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PREFACE

This book is a nontechnical account of the cancer problem and
has been written with two quite different audiences in mind. The
first is the general public—people who are interested in cancer
because it is a diseasc that may affect them or their families. Not
having a scientific background, some of these readers may find
that the two chapters on experimental cancer research are
abstruse and demand too great an effort; if they do, they should
skip them and proceed to Chapter 9. The second audience consists
of medical students and undergraduates in the biological sciences
who are perhaps considering a career in cancer research; they
may think that parts of the book are oversimplified, and for them
references to more technical accounts are provided throughout
the text.



PREFACE

My aim is to give an overall review of what is known about
cancer—the nature of the disease, its causes, its importance in
relation to other diseases and preoccupations of contemporary
society, and the possibilities for its ultimate conquest. I would
also like to tell the reader something about the state of the rele-
vant sectors of biology, because it will surely be through science
(rather than luck or some feat of alchemy) that cancer will finally
be conquered. Therefore, in order to understand the prospects,
people should have some idea of the present state of certain sci-
ences.

The book is certainly not meant to be a kind of consumer’s
guide to cancer. Indeed, I have gone out of my way to avoid
discussing the accepted treatments and probable outcome for
cach type of cancer, even though this has meant somewhat un-
derplaying the advances of modern medicine and surgery. Also,
rather than making any firm pronouncements on what are likely
to be the most fruitful forms of cancer research, I have tried to
show how the subject touches on many different disciplines rang-
ing from chemistry and biology to economics and politics.

In fact, the book underwent two metamorphoses. At first I had
intended to write a compendious review of the whole subject—
the work I wished I myself could have read on first entering the
field. As a displacement activity and relief from that seemingly
unending task, I agreed to prepare a short article about cancer for
Scientific American. And that eventually led me to revise my ini-
tial plan and undertake the much more reasonable exercise of
writing a book for the general public.

Probably more than most authors, I have been helped by oth-
ers. First and foremost of my advisers was Bruce Ponder whose
interest, enthusiasm, and hard work got the final version moving
again after it had been stalled for a long time in the section on
experimental cancer research; without his aid the book might
never have been finished. At several stages the various manu-
scripts were read and criticized by David Dressler, Brigid Hogan,
and Richard Peto, and I am grateful to them for innumerable
suggestions. For certain matters of fact, emphasis, or grammar I
am indebted to Cedric Davern, Richard Doll, Linus Pauling, and
Miranda Robertson. And for general comfort and advice, I am
indebted to my wife and children.

The final text owes a great deal to Michele Liapes, of W. H.
Freeman and Company, who has sifted through it indefatigably in
search of ambiguities and obscurities. For the cover, we are very



PREFACE

grateful to the Courtauld Institute of Art, London, for permission
to reproduce the drawing Kermesse at Hoboken by Breughel. Last,
I am pleased to acknowledge the support I have received, first
from the American Cancer Society and then from the Imperial
Cancer Research Fund, during the time I have been working on
the book.

June, 1978 John Cairns

xi
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In the modern industrialized world, where famine and pestilence
are things of the past, cancer has become the most feared of all
diseases. It may not be the commonest cause of death, occurring
much less frequently than heart disease, but it has the reputation
of being usually a progressive fatal condition for which no treat-
ment has been discovered. Further, the very nature of cancer
makes it seem a particularly unnecessary form of death. By way
of comparison, although the immediate cause of death in a heart
attack is a local abnormality of the arteries supplying the heart,
the underlying condition is a widespread defect affecting other
parts of the body as well. So we tend to think of a heart attack as
just one particular manifestation of the general process of aging,
and a normal end to a long life; or, when it occurs in a man who is
still middle-aged, as the price he has paid for overeating, lack of
exercise, and a life of stress. But cancer is seen as something that
originatesinonelocalized region and then spreads so that therest of
the body, which would otherwise still be healthy, is gradually eaten
away by the disease.

Each case of cancer originates as a defect in one of our cells that
allows it to start multiplying and give rise to an ever increasing
population of similarly unrestrained progeny cells. The first
symptom produced by this population of multiplying cells de-
pends on their location. If they arise in the skin, for example, they
will produce a rapidly detected growth; in the lung they might
cause a persistent cough or an unexplained attack of pneumonia;
in the breast they may be detected simply as a lump (tumor). The
patient consults a doctor, and a provisional diagnosis of cancer is
made, perhaps on the basis of X-rays or a biopsy (the microscopic
examination of a small sample excised from the tumor). In most
instances, the best treatment is then to remove the tumor surgi-
cally. If the entire population of cells can be excised, this proce-
dure will produce a complete cure. However, a common charac-
teristic of such abnormal cells is that they acquire the ability to
invade the surrounding tissues and spread by way of the blood
and lymph systems to form secondary deposits (metastases) in
distant sites. If this invasion has already occurred by the time of
first diagnosis, cxcision of the primary tumor will not produce a
cure, and other methods of treatment such as X-irradiation or
chemotherapy will have to be used; unfortunately, these addi-
tional methods of treatment are not very effective for most forms
of cancer.
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The outcome depends, therefore, on whether the abnormal
population of cells has extended beyond the original site, and the
likelihood that there has been spread varies greatly according to
the kind of cell affected. For example, most cancers of the skin do
not readily undergo metastasis and for that reason, even though
very common, they are not often lethal. At the other extreme,
cancer of the lung is seldom detected before metastases have oc-
curred.

The probable behavior of the different kinds of cancer and their
response to the different forms of treatment have been deter-
mined over the years, and this knowledge is the basis for selecting
the proper treatment for each case. The information is, however,
totally empirical and has not been converted into any general
theory of cancer.

For the outsider who tries to review the entire field, it is possi-
ble to see in the cancer problem a reflection of the problems of
contemporary society. We are living in an age of transition. Once
everything seemed within our reach; now we see limits
whichever way we turn. We succeed in virtually abolishing mor-
tality in the young, and a population explosion results. We then
succeed in reducing the birth rate, but as the proportion of chil-
dren in the population falls the proportion of old people starts to
rise. We invent ever more effective offensive weapons with which
to defend ourselves, and our safety from attack becomes more
and more uncertain. We learn how we could easily prevent the
most lethal of all cancers (lung cancer), and people continue to
smoke. However, it looks as if cancer research is soon going to
offer additional options, and before long society may be able to
decide what exactly it wishes to do about each kind of cancer—
whether to prevent it, spend vast sums of money treating it, or let
it run its course. Some of these problems are described in the
following chapters.
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and the CHANGING
PATTERN of MORTALITY

During the past 150 years, there has been a progressive elimi-
nation of infectious diseases as a major cause of death, and
because most children now survive to reproductive age a sud-
den population explosion has ensued. In the United States, life
expectancy has risen from roughly 30 years to 70. This has
brought into prominence the diseases peculiar to old age, par-
ticularly cardiovascular disease and cancer.



During the past 150 years the Western world has virtually
eliminated death due to infectious diseases. As a result, cancer
and cardiovascular disease have replaced them as the major
causes of mortality, and cancer has become the most publicized
problem for applied biology. However, before describing what is
known about the origins and nature of cancer, we should first
consider how the general pattern of mortality in our society has
been changing. We in the West are living through the final stages
of a period of expansion and are about to experience a major
change in the age distribution of our population. This is going to
force us to revise our lifestyle and the way we look upon the
different causes of death.

Past Changes in Age-Specific Mortality

For most of the time man has been on the earth, the total popula-
tion increased very slowly.! Mortality was high, especially in in-
fancy, meaning that each adult woman had to bear six children,
on the average, in order to ensure that one daughter would sur-
vive to produce the next generation. Occasionally some innova-
tion, like the invention of agriculture or the discovery of the prin-
ciple of rotating crops, might suddenly raise the countryside’s
capacity for supporting people, and there would be a temporary
increase in the birth rate or decrease in mortality; and then the
population would stabilize at its new level. Occasionally, some
catastrophic famine or pestilence would occur, and then, because
fertility and mortality were so delicately balanced, many genera-
tions would have to elapse before the original numbers had been
restored.

Minor differences undoubtedly existed between the death rates
in different cultures, but basically the pattern of mortality did not
undergo any major change until the mid-19th century. What
happened then is still somewhat unclear. Various agricultural
reforms had spread through Europe in the 17th and 18th cen-
turies, and these had raised the productivity of the land and had
produced a minor increase in population. But then came the In-
dustrial Revolution, and by the middle of the 19th century a
population explosion was well under way in all Western nations.
It was not due to any increase in fertility; indeed, the birth rate in
most industrialized nations was steadily drifting downwards
throughout the 19th century. Instead, what had occurred was a
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sudden drop in mortality which allowed a greater proportion of
children to survive and reproduce.

The causes for this decline in mortality are not well understood,
because it began before the advent, in the 20th century, of what
we would call medical science.? For example, in 1837 England
became one of the first countries to start keeping an annual regis-
ter of births and deaths, and these records plainly show that
much of the huge reduction in death rate since then had already
taken place by 1900 (Figure 2-1).3

The record is, of course, more reliable in the matter of the
number of deaths than the exact causes of deaths, but the early
statisticians were probably correct in ascribing nearly all the
deaths in youth and middle age to infectious discases such as
tuberculosis, dysentery, typhoid, and diphtheria. There was no

Annual death rate (per 100 people in each age group)

o 10 20 30 40 50 60 70
Age
FIGURE 2-1 The relation between age and death rate (percent dying each

year) in England for the periods (a) 1841-1850, (b) 1901-1910, (c) 1931-1940,
and (d) 1961-1970.



CANCER: SCIENCE AND SOCIETY

specific treatment for any of these diseases in the 19th century,
and so the mortality from them could have been reduced only by
general measures of hygiene and public health—i.e., improve-
ment in nutrition, housing, water supplies, and sewage. Later, in
the 20th century, the eradication of infectious diseases in indus-
trialized countries was effectively completed by vaccines and an-
tibiotics. It is significant, however, that what is often thought of
as one of the accomplishments of sophisticated medical science
was, in large part, the product of some fairly simple improve-
ments in public health. In the end, history may well repeat itself
and the same prove to be true for cancer.

We can look at these statistics from two points of view: indi-
vidual and national. Figure 2-1 shows how annual mortality for
various age groups changed in one country (England) between
1850 and 1970—i.e., it shows the shift in the average person’s
probability of dying, in relation to age. But we can also look at the
numbers for any country as a whole, and then compare how the
deaths were divided among the different age groups at different
periods of history. As Figure 2-2 shows, there was extraordinarily
little change in the distribution of deaths between 10,000 B.C. and
1850 A.D. The really big change has come in the last 100 years of
man'’s history. Apart from infant mortality, deaths used to be
spread fairly evenly over all age groups. By 1972, however, more
than 80% of all deaths were in people past the age of 60. In other
words, death has now become largely relegated to old age.

The Present-Day Causes of Mortality

In Western societies, approximately 1% of the population dies
every year; (the value would be 1.25% for a nonexpanding society
in which each person lived for exactly 80 years, but for the time
being the percentage is lower because, with a few exceptions like
East Berlin, the population of every country has a dispropor-
tionately large number of children). For example, in the United
States with its population of slightly over 200 million, about
1,900,000 people die each year. Roughly half these deaths are due
to arterial disease, which can be directly fatal when it affects the
arteries supplying the heart muscle and the brain, causing coro-
nary thrombosis (heart attack) and cerebral vascular disease
(stroke). The next major cause of death is cancer; it and the arte-
rial diseases account for two-thirds of all deaths. The remaining
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Percent of deaths in each one-year age interval
N

0O 10 20 30 40 50 60 70 80 90 100
Age

FIGURE 2-2 The age distribution of ali the deaths (excluding infant mortality)
that occurred in England in 1850 and 1972. These are compared to the
distribution of the ages of the skeletons in two Mesolithic burial sites dating from
about 10,000 B.C. (After The Registrar General's Statistical Review of England
and Wales for the Year 1972, Part |, “Tables, Medical,” H. M. Stationery Office
(1974); D. E. Dumond, Science 187, 713-721 (1975).]

one-third is due to respiratory diseases, accidents, congenital dis-
orders, violence, and other causes. But the infectious diseases,
which once ruled supreme, now cause only about 1% of all the
deaths (Table 2-1).

Now, it could reasonably be argued that a table like this is
almost useless without some further qualification. About 1% of
the population in the United States is going to die every year, and
so the table will list about two million deaths, come what may.
Rather than the raw numbers, what we need is some measure of
the untimeliness of the deaths so that we can see which causes of
death represent the greatest loss. For the fact is that we are not
diminished equally by every death; a twenty-year-old dying of
leukemia is surely a greater loss than a ninety-year-old dying of
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TABLE 2—1 Moﬂallty In the u. s in 1988

‘ Gause ' Numbar of daaths - Pordam o!-!om» ?

. Vascular diseases ;

Heart disease 674,747 35

Cerebral vascular diseases 211,390 H

Other 154,155 8

' Total 1,040,292 54

All forms of cancer 318,547 17

- Accidentis and viclence

Automobile accidents. 54,862 3
Other accidents 64,317 3 ‘
Sulcide 7,372 1 ‘
Homicide 14,686 1 ;
Total 155,237 8
. Respiratory diseases 123,440 6 |
| Infant mortality 43,840: 2 |
Congenital abnarmalities o 16,793 1 |
Infectious diseases ' 17,776 1 5
Total 1,715,926 89
All causes _ ..._._3,930,082 .....10

SOURCE U.S. Dapanment ol Health Educatiun, and Wellare vna: smlsﬂcs of the '
Unitad Statea. Volume i, Mortality. Washington, D.C.: U.S. Government Printing Office, -
1972

cancer of the prostate. Obviously there is no totally satisfactory
way of quantifying an abstract quality such as “loss,” because
much depends on what we consider a reasonable lifespan. I have
chosen, for purposes of this discussion, one of the simpler
methods, namely to calculate the loss of working lifespan —the 45
years between 20 and 65; deaths occurring at any time before the
age of 20 count as the loss of 45 years, deaths after 65 do not count
at all, and cach death between 20 and 65 counts according to the
number of years before 65 that it occurred. It should be recog-
nized that what is being calculated here is the degree to which
the different causes of death deprive people of their right 10 a
reasonable lifespan, not the extent to which these causes erode
the nation’s work force.

Table 2-2 shows the major causes ol death in the United States,
arranged in their order of importance as causes of loss of working
lifespan (in Chapter 3, the same procedure will be applied to the
individual varieties of cancer). The main effect of perceiving mor-
tality this way is that accidents move to the top of the table as the
major cause. We see that the elimination of automobile accidents
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TABLE 2-2 Loss of working lifespan
* in the U.S. in 1968 from various causes

Cause

Accidents and violénce -
Automobile accidents

Other accidents - . 1.262,415 - 9.
Homicide . - : 397,668 3
Suicide 389,733 8
Total R ) 3,5882.918 B .26 =
' Vascular diseases’ : A i
Heart disease : : 1,610,142 : '_;12‘. O
Cerebral vascular disease 431,973 - PR i
Other 578,801 _ 4 !
Total e 2,620,916 19
- Infant mortality 1,970,489 4
. Cancer I o 1,744,189 s
_ Respiratory diseases 968,064 DR 4 !
Congenital diseases 674485 5 :
Infectious diseases 201185 o2
Total 11,852,226 DR -
. All causes ' 13,687,716 100

‘beking iife is considered to extend for 45 years, from age 20 to-age 85, Deaths ocour-
" ring before the age of 20 each contribute 45 lost years.to the total, and those.accurring !
. between 20 and 65 contribute appropriately fawer, and deaths after 65 do-not count. !

would save about as much working lifespan as the cure of cancer.
In fact, it may turn oult to be casier to design a safer automobile
that offers better protection for the driver and passengers than to
prevent deaths caused by the main varieties of cancer.

Tables such as 2-1 and 2-2 are a convenient way of listing a
large number of different causes of death. But if we are consider-
ing just the differences in the patterns of death due to a few
selected causes, these are most clearly shown in a graph, such as
Figure 2-3.

Future Changes in Population and Mortality

Having learned how to eradicate most mortality under the age of
40, the West has exported this technology to many other coun-
tries and thereby created a worldwide population explosion. The
increase in growth rate is, of course, bound to be transient, for
eventually something will become limiting in each country and

11
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Annual death rate (per 100 people in each age group)

(] 10 20 30 40 50 60 70 80 90
Age

FIGURE 2-3 The relation in the United States, 1968, between age and the
percent of people who die each year from ischemic heart disease, cancer, or an
accident. [After U.S. Department of Health, Education, and Welfare. Vital
Statistics of the United States. Volume Il. Mortality. U.S. Government Printing
Office, 1968.]

the growth will level off. In principle, stabilization could be
brought about either by a reduction in birth rate or by a return of
high mortality before the age of reproduction. It is doubtful
whether many countries would willingly accept an increase in
mortality. So we may reasonably assume that sooner or later a
worldwide reduction in birth rate will occur.

In many Western countries this has already occurred and each
breeding female is now producing, on average, approximately
two children, the number now required to ensure replacement of
the breeding population. The change is very recent, however, and
most of these countries, like the United States, have an excess of
children dating from the last few years of population growth, who
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are about to start breeding. So a generation must elapse before
the total population stops increasing.

Irrespective of the final size of the stabilized population, we can
easily calculate what its final age distribution will be if the mor-
tality of each age group remains exactly at its present level; at the
same time we can also work out what the age distribution would
be if there were no deaths from cancer. As Figure 2-4 shows, we
are going to have to face a tremendous change in the age distribu-
tion of the population, once zero growth has been established. As
the two stabilization curves demonstrate, this shift in age distri-
bution will dwarf the potential effects of cancer research because
the total eradication of all forms of cancer would raise life expec-
tancy by only two years. (This may seem a marginal gain for a lot
of effort, but it is important to realize what these two years
represent—namely that the one person in six who dies of cancer
would otherwise have lived, on the average, for another twelve
years before dying from some other cause; for those people, and
their relatives, cancer research will have been worthwhile).

The main implication of the change is economic. At present,
10% of the population is over the age of 65. This will rise to 16%
once zero growth has been attained (or to 18% if by that time we

Percent of population in each
one-year age interval

0 20 40 60 80 100
Age

FIGURE 2-4 The age distribution of the United States population for 1975,
compared with the distributions projected for populations that have stabilized, if
age-specific mortality has been kept at its present level (broken line) or if ali
mortality due to cancer has been eliminated (solid line).

13
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have conquered cancer). Somehow society must be organized o
handle these large numbers of old people, without subjecting
them to unacceptable hardship.* No country has ever had to face
this problem before, because zero growth and low mortality have
never occurred at the same time. Its solution seems to be at least
as important a goal as the conquest of cancer.



The ORIGIN
and VARIETIES
of CANCER

Cancers can arise in any organ of the body, but some sites are
more frequently affected than others. Each cancer is de-
scended from a single cell that at some stage became free from
its normal territorial restraints and so was able to form a
family of cells that could multiply without limit.

®)
)



The human body contains roughly ten million million (10'3)
cells,! that are subdivided into groups and classes to form the
various tissues and organs and are programmed to carry out var-
ious appropriate functions. Some of the cells (e.g., nerve cells) are
apparently incapable of further division once they have been
formed during development of the embryo or in infancy. Others,
such as liver cells, seldom divide during our adult life but are
capable of rapid multiplication on demand—for example after
partial destruction of the liver. Still others, like those that form
skin and the circulating cells of the blood, are continually having
to divide throughout life in order to replace the cells that are lost
or destroyed.? The multiplication patterns of certain cell types
are shown in Figure 3-1. The whole edifice is, of course, the prod-
uct of the division of a single cell and its descendants. From start
to finish, from the fertilized egg to death in old age, a human
being is the product of about 10'¢ cell divisions.

Obviously, in tissues where the cells multiply continuously, the
total number of cells will remain constant only if cell death and
emigration are exactly matched by cell production. Thus every
part of the program of cell division, both in the embryo and in the
adult, must be under very strict control. The possible nature of
these controls will be discussed later. For the moment it is suffi-
cient to see that a system like this will be open to Darwinian
Selection. We may therefore expect occasional cell variants to
develop that show increased “fitness” (i.e., that can multiply fast-
er than normal or can displace their neighbors whenever space is
limited). And in fact that is exactly what we observe. Families of
cells can emerge that increase in number at the expense of their
neighbors. When they multiply without some of the usual re-
straints (i.e., when they divide more frequently or are subject to
less loss) but nevertheless keep within their normal territory and
do not invade the surrounding tissues, they form benign tuniors;
examples range from the small cutaneous mole (of which most of
us have a dozen or so) to the fairly common uterine “fibroid”
which if not removed can sometimes become very large. If the
abnormal cells have acquired the ability to spread to alien sites
such as into neighboring tissues or to distant regions by way of
the circulation, they are called malignant tumors or cancers. The
distinction between these two classes of uncontrolled growth is
all-important. It is the ability of a cancer to spread to multiple
and distant sites that allows it to pass beyond the reach of local
surgery.
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Growth from the fertilized
egg 1o the mature fetus is
accomplished by rapid cell
multiplication, but the cells
of the fetus do not often
form cancers.

NERVE CELLS

These do not multiply
in the mature animal,
and cancers of nerve
cells are found only
in infants.

LIVER, THYROID, AND
OTHER GLANDS

These cells seldom

multiply in the adult
although they can

do so on demand (e.g.,
when the liver has

been damaged) and

they can become cancerous.

GUT, SKIN, BONE MARROW

These cells multiply
continuously during

our entire adult life

and are the sites of
many common cancers.

FIGURE3-1 The multiplication of cells (a) in embroyogensis
and (b} in different tissues of the body.

The Single-Cell Origin of Tumors

Before we go further into the classification of cancers and a de-
scription of their behavior, it is instructive to examine more
closely the difference between the formation of a normal collec-
tion of apparently identical cells, like those of the liver, and the
formation of a cancer. In recent years, several methods have been
found for studying the lineage, or family tree, of cells during the
formation and development of the embryo (embryogenesis). The
simplest is to make use of an oddity of nature. It is important
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enough to describe in some detail because the concept of lineage
is central to all our ideas about cancer.?

The sex of animals is usually determined by a particular pair of
chromosomes. For example, in mammals these are the X chromo-
some and the Y chromosome; females are XX, having inherited
an X from each parent; males are XY, having inherited one of
their mother’s X chromosomes and their father's Y chromosome.
Now, unlike the other chromosomes, each of which is a member
of an equally sized pair (one paternal in origin, one maternal) the
Y chromosome is much smaller than the X. Therefore most of the
X chromosome has no corresponding part in the Y and so, in
males, has to operate alone. To maintain the same balance in
females, which have two X chromosomes, one of the two is ar-
ranged not to function but is condensed into a tight package and
sel to one side in the nucleus. Now, the choice of which of a
female’s two X chromosomes should be inactivated in this way
occurs irreversibly, early in embryogenesis, when there are
perhaps only about 20 embryo cells present;* further, the choice
made by each cell is apparently random and is irreversible
(meaning that this choice is passed on to all of a cell’s descen-
dants). Thus every female is made up of a mixture of two kinds of
cell—cells descended from those of the 20 that chose to inactivate
the paternally derived X (X ), and cells descended from the rest
of the 20 that inactivated the maternal X (X,,). The behavior of
the X chromosomes therefore makes each female into a mosaic,
and this mosaicism can be demonstrated whenever the two X
chromosomes differ in some distinguishable gene (Figure 3-2).

FIGURE3-2 (a) Female mosaicism arising from X-chromosome inactivation. A
female child contains two X chromosomes. This child is the result of the fusion
of an egg, which bears one of her mother's two X chromosomes, with a sperm
bearing her father's X chromosome; (a male child contains an X and a Y
chromosome and results from the fusion of the X-bearing egg with a sperm
bearing his father's Y chromosome). Early in the development of the female
embryo, when the fertilized egg has muitiplied to give probably about 20 fetal
cells {the precise moment is not known exactly), the process of X-inactivation
occurs. Each cell selects one of its two X chromosomes for inactivation: the
choice is apparently made at random. As a result some of the cells are left with
an active paternal X chromosome (X,) and the others with an active maternal
chromosome (Xn). Because the choice is never reversed, each female is
therefore a mosaic of two kinds of cell. This mosaicism can be demonstrated
whenever there happens to be some abnormality (i.e., mutation) of one of the
two X chromosomes that leads to the presence of some detectably abnormal
gene-product in all the cells in which the abnormal X is active. (b) Demonstration
of the female mosaicism in certain adult tissues.
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The X chromosome marker most suitable for studies of human
mosaicism is the gene for the enzyme glucose-6-phosphate-
dehydrogenase (G6PD), which is involved in the breakdown of
glucose in the cell. It so happens that certain variants of this
enzyme confer some resistance to malaria and so are rather
common in populations that are (or used to be) exposed to
malaria. Thus quite a high proportion of black women are de-
monstrably mosaic for G6PD.

In such women it has been observed that the individual organs
(e.g., liver), and even quite small collections of cells (e.g., the cells
of individual hair follicles)® are almost invariably mosaic and
therefore must have been descended from more than one of the 20
or so cells that were present at the time of X inactivation. Thus
we see here the important principle that during embryogenesis
each organ and tissue is not created from the descendants of a
particular single cell. Instead, each organ is made up from the
descendants of several different families of cells. Indeed, this
would seem to be a rather reliable way of building the different
parts of the body because there is no absolute need for any one
particular cell to be in exactly the right place at the right time.

It turns out that tumors in such women are unlike the sur-
rounding normal tissues in that they are found almost invariably
to contain only one type of G6PD.$ This is true whether the
tumors are benign or malignant, implying that each tumor has
arisen from a single cell.

Occasionally the same conclusion can be reached more di-
rectly. Certain cancers (e.g., some varieties of leukemia)’ are as-
sociated with some particular visible chromosomal abnormality
due, usually, to a piece of one chromosome having switched over
to another (see p. 82). In these instances, one can observe that all
the cancerous cells in the patient show exactly the same abnor-
mality and so presumably are descended from a single cell that
developed the abnormality and, perhaps because of that, gained
the ability to multiply uncontrollably.

Thus the growth of a cancer is not like an epidemic spreading
among normal cells but is the growth of a single family of abnor-
mal cells (see Figure 3-3).

Classification of Cancer by Site

Most of the malignant invasive cancers of man belong to one of
three groups. First and foremost come the carcinomas, which
originate in the sheets of cells, or “cpithelia,” covering our surface
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FIGURE 3-3 Benign tumors and malignant tumors (cancers) are expanding
families of cells derived from a single parent cell. Unlike normal tissues which
are mosaic—shown in (a) as a mixture of small families of white and shaded
cells—each cancer is a single family, as shown in (b).

(e.g., skin, respiratory tract, gut) and lining the various glands of
the body (e.g., breast, pancreas, thyroid). Next are the sarcomas,
which develop in the various supporting tissues of the body (such
as bone cells, blood vessels, fibrous tissue cells, muscle). Last is a
heterogencous group of cancers originating in the cells that pro-
duce the circulating white cells of the blood (leukocytes) and the
immune system (i.c., the various kinds of lymphocyte); the clas-
sification of this third group is complicated and includes such
conditions as lymphosarcoma and Hodgkin’s disease (which af-
fect the lymph glands) and the various forms of leukemia (which
literally means an excess of white cells in the blood). The
terminology—like much that has developed in medicine—has
been built up gradually throughout the years, with little thought
given to creating a completely logical system. It is not an easy
language to learn, especially when it comes to the names of the
different types of cell that can form a cancer. As much as possible
the jargon of the pathologist will be avoided in this book, even at
the cost of an occasional circumlocution.

So much for the classification of cancers, according to cell type,
into the carcinomas of epithelial cells, the sarcomas of supporting
tissues, and the group that includes the leukemias. In fact, of
these three classes the carcinomas are numerically the most im-
portant. As Table 3-1 shows, more than 90% of human cancers
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arise in epithelial cells (i.e., are carcinomas). Most of them origi-
nate in our surface epithelia which are in direct contact with the
outside world, suggesting perhaps that the commonest causes of
cancer may be agents that cannot penetrate very far. Less than
10% of the cancers of man arise in the supporting tissues of the
body or the circulating cells (i.e., are sarcomas or leukemias). It is
worth noting at this point that the distribution of cancers in ani-
mals is rather different from that shown here; for most of the
animal species we know about, the leukemias and sarcomas are
not nearly as rare.®

The further classification of cancers into different groups is
according to the organ involved, or the type of cell involved when
we are dealing with the nonlocalized cancers such as the
leukemias. This is not a sterile academic exercise as we shall see
when we come to consider the epidemiology of cancer, because it
is quite clear that the different cancers have different causes.

In all, about 200 distinct varieties of cancer are recognized.’
Fortunately, most of these are very rare, and we can encompass
the majority of cancer mortality with a much smaller list. Table
3-2 lists the main varieties of cancer, according to the number of
deaths each of them causes in the U.S. each year. Almost half of
all the deaths are due to cancer of the lung, large intestine, and
breast.

In the preceding chapter the various causes of death were
listed—not only according to the actual number of deaths due to
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each, but also the loss of working lifespan that they caused, on the
grounds that we lose more from death of the young than from
death of the old. Table 3-3 shows the same calculation made for
some of the commoner kinds of cancer. Cancer of the lung (due
almost entirely to cigarette smoking) still remains far ahead of
the others; in fact, it is the only variety of cancer to cause more
loss of lifespan than either homicide or suicide (see Table 2-2).
The main difference between Tables 3-3 and 3-2 is that the
leukemias and various cancers of the brain have moved up in
importance because they occur not infrequently in children. Inci-
dentally, this way of calculating the importance of various causes
of death allows another comparison to be made. If we consider
time spent in prison as in effect a loss of lifespan, then it is in-
teresting to note that for men the total annual loss of lifespan in
the United States due to imprisonment is about the same as that
due to leukemia (for a variety of reasons fewer women go to
prison, and so for them leukemia is much the greater hazard). It
could be instructive for someone to compare the costs of research
into possible ways of preventing imprisonment and leukemia, or
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the costs of keeping people in prison and of treating cases of
leukemia.

Classification by Cell Behavior

This chapter has thus far been concerned with the origin of can-
cers from single cells and the frequency of cancer in different
sites, i.e., the classification according to gross anatomy. We must
now examine briefly the way cancer cells multiply and spread,
i.e., the classification according to their microscopic anatomy. As
Table 3-1 showed, cancer in man is predominately a disease of
epithelia. The anatomy and organization of a typical epithelium
is well illustrated by the skin.!® (See Figure 3-4.)

The epithelium of the skin is called the epidermis; it forms a
sheet, usually five to 10 cells deep, overlying a loose-knit layer of
supporting cells, the dermis. The epidermis continually replaces
itself by the division of the cells in its deepest, or basal, layer next
to the dermis.!! As a result of this constant cell division, cells are
continuously squeezed out of the basal layer into more superficial
layers. There they begin to differentiate according to an estab-
lished program: they flatten, begin to synthesize the insoluble
protein keratin, and dissolve their nucleus. Finally they fuse into
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FIGURE 3-4 (a) The division of skin into dermis (containing blood vessels,
nerves, sweat glands) and epidermis.

{(b) The plane view of the basal cells of the epidermis showing the arrangement
of the interspersed melanocytes.

(¢) An enlarged diagram of the epidermis showing the basement membrane
between it and the underlying dermis, the dividing cells of the basal layer, and
the more superficial cells that are losing their nuclei and differentiating to form
flakes of keratin.

the keratin flakes called squanies, which are eventually shed from
the surface.!? The result of this program of devclopment is that
we are separated from our immediate environment by a fairly
impenetrable layer of insoluble keratin that is being continuously
shed and replaced by the underlying “squamous” epithelium.
(The behavior of the differentiating squamous epithelial cells of
the skin is an instance of programmed cell death; probably the
most familiar example is the death and release of leaves and fruit
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each autumn—processes that are plainly the result of an active
program because they do not occur so quickly in trees that have
died during the summer.)

In addition to epithelial cells, the epidermis also contains scat-
tered pigment cells, or melanocytes, which synthesize granules
containing the dark brown pigment melanin and donate these to
the maturing epithelial cells. In this way the deeper layers of the
skin, including the multiplying basal cells, are protected from
ultraviolet light.

From the behavior of the epidermal cells we can deduce that
they must be subject to several distinct forms of control. First, the
fact that the only cells that divide are those in contact with the
underlying dermis suggests that some short-range signals pass
between the dermis and the basal cells; in the absence of these
signals an epidermal cell stops multiplying and starts differ-
entiating. Second, in order to prevent the multiplying basal cells
from invading the dermis some mechanism must establish and
enforce the boundary between the two layers. Third, some system
of lateral signals must determine the even spacing of the melano-
cytes so that there are no gaps in our protection against ul-
traviolet light, and similar longer-range signals must regulate the
spacing of epidermal structures such as hair follicles and sweat
glands.

In addition to local regulation of growth, various overriding
systems of control can be perceived in the behavior of the cells.
Although surface characteristics such as fingerprints are ex-
pressed by the epidermis, they are determined by the dermis:'? il
epidermal tissue is removed from the thigh, for example, and
grafted onto the palm, it will thicken and take on the pattern of
lines characteristic of the palm. If an area of skin is subjected to
increased wear, the program of differentiation is somehow mod-
ified to increase the depth of the epidermis and thicken the kera-
tin layer, forming a callus. If an area is denuded of epithelium, it
is recolonized by an increase in the rate of cell division in the
surrounding epidermis. If exposure to sunlight is increased, the
rate of pigment production is greatly accelerated. Finally, if a
piece of skin becomes implanted into subcutaneous tissues (as
can easily happen in an accident or as a result of a hypodermic
injection), the skin is somehow programmed to die rather than
multiply in an alien site.'

The means by which these controls are effected is not known.
For example, the communication that is obviously occurring be-
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tween epithelial cells and underlying dermis could be in the form
of a concentration gradient (i.e., a difference in concentration be-
tween one layer and the adjacent one) of a freely diffusible sub-
stance secreted by some cells and detected by others (like the
signaling system that is thought to control head regeneration in
the simple freshwater animal called Hydra); this means that all
the surface cells acquire a sensc of direction and therefore
“know” which way they are to move when they start on their
program of development. Or the communication could require
the kind of direct contact between the cells that is now thought to
occur when signals pass between groups of cells at certain stages
in embryonic development. Different examples of communica-
tion between cells are shown in Figure 3-5.'% Whatever the
mechanism, communication could be interrupted if there was a
defect either in the signaler or in the recipient. Because there
seem to be many signaling systems operating on skin epithelium,
there should be many distinct varieties of uncontrolled
growth—some that might lead to invasion and metastasis (i.e., be
cancerous) and some that might not. And that is exactly what has
been found.

For example, consider two well known noncancerous abnor-
malities of growth control of the skin, namely psoriasis and the
common wart. In psoriasis the layer of multiplying basal cells
extends about 10 cells deep,'® and this seems to be due to some
error of communication with the underlying dermis because
psoriatic patches are reported never to extend over scar tissue.!?
The common wart, which is due to infection by a virus, shows a
great thickening of all layers of the epithelium as if the progress of
differentiation has been drastically slowed so that more cells are
caught at each level of differentiation; but the overall arrange-
ment of the epithelial cells remains precisely ordered and the
boundary with the dermis is unchanged.

There are two common cancers of skin epithelium and one less
common cancer originating in skin melanocytes; all three are
usually induced by sunlight.!® The basal cell carcinoma, as its
name implies, apparently consists of cells derived from the basal
layer of epithelium that seem to have escaped the control of the
system that normally preserves the boundary between the dermis
and the epidermis. Its cells invade the dermis and the underlying
tissues, forming an irregular erosive ulcer (hence its other name
of “rodent ulcer”);!? but despite its great capacity for local inva-
sion, this form of skin cancer virtually never spreads to distant
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sites by way of the blood stream or lymphatics, suggesting
perhaps that its cells still require signals from skin dermis in
order to multiply. The other common epithelial cancer of skin,
the squamous carcinoma, is similarly made up of disordered
groups of cells but these undergo almost normal differentiation
into squames of keratin; it tends not to be as locally invasive as
the basal cell carcinoma but it can occasionally give rise to dis-
tant deposits (mmetastases). These four types of abnormal skin
growth are shown in Figure 3-6.

The cancer that arises in melanocytes is called malignant
melanoma. It is quite rare, and this is fortunate because it has a
notorious tendency to undergo rapid and extensive metastasis.
This property may perhaps be related to the developmental
history of the ancestor of the melanocyte (the melanoblast), which
arises in the embryonic central nervous system and migrates out
from there to colonize the rest of the body including the skin; thus
melanoblasts are born to be invaders, programmed from the start
to move apart from each other, and indeed they will show this
property when brought together in a confined space in vitro.?°

FIGURE3-5 Examples of communication between cells.

(a) Regeneration in Hydra. In this small freshwater animal, the foot and the
head and tentacles signal their presence by producing freely diffusible
substances that form concentration gradients up and down the body. When the
head is cut off, the gradients are altered and the cells in the stump become
programmed to multiply and regenerate a new head.

{b) Development of the vertebrate eye from the embryonic nervous system and
the overlying surface cells (ectoderm). The developing brain forms two
outgrowths (the optic vesicles, or future retinas), which proceed to trigger
proliferation and infolding of the ectoderm to make the lens and cornea. This
interaction between nervous system and ectoderm is probably due to signals
that are transferred by direct cell contact.

(c) The first steps in development of the fruiting body of the slime mold. When
food runs out, these free-living amoebas summon each other together by
emitting short pulses of a diffusible signal (which is known to be
cAMP—cyclic adenosine monophosphate—in some species of amoeba).

This is therefore a particularly clear example of cell interactions that produce
order out of chaos; superficially, at least, it is potentially a model of
carcinogenesis in reverse.

(d) Even such simple things as the width of the tubules in the kidney are
determined by the interaction of the tubule cells with the surrounding
supporting tissue. Thus, even though the size of the cells is greatly altered in
animals that have fewer or extra sets of chromosomes, the diameter of the
tubules remains unchanged. Shown here are cross sections of the tubules of
newts that have only one set of chromosomes (i.e., they are haploid), or the
normal two sets (diploid), or five sets (pentaploid).
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FIGURE 3-6 Varieties of uncontrolled growth of the skin. The pattern of cell
multiplication is most easily demonstrated by marking cells with a radioactive
precursor of DNA (*H-thymidine); only cells that are about to divide will be
marked. In this diagram, such labeled cells are shaded.

(a) Normal skin. Cell multiplication is confined to the deepest layer of
epithelial cells (the basal cells), which are next to the underlying dermis.

(b) Psoriasis. The zone of cell multiplication extends to several layers of cells,
so that the rate of production and shedding of cells greatly increases. Here it is
as if the primary abnormality lies in the dermis, which seems to be sending out to
the overlying epithelium an abnormally strong signal for cell multiplication.

(c) The common wart. This is a single family of cells that seem to have slowed
down their rate of differentiation, as if they are somewhat freed from the
restraints imposed by the dermis.

(d) Basali-cell carcinoma. The basal cells have escaped from their normal
territorial restraints and are penetrating into the dermis (forming an invasive
cancer).

(e) The squamous-cell carcinoma. The epithelial cells are invading the dermis
but, uniike the basal-cell cancer, they have retained the ability to differentiate
into flakes of keratin.
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Other minor abnormalities of behavior of melanocytes seem to be
unusuaily common, though this may be simply because the pig-
ment in the melanocyte makes it a very conspicuous cell; for
example, we are all familiar with those abnormal families of
melanocytes that are called freckles.

These are just some of the disorders of growth shown by epi-
dermis. They demonstrate the most important point that, al-
though there are many ways of releasing cells from whatever
forces are normally controlling their multiplication, it is only
when cells are freed from the constraints of territoriality that
they can form a potentially lethal malignant growth or cancer.
Further, as the two common skin cancers show, loss of territorial-
ity can occur in different ways: in each, the exact nature of the
defect will determine the exact behavior of the cells, i.e., whether
the tumor is benign (noninvasive) or malignant, and whether
the cells are likely to spread quickly to distant sites. Therefore it
is not sufficient to categorize cancers simply by the organ or type
of cell from which they have originated. To be of practical use the
classification must be finer, and the way the cancer cells behave
should be considered.

A similarly wide range of behavior is shown by the cancers that
arise in the sheets of epithelial cells that line the intestine and
respiratory tract and form glands such as breast, pancreas, pros-
tate, and so on. These cell types are normally programmed to
form systems of cavities and tubes. In the breast, for example,
there is strong interaction between adjacent groups of epithelial
cells,?! and between them and the supporting tissue of the breast
(equivalent to the dermis and called, as in most organs, the
stroma). Thus it seems to be the breast stroma that determines to
some extent the behavior of the epithelium; for example, the sup-
pression of epithelial growth in the male turns out to be due to
the effect of the male hormone, testosterone, upon the stroma
rather than directly upon the epithelium itself;2? similarly, in
some species at least, the mammary epithelium will readily turn
into apparently normal skin if transplanted onto the surface.2? At
the same time the different lobes of a single mammary gland
normally do not invade each other’s territory, clearly indicating
that different sections of mammary epithelium are sensitive to
each other’s presence and must therefore be giving forth signals
as well as receiving them. The change in behavior of mammary
epithelium when it becomes cancerous is shown in Figure 3-7.
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FIGURE 3-7 Early stages in the development of a mammary cancer. The
normal mammary epithelium (right) is arranged as an orderly system of
branching ducts that tidily fill the available space. The first step in the
appearance of a cancer is the formation of a nodule of cells (left) that do not
respect the territorial imperatives of adjacent ducts but proliferate
uncontrolledly, and invade the surrounding supporting tissues. Sections of the
normal and cancerous glands are shown at bottom.

Cancers of glandular epithelia vary in the extent to which they
are able to form lobes and ducts. Those that retain this property
are called adenocarcinomas (literally, “gland” carcinomas) and
tend to be rather less malignant than cancers in which the cells
show complete loss of order (the so-called anaplastic, or undiffer-
entiated carcinomas). It is also possible to classify epithelial can-
cers according to the response of the accompanying stroma: in
some tumors the stromal cells vastly outnumber the epithelial
cells, suggesting that one of the qualities of certain cancer cells is
the production of much tco strong a signal to the neighboring
cells. In other tumors there may be little or no stroma.

The variation in behavior of the different cancers that can
originate from any single class of cell is reflected not only in
differences in the gross and microscopic anatomy of the resulting
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tumors but also in their response to treatment. Some cancers
respond to irradiation, some to hormones, and some to certain
cytotoxic drugs. Even though there is no proper explanation for
the different behavior and response of different cancers, we can at
least deduce from their very variety that each kind of cell can be
turned into a cancer cell in several different ways. However, as
long as we know so little about the forces normally at work on the
healthy cells in a multicellular organism such as man, we may
not be able to make much progress in any attempt to categorize
the basic defects of the different varieties of cancer cell. Certainly,
to date no fundamental theory of carcinogenesis has been pro-
posed that could explain the way different cancers respond to
treatment and could be used to develop better drugs. Thus, for
the time being, we may do better if we try to determine empiri-
cally the causes of each kind of cancer. This brings us to the
epidemiology of cancer—the subject of the next chapter.
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of CANCER

Judging from the epidemiology of cancer in man, it seems
clear that almost all forms of cancer are caused, largely or
entirely, by factors in our environment that vary from one
place to another and from one generation to the next. Even
without knowing what these factors are, we can deduce—in

principle at least—that cancer should be a preventable dis-
ease.!

=



Historically, the first step in determining the cause of any dis-
ease has always been to find out if there is anything, apart from
the disease itself, that the sufferers have in common?2 This was
true for the infectious diseases, the various dietary and vitamin
deficiencies, the many kinds of “natural” and industrial poison-
ings, and so on. A priori, there is no reason why the same should
not be true for the different forms of cancer.

As everyone knows, nearly all forms of cancer are much more
common in old people. Before comparing cancer incidence in
different geographic and ethnic groups, we have to consider its
relation to aging and, in particular, to examine critically the pes-
simistic idea that most cancer arises from internal causes and
therefore cannot be prevented.

Cancer and Aging

It is not generally realized just how steeply cancer incidence rises
with age. To take a typical example, the death rate from cancer of
the large intestine increases more than one thousand fold be-
tween the ages of 30 and 80 (Figure 4-1a); to give an idea of what
this means in everyday terms, a factor of one thousand fold is
roughly the difference between the chances of ending one’s days
being struck dead by lightning and of being struck dead by an
automobile. Most other forms of cancer show a similar effect of
age, and so any ideas we have about the causation of cancer must
fit in with the fact that it is predominantly a disease of the old.
Various models have been proposed to account for the way
cancer incidence increases with age? They all have in common
the concept that a cancer cell arises as the end result of a series of
steps that have occurred at some time in the life of the patient.
That is the general—intentionally vague—statement. There arc
many ways of expressing it somewhat more specifically. The
simplest—and one that is sufficient for the purposes of this
chapter—is to postulate that each cell has several genes that in-
dependently restrain it from forming an ever-expanding family of
cells, and that a cancer arises when a cell is created in which cach
of those genes has been inactivated by a separate, independent
mutation. Because mutation can occur at any time in the lifc of a
cell or its ancestors, the probability of any particular one of our
cells having a mutation in a particular gene will increase in direct
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FIGURE 4-1 Annual U.S. death rate from cancer of the large intestine in
relation to age, 1968: (a) linear scales; (b) logarithmic scales. [From U.S.
Department of Health, Education, and Welfare. Vital Statistics of the United
States. Volume II. Mortality. U.S. Government Printing Office, 1968.)

proportion to our age. So the probability that the cell has muta-
tions in all N of its restraining gencs (i.e., has become a cancer)
will risc as the Nth power of our age; for example, if the total
number, N, of restraining genes were 3, the probability of having
cancer would increase as the cube of age. Expressed another way,
the logarithm of cancer incidence should be linearly related to the
logarithm of our age.* As Figure 4-1b shows, this is indecd ap-
proximately correct. Incidentally if such an interpretation were
literally true, we could deduce from the slope of the line in the
figure that about 6 mutations are needed 10 produce a cancer of
the large intestine?

The mutational model is very attractive because it is the obvi-
ous way of describing a change whose salient feature, as we have
*To be precise, the risk of having cancer will increase as the Nth power of age
and the annual incidence of cancer, being the first derivative, will increase as the
(N = )th power of age.
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seen, is that it affects all the descendants of a single cell. But it
says nothing about the cause of the mutations which, in principle,
could be brought on by mutagens in our environment or could
occur spontaneously as a result of some inherent imperfection in
our cells. Moreover, it is very important to remember that muta-
tional steps are not the only possible basis for such multi-stage
models; errors of gene regulation would serve just as well

Periodically the suggestion is made that the common forms of
cancer are just one facet of an overall deliberate program of ag-
ing, which has evolved by natural selection and brings some ad-
vantage to the species. The argument is as follows: Each species
(man included) has evolved to fill efficiently some particular
ecological niche. Each niche demands an optimum level of com-
plexity on the part of those who fill it and this complexity deter-
mines how much time has to be spent in growing to maturity and
therefore how durable the animal must be. Obviously every
species must be designed so that the average individual's off-
spring have sufficient longevity to ensure that several of them can
reach sexual maturity and reproduce. But once this level of
longevity has been achieved (so the argument goes) it is conceiv-
able that there has been selection, over millions of years, for some
aging process that kills off the older animals so that they do not
fill up the ecological niche (though one has to admit that there are
problematical features to achieving seclection for a response
which brings absolutely no benefit to the one who is responding).
The argument is therefore that man has been designed to die in
old age from diseases like cancer and arteriosclerosis and that
consequently the causation of these diseases will not have been
left to chance factors like environmental carcinogens or oddities
of diet, but will prove to depend on intrinsic properties of the cell®
such as a programmed imprecision in the enzymes that are used
for making DNA, RNA, and protein. If this hypothesis were true,
obviously we could not hope ever to attain much progress in
cancer prevention.

Fortunately the argument is plainly incorrect because it
makes the firm prediction that the different groups of people in
the world should all have roughly the same overall cancer inci-
dence for any given age and that changes in habits and envi-
ronment should have little effect on incidence. In fact, as we
shall see, these predictions are not fulfilled. Cancer incidence is,
to a large extent, determined by environment and so most can-
cers should, in principle, be preventable.
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There is in fact a perfectly good alternative explanation for the
changes of aging which does not require that senescence should
be actually useful to the specics” At any given point in time the
most important members of each species are those that have
just reached sexual maturity because, of all the animals present,
they are the ones with the greatest capacity for increase. So we
should expect to find that the animals of each species reach their
optimum state at about the time that they become sexually ma-
ture; certainly, human resistance to stress is greatest between
ages 20 and 30% and our annual death rate is at its lowest level at
about 15 (Figure 2-1). Now, in certain respects, the price of op-
timizing the quality of an animal’s components for one particu-
lar stage in its life is that the quality of these components has to
decline from that stage onwards. An example will make this
clear. The chief structural protein of our body is collagen?
Although it can be made at any time and indeed is the main
component of scar tissue, most of our collagen molecules are
produced when we are young. They are secreted by cells into the
extracellular space and then are slowly cross-linked to produce
the tough strong fibers that give our tissues and organs their
shape and physical strength. The process of cross-linking is ac-
complished by extracellular enzymes and continues throughout
our whole life in such a steady, regular manner that it is possible
to determine people’s age to within about five years simply by
testing a sample of their collagen !® Because cross-linking never
stops, our collagen goes through a period of maximum strength
and then becomes increasingly brittle as we get older. Similar
changes occur in other components. One most easily visible to
the naked eye is the decline in elasticity and thickness (cellular-
ity) of our skin, but it is plain that other, microscopic changes
are also occurring throughout all the cells of the body; and it is
easy to imagine that even such a complex process as the de-
velopment of our nervous system is timed to culminate at just
about the same stage as our collagen.

These alterations are essentially uniform; pinch into a fold
any part of an old person’s skin and you will see that the loss of
elasticity does not vary from one area to another. It is not there-
fore a rare random process like mutation, but a regular pro-
gram. Furthermore, this program could have arisen without
there ever having been positive selection for any decline in
durability with age, but simply as a consequence of the need to
produce an optimum product.
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At the same time as we undergo this kind of uniform aging, we
also acquire scattered patchy abnormalities that, because they
seem to represent individual families of cells, are probably due
to chance random mutations. For example, the commonest
cause of death in the United States is atheroma of the arteries.
This is the condition in which thickened patches (atheromatous
plaques) develop in the walls of the arteries, and death occurs
when there is obstruction of one of the few small arteries in the
body that arc essential for life, namely the arteries supplying the
heart and brain. Recent studies of X-chromosome mosaics have
shown that each atheromatous plaque is apparently a single
family of abnormal cells M i.e., that we are dealing here, as in the
case of cancer, with a disease that originates in single cells,
perhaps as the result of mutation.!”

Even though atheroma and cancer make up such a large pro-
portion of the deaths in old age, and now amount to two-thirds
of all deaths in the United States (see Table 2-1), it does not
follow automatically that these diseases should be classed as yet
another manifestation of the uniform, inexorable processes of
senescence. If they are caused by random mutations, these mu-
tations could be due to some programmed imprecision in the
way cells handle their genetic material, like the imprecision in
handling collagen; but they could just as easily be due to exter-
nal factors. In order to determine the cause of diseases like
atheroma and cancer, we must resort to epidemiology.

The Epidemiology of Cancer

It is about 170 years since the first plan was proposed for deter-
mining the causes of cancer by studying its incidence in relation
to such factors as occupation, sex, marital status, and so on.'* But
the appropriate statistical methods were not developed until the
middle of the 19th century, and it was not until after World War I
that cancer registries were set up in various Western countries.
Only in the last 25 years has there been a concerted effort to
collect statistics for many different regions of the world, and for a
set of populations selected to represent as wide a range of envi-
ronments and life styles as possible. From all this work a rough
idea has emerged of how the incidence of cancer (and the result-
ing death rate) varies in different countries and social groups and
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how it changes as people alter their habits or move from one
country to another.

Worldwide Variation in the Incidence of Cancer

The industrial nations now routinely collect statistics for the var-
ious forms of mortality including that due to cancer. In addition
about 100 special cancer registries, scattered throughout the
world, continually record the incidence of cancer for particular
limited populations (i.e., the number of new cases arising each
year)." Even a cursory glance at this huge compilation of data
reveals that cancer incidence (and mortality) varics greatly from
one country to another. Cancer of the liver is the commonest
cancer among men in Mozambique but is rare in Europe and the
United States, whereas the opposite is true for cancer of the lung;
cancer of the bladder is common in Egypt, and cancer of the
stomach is especially common in Japan; skin cancer is common
in sunny areas. (It is worth mentioning that people have looked
for some form of cancer that has a constant incidence in all popu-
lations and so can be used as a standard for checking the reliabil-
ity of the different cancer registries; although there is a rare form
of cancer of the kidney in childhood that is in this category,' the
significant fact is that this standard has been hard to find.)

Table 4-1 shows how greatly the incidence of the common can-
cers varies from one country to another. It has been calculated
that an imaginary population, which had the lowest recorded
rate for cach kind of cancer, would enjoy a cancer incidence about
one-tenth of that in most Western countrics;' for that imaginary
population, cancer would not be a major cause of death. There is,
however, an unavoidable ambiguity in this kind of information,
because it does not distinguish between the effects of environ-
ment and those of genetic constitution. It is crucial therefore to
find out whether the differences in cancer incidence, from one
population to another, are due to potentially alterable environ-
mental factors, or to unalterable genetic variation.

If the subject of study were an cxperimental animal, the next
step in the analysis would be to carry out either a breeding exper-
iment or a study of the effects of altering the environment. How-
ever, thanks to the speed of change in the modern industrial state
and the mass migrations that reflect the changing fortunes of
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nations and the propensity of man to persecute minorities, many
inadvertent experiments have been carried out.

Change in Incidence with Time

If we were living in the Middle Ages or earlier, when human
customs did not alter much from one century to the next, we
could not hope to observe any effects of environment on cancer
incidence simply by looking for fluctuations in incidence with
time. As it is, we live in a world devoted to innovation and change
and one of the consequences is a changing pattern of cancer inci-
dence. This class of information is very important because each
large group of people can be considered to have a constant ge-
netic constitution from one generation to the next. Any significant
trend in the incidence of some cancer must therefore represent
the effect of some change in environment—an effect over which
we can in principle exercise control. Two examples stand out
(Figure 4-2).



THE EPIDEMIOLOGY OF CANCER 43

Deaths per 100,000 men per year

! S

I. . R it T ; . . it
1930 1940 1950 1960 1970

FIGURE 4-2 The death rate from stomach cancer and lung cancer in U.S.
males since 1930. The values shown in this figure have been standardized for a
population with an unchanging age distribution and have been brought up to
date by the inclusion of estimated death rates that were published by the
American Cancer Society. {Data after T. Gordon, M. Crittenden, and W. Haenszel.
Cancer Mortality Trends in the United States, 1930-1955. Natn. Cancer Inst.
Monograph 6, 131-350, 1961; F. Burbank. Patterns in cancer mortality in the
United States; 1950-1967. Natn. Cancer Inst. Monograph 33, 1971.)

Throughout this century the incidence of cancer of the lung has
steadily increased, so that by now in many Western countries it is
the commonest of all cancers. Yet in the 19th century it was a rare
diagnosis. From the very beginning of the increase, some people
thought it was probably due to tobacco; but others considered it
to be not an actual increase but merely a reflection of changing
fashions of diagnosis. What confused people at first was the con-
spicuous lack of correlation between a nation’s cigarette con-
sumption (a readily accessible statistic) and its lung cancer rate.
The discrepancy was resolved once it was realized that there is
roughly a 20-year interval between the time at which a group of
people start to smoke and the time that they show a measurable
increase in lung cancer (but see later chapters for a more detailed
discussion of the time course of carcinogenesis); when corrected
for this effect, the correlation becomes very good (Figure 4-3). A
separate, but equally persuasive argument for the role of ciga-
rettes is the way in which both cigarette smoking and lung cancer
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FIGURE 4-3 Relation between cigarette consumption and each nation’s
annual deaths from lung cancer 30 years later. [Data after N. Wald, personal
communication. This figure is also reproduced in E. L. Wynder and S. Hecht,
Eds., UICC Technical Report Series 25, 1976.]

increased for men long before they increased for women (Figure
4-4); it could have been argued that the rise in lung cancer was
due to changing accuracy or fashions in diagnosis, but it is hardly
possible to believe in a diagnostic bias that for a period of 50
years applied only to male patients. Cancer of the lung is the most
spectacular example in which the cause of a cancer has been
determined by studying the way incidence changes with time
(i.c., within groups which effectively have an unchanging genctic
make-up). Indeed, in retrospect, it is almost as if Western societies
had set out to conduct a vast and fairly well controlled experi-
ment in carcinogenesis bringing about several million deaths and
using their own people as the experimental animals.
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The other example, cancer of the stomach, is interesting be-
cause its incidence has changed almost as markedly as that of
cancer of the lung but in the opposite direction; since 1930, the
annual death rate in the United States has dropped about
fivefold. The change cannot be attributed to improved treatment,
because the five-year survival rate for this cancer is still only
about 10%. The cause of the change is completely unknown. It is
perhaps typical of the way mankind organizes its affairs that we
have inadvertently progressed a long way towards preventing
one major form of cancer, whereas we seem quite incapable of
steeling ourselves to abolish another when we have discovered its
cause.

Many other common forms of cancer have, in the course of
time, shown a significant but smaller shift in frequency.!” For
example, in the United States the death rates from cancer of the
pancreas and the nervous sytem have risen four- to fivefold in the
past 40 years; the leukemias increased about threefold between
1930 and 1950 but have stayed fairly constant since then; and the
death rate from cancer of the cervix has been falling since 1950.
The cause of these changes is not known.

Variation in Incidence among Different Social Groups

Within the United States the total death rate from all forms of
cancer varies significantly from state to state!® The highest rates
tend to be in states in the northeast (New York, Connecticut,
Massachusetts, and Rhode Island) which are all about 10% above
the national average; the lowest are in the mountain states of
Utah, Wyoming, and Idaho, where the overall rate is about 25%
below average. The rates for the individual cancers often vary
more than this, the extremes covering a twofold range for certain
cancers. The implication is that about a third of the cancer deaths
in the high-risk states would not have occurred if the victims had
lived in the West.

The effect of other environmental factors is seen if we divide the
population of the United States according to degree of affluence
(using their level of education as a convenient estimator of
socioeconomic level). Of the principal varieties of cancer, only
cancer of the breast and prostate are commoner among the rich;
the others tend to be commoner among the poor, who therefore
have a somewhat higher overall death rate from cancer than the
rich (Table 4-2). These statistics prompt the obvious thought that
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most forms of cancer seem to be brought on by factors which are
concentrated in industrialized urban areas and to which the poor
are more exposed than the rich—such as air pollution, pecu-
liarities of diet, or even that shadowy specter called stress.

For most cancers, it should be possible to get some idea about
the factor or factors responsible by conducting a detailed survey
of all the easily measured variables in the lives of the populations
of a few appropriate regions. Two examples will demonstrate the
kind of result that can be obtained. Within a single nation like the
United States cancer of the large intestine is somewhat com-
moner among the peor, but a comparison of different nations
reveals that this cancer is plainly commoner in the wealthier
countries. In seeking the cause, it has seemed natural to examine
diet just as it seemed reasonable, when investigating lung cancer,
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io look for an inhaled carcinogen. A detailed analysis of the habits
of many nations suggests that the most likely cause is a high level
of meat in the diet, in particular beef, or a low intake of cereals
(Figure 4-5). One proposal is that various carcinogens are created
within the large intestine by bacterial decomposition of certain
bile sterols and that these are present in greater quantities and
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FIGURE4-5 The age-adjusted incidence of cancer of the colon in the women
of different nations, in relation to average meat consumption. [After B.
Armstrong and R. Doll. Int. J. Cancer 15, 617-631 (19795).]
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remain there for a longer time if the diet contains a lot of meat
and little roughage.!®

Other factors apart from diet and effects of industrialization
distinguish one social group from another. For example, the inci-
dence of breast cancer varies greatly among different nations and
different social groups within a single nation. As we might guess,
one of the decisive factors is related to reproductive history:
namely, it turns out the sooner a woman has her first child, the
less likely is she in later life to develop breast cancer (Figure 4-6).
The explanation may lie in the rather peculiar behavior of breast
epithelium in relation to pregnancy,?® but whatever the reason we
see that the incidence of breast cancer is being decisively influ-
enced by what might loosely be called our life style.
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FIGURE4-6 The chance that a woman develops breast cancer at some time in
her life is lowest for those women who bore their first child when they were very
young. This chance increases steadily the longer the first child bearing is
postponed. [After B. MacMahon, P. Cole, and J. Brown. J. Natn. Cancer inst. 50,
21-42 (1973).]
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Studies on Migrants

The case for believing that habits, diet, and environment are deci-
sive would be greatly strengthened if we could deliberately ma-
nipulate people’s lives. Short-term controlled experiments have
been carried out on the effects of diet on heart disease, in which
the subjects have been the inmates of a pair of mental homes, for
example. But there would be strong ethical (and practical) bar-
riers to exposing people deliberately and for a long period to any
factor thought to cause cancer. Fortunately, people do the exper-
iments themselves. Groups migrate from one country to another,
or adopt new habits through the exigencies of war or the de-
mands of religion. By studying them we can compare to some
extent the contributions of genetic and nongenetic factors, and
even get some idea of the time course of human carcinogenesis.
For example, in Japan cancer of the stomach is much more
common than it is in the United States, but cancers of the large
intestine, breast, and prostate are less common. When the
Japanese emigrate to the United States, these differences decline
within a generation or two (Table 4-3). Because the immigrants
and their children tend to marry within the group, the change in
incidence must be caused by the changed environment rather
than by genetic factors;2! (the argument requires the reasonable
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assumption that the Japanese who migrate are typical of the
population as a whole, and are not a particular subgroup with a
genetic constitution that prompts them to migrate to a country
where the inhabitants have a cancer incidence like their own).
The data in the table show that the incidence of the various can-
cers takes rather more than one generation to reach levels typical
of the United States; we may therefore conclude that some of the
causative agents must be factors such as diet, that tend to persist
as part of the cultural heritage, rather than others such as air
pollution, which tend to be the same for everyone.

Similarly, the Jews who migrated to Israel from Europe or the
United States exhibit a cancer incidence that is typical for their
country of origin, but their children born in Israel have a much
lower incidence of almost all kinds of cancer and in this respect
have become more like the indigenous Jewish and Arab popula-
tions and the Jewish migrants from Asia and Africa (Table 4-4).
Although to some extent these migrants, like the Japanese mi-
grants to California, will have persisted with the habits and cus-
toms of their countries of origin, many of them migrated as chil-
dren and will presumably have adopted the local habits. If that is
correct, we are forced to conclude that human carcinogenesis is
commonly a very long and gradual process: the child in central
Europe is exposed to the European carcinogen in youth, migrates
to Israel and, many years later, develops the resultant cancer.
This is a most important conclusion and will be discussed further
in Chapter 9.
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Genetic Factors

On general principles we should expect to find that our suscepti-
bility to cancer, like our other qualities, is influenced to some
extent by our genetic constitution. Certainly, it has been possible
by selective breeding to develop many lines of mice that have a
very high incidence of various forms of cancer?? There are various
reasons for studying the genetics of cancer. One is that we would
like to know if we can identify those families with an abnormally
high risk of developing cancer, because we could then advise
them on what habits or occupations to avoid that increase the
risk of getting the kind of cancer to which they have an inherited
susceptibility, and we could also check them regularly in the hope
of achieving earlier treatment.

Given the very strong influence of habits and environment
upon the incidence of each kind of cancer, it is to be expected that
the members of any one family will inevitably tend to be more
like each other in their cancer experience than they are like the
population at large. For example, at first sight it may seem sur-
prising that not only do the sisters of women with cancer of the
cervix have a raised incidence of the same cancer, but their
fathers turn out to have a significantly increased incidence of
cancer of the esophagus;?? however, the reason is simply that both
kinds of cancer are commonest among one particular sector of the
populace, namely the poor.

Nevertheless, it is possible to detect a genuine familial ten-
dency for some of the major varieties of cancer. For example,
cancer of the breast is about three times commoner in both pat-
ernal and maternal female relatives of breast cancer patients
than in the general population or in the relatives of patients with
other forms of cancer?* Similarly, cancer of the stomach and large
intestine are somewhat commoner in the relatives of patients.
There is, however, no evidence that many families have a
heightened susceptibility to all forms of cancer in general?s Each
of the major cancers behaves almost as an independent entity;
with few exceptions, people who have been successfully treated
for one cancer are then neither more nor less likely in subsequent
years to come down with a second, different variety?2¢

In principle, the best way of measuring the contribution of ge-
netic constitution is by determining the extent to which identical
(monozygotic) twins are more like each other than are nonidenti-
cal (dizygotic) twins. Unfortunately it is not easy to assemble
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large numbers of suitable twins: cancer is a disease of old age,
twins have a higher infant mortality than single births, and it is
not often that both twins survive to an age where they are at all
likely to have cancer. However several such surveys have been
carried out. The general conclusion is that identical twins are not
much more alike in the cancers they suffer than are nonidentical
twins?” Therefore in man the contribution of genetics seems to be
rather slight for the common forms of cancer, at least when com-
pared to the contribution of envirionment.

So far we have been thinking about inherited characteristics
that raise susceptibility. One trait that decreases susceptibility is
pigmentation. Cancer of the skin is much less common in people
who are dark complexioned, presumably because they arc better
protected against ultraviolet light?* A rather similar effect has
been proposed for one of the enzymes that act on certain carcino-
gens (see p. 99); it has been suggested that those people who have
inherited the trait for synthesizing only a small quantity of the
enzyme arylhydrocarbon hydroxylase are much less susceptible
to the carcinogenic cffect of cigareties and have a lower lung
cancer rate than might be expected from their smoking habits??
(although other nongenetic factors also influence the level of this
enzyme)??

There is another, academic reason for being interested in the
genetics of cancer. Scveral rare inherited discases of man are
associated with certain unusual cancers, and these give us a hint
about the steps that can contribute to the formation of a cancer3!
For example, one rare disease called xeroderma pigmentosum
causes the patient’s skin to be exceptionally sensitive to sunlight
and the skin usually develops multiple cancers as a result; the
basic defect, which is inherited as a simple Mendelian recessive
(see p. 80), turns out to be in the enzymes that repair DNA dam-
aged by ultraviolet light (see p. 85), and so this finding supports
the idea that cancer can result from mutation. These rare inher-
ited cancers reveal more about the underlying mechanisms of

carcinogenesis than they do about the causes of the common can-
cers.

The Epidemiology of Certain Rare Occupational Cancers

Any discussion of the epidemiology of cancer would be incom-
plete without some mention of the special cancers associated
with various industries. Even collectively, the occupational can-
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cers are not large in number, but they demonstrate how it is often
possible to guess the cause of a cancer even when there are few
cases to go on, and they also provide some of the few successful
contributions of cancer research to preventive medicine.

The most famous example, cancer of the scrotum in chimney
sweeps, was described 200 years ago, and this report (along with
the slightly earlier one on cancer of the nose in snuff-takers) was
the first positive identification of the cause of any cancer. The
account is unusually vivid.

The fate of these people seems singularly hard; in their early infancy,
they are most frequently treated with great brutality, and almost
starved with cold and hunger; they are thrust up narrow, and some-
times hot chimneys, where they are bruised, burned, and almost suffo-
cated; and when they get to puberty, become peculiarly liable 10 a
most noisome, painful, and fatal disease. Of this last circumstance
there is not the least doubt, though perhaps it may not have been
sufficiently attended to, to make it generally known 32

The link could be made because the cancer was common in
sweeps and virtually unknown in the rest of the population (until
the 1850s, when mineral oils began to replace animal oils for
lubricating machines, probably the only potent chemical car-
cinogen for skin that people came into contact with was soot from
chimneys).

Following that classic example, the list of unusual cancers with
readily identifiable causes has steadily risen. Some are due to
outlandish habits (chewing tobacco, smoking cigars with the
burning end held inside one’s mouth, keeping warm by holding a
burning brazier against one’s stomach, and so on), and some are
due to particular occupational hazards.

The development of the chemistry of coal-tar derivatives from
about 1850 onwards and the discovery of the synthetic dyes
triggered the sudden birth of new industries in which workers
were exposed to large quantities of compounds that in time
proved to be extremely carcinogenic. For example, the compound
2-naphthylamine can be the starting material for the synthesis of
many dyes, and its large-scale production began in Germany in
about 1890. The first crop of bladder cancers associated with its
use was reported five years later, but a protracted argument then
ensued about the causal connection because cancer of the bladder
is not uncommon in the population at large, and so in several
countries it was not for another 50 years that large-scale produc-
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FIGURE 4-7 Oliver escapes being bound apprentice to the sweep. [From
Charles Dickens, The Adventures of Oliver Twist, Chapman and Hall, 1874.]

tion was brought to a hali3? Although the total number of deaths
from bladder cancer caused by 2-naphthylamine in the whole
world, in the course of a period of 50 years, is probably lower than
the number of deaths from lung cancer in the United States each
week, it is a very instructive example. Thus the cancer usually
appears after an interval of many vears, but because it can even-
tually affect almost all the workers who were heavily exposed
(Figure 4-8), there is no indication that any pcople are genetically
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FIGURE 4-8 The time of appearance of bladder cancer in a group of 78 men
exposed to 2-naphthylamine. The men are divided into three groups, according
to total duration of their exposure. [After M.H.C. Williams, **Occupational tumors
of the bladder in cancer.” In R. W. Raven, ed., Cancer, Vol. lll. Butterworth
(1958).]

insusceptible; even so, in one sense 2-naphthylamine is just
barely a carcinogen in man, because the bladder seems to be the
only tissue that is susceptible and, but for this one organ's suscep-
tibility, we could presumably handle large quantities with
impunity. We see here two of the characteristic features of the
carcinogenic process—the lengthy interval between initial
stimulus and final response, and the apparent difficulty in pre-
dicting what the actual response to any carcinogen is going to be.
Both these features will be discussed further in later chapters.
Certain occupational cancers demonstrate another important
feature of carcinogenesis, namely that the production of a cancer
may depend not on any single agent but on the interaction of
separate factors. For example, asbestos dust is very irritating to
the lung and causes the chronic disabling disease called asbes-
tosis; it can also cause lung cancer. However, further analysis has
revealed that these cancers arise almost exclusively in people
exposed to asbestos dust who also smoke34 As we shall see in
Chapter 7, several procedures are carcinogenic in experimental
animals only if preceded by treatment with another agent.
Because of these few spectacular examples of occupational
cancers, it has recently become fashionable to blame industry for
all the other forms of cancer. And as each new report comes out
that yet another chemical product has been shown to be car-
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cinogenic and should therefore be removed from the market,
more and more people probably become more and more
convinced that science lies at the root of all our troubles. In fact,
with the exception of lung cancer, all the common cancers have
been common since the 19th century. For example, in the United
States there has been little change in the incidence and death rate
from cancer as a whole in the last 30 years during which time the
annual production of pesticides, synthetic rubber, and plastics
has risen more than 100-fold (Figure 4-9). Thus, although some of
these chemicals may cause cancer in the future, it does not seem
that industry can be made the scapegoat for the cancers that are
common at the moment.

The Clustering of Cancer Cases

For a varicty of reasons, there has been great pressure to investi-
gate the possible role of viruses in human cancer, and this has led
to the search for evidence that cancer can be spread by contact
and will be found often to occur in clusters of cases. One incentive
is that the conquest of infectious diseases lies within existing
technology, whereas the prevention or specific treatment of the
kinds of aberration of growth control shown by most cancers
takes us into unknown territory. In addition, the mechanism of
viral carcinogenesis is something that can be investigated by the
existing procedures of molecular biology which were developed
for studying bacterial cells and their viruses, whereas the
mechanisms of chemical carcinogenesis are thought, rightly or
wrongly, to be less accessible. For these reasons, viral car-
cinogenesis has probably received somewhat more attention than
it deserves,

Scveral forms of cancer in animals are due to infective agents.
To give just a few examples, the cause of leukemia in cats, or at
least one of the factors contributing to the disease, is infection by
a virus (see p. 111).3% There are two very unusual infective cancers
of dogs, one due to a parasitic worm that causes a sarcoma of the
esophagus ¢ and the other apparently due to a most extraordi-
nary cancer cell that has acquired the ability to spread among
dogs as a venereal disease.?” Flocks of chickens can suffer out-
breaks of a leukemia-like disease that is due to a virus, and they
may be protected from it by vaccination.3® And various inbred
strains of mice exhibit a high incidence of leukemia or mam-
mary cancer, caused in part by the presence of a virus.
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FIGURE 4-9 The production of plastics, pesticides and synthetic rubber have
risen precipitously in the United States since World War il In contrast, the
age-adjusted incidence of cancer and resulting death rates have not changed
greatly; the slow increase for white males, shown here, is due largely to the
increase in lung cancer in smokers. [Atter R. H. Harris, T. Page, and N. A.
Reiches, "'Carcinogenic hazards of organic chemicals in drinking water.” In H. H.
Hiatt, J. D. Watson, and J. A. Winsten, Origins of Human Cancer, pp. 309-330,
Cold Spring Harbor Laboratory (1977).)

The epidemiological evidence for sprcad of cancer from one
human being to another (so-called “horizontal” transmission, as
opposed to the “vertical” transmission of viruses that can occur
from parent to child) is rather scant. The obstacle to obtaining
more conclusive information is that any infective agent which
causes cancer will probably have an incubation period of several
years and, what is worse, will probably spread indirectly by way
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of intermediaries who act as carriers but do not themselves suffer
the disease; certainly this seems to be true for feline leukemia,
which is one of the two or three clear examples of a horizontally
transmitted cancer in animals.

One human cancer for which there is some evidence of horiz-
ontal transmission is cancer of the cervix. This cancer is virtually
unknown in nuns and is most common in women who have had
scveral sexual partners?® Also its incidence is higher in the wives
of previously married men if a former wife had cancer of the
cervix*® There is evidence therefore that it is a vencreally trans-
mitted disease, perhaps due to infection by one of the herpes-
viruses?!

There have been numerous reports that certain cancers, in par-
ticular leukemia and Hodgkin's diseasc (a complex cancer affect-
ing several classes of cell present in lymph glands), can occur in
clusters of individuals who are interrelated, not by occupation or
habits, but by a history of social contact, either directly or
through an intermediary. One of the most famous examples was
that of an apparent outbreak of Hodgkin'’s disease in Albany, New
York, spread over more than 10 years among a group of school-
children and their friends and relatives3? This conclusion, how-
cver, has been hotly debated # It is extremely difficult to be sure
that any such cluster of cases has not occurred as a result of
chance alone, especially since fortuitous clusters, like freak hands
at bridge, attract attention whereas a normal incidence of cases
does not. Furthermore, even if we could be sure that one particu-
lar township had a significant excess of cases (i.e., more than
would be expected to occur by chance alone in any one of the
hundreds of townships in the United States), we would still have
to cstablish that the cases were genuinely related to each other by
direct or indirect contact; after all, any two people in the same
town will, if they come from the same sociceconomic group,
probably have some {riend in common *

*An interesting exercise in statistical reasoning comes in here. Imagine that you
are an onlooker at a bridge game and notice that on a couple of occasions one of
the players has all four aces. You suspect that he is cheating and decide to keep a
tally of his hands. You may well do him an injustice, however, if you include in
your final reckoning the 1wo hands that made vou single him out for attention;
they are the stimulus for your hypothesis that he cheats, but the “experiment” to
test your hypothesis must not include them. Similarly, the one or two cases of a
rarc disease that make a doctor wonder if his community is the center of an
outbreak must be excluded from the statistical analysis of the incidence of the
discase within the community.
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If it is difficult 1o establish that a fairly rare condition like
Hodgkin's disease can spread horiziontally, the corollary is also
true: we could casily be failing to notice spread even if it were
occurring. This is especially likely for diseases in which the in-
cubation period after infection is long and variable. Recently
certain virus diseases have been demonstrated for which the in-
cubation period is a sizeable fraction of the host’s lifespan** Most
of them have been observed when they have suddenly spread
amonyg isolated groups of susceptible animals, such as flocks of
sheep or primitive tribes. Obviously a slow epidemic spreading
through a typically mobile Western society would be much hard-
er to detect.

One cancer in which clustering has been demonstrated is a
condition affecting the lymph glands in the head and neck, called

EQUATOR

Lourengo
Marques

» Townships in which
Burkitt's lymphoma
has been recorded

FIGURE4-10 The distribution of Burkitt's lymphoma. This rare cancer, which
afflicts children in Africa, does not occur in regions where the temperature
regularly drops below 64°F (gray areas). This suggests that it is transmitted by
mosquitoes. The most likely agent is chronic malaria, perhaps in some
association with EB virus which, in Africa, is almost invariably present in
children from an early age. [After D. Burkitt, Cancer 16, 379-386 (1962).]
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Burkitt's lymphoma. It is a rare disease of children in Africa and
occurs even less frequently elsewhere. Like some of the
leukemias, it is associated with one particular chromosomal rear-
rangement** which, in Africa, seems to be caused by some com-
plex interaction between chronic malaria and a viral infection %
As might be expected, it has attracted a lot of attention as part of
the general campaign to establish viruses as significant causes of
cancer, although recent evidence suggests that its immediate,
precipitating cause is malaria rather than a virus+?

Summary

We have scen in this chapter how epidemiology gives us some
idea about the causes of human cancer. One or two agents have
been positively identified (such as tobacco products and certain
industrial chemicals), but for most of the common cancers the
analysis is still far from complete. Nevertheless it seems likely
that as the epidemiology of cancer eventually becomes under-
stood in much greater detail we will be able to identify the main
carcinogenic factors in our lives.

An alternative view is that the factors causing most cancers will
be found to be cither indecipherable or so closely tied to our
chosen lifestyle that the prevention of cancer by removing them is
absolutely out of the question. If this turns out to be correct, we
will have to approach the cancer problem in some other way, and
that is really what the rest of this book is about.
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THE EARLY HISTORY
of CANCER RESEARCH

Biology and cancer research have developed together. Invari-
ably, at each stage, the characteristics of the cancer cell have
been ascribed to some defect in whatever branch of biology
happens at the time to be fashionable and exciting; today it is
molecular genetics. Even if the various advances in biology
have not thus far provided the key to understanding cancer,
they have at least provided an explanation for some of the
puzzling phenomena discovered by people doing cancer re-
search.

O



Cancer is not uncommon in domesticated animals. In the 19th
century many attempts were made to transplant pieces of can-
cerous tissue from one animal to another.! Most of the experi-
ments failed because, as we now know, the cells of each animal
carry special proteins on their surface that distinguish them from
any other animal’s cells. This is why, for example, a piece of our
skin, if grafted on to someone else, will evoke an immune response
and be rejected. These surface components of cells, which are
called histocompatibility antigens, are found in all higher ani-
mals and effectively prevent the casual accidental spread of cells
from one animal to another (though it is not at all clear that this
is why they are present). Fortunately, there are a few exceptions
to the embargo on transplantation. Our histocompatibility anti-
gens are inherited from our parents, and so grafts will “take”
perfectly between identical twins or between the members of any
intensely inbred population. Also, graft rejection is most powerful
for skin and much less effective for internal organs, so that it is
necessary to produce only a slight depression of the immune sys-
tem in order to make a patient capable of tolerating a kidney
transplant. Fortunately, our red blood cells use a much cruder
system to identify themselves and so it is easy to find matching
cells for blood transfusion. However, none of this was known in
the 19th century, and the earliest experiments met with failure.

One of the first successes, in the 1870s, was with a canine sar-
coma that proved to be readily transplantable? This was proba-
bly the very peculiar sarcoma of dogs mentioned earlier, which is
due to a cell that has lost or somehow masked its histocompati-
bility antigens and is, to this day, spreading among dogs as a
venereal disease. But there were also occasional reports of the
transplantation of tumors in rats.

In many of the tumors that proved to be transplantable the
active component being transferred was not the actual cells but a
virus, so that here too no histocompatibility barrier existed. For
instance, in the 1890s the common human wart—the kind that
children often have on their hands and knees—was shown to be
transplantable, and in 1907 the active principle was demon-
strated in cell-free extracts. Shortly afterwards the same was
found to be true for a leukemia and a sarcoma of chickens. In the
case of the chicken sarcoma it now seems likely that, as a result of
the repeated attempts to transfer the tumor from one chicken to
another across the histocompatibility barrier, the “information”
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needed to make cells cancerous was transferred to a virus that
happened to be present in the chickens; this interesting idea will
be discussed in a later chapter (p. 118). For other tumors, the selec-
tion pressure caused the cancer cells to lose most of their his-
tocompatibility antigens.

Like the transplantation of spontaneous tumors, the experi-
mental production of cancers in animals proved to be unexpect-
edly difficult. The first industrial cancers observed in man were
the skin cancers caused by prolonged exposure to scot, tar, and
various mineral oils, and so it was natural for people to try to
produce the same kinds of tumors in animals. Unfortunately they
made two mistakes. They did not realize that cancer would arise
only after prolonged exposure to tar, and they tended 1o stop their
experiments too soon; second, they elected to do their experi-
ments on dogs and rats—both unlucky choices since neither
species is nearly as susceptible as man to this kind of car-
cinogenesis, perhaps simply because their skin is much thicker.
So it was not until 1915 that the first cancer was induced experi-
mentally, by applying tar repeatedly to the ears of rabbits over a
period of many months? The long time required for car-
cinogenesis seems to be central to the problem of cancer, and the
subject will come up repeatedly throughout the rest of the book.

After that work, other ways of producing cancer in animals
were discovered. Also at about the same time, various highly in-
bred lines of mice became available that had been selected for a
particularly high (or low) spontaneous incidence of leukemia or
mammary cancer.* So the mouse acquired the invidious status of
being the most convenient animal for experimental cancer re-
search. One common procedure is illustrated in Figure 5-1.

From the very outset, the obvious interpretation of car-
cinogenesis was that it represented an irreversible change in the
inherited characteristics of a cell (i.e., what we would now call the
muitation of genes, though the word gene was not invented until
well into the 20th century)$ Indeed, the foundations of the science
of genctics were being laid down at the same time as much of this
work was being done, and so it was natural to link the two sub-
jects together. There was, however, a disappointing lack of coher-
ence in the whole field of cancer research, and no underlying rules
governing the response to carcinogens seemed to exist. One
species would be sensitive to one carcinogen but not another, and
a given carcinogen such as 2-naphthylamine would single out one
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FIGURE 5-1 The appearance of skin tumors in mice after repeated local
application of a carcinogen such as coal tar or cigarette smoke condensate.

particular tissue such as the bladder for attack and apparently
leave all other tissues untouched. So any straightforward theory
for the mutational origin of cancers seemed untenable. In fact,
worse was to come.

Following the discovery that repeated applications of tar would
regularly produce skin cancer in rabbits and mice, a major effort
was launched to identify the active components of tar that were
responsible. The thought was that if these could be identified it
would be a short step to finding out how they made cells cancer-
ous. The first carcinogens to be purified from tar were certain
polycyclic aromatic hydrocarbons$ As their name implies, these
are compounds of hydrogen and carbon arranged in multiple,
unsaturated (or aromatic) rings. The simplest compound, with
one ring, is benzene, but as more rings are added more and more
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arrangements are possible (Figure 5-2). As a group they are
widely spread in nature because they are produced from heating
almost any organic matter—either quickly when anything is
burnt, or slowly over millions of years in warm deposits of oil and
coal.” The first two pure carcinogens to be identified were
dibenz([a,h]anthracene and benz[a]pyrene (shown in Figure 5-2).
Unfortunately, as other members of the group were separated
and tested for carcinogenicity, it became all too clear that the
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Cyclohexane Benzene
(a saturated {an unsaturated
6-membered ring) 6-membered ring)
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Dibenz(a,hlanthracene Benz[a]pyrene

FIGURE 5-2 The carcinogenic polycyclic aromatic hydrocarbons, dibenz-
[a,hlanthracene and benz[alpyrene, are made up of many unsaturated (aromatic)
benzene rings. They were among the first chemical carcinogens to be isolated.
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exercise was not yielding any profound truth. Admittedly, the
carcinogenic members of the group were almost invariably pla-
nar and tended to have additional side groups in certain regions
of the molecule, whereas highly buckled compounds were not
active. But it was not at all clear what this revealed about the
mechanism of carcinogenesis. Furthermore, these pure carcino-
gens proved to be rather unreactive when mixed with various cell
components, and—most important—they were not powerful
mutagens in any available test system like the fruit fly Drosophila
or the fungi, yeasts, and bacteria, in which it was casy to measure
mutation rates.

Other classes of carcinogen were discovered, and other ways of
causing cancer in animals (e.g., X-irradiation), but the basic
mechanism of carcinogenesis remained essentially unknown
until about 30 years ago. At that time the suggestion was ad-
vanced that many of the more inert carcinogens might be
dangerous, not in themselves but because they were converted in
the body into more reactive compounds} and that a detailed in-
vestigation of the metabolism of compounds like benzpyrene
should be undertaken.

That idea eventually brought order to much of cancer research,
as we shall see later. The other major event was the arrival of
molecular biology. In the 1920s and 30s the preoccupation of
most biochemists was to determine how cells carry out chemical
reactions. Recently, we have started to answer the deeper ques-
tion of how cells know what to do. This subject, which has been
called molecular genetics, provides quite a precise picture of the
chemical basis of mutation and a fairly clear idea of how muta-
tions are translated into changes in cell behavior. The current
dogma is that these recent advances in biology can be turned into
a basis for understanding cancer. Therefore the next chapter re-
views the origins of molecular genetics and summarizes the cur-
rent view of how cells store and process information.



MOLECULAR
GENETICS,
MUTATION, and
MUTAGENESIS

The essential property of a cancer cell is that it creates an
expanding population of cells like itself. In this sense cancer is
an inherited disease. In order to understand it we must there-
fore first understand something about the chemical basis of
heredity.




Since the 1950s, there has been a great outpouring of knowledge
in the biological sciences, as there was in physics some 50 years
earlier. Because so many of our current ideas about cancer are
based on these new discoveries, it is necessary at this juncture to
have an interlude in which the reader is introduced to at least the
general principles of molecular biology!

The Fundamentals of Molecular Genetics

The branch of science called molecular genetics concerns the area
between classical biochemistry and classical genetics—i.e., be-
tween the physical details of the chemical reactions carried out
by cells in the performance of their various functions and the
more abstract study of the way cells inherit from their ancestors
the elements (genes) that determine their behavior. For the first
half of the 20th century, these two disciplines, biochemistry and
genetics, flourished independently. Occasionally some connection
was found between them, such as the demonstration that an in-
herited disease could be due simply to the loss of one particular
enzyme. But for the most part the barrier was strictly observed.
In the late 1940s two quite separate discoveries opened the way to
linking the two disciplines.

At any instant of time, the behavior of a cell is determined
entirely by the proteins it has made; most of the chemical reac-
tions going on in the cell are being carried out by protein
molecules (enzymes), which have the property of bringing about
chemical events that for the most part would not occur spontane-
ously; and the whole structural organization of the cell is de-
termined primarily by the properties of its various individual
structural proteins. The average protein molecule is made up of a
hundred or more amino acids, and so contains more than 1000
atoms. Each cell can make several thousand different kinds of
protein, and most of these are present in many hundreds or
thousands of copies. Because protein molecules were known to be
very large and to have a most intricate three-dimensional struc-
ture, the problem of determining how any cell could supervise the
synthesis of thousands of different proteins, all with exactly the
right shape and in the right quantity, was thought to be essen-
tially insoluble.

The great simplification occurred when it was discovered that
each species of protein represents a single unbranching chain of
amino acids joined in a fixed order, and that the three-
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dimensional structure of each protein molecule (i.c., the way the
chain of amino acids coils up upon itself) is determined auto-
matically by the exact order of the amino acids in this chain. It
proved to be possible, for example, 10 take an enzyme, unravel its
chain by altering such conditions as salt concentration and tem-
perature, and then see it reconstitute its original, complex shape
and regain its original activity when salt concentration and tem-
perature were returned to their original values (see Figure 6-1).
This meant that the cell does not have to mold structure in three
dimensions but only place a set of objects (the amino acids) in
a correct linear order. Furthermore, because only 20 different
kinds of amino acids are used for building proteins, the cell need
possess a vocabulary of only 20 different words, plus a few more
to mark the end of one protein and the start of the next—words
equivalent to “stop,” “paragraph” and “chapter’—and some
means of controlling how many copies it makes of each protein.
In short, the problem of dictating the structure and composition
of proteins had become simply that of any conventional written
or spoken language.

The second major discovery was made at about the same
time—namely that the instructions, which are inherited by each
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FIGURE B-1 The three-dimensional arrangement of each protein chain is
determined by the exact sequence of amino acids; the chains automatically fold
up so that the most water-soluble amino acids are on the outside and the least
soluble on the inside. By making appropriate changes in temperature and
solvent it is often possible, for example, to unfold and then refold a protein in
vitro without permanently altering its properties.
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cell and determine the spectrum of proteins in its armory, are
contained in deoxyribonucleic acid (DNA). Nucleic acids are
molecules that, like proteins, consist of unbranching chains of
units or building blocks. The individual units of DNA (the nucleo-
tides or “bases”) are four, not 20, and the molecules may contain
millions of units instead of a few thousand. However, there was
obviously no reason why these two languages, one founded on
four letters and the other on 20, should not be linked; after all, we
can communicate in English with the use of either 27 symbols
(the alphabet plus a blank) or 3 symbols (the dot, dash and spacer
of the Morse code).

Now, it is a very tidy idea that a cell’s activity should be deter-
mined by two languages: the first language in effect conveys the
cell’s inherited instructions to servants (proteins) that use the
second language to execute these instructions. But it did not fol-
low that the idea must be right; and anyway few people at the
time saw the issues in such simple terms. For this reason, the
science of molecular genetics is customarily thought to have
originated a little later with the discovery of the structure of DNA
and the realization of what this structure implied.

DNA
———CCTGCGTTT CT — — —double helix

XXX 19990

———GGACGCAAAGA ———

TRANSCRIPTION
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Before any cell divides, it must have duplicated all its informa-
tion so that it can bequeath a complete set of instructions to each
of its daughter cells. This requirement had always been a prob-
lem: in the days when proteins were thought to be the repository
of all the information in a cell, including the genetic information,
it was natural to ask how enzymes are made and, specifically, what
makes the enzymes that synthesize other enzymes. No answer
was forthcoming. But once the genetic information had been
shown to reside in DNA, the problem became that of copying
DNA; how this was done became plain once the structure of DNA
had been discovered. Each molecule turned out to consist of two
separate chains lying side by side that were complementary to
each other in the sense that anyone who knew the sequence of
bases in one chain could write down the scquence in the other.
The foundation of this complementarity is the specific physical
interaction between the four bases found in DNA—adenine,
thymine, guanine, and cytosine: adenine is always placed oppo-
site thymine (and vice versa), and guanine opposite cytosine (Fig-
ure 6-2). In order to duplicate such a molecule, it would be neces-

CCTGCGTTTC

CAAAG

_GCGTTTC

REPLICATION
(DNA—DNA) GGACGCAAAG

FIGURE B6-2 The replication and expression of genes. The genetic information of the cell
lies in the sequence of bases in its DNA. The bases in the two chains of the DNA double helix
are related to each other by the simple rule of complementarity; cytosine (C) is always oppo-
site guanine (G) or vice versa, and thymine (T) is always opposite adenine (A) or vice versa.

Replication (DNA — DNA). Because the two DNA chains are exactly complementary to each
other, the cell can duplicate its DNA simply by separating the chains and then synthesizing a
new complement to each of them.

Transcription (DNA — RNA). The process of reading the message in the DNA is
accomplished by an enzyme that makes a chain of RNA that is complementary to one of the
DNA chains. Unlike the DNA, this "“messenger’’ RNA is programmaed to have a limited lifetime,
and so the cell can change its program of protein synthesis from one moment to the next
without becoming confused by old, outmoded messages.

Translation (RNA — protein). The sequence of bases in the messenger RNA is translated
into amino-acid sequence, the two languages being related by what is known as the genetic
code.
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sary only to separate its two chains and then synthesize a new
complementary chain alongside each of them. The clinching evi-
dence came in two parts: first the discovery of an enzyme (sub-
sequently named DNA polymerase) that, when given DNA chains,
would assemble their complementary chains in vitro (ie., in a
mixture in a test tube); second the demonstration that the two
chains of a DNA molecule do indeed come apart and go their
separate ways when the molecule is duplicated.

These discoveries all occurred in the first dozen years alter
World War II and have set off a cascade of subsidiary discoveries.
The pathway by which the exact sequence of bases in a stretch of
DNA is translated into the sequence of amino acids in a protein is
now understood in everything but the finer details; this under-
standing has been achieved by deciphering the genetic code and
identifying the various dramatis personae participating in the act
of translation (amounting to roughly one hundred different struc-
tural and enzyme proteins plus various smaller molecules). In
addition, we now know something about the way these processes
are regulated so that a cell can make just the right quantity of
each protein, as the need arises.

The primary function of DNA is to dictate the sequence of
amino acids in proteins. Using four different bases, the cell must
be able to “code for,” or specify, the 20 different amino acids plus
some form of punctuation. In fact its vocabulary (the genetic code)
has been shown to consist of the 64 possible three-letter words
that can be built out of a four-letter alphabet. Of the 64 words,
three are punctuation signals (equivalent to the use of “‘stop” in a
telegram). The remaining 61 words, one of which is a special word
for starting proteins, are distributed among the 20 amino acids
(i.c., some amino acids are coded by more than one word). No
spacers are used, and so in order to get the right message the
sequence has to be read in the correct frame. Between adjacent
regions coding for separate proteins (i.e., between adjacent genes)
there is always a stretch of DNA, bounded by one or more stop
signs and the next start sign. These stretches are not translated
but are used for purposes of control (see below). Interestingly, the
code is exactly the same for all forms of life, suggesting perhaps
that it evolved only once, or that it is the best of all possible codes.

One of the two chains of each DNA molecule contains the mes-
sage and is identifiable because it also contains appropriate com-
binations of start and stop signs; the other, complementary chain
normally does not contribute to coding (indeed, by definition it
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does not contain any additional information). The actual process
of translating DNA base sequence into protein amino-acid se-
quence starts with the synthesis of a molecule of a slightly differ-
ent kind of nucleic acid, not DNA but RNA (ribonucleic acid)—
which is complementary to what has been called the “sense”
chain of the DNA molecule and extends for the length of the gene.
This “messenger” molecule is then translated into amino-acid
sequence by a complicated array of enzymatic and structural
proteins plus other smaller molecules, in an elaborate sequence of
steps that need not concern us here. The important feature of the
whole process is that messenger molecules are unstable: thus a
cell continues to synthesize each variety of protein only as long as
it continues to synthesize the corresponding messenger. It can
therefore control its pattern of activities by controlling which
messengers are made (i.e., which genes are expressed and which
are repressed).

Gene expression is controlled by special proteins whose func-
tion is to interact physically with the controlling regions of DNA
next to the genes and prevent (or, for some genes, stimulate) mes-
senger synthesis. These repressor proteins are, of course, them-
selves the product of other genes whose function can be similarly
controlled. The operation of a repressor gene is diagrammed in
Figure 6-3.

The expression of each gene can therefore be made part of a
vast set of interlinked circuits, so that the whole system of genetic
instructions becomes rather like the index to an encyclopedia. For
cxample, it is possible to build into the system commands equiva-
lent to saying, “If you know all about molecular biology, skip
Chapter 6; if not, you should read the whole of Chapter 6 before
proceeding to Chapter 7.” Given such regulatory circuits, cells can
readily arrange to have two alternate stable states. For example,
if Chapter X includes an instruction not to read Chapter Y, and
Chapter Y includes an instruction not to read Chapter X, then
cells will be enacting either the X program or the Y, but never a
mixture of the two. This would thercfore constitute a simple form
of differentiation, and disturbance of such alternate stable states
could be part of the process of carcinogenesis.

Most of the preceding information was gained from studying
the molecular genetics of bacteria. Multicellular animals are
made up of many completely different kinds of cell, all ultimately
derived from a single cell (the fertilized egg), and so they have had
to develop still more elaborate forms of control. For example,
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Promoter Gene for Gene for
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enzymes X and Y—
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from parent DNA
Synthesis of
enzymes X and Y
(and any other enzymes
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FIGURE 6-3 Gene expression and its prevention. Gene expression is
controlled in various ways. In the simplest, shown at bottom, a special
“repressor’ gene is transcribed into a messenger RNA that codes for the
production of a repressor protein. This protein then specifically blocks
transcription of one or more genes (shown here as genes for enzyme X and
enzyme Y) by binding to the promoter region immediately adjacent to those
genes. This prevents the messenger-RNA-synthesizing enzyme from making a
message off those genes.

there must be many human genes that are normally expressed
only during development of the embryo, and are not meant to be
active at any time in adult life. One of the additional methods of
genetic censorship used in higher cells is to put several such genes
next to each other and then physically compact them together so
that they become sequestered and completely inaccessible for
messenger synthesis; one such example is the inactivation of X
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chromosomes which was discussed in an carlier chapter. Very
recently, however, two completely unexpected discoveries have
been made about the organization of genes in higher cells.

The first discovery concerns the actual structure of the gene. In
bacteria, the DNA of cach gene consists simply of the sequence of
bases that code for some particular protein, plus a short region
that determines when the genc is used; in other words, each gene
can be likened to a chapter, preceded by a short preface specifying
when the chapter should be read. However, it now turns out that
the genes of higher cells have a more comolex structure because
they can contain, actually within the coding sequence, long
stretches of DNA that are bypassed during translation (i.c., are
not decoded). The function of these sirange insertions is still a
matter of debate. Understandably, their discovery has left
cveryone feeling a little discomfited. It is as if we had just
graduated to reading more sophisticated textbooks and, on open-
ing the first few, had found that almost every chapter contained
several pages which seem to be signifving nothing.

The other discovery is of a somewhat similar kind. Given the
very large amounts of information in the DNA of a higher cell (in
mammals, a text equal in length to about 20 sets of the Encyclo-
pedia Britannica), it was natural 1o think that the great diversity
of function of the different cells of the body was achieved simply
by the cells’ reading different sections of a huge unchanging
textbook—that is, unchanging, except for any chance mutations
that might have occurred during the creation of the whole animal
from one fertilized egg. It now turns out that the text is not un-
changing, but can vary—partly as the result of a predetermined
set of rearrangements of fairly long sections of the text, and partly
as the result of a high rate of random single-base changes (muta-
tions) confined to certain localized regions of the text. These
changes were discovered in the genes that code for antibodies:
indeed, this is apparently the way the body manages to code for
millions of different kinds of antibody without having to set aside
millions of genes for that one task.

The two discoveries force us to accept the idea that in higher
cells the readers of the text are fairly versatile and can skip from
one section to another (no doubt in a programmed manner) and
that the text itself is also somewhat variable (again, in a pre-
determined way). What effect these ideas will eventually have on
our understanding of cancer or on our search for a cure remains
to be seen; at the very least, this gives us two more processes that
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are concerned with the stability (or rather, lack of stability) of the
properties of each cell, and either of them could be involved in the
chain of events that creates cancer cells.

Mutation

Because each chain of a DNA molecule is faithfully copied when
the molecule is duplicated, any change that has occurred in the
sequence of bases will thenceforth be handed down from one
generation to the next. Such heritable changes are called nuua-
tions ? Let us begin by considering a mutation that occurs simply
because at the time of DNA duplication a wrong base is put into
one of the new chains. As a result, one of the daughter molecules
will have a non-matching pair, and when this region comes to be
duplicated again, in the next generation, the mutation will be-
come fixed in one of the granddaughter molecules (Figure 6-4). As
it happens, such spontaneous single-base changes are exceedingly
rare, arising at a frequency of less than one mistake for every
100,000,000 bases copied. This is partly because DNA
polymerases are very precise and partly because there seems to
be a system of “quality control” operating during the duplication
of DNA that monitors all newly made DNA for non-matching
pairs and makes corrections wherever necessary.

When one base is changed into another, the effect is much like
that of a typographical error—usually negligible, but occasion-
ally devastating. At most positions in the average protein it
makes little difference which amino acid is present. Trouble
comes only when a significant change occurs in an important
part of the molecule (e.g., the active, catalytic site of an enzyme),
or when it converts one of the 61 coding triplets into one of the 3
“stop” signs so that the distal end of the gene is not translated
and a truncated—and thus inactive—protein is preduced.

The result of producing an inactive or altered protein depends
on its function. Each of our cells has two copies of nearly every
gene (a maternal copy and a paternal one); additionally, most
gene products are synthesized in larger quantities than necessary.
This means that a mutational defect in just one of the two gene
copies may well not lead to disease, because the remaining, nor-
mal copy of the gene will synthesize enough normal protein for
the needs of the cell. Mutations in such genes are called recessive,
because they produce disease only when both maternal and pat-
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FIGURE 6-4 Mutation due to an error in DNA replication. Any error made
during DNA replication will, if uncorrected, become fixed at the next round of
replication and give rise to a permanently mutated line. In this diagram we see
the result of putting a guanine (G) into the new DNA chain opposite a thymine (T)
in the old chain—i.e., into the place that should properly have received an
adenine (A}, when this region comes to be replicated again, a cytosine (C) will be
put opposite that guanine and a mutant line will have been created, in which
there is a G-C base pair in place of an A-T pair.

ernal genes are mutant (Figure 6-5a). For example, a mutation in
the gene for hemoglobin can lead to a change in one of the amino
acids in hemoglobin and this can markedly alter the molecule’s
physical properties, but overt disease occurs only when both
hemoglobin genes contain mutations; and that is why sickle cell
anemia, as it is called, is a recessive trait.

For some genes, however, alternation of cither of the two copies
is sufficient to produce an effect. Thus, any mutation that renders

79



80 CANCER: SCIENCE AND SOCIETY

{ Ep [
l\ O 1
O O
Normal cell O OO O
7900,

En

1 Ep L
T \ O O Ol
Mutant cell O ® ® O
Pe ®

}—x
Eu

a RECESSIVE MUTATION

Ep

GO0} O]0]0}

Normal cell

01010}

Mutant cell

En

b DOMINANT MUTATION

FIGURE 6-5 Vertebrate cells have two copies of most genes (the maternal and paternal
capies), and the effect of any mutation will depend on the type of gene affected.

(a) Recessive mutation. If one of the genes for some enzyme, E, contains a mutation (X), the
cell will synthesize a mixture of active and inactive enzyme molecules. However, if the enzyme
is being made in greater quantity than absolutely necessary for the normal operation of the
cell, this mutation in just one of the two genes will not cause any gross abnormality. Such a
mutation is therefore called recessive, because it becomes manifest only when the other gene
copy also is mutated.

(b} Dominant mutation. If the gene for a certain enzyme, E. is normally repressed by the
binding of repressor protein molecules (r) to its neighboring promoter region, a mutation X
in this promoter region can release the gene from this repression. As the result of such a
mutation, the gene next to the mutated promoter region will be expressed, and the cell will
now acquire a gene product that normally would not be present. Such a mutation istherefore
called dominant because it is manifest when either maternal or paternal DNA is mutant.
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a repressed gene insusceptible to repression will allow the gene to
become active, and the cell will therefore acquire a gene product
that it otherwise would not contain. Mutations of this kind are
called dominant, because they produce an effect when either the
maternal or the paternal gene is mutant (Figure 6-5b). For exam-
ple, the commonest cause of human dwarfism is due to a domi-
nant mutation that makes all the long bones of the body stop
growing prematurely; the molecular basis of this disease is not
known but it is presumably the result of some defect in the inter-
play of genes that normally occurs in development.

Some very complicated regulatory circuits have been discov-
ered that determine the precise sequence of events in the growth
and development of even such simple organisms as bacteria and
viruses. But even the most complicated developmental programs
prove to be made up simply of sets of coding and regulatory
sequences in DNA that interact with each other in various ways.
Although we do not know the gene products affected in most
genetic diseases of man, there is good reason to think that any
change inherited by all the descendants of a cell (and this in-
cludes cancer) must be due in some way to a change in the
dialogue between nucleic acids and proteins.

Of the various classes of mutation, the simplest is where one
base has been changed. A more extensive type of alteration is the
removal of a few bases, or the addition of some extra ones. It is
not clear what sequence of events can cause this to occur spon-
taneously, but when it happens within a region of DNA that is
coding for a protein and the change in bases is not a multiple of
three, the whole reading frame of the gene is of course altered and
the resulting protein consists partly of a nonsensical sequence of
amino acids. Therefore it is not surprising that—unlike changes
in a single base, which are often undetectable—such frame-shift
mutations almost invariably destroy the function of the gene in
which they occur.

Sometimes, much longer sequences of DNA (containing several
genes) can be deleted, inverted, or moved from one region to
another. Indeed, these rearrangements sometimes occur on such a
large scale that they are visible under the microscope. In or-
ganisms that are more complicated than bacteria and need a very
large amount of DNA with which to conduct their affairs, the
DNA tends to be divided up into several packages (chromosomes).
Man, for example, has 23 pairs of chromosomes (one member of
cach pair coming from the mother and the other from the father).
Recently methods have been developed for distinguishing micro-
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scopically each of the 23, so that any large scale chromosomal
rearrangement can now be identified quite precisely.

A good example of a rearrangement causing disease is the shift
of a piece of one chromosome-22 to the end of a chromosome-9;
this rare change, which will be discussed again on page 140, ap-
pears to be the prelude to one form of leukemia. Such rearrange-
ments produce their effects because neighboring parts of a
chromosome tend to influence each other’s activity. An extreme
example is provided by a female’s two X chromosomes, one of
which is normally rendered totally inactive because it is rele-
gated to one side of the nucleus; when part of some other chro-
mosome becomes translocated into this X chromosome, it is
effectively lost because it too becomes inactivated. Indeed it
seems likely that, in general, the effects of rearrangement are due
either to the repression of genes that should be active, or to the
activation of genes that should be inactive.

The three classes of mutation—single-base change, frame shift,
and large-scale rearrangement—are illustrated, with English
sentences, in Figure 6-6.

All such rearrangements (and perhaps even the small additions
or subtractions of bases that cause frame-shift mutations within

FIGURE B-6 Unlike the genetic code (consisting of three-letter words only)
our language has words of varying length, but it can be used to illustrate the
effects of the main classes of mutation.
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single genes) may originate as errors during the process called
recombination. Like the two chains of a single DNA molecule
which have a direct physical interaction with each other, any two
identical or almost identical DNA molecules can interact and
exchange homologous segments. The actual biochemistry of this
process of recombination seems to be very complicated, but the
end result is simply that when one of a cell’s two copies of a gene
undergoes mutation there is a chance that the mutated and un-
mutated copies will exchange places at some time or other in the
family tree descending from that cell. In this way, new combina-
tions of the many versions (suants) of different genes are con-
tinually being created. As a result, natural selection can test the
fitness of any new version of a gene not only in its original envi-
ronment (i.e., with whatever versions of other genes happened to
be present on the chromosome at the time it arose) but also when
it is combined with other variant forms.

For most multicellular animals, this process of recombination
is of course mainly important to the germ line (the cells that give
rise to sperm and egg) because these are the only cells that can
pass mutations on 1o future generations. So it is not surprising to
find that the process of recombination is particularly active dur-
ing the special cell divisions that immediately precede the for-
mation of egg and sperm. However, recombination can also
occasionally occur in cells that are not members of the germ
line (i.e., the cells in the rest of the body, which are called the
somatic cells), and this recombination may be an important fac-
tor in the genesis of cancer (see p. 95).

Even the most casual survey shows that mutations and rear-
rangements are not occurring completely at random; the muta-
tion rate is at least 100 times higher in some human genes than in
others, and some rearrangements are much commoner than oth-
ers. In bacteria and viruses, where genetic analysis can be pur-
sued to the level of the individual bases in a gene, it turns out that
a single base out of the hundreds or thousands in a gene may be
the site of most of the spontaneous mutations occurring in that
gene. Such local regions of instability are called hor spots. The
pattern of hot spots in any gene is completely different for each of
the main classes of mutagenic agent (see the next section), indi-
cating probably that minor differences in the way cach section of
DNA is coiled and packaged in the cell determine exactly how
accessible it is to chemical modification and how likely it is to be
erroneously copied or to be misaligned during recombination.
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Hot spots may be important in carcinogenesis because they could
be one of the factors determining which tissue is most susceptible
to which carcinogen.

Chromosomal rearrangements may originate in another way?
Recently a novel set of genetic elements have been discovered in
bacteria and given the name insertion sequences. Each is com-
posed of a stretch of DNA about 1000 bases long. These sequences
have the completely unexpected (and as yet unexplained) prop-
erty of being able to move around from one region of the
bacterium’s DNA to another or, occasionally, even from one
bacterium to the next. Their importance derives from the fact
that when they move around they may carry bacterial genes
along with them. For example, each time man discovers a new
antibiotic, this applies intense selection pressure favoring any
rare variant bacteria that have already modified (by chance mu-
tation) one of their enzymes so that the enzyme can break down
the antibiotic. If, by chance, the gene for this new enzyme (which
now counts as an antibiotic-resistance gene) now happens to
become bracketed on either side by insertion sequences it may
acquire the insertion sequences’ ability to be passed from one
bacterium 1o another. Such complexes of antibiotic resistance
genes and insertion sequences are called resistance transfer factors
and have become one of the major barriers to antibiotic therapy.
Elements have been described in plants that bring instability to
genes that are near them, but it is not yet known whether inser-
tion sequences will prove to have the same importance in higher
forms of life that they seem to have in many bacterial species.
This question will be raised again when we consider the behavior
of certain tumor viruses.

In this section we have covered very briefly the subject of spon-
taneous mutation, from changes in a single base in the DNA
molecule 1o the large-scale rearrangement of whole blocks of
genes. The rate at which these changes are allowed to occur spon-
taneously can to some extent be regulated by each specics to give
it an overall optimum mutation rate.

Mutagenesis
When cells are cultivated in vitro, they can be pushed into making

mistakes during DNA duplication by being fed various unnatural
DNA precursors. However, that is a highly artificial situation, and
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for practical purposes we can regard all mutagenesis as being
primarily due to alterations of finished DNA molecules.

Many agents interact with DNA. When they affect the DNA of
cells in the germ line, they raise the level of deleterious mutations
that has to be borne by future generations; when they affect the
DNA in somatic cells of the fetus, they can cause developmental
errors that appear as birth defects; and it is thought that when
they affect somatic cells in adult life they can cause cancer. It has
therefore become an important part of preventive medicine to
identify the more potent mutagens in our environment so that
they can be either eradicated or at least kept at a safe distance.

Various forms of radiation can damage DNA. The main effect of
ultraviolet irradiation is to bind together adjacent bases, particu-
larly when two thymines or two cytosines are next to each other;
but because ultraviolet light is not at all penetrating, its effects
are confined to our skin and eves. In contrast, X-irradiation tends
to produce breaks in the DNA chains. Because X-rays are highly
penetrating, they can affect any cell in the body.

Chemical agents have a wide range of effects. They can remove
various side groups from the basces (e.g., nitrous acid removes the
amino group from cytosine), or produce cross-links between the
two chains of a DNA molecule, or add new chemical groups to the
DNA bases (e.g., ethylmethanesulfonate can add methyl groups
on to guanine), or even link themselves on to the DNA (e.g., the
carcinogen benzpyrene becomes linked to guanine). These differ-
ent alterations can all be observed directly in DNA extracted from
cells immediately after they have been irradiated or treated with
chemical mutagens, and some of the changes are illustrated in
Figure 6-7.

Using certain convenient genes, one can measure the resulting
mutation rates. Such comparisons show that far more alterations
occur per gene-length stretch of DNA than do final mutations per
gene; in other words, only a very small minority of the alterations
ever lead to mutation. The reason is that most cells can, to some
extent, repair any damaged stretch of DNA.

Nearly everything known about DNA repair has come from
experiments with bacteria. These studies have shown that a cell
can use a number of different processes to restore a damaged
scction of DNA. For example the common lesion produced by
ultraviolet light, namely the abnormal joining of two adjacent
thymines, can be eliminated in at least three different ways. In
the ncatest of the three, the cell employs a special enzyme that,
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FIGURE 6-7 Different forms of mutagenesis.

(a) Mutagenesis by ultraviolet light (UV). Ultraviolet light is mutagenic because
it links adjacent thymines in DNA. Normally these lesions are quickly excised and
replaced with unlinked thymines. But if this region of the molecule is replicated
before the repair has been made, the new strand may be given an incorrect base
opposite one or both of the thymines because the linked thymines are not
recognizable as such, and the cell therefore has no way of knowing what the
base sequence should be at that point.

(b} Mutagenesis by ethylmethane sulfonate (EMS). EMS can react directly with
DNA guanine. The resulting altered guanine (Os-methyl guanine) tends to be
mistaken for adenine when the DNA is subsequently replicated. EMS therefore
causes the change of a G-C base pair into an A-T pair.

(c) Mutagenesis by benzpyrene (BP). A carcinogen like BP is mutagenic
because when it enters the body it undergoes certain chemical changes and
then becomes aligned in the DNA molecule as if it were one of the bases. In this
position, it can bacome bound to neighboring guanines. During the excision and
replacement of these BP-guanine complexes, frame-shift mutations are apt to
occur.
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using the energy of blue light, can simply break the abnormal
bonds holding the thymines together and thereby restore the
DNA to its original state; this form of repair is called photoreacti-
vation and can be observed not only in bacteria but also in cul-
tured animal cells and even in the skin of an intact animal. In a
second repair process, a battery of several gene products between
them manage to locate the thymine dimers, cut the DNA chain
nearby, excise a region of perhaps about 30 bases, and then re-
synthesize a new stretch to replace the old, using the undamaged
DNA strand as a templatc; this process is observed also in higher
cells and is important because it 100 is apparently an error-free
way of repairing ultraviolet lesions. In both of these methods the
enzymes used are present in cells at all times. In the third process,
some of the enzymes employed are formed only when the need
ariscs (c.g., after heavy irradiation); this process produces a lot of
errors and is responsible for most of the mutations that follow
ultraviolet irradiation. The sensitivity of a population of bacteria
to ultraviolet light (i.e., the extent to which they are killed or
mutated by a given dose) is determined by the exact balance
between these processes of repair, which in turn is affected by
how fast the bacteria are multiplying. As one might expect, cells
that have a lot of time in which to repair their DNA before being
required to duplicate it are much more successful than those with
little time to spare. This, incidentally, may be one of the reasons
why cancers tend to arise mostly within populations of cells that
are multiplying rapidly.

Most chemical mutagens can produce several different classes
of lesion in DNA, each of which can probably be handled in a
variety of ways. Some of the methods of repair may be the same
as those used for ultraviolet lesions, but no doubt there are others
still to be discovered. Fortunately most cells appear to react in
much the same way to any given mutagen, thus enabling us usu-
ally to get a reasonable idea of any new compound’s mutagenicity
for man by studying its mutagenicity for bacteria; such tests are
described in the next chapter.

Any biological process may be rendered partly or completely
defective as a result of mutation, and the various methods of DNA
repair arc no exception. Most of what we know about the different
repair processes used by bacteria has come from studying bacte-
rial mutants that have lost the use of one or another process. For
example, it turns out that several different proteins must be
cooperating in carrying out the error-free excision of ultraviolet
lesions (the second process described above) because mutation in
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any onc of several genes will completely block that means of
repair and force the bacterium to rely on the other repair pro-
cesses. Interestingly, a set of completely analogous mutations
have been observed in man that give rise to a rare inherited
discase, xeroderma pigmentosum, characterized by an increased
sensitivity to sunburn plus an increased incidence of skin cancer-.
The discovery of the various forms of DNA repair has added a
large number of extra components to the list of cell ingredients
known to be concerned with the manufacture and handling of
what are called the cell’s informational macromolecules (i.e., the
various molecules of nucleic acid). In the most thoroughly studied
organism, the bacterium E. coli, about 200 distinct species of
molecule have been observed, and no doubt many more await
detection. This interlocking system of checks and balances may
break down at a number of points. And, as in other arenas of life,
when things go wrong they can go quickly from bad to worse; for
example, any mutation affecting one of the genes whose products
monitor for errors made during DNA duplication would tend to
raise the mutation rate; this could then produce additional de-
fects and a further increase in mutation rate, and so on. In fact,
effects exactly like this have been observed in bacteria as the
result of changes in the enzymes concerned with DNA and protein
synthesis. Of course, unicellular creatures such as bacteria are not
at much risk from any drop in precision, simply because in most
situations survival of the fittest means survival of the most pre-
cise; in other words, any population of bacteria will auto-
matically tend to cleanse itself of mutants of this class. The same
may not, however, be true for long-lived multicellular animals.
Indeed, one theory of aging is that our cells accumulate impreci-
sion at a constantly increasing rate as we grow older, because
they are not being subjected to any selection pressure in favor of
precision.* This brings us directly to the role of mutation in the
development of cancer, which is discussed in the next chapter.



EXPERIMENTAL 7
CANCER RESEARCH (1):
CHEMICAL CARCINOGENS,
RADIATION, and VIRUSES

Much of our knowledge of human cancer has derived from
epidemiological studies of the kind described in Chapter 4.
One approach to a more detailed analvsis of the causal pro-
cesses has been to develop experimental cancers in animals.
Another way has been to studv the action of known carcino-
gens upon simple organisms like bacteria. Out of this has
come a simple way of testing various agents for their probable
carcinogenicity.



It is roughly half a century since ways were found of producing
cancers in animals, and by now there is a vast body of informa-
tion describing the results of administering different agents by
different routes and in various combinations to various species.
Cancer can be produced by painting substances on to the skin, by
feeding, or by injection, and the resulting cancers may develop
locally where the carcinogen was applied, or at some remote site.
One purpose of all this work has been 10 determine which agents
are the most potent carcinogens and therefore most likely to be
dangerous to humans; another, to develop experimental cancers
on which to test new forms of treatment. But the primary incen-
tive has been the belief that, by studying the various permu-
tations of carcinogen, dose, duration of treatment, route of
administration, species and age of host and so on, someone might
discover some fundamental illuminating principle common to all
forms of carcinogenesis and then somehow be able to convert this
knowledge into a cure for cancer or at least a strategy for prevent-
ing it.

A few underlying principles have emerged. For example, so
many carcinogens have proved to be powerful mutagens that it
seems almost certain that most forms of cancer are due, at lcast in
part, to changes in DNA. But little or nothing is known about the
functions of the genes that must be mutated, and there are
enough oddities about the whole process of carcinogenesis to
suggest that it is not a matter simply of piling one mutation upon
another until the requisite number of genes are inactivated but
probably involves something else as well. Despite our great igno-
rance about the basic biology of cancer, the study of carcinogens
has recently been made much easier by the application of knowl-
edge and techniques derived from bacterial molecular genetics.

Chemical Carcinogenesis

The conspicuous feature of most forms of carcinogenesis is the
long period that elapses between initial application of the car-
cinogen and the time the first cancers appear. For example, it is
necessary to apply coal tar repeatedly to a mouse's skin for sev-
eral months before any cancers are detectable; similarly, most
people do not incur much risk of getting lung cancer until they
have smoked for 10 to 20 years. Clearly, we cannot claim to know
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what turns a cell into a cancer cell until we understand why the
time course of carcinogenesis is almost always so extraordinarily
long.

Following the discovery that skin cancer could be produced by
coal tar, attempts were made to purify the active ingredients
responsible. When tar proved to contain many different active
components—some more carcinogenic than others and some
more irritant than carcinogenic—people began testing various
combinations of agents in various sequences; in particular they
wanted to find out if the toxic, irritant property of many carcino-
gens was essential to their action. Qut of all this work with coal
tar derivatives (and, later, with many other carcinogenic chemi-
cals) an important and unexpected complication came to be rec-
ognized. Although it is often possible to produce cancer in an
animal by prolonged treatment with a single species of purified
carcinogen, in certain situations the process of carcinogenesis can
be separated into two distinct steps. These have been called initi-
ation and promotion}

To take an extreme case, cancer can be produced in mice by
feeding them on a single occasion a small amount of dimethyl-
benzanthracene, DMBA (one of the active ingredients of coal tar),
and then later subjecting their skin to prolonged irritation. The
resulting cancers are confined to the irritated regions of skin, but
they would not have appeared without the initial treatment with
DMBA, or if the DMBA had been administered after the skin had
been irritated: this shows that both ingredients are necessary—
first the DMBA (the initiator) and then the irritant (the promoter).
Furthermore, the results are not substantially altered if a long
interval is interposed between initiation and promotion. There-
fore the initiator is producing a permanent, irreversible change in
a certain proportion of cells throughout the body, and sub-
sequently the promoter somehow provokes the expression of this
change (Figure 7-1)2

In the last few years more and more evidence has been
accumulating to suggest that initiation is nothing other than mu-
tation. Though admittedly circumstantial, it is very persuasive,
Thus, the most powerful initiators prove to be the substances that
are the best at binding to DNA (Figure 7-2)* and causing muta-
tions in various test systems (see p- 00); they produce changes in
DNA cither directly, or indirectly after they have undergone cer-
tain chemical modifications that occur when they are
metabolized in the body (see p. 103). It seems reasonable to
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FIGURE 7-1 The separation of carcinogenesis into two stages—initiation and promotion.
A group of mice are fed a small amount (25 micrograms) of the carcinogen
dimethylbenzanthracene (DMBA) (the “initiator"”); this produces widespread irreversible
alterations (presumably mutations) in the cells of each mouse. Subsequently, irritation of the
skin by painting it twice a week with croton oil (the “‘promoter”) results in the local
appearance of tumors. These tumors will appear even if promotion is not started until 16
weeks after the DMBA feeding, but no tumors arise if either DMBA or croton oil is given alone
or if the order of the treatments is reversed.

The top graph shows the increase in percentage of mice with tumors, when promotion is
started in the first week. The bottom graph shows the increase in percentage of mice with
tumors, when promotion is not started until the 16th week. [After R. K. Boutwell, Prog. Exp.
Tumor Res. 4, 207-250 (1964). Published by S. Karger AG, Basel.]
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FIGURE 7-2 The interaction of initiators with DNA. The carcinogenicity of six
different polycyclic aromatic hydrocarbons was shown to be correlated with
their ability to bind to cellular DNA when they were painted onto mouse skin. A
radioactive derivative of each carcinogen was prepared and applied to the skin
of amouse. After 24 hours, the mice were sacrificed, and the extent to which the
radioactivity had become bound to the different components of the cell {e.g..
DNA, RNA, and protein) was measured. As the graph at bottom shows, the
potency of these compounds as carcinogens is correlated with their propensity
to bind to DNA, rather than their propensity to bind to protein. Until this
experiment was reported, most people believed that carcinogens acted by
modifying proteins (e.g., by affecting repressors and thereby affecting gene
expression). [Data after P. Brookes and P. D. Lawley, Nature 202, 781-784
(1964).]
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assume that the first step in carcinogenesis would be the produc-
tion of mutations, because this conforms to the one thing we do
know about the cancer cell—namely, that in building up an ex-
panding population of abnormal cells it must be passing on its
cancerous characteristics to its descendants, and so these charac-
teristics must in a sense be inheritable from one cell generation to
the next.

The nature of promotion is still very obscure, but we get some
hints if we consider what substances can act as promoters. For
the production of skin cancers in mice the most commonly used
promoting agent is croton oil (a blistering agent and purgative
extracted from the seeds of an Indian tree); when rubbed on the
skin, it produces a local reddening and thickening and temporar-
ily increases the rate of cell proliferation? In rabbits, actual phys-
ical wounding will bring on skin tumors initiated with coal tar?
For the production of cancer in internal organs, certain special
methods of promotion have been found: for example, partial exci-
sion of the liver forces the remaining liver cells to multiply and
compensate for the loss, and this will promote liver cancer in
mice that have been fed an initiating agent; much the same kind
of effect has been demonstrated for the thyroid® and ovary where
excessive cell multiplication can be provoked by appropriate
hormones; similarly, leukemia can be brought on in X-irradiated
rats by repeatedly bleeding them so that the cells in their bone
marrow have to increase their extent or rate of multiplication?

All these procedures have in common the one feature that they
are provoking increased cell multiplication. What remains now is
for us to guess why such provoked multiplication should be
dangerous to a tissue like skin or marrow, where the cells are
multiplying the whole time even in the absence of an artificial
stimulus. In fact, no very plausible explanation has emerged, but
two possibilities are worth describing if only to illustrate how
little we really know about the process of carcinogenesis.

(1) The first is a conventional genetic explanation. Recall that,
except for the genes contained in the sex chromosomes (seep. 18),
every cell has two copies of each of its genes, one of maternal
origin and one paternal, and these are duplicated prior to cell
division and then appropriately partitioned (segregated) to its
two daughter cells. We might suppose that cancer can occur only
when both copies of some particular gene have undergone muta-
tion, i.e., that cancer is “‘recessive.” Such a double event should be
rather rare, and we might casily imagine that a much commoner
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way for two mutant copies to occur in the same cell would be
by somatic recombination (see p. 83), or alternatively by some
mistake at cell division that left one cell with both the copies of a
mutated gene (e.g., both paternal genes). Such events are known
to occur, albeit very rarely during normal cell multiplication, and
promoting agents could conceivably make them more common.

(2) An alternative explanation could be that when cells are
forced to multiply quickly they may make mistakes, not in the
actual segregation of their DNA, but in the control of expression
of this DNA. Each cell in the adult animal is expressing only a
small minority of its genes; for example, all our cells have the
gene for insulin, but only certain cells in the pancreas are pro-
grammed to cxpress that gene. Every one of the unexpressed
genes in a cell has been switched off (repressed) by one of the cell’s
ancestors, at some stage in the development of the embryo; in-
deed, the whole program of embryonic development is really a
carefully controlled sequence of decisions concerning which
genes cach cell should be expressing at each stage in develop-
ment? These decisions are thought to be perpetuated by the syn-
thesis of certain special proteins, that are the product of one set of
genes and block or enhance the expression of certain other genes.
When any cell is treated with a mutagen, most of the resulting
mutations will naturally occur in genes that are repressed and
therefore silent, simply because in any cell the silent genes greatly
outnumber those that are being expressed. If an animal has been
exposed to a mutagen, and some subsequent treatment is applied
that tends to activate the repressed silent genes, then in the
course of time more and more mutated genes will be revealed:;
and that may be what promoters are doing. This is an example of
what would be called an epigenetic explanation, because it attrib-
utes promotion solely to alterations in the pattern of gene expres-
sion rather than any alteration in DNA base sequence.

Those are just two of the numerous possible explanations of
promotion. Many people would say that the problem is entirely
artificial because most known chemical carcinogens are complete
in themselves and can apparently function both as initiators and
as promoters. But the distinction between the carly and late steps
in carcinogenesis is surely worth making if only to remind us that
we really have no idea what is going on during the long interval
that usually clapses between the initial stimulus and the final
appearance of a cancer. An added practical consideration is that
the presence of such long intervals tells us we may sometimes
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have to delve far into the past to find the stimulus that started the
whole process. Two examples will make the point clear. A few
years ago it was reported that simply painting the skin of mice
with croton oil twice a week for a period of three to six months
was producing skin tumors; but it was then learned that the
dealer who supplied the mice reared them in wooden cages that
had been treated with creosote, and once he stopped this practice
the croton oil ceased to produce tumors; in other words, the mice
were being initiated long before the experiment had begun!® An
analogous situation seems to be that of liver cancer in the Chinese
in Singapore; the cancer is confined almost entirely to those who
spent their childhood actually in China rather than in Singapore
itself* as if initiation only occurs in China but promotion can
occur in Singapore.

It is possible, however, that some cancers could be totally
epigenetic in origin. For example, when one ovary in a mouse is
removed and the other is transplanted to the spicen, the normal
hormonal communication between ovary and pituitary is inter-
rupted and, as a result, the transplanted ovarian cells undergo
excessive multiplication and, in many such mice, proceed to form
cancers.!? It is difficult to see how mutagenesis can have any
bearing on the process, and the conventional explanation is that
this form of carcinogenesis is strictly epigenetic and due to errors
in gene expression. A somewhat similar result has been obtained
by transplanting cells of the embryo to the testis;'? and in this
instance additional support for an epigenetic explanation comes
from the observation that the resulting cancer cells can be re-
stored to normal behavior by being transplanted into an early
developing embryo.™

There is another unusual form of carcinogenesis that may also
be epigenetic, rather than mutational, in origin. When plastic
films are implanted subcutaneously in rodents they give rise to
cancers (fibrosarcomas) in the surrounding tissues.'® The process
seems to depend on interrupting the normal communication be-
tween cells, because it can be caused by any solid surface (plastic
or metal) but does not occur if the film has been broken up into
small pieces or contains holes through which the cells can pass
extensions of their cytoplasm.!¢ Similar cancers occasionally
occur in human scar tissue.'” However, the mechanism underly-
ing such physical carcinogenesis, as it is called, seems just as
obscure as it was for the examples mentioned in the preceding
paragraph.
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Although, as we shall see, most known human carcinogens
prove to be mutagens, it is important to remember that some of
the cancers for which no cause has been discovered may be partly
due to agents that arc not mutagens but act instead by provoking
cell multiplication and errors in gene expression.

Testing for Mutagenicity and Carcinogenicity

Nearly all known chemical carcinogens turn out to be mutagens.
Therefore the search for the agents in our environment that cause
cancer tends to be regarded as just onc aspect of a general search
for agents that cause mutation.

When a mutagen affects cells in the germ line (ova, sperm, or
their precursors), it produces mutations that will burden future
generations. When it affects one of the vast majority of cells in the
body that are not part of the line of descent from parent to off-
spring (the somatic cells), the resulting somatic mutations will be
confined to whatever family of cells results from division of the
mutant (e.g., any cancer that is produced), but they will not be
passed on to future generations. Anyone looking for germ-line
mutagens is concerned about the future; anyone looking for car-
cinogens is interested in protecting the present generation.

At first sight, it might seem casier to produce mutations of the
germ line than to produce cancers. Mutation is the immediate
and dircct result of damage to DNA, and a cell can become a
mutant as a result of a single exposure 1o a mutagen, whereas
most forms of cancer emerge only after prolonged exposure 10
carcinogens. Nevertheless, historically the discovery that some-
thing was a carcinogen nearly always preceded discovery that it
was a mutagen. X-rays were discovered in 1895 and seven years
later a skin cancer was observed on the hand of a man whose
occupation was making and testing X-ray tubes; but 25 years
were to elapse before X-irradiation was shown to increase the
mutation rate of the fruit-ly Drosophila.' Similarly, car-
cinogenesis by certain industrial chemicals was observed in fac-
tory workers in 1902 and was demonstrated in experimental
animals in 1915, but it was not until 1941 that mustard gas was
shown to be mutagenic, once again in Drosophila."?

Part of the difficulty in detecting mutagens is due to the fact
that germ-line cells are well protected from attack by the envi-
ronment. Most highly reactive agents that are capable of interact-
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ing directly with DNA in vitro are intercepted long before they
can reach the germ cells, and for an animal like a mouse or a man
the most potent agents for raising the frequency of mutations
among offspring are penetrating agents such as X-rays. In con-
trast, tissues such as skin are more directly exposed to the envi-
ronment and here the main protection against mutagenesis
seems to be that more than one mutation must occur in any skin
cell in order to convert it to a cancer cell which would endanger
the life of the host.

Another difficulty lies in the question of numbers. When you
apply a carcinogen to the skin on the back of a mouse, you are
presumably testing millions of cells and will detect the conver-
sion of a single one of them into a cancer cell; further, even
though this conversion may require several independent muta-
tions, you can continue applying the carcinogen until the key set
of mutations is produced. When, however, you are looking for
mutations in the germ line, it is not practical (unless you are
working with microorganisms) to embark on any experiment that
will require looking at more than a few thousand animals.

Many different tests have been employed at one time or another
in the screening of compounds for their mutagenicity or car-
cinogenicity. One of the problems is that most mutations lead to
loss of function, rather than creation of a new function, and so are
recessive (and therefore detectable only when both maternal and
paternal copies of a gene are affected). The exception is mutation
in the X chromosome since only one active copy of this chromo-
some is present in each cell. Thus the simplest test for
mutagenesis in an animal is to look for sex-linked lethal muta-
tions in the X chromosome: this was how the mutagenicity of
X-rays and mustard gas was discovered. The time required to
carry out such a test depends on how long the animal takes to
produce offspring (a few days for Drosophila), and the sensitivity
of the test depends simply on how many offspring you are pre-
pared to count. Testing a compound for carcinogenicity is much
more time-consuming and expensive. Thus, in order to be rea-
sonably sure that a new food additive is safe for human consump-
tion it should first have been fed to animals for most of their
lifetime (e.g., to mice for more than a year); further, it should
have been tested in several different species, because susceptibil-
ity to different carcinogens is known to vary widely. For example,
the industrial chemical, 2-naphthylamine, which causes bladder
cancer in humans, is a fairly potent carcinogen for dogs and
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hamsters, but not for rats, mice, or rabbits; similarly the fungal
products called aflatoxins, which cause general liver damage in
poultry and liver tumors in trout, are carcinogenic for rats (but
not mice) and possibly for humans (but not monkeys).2!

In recent years, however, we have begun to learn what under-
lies these enormous differences between species in susceptibility
to particular carcinogens; as a fortunate by-product of this un-
derstanding it has been possible to devise much quicker and
cheaper tests for carcinogenicity. The argument was first clearly
stated in 1946,>2 and has been amply substantiated since then. It
runs as follows. The cells in the body are protected by several
barriers against the various noxious chemicals in our environ-
ment; perhaps the most important barricr is that the superficial
layers of cells in the skin and intestine are being continually dis-
carded; as a result the most highly reactive compounds in our
environment interact predominantly with cells that are going to
be shed. Therefore some of the most dangerous chemicals are not
those that from the outset are chemically reactive, but those that
are more stable so that they are absorbed unchanged and then
become activated during their metabolism in the body. Thus, the
variation of different species in susceptibility to given carcino-
gens is due not to any fundamental difference in the mutability of
their DNA, but simply to minor differences in the way cach
species metabolizes these carcinogens.

The clearest example of a group of carcinogens that have to be
metabolically activated are the polycyclic aromatic hydro-
carbons, found in coal tar. In the form in which they naturally
occur they do not react chemically with DNA and thus are not
potent mutagens. However, when they enter the body they are
detoxified in a succession of steps (oxidation, hydrolysis and con-
jugation with various water-soluble substances like glucuronic
acid) and then finally excreted (sce Figure 7-3). At some of the
intermediate stages of the reaction, they may become highly un-
stable compounds that are able to act as powerful mutagens be-
cause they can readily interact with DNA. Whether an animal is
susceptible to this form of carcinogenesis may therefore depend
on which of its detoxifying enzymes are the most active— those
producing mutagenic intermediates or those that further break
down these intermediates. For example, the rate-limiting step
producing the active intermediate of the carcinogen 3-methyl-
cholanthrene is carried out by the enzyme arylhydrocarbon hy-
droxylase; this enzyme is deficient in many strains of mice and
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FIGURE 7-3 The detoxification and metabolic activation of benzpyrene. The detoxification
of the carcinogen benzpyrene (BP) goes through several steps, as it is made more
water-soluble prior to excretion. One of the intermediates in this process (lll) is capable of
reacting with guanine in DNA (as shown to the right of the diagram). This leads to a massive
distortion of the DNA molecule and forces the cell into an error-prone form of DNA repair.
Benzpyrene is therefore a mutagen for any cell that has the enzymes that produce this

intermediate. (After |. B. Weinstein et al., Science 193, 592-595 (1976).]



EXPERIMENTAL CANCER RESEARCH (1)

although these strains are more sensitive to the immediate toxic
effects of many hydrocarbons (reminding us that the primary
function of the activating enzymes is detoxification) they are
much less susceptible to carcinogenesis by methylcholanthrene
than strains that have the enzyme.3

In fact the situation is more complicated than this, because
these detoxifying enzymes tend to be made by cells only when the
need arises (i.e,, the enzymes are inducible), and many com-
pounds (such as the common sedative phenobarbital) can act as
inducers even though they themselves are not potential carcino-
gens.** It is possible therefore to raise or lower an animal's sen-
sitivity to a given carcinogen by prior exposure to substances that
are not carcinogens for the tissue being tested; for example, di-
methylbenzanthracene will produce mammary cancer in rats,
but their susceptibility to this form of carcinogenesis is greatly
reduced if they have been treated 24 hours carlier with methyl-
cholanthrene.?s

It is not yet clear whether people are like mice and vary in their
susceptibility to carcinogens through variation in the inducibility
of their detoxifying enzymes. Certainly, the level of the enzyme
arylhydrocarbon hydroxylase in the placenta is raised to a highly
variable extent in women who smoke.2¢ Furthermore two studies
have reported that the probability of smokers getting lung cancer
is related to the amount of this enzyme that can be induced in
their lvmphocytes.?” Interestingly, the cells of long-lived animals
such as humans and elephants are much less active in converting
substances into carcinogens than are the cells of short-lived ani-
mals such as rodents .28

The discovery of the part played by metabolic activation has
had an enormous impact on the techniques for testing com-
pounds for carcinogenicity. As long as powerful carcinogens like
dimethylbenzanthracene could not be shown to cause mutations
in simple organisms like bacteria, the whole question of
carcinogenesis remained shrouded in mystery. When it became
apparent that bacteria are insusceptible to many carcinogens
simply because they lack the essential activating enzymes,*® scv-
cral investigators developed tests in which mammalian enzymes
were used in combination with bacteria bearing appropriate ge-
netic markers. The very first tests were unnccessarily laborious
but they established the principle.’® For example, the industrial
solvent dimethylnitrosamine was known to be a powerful car-
cinogen even though it is not a mutagen for bacteria; it could,
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however, be shown to undergo conversion into a mutagen during
its metabolism in mice because test bacteria, temporarily im-
planted into such mice and subsequently retrieved, were shown
to have been mutagenized (Figure 7-4). The bacteria used in this
test were a special laboratory strain of Salmonella typhimurium
bearing a revertible mutation (either a single-base change or a
frame shift) in one of the genes for synthesis of the amino acid
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FIGURE 7-4 A test for the formation of mutagens by metabolic activation. (a)
The animal is injected with bacteria that have a revertible mutation in the gene
for making the amino acid histidine. (b) It is then fed or injected with the
substance being tested for mutagenicity. (c) A few hours later the bacteria are
retrieved. (d) They are reisolated and spread onto an agar plate that contains
every required nutrient except histidine. (e) If the test substance is metabolized
in the mouse to yield any compounds that are mutagenic, the bacteria will have
undergone mutation and some of them will now be able to grow in the absence
of histidine and therefore will form colonies. [After M. G. Garridge et al., Science
163, 689-691 (1969) and Proc. Soc. Exp. Biol. Med. 130, 831-834 (1969).]
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histidine; until the mutation is reverted, therefore, these bacteria
cannot grow in the absence of added histidine.

Since then, several much simpler methods have been devised
that do not require the use of a living animal as an intermediary.
The best known test consists of putting the same bacteria on an
agar plate containing (1) a nutritional medium that fulfills every
requirement for growth except histidine, (2) an extract of liver
derived from rats that have been treated with a substance like
phenobarbital or methylcholanthrene to induce high levels of the
enzymes that activate carcingens, (3) various quantities of the
substance that is being tested. If the substance can be converted
into a mutagen that produces the appropriate base change or
frame shift required to revert the histidine mutation, some of the
bacteria will grow and form visible colonies (Figure 7-5).

Potential
carcinogen

Liver extract Histidine-requiring

2.
h _" \ bacteria

tumors in two years

Daily Dose (milligrams per kilogram of
animal weight) to give 50% of animals

Dose (micrograms per plate)
to give 100 colonies

FIGURE 7-5 Inthis test for the formation of mutagens by metabolic activation,
an extract of liver cells is used to provide the activating enzymes, instead of an
entire animal. The extract, the potential carcinogen, and the bacteria are all
placed on the same agar plate. [After J. McCann et al., Proc. Natn. Acad. Sci.
U.S.A. 72, 5135-5139 (1975).
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The beauty of a test like this is that it costs about one-
thousandth as much as a test using mice, and takes a day or two
instead of at least a year. Roughly 90% of known carcinogens
prove to be mutagenic to bacteria when activating enzymes are
present—about as good a result can be obtained with any one
animal species—and more than 90% of substances thought not to
be carcinogenic are negative in the test.’!

Because such microbiological assays are so inexpensive, it has
now become practical for the major chemical manufacturers to
investigate the potential mutagenicity of all the new compounds
they wish to market, before making any major investment to
produce them. Anything that comes out positive can then be
withheld and tested in animals. The hope therefore is that in
future we can avoid inadvertently releasing any really dangerous
carcinogens upon the world. Other applications of such tests will
be mentioned later.

Radiation Carcinogenesis

Both electromagnetic radiation (e.g., ultraviolet light and X-rays)
and particulate radiation (clectrons, neutrons, and alpha parti-
cles) can damage DNA, cause mutations, and give rise to cancer.3?
In many respects, their action is like that of chemical carcino-
gens; but it is easier with radiation to study the relationship
between mutation rate and dose. For example, it is possible to
calculate the exact rate at which natural background radiation
produces breaks in each cell's DNA, whereas there is at present no
way of determining how efficiently low levels of natural toxic
substances such as benzpyrene penctrate the body and are con-
verted into derivatives that can cause mutation.

From what is known about the way cells repair lesions to their
DNA, it is clear that there could be several possible relationships
between radiation dose and response. Consider the example of
mutagenesis of bacteria by ultraviolet light.** The main effect of
ultraviolet light is to produce bonds between adjacent bases in
DNA, giving rise to what are called dimers. The number of dimers
produced in a cell’s DNA is directly proportional to the total dose
of ultraviolet light it has received; but once the dimers have been
formed, their subsequent effect will depend on whether they are
correctly repaired. If the probability of cach dimer being incor-
rectly repaired has a constant value independent of other events
in the cell, the number of mutations will also be directly propor-
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tional to dose. However, the mechanism that excises dimers and
replaces them with normal bases is virtually error free; and so it
is only when two dimers happen to be created close to each other
on opposite chains of a DNA molecule, and their two regions of
repair overlap, that this mechanism can no longer operate and
errors will occur; the frequency of such double events will of
course be proportional to the square of dose.* An added compli-
cation is that bacteria have another mechanism for repairing ul-
traviolet dimers: this one is induced by radiation and is highly
error prone. Judging from what is known about bacteria, there-
fore, the mutation frequency in animal cells might sometimes
increase in direct proportion to dose, or to the square of the dose,
and sometimes mutation might occur only when the dose rate is
above a certain threshold.

Other forms of radiation tend to break chemical bonds rather
than make new ones, and the most easily measured lesions are
breaks in the DNA chain. The weaker forms of radiation such as
X-rays produce single-chain breaks and these, like ultraviolet di-
mers, can be repaired by excision followed by the synthesis of a
new region using the other, undamaged DNA chain as template;
in order for mutation to occur, therefore, two independent events
are usually required—one in each chain—so that the mutation
rate tends to increase as the square of the dose. The more ener-
getic forms of radiation (e.g., neutrons) commonly break both
chains of the molecule, and so interaction with a single neutron
can cause mutation; i.e., mutation rate increases in direct propor-
tion to dose. This distinction was demonstrated most clearly by
the two atom bombs dropped over Japan. The bomb dropped on
Nagasaki produced mostly X-rays and in that city the subsequent
incidence of leukemia seems to have been proportional to the
square of the dose; in Hiroshima, where the bomb produced a
large flux of neutrons, leukemia was proportional directly to dose
(Figure 7-6).%3

By comparison with certain chemicals, most forms of radiation
seem to be fairly weak carcinogens. In total, about two hundred
cases of leukemia (plus approximately the same number of other

*The probability that two events occur is the product of their individual prob-

abilities. For example, the chance of drawing the ace of spades from a deck of

cards is one in 52; the chance of drawing it from two successive decks is one in
522 (i.e., one in 2704). Similarly, the chance that radiation will produce two
lesions in a given region of DNA is the square of the chance that it produces a
single lesion and therefore will increase in proportion to the square of the dose of
radiation.
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Cases of leukemia per 1000 people in 16 years
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FIGURE 7-6 The incidence of leukemia, within a 16-year period, in Hiroshima
and Nagasaki. The incidence produced by the neutrons of the Hiroshima bomb
increased in direct proportion to the dose; that produced by the X-rays of the
Nagasaki bomb, increased as the square of the dose. Hiroshima incidence, O
Nagasaki incidence, @ . [After H. H. Rossi and A. M. Kellerer. Radiat. Res. 58,
131-140 (1974).]

kinds of cancer) were caused by the two atom bomb explosions,
and this figure is probably lower than the number of lung cancers
arising each year in the twocities as a result of cigarette smoking.

It is casy to exaggerate the long-term hazards of radiation and
forget the benefits. For any country with a high rate of tuber-
culosis (and until recently most Western nations were in this
category) the lives saved by mass programs of diagnostic chest
X-ray far outnumbered any cancers that might have been caused.
Only when we come to less rewarding programs, such as the
diagnostic X-irradiation used in screening for breast cancer (see
p. 156) do the gains diminish until they are close to the expected
losses, and the exact method of calculating losses becomes criti-
cal. Precisely the same problem arises when we try to calculate
the consequences of exposing a large population, such as a whole
nation, to very small doses of a chemical carcinogen. So the exact
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relation between dose and response is not simply a matter of
academic interest.

One last feature of radiation carcinogenesis should be men-
tioned. As in chemical carcinogenesis, the exact response depends
on the form of the radiation and the species of animal. Sometimes
the reason for a tissue being affected is obvious; for example, in
all species (man included) the ingestion of radium or radioactive
strontium tends to produce bone cancers simply because these
clements are treated by the body like calcium and are deposited
in bone, which they then irradiate by radioactive decay; simi-
larly, radioactive iodine tends to produce cancer of the thyroid.
But in any particular species there is no obvious reason why some
tissues are selected for carcinogenesis and others are not. In
human beings, radiation increases the incidence of myeloid
leukemia and cancer of many other sites (e.g., thyroid, skin, and
breast); interestingly, although radiologists suffer skin cancer on
their hands, the cancers arise only on the backs of their hands, not
the palms.* In some strains of mice the main response to whole-
body irradiation is mammary cancer; in others, it is leukemia
(although here there is the complication that the leukemia usu-
ally arises in the thymus, which curiously need not itself have
been irradiated in order to produce the responsc);* other strains
form lung tumors.

Some of the variation in the response of different tissues to
chemical carcinogenesis could be attributed to variation in the
levels of the enzymes activating the carcinogens. But the exact
response to whole-body irradiation with penetrating X-rays is
almost as variable from one species to another as the response to
chemical carcinogenesis,?” even though it must be producing le-
sions in the DNA of every cell. So we are left to conclude that the
routes by which cancer cells are created probably differ from one
tissue to another. In other words we should not expect to find
particular genes, or sets of genes, involved in all forms of car-
cinogenesis. This is a conclusion that will be reinforced in later
sections.

Viral Carcinogenesis
There are many idiosyncrasies in the response of animals to

chemical carcinogens and radiation, and it is not clear whether
the important steps are genetic or epigenetic. But we do have
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some idea of what is going on, and believe, for example, that any
particular form of chemical carcinogenesis can be explained in
terms of fairly simple processes like metabolic activation, errors
in DNA repair, and changes in gene expression. The process of
viral carcinogenesis is more elusive perhaps because it involves
two biological entities, the virus and the host. These usually
interact in a very complicated way, and the production of tumors
scems to be an almost accidental by-product of the whole process.
Belore discussing viral carcinogenesis, we must review the kinds
of interaction viruses may have with their hosts ®

The most conspicuous viruses are those that cause epidemic
diseases such as smallpox, measles, influenza, and poliomyelitis.
It is now clear, however, that these diseases are not typical of the
usual relationship of virus and host but represent unstable situa-
tions in which a virus is in the process of adapting to a new host.
For example, measles virus produces a lifelong immunity in hu-
mans, and so it cannot survive in small communities because it
runs out of susceptible hosts;3* we can deduce therefore that the
disease, as we know it, must have arisen in the past thousand
years or so because only since then have populations been large
enough to sustain it (in fact, it is related to the virus that causes
the more chronic disease of canine distemper, and so it may orig-
inally have been a disease of dogs). The natural tendency is for
viruses to drift towards lower levels of virulence and a more pro-
tracted interaction with their host. One example will make this
clear. Myxoma virus was introduced into Australia in 1950 and
initially caused a rapid fulminating diseasc in the rabbits, with a
mortality of more than 99%; however, the infectious stage of the
disease was very short. This meant there was marked survival
advantage for variants of the virus that produced a milder and
more drawn out disease, because rabbits with a milder disease
can be a source of virus for a much longer time than rabbits that
die quickly; such variants have now taken over and the mortality
of the disease is down to about 25% (Figure 7-7).

At the next level of adaptation of viruses, virulence has declined
still further. Take polio virus. In primitive communities each in-
fant is soon infected, but the virus seldom spreads beyond the
intestinal tract and so the child becomes a symptomless excreter
of virus while it is establishing the immune response that will
protect it thereafter against reinfection. When, however, general
hygienc is improved, the natural balance between virus and host,
that evolved in the course of thousands of years, is suddenly dis-
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FIGURE 7-7  Any strain of virus that quickiy kills its host has a lower survival
advantage in nature than less virulent strains, and so there is an almost
inevitable tendency for viruses to acquire a milder, more extended interaction
with their hosts. The first stages of this process are shown particularly clearly by
myxoma virus, which has changed markedly in the last 25 years.

turbed; infection tends to be postponed until after infancy and for
some reason this greatly increases the chance of spread of virus to
the central nervous system. In one sense, therefore, epidemic
paralytic poliomyelitis is a new, man-made disease; indeed, the
first recorded outbreak did not occur until the end of the 19th
century.

The next stage in the adaptation of a virus is 10 evolve a still
more extended interaction that makes the host a repository and
source of virus for its entire lifetime; this requires a certain
degree of acceptance by the host’s immune system. Consider
lymphocytic choriomeningitis (LCM) virus, which is very wide-
spread in mice. Infection normally occurs at birth before the
mouse’s immune system is fully effective, and therefore the viral
proteins become accepted by the developing immune system (i.c.,
arc classified as ““sclf” rather than “not-self”) and this leads to a
permanent state of tolerance; there is no immune responsc and
virtually every cell in the mouse becomes permancently infected
and continually produces small amounts of virus.*® If, however,
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exposure to the virus is postponed until the mouse is an adult, the
infection produces a fatal disease of the central nervous system;
the disease is apparently due partly to the strong immune re-
sponse of adult mice because it can be prevented by treating with
immunosuppressive drugs.*' In other words the adult’s immune
response to this virus seems to be a liability rather than an asset.

The last stage of adaptation is for a virus to become a perma-
nent occupant of all cells, including those of the germ line. This
transition is seen in the mammary tumor viruses of mice, some of
which are transmitted in the milk (i.e., like LCM virus, infect
every mouse soon after it is born) and others are “vertically”
transmitted in sperm and ova.*

For viruses to persist within their hosts for long periods they
must find some way of precisely matching their own replication
rate with the multiplication of the cells they arc inhabiting. Simi-
lar transmissible agents in bacteria have two ways ol maintain-
ing a balance with their hosts: either they can remain separate in
the bacterial cytoplasm but respond to exactly the same signals
that trigger the replication of the bacterial chromosome, and in
this state they are called plasmids; or they can actually integrate
their DNA into the bacterial chromosome so that they are thence-
forth carried from one generation to the next just like any other
bacterial gene, and in this state they are called proviruses. Animal
viruses exhibit the same two strategices, plus a few others. Some
viruses become integrated into the host’s DNA; when the virus
nucleic acid happens to be RNA (see p. 75) the process of integra-
tion requires that the base sequence first be transcribed into the
corresponding DNA sequence; this is what happens, for example,
when the cell is infected with mouse mammary tumor virus and
Rous sarcoma virus. Others like the herpes group of viruses,
which can cause life-long infection in humans (e.g., the cold sores
of the lip produced by herpes simplex virus) and seem to be the
best candidates for being human tumor viruses, are probably not
integrated; rather they appear to persist in the same state as a
bacterial plasmid, expressing some of their genes and not others
and seldom being packaged into finished virus particles. Others,
like LCM virus of mice, continue to multiply slowly so that all
cells are producing small amounts of virus the whole time; that is
possible, of course, only if the host refrains from producing
antibodies against the viral proteins that are being continually
produced, and for this to occur the infection must have been
established carly in life so that the viral proteins are tolerated as
if they were host proteins. Others, like human wart virus and the
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papilloma virus of rabbits, have a variable interaction with cells;
they are present in latent form, perhaps as plasmids, in the basal
cells of the skin and become converted into infectious particles as
soon as the cells start to differentiate. Examples of different in-
teractions between virus and cell are shown in Figure 7-8.

Like the end results of any other evolutionary process, these
forms of interaction between virus and host were brought about
by a combination of spontancous mutation and natural selection,
operating on both parties but more rapidly on the virus simply
because it reproduces faster and is present in greater number.
The selection is all the time for a modus vivendi that will yield the
greatest number of progeny from each of the participants, and it
is important to remember that the production of overt discase
indicates failure rather than success.

So much for the general properties of viruses and the ways in
which they are found to interact with their hosts. When we con-
sider the viruses that can cause tumors in animals,** it becomes
important to draw a clear distinction between those that produce
tumors in natural populations and those that can be made to do
so under laboratory conditions. We are interested in the natural
tumors of animals because they are potentially models of human
discasc; if some natural cancers of animals are caused by viruses,
so presumably are some human cancers. The viral cancers that
can be produced in the laboratory may not be good models of
natural disease—indeed, as we shall see, some are plainly labora-
tory artifacts; but they seem to provide a convenient way of
studying the basic biology of the cancer cell. In the remainder of
this section we will discuss certain natural cancers of animals
and then two forms of artifact—first, the special cancers that can
be produced by viruses in the laboratory and, second, the possi-
bility that certain laboratory manipulations may have actually
created new tumor viruses de novo.

One of the clearest forms of natural viral carcinogenesis is
feline leukemia* This is due to a virus, FeLV (feline lcukemia
virus), that spreads “horizontally” from one cat to another and
can be the cause of several distinct diseases. Most infected cats
develop a strong antibody response and become immune. But
occasionally something seems to go wrong with the response,
perhaps because the cells of the immune system are themselves
one of the major targets of the virus. Then the cat can suffer cither
a massive destruction of its immune system (leading to gen-
cralized depopulation of the marrow, or a secondary, fatal
peritonitis) or a continued uncontrolled proliferation of both
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FIGURE 7-8 Viruses can interact with cells in many ditferent ways. Some
possible results of infection are the following: (a) smallpox and influenza; (b)
LCM in mice and possibly the chronic carrier state of hapatitis virus in humans;
{c) and {d) the chronic infection with herpes in humans: (e) infection of mice with
certain mammary tumor viruses.
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virus and responding lymphocytes leading to a discase that is
classified as leukemia or lymphosarcoma. It is possible that the
leukemia is not due to any direct specific interaction between
tumor virus and cell, like the interaction of a cell with a mutagen,
but is some nonspecific aberration of the immune response due to
the presence of large quantities of virus.

A rather similar disease is seen in mice. Some inbred strains, at
about the age of six months, show a high incidence of leukemia
associated with massive production of a virus called MLV
(murine leukemia virus);4 the disease can, however, be prevented
by greatly restricting the diet (Figure 7-9),% and this suggests that
the disease may be triggered initially by some slight imbalance
between virus production and immune response; incidentally, a
similar cffect has been reported for limiting diet*” and for chronic
parasitic infection*® in the case of mouse mammary tumors as-
sociated with mammary tumor virus. Recently, some natural iso-
lated colonies of mice have been found which are full of MLV and
develop leukemia when captured and kept well fed under labora-
tory conditions.*® MLV, like FeLV, belongs to a closely related
group called the type-C RNA viruses, that are also found in birds
and many different mammals. In many cases, they seem to have
cevolved a stable relationship with their natural hosts and do not
cause any disease under natural conditions. Whether they par-
ticipate in the genesis of human leukemia is open to argument.

The foregoing cancers all affect mesodermal cells, in particular
those of the immune system. However, several natural epithelial
tumors of animals are also plainly due to viruses. The best known
example is the common human wart. Such viral tumors of the
skin are seen in many species and, like the human wart, most of
them are benign (i.e., not invasive) and eventually undergo re-
gression due to an immune response to the virus. But a few
virus-caused cpithelial tumors are not benign. For example,
mammary cancer in certain inbred strains of mice is associated
with an RNA virus that can be either inherited in the germ line or
transmitted in the milk;*® as mentioned above this cancer too,
like murine leukemia, also depends on appropriate dictary fac-
tors. (In other species, such as the rat,*' mammary cancers arise
that are not demonstrably associated with any virus.) Although
the scarch for human mammary cancer viruses has been intense,
it seems likely that—in this respect at least—humans are more
like rats than mice. Certainly, there is no evidence that breast
cancer is more common in women who were breast-fed 52
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FIGURE 7-9 Murine leukemia and diet. Top: The death rate of a high-leukemia
{AK) strain of mice from the spontaneous leukemia produced by murine
{feukemia virus (MLV) is greatly reduced by restricting their diet. Bottom: As a
result the mice live longer and tend eventually to die of other causes. [After J. A.
Saxton, M. C. Boon and J. Furth. Cancer Res. 4, 401-409 (1944).]

The existence of these various viral cancers in animals amply
justifies a continuing search for similar viruses that could be
causing human cancers; after all, it is not very likely that man
should be totally spared such diseases. The most plausible candi-
date for a human tumor virus is a member of the herpes group
called the Epstein-Barr virus (EBV). This is associated with two
rare varieties of cancer, Burkitt's lymphoma (which affects chil-
dren in Africa) and nasopharyngeal carcinoma (which affects old
people in Southeast Asia);*? but the exact nature of the associa-
tion is rather obscure because infection with the virus is almost
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universal in these populations, whereas the cancers are extremely
-are and can occasionally arise in the absence of virus. The other
plausible candidate is a related virus called herpes simplex tvpe
II; this virus can be spread venereally®™ and is often found as-
sociated with cancer of the uterine cervix;** but here too the cor-
relation of virus and cancer is not absolute. As for the major
human cancers (such as lung, colon, breast, stomach, and pan-
creas), there is so far no evidence that viruses are involved.

So much for the natural cancers of man and animals. The dif-
ficulties really start when we come to consider what might be
called the unnatural cancers. Roughly a quarter of the 200 or 300
known viruses of vertebrates have been shown to be capable of
producing cancers in one or more species, usually when inocu-
lated in large quantities into very young animals. To pick just one
cxample, a small DNA virus called polyoma virus is widely dis-
tributed among wild and inbred strains of mice. Normally it does
not produce any disease even though it can be present in [airly
large quantities. However, when it is inoculated into young
hamsters or newborn mice it produces tumors in many tissucs.
Obviously such forms of tumorigenesis are, in the literal sense of
the word, artifacts. They have, however, been made the subject of
most intense research because it is thought (perhaps correctly)
that cven if they bear no relationship to the usual process of
carcinogenesis they may at least provide an insight into the fac-
tors determining the behavior of normal and cancerous cells. For
example, polyoma virus is so small that it contains totally only
three or four genes, and not even all of these are essential for
carcinogenesis; it may be possible therefore to determine the
exaclt function of the one or two virus products needed to trans-
form a cell into a cancer cell, and thereby learn something about
carcinogenesis. Such studies on the molecular biology of in vitro
“transformation,” as it is called, will be discussed in the next
chapter. It is important, however, not to fall here into the com-
mon trap of thinking that cancer must be a virus disease just
because these artifactual forms of carcinogencsis are so amenable
to analysis.

To complete this section, we must consider how viruses origi-
nated in the first place because there is a distinct possibility that
some kinds of tumor viruses are themselves artifacts. The essen-
tial character of all viruses is that their genetic material, whether
RNA or DNA, is translated and replicated by the machinery of the
cell they are parasitizing. The larger viruses are thought to have
cvolved from bacteria that attempted to grow inside cells, be-
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came confined to that habitat, and then gradually shed the more
cumbersome parts of their biochemical armory so that they be-
came totally dependent on their host; in contrast, the smaller
viruses, whose nucleic acid is usually closely related to their
host's, are thought to have originated from within the host cell as
clusters of genes that have gained the ability to move from one
cell to another and so have acquired an independent identity. The
evolution of viruses from bacteria does not put too great a strain
on the imagination. But the small viruses are more of a problem
because, as a minimal requirement, they have to contain genes
responsible for making the proteins of the virus coat that protects
the nucleic acid as it moves on to the next cell, plus whatever
genes are required to divert the synthetic machinery of host cells
into making the virus's nucleic acid and proteins. The difficulty is
that these two groups of genes have to come together all at the
same moment, and it is hard to see how that came to pass. The
problem became more acute when it was discovered that certain
small RNA tumor viruses have their RNA transcribed into corre-
sponding chains of DNA, which are then integrated into the DNA
of the host cell.5¢ The enzyme responsible for this transcription of
RNA into DNA (reverse transcriptase as it is called) is not
commonly present in cells, and so the gene for that enzyme is just
one more item the virus must acquire at the moment of its crea-
tion. The necessary concurrence of events now seems so unlikely
that the following ingenious alternative has been proposed (see
also Figure 7-10): the normal development of the different tissues

FIGURE 7-10 The protovirus hypothesis. According to this hypothesis, the
formation of RNA tumor viruses resulted from the accidental juxtaposition of
transcripts of genes for initiation of cell multiplication, genes for certain proteins
involved in the packaging of transcripts, and the gene for reverse transcriptase.
The hypothesis requires that cells already possess the capability for moving their
genes around in this manner. The imagined sequence of events required for
such gene rearrangements is shown in the diagram.

{a) The way in which a set of genes from one region of a cell's DNA (region I}
could be moved to ancther part of the DNA (region 1l). First, an RNA transcript of
those genes is made (just like any other messenger). This transcript is then
copied back into DNA (by the enzyme, reverse transcriptase). The resuiting DNA
molecule can then be integrated into some distant region of the cell's DNA. In
this way, the genes in that molecule acquire a new context in which to be
expressed.

(b) The creation and spread of new gene combinations (represented here by
the letters) from one cell to another. If the initial RNA transcript were packaged in
a protein shell (i.e., were made into a typical RNA virus particle) it could survive
in the extracellular environment and therefore could be passed from one cell to
another before being copied back into DNA and reintegrated.
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of multicellular organisms may conceivably requirc some rear-
rangement of the genetic message in the different classes of cells
and this might be accomplished by mobile sets of genes that
travel not only between various regions of a cell’s chromosomes
but occasionally even from one cell to another; the movement
could depend on transcription of genes into RNA and back again,
combined with special methods for packaging the message for
transport between cells and for integrating that message when it
reaches its destination. Such a system could easily evolve because
it could develop gradually.

The theory, which is called the protovirus hypothesis,’? is there-
fore that the RNA tumor viruses are minor aberrations of a device
used normally in development. In fact, the argument has been
taken one step further with the suggestion that certain of these
tumor viruses are actually laboratory artifacts. For example, onc
of the earliest tumors to be studied was a spontaneous tumor of
chickens, the Rous sarcoma; at first it could be transmitted only
between closely related chickens (i.e., it could not cross histo-
compatibility barriers); later, however, the tumor could be trans-
ferred with some difficulty by cell-free extracts, and from then on
transfer became possible even between species. So it does look
rather as if the cancer cell came first and subsequently, because of
the intense selection pressure imposed by the histocompatibility
barrier, the particular set of genes responsible for the cancer be-
came transferred to a virus that was not subject to any such
barrier and could move freely from one animal to another.

The possibility that certain tumor viruses are simply labora-
tory artifacts makes them in some respects more interesting
rather than less, because it means that they may be offering us a
way of isolating and studying the genes responsible for the can-
cerous state. That seems to be the real justification for putting so
much effort into investigating the tumor viruses, not the vaguc
hope that human cancer will turn out to be a virus discase.
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THE CANCER CELL

The properties of cancer cells and the methods for creating
them from normal cells, cultivated in vitro, have been investi-
gated most intensivelv, especiallv during the last 10 vears. The
hope is that by studving such “transformation” in vitro it
may be possible to construct a picture of malignant behavior
in terms of molecular biology and then somehow apply this
knowledge to the control of human cancer. Far from being
difficudt 1o investigate, cells seem to show too many changes
during transformation, and it is still not known which if any
of the changes are essential to the usual process of car-
cinogenesis in luanan beings.




The preceding chapter was concerned with some of the ways in
which cancer may be produced in animals. Once a large array of
such experimental cancers were available for study, the next step
was obviously to compare the properties of cancer cells and their
normal counterparts in the hope of learning what it is that makes
them malignant and therefore how they might be brought back
under control.

The Cancer Cell in Vivo

As pointed out in Chapter 3, the actions of all our cells, particu-
larly their multiplication, are under very strict control. The ad-
vent of molecular genetics has inspired a certain confidence that
the understanding of cell control is a soluble problem, within the
reach of modern technology. We have learned from study of the
genes in bacteria how cells, which have inherited the same ge-
netic material, can assume different properties by switching on
specific combinations of genes and switching off others. In the
absence of strong evidence to the contrary, it seems reasonable to
suppose that the mechanisms used for the differentiation of the
various classes of vertebrate cells operate in much the same way.
For example, the frog egg can undergo normal development as far
as the tadpole stage after its own nucleus has been killed by
irradiation and replaced by the nucleus of a fully differentiated
cell from an adult frog (Figure 8-1);! taken at face value, this
result implies that differentiated cells still retain all the genes
needed to make a tadpole (i.e., that differentiation is ac-
complished by gene control, not gene loss). If cell behavior is
fundamentally determined by gene control, it follows that the
abnormal behavior of the cancer cell probably results from some
change in the choice of genes that are active within it—cither the
loss (or repression) of certain genes that exercise a controlling
effect, or the activation of genes that normally function only in
another class of cell or only at some earlier stage of development.
These changes then give the cell a set of properties that are never
found together in a normal cell. So, when we try to identify the
essential characteristics of a cancer cell, we are probably looking
for particular identifiable genes that will prove to be switched on
(or off) in cancer cells but not in their normal counterparts.
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FIGURE 8-1 The nuclei of differentiated cells (such as the skin or gut cells of
the frog Xenopus) apparently retain the full set of genes necessary for
development of all the tissues of the body. For example, if the development of
the fertilized egg of a frog has been blocked by irradiating its nucleus with
ultraviolet light, the egg can be made to develop (at least to the tadpole stage) by
injecting into it the intact nucleus from a differentiated cell. [After J. B. Gurdon et
al., J. Embryol. Exp. Morph. 34, 93-112 (1975).]

The rate of multiplication of the cells in the body is normally
closely controlled, and precisely matches their rate of loss. In skin
(the example discussed in Chapter 3) the deepest cells divide just
fast enough to replace the cells that are being shed all the time
from the surface, so that the total population of cells remains
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constant. The salient feature of the cancer cell is that it is not
subject to such precise control and is thus able to create an ever-
expanding family of descendants. It is a common mistake to as-
sume that cancer cells multiply faster than the normal cells from
which they were derived—for example, that skin cancer cells di-
vide faster than the basal cells in normal skin, and that leukemia
cells divide faster than the normal progenitor cells in bone mar-
row or lymph glands. The fact is that the cells ol most cancers
divide at about the normal rate, and some even less frequently
than their normal counterparts, but they are able to increase in
number because a greater proportion of the cells’” progeny remain
in the dividing pool than is normally allowed.?

Normally, the system that controls cell division seems to be
some form of spatial restraint. For example, there is a limited
layer or zone in the epithelium of the skin® and intestine? in which
cell division is permitted, and once cells are forced outside this
compartment they lose the ability to divide, and proceed to em-
bark on their terminal program of differentiation which ends
with their dying or being discarded; skin cells form into flakes of
keratin and are shed; similarly, the white cells formed by the
marrow circulate in the blood for a while and then migrate
through the gut wall to be digested.* In contrast the cancer cell is
less bound by such restraints. Although it usually retains the
ability to undergo the kind of terminal differentiation shown by
its normal counterpart (e.g., the cells of a skin cancer can still
form keratin flakes), it has somehow become able to expand end-
lessly the size of the compartment in which division is permitted.
In other words, its foremost defect may well have something to do
with whatever signaling system delineates that compartment.

We see disturbance of the signaling systems clearly demon-
strated in the different varieties of breast cancer. The epithelium
of the normal female breast is made up of trec-like sets of branch-
ing ducts that end in small hollow cell-lined cavities (alveoli). Like
the trees in a forest, the different branching systems are arrayed
in a fairly orderly way and kecp their distance from each other.
Between neighboring ducts a supporting framework of fibrous
tissue and blood vessels (the stroma) makes up the main mass of
the breast. The whole ordered structure depends on the com-
munication between epithelium and stroma; each dictates the
behavior of the other (see p. 31). Judging from the microscopic
anatomy of different breast cancers, this communication can be
upset in many different ways. Some cancers are composed
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mainly of proliferating epithelium, as if the cells have partly es-
caped from the control of the stroma; in others, the tumor may be
composed almost entirely of stroma, suggesting that the cancer-
ous epithelium is sending out some abnormal signal which pro-
vokes the stroma into excessive growth. In some the cancerous
epithelium seems to be trying to form ducts, and in others, al-
veoli; in still others, the cpithelium seems to have lost all form
and is made up of very primitive, undifferentiated cells. Some
breast cancers retain the normal sensitivity to sex hormones:;
some do not.

This variation suggests the existence of an intricate system of

intercommunication of epithelial cells, with each other and with
the underlying stroma, that can be partially interrupted in many
different ways. Some simple means of cell communication, for
which the mechanism is roughly understood, have been men-
tioned earlier. But for the most part, we have no idea of the
system of signals controlling a structure such as the breast. An
obvious exercise is to look for changes in surface proteins that
could affect the interactions between cells in direct contact with
cach other, or to look for changes in the intracellular proteins that
act as receptors for general signals like hormones. For example,
the surfaces of normal epithelial cells are so arranged that thev
form a system of intercommunicating channels (called gap junc-
tions) whenever they come into contact with each other; cancer
cells, however, usually do not form gap junctions cither among
themscelves or, at the edge of a cancer, with their normal
neighbors (Figure 8-2).¢ That is one of the few surface changes,
observed in cancer cells in vivo, that seems likelv to have some
bearing on their behavior.

So much for the unrestrained multiplication of the cancer cell
at the primary site. The next property we must consider is that of
invasiveness. However much a group of abnormal cells mav grow
in number, the tumor they form will be considered benign as long
as it is confined 1o its proper territory and can therefore be casily
excised. The first step in malignancy occurs when the cells break
out of their normal confines and start to invade the surrounding
tissues. The ability to spread is usually accompanied by the abil-
ity to enter the circulation of blood or lymph and undergo metas-
tasis to distant sites. At this point the tumor is classificd as
malignant (i.e., is called a cancer) because its cells can pass be-
vond the reach of local surgery. Because invasion and metastasis
are such dangerous events in the growth of a cancer, great cfforts



124 CANCER: SCIENCE AND SOCIETY

FIGURE 8-2 The absence of close connections between cancer cells. (a) The
opposed surfaces of normal epithelial cells make contact with each other at
special regions of their surface called gap junctions through which small
molecules can freely move from one cell to the next; cancer cells do not make
such connections either with themselves or with normal cells. (b) As a result,
when dye is injected into a normal cell it will spread to any normal neighboring
cells but not to any adjoining cancer cells.
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have been made to find out what cell propertics these processes
depend on. ‘

Early in the study of cancer cells cultivated in vitro, it was
observed that excised pieces of cancers would dissolve clotted
blood plasma faster than pieces of normal tissue. Since then
many cancer lines have been shown to produce extracellular en-
zymes that digest proteins (Figure 8-3).” Similar enzymes are also
produced by certain special cells on the outside of the developing
embryo (the trophoblast cells) that invade the lining of the uterus
to bring about implantation of the fertilized egg, and by certain
cells in the adult animal (c.g., the macrophages) whose function is

Invasive cancers

FIGURE 8-3 One factor that may contribute 10 the invasiveness of cancer cells
is their ability to produce extracellular enzymes (e.g.. plasminogen activator)
that will digest proteins. For example, when cells are cultured in vitro (sketches
at right) and made to spread out on glass that has been coated with the protein
fibrin, normal cells will leave the fibers of fibrin intact, whereas many lines of
cancer cells will dissolve the fibers.
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to digest dead cells, bacteria, and other foreign bodies. It is con-
ceivable thercfore that the character of invasiveness may often
result from the activation of genes that normally function only
early in the development of the embryo, or only in certain termi-
nally differentiated cells like macrophages that are incapable of
prolonged cell division.

Another important property of cancers, essential if they are to
grow to any large size, is that they should attract an adequate
blood supply. It may be significant that, when transplanted to a
normally nonvascular site like the cornea, many cancers will
quickly become invaded by blood vessels (Figure 8-4), whereas
normal tissues are not. This suggests that cancer cells may be
producing diffusible, long-range signals that provoke the growth
and migration of normal blood vessels towards them ?

Perhaps the most important property of cancers is their ability
1o undergo metastasis. Normal cells will not multiply at distant,
alien sites if injected intravenously or subcutaneously; (this is just
as well, because even such a simple procedure as giving a
hypodermic injection apparently often introduces a clump of skin
cells with whatever is being injected)? The reason is not that the
cells die, but rather that they lie dormant simply because they are
not receiving any signals asking for their division. For example, if
the cells from a small piece of a mouse thyroid gland are inocu-
lated intravenously back into the mouse, they scttle in the lung

FIGURE 8-4 The ability of cancer cells to grow and form large tumors
depends partly on their ability to collect an adequate blood supply. When
transplanted 10 relatively nonvascular sites (such as the cornea), most cancers
will stimulate an invasion by surrounding blood vessels, whereas blocks of
normal tissue will not. [After Folkman, "'The Vascularization of Tumors,”
Copyright 1976 by Scientific American, Inc. All rights reserved.]
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but do not multiply (Figure 8-5); however, at any time later in the
life of the mouse, these dormant cells can be made to multiply
and form deposits in the lungs by feeding the mouse
methylthiouracil—a substance known to provoke the pituitary
gland into producing an excess of the thyroid-stimulating hor-
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FIGURE 8-5 The fate of cells inoculated intravenously can be most easily
determined when they have been derived from an endocrine gland, because it is
then possible to test for their continued presence. For example, when normal
thyroid cells are inoculated intravenously they are deposited in the lung where
they then remain dormant unless stimulated to multiply by the feeding of a
substance (such as methylthiouracil) that stimulates the thyroid (note the goiter
that results as well). Thus apparently the spread of normal cells throughout the
body may be partly prevented simply by the absence of signals that could
stimulate the cells to multiply in alien sites.
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mone!?® This experiment suggests that one barrier to metastasis
may be the inability of normal cells to grow when removed from
the source of any signals prompting their multiplication. In addi-
tion, there may also be territorial restraints. For example, in
mice, cells capable of colonizing the bone marrow circulate in the
bloodstream; yet, as experiments with appropriately marked
cells show, these circulating, potentially colonizing cells cannot
get a foothold in the marrow because it is already fully occupied,
and so the only thing left to them is to undergo terminal differ-
entiation and death!'! However, if a mouse has been X-irradiated,
so that its marrow cells have been destroyed, the marrow can be
recolonized by a blood transfusion from an unirradiated mouse.

To create a cell that can undergo metastasis, specificity must be
relaxed somewhat. Any cell that normally divides only when it
receives the appropriate signal from another class of cell (e.g., an
epithelial cell in skin that receives signals from the underlying
dermis) must either learn to grow independently or at least ac-
quire a more catholic taste. Some normal cells are more versatile
than others. In the rabbit, for example, normal mammary
epithelium will form skin if grafted onto the skin surface (i.e., it
can respond to signals from the rabbit dermis), but this procedure
will not work in the rat.!?

One of the commonest cancers of human skin is the basal cell
carcinoma. Although this is onc of the most locally invasive of all
cancers, it almost never produces metastases, perhaps because its
particular set of defects may make it totally dependent on being
accompanied by cells of the dermis. In general, each kind of
human cancer tends to spread more to some sites than to others.
Cancer of the lung commonly spreads to the brain, for example,
and cancer of the breast and prostate tend to spread to bone.!?
Obviously we are going to have to learn much more about the
normal interactions between cells of different types, before we
can hope to understand much about metastasis.

We can summarize this section in the following way. In order to
form a spreading, malignant tumor, the cancer cell must have
acquired not one but several unusual properties that distinguish
it from its normal counterpart. We might suppose therefore that
several steps have to take place during the genesis of a cancer,
and this reasoning is certainly supported by epidemiological evi-
dence (see p. 36). One way of dissecting the process further has
been to study the properties of cancer cells in culture.



EXPERIMENTAL CANCER RESEARCH (2)

The Cancer Cell in Vitro. Transformation

The incentive behind most early attempts to culture mammalian
tissues in vitro was the wish to compare the properties of normal
cells and cancer cells. As a result, a huge literature has accumu-
lated in which the specific study of cancer cells has become inex-
tricably mixed with the general problems of tissue culture.

Not every class of mammalian cell can be easily propagated in
vitro. The reason is probably that most cells in the body belong to
mixed groups consisting of several mutually interdependent cell
classcs, and so one should not expect one such class to flourish on
its own. In fact, it has seldom been possible to set up growing
cultures from naturally arising cancers and from their normal
noncancerous equivalents for purposes of comparing their prop-
ertics. Far more successful has been the study of the growth of
normal cells in vitro and of the ways of converting them into
cancer cells that will form tumors when transplanted back into
animals.

When small pieces of tissue are placed in a culture vessel, such
as a Petri dish, and covered with a nutrient medium containing
serum, the cells that grow best are a highly sclected population
thought to be derived from the blood vessels in the tissue, but
because of their appcarance they have come to be known as fi-
broblasts."* These cells will multiply and spread out over the floor
of the culture vessel much faster than any other class of cell,
hence they quickly take over; for this reason, until fairly recently
most of the cultured cells (cell lines) that people worked with
were made up of fibroblasts. As the growing fibroblasts spread
out and cover the entire floor of the culture vessel, they eventually
exhaust their supply of nutrients and stop multiplying. At that
point the usual laboratory practice is to detach the cells by treat-
ing them with the proteolytic enzyme trypsin, and sced a few of
the detached cells into fresh containers where they can settle
down and start multiplying again.

The first unexpected finding was that, for many cell lines, this
process of serial transfer cannot be repeated indefinitely.!S For
example, most lines of human fibroblasts die out after the cells
have divided about 50 times. In fact, much the same effect is seen
when whole tissues, such as skin or mammary gland, are trans-
planted serially from one animal to another; for example, some
mouse tissues can be kept multiplying for about three times the
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normal mouse’s lifespan before they die out.!'* However, it is con-
ceivable that cell division really has no set limit, and that cul-
tures of fibroblasts (and other classes of cell) would not die out if
they had been properly looked after and given all the right
growth factors.!?

This might seem like an academic argument, were it not for the
phenomenon of spontaneous transformation.’® When the fibro-
blasts of certain species are continually cultivated, variants can
arisc that have a somewhat altered style of growth and prove to
be exempt from aging (meaning that they can be cultivated indef-
initely). Instead of being spread flat on the floor of the culture
vessel, they are more rounded and will grow to form colonies in
which the cells are heaped one upon another. This change, which
is called transformation, imparts to the transformed colony a con-
siderable survival advantage in the final stages of growth, and so
the transformed cells eventually come to dominate the culture.
These are the cells that make up what are called permanent, or
established, ccell lines. Now, when cultured mouse fibroblasts are
injected back into the mouse strain {rom which they were de-
rived, they will often form tumors if they have undergone trans-
formation, but usually not otherwise. This argues rather strongly
that some of the steps in carcinogenesis may affect the processes
that normally lead to aging. (Actually the correlation of trans-
formation, immortality, and tumorigenicity is less than perfect,
because some permanent established cell lines have not under-
gone a morphological transformation, and of these lines some are
tumorigenic in animals and some are not.)'?

The same kind of transformation can be produced by exposing
cultured cells to various chemicals and viruses that are known to
cause cancer in animals, and such transformed cells tend to be
tumorigenic. It is thought by many that this transformation is in
fact the process of carcinogenesis being enacted under control-
lable conditions, and that it should be possible with modern
technology to find out exactly what the various carcinogens are
doing.

However it is necessary to sound a word of caution about these
experimental results before we discuss transformation further.
The appearance of spontaneously transformed variants is very
common when mouse cells are being cultivated, rather rarc for
hamster and rat cells, and virtually unknown for human and
chicken cells. This difference between the cells of different species
turns out to be crucial to the study of carcinogenesis i vitro. Cells
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FIGURE 8-6 Spontaneous Transformation. When mouse fibroblasts are
cultivated in vitro, cell variants frequently arise that grow as heaped-up colonies.
These “transformed’’ cells are capable of multiplying when suspended in agar
(i.e.. they have acquired what is called anchorage independence) and are often
able to form progressively growing tumors when inoculated back into mice.

that undergo spontaneous transformation can be transformed
into tumorigenic cells in vitro fairly efficiently by tumor viruses,
irradiation, and chemical carcinogens. Cells such as human and
chicken cells, which hardly ever undergo spontaneous transfor-
mation in vitro, can be transformed by viruses but not easily by
irradiation or by chemical carcinogens.?®
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It is tempting to think that these differences in susceptibility to
physical and chemical transformation may conceivably be re-
lated to lifespan. Mice and men are exposed to much the same
levels of radiation and mutagenic chemicals, but human cells
have to withstand becoming transformed for 30 times as long as
mouse cells. How they do this is not known. There seems to be no
great difference in the mutability of human and mouse cells by a
given dose of mutagen,*' and so the stronger resistance of human
cells to transformation may depend on the way their controls are
organized. For example, human cells may be hedged in with more
controls than mouse cells, so that more genes must be mutated or
derepressed to transform them than to transform mouse cells.
Certainly, until the difference between the transformability of
long- and short-lived species is understood, we should be cautious
in applying to man the results of experiments with rodent cells.

Transformation by Viruses

In recent years, a long list of agents have been shown to transform
cells in vitro and make them capable of forming tumors when
inoculated back into animals. Many of the chemicals known to be
carcinogenic will do this;*? as will ultraviolet light** and
X-irradiation.?* But by far the most popular agents for producing
in vitro transformation are the tumor viruses. The reasoning be-
hind their popularity seems to have been as follows. The final
object of studying cancer cells and carcinogenesis in vitro is to
determine the exact ways in which the cancer cell is altered. In
principle, this could be achieved by picking a representative set of
cancers produced by a suitably wide range of carcinogens, and
then comparing these cells with normal cells in every possible,
measurable parameter; but in practice this indiscriminate ap-
proach has not been very rewarding. The number of things that
could be measured is just too large; after all, each cell contains
the products of many thousands of genes. So what is needed is
some way of improving the odds. One way has been to examine
what is most likely to have changed, namely the cell surface.
Another has been to study transformation by agents that, because
of their nature, can be singled out and observed during their
interaction with a cell, namely the tumor viruses.

About a quarter of all known viruses of vertcbrates have been
shown to be capable of producing tumors in animals.?* But by far
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the greatest amount of work has been done with certain very
small viruses,** in particular two DNA-containing viruses,
polyoma and SV40, and a group of RNA-containing viruses, of
which Rous sarcomia virus is the prototype. These viruses are so
small that they contain only three or four genes, and therefore it
is feasible to consider subjecting them to a complete chemical
analysis—i.e., determining the entire sequence of bases in their
nucleic acid, and the exact structure and function of each of their
gene products. With that information in hand, we might hope to
determine exactly what the virus dees when it transforms a cell
into a cancer cell. This chemical marathon will be completed in
the next year or two, but it has already become clear that the
small tumor viruses exhibit many interesting features in their
interaction with cells during transformation. These are best
exemplified by polyoma virus and Rous sarcoma virus.

Polyoma virus is widespread in mice, both in laboratory strains
and in the wild. It was discovered accidentally about 25 vears ago
when attempts to transfer murine leukemia to infant mice by
inoculating cell-free filtrates of leukemic tissue unexpectedly
produced tumors of the salivary glands. Subscquently the virus
was purified free of leukemia virus and shown to be capable of
producing a wide range of tumors in many species of rodents
(hence the name polyoma, meaning many tumors), although there
is no indication that it ever produces tumors under natural condi-
tions, in which the virus arrives in a low dose and is not inocu-
lated. When susceptible cells are exposed to polyoma virus, two
responses are possible. The virus may multiply in the cell
nucleus, until eventually the cell dies and liberates the new virus
particles formed within it; this has been called the productive or
Ivtic response and is the way the virus grows and survives in
nature; the cell is not transformed but dies. Less commonly, the
virus may for some reason not be extensively replicated, but
its DNA becomes incorporated (integrated) into the cell’s DNA,
where it remains forever afterwards, like any set of cellular genes,
being faithfully copicd and transferred to all the cell’s descen-
dants; this is the response that leads to transformation. By study-
ing various mutants of the virus, defective in different genes, it
has been possible to show that at least two out of the three or four
genes in the virus are not essential for transformation. The
remaining gene (or genes) is essential for the act of transforma-
tion and also probably for maintaining the transformed state. The
function of the gene is apparently to switch on host DNA synthe-
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sis and, in productive infections, also switch on the synthesis of
viral DNA.

There are several ways in which the presence of the virus might
bring about the changes in cell behavior that accompany trans-
formation (Figure 8-7). One possibility is that the changes are the
direct consequence of integrating the viral DNA into the cell’s
DNA 2" Classical studies of the genetics of plants and bacteria
have shown that the general arrangement of a cell's DNA can
determine which genes are active: for example, a gene that is
normally repressed can be dragged into action by the insertion of
an active gene next to it (Figure 8-7a), or converscly be repressed
by the insertion of such a gene (Figure 8-7b); and obviously, an
active gene will be made non-functional if a stretch of alien DNA
is inserted in its midst (Figure 8-7c); we might imagine therefore
that the rare occasions on which polyoma virus produces trans-
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{a) Integration of virus DNA (~~) provides a new, unrepressed promoter site (p—)
for messenger RNA synthesis so that transcription of a neighboring, normally
repressed cellular gene can take place.

Result: The cell gains another protein.
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(b) Integration of virus DNA introduces a promoter site (+—p) that causes
backwards transcription of neighboring cellular genes, and the enzymes
carrying out this transcription collide with and block the enzymes doing the
normal forward transcription of these genes.

Result: The cell loses one or more of ils proteins.
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(c) Integration of virus DNA into the middle of a cellular gene breaks up the
message.
Result: The cell loses one of its proteins.

FIGURE 8-7 Some of the possible ways in which viruses, such as polyoma,
may change cells when they become integrated into the cells’ DNA.



EXPERIMENTAL CANCER RESEARCH (2)

formation are those where the virus DNA integrates near, or ac-
tually within, some gene whose function is crucial for controlling
cell behavior. If so, the virus may indicate for us which genes are
involved in carcinogenesis. Unfortunately, it turns out, at least
when SV40 (a virus closely related to polyoma) is integrated, that
different lines of transformed cells prove to contain virus DNA
integrated into different regions of the cell DNA, suggesting that
no single cellular gene will be found to be directly affected in all
transformed cells.*® This essentially negative result is something
of a setback for those who had hoped that identifying the integra-
tion site used by these viruses would lead to a quick solution to
the cancer problem.

Another completely different possibility (not shown in Figure
8-7) is that transformation involves a protein coded by one of the
virus genes. This protein is called the Tumor antigen, or T anti-
gen, and can be detected in all cells containing polyoma virus.
There is good evidence that it has an essential function both in the
initiation and in the maintenance of the transformed state:?? thus
virus that has undergone a mutation making the T antigen unsta-
ble at high temperature is unable to transform cells at that tem-
perature. Some idea of the possible function of the T antigen
comes from studying the timing of events after transformation.
Transformed mouse (or hamster) lines will generally not form
tumors immediately following transformation; after a few weeks
of cultivation in vitro, a million cells may have to be implanted
into a mouse in order for a tumor to arise, but within a month or
two the critical dose may have fallen to a thousand.’® Other
changes, such as abnormalities in the number or appearance of
the chromosomes, develop in parallel. Where polyoma is the
transforming agent, it may therefore turn out to be misleading to
think of transformation as the end of the road leading to
tumorigenesis. Instead the integrated virus and its T antigen may
act simply by stimulating cell division and it may be this that
promotes the eventual appearance of a tumorigenic cell line.

The other virus we should consider is Rous sarcoma virus
(RSV). It is one member of a large family of RNA-containing
viruses that can produce tumors in various species. The viruses
fall into two groups, according to the type of tumor they produce.
The leukemia viruses, such as feline leukemia virus (FeLV), cause
leukemias in natural animal populations, but are generally un-
able to transform cells in culture. The sarcoma viruses, such as
RSV, will readily transform almost any species of cell but al-
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though they produce sarcomas in experimental animals they are
found rarely, if at all, outside the laboratory. Indeed, as pointed
out on p. 118, they probably originated in the laboratory when
certain cellular genes that are capable of making cells
tumorigenic became incorporated into a virus. Like polyoma,
these viruses contain only a few genes and so there is a limit to
how complicated a life they can lead, but in almost every other
respect they are completely different from polyoma. Their nucleic
acid is RNA, not DNA, and so it can be translated directly in the
cell to make viral proteins but it cannot be integrated into the
cell’s DNA until it has been transcribed into DNA.

Transformation and the production of progeny virus by RSV
(or other RNA tumor viruses) are not mutually exclusive, as they
are in polyoma. Indeed, RSV-transformed cells continually liber-
ate virus particles and this is crucial to their tumorigenicity be-
cause it allows them to recruit more and more cells into the
tumor.?! As in polyoma virus, at least one of the genes in RSV is
essential for the initiation and maintenance of transformation.
But the remarkable feature of the essential gene in RSV is that it
(or a very closely related gene) is also found in the normal non-
transformed cells of many species.?? This gene is called sarc (short
for sarcoma) and its association with both cells and viruses might
be explained in the following way. There may be many genes
actively concerned with cell proliferation that are used during
development of the embryo but are not expressed during adult
life. If one of these genes happens by accident to be transcribed
into RNA at a time when the cell is also making a virus like RSV,
then the RNA transcript of the gene could become joined to the
viral RNA and carried with it forever afterwards. Later, when a
cell is infected with this composite virus and translates the RNA
back into DNA, the cell will therefore find itself with an unre-
pressed copy of a gene whose function is to bring on cell prolifera-
tion, and so it starts to multiply. Obviously this idea is closely
related 1o the protovirus hypothesis for the origin of RSV that
was mentioned at the end of the preceding chapter.

Polyoma virus and RSV are the simplest tumor viruses. Less is
known about the more complicated viruses, although it is clear
that some of them integrate into the cell’s DNA during transfor-
mation and others do not. Needless to say, the molecular biology
of all these viruses is proving such an engrossing subject that it is
easy to forget that the object of the exercise is to learn something
about the origin and characteristics of the transformed cell, and
this is the topic of the following section.
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The Transformed Cell

The obvious distinguishing feature of transformed cells, whether
arising spontaneously or produced by chemicals or viruses, is
that they grow into heaped up colonies of rather rounded cells
piled one upon another in a disordered array. Normal cells are
usually angular and tidily arranged and tend to stop growing
when they touch each other. The transformed cell’s lack of order
and loss of restraint are what one might expect of a cancer cell,
but it is still not clear which of the chemical changes that com-
monly accompany transformation are causes and which are ef-
fects.

The ability to grow at high cell concentration (the loss of con-
tact inhibition, or density-dependent regulation as it is now called)
is partly due to a decreased requirement for a variety of growth
factors that are normally present in serum and gradually become
depleted from culture media as the cells increase in number.?* In
the past few vears, a bewildering arrav of such factors have been
isolated from serum, but it is not clear which of them are impor-
tant for regulating growth in vivo. Certainly it scems likely that
most cells in the body are responding at any given moment to a
large number of different signals, and so the existence of a
plethora of control substances should not surprise us.

What makes a transformed cell less demanding for growth fac-
tors is not known. Here we enter a very complex area. A cell can
be likened to an elaborate factory that makes many different
products, each of which has to be kept in a proper balance with
all the others. Because every major policy decision in such a fac-
tory affects the action of cach production line, an efficient system
of communication must be set up between the different depart-
ments. We can observe this kind of communication occurring
inside cells.>* For example, when nutrients become in short sup-
ply, cells show a particular pattern in the way they shut down
their different production lines. This reaction is called the
pleiotvpic response (literally a response characterized by more
than onc effect) because it bears on many different departments
of the cell. It is presumably designed 1o ensure that all production
lines can be started again when the crisis is over. Other similar
programmed patterns of behavior have been observed, as for
example when cells that are duplicating their DNA meet a chemi-
cally altered base in the DNA chain that cannot be copied.

Now, the existence of these complex programs makes it hard to
determine which is the fundamental change or defect that under-
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lies the behavior of any particular transformed cell and which are
part of the response. To persevere with our industrial metaphor,
we can imagine one factory failing because it ceased to respond
sensibly to fluctuations in sales, another because it had poor
labor relations and a third because it did not maintain its plant
properly; despite the difference in their underlying defects, the
three could show the same pile-up of uncompleted products
halfway along one of the production lines. A simple catalog of the
aberrations of the factories (or of the transformed cells) will not
necessarily demonstrate the basic defect. In fact, to judge from
the example of SV40-transformed cells, it scems probable that
each transformed cell is defective in its own particular way.

Apart from an ability to grow at high cell densities, the other
obvious property of transformed cells is their altered shape.
Normal cells become rounded at the moment of cell division, and
in many respects the transformed cell behaves rather as if it were
atuck in that state the whole time. For example, various cell sur-
face proteins, that disappear or are covered up during cell divi-
sion, are present in reduced quantities in almost all transformed
cells;?s similarly, the fluidity of the surface membrane of a trans-
formed cell is increased and is more like that of a cell during the
act of division; last, the network of contractile fibers that
crisscross the cell and determine its shape and movement are
very disorganized, here too like those of a normal cell that is
about Lo divide3*

The final and most important property of transformed cells is
their ability to form tumors when inoculated back into animals.
Although not every transformed cell line shows this property,
it is notable that when tumorigenic, transformed lines
revert to normal behavior in vitro (something that happens very
occasionally) they often lose their tumorigenicity. One property
of the cells that correlates particularly well with tumorigenesis is
their ability to grow in the absence of any solid substratum3?
Transformed cells will form colonies when suspended in agar (ie.,
their growth is anchorage-independent); nontransformed cells will
not. This anchorage dependence of nontransformed cells is plainly
important in preventing them from forming tumors, because it
has proved possible to produce tumors with one particular, nor-
mally nontumorigenic line by inoculating the cells after first
sticking them on to glass beads; so the only thing that cell line
needs is help in getting started, and it can then form tumors
perfectly well (i.e., it has already become somewhat abnormal
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during prolonged cultivation, even though it is not overtly trans-
formed)* Unfortunately, most natural cancers of animals are not
readily cultivated by any method, whether offered anchorage or
not, so that it is not possible to determine whether loss of anchor-
age dependence is an important part of their makeup.

We may now return to our starting point in this discussion of
the process of transformation and the properties of the trans-
formed cell. The hope is that by studying transformation in vitro
it may be possible to construct a picture of malignant behavior in
molecular terms and then somehow turn this knowledge to use in
the control of human cancer. Far from being difficult to discover
properties that are peculiar to transformed cells, it has turned out
ironically that there are 100 many changes during transforma-
tion, and it is still not known which if any of the changes are
important. Indeed, it now seems likely that there is no single
entity that one can call “the transformed cell” and no single mys-
tery waiting to be unraveled.

There is one method that should show whether different tumor
cells ever share the same defect. It is possible in various ways to
make pairs of cells fuse in vitro to form hybrids with a double set
of chromosomes.** Any two tumor cells that had the same set of
tumor genes should make a tumorigenic hybrid; whereas cells
with different tumor genes might cach compensate for the other
and thercfore make a hybrid that was nontumorigenic (provided,
of course, that tumor genes are recessive, and this could be tested
by making hybrids with normal cells). Furthermore, as such
hybrids tend to shed their excess chromosomes on continued
cultivation, it should be possible to pin down exactly which
chromosomes carry the genes that make a cell tumorigenic. Un-
fortunately, the results of such experiments have been confusing.
In some situations the ability to form tumors appears to be domi-
nant;* in others, it appears 1o be recessive and, indeed, mayv
remain repressed in a tumor-cell/normal-cell hybrid even when
all the normal cell’s chromosomes have been lost*! So the
analysis of the genetics of malignancy by hybridization may turn
out to be more complicated than people had hoped.

A few varieties of human cancer, however, have recently been
shown, in nearly all cases, to result from some particular genetic
defect#? In the past few vears, wavs for distinguishing each of the
23 pairs of human chromosomes have been found, allowing a
much more detailed study of the state of the chromosomes in
cancer cells. For example, it is now clear that the cells of one form
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of leukemia (chronic myeloid leukemia) usually exhibit the same
chromosomal rearrangement, in which one chromosome-22 is
considerably shortened (resulting in the very small Philadelphia
chromosonie, as it is called) because part of it has become translo-
cated to the end of a chromosome-9.#* Similar regularly recurring
rearrangements have been detected in other cancers (e.g., some
other forms of leukemia,* some cases of breast cancer,* Burkitt's
lymphoma;* and so on); in time more examples will surely be
found. It now remains to be determined whether chromosomal
rearrangements, perhaps (like insertion sequences, see p. 84) on
too small a scale to be detectable by gross microscopy, are a
common feature of most cancers.

The Immune Response to Cancer Cells

The function of the immune system is 1o recognize alien sub-
stances entering the body and eliminate them. This is how we are
protected against infection by bacteria and viruses, and why we
can only accept skin grafts from identical twins. The system op-
erates partly by forming circulating antibodies and partly by
producing specifically primed killer cells, but each individual
antibody molecule or killer cell is directed against some abso-
lutely specific target (antigen) that the system has decided is not a
substance normally present in the body; in other words, the sys-
tem is set up to distinguish between “‘self”’ and “not-self.”*

The discoverers of the immune system, at the turn of the cen-
tury, wondered whether one of its functions could be to identify
and destroy any incipient cancer cells as fast as they arise;** if so,
the development of cancer would simply indicate the failure of
the normal process of “immune surveillance.” The difficulty
these early workers had in transplanting tumors from one animal
to another, which we now know was due to histocompatibility
antigens (see p. 64), lent some support to this concept and ledtoa
lot of very confusing experiments on the immunization of ani-
mals against each other’s tumors. The present status of such re-
search may be summarized as follows.

The cancer cells produced by tumor viruses do indeed carry
novel antigens on their surface that are characteristic for each
virus and can be recognized as “not-self” and provoke an immune
response.*® Further, if an animal is incapable of producing this
response because of some inherited or imposed defect in its im-
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mune system, it will indeed be far more susceptible to almost
cvery kind of tumor virus.5® Conversely, an animal that has be-
come immunized to a tumor virus without developing a tumor
can become resistant; for example, cats that produce only a weak
immune response to feline leukemia virus may go on to develop
leukemia, whereas those that produce large amounts of antibody
do not.*! It does seem therefore that the immune system functions
as a protective device against cancers caused by viruses.

The importance of the immune response against cells trans-
formed by chemical carcinogens is much less clear. Certain chem-
ical carcinogens (e.g., methylcholanthrene, which is one of the
active components of coal tar) when given in large doses will
produce cancer cells that bear novel antigens on their surface
which can induce a specific immune response. However, each
tumor apparently bears a unique antigen and evokes a unique,
specific immune response; it is possible, for example, to show
that a mouse bearing a skin tumor produced by methylcholan-
threne is quite resistant to transplants of its own tumor but will
accept transplants of another mouse’s tumor.’? In general, how-
ever, cancer cells produced experimentally by low doses of chem-
ical carcinogens or arising spontancously do not secm to evoke a
strong immune response.** Furthermore, there is no evidence that
the immune system can retard the process of chemical car-
cinogenesis, because animals with defective immune systems are
seldom more susceptible to chemical carcinogens.s

In recent years it has become possible to test whether immune
surveillance is important in the development of human cancers,
because we can pick out several groups of people who are known
to have an abnormal immune system—either deficient or
overreactive—and investigate whether they have a changed inci-
dence of cancer. For example, the recipients of kidney transplants
have to be continually treated with drugs that depress the im-
mune response so that they will not reject their transplant.ss
Other people have various inherited defects in their immune sys-
tem*® Then, many of the very old show quite marked im-
munological unresponsiveness to various test antigens.®” Finally,
besides those with depressed immune systems, there are people
whose immune system scems to be overreactive: they are the
sufferers from diseases like asthma.s® The results of surveying
these various groups seem absolutely conclusive. Certain very
rare cancers affecting cells of the immune system itself are indeed
more common in people with immune deficiency, but the com-
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mon cancers—with a few possible exceptions—are not more
common in people with deficiencies in their immune system or
less common in overrcactive people; (the possible exceptions are
cancer of the skin, lip, and cervix, but it is known that cancer of
these sites is much more common in the population at large than
might be cxpected from the number of cases that come to the
attention of doctors,’® and so it is hard to calculate how many of
these cancers one would expect to find in any closely scrutinized
group of people).

This result leads to the conclusion that most of the common
human cancers are not subject to immune surveillance:*® fur-
thermore, since the common human wart®! and the experimental
cancers produced by viruses are made worse by immune suppres-
sion whereas the major human cancers are not, we may rea-
sonably deduce that few human cancers are due to viruses.
Nevertheless, one can see why the idea of immune surveillance
continues to exercise a hypnotic fascination.

Because the crucial abnormality of cancer cells lies in the way
they interact with their surroundings, we may expect them to
have abnormal surface properties. Indeed, some kinds of cancer
cell bear unusual antigens on their surface that are normally
found only on proliferating cells in the embryo ** (this finding
lends support to the idea that some of the properties of cancer
cells may be due to the expression of those genes that are nor-
mally used only during development of the embryo and are
dangerously inappropriate in the adult animal). One such surface
antigen is the so-called carcinoembryonic antigen (CEA), which is
found in fetal gut tissue and in the blood of people with advanced
cancer of the colon and certain other discases; another is alpha-
fetoprotein, which is found in fetal liver and in the blood of people
with liver cancer and certain other tumors. Although those two
particular antigens have proved not to be sufficiently specific,** it
is conceivable that the presence of antigens like these might one
day be used as early diagnostic tests for the different kinds of
cancer.



The TIME COURSE
of CANCER

The process of carcinogenesis appears to be spread throughout
much of our lifespan and often seems to proceed through sev-
eral intermediate, precancerous stages. Different carcinogens
probably tend to accelerate different steps in the sequence. If
each type of cancer usually has several causes, there may be
several ways in which it could be prevented. Understanding
the time course of cancer is therefore imporiant not only for
the design of screening programs to advance the moment of
diagnosis, but also for plans to prevent cancer.




We must now turn from laboratory models of cancer to a more
detailed consideration of the process of carcinogenesis in hu-
mans. The rapid transformation of cells in vitro by agents like
Rous sarcoma virus is the kind of reaction readily amenable to
investigation; that is one of the reasons why tumor viruses have
attracted so much attention. But perhaps the most conspicuous
feature of carcinogenesis in vivo, in man and experimental ani-
mals, is that the process seems normally to extend over a large
part of the natural lifespan of the host. This chapter treats various
aspects of the time course of carcinogenesis and ends with a brief
discussion of the use of screening programs to advance the time of
diagnosis.

The Time Course for Development of Human Cancers

For most human cancers, the interval between the first car-
cinogenic stimulus and the final appearance of the tumor tends to
be decades rather than months or years.

This is seen most clearly for those cancers where the exact
timing of the initial stimulus is known. For example, after
X-irradiation (either therapeutic or diagnostic, or resulting from
exposure to the explosion of an atom bomb) the first cancer to
appear is leukemia, which reaches its peak incidence about 7
years later (Figure 9-1); by contrast, the commoner kinds of
cancer, like breast cancer, do not start to increase in incidence for
10 or 20 years but they probably remain high from then on! A
particularly clear-cut but fortunately rare example of a cancer
arising long after a limited period of carcinogenesis is the vaginal
cancer of girls in their late teens who were exposed to high levels
of estrogens in utero, when their mothers were treated with stil-
bestrol to prevent miscarriage? An even longer latent period can
be deduced for cancer of the penis: the probability of developing
this rare cancer is reduced almost to zero by circumcision, pro-
vided that it is carried out in infancy or early childhood; but the
cancer that arises in men who are uncircumcised or were not
circumcised until they were 10 to 15 years of age does not appear
until old age (i.e., after a latent period of 50 ycars or more)? A
similar long-delayed response to carcinogenesis in youth is some-
times seen in experimental animals; for example, when four-
month-old hamsters are inoculated with SV40 virus (which is
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FIGURE 9-1 The time course of appearance of cancer after irradiation. The
peoplewhowere heavilyirradiated in the atom bombexplosions of 1945(receiving
a dose of more than 200 rads) suffered an early increase in incidence of leukemia
and, 20 years later, are starting to show an increase in other forms of cancer. [After
S. Jablon and H. Kato. Radiat. Res. 50, 649-698, (1972).]

closely related to polyoma), local tumors do not develop for about
two vears, at which time a hamster is well into old age

Even when the cause of a cancer cannot be pinned down pre-
cisely, it may still be possible to deduce that the process of car-
cinogenesis extends over a long period of time. For example, the
sooner a woman has her first child the lower her chance of having
breast cancer in old age;® this means that there must be factors
operating soon after puberty that will determine the incidence of
cancer more than 40 years later. A similar general conclusion
comes from the study of migrant populations (see p. 50); for
example, the fact that children who migrate to Israel exhibit in
old age an overall cancer incidence between the indigenous rate
for Isracl and the rate characteristic of their country of origin
suggests that some of the stimuli for the cancers they have in old
age must actually have occurred in their childhood.

In many instances, where human cancers can be attributed toa
distinct, identifiable agent, this agent has usually operated con-
tinually over a long period of time. As pointed out in Chapter 4,
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prolonged exposure to industrial carcinogens seldom produces
cancer in less than 10 years. Similarly, you have to smoke ciga-
rettes for many years before the risk of lung cancer becomes very
high.

Judging from a few well studied examples, it scems that each
kind of carcinogen acts by accelerating some of the steps in the
production of a cancer and not others. For instance, as Figure 9-2
shows, when people stop smoking, the subsequent annual inci-
dence of lung cancer does not drop but, instead, remains frozen at
the approximate level it had reached when they stopped; this
suggests that the final step in the sequence occurs at the same
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FIGURE 9-2 The relative risk of lung cancer among people who have stopped
smoking cigarettes, those who continue to smoke, and those who have never
smoked. The annual death rate from lung cancer among a group of British
doctors who had stopped smoking was observed for several years. On the basis
of British national data for smokers and nonsmokers, the doctors’ death rate
could then be compared to the expected death rates for two hypothetical
groups—one of continuing smokers, the other of nonsmokers—with the same
age distribution. The death rates for all three groups are expressed in relation to
the rate prevailing for the ex-smokers at the time they stopped. [After R. Doll.
Scot. Med. J. 15, 433-447 (1970).]
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rate whether you are still smoking or not (i.e., smoking provokes
some steps and not others). A similar conclusion has been reached
from observing the interaction of different carcinogens. For
example, in people who are exposed to asbestos and also happen
to smoke, the increase in lung cancer risk proves to be the product
rather than the sum of the increments in risk conferred by each
agent on its own;® this shows that asbestos and smoking activate
different steps in the route to lung cancer. At first sight these
arguments may seem rather difficult to grasp, but much the same
conclusion has come from study of experimental carcinogenesis;
recall that in Chapter 6 several examples were given in which one
agent (the initiator) was found to provoke early steps in the
sequence and a second agent (the promoter) acted on later steps.

Apart from what it tells us about the nature of carcinogenesis,
the idea of separate steps driven by separate factors is likely to be
very important in the prevention of cancer. If most forms of
cancer have several different causes, each tending to act at some
particular point in our lives, a policy of prevention could be im-
plemented in a number of ways. To take just one example, most of
the lung cancers seen in people who have worked with asbestos
could have been prevented if the asbestos industry had refused to
employ anyone who smoked (though of course this would not
have prevented the other diseascs caused by asbestos).

The idea that there are usually several stages in the develop-
ment of any cancer has another important consequence. Even if
we know nothing about the causes of each step in the sequence, it
might still be possible to interrupt the progression if there were
some way of detecting the intermediate stages. It is of practical
importance therefore to discover if any of these stages are as-
sociated with visible changes.

Precursor States in Human Cancer

The cancers that are easiest to detect in their early stages are
naturally those that occur in the skin. Although they are very
common, especially in light-skinned people living in sunny cli-
mates, they are not a major cause of mortality because they are
mostly very slow-growing and seldom undergo metastasis. Of the
human cancers that can be detected at an early stage, the one that
causes the greatest mortality is cancer of the uterine cervix,
which accounts for roughly 2% of all cancer deaths in Western
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nations. Becausc this cancer has been the subject of extensive
surveys and screening programs, it is the best example to cite
when discussing what is known about precursor states.

At the junction of vagina and uterus (the neck of the uterus, or
cervix) the arrangement of the cells in the surface epithelium
changes.” Externally, as in the rest of the vagina, the cells form a
many-layered (stratified) epithelium like that of the skin (see
p- 26) in which the cells, as they are pushed to the surface, be-
come flattened, lose their nuclei, and are shed like scales. At the
immediate entrance to the uterus the arrangement changes to
one in which the cells are elongated and form columns lying at
right angles to the plane of the surface; this colunmar epithelium
is usually only one or two cells deep, and the cells at the surface
are not undergoing the kind of rapid, programmed cell death that
is occurring in the neighboring stratified epithelium.

Cancer of the cervix originates in the stratified epithelium,
usually very close to its junction with the columnar epithelium of
the cervical canal® Why it should be confined to that particular
region of the epithelium is unknown, but at least this fact makes
it easy to study the changes that precede the appearance of the
cancer. Several methods have been used. Cells can be scraped
from the epithelium and observed microscopically (this is the
familiar “Pap” smear, named after the cytologist Papanicolaou);
or quite large samples of the epithelium can be excised and
studied microscopically or cultured in vitro so that the program
of cell renewal can be observed; last, the intact surface can be
observed directly.

As a result of mass routine screening, many abnormalities have
been described, ranging from minor variations in the develop-
mental pattern of the epithelium, through more severe changes
(the so-called carcinoma in situ), to invasive metastasizing
cancer.® Minor changes, such as abnormal thickening of the
epithelium or some drift in the boundary between columnar and
stratificd epithelium, are rather common. The next level of ab-
normality is called dysplasia (literally, “false structuring”’); at this
stage the cells vary in size and arrangement in a rather
haphazard fashion from one area to another, and dividing cells
are no longer confined to the deepest layer but are scattered
throughout most layers of the epithelium'® as if they are no longer
receiving precise enough positional information to multiply and
differentiate in a completely ordered manner. The next level of
abnormality is called carcinoma in situ; here the signs of differ-
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entiation may be minimal, and the only microscopic feature dis-
tinguishing the situation from a fully developed cancer is that the
dividing line between epithelium and underlying connective tis-
sue is still precisely maintained. Finally, when the abnormal
epithelium is seen to be invading the underlying tissues, the con-
dition is classified as a cancer, irrespective of its size or of the
detailed appearance of its cells; it is these locally invasive cell
populations that are capable of entering lymph and blood vessels
and thereby undergoing metastasis to distant sites.

These successive abnormalities, illustrated in Figure 9-3, look
very like the successive stages of a sequence; indeed, both
dysplasia and carcinoma in situ are known to be followed some-
times by the development of a fully invasive cancer. Judging from
surveys of women of all ages, the timing is as follows:!! dysplasia
tends to arise at about the age of 30 and persist for 10 to 20 years;
carcinoma in situ arises rather later and persists for five to 10
years; finally, invasive cancer does not reach maximum incidence
until after the age of 60, although it has usually been present and
detectable by screening for one to four years before it starts to
produce symptoms.

It has proved surprisingly difficult to find out exactly how often
these different precursor states actually progress to cancer, and it
is not easy to calculate how many lives would be saved by a
screening program. The trouble is that it is clear, both from
studying the age distribution of the various abnormal states and
from observing what happens to women who are not treated,'?
that dysplasia and carcinoma in sitie are not at all uncommon and
usually undergo spontancous regression; (incidentally, there have
been occasional reports of other varicties of cancer undergoing
complete regression,'* but this is a very rare phenomenon and is
largely confined to certain cancers arising in embryonic cells,
which of course are normally programmed to disappear soon
after birth). To complicate matters still further, it is also clear
that fully invasive cancers can sometimes emerge after little or no
preliminary warning.'"* So the only absolutely satisfactory way to
judge screening programs is to compare two populations, a group
of women who are regularly checked and a carefully matched
control group. The results of such comparisons are discussed later
in the chapter.

Other forms of cancer often seem to develop where there is
some visibly abnormal, potentially precancerous condition. For
all of these, too, the precursor conditions are much more common

149



150 CANCER: SCIENCE AND SOCIETY

e

- | ===

—'-—_-—.:Q;-?""__._'_
— N —,::_K’_/
ysplasia -== /;Z':

¢
d

== : e
1 Normal epithelium 7 725\
W=

===l

)
§§\l % rﬁa:s;ve cancer
N“;—

ESEENNS

FIGURE 9-3 The evolution of cancer of the cervix. The program of cell
renewal in cervical epithelium can be demonstrated by incubating a piece of the
epithelium in the presence of a radioactive precursor of DNA (e.g., tritiated
thymidine); cells that are about to divide will become labeled (shown here as
having black nuclei), making it possible to see how strictly any section of
epithelium is obeying the normai rules of cell replacement. Normal epithelium is
regularly arranged, and cell division is confined almost entirely to the basal layer.
In dysplasia some loss of regularity occurs, and cell division is seen at some
distance from the basal layer. In carcinoma in situ, little order remains, cell
division occurs at every level and hardly any differentiation is occurring. Finally,
in an invasive cancer the cells have spread through the basement membrane
into the underlying tissues.
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than the corresponding cancers. For example, the conventional
estimate for the incidence of cancer of the prostate in 70-year-old
men is about 200 cases per 100,000 men per year, or 0.2%; but
routine autopsies of 70-year-old men who had died of other
causes have shown microscopic invasive cancers in 15 to 20%.5
Similarly, in areas of the world like Australia and the southern
United States, most men over the age of 65 show skin lesions that
are thought to be precancerous, although only a minority of these
lesions actually progress to form cancers.'

To return to cancer of the cervix, some idea of the underlying
nature of these progressive abnormalities comes from cell-lineage
studies in X-chromosome mosaics (see p. 18). The normal cervical
epithelium, like any other part of the body, is made up of a mul-
titude of small families of cells that do not appear to be in com-
petition with each other; in other words, it is like a fine mosaic,
where no one piece is infringing on the territory of its neighbors.
However, cven in the milder form of abnormality called dysplasia
we find that the fine mosaicism of the epithelium has been lost,
and the whole area has been taken over by a single family of
cells.'” It seems therefore that one of the earliest steps in the
sequence leading to a cancer is the emergence of families that are
able to displace their neighbors. No doubt this is partly the result
of some intrinsic change in the cells (e.g., mutation) that enables
them to compete for territory, but the whole process will pre-
sumably be accelerated by anything that causes cell death and so
creates an opportunity for competition 1o occur; the situation is
somewhat analogous to a tropical forest, which retains a nice
balance of different species of trees until it is deliberately de-
foliated, at which point the rules of the competition are suddenly
changed and the forest is overrun by bamboo. As time passes,
further variants are likely to emerge within the first expanding
family of cells so that cellular aggression gradually but con-
stantly increases, ending with the formation of an invasive
cancer.

Described in these terms, the evolution of a cancer can be
viewed as the operation of Darwinian selection among competing
populations of dividing cells. In fact, as mentioned in an earlier
chapter, the surprising feature is that the tissues of the body
normally preserve their initial fine mosaicism right into old age,
indicating that usually there can be little or no competition be-
tween adjacent cells.
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The early appearance of expanding families of cells during the
evolution of cancers must have an important effect on the exact
way variant cells accumulate with time. As pointed out in Chap-
ter 4, the exact number of steps required to create a cancer could
be determined from the relationship between age and incidence,
provided that all steps occurred at the same, unchanging rate. If,
however, the first step gives the altered cell a survival advantage
so that it can steadily increase in number at the expense of nor-
mal cells, there will be a corresponding steady increase in the
chance that somewhere there is a cell undergoing the next step,
simply because as time goes on the size of the families of cells that
have taken the first step steadily increases. We should therefore
expect to find that the carcinogens which act early in the se-
quence are those producing variant cells capable of competing
successfully against their neighbors, whereas later in the se-
quence of events the most powerful carcinogens may be those
that stimulate competition. Obviously we must learn more about
the forces that prevent competition if we are to understand the
successive steps of carcinogenesis and know what kinds of agent
are likely to be responsible.

The Later Stages of Human Cancer. Death or Recovery

Understanding the early steps in carcinogenesis is important for
prevention. But the fate of each patient will depend on whether
the cancer has already undergone metastasis at the time of diag-
nosis. If it has spread beyond the reach of local surgery some
more general treatment such as radiotherapy or chemotherapy
will be necessary.

It is not the object of this book to discuss the particularities of
the different treatments of cancer. Nevertheless, some estimate
must be made of the overall effectiveness of the various treat-
ments because (apart from any possible preventive measures) it is
on these terms that cancer research must finally be judged.

The results of treatment vary greatly from one class of cancer to
another. For example, the commoner varieties of skin cancer are
easily treated, seldom undergo metastasis, and are not a signifi-
cant cause of mortality. In contrast the commonest kind of lung
cancer is somewhat inaccessible to surgery, spreads rapidly, and
usually causes death within a few months of diagnosis. Other
cancers lie somewhere between these extremes in terms of the
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likelihood of permanent cure and the average number of years
remaining for patients who are not cured. The usual way of sum-
marizing the results of treatment is to give, for each type of
cancer, the percentage of patients who are still alive five years
after diagnosis of the cancer. But close scrutiny reveals that this
statistic may be very misleading. For cxample, simply advancing
the time of diagnosis by a year will automatically increase the
proportion of patients surviving five years after diagnosis, even if
the natural course of the disease and the time of death are totally
unchanged; furthermcre, any screening program will tend to
detect cases that might otherwise have been missed (i.e., that are
not so malignant), and this too will increase the average survival
rate of diagnosed cases.

There is, however, a much simpler way of judging whether
there have been any major advances that significantly affect the
death rate from cancer.!® People who do not have cancer worry
about cancer as a whole; they want to know what is the chance
that they will die of cancer in any particular year of their life, and
this is a question that we can easily answer. From this point of
view, therc has been no recent, major advance. The chance of
dying of cancer has not altered greatly in the United States in the
past 35 years.'” For whitc males, the total mortality from nonres-
piratory cancers has not changed, while deaths from lung cancer
have continued to climb steadily upwards, causing the total
cancer mortality in each age group to rise by about 30% (Figure
9-4). For white females, cancer mortality in each age group
dropped about 15% in the 1950s (Figure 9-5). Of course these
death rates do reflect a certain amount of give-and-take. Some
cancers (such as cancer of the stomach and cervix) are becoming
less common, and others (such as cancer of the lung and various
forms of leukemia) are more common.

For some types of cancer, successful methods of chemotherapy
have been developed. For example, it now seems probable that,
given the proper facilities, most cases of acute lymphatic
leukemia in children (about 0.2% of all cancers) and of Hedgkin's
disease (about 1.0%), as well as some other very rare childhood
cancers, could be cured by these treatments.?* Unfortunately,
they are not simple to apply, and that is probably why as a gen-
eral rule the patients who go to private hospitals are more likely
to be cured than those who are treated in the equivalent county
hospitals. Certainly, these new treatments have thus far not pro-
duced any detectable decline in the total annual cancer mortality
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FIGURE 9-4 The change in cancer mortality for white males in the United
States since 1940, shown for two different age groups. Because lung canceris
starting to contribute so much to the total (especially for males), the rate for
nonrespiratory cancers is also given.

even for children—the group for which the most successes have
been reported. In short, for cancer as a whole, there has been little
advance. Indeed, the skin cancers aside, only about one in three of
all cancer patients survive five years after diagnosis.?!

The Results of Screening Programs

The main advances in the treatment of the common cancers came
in the 1950s and were apparently due to a decrease in immediate
postoperative mortality, brought about by the invention of an-
tibiotics and better forms of anesthesia. There have not, however,
been comparable improvements in the treatment of metastases.
So, for most varieties of cancer, the decisive question for each
patient still remains whether the cancer has been detected and
excised before it has produced its first metastasis. Because there
has been so little advance in the treatment of metastases, the
emphasis has recently shifted to developing screening programs
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FIGURE 9-5 The change in cancer mortality for white femaies
in the United States since 1940, shown for two different age groups.

aimed at detecting the common cancers while they are still
localized.

Obviously, the primary cancer arises before the metastasis, and
so it follows that advancing the time of diagnosis must do some
good. But we should remember when we come to judge the vari-
ous screening programs that there is no way of predicting by any
theoretical argument exactly how much good they will do. It isa
misconception to think that the natural history of every cancer
consists of growth to a size at which diagnosis becomes possible,
followed inevitably by metastasis after some constant interval of
time. Some cancers seem to be incapable of spreading to distant
sites; others produce multiple metastases while the primary
cancer is still too small to be detected. So only for a limited,
intermediate group will advancing the time of diagnosis be of any
benefit. And the proportion of patients who fall into this group
cannot be predicted but has to be determined in a properly con-
trolled experiment.

Perhaps the best controlled experiment was a program in New
York, in which 31,000 women were checked annually for breast
cancer by all the available techniques including radiography, for
a period of 3 years, and a similar group were left as controls.??
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The comparison was therefore the very direct one of determining
whether the test group actually had fewer deaths from breast
cancer than the controls. So far the tally stands at 70 deaths in the
test group, and 108 in the controls—a saving of 38 lives.?* Such a
calculating, cold-blooded approach would seem to be justified
when the results are examined a little more closely. It turns out
that the saving occurred only in women older than 50, indicating
that in younger women the breast cancers that are capable of
metastasis tend to spread too early to be intercepted with the use
of available technology; it seems therefore as if we are dealing
with two distinct diseases, not with one. This is an important
finding because it suggests that in women under the age of 50 the
deaths from cancer, produced by the process of screening (which
includes irradiation), would probably exceed the deaths that
could be prevented. In other words, given existing technology, if
screening for breast cancer is to be done at all it should be con-
fined to women over the age of 50. That restriction is something a
less well designed experiment would probably not have revealed.

In fact, the argument for proper design goes deeper than that.
Once a program has been launched and has captured the public’s
imagination, it becomes no longer practicable or cven politic to
sct up an experiment with proper controls. This is why it is no
longer easy to gauge exactly the benefits of screening for cancer of
the cervix. Although the death rate from cervical cancer can cer-
tainly be measured in the screened and the unscreened, the two
groups are not properly comparable. The women most willing to
be screened tend to be the better educated, and they are known to
have a lower incidence of cancer of the cervix;** further, the
analysis is complicated by the fact that the incidence is steadily
falling even among those who are not being screened.?®

Apart from the difficulty in determining their effectivencss,
screening programs raise another problem. For every cancer they
detect they reveal perhaps five or ten other abnormalities, many
of which have the appearance of being precancerous. As long as it
is impossible to tell which of these will progress to cancer they
must all be treated, and this presents an economic problem. It
would be beyond the resources of the United States, let alone any
other country, to treat all the potentially precancerous lesions
that could be detected with the limited screening procedures
available today if these procedures were applied to the entire
population. But prospects for the future are discussed in the re-
maining chapter.



PROSPECTS
for the FUTURE

At present, the prospects for finding a quick solution to the
cancer problem seem rather slight.

For most varieties of cancer the existing methods of treat-
ment are not very successful, and no major improvements
appear to be in sight. In particular, screening programs to
advance the time of diagnosis and improve the results of con-
ventional treatment are having only limited success and are
100 expensive to be used on any large scale.

Prevention seems to be a feasible alternative to cure, but it
will work only if the public is willing to adopt a more frugal
diet and forgo certain indulgences (e.g., smoking, sunbathing,
and promiscuity, to name some of the carcinogenic habits
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that have been identified). Whether this approach is practical
remains to be seen.

The only other, long-term strategy is to seek a much more
sophisticated understanding of the forces that control the cells
of the body, in the hope that a really specific way of controlling
cancer cells can be discovered.



The object of all cancer research is simply to stop cancer from
being a major cause of death, and it is in this light that the
research must ultimately be judged. In fact, the possible solutions
to the cancer problem are limited to three main strategies: im-
proving the existing methods of treatment, inventing new
methods, or preventing the discase from occurring in the first
place. This chapter considers the prospects for each of these in
turn.

Screening Programs

Modern surgery can reach almost anywhere but it fails with
cancer when the discase has started to spread to multiple distant
sites scattered throughout the body. As long as there are no very
successful drugs for treating metastases, the only obvious way of
improving the results of surgery is to press for earlier diagnosis in
the hope of catching more cases before spread has occurred.

As pointed out in the previous chapter, the gain from earlier
diagnosis seems to be rather limited. Most cancers that have a
strong propensity for undergoing metastasis seem to spread
rather early in their history, before diagnosis is really practicable,
and the maximum reduction in mortality, achievable by carly
diagnosis, is apparently no more than about 30% a1 best (for
cancer of the cervix), and for many cancers it can be much less 2
There are, however, some more scrious objections to putting
great faith into the development of further screening programs.

First is the matter of cost. The New York breast cancer program
checked 31,000 women annually for about three years, and this so
far has been credited with saving the lives of 38 women, roughly
one for every 2000 tests. The people who ran the program have
calculated the cost of each test could conceivably be reduced to as
little as $25,* which would lower the bill 10 $50,000 per life saved.
At first sight this may scem a small price to pay; indeed, a good
case can be made for continuing that particular program and the
rather less expensive test for cancer of the cervix. But these are
isolated examples. If similar procedures could be devised for all
the other forms of cancer, the bill would be enormous. It works
out to about $15 billion a year, if you calculate either the cost of
preventing 350,000 deaths a year at the price of $50,000 each, or
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the cost of testing everyone in the United States over the age of 45
once a year for each of 10 varietics of cancer at the price of $25 a
test. This would represent a massive increase in expenditure, be-
cause at present the total cost of treating all cancer cases in the
United States is about $3.5 billion a year. In fact, the calculation
is for the hypothetical minimum costs of making the diagnosis
and does not include the additional cost of treating all the extra,
possibly precancerous conditions that would be detected in the
tests. For most types of cancer, these precancerous conditions
tend to outnumber the cancers by at least five to one.’

If screening could be confined to particular high-risk groups,
the cost would be correspondingly reduced. This is possible for
certain rare cancers; for example, there are several uncommon,
inherited traits that are associated with an exceptionally high
risk for particular cancers—e.g., retinal cancers in children in-
heriting the trait for retinoblastoma, colon cancers in young
adults inheriting the trait for polyposis coli, skin cancers in
people with xeroderma pigmentosum, and so on—and these pa-
tients have to be watched very carefully ¢ For some of the com-
mon cancers, it is already possible to identify particular groups of
people with a higher than average risk (e.g., women with a family
history of breast cancer, people who smoke heavily, and so on),
and in time more ways will be found for identifying such groups;’
for example, it scems that the people who have the highest risk of
colon cancer may be identified in advance because their feces
contain certain carcinogens and species of bacteria that are miss-
ing in most of the population.® There is no indication, however,
that these high-risk groups for the common cancers constitute
such a small proportion of the whole population that the saving
in costs would be substantial. After all, about one in three people
get some form of cancer at some point in their life.

The other weakness of screening programs is that the general
public does not view them as very effective. So people will tend
not to use them. In the absence of any artificial propaganda it
seems unlikely, for example, that most women will continue to
present themselves regularly for Pap smears. Cancer of the cervix
causes only 5% of all deaths in women, and screening probably
reduces this percentage by twofold (thereby saving fewer lives
than would be saved by wearing seat belts or giving up ciga-
rettes). To many women, especially the poor and less well edu-
cated, this reduction will probably seem too slight to warrant the
expense and inconvenience of continued check-ups.
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The prospects would be altered completely if some way were
found for achieving much earlicr diagnosis. For example, if some
casily measured characteristic cell product were discovered that
circulated in the blood of all cancer patients from the moment
their cancer was first formed, the efficiency of screening might be
greatly increased and the cost could come down. Various possible
products have been suggested (e.g., the carcinoembryonic antigen
produced by cancers of the colon). However, with a few excep-
tions (such as the hormone, chorionic gonadotrophin, which is a
characteristic product of the very rare cancers of the placenta),'®
theyv have not proved to be reliable enough because most of them
are rather nonspecific and arise in other, noncancerous condi-
tions. So far, they are therefore used more for monitoring the
progress or recurrence of cancers than for making early diagnosis.

Until there is some such technological breakthrough it is hard
to view screening programs as anvthing other than an interim
measure, which could produce a slight drop in mortality and
would give the impression of activity at a time when the public
has been led to expect great advances.

Prevention

Because the major cancers vary greatly in incidence from one
country to another, they are thought to be caused by environmen-
tal factors. Sooner or later we are bound to discover what the
most important factors are, and it will then be possible to think
about prevention instead of treatment. The relative emphasis we
place on this endeavor depends, however, on how long we think it
will 1ake to discover the major causes and, once these have been
identified, how practicable it will be to remove them from the
environment.

Already the preventable causes of some cancers are known.
Lung cancer is due almost entirely to smoking, and skin cancer to
sunlight. Cancer of the large intestine seems to be produced by a
particular combination of diet and perhaps the action of certain
bacteria in the colon, and it should not be long before someone
will set up a prospective experiment in active prevention by alter-
ing diet and perhaps also bacterial flora. The incidence of breast
cancer is related to diet and reproductive history; so for this
cancer, too, experiments in prevention are certainly conceivable.
If cancer of the lung, large intestine, and breast could be pre-
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vented, that would be a fairly substantial beginning because the
three together cause nearly half of all cancer deaths.

At this point the strategy encounters various difficulties.!
Cancer of the lung is due to a pleasant and highly addictive habit;
cancer of the large intestine and breast are most common in
affluent countries and so are presumably associated with some
desirable habit, such as a high-fat diet, that the rich nations can
afford and the others cannot; other potentially harmful customs
are drinking alcohol (which contributes to cancer of the
esophagus) and promiscuity (which is an important causal factor
in cancer of the cervix). Any attempt to prevent these cancers will
require people to give up pleasurable habits, an exercise that
may have only limited success in the absence of acceptable sub-
stitutes.'? For example, the richer and better educated sector of
the population are now smoking less than they used to.!3 In con-
trast, the smoking patterns of the poor have not changed, suggest-
ing that the habit is more important to them; in effect, they seem
to have decided (probably quite correctly) that the life of old
people who are poor is not very enjoyable and that it is therefore
not worth making sacrifices in one’s youth in order to gain a few
extra years at the far end. Furthermore, the man in the street has
unfortunately been sold the idea that the “breakthrough” cure for
cancer is just around the corner. So he will see little sense in
taking any inconvenient steps now in order to prevent a cancer
that he is not going to get for another 10 or 20 years by which
time, he has been told, there should be a cure.

The other barrier to preventing lung cancer is economic.
Cigarette smoking is known to cause death not only from lung
cancer but also from bronchitis and heart disease, and the rela-
tionship between smoking and general ill health and mortality is
well quantified. So it is possible to estimate fairly precisely what
the economic consequences would be if any given percentage of
the population stopped smoking. The calculation has recently
been carried out for England, where health care and social secu-
rity are run by the state and the costs are thercfore easily as-
sessed.!* As one might expect, a reduction in smoking would
increase the gross national product (partly by reducing absence
from work and partly by saving lives and therefore increasing the
population) and would decrease the amount of chronic respira-
tory discase and therefore the costs of health care. But what was
not expected was the finding that, from the government'’s point of
view, these gains are only temporary. Even leaving aside any
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consideration of revenue from the tax on tobacco, the gains would
be wiped out after about 20 years by the resulting large increase
in the population who are past retirement age and who therefore
require social security and more than the average amount of
health care but do not generate much income for the state; and
from that time onwards the losses will always be greater than the
gains. The sums of money are surprisingly large. The calculated
saving on social security payments and health care, that the
cigarette brings because it diminishes the number of old people,
is enough to pay many times over for all government sponsored
medical research. In addition, the revenue from the tax on to-
bacco is almost enough to pay for all the salaries and running
costs for all the hospitals in England. Faced with such financial
considerations, most governments do not seem benevolent
enough to forgo revenue in order to support preventive medicine.
Their actions would suggest they have decided the only practical
solution is to encourage the design of a cigarette that is safer but
is still addictive and still contains some unique taxable ingre-
dient. The production of low-tar cigarettes is a step in that direc-
tion, although so far the new cigarettes still seem to pose some
risk, though not as much as the old ones.!s

Whether every major attempt at cancer prevention is going to
encounter such difficult economic problems will not be known
until the other important carcinogens in our environment have
been identified. But with any luck, they may be identified fairly
soon. In the past few vears several rapid, inexpensive tests for
carcinogenicity have been devised, in which bacteria or bacterial
viruses are uscd as the test organisms, and thesc new methods
probably give just as accurate a prediction as any test on experi-
mental animals (see p. 104). It is now at least conceivable that the
important carcinogens in our environment could be determined
simply by identifying which substances are present in the human
body that are capable of causing mutations in bacteria, and then
tracing these substances back to their source. For example, in the
absence of any epidemiology, it would have been possible, solely
by testing for bacterial mutagenicity, to single out smoking as a
likely major cause of cancer, because tobacco tars have been
shown to be highly mutagenic and the main group of people with
measurable levels of mutagens in their urine are the people who
smoke.'®

So far, these tests for bacterial mutagenicity have been applied
mainly to screening the many unnatural substances to which we
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are exposed—the synthetic dyes, pesticides, and preservatives on
which our modern way of life seems to depend. Despite a lot of
publicity there is little evidence that the chemical industry causes
much of the current total cancer incidence. As pointed out in
Chapter 4, with the exception of lung cancer, none of the common
cancers are much commoner now than they were 350 vears ago,
whereas most of the chemicals people are worried about were
introduced only after World War II. In fact it seems more likely
that the main determinant of cancer is diet rather than industry,
and that we should be looking for mutagens (or perhaps pro-
moters) that are formed in the body from the normal ingredients
in our diet.

Although industry does not secem to be responsible for any of
the common cancers, a good argument can nevertheless be made
for checking carefully all new materials relcased for human
consumption. Most of the artificial reactive chemicals in our en-
vironment are of very recent origin; for example the annual con-
sumption of pesticides, synthetic rubber, and plastics in the
United States has risen more than 100-fold since 1950. So it may
be still too soon to see if any of them affect cancer incidence. The
answer, of course, is for the chemical manufacturers to test cach
new compound for mutagenicity before they have made a large
investment and become reluctant to stop production. It is con-
ccivable therefore that the rapid, inexpensive ways of testing for
mutagenicity (and probable carcinogenicity) have been invented
just in time.

In summary, modern methods of testing should cnable us to
prevent new forms of cancer arising as a result of further ad-
vances in industrial technology. It is also conceivable that the
preventable causes of the common cancers will soon be identified.
What remains to be determined, however, is the public response
to programs of prevention. People may not be willing to change
their life style in order to diminish their chance of getting cancer
in old age. Nor is it certain that they should be frightened, legis-
lated, or otherwise coerced into doing so.

Treatment
For most forms of cancer, excision of the primary tumor results in

an immediate improvement in the quality of the patient’s life; in
addition several other methods of treatment, such as irradiation
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and chemotherapy, can reduce the extent of a cancer, bring some
relief from the symptoms and prolong the patient’s life. Despite
indubitable advances in the treatment of some cancers, such as
Hodgkin's disease and certain forms of leukemia which can now
often be cured by chemotherapy, the fact remains that only about
one-third of all cancer patients survive for more than 5 years from
the time of diagnosis. Therefore, taken as a whole, the available
methods of treatment are plainly not very successful.

The public has been led to expect more than this. We live in an
age of scientific accomplishment, in which we conquer the great
pestilences, harness the atom, and send a man to the moon and
back. So it has become all too easy 1o imagine that everything we
desire must automatically lie within the compass of our technol-
ogy. As a result, the conquest of cancer has come to be regarded
much as if it were some five-year plan on a collective farm, which
is certain to succeed provided everyone has enough enthusiasm.

To estimate the prospects for discovering an efficient cure for
cancer, it is worth considering how some of the other triumphs of
applied biology came to pass, for we can learn something from
their history. The various revolutions in agriculture were part of a
gradual progression, occurring in the course of millennia, and the
recent contributions of science to agriculture have really only
accelerated the progress rather than initiated something com-
pletely new; for example, selective breeding had been conducted
for thousands of years before the gencticist systematized the rules
of inheritance, and the practice of rotating crops was established
some time before much was known about plant nutrition. Simi-
larly, the battle against infectious diseases has been waged, for
the most part, with the use of well established methods: the main
advance, in terms of numbsers of lives saved (see p. 7), was prob-
ably a by-product of the improvement of nutrition and hygiene
that had been made in the 19th century; the practice of prevent-
ing the spread of diseases by isolating the patients dates back to
the leper colonies of the middle ages; today’s vaccines, which
have virtually eradicated diseases like smallpox, are descended
from customs dating back to ancient Egypt; indeed only since the
1930s has science provided really innovative means of curing in-
fections, with the discovery of antibiotics and pesticides. Thesc
are so successful, however, that they have set the standard. To the
lay public the conquest of cancer means nothing less than the
discovery of some agent as effective as one of the standard an-
tibiotics. In order to estimate how long we must wait for that
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kind of cure it is worth considering what makes the antibiotics so
successful.

Penicillin is a typical antibiotic. It is produced by a fungus and
kills certain species of bacteria because it is chemically very simi-
lar to one of the components built into the bacterial surface, and
it therefore blocks one of the enzymes involved in synthesis of the
surface and stops the bacteria from growing. Other antibiotics
like streptomycin block the machinery in bacteria for translating
nucleic acids into proteins; others like the sulfonamides block
particular steps in bacterial metabolism; and so on. The success
of all these antibiotics hinges on the crucial fact that bacterial
and mammalian chemistries are somewhat different. We may
speak the same basic language as bacteria—i.e., use exactly the
same genetic code (see Chapter 6)—but we have gone our sepa-
rate ways for over a billion years and this divergence has left its
mark at many points. It is possible therefore to find substances
that are poisonous for mammalian cells but not for bacteria (e.g.,
the toxins formed by diphtheria and cholera); or that are poison-
ous for bacteria but not for mammalian cells, and these are the
antibiotics.

Thus the antibacterial antibiotics are not the right model. Be-
cause the cancer cell will necessarily have the same underlying
chemistry as the normal cells of the body, it is obviously going to
be much harder to find a drug that is lethal specifically for
cancer. Certainly, whenever a special way has been found for
killing some particular class of cell (e.g., killing thyroid cells by
administering radioactive iodine, which is then used by the cells
to make the iodine-containing hormone, thyroxin), the method
usually proves to be incapable of distinguishing between cancer
cells and normal cells.

However, some special signalling systems must be controlling
the extent of cell multiplication in each tissue, and it is conceiv-
able that these could be used at least for controlling the growth of
a cancer. For example, tissue such as skin epithelium has a
strictly local function, that of covering every part of our surface,
so that the signals controlling the multiplication of skin cells
must be strictly localized; but, for organs like liver or bone mar-
row, which have a general function, some process for monitoring
the total quantity of tissue and some general control of cell divi-
sion must be operating. Sooner or later, these tissue-specific sig-
nals will be identified. Like the bacteria-specific chemical reac-
tions that are vulnerable 10 antibiotics, these signals may eventu-
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ally be made the target of attack by some tissue-specific form of
chemotherapy.

So far, the best understood signals are the hormones produced
by the endocrine glands (such as the thyroid, adrenals, pituitary,
and ovaries), and some of these can be used to help in the control
of certain cancers. For example, the multiplication of breast
epithelium is under the overall control of ovarian hormones (such
as the estrogens) and breast cancer is sometimes treated by re-
moving the source of these hormones; conversely, raising the
level of estrogens in a male is sometimes used to suppress cancers
of the prostate. These trcatments, however, are not completely
specific for the target cells and they are often accompanied by
undesirable side effects; furthermore, even the most susceptible
cancers tend eventually to become resistant to hormone therapy.

One other completely different method might be used to con-
trol cancer. The function of the immune system is to produce
antibodies and killer cells directed specifically against particular
targets (antigens) that are foreign to the body. Although appar-
ently this system does not normally attack cancer cells (see p. 140),
it could possibly be provoked into doing so, especially as cancer
cells are known frequently to bear novel surface antigens that
mark them as unusual if not actually foreign. A recent develop-
ment in cancer therapy has been the attempt to stimulate the
immune system by injecting large quantities of some very power-
ful antigen (e.g., killed diphtheria bacilli, or the attenuated strain
of tuberculosis that is used as a vaccine). The results of such
treatments have to be judged by comparing the survival rate of
treated patients with that of matched controls; whether any of
the procedures are effective is still unresolved. However, even if
these crude methods turn out to be worthless, the possibility re-
mains that some way of harnessing the immune system will even-
tually be found.

In the absence of any marked success with these logical ways of
attacking cancer cells, the only remaining strategy has been to
embark on a systematic investigation of all the agents known to
kill mammalian cells, in the hope of finding some that are more
lethal to cancers than to normal tissues. Surprisingly, this rather
forlorn exercise has already produced a certain number of nota-
ble successes. Some forms of skin cancer respond very well to
X-irradiation, and several quite rare cancers affecting cells of the
immune system (e.g., Hodgkin's disease, and one kind of acute
leukemia) can now apparently be cured by combined techniques
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of radiotherapy and chemotherapy, in a fairly high proportion of
cases. Even where cure proves impossible, such treatments, ad-
ministered in moderation, can alleviate symptoms and prolong
life. All the drugs, however, are very toxic and can produce most
unpleasant side effects, and in using them, medical practitioners
have sometimes acquired the reputation of battling more
strongly for their patients’ survival than the patients themselves
would wish. :

Viewed overall, these nonsurgical methods have not had a
major impact on cancer mortality as a whole. Furthermore, much
of the chemotherapy practiced today must be accompanied by
elaborate hospital care and is therefore very expensive; in this
respect it is reminiscent of some of the complicated and largely
unsuccessful treatments for infections such as tuberculosis,
typhoid, and pneumonia that were used before the advent of the
much cheaper and more effective treatment with antibiotics.
Nevertheless, doctors who treat patients in the large cancer cen-
ters belicve they will gradually {ind better and better combina-
tions of drugs for treating more and more types of cancer and, in
this way, will eventually start to make major inroads into cancer
mortality, without having to understand very much about the
mechanism underlying the origin and spread of the disease.

Thus far, however, there is no treatment for any of the major
lethal cancers that is as effective as the antibiotics. Like many
others,'” I find it hard to visualize the discovery of such a treat-
ment until much more has been learned about the normal control
of cell growth in the intact animal. Indeed, the very prospect
seems so remote that it does not even enter into the speculative,
day-to-day conversation of people engaged in cancer research; at
present so little is known about the control of cell growth that
there is no way of guessing when we will arrive at the necessary
understanding—it could be in the next 10 or 20 years, or not for
another century.
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