurring in the proteosome, favoring cleavage near residues suitable for binding of the peptide
within the “pocket” or “cleft” of class I MHC molecules. Proteins to be processed for presenta-
tion in MHC class II molecules are those internalized from the exterior into endosomes, where
they are partially degraded and subsequently bound to the “cleft” of class II MHC molecules and
then exteriorized by fusion of the endosome to the plasma membrane. A diagram of the peptide-
binding clefts of class I and class II MHC molecules is seen in Figure 19.16. The overall struc-
ture of the MHC class I and class II molecules as shown in Figure 19.16 is strikingly similar to
the antibody-reactive site of immunoglobulins (Figures 19.2 and 19.5). However, the molecular
diversity of the MHC molecules is much less than that of the immunoglobulins, numbering only
in the hundreds (Le Bouteiller, 1994).

Regulation of the Expression of MHC Genes

Just as with the expression of immunoglobulin genes (see above), the expression of MHC genes
can also be modified by a variety of different factors. Several endogenous materials—most nota-
bly some of the interferons and the tumor necrosis factor-α (TNF-α), previously discussed in
Chapter 15—induce MHC class I gene expression in a variety of cell types (cf. David-Watine et
al., 1990) including brain cells (Wong et al., 1984). Chemical inducers of differentiation such as
sodium butyrate or hexamethylene bisacetamide may also amplify the expression of MHC class
I antigens (Fenig et al., 1993).

Among the principal exogenous factors regulating the expression of MHC antigens are
viruses, both oncogenic and nononcogenic (cf. Maudsley and Pound, 1991). In the majority of
instances, especially of oncogenic viruses, the effects are to downregulate the expression of both

Figure 19.16 Diagrams of the class I (left) and class II (right) molecules of the MHC showing the pep-
tide-binding cleft and the subunit association thereof. (Adapted from Janeway and Travers, 1996, with per-
mission of the authors and publisher.)
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class I and class II MHC antigens. Some viruses, even including HIV, actually upregulate the
expression of MHC class II antigens. The importance of this effect in the interaction of the host
immune system with neoplastic cells is outlined later in this chapter.

Signaling Pathways and Lymphocyte Activation

As noted earlier, the interaction of T-helper and -suppressor lymphocytes with both T cells and B
cells results in the secretion and release of a variety of factors, most of which are components of
the cytokine system, some of whose members are indicated in Table 19.4. The table is not meant

Table 19.4 Some Examples of Specific Cytokines—Their Sources and Activities

Adapted from Delves and Roitt, 2000, with permission of the authors and publisher.

Cytokine Cellular Sources Major Activities

Interleukin-1 Macrophages Activation of T cells and macro-
phages; promotion of inflammation

Interleukin-2 Type 1 (Th1) helper T cells Activation of lymphocytes, natural 
killer cells, and macrophages

Interleukin-4 Type 2 (Th2) helper T cells, mast 
cells, basophils, and eosinophils

Activation of lymphocytes, mono-
cytes, and IgE class switching

Interleukin-5 Type 2 (Th2) helper T cells, mast 
cells, and eosinophils

Differentiation of eosinophils

Interleukin-6 Type 2 (Th2) helper T cells and 
macrophages

Activation of lymphocytes; differenti-
ation of B cells; stimulation of the 
production of acute-phase proteins

Interleukin-8 T cells and macrophages Chemotaxis of neutrophils, basophils, 
and T cells

Interleukin-11 Bone marrow stromal cells Stimulation of the production of 
acute-phase proteins

Interleukin-12 Macrophages and B cells Stimulation of the production of in-
terferon-γ by type 1 (Th1) helper 
T cells and by natural killer cells; 
induction of type 1 (Th1) helper 
T cells

Tumor necrosis factor-α Macrophages, natural killer cells, 
T cells, B cells, and mast cells

Promotion of inflammation

Lymphotoxin (tumor 
necrosis factor β)

Type 1 (Th1) helper T cells and B 
cells

Promotion of inflammation

Transforming growth 
factor β

T cells, macrophages, B cells, and 
mast cells

Immunosuppression

Granulocyte-macrophage 
colony-stimulating 
factor

T cells, macrophages, natural 
killer cells, and B cells

Promotion of the growth of granulo-
cytes and monocytes

Interferon-α Virally infected cells Induction of resistance of cells to 
viral infection

Interferon-β Virally infected cells Induction of resistance of cells to 
viral infection

Interferon-γ Type 1 (Th1) helper T cells and 
natural killer cells

Activation of macrophages; inhibition 
of type 2 (Th2) helper T cells
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to be exhaustive, since other cytokines—including other interleukins, hematopoietic factors, thy-
mus hormones, and somatic growth factors—could be included (Borecký, 1993). Most of the
cytokines have specific receptors, and thus their interaction with such molecules on a cell sur-
face can result in the initiation of signal pathways and alteration of gene expression involving a
variety of genes including the MHC class I and II antigens, protein kinases, guanylate-binding
proteins, and even tumor-associated antigens (Borecký, 1993).

Another major consequence of cytokine release and interaction with specific receptors is
cell proliferation. Interleukin-2 or the T-cell growth factor is one of the major cytokines released
during T-cell interactions involving MHC molecules and the T-cell receptor. As with other inter-
actions of ligands with their receptors, a series of reactions is initiated involving signal transduc-
tion mechanisms very similar to those described in Chapters 7 and 15. In Table 19.5 are listed
the major events involved in T-lymphocyte activation from the time that cell-cell interaction oc-
curs until proliferation of the T lymphocyte ensues. A similar sort of pathway is involved in the
activation of B lymphocytes (DeFranco, 1993).

A diagram of signal transduction pathways in T lymphocytes may be seen in Figure 19.17.
In the figure the function of the costimulatory protein, CD28, as well as the CD4/CD8 interac-
tion is shown. Obviously, all of these factors are involved in the signal transduction pathway
leading to the activation of transcription factors in the nucleus, altered gene expression, and ulti-
mately cell proliferation. As noted above, the activation of T cells as well as that of D cells by
mechanisms shown in Figure 19.17 and Table 19.5, leads to the production of various cytokines
such as those listed in Table 19.4. Many of these cytokines, especially the interleukins and inter-
ferons, interact with specific receptors on target cells such as other T cells and B cells to further
stimulate gene transcription and cell replication. As indicated earlier with TNF-α and TGF-β,
signal transduction pathways differ in their effector molecules. In the case of interferons and
interleukins, the signal transduction pathway involves protein kinases termed JAKs as well as

Table 19.5 Major Events Involved in T-Lymphocyte Activation

Adapted from Weiss, 1993, with permission of the author and publishers.

Event Example

Cell–cell interaction T-cell—APC
T cell—target cell

Receptor–ligand binding TCR-antigen/MHC
Transmembrane signal transduction Activation of protein tyrosine kinase
Tyrosine phosphorylation Phospholipase C γ1
Generation of second messengers 1,4,5-IP3 and DG
Second messenger effects Ca2+ mobilization

Protein kinase C activation
Biochemical pathways Raf-1 kinase activation, MAP kinase cascade

Intracellular alkalinization
Cellular events Cytoskeletal reorganization

Secretion of cytolytic granules
Early transcriptional factor gene activation c-myc, c-fos
Intermediate gene activation Lymphokines, lymphokine receptors, nutrient 

receptors
Late gene activation Genes involved in cell proliferation
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STAT proteins which are phosphorylated, bind to each other and translocate directly to the nu-
cleus in a fashion somewhat similar to that of the Smads seen in signal transduction with TGF-β
(Figure 16.8; Heim, 1999).

Effecting the Immune Response

As noted from Figure 19.12, the effective response of the humoral immune system involves ei-
ther interaction of antibodies with cells or antigens, the antigen-antibody complex being then
effectively phagocytosed by appropriate scavenger cells such as macrophages in the instance of
nonviable particles—or the reaction of the antibody with an antigen on the cell surface to which
proteins of the complement system adhere—with subsequent formation of pores through the ac-
tion of a component of complement, C9, also termed perforin (Lowin et al., 1992).

Figure 19.17 Signal transduction pathways in T lymphocytes. Not all known interactions with various
costimulatory molecules and other cellular components are shown in the figure for simplicity. The principal
events involved are ultimately the activation of transcription factors through the MAP kinase cascades
(Chapter 7). As seen in this figure, the costimulatory molecule CD28 signals via a protein tyrosine kinase
(PTK) and phosphoinositide kinase. Activation of the T cell receptor (TCR) is also mediated through ty-
rosine and MAP kinases. The CD4 or CD8 molecule is bound to the tyrosine kinase Lck, which phosphory-
lates TCR enabling another tyrosine kinase, Zap-70, to bind to the T-cell receptor complex and become
localized to the membrane. Zap-70 activates phospholipase C, resulting in increased diacylglycerol and
inositol 1,4,5-P3 levels. These latter changes result in a calcium-activated pathway which together with the
other pathways shown can activate the MAP kinase cascade. The different pathways are also indicated by
the different shading of their components as noted. (Adapted from Hardy and Chaudhri, 1997, with permis-
sion of the authors and publisher.)
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Cytotoxic T cells when interacting with target cells exhibiting the specific epitope to which
they are sensitive and the presence of the MHC class I antigen result in a series of reactions de-
picted in Figure 19.18, which include the formation of pores as with antigen-antibody-comple-
ment reactions noted above, as well as other mechanisms involving the direct induction of
apoptosis by specific surface molecules. In addition, cytolytic T cells on interaction with the
MHC-antigen epitope via the T-cell receptor produce granules filled with various lytic enzymes,
which pass through the pores and further serve to cause apoptosis in the target cell (Figure 19.18).

For some years the exception to this mechanism was the NK cell which did not require
MHC complex antigens for its action in causing apoptosis in target cells. NK cells do not ex-
press the T-cell receptor on their surface, although they may express other surface molecules
involved in the T-cell antigen receptor complex such as components of CD3 and the Fc receptor.
Furthermore, NK cells do not require expression of MHC class I molecules on the surface of
their targets; rather, they are inhibited from killing cells expressing such molecules (see above).
NK cells use a cytolytic machinery somewhat similar to that of specific cytolytic T cells (Figure
19.18), especially the perforin pathway (van den Broek et al., 1998). Investigations by
Yokoyama (1995) do suggest that recognition of MHC class I molecules by NK cells may be
involved in their cytolytic effects since the initial responses of NK cells to the target cell occur in
the presence of MHC class I molecules on the target cell surface. It is likely that other mole-
cules, some of which have yet to be defined, may allow the cytolytic effect of the NK cell to
reach certain targets while protecting others.

Figure 19.18 Mechanisms of lymphocyte-mediated cytolysis. The figure is a schematic diagram of the
nonsecretory receptor (left) and the secretory, perforin/granzyme-mediated (right) mechanisms of lympho-
cytotoxicity. (After Berke, 1995, with permission of the author and publisher.)
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IMMUNOBIOLOGY OF NEOPLASIA

The experimental and theoretical basis for the field of immunobiology of neoplasia did not be-
come reasonably established until after 1950, despite studies on tumor transplantation as dis-
cussed below. The observation by Foley in 1953 that mouse neoplasms may be immunogenic for
their host as well as a reformulation by Thomas in 1959 of the theory of immune surveillance
first proposed by Ehrlich in 1909 formed major aspects of the beginnings of an understanding of
the immunobiology of the host-tumor relationship (cf. Brodt, 1983). Although, over the last half
century, there has been considerable clinical promise of the utilization of the immunobiology of
the host–tumor relationship in the control and therapy of neoplasia (cf. Scott and Cebon, 1997),
such promise has never been effectively realized. In fact, some investigators questioned the sig-
nificance of any major role that tumor immunology may play in ultimate therapeutic ventures
(cf. Chigira et al., 1993). Despite these conflicting ideas and approaches to this problem, there is
no question but that the host immune system does interact with malignant neoplasms in a variety
of ways. However, as shown further on, in most instances the neoplasm effectively escapes from
any definitive resistance of the host to the presence of the neoplasm, despite the fact that neo-
plasms clearly express antigens recognized by the host immune system and that definitive re-
sponses are produced.

Tumor Antigens

Ever since the early reports by Nowinsky (1876) and Hanau (1889) of the transplantation of
cancer tissue in dogs and rats, respectively (in contrast to the failure of many others to achieve
such results at that time), the antigenicity of neoplastic cells has been recognized. Since then
numerous examples of tumor transplantation both within individuals and even between species
have been reported. In considering the antigenicity of tissue transplantation, certain terms should
be defined (Roitt, 1977). An autograft is tissue grafted from one site to another in the same indi-
vidual. Isograft designates transplantation between syngeneic individuals (that is, of identical
genetic constitution), such as identical twins or animals of the same pure inbred line. Allografts
are transplants between allogeneic individuals (that is, members of the same species having dif-
ferent genetic constitutions), for example, transplants between unrelated humans or from one
animal strain to another of the same species. A xenograft is a transplant (graft) between xenoge-
neic individuals (that is, of different species), for example, pig to human.

When considering the antigenic structure of neoplasms, the critical question is whether the
antigenicity of neoplasms is different in any way from that of their cells of origin. Early investi-
gations in this field with inbred mice and hydrocarbon-induced sarcomas showed that immuno-
logical resistance of the host to the syngeneic neoplasm could be established, although no
immunological response could be obtained to certain spontaneously arising neoplasms (Klein
and Klein, 1977; Ritts and Neel, 1974). As a result of these studies, Prehn (1973) and Klein
(1973), utilizing whole-animal experiments, were able to demonstrate that chemically induced
and transplanted neoplasms evoke specific reactions of the cellularly mediated type (T cell) in
recipient or host animals. A diagram of the methodology utilized to demonstrate the biological
effect of such antigens is given in Figure 19.19. The antigens evoking such reactions were
termed tumor-specific transplantation antigens (TSTA) and, more recently, tumor-associated
transplantation antigens (TATA) (cf. Brodt, 1983; Herberman, 1977). For the demonstration of
such antigens, it was important to utilize neoplasms of recent origin, since serial passage through
many generations caused neoplasms to undergo antigenic changes by mechanisms not totally
understood but quite possibly related to the phenomenon of tumor progression with karyotypic
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alterations (Chapter 8). The TSTAs appeared to be complex surface antigens, which are lost
upon destruction of the surface membrane of the cell. Klein (1973) also made the interesting
observation that TSTAs of chemically induced neoplasms were essentially unique to each neo-
plasm, whereas those of virally induced neoplasms were identical for each virus. Furthermore, it
is clear that the TSTAs of virus-induced cancers are quite distinct from the S and T antigens
mentioned earlier in the discussion on viral oncology (Chapter 4). Each neoplasm produced by
radiation also appears to have its own unique tumor-specific transplantation antigen. The TSTAs
of chemically or radiation-induced neoplasms are in no way related to the specific chemical
agent or type of radiation causing the neoplasm, because a single chemical or the same wave-
length of radiation can be shown to induce numerous primary neoplasms in one animal, each
neoplasm having a different TSTA. Since the original findings of Prehn, Klein, and their associ-
ates, there have been reports of chemically induced tumors that do contain common TSTAs (or
TATAs) on the basis that immunization of a host with one neoplasm led to some protection
against challenge by other neoplasms (cf. Herberman, 1977). Some of these findings might be
explained by more recent results, as discussed below.

Neoplasms arising spontaneously in animals fail to elicit a specific immunological resis-
tance in the transplantation tests in syngeneic animals (cf. Brodt, 1983). Occasionally a resis-
tance reaction is found, but it is invariably weak, and some investigators argue that, because of
this finding, spontaneous tumors do have TSTAs but that, for practical purposes, they are not
sufficiently antigenic to stimulate specific immunologic resistance in the host.

Little is actually known about the chemical nature of TSTAs; however, they may represent
the cumulative antigenicity of a number of surface components of the cell, and this allows the
host to recognize such a structure as foreign. MHC antigens, while required for the T-cell re-
sponse, do not appear to be significant components of the TSTAs, and the expression of “alien
antigens” on neoplastic cells does not appear to constitute a significant biological phenomenon
(Parham, 1989).

Following the discovery of tumor-specific transplantation antigens, T-cell immunity has
been recognized as the predominant immune response with the potential to significantly influ-
ence the outcome of neoplastic disease and probably other diseases as well (Shu et al., 1997). A
number of antigens produced by neoplasms that may induce the T cell responses are listed in
Table 19.6. As would be expected, viral gene products that are foreign to the host’s immune
system can stimulate T-cell responses, as noted in the table; most T-cell responses to viral gene
products would utilize the MHC class I pathway (Figure 19.15). The SV40 T antigen, which
occurs primarily in the nucleus, does in fact induce T-cell responses, and there is evidence that T
antigen also occurs on the cell surface (Mora, 1982). This finding, together with the evidence for
T cell–mediated responses to some of the early gene products of the SV40 virus, has been sug-
gested as composing the TSTA of neoplasms induced by this virus (Dalianis, 1990). Cellular
oncogenes, specifically the ras mutant proteins, can induce MHC class II–restricted T cells ca-
pable of recognizing the mutations (Peace et al., 1993). Presumably this occurs as a result of
apoptosis of neoplastic cells bearing the mutated protein, which are then engulfed by antigen-

Figure 19.19 Diagram of methodology utilized to determine the presence and, by subsequent experi-
ments, the specificity of a tumor-specific transplantation antigen. The neoplastic cells under study are
injected into a syngeneic mouse with subsequent development of the neoplasm that may metastasize and
kill the animal. Excision of the neoplasm before it has metastasized (lower left) allows the rejection of a
second implant of the same neoplasm, presumably as a consequence of the immunity acquired from expo-
sure to the original transplant. (Adapted from Rubin and Farber, 1988, with permission of the authors and
publisher.)
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presenting cells, and the peptide is presented to T cells. The BCR-ABL fusion cellular oncogene
may likewise be induced to cause MHC class II–restricted T cells responsive to specific peptides
of the chimeric protein (Chen et al., 1992). Both cellular and humoral immune responses to the
mutated (Houbiers et al., 1993) and wild-type (Röpke et al., 1996) p53 gene product have been
demonstrated in mice and humans. Although β catenin may be more properly considered a
proto-oncogene, its association with the APC tumor suppressor gene (Figure 15.2) that regulates
its degradation in association with other proteins (Kawahara et al., 2000) may place it in the
suppressor gene category. Melanomas have been described having β catenin mutations that
result in the stabilization of the mutated protein, thus favoring the transcriptional pathway seen
in Figure 15.2 (Van den Eynde and van der Bruggen, 1997). Even normal gene products that are
overexpressed in neoplastic cells may induce a T cell–mediated response. One of the best exam-
ples is the HER-2/neu gene, which codes for an epidermal growth factor–like receptor (see below).

During the last decade, with the realization of the processing of antigens and their presen-
tation to T cells, investigations have attempted to isolate and characterize the peptides of anti-
gens on neoplastic cells that are presented to the T-cell antigen receptor. A family of such genes
whose products are expressed in a variety of neoplasms is seen in Table 19.7. The gene products
recognized are specific peptides from the entire protein antigen. The only normal tissues ex-
pressing these genes appear to be the testis and placenta (cf. Van den Eynde and Boon, 1997).
These genes appear to be methylated in most normal cells, and their expression in neoplastic
cells may be the result of a genome-wide demethylation seen in neoplastic cells (Chapter 16). A
number of differentiation antigens occurring in specific neoplastic cell types as well as their cell
of origin have also been found to induce T-cell responses, several of which occur in melanomas
but also in other tissues as noted in the table. In fact, several other melanoma differentiation
antigens have been described that induce T cell–mediated responses (cf. Rosenberg, 1996; Van
den Eynde and van der Bruggen, 1997). Some of these may be responsible for the relative effi-
cacy of immunotherapy with this particular type of neoplasm (see below).

It should be noted that, within the last several years, the methods developed allow the
identification of antigenic peptides presented by MHC class I molecules to tumor-specific cyto-
lytic T cells. Both genetic and peptide purification methodologies have been utilized; the reader
is referred to specific references for the techniques involved (De Plaen et al., 1997; Cox et al.,
1994). With such techniques and others that will undoubtedly be developed in the future, it is
becoming increasingly likely that T cell–mediated immunity to specific antigens in specific neo-
plasms may be enhanced on a rational basis.

Table 19.6 Antigens of Neoplasms That May Induce T-Cell Responses

Tumor Antigen Examples of Occurrence

Tumor-specific transplantation antigens (TSTA) Carcinogen and radiation-induced neoplasms (unique 
to neoplasm)

Viral gene products Viral-induced neoplasms (unique to virus species in-
ducing the neoplasm); EBNA of EBV, papilloma 
virus E6 and E7 gene products, SV40 T antigen

Cellular oncogene products p21 ras mutations, bcr/abl fusion gene
Tumor suppressor gene mutant products p53, β catenin
Overexpressed normal gene products HER-2/neu protein in ovarian/breast cancer
Fetal antigens/testis MAGE-1 in melanoma, GAGE
Tissue differentiation antigens Tyrosinase and MART-1/MELANA in melanoma, 

thyroid peroxidase in thyroid neoplasia
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Antigens of Neoplastic Cells Inducing Humoral Responses

Although, as indicated above, the most effective immune response to neoplasms in the host ap-
pears to be that of cellular immunity dependent on T-cell responses, a variety of antigens of neo-
plasms have been described that either induce the formation of antibodies within the host or can
be used as antigens to produce antibodies, usually in xenogeneic hosts, which then may be used
as reagents in attempts to kill specific neoplastic cells in vivo. In Table 19.8 is a listing of a
number of antigens associated with neoplastic cells that are reactive with specific antibodies or
induce B-cell humoral immune responses. As noted in the table, a number of differentiation an-

Table 19.7 Expression of Genes MAGE-1, -3, BAGE, GAGE, and RAGE in Samples of Human 
Neoplasmsa

aExpression was measured by reverse transcriptase-polymerase chain reaction on total RNA using primers specific for
each gene.

Adapted from Van den Eynde and Boon, 1997, with permission of the authors and publisher.

Histological Type

Percentage of Tumors Positive for

MAGE-1 MAGE-3 BAGE GAGE-1, 2 RAGE-1

Melanomas
Primary lesions 16 36 8 13 2
Metastases 48 76 26 28 5

Non-small-cell lung carcinomas 49 47 4 19 0
Head and neck tumors 28 49 8 19 2
Bladder carcinomas 22 36 15 12 5
Sarcomas 14 24 6 25 14
Mammary carcinomas 18 11 10 9 1
Prostatic carcinomas 15 15 0 10 0
Colorectal carcinomas 2 17 0 0 0
Renal carcinomas 0 0 0 0 2
Leukemias and lymphomas 0 0 0 1 0
Testicular seminomas 4/6 3/6 1/6 5/6 0/3

Table 19.8 Antigens of Neoplastic Cells That Induce B-Cell Humoral Responses

Tumor Antigen Examples of Occurrence

Differentiation antigens (e.g., CD10, CD19, 
CD20, CD33, CD45, thyroid peroxidase, 
smooth muscle antigen)

Leukemias/lymphomas; thyroid carcinoma, sarcomas

Glycoproteins (e.g., CEA, TAG-72, Eplam, 
A33, MUC1, G250)

Colon cancer and other adenocarcinomas

Glycolipids (e.g., gangliosides, GD2 and GD3, 
etc.)

Melanoma, neuroblastoma and astrocytoma

Glycoprotein carbohydrate chains (e.g., Lewis 
monosaccharide antigens)

Gastric and colon cancers

Growth-factor receptors (e.g., EGFR, 
HER2/neu)

Breast and ovarian cancer

Embryonal antigens SOX genes expressed in small-cell lung cancer
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tigens from the clusters of differentiation (CD) that normally occur on lymphoid cells and other
immunocytes may be expressed at high levels in individual neoplasms. Such antigens can induce
an antibody response as well as the formation of monoclonal antibodies (Chapter 14). Of the CD
antigens seen on the surface of leukemias and lymphomas, one that was extensively studied
more than a decade ago, CD10 or the CALLA (common acute lymphoblastic leukemia antigen),
is perhaps the best known. This antigen, which actually is a membrane-associated neutral metal-
loendopeptidase (Shipp et al., 1989), was the target of immunotherapy with specific antibodies
(cf. LeBien and McCormack, 1989). Thyroid peroxidase, a major differentiation antigen of thy-
roid carcinomas, as noted in Table 19.6, also induces the formation of circulating antibodies in
25% to 50% of patients with thyroid carcinoma (cf. Baker and Fosso, 1993). Earlier studies
(Moore and Hughes, 1973) demonstrated circulating antibodies to a smooth muscle protein in
45% of patients with sarcomas. Interestingly, about one-third of normal human adult sera tested
(Ollert et al., 1996) contain a natural IgM antibody cytotoxic for human neuroblastoma cells.
The antigen appears to be a 260-kDa antigen expressed on neuroblastoma cells in vivo. This
natural humoral immunological host tumor relationship may be associated with the in vivo phe-
nomenon of spontaneous neuroblastoma regression (Carlsen, 1990; Evans et al., 1976). The va-
riety of glycoproteins that occur on the surface7 of cells have also been utilized for the
development of both cell-mediated and antibody responses. We have discussed the carcinoem-
bryonic antigen (CEA) gene expression as a marker for gastrointestinal neoplasia (Chapter 17).
Another interesting potential for immunotherapy is the fact that many epithelial cells lining
ducts and glands express MUC1, a cell-associated mucin. In the normal cells this protein is fully
glycosylated, usually on a specific region of the cell as shown in Figure 19.20. In contrast, as
briefly discussed in Chapter 16, glycosylation of proteins on neoplastic surfaces many times is
incomplete and/or abnormal. This is shown in the figure on the right as a neoplastic cell express-
ing MUC1 as well as the MHC class I molecule, but with the MUC1 markedly underglycosy-
lated. In this way, components of the protein that are normally not seen by the immune system
because of glycosylation now become apparent, and the immune system responds with the for-
mation of antibodies as well as cell-mediated immunity. Also, as briefly discussed in Chapter
16, glycolipids may appear as unique structures on the surface of neoplastic cells because of the
abnormalities in the expression of genes coding for enzymes that normally produce the structure
of the glycolipid, especially gangliosides (Lloyd, 1993). Alteration in the structure of mucins
may also play other roles in host–tumor relationships as well as in neoplastic progression (cf.
Irimura et al., 1999). Specific carbohydrate structures as components of glycoproteins on the
surface of cells have also been shown to induce antibodies. The Lewis monosaccharide antigens
are among these, and just as with the mucoproteins (Figure 19.20), alterations in the level of
enzymes catalyzing the specific formation of terminal carbohydrate structures result in alteration
in antigenicity and the potential for such an immune response (Feizi and Childs, 1985). The Her-
2/neu protein on mammary and ovarian cancer cells induces not only T cell–mediated immunity
(Table 19.6) but also B-cell humoral immunity (Disis and Cheever, 1997). The expression of this
gene product is extremely high in the majority of mammary lesions, and thus specific or mono-
clonal antibodies are now being used clinically as a therapy for this type of neoplasm (see be-
low). Similarly, melanoma antigens induce antibodies within patients as well as those
immunized with genetically modified autologous neoplastic cells (Cai and Garen, 1995). A tu-
mor-specific antigen in human glioblastoma multiforme as defined by monoclonal antibodies
has also been described (de Tribolet and Carrel, 1980). A series of embryonic neural proteins
expressed from the 50 K genes that are highly immunogenic have also been described in small-
cell lung cancers in humans which induce B cell-mediated responses in vivo (Güre et al., 2000).
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Even circulating antibodies to the p53 protein have frequently been found in the serum of some
patients with ovarian carcinoma (Angelopoulou et al., 1996).

In the past, several of the antigens listed in Table 19.8 were considered as tumor-specific
antigens (TSA) that were unique to the histogenetic type or class of neoplasm. In the table, this
would include thyroid peroxidase and smooth muscle antigen as well as several of the melanoma
antigens. While it was felt that these TSAs were relatively unique to the neoplasm expressing
such antigens and that primarily humoral responses were evoked by their presence, today this
distinction has become less clear, as noted below (Table 19.9).

From this brief discussion of tumor antigens and the responses they induce, it is apparent
that neoplastic cells can and do stimulate immune responses within the host. Furthermore, al-
though separated for the sake of convenience, the reader will note that many antigens induce
both T- and B-cell responses, as seen in Table 19.9. It is thus likely that the immune system is
quite capable and effective in producing both T- and B-cell responses to specific antigens of
neoplastic cells. As noted above, apoptosis of neoplastic cells enhances such reactions by the
engulfment of internal antigens of neoplastic cells with subsequent processing and presentation
through the MHC class II pathway. However, given the considerable antigenicity of neoplastic
cells and the effectiveness of the host immune system until the terminal stages of the disease (see
below), how is it that the immunobiology of the host-tumor relationship predominantly favors
the neoplasm?

FAILURE OF THE IMMUNOBIOLOGIC HOST–TUMOR RELATIONSHIP

Since it is in the stage of progression that most of our knowledge of the immunobiology of the
host–tumor relationship has been gained, it is perhaps not surprising that neoplasms have exhib-
ited a variety of methodologies with which to escape the host immune response. As we shall see,
it is not unlikely that evolving karyotypic instability, the hallmark of the stage of progression,
may be the basis for many of the mechanisms of the failure of the immunobiological host–tumor
relation. In a very real sense, as has been so aptly stated, “The tumor fakes out the host.” The
variety of modes and mechanisms whereby the neoplasm escapes the host immune response is
exemplified in Table 19.10.

Table 19.9 Integrated Immune Response to Human Tumor Antigens

Antigen CD8+ T cell CD4+ T cell B cell

gp75a

agp75 is another differentiation antigen of melanomas (cf. Van den Eynde and
van der Bruggen, 1997). Adapted from Sahin et al., 1997, with permission of
the author and publisher.

+ +
Tyrosinase + + +
MART-1/MELAN A +
MAGE family + +
GAGE family +
BAGE +
Her2/neu + + +
p53 + +
Mutant Ras + + +
E6/E7 + +
MUC-I + +
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Alterations in MHC Expression and Structure in Neoplasia

As briefly discussed above, some workers had reported the occurrence of “alien” MHC mole-
cules on the surface of neoplastic cells. While this concept is open for discussion, there are sev-
eral concrete examples of altered expression and structure of MHC molecules on neoplastic
cells. Mutations within both HLA class I genes (Koopman et al., 1999) as well as class II deter-
minants (cf. Möller and Hämmerling, 1992) have been described. In addition, alterations in
chromatin structure of the MHC genes in neoplasms of mice have been described (Maschek et
al., 1989). A somewhat unique mechanism for neoplastic cells to escape MHC restricted toxicity
is the expression of HLA antigens that normally are expressed only on the placenta, specifically
HLA-G. This MHC form apparently does not function well in antigen presentation for the re-
mainder of the cell types in the organism, but does prevent the action of natural killer (NK) lym-
phocytes in effecting the destruction of neoplastic cells that do not express other HLA forms
(see below; Paul et al., 1998). In some instances, neoplastic cells express very low levels of
MHC class I determinants in amounts that are insufficient to trigger a normal T-cell response
(Cohen and Kim, 1994). Furthermore, in experimental situations prostaglandins downregulate
the expression of specific MHC antigens in neoplastic cells (Arvind et al., 1995).

Far more common than the few examples given above is the fact that the majority of neo-
plasms do not express or downregulate MHC class I and class II antigens. One of the earliest
recognitions of this fact was the finding that cells transformed by adenovirus type 12 have a
markedly reduced or almost absent expression of MHC class I antigens after infection (Bernards
et al., 1983). As a result, such cells were not recognized by the immune system because of the

Table 19.10 Mechanisms of Evasion of the Immune System by Neoplasms

1. Host may not express appropriate or sufficient MHC molecules to bind and present antigen
2. MHC expression may be downregulated or ineffective

Virus infections
Cellular oncogenes

3. Neoplasms may express antigens in a tolerable form
Neonatal tolerance (like self)
Lack of proper costimulators, B7-1 and/or B7-2 leading to anergy
Clonal deletion

4. Antigen modulation
“Hiding” of the antigen from antibodies that then do not destroy the cell

5. Antigen masking
Glycosylated molecules that are produced at high levels in tumor cells and/or α globulins produced 

by host. These molecules can surround the tumor antigen so that it is inaccessible to the immune 
cells. Neoplasms can shield themselves in a fibrin “cocoon” by activating a coagulating system.

“Blocking” antibodies
Complement resistance

6. Antigens shed by neoplasm can interact with other immune responses (mechanism unknown)
7. Induction by suppressor cells that downregulate Thelper cells. Th2 cells > Th1 cells

“Sneaking through” by small neoplasms—insufficient antigen to trigger cytolytic immune response, 
but may trigger Tsuppressor cells

8. Immunosuppression may be induced by products of the neoplasm or other chemical, physical, or viral 
agents
TGFβ is secreted by many neoplasms and inhibits many lymphocyte and macrophage functions
Fas ligand production by neoplastic cells
Prostaglandin production by neoplastic cells
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failure to present antigenic peptides in the MHC molecules to the T-cell receptor. Following this
finding, a variety of other viral infections have been shown to produce similar effects by a vari-
ety of different mechanisms (cf. Rinaldo, 1994). A sample of the frequency of MHC downregu-
lation in human neoplasms may be noted in Table 19.11, which depicts a large number of
neoplasms from a variety of different histogenetic origins (Algarra et al., 1997). The loss of ex-
pression of MHC antigens is also associated with the natural history of neoplastic development.
Marx et al. (1996) demonstrated that the majority of adrenocortical adenomas still express MHC
class II antigens, whereas such expression is abrogated in all of the carcinomas of this tissue that
were examined. Similarly, metastases from primary melanotic lesions exhibited a greater down-
regulation of HLA class I antigen expression, as well as molecules necessary in the pathway of
antigen presentation (Kageshita et al., 1999). This loss of MHC antigen expression in the stage
of progression is seen diagrammatically in Figure 19.21, as evidenced from immunohistochemi-
cal studies of the development of lesions from the stage of promotion to that of progression
(Garrido et al., 1993).

Mechanisms of Altered MHC Expression

Because of the considerable complexity of the expression of HLA antigens and their immuno-
genic peptides, one might conclude that a variety of different mechanisms will lead to the loss of
MHC expression in neoplastic cells. Figure 19.22 presents a brief diagram of potential alter-
ations that can lead to the lack of cytotoxic T-cell recognition of antigens presented on the sur-
face of neoplastic cells. As noted, alterations in the digestion of the antigen by the proteasome
because of the lack of the LMP-2 and LMP-7 subunits of the complex (cf. Figure 19.14) or the
elimination of the transporter proteins, TAP-1 and TAP-2 or defects in any of these proteins lead
to little or no expression of the MHC antigen with its appropriate immunogenic peptide. Further-
more, alterations in the transcription of MHC genes can occur as the result of mutational or ex-
cessive expression of protooncogenes including ras (Weijzen et al., 1999), myc (Schrier and
Peltenburg, 1993), and NF-κB–binding activity to the promoter region of class I genes (Blanchet
et al., 1992). Another mechanism of altered MHC expression is the loss of β2-microglobulin
synthesis and expression. As we have previously noted (Figure 19.16), this molecule is an essen-
tial component of MHC class I antigens, and in its absence there may be either a lack of expres-
sion of the major MHC class I molecule or the expression of the latter may produce an abnormal
MHC class I molecule. In either event, the T-cell receptor does not recognize the abnormal pro-
tein (cf. Ljunggren, 1992).

Table 19.11 Frequency (%) of HLA Class I Altered Phenotypes in Invasive Neoplasms

HLA Loss Breast Cervix Colon Larynx Melanoma Pancreas Prostate

Total losses 52 18 21 9 16 12 34
HLA-A locus losses 4 3 8 19  19 ND

HLA-B locus losses 8 19 5 16  10 8 ND
HLA-A+B loci losses 9 2 5 9  ND
HLA allelic losses 15 21 26 26 25 NDa

aND, not determined.
Adapted from Algarra et al., 1997, with permission of the authors and publisher.

51
Total 88 63 65 79 51 39 85
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Perhaps paramount among such alterations is the basic process of the stage of progression,
that of evolving karyotypic instability. Such has been argued as the critical mechanism for the
alterations in MHC expression seen in neoplastic cells, allowing their evasion from the host im-
mune system (Ellem et al., 1998).

Host Tolerance to Antigens of Neoplastic Cells

Any consideration of tolerance of the immune system to specific antigens must take into account
the distinction between “self” antigens and “non-self” antigens. In the normal condition, the host
immune system is tolerant to self antigens, which consist of MHC antigens with their peptide
ligands derived from normal tissues that are available to the immune system during fetal and
early neonatal life. Non-self antigens are those originating in the external environment as well as
those in immune privileged sites such as the testis or anterior chamber of the eye. These latter
sites constitutively express Fas ligand, which interacts with any T cells contacting such tissues,
resulting in the death of the interloping T cell (cf. Sotomayor et al., 1996). While the mechanism
of the development of tolerance of T cells to self antigens is not entirely clear (Antonia et al.,
1998; Basten, 1998; Sakaguchi, 2000), the immune system of the adult does not normally react
to self antigens. As we shall see below, however, the phenomenon of autoimmunity may result
from a failure of one or more of the mechanisms of self tolerance, with the resultant production
of various disease states.

Since neoplastic cells for the most part express self antigens, the presentation and process-
ing of such antigens would not be expected to induce alterations in the immunobiology of the
host–tumor relationship. However, tolerance to some fetal antigens such as CEA or α-fetopro-

Figure 19.22 Diagram of defects in MHC class I-restricted antigen processing in neoplastic cells. The
defects noted inclu*de (a) downregulation of LMP2 and LMP7 expression and; (b) downregulation of
TAP-1 and TAP-2 and/or alteration in the expression of MHC class I antigen proteins. As noted earlier
(Figure 19.14), loss of LMP2 and LMP7 expression blocks the generation of specific peptide epitopes.
Loss of TAP-1 and TAP-2 blocks or prevents the transport of peptide epitopes from the cytoplasmic com-
partment into the endoplasmic reticulum, where it comes into association with the MHC protein. Any one
or all of these defects may result in the lack of expression of MHC molecules carrying appropriate peptide
epitopes, thus preventing an interaction with cytotoxic T cells. (Modified from Khanna, 1998, with permis-
sion of the author and publisher.)
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tein occurs in the host during neonatal life, thus abrogating a T-cell response to such antigens
when they are expressed in neoplasms in the adult. Tolerance to specific antigens on neoplastic
cells that might be considered non-self by the immune system may also occur by several other
mechanisms. Clonal deletion of small numbers of T cells when confronted with an excess of
antigen occurs presumably via apoptosis (cf. Starzl and Zinkernagel, 1998). T-cell deletion may
also result from reactions with “superantigens,” which may occur on some viruses such as the
mouse mammary tumor virus (see below).

Peripheral tolerance of T cells to specific antigens may also occur through the induction of
anergy, i.e., the nonresponsiveness of T cells to an antigenic signal. This phenomenon has been
reported in several instances when cytotoxic T cells may interact with neoplasms expressing a
non-self antigen through the MHC protein but lacking costimulatory molecules needed for the
complete interaction of the cytotoxic T cell with the target tumor cell (Kabelitz, 1997). One such
family of costimulatory molecules, the B7 family, is upregulated on B cells and antigen-present-
ing cells shortly after activation of such cells. These molecules interact with specific receptors,
CD28, for members of the B7 family, found on the vast majority of T cells. Neoplastic cells
frequently lack such costimulatory molecules and are thus unable to elicit substantial T-cell re-
sponses, even when sufficient amounts of relevant MHC molecules are present (Kabelitz, 1997).
Thus, the lack of such costimulatory molecules can lead to T-cell anergy, i.e., failure of T-cell
response even with appropriate MHC antigens and peptide presentation. In at least one study, the
development of antigen-specific T-cell anergy appears to be an early event during tumor pro-
gression (Staveley-O’Carroll et al., 1998).

Clonal deletion of T cells as a result of interaction with neoplastic cells may occur by at
least two mechanisms. The first, described above, is the formation on the neoplasm of a superan-
tigen that is capable of stimulation of T cells but circumventing the requirement for strict MHC
restriction. Furthermore, processing of superantigens by the antigen-presenting cell is not re-
quired. A diagram of the interaction of a superantigen with the T-cell receptor and MHC com-
plex on an antigen-presenting cell is seen in Figure 19.23. Presentation of superantigens requires
MHC class II antigens on the presenting cell, but there is less specificity than is seen with usual

Figure 19.23 Schematic representation of the complex between a superantigen, the T-cell receptor, and
an MHC class II protein on an antigen-presenting cell. As noted, the superantigen does not present itself
within the cleft of the MHC but rather binds to the β chain of the T-cell receptor and components of the
MHC class II protein. (Adapted from Herman et al., 1991, with permission of the authors and publisher.)
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MHC-restricted responses (cf. Herman et al., 1991). While superantigens activate T cells, they
also are capable of eliminating T cells with specific components of the T-cell receptor, particu-
larly the β chain (Figure 19.23). Expression of the superantigen on cells with the integrated
mouse mammary tumor virus genome resulted in the deletion of specific T-cell clones; this is
thought to be critical in the productive infection by the virus and the ultimate formation of ma-
lignant neoplasms (Ross, 1997).

Another mechanism for deletion of T-cell clones reactive against specific antigens on neo-
plasms is the production of the Fas ligand by the neoplasm. Interaction of such neoplastic cells
with T cells can result in the release of the Fas ligand, which interacts with the Fas receptor on
the surface of all T cells, leading to their apoptosis (Chapter 17). Increased expression of the Fas
ligand on neoplastic cells has been reported with several different neoplasms in both animals and
humans (cf. Sotomayor et al., 1996; Shiraki et al., 1997; Strand and Galle, 1998).

Antigenic Modulation and Masking

In 1968, Old and associates (1968) described the phenomenon of “antigenic modulation” as the
antibody-induced resistance to the cytotoxic action of antibody plus complement. This phenom-
enon appears to be associated with the redistribution of antigen-antibody complexes on the cell
surface. In the original experiments by Old et al. (1968), neoplastic cells expressing a specific
thymocyte antigen (TL) incubated in the presence of the antibody to the antigen lost the expres-
sion of the TL antigen. Simultaneously, there was an increased expression of H-2-D antigens.
This modulation was temperature-dependent and inhibited by actinomycin D, suggesting that
RNA synthesis is required for the process. Later studies showed that complete clearance of the
antigen-antibody complex from the surface of the cell was not required, even in the presence of
both specific antibody and complement (Gordon and Stevenson, 1981). It was clear from these
studies, however, that neoplastic cells may escape from the antibody-complement reaction by
the elimination of most or all of the complexes formed with specific antigens on the surface of
the neoplastic cell, thus abrogating the humoral response to the neoplasm. This phenomenon
was reportedly a factor in the failure of treatment of lymphocytic leukemia with anti-idiotypic
antibody (Gordon et al., 1984). In addition, some neoplastic B cells retain their capability for
hypermutations (see above) and may change the expression of the idiotype on the surface of the
B cell, thus becoming unresponsive to anti-idiotype antibody therapy (Raffeld et al., 1985).

Another method of interference of the interaction with antigens on neoplasms and anti-
bodies or cytolytic T cells is that of “masking” of the antigen on the neoplastic cell, so that it is
not “seen” by the immune system. Earlier studies (cf. Apffel and Peters, 1969) found that a
group of glycoproteins found in the slow-moving α2-globulin electrophoretic class became asso-
ciated with the surface of neoplastic cells, thereby affecting the antigenicity of the neoplastic cell
as well as the entire immunologic response of the host to the neoplasm. These authors termed
such proteins symbodies. Such proteins appear in the plasma in response to wound repair as well
as regeneration. Their synthesis is mediated by hormones from the adrenal cortex and thus is
likely to be related to the “stress” response of the host to the neoplasm, as seen in cachexia
(Chapter 17). Since then, a number of other materials found circulating in the plasma, mostly
proteins, appear to have similar direct inhibitory effects between the immune system and surface
antigens of the neoplastic cell. The Hellströms and their associates (Hellström and Hellström,
1979) demonstrated factors in the serum of patients that are protein in nature and possibly con-
tain antibody structures. These factors appear to prevent the action of sensitized T lymphocytes
on neoplastic cells. They term such proteins blocking factors, which serve to coat the surface of
neoplastic cells, thus preventing the reaction of cellular and humoral immunity from occurring
in response to antigens on the neoplastic cell. The molecular nature of such “blocking factors”
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appears to be more complex than simple excess immune globulins, possessing both specific and
nonspecific components, including tumor antigens (Rao and Bonavida, 1977), antigen-antibody
complexes (cf. Robins and Baldwin, 1978), and other as yet unidentified components (cf. Hell-
ström and Hellström, 1979). Furthermore, some of these and other plasma components as well
as materials produced by the neoplastic cells themselves (cf. Sedlacek, 1994) lead to a resistance
of neoplastic cells to the effect of complement, which is necessary for the effectiveness of anti-
body-induced cytotoxicity (Jurianz et al., 1999).

In addition to antigen modulation and antigen masking, neoplasms, both through apopto-
sis and possibly normal rapid cell replication, shed molecular components of the neoplastic cell
into the circulation. While the phenomenon has been best documented in experimental situations
(cf. Raz et al., 1978; Viñuela et al., 1991), a potentially similar finding has been described in
both animals and humans—i.e., the formation of immune complexes between antibodies and
circulating antigens of neoplastic cells (cf. Salinas et al., 1983). Such circulating complexes ap-
pear to have immunosuppressive effects and may produce significant physical changes in the
organism, especially in leukemia (Sutherland and Mardiney, 1973) and myelomas (cf. Dhodap-
kar et al., 1997). The binding of the extracellular matrix protein laminin to neoplastic cells inhib-
its not only cytotoxic T cells but also the effects of NK cells (Hiserodt et al., 1985). Perhaps the
most overlooked factor unique to neoplasms is a persistent antigen overload to the host. This
includes many of the factors mentioned above as well as the number of individual neoplastic
cells or clusters occurring in veins draining various neoplasms such as those of the colon, ovary,
stomach, breast, and others, sometimes on the order of 5 to 50 cells or more per milliliter of
blood (cf. Smith, 1994).

Suppressor Cells and Factors Downregulating the Host Immune Response 
to Neoplasia

While there still may be some question as to the exact actual existence of suppressor T cells
(cf. Arnon and Teitelbaum, 1993), there is also ample evidence arguing for the existence of
such cells and their importance in the immune response, as cited by these authors and others
(Dorf et al., 1992; North, 1985; Hoover et al., 1990), as well as the existence of macrophages
exhibiting suppressor effects on the immune response (Walker et al., 1993). The effect of such
suppressor T cells can be readily seen in the growth of some transplanted neoplasms following
the initial inoculum. A diagram of this is seen in Figure 19.24. Other studies (e.g., Hoover et al.,
1990) utilized the alkylating agent cyclophosphamide to inhibit the generation of suppressor T
cells when used at very low doses.

Almost four decades ago, a number of authors (cf. Prehn, 1977) noted that a transplant of
an antigenic neoplasm may fail to produce effective immunity against its own growth if the inoc-
ulum is sufficiently small. A diagram of such an experiment with a variety of different sizes of
cell inocula of a transplanted neoplasm in mice is seen in Figure 19.25A. With relatively small
inocula, 100 to 500 cells, a substantial number of animals develop neoplastic growths, signifi-
cantly more than animals receiving only 5- or 10-cell inocula. However, the surprising effect was
that at doses of 1000 or 10,000 cells, relatively few animals developed neoplasms—in fact, a
number quite comparable to those receiving only 5 or 10 cells. At doses of 100,000 or 1 million
cells, almost 100% of the animals developed neoplasms, presumably because this large number
overcame any immunological host resistance. This “sneaking-through” effect was completely
abrogated by pretreatment of the animals with low doses of cyclophosphamide, as seen in Figure
19.25B. As noted in the latter figure, the alkylating agent also appeared to depress to some ex-
tent the overall immune response of the host to the transplanted neoplasm.
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Contributory to this suppressive effect, although not entirely explained, is the potential
that neoplastic cells, especially small inocula, induce a far greater Th2 than Th1 cell response
(Table 19.3). Since the Th2 response is directed primarily toward humoral immunity, which has
distinctly less efficacy in eliminating neoplastic cells than the cell-mediated immunity of the
Th1 response, a similar phenotypic response might be the result of variable Th2 and Th1 re-
sponses to the various-sized inocula. In any event, different subsets of lymphocytes and probably
macrophages are involved in the neoplastic cell-induced abrogation of a potential immune re-
sponse to antigens within the neoplasm.

Immunosuppressive Factors in the Immunobiology of the 
Host-Tumor Relationship

In addition to all of the various methods whereby neoplasms evade the immune system, there is
a rather large area generally classified as immunosuppression by products of neoplasms or the

Figure 19.24 Diagram of the kinetics of the generation of effector and suppressor T cells during the
growth of an immunogenic neoplasm following transplantation. In this experiment, after day 9 of neoplas-
tic growth, there is a progressive increase in the ratio of suppressor to effector T cells. (Adapted from
North, 1985, with permission of the author and publisher.)
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host, the latter resulting from the host–tumor relationship. Several cytokines and growth factors
produced both by the host and the neoplasm, although primarily the latter, have immunosuppres-
sive effects on the host response to the neoplasm. Several such prominent factors are listed in
Table 19.12. As noted in the table, several of these cytokines and growth factors augment the
effects we have already discussed, such as T-cell anergy, shift of T-helper cells toward the Th2
population, and downregulation of costimulatory molecules.

Figure 19.25 A. Incidence (% positive) of neoplasms following varying doses of Meth-A, a trans-
planted ascites neoplasm, in intact female BALB/c mice. The * bars are significantly greater than the num-
ber of neoplasms resulting from an inoculum of 104 cells. B. Incidence of neoplasms as in A after
transplantation of Meth-A cells in BALB/c female mice that had received cyclophosphamide 24 hours prior
to tumor inoculum. No evidence of “sneaking through” was demonstrated, and the number of tumor takes
was lower at the lowest doses than in A, suggesting some generalized effect on the resistance to neoplastic
growth. (Adapted from Gatenby et al., 1981, with permission of the authors and publisher.)
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In addition to these cytokines, several other molecular species serve to suppress the im-
mune response of the host to the neoplasm. These include prostaglandins (Bankhurst, 1982; cf.
Wojtowicz-Praga, 1997), gangliosides shed from neoplastic cells (Heitger and Ladisch, 1996;
McKallip et al., 1999), and micromolecular degradation products of fibrinogen (Girmann et al.,
1976). The effect of prostaglandins may be related to the chemopreventive effect of prosta-
glandin synthetase inhibitors on the development of neoplasms (Chapter 8). Interestingly,
Ladisch et al. (1994) suggested that gangliosides with shorter fatty acyl chains are most immuno-
suppressive and are known to be preferentially shed by neoplastic cells. Other immunosuppres-
sive factors have also been described, both well and partially characterized (cf. Sulitzeanu,
1985). An interesting immunosuppressive effect as yet not totally characterized is an apparent
defect in macrophage chemotaxis seen in patients with neoplastic disease, presumably mediated
by a serum-borne molecule (Walter et al., 1986).

SUCCESSES OF THE IMMUNOBIOLOGICAL HOST–TUMOR RELATIONSHIP

Although, as evidenced from Table 19.10 and discussed above, there are a variety of mecha-
nisms for the neoplastic cell to evade the immune response of the host, there are also a number
of examples of successful immunological responses of the host to the neoplasm. Several of the
more important of these are considered below.

Immunosurveillance

More than 40 years ago, Thomas (1959) suggested that the host possessed a normal homeostatic
cellular mechanism active in eliminating non-self antigenic components such as parasites, mu-
tated cells, and neoplastic cells. This concept predicted that patients with immunodeficiency not
only would be more susceptible to parasitic infections but should be expected to be quite suscep-
tible to the development of malignant disease. Later studies by Good (1971) and associates

Table 19.12 Immunosuppressive Effects of IL-10, TGF-β, and VEGF on the Immune 
Response of the Host to the Neoplasm

Key: CTL, cytotoxic T lymphocyte; IL, interleukin; TGF-β, transforming growth factor β; Th, T
helper; VEGF, vascular endothelial growth factor.
Adapted from Chouaib et al., 1997.

Effect TGF-β IL-10 VEGF

Inhibition of T-cell growth + – +
Inhibition of CTL differentiation + + +
Inhibition of cytokine production + + –
Induction of T-cell anergy + – –
Downregulation of cytotoxic potential + + –
Inhibition of antigen presentation + + –
Shift in the Th1-Th2 balance toward Th2 + + –
Downregulation of adhesion/costimulatory molecules + + –
Resistance to CTL-mediated lysis – + –
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demonstrated that this was so in that genetic defects of the immune system usually rendered
such patients highly prone to the development of neoplasms, although these neoplasms were
almost always of cells from the immune system. Application of this concept to neoplasms was
articulated by Burnet (1970), who predicted the occurrence of tumor-specific antigens and T
cell–dependent elimination of neoplastic cells. Further substantiation of this concept came from
the widespread therapeutic use of organ transplantation with associated chemical and radiologi-
cal immunosuppression in order to obtain reasonably functioning transplants in the face of the
host immune defenses. As a result of a survey, it has been shown that the incidence of lympho-
mas in such transplant patients is approximately 25 times higher than in the normal population
(Fraumeni and Hoover, 1977). In one specific instance, that of reticulum cell sarcoma, the inci-
dence of this neoplasm in patients who had been immunosuppressed for organ transplants was
350 times higher than in the normal population (Hoover and Fraumeni, 1973). The dramatic in-
crease in neoplasia, especially lymphomas and particular Kaposi sarcoma in AIDS patients
(Spina et al., 1999), who are immunosuppressed as a result of the action of the HIV virus (Chap-
ter 12), is further evidence for the existence of an immunosurveillance mechanism in the tumor-
bearing host. In addition to these types of neoplasms, an increase in epithelial neoplasms also
occurs in immunosuppressed patients, usually for transplantation (Penn, 1993). While in the
case of lymphomas and Kaposi sarcoma one can make a case that these are primarily virus-
induced neoplasms with immunosuppression of the host allowing the infection to proceed, it is
difficult to make such a case for many epithelial neoplasms whose incidence is increased follow-
ing active immunosuppression.

The discovery that a recessive mutation, the so-called nude mouse, results in a virtually
complete absence of thymic development has offered another system in which to study neoplas-
tic growth in the absence of cell-mediated immunity. The T cell–mediated response of such mu-
tant animals is essentially nonexistent, yet the incidence of spontaneous carcinomas and
neoplasms other than those of the immune system is actually no different from that of nonmutant
controls and laboratory mice in general (cf. Stutman, 1979). On the other hand, if newborn nude
mice are inoculated with polyomavirus, they develop more neoplasms faster than would a mouse
with an intact immune system under the same circumstances (cf. Vandeputte, 1982). These find-
ings in this mutant mouse are similar to those seen in the immunodepressed human with the
exception of the lack of spontaneous carcinomas. However, it must be remembered that the NK-
cell response of the nude mouse is perfectly normal. This fact may be very important in the lack
of spontaneous carcinogenesis, as we shall note below. Immunosurveillance in the host may also
be mediated by NK cells, macrophages, and antibodies occurring naturally within the plasma of
the host (cf. Wheelock and Robinson, 1983). Furthermore, immunosurveillance is a likely mech-
anism for the dormancy seen with a number of neoplasms (Chapter 10). The fact that some neo-
plasms, such as those of the breast or melanoma, may recur many, many years after apparent
successful treatment of the primary growth may be, at least in part, owing to immunosurveil-
lance. Experimental studies have suggested that the dormant state is mediated predominantly by
cytolytic T cells, although long-term maintenance of this situation likely requires the additional
presence of macrophages (cf. Stevenson, 1991).

Cell Populations Potentially Active in Immunosurveillance Toward Neoplasia

Although the host fails to respond in many instances to the neoplasm by the usual T- and B-cell
mechanisms as outlined in Table 19.10, several cell populations appear to be effective in recog-
nizing and eliminating neoplastic cells.
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Natural Killer Cells

As discussed earlier in this chapter, NK cells are likely derived in the bone marrow from a com-
mon precursor with T cells. NK cells have clearly distinctive characteristics, both morphologi-
cally and biochemically. While T cells carrying the T-cell receptor recognize and respond to
MHC antigens bearing peptide epitopes, NK cells are inhibited in their activity and replication
by such MHC complexes. This inhibition is mediated by receptors of somewhat limited diver-
sity, that recognize distinct MHC class I antigen epitopes and are shared by a large number of
MHC alleles (Seebach and Waneck, 1997; Raulet, 1999). Therefore many have argued that NK
cells are the basis of host immunosurveillance, since the NK cell can play a major role in the
host immunity to many neoplasms as well as certain virus infections. In these instances, the
downregulation of the MHC class I and class II antigen would eliminate the inhibitory effect of
these antigens on NK-cell activity toward such cells, thus allowing for the destruction of these
cells. Studies have strongly suggested that such destruction occurs through the perforin pathway
(Figure 19.19) (van den Broek et al., 1995). However, NK cells do produce cytokines including
TNF-α and interferon-γ, the latter also involved in the activation of NK cells in the presence of
other cytokines such as interleukin-2 (Naume and Espevik, 1994).

As might be expected, neoplastic cells with the greatest downregulation of MHC anti-
gens—namely, metastatic lesions well into the stage of progression—are more susceptible to the
effects of NK cells. This has been shown in genetic systems in mice that are deficient in NK
cells (Talmadge et al., 1980), where metastases of transplanted neoplasms normally sensitive to
natural killer activity were much more extensive than in wild-type mice. Other studies showed
similar effects in in vitro and in vivo systems, even with human cells (Hanna, 1985). Thus, in a
heterogeneous population of neoplastic cells in vivo, it would be those cells that are least differ-
entiated, exhibiting the greatest downregulation of MHC antigens, that would be susceptible to
NK cell–mediated lysis (cf. Uchida, 1986). However, animals with a large tumor burden exhibit
impaired NK-cell cytotoxicity (Boom et al., 1988); in another model system, NK cells appar-
ently play a significant role early in the growth of the neoplasm, fostering the generation of anti-
neoplastic cytotoxic T cells (Kurosawa et al., 1995).

Macrophages, Dendritic Cells, and Antigen-Presenting Cells

Of the monocyte-macrophage-dendritic cell group, it is the dendritic cell that is most efficient at
presenting antigen to naïve T cells and stimulating their proliferation in response to specific
MHC-bound peptide epitopes. It is only in the last two decades that the dendritic cell has been
distinguished from the monocyte found in the circulation and from the macrophage, a primarily
phagocytic cell. While the latter two cell types presumably may act as antigen-presenting cells,
they are 1% to 10% as effective as dendritic cells in antigen presentation. Dendritic cells are
characterized morphologically by the presence of numerous membrane processes that can ex-
tend for hundreds of micrometers from the cell. Such cells are far more effective at pinocytosis
of soluble antigen than macrophages or monocytes, while the latter are more efficient at phago-
cytosis of large particles such as cellular debris and bacteria (cf. Fong and Engleman, 2000).
Dendritic cells also occur from a variety of hematopoietic lineages, including monocytes, granu-
locytes, T cells, B cells, and others. They are found in a variety of tissues including the skin,
intestinal mucosa, lymph nodes, and spleen. As expected, dendritic cells from different precur-
sor lineages exhibit different populations of antigens and receptors on their surfaces (Björck,
1999). Thus, the principal role of the dendritic cell in the immunological host–tumor relation-
ship is the processing of antigens and presentation to various T-cell populations, which would
then interact with appropriate neoplastic cells provided they carry the MHC class I or class II
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protein antigens. However, there is substantial evidence that the less efficient antigen-presenting
cells, particularly macrophages, have the ability to recognize neoplastic cells selectively and ei-
ther destroy them or impede their growth (McBride, 1986; Fauve, 1993). Activation of macro-
phages occurs through their interaction with cytokines, particularly interferon γ (cf. Killion and
Fidler, 1998).

Macrophages occur within neoplasms in both animals and humans. Normann (1985), from
a number of different published reports, suggested that intratumoral macrophage density was
related to tumor growth, as seen diagrammatically in Figure 19.26. It appears that macrophage
killing of neoplastic cells involves a process that can discriminate between neoplastic and nor-
mal cells by a process independent of MHC antigens, tumor-specific antigens, the cell cycle, or
the histogenetic phenotype of the transformed cell (cf. Whitworth et al., 1990). Neoplasms that
are regressing, possibly through some degree of apoptosis, usually exhibit macrophages
throughout the neoplastic tissue; however, in those neoplasms that are proliferating and continu-
ing in the stage of progression, especially sarcomas, macrophages are confined to the periphery
of the neoplasm (cf. Killion and Fidler, 1998). Normann (1985) reported that the induction time
of neoplasms in rodents varies with their macrophage content; the more rapidly growing neo-
plasms are those containing fewer infiltrating macrophages. However, the accumulation of mac-
rophages in neoplasms does not necessarily correlate with the metastatic properties or the
immunogenicity of the neoplasms. In some instances, the presence in the neoplasm of nonacti-
vated (noncytotoxic) macrophages may actually enhance the growth of the neoplasm (cf. Killion
and Fidler, 1998).

While the mechanism of this antineoplastic effect of macrophages is not understood, some
evidence suggests that macrophage recognition of plasma membrane phosphatidylserine is at
least correlated with an increased binding of macrophages to neoplastic cells. Since the mecha-
nism for the specific recognition by activated macrophages of neoplastic cells is nonimmunolog-
ical and requires cell-to-cell contact, it would appear that some membrane recognition

Figure 19.26 Diagrammatic representation of macrophage density within neoplasms during growth. Of
the four phases indicated, phases I and II have been demonstrated for micrometastases and might be pre-
sumed to exist for carcinoma in situ as well as early invasive neoplasms. Phases III and IV have been dem-
onstrated for autochthonous and transplanted neoplasms and phase IV for metastases. (Adapted from
Normann, 1985, with permission of the author and publisher.)
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phenomenon of activated macrophages towards neoplastic cells is related to this immunological
host–tumor relationship.

There have also been relationships between dendritic cells in human neoplasms and the
prognosis of the lesion. Zeid and Muller (1993) demonstrated that well-differentiated squamous
cell carcinomas of the lung contained a much higher density of a specific type of dendritic cell,
the Langerhans cell, than did poorly differentiated lesions. Another interesting neoplasm in the
human in which the immunocytic infiltrate is directly related to the prognosis is breast carci-
noma displaying a considerable infiltration by lymphocytes and monocytes. Such neoplasms are
termed medullary carcinomas (Figure 18.11). While the infiltrate contains a variety of T cells,
both suppressor and cytotoxic, macrophages and NK cells are also seen in the intraneoplastic
cell population (Naukkarinen and Syrjänen, 1990). In line with the relatively favorable progno-
sis of such lesions, significant apoptosis of neoplastic cells was also demonstrated in medullary
carcinomas of the breast (Grekou et al., 1996).

Dendritic Cells, Suppressors, and Ultraviolet Epidermal Carcinogenesis

As discussed in Chapter 13, ultraviolet radiation is a known carcinogen for both humans and
animals. More than six decades ago, Roffo (1933) and Rusch et al. (1941) demonstrated that
ultraviolet radiation, particularly UVB lying within the range of 275 to 315 nm, was carcino-
genic for the epidermis of both mice and rats. Later studies by Kripke (1974) demonstrated the
interesting phenomenon that in syngeneic mice, epidermoid carcinomas induced by UVB were
quite immunogenic and could not be readily transplanted into nonirradiated syngeneic hosts.
However, transplants into UV-irradiated hosts readily grew, even after relatively short exposure
to UV radiation (Figure 19.27). Not shown in the figure is the fact that epidermal neoplasms
developing after UV irradiation do not grow when transplanted into nonirradiated hosts (see
above). This fact indicates that the host-immune response is quite effective against this particular
neoplasm in this species. Other studies have also demonstrated that chronic UV irradiation en-
hances carcinogenesis by benzo[a]pyrene-induced (Gensler, 1988) and N-methyl-N′-nitro-N-ni-
trosoguanidine–induced skin cancers in similarly irradiated mice (Gensler, 1992). The latter
experiment indicates that the chronic UV irradiation effect is not mediated through activation of
the chemical carcinogen. Furthermore, UV radiation does not suppress the normal or inducible
NK-cell activity in association with the appearance of the epidermal carcinomas in mice (Steer-
enberg et al., 1997).

Cutaneous Immunity and Ultraviolet B Radiation

As expected, because of the strategic location of the skin as an interface with the environment,
this organ has its own components of the immune system, as outlined diagrammatically in Fig-
ure 19.28. Langerhans cells are virtually eliminated or markedly reduced from skin exposed to
UVB radiation (Streilein et al., 1994; Thiers et al., 1984; Meunier, 1999). The inhibition of anti-
gen-presenting activity of dendritic cells resulting from UV radiation in the skin appears to be
dependent on UV-induced DNA damage in the cutaneous antigen-presenting cell population
(Vink et al., 1997). Contact hypersensitivity to various antigens is lost from the area of skin that
is subjected to the UV radiation (cf. Streilein et al., 1994). Such cells appear to have lost the
ability to present antigens to T cells, resulting in the failure of the induction of Th1 responses but
still allowing Th2 responses to occur (Simon et al., 1990; Cruz, 1992; cf. Meunier, 1999). A
direct test of this conclusion is seen in Table 19.13. These studies then underline the importance
of the role of Langerhans cells in the skin in presenting antigen, including tumor antigens, from
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epidermoid carcinomas to the immune system, with subsequent rejection of the transplant in the
case of the UV-induced carcinomas.

Ultraviolet-Mediated Immunosuppression

Since the transplantation of UV-induced epidermal carcinomas in mice could be accomplished
virtually anywhere in the organism, it was clear that the effects of UVB irradiation were not
simply local, as suggested by the failure of contact hypersensitivity only in regions of UV radia-
tion. It now appears that there are several mechanisms for such generalized immunosuppression
by UV radiation. The first of these is the fact that suppressor T cells that are specific for the UV
radiation–induced neoplasms (Trial and McIntyre, 1990) have been induced in the organism as a
result of UV radiation. This may be because a different population of antigen-presenting cells in
the skin, relatively nonsusceptible to UVB irradiation, can act as antigen-presenting cells for
suppressor T lymphocytes that likely express the γδ T cell receptor (see below) (cf. Meunier,
1999). In addition, there is evidence that immunosuppression by UV radiation of the skin is me-
diated by the UV-induced formation of the abnormal cis isomer of urocanic acid from the prod-
uct of the action of histidine ammonia-lyase in the skin, which is the trans isomer. A diagram of

Figure 19.27 A. Time course for development of primary skin cancers and the susceptibility to the
growth of transplanted skin cancers in C3H mice continuously exposed three times per week to UVB radi-
ation. B. The percentage susceptibility of mice treated for 12 weeks (3 times per week) with UVB radiation
to the growth of transplants of UV-induced neoplasms of the skin. (Adapted from Kripke, 1986, with per-
mission of the author and publisher.)
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the reaction is seen in Figure 19.29 depicting primary metabolic products in the metabolism of
histidine in skin and the effect of UV radiation. Evidence for this hypothesis was seen in animals
having a mutant histidine-ammonia lyase gene with less than 10% of the wild-type levels of skin
urocanic acid. Such animals did not exhibit the marked UV-induced immune suppression seen in
wild-type animals (cf. Noonan and De Fabo, 1992). Other studies have also implicated TNF-α in
the immunosuppressive effect of UV radiation (cf. Meunier, 1999).

γδ T Cells in the Immunological Host-Tumor Relationship

While more than 90% of T cells possess a T-cell receptor with α and β chains (Figures 19.10 and
19.11), about 1% to 10% of T cells in the peripheral blood and lymphoid organs express γ and δ

Figure 19.28 Skin-associated lymphoid tissues (SALT) that initiate cutaneous immunity are located in
the epidermis (E) and dermis (D) and are separated by the dermal-epidermal junction (J) and the basement
membrane (BM). Dendritic cells in the dermis (DC) and Langerhans cells (LC) residing in the epidermis
are the antigen-presenting cells of the skin. The dermis contains blood vessels [capillaries (CAP) and post-
capillary venules (PCV)] and lymphatic channels. Afferent lymphatic ducts (AFF) carry lymph contents to
lymph nodes (LN) containing lymphoreticular cells and postcapillary venules. Lymphocytes exit the LN
via efferent lymphatics (EFF) into the thoracic duct (TD) and eventually into the bloodstream. (Adapted
from Streilein et al., 1994, with permission of the authors and publisher.)
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Table 19.13 Effects of UVB Radiation on the Ability of 
Langerhans Cells (LC) to Keyhole Limpet Hemocyanin 
(KLH)-specific Th1 and Th2 Clones in Vitro

Adapted from Cruz, 1992, with permission of the author and publisher.

Experimental Condition Responder Cells T-Cell Proliferation

LC + KLH Th1 +++++
UVB-LC + KLH Th1 –
LC + KLH Th2 +++
UVB-LC + KLH Th2 +++

Figure 19.29 Initial reactions in histidine metabolism indicating the effect of ultraviolet radiation in the
formation of cis-urocanic acid (UCA). (Adapted from Noonan and De Fabo, 1992, with permission of the
authors and publisher.)
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chains on their T-cell receptor. Their response to antigens is not restricted by classical MHC
class I or class II antigen, but other MHC class I-related molecules such as CD1 may serve as
antigen-presenting molecules for some γδ T cells (cf. Kabelitz, 1995). In a transgenic mouse
system, immune resistance to acute T-cell leukemias depended on γδ T cells but was independ-
ent of MHC antigen or TAP-2 peptide transporter expression (Penninger et al., 1995). There is
also evidence that γδ T cells may recognize various stress-induced or heat-shock antigens within
neoplastic cells (cf. Kabelitz, 1995; Groh et al., 1999). Some γδ T cells functioning as dendritic
antigen-presenting cells may serve to activate suppressor T lymphocytes (cf. Meunier, 1999).
However, in most instances the percentage of γδ T cells that infiltrate various human carcinomas
is relatively low, although an accumulation of up to 30% of intrahepatic lymphocytes from can-
cer patients may be γδ T cells (Seki et al., 1990). Thus, the actual role of γδ T cells in the immu-
nological host-tumor relationship is not clear at this time, but there are clear suggestions that γδ
T cells may contribute both to the host immune defense against neoplastic cells and the escape
of neoplastic cells from the host immune system.

Upregulation of MHC Expression in Neoplastic Cells

As previously discussed (Table 19.10), several different factors were important in the down-
regulation of MHC expression in both normal and neoplastic cells. This included several virus
infections as well as the expression of certain oncogenes, the latter making such cells prone to
lysis by NK cells (Versteeg et al., 1989). However, it is also apparent that several cytokines are
capable of upregulating the expression of MHC antigens in both normal and neoplastic cells.
Perhaps the best-studied of such MHC modulators are the interferons. As we shall see below,
interferons have been used in the immunotherapy of neoplasia and are particularly important in
activating natural killer cells as well as macrophages (see above). Interferons, especially inter-
feron-γ, act as transcriptional activators of MHC class I genes by inducing transactivating nu-
clear factors that bind specific interferon consensus sequences (cf. Tatake and Zeff, 1993).
Interferon is capable of upregulating both class I and class II MHC antigens in normal and
neoplastic cells, but there is significant diversity in this response in some melanomas (cf.
Kappes and Strominger, 1988). In addition to inducing the expression of MHC antigens in
some neoplasms that otherwise show essentially no expression, this cytokine can also induce
the expression of such antigens in normal cells that express virtually no or very low levels of
MHC class I antigens, as with cells in the central nervous system (Wong et al., 1984; Neumann
et al., 1995).

In addition to interferons, tumor necrosis factor α may enhance the expression of both
class I and class II MHC antigens, although reportedly, unlike interferon, this cytokine does not
induce class I expression in class I–negative neoplasms (Singer and Maguire, 1990; Pfizenmaier
et al., 1987).

A third example of the upregulation of MHC antigens that is presumably relevant to the
immunological host–tumor relationship is the finding that expression of the hepatitis B virus X
gene in both human and murine cell lines is associated with an upregulation of MHC antigen
(Hu et al., 1990; cf. Rossner, 1992). The relevance of this to the development of hepatocellular
carcinomas in patients with chronic hepatitis B virus infections is not clear at this time. How-
ever, the fact that MHC class I and class II antigens may be upregulated or induced by cytok-
ines and possibly viral products indicates that such agents are capable of overcoming the
subversion of the immune response by neoplastic cells that do not normally express HLA anti-
gens in vivo.
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AUTOIMMUNITY AND THE HOST–TUMOR RELATIONSHIP

Although Paul Ehrlich (Ehrlich and Morgenroth, 1957) argued that the organism should never
react to its own tissues, during the last century a number of diseases resulting from immune
reactions within the organism to its own or “self” antigens have now been described. A discus-
sion of the development of autoimmune disease is beyond the scope of this text; however, the
interested student may consider the following references: Schwartz, 1993; Eisenbarth and
Bellgrau, 1994; Mayes, 1999; Bach, 1995. Interestingly, Prehn and Prehn (1987) have presented
arguments that neoplasia, at least in part, should itself be considered an autoimmune disease.
However, here are considered only an artificially induced autoimmune condition leading to neo-
plastic development and its potential application as well as some examples of autoimmunity
stimulated in the host by antigens present in neoplasms. An artificial “autoimmune” disease has
been induced in rodents by the production of “runt” disease resulting from a graft-versus-host
(GVH) reaction in several mammalian species including the human. The basic requirements for
a graft-versus-host reaction in vivo are (1) the graft must contain immunologically competent
lymphocytes; (2) the host must be incapable of rejecting the graft either because of artificially
induced immunological incompetence or because the host is tolerant to the engrafted cells; and
(3) a degree of histoincompatibility must prevail between the graft and the host (cf. Seemayer
et al., 1983).

The production of the GVH reaction resulting in runt disease is outlined in Figure 19.30;
immunocompetent lymphoid and bone marrow tissues are removed from an adult animal that is
genetically distinct from the recipient neonate. The cells from the adult survive within the neo-
natal animal because the donor cells do not produce a rejection reaction in the host, owing to

Figure 19.30 Classic method for the production of “runt” disease or a graft-versus-host reaction. Immu-
nocompetent cells from the spleen, lymph node, or bone marrow are removed from an adult animal and
inoculated into a neonate. Since the neonate is immunologically deficient, it will not react to the donor
cells, but the donor cells will react to the host tissues, resulting in a graft-versus-host reaction and runt
disease with ultimate death.
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neonatal tolerance. However, the cells from the adult donor do react to the host tissues, produc-
ing both humoral and cell-mediated responses. Such a reaction of the donor cells damages the
host tissues eventually to the point of death. During this process, the young animal does not
grow—thus the term runt—and it may also exhibit other changes of the skin, tails, ears, and
internal organs. A similar condition may be produced in the adult by making the recipient toler-
ant to a small number of cells, insufficient to produce runt disease, and subsequently administer-
ing a large number of immunocompetent cells from the same donor to the original recipient
when this tolerant animal has grown to adulthood. This experimental model is analogous to sev-
eral conditions found in the human under the general category of autoimmune diseases (Table
19.14), in which both humoral and cell-mediated immunity to the host’s own tissues are pro-
duced by cellular populations within the host (cf. Theofilopoulos and Dixon, 1982).

One of the most interesting phenomena from such investigations was the description by
Schwartz and André-Schwartz (1968) and Gleichmann et al. (1976) of the development of ma-
lignant lymphomas in recipient mice undergoing a chronic GVH reaction. In this instance the
reaction is produced by the injection of the parent’s spleen cells into its own neonatal offspring
(F1). The same sequence of events occurs as is seen in Figure 19.30; however, the genotype of
the recipient is at least half identical to that of the donor. Therefore, the reaction in the host is
relatively mild, and most of the recipients survive with relatively little runting. Later in life, how-
ever, many of these animals develop lymphomas. Gleichmann et al. (1976) have demonstrated
that these lymphomas may develop from host cells, a mixture of host and donor cells, or donor
cells only, although host-type lymphomas are seen most frequently. The initiation of lymphoma-
genesis in F1 mice undergoing a chronic graft-versus-host reaction requires an immunological
reaction of donor lymphocytes, probably T cells, to incompatible H-2 gene products of the I
region on cells of the F1 recipient. In theory one would expect that the marked stimulation of the
donor cells might ultimately lead to their neoplastic transformation. However, it is known that
lymphoid cells of the host proliferate quite extensively in the GVH reaction, although the reason
for this is not entirely understood. It would appear that the lymphomas resulting from these
GVH reactions in genetically related animals are the result of chronic immunological stimula-
tion of lymphoid cells, although some evidence has indicated a role for oncogenic RNA viruses
in lymphoma production. Goh and Klemperer (1977) have presented cytogenetic evidence for
the leukemic transformation of grafted bone marrow cells in the human.

Although the model system depicted above (Figure 19.30) has no real counterpart in the
human, with possible rare exceptions, the model does mimic autoimmune disease seen in the

Table 19.14 Idiopathic Autoimmune Diseases in the Human in Association with Neoplasms

Autoimmune Disease Neoplasm(s) RR (Relative Risk) Reference

Dermatomyositis Various types RR=1.8 Sigurgeirsson et al., 
1992

Lupus erythematosus 
(systemic)

Various types
Breast in Caucasians

RR=2.0
RR=2.9

Ramsey-Goldman 
et al., 1998

Rheumatoid arthritis non-Hodgkin lymphoma
Hodgkin lymphoma

RR=2.4
RR=3.4

Mellemkjær et al., 
1996

Systemic sclerosis Lung cancer
Skin cancer (nonmelanoma)
Liver cancer

RR=4.9
RR=4.2
RR=3.3

Rosenthal et al., 1995

Thyroiditis, chronic 
lymphocytic

Lymphomas/leukemias RR=4.0 Holm et al., 1985
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human and other animals with the difference that in such diseases all cells involved are of host or
self origin. In Table 19.14 is seen a brief listing of some of the major idiopathic autoimmune
diseases in the human and their association with neoplasia. As noted, the relative risks involved
are not extremely great, but all are significant. In the case of dermatomyositis, a disease present-
ing as an inflammation of muscle and skin, the types of neoplasms found in patients with the
disease parallel those observed in the general population but overall are at a higher percentage
(Bernard and Bonnetblanc, 1993). In systemic lupus erythematosus, a disease affecting most tis-
sues in the organism, the increased risk for various types of neoplasms in general was of the
same order as that seen in dermatomyositis; however, a greater risk of breast cancer was seen in
Caucasian women with lupus, while all women regardless of race also showed an increased risk
of lung cancer (RR=3.1). In rheumatoid arthritis, a disease affecting joints, kidneys, and in later
stages other tissues, lymphomas and leukemias were the most strikingly increased neoplasms
(Mellemkjær et al., 1996). In systemic sclerosis or scleroderma, a disease affecting the skin and
lungs, even higher incidences of specific carcinomas were noted, while lymphomas and leuke-
mias were significantly associated with autoimmune thyroiditis.

While these autoimmune diseases are not considered neoplasms, they clearly, from our
understanding of the immune process, have some of the characteristics of neoplasia. It is likely
that clones of activated T and B cells act in a relatively autonomous manner to produce the reac-
tions with self antigens, resulting in the disease pictures. Even more striking are some diseases
of atypical lymphoid proliferation associated with autoimmune disease, such as “autoimmune
disease–associated lymphadenopathy” and related diseases (cf. Koo et al., 1984) that may have
the same biological basis as the idiopathic autoimmune diseases.

Already noted in Chapter 18 was the fact that neoplasms produce antigens to which the
host mounts an immune response resulting in both humoral and cell-mediated reactions in target
tissues. Similar “paraneoplastic” effects of antibodies and cell-mediated immunity induced by
the production of antigens by neoplastic tissues include autoimmune hemolytic anemias occur-
ring in association with a variety of carcinomas (Sokol et al., 1994) and chronic lymphocytic
leukemia (cf. Kipps and Carson, 1993); autoimmune mucocutaneous disease associated with
skin blistering and ulceration resulting from autoantibodies to keratin, also associated with lym-
phomas (Anhalt et al., 1990); and vasculitis resulting from antibodies to antigens within the vas-
cular system (Carsons, 1997). It is estimated that 5% of patients with vasculitis have a
malignancy. There have been suggestions that these autoimmune phenomena seen in the
host–tumor relationship could actually be utilized to induce a self immunity to the neoplasm
provided one could select the appropriate antigen as the target for the host immune system (cf.
Nanda and Sercarz, 1995; Pardoll, 1999). However, a variety of other techniques have been uti-
lized in an attempt to take advantage of the peculiar immunobiology of the host–tumor relation-
ship in attempts to prevent, cure, or eliminate the neoplastic disease in the host.

IMMUNOTHERAPY

While we have seen both immune mechanisms for the successful destruction of neoplastic cells
by the host as well as the ability of the neoplasms to escape such host immune mechanisms, the
promise of utilizing this delicate immunological balance for the control and/or elimination of the
neoplasm has not yet been realized. Our knowledge of immune mechanisms, both at the biolog-
ical and molecular level, has increased exponentially during the last two or three decades. The
use of immunotherapeutic measures, alone or in conjunction with other types of therapy, has
only rarely led to a complete cure of the disease, while surgery, radiation, and chemotherapy
have all been successful in eradication of neoplastic disease in hundreds of thousands of pa-
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tients. Despite this failure, the search for a successful immunotherapeutic regimen leading to the
cure of neoplastic disease continues at an even greater pace.

Vaccines

The first clinical use of a vaccine in the treatment of cancer was reported by Coley (1893) more
than a century ago. The vaccine consisted of extracts of pyogenic bacteria with the object of
stimulating a generalized immune response that would hopefully include the neoplasm. Since
that time, and mostly in recent years, a number of other attempts have been made to produce a
variety of vaccines aimed at inducing both cellular and humoral immunity toward antigens
within specific neoplasms and also those that induce a more generalized enhancement of the
immune response. Earlier studies simply utilized extracts or fractions of neoplastic cells, which
were injected directly into the patient with or without various adjuvants. Adjuvants consisted of
various simple or complex molecules known to enhance the immune response in general such as
killed bacteria, complex polysaccharides, and certain lipids. More recently, however, cancer vac-
cines have become better defined and are used with specific targets or purposes, such as enhan-
cing specific types of immunity. In Table 19.15 may be seen a listing of various types of
acellular cancer vaccines and their targeted neoplasm or neoplastic condition.

Since neoplasms exhibit altered surface glycoproteins and gangliosides (Chapter 15), the
potential for immunological responses to such structures is to be expected and has been demon-
strated (cf. Livingston, 1992). Modification of autologous cancer cells and components with
haptens, especially dinitrophenyl, produces altered proteins on the surface of such neoplastic
cells, resulting, presumably, in immune reactions to both hapten-modified cells and unmodified
cells. In this way, T-cell clones reactive to antigens on the surface of the neoplastic cell would be
expected to occur (Berd et al., 1998). In certain neoplasms, especially lymphomas and myelo-
mas producing excessive amounts of antibodies, use of the specific antibody produced by the
neoplastic cells as an idiotype vaccine would be expected to produce antibodies and cell-medi-
ated reactions to that specific antigen (Bianchi and Massaia, 1997). As was discussed earlier
(Figure 19.20), some mucoproteins on neoplasms are underglycosylated and thus offer potential
antigens for vaccination (Finn et al., 1995). Since specific peptide epitopes to antigens presented

Table 19.15 Cancer Vaccines—Noncellular

Vaccine Components Potential Targets

Blood group–related carbohydrate antigens Epithelial cancers, breast, etc.
Gangliosides Melanoma
Hapten-modified vaccines Metastatic melanoma
Idiotypic vaccines Follicular lymphomas
Mucins, underglycosylated Mucin-producing epithelial cancers
Peptide epitopes Melanoma, mammary and lung carcinoma
Specific intracellular gene products Prostate cancer in humans; transplanted cancers in mice

Proto-oncogenes
Telomerase
Tumor suppressor genes

Stress (heat-shock) proteins Various malignancies
Tumor-specific antigens Melanoma
Viral antigens Hepatitis B
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by the MHC proteins of neoplastic cells have now been identified, such as those related to
MAGE, GAGE, CEA, and others (Celis et al., 1995), it is possible to utilize such peptides as
vaccines in association with various adjuvant or enhancement techniques (Rosenberg, 1996).
Regressions of metastatic melanoma in patients treated with an antigen peptide encoded by the
MAGE-3 gene presented by HLA-A1 in patients have been described (Marchand et al., 1999).
Vaccines developed to proto-oncogene products, especially the ras family (Fenton et al., 1995;
Halpern, 1997), and telomerase (Minev et al., 2000), a protein virtually absent in most adult cell
types, have been used experimentally. Similarly, heat-shock proteins, when isolated from neo-
plastic cells, are usually complexed with a wide array of peptides. Such complexes have been
utilized as vaccines in a variety of animal studies (Przepiorka and Srivastava, 1998). Vaccines
against tumor-specific antigens have been employed predominantly against melanoma (Berd
and Mastrangelo, 1993). By far the most successful preventive vaccines have been with virus-
induced neoplasms, particularly hepatitis B in the human (Blumberg, 1997). Other known herp-
esviruses including the EBV and HSV-8 viruses are also potential candidates for the develop-
ment of preventive vaccines (cf. Fischinger, 1992). Clinical trials are already under way with
preventive and therapeutic vaccines for human papillomavirus-associated cervical cancers (Ling
et al., 2000).

Recently, whole cells modified either by transfection, virus infection, or hybridization
have been utilized as vaccines against specific neoplasms or more general enhancement of the
host immune response. Cellular immunity in chimpanzees to human tumor-associated mucins
has been effected by vaccination with Epstein-Barr virus–immortalized autologous B cells trans-
fected with the MUC-1 cDNA (Pecher and Finn, 1996). In another experimental system, New-
ton et al. (2000) utilized a cell line for the formation of cell hybrids after fusion with patient-
derived neoplastic cells. The hybrid cells were then irradiated to prevent their replication and
inoculated as a vaccine into patients with melanoma or adenocarcinoma. Another method of cel-
lular cancer vaccination is the transfection of neoplastic cells from the host with genes of spe-
cific antigens, cytokines, or costimulatory molecules involved in the interaction of T cells and
neoplastic cells. In experimental systems, a variety of genes for different cytokines and costimu-
latory molecules have been transfected into specific neoplastic cells (cf. Forni et al., 1995). The
rationale here is that the reinoculated cells will markedly stimulate the host-immune system to
the neoplasm containing the transfected genes as well as the identical neoplasm in the host. A
similar rationale has been used in transfecting specific antigens into neoplastic cells (e.g.,
Schweighoffer, 1996).

DNA Vaccines

The traditional cancer vaccines indicated above involve the use of protein, carbohydrate, and
lipid macromolecules administered with the intent to stimulate specifically classical immune re-
sponses to the antigens employed. However, as discussed in earlier chapters (Chapters 5, 9, and
16), it is possible to transfect DNA directly into cells either as naked DNA, along with a carrier
such as a liposome, as a component of the genetic apparatus of a virus whose genome is incorpo-
rated into the host DNA, or as part of the cellular metabolism. Based on our knowledge of the
processes of antigen uptake, processing, and presentation (Figures 19.14 and 19.15), it appeared
feasible to utilize DNA transfection in vivo as a method for vaccination against both pathogens
and neoplastic cell antigens. In Figure 19.31 may be seen a diagram of the general technology
utilized in DNA vaccination beginning with a neoplastic cell. Although this technology has thus
far been utilized almost exclusively in animals for vaccination against viruses, bacteria, and par-
asites (Kowalczyk and Ertl, 1999), some human trials of DNA vaccines have also been under-
taken, including those against specific human neoplasms (Koide et al., 2000). As noted in the
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figure, in addition to the gene of interest various other genes that allow the growth of the plasmid
in bacteria are incorporated into the plasmid as well as CpG islands, which are unmethylated as
they would be in bacteria in contrast to the methylation of such sequences seen in most verte-
brate DNA (cf. Manders and Thomas, 2000). Such sequences have been shown to stimulate in-
nate immunity because their structural characteristics are distinctly different from vertebrate
CpG islands (cf. Krieg, 2000).

Figure 19.31 Schematic diagram of DNA vaccine technology utilized to produce vaccines against neo-
plastic cells. The symbols of the components making up the plasmid vector are as follows: G, the gene of
interest taken from the neoplastic cell; MS, multicloning sites for restriction enzymes which facilitate inser-
tion of the gene; T, termination signal; R, antibiotic resistance gene needed to amplify the plasma only in
those bacteria that carry it; P, promoter sequence that initiates transcription of the gene; I, intron that en-
hances transcription of the gene of interest. The CpG island’s function is discussed in the text. (Modified
from Sasaki et al., 1999, with permission of the authors and publisher.)
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Administration of the DNA plasmid may be directly into the cell by using a variety of
techniques such as “gene guns,” intramuscular or intradermal injection, or an association with
lipid molecules in the form of structures termed liposomes (cf. Lewis and Babiuk, 1999). The
sequence of events then occurring in vivo is diagrammatically depicted in Figure 19.32 using the
example of intramuscular administration of the naked DNA. However, DNA may be presented
to other cells in the organism in vivo, or, as noted above, transfected in vitro and then implanted
into the host, as in the case of dendritic cells (see above). The figure depicts the production of
antigen by the DNA incorporated into the muscle cell genome. Presentation will be on the sur-
face as with any other cell, with subsequent acquisition of such antigen by dendritic cells and
specific activation of cytotoxic T lymphocytes. Also shown in the picture is the transfection of
cytokine DNAs that recruit dendritic cells in order to enhance the immune response to the
DNA-transfected gene, producing the antigen in the muscle cell (Giese, 1998; Biragyn et al.,
1999). Although successful in animals, it may be some time before DNA vaccines will be real-
ized for use in humans because of the potential dangers involved. These include transfection
with contaminating DNA, leading to a variety of other potential problems including the neo-
plastic transformation and the possibility that DNA vaccines might induce autoimmune disease
(Mor et al., 1997).

Another variant of DNA vaccination is to utilize viral vectors, i.e., viruses with modified
genomes that include the gene of interest. Both potentially oncogenic viruses, such as the adeno-
virus (Hu and Garen, 2000), and nonpathogenic vaccinia viruses have been used for this purpose
(Hareuveni et al., 1990; Tsang et al., 1995). In this instance, delivery to cells of the appropriate
DNA would likely be more efficient because of the normal pathogenic mechanisms of the virus,
but the potential for infection or even transformation may make this technique somewhat less
desirable.

Vaccination with Adjuvants

Over the past 200 years, physicians have noted that, on rare occasions, cancer patients who went
through a severe infection may have experienced a shrinkage and even an elimination of their
neoplasm. Based on these occasional observations, Coley utilized preparations from bacteria to
treat a variety of cancer patients (Coley, 1893). From these studies ultimately came the discovery
of the tumor necrosis factor (Chapter 17). Coley’s extensive series of well-documented cases of
successful effects of this type of treatment is quite impressive even to this date (cf. Fiers, 1991).
During the latter half of the last century, another form of such “vaccination” was utilized to treat
a variety of animal and human neoplasms. This technique was vaccination with preparations
consisting mostly of an attenuated strain of Mycobacterium bovis termed bacillus Calmette-
Guérin, or BCG. Actually, the utilization of this bacterial preparation developed from its utiliza-
tion as a vaccine for tuberculosis (Bast et al., 1974). The dramatic stimulation of the immune
system by this preparation was noted, and it thus became a candidate for use in immunotherapy
of neoplasia. While it was used in the immunotherapy of leukemias, melanoma, and some other
neoplasms (Bast et al., 1974), its usefulness never achieved its anticipated promise. Furthermore,
a variety of complications with its use have been described (Sparks, 1976), including the en-
hancement of neoplastic growth (Ishibashi et al., 1978). Other general immunostimulants that
have been used experimentally include specific fractions of mycobacteria (McLaughlin et al.,
1978) and Corynebacterium parvum, which has been used in humans (cf. Lutz, 1983).

More successful utilization of BCG has been reported in the past decade. This involves its
use by installation in the bladders of patients with low-grade transitional cell carcinoma of the
bladder. This technique has been used as a prophylaxis both against recurrence of multiple pap-
illomas that are the usual finding in such patients and also for the regression of early lesions in
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the bladder (Melekos, 1995). In general, however, nonspecific immunostimulation of the im-
mune system has not found a major place in the immunotherapy of human neoplasia.

Antibody Therapy of Neoplasia

Although polyclonal antibodies had been raised against a variety of antigens from many neo-
plasms, their usefulness in therapy was never completely realized, primarily because the anti-
body source, usually an animal, disappeared with the death of the animal or the formation of
multiple cross-reactive antibodies on repeated immunizations. In addition, the host response to
the foreign antigen (antibody) usually prevented its use after a limited time period. It was not
until the development of monoclonal antibodies that could be continuously produced in mice
and/or tissue culture or even in human cells that the antibody therapy of neoplasia became more
realistic. A diagram of the technique of producing monoclonal antibodies in mice is seen in Fig-
ure 19.33. Monoclonal antibodies specific for antigens on neoplastic cells can induce a variety
of responses, including apoptosis, interference with ligand-receptor interactions, modulation of
chemotherapeutic cytotoxic effects, and both complement-mediated and antibody-directed cyto-
toxicity (Weiner, 1999). While a number of clinical trials with various antibodies have been and
are under study (cf. Scott and Welt, 1997), one of the most successful and presently clinically
useful monoclonal antibodies is that directed toward the HER-2/neu cellular oncogene present
on the surface of a variety of neoplastic cells. This molecule is a member of the epidermal
growth factor receptor family and presumably functions as a growth factor receptor (cf. Disis
and Cheever, 1997). Most normal tissues express this protein only slightly if at all, whereas up to
34% of breast cancers overexpress the molecule, many times probably owing to amplification
(cf. Ross and Fletcher, 1999; Ménard et al., 2000). Although the use of this monoclonal antibody
therapy is usually carried out according to standard therapy, up to 37% of patients treated with
the antibody developed objective response and disease stabilization (cf. Ross and Fletcher,
1999).

Immune Conjugates in Antibody Therapy

Monoclonal antibodies to specific antigens on neoplastic cells may also be used as carriers for
specific molecules that are toxic to the cell. In theory, this would then selectively eliminate the
neoplastic cell carrying the antigen recognized by the monoclonal antibody. A diagram of such a
system is seen in Figure 19.34. A variety of different toxins conjugated to monoclonal antibod-
ies reactive with specific surface antigens have been studied (Kreitman, 1999).

In addition to the use of various toxins conjugated to monoclonal antibodies, radioactive
elements and compounds have also been utilized. In a very similar manner, as noted in Figure
19.34, an antibody containing a conjugate of a radioactive element or compound is utilized in
the same way. In this way the radioactivity enters the cell, thereby destroying it and the sur-
rounding cells. In theory, the selectivity of this type of therapy should be quite high, and several
different radioactive monoclonal antibody conjugates are now in clinical use (cf. DeNardo et al.,
1998; White et al., 1999).

Adoptive Cellular Immunotherapy

As noted earlier in this chapter, several cellular populations, notably NK cells and macrophages
as well as some dendritic cell populations, can exhibit effective immune responses against neo-
plasms. However, it was not until methods were developed to produce large populations of such
cells that could be reinfused into the autologous donor that the use of cells in the immunotherapy
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of neoplasia was realized. A major breakthrough in such techniques was the discovery of the
cytokine, IL-2, originally known as T-cell growth factor (Morgan et al., 1976). This discovery
allowed the expansion or growth of T cells and NK cells from relatively small numbers taken
from the blood of the tumor-bearing host.

Lymphokine-Activated Killer Cells

The realization of the methodology mentioned above in both animals and humans came about
within a decade of the discovery of T-cell growth factor. Mononuclear cells were isolated from
blood by a continuous-flow cell separator, allowing the reinfusion of mononuclear cell–depleted
blood back into the same patient. Some 10 to 14 L of whole blood could be processed from a
patient within 4 hours (Rosenberg et al., 1987). These cells were then subjected to one of several
schemes, an example of which is noted in Figure 19.35. The adherent lymphokine-activated
killer (LAK) cells, which were adherent to the culture dish, were those expanded by growth in
cell culture. These cells are predominantly derived from NK cells (cf. Whiteside and Herber-
man, 1990). Cumulative doses up to 1.5 × 1011 cells were administered intravenously over a
period of 4 to 14 days together with IL-2 (Rosenberg et al., 1987). The principal neoplasms
treated in this way were melanoma and renal cell carcinoma, with the average response from
eight different studies of 16% and 22% respectively (Chang and Shu, 1992). Unfortunately, a
variety of toxicities were associated with this type of therapy, and thus additional other modali-
ties have been investigated.

Tumor-Infiltrating Lymphocytes

In an attempt to enhance the specificity of the LAK cell therapy, Rosenberg and colleagues stud-
ied a system in mice in which lymphocytes occurring directly within neoplasms, termed tumor-
infiltrating lymphocytes (TILs), were cultured with IL-2 (Rosenberg et al., 1986). Their studies
showed that in mice bearing micrometastases from various types of neoplasms, TILs are 50 to
100 times more effective in their therapeutic potency than are LAK cells. In humans, 60% to
70% of patients bearing a variety of different types of neoplasms allowed for the expansion of
TIL successfully. Unfortunately, since it takes about 2 months to expand the population of TIL
to therapeutic levels, the original neoplasm has usually grown significantly during this period in
those cases in which this technique has been tried (cf. Schiltz et al., 1997). IL-2 is also adminis-

Figure 19.33 Basic steps in the production of a monoclonal antibody, beginning with the immunization
of mice with the antigen of interest. Spleen cells that express the immunoglobulin (Ig+) of interest as well
as express an enzyme used for selection, hypoxanthine pyrophosphorylribosyltransferase (HPRT+), are
fused with malignant myeloma cells maintained in culture. The latter are HPRT– and Ig–. Fusion of these
cells results in self fusion of both myeloma and spleen cells seen on the right and left respectively, as well
as a hybrid between the two cell types, seen in the middle. Utilization of a selection medium (HAT) con-
taining both hypoxanthine and thymine as well as amethopterin allows the selection of myeloma hybrids
that can bypass the amethopterin block by the presence of HPRT and thymidine kinase from the spleen cell.
The fused myeloma cell is unable to do this and dies, while the fused spleen cells tend not to grow. One
then clones the fused cell termed a hybridoma, each clone producing only a single antibody species for the
reasons discussed earlier in this chapter. From this, one may obtain large amounts of monoclonal antibody
by culture of the hybridoma cells or inoculation into mice as an ascites, which also produces large amounts
of the monoclonal antibody. Hybridoma cells may be frozen for future use. (Adapted from Levy, 1985, with
permission of the author and publisher.)
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tered together with TIL. A summary diagram of these two forms of cellular adoptive immuno-
therapy is seen in Figure 19.36.

Dendritic Cells for the Immunotherapy of Neoplasia

Methods for the expansion of dendritic cells and other antigen-presenting cells are not as effec-
tive as those for NK cells. However, it is possible to isolate such cells from both neoplasms and
normal tissues and manipulate them in cell culture. In experimental systems, bone marrow–de-
rived dendritic cells pulsed with synthetic peptides as epitopes presented on the surface of neo-
plastic cells have been used to elicit protective and therapeutic immunity to neoplasms in mice
(Mayordomo et al., 1995). Phagocytosis of apoptotic cells from neoplasms by antigen-present-
ing cells (Henry et al., 1999) and fusion of dendritic and neoplastic cells (Gong et al., 1997) have
also been methods tried with some success in experimental animals. A unique protocol that may
have direct application in the human is the immunization of bone marrow transplantation donors
with tumor antigens and the use of the transplant as adoptive therapy against the established

Figure 19.34 Diagrammatic representation of the mechanism of action of a monoclonal antibody to a
specific antigen on the surface of a neoplastic cell. The antibody is conjugated to and is carrying a bacterial
toxin, ricin A (A). The entire complex is endocytosed into the cell, and on degradation of the peptide the
toxin is released intracellularly where it inhibits protein synthesis. (Adapted from Winkler et al., 1997, with
permission of the author and publisher.)
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neoplasm (Hornung et al., 1995). In fact, graft-versus-leukemia reactions can be induced in pa-
tients with hematological cancers by allogeneic stem cell and bone marrow transplantation and
also have shown some success with renal cell carcinoma (Childs et al., 2000). In theory, such
technologies may be an ideal way to produce dendritic cells specific for antigens in neoplasms
(Björck, 1999; Fong and Engleman, 2000), but there are still a number of logistical problems
to overcome.

Cytokine Immunotherapy of Neoplasia

The known number of hormone-like proteins affecting the immune system has increased expo-
nentially during the last two decades. More than 18 interleukins are presently known, as well as
a variety of other proteins directly affecting cells of the immune system (Table 19.4). Tumor
necrosis factor and its family of ligands (Chapter 17) have already been discussed; below are
several other important cytokines that have found some place in immunotherapy.

Interleukins

Of the 18 or more known interleukins, the one that has been found most effective in the therapy
of neoplasia is interleukin-2 (IL-2). As noted above, IL-2, the T-cell growth factor, has been used
in conjunction with cellular immunotherapy as well as by itself. In the latter instance, responses

Figure 19.35 A diagram of the preparation of human adherent lymphokine-activated killer (A-LAK)
cells. Condition medium is obtained from 24-hour incubation cultures and is added back to A-LAK cells at
a final concentration of 50% (v/v) in fresh IL-2–containing medium. A-LAK cells are grown in culture for
2 to 3 weeks, allowing for significant expansion of the cell population to the numbers utilized in therapy
(see text). (Adapted from Whiteside and Herberman, 1990, with permission of the authors and publisher.)



882 Chapter 19

of up to 40% have been seen (Oleksowicz and Dutcher, 1999) in metastatic renal cell carcinoma,
while only a 13% response may be seen in the therapy of melanoma by IL-2 (cf. Bishop, 1996).
IL-2 therapy, like a number of other immunotherapies, also has profound toxic effects in pa-
tients, probably because its effects are far more diverse than simply those of NK cells (Janssen et
al., 1994). It should be noted that in a very small percentage of cases, 6% to 15% (Figlin et al.,
1997; Oleksowicz and Dutcher, 1999), a complete remission was achieved, which remained for
a number of years or as long as the study continued. Such effects are reminiscent of the “sponta-
neous” disappearance of neoplasms with no obvious explanation. The difficulty is determining
the exact conditions within the individual that give rise to such complete responses. In addition
to IL-2, IL-12 (Okuno et al., 1996) and IL-10 (Kundu and Fulton, 1997) have shown significant
immunotherapeutic effects in both human and experimental situations.

Figure 19.36 Diagrammatic model of immunotherapeutic interaction of LAK cells and TIL on a target
neoplasm. TIL and LAK cells are obtained from the autologous neoplasm and peripheral blood of the pa-
tient, expanded as described above, and then reinoculated into the patient in the presence of interleukin-2
administered simultaneously. On the left, TIL are removed from fresh neoplasm obtained at surgery from
the patient, expanded, and then reinfused together with interleukin-2 with subsequent reinfiltration of the
target neoplasm. On the right, NK and T cells in peripheral blood are removed from leukapheresis and the
LAK cells after expansion infused into the patient along with interleukin-2, many of the cells returning to
the neoplasm where they in turn produce interferon-γ (IFN) and tumor necrosis factor (TNF). (Adapted
from Atzpodien and Kirchner, 1990, with permission of the authors and publisher.)
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As implied in the discussion above concerning transfection of genes into cells, attempts
have also been made to transfect cytokine genes into neoplastic cells in vitro into the autologous
host with the intention that such cells would stimulate an immune response in their immediate
area, such a response being then translated to the primary and metastatic neoplasm of the host
(Bubeník, 1993; Belli et al., 1997; Leong et al., 1997). Similar rationales have been utilized for
transfecting hematopoietic growth factors, specifically granulocyte-macrophage colony-stimu-
lating factor, with similar intent (Bubeník, 1999).

Interferons

The interferons are a family of glycoproteins made up of between 145 and 166 amino acids and
having molecular weights ranging between 17,000 and 25,000. There are at least three different
forms—alpha, beta, and gamma. Alpha interferon is produced primarily by activated leukocytes
and appears within 4 to 6 hours after viral stimulation. Beta interferon is also rapidly induced by
viral stimulation, but from fibroblasts. Gamma interferon is produced by lymphocytes and
monocytes 2 to 3 days after these cells have been stimulated by exposure to antigens or mito-
gens. As noted earlier, interferon gamma activates macrophages and NK cells as well as induc-
ing the expression of MHC antigens. Of these interferons, interferon alpha has been shown to
have the most efficacy in treatment of a variety of neoplasms. Results of a large series is seen in
Table 19.16. As noted from the table, while relatively large doses are required for effectiveness,
some neoplasms—such as hairy cell leukemia, chronic myelogenous leukemia, and endocrine
pancreatic neoplasms—appear to have a very reasonable response rate. As with other immuno-
therapeutic modalities, certain toxicities are seen with this type of therapy, many of them imitat-
ing a flu-like complex, but hematological, renal, and gastrointestinal toxicities have also been

Table 19.16 Interferon Alpha Treatment Results in Human Neoplasia

Adapted from Hansen and Borden, 1992, with permission of the authors and publisher.

Dose Schedule Response Rates (Mean) %

Hematological malignancies
Hairy cell leukemia 3 million IU/day 70–90 (80)
Chronic myelogenous leukemia 5 million IU/m2/day 45–85 (58)
Lymphocytic lymphoma (low grade) 3–50 million IU/m2/day or 3 

times per week
9–67 (47)

Cutaneous T-cell lymphoma 3–50 million IU/m2/day or 3 
times per week

27–85 (48)

Multiple myeloma 5–12 million IU/m2/day or 3 
times per week

8–18 (15)

Solid neoplasms
Malignant melanoma 5–20 million IU/m2/day or 3 

times per week
7–29 (18)

Renal cell carcinoma 5–20 million IU/m2/day or 3 
times per week

8–23 (15)

Kaposi sarcoma 3–50 million IU/m2/day or 3 
times per week

3–67 (30)

Endocrine pancreatic tumors 3–5 million IU/m2/day or 3 times 
per week

33–77 (50)

Carcinoid tumors 12–24 million IU/m2 3 times per 
weeks

20–40 (20)
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noted (Hansen and Borden, 1992). In general, however, interferon alpha has now become ac-
cepted as an immunotherapeutic agent not only for neoplasia but also for viral and other inflam-
matory diseases (Gutterman, 1994).

The Future of the Immunotherapy of Neoplasia

As may be noted from the length of this chapter, the immunobiology of the host–tumor relation-
ship is one of the most active areas of investigation directed toward an ultimate effective therapy
of neoplasia. However, a number of considerations must be taken into account if one is to be
successful in utilizing the immunobiological host–tumor relationship for the therapy of cancer.
Some of these are listed in Table 19.17. Of these various considerations, the selection of patients
for immunotherapy on the basis of their immunological competence as well as the immunobiol-
ogy of the neoplasm itself will be a major factor. Of equal or of greater importance is the re-
moval by standard methods of the majority of the neoplasm from the host by surgery,
radiotherapy, or chemotherapy. Immunotherapy has as its greatest potential the elimination of
micrometastases and small masses of neoplastic cells that are completely available to the im-
mune system. However, the patient must not be in an immunocompromised state when active
and passive immunotherapy is undertaken. In fact, establishment of a normal immunocompetent
state in a tumor-bearing host may be one of the greatest hurdles to overcome if immunotherapy
is to be successful. As explained below, the immunobiology of the host–tumor relationship tends
toward immunosuppression of the host as a result of the continued extension of the deterioration
of the host–tumor relationship, as noted in Chapter 17 regarding the phenomenon of cachexia.

INFECTIOUS COMPLICATIONS OF NEOPLASTIC DISEASE

One of the characteristics of advanced cancer, especially neoplasms of the immune system, is a
decrease in the host resistance to various infectious agents. This phenomenon appears to have
three characteristics: (1) a decrease in mature granulocytes, seen in several lymphomas and
leukemias, which may result in impaired phagocytosis; (2) an impaired cell-mediated immune

Table 19.17 Future Considerations for Successful Cancer Immunotherapy

Patient evaluation
Size and location(s) of neoplasm
MHC antigen expression on cells of the neoplasm

Debulking (removal) of the majority of the neoplasm
Surgery
Radiotherapy/chemotherapy

Administration of cytokines and hematopoietic growth factors
Active immunotherapy

Vaccines—DNA and cell
Adjuvant support
Suppressor cell inhibition

Cytokines and related molecules
Combinations
Targeted delivery

Passive/adoptive immunotherapy
LAK cell and TIL therapy
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response, commonly seen in several lymphomas and leukemias, especially Hodgkin disease; and
(3) a decrease or alteration in circulating γ-globulin of host origin, occurring in a number of
lymphomas and leukemias and resulting in an increased susceptibility to bacterial infections
(Armstrong et al., 1971). In addition to the natural loss of host immunity resulting from the host-
tumor relationship, chemotherapy itself may result in a marked suppression of the host immune
response, leading to a number of infectious complications. In hematological neoplasms,
infections may cause as many as 63% of the deaths in patients with these diseases (Nosari
et al., 1991).

Many of the infectious processes that occur in patients with advanced cancer or in patients
undergoing chemotherapy are the result of agents that normally do not cause disease in the host.
Table 19.18 lists organisms that may cause severe infection in patients with neoplastic disease.
The reader will note some familiar infectious agents such as Salmonella (typhoid), tuberculosis,
measles, and varicella (chickenpox). But most of the agents listed in the table are relatively rare
causes of disease in the normal human. These latter organisms can usually attack only the indi-
vidual whose immune defenses are compromised. This is especially true of fungi (cf. Gold,
1984; Bow, 1998), which appear to be ubiquitous in the human population but rarely cause dis-
ease in the immunocompetent host. Earlier we saw that patients with progressive multifocal leu-
koencephalopathy (PML) were found to have a papovavirus infection within the central nervous
system. It is likely that the virus causes PML, but predominantly in humans who exhibit signifi-
cant immunosuppression associated with lymphomas and other debilitating diseases. In normal
individuals the endogenous microbial flora (enteric bacteria) exist in a balanced symbiotic rela-
tion within the host. Nevertheless, 86% of the infections that occur in cancer patients arise from
such endogenous flora (cf. Pizzo, 1981). Some 47% of the infecting organisms are acquired by
patients during hospitalization. The relative malnutrition that accompanies cachexia may further
decrease the immunocompetence of the host if the malnutrition is not treated aggressively
(cf. Pizzo, 1981).

The extensive growth of tumors, predominantly but not exclusively those of the immune
system, results in significant loss of immune resistance by the host, with the concomitant danger
of an “opportunistic” infection by a variety of agents. On the other hand, heroic measures of
therapy by chemicals and radiation may also leave the host immunosuppressed and vulnerable to
infection. In many instances it is this infectious sequel of cancer or its therapy that leads to the
ultimate demise of the patient.

Table 19.18 Organisms Causing Severe Infection in Patients with Neoplastic Disease

After Armstrong et al., 1971, with permission of the authors and publisher.

Bacterial Fungal Parasitic Viral

Listeria monocytogenes Candida spp. Pneumocystis carinii Cytomegalovirus
Salmonella spp. Cryptococcus

neoformans
Toxoplasma gondii Varicella zoster 

virus
Nocardia asteroides Histoplasma 

capsulatum
Herpes simplex 

virus
Mycobacterium

tuberculosis
Mucor spp.
Aspergillus spp.

Vaccinia virus
Rubella virus

Clostridium septicum Coccidioides immitus
Enteric bacteria Sporotrichum schenkii
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20
Some Basic and Applied Principles of 
Cancer Chemotherapy

Although our understanding of the basic molecular nature of the neoplastic transformation is
still relatively primitive, significant advances have been made during the past three decades in
the successful treatment of neoplasms that were not curable by surgery and/or radiation alone
prior to 1970. The principal modality (used alone or in combination) that has resulted in signifi-
cant improvement in treating a number of neoplasms, many of which are in persons less than 30
years of age (Chapter 1), is chemotherapy, by use of an increased spectrum of drugs, hormones,
and other natural products.

Chemotherapy may be defined as the treatment of disease through the use of chemicals.
This includes infectious as well as neoplastic disease. Cancer chemotherapy specifically is the
treatment of cancer by chemicals that maximize the killing of neoplastic cells while minimizing
the killing of most or all other cells of the host. With most malignant neoplasms, the greatest
danger to the host results from dissemination of the disease throughout the organism. By defini-
tion, a malignant neoplasm is capable of metastatic growth, making successful surgery an im-
possibility unless carried out prior to successful metastatic dissemination of the neoplasm.
Similarly, for radiotherapy, control of localized disease is quite reasonable, but anything less
than whole-body irradiation would be unsatisfactory for the treatment of metastatic disease. The
complications of whole-body radiation make this in most cases an untenable mode of therapy.
As with infectious diseases, systemic treatment is absolutely necessary if one is to have any hope
of eradicating disseminated disease. Such an ideal state has not been achieved for most neo-
plasms in the human. However, cancer chemotherapy, by eliminating small foci of metastatic
disease, has been instrumental in increasing the survival of many patients with a variety of neo-
plasms. This curative effect of cancer chemotherapy has been most common in children; it has
also been successful with a few selected neoplasms in adults (Table 20.1). Chemotherapy has
also been combined with other therapeutic modalities to achieve both cures and dramatic, life-
prolonging responses (see below).

HISTORY AND RATIONALES OF CANCER CHEMOTHERAPY

The term chemotherapy as well as a significant number of its basic concepts originated in the
work of Paul Ehrlich, who coined the term in referring to the systemic treatment of both infec-
tious disease and neoplasia. Ehrlich developed a system that allowed the transplantation of neo-
plasms in rodents, on which he could test the effectiveness of drugs in slowing or eliminating
neoplastic development. Many of Ehrlich’s concepts have formed the basis for modern chemo-
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therapy. Although the concept of treating cancers with drugs may be traced back several centu-
ries, there were no examples of truly successful cancer chemotherapy in the whole organism
until the 1940s (Donehower et al., 1995). During World War II, an explosion on a ship contain-
ing mustard gas resulted in the exposure of a number of people to this agent. It was noted at that
time that exposed individuals exhibited a significant degree of bone marrow and lymphoid hypo-
plasia (Infield, 1971). As a result of this serendipitous finding, Gilman and Philips (1946) stud-
ied and reported the first clinical trial of nitrogen mustard in patients with malignant lymphomas
at Yale University. Their results, which demonstrated dramatic although somewhat transient re-
gression of lymphomas, may be considered as the beginning of modern chemotherapy.

Prior to 1960, the rationale for the therapy of neoplasia by drugs was derived largely from
the successful treatment of a number of different neoplasms. Since that time, there has been not
only an increasing number of drugs used for chemotherapy of cancer but also an increased un-
derstanding of their mechanism of action. Figure 20.1 gives a historical indication of the time of
introduction of a variety of drugs in the chemotherapy of human cancer. The mechanism of ac-
tion of many of these chemicals is considered further on, but it is important to point out that
most of them exert their cytotoxic and/or cytostatic effects during one or more phases of the cell
cycle (see below).

Most neoplasms for which chemotherapy has been most successful exhibit the similar bio-
logical characteristic of rapid growth. Neoplasms that are less susceptible or nonsusceptible to
chemotherapy include many slowly growing malignant tumors such as colorectal cancer, renal
cancer, melanoma, and carcinoma of the liver (see below). In many instances, drug responsive-
ness is related to the growth fraction—i.e., the percentage of cells in the neoplasm undergoing
division at any one time. Where the growth fraction is large, rapid growth results, but the greater
proportion of the cell population is susceptible to the effects of cytocidal and cytostatic drugs.
Conversely, neoplasms having a small growth fraction are not affected significantly by most
drugs used in cancer treatment. Some examples of growth fractions, labeling indices, and cell
loss are given in Table 20.2.

More recently, considerable evidence has indicated that many chemotherapeutic agents—
in addition to or as part of their primary mechanism of cell killing—induce apoptosis (cf.
Schmitt and Lowe, 1999; Hannun, 1997; Martin et al., 1997). The mechanisms of programmed
cell death or apoptosis (Figure 7.11) have previously been considered, and are not treated here.
In addition to inhibiting cell replication through alteration in DNA synthesis or damaging the
DNA template, drugs may also alter the intracellular levels of adenosine triphosphate (cf.
Berger, 1986; Martin et al., 1997) and alter or disrupt a variety of signal transduction pathways,
as exemplified by the responsiveness of a number of neoplasms to hormonal therapy (cf. Gulli-
ford and Epstein, 1996). A number of chemotherapeutic agents whose action is associated with

Table 20.1 Neoplasms Curable by Chemotherapy in Their Advanced Stages

Adapted from DeVita, 1989, with permission of author and publisher.

Choriocarcinoma Wilms tumor
Acute lymphocytic leukemia (in children and adults) Burkitt’s lymphoma)
Hodgkin disease Embryonal rhabdomyosarcoma
Diffuse large-cell lymphoma Ewing sarcoma
Lymphoblastic lymphoma (in children and adults) Peripheral neuroepithelioma
Follicular mixed lymphoma Neuroblastoma
Testicular cancer Small-cell cancer of the lung
Acute myelogenous leukemia Ovarian cancer
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(Leu.) Leuprolice
(Flud.) Fludarabine
(Tx.) Taxol
(G-CSF) Neupogen
(GM-CSF) Leukine
(CdA) 2-Chlorodeoxyadenosine
(Lev.) Levamisole
(IL2) Interleukin-2
(Amsa.) Amsacine
(Mitox.) Mitoxantrone
(VM26) Teniposide
(Pent.) Pentostatin
IIFN.) Interferon
(Carb.) Carboplatin
(Estr.) Estramustine
(Ifcs.) Ifostamide/Mesna
(VP16) Etoposide
(Stz.) Streptozotocin
(Amg.) Aminoglutothamide
(Tam.) Tamoxifen
(CPDD) Cispllatin
(Bleo.) Bleomycin
(Dox.) Doxcrubicin
(Mith.) Plicamycin
(DTIC) Dacarbazine
(L-Asp.) Asparaginase
(Hex.) Hexamethylmelamine
(Dauno.) Daunorubicin
(Ara-C) Cytarabine)
(Procarb.) Procarbazine
(CCNU) Lomusine
(HU) Hydroxyurea
(Mel) Melphalan
(BCNU) Carmustine
(VCR) Vincristine
(VLB) Vinblastine
(O,P�-DDD) Mitolane
(Prog.) Progesterone
(Cix.) Cyclophosphamide
(FUdR) 5-Fluorodeoxyuridine
(5FU) 5-Fluorouracil
(Mito.) Mitomycin C
(Bus.) Busulfan
(Act-D) Dactinomycin
(6TG) 6-Thioguanine
(Thio-T) Thio-TEPA
(Clo.) Chlorambucil
(6MP) 6-Mercaptopurine
(Mtx.) Methotrexate
(Pred.) Prednisone
(Ampt.) Aminopterin
(HN2) Mechlorethamine
(And.) Androgens
(Est.) Estrogens

1940 1950 1960 1970 1980 1990

Year of Acquisition

Figure 20.1 Acquisition of new anti-cancer drugs, 1940–90. (Adapted from Krakoff, 1991, with permis-
sion of the author and publisher.)
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the induction of apoptosis in neoplastic cells are listed in Table 20.3. The table also indicates
those neoplasms susceptible to the induction of apoptosis by one or more of the agents listed.

Chemical Agents Utilized in Human Cancer Chemotherapy

On the basis of the rationales for cancer chemotherapy given above, as well as by a certain
amount of serendipity, a variety of different chemicals have been developed and found to be
effective in the treatment of human cancer. The listing in Figure 20.1 gives a relatively complete
picture of most of the drugs utilized today for the treatment of cancer as well as a number that

Table 20.2 Mean Kinetic Parameters of Various Histological Types of Human Neoplasms

Adapted from Tubiana, 1989, with permission of author and publisher.

Histological Type

Doubling
Time 
(days)

Labeling
Index 
(%)

Growth 
Fraction

(%)

Cell
Loss

Factor 
(%)

Radiosensitivity 
(mean tumor 
control dose 

in Gy) Chemosensitivity

Embryonal
tumors

27 30 90 93 25–30 ++

Malignant
lymphomas

29 29 90 93 35–45 ++

Mesenchymal 
sarcomas

41 4 11 68 85 –

Squamous cell 
carcinomas

58 8 25 89 60–70 +

Adenocarcinomas 83 2 6 71 60–80 ±

Table 20.3 Chemotherapeutic Agents Associated with the Induction of 
Apoptosis in Specific Types of Neoplasms

Modified from Hannun, 1997, with permission of author and publisher.

Some Agents 
Associated with 

Apoptosis
Cancer Types Susceptible 

to Apoptosis

Etoposide Camptothecin Lymphoma
VM26 Hydroxyurea Leukemia
m-AMSA Ara-C Breast carcinoma
Dexamethasone 5-Azacytidine Ovarian carcinoma
Vincristine Nitrogen mustard Colon carcinoma
cis-Platinum Methotrexate Prostate cancer
Cyclophosphamide Chlorambucil Miscellaneous adenocarcinomas
Adriamycin Bleomycin Seminoma
Paclitaxel BCNU Malignant glioma
5′-Fluorouracil Actinomycin D
5′-Fluorodeoxyuridine Melphalan
Ionizing radiation
Hyperthermia
Hormone withdrawal
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have been found successful in the past but have been superseded by other, more effective agents.
Some of these agents, listed by their classification on a functional and descriptive basis, are
shown in Table 20.4. In many but not all instances, the mechanism of action of these drugs on
cellular pathways and components is known. Alkylating agents are highly reactive chemicals
capable of alkylating DNA and other macromolecules directly, just as the ultimate forms of
chemical carcinogens alkylate DNA (Chapter 3). Some alkylating agents are bifunctional, e.g.,
bisulfan, and are thus capable of crosslinking the two strands of the DNA double helix. Another
group of highly effective crosslinking agents are the platinum complexes based on the original
structure cis-Pt(II)(NH3)2Cl2, which is now known as the drug cisplatin. A more recently devel-
oped derivative is carboplatin, having a dicarboxylcyclobutane complex to two of the four coor-
dinate covalent sites of the platinum complex (Figure 20.2). Such crosslinking prevents the
replication of these alkylated molecules by preventing their separation during DNA synthesis.
Melphalan similarly induces interstrand, intrastrand, or DNA protein crosslinks, as does cyclo-
phosphamide (Donehower et al., 1995). Nitrosoureas directly alkylate DNA with the formation
of specific adducts. The antibiotics listed are complex natural products acting by several differ-
ent mechanisms. Actinomycin D (dactinomycin) and plicamycin form complexes with DNA,
effectively inhibiting transcription of most genetic information, while daunorubicin binds to
DNA by intercalation between base pairs, thus inhibiting both DNA and RNA synthesis (cf.
Donehower et al., 1995). Bleomycin is a mixture of polypeptides, some or all of which bind to
DNA, causing strand scission (cf. Black and Livingston, 1990). Antimetabolites effectively used
in chemotherapy generally prevent the formation or the utilization of normal cellular metabolites
essential for the synthesis of nucleic acids, either directly or indirectly. In addition, 5-azacytidine
inhibits the methylation of DNA cytosines as well (Glover and Leyland-Jones, 1987).

Although the ability to induce differentiation of neoplastic cells in vitro has been known
for a number of years (Friend et al., 1971; Sachs, 1978), only relatively recently have such ther-

Table 20.4 Classification and Examples of Drugs Useful in Clinical Cancer Chemotherapy

Alkylating agents: Bi- or monofunctional, chemically highly reactive:
Melphalan, nitrosoureas, bisulfan, cyclophosphamide, carboplatin

Antibiotics: Complex natural products, acting by various mechanisms:
Actinomycin D, duanorubicin, bleomycin, plicamycin

Antimetabolites: Slow-acting. Resemble normal metabolites in structure and compete with them for an en-
zyme, thus preventing further utilization of the normal metabolites:

Antifolics: Methotrexate
Antipurines: 6-Mercaptopurine, 6-thioguanine
Antipyrimidines: 5-Fluorouracil, FUdR, cytosine arabinoside, 5-azacytidine

Differentiating agents: Induce differentiation of neoplastic cells
All-trans retinoic acid

Enzymes: Asparaginase
Hormones: Estrogens, androgens, progestins, corticosteroids, antiestrogens, antiandrogens, gonadotropin-

releasing hormone/agonists
Miscellaneous: Procarbazine, hydroxyurea, o,p′-dichlorodiphenyldichloroethane
Plant alkaloids: Colchicine, vinblastine, vincristine, maytansine, taxol
Topoisomerase inhibitors:

Topoisomerase I (catalyzes DNA unwinding) Camptothecin, innotecan (CPF-11), topotecan
Topoisomerase II (regulates 3D structure of DNA by binding to DNA, cleaving both strands and subse-

quent religation)
Teniposide, etoposide, amsacrine
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apies been shown effective in the treatment of neoplastic disease. The principal effective agent is
all-trans-retinoic acid (ATRA), which has been found especially effective in the treatment of
acute promyelocytic leukemia (Fenaux et al., 1997). Unfortunately, this differentiation therapy
with retinoids has not been very effective in other types of neoplasms, but it has shown some
degree of efficacy as one of a number of retinoids effective in chemoprevention. In addition to
specific chemicals, both synthetic and natural, several different enzymes have also been utilized
in the chemotherapy of neoplasia, based at least in part on their ability to metabolize and elimi-
nate specific metabolites, usually amino acids, essential for the growth of specific neoplastic
cells (Chapter 8). Primary among these agents is the enzyme produced by Escherichia coli,
L-asparaginase, which catalyzes the conversion of the amino acid L-asparagine to aspartic acid.
By its catalytic action, the enzyme rapidly and completely depletes circulating pools of L-aspar-
agine in the organism, thus compromising any cells that are unable or ineffective in synthesizing

Fig. 20.2 Chemical structures of representative chemotherapeutic agents useful in clinical cancer
chemotherapy.
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L-asparagine. By a similar rationale, bacterial glutaminase and methioninase have been utilized
both experimentally and in the clinic (Spiers and Wade, 1976; Tan et al., 1996). The efficacy of
these other agents has not yet been suitably tested.

The usefulness of hormonal and antihormonal therapy in cancer dates back to the century-
old observation by Beatson (1896) of the regression of metastatic breast cancer after oophorec-
tomy. Nearly 50 years later, Huggins and Hodges (1941) demonstrated the effects of castration
and of estrogens in inducing regression of prostatic neoplasia (cf. Figure 20.1). Since that time, a
number of natural and synthetic hormones as well as antihormones have found use in the therapy
of specific histogenetic types of neoplasms, predominantly those of endocrine origin or those
from tissues exhibiting a relatively high degree of sensitivity to endocrine hormones. As noted in
Chapter 18, for sex hormones to be effective in the treatment of specific neoplastic disease, the
receptor for the therapeutic hormone or antihormone as a target must be present in the neoplastic
cells. Mutations in steroid receptors have been associated causally with resistance of some neo-
plasms to the effects of hormones and antihormones (Sluyser, 1994), but in most instances the
presence of substantial amounts of receptor is indicative of a potential favorable response to its
hormonal ligand. The exact mechanism of tumor regression by such agents, since they do not
directly affect DNA synthesis or structure, is not clear. Because these agents exert their effects
through signal transduction pathways (Chapters 3 and 7), it is likely that one of the mechanisms
for inducing tumor regression is the induction of apoptosis in the hormonally responsive neo-
plastic cell (Gulliford and Epstein, 1996). Apoptosis is induced in normal endocrine responsive
tissues by removal of the appropriate trophic hormone (cf. Walker et al., 1989).

Several drugs effective in cancer chemotherapy are not easily classified in the listing of
Table 20.4. An example is hydroxyurea, which has a relatively specific action in inhibiting one
of the subunits of ribonucleotide reductase, thereby inactivating the enzyme (Yarbro, 1992). This
eliminates the production of deoxyribonucleotides, thus indirectly inhibiting DNA synthesis and
producing cell death in the S phase of the cell cycle and some synchronization of surviving cells
that are also at risk for the development of gene amplification and chromosomal abnormalities
owing to the dramatic alteration in the deoxyribonucleotide pool sizes (D’Anna et al., 1986). A
number of plant alkaloids have also been found to be effective in cancer chemotherapy. Several
of these, including colchicine (the first of many such compounds), vinblastine, vincristine, and
most recently the taxanes (paclitaxel and docetaxel), are effective in the chemotherapy of a vari-
ety of different neoplasms. These agents have in common a mechanism involving binding to
microtubules and interruption of a variety of cellular functions, especially mitosis, cell migra-
tion, and polarization. The topoisomerase inhibitors also represent a large class of naturally oc-
curring compounds that have been found effective in the therapy of a variety of neoplasms.
Topoisomerases are enzymes involved in the replication and stabilization of DNA by catalyzing
breakage and reannealing of DNA strands to allow replication to occur as well as in relaxation
and alteration of the structure of the DNA molecule (Rothenberg, 1997). Topoisomerase inhibi-
tors prevent the religation of DNA after cleavage by the normal enzyme (Rothenberg, 1997;
Pommier et al., 1996). In so doing, they disrupt DNA synthesis dramatically, leading to cell
death or in many cases clastogenic effects. Figure 20.2 shows representative examples of chemo-
therapeutic agents from each of the representative classes listed in Table 20.4.

DEVELOPMENT OF CHEMOTHERAPEUTIC DRUGS

It was Paul Ehrlich who first initiated a systematic screening program in the search for chemo-
therapeutic agents. In his work, the agents were directed toward the treatment of several sys-
temic parasitic diseases. Initially, the search for new drugs to be used in the chemotherapy of
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cancer followed a similar program. Figure 20.3 lists the stages in the development of drugs to be
used in the chemotherapy of cancer. It should be noted that this formulation is not unique to
cancer chemotherapy, but is also utilized in the development of a variety of other pharmaceuti-
cals. At certain stages, as noted in the figure, decisions must be made whether to continue to
study a particular drug. Thus, although a large number of compounds may be selected in the
acquisition stage, relatively few survive to make an impact on general medical practice.

Acquisition or selection of the compounds to be tested may be done as a purely random
screening of synthetic chemicals or biologicals. The results of this approach have been disap-
pointing with respect to the yields of new classes of active compounds. Other approaches, such
as rational synthesis and analog development, have been used with good results (cf. Goldin and
Carter, 1982). When a compound is known to be somewhat effective in the treatment of neopla-
sia in either animal or human systems, closely related compounds with structural modifications
of the parent compound are developed for testing. By this mechanism, one may be able to im-
prove on the efficacy of the original compound. The development of certain antimetabolites has
proceeded on the basis of our knowledge of specific metabolic pathways within the living cell.
The development of 5-fluorouracil was one of the prime examples of this method for the selec-
tion of compounds used in drug development (cf. Heidelberger, 1975). A third method, one of
the most popular for selecting compounds to be screened for activity against neoplastic growth,
is the testing of compounds obtained from antibiotic fermentation of beers and plant products.
Several highly active compounds have been isolated and characterized from a large number of
naturally produced materials that have been screened. Some of these are presently in use. Prod-
ucts of such testing have been the taxanes, vinblastine, and the topoisomerase inhibitors.

After selection of the compounds to be tested, efficacy against neoplasia is analyzed in
several systems, usually in the mouse. Originally, the primary system was the L-1210 leukemia
in mice, but at present the primary screening system is the P-388 mouse leukemia. The screening
procedure currently used at the National Cancer Institute in the United States is outlined in Fig-
ure 20.4. A list of other animal neoplasms that have been used as test systems in various screen-

Figure 20.3 Listing of the stages involved in new drug development at the National Cancer Institute.
The asterisks designate stages at which decisions are made as to further development of the drug.
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ing programs is given in Table 20.5. Some of these have been used in the secondary panel
screen, as seen in Figure 20.4. Within the last decade, human neoplasms grown in immunologi-
cally deficient animals—for example, the nude mouse—constitute a major component of this
secondary panel. In addition, drugs have also been screened for their efficacy in tissue culture
systems, a number of which are derived from human cells.

After the evaluation of a drug in a variety of animal tumor systems, toxicological and
pharmacological evaluations of the drugs are undertaken (cf. Goldin and Carter, 1982). Purity,
physicochemical characteristics (including solubility), and acute toxicity in animals—leading to

Table 20.5 Test Systems for Screening Chemotherapeutic Drugs

Mouse tumors
Transplantable

Lymphoid leukemia L-1210
Adenocarcinoma 755
Cloudman melanoma (S91)
Ehrlich ascites
Hepatoma 129
Lewis lung carcinoma
Osteogenic sarcoma HE 10734
Sarcoma 180
P388 leukemia
L5178Y leukemia
B16 melanoma
LPC1 plasma cell

Primary and transplantable
AKR virus leukemia
Moloney virus leukemia
Rauscher virus leukemia
Friend virus leukemia
C3H mammary tumor

Rat tumors
Dunning leukemia
Murphy-Sturm lymphosarcoma
Walker 256

Hamster tumors
Adenocarcinoma of duodenum
Adenocarcinoma of endometrium
Adenocarcinoma of small bowel
Melanotic melanoma

Chicken tumor
Rous sarcoma

Carcinogen-induced tumors in rodents
3-Methylcholanthrene–induced mammary adenocarcinoma
Dimethylbenzanthracene-induced mammary adenocarcinoma
Dibenzo[a,i]pyrene-induced fibrosarcoma

Tumors in heterologous hosts
HS-1 in conditioned rats
HEP-3 in conditioned rats
DBA/2 mouse lymphatic leukemia in conditioned hamsters
Human amelanotic melanoma in conditioned hamsters
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systemic and local tissue damage from acute and cumulative doses—are determined. These
tests are often extended from rodents to other species, including primates. Usually included in
these investigations are specific studies related to the pharmacokinetics of the drugs, including
determination of blood and tissue levels, and the metabolism and excretion of the drug (Work-
man, 1993).

When all of these studies are completed, clinical trials are initiated in several phases, the
first (phase I) being in patients with advanced cancer, usually after all conventional therapeutic
measures have failed. The evaluation of drugs in these patients includes a variety of studies on
the pharmacology of the drug—its toxicity to the bone marrow, gastrointestinal tract, and other
tissues—from which the maximally tolerated dose is determined. In order for a drug to continue
to the next phase of clinical trial, an objective response need not necessarily be obtained in these
patients. These studies are carried out with a specific protocol approved by the local committee
on human experimentation as well as the National Cancer Institute (Freireich, 1979). The Na-
tional Cancer Institute sponsors a large number of cooperative clinical trials which, prior to
1988, had more than 30,000 entries (Friedman and Cain, 1990). Today many more such trials are
active but face a variety of problems, including their integration into the changing health care
delivery system in this country as well as a number of ethical concerns that have emerged from a
number of these trials (Durant, 1990). Only a limited number of institutions are allowed to par-
ticipate in these studies. If a tolerated dose has a toxicity that is predictable, controllable, and
reversible, the trial of the drug extends into the second phase, which is directed toward determin-
ing clinical activity against a variety of cancers in the human. The required and optional panel of
neoplasms in human patients against which a potentially useful drug may be tested is given in
Figure 20.5. If the efficacy of the drug is shown in phase II trials, then it is finally evaluated in
controlled phase III clinical trials and in combination with other drugs. The National Cancer
Institute officials estimate that fewer than 1 in 15,000 drugs ever reach the final stage of clinical
trials. Despite this limited chance of success, over 40 drugs are effective in the treatment of one
or more human cancers.

VARIABLES IN THE CHEMOTHERAPY OF CANCER

Although a variety of specific drugs are used in the chemotherapy of cancer, their effects can be
quite variable from patient to patient and even within the same patient at different periods of the
treatment regimen. Such variability involves different factors, some of which we have discussed
above and others of which are noted in Figure 20.6. In this figure, the overall pharmacological-
therapeutic process from a drug dose to its therapeutic effect is depicted. However, since neopla-
sia is a somewhat specific situation involving cell growth as well as specific humoral effects of
the neoplasm on the host (Chapters 17 and 18), other variable factors come into play, some of
which are considered here.

Therapeutic Index

It is already obvious that drugs used in the chemotherapy of cancer have a variety of toxic effects
in the host that may or may not be directly related to its effect on the neoplasm. Thus, in any
such situation, the toxicity to normal tissues and the organism as a whole becomes a limiting
factor in the dose of drugs that can be given for effective therapy without inducing excessive
toxicity. Some of the more commonly seen toxicities to the patient are seen in Table 20.6. A
number of the toxicities noted in Table 20.6 occur predominantly at high doses or high doses
given for extended periods of time. In addition to the toxicities noted there in the table, gonadal
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dysfunction, hypersensitivity reactions, and dermatological complications as well as alopecia
(loss of hair) occur not uncommonly as toxic manifestations of a number of chemotherapeutic
regimens.

The relationship between the probability of some biological or toxic effect of a drug and
the dose administered to induce antineoplastic efficacy may be seen in Figure 20.7. As noted, if
the drug is to be useful, the “antitumor effect” curve, ideally giving complete clinical remission,
should be displaced toward lower doses compared with the curve describing the probability of
significant toxicity to normal tissue. The therapeutic index (or therapeutic ratio) may be defined

Figure 20.6 Scheme outlining the overall pharmacologic-therapeutic process from drug dose to a thera-
peutic effect, which in cancer chemotherapy is destruction and/or elimination of neoplastic cells. (Adapted
from Bjornsson, 1996, with permission of the author and publishers.)
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from such relationships as the ratio of the dose required to produce a given probability of
toxicity and of an antitumor effect. The therapeutic index seen in Figure 20.7 is represented as a
ratio of the 5% level of probability to severe toxicity (referred to as toxic dose 05 or TD-05) and
the 50% probability of an antineoplastic effect, referred to as the effective dose 50 or ED-50.
The appropriate end points of neoplastic response and toxicity will depend on the limiting toxic-
ity of the drug, the intent of the treatment (i.e., cure versus palliation), and whether treatment is
given to a patient or an experimental animal. It should be noted, however, that dose-response
curves similar to those of Figure 20.7 have rarely been obtained for drug effects in humans
(Tannock, 1992).

Obviously, improvement in the therapeutic index of a drug is the goal of chemotherapy,
whether experimental or clinical. Any method whereby the antineoplastic effect of a drug can be
shifted such that the ED-50 gives very little if any normal tissue toxicity is to be the ultimate
goal. Improvement in the therapeutic index still requires that any treatment modification leading
to increased killing of neoplastic cells in experimental systems must be assessed for its effects
on critical normal tissues prior to therapeutic trials.

Remission Versus Cure in Cancer Chemotherapy

It is now well established that the “curability” of cancer by chemotherapy is related to the body
burden of viable neoplastic cells present at the time chemotherapy is initiated. Although treat-
ment of the neoplasm in the patient may result in the disappearance of all clinical and laboratory
findings pointing toward the presence of neoplastic cells in the patient, almost half of the cases
of treated neoplasia in the United States recur after some period of time. Thus, it is more appro-
priate to use the term remission to indicate the clinical situation of a patient who has been
treated, apparently successfully, for a neoplastic condition. While it is now possible by a variety
of technologies (Pantel et al., 1999; Lambrechts et al., 1998) to detect extremely low levels of
neoplastic cells remaining in the organism after apparently successful therapy, for most solid

Table 20.6 Some Toxic Effects of Chemotherapy

aThe list of drugs inducing these effects is not entirely complete. The reader is referred to the paper by
Lowenthal and Eaton (1996) for further details of some of these toxicities.

Organ System Effect Drugs Inducing These Effectsa

Hematopoietic Bone marrow depression
Thrombosis and bleeding

DNA reactive drugs, e.g. alkylating agents, 
antimetabolites, antibiotics, etc.

Gastrointestinal Nausea and vomiting Alkylating agents, enzymes, antibiotics, etc.
Diarrhea and constipation Vinca alkyloids, 5-fluorouracil (5-FU), 

some antibiotics
Cardiac Cardiomyopathy Doxorubicin (Adriamycin) and related 

antibiotics
Hepatic Impaired liver function Methotrexate, cyclophosphamide
Neurological Peripheral neuropathy Vincristine, cisplatin

Cerebellar dysfunction Cisplatin, 5-FU
Encephalopathy Methotrexate
Epilepsy Bisulfan, ifosfamide

Pulmonary Fibrosis Bleomycin
Alkylating agents

Renal Tubular damage Cisplatin
Renal failure Mitomycin
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neoplasms the limit of clinical and/or radiological detection is of the order of 1 g of tissue or
about 109 cells. If these 109 cells are scattered throughout the organism rather than in a single
locus, obviously there will be no clinical detection of the neoplastic disease. The question of
how many neoplastic cells could remain in the host before a cure was effected was answered
several decades ago in experiments using rodents.

The L-1210 Leukemia Model and Chemotherapy

In 1965, Howard Skipper reported investigations on the therapy of experimental leukemia in
mice. Skipper demonstrated that in this system it was necessary to kill every leukemic cell in the
host (regardless of the total number, their anatomical distribution, or metabolic heterogeneity)
in order to effect a cure, since one single, viable L-1210 cell could grow, proliferate, and kill
the mouse. Obviously, the major problem in this investigation was associated with the killing
of a relatively small but persistent fraction of leukemic cells that survived the maximum toler-
ated therapy because of the relative efficacy of the drug, drug resistance, or anatomical
compartmentalization.

A hypothetical illustration of the possible importance of drug level and schedule in at-
tempts to achieve a total cure in experimental leukemia in animals is seen in Figure 20.8. As
indicated in the figure, if one initially administers 105 leukemic cells to a mouse, one finds that
the cells, after a 2-day lag, proliferate logarithmically until the mouse is killed when 109 cells are
present in the body. Therefore, the time of survival is inversely related to the number of leukemic
cells in the mouse at any one time. Line A in the figure represents the number of leukemic cells
in untreated animals as a function of days after inoculation of the cells. Line B, representing the
daily drug treatment, termed low-level, long-term (until death), is plotted to show a daily 50%
“drug kill” of the leukemic cell population in the animal together with a daily quadrupling of the
surviving leukemic cells. The percentage of cells killed by a given dose of a given active drug is
constant or, in other words, a constant fraction of cells is killed with each dose. This phenome-

Figure 20.7 Schematic relation between the dose of a drug and (a) the probability of a given measure of
antineoplastic effect, and (b) the probability of a given measure of normal-tissue toxicity. Although the
therapeutic index might be defined as the ratio of doses to give 50% probabilities of normal tissue damage
and antineoplastic effects, when the endpoint toxicity is severe, a more appropriate definition of the thera-
peutic index should be at a lower probability of toxicity as noted in the box. (Adapted from Tannock, 1992,
with permission of the author and publisher.)
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non is termed the first-order kinetics of killing. Line C, representing the daily drug treatment that
is termed moderate-level, long-term, is plotted to show a daily 75% drug kill of the animal’s
leukemic cell population. Theoretically, this can result in a different host survival rate, assuming
that cumulative drug toxicity and development of drug resistance or compartmentalization, such
as in the central nervous system, do not occur. Line D, representing the daily drug treatment that
is termed high-level, short-term, is plotted to show a daily 99% drug kill of the animal’s leuke-
mic cell population and, barring other complications, a “cure” of a 105 cell inoculum.

With this model, it is possible to devise drug schedules, usually intermittent, in which all
tumor cells are killed and the mice cured, by allowing time for normal dividing cells to recover
from toxicity. Although this model has potentially interesting implications, many cancer chemo-
therapeutic drugs kill only dividing cells (cf. Skipper and Schabel, 1982). Therefore, the L-1210
leukemia model has found its greatest applicability in the human in acute leukemias (cf. Frei,
1984), where most of the cells are dividing. Other studies have indicated that logarithmic de-
creases in tumor cell survival, resulting from drugs affecting dividing cells, require logarithmic
rather than linear increases in dosages.

The application of Figure 20.8 to the situation in the human in the case of most solid neo-
plasms is seen in Figure 20.9. In this figure, the decreases noted in the number of neoplastic cells
occurs to the point where there is a clinical “complete remission.” However, at this point there
are still more than 108 viable neoplastic cells remaining in the patient. At a later time these con-
tinue to grow and even in the face of continued therapy may have developed some resistance in
the patient by a variety of mechanisms, some of which we will discuss now. Takahashi and Nish-
ioka (1995) have also argued that significant gain in survival may occur without actual reduction
in the amount of neoplasm by cell death or other such mechanisms. They have argued that, espe-
cially in solid neoplasms, the survival times of most patients depend more on an induced cyto-
static phase rather than loss of tumor mass. This concept may be important in the prolonged
survival sometimes noted with other means of therapy, such as immunotherapy.

Drug Resistance in Neoplastic Cells

In his early experiments, Skipper (1965) believed that the primary cause of death in leukemia in
the face of continued daily treatment was the relatively rapid selection of a mutant, drug-resis-
tant leukemia cell population. This result was especially notable when only single drugs were
used at low or moderate levels. It is now evident that a variety of different mechanisms of drug
resistance of neoplastic cells exist involving mutations, chromosomal abnormalities, gene ampli-
fication, and alternate metabolic pathways. A summary of several of the molecular mechanisms
involved in resistance to chemotherapeutic drugs in neoplastic cells is seen in Figure 20.10.

The Multidrug-Resistance Phenotype

Some three decades ago, a number of descriptions demonstrating that neoplastic cell lines
display a resistance to multiple different chemotherapeutic drugs was reported. The drugs in-
volved showed no obvious strong chemical similarity but later were found to have similar physi-
cal properties in that they are relatively hydrophobic. Some of the drugs to which cells with the
multidrug resistance (MDR) phenotype exhibit resistance include actinomycin D, etoposide,
paclitaxel, and vinblastine (Bellamy, 1996). More recent investigations have demonstrated that a
common feature of many of these drug-resistant lines is the existence of the P-glycoprotein, a
specific protein in the plasma membrane of such cells. The function of this glycoprotein is an
energy-dependent outward drug efflux from the cell, such that cells exhibiting the MDR pheno-
type fail to accumulate drugs (Gottesman, 1993). In the membrane, the molecule has 12
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transmembrane regions as well as two large intracytoplasmic components. A diagram of its
appearance and possible mechanism of action is seen in Figure 20.11. In the figure a cationic
drug, such as doxorubicin, is shown entering the plasma membrane and subsequently a “pore” of
the P-glycoprotein either within the membrane or from the cytoplasm. Such transport back to the
outside of the cell requires energy, as noted in the figure (Gottesman, 1993). The P-glycoprotein
occurs in normal tissues, especially those involved in major physiological transport mechanisms
such as the liver, intestine, kidney, and brain (Schinkel, 1997). In these tissues, especially in the
gut, the presumed function is to remove potentially deleterious exogenous materials from the
cell rapidly. In neoplasms, expression of high levels of the P-glycoprotein usually is associated
with a poor prognosis with a variety of different neoplasms (cf. Bellamy, 1996; Dicato et al.,
1997).

The P-glycoprotein is one member of a large superfamily of similar transport protein com-
plexes termed the ABC superfamily (Bellamy, 1996). Several transport proteins involving non-P-
glycoprotein–mediated multidrug resistance have also been described (cf. Bellamy, 1996; Ya-

Figure 20.8 Diagram of drug schedule and cell killing in mice inoculated with the L-1210 leukemia. At
day 0 the animal is inoculated with 105 cells. The subsequent four conditions (A, B, C, and D) represent the
growth curves of the cells under several different drug regimens as described in the text. (After Skipper,
1965, with permission of the author and publisher.)
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mada et al., 1997; Baggetto, 1997). However, a variety of agents that are capable of modulating
the function of the P-glycoprotein have been described (Kavallaris, 1997), but as yet it does not
appear feasible to employ such agents together with the effective chemotherapeutic drugs that
are transported by this protein.

Modified Availability of Drug Targets (Gene Amplification and 
Karyotypic Instability)

Some 25 years ago, Terzi (1974) pointed out that drug-resistant mutants of some cell lines were
characterized by karyotypic instability, a high reversion frequency, and low plating efficiency.
Subsequent studies have supported these initial observations in demonstrating alteration of re-
sponse to drug therapy in cells by induced DNA rearrangements (Schnipper et al., 1989), hy-
poxia-inducing genetic instability in neoplastic cells (Teicher, 1994), and the importance of
tumor heterogeneity resulting from karyotypic instability in the response of neoplasms to spe-
cific drugs (Simpson-Herren et al., 1988). Another closely related mechanism of drug resistance
was initially described by Schimke, who demonstrated that cells resistant to the antifolate meth-
otrexate exhibited a dramatic amplification of the gene to which the drug dihydrofolate reduc-
tase was targeted (Schimke, 1984). Subsequent to those studies, a number of examples of drug-
induced gene amplification in karyotypically unstable cells have been reported (Table 20.7). In
addition to the examples listed in the table, examples of induced gene amplification of topo-
isomerase II by etoposide in human melanoma cell lines (Campain et al., 1995) and the amplifi-
cation of metallothionein genes by metals (Gick and McCarty, 1982) and potentially by
alkylating agents (Kelley et al., 1988) have been reported.

Figure 20.9 Relationship between remission of a neoplasm and a complete cure as a function of the
remaining numbers of neoplastic cells in the host. In this hypothetical example, treatment is initiated when
there are about 100 g (1011 cells) present in the host. Each treatment, given at monthly intervals, eliminates
90% of the cells present, leading to complete disappearance of any clinical evidence of the neoplasm in the
host or a “complete remission.” However, more than 108 viable cells are present, many of which have now
become resistant to the therapy utilized, with subsequent regrowth requiring alternate methods of therapy
or ultimately leading to demise of the patient. Note that despite the attainment of a complete remission or
clinical response, more than 108 viable neoplastic cells remain and that the reduction in cell numbers is
small compared to that required for a cure. (Adapted from Tannock, 1992, with permission of the author
and publisher.)
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In addition to induced gene amplification altering the DNA target, a variety of mecha-
nisms resulting in resistance to the topoisomerase inhibitors have also been described, only some
of which involve these mechanisms (cf. Skovsgaard et al., 1994). Alteration of the DNA target
by hypermethylation induced by chemotherapeutic agents, resulting in altered responses to such
drugs, has also been reported (Nyce et al., 1993).

Pharmacogenetics of Drug Resistance

A number of chemotherapeutic agents require “bioactivation” to produce pharmacologically ac-
tive, cytotoxic species (cf. Sladek, 1987). Both phase I and phase II enzymes (Chapter 3) have
been identified as responsible both for differential sensitivity of individuals to chemotherapeutic
agents as well as the response of neoplastic cells themselves to specific agents (cf. Iyer and
Ratain, 1998; Graham et al., 1991; Chang et al., 1994). Cyclophosphamide and ifosfamide are
alkylating agents that require bioactivation by phase I enzymes, although such bioactivation oc-

Figure 20.10 A schematic representation of some molecular mechanisms of resistance to chemothera-
peutic agents within a neoplastic cell. (After Harrison, 1995, with permission of the author and publisher.)
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curs predominantly in the liver. While it is possible that some other chemotherapeutic agents
requiring phase I metabolic activation may do so at very reduced rates in neoplastic cells, thus
leading to drug resistance, it appears that the changes in the phase I enzymes, especially those
involved in glutathione metabolism, are probably the most important in this potential mecha-
nism of drug resistance (cf. Graham et al., 1991; cf. Iyer and Ratain, 1998).

DNA Repair Mechanisms and Cellular Resistance to Chemotherapeutics

As noted in Chapter 3, the cell contains a variety of mechanisms responsible for the repair of
damaged DNA. Closely related to this fact is also the finding that a large number of neoplasms
exhibit mutations in genes whose products are involved in the recovery of cells from DNA dam-
age, such as the p53 gene. In examining the various types of DNA repair noted in Table 3.4,
there is ample evidence that the O6-alkylguanine-DNA alkyltransferase (AGAT) enzyme, when
expressed at high levels, enhances the resistance of a cell, normal or neoplastic, to alkylating
agents that produce O6-alkylguanine. Transgenic mice expressing increased levels of AGAT

Figure 20.11 Proposed mechanism of action of P-glycoprotein as a “hydrophobic vacuum cleaner.” As
noted in the model, the multidrug transporter may remove drugs directly from the plasma membrane or
from the cytoplasm through a single transport channel, as illustrated. (After Gottesman, 1993, with permis-
sion of the author and publisher.)

Table 20.7 Gene Amplification Induced by Chemotherapeutic Drugs

Drug Gene (fold amplification) Reference

Difluoromethylornithine Ornithine decarboxylase (?) Leinonen et al., 1987
Hydroxyurea Ribonucleotide reductase (6–20) Srinivasan et al., 1987
Methotrexate Dihydrofolate reductase (100–1000) Schimke, 1984
Nitrogen mustards Glutathione S-transferase (4–8) Lewis et al., 1988

γ-Glutamyl transpeptidase (3.6)
Phosphonacetyl-L-aspartate

(PALA)
CAD gene (10–48) pyrimidine biosynthesis Sharma and Schimke, 

1994
Vincristine P-glycoprotein (40–45) Teeter et al., 1986
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were found to be protected from alkylating agent treatment having a specificity for the tissues in
which the AGAT transgene was expressed (Liu et al., 1996). The complexity of the mechanism
of excisional DNA repair involving both short and long patches (Chapter 3) suggests that resis-
tance mechanisms in this pathway would also be complex. At least some of the proteins of this
pathway, namely, DNA polymerase β when overexpressed in neoplastic cells, result in a pheno-
type resistant to the effects of drugs causing alkylation and/or single strand breaks. Increased
levels of nucleotide excision repair of interstrand crosslinks have been reported in cells resistant
to a variety of DNA-damaging agents (cf. Barret and Hill, 1998). In addition, the expression of
ERCC1 and ERCC2, genes whose products are involved in excisional DNA repair, are found to
be increased by two- to threefold in neoplasms exhibiting a clinical resistance to therapy with
platinum compounds (Dabholkar et al., 1992). There is also significant evidence that mismatch
repair deficiency may mediate the resistance of human neoplasms to specific chemotherapeutic
agents (Brown, 1999). While in some instances the exact proteins involved in resistance to DNA
damaging agents are not certain, the increased activity of at least one important protein involved
in DNA repair, poly(ADP) ribose polymerase, has been reported in some examples of drug resis-
tance to both alkylating agents and chemotherapeutic antibiotics (Urade et al., 1989; Chen et al.,
1994). Evidence for the involvement of double-strand DNA break repair in resistance to chemo-
therapeutics is rare, but there is a suggestion that decreased mismatch repair may contribute to
the resistance of some chemotherapeutic drugs (cf. Barret and Hill, 1998). Thus, while this is an
important area for potential drug resistance, the exact mechanisms involved in resistance of var-
ious chemotherapeutics, especially alkylating agents involving DNA repair mechanisms, needs
considerable further investigation.

Drug Resistance and the Inhibition of Apoptosis

As noted previously (Figure 7.14), the process of apoptosis involves numerous potential induc-
ing agents as well as a number of pathways within cells capable of modulating the apoptotic
response to various agents. Primary among these are receptor-mediated events, many of which
involve tumor necrosis factor alpha (TNF-α) and related pathways. These are transduced by spe-
cific receptors including the Fas antigen, the TNF receptors, and a variety of others (Nagata,
1997). Interaction with the appropriate ligand, e.g., TNF-α or the Fas ligand, can result in apop-
tosis mediated through signal transduction pathways. Resistance to such apoptotic mechanisms
has been demonstrated in malignant lymphoid cells that are also resistant to certain chemothera-
peutic drugs, such as doxorubicin or mitoxantrone (Landowski et al., 1997). An example of such
an association is seen in Figure 20.12, where increasing concentrations of anti-Fas antibody, a
surrogate for the Fas ligand, cause a rapid decrease in survival, which is completely absent in
cells resistant to doxorubicin. However, resistance to Fas-mediated apoptosis does not select for
drug resistance (Landowski et al., 1999).

Another major component of the apoptotic regulatory pathway is the bcl-2 gene, which
occurs in the mitochondrial compartment and regulates the permeability of this organ system
and interacts with specific proteins to inhibit apoptosis during potential apoptotic events
(Kroemer, 1997; Reed, 1997). A large number of human neoplasms exhibit overexpression of
the bcl-2 gene, as noted in Table 20.8. Overexpression of this gene does confer resistance to
apoptosis on the cell, as discussed earlier in Chapter 6 in reference to the 14-18 translocation,
resulting in an enhanced expression of bcl-2 in large-cell lymphomas (Figure 6.8). More re-
cently, Voehringer and Meyn (1998) have suggested that bcl-2 also mediates its effects through
alterations in glutathione metabolism. In an experimental system, they have demonstrated that
depletion in glutathione in bcl-2–expressing cells restores apoptosis and reverses drug resistance.
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This finding further establishes and relates apoptosis resistance as a mechanism of drug resis-
tance to the alterations in glutathione metabolism that are similarly related to drug resistance.

Glutathione and Related Enzymes in Multidrug Resistance

As noted in Chapter 8, glutathione and the enzyme glutathione peroxidase play important roles
in the inhibition of active oxygen radical–induced alterations in cellular metabolism. These reac-
tions appear to play a similar role in the metabolism and resistance to some chemotherapeutic
agents (Morrow and Cowan, 1990). But perhaps more important in drug resistance is the family
of glutathione S-transferases. These are phase II (Chapter 3) enzymes involved in the conjuga-
tion of a variety of substrates, many of which include drugs used in the chemotherapy of cancer
or their metabolites. A listing of these is seen in Table 20.9, adapted from the review by O’Brien
and Tew (1996). A variety of human neoplasms exhibit altered levels of glutathione-metaboliz-
ing enzymes, as can be noted from Table 20.10.

Figure 20.12 Dose response of the effects of an anti-Fas antibody on apoptosis (cell survival) in sensi-
tive and doxorubicin (S and Dox40 respectively) in cell culture. (Adapted from Landowski et al., 1997,
with permission of the authors and publisher.)

Table 20.8 Evaluation of the Frequency 
of bcl-2 Overexpression in Different Cancers

Adapted from Desoize, 1994, with permission of
the author and publisher.

Primary Percentage

Colon-rectum 92
Nasopharynx 85
Myeloma 80
Breast 70
NHL 65–70
Stomach 60–70
Prostate 30–60
Neuroblastoma 30–35
Lung (SCLC) 20 (80)
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Like phase I enzymes, the glutathione S-transferases may also be regulated in their expres-
sion by a variety of different drugs and hormones. However, in the neoplasms listed in Table
20.10, the increased glutathione S-transferase activity is stable and not significantly altered by
external factors. Furthermore, a number of the glutathione conjugates formed with chemothera-
peutic drugs or their metabolites are removed by membrane pump proteins of the MDR family;
thus, in a number of instances of resistance, increases in both the MDR p-glycoprotein or related
proteins as well as GSTs may be seen (cf. O’Brien and Tew, 1996). This same review also dis-
cusses the suggestion that genetic polymorphisms in the GSTs may alter their response to che-
motherapy in specific disease conditions. In any event, it is clear that glutathione and specific
aspects of its metabolism, especially conjugation with reactive forms and elimination of active
oxygen radicals, play significant roles in drug metabolism and resistance. Furthermore, while
this discussion has concentrated on isolating specific drug resistance mechanisms and discussing
each separately, both the possibility and reality of multiple pathways of drug resistance in neo-
plastic cells presently exist.

The Cell Cycle and Chemotherapy

Although many of the drugs used in chemotherapy eliminate neoplastic cells by effects during
cell division, some drugs also have relatively specific effects during individual stages of the cell
cycle. A schema of the relationship of the specific action of various cytostatic and cytotoxic
drugs to the various periods of the cell cycle is seen in Figure 20.13. Chapter 9 presented a dis-
cussion of the doubling times of neoplastic cells as well as some of the characteristics of their
growth. A better knowledge of such variables, as well as their determination in the individual
patient, is the goal toward which the methods of chemotherapy are directed. The number of cells
in each of the various phases of the cell cycle at any one time in a neoplasm is dependent on a
variety of factors. During the logarithmic growth, a greater proportion of the cells are in the S
phase, whereas later in the natural history of the neoplasm, more neoplastic cells may be seen in
the G1 or even G0 stage of the cell cycle. This latter situation is the rule with relatively slowly
growing solid neoplasms, whereas rapidly growing embryonal neoplasms and acute leukemias
have a much greater proportion of cells entering the S phase during most of their natural history.
Not all cells of a neoplasm or a normal tissue have the capacity to replicate indefinitely. In nor-
mal tissues there occur cells, termed stem cells, that have extensive cell-renewal capacity extend-
ing throughout the whole or most of the life span of the organism (Chapter 14; Trott, 1994).
Similarly, it appears that neoplasms have stem cells, which are those cells capable of continued

Table 20.9 Known Anticancer Drugs 
and Metabolites That Are GST Substrates

aBCNU, 1,3-bis(2-chloroethyl)-1-nitrosourea.
Hydroxyalkenals, base propenals, and DNA hy-
droxyperoxides are generated from DNA free
radical damage.

Chlorambucil

Adapted from O’Brien and Tew, 1996, with per-
mission of authors and publisher.

Thiotepa
Melphalan Ethacrynic acid
Cyclophosphamide Base propenals
Acrolein Hydroxyalkenals
BCNUa Hydroperoxides
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replication as long as the neoplasm grows within the host. Under ideal circumstances, the delin-
eation of stem cells in the neoplastic population and of cells in the nonproliferating compartment
is critical for successful drug therapy aimed at killing such populations.

A method that has been utilized to isolate in part and determine the effects of drugs on the
tumor stem cell population is the human tumor stem cell assay originally described by Salmon et
al. (1978). The assay, depicted in Figure 20.14, is carried out by obtaining individual neoplastic
cells from a surgical specimen of the neoplasm under study through mechanical dissociation,
followed by the incubation of such cell preparations in the presence or absence of a specific test
drug and subsequent plating in soft agar. Malignant “stem” cells from the neoplasm will form
individual colonies in the soft agar, such as has been described for cells transformed in culture
(Chapter 14). One may then monitor the effect of the drug on colony formation and growth. This
assay has proved valuable in the in vitro phase II (Figure 20.3) studies of new agents and in the
initial screening of new analogs. One of its most notable accomplishments has been in establish-
ing patterns of cross-resistance and sensitivity in relapsing patients as well as monitoring the
development of clinical drug resistance through the use of serial tumor biopsies (cf. Bellamy,
1992). As might be expected, however, a variety of technical difficulties prevent the use of this
assay in routine clinical diagnosis and management of neoplastic therapy. Such difficulties in-
clude (1) a low plating efficiency of freshly isolated human neoplasms, limiting the number of
neoplasms that will form colonies for the assessment of drug effects; (2) potential selection of
only a portion of the stem cells from the original sample; (3) difficulties in obtaining pure sus-
pensions of single cells that have not been damaged by the technology; (4) potential for signifi-
cant errors in assessment of “response” rates in both the assay and in patients; and (5) not all
neoplasms have stem cells capable of growth in soft agar, as predicted from our discussions in

Table 20.10 Altered GSH-Metabolizing Enzymes in Various Tumor Types

Tumor Type
GST

Activity
Increased Isozyme 

Expression
Other Altered 

Expression

Ovarian π
+
+ +GSH

+GSH Px activitya

aGSH Px, glutathione peroxidase; GR, glutathione reductase. Elevated enzyme activity represented by (+) sym-
bol. π denotes the specific isozyme, the π form, of glutathione S-transferase (GST).

Adapted from O’Brien and Tew, 1996, with permission of authors and publisher.

Breast + +GSH
+GSH Px activity

+
Lymphocytes

ALL π
CLL-chlorambucil resistant +

Bladder +GSH Px activity
+Catalase activity

Lung
Mixed histologies-cisplatin resistant +GR

+GSH Px activity
Non-small cell lung carcinoma + +GSH

+GSH Px activity
Colorectal + π

+
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Figure 20.13 The effectiveness of chemotherapeutic drugs at various phases of the cell cycle.

Figure 20.14 Steps involved in the establishment of the clonogenic (human tumor stem cell) assay of
human neoplasms for the purpose of testing drug sensitivity and resistance of neoplastic stem cells.
(Adapted from Riou and Bernard, 1982, with permission of the authors and publisher.)
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Chapter 14. Despite these problems, there is some evidence for a correlation between clinical
response and the in vitro response of neoplastic cells in the human tumor stem cell assay. These
findings include the observation that cells from human neoplasms of a given histologic type have
a response in vitro to therapeutic drug administration that is similar to the known clinical re-
sponses of such neoplasms and in particular the patient’s clinical response (cf. Bellamy, 1992).
Perhaps more important is that the assay has an extremely high capability (85%) to predict clin-
ical resistance to the drug being studied (Von Hoff et al., 1983).

Unfortunately, the human tumor stem cell assay tells nothing about cells in the G1 or G0

phase of the cell cycle. However, a number of drugs (Figure 20.13) are effective during these
phases, and a number of drugs appear to be non–cell-cycle-specific in their action. Thus, it is
clear that the use of a single drug in the chemotherapy of neoplasia is doomed to failure both
because of specific actions during the cell cycle and the development of drug resistance by the
neoplastic cell through the variety of mechanisms discussed above (Figure 20.12). The apparent
solution to this problem has been to use multiple drug combinations composed of chemicals
active during different phases of the cell cycle. In some instances, attempts have been made ei-
ther to synchronize neoplastic cells in vivo with subsequent administration of the drugs at the
most sensitive times in relation to the synchronization of certain nonneoplastic tissues. This type
of therapy has been termed chronotherapy, in which the peak of cell proliferation of neoplastic
and normal cells during the daily cycle is determined by a variety of methods, with subsequent
therapy administered at time periods giving appropriate and maximal differences between sensi-
tivity of the neoplastic cells and resistance of the normal cells (Focan, 1995). An example of the
different 24-hour patterns of DNA synthesis (S phase) in cells of bone marrow and a lymphoid
neoplasm in the human is seen in Figure 20.15 (cf. Hrushesky and Bjarnason, 1993). Therapy

Figure 20.15 Patterns of DNA synthesis (S phase) activity in bone marrow (solid line) or malignant
lymphoma (dashed line) sampled through two consecutive 24-hour periods. The curves represent best-fitting
cosigned functions to the raw S phase data expressed as a predictable variation around the 24-hour mean
(100%). (Adapted from Hrushesky and Bjarnason, 1993, with permission of the authors and publisher.)
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with a drug active during the DNA synthesis phase (Figure 20.13) would expose a much higher
proportion of neoplastic cells when given near 12 A.M. than bone marrow cells, which have a
significantly lower number of cells in S phase at that time. Halberg (1977) was one of the first
individuals to suggest taking advantage of differences in circadian rhythmicity for more effec-
tive therapy of not only cancer but other diseases as well (Belanger, 1993). However, unless
careful analyses of parameters within the neoplasm compared with the host are undertaken, dif-
ficulties in results may occur (e.g., Adler et al., 1994). By combining knowledge of cell kinetics
as applied to the human disease, differences in endogenous parameters such as seen in circadian
rhythms, and the use of multiple drugs affecting different phases of the cell cycle, a rationale for
therapy of both leukemias and solid neoplasms has been developed.

CHEMOTHERAPY REGIMENS FOR THE TREATMENT OF LEUKEMIAS AND 
SOLID NEOPLASMS

With the expansion of the knowledge base for modern chemotherapy of cancer, the efficacy as
well as the rationale of the use of combinations of drugs for the therapy of neoplasia became of
paramount importance. The ideal situation in which application of the basic knowledge devel-
oped to the present time is seen with rapidly growing neoplasms, particularly leukemias, in
which neoplastic cells occur systemically but with easy access to the therapeutic agents through
the vascular circulation. Here are considered examples of this more idealized treatment as well
as the therapy of solid neoplasms, where delivery of the drug to the neoplastic cell becomes a
major therapeutic hurdle.

Treatment of Leukemias

Many “protocols” have been devised, that is, therapeutic regimens for the treatment of specific
neoplastic conditions, and more are being studied. Figure 20.16 shows an older example of such
a protocol, termed the L-2 protocol by Clarkson and Fried (1971). The entire protocol extends
over approximately 4 months, during which various combinations of drugs are given inter-
spersed with several rest periods. These latter intervals are necessary in order to allow the host to
recover from the toxic effects of the various chemicals given. Obviously, during these rest peri-
ods the neoplastic population expands. The estimated changes in cellular populations during the
course of therapy are seen in the upper portion of the figure. The assumption is made that the
initial size of the leukemic population is 3 × 1012 cells, which is the approximate cell number
found in many severe, untreated cases of acute lymphoblastic leukemia in children. The choice
of the drugs given at the various periods is made partly on the basis of their mechanism of ac-
tion, their toxicity, and their known efficacy from past experience in producing remissions in the
disease. The reader is referred to the original publication (Clarkson and Fried, 1971) for a more
detailed discussion of the protocol.

Several major challenges still remain in the treatment of acute lymphoblastic leukemia in
children despite the fact that more than 70% of those treated today by regimens somewhat simi-
lar to that seen in Figure 20.16 (Rivera et al., 1993) will be cured of their disease. Those children
who relapse must be identified early in their disease and receive more effective therapy; children
who respond well and in whom a cure can be expected should be identified so that their treat-
ment may be modified to decrease short- and long-term toxicity (Holcenberg and Camitta,
1981). Today most acute lymphoblastic leukemias are of the pre-B type (approximately 85%),
while most of the remaining are of the T-cell variety. The cure rate for children with the pre-B
immunophenotype exhibit a cure rate in excess of 70% (Camitta et al., 1997; Rivera et al.,
1993). However, cures in B-cell leukemias are relatively rare, while children with T-cell leuke-
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mias may have cure rates in excess of 40% when aggressive chemotherapy regimens employing
high doses of rotating chemotherapeutic agents are employed (cf. Amylon, 1990). Follow-up of
patients exhibiting complete remission for extended periods of time can now be monitored by
molecular techniques in which residual leukemic cells can be detected in bone marrow (Cam-
pana et al., 1991; Roberts et al., 1997).

In adults over 40 years of age, chemotherapy for leukemia generally is not nearly so effec-
tive as in children (cf. Freireich, 1984). On the other hand, the chemotherapy of acute myeloge-
nous leukemia in adults has advanced to the stage at which a significant number of patients have
been in remission from the disease for more than 5 years; such individuals represent true cures
of this disease (Lister and Rohatiner, 1982; Hoelzer, 1994). Much greater success has been
achieved with combination chemotherapy for Hodgkin disease, originally using a multidrug reg-
imen of nitrogen mustard, vincristine, procarbazine, and prednisone (MOPP). This regimen (De-
Vita et al., 1980) has resulted in a cure rate for all stages of Hodgkin disease of up to 70% or
better at 10 years. Addition of radiotherapy to combination chemotherapy may result in 10-year
survivals of up to 95% in some series (Prosnitz and Roberts, 1992). Treatment of acute leukemia
in adults has also included the use of bone marrow transplantation in patients given lethal doses
of radiation and/or chemotherapy to eliminate all neoplastic cells in the bone marrow and organ-
ism as a whole (cf. Thomas, 1992; Geller, 1993). Treatment of children with non-Hodgkin lym-
phoma by combination chemotherapy with or without combined radiotherapy results in a very
high rate of cure, in excess of 80% (Link et al., 1997). Therapy for the non-Hodgkin lymphomas
may be quite effective in adults as well, where in certain cell types of this disease a 5-year cure
rate of 60% to 80% has been produced (cf. Armitage, 1993; Lilleyman and Pinkerton, 1996).

Unfortunately, the efficacy of these various therapeutic regimens is not without some risk.
At least two of the agents in the MOPP protocol, procarbazine and nitrogen mustard, are alkylat-
ing agents. It is now apparent that a significant number of patients treated with these com-
pounds, especially those given radiation as well, later develop second malignancies, one of the
most common of which is acute myeloid leukemia. The incidence of this latter neoplasm may be
as high as 5% in patients treated for Hodgkin disease with MOPP and radiation (Grünwald and
Rosner, 1982). In some series the risk of a second malignancy after treatment for Hodgkin dis-
ease may be in excess of 15% 15 years after the therapy itself (Tucker et al., 1988; Robinson et
al., 1994). As pointed out in Chapter 11, secondary neoplasms have also been reported after
chemotherapy and radiation therapy for a number of different types of human neoplasms, in-
cluding carcinomas, myelomas, and even nonneoplastic diseases (Boffetta and Kaldor, 1994).
On the other hand, one must recall that patients having had one cancer are at a greater risk of
developing a second malignancy than are members of the population never exhibiting clinical
neoplasia (Carter, 1984), and the highly significant increase in secondary malignancy seen in
Hodgkin’s disease may in part be related to the abnormal immune function see in these patients
(cf. Chapter 19).

Chemotherapy of Solid Neoplasms (Other Than Lymphomas)

Although many of the conclusions drawn on the basis of the L-1210 leukemia model and the
combination therapy, especially the latter, also apply to the treatment of solid tumors, it is clear
that a rapidly dividing, continuously circulating cell population such as that seen in leukemias is
significantly different from a slowly growing neoplasm, with variable doubling times and with
erratic growth. In addition, unlike the growth characteristics of leukemias, in most solid neo-
plasms the cell growth is most rapid at the periphery of the neoplasm, with necrotic regions in
the center and an intermediate zone in which cells are viable but nondividing. Some neoplasms,
especially scirrhous tumors or neoplastic cells embedded in radiation-induced fibrous tissue,
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may represent difficult anatomical sites for drugs to permeate, leading to “compartmentaliza-
tion” of some neoplastic cells within the host.

Some model experimental neoplasms have been studied (cf. Looney et al., 1977). How-
ever, no specific test system like those mentioned above for leukemias has been devised or stud-
ied in an attempt to establish new strategies of treatment of solid tumors. The human tumor stem
cell assay (HTSCA) has been useful in predicting negative responses of individual neoplasms to
chemotherapy. On the other hand, several solid neoplasms in both children and adults have been
effectively treated with chemotherapy as the principal therapeutic modality. In children suffering
from Wilms tumor, there is now a greater than 80% expectation of cure with a combination of
surgery, radiation, and chemotherapy (D’Angio et al., 1991). Chemotherapy of breast cancer in
adults has been largely carried out after primary surgical and/or radiotherapy (Bonadonna and
Valagussa, 1983; Carbone, 1981). During the last two decades, cytotoxic and hormone therapy
of metastatic breast cancer has shown some evidence of effectiveness for specific regimens (Fos-
sati et al., 1998), and the endocrine treatment of breast cancer in women has been used exten-
sively with a variety of different modalities (Santen et al., 1990). Postsurgical treatment of breast
cancer with antiestrogens, particularly tamoxifen, has been most efficacious in reducing the risk
of recurrence and death from breast cancer as well as offering some effective palliation for pa-
tients with metastatic breast cancer (Osborne, 1998). In addition, tamoxifen given together with
surgery and/or radiation therapy is effective in the treatment of very early breast cancer, espe-
cially preventing the development of invasive neoplasia (Fisher et al., 1999). In a similar vein,
combination chemotherapy has been found effective in the treatment of advanced and metastatic
colorectal cancer with relatively nontoxic combinations of fluorouracil, leucovorin, and levami-
sole. In this combination, leucovorin, a normal metabolite of folic acid, augments the activity
and toxicity of fluorouracil, while levamisole appears to augment the immune system (Moertel,
1994). The treatment of small-cell lung cancer, which has an extremely poor prognosis, has been
improved by combination chemotherapy, allowing for remissions of a year or more in a signifi-
cant number of patients (Bunn and Carney, 1997). Even greater success has been achieved in the
chemotherapy of choriocarcinoma (Lewis, 1980) and testicular cancer (Einhorn, 1990), in which
80% to 90% of patients are cured by chemotherapy in the former case, and over 50% in the
latter. A variety of techniques for chemotherapy, including intraarterial and intracavitary chemo-
therapy, chemotherapy in combination with hyperthermia, and a variety of drug delivery systems
are being used (cf. Markman, 1984). A unique therapy for osteogenic sarcoma in younger indi-
viduals involved the administration of high, essentially lethal doses of methotrexate, with subse-
quent rescue by the administration of leucovorin, the reduced form of the normal vitamin (folic
acid) (Rosenberg et al., 1979). This single-drug therapeutic regimen combined with surgery ap-
peared to result in cure rates of up to 40% to 50% in such individuals. More recently, the use of
combination chemotherapy involving several drugs has resulted in 5-year survival rates of more
than 70% of patients with nonmetastatic osteogenic sarcoma (cf. Grem et al., 1988).

Unfortunately, the problem of destroying every single tumor cell within the host is much
more difficult in solid tumors than in leukemias, largely because of the low growth fraction and
because most effective chemotherapeutic agents hit cells only during DNA synthesis and mito-
sis, as well as the barriers to drug delivery to the neoplastic cell placed by the static environment
of the tissue itself. Nonetheless, with a better understanding of the dose and scheduling in multi-
stage cancer chemotherapy (Sweetenham, 1995) and the development of new chemotherapeutic
agents (e.g., Hanauske, 1996), as well as the potential for individualizing chemotherapy to par-
ticular patients or small groups of patients (Cree and Kurbacher, 1997), there is still room for
progress to be made in combination drug therapy of neoplasia.
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Combinations of Chemotherapy with Other Therapies

At the present time, with the exception of the few neoplasms mentioned in Table 20.1, chemo-
therapy is used either when the principal cancer therapies of surgery and radiotherapy have not
been effective or in conjunction with one or both of these modalities. We have already noted the
effectiveness of combining radiotherapy with chemotherapy in the treatment of Hodgkin dis-
ease. Today in many instances, even when the primary surgical or radiotherapies are thought to
be reasonably successful, chemotherapy will be used in addition as “adjuvant” therapy. This
course of action is seen not infrequently in the treatment of breast, colon, prostate, and a number
of other neoplasms more commonly seen in older age groups. Such adjuvant therapy has been
extremely useful in extending the life span and even achieving complete cures with breast cancer
(Olivetto et al., 1994) and to a lesser extent with colon cancer (Shulman and Schilsky, 1995).
Since the adjuvant therapy is designed toward cytotoxic and/or cytostatic effects on any neoplas-
tic cells that might remain in the host after surgery and/or radiotherapy, the difficulties with po-
tential side effects and subsequent toxic consequences, even to the development of secondary
neoplasms, must be considered. Theoretically, the ideal adjuvant therapy for neoplasia after re-
moval of the majority of neoplastic cells within the host (debulking) is the use of immunother-
apy, which depends to a great extent on the immune system of the host itself augmented with
external, immunologically active agents. This subject was discussed more fully in Chapter 19,
where it was pointed out that immunotherapy has the best chance of eliminating all neoplastic
cells if the host recognizes them as foreign antigens. Thus, the combination of immunotherapy
and chemotherapy should prove to be one of the most effective means of treating neoplasms to
obtain complete cures. Some human neoplasms, particularly choriocarcinomas in females and
Burkitt lymphoma, are highly antigenic and can be consistently cured by chemotherapy. This
effectiveness probably occurs through a mechanism whereby the drug kills the majority of neo-
plastic cells and the immune response then destroys the remainder of the neoplastic population.
A variety of potential mechanisms for such therapeutic activity by the combination of chemother-
apy and immunotherapy have been suggested by Talmadge (1992). These are listed in Table 20.11.
Note from the table that these mechanisms involve alteration of suppressor cell activity, cytokine
and lymphokine enhancement of normal stem cell development, and responses to neoplastic cells,
as well as an interesting suggestion that stimulation of tumor cell growth may occur with a subse-
quent increase in the sensitivity to chemotherapeutic agents. Kedar and Klein (1992) have also
pointed out that chemotherapeutic agents may potentiate immunotherapy by increasing the sensi-

Table 20.11 Potential Mechanism of Therapeutic Activity by Chemoimmunotherapy

After Talmadge (1992) with permission of the author and publisher.

1. Reduction in tumor burden by cytoreductive agents resulting in a tumor burden more amenable to 
immunotherapy

2. Decreased suppressor cell activity resulting in an increased T cell adjuvant activity induced by agents 
such as r11 IL-2

3. Increased therapeutic activity of two cytoreductive-cytostatic modalities such as a chemotherapeutic 
agent and tumor necrosis factor or interferon

4. Accelerated myeloid restoration due to increased stem cell activity, thereby allowing more aggressive 
doses of chemotherapy and reduced neutropenia

5. Addition of agents that stimulate stem cell cycling and accelerate myeloid restoration in conjunction 
with autologous bone marrow following aggressive cytoreductive therapy

6. Stimulation of tumor cell growth and subsequent increase in sensitivity to chemotherapeutic agents
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tivity of neoplastic cells to immunological attack, imposing antigenic changes on the cells by act-
ing as a hapten, and potentiating the stimulation of effector cells as a consequence of massive
release of tumor antigens by induced apoptosis. Thus, as we learn more of the mechanisms in-
volved in the immunobiological aspects of the host–tumor relationship and develop more effective
chemotherapeutic agents, the combination of the two offer perhaps the best hope to ultimately suc-
cessfully eliminate the “last remaining neoplastic cell” in the host, which effects an absolute cure.

RECENT MODALITIES IN AND POTENTIAL FOR CANCER CHEMOTHERAPY

Until recent years, the principal direction of cancer chemotherapy has been toward newer and better
drugs aimed at affecting cell replication as well as by endocrine-active drugs. A very significant
portion of the drugs presently in use were discovered as a result of serendipity or their efficacy is
directly related to serendipitous findings. With the dramatic increase in our knowledge of the cellu-
lar and molecular biology of living tissues, both normal and neoplastic, it is now reasonable to de-
vise chemotherapeutic agents on the basis of several rationales. Several of these are discussed below.

Signal Transduction Pathways as Targets for Chemotherapy

With a dramatic increase in our knowledge of molecular mechanisms involved in signal trans-
duction and its aberrations in neoplasia, components of this pathway have been suggested as
possible targets for chemotherapy (Powis, 1994). Although there are many possibilities, certain
specific sites have been targeted by agents developed specifically for such effects. A diagram of
the Ras/MAP kinase cascade is seen in Figure 20.17. In the figure are indicated sites at which
drug intervention has been developed and attempted.

Growth Factor Receptor Targets

While a variety of growth factors are involved in the development of neoplasia, predominantly
during the stage of promotion but continuing into the stage of progression, reagents—both drugs
and natural products—have been developed in an attempt to selectively alter or modulate such
functions. The epidermal growth factor family has been one target by use of inhibitors of the
tyrosine kinase function of the receptor, which has interesting potential, as well as interfering
with ligand-receptor interactions (Davies and Chamberlin, 1996). The latter approach has been
relatively successful and is now in clinical trials through the use of specific monoclonal antibod-
ies directed toward members of the epidermal growth factor receptor family that are expressed
on many highly malignant neoplastic cells (cf. Disis and Cheever, 1997). Investigations have
also attempted to utilize modulation of the receptor to alter drug resistance (cf. Davies and
Chamberlin, 1996). In addition, in a recent study (Wosikowski et al., 1997) with cell lines and
computer analysis of cytotoxicity patterns, several compounds were identified as inhibitors of
the epidermal growth factor receptor pathway, probably by modulating phosphorylation. Some
studies have also demonstrated that both natural and synthetic agents may modulate the expres-
sion of growth factors on neoplastic cells (Tagliaferri et al., 1994).

Protein Kinase Inhibitors

As noted above, some disruption of the epidermal growth factor pathway may be effected by
inhibiting the tyrosine kinase component of the receptor. A large number of other protein kinase
inhibitors have also been synthesized and utilized, primarily in in vitro systems (cf. Boutin,
1994). A variety of structures of such inhibitors can be seen in Figure 20.18. Some of these are
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relatively selective for the epidermal growth factor receptor such as DAPH-1 (cf. Patrick and
Heimbrook, 1996). Inhibitors of the protein kinase C family of serine/threonine protein kinases
have involved both the use of active-site-directed inhibitors targeting both peptide substrate and
nucleotide binding sites. However, cell-penetration problems remain as important factors in the
use of these agents. Nucleotide binding-site-directed inhibitors include H-7 and staurosporine,
while R0 32-0432 is an ATP-competitive inhibitor of some members of the protein kinase C
family (cf. Patrick and Heimbrook, 1996). Inhibitors of the raf serine/threonine protein kinase
and the mitogen activated kinases (MEK, MAP) have also been described affecting several mem-

Figure 20.17 Signal transduction pathways by the Ras/MAP kinase cascade as well as via protein
kinase C and subsequent activation of the nuclear transcription factor NFκB. The student is referred to ear-
lier figures (7.6, 7.7, 7.8) giving some details of the specific pathways. Inhibitory actions of drugs and
natural products are noted by the numbers within circles adjacent to the reaction and its product. (1)
Growth factor-receptor inhibition; (2) inhibition of protein kinases; (3) inhibition of prenylation of G pro-
teins. (Modified from Hinterding et al., 1998, with permission of the authors and publisher.)
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bers of this pathway. The example from Figure 20.18 is PD 98059, which inhibits both the MEK-
kinase or raf-dependent activation of MEK but does not seem to affect raf autophosphorylation (cf.
Patrick and Heimbrook, 1996). In addition to inhibitors of signal transduction kinases, there are
also being developed chemotherapeutic agents capable of altering the function of cyclin-dependent
kinase inhibitors that may have important usefulness in chemotherapy (Kaubisch and Schwartz,
2000). Despite the extensive work in this area and the large involvement of protein kinase activities
in signal transduction pathway, one must remember that all of these pathways function in normal
cells, and thus the differential between effective treatment in neoplasia and lack of toxicity in nor-
mal tissues (therapeutic index, see above) may be less than desired in many instances.

Protein Prenylation as a Target for Chemotherapy

As noted in Figure 20.17, the ras protein is shown bound to the plasma membrane through a lipid
moiety, farnesyl, which is covalently linked to a cysteine sulfhydryl of the protein, forming a
thioether bond. As briefly discussed in Chapter 7, this interaction of these G proteins with the cell
membrane is required for normal signal transduction. Inhibitors of the formation of isoprenoids,
especially farnesyl and geranyl moieties and/or their linkage to the protein, can result in inhibi-
tion of signal transduction pathways. This has been demonstrated by the rational design of pepti-
domimetics of the carboxyl terminal tetrapeptide farnesylation site on ras (Lerner et al., 1997;
Moasser et al., 1998). The resulting agents are capable of inhibiting ras processing, selectively
antagonizing oncogenic signaling, and suppressing neoplastic growth in mouse models with rela-
tively small side effects. While there are a number of key problems that still must be overcome in

Figure 20.18 Structural features of some protein kinase inhibitors. The reader is referred to the original
reference (Patrick and Heimbrook, 1996) and the text for further details. (Adapted from Patrick and Heim-
brook, 1996, with permission of the authors and publisher.)
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order for such agents to enter clinical trials, other inhibitors of isoprenoid synthesis may become
effective additions to the chemotherapeutic armamentarium (Waddick and Uckun, 1998).

On the other hand, the variety of signal transduction pathways extending all the way into
nuclear factors and mechanisms may be amenable to attack by the use of structure-based strate-
gies by drug design and discovery (Kuntz, 1992). The modern technologies involving combinato-
rial chemistry as well as detailed structural knowledge of the protein targets, especially their active
sites, can lead to the development of drugs extremely specific in their site of action with a much
greater potential for an effective therapeutic index (Lam, 1997). One potential target for such strat-
egies would be the nuclear factor κB, which affects cell survival and determines the sensitivity of
neoplastic cells to cytotoxic agents as well as to ionizing radiation (Waddick and Uckun, 1999). In
Figure 20.17, this pathway may be noted as being related to a cytoplasmic factor, IκB, which nor-
mally maintains NFκB as a complex but when phosphorylated by protein kinase C releases the
active NFκB to become involved in specific gene transcription within the nucleus. A recent exam-
ple of the use of such technologies is the synthesis of monastrol, an agent that specifically inhibits
the motility of a mitotic motor protein required for normal spindle structure (Mayer et al., 1999). It
is very likely that, as more basic knowledge of the structural characteristics of specific proteins
within signal transduction pathways become known, specific drugs can be exquisitely tailored to
interact and alter the effectiveness of these gene products within neoplastic cells.

Induced Differentiation of Neoplastic Cells

As discussed in earlier chapters (Chapters 6, 10, and 14), the chemical induction of differentia-
tion of neoplastic cells has been achieved in systems studied in vitro. Lotem and Sachs (1981)
and Honma et al. (1997) have reported the inhibition of leukemia development and the prolonga-
tion of survival time of mice inoculated with myeloid leukemia by the administration of various
chemical inducers of differentiation. In the human in vivo, the principal example of the effective-
ness of induced differentiation in the treatment of specific neoplasia is the use of all-trans-retinoic
acid in the treatment of acute promyelocytic leukemia (cf. Tallman et al., 1997). These and other
studies have demonstrated the effectiveness of all-trans-retinoic acid in inducing or maintaining
remission and improving overall survival when compared with chemotherapy alone. Other exam-
ples of effects of differentiating agents in vivo include high-dose methylprednisolone in children
with acute promyelocytic leukemia (Hiçsönmez et al., 1993) and the use of tetradecanoylphorbol
acetate, an effective skin tumor–promoting agent, in patients with myelocytic leukemia (Han et
al., 1998). The theoretical potential for this modality is great, especially since little or no toxicity
is associated with the therapy; but in the examples thus far studied in both humans and animals,
the effects require continued administration of the differentiating agent. The usual history in the
human is that eventually neoplasms will escape the differentiating effect for a variety of mecha-
nistic reasons (Early and Dmitrovsky, 1995). In addition, the theoretical combination of multiple
differentiating agents may prove to be effective in the future (Taimi et al., 1998).

Antiangiogenesis as an Approach to Chemotherapy of Cancer

As noted in Chapter 18, the importance of a vascular supply for the viability of solid neoplasms
is well documented. Investigation of this critical component of neoplastic growth with an aim
toward therapy was initiated by Folkman and associates in experimental situations almost three
decades ago (Folkman et al., 1971). Since that time, and especially during the past few years, a
large number of antiangiogenic agents have entered clinical trial, the number being in excess of
30 and exhibiting a variety of mechanisms either directly or indirectly associated with angiogen-
esis of neoplasia (Thompson et al., 1999). The directly acting agents, such as angiostatin and
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endostatin, inhibit endothelial cell proliferation directly (O’Reilly et al., 1997). Other agents are
directed toward inhibiting the signal transduction pathway regulated by the vascular endothelial
growth factor (VEGF) (Salven et al., 1998; Veikkola and Alitalo, 1999). Both antibodies di-
rected toward the growth factor and direct antagonists of smaller molecular structure have been
utilized in clinical trials (Thompson et al., 1999). In theory, this approach offers great promise,
since it does not involve a direct attack on the neoplastic cell itself but rather on host cells that
the neoplasm requires for maintenance and growth (Boehm et al., 1997; Gastl et al., 1997). Al-
though these agents are not without side effects, it might be anticipated that they are much less
toxic than a number of the chemotherapeutic agents in standard use (Thompson et al., 1999), and
thus the potential for this type of therapy as primary therapy or as an adjunct to other therapies
appears to be very great at the present time.

Gene Therapy of Neoplasia

As our capability for the direct transfer of genetic information into cells increases, the use of
gene therapy in neoplasia has become a realistic potential in modern-day chemotherapy. Trans-
fection of a normal tumor suppressor gene that is defective in neoplastic cells, such as the p53
gene (El-Deiry, 1998), would be an obvious target for gene therapy. However, a number of other
potentials include the use of gene transfer vectors to provide high concentration of antiangio-
genic proteins within organs (Kong and Crystal, 1998), methods to modify methylation of intro-
duced genes (Szyf, 1996), and the specific stimulation of the immune system, thereby enhancing
immunity to specific neoplasms in the form of DNA vaccines, as discussed in Chapter 19.

A variety of gene transfer methods affording introduction of specific genes into target cells
have been utilized. A number of these methods are listed in Table 20.12. Such gene transfer may

Table 20.12 Gene Therapy: Gene Transfer Methods

Key: + = frequent, +/– = occasional, – = rare; expression: S = stable, T = transient.
Adapted from Blum et al., 1997, with permission of the authors and publisher.

Applications

Methods Ex Vivo Use In Vivo Use Expression

Viral
Adeno-associated virus + + S
Adenovirus +/– + T
Baculovirus +/– – T
Herpesvirus +/– + T
HIV-derived vector +/– – S
Poliovirus +/– + T
Poxvirus +/– + S
Retroviruses + + S
Sindbis and other RNA viruses +/– + T
Vacciniavirus +/– + T

Nonviral
Ca-phosphate precipitation +/– – S/T
Direct DNA injection – + T
Ligand DNA conjugate – + T
Lipofection +/– + T
Polyethylenimine + + T
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be carried out in cells in vitro, such cells then being administered to the host, or a cell-free direct
gene transfer into cells in vivo. When administered in vivo, viral vectors may be used, a number
of which have been attempted (cf. Roth and Cristiano, 1997), but DNA in liposomes or some
other complex that is readily taken up by cells allowing entrance of the DNA into the nucleus
have also been used. Although it is likely that only a few neoplastic cells may take up specific
genes in these therapeutic regimens, the “bystander” effect, mediated to a significant degree by
connexins (Freeman et al., 1993; Mesnil et al., 1996), may prove an effective mediator of such
gene therapies.

As pointed out by Gómez-Navarro et al. (1999), there are a variety of obstacles in cancer
therapy for which potential contributions of gene therapy may be effective. A list of these, taken

Table 20.13 Potential Contributions of Gene Therapy to Overcome Obstacles for Curing Cancer

After Gómez-Navarro et al. (1999), with permission of authors and publisher.

1. All tumours are genetically unstable and thus 
they are extraordinarily adaptable to environ-
mental changes.

Gene transfer of DNA repair or cell cycle check-
point genes that restore DNA stability and cell 
susceptibility to therapeutic insults.

2. Tumours are heterogeneous in many respects, 
including genetic mutations, expression of on-
coproteins, immunogenicity, response to envi-
ronmental changes, etc.

Targeting of genetically homogeneous and stable 
tissues, such as the tumour vasculature and 
stroma; genetic immunopotentiation; chimeric 
vectors.

3. As a consequence of obstacles 1 and 2, tu-
mours have, or acquire, resistance to cellular 
toxins and to many other therapeutically in-
duced cellular insults.

Strategies above, associated with chemotherapy or 
radiotherapy or with the transfer of additional 
genes that sensitise tumour cells to drugs or 
radiation.

4. Tumours can have a low cellular growth frac-
tion; therefore, they are less susceptible to mi-
totic toxins and to gene transfer vectors that 
require dividing cells.

Use of vectors that do not require cellular division 
for gene delivery and expression (adenovirus, 
herpesvirus, lentivirus, chimeric vectors); 
repeated administration of non-immunogenic 
vectors.

5. Tumours form metastases, which have to be 
reached systemically to eradicate the tumour 
completely.

Use of targetable, injectable vectors (tropism-
modified viruses, cellular vehicles, liposomes); 
genetic immunopotentiation.

6. Tumours do not express specific tumour anti-
gens or immune costimulatory molecules; 
alternatively, tumours down-regulate antigen-
presentation, induce immunological tolerance,
or inhibit the effector mechanisms of the im-
mune response.

Transfer of genes encoding costimulatory mole-
cules and cytokines; genetic modification of 
antigen-presenting cells; induce inflammatory 
reactions that activate antigen presentation; 
transfer of genes blocking tumour-secreted in-
hibitors of the immune response.

7. The spontaneous behaviour of human tumours 
is somewhat different from that of malignant 
cells in vitro, and from that of experimental 
tumours in animal models.

Development of better animal models, including 
tumour models in transgenic mice.

8. Tumours are diagnosed in advanced stages,
when billions of tumour cells exist in the body, 
frequently widely disseminated.

Development of amplification vector systems (rep-
licative viral vectors and exploitation of by-
stander effects); use of targetable, injectable 
vectors; genetic immunopotentiation.

9. The understanding and treatment of cancer re-
quires the contribution of very diverse fields of 
basic knowledge, biotechnology, and medical 
practice.

De facto multidisciplinary recruitment of gene 
therapy researchers.
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from their recent article, is seen in Table 20.13, which is relatively self-explanatory. As noted,
many of the potential contributions of gene transfer may not be realized until well into the fu-
ture; however, with the continuing increase in knowledge and technology, the future for specific
gene therapy of neoplasia is bright.
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Epilogue
Cancer: Tomorrow and the Future

In the 15 years since the publication of the third edition of this textbook, a veritable explosion of
knowledge has occurred in the fields of cell and molecular biology, genetics, computer technol-
ogy and bioinformatics, and many other basic and applied fields. Simultaneously, there has been
an explosion in our knowledge of neoplasia. This knowledge has possibly led to some concrete
results in that the overall death rate from cancer in the United States decreased by 3% during the
period 1990–1995 (Cole and Rodu, 1996) and in the European Union by about 7% between
1988 and 1996 (Levi et al., 2000). However, as was the case 15 years ago, there is still no “magic
bullet” to cure cancer, unlike the antibiotics that are able to cure the majority of bacterial infec-
tions in the human. Just as it was 15 years ago, despite the explosion in knowledge, medical
science continues to be frustrated in its effort to establish a truly effective therapy for the most
common forms of malignant neoplasms in the human, such as lung, breast, prostate, and gas-
trointestinal tract. The elusive “answer to cancer” appears to be just over the hill and beyond,
despite the many truly striking discoveries that have been made in biology in this past decade
and a half.

As in the earlier editions of this text, and at the suggestion of several reviewers, we pro-
posed several areas of oncology that might hold promise for a control of this disease. Review of
the epilogue to the third edition indicates that progress has been made in the areas suggested at
that time: cancer prevention, the natural history of development and the nature of the cancer cell,
and the therapy of neoplasia itself. This epilogue is not prophetic, but is more of an update and
suggests some directions for investigation that might be taken in the future. They are necessarily
biased and thus open to considerable criticism. An old colleague of mine, Dr. Vladimir Shapot
of the former Soviet Union, once remarked in a seminar he gave at the McArdle Laboratory,
“Each investigator doing cancer research is completely convinced that his or her direction is
leading to a better understanding of the disease and its control.” The truth in this statement is
self-evident, since investigators in the field would not be undertaking their studies unless, at least
in the back of their minds, they were convinced that their approach was the way to go. If such
optimism exists and continues, then we hope one day to control neoplasia.
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CANCER PREVENTION

Just as our knowledge of the nature of the chemical induction of cancer increased dramatically
prior to the publication of the third edition of this text, our knowledge and application of such
knowledge to the viral causation of neoplasia have increased rapidly in the past 15 years. Even
more rapidly, perhaps, has the field of the genetics of cancer development expanded, as well as
our understanding of the molecular mechanisms involved in the genetic induction of neoplasia.
In fact, much of our present knowledge of the basic molecular nature of the cancer cell itself in
comparison with its normal counterpart has developed from these latter two areas. Such infor-
mation offers enormous potential in the area of cancer prevention. The vaccine against the hepa-
titis B virus is very effective in preventing infection by the virus and, when given early in life,
prevents the chronic hepatitis that can so readily result when the infection develops in young
children. It is the chronic infection that leads to hepatocellular carcinoma. Vaccines for the pap-
illoma virus, which may cause at least as many cases of neoplasia in humans as hepatitis B, are
already being tested. A vaccine for the Epstein-Barr virus is also quite feasible, and since viral
and other infectious causes of neoplasia are probably associated with 15% or more of all human
neoplasms worldwide, prevention by active vaccination could lead within a few decades to a
dramatic decrease in several types of neoplasms if public health systems were to function at
reasonable efficiency in all countries.

It is now possible to determine by molecular technologies the presence of mutations in
specific tumor suppressor genes that lead to heritable neoplasms, but various social requirements
for privacy, as well as the fear of individuals that they may carry a defective gene, have not al-
lowed us to realize the promise that cancer genetics holds. Perhaps with the elucidation of the
DNA sequence of the entire human genome, and with it the identification of the numerous other
“modifier” genes that are probably far more important, the genetic mechanisms leading to neo-
plasia will be made clear. The use of genetic information to prevent the development of cancer in
specific individuals may then be brought closer to fruition.

The “passive” prevention of neoplasia by abstinence from tobacco use, moderate con-
sumption of alcohol, and healthy dietary practices is beginning to alter in a favorable way both
the incidence and the death rate of specific neoplasms such as those of the lung, stomach, and, in
some populations, liver. The potential for cancer prevention through such passive means is enor-
mous. Epidemiological studies have shown that smoking, diet, reproductive mores, infectious
agents, alcoholic beverages, and industrial contaminants are factors in more than two-thirds of
neoplasias in the human. Almost all the epidemiological studies of the causes of human neopla-
sia are supported by numerous scientific investigations in the laboratory. It is hoped that, in the
future, a major priority of our society will be the prevention of cancer caused by these various
agents through educational, governmental, and behavioral-modification modalities. Ultimately,
however, cancer prevention must be an individual and societal decision. Hopefully, such deci-
sions will be based on solid scientific grounds. Although gerontologists tell us that the elimina-
tion of cancer as a disease would increase the expected lifetime of each of us by only a few
years, the collective fear of cancer in our society is still reflected in the words of former Univer-
sity of Wisconsin President Glenn Frank (quoted on page 1).

THE NATURAL HISTORY OF NEOPLASTIC DEVELOPMENT AND THE 
NATURE OF THE CANCER CELL

That the natural history of neoplastic development occurs in stages in a multistep manner is vir-
tually an accepted fact. In both animals and humans, substantial evidence for the existence of
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distinct cell types occurring in the stages of promotion and progression has been elucidated
(Chapters 7, 9, and 10). Most of the factors causing the two-thirds of preventable human cancer
are promoting agents or have as their major component promoting agents. The action of promot-
ing agents may be eliminated by their removal from the environment of the individual or by the
simultaneous administration of chemopreventive agents that will antagonize or completely pre-
vent the action of the promoting agent even if exposure continues. The majority of so-called
“nongenotoxic” carcinogens (Table 9.11) are promoting agents and thus, from our knowledge of
the characteristics of promoting agents (Chapter 7), pose a risk to the general population that is
significantly different from that from complete carcinogens. Hopefully, future regulatory actions
taken by governments in an attempt to reduce the cancer risk of humans exposed to such agents
will be based on the distinctive known characteristics of promoting agents rather than on treat-
ment of all carcinogens as mechanistically identical.

There have been considerable advances in the methods used to detect the early develop-
ment of neoplasia, through a variety of radiological devices such as the CAT scan, nuclear mag-
netic resonance, and nuclear medical techniques for identifying and localizing preneoplasia and
early neoplasia. Such techniques have already been utilized in the early control and cure of ma-
jor human neoplasms such as those of the breast, gastrointestinal tract, and lymphoid system. In
the future such technologies may become almost routine in evaluation of patients at potential
risk for the development of neoplasia long before the disease becomes clinically apparent.

It would appear that our basic knowledge of the stage of progression has become both a
blessing and a curse with respect to the ultimate control of cancer as a disease. Molecular biol-
ogy has allowed us to define and describe numerous molecular changes in neoplastic cells and
identify an ever-expanding number of proto-oncogenes and tumor suppressor genes as well as
many of the basic mechanisms involved in the regulation of cell replication. Although this enor-
mous amount of work has described in ever-increasing detail the molecular characteristics of
neoplastic cells—even to the point of the changes in expression of thousands of genes now mea-
sured on “chips” and “gene screens”—the information derived has still not allowed us a basic
understanding of the mechanism of evolving karyotypic instability, the critical characteristic of
the stage of progression. In fact, the latter could be the curse behind the elusiveness of the
“magic bullet” to control cancer after its evolution to successful metastatic spread. If we cannot
control the karyotypic evolution of the neoplastic cell by some reasonably selective means, we
may not be able to control the disease when it is first apparent to physicians in many cancer
patients. The optimistic view of this conundrum is that molecular technologies and knowledge
of the neoplastic cell itself will ultimately reveal the mechanistic nature of karyotypic evolution,
allowing for a rational therapeutic elimination of all neoplastic disease.

THE FUTURE OF CANCER THERAPY

Only two facets of the therapy of neoplasia are considered in this text: chemotherapy and immu-
notherapy. However, most students of oncology are vitally interested in—and usually have ac-
quired a significant amount of knowledge about—the types of therapy used in the treatment of
human cancer. In the past, the principal therapies to treat neoplasia were surgery, radiotherapy,
and chemotherapy, as well as, although it has not been highly successful, immunotherapy. Since
the publication of the third edition of this text, there have been considerable refinements in ra-
diotherapy, chemotherapy, and immunotherapy. Advances in radiotherapy have been concerned
primarily with the ability to treat an exact volume of tissue with a specific dose by using a vari-
ety of sophisticated instrumentations. In particular, this has led to decreased morbidity and, in a
number of instances, to increased therapeutic effectiveness. Several new families of chemothera-
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peutic drugs have become available, such as the taxols and topoisomerase inhibitors discussed in
Chapter 20. One of the most exciting and potentially effective chemotherapeutic modalities be-
ing extensively investigated is the group of chemicals, growth factors, and related agents that
prevent the growth or alter or destroy the vasculature of the growing neoplasm (Chapter 18).
Although the efficacy of such agents has been clearly demonstrated only in animal systems thus
far, this type of therapy, since it does not attack the neoplastic cell directly and therefore is not
influenced by the karyotypic instability of the neoplastic cell, could potentially be a true “magic
bullet” against malignant neoplasms.

As emphasized in Chapter 19, the role of immunotherapy in preventing the development
of early neoplasia and in curing advanced neoplasms that have previously been treated by the
standard methods of surgery, radiotherapy, or chemotherapy has not yet been realized. With the
advances in vaccine technology, antigen identification and characterization, and immune-cell
therapy, immunotherapy should play a greater role both in preventing early disease and in elimi-
nating micrometastases and residual neoplasms after “debulking” of the primary neoplasms and
major metastases in the patient. However, unlike the attack on the vascular system of the neo-
plasm, which is indirect, the direct effect of immunotherapy on the neoplastic cell must still con-
tend with karyotypic evolution in the stage of progression.

The induced differentiation of neoplastic cells, which has been shown to occur both in
vivo and in vitro, has also not yet been successfully used in the therapy of most neoplasms. The
induced differentiation of cells of acute promyelocytic leukemia by retinoids (Chapter 6) is the
best example of successful differentiation therapy of neoplasia, although it does not lead to a
lasting cure in the human patient. Since a large number of “differentiating agents” that induce
the differentiation of neoplastic cells both in vivo and in vitro has been developed in animal
systems, their potential for the treatment of human disease still remains a significant possibility.

As the population of the world increases, so will the incidence of neoplastic disease in
both the young and the old unless we can apply in much stricter ways our knowledge of the
prevention of neoplasia and develop effective curative therapies for cancer in all age groups. Let
us hope that present and future generations will strive to achieve the goals of effective prevention
and cure of cancer toward which this text is directed.
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Glossary

This glossary is not meant to be exhaustive, but rather to assist the student who is unfamiliar with
some of the terms used in the text. A number of the following definitions were modified from
Stedman’s Medical Dictionary, 24th edition, Lippincott Williams & Wilkins, Philadelphia, 1982.

acidosis the result in an organism of an actual or relative decrease in the pH of body fluids.

adduct in chemical terms, used here to denote the product of the reaction between an electro-
philic chemical and a nucleophilic molecule, usually one of biological importance such as a pro-
tein or a nucleic acid or their components.

ad libitum literally, in accordance with one’s wishes. Used with reference to dietary or other
administration in the sense of being available without limitation.

agglutinin a substance that causes the clumping of cells with which it interacts.

alkylating agent a chemical that reacts with a second chemical nonenzymically to substitute an
alkyl group for a hydrogen atom.

allotypic pertaining to one of the genetically determined antigenic structures that distinguish
among members of a given class of immunoglobulins.

analgesic an agent capable of relieving pain without altering consciousness.

anaplasia loss of positional, organizational, or structural differentiation of cells and/or tissues.

anastomosis a connection, natural or induced, between two blood vessels or other tubular
structures.

anemia a condition characterized by a lower than normal concentration of red blood cells or
hemoglobin in the blood of an organism.
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anergy the absence of a sensitivity reaction in an individual to materials that would be anti-
genic (immunogenic, allergenic) in the majority of other individuals.

aneuploidy the state of possessing an abnormal number of chromosomes—one that is not a
whole-number multiple of the haploid set—or in which a demonstrable chromosomal structural
change is present.

anorexia decreased appetite or acquired aversion to food.

anorexia nervosa a personality disorder manifested by extreme aversion to food, usually oc-
curring in young women. The disorder is characterized by extreme weight loss, amenorrhea, and
other constitutional disorders.

antibiotic a chemical substance that may be synthetic or derived from a mold or bacteria and
that exhibits the ability to inhibit the growth of other microorganisms.

antibody a globular serum protein produced during an immune response, the specific synthesis
of which is evoked in most vertebrate species by exposure of appropriate cells to a specific antigen.

anticarcinogen an agent that, when administered simultaneously with a complete carcinogen,
inhibits its carcinogenic action, usually by altering the process of initiation.

antigen any substance that, after contact with appropriate cells of a vertebrate organism, in-
duces a state of sensitivity to infectious or toxic substances following a latent period and that
reacts in a measurable way with tissues and/or specific antibodies of the sensitized subject in
vivo or in vitro.

antigenic determinant the portion of an antigen that reacts with an antibody specific for that
antigen.

antimetabolite a chemical substance, usually exhibiting structural similarities to a normal me-
tabolite, that competes with, replaces, or antagonizes its normal counterpart.

antioxidant any substance that, when present at low concentrations compared with those of an
oxidizable substrate, delays or inhibits oxidation of that substrate to a significant degree.

apoptosis death of individual cells within a tissue as a result of the normal cell turnover within
a tissue or of the toxicity of an environmental agent.

arteriosclerosis a disease resulting from the thickening of arterial walls because of fibrosis,
lipid deposition, calcification, cell proliferation, and/or inflammation.

arthralgia pain, usually severe, in a joint, generally in the absence of inflammation.

asthenia weakness or debility.

autosomal pertaining to any chromosome other than a sex chromosome.
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cachexia the sum of those effects in the host produced by neoplasms, such effects not being due
to the immediate result of mechanical interference with recognizable structures (see Chapter 17).

calcification deposition of calcium salts as a replacement for necrotic cells or within intercel-
lular spaces.

cancer a malignant neoplasm.

canceremia the presence of malignant cells circulating in the blood vascular system.

carcinoembryonic antigen (CEA) a glycoprotein constituent of embryonic endodermal epithe-
lium that is generally absent from adult normal cells but may be present in some carcinomas
derived from endoderm.

carcinoma a malignant neoplasm of endodermal or ectodermal origin exhibiting a morpholog-
ical pattern distinguished from sarcomas by light microscopy. Some carcinomas are so classified
because of their morphological epithelial cell pattern rather than their embryological derivation,
e.g., renal cell carcinoma.

chemoprevention the inhibition, retardation, or reversal of the neoplastic process and of degen-
erative or other diseases by the use of dietary, pharmacological, or other chemical agents.

chromatid each of the two nucleoprotein strands formed by longitudinal duplication of a chro-
mosome that become visible during prophase of mitosis or meiosis; the two chromatids are
joined by the still undivided centromere, but after the centromere divides at metaphase and the
two chromatids have separated, each chromatid develops into a chromosome.

chromosome a structure within the cell nucleus of eukaryotes, consisting of DNA in associa-
tion with proteins and other molecules.

clone a colony or group of cells derived from a single cell by asexual reproduction, all the cells
having identical characteristics.

cocarcinogen any agent that enhances the action of a complete carcinogen when given simul-
taneously with the latter.

complete carcinogen a carcinogen capable of both initiating and promoting carcinogenesis.

contact inhibition the inhibition of cell movement and/or replication as a result of cell-to-cell
contact.

Cori cycle the cyclic conversion of glycogen to lactate and back to glycogen, the complete
metabolic cycle being formed only in the liver.

cotermination a term referring to the completion of transcription of an exon involved in the
production of several transcripts, all of which terminate at the same nucleotide.

C-terminal related to a free carboxyl group at one end of a polypeptide chain.
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cytophilic antibody antibody having an affinity for certain kinds of cells, such affinity being
unrelated to the specific affinity of the antibody for the antigen by which it was induced.

derepression a biochemical mechanism for the regulation of enzyme production through inter-
ference with the action of a repressor in the same system.

diagnosis determination of the nature of a disease.

dysplasia abnormal tissue development.

ectopic an organ out of place, or a function attributed to cells or tissues not normally possess-
ing the capability for such function.

electrophilic relating to an electron-attracting atom or chemical compound in an organic reaction.

electrophoresis the movement of particles in an electric field toward the anode or the cathode.

endogenous pertaining to the origination or production of a substance within an organism.

endomitosis replication of the chromosomes of a cell without accompanying formation of a
spindle or cytokinesis, resulting in a polyploid nucleus.

endoreduplication a form of polyploidy characterized by chromosome doubling, resulting in
four-stranded chromosomes during prophase and metaphase.

enteric relating to the intestine.

enzyme an organic catalyst, usually protein in nature, that catalyzes chemical reactions while
in most cases remaining chemically unchanged.

euploidy the state of a cell in which the number of chromosomes is a whole-number multiple
of the haploid number normal for that species.

exogenous pertaining to the origination or production of a substance outside an organism.

exon a portion of DNA that is transcribed but not excised during mRNA maturation, the tran-
script subsequently being translated in the mature mRNA in most cases.

fetal relating to the unborn, intrauterine young of a mammal.

fibrosis the formation of fibrous tissue as part of a reparative or reactive process.

free radical a neutral or charged atom or compound possessing an unpaired electron.

genome the total gene complement present in the normal chromosome or set of chromosomes
characteristic of an organism.

glucocorticoid a steroid hormone, produced by the adrenal cortex or a synthetic analog, that
enhances gluconeogenesis in the organism.
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gluconeogenesis the metabolic formation of glucose from noncarbohydrate sources, e.g.,
protein.

glycolysis the fermentation of glucose to lactic acid.

gnotobiotes animals living in the absence of contaminating internal or external microorganisms.

goitrogens agents that induce or cause goiter, a chronic enlargement of the thyroid gland that is
not due to a neoplastic process.

granuloma a nodular inflammatory lesion, usually chronic, consisting of a chronic inflamma-
tory infiltrate (lymphocytes, monocytes, plasma cells, and the like) with accompanying fibrosis
and/or necrosis.

gynecomastia excessive development of the mammary glands in the male.

hapten an incomplete or partial antigen that is incapable, by itself, of causing the production of
antibodies but is capable of combining with antibodies having a specificity for the chemical na-
ture of the hapten.

hemopoiesis the process of formation and development of various formed elements of the
blood cells.

heterokaryon a cell hybrid resulting from the fusion of cells from two different species.

heterozygous relating to the state of having different allelic genes at one or more paired loci in
homologous chromosomes.

histogenetic relating to the origin, formation, and development of the tissues of an organism.

homeobox an evolutionarily conserved DNA-sequence motif of about 180 basepairs found in
insects and vertebrates. This DNA sequence is involved in the control of morphogenesis and
contains a homeodomain of about 60 basepairs that is involved in the coding of DNA-binding
domains of proteins containing such sequences.

homeostasis the natural state of equilibrium in an organism with respect to various physiologi-
cal functions and to the chemical compositions of its fluids and tissues.

homologous recombination inter- or intrachromosomal events involving DNA strand exchange
(breakage and reunion of strands) involving extensive sequence identity between the DNA du-
plexes that are recombined. Homologous recombination occurs at rates dependent on both the
length of “homologous” sequences and the degree to which they are identical.

homozygous having identical genes at one or more paired loci in homologous chromosomes.

homokaryon a cell hybrid resulting from fusion of cells from the same animal or the same species.

horizontal transmission transmission of infectious agents from one individual to another in a
nonhereditary manner.
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hormesis a dose–response relationship in which there is a stimulatory or efficacious response
at low doses but an inhibitory or toxic response at high doses, resulting in a U- or inverted
U–shaped dose response.

hormone a biochemical substance, usually formed in one organ or tissue of an organism, car-
ried in the blood or lymph throughout the organism, and exhibiting specific effects in altering
the functional activity and/or structure of one or more organs and tissues.

hybridoma cells resulting from the fusion of malignant B cells, usually plasmacytoma cells,
and specific antibody-producing normal cells to form a cell hybrid with unlimited growth poten-
tial whose ultimate progeny may synthesize a homogeneous species of antibody originally pro-
duced by the normal cell.

hydroxylase enzyme catalyzing the formation of hydroxyl groups through the addition of an
oxygen atom to the substrate.

hyperalimentation the administration of nutrients in excess of normal requirements.

hypercalcemia an abnormally high concentration of calcium ions in the blood.

hyperlipemia an abnormally high concentration of lipids in the blood.

hyperplasia a numerical increase in one or more constituents of a living organism, usually re-
ferring to an increased number of cells within a tissue or organ, but also relating to the number of
specific organelles within cells or the number of functional cellular units such as renal nephrons,
pulmonary alveoli, or glandular acini.

hypertrophy increase in the bulk of an organelle, cell, tissue, or organ within a living system.
This term is distinct from hyperplasia in that it refers to an increase in size rather than in number.

hypophysectomy the surgical removal of the pituitary gland.

idiotype an antigenic determinant that confers on an immunoglobulin molecule an antigenic
“individuality” that is analogous to the “individuality” of the molecule’s antibody activity.

incomplete carcinogen an agent capable only of initiation of carcinogenesis.

initiation a heritable change in a cell resulting from the action of an initiating agent, such
change most likely being the result of a direct alteration in the molecular structure of the genome
of the cell (see Chapter 7).

internal milieu the environment within the body of an organism.

intron portion of DNA between two exons that is transcribed into RNA, but is then excised and
not present in mature RNA.

isoschizomer a restriction endonuclease whose ability to cleave specific sequences in DNA de-
pends on the presence or absence of methylated nucleic acid bases in the target sequence.
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isozyme (isoenzyme) one of a group of enzymes with measurably different physical properties
that exhibit similar, if not identical, catalytic properties.

ketosis the enhanced production of ketones (ketone bodies) in an organism.

kwashiorkor severe malnutrition usually seen in young children in less developed areas of the
world, owing to dietary deficiency of protein or of one or more essential amino acids.

latency period the period of time between the application of an agent to a living organism and
a demonstrable effect of such application.

lectin a protein of plant or animal source that effects agglutination, precipitation, or other re-
lated cell-to-cell interaction through its surface reactivity with carbohydrate moieties in glyco-
proteins.

lesion a pathological change in a cell, tissue, organ, or body of a living organism.

linear energy transfer the transfer of energy from energetic particles to the surrounding me-
dium or tissue.

lymphopoiesis formation of lymphocytes.

malignancy a synonym for cancer.

marasmus a cachectic state of malnutrition resulting from a prolonged deficiency of protein
and calories.

mastectomy excision or removal of the breast.

metabolic cooperation the direct exchange of molecules between two cells in contact with
each other. Such exchange is thought to proceed through gap junctions in the apposed mem-
branes of the two cooperating cells.

metaplasia the conversion in vivo of an adult, fully differentiated tissue of one morphological
type into a differentiated tissue of another morphological type.

metastasis the dissemination and/or growth of cells originating from a primary neoplasm at
another site.

microfilament the smallest of the fibrous cytoskeletal elements; they have diameters between
30 and 60 Ångstroms, lack periodicity, and are chemically related to actins.

microtubule a widely occurring cylindrical cytoplasmic element 200 to 270 Ångstroms in di-
ameter and of variable length, increasing in number during mitosis.

mitogenic pertaining to a substance that stimulates mitosis.

modality any form of physiological or medical therapeutics.
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morphology the science concerned with the configuration and/or structure of animals and
plants and their constituents.

mutation a change in the structure and/or expression of a gene that is perpetuated in subse-
quent progeny of the cell in which it first occurs. Germ-line mutations occur in the germ cells
(eggs or sperm) and are thus transmitted from generation to generation within a species. Somatic
mutation refers to a mutation within a somatic cell and all its progeny within an individual
organism.

necrosis the pathological death of one or more cells, of a portion of a tissue, or of an organ,
usually resulting from irreversible damage to the affected cell(s).

neoplasm a heritably altered, relatively autonomous growth of tissue.

neoplastic transformation the conversion of a normal to a neoplastic cell.

neuropathy any disorder affecting a component(s) of the nervous system, usually spinal and/or
peripheral.

nevus a benign localized growth of melanin-forming cells in the skin, usually in early life.

N-terminal α amino group, not in peptide linkage, at one end of a polypeptide chain.

oligosaccharide a relatively short polymeric form of one or several carbohydrates.

paleopathologist one who studies the science of disease as revealed in archeological artifacts
such as bones, mummies, etc.

papilloma a circumscribed benign epithelial tumor projecting from a body surface.

paroxysmal relating to the sudden onset of a symptom or disease, e.g., spasm or convulsion.

pharmacokinetics relating to the disposition (change in availability with time) of drugs in the
body.

phosphorylation the addition of a phosphoryl group to an organic compound with the forma-
tion of a phosphate ester or phosphamate.

plasmid an extrachromosomal genetic element containing DNA.

polycythemia an abnormal increase in the number of red cells in the blood.

polymorphic occurrence in more than one morphological form.

polymyositis inflammation of a number of muscles.

polyp a mass of tissue that bulges or projects outward or upward from a normal tissue surface,
such as the skin or lining of the colon, lung, or genital organs.
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polytenization formation of many filaments of chromatin within a single chromosome.

preneoplastic lesion any lesion that, while itself not neoplastic, exhibits a high propensity for
development into a neoplastic lesion.

procarcinogen a carcinogen that is ineffective without metabolic modification.

prognosis the forecasting of the outcome of a disease process.

progression the stage of neoplastic development characterized either by demonstrable changes
in the number and/or arrangement of genes (as evidenced by nucleic acid sequence and/or hy-
bridization studies) or by visible karyotypic alterations (as evidenced by light microscopic tech-
niques) within a majority of the neoplastic cells that make up the tumor. These alterations are in
turn associated with increased growth rate, increased invasiveness, metastases, and alterations in
biochemical and morphological characteristics of the neoplasm (see Chapter 9).

promotion the stage of neoplastic development characterized by a change in the expression of
genetic information, resulting from the action of a promoting agent (see Chapter 6).

protocol a plan, usually detailed, for the study of a problem or for a regimen of therapy.

proximate carcinogen a metabolite of a carcinogen intermediate in the conversion to an ulti-
mate carcinogen.

rad an absorbed dose of ionizing radiation equivalent to 100 ergs/g tissue.

redox cycling the univalent reduction of a chemical to a radical intermediate by intracellular
enzymes. The radical intermediate then transfers an electron to O2, producing O2

– and regenerat-
ing the parent compound.

relative biological effectiveness (RBE) the relative effects on tissues of absorbed doses of vari-
ous ionizing radiations.

rem the amount of ionizing radiation that causes an effect equivalent to 1 rad of x- or gamma-
radiation.

repression in biochemical terms, the inhibition of enzyme synthesis by the action of an intra-
cellular effector (repressor) in combination or not with an extracellular mediator molecule.

restriction enzymes enzymes, mostly endonucleases, that cleave DNA at specific nucleotide
sequences.

RNA editing the transcriptional or posttranscriptional modification of an RNA molecule that
changes its coding specificity by a process other than RNA splicing.

sarcoma a malignant neoplasm of tissues derived from the embryonic mesoderm.

sister chromatid exchange the morphological reflection of an interchange between DNA mole-
cules at homologous loci within a replicating chromosome.
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somatic cell hybridization (cell fusion) the coalescence of two cells to form a single cell that
ultimately becomes mononuclear.

stroma the supportive tissue or framework, usually made of connective tissue, of an organ or
neoplasm.

symbiotic relating to an intimate association between two species, usually with the viability
and/or replication potential of each dependent on this relation with the other.

syndrome the signs and symptoms of a pathological process that, taken in the aggregate, define
the disease.

therapeutic relating to the treatment of disease.

3T3 cells a series of aneuploid cell lines selected from mouse embryos.

threshold the level of an agent below which no physiological, biochemical, or pathological ef-
fect can be measured.

thrombus a clot formed within the vascular system during life.

tissue a collection of morphologically and biochemically similar cells and the intercellular
substances surrounding them.

tolerance (immunological) specific failure of the immune mechanism to respond to exposure
to a given antigen.

total parenteral nutrition nutrition administered entirely by intravenous, subcutaneous, intra-
muscular, or related means.

transformation (phenotypic) alteration of the morphological appearance and of certain bio-
chemical characteristics of cells in culture to cells that may exhibit neoplasia in vivo.

transfection introduction of DNA molecules into living cells.

transition conversion of a purine or pyrimidine base in the DNA chain to another purine or
pyrimidine base, respectively.

transversion conversion of a purine base into a pyrimidine base, or vice versa, within the DNA
chain.

trophic hormones or related agents that stimulate cell replication in tissues and cells respon-
sive to their action.

tumor any swelling or mass of tissue occupying a volume of space.

ultimate carcinogen the form of a carcinogen that directly interacts with a cell constituent (pre-
sumably DNA) to initiate carcinogenesis.
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urothelium epithelial lining and related structures of the genitourinary system.

vasculature the network of blood vessels of an organ or organism.

vena cava the major vein returning blood from the head and arms (superior vena cava) and
from the trunk and lower extremities (inferior vena cava) to the heart.

vertical transmission hereditary characteristics transmitted to the offspring through the egg or
sperm.

xenobiotic a pharmacologically active drug, hormone, or toxic substance not produced endog-
enously by the organism.

zygote the diploid cell or individual resulting from the union of a sperm and an ovum (egg).
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Actinomycin D, 299, 857, 905, 916
Active oxygen radicals, 292, 302, 305, 339, 624
Adaptive immunity, 817

Adducts, 58, 73, 236, 426, 461
of aflatoxin B1, 65, 279
aflatoxin B1-DNA, 292
aflatoxin N7-guanine, 430
benzo[a]pyrene-DNA, 293
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Adherins junction, 385
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Aflatoxin B1, 46, 48, 59, 198, 279, 281, 289, 294, 

306, 309, 516, 554
contamination of foodstuffs, 429



964 Index

[Aflatoxin B1]
epoxide, 195

Aflatoxin B1 mutations, 430
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Amino acid metabolism:
enzymes of, 649
regulation of, 649

Aminoazo dyes, 646
4-Aminobiphenyl, 295

in smokers, 65
2-Aminofluorene, 66
α-Aminoisobutyrate, transport of, 699
Amyloid:

defined, 805
in myelomas, 805

Amyloidosis, 801
Anaphase promoting complex, 347
Anaplasia, 31, 34, 408

cytological, 31
positional, 31

Anchorage independence, 602, 606, 720
Anchorage-independent growth, 702
Androgens, 231

endogenous, 450
Anemia, 750

autoimmune hemolytic, 802
Anergy, 855
Aneuploid, 86

neoplastic cellular populations, 411
Aneuploid cells, 342
Aneuploidy, 66, 85, 141, 337, 338, 344, 401, 555, 

558, 620, 621, 665, 666
Angiogenesis, 398, 405, 806, 809

initiation phase, 806
in neoplastic growth, 808
proliferation phase, 806
suppression, 405
VEGF-mediated, 807

Angiogenic cascade, 806, 807
Angiogenic switch, 808, 810

activation of, 809
Angiopoietins, 807
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Angiosarcoma, in the liver, 467
Angiostatin, 404, 935
Aniridia, 139
Ankylosing spondylitis, x-ray treatment of, 494
Anorexia, 744, 747, 799

in the development of cytokines, 746
Anorexia nervosa, 744
Antagonism, of carcinogens, 288
Anterior pituitary, 75
Antiangiogenesis, 935

factors, 810
Antibodies, 818, 825

anti-Fas, 921
anti-idiotype, 822, 857
defined, 817
diversity of, 824, 826
domains, 819
λ chain, 824
homology regions, 819
hypervariable (HV) regions, 819
IgE, 822
IgG, 822
IgM, 822
inhibition of the formation of, 822
monoclonal, 626, 829, 847, 849, 877
to p53 protein, 849
regulation of formation, 821, 823
structure and function of, 819
structures, 826
therapy of neoplasia, 877

Antibody genes, somatic hypermutation, 826
Antibody-induced cytotoxicity, 857
Antibody production, genetics of, 824
α-1-Antichymotrypsin, 771
Antiestrogen, 76, 789

tamoxifen, 77
Antigen:

bacterial, 834
circulating of neoplastic cells, 857
class I, 835
class II, 862
defined, 817
differentiation, 817
diversity of, 824
expression of HLA, 853
in glioblastoma multiforme, 849
H-2-D, 857
heat-shock, 868
histocompatibility, 835
host tolerance to, 853
Lewis monosaccharide, 848
masking, 857

[Antigen:]
mechanisms of processing and presentation, 

837
melanoma, 849
non-self, 853
presentation, 831
presentation and processing of, 855
processing, 831
processing and presentation of, 836, 837, 849
receptor complex, 823
self, 823, 853, 855, 869
smooth muscle, 849
thymocyte (TL), 857
tissue-specific, 817
tumor-associated, 840

Antigen-antibody complex, 841, 857
Antigenic, non-self, 861
Antigen modulation, 857
Antigen-presenting cell, 831, 833–835, 856, 863, 

867, 881, 882
cutaneous, 866
dendritic, 868

Antigen processing and presentation, 874
Antimetabolites, 905
Antimutagenic effects, 302
Antioxidant, 53, 244, 302, 307, 444, 618

vitamins, 440
Antioxidant butylated hydroxytoluene, 431
Apoptosis, 31–33, 122, 205, 231, 242, 244, 245, 

250, 254, 255, 287, 291, 299, 302, 343, 
347, 352, 386, 405, 503, 518, 621, 623, 
649, 673, 758, 842, 863, 877

altered mechanisms of, 672
ceramide-induced, 254
chemotherapeutic agents, 904
chemotherapeutic agents induce, 902
during caloric restriction, 293
of hepatocytes, 293
induce, 666
induction by Fas, 757
induction of, 904, 907
inhibitors of, 255, 256
of leukemic cells, 441
of lymphocytes, 287
mechanisms, 682
in neoplasia, 672
of neoplastic cells, 843, 849
oncogene-induced, 672
p53, 666
phases, 253
regression of cells in, 407
release of tumor antigens by, 932
resistance to, 401
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[Apoptosis]
of thymocytes, 305
in tumor promotion, 253

Apoptotic index, 250, 352, 507, 672
APUD system, 795, 805

neuroendocrine, 793
ARF, 673
Aromatic amines, 52, 67, 167

carcinogenic, 45
Arsenic, 46, 60, 469, 560

carcinogenic effects of, 456
in drinking water, 457
exposures, 457
ingested, 457
inhaled, 457

Arsenical, 456
methylated, 456
organic, 466

Aryl hydrocarbon hydroxylase, 172, 173
Asbestos, 47, 257, 441, 469, 583, 601

clastogenic effects, 455
exposure, 455, 456
miners, 455
occupational exposure to, 454

Asbestos fibers, types of, 456
Asparaginase, 750
L-Asparaginase, 906, 907
Asparagine, 750
Aspergillus flavus, 46, 429
Aspirin, 618
Assay:

Chinese hamster ovary (CHO), 551
dominant lethal, 551
gene mutation in vivo, 551
mouse lymphoma L5200Y, 551

Asthenia, 744
Ataxia telangiectasia, 137, 145, 348
Atherosclerosis, 377
Atom bomb blast, survivors of, 498, 499
Atomic bomb explosions, 491
Atypical lymphoproliferative disease, 515
Autoantibodies, 802, 819, 823, 834
Autocrine motility factor, 388
Autograft, 844
Autoimmune disease, idiopathic, 871, 872
Autoimmune disease-associated lymphadenopa-

thy, 871
Autoimmune hemolysis, 751
Autoimmune thyroiditis, 871
Autoimmunity, 801, 855, 869
Autosomal dominant, 137, 138, 142, 143, 146, 

149
cancers, 145

Autosomal recessive, 133
Autosomes, 144
Auxins, 406
5-Azacytidine, 623, 715, 905
Azaserine, 281, 297
Azathioprine, 467
Azo dye reductase, 304
Azo dyes, 45, 48, 49, 288, 296
Azoxymethane, 278, 297, 298, 305

Bacillus Calmette-Guérin (BCG), 877
installation in the bladder, 877

Bacteria, lactic acid–fermenting, 312
Bacterial lipopolysaccharide, 755
Barbie box, 250, 252
Barr bodies, 787
Barrett’s esophagus, 440
Base excision repair, 69
Basement membranes, 378, 385, 386

invasion of, 390
Basic fibroblast growth factor, 806
Bay region, polycyclic hydrocarbons, 52
B cell, 511, 818, 819, 821, 823–826, 829, 831, 

835, 836, 839, 862, 863, 871
effector, 832
humoral immunity, 849
leukemias, 927
memory, 831

B-cell receptor, 823, 833
B1 cells, 833
Bcl-2, 921
Beagle dog, cancer mortality in, 282
Beckwith-Wiedemann syndrome, 139, 152, 672
Benign prostatic hyperplasia (BPH), 449, 450, 

774
Benzene, 377, 457, 458, 469

aplastic anemia, 457
induces acute myelogenous leukemia, 458
leukemia, 457

Benzo[a]pyrene, 288
Benzyl isothiocyanate, 310
Betel nut, chewing, 451
Bevi locus, 275
Bifunctional reactive chemicals, 67
Bile acid:

fecal concentrations, 439
metabolism, 438

Bioassay, 57
chronic, 571
chronic 2-year, 559–562, 566, 576
long-term, 549
medium-term, 549, 562
tissue-specific, 562



Index 967

[Bioassay]
whole-animal, 578

Bioassays for carcinogenesis, 356
Biological Effects of Ionizing Radiations (BEIR) 

report, 499
Biomarkers:

in cancer etiology and prevention, 770
of carcinogen exposure, 67
of the host–tumor relationship, 764
serum in lung cancer, 774

Biphenyls, polyhalogenated, 459
Bis(2-oxypropyl)nitrosamine, 305
Bisulfite:

conversion of unmethylated cytosines, 669
treatment, 670

BK virus, 525
Bladder, 63
Bladder carcinogenesis, inhibition of, 300
Blastocysts, 154, 213
Bleomycin, 162, 905
Blocking factors, 857
Blood clotting protease cascade, 388
Blood transfusion, 524, 527, 532
Blood vascular system, 391
Bloom syndrome, 65, 137, 145
Body mass index, 433
Body stature, 433
Bone fractures, 399
Bone marrow transplantation, 929
Bovine papilloma virus (BPV), 124, 125
Bracken fern, 430, 433
Breakpoint cluster region, 199, 375
Breast cancer, estrogen receptor–positive, 787
Breast cancer incidence, 282
Bromodeoxyuridine, 556, 601
5-Bromodeoxyuridine, 714

carcinogenicity of, 715
Bub1, 665
Burkitt lymphoma, 931
Bursa, 818
Butylated hydroxytoluene, 231
Butyrate, 312, 838
Bvr-1 locus, 275
Bystander effect, 937

CA 125, 771
Cachexia, 749–751, 799, 857

cancer, 743–745, 754–756, 758, 760, 801
defined, 744
humoral factors in cancer, 754
starvation, 783

Cadherins, 383, 391
cadherin interactions, 385

[Cadherins]
desmosomal, 383
in the invasive process, 388
zipper, 383

Calcitonin, 791
Calcium, 305, 791

absorption from gut, 761
induce differentiation and apoptosis, 713
homeostasis, 760, 761
metabolism, 789
negative balance, 760
positive balance, 760

Calcium ions, 713
channels, 714
sensing receptors, 714

Callus, 27, 31
Calmodulin, 713, 714
Caloric intake, 442, 744

excess, 48
Caloric restriction, 60, 289–292, 442

chronic renal disease, 289
immune function, 289
life span, 289

Calories, from fat, 437
Cancer:

biliary tract, 440
bladder, 167, 170
breast, 10, 15, 17, 21, 80, 137, 140–142, 160, 

195
cervical, 124
cervix, 10
childhood, 13
colon, 15, 80

polygenic, 160
death rates, 15
dominantly inherited, 147
endometrial, 80
incidence, 5, 8, 19, 22
kidney, 10, 91
lung, 10, 15, 19, 21, 170, 195
N-methyl-N′-nitro-N-nitrosoguanidine-in-

duced skin, 865
morbidity, 20, 22
mortality, 13, 20, 22
ovarian, 80, 140, 160
predisposition, 159, 160, 189
prevention, 15, 424, 446, 770
prostate, 10, 17, 19, 80
risk, 81

by radiation, 492
scrotal in chimney sweeps, 427
scrotum, 41
skin, 89, 224



968 Index

[Cancer:]
social and economic costs, 20, 21
statistics, 8
stomach, 10
survival, 22
testes, 10, 282
therapy, 17
trends, 19

Canceremia, 391
Cancer mortality, 282
Cancer prevention, 412, 547

active, 312, 548
passive, 312, 548

Cancer therapy, 412
Cannabinoids, 745
Capping:

antibody-induced of receptor sites, 702
concanavalin A, 704
of lectin-binding sites, 701

Carbon tetrachloride, 92
Carcinoembryonic antigen (CEA), 771, 847, 855, 

873
Carcinogen:

activation, 50
classification, 356
complete, 257
definition, 41
direct-acting, 56, 67, 291
hormones as endogenous, 281
identification of, 549
incomplete, 257
nonmutagenic, 356, 357

Carcinogenesis:
biochemical theories of, 643
chemical, 279
chemical inhibition of, 288
dietary factors, 289
endogenous, 86, 303
foreign body, 257
inhibition of, 299
of liver, 277
of mammary gland, 277
multistage, 236, 247
nongenotoxic, 356
pulmonary, 562
radiation, 279
tissue-specific, 566
transgenic, 154, 158
two-hit theory of, 142

Carcinogenic heterocyclic amines, 310
Carcinogenic polycyclic hydrocarbons, cytotoxic-

ity of for cell cultures, 602
Carcinogenic potency, 173

Carcinogenic potential, 549, 558, 562, 563, 567, 
568

evaluation of, 566
Carcinoma:

bronchogenic, 257
endometrial, 81
gastric, 109
medullary, 864
nasopharyngeal, 444

Carcinoma in situ, 408, 809
regressing, 352

Carcinosarcoma, 38, 408
Caretaker functions, 679
β-Carotene, 301, 303, 437, 441, 442, 444, 618
Carotenoids, 442, 444
Caspases, 255, 401

pathway, 673
Castration, 279, 785, 907
Catabolic deletion, 647
Catalase, 292

in liver, 760
Catecholamines, 791
Catenin, complexes, 385
β-Catenin, 383, 658, 843

mutations in, 658
Cathepsins, 386
Catholic nuns, 448

breast cancer in, 427
C cells, 791

of the thyroid, 793
Cell adhesion, 381, 383, 388, 403

molecules, 382
Cell culture, 110, 558, 594

chemically defined media, 595
criteria of transformation in, 607
density of, 606
of fetal brain tissue, 598
immortalization of, 606
 inoculated with polymer supports, 606
karyotypic changes, 594
media, 595
neoplastic transformation in, 599
primary culture, 593, 595
primary liver, 557
secondary culture, 593

Cell cycle, 229, 240, 245, 305, 343–346, 349, 
359, 683, 709, 863, 902, 926

aberrancies of, 345
checkpoint, 253, 347
checkpoints in neoplasia, 666
chemotherapy, 923
deregulation of, 349
G1/S boundary, 348
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[Cell cycle]
G2/M boundary, 348
and neoplasia, 662
in neoplasia, 348
of neoplastic cells, 667
phase, 345
regulation, 244
S phase, 123, 348

Cell differentiation, 212
Cell division, density-dependent inhibition of, 

610
Cell fusion, 625, 626
Cell kinetics, 355
Cell line, 594

aneuploid, 599, 620
C3H/10T1/2, 601, 606–608, 618
Friend erythroleukemia, 622
HL-60, 622
human diploid fibroblasts, 595
human epidermal keratinocytes, 595
human lymphocytes, 595
JB6, 624
3T3, 606

Cell-mediated immune response, impaired, 885
Cell-mediated immunity, 862, 870
Cell motility, 388
Cell proliferation, 91, 352, 357, 386, 443, 518, 

840
increased rate of, 351
increase in, 568
multistage carcinogenesis, 345
in neoplasia, 355
risk of neoplastic development, 349

Cell replication, 74
of intestinal epithelial cells, 86
selective enhancement of, 356

Cells:
induced cell transformation, 456
suppressor T, 867

Cell senescence, 730, 733
Cell strain, 594
Cell toxicity, 357
Cellular humoral immunity, 872
Cellular immunity, in chimpanzees, 873
Cellular oncogene, 342, 845

BCR-ABL fusion, 845
DNA methylation at the bcr-abl, 671
gip2, 795
gsp, 793, 795
HER-2/neu, 877
H-ras, 602
locus, 671
modulate angiogenesis, 808

Cellular proto-oncogenes, 344
Cellular replication, rates in neoplasia, 351
Cellular theory, 3
Cellulose, 312
Central nervous system, loss of myelin in, 525
Ceramide, 254, 758
Cervical intraepithelial neoplasia (CIN), 521

HPV-associated, 520
Chalones, 716
Chaperones, 250

immunophilin, 785
Checkpoint, 662

alteration in function, 679
control, 666
G1, 348
G1/S, 666

Chemical carcinogenesis, 91
by diet, 48
in humans, 427
by mixtures, 48

Chemical carcinogens, mixtures of, 288
Chemical toxicity, 350
Chemoprevention, 281, 314

definition, 312
retinoids effective in, 906

Chemopreventive agents, 259, 260, 313, 314
Chemotherapeutic agents, 68
Chemotherapy, 927

of breast cancer, 930
of cancer, 908
combination, 929, 930
cure in cancer, 914
cytostatic, 902
cytotoxic, 787, 902
defined, 901
in Hodgkin disease, 931
and immunotherapy, 931
intraarterial, 930
intracavitary, 930
for leukemia, 929
neoplasms curable by, 902
remission, 914
of solid neoplasms, 929
toxic effects of, 914

Chimera, 154, 406
Chimney sweeps, 454
Chloramphenicol, 288, 468
Chlornaphazine, 466
Cholesterol, 437, 440, 442

content, 681
of cells, 702

degree of unsaturation, 681
Cholesterol biosynthesis, repression of, 649
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Choline deficiency, 310
Choriocarcinoma, 767
Chorionepithelioma, 407
Chorionic gonadotropin, 281, 767
Chromatid, 145
Chromium, 456
Chromosomal aberrations, 71, 199, 203, 339, 342, 

350
Chromosomal abnormalities, 158, 204, 211, 212, 

345, 533, 556, 907, 916
in tissue-specific neoplasms, 358

Chromosomal alterations, 236, 555, 624, 804
 benzene induces, 458
 in germ cells, 555
 of MALT lymphomas, 507
 spontaneous, 340

Chromosomal break, 246, 303
Chromosomal deletions, 338, 342
Chromosomal instability, 137, 145
Chromosomal rearrangement, 665
Chromosomal recombination, 342, 356
Chromosome, 145, 189, 201

banding, 144
p arm, 144
Ph1, 199, 200
q arm, 144
small G group, 199
suppressor function, 626
translocation, 199, 203, 204, 206
X, 144
Y, 144

Chromosome instability, 679, 733
Chromosome rearrangement, 402
Chromosome translocations, 146, 338, 342
Chronic irritation, 93
Chronotherapy, 926
Cigarette, consumption, 167, 168
Cigarette smoke:

in benzene, 458
a complete carcinogen, 469

Cigarette smoking, 8, 13, 423, 452, 453, 455
CIN (cervical intraepithelial neoplasia), 521

HPV-associated, 520
Circadian rhythms, 927
Cirrhosis, 528
Clastogenesis, 74, 246, 339, 344, 357, 556
Clastogenic effects, of diets, 310
Clastogenicity, 67, 555

assays for the induction of, 555
Clean Air Act, 580
Clean Water Act, 580
Cleft lip and palate, 158

Clinical trial, 935
phase I, 911
phase II, 911
phase III, 911

Clonal, 377
Clonal evolution, 336, 377
Clonality, 375

methods for determining, 373
of neoplasms, 373

Clonal selection theory, 824
Clostridium botulinum, 582
Clusters of differentiation (CD), 817, 819

CALLA (common acute lymphoblastic leuke-
mia antigen), 847

CD3, 829
CD4, 819, 829
CD4/CD8, 840
CD8, 819, 829
CD10, 847
CD21 receptor, 512
CD28, 840, 855
CD44, 383, 393, 680

the hyaluoranate receptor, 393
c-myc, in human hepatomas, 671
Coal tar, 41, 42
Cockayne syndrome, 65
Coconut oil, 296
Cocultivation of cells, 595
Coffee, 437
Colchicine, 907
Collagen, 378, 381, 386, 703
Collagenase, 401
Collagen membranes, 595
Colonic microflora, 312
Combinatorial chemistry, 935
Complement, 857
Complement system, 818

C9, 841
perforin, 841

Complete carcinogen, 287, 411, 439, 566, 568, 
576

Complex trait, 158, 160
Concanavalin, agglutination by, 700
Concanavalin A, 702, 713
Congenital neutropenia, 274
Conjugated linoleic acid (CLA), 754
Connexin, 613

phosphorylation of, 618
Connexons, 613
Conn syndrome, 791
Consumer Product Safety Commission (CPSC), 

580
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Contact hypersensitivity, 866
failure of, 867

Contact inhibition, 378, 699, 713
Conversion, 247
Cori cycle, 751, 752, 754
Corn oil, 296, 298, 299
Cortisone, 277, 791
Corynebacterium parvum, 877
Costimulatory ligand, B7 833
Cowden’s disease, 160
CpG island, 667

unmethylated, 874
Croton oil, 223, 224, 231, 247
Crown galls, 107–109
Crown gall tumors, 405
Cruciferous vegetables, 308, 310, 441, 445
Cryoglobulins, 527
CTCF, 672
CTLA-4, 833
Cushing syndrome, 791, 797, 798
Cutaneous immunity, 866
Cybernetics:

in preneoplasia and neoplasia, 649, 653
regulatory, 649, 653

Cybrids, 626
Cycasin, 430
Cyclic AMP, 622, 711, 793, 795

levels and cells, 713
levels in normal and transformed cells, 713
replication, 713

Cyclic AMP response element, binding protein, 
83

Cyclic GMP, 713
Cyclic nucleotides, 711
Cyclin, 244, 246, 343, 345–347, 349

A, 348, 349, 662
alterations in kinase, 666
amplification of D1, 665
B, 348
B-Cdk1, 666
CDK1, 348
CDK4, 349
D, 346, 352, 666
D1, 348, 662, 665
E, 665, 666
inhibitor p21, 679
inhibitors, 664
INK4 family of, 664
kinase inhibitors, 662
kinases, 664

Cyclin/CDK complex, 346, 348
Cyclin-dependent:

inhibitor, 346, 665

[Cyclin-dependent:]
kinase inhibitors, 666

p16, 666
p18, 666
p21, 666
p27, 664, 666

Cycloheximide, 622
Cyclophosphamide, 858, 905
Cyclosporine, 621
Cyproterone acetate, 278
Cysteine S-conjugates, 52
Cysticercus fasciolaris, 107
Cytochrome c, 255
Cytochrome P450, 50, 52, 164, 173, 174, 250, 

279
1A1, 293
1A1 gene transcription, 251
2B1/2, 612
2E1, 309, 461
gene family, 165
IA1, 307
P-4502D6, 165
P-450IA1, 164
PB-responsive, 252

Cytogenetic, 144, 149, 212
Cytokines, 388, 783, 791, 831, 839, 840, 859
Cytological anaplasia, 596
Cytoskeletal, 612
Cytoskeletal elements, 713
Cytoskeleton, 381, 383, 702–704
Cytotoxic drugs, 399
Cytotoxicity:

antibody-directed, 877
complement-mediated, 877

Daunorubicin, 905
Death domains, 757, 758
Death rate, 19
Death signal, 255
Default assumptions, 576
Delaney Amendment, 581, 582
Deletion hypothesis, 49, 646
Dendritic cells, 831, 863, 865, 866, 874, 879

bone marrow-derived, 882
the Langerhans cell, 864
specific for antigens in neoplasms, 882

Denys-Drash syndrome, 139
Deoxyribonucleotide pool, 907
Dermatomyositis, 871
Dermatopolymyositis, 802
Dextran sulfate, carcinogenicity, 47
Diabetes, 791, 793
Diacylglycerol, 241, 248
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Dicarboxylcyclobutane complex, 905
Diet, 160

amino acid–deficient, 750
copper-deficient, 30
deficient, 668
defined, 232
devoid of methionine and choline, 61
folic acid-deficient, 750
methyl, 668
methyl-deficient, 61, 670
protein-free, 750
red meat in, 438
undefined, 232
vegetarian, 437
vitamin-deficient, 750

Dietary:
caloric intake, 469
calories, 290
carbohydrates, 295
casein, 295
cholesterol, 297, 299, 444, 649
effects on human cancer development, 444
fat, 290, 296, 437, 438, 442, 469
fiber, 311, 437, 439
fructose, 298
lipids, 295, 297

on mammary carcinogenesis, 295
meat, 444
methyl deficiency, 309
micronutrients, 299
nutrients, 433
preventive effects of alterations, 445
protein, 293, 295, 298, 442, 651, 653
restrictions, 255, 548
selenium, 305–307
sucrose, 298
vitamin E, 302
zinc, 305

Dietary factors:
alter cancer incidence, 300
calories, 231
in carcinogenesis, 308

Diethylnitrosamine, 63, 91, 230
Diethylstilbesterol, 279, 288, 449

4′,4″-quinone metabolite of, 85
Diethylstilbestrol, 80, 85, 223, 462, 464, 569, 601, 

609
clastogenic, 463
exposed to in utero, 463
32P-postlabeled DNA adducts, 463

Differential display, 707
Differentiation:

induce, 905

[Differentiation:]
induced in cultured neoplastic cells, 622
induced of neoplastic cells, 935
induction in cell lines, 623
of malignant neoplasms, 212
mechanistic studies of induced, 623
of neoplastic cells, 905
terminal, 625

Difluoromethylornithine, 314
1,25-Dihydroxyvitamin D, 761
4-Dimethylaminoazobenzene, 49
4-Dimethylaminostilbene, 91
Dimethylhydrazine, 63
1,2-Dimethylhydrazine (DMH), 288, 293, 298, 

307
Dimethylnitrosamine, 85, 277
2,6-Dinitrotoluene, carcinogenicity of, 312
Diol epoxide, 52, 53, 66, 196

benzo[a]pyrene, 195
Dioxins, 459, 469

soft tissue sarcomas, 459
DMBA, 277, 286, 288

intragastric administration of, 286
DNA:

adducts in human tissues, 65
alkylation, 307
alterations in methylation, 623, 730
breaks, 67
cell lines, 730
crosslinking, 905
crosslinks, 61
damage, 557, 562
double-strand, 67
double-strand breaks, 66, 69, 71, 348, 350, 601, 

675
fingerprint analysis, 375
global methylation, 668
hypermethylation, 919
hypomethylation, 85, 341
inhibits methylation, 905
kinase, 666
labeling index, 293
ligase, 69, 71
methylated content of, 730
methylation, 61, 62, 87, 150, 309, 403, 405, 

682, 683
methylation in allelic exclusion, 826
methylation in CpG islands, 668
methylation of cytosines in, 715
methylation during preneoplasia, 668
methylation in preneoplasia and neoplasia, 667
methyltransferase, 715, 730
microarray methods, 708



Index 973

[DNA:]
mutation, 562
origin of replication, 123
oxidative damage, 292
plasmid, 874
replication, 66
response elements, 81
strand breakage, 557
synthesis phase, 229
transfect into cells, 874
transfection, 192

DNA-binding proteins, methylation-dependent, 
sequence-specific, 668

DNA damage:
endogenous, 72, 73
oxidative, 769

DNA methyltransferase, 61
DNA polymerase, 69, 71

β, 921
δ, 352
ε, 348

DNA repair, 72, 74, 90, 133, 137, 162, 235, 236, 
256, 309, 348, 352, 517, 549, 557, 567, 
826, 920

double-strand, 69, 71
excisional, 69, 921

DNA tumor viruses, 117, 121
DNA vaccine, technology, 875
Docking and locking, 393, 397, 404

hypothesis, 396
Docosahexaenoic acid, 296
Dominant, trait, 625, 626
Dominantly inherited neoplasia, 153
Dominantly inherited neoplasm, 149, 154
Dominantly inherited neoplastic disease, 147, 150
Dopamine, 77, 746
Dormancy, 411

of neoplasms, 862
Dormant neoplastic cells, 345
Dose-response, 90, 91, 160, 233, 241, 252, 466, 

496, 499, 501, 568
curve, 229, 230, 569, 571
of initiation, 568
ionizing radiation, 494
linear, 296
of promoting agents, 568
U-shaped, 499

Doses:
of carcinogenic agents, 578
cumulative, 569
safe, 578

Doubling pattern, 355

Doubling time, 352
of neoplasms, 355
of neoplastic cells, 923

Doxorubicin, 917, 921
Drosophila, 117, 154
Drug:

evaluation of, 910
resistance, 915
therapeutic effect, 911
tolerated dose, 911
toxicities, 911

Drug resistance, 344, 926
inhibition of apoptosis, 921
mechanisms of, 809
in neoplastic cells, 916

Dye-binding protein, 49
Dyes, fuchsin, 457
Dysplasia, 31

of the forestomach, 431
mammary, 160

Dysplastic nevi, 502
Dysplastic nevus syndrome, 138

E2F, 662, 664
E2F-1, 666
EBV (see Epstein-Barr virus)
E-cadherin, TPA downregulates in mouse kerati-

nocytes, 618
ECM (see Extracellular matrix)
Eicosapentaenoic acid, 296, 748, 760
Eker rat, 153
Elastin, 379
Electrofusion, 624
Electromagnetic spectrum, 86, 87, 500
Electron density, 89
Electrons, 86
Electrophile, 57, 65
Electrophilic:

intermediates, 53
reactants, 51

Electrophoresis, two-dimensional, 710, 711
ELF electromagnetic fields, on gene transcription, 

505
Ellagic acid, 311
Endocrine ablations, effect on carcinogenesis, 278
Endogenous modifiers:

of carcinogenesis, 273, 275, 279
of viral carcinogenesis, 281

hormones as, 281
Endonuclease, 71

calcium-dependent, 401
Endoplasmic reticulum, 50, 714
β-Endorphin, 799
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Endostatin, 936
Endothelial cells:

biochemical diversity, 393
tissue-specific, 393

Endothelium, 392
Energy:

expenditure, 745
intake, 745

Environmental Protection Agency (EPA), 460, 
576, 580, 581

Environmental tobacco smoke, 458
Epidemiological methodology:

episodic observations, 424
prospective studies, 425, 438
retrospective studies, 424, 425

Epidemiology, 424
defined, 424
molecular, 769

Epidermal growth factor (EGF), 720, 722
requirement for in transformed cells, 727

Epidermodysplasia verruciformis, 520
Epigenetic, 152, 153, 189
Episomes, 375, 513, 514
Episulfonium ion, 52
Epithelium, 29, 30
Epitope, 822, 830, 842, 882
Epoxide, intermediates, 52
Epoxyaldehydes, 56
Epstein-Barr virus (EBV), 375, 444, 509, 511, 

513, 515, 522, 529, 613, 873
antibody to, 510
as a cause of human disease, 510
infected B cells, 513
integration into host cell DNA, 513
nuclear antigen, 512
nuclear antigen genes, 524
pathogenesis of infection, 512

Erythroleukemia, murine, 194
Erythropoietin, 77, 275, 716, 750
ES cells, 155
Escherichia coli, 554

lac operon of, 553
Esterase D, 145–147
Estradiol:

ethinyl, 85
protein-bound metabolite, 85

Estradiol benzoate, 86
Estradiol-17β, 79

in cell transformation, 601
Estrogen, 75, 77, 79, 80, 85, 231, 292, 296, 785

carcinogenicity of, 81
catechol, 85
responsiveness, 787

Estrogen replacement therapy, 449
Estrone, 85, 784
Ethanol, 308, 309
Ethionine, 46, 49
Ethylene oxide, 59
O6 Ethylguanine, 63
Ethylnitrosourea, 63, 172, 554, 598
O4-Ethylthymine, 63
Etoposide, 342, 916, 918
European Common Market, 582
Evolving karyotypic instability, 793, 799, 802, 

851, 853
Ewing sarcoma, 358
Ewing tumor, 35
Exercise, 745
Exogenous modifier, 314

cancer prevention, 312
of carcinogenesis, 287, 289, 299, 304, 307–311
iron, 308

Extracellular matrix (ECM), 378, 379, 381, 385, 
391, 393, 595, 806, 858

neoplastic cell interactions, 385
remodeling, 389

Extracellular parasites, associated with human 
cancer, 506

Extrapolation, 566
bioassay data to human risk, 576, 577
cross-species, 568
of data points, 230
of high-dose data, 91
interspecies, 566
of lifetime exposure, 579
linear, 571

Fab fragment, 829
Fab molecules, 819
Familial polyposis, 154, 351, 610

of the colon, 137
Fanconi anemia, 137, 145
Farnesylation site, 934
Fas antigen, 921
Fas ligand, 254, 853, 921

production by neoplasm, 856
Fasting, 291
Fatty acids, 681

free, 754
ω3, 296–299, 314, 404
ω6, 296–299, 314, 404
short-chain, 312
stearic acid, 618

Fc receptor, CD3 842
Fc region, 819, 822
Fecapentaenes, 439



Index 975

Federal Insecticide, Fungicide, and Rodenticide 
Act (FIFRA), 581

Feeder layers, 599
Ferritin, 676
α-Fetoprotein, 391, 855
Fiberglass, 455
Fibrin, 397
Fibrinogen, 381, 397

degradation products of, 859
Fibronectin, 379, 381, 385, 703
Fibrosis, 806
Finasteride, 314
Fixation, 607

of initiation, 281
Flaviviruses, 527
Flora, bacterial, 45
Fluoroacetate, 55
2-Fluoroestradiol, 77
Fluorouracil, 930
5-Fluorouracil, 908
Focal adhesion, 383–385, 388, 390, 391

kinase, 385
Focal adhesion kinase, 385, 386
Focus formation, in cultured cells, 558
Folate, deficiency, 304, 309, 439
Folate reductase, 342
Food and Drug Administration (FDA), 576, 580, 

771
Food, Drug, and Cosmetic Act, 581
Foreign-body implant, sarcomas from, 286
Foreign-body tumorigenesis, 47
Founder cell, 373, 375
Fowler’s solution, 466
Fragile sites, 190, 715
Fragile X syndrome, 190
Free radical, 53, 59

of oxygen, 242
perhydroxyl radical, 88
singlet oxygen, 88

Friend virus, 275
Fungi, 885
Fusion, of dendritic and neoplastic cells, 882
Fusion genes, 200, 206, 211, 342

BCR/ABL, 199–201
cellular, 662

Fv-1 locus, 275
Fv-2 gene, 275

GAGE, 873
Gallstones, 440
Gamma rays, 86, 89
Ganglioneuroma, 406, 407

Gangliosides, 848, 859, 860, 872
of cells transformed, 702

Gap junctional intercellular communication 
(GJIC):

promoting agent effects on, 613, 615
saccharin inhibits, 615
TCDD inhibits, 615
trichloroethylene inhibits, 615

Gap junctions, 613
Gardner syndrome, 137
Gatekeeper functions, 679
Gene, 138, 160, 343

APC, 154, 172
ATM, 666, 672
Bax, 255, 672
bcl-2, 204, 205, 255, 343, 921
BRCA, 160
BRCA1, 140
CD1 family, 836
c-myc, 117
deletion, 660
diversity, 826
fusion, 660
glucose transporter, 697, 699
glutathione S-transferase pi, 669
hBUB1, 349
HER-2/neu, 845
H19, 672
homeobox, 156
H-2 products of the I region, 871
Igf2, 672
I-J, 834
immunoglobulin, 203, 204, 206, 381, 382, 824
lacI, 553, 554
lacZ, 553, 554
L-myc, 399
mismatch repair, 679
mts-1 (p9Ka), 399
mutant, 677
mutator, 191
within neoplastic cells, 677
nm23, 399
p53, 150, 672, 732, 920
penetrance, 139
phase I, 164, 172, 250
phase II, 172, 174
PML, 206
pro 1, 624
pro 2, 624
promoter regions, 668
pulmonary adenoma susceptibility, 172
ras, 401
rearrangement, 658
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[Gene]
regulatory sequences, 241
retinoblastoma, 626
spontaneous amplification in transformed cells, 

620
superfamily, 381, 382
tat, 158
T-cell receptor, 206
transfected, 874
transfer vectors, 936
transforming, 343
trypsinogen, 274
viable yellow, 172
viral, 114
Wnt-1, 399
WT1, 150, 662

Gene amplification, 190, 246, 338, 341, 342, 349, 
399, 658, 660, 662, 664–666, 679, 799, 
809, 907, 916, 918

drug-induced, 918
induced, 919
of topoisomerase II, 918

Gene conversion, 74, 341, 350
Gene expression, fetal, 675–677
Gene guns, 874
Gene imprinting, 150, 153, 160

in carcinogenesis, 152
Gene rearrangement, κ chain, 825
Gene targeting, 154, 156, 675
Genetic expression:

in neoplastic cells, 649
regulation of, 648, 649, 653

Genetic instability, 516
Genetic variants, in estrogen receptors, 788
Gene transcription factor:

E2F-1, 253
Rb, 253

Gene transfection, 342
Gene transposition, 341
Genomic instability, 343, 668
Genotoxic, 356, 357
Genotoxic chemicals, 567
Germ cells, 93, 732
α2-Globulin, 857
α2u-Globulin, 560
Glucagon, 791
Glucocorticoids, 282
Gluconeogenesis:

abnormal, 749
in the cancer-bearing organism, 751
suppression of, 753
of the tumor-bearing host, 752

Glucose:
intolerance, 751
oxidation, 751
recycling, 751
trap, 752

Glucose-6-phosphate dehydrogenase, 374
Glucose uptake, 698, 699
Glucosinolates, 310, 445
Glutaminase, 750, 907
Glutamine, 749
γ-Glutamyltranspeptidase, 676
Glutathione, 52, 302, 654, 920–923

intracellular levels, 307
redox cycle, 306

Glutathione peroxidase, 292, 305, 307, 922
liver, 308

Glutathione S-transferase (GST), 52, 166, 168, 
170, 234, 310, 922, 923

genetic polymorphisms in, 923
positive hepatocytes, 293
in preneoplastic foci, 250

Glutathione S-transferase pi (GST-P), 562, 564, 
670

α-Glycerophosphate dehydrogenase, mitochon-
drial, 651

Glycolipids:
on the surface membrane of the cell, 681
on the surface of neoplastic cells, 848

Glycolysis, 645
aerobic, 643
anaerobic, 643
of cancer cells, 643
of chick embryo fibroblasts infected with, 697
in embryonic tissues, 646
growth rate of tumors, 645
of malignant neoplasms, 752
of primary hepatomas, 646
Rous sarcoma virus, 697

Glycoproteins, 378, 379, 383, 699, 702
surface, 872

Glycosaminoglycan, 381
synthesis of, 699

Glycosyltransferase, 702
Goitrogens, 76, 77
Gonadectomy, 76, 279
Gonadotropins, 75, 85
Gorlin syndrome, 503
G protein, 85, 190, 192, 238, 240, 242, 254, 654, 

793, 795, 934
ras family, 658
receptor kinase, 240

gp350, 512
Grade, of a neoplasm, 408
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Graft rejection, 835
Graft-versus-host (GVH) reaction, 869, 870

chronic, 871
Graft-versus-leukemia reactions, 882
Granulocyte-macrophage colony-stimulating fac-

tor, 883
Granuloma, 27, 37
Greenstein hypothesis, 646, 647
Growth:

autocrine, 393
exponential, 354

Growth factors, 85, 117, 156, 212, 241, 242, 281, 
397, 606, 716, 783, 806, 840, 859

and angiogenesis, 807
autocrine, 524
definition of, 716
influence on cell transformation, 725
and the neoplastic transformation, 715
as polypeptide hormones, 84
receptor pathways, 727
receptors, 658
signaling pathways, 728
TNF-α as an autocrine, 758
in transformed cells, 728

Growth fraction, 902
in neoplasms, 352

Growth hormone, 76, 77, 80, 82, 83, 277
Growth hormone-releasing hormone (GHRH), 

793
Guanine-nucleotide exchange factors, 238
Guanosine triphosphatases, 236
GVH reaction, lymphomas resulting from, 871

Hamartomas, 801
Hamster embryo cell cultures, cellular toxicity, 

602
Hamster embryo cells:

in culture, 79
morphological transformation of, 600
by oncogenic papovaviruses, 600
transformation, 600
transformed, 342
by x-irradiation, 600

Haptens, dinitrophenyl, 873
Hazard identification, 560
HBV (see Hepatitis B virus)
HCC (see Hepatocellular carcinoma)
Hcs locus, 172
HCV (see Hepatitis C virus)
Heat-shock proteins, 82, 873
Helicobacter, 533

felis, 109
hepaticus, 109

[Helicobacter]
mustalae, 109
pylori, 109

Helicobacter pylori, 507
chronic infection with,508

Hematite, 456
Hematopoiesis, regulation of, 835
Hematopoietic growth factors, 883
Hepadnaviruses, 126, 516
Hepatic nodules, 307
Hepatitis:

A, 526
B, 526
C, 526
chronic viral, 515
toxic, 46
viral, 526

Hepatitis B virus (HBV), 515
chronic infections, 517, 869
immune response induced by, 518
vaccines, 516
X gene, 869

Hepatitis C virus (HCV), 526
carriers, 527
genetic variability, 528
genome, 526
infection, pathogenesis and cell biology of, 527
non-Hodgkin lymphomas, 527
risk of HCC, 527
subtypes, 528
virion, 528

Hepatocarcinogenesis, 288, 291, 295, 310, 338
enhance, 308
ethanol, 308
inhibitors of, 288
mouse, 563
multistage, 564, 571
remodeling, 231

Hepatocellular carcinoma (HCC), 77, 79, 126, 
127, 170, 428, 463, 516, 526, 528, 645, 
789

highly differentiated, 647, 648
human, 515

Hepatocyte growth factor, 729
Hepatocyte growth factor/scatter factor, 390
Hepatocytes:

neonatal, 612
primary cultures of, 602
spontaneously initiated, 571

Hepatoma, 193
aflatoxin-induced, 294
in mice, 279
minimal deviation, 647
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[Hepatoma]
mouse, 295

Hereditary factors, in human cancer, 133
Hereditary nonpolyposis colorectal cancer, 138, 

191, 728, 679
Herpes simplex DNA, transfection, 518
Herpes simplex viruses, human cancer, 518
Herpesviruses, 126
Heterocyclic amines, 438

carcinogenic, 431
mutagenic, 431

Heterokaryon, 624–626
Heterozygosity, 137, 147, 149, 154, 156
Heterozygous ataxia-telangiectasia, 162
Hexachlorobenzene, 307
α-Hexachlorocyclohexane, 288
Hexamethylene bisacetamide, 838
Hexokinase, 752
HHV-8 (see Human herpesvirus 8)
Histidine ammonia-lyase, 867
Histocompatibility, 343
Histoincompatibility, 869
Histone, 350
HIV (see Human immunodeficiency virus)
HLA, 163

class I, 851
class II determinants, 851
haplotypes, 162, 163
locus, 162

HLA antigens, HLA-G, 851
HMG-CoA reductase, cholesterol feedback of the 

expression of, 651
Hodgkin’s disease, 18, 35, 929

Reed-Sternberg cells, 511
Homokaryon, 625, 626
Homologous recombination, 69, 154, 156
Homozygous, 147, 154
Hormesis, 499
Hormonal, carcinogenesis, 74, 77, 81
Hormonal replacement therapy, risk of endome-

trial carcinoma, 464
Hormone-receptor complex, 785
Hormone replacement therapy, 81
Hormone-responsive element, 282
Hormones, 75, 156, 212, 242, 275, 783

adrenocorticotropic, 791, 797
carcinogenic, 233
carcinogenicity of endogenous, 783
ectopic production of, 343, 796, 799, 802
of endocrine origin, 715
endogenous, 81
gluconeogenic, 749
mammotrophic, 784

[Hormones]
melanocyte-stimulating, 799, 801
polypeptide, 231, 241, 783
polypeptide pituitary, 85
somatostatin, 793
steroid, 783
thyroid, 76, 81

Host–tumor relationship, 273, 743, 760, 783, 790, 
796, 848, 859, 861

autoimmunity and, 869
immunobiological, 884, 932
immunobiology of, 163, 620, 817, 843, 849, 

851, 855, 858, 872, 884
immunological, 863, 864, 868, 869
loss of host immunity resulting from, 885
stromal, 806

hprt, 554
HPV (see Human papillomaviruses)
H. pylori, 507

chronic infection with,508
HTLV (see Human T-cell lymphotropic viruses)
H-2 locus, alleles, 274
Human cancer, causes of, 534, 547
Human herpesvirus 8 (HHV-8), 522, 529, 873

associated latent nuclear antigens, 523
in Bowen disease, 523
DNA, 523
episomes, 523
human cancer, 522
pirated genes, 523, 524

Human immunodeficiency virus (HIV), 532, 861
genome of, 529
human cancer, 529
indirect carcinogenic influence of, 529
latent period, 532
mutation rates, 531
types 1 and 2, 528

Human papillomaviruses (HPV):
genome pattern of integration, 521
and human cancer, 519
infection, 522
pathogenesis, 522
pathogenesis of infection, 521
as a promoting agent, 522
types, 520

Human T-cell lymphotropic viruses (HTLV), 526, 
529

human lymphomas, 531, 532
induced lymphoma, 532
latent period, 532
pathogenesis of, 532
tax and rex genes, 529, 533
transmission, 532
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[Human T-cell lymphotropic viruses (HTLV)]
vaccine, 533

Human tumor stem cell assay, 924, 926, 930
Humoral immunity, 870
Hybridoma, 626
Hybrids, 626

cell, 625, 874
Hydatiform mole, 767
Hydralazine, 174
Hydrocortisone, 405
Hydrogen peroxide, 53, 88
N-Hydroxy-AAF, 279

esterification of, 279
8-Hydroxy-2′-deoxyguanosine, 769
5-Hydroxyindoleacetic acid, 746
Hydroxylation, 5-methylcytosine, 87
N-Hydroxylation, 51, 647
Hydroxymethylglutaryl coenzyme A (HMG-

CoA) reductase, 649
4-Hydroxynonenal, 624
Hydroxyurea, 907
Hyperalimentation, 744
Hypercalcemia, 760, 761, 791

humoral of malignancy (HHM), 762
of malignancy, 764

Hyperglycemia, 751
Hypermutation, 212
Hyperplasia, 28
Hyperplastic nodules, 289
Hypersensitivity reactions, 913
Hypertriglyceridemia, 754
Hypertrophic pulmonary osteoarthropathy, 801
Hypertrophy, 28
Hypomethylation:

global, 670
in neoplastic cells, 670

Hypophysectomy, 277, 279, 784, 787
Hypothalamus, 77, 747
Hypoxanthine-guanine phosphoribosyltransferase 

(HGPRT), 551

IARC (see International Agency for Research on 
Cancer)

I-compounds, 60, 61, 293
Idiotype, 822
IL-1 (interleukin-1), 746, 755, 764
IL-2 (interleukin-2), 287, 840, 863, 879, 881, 883
IL-4 (interleukin-4), 833
IL-10 (interleukin-10), 834, 884
IL-12 (interleukin-12), 833, 883
Immune mechanisms, 872
Immune resistance, to acute T-cell leukemia, 867

Immune response, 381, 865, 931
adaptive, 818
against neoplasms, 879
cell-mediated, 833
cellular, 829
humoral, 819, 833, 847
mucosal, 508, 834
to neoplasms, 287
ontogeny and phylogeny of, 817
regulation of, 835
subversion by neoplastic cells, 869

Immune suppressants, 42
Immune surveillance, 843
Immune system, 287, 298, 841

developmental biology of, 818
Immunity, humoral, 858
Immunization, 424
Immunoglobulin, 374, 375, 805, 817, 835

antibody-reactive site of, 838
antigen interaction, 823
diversity of, 829, 830
gene families of, 828
IgA, 821, 823
IgD, 823
IgE, 823
IgG, 823
IgM, 821, 823
isotypes, 819
structure of, 820

Immunoglobulin genes, 826
Immunoglobulin molecule:

heavy chain, 821
heavy-chain constant region, 826
heavy-chain variable region, 826
light chain, 821, 826

Immunoglobulin superfamily, 391, 393
Immunosuppression, 467, 861, 862, 867, 884

by products of neoplasms, 858
ultraviolet-mediated, 867

Immunosuppressive factors, 860
Immunosurveillance, 283, 861, 862
Immunotherapy, 872, 916, 931

active, 884
adoptive cellular, 879
cellular, 883
of leukemias, 877
melanoma, 877
of neoplasia, 869
passive, 884
toxic effects, 883

Immunotherapy of neoplasia:
cytokine, 883
dendritic cells for, 881
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[Immunotherapy of neoplasia:]
future of, 884

Implantation, of neoplastic cells, 392
Imprinting, 729

genomic, 671
loss of, 658, 671, 672, 799
pattern between species, 672
of specific promoter regions, 672

Imprinting by hormones, 279
Incomplete carcinogenesis, 235
Incomplete carcinogens, 356
Index:

Iball, 173, 571
initiation, 571
promoting, 571

Indole-3-carbinol, 445
Induced differentiation, of leukemic cells, 206
Infection, opportunistic, 886
Infectious complications, of neoplastic disease, 

885
Infectious disease, 423
Infectious mononucleosis, 510, 511, 513–515
Inflammation, 29, 378, 382
Inheritance, 139
Initiated, single hepatocytes, 290
Initiated cells, 234, 235

clonal expansion of, 258
endogenous, 310
single, 228, 229, 377

Initiating agent, 224, 257, 287, 377, 576, 578
characteristics of, 256
irreversible, 234

Initiation, 224–261, 274–314, 335, 338, 348, 355, 
356, 358, 373, 377, 410, 411, 425, 441, 
596, 607, 610, 679, 682, 809

by diethylnitrosamine, 291
fixation of, 246, 291, 344
in the human, 257
irreversibility, 229
neonatal, 302
rates, 579
spontaneous, 229, 351, 356
transplacental, 598
in vitro, 603

Innate immunity, 817, 818
Inorganic elements, carcinogenic, 46
Inositol hexaphosphate, 310
Insertional mutagenesis, 117, 190, 342
Insulin, 292, 751
Insulin growth factor II, 77, 796
Insulin-like growth factor I, 292
Insulin-like growth factor-II:

overexpression of, 799

[Insulin-like growth factor-II:]
receptor, 658

Insulin-like growth factors, 729
Integrase, 112, 114
β Integrin, 385
Integrins, 381, 383, 388, 391, 397, 658, 680

α1β1, 386
α5β1, 385
αvβ3, 807
receptors, 391, 393

Intercellular communication, 250
Interferon, 622, 716, 838, 863, 869

alpha, 883, 884
beta, 883
gamma, 755, 883

Interleukin-1 (IL-1), 746, 755, 764
Interleukin-1β-converting enzyme, 255
Interleukin-2 (IL-2), 287, 840, 863, 879, 881, 883
Interleukin-2 receptors, 533
Interleukin-4 (IL-4), 833
Interleukin-6 (IL-6), 755
Interleukin-10 (IL-10), 834, 883
Interleukin-12 (IL-12), 833, 883
Interleukins, 783, 840, 883
Intermediate cells, 579
Intermediate filament, 383, 399, 703

desmin, 704
keratins, 704
neurofilament proteins, 704
vimentin, 704

Internal milieu, 273
International Agency for Research on Cancer 

(IARC), 5, 426, 427, 433, 451, 460, 465, 
468, 500, 506, 507, 510, 520, 529, 560, 
566

evaluation of carcinogenicity to humans, 426
International Union Against Cancer, 408
Invadopodia, membrane, 386
Invasion, 378, 391, 399, 699, 703, 708

through blood vessel wall, 397
of neoplastic cells, 385
protease in, 386
in vitro, 390

Invasion/metastasis suppressor molecules, 388
Islets of Langerhans, 791

β cell, 791
D cell, 793
δ or α1 cell, 791

Isograft, 844
Isoprenoid:

inhibitors of the formation of, 934
synthesis, 935

Isotype switching, 826
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Isozyme, 675, 676

JC virus, 524, 525

Kaposi sarcoma, 522, 523, 529, 861, 862
in immunocompromised patients, 468
pathogenesis of, 524

Karyotype, 144, 146, 147, 410
aberrations in, 145
in malignant cells, 189

Karyotypic alterations, 235
in neoplasms, 335

Karyotypic evolution, 336, 358, 359
in cell transformation, 620

Karyotypic instability, 338, 339, 342–344, 349, 
399, 409, 620, 621, 651, 918

of cell lines, 556
evolving, 340, 341, 358, 359, 667, 682, 683, 

729
of neoplastic metastatic lesions, 398

Keratin, 383, 399
Keratinocytes:

calcium-induced differentiation of, 602
transformation of, 602

Keratosis, 502
Ketone bodies, 754
Kidney transplant, reticulum cell sarcoma, 467
Kinase:

ATM, 679
checkpoint, 679
cyclin-dependent inhibitors, 934
Jak, 240, 720
MEK, 934
mitogen activated, 933
protein, 83
protein tyrosine, 83, 823
tyrosine, 241

K region, 43, 52
Kwashiorkor, 744

Labeling index, 350
of hepatocytes, 293
thymidine, 297

Lactate, recycling of, 754
Lactation, 448
Lamina propria, 821
Laminin, 379, 381, 404, 858
Langerhans cells, 866

role in presenting antigen, 867
Latency period, 127, 223

of mesothelioma, 455
Lateral aberrant thyroid, 404
Late-stage carcinogens, 468

Leader sequence, 825
LEC strain of rats, 172, 556
Lectin, 700

agglutination, 702
binding to carbohydrate moieties, 700
surface distribution of, 701
wheat germ, 700

Leiomyosarcomas, 153
Leopard frogs, 126
LET (linear energy transfer), 88–90
Lethal midline granuloma, 511
Lethal synthesis, 55
Leucovorin, 930
Leukemias, 91, 109, 164, 203, 206, 452, 492, 573, 

613
acute, 17, 93, 162
acute lymphoblastic, 199, 282, 927
acute myeloid, 92, 199
acute promyelocytic, 206, 406, 441
chronic myelogenous, 162, 336, 358, 373, 671
chronic myeloid, 199, 200
drug-resistant, 916
erythroblastic, 212
exposure from atom bomb blasts, 494
L-1210, 908, 915, 916, 929
myeloid, 213
predisposition, 161
P-388, 908
radiation-induced, 91
T-cell, 532
therapy for, 465
total cure in, 915
treatment of acute promyelocytic, 935
virus-induced, 275

Leukemogenesis, 276
Leukoplakia, 259

oral “hairy,” 514
Levamisole, 930
Lifestyle, carcinogenic factors associated with, 

428
Li-Fraumeni syndrome, 141, 565
Ligand, 82–84, 234, 238, 240, 242, 252, 386

binding domain, 81
Ligand/receptor, specific mechanisms, 673
Ligand-receptor complex, 238
Ligand-receptor interaction, 252, 254
Ligand-receptor signaling, 244
Linear energy transfer (LET), 88–90
Linoleic acid, 296, 297, 440
Lipid:

composition of neoplasms, 681
metabolism in the tumor-bearing host, 753
mobilization, 754
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[Lipid:]
peroxidation, 54, 302
peroxides, 74, 88, 289, 304
peroxyl radicals, 302

Lipid peroxidation, 307, 308, 444, 624
ethanol enhances, 309

Lipopolysaccharide, 818
Lipoprotein lipase, 754
Lipoproteins, 754
Liposarcoma, 206

myxoid, 358
Liposome, 874
Lipotropin, 799
Liver:

adenomas, 80
focal lesions, 562
nodular hyperplasia, 259
nodules, 562, 649
portal blood supply, 288

Long terminal repeat (LTR), 114, 115, 117, 158, 
282

MMTV, 291
Loss of heterozygosity, 149, 152, 194, 764
L region, 43
LTR (see Long terminal repeat)
Lycopene, 442
Lymphatic system, 391
Lymphoblastoid cells, 512

B, 513, 514
Lymphocytes, 381, 397

homing of, 383, 393
Lymphokine-activated killer (LAK) cells, 880, 

881
Lymphokines, 831
Lymphoma, 77, 117, 126, 164, 203, 206, 374, 

375, 514
in AIDS patients, 515
AIDS-related, 529
Burkitt, 146, 203, 205, 509–511
chronic GVH reaction, 870
EBV-induced, 515
follicular, 204
gastric, 109
Hodgkin, 791
incidence of in transplant patients, 861
non-Hodgkin, 10, 515, 929
sinonasal T-cell, 511

Lymphomagenesis, radiation-induced, 92
Lymphopoiesis, 823
Lymphotoxin, 756, 764
Lyon hypothesis, 374
Lysogeny, 109
Lysosomal breakdown, 350

Lysyl oxidase, 379

Macrophages, 381, 382, 529, 756, 818, 831, 836, 
841, 862, 863, 869, 879

content of neoplasms, 864
interferon gamma activates, 883
intratumoral density, 863
nonactivated, 864
suppressor, 858

MAGE, 873
Magnetic fields, 505
Major histocompatibility complex (MHC), 274, 

520, 835, 837, 856
alterations in expression and structure in neo-

plasia, 851
B7, 855
class I, 837, 845
class I molecule, 838
class II, 837
class II molecules, 838
costimulatory molecules, 855
downregulation of costimulatory molecules, 

859
HLA complex, 835
H-2 complex, 835
peptide-binding clefts of, 838
restriction, 837, 856

Malaria, 510
Malnutrition, 749, 886

cancer deaths due to, 745
Mammary adenocarcinomas, 79

mouse, 225
Mammary cancer, 233
Mammary fat pads, 596
MAPK (mitogen-activated protein kinase), 385
Marasmus, 744
Marek’s disease, 126
Markers:

bell-shaped curve of, 767
in body fluids, 768
CA 125, 766
of carcinogenesis and carcinogen exposure, 768
cytogenetic, 764, 771
cytoskeletal proteins as tissue, 771
distribution of values, 767
expression in the serum, 768
of genetic predisposition to neoplasia, 769
in human bronchogenic carcinoma, 771
in human neoplastic disease, 771
molecular, 35
in monitoring human neoplastic disease, 768
of ovarian neoplasms, 771
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[Markers:]
requirements for detection and monitoring neo-

plastic disease, 769
sensitivity, 765–767, 769
specificity, 765–767, 769
tumor, 764, 765, 774
values, 767

Mathematical models, in human risk, 578
Matrix-metalloproteinases (MMPs), 386–388,

391
TIMP, 388
TIMP-1, 387
TIMP-2, 387
tissue inhibitors of, 387

Maximum tolerated dose (MTD), 350, 560, 568, 
579

mdm-2, 666, 673
MDR (see Multidrug resistance)
Meat consumption, 431
Medical therapy and diagnosis, carcinogenic risks 

associated with, 462
Medullary, neoplasms, 805
Medullary thyroid cancers, 140
Meiosis, 345
Melanoma, 10, 38, 341, 502, 789

malignant, 258
regression, 406

Melphalan, 905
Membrane glycoprotein, 275
Menarche, 446, 447
Mendelian inheritance, 133, 139, 146
Meningiomas, 358
Menopause, 447
Menstruation, 446
Meselson Committee, 569
Mesothelioma, 170, 441, 454
Messenger RNA, splicing differences, 788
Metabolic rates, resting, 745
Metabolism:

phase I, 50, 310, 919, 920, 923
phase II, 50, 51, 310, 445, 919, 922

Metalloproteinase, 809
Metallothionein, 342, 918
Metaplasia, 28, 30

epithelial, 29, 30
intestinal, 109, 507
mesenchymal, 29, 30
squamous, 29
stem cell, 29

Metastases, 34, 35, 355, 378, 385, 391, 393, 397, 
399, 410, 699, 703, 708, 901

in bone, 761
genetic mechanisms of, 398

[Metastases]
hormonal effects on, 404
incidences and sites of, 392
organ-specific, 392
pathogenesis of, 397, 398
routes of, 391
spontaneous, 399
surgical, 392
of transplanted neoplasms, 863

Metastatic growth, modulation of, 403
Metastatic potential, 399

specific genes affecting, 399
Methioninase, 907
Methotrexate, 342, 466, 750, 930
Methoxypsoralen, 466

with ultraviolet light, 467
Methylating agents, 59
Methylazoxymethanol, 291
Methylbenzylnitrosamine, 305
3-Methylcholanthrene, 49
5-Methylcytosine, 669

oxidative deamination of, 668
Methyl-deficient diet, 310
3′-Methyl-4-dimethylaminoazobenzene, 298, 

301, 441
Methylguanine-DNA methyltransferase, 671
Methylnitrosourea, 79
N-Methylnitrosourea, 291, 295
Methylprednisolone, 935
Mezerein, 247
MHC (see Major histocompatibility complex)
MHC antigens, 845, 862, 868, 869, 883

class I, 842, 863, 867, 869
class II, 836, 856, 863, 867, 869
class I and II, 840
class I epitopes, 862
downregulation of, 863
neoplasms downregulate class I and class II, 

852
upregulate the expression of class II, 839
upregulation of, 869
viruses downregulate the expression of, 838

MHC expression:
downregulation of, 868
loss of in neoplastic cells, 853
upregulation in neoplastic cells, 868

MHC genes:
alterations in chromatin structure of, 851
regulation of the expression of, 838

MHC molecule:
abnormal class I, 853
alien, 851
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Mice:
p53-deficient, 565
SENCAR strain, 564
strain A, 562

Microbial flora, 886
Micrococcus neoformans, 5, 108
Microfilaments, 383, 385, 388, 390, 703, 704

interaction with surface membrane receptors, 
704

β2 Microglobulin, 836
loss of, 853

Micrometastases, 405
dormant, 405

Micronucleus test, 556
Micronutrients, 444
Microsatellite instability, 191, 463
Microtubules, 703, 704
Microviscosity:

of cell membrane, 702
membrane, 704

Microwave, 505
Migrants, cancer incidence in, 437
Milk, 442, 444
Mineral:

calcium, 304
copper, 308
iron, 307
selenium, 305
zinc, 305

Minimal deviation concept, 647, 648
Minimal residual disease, 404, 405
min mouse, 153, 154, 172, 297, 312
Minor histocompatibility locus, H-3 836
Mismatch repair, 71, 72, 74, 191, 244, 341

deficiency, 921
Mitochondrial membrane, 255
Mitochondrial permeability, 673
Mitogen-activated protein kinase (MAPK), 385
Mitosis, 31, 345
Mitotic index, 86

indices, 352
recombination, 74, 350
spindle, 703

MMTV (mouse mammary tumor virus), 109, 117, 
281, 282, 613, 855, 856

Model, 579
linear multistage, 578
log-probit, 578
MVK, 579
pharmacokinetic, 579
Weibull, 579

Mode of inheritance:
dominant, 133

[Mode of inheritance:]
recessive, 133

Modifying genes, 274
Molecular correlation concept, 648
Molecular dosimetry, 770
Monoclonal, 374
Monoclonal antibodies, 932

toxins conjugated to, 879
Mosaic females, 374
Mosaic hepatomas, 375
Motility factor (motogen), 390
Mouse mammary glands, hyperplasias, 662
Mouse mammary tumor virus (MMTV), 109, 

117, 281, 282, 613, 855, 856
mRNA splicing, 381
MTD (maximum tolerated dose), 350, 560, 568, 

579
MUC-1, 847, 874
Mucins, 383
Mucopolysaccharides, 805
Mucoproteins, 873
Mucosa-associated lymphoid tissue (MALT), 

lymphomas of, 507
Multicentric Castleman disease (MCD), 522, 523
Multidrug resistance (MDR), 916

non-P-glycoprotein-mediated, 917
P-glycoprotein, 916–918, 923

Multiple endocrine neoplasia, 139
Multiple myeloma, 11, 458, 760, 764, 801
Murine sarcoma virus-transformed cells, 720
Muscle wasting, 745
Mutagenesis assays, 66, 549
Mutagens:

direct acting, 67
endogenous, 197

Mutants, drug-resistant, 918
Mutational lesions:

macrolesions, 235
microlesions, 235

Mutation rate, background, 351
Mutations, 66, 74, 115, 117, 122, 133, 143, 164, 

190, 664
in APC, 196
autosomal, 142
background, 199
base, 236
carcinogen-induced, 65
in cellular adhesion molecules, 679
cKi-ras, 461
dominant, 140, 142
dominant negative, 150, 190, 660
dynamic, 190
endogenous, 59, 349
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[Mutations]
fixation, 74
frameshift, 66, 236, 551
germline, 194
G proteins, 796
Ha-ras, 298
initiating, 796
microsatellite, 341
minisatellite, 341
missense, 195
nonsense, 147
nude, 172
p53 genes, 461
point, 66, 147, 190, 551
preexisting, 236
proto-oncogene, 341
ras gene, 795
receptors, 796
in signaling pathways, 729
silent, 189
small deletions, 236
somatic, 189–192, 194, 195, 198, 199, 206, 

212, 358, 388
in the E-cadherin gene, 388

specific-locus, 715
spontaneous, 554
spontaneous and the malignant phenotype, 601
spontaneous point, 341
in steroid hormone receptors, 785
in steroid receptors, 907
of the thyrotropin receptor, 795
and transformation in cell culture, 600
transition, 67, 195, 462, 826
transversion, 66, 195, 462, 826

Myeloma, 342, 344, 373, 375, 626

β-Naphthoflavone, 288
β-Naphthylamine, 457
2-Naphthylamine, 63
Nasopharyngeal carcinoma, 511

migratory effect on the incidence of, 511
National Cancer Institute, 908, 911
National Toxicology Program, 427, 562, 567
Natural history of neoplasia, 410
Natural killer (NK) cells, 287, 818, 835, 837, 842, 

851, 858, 862–864, 866, 869, 879, 880, 
883

cytolytic effect of, 842
cytotoxicity, 287, 863
interferon-gamma activates, 883

NCAM, 381
Necrosis, 31, 32

Neoplasia:
biochemical nature of, 643
definition, 27, 32
dormancy of, 404, 405
hormonally dependent, 232
intraepithelial, 522
regression of, 405

Neoplasm:
AIDS-associated, 531
arising in scar, 805
autonomous, 784, 785
behavioristic classification, 34, 37
benign, 34
of bone, 282
carcinoid, 791
dependent, 784, 785
differentiation of, 406
ectopic hormone producing, 798
effect of pregnancy, 447
endometrioid, 449
estrogen receptor–negative, 787
functional of endocrine tissues, 790
growth hormone–secreting pituitary, 795
histogenetic classification, 35
histogenetic origin, 35
hormonally responsive, 785
human caused by infectious agents, 533
Leydig cell, 76, 77
liver, 44
of the male breast, 449
malignant, 34
monoclonal, 377
mucin-producing, 801
nomenclature, 37
pituitary, 76, 80, 140
pituitary thyrotropin–producing, 784
polyclonal, 377
primary, 35
radiogenic, 491
rats, 44
regressions of, 407
responsive, 784
reversely responsive variants, 785
thyroid, 76
of the thyroid gland, 494

Neoplastic cells in culture:
methionine, 715
requirement for, 715

Neoplastic transformation, in cultured mamma-
lian cells, 593

Nephroblastomatosis, 139
Nerve cell growth factor, 720
Nerve growth factor receptor, 409
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Neural crest, 793
Neuroblastoma, 38, 213, 408

BK virus DNA in, 525
natural IgM antibody cytotoxic for, 847
spontaneously regress, 406
stage IV-S, 406

Neuroblastoma cells, 613
Neurofibroma, 375
Neurofibromatosis, 138, 146
Neurotensin, 281
Neutrons, 86, 89
Nevus, 4, 93, 502

dysplastic, 258
NFκB, 935
Nitrite, 310, 581, 582

from endogenous sources, 431
exogenous, 433
sodium, 431

Nitrogen balance, 747, 754
positive, 749

Nitrogen mustard, 902
Nitrogen trap, 749
Nitrosamides, 45
Nitrosamines, 48, 288

dialkyl, 45
NK cells (see Natural killer cells)
N-Nitrosobis(2-oxopropyl)amine, 297
N-Nitrosomorpholine, 298
N-Nitroso-N-benzylmethylamine, 440
NNK, 451
Nondisjunction, 74
Nongenotoxic chemicals, carcinogenicity of, 567
Nonhomologous end joining, 69
Nonsteroidal anti-inflammatory drugs, aspirin, 

313
Nuclear power plant, 497
Nucleocapsid, 112
Nucleophile, 65
Nucleosome, 66
Nucleotide-pool imbalance, 556
Nude mouse, 862, 910
Nutrition, parenteral, 744, 753
Nutritional deficiencies, 751

Obesity, 433, 442
endogenous hormone production, 451
increased breast cancer risk, 448

Occupational Safety and Health Administration 
(OSHA), 580, 581

Occupations, carcinogenic risks associated with, 
454

Octreotide, 791
Odds ratio, 424, 425

Okadaic acid, 241, 610, 622
Olfactory neuroblastomas, 308
Oligodendrogliocytes, 524
Olitpraz, 314
Oncogenes, 112, 116, 342, 523, 548, 625, 669, 

697, 699, 707, 869
cellular, 115, 121, 191, 192, 236, 426, 662

c-myb, 662
c-myc, 662

myc, 127
transduced into retroviruses, 529
v-Ha-ras, 291
viral, 115, 117
v-myc, 401

Oncogenic DNA viruses, 344
Oncogenic RNA viruses, defective, 342
Oophorectomy, 907
Opines, 108
Opioids, endogenous, 746
Opisthorchis viverrini, 507
Oral contraceptive, 80, 81, 449

development of breast cancer, 463
induction of liver cell adenomas, 463

Orchiectomy, 80, 278
Organ culture, 593, 594

carcinogenesis in, 596
of prostate, 601
of rat prostate, 596

Organ transplantation, 596
Ornithine decarboxylase, 302, 709

induction of, 610
inhibition of induction, 246
transfection of constructs, 709

OSHA (Occupational Safety and Health Adminis-
tration), 580, 581

Osteoblastic, lesions, 393
Osteoclastic bone resorption, 764
Osteomyelitis, 93
Osteosarcomas, with hereditary retinoblastoma, 

194
Ovariectomy, 277, 278, 784
Oxidative stress, 73, 242, 292, 293, 356
Oxygen, radicals, 61
Oxygen effect, 88
Oxygen radical, active, 922
Oxymetholone, 79

p16, 346
p19/arf, 666
p21, 346, 348, 349, 352
p53:

alterations in, 665
high rate of mutations, 679
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[p53:]
messenger RNA, 709
protein, 122, 126

p53 gene, 141
Paget’s disease, of the nipple, 408
Papillomas, 231, 233, 236, 247, 290, 299, 377

preneoplastic, 248
Papillomavirus, 123, 344

anogenital cancers, 519
bovine, 123
cervical cancer, 519
human, 124, 125

Papovavirus, 525, 885
in human disease, 524
SV40, 282

Pap test, 19, 31
Paraneoplastic, effects of antibodies and cell-me-

diated immunity, 872
Paraneoplastic myopathy, 802
Paraneoplastic syndrome, 799, 801

neurological, 802
Parathyroid gland, 140, 761, 762
Parathyroid hormone (PTH), 761, 762, 791
Parathyroid hormone–related protein (PTHRP), 

762–764, 783, 789
plasma levels of, 763

Partial hepatectomy, 92, 247, 306, 345, 351, 
649

Pasteur effect, 643
Paternally imprinted, 672
PB (see Phenobarbital)
PCNA, 533
PCR, 670
Peanut agglutinin, 702
PEL (see Primary effusion lymphoma)
Pemphigus, 802
Peptide transporter, TAP-2 868
Perforin, 842, 862
Permitted exposure/rodent potency (PERP), 573
Peroxisome proliferator, 198, 231, 241, 247, 255, 

293
Pesticides, 431

DDT, 431
dieldrin, 431

Peutz-Jeghers syndrome, 801
PH, as a promoting agent, 618
Pharmacogenetics, 164, 166, 172

of drug resistance, 919
Pharmacokinetic:

of drugs, 911
parameters, 571

Phenacetin, 468

Phenobarbital (PB), 76, 247, 250, 252, 279, 286, 
302, 306, 310, 348, 554

effects in cultured cells, 612
induced foci in primary cell culture, 610
responsive element, 250

Phenotypic heterogeneity, 338, 654
in neoplasms, 651
of preneoplastic enzyme-altered foci, 653

Phenoxy acids, 459
Phenytoin, induces lymphoid reactions, 468
Pheochromocytomas, 791
Philadelphia chromosome, 358, 373, 375
Phorbol esters, 510
Phosphatides, fatty acid composition of, 681
Phospholipase A2, 172
Physical carcinogenesis, in humans, 491
Pickled foodstuffs, incidence of esophageal carci-

noma, 430
Pinocytosis, of soluble antigen, 863
Pipe smokers, 93
Pituitary, 86
Pituitary adenomas, thyrotropin-secreting, 791
Pituitary-gonadal hormone feedback loop, 75
Placenta, 398, 785
Placental growth factor (PlGF), 807
Plakoglobin, 383
Plasma cells, 342

antibody-producing, 344
secretory, 823

Plasmacytoma, 211
Plasma membrane, 115, 381, 699, 713

fatty acid and cholesterol composition of, 701
lectin-binding sites on, 701
phosphatidylserine, 864

Plasmid, 126
extrachromosomal, 123

Plasmin, 386
Plasminogen, 404

activator, 603, 708
Plastic film carcinogenesis, 455
Platelet-derived growth factor (PDGF), 397, 716, 

727, 729
Platelets, 382, 397
Platinum complexes, 905
Polonium, 210, 492
Polyadenylation, of mRNA, 114
Poly ADP-ribose polymerase, 255, 921

gene, 274
Polyamines, 764

anoxia, 606
Polyamine synthesis, 709
Polyclonal, 373

origin of neoplasms, 374
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Polyclonality, 377
of lymphomas, 375

Polycyclic aromatic hydrocarbons, 42, 45, 
66, 67

adducts of, 63
carcinogenic, 42–44
noncarcinogenic, 42

Polycyclic hydrocarbon, 288
carcinogenic, 224, 281

Polyethylene glycol, 624
Polygenic inheritance, 133, 158, 275

threshold of risk, 158, 159
Polymerase chain reaction (PCR), 191, 375, 391
Polymorphism, 164
Polymorphonuclear leukocytes, 381
Polyomavirus, 344, 862

cells transformed by, 713
Polyploidization, 66
Polyps:

adenomatous, 305
colon, 313
colonic, 771
in the intestine, 297

Polysaccharides, 872
Portacaval anastomosis, 288
Position effect, 344
Positive predictive value, 765
32P-Postlabeling, 59, 62, 65, 85
Potency, 90, 431, 573

carcinogenic, 576
of carcinogenic agents, 571
initiating, 231, 571
low-dose carcinogenic, 579
promoting, 571
of promoting agents, 234
relative, 231, 571
TD50 index, 573

Pregnancy, risk of breast cancer, 448
Pregnenolone-16α-carbonitrile, 288
Premalignant lesions, 340
Preneoplasia, 227, 335

histopathological indications of, 426
reversibility of, 259

Preneoplastic:
development, 228
lesions, 227–229, 231

Preneoplastic cells, 244
transition to neoplastic, 338

Preneoplastic foci, 250
hepatic, 298
in rat pancreas, 303

Preneoplastic hepatic foci, 302

Preneoplastic lesions, 234, 236, 252, 255, 258, 
259, 279, 289, 291, 293, 310, 312, 351, 
373, 377, 407, 408, 441, 654, 668, 675, 
784, 809

inhibition of the development of, 302
in the liver, 651, 658, 670
in the pancreas, 306, 442
in the prostate, 449
in rat liver, 247
regression of, 231, 259

Primary effusion lymphoma (PEL), 522, 523
Pristane, 211
Procarcinogens, 51, 53
Progesterone, 784
Progestogens, 81
Prognosis, 408, 409, 771
Progression, 227, 229, 236, 244, 246, 253, 256, 

274, 289, 290, 300, 310, 335–359,
373–421, 466, 469, 503, 518, 602, 606, 
620, 621, 646–683, 703, 727, 728, 754, 
784, 785, 787, 788, 793, 802, 809, 844, 
853, 863, 932

biology of, 338
definition of, 344
loss of MHC antigen expression in, 852
p53 gene, 430
rates, 579
in vitro, 596

Progressive multifocal leukoencephalopathy 
(PML), 524, 885

Progressor agent, 339, 340, 344, 356, 357, 404, 
456, 457, 469, 516, 522, 563–566, 576, 
578, 610

in cell transformation, 621
identifying, 555

Prolactin, 77, 79, 82, 83, 282, 296, 798
gene, 172
serum concentrations of, 292

Proliferating cell nuclear antigen (PCNA), 69, 352
Promoter, metallothionein, 158
Promoter insertion theory, 342
Promoting agents, 225–259, 299, 339, 340, 356, 

357, 439, 460, 528, 563, 565, 566, 569, 
576, 578, 612, 649, 653, 668, 672, 682

actions in vitro, 610
characteristics of, 256
enhancing cell replication, 246
hormones as, 277
in human carcinogenesis, 468
phenobarbital, 257
reversibility of the effects of, 618
reversible, 234
saccharin, 257
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Promotion, 224–260, 273–314, 335, 338, 
343–345, 355, 356, 358, 373, 375, 377, 
404, 407, 408, 410, 411, 425, 441, 442, 
445, 469, 503, 610, 649, 658, 670, 709, 
784, 809, 852, 932

endogenous, 233
first stage, 247
of gastric carcinogenesis, 507
of hepatocarcinogenesis, 232
in the human, 257
indirect pathways of, 242
of initiated cells, 233
rate of apoptosis, 339
in rat hepatocarcinogenesis, 653
receptor mechanisms of, 253
reversibility of, 247, 252, 255
reversible nature, 231
in rodent hepatocarcinogenesis, 518
second stage, 247
by TPA, 233, 283
in vitro, 596

Proopiomelanocortin, 799
Prostaglandin, 53, 296, 314, 404, 440, 748, 755, 

764, 783, 859
downregulate expression of MHC antigens in 

neoplastic cells, 851
E2, 440
synthesis, 246
synthetase inhibitors, 859

Prostatectomy, 774
Prostate-specific antigen (PSA), 158, 771

bound to protein, 774
concentrations in black men, 771
free, 774
serum levels, 775

Prostatic carcinoma, occult, 449
Prostheses, in the human, 47
Protease, 397, 529, 702, 708

aspartic, 388
cascade, 389
inhibitors, 388, 618
serine, 386, 388, 771, 806

Protease inhibitors, 310
Proteasome, 838

lack of LMP-2 subunits, 853
lack of LMP-7 subunits, 853
TAP-1, 853
TAP-2, 853

Protein-calorie malnutrition, 744, 760
Protein-DNA crosslinks, 87, 456
Protein kinase C, 241, 242, 248, 250, 254, 255, 

618, 713, 935
activation, 623

[Protein kinase C]
inhibitors of, 933

Protein kinases, 244, 840
c-raf, 658
cyclic AMP–dependent, 623
cytoplasmic domain, 725
DNA-dependent, 71, 828
inhibitors, 932
mitogen-activated, 242
Raf-1, 248
serine/threonine, 238, 345, 725, 933

CDKs, 345
TPA-responsive element, 248

Protein phosphatase, 346
Proteins, 828, 841

Ah receptor nuclear translocator, 250
antiangiogenic, 936
Bence-Jones, 764
capsid, 521
core, 381
cyclic AMP-binding, 713
cytoskeletal, 707
degradation in the cancer-bearing host, 748
DNA-binding, 206, 211
estrogen-receptor, 785, 787, 789
fetal forms of, 676
fibroblast activation, 806
glycosylation of on neoplastic surfaces, 847
heat-shock, 250, 623, 785
Her-2/neu, 849
high-mobility group, 211
h2, 646, 647
intracellular Ca2+-binding, 713
LETS (large external transformation-sensitive), 

386, 703
mutant, 682
in neoplastic cells, 676
phosphorylations, 83, 662
polyubiquitinated, 346
prenylation, 934
pre-pro forms, 793
receptor, 788
redox state, 242
RGS (regulator of G-protein signaling), 238
RNA-binding, 206
soy, 444
sulfation of, 710
tax, 533
transport, 917
turnover, 747

Protein tyrosine kinase, 115, 200, 238, 240, 385, 
720
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Proteoglycan, 378, 379
chondroitin/dermatan sulfate, 806

Proteolysis, 378
Proteosome, 346

LMP proteins, 838
Protocol, 927

MOPP, 929
Proto-oncogene products, vaccines to, 873
Proto-oncogenes, 115–117, 121, 123, 163, 191, 

192, 206, 236, 244, 274, 298, 309, 341, 
410, 503, 612, 624, 662, 666, 671, 771, 
793, 795, 845

abl, 199, 658
activation of, 668
amplification of, 193, 344, 409
bcl-2, 672
bcl-6, 409
cellular, 115, 190, 193, 201
c-Ha-ras, 212
c-met, 390
c-myc, 146, 204, 211, 342, 343, 673
in follicular lymphomas, 672
Ha-ras, 163, 343, 463
Ha-ras-1, 191, 192
Ki-ras, 172, 463
met, 403
mos, 158, 164
mutated Ha-ras, 342
mutations in, 409, 680
myc, 164, 853
in plasma DNA, 771
ras, 853
ret, 149
TRK, 409

Provirus, 112, 114, 117, 275
Proximate carcinogens, 52, 602
PSA (see Prostate-specific antigen)
Pseudoepitheliomatous hyperplasia, 93
Pseudogene, 166
PTHRP (parathyroid hormone–related protein), 

762–764, 783, 789
plasma levels of, 763

Pyridoxine (B6) deficiency, 651
Pyrimidine dimer, 67, 86, 503
Pyrrolizidine alkaloids, 430

Radiation:
atomic bomb, 91
background, 86
carcinogenesis, 86, 89–91
cosmic, 492
diagnostic, 492, 497

[Radiation:]
ionizing, 67, 69, 80, 86–89, 93, 139, 141, 242, 

253, 277, 404, 452, 466, 491, 492, 554
medical therapeutic, 492
therapeutic, 494, 497
treatment for cancer, 497
ultraviolet, 86, 491
in utero, 497

Radioactive iodine, 497
Radio frequency, 505
Radiologists:

exposure to ionizing radiation, 496
leukemia in, 496

Radiotherapy, 929, 931
risk of developing cancer, 494

Radium, 86
osteogenic sarcomas, 494

Radium dial painters, 492
Radium paint dial, 494
Radon, 492

carcinogenic effects, 495
clastogenic, 496
mutagenic, 496
residential exposure to, 496

Rainbow trout embryo, 562
RBE (relative biological effectiveness), 89, 90
Reactive oxygen molecules, 291
Reactive oxygen radicals, 242
Reactive oxygen species (ROS), 54, 242, 244, 

255, 307, 455
mutations by, 244

Receptor, 84, 112, 240, 242, 252, 257, 793, 921
Ah, 241, 248, 250
androgen, 274
CAR, 252
cytokines, 840
cytoplasmic, 240
cytosolic, 238
EGF, 722, 726, 727
epidermal growth factor, 248, 250, 669, 787, 

932, 933
Fas, 757, 856
FC, 821
55-kDa for TNF, 757
glucocorticoid, 282, 789
granulocyte colony-stimulating factor (G-CSF), 

274
growth factor, 83, 720
hormones, 681
Igf2, 672
IGF-II/mannose-6-phosphate, 729
integrin, 386
interaction with ligand, 720
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[Receptor]
intracellular, 81, 84
intrinsic tyrosine kinase, 720
lymphotoxin-α, 757
membrane-bound, 82
mobility of, 702
multiple transmembrane domain, 240
nuclear, 255
phosphorylated dimer-ligand, 785
plasma membrane, 238, 240
platelet-derived growth factor, 125
progesterone, 787
progestin, 282
retinoic acid, 82, 206, 662
retinoid, 302
75-kDa for TNF, 757
sites, 700
somatostatin, 791
steroid hormone, 720
TGF-β complex, 725
thyroid hormone, 82
thyrotropin, 795
thyrotropin structure in the membrane, 797
for TNF-α, 757
type 1 or type 2 TGF-β, 728
tyrosine kinase, 154
tyrosine kinase function, 932
VEGF, 807, 809
vitamin D, 274

Receptor-ligand complex, 253
dissociation constant, 252

Receptor-mediated pathway, 569
Recessive, trait, 625, 626
Recombination activating gene, 828
Recombination signal sequence, 828
Red dye 2, 431
Redox cycling, 53, 55
Regression, 411
Relative biological effectiveness (RBE), 89, 90
Relative risk, 168

of combined genotypes, 171
Renal:

adenocarcinomas, 126
clear-cell carcinomas, 194
cortical carcinomas, 77
neoplasms, 85, 139
tubular cell tumors, 231

Renal carcinoma, 153
hereditary, 146

Renal cell carcinomas, disappearance of pulmo-
nary metastases, 407

Renal transplant patients, risk of squamous cell 
carcinomas, 468

Rennin, 798
Replicon, 348
Reproductive and sexual behavior, 446
Respiratory tract epithelium:

initiation in, 599
promotion in, 599

Restriction enzyme, isoschizomer, 668, 669
Restriction fragment length polymorphism 

(RFLP), 147, 148, 375
Restriction (R) point, 666
Reticulum cell sarcoma, 861
Retinoblastoma, 138, 139, 142, 145, 150, 406, 

728
gene product, 122
gene (Rb), 661
heterozygosity, 195
phosphorylation, 664

Retinoic acid (ATRA), all-trans, 906, 935
Retinoids, 259, 299, 301, 404, 437, 441, 596

analogs, 300
synthetic, 314, 442

Retinyl acetate, 301
inhibition of, 302
mammary carcinogenesis, 302

Retroviruses, 110, 112, 114–116, 516, 529, 613
endogenous, 275
helper, 117
human cancer, 528
lentiviruses, 528
nontransducing, 117
oncoviruses, 528
Rauscher, 275
transducing, 117, 123

Reverse transcriptase, 112, 114, 516, 529, 531
Reverse transcription, 115, 126, 275
Reversibility, of promoting agents, 576
Reversion:

of the transformed phenotype, 622
from the transformed state, 621

RGD tripeptide, 404
Rhabdomyosarcoma, embryonal, 152
Rheumatoid arthritis, 871
Rh incompatibility, 822
rho, 385
Riboflavin, 304

deficiency, 304
Ribonucleotide reductase, 907
Risk, 770

assessment, 579
from bioassay data, 578
of breast cancer, 447, 464
cancer of the male breast, 450
carcinogenic, 426
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[Risk]
from carcinogenic agents, 576
cervical cancer, 447
for colon cancer, 438
curve, 583
of developing breast cancer, 140
endometrial cancer, 449
estimation, 549
exposure to ionizing radiation, 499
extrapolation, 560
of human cancer due to ionizing radiation, 498
laryngeal cancer, 452
low doses of radiation, 498
of mammary cancer, 448
of melanoma, 502
necessary, 583
ovarian cancer, 444
perception of, 582
probability (P) of death, 576
prostate cancer, 443
of prostate testicular cancer, 450
qualitative estimation, 578
quantitative assessment, 578
of radon exposure, 495
reduction in, 582
regulation of carcinogenic, 580
relative, 19, 424, 433
relative of breast cancer, 437
of secondary leukemia, 465

Risk analysis, 580
Risk-benefit:

analyses, 583
considerations, 582

Risk/benefit ratio, marker, 767
Risk factor:

with cervical HPV infections, 520
with HCV infections, 526
hormonal, 447, 450
for melanoma, 467

RNA-dependent DNA polymerase, 674
RNA editing, 826
RNA polymerase, 661

RNA-dependent, 527
RNA processing, 825
ROS (see Reactive oxygen species)
Rous sarcoma virus (RSV), 110, 115, 116, 344, 

697, 710, 715
temperature-sensitive, 704

Rous sarcoma virus–transformed:
chick embryo fibroblasts, 697
fibroblasts, 708

Runt disease, 869, 870

S9 activation system, 551
Saccharin, 431, 581
Safflower oil, 296
Safrole, 430
Salmonella, 551, 885

mutagenicity to, 57
Salmonella typhimurium, 549
Sandwich technique, 595
S antigens, 844
Sarcomas:

in the dog, 107
esophageal, 107

SCE (see Sister chromatid exchange)
Schistosoma haematobium, 107, 506

bladder, 507
chromosomal changes in, 507
mansoni, 107

Schistosoma japonicum, 507
Scirrhous:

neoplasm, 805
reaction, 804, 805
reaction to epithelial neoplasms, 806
tumors, 929

Scleroderma, 871
Screening:

in the general population, 768
for a specific tumor marker, 767

Secondary malignancy, in Hodgkin disease, 929
Secretion:

autocrine, 654, 726, 728, 783
endocrine, 725, 783
paracrine, 726, 729, 783

Secretory component (SC), 821
SEER Program, 2, 8, 13, 15, 18, 20
Selectins, 385, 391, 393, 700

ligands for, 383
Selenium, 48, 437, 441, 442

deficiency, 305–307
Selenocysteine, 305, 307
Selenomethionine, 307
Selenoproteins, 305
Self-antigens, 834
Senescence, cellular, 287
Serotonin, 746, 747
Serpins, 388
Serum-free media, 715
SH2 binding domains, 385
SHE (see Syrian hamster embryo)
Shope papillomavirus, 109, 123
Sialoadenectomy, 278
Signal transduction, 83, 85, 190, 239, 255, 305, 

403, 517, 618, 653, 660, 682, 758, 771
induced, 654
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[Signal transduction]
to the nucleus, 720
protein kinase C–activated, 249

Signal transduction pathway, 192, 236, 240–242,
246, 248, 250, 383, 385, 388, 390, 401, 
623, 658, 702, 725, 754, 793, 840, 907, 
921, 934, 935

alteration of, 403
GTPase-activating, 200
inhibition of, 934
in neoplasia, 654
phenobarbital, 252
targets for chemotherapy, 932

Simian virus 40 (SV40), 123, 124, 524, 730
DNA, 342, 525
in malignant mesotheliomas, 525
transformation by, 730

of cells, 709
of human fibroblasts, 710
of human lung fibroblasts, 715

Single-hit kinetics, 607
Sister chromatid exchange (SCE), 85, 191, 246, 

555, 556, 714
clastogenesis, 557
comparison with cytogenetic changes, 556
detection of, 556

Skin:
basal, 500
basal cell carcinomas, 501
melanoma, 500, 501
squamous cell carcinoma, 500, 501
warts, 520

Skin-associated lymphoid tissues (SALT), 866
Skin immune system, 503
Smad proteins, 725
Smoked fish, 444
Smoking, 259, 439

cessation, 548
Sneaking through, 858, 860
Snuff, 451
Sodium chloride, content of foods, 443
Sodium nitrate, 444
Soft tissue sarcomas, postirradiation, 495
Somatic cell hybridization, 624
Somatic hypermutations:

CD4, 830
CD8, 830

Somatic mutations, p16 tumor suppressor gene, 
679

Somatic recombination, 824
Somatostatin, analog, 791
SPARC, 379
Sphingomyelin signaling pathway, 758

Spirocerca lupi, 107
Spiroptera, 107
Splice variants, 393
Spontaneous tumor incidence, 560, 561
Squamous metaplasia, 596
Staging:

of Hodgkin disease, 409
of neoplasms, 408

Starvation, 743, 744, 753, 754, 760
Staurosporine, 933
Stem cells, 29, 30, 291, 351, 352, 377, 503, 579, 

595, 732, 923
of the bone marrow, 823
development, 931
embryonic, 154, 213, 595–597
neoplasms, 923
in the neoplastic population, 924
from yolk sac, 818

Sterigmatocystin, 430
Stomach, papillomas, 107
Stress response, 749
Stroma:

defined, 804
of neoplasms, 806

Stromal reaction, 783
of the host to neoplasms, 802
mechanisms controlling, 806

Structural alerts, 57
Structure–activity relationships, of chemicals in 

relation to risk and extrapolation, 567
Substratum cultures, 595
Subtractive hybridization, 708
Sunlight, exposure, 500–502
Superantigen, 855, 856
Superoxide anion, 53
Superoxide dismutase, 292
Superoxide ion, 88
Superoxide radicals, 246
Survival rate:

expected, 17
observed, 17
relative, 17–20

SV40 (see Simian virus 40)
Symbodies, 857
Synergism, of carcinogens, 288
Syrian hamster embryo (SHE), 456, 558, 707

cells, 599, 733
chemical carcinogenesis of, 607
heterogeneity of, 610
primary cell cultures, 600
spontaneous transformation in, 599
transformation, 622
transformation in, 609
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[Syrian hamster embryo (SHE)]
transformation of, 601
transformed with chemical carcinogens, 607
transformed with ionizing radiation, 607

Systemic lupus erythematosus, 871

T25, 571
Talin, 385
Tamoxifen, 85, 314, 464, 930

increases risk of endometrial cancer, 464
induces aneuploidy, 464

T antigen, 123, 126, 342, 344, 621, 624, 844
expression in transformed cells, 730
large, 709
SV40, 845
SV40 large, 710, 808

Taxanes, 907, 908
TCDD (2,3,7,8-Tetrachlorodibenzo-p-dioxin), 

231, 241, 242, 247, 248, 250, 252, 255, 
459, 460, 676

promoting action, 460
T cell, 511, 513, 818, 819, 821, 829, 831, 844, 

851, 862, 863, 871, 873
activated by processed antigens, 837
activation, 840
acute lymphoblastic leukemias, 927
αβ, 835
α/β, 830
anergy, 856, 859
CD4, 832
CD8, 832, 835
CD28, 833
clonal deletion, 855, 856
cytolytic, 837, 857, 862
cytotoxic, 255, 835, 842, 855, 858, 863, 864
δγ, 837
dependent elimination of neoplastic cells, 861
differentiation, 819
differentiation in the thymus, 837
effector or killer, 832
γδ, 830, 834, 835, 867, 868
growth factor, 840
helper, 831–834, 839

Th1, 833
Th2, 833

helper (CD4), 529, 837, 859
immune response, 524
immunity, 845
mediated immunity, 849
MHC class II–restricted, 845
naive, 863
suppressor, 833, 834, 839, 858, 864, 868
Th1 responses, 867

[T cell]
Th2, 859
Th2 responses, 867
tolerance of to self antigens, 853
tumor-specific cytolytic, 845

T-cell growth factor, 879, 880
T-cell-mediated immunity, 287
T-cell receptor, 375, 822, 828, 834–836, 840, 842, 

845, 852, 853, 856, 862, 867
α and β gene complexes, 829
β chain, 856
diversity of, 829, 830
γδ, 867
γ/δ, 829
genes of, 829
structure, 829

T-cell-receptor genes:
constant regions, 830
diversity regions, 830
joining regions, 830
variable regions, 830

T-cell response, 855
TD50, 571
T-DNA, 108
Tea, 437
Telomerase, 343, 624, 673, 674, 683, 730, 732

downregulation of activity, 732
gene, 675
repression of, 733

Telomere, 674, 730
maintenance of length, 673
replication of, 675
shortening of, 733

Telomere function, 341
Temperature-sensitive mutant:

of Rous sarcoma virus, 699
SV40, 711
of the SV40 virus, 703

Tenascin, 381
Teratocarcinoma, differentiation of, 406
Teratoma, 38, 213
Terminal deoxytransferase, 828
Terminal differentiation, 613, 622, 713
Testosterone, 79, 279, 314
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), 

231, 241, 242, 247, 248, 250, 252, 255, 
459, 460, 676

promoting action, 460
Tetradecanoylphorbolacetate (TPA), 231, 233, 

241, 242, 246–248, 250, 252, 255, 286, 
342, 377, 709, 935

alteration in cell differentiation, 612
effects in cell cultures, 610
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[Tetradecanoylphorbolacetate (TPA)]
inducing and inhibiting differentiation, 622
promotion of morphologically transformed 

cells, 608
TGFα (see Transforming growth factor α)
TGFβ (see Transforming growth factor β)
Therapeutic index, 911, 914

defined, 913
ED-50, 914

Therapy:
adjuvant, 931
antihormonal, 907
gene, 936, 937
hormonal, 902, 907
hormone, 930
maximum tolerated, 915
monoclonal antibody, 879

Thorotrast (thorium dioxide), 467
angiosarcoma of the liver, 497

Threshold, 229, 231, 252, 296, 297, 429, 499, 
569, 576, 578, 607

of benzene exposure, 458
initiating agents, 234
measurable, 230
of promoting agents, 233, 234
of response, 578

Threshold dose, 90, 91
TH1 responses, 858
TH2 response, 858
Thrombocytopenias, 802
Thrombospondin, 381
Thymidine kinase (TK), 551
Thymoma, 293

in rats, 154
Thymus, 91, 287, 392
Thyroid, 140

medullary carcinoma of, 791
Thyroidectomy, 76, 277
Thyroid hormone, 84
Thyroid peroxidase, 847, 849
Thyrotropin, 76, 80, 85
Ti-plasmid, 405

extrachromosomal, 108
Tissue concentration-response effects, 568
Tissue culture:

serum in the maintenance of, 715
techniques of, 593

T lymphocytes, 287, 383
cytotoxic, 874

TNF-α (see Tumor necrosis factor α)
TNM system, 408

of clinical staging of neoplasia, 409

Tobacco, 22
abuse, 451–453
chewing, 451
snuff, 3

and occurrence of nasal polyps, 427
smoke, 197
smoking, 451

Tolerance, neonatal, 870
o-Toluidine, 457
Topoisomerase, 69

inhibition of, 341
Topoisomerase inhibitors, 66, 907, 908, 919

induce specific chromosomal abnormalities, 
466

Toxohormone, 760
TPA (see Tetradecanoylphorbolacetate)
Transactivating, host cell gene, 533
Trans-4-aminostilbene, 63
Transcription factors, 206, 238, 242, 246, 401, 

660, 662, 668, 670, 725, 758, 785, 793, 
840

Ap-1, 662
AP-1 complex, 612
c-fos, 250, 661
c-jun, 661, 662
E2F, 244, 346
E2F/DP heterodimeric, 661
E2f family of, 660
fos, 612
hypoxia-inducible factor (HIF)-1α, 808
jun, 612
NF-κB, 242, 248, 757
Sp1, 661
STATs, 240, 720
zinc-finger, 242

Transdifferentiation, 29, 30
Transducing G protein, 82, 83
Transfection, 343, 402

of oncogenes, 401, 403
of p53, 403

Transformation, 606
cell, 122
cells in culture, 110, 125, 626
cell divisions required to fix, 607
of cells in vitro, 697
criteria for neoplastic, 603
distinct stages of cells in culture, 608
of human cells, 602, 603
inhibition of, 618
morphological, 603
morphologic characteristics, 599
neoplastic, 117, 558
by oncogenic viruses, 624
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[Transformation]
in vitro, 603, 606
x-irradiation-induced, 607

Transformed cells, differential serum require-
ments for, 715

Transformed foci, in cell line, 608
Transforming growth factor α (TGF-α), 77, 654, 

722, 725–728, 762
Transforming growth factor β (TGF-β), 254, 282, 

346, 397, 654, 716, 722, 725, 727, 729, 
764, 806, 834, 840, 841

latent binding protein (LTPB), 723
mutation affecting, 728
pathway, 728
precursor form, 723
receptor, 658
response of transformed and neoplastic cells to, 

728
signaling mechanisms, 725

Transforming growth factors, 720, 727
Transgene:

bacterial, 553
MMTV/v-Ha-ras, 291
rpsL, 554

Transgenic:
animals in carcinogenic testing, 559
mice, 155
TG·AC mouse, 565

Transgenic mice, 518, 521, 565
MMTV/v-Ha-ras, 298

Transgenic mouse, lacZ, 554
Transglutaminase, 302
Transition from promotion to progression, 682
Translocations, 147
Transplantation, tumor, 4
Transplant recipients, 515
Transporter associated with antigen processing 

(TAP), 838
trans-retinoic acid, 441
Trauma, 398

increase in number of metastatic cells, 397
Trichloroethylene, 460
Trichoepithelioma, 375
Triiodothyronine, 620
Trisomic chromosomes, 358
Trisomy:

chromosome 4, 212
chromosome 7, 211
chromosome 11, 211
chromosome 15, 211

Tropical spastic paraparesis, 532
Trousseau syndrome, 801

Tryptophan, 295, 746, 750
plasma concentrations, 747

Tuberculosis, 805, 885
Tuberous sclerosis, 154

gene, 153
Tubulins, 703
Tu gene, 154
Tumor-associated transplantation antigens 

(TATA), 844
Tumor-infiltrating lymphocytes (TILs), 881
Tumor marker utility grading system (TMUGS), 

768
Tumor necrosis factor, 520, 716, 720, 754
Tumor necrosis factor α (TNF-α), 746, 755, 756, 

758, 764, 783, 838, 840, 863, 867, 869, 
921

Tumor-specific antigens (TSA), 849, 863, 873
Tumor-specific transplantation antigens (TSTA), 

844, 845
of chemically induced neoplasms, 844
of radiation-induced neoplasms, 844
of virally induced neoplasms, 844

Tumor suppressor genes, 121–123, 143, 150, 155, 
159, 190, 191, 194, 201, 206, 236, 274, 
341, 503, 548, 622, 677

adenomatous polyposis coli, 383
amplification, 409
APC, 194, 255, 658, 680, 845
hypermethylation, 671
imprinting, 152
mutations, 409
mutations in, 426, 680
mutations of, 771
p53, 156, 194, 195, 198, 244, 253, 341, 348, 

409, 430, 463, 503, 565, 662, 666, 673, 
679, 683, 710, 771

p16, 341
PTEN, 679
RB, 156
Rb, 195
repression of, 671
retinoblastoma, 194, 244, 255
silencing of, 668
Smad2, 728
transfection of, 936
Wilms’ tumor, 463

Tumor suppressor protein, 123
p53, 250, 346
retinoblastoma, 346

Tumor transplant, 392
Turpentine, 247
Two-hit hypothesis, 147
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Two-hit theory, 143, 150, 153
Tyrosine aminotransferase, hydrocortisone induc-

tion of, 651

Ubiquitination, 346, 347
Ultimate carcinogen, 52, 53, 56, 58, 59, 65, 67, 

88, 229, 602
with DNA, 59

Ultraviolet light, 90, 242, 250
Ultraviolet radiation, 67, 87

production of skin tumors in mice by, 500
UVB, 865–867

epidermoid carcinomas induced by, 865
Unleaded gasoline, 76, 231
u-PA, 391

inhibitors of, 388
Uranium miners, 495
Urease, of H. pylori, 507
Urethane, 236, 257, 277, 468

in alcoholic beverages, 310
Urocanic acid, 867
Urokinase-type plasminogen activator (u-PA), 

386
Ursodeoxycholic acid, 439
U.S. Food and Drug Administration, 576, 580, 

771

Vaccination, 127, 312, 423
Vaccine, 872

against specific neoplasms, 873
cancer, 872
DNA, 874, 936
hepatitis B, 873
human papillomavirus, 873
idiotypes, 873
poliovirus, 525
for tuberculosis, 877

Vaginal adenosis, 463
Varicella, 885
Vascular endothelial growth factor (VEGF), 807, 

809, 936
isoforms, 807, 808
produced by neoplasm, 808
regulating the expression of hypoxia, 807

Vascular endothelium, rate of proliferation of, 804
Vascularization, of a neoplasm, 397
Vasculitis, 872
Vasculogenesis, 806
Vasectomy, 450
V(D)J recombination, mechanisms of, 828
Vegetables, green and yellow, 437
Vinblastine, 907, 908, 916

Vincristine, 907
Vinculin, 385
Vinyl chloride, 59, 460, 461, 569

angiosarcoma, 547
hepatic angiosarcoma, 460

Viral oncogene, E1A, 673
Viral vectors, 875, 937
Virion, 112
vir region, 108
Virus:

avian leukosis, 115
baboon type-C, 275
B-tropic, 275
as causes of cancer, 110
endogenous oncogenic, 715
Epstein-Barr (see Epstein-Barr virus)
hepatitis B, 344, 428, 430, 440
hepatitis C, 428, 440
Kirsten murine sarcoma, 711
leukemogenic, 91
Moloney, 158
murine sarcoma, 709
N-tropic, 275
oncogenic, 257
Sendai, 624
small DNA, 699
SV40, 711
vaccinia, 875

Vitamin, 299
 A, 29, 48, 299, 302, 303, 441, 442, 444, 702

deficiency, 302
antioxidant, 441
C (ascorbate), 48, 302, 303, 307, 310, 379, 437, 

444
D, active form of, 304
deficiency, 30, 107, 300
D3, 404
E, 48, 302, 304, 305, 307, 310, 440, 441, 444

deficiency of, 303, 307
Vitronectin, 386
von Hippel-Lindau (VHL) syndrome, 139, 150, 

194

Warburg theory, 643, 645
Warts, 124
Weight loss, in cancer, 745
Wheat bran, 312
Will Rogers phenomenon, 19
Wilms’ tumor, 35, 139, 146, 662, 672, 930
Wilson’s disease, 172
Wood dust, 456
World Health Organization, 408
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X chromosomes, 374
Xenobiotic metabolism, 274
Xenoestrogens, 449
Xenograft, 844
Xeroderma pigmentosum, 65, 69, 90
X gene, 517

Xiphophorus, 154
X-linked lymphoproliferative syndrome, 515
X protein, as a transcriptional transactivator, 517
Zinc, deficiency, 305, 440
Zollinger-Ellison syndrome, 791
Zymbal glands, 63
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