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Cancer

Chapter 21 Michael Bishop (University of California, San Fran-
ciscol, John Caims (Harvard School of Public Health), Ruth Ell-
man (Institute of Cancer Regearch, Sutton, U K.|, Hartmut Land

(Imperial Cancer Research Fund, London), Bruce Ponder (Insti-
tute of Cancer Research, Sutton, UK.).

Roughly one person in five, in the prosperous countries of the world, will die of
cancer; but that is not the reason for devoting a chapter of this book to the subject
Heart disease causes more deaths, and many other illnesses result in just as much
distress; in the world as a whole, other health problems, such as malnutrition and
parasitic infections, are more serious. In the context of cell biology, however, can-
carhnnunlquoimpoﬂm.brdwhmﬂyofdhemympodundeﬂhhhuding
reflect disturbances of the most fundamental rules of behavior of the cells in a
multicellular organism. To understand cancer and to devise rational ways to treat
it, we have to understand both the inner workings of cells and their social inter-
actions in the tissues of the body. Thus basic cancer research has been the source
of many advances in our knowledge of normal cells. By-products of cancer re-
search have become crucial tools in the current revolution of cell biology—tools
such as reverse transcriptase from RNA tumor viruses, used to make cDNA (see
p. 183), and myeloma cell lines derived from cancerous B lymphocytes, used to
nake monocional antibodies. One may debate how much the massive resources
devoted to laboratory research on cancer have so far contributed directly toward
improvements in cancer treatment; but there can be no doubt that, by contributing
to progress in cell bioclogy. the cancer research effort has prefoundly benefited a
much wider area of medical knowledge than that of cance: ajone.

We have already discussed how cancer research has begun to reveal the mo-
lecular mechanisms underlying the normal controls of cell growth and division
isee pp. 752-761). In this concluding chapter we examine the disease itself. In the
first section we shall consider the nature of cancer and the natural history of the

disease from a cellular standpoint; in the second section we focus on its molecular
basis.

Cancer as a Microevolutionary Process’

The body of an animal can be viewed as a society or ecosystern whose individual
members are cells, reproducing by cell division and organized into collaborative
ssemblies or tissues. In our earlier discussion of the maintenance of tissues (in
Chapter 17), our concems were similar to those of the ecologist: cell births, deaths,
habitats, territorial limitations, the maintenance of population sizes, and the like.
The one ecological topic conspicuously absent was that of natural selection: we
said nothing of competition or mutation among somatic cells. The reason is that
& healthy body is in this respect a very peculiar society, where self-sacrifice, rather
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than competition, is the rule for every class of cells except one: all somatic cell
lineages are committed to die, leaving no progeny but dedicating their existence
to support of the germ cells, which alone have a chance of survival. There 1s no
mystery in this, for the body is a clone. ind the genome of the somatic cells is
the same as the genome of the germ cells: thus, by their self-sacnfice for the sake
of the germ cells, the somatic cells help to propagate copies of their own genes

In contrast, therefore, w.th free-living cells such as bacteria, which compete
to survive, the cells of a multicellular organism are committed to collaboration.
Any mutation that gives rise to nonaltruistic behavior by individual members of
the cooperative will jeopardize the future of the whole enterprise. Thus mutation,
competition, and natural selection operating within the population of somatic cells
are ingredients for a disaster It is, in essence, just this type of disaster that occurs
in cancer: cancer is a disease in which individual cells begin by prospering selfishly
at the expense of their neighbors but in the end destroy the whole cellular society
and die.

In this section we discuss the development of cancer as a microevolutionary
process, occurring on a time scale of months or years in a population of cells in
the body, but dependent on the same principles of mutation and natural selection
that govern the long-term evolution of all living organisms.

Cancers Differ According to the Cell Type from Which They Derive®

Cancer cells are defined by two heritable properties: they and their progeny (1
reproduce in defiance of the normal restraints and (2) invade and colonize tem-
tories normally reserved for other celis. it is the combination of these features that
makes cancers peculiarly dangerous. An isolated abnormal cell that does not pro-
liferate more than its normal neighbors does no significant damage, no matter
what other disagreeable properties it may have; but if its proliferation is out of
control, it will give rise to a tumor or neoplasm-—a relentlessly growing mass of
abniormal cells. So long as the neoplastic cells remain clustered together in a single
mass, however, the tumor is said to be benign, and a complete cure can usually
be achieved by removing the mass surgically. A tumor is counted as a cancer only
if it is madig:aant, that is, only if its cells have the ability to invade surrounding
tissue Invasiveness usually implies an ability to break loose, enter the bloodstream
or lymphatic vessels, and form secondary tumors or metastases al other sites in
the body (Figure 21-1). The more widely a cancer metastasizes, the harder it
becomes to eradicate.

Cancers are classified according to the tissue and cell type from which they
arise Cancers arising from epithelial ce 's are termed carcinomas; those ansing
from connective tissue or muscle cells » © termed sarcomas. Cancers that do not
fit in either of these two broad categories include the various leukemias, denved
from hemopoietic cells, and cancers derived from cells of the nervous system.
Table 21-1 lists the types of cancers that are common in the United States, together
with their incidence and the death rate from them. Each of the broad categories
has many subdivisions according to the specific cell type, the location in the body,
and the structure of the tumor; many of the names used are fixed by tradition
and have no modern rational basis_ In paraliel with the set of names for malignant
tumors, there is a related set of names for benign turnors: an adenoma, for example,
is a benign epithelial tumor with a glandular organization, the corresponding type
of malignant tumor being an adenocarcinoma (Figure 21-2); a chondroma and a
chondrosarcoma are, respectively, benign and malignant tumors of cartilage About
90% of human cancers are carcinomas, perhaps because most of the cell prolif-
eration in the body occurs in epithelia, or perhaps because epithelial tissues are
most ﬁvquenﬂyexpondtolhevnﬂomfonmofphyuiulmdchemﬁcddamqe
that favor the development of cancer.

Each cancer has characteristics that reflect its origin. Thus, for example, the
cells of an epidermal basal-cell carcinoma, derived from a keratinocyte stem cell
in the skin, will generally continue to synthesize cvtokeratin intermediate fila-
ments, whereas the cells of a melanoma, derived from a pigment cell in the skin,
will often (but not always/ continue to make pigment granules. Cancers originating
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Figure 21-1 Malignant tumaors
typically give rise to metastases, making
the cancer hard to eradicate. The
drawing shows common sites in the
hone marrow for metastases from
carcinoma of the prostate gland. (From
Union Intemnationale Contre le Cancer,
TNM Atlas: lliustrated Guide to the
Classification of Malignant Tumors, 2nd
ed. Berlin: Springer, 1986.)
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Table 21-1 Cancer Incidence and Cancer Mortality in the

nied Slates. 15986

Type of Cancer
Total cancers
Cancers ol epithelia carcinomas
COral cavity and pharynx
Digestive organs total
Colon and rectum
Pancreas
Stomach
Liver and biliary svsten
Respiratory sy=tem (total
Lung
Breast
Skin (total
Malignant melanoma
Reproductive tract (total
Prostate gland
Owvary
Utenine cervix
Uterus (endometrium
Urinary organs (total
Bladder
Cancers of hemopoietic and immune
system leukemias and lvinphomas
Cancers of central nervous system and
eve gliomas, retinoblastoma. et
Cancers ol connective tissues, muscies
and vasculature: sarcomas
All other cancers + unspecified sites

New Cases per Year

130 O
T 89.000 5%
289 500
217 BIX 23%
130.000 14%
50
24700 1%
12,600 1%
164,500 18%
148.000 16%
123,900 13%
400.000"
23,000 <%
169,800 15%
90,000 10%
19,000 2%
14.000 2%
36.000 4%
60.500 7%
40,500 4%
70,100 A%
15,600 2%
7.100 1%
48.200 5%)

Deaths per Year

172,000
81 400
9400
119.700
0,000
24 000
14.300
10.600
135 400
130.100
40.200
7500
5600
49,400
26,100
11,600
6800
2.900
19.800
10,600

41100

10,600

4,200
34 800

29%
28%
9%

&

2%

1%
7%

‘Nonmelanoma skin cancers are not included in total of all cancers. since almaost all are cured

easily and many go unrecorded

In the world as 2 whole, the five most common cancers are those of lung, stomach, breast

colonvrestum, and uterine cervix, and the total number of new cancer cases per vear is just
over & million Note that only about half the number of people who develop cancer die of it
Data for USA from Amencan Cancer Society, Cancer Facts and Figures, 1986

Figure 21-2

An adenoma ‘a benign glandular tumor and an
adenocarcinoma (a malignant glandular tumor contrasted
Mere are many forms that such tumors may take. this diagram
lustrates schematically types that might be found in the breast

ADENOMA (BENIGN)

ADENOCARCINOMA (MALIGNANT)




from different cell types are, in general. very different diseases The basal-cell
carcinoma, for example, is only locally invasive and rarely forms metastases, whereas
the melanoma is much more malignant and rapidly gives nse to many metastases
(behavior that recalls the mugratory tendencies of the normal pigment-cell pre-
cursors during development—see p. 944] The basal-cell carcinoma 15 usually easy
to remove by surgery, leading to complete cure; but the malignant melanoma
once it has metastasized, is often impossibile to extirpate and consequently fatal

Most Cancers Derive from a Single Abnormal Cell®

The origins of most cancers can be traced to a single isolated primary tumor;
this suggests that they are dertved by cell division from a single cell that has
undergone some heritable change that enables it to outgrow its neighbors. By the
time it is first detected, however, a typical tumor already contains about a billion
cells or more (Figure 21-3), often including many normal celis—fibroblasts, for
example, in the supporting connective tissue that is associated with a carcinoma
it is not easy to prove that the cancer cells are a clone descended from a single
abnormal cell; but where evidence is available, it usually confirms that the cancer
has a monoclonal origin. In almost all patients with chronic myelogenous leukermua,
for example, the leukemic white blood cells are distinguished from the normal
cells by a specific chromosomal abnormality (the so-called Philadelphia chromo-
some, created by a translocation between the long arms of chromosomes 22 and
9, as shown in Figure 21-41_ 1t is unlikely that the genetic accident responsible for
this abnormality would have occurred in several cells at once in the same indi-
vidual: it is much more likely that all the leukemic cells are descendants of the
same single mutant cell. Indeed, when the DNA at the site of translocation is
cloned and sequenced. it is found that the site of breakage and rejoining of the
wranslocated fragments is identical in all the leukemic cells in any given patient,
but differs slightly (by a few hundred or thousand base pairs) from one patient 1o
another, as expected if each case of the leukemia arises from a unique accident
occuming in a single cell

Another way to show that a cancer has a monoclonal ongin is by exploiting
the phenomenon of X-chromosome inactivation (see p. 577). A normal woman is
a random mixture, or mosaic, of two classes of cells—those in which the paternal
X chromosome is inactivated and those in which the matemal X chromosome is
inactivated The inactivation of one X chromosome in each cell occurs early in
embryonic development, and thereafter the daughters of a dividing somatic cell
always have the same X chromosome inactivated as the parent cell. Consequently
the state of X-chromosome inactivation—maternal or patemal—can be used as a
heritable marker to trace the lineage of cells in the body. In the great majority of
tumors that have been analyred—both benign and malignant—all the tumor cells
have been found to have the same X chromosome inactivated, strongly suggesting
that they are derived from a single deranged cell (Figure 21-5)

Most Cancers Are Probably Initiated by a Change
in the Cell's DNA Sequence*

If a single abnormal cell is to give nse 1o a tumaor, it must pass on its abnormality
to its progeny: the aberration has to be heritable. A first problem in understanding
amulodmmwtwﬁnbkmudueloammmp--
that is, an alteration in the the cell’'s DNA sequence—or to an epigenetic change—
that is, a change in the pattern of gene expression without a change in the DNA
sequence. Heritable epigenetic changes, reflecting cell memory (see p. 570 and
p. 898), are a familiar feature of normal development. as manifest in the stability
of the differentiated state (see p. 952) and in such phenomena as X chromosome
inactivation (see p. 577); and there is no obvious a prion reason why they should
notbeimdvadlncanoer.?orommmdemwdhwytypeofcancen-mc
teratocarcinomna (see p. 897)—there is indeed evidence in favor of an epigenetic
origin. There are, however, good reasons to think that most cancers are initiated
by genetic change (although epigenetic changes may plav a part in the subsequent
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Figure 21-3 The growth of a typical
human tumor, with the diameter of the
tumor plotted on a loganthmic scale
Years may elapse before the tumor
becomes noticeable
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development of the disease). Thus cells of a given cancer can often be shown to
have a shared abnormality in their DNA sequence, as we have just seen for chronic
myelogenous leukemia; many other examples will be discussed in the second haif
of this chapter. But this does not prove that genetic change is an essential first
step in the causation of cancer A more cogent argument 1s that most of the agents
known to cause cancer cause genetic change; and. conversely, agents that cause
genetic change cause cancer This correlation between carcinogenesis (the gen-
eration of cancer) and mutagenesis is clear for three classes of agents: chemical
carcinogens (which typically cause simple local changes in the nucleotide se-
quence!, ionizing radiation such as x-rays (which typically cause chromosome
breaks and translocations), and viruses (which introduce foreign DNA into the
cell). The role of viruses in cancer will be discussed later; we pause here to discuss
chemical carcinogens.

In general, a given cancer cannot be blamed entirely on a single event or a
single cause: as we shall see, cancers as a rule result from the chance occurrence
in one cell of several independent accidents, with cumulative effects. The cell’s
environment influences the frequency of these accidents in a variety of ways, and
most cancers should be viewed as the outcome of a random process that 1s made
more probable by a mixture of contributory environmental factors (see p. 1195
There are, however, some unusually carcinogenic agents that increase the likeli-
hood of the critical events to the point where it becomes virtually certain, given a
high enough dosage, that at least one cell in the body will tum cancerous. The
compound 2-naphthylamine, used in the chemical industry in the early part of
this century, is one notorious example: in one British factory, all of the men who
had been emploved in distilling it (and were thereby subjected to prolonged ex-
posure) eventually developed bladder cancer

Many quite disparate chemicals have been shown to be likewise carcinogenic
when they are fed to experimental animals or painted repeatedly on their skin
Some of these carcinogens act directly on the target cells; many others take effect
only after they have been changed to a more reactive form by metabolic processes—
notably by a set of intracellular enzymes known as the cytochrome P-450 oxidases,
which normally help to convert ingested toxins and foreign lipid-scluble materials
into harmless and easily excreted compounds but which fail in this task with
certain substances, converting them instead into direct carcinogens (Figure 21-6)
Although the known chemical carcinogens are very diverse, most of them have at
least one property in common: they cause mutations. The mutagenicity can be
demonstrated by various methods, one of the most convenient being the Ames
test, in which the carcinogen is mixed with an activating extract prepared from
rat liver cells and added to a culture of specially designed test bacteria; the re-
sulting mutation rate of the bactena is then measured (Figure 21-7). Most of the
compounds scored as mutagenic by this bacterial assay also cause mutations and/
or chromosome aberrations when tested on mammalian cells, and they have
chemical structures that can be seen to imply an ability to react with DNA. When
mutagenicity data from these various sources are combined and compared with
carcinogenicity data from studies of cancer induction in vivo, it is found that the
majority of known carcinogens are mutagenic and, conversely, that the majority
of mutagens are carcinogenic.

0 0
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Figure 21-8 Ewvidence from the
analysis of X-inactivation mosaics
demonstrating the monoclonal origin
cancers. As a result of a random
process that occurs in the early embn
practically every normal tissue in a
woman's body is a mixture of cells wit
different X chromosomes hentably
inactivated (indicated here by the
mixture of colored cells and black cell
in the normal tissue). When the cells «
a cancer are tested for their expressio
of an X-linked marker gene, however,
they are usually all found to have the
same X chromosome inactivated. This
implies that they are all derived from .
single cancerous founder cell.

Figure 21-6 Many chemical
carcinogens have to be activated by a
metabolic transformation before they
will cause mutations by reacting with
DNA. The compound illustrated here
aflaroxin B1, a toxin from a mold
Aspergillus flavus orywae) that grows «
grain and peanuts when they are stor
under humid tropical conditions. It is
thought to be a contributory cause of
liver cancer in the tropics

CARCINOGEN BOUND TO GUANINE IN DNA
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There is, nevertheless, a significant minority of carcinogens that do not appear
to be mutagenic. We shall discuss below (p. 1196/ how non-mutagenic substances
may promote the development of cancer by affecting the behavior of pre-existing
mutant cells. But first we must consider how frequently such mutant cells are
likely to arise in the normal course of events

A Single Mutation Is Not Enough to Cause Cancer'”

Something on the ovder of 10" cell divisions take place in a human body in the
course of a lifetime; in a mouse, with its smaller number of cells and its shorter
lifespan, the number is about 10" Even in an environment that is free of mutagens,

INCUBATE AT
37°C FOR 2 DAYS MUTAGEN

COUNT COLONIES OF
HISTIDINE INDEPENDENT
BACTERIA

3

Figure 21-7 The Ames test for
mutagenicity The test uses a stramn of
Salmonella bactena that require
histidine in the medium because of &
defect in a gene necessary for histidine
synthesis. Mutagens can cause a further
change in this gene that reverses the
defect, creating revertant bacteria that
do not require histidine To increase
the sensitivity of the test, the bactersa
also have a defect in their DNA repair
machinery that makes them especially
susceptible to agents that damage DNA

mutations will occur spuntaneously, at an estimated rate of about 10° ¢ mutations
per gene per cell division—a value set by fundamental limitations on the accuracy
of DNA replication and repair (see p. 229). Thus in a lifetime. every single gene 1s
likely to have undergone mutation on about 10 _separale occasions I any indi-
vidual human being or about 10* occasions in a mouse. Amonyg the resulting
mutant cells one might expect that there would be many that have disturbances
in genes involved in the regulation of cell division and that consequently disobey
the normal restrictions on cell proliferation From this point of view, the problem
of cancer seems (o be not % it occurs, but why it occurs so E;m%n tly.

Ewi . the survivi s must depend on some form of double— :
or more lﬁuﬁ double—insurance in the mechanisms that protect us from being i
overrun by mutant clones of cells that have a selective advantage over our health
normal cells f a single mutation in some particular gene were enough to convert
a typical healthy cell into a cancer cell, we would not be viable o ists. Many
lines of evidence indicate that the genesis of a cancer does indeed require that
several independent rare accidents occur together in one cell. One such indication
mmmmdnudmdﬂwmdmwulhmcﬁonof
i were responsible, occ g with a fixed probability per

A majority of compounds that are
mutagenic by tests such as this are also
carcinogenic, and vice versa

21-8). From s statistics 1t
estimated that somewhere between three and seven independent ran-
(klnmnu.ud\dmplvblbimy.mtypical}quuwdtommnnamdceu
into a cancer cell; the smaller numbers apply to leukemias, the larger to carci-
NOmas.

Now that specific mutatic.is responsible for the development of cancer have
been identified, it has become possibie to test the effects of the mutant genes in
transgenic mice (see p. 267); as we shall see later (p. 1212), the results give addi-
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tional and more direct evidence for the hypothesis that a single mutation is in-
sufficient to cause cancer The hypothesis is also supported by many older studies
of the phenomenon of tumor progression, whereby an initial mild disorder of
cell behavior evolves gradually into a full-blown cancer. These observations of how
tumors develop, moreover, provide insight into the nature of the multiple changes
that must occur for a normal cell to become a cancer cell and into the factors
that control their occurrence.

Cancers Develop in Slow Stages from Mildly Aberrant Cells'*#

For those cancers that have a discernable external cause, there is almost always
a long delay between the causal event(s) and the onset of the disease the incidence
of lung cancer does not begin to rise steeply untl after 10 or 20 years of heavy
smoking; the incidence of leukemias in Hiroshima and Nagasaki did not show a
marked rise until about 5 years after the explosion of the atomic bombs, and it
did not reach its peak until 8 vears had elapsed: industrial workers exposed for a
limited period to chemicai carcinogens do not usually develop the cancers char-
acteristic of their occupation until 10, 20, or even more years after the exposure
(Figure 21-8; and so on. During this long incubation period, the prospective can-
cer cells undergo a succession of changes. Chronic myelogenous leukemia, men-
tioned earlier, provides a clear and simple example. This disease begins as a
disorder characterized by a nonlethal overproduction of white blood cells and
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Figure 21-8  Number of deaths from
cancer of the large intestine in the
United States in one vear, plotted as a
function of age at death: the same data
are shown on an ordinary linear scale
in (Al and on a logarithmic scale in (B
The incidence of cancer 1 se» steeply as
a function of age—roughly as the Stth
power, in this example (that is, the
slope of the log-log plot in (B) is ahout
51 This suggests that a cell must
accumulate the disruptive effects of
several independent accidents before it
will give rise to a cancer. (From US.
Department of Health, Education and
Welfare: Vital Statistics of the United
States, Vol i1 Mortality. Washington,
DC. US Government Printing Office,
1968/

Figure 21-8 The length of the delay
before onset of bladder cancer in a set
of 78 men who had been exposed 1o
the carcinogeu 2-naphthylamine,
grouped according to the duration of
their exposure. (Modified from J. Caims
Cancer: Science and Society. San
Francisco: Freeman, 1978. After MH .C.
Williams, in Cancer, Vol. [l (RW. Raven,
ed.! London: Buttertisld, 1958.)



continues as such for several vears before changing into a mu h more rapidhy
progressing iliness that usually ends in death within a few months. In the chronic
early phase the leukemic cells in the body are distinguished simply by their pos-
session of the chromosomal transiocation mentioned previously (see p 1190). In
the subsequent acute phase of the illness the hemopoietic svstem is overrun by
cells that show not only this chromosormal abnormality but also several others. It
appears as though members of the initial mutant clone have undergone further
mutations that make them proliferate more rapidly (or divide more times belore
they terminally differentiate), so that they come 1o outnumber both the normal
hemopoietic cells and their cousins that have only the primary disorder

Carcinomas and other solid tumors are thought to evolve in a similar way
Although most such cancers in humans are nol diagnosed until a relatively late
stage, in a few cases it is possible to observe the early steps in the development
of the disease Cancers of the uterine cervix (the nech of the wombl provide a
typical example These cancers derive from the multilayered cervical epithelium
which has an organization similar to that of the epidermis of the skin (see p. 968
Normally, proliferation occurs only in the basal layer, generating cells that then
move outward toward the surface, differentiating into flattened, keratin rich, non
dividing cells as they go, and finally being sloughed off from the surface (Figure
21-10A). When many specimens of this epithelium from different women are ex
amined. however, it is not unusual to find patches of dysplasia, where diviing
cells are no longer confined to the basal layer and there is some disorder .. e
process of difierentiation (Figure 21 -10B). Cells are sloughed from the surtace in
abnormally early stages of differentiation, and the presence of the dysplasia can
be detected by scraping a sample of cells from the surface and viewing it under
the microscope (the “Pap smear’ technique—Figure 21-11). Left aione, the dys
plastic patches will often remain harmless or even regress spontaneously; more
rarely, however, they may progress, over a penod of several years, (o give nse 10
patches of so-called carcinoma in situ (Figure 21-10C). In these more serious
lesions (somewhat misleadingly named, since they are not yet fully malignant),
the usual pattern of cell division and differentiation is much more severely dis-
rupted, and all the layers of the epithelium consist of undifferentiated proliferating
cells, which are often highly vanable in size and karyotype; the abnormal cells are
still confined, however, to the epithelial side of the basal lamina. At this stage it
is still easy to achieve a complete cure by destroying or removing the abnormal
tissue surgically. Without such treatment the abnormal patch may still remairn
harmless or regress; but in an estimated 20-30% of cases it will develop, again
over a period of several years, 10 give nse 10 & truly malignant cervical carcinoma
(Figure 21-10D), whose cells break out of the epithelium by crossing the basal
lamina and begin to invade the underlying connective lissue Surgical cure be
comes progressively more difficult as the invasive growth spreads

(C) carcinoma i stv

(A} normal
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Figure 21-10 The stages of
progression in the developmeni of
cancer of the epithelium of the uterine
cervix. In dysplasia, the most superficial
cells still show some signs of
differentiation; but this is incomplete
and proliferating cells are seen
abnormaily far above the basal layer. In
carcinoma in situ, the cells in all the
layers are proliferating and apparently
undifferentiated. True malignancy
begins when the cells cross the basal
lamina and begin to invade the
underiying connective tissue several
years may elapse from the first signs of
dysplasia to the onset of full-blown
malignant cancer

(D) malignant carcinome
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Mumor Progression Involves Successive Rounds of Mutation
and Natural Selection®”

As illustrated bv the two very different examples just discussed, cancers in general
seem to anse by a process in which an initial population of slightly abnormal
cells, descendants of a single mutant ancestor, evolves from bad to worse through
successive cycles of mutation and natural selection. This evolution involves a large
element of chance and usually takes many years. most of us die of other ailments
before cancer has had time to develop. To understand the causation of cancer it
is essential to understand the factors that may speed up the process

In general, the rate of evolution, whether in a population of cells exploiting
the opportunities for cancerous behavior in the body or in a population of orga
nisms adapting to a new environment on the surface of the Earth, would be
expected to df‘p('nd on four main parameters: (1) the mutation rate, that is, the
probability per gene per unit time that any given member of the population will
undergo genetic change; (21 the number of individuals in the population; (3) the
rate of reproduction, that is, the average number of generations of progeny pro
duced per unit time; and (4) the selective advantage enjoyed by successful mutant
individuals, that is, the ratio of the number of surviving fertile progeny they pro
duce per unit time to the number of surviving fertile progeny produced by non-
mutant individuals. The selective advantage depends both on the nature of the
mutation and on environmental conditions, and further complications anse if
heritable epigenetic changes occur, either randomly or in reaction to specific cues

Experimental studies on the induction of cancer in animals illustrate these
evolutionary principles. In the light of such studies, one can begin 1o make sense
of the confusing vanety of factors that affect the incidence of human cancers—
factors ranging from cigarette smoke (for cancer of the lung to the age at which
a woman has her first baby (for cancer of the breast). The mutation rate per cell
is not the only significant varnabie in the development of cancer

The Development of a Cancer Can Be Promoted by Factors
That Do Not Alter the Cells’ DNA Sequence®”®

The stages by which an initial mild lesion progresses to become a cancer can be
most easily observed in the skin. Skin cancers can be elicited in mice, for example
by repeatedly painting the skin with a mutagenic chemical carcinogen such as
benzolalpyrene (a2 constituent of coal tar and tobacco smoke) or the related com-
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Figure 21-11 Photographs of cells
collected by scraping the surface of the
uterine cenvix (the Papanicolacu or “Pap
smear technique). (A) Normai; the cells
are large and well differentiated, with
highly condensed nucleil. (B} Dysplasia,
the cells are in a varety of stages of
differentiation, some quite immature
(C) invasive carcinoma; the cells all
appear undifferentiated, with scanty
cytoplasm and a relatively large
nucleus; debris in the background
includes blood cells that have leaked
out at the site of the ulcer created by
the carcinoma. (Courtesy of Edward
Miller
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peund dimethylbenziajanthracene (DMBA) A single application of the carcinogen
however, usually does not by itself give rise to a tumor or any other obvious lasting
abnormality. Yet it does cause iatent genetic damage, and this can be detected
through a greatly increased incidence of cancer when the cells are exposed either
to further treatments with the same substance or to certain other. q .te different,
insults. A carcinogen that sows the seeds of cancer in this way is said to act as a
tumor initiator. Simply wouriding skin that has been exposed once to such an
initiator can cause cancers to develop from some of the cells at the edge of the
wound. Alternatively, repeated exposure over a period of months to certain sub-
stances known as tumor promoters, which are not themselves mutagenic, can
cause cancer selectively in skin previously exposed to a tumor initiator. The most
widely studied tumor promoters are phorbol esters, such as tetradecanoylphorbol
acetate (TPA), which we have already encountered in another context as artificial
activators of protein kinase C (and hence as agents that activate pari of the phos-
phatidylinositol intracellular signaling pathway—see p. 704). These substances
cause cancers at high frequency only if they are applied after a treatment with a
mutagenic initiator (Figure 21-12).

As one might expect for genetic damage, the hidden changes caused by a
tumor initiator are irreversible: thus they can be uncovered by treatment with a
tumor promoter even after a long delay. The immediate effect of the promoter is
apparently to stimulate cell division (or to cause cells that would normally undergo
terminal differentiation to continue dividing instead); and in the region that had
previously been exposed to the initiator this results in the growth of many small,
benign, wartlike tumors, called papillomas. The greater the prior dose of initiator,
the larger the number of papillomas induced; it is thought that each papilloma
(at least for low doses of the initiator) consists of a single clone of cells descended
from a mutant cell that the initiator has engendered. Both wounding and the
application of the promoter probably act by inducing the expression of some of
the “social control” genes that directly or indirectly affect cell proliferation (see
p. 7521, Such genes may remain quiescent in the resting epithelium, so that any
mutations they have undergone in response to the initiator go undetected; by

wumor
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Figure 21-12 Some possible
schedules of exposure to a tumor
initiator 'mutagenic) and a tumor
promoter inonmutagenc), and their
outcomes. Cancer ensues only if the
exposure to the promoier followvs
exposure to the initiator, and only if the
intensity of exposure o the promoter
exceeds a certain threshold. Cancer can
also occur as a result of repeated
exposure to the initiator alone.

Figure 21~13 One hypothesis
proposed to explain the observed

effect of tumor promoters on the
development of tumors. Alternatively,
the mutant gene might be constitutively
expressed but have no elisct until the
promoter activates other genes :
for cell proliferation

normal cell mutation creeted in promoter or wounding
silent socwl control gene INAUCES gene expreesion
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inducing gene expression. the promoter or the stimulus of wounding mayv uncover
the mutations and enable them to begin influencing cell proliferation (Figure 21-13
\ tvpical papilloma might contain about 10° celis—more than a thousand
times as many as there are in a normal epidermal proliferative unit (see p. 9691 If
exposure to the tumor promoter is stopped. almost all the papillomas regress,
and the skin regairs a largely normal appearance—as expected from the hypoth-
esis Wlustrated in Figure 21-13. In a few of the papillomas, however. further changes
occur that enable growth to continue in an uncontrolled way, even after the pro-
moter has been withdrawn. These changes seem 1o originate in occasional single
papilloma cells, at about the frequency expected for spontaneous mutations. In
this way a small proportion of the papillomas progress to become cancers. Thus
the tumor promoter apparently favors the development of cancer, in this system
at least, by expanding the population of cells that carry an initial mutation: the
more such cells there are, the greater the chance that at least one of them will
undergo another mutation carrying it one more step along the road to malignancy
Although naturally occurring cancers do not necessarily arise through the specific
sequence of distinct initiation and promotion steps just described, their evolution
must be governed by similar principles. They too will evolve at a rate that depends
both on the frequency of mutations and en influences affecting the survival, pro-
liferation, and spread of certain types of mutant cells once they have been created.

Most Cancers Result from Avoidable Combinations
of Environmental Causes®

The development of a cancer generally involves many steps. each governed by
multiple factors, some dependent on the genetic constitution of the individual,
others dependent on his or her environment and way of life. By changing our
surroundings or our habits, therefore, we should, in principle, be able to reduce
drastically our chance of developing almost any given type of cancer. This is
demonstrated most clearly by a comparison of cancer incidence in different coun-
tries: for almost every cancer that is common in one country, there is another
country where the incidence is several times lower (Table 21-2); and migrant
populations tend to take on the pattern of cancer incidence typical of the host
country, implying that the differences are due to environmental, not genetic, fac-
tors. From such data it is estimated that 80-90% of cancers should be avoidable.
Unfortunately, different cancers have different environmental risk factors, and a
country that happens to escape one such danger is no more likely than other
countries to escape the rest; thus the incidence of all cancers combined (among
individuals of a given age) is similar from country to country. There are, however,
some subgroups whose abstinent way of life does seem to reduce the total cancer
death rate: the incidence of cancer among strict Mormons in Utah, for example,
is only about half that among Americans in general.

While such epidemiological observations indicate that cancer can be avoided,
it remains difficult to identify the specific environmental risk factors or to establish
how they act. Some certainly operate as mutagenic tumor initiators, directly pro-
voking genetic change; others presumably serve as tumor promoters that help to
enlarge the population of cells liable to progress, through further mutation, to full-
blown cancer. The carcinogens in tobacco smoke, like the aflatoxin on tropical
peanuts (see Figure 21-6), probably belong mostly in the first category, while the
reproductive hormones that circulate in a woman's body at different stages of her
life may belong in the second category (Figure 21-14). It is possible that some
factors act in stil! other ways—for example, by causing heritable epigenetic changes.
Of course, it is not necessary to undersitand how cancer-causing agents act in
order to identify them and show how to avoid them. In this task, cancer epide-
miology has had some notable successes and promises more to come; simply by
revacling the role of smoking, it has shown a way to reduce the total cancer death
sate in North America and Europe by as much as 30%. The prevention of cancer
is not only better than cure but seems a'so, given our present state of knowledge,
to be much more readily attainable.
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Figure 21-14 The relative probability
of breast cancer developing at some
time in a woman's life plotted as a
function of the age at which she gives
birth to her first child. The graph shows
the value of the probability relative to
that for a childless woman. The longer
the delay before bearing the first child,
the higher the probability of breast
cancer, suggesting that exposure o
certain combinations of reproductive
hormones may promote development o
the cancer. There is some evidence
from laboratory studies that the first
full-term pregnancy may result in a
permanent epigenetic change in the
cells of the breast, altering their
WWUW.
Many other factors—for example, the
amount of fat in the diet—are also



Teble 21-2 Variation Between Countnes in the Incidence of Some Cor imon Cancers

Cumulative Ratio of
Incidence Rates in
(%) in High— and
High— Low--
Site of Origin High-incidence Incidence Low- Incidence
of Cancer Ares Area incidence Area  Areas
Skin Australia (Queensland) 20 India (Bombay! =200
Esophagus fran 20 Nigera 300
Lung England 1 Nigera 35
Stomach Japan 1 Uganda 25
Uternne cervix Columbia 10 Israel Jewishi 15
Prostate United States (blacks) 9 Japan
Liver Mozambique 8 England 100
Breast Canada 7 Israel (non-Jewash! 7
Colon United States 3 Nigena 10
(Connecticut)
Uterus United States 3 Japan
(California)
Oral cavity India (Bombay/ 2 Denmark 25
Rectum {enmark 2 Nigena 20
Bladder United States 2 Japan [
(Connecticut)
Ovary Denmark 2 Japan 6
Nasopharynx Singapore (Chinese) 2 England 40
Pancreas New Zealand (Maon) 2 India (Bombay) 8
Larynx Brazil (Sao Paulo) 2 Japan 10
Pharynx india (Bombay) 2 Denmark 20
Penis Parts of Uganda 1 Israel (Jewish) 300

D.ulofuimcum.m.ulm,mdmmformn;mhenmhrm,m
mmmhtmmcmnm-doﬁmduihepommolmepopummmnwwlddevalopme

canmrbymeogcof'ls.mmcmdomrumuddum.mermoofmuus
cmmaumwcommm‘«wuymmma Doll and R feto. The
Caus.s of Cancer. New York: Oxford University Press, 1981 )

The Search for Cancer Cures Is Hard but Not dopeless'’

The difficulty of curing a cancer is like the difficulty of getting nd of weeds. Cancer
cells can be removed surgically or destroyed with toxic chemicals or radiation;
but it is hard to eradicate every single one of them. Surgery can rarely ferret out
every metastasis, and treatments that kill cancer cells are generally toxic to normal
cells as well. If even a few cancerous cells reraain, they can proliferate to produce
a resurgence of the disease; and unlike the normal cells, they may evolve resistance
to the poisons used against them. Yet the outlook is not hopeless. In spite of the
difficuities, effective cures using anticancer drugs (alone or in combination with
otheruuunenmhwebamdavbodforwmefomdyhiy\lylwulcmcen (no-
tably Hodgkin's lymphoma, testicular cancer, choriocarcinoma, and some leuke-
miuandotherwmddﬂdlwod).?ormrdofmemmaumnoncuweu.
moreover, appropriate surgery or local udiotha-lpyemblunhmepropo-ﬁonof
puienutomcovu'lfthemnuohdiamowdatumnonablyuﬂylwe;mdmn
Mmuc\uvalptmnmbcymwdaurmwh.menmmmmnhmwm
prolong life or at leas: relieve distres..
Aywdoddcunicdwworruurchcammonmpmblmnofhowlokm
cancer cells selectively. For the most part, current methods exploit relatively subtle
differences between normal and neoplastic cells with respect to proliferation rate,
metabolism, and radiosensitivity, and they have unpleasant toxic side effects. A
fmnype-ofcancarcenlmupocunyvuhwnblelouhmiveamdbmuumey
depend on specific hormones or because their surfaces have unusual chemical
features that can be recognized by antibodies. in general, however, progress with
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the vexing problem of anticancer selectivity has been slow—a matter of tnal and
grror and guesswork as much as rational calculation

in the search for better wavs of curbing the sumnvival, proliferation, and spread
of cancer celis, it is important to examine more closelv the strategies by which
they thrive and muitiply

Cancerous Growth Often Depends on Derangements
of Cell Differentiation’

We have so far emphasized that cancer cells defv the norma! controls on celi
division: this is their central property. But many tissues are organized in such a
way that even an uncontrolled increase in the frequency of cell division wall not
by itself produce a steadily growing tumor The example of the utenne cemx,
discussed above on page 1194, illustrates this point. Like the epidermis of the skin
and many other epithelia, the epithelium of the uterine cervix normally renews
itself continually by shedding terminally differentiated cells from its outer surface
and generating replacements from stem cells in the basal layer (see p. 970/ On
average, each normal ster  cell division generates one daughter stem cell and one
cell that is condemned to terminal differentiation and a cessation of cell division
If the stern cell simply divides more rapidly, terminally differentiated cells will be
produced and shed more rapidly. and a balance of genesis and destruction will
still be maintained. Thus if a transformed stem cell is to generate a steadily growing
clone of progeny, the basic rules must be upset: either more than 50% of the
daughter cells must remain as stem cells, or the process of differentiation must
be deranged so that daughter cells embarked on this route retain an ability to
carry on Jdividing indefinitely and avoid being discarded at the end of the pro-
duction line (Figure 21-15)

Presumably, the development of sw.cii properties underfies the progression
from a mild dysplasia of the uterine cervix to carcinoma in situ and malignant
cancer (see Figure 21-10). Similar considerations apply to the development of
cancer in other tissues that rely on stem cells, such as the skin, the lining of the
gut, and the hemopoietic system Several forms of leukemia, for example, seem to
arise from a disruption of the normal program of differentiation, such that a com-

mitted progenite  { a particular type of blood cell continues to divide indefinitely,
instead of diffr ating terminally in the normal way after a strictly limited num-
wing stem cell
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(B) STEM CELL FAILS TO PROD!'CE ONE
NONSTEMCELL DAUGHTER IN EACH
DIVISION AND THEREBY PROLIFERATES
TO FORM A TUMOR

(A) RORMAL PATHWAY

Cancer as a Microevolutionary Process

Figure 21-15 The stem-cell strategy
for producing new differentiated celis
and two types of derangement that can
give rise to the unbridied proliferation
charactenistic of cancer. Note that an
excessive cell-division rate for the stem
cells will not by itself have this effect.

(C) DAUGHTER CELLS FAIL TO
DIFFERENTIATE NORMALLY AND
THEREBY PROLIFERATE TO FORM
A TUMOR




ber of division cycles see p. 979 In general, mutations or epigenetic changes that
block the normal maturation of cells toward a nondividing, terminally differen-
tiated state must play an essential part in many cancers. In the treatment of cancer
therefore, there is some prospect that drugs that promote cell differentiation may
turn out 1o be a useful alternative or suppiement 1o drugs that simply kill dividing
cells

To Metastasize, Cancer Cells Must Be Able to Cross Basal Laminae'?

It is the ability to metastasize that makes cancers hard to eradicate surgically or
by localized irradiation. To disseminate widely in the body. the cells of a typical
solid tumor must be able to loosen their adhesion to their original neighbors,
escape from the tissue of origin, burrow through other tissues until they reach a
blood vessel or a lymphatic vessel, cross the basal lamina and endothelial lining
of the vessel so as to enter the circulation, make an exit from the circulation
elsewhere in the body, and survive and proliferate in the new envircnment in
which they find themselves (Figure 21-16). The final steps are probably the most
difficult: many tumors release quite large numbers of cells into the circulation,
but only a minute proportion of these cells succeed in founding metastatic colonies.

A few types of normal cells—notably white blood cells—already have some
or all of the properties needed to disseminate through the body, but for most
cancers the ability tc metastasize probably requires additional mutations or epi-
genetic changes Such transformations. like the others involved in the development
of cancer, are thought to occur at random in the initial tumor population: only

bresk through basal lamina
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Figure 21-16 Steps in the process of
metastasis. This example ilustrates the
spread of a tumor from the lung to the
liver Tumor cells may enter the
bloodstream directly by crossing the
wall of a blood vessel, as diagrammed
here, or, more commonly perhaps, by
crossing the wall of a lymphatic vessel.
The lymphatic vessels u!timately
discharge their contents (lymph) into
the bloodstream, but tumor cells that
have entered a lymphatic vessel often
become trapped in lymph nodes along
the way, giving rise to lymph-node
metastases. Studies in animals show
that typically less than one in every
thousand malignant tumor cells that
enter the bloodstream will survive to
produce a tumor at a new site The
likelihood of metastas:s depends on the
characteristics of the host tissue as well
as on those of the cancer cell
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those few cells that acquire the properties needed for metastasis and that happen
to land in a suitable environment will be able to found secondary tumors. In
accordance with this concept of evolution through random variation and natural
selection, it is found that the cells of a single tumor are heterogeneous in meta-
static capacity (Figure 21-17).

An understanding of the molecular mechanisms of metastasis should even-
tually aliow the design of treatments to block it. Some progress is being made
along these lines. It has been shown. for example, that for tumor cells to cross a
basal lamina they must have laminin receptors (see p. 822/, which enable the cells
to adhere to the lamina. and they must secrete type IV collagenase. which heips
them digest the lamina (Figure 21-18). Antibodies or other reagents that block
either laminin attachment or the activity of ty ve IV collagenase have been found
to block metastasis in experimental animals. It remains to be seen whether human
cancer patients can be helped by treatments that halt metastatic spread in this
way

Defects of DNA Hepair, Replication, and Recombination
Accelerate the Development of Cancer"™

As we have emphasized, the incidence of tumors and their rate of progression
from benign to malignant depends on the frequency of mutations. The mutation
rate may be high because of mutagens in the environment or because of intra-
cellular defects in the machinery governing replication, recombination, and repair
of DNA. People with the rare genetic disorder xeroderma pigmentosum, for ex-
ample, have a defect in the system of enzymes requ to ir_the of

damage done to DNA

the e e DNA li I, required for DNA replication and repair, and in Fanconi s

anemia and ataxia-telangiectasia, where there are less well characterized defects

in the same functions. In these rare genetic disorders, the abnormality is inherited
the line and is therefore present in all the cells of the . Similar
s in DNA m can anrse, however, mutations
m@mmqumticoeﬂn.mdthmhwidmmtothuuchabemdom
are a common and important factor in the development of many cancers.
Canoercelhoﬂendhphymabnonnﬂvuubﬂkyinnwnmmdshnpeof
their nuclei (Figure 21-19) and in the number and structure of their chromosomes;
indeed, abnormal nuclear morphology is one of the key features used by pathol-
ogists todhgmcmr.mncu\corcaﬂlmvaninmﬂm.theymoﬁen
hmdtohaveanennonﬁmﬂlyummblcknyotypa:pmbmneumphﬁodor
deleted and chromosomes become lost, duplicated, or translocated with a far
hbgherﬁvquemy(hanMnonndcelhincdﬂm.Sud\chmtmwmdvmlbﬂhy
might simply be the consequence of hasty cell-division cycles occurring in a dif-
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Figure 21-17 Expenment showing
that there are clonally hentable
differences between th : cells of a singl
tumor with respect to the ability to
metastasize. Cells derived from a single
cancer cell line are subcloned. and
standard aliquots of each subclone are
tested by injection into the bloodstrear
of host mice. The subclones differ
markedly in the number of resulting
metastases per mouse

BINDING TO LAMININ

eCRpOr

type |V collagen in basal laming

DIGESTION OF BASAL LAMINA
BY TYPE IV COLLAGENASE

MOTILITY

\»
"

Figure 21-18 Three steps in crossin
a basal lamina—a task that invasive
tumor cells must be able to perform




ferentiated cell that is poorly adapted for rapid proideration Alternatively, it might
reflect a hentable deficiency in the machinery or control of DNA replication. repau
or recombination, ansing by somatic mutation in any one of the many genes
involved in these compiex processes. Such a mutation would be liable to increase
the likelihood of subseguent mutations in other classes of genes For this reason
one might expect it 1 be a common feature of cells that undergo the multiple
mutations required (0 become cancerous. Suppose, for example. that three mu-
tations in genes governing the social behavior of cells are required to convert a
normal cell into a cancer cell and that each of these mutations normally occurs
at a rate of 10 * per cell per human lifetime. Then the probability for a single cell
with the normal level of mutability to accumulate these three mutations in the
course of 2 lifetime would be 10 * x 10 * x 10 * = 10 " per cell. But now let
us suppose that each of these mutations occurs at a rate of 10 ° per cell per
lifetime i/ there has been a prior mutation in some particular enzvme involved in
DNA replication or repair. If this latter mutation itself has a probability of 10 *
cancer cells will arise most frequently by the route that begins with the mutation
that increases mutability: this route (given the simplest possible assumptions)
involves a combination of four events whose joint probability is on the order of
10°% x 10°% x i27% x 10 * = 10 " per cell per lifetune; it is thus 100 times
more likely than the route involving only the minimal three mutations

The Enhanced Mutability of Cancer Cells Helps Them
Evade Destruction by Anticancer Drugs'®"*

Whatever the origins of the abnormally high mutability of cancer cells, most ma
lignant tumor cell populations are heterogeneous in many respects and capable
of evolving at an alarming rate when subjected to new selection pressures. This
aggravates the difficulties of cancer therapy. Repeated treatments with drugs that
are selectively toxic to dividing cells can be used to kill the majonty of neoplastic
cells in a cancer patient, but it is rarelv possible to kill them all: usually some
small proportion are drug-resistant, and the effect of the treatment is to favor the
spread and evolution of cells with this trait. To make matters worse, cells that are
exposed to one drug often develop a resistance not only to that drug, but also to
other drugs to which they have never been exposed

This phenomenon of multidrug resistance is frequently corelated with a
curious change in the karyotype: the cell is seen (o contain additional pairs of
miniature chromosomes—so-called double munute chromosomes—or 10 have a
homogeneously staining region interpolated in the normal banding pattern of one
of its regular chromosomes Both these aberrations consist of massively amplified
numbers of copies of a small segment of the genome (see Figures 21-26 and 21-31,
below) Cloning of this amplified DNA has revealed that it often contains a specific
gene, known as the multidrug resistance (mdri) sene, which codes for a plasma-
membrane-bound transport ATPase that is thought to prevent the intracellular
accumulation of certain classes of lipophilic drugs by pumping them out of the
cell. The amplification of other types of genes can also give the cancer cell a
selective advantage: thus the gene for the enzyme dihydrofolate reductase (DHFR)
often becomes amplified in response to cancer chemotherapy with the folic-acid
antagonist methotrexaty; and we shall see that some proto-oncogenes involved in
cell-division control are similarly amplified in some cancers (see p. 1214)

While defects in DNA replication, recombination, or repair may help cancer
cells to evolve by increasing their mutability, they may also make the cells more
vulnerable to certain types of attack. This may explain the observation—exploited
in therapy—that the ceils of many tumors are killed more easily than normal cells
by irradiation or by exposure to specific drugs that interfere with DNA metabolism
As we learn more about the molecular mechanisms of DNA replication, recom-
bination, and repair, it should become possible to devise tests to pinpoint defects
in these functions in indvidual cases of cancer. Using such information we may
be better able to kill the delinquent cells by designing drugs that exploit theu
particular weaknesses
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Figure 21-19 Typical abnormalities in
the appearance of the nucleus of a
cancer cell—in this example, an
ervthroleukemia cell. The cancer cell
nucleus is large in relation to the
amount of cytoplasm, with an
uregularly indented envelope and a
nucleolus that is also abnormally large
and complex in its structure (Courtesy
of Daniel Friend.)
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Summary

Cancer cells, by definition, proliferate in defiance of normal controls (that s, they
are neoplastic/ and are able to invade and colonize surrounding tissues (that is,
they are malignant). Bv giving rise (o secondary tumors, or metastases, they become
hard to eradicate surgicallv. Cancer cells usuallv retain many features of the specific
cell type from which they are derived. Most cancers are thought to originate from
a single cell that has undergone a somatic mutation, but the progeny of this cell
must undergo further changes, probably requiring several additional mutations,
before they become cancerous. This phenomenon of tumor progression, which
usually takes many vears, reflects the operation of evolution by mutation and natural
selection among somatic cells; the rate of the process is accelerated both by mu-
tagenic agents (tumor initiators) and by certain nonmutagenic agents (tumor pro-
moters) that affect gene expression, stimulate cell proliferation, and alter the eco-
logical balance of mutant and nonmutant cells. Thus many factors contribute to
the development of a given cancer, and since some of these factors are avoidable
features of the environment, a large proportion of cancers are in principle pre-

ventable.

Much effort in cancer research has been droted to the search for ways to cure

the disease by extermunating cancer cells while sparing their normal neighbors. A

rationai approach to this problem requires an understanding of the special prop-

erties of cancer cells that enable them to evolve, multiply, and spread. Thus neo-

plastic cell proliferation often seems to be associated with a block in differentiation.

whereby the progeny of a stem cell are enabled to continue dividing instead of
entering a terminal nondividing state; in principle, the proliferation could be curbed

by promoting cell differeatiation. To become malignant, tumor cells must be able

(o cross basal laminae; antibodies can be designed that interfere with this ability,

thereby hindering metastasis. Cancer cells are often found to be zbnormally muta-
ble; this hastens evolution of the complex set of properties required for neoplasia
and malignancy and helps the cancer cells develop resistance to anticancer drugs.
At the same time, however, defects of DNA metabolism underlving such mutability
may make the cancer cells uniquely vulnerable to a suitably de-.gned therapeutic
attack.

The Molecular Genetics of Cancer'®

Because cancer is the outcome of a series of rar 1" genetic accidents subject to
natural selection, no two cases even of the sai .« « ety of the disease are likely
to be genetically identical. Nevertheless. all canc:  .an be expected to involve a
disruption of the normal restraints on cell prolueration, and for each cell type
there is a finite number of ways in which such disruption can occur. Moreover,
some parts of the machinery for regulating cell proliferation are likely to be the
same in many or all cell tvpes, and similarly vuinerable. In fact, changes in a
relatively small set of genes appear to be resporsible for much of the deregulation
of cell division in cancer. The identification and characterization of many of these
genes has been one of the great triumphs of molecular biology in the past decade.
Ceﬂpmlﬁauﬂoncanbemguhteddimcdy.mmughlhemochanhm(}mde-
termines whether a cell passes the restriction point or “Start” of the cell-division
cycle (see p. 745), or indirectly—for example, through regulation of the commit-
ment to terminal differentiation (see p. 967). In either case the normal regulatory
genes can be lcosely classified into those whose products help stimulate cell
wmmwmmmummmnmn.c“mm.umem
two mutational routes toward the uncontrolled cell proliferation that is charac-
teristic of cancer. The first is to make a stimulatory gene hyperactive: this type of
mutation has a dominant effect—only one of the cell's two gene copies noed
lmdergod\edwp—uldmedmdmbanedmmm\emmul
allele being a proto-oncogene . The second is to make an inhibitory gene inactive:
thi:typeofmunﬂonhuameulwaﬁaci—bothlheceﬂ‘osmecopﬁumwbe
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inactivated or deleted to free the cell of the inhibition—and the lost gene 1s some-
times called, for want of a better term, a fJUMOr SUPpPressor gene.

In addition to ordinary mutations, there is another type of genetic change
that can lead to cancer: the celi-division control system can be subverted by foreign
DNA introduced into the cell by a virus. In fact, insight into the molecular genetics
of cancer came first from the study of such tumor viruses, which paved the way
for an explosion of discoveries of oncogenes and proto-oncogenes. More recently,
progress has been made in the more difficult task of identifying and cloning tumor
suppressor genes, as we shall cee at the end of this section.

Both DNA Viruses and RNA Viruses Can Cause Tumors''®

B-th DNA vi ses and RNA viruses-—retroviruses in particular-—can play a part in
transforming healthy cells into cancer cells. This can be demonstrated expen-
mentally both in laboratory animals, where certain viruses cause cancers, and in
cell culture, where the same viruses transform the behavior of infected cells, en-
abling them to divide in circumstances where untransformed cells will not (ses
p. 753 for an account of the properties of neoplastically transformed cells in cul-
ture). Two intensively analyzed examples are the SV40 virus, a DNA virus isolated
from monkey cells, and the Rous sarcoma virus, a retrovirus isolated from chick-
ans. It is harder, however, to incriminate viruses in human cancer: they do not
stand out among the muitiple causative factors involved in almost every variety of
the disease, and it is thought likely that in most of the common human cancers
they play no part. This may be because the immune system, by destroying virus-
infected cells, protects us from many virus-induced cancers that might otherwise
arise. Nonetheless, there is now good evidence that viruses do play a causative
role in several types of human cancers (Table 21-3—in some cases probably through

Table 21-3 Viruses Associa*d with Human Cancers

Areas of High
Virus Associated Tumors Incidence Other Suspected Risk Factors
DNA viruses
Papovavirus family
Papillomavirus (many warts (benign) worldwide —
distinct strains) carcinoma of uterine cervix worldwide smoking

Hepadnavirus family
Hepatitis-B virus liver cancer (hepatocellular Southeast Asia; tropical

carcinoma) Africa

Herpesvirus family

Epstein-Barr virus Burkitt's lymphoma (cancer West Africa; Papua New

of B lymphocytes) Guinea
nasopharyngeal carcinoma southern China;
Greenland (Inuit)
ANA viruses
Retrovirus family
Human T-cell leukemia adult T-cell leukernia/ Japar .yushu!
virus type | (HTLV- lymphoma West indies
Human immunodeficiency Kaposi's sarcoma (cancer of  Central Africa
virus (HIV-1, the AIDS endothelial cells of blood
virus) vessels (71

aflatoxin from fungal contamination
of food: alcoholism; smoking;
other viruses

malara

histocompatibility genotype (?); salted
fish in infancy (?)

immune deficiency or suppression;
infection with other virus (7)

For all the above viruses, the number of people infected is much larger than the number who develop cancer: the viruses must act in
conjunction with other factors, Moreover, some of the viruses probably contribute to cancer only indirectly; for example, HIV-1, by
obliterating cell-mediated immune defenses. may allow endothelial celis transformed by some other agent to thrive as a tumor instead of

being destroved by the immune system
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indirect promoting actions, in other cases by helping directly to cause neoplastic
transformation of the cells they infect

if a cell is to be stably transformed by a virus, a stable parasitic association
must be established: the virus must not kill the cell, and the cell must retain the
viral genes from one cell generation to the next—usually by integrating those genes
into one or more of its own chromosomes. occasionallv by retaining them as an
extrachromosomal plasrmid that replicates in step with the chromosomes. SV40
and the retroviruses, for exampie are integrated into the chromosomes of the cells
they transform; the papillomaviruses—a class of DNA viruses responsible for hu-
man warts and implicated in carcinomas of the uterine cervix (see Table 21-3)—
are maintained in some conditions as plasmids, in other conditions as integrated
elements. In either case the effect is to endow the cell with a heritably altered
genome. DNA viruses and etroviruses differ fundamentally, however, in the nature
of the viral genes tha cause neoplastic transformation and in the relationship
between cell transformation and the virus's usual life cycle.

DNA Tumor Viruses Subvert Cell Division Controls
as Part of Their Strategy for Survival*"”

As explained in Chapter 5 (p. 250/, a DNA tamo~ virus such as 5V40 normally
propagates in the wild by a process that does not depend on the production of
cancer. An 5V40 virus, having entered a host cell, typically does not become stably
incorporated into the host cell genome. Instead, a protein (or set of proteins
encoded by a viral gene rapidly activates the host ceil's machinery for DNA rep-
lication, and the virus then uses this subverted equipment to replicate its own
genome, which in turn directs the synthesis of other viral components at the
expense of the host cell until the host is killed, releasing a horde of new infectious
virus particles. Much more rarely, the virus may ent - a host cell of a type that is
nonpermissive iui viral proliferation and may persist there as a result of a genetic
accident through which the virus becomes stably incorporated into one or more
of the host cell’s chromosomes. In these circumstances the viral gene that activates
the host's machinery for DNA replication may still be transcribed, thereby driving
the host cell into 5 phase and forcing it to undergo repeated division cycles: the
viral gene acts as an oncogene, causing a cancerous transformation. it is, however,
unlike the other classes of oncogenes to be discussed below in that it has no
counterpart in the normal host cell genome: it has evolved as an essential part of
the virus's equipment for its usual mode of propagation, and not by mutation from
a cellular proto-oncogene.

DNA viruses are a diverse group, but the general principles just described
apply, with some variations, to most of those that are implicated in cancer. One
important variant is illustrated by the papillomaviruses, for which persistent as-
sociation with the host cell is a normal part of the life cycle. These viruses belong
to the papovavirus family that includes $V40, but they can apparently switch be-
tween a nonproductive mode of infection, in which they replicate in step with the
host cell without harming it, and a productive mode, in which they reproduce
rapidly and kill the host cell, so that large numbers of new virus particles are
released to infect other cells. Like SV40, these viruses have to be able to subvert
the host cell’s DNA synthesis machinery, and the viral genes that have this function
can act as oncogenes. Studies of cancer of the uterine cervix have suggested that
carcinogenesis by papillomaviruses in humans requires the integration of a spe-
cific viral replication gene into a host chromosome, as illustrated in Figure 21-20.

Retroviruses Pick Up Oncogenes by Accident'*"®

DyoonnutmmDNAvimm,nmmtmp.mutdp.m)mm
or less harmless to the host cell, from which they are released continuously by
budding from the plasma membrane, without causing neoplastic ransformation.
Oonuiomlly.hwwar.lmuvvhnnccidenuuywquhuﬁvmmhonacdluhr
conudpne—oracamptodcopyorﬁ-ngmemofmchagenoqhnlulmundul
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unbalanced production of
viral repiication proteins

imegrated gene
encoding viral
replication protein
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BENIGN GROWTH OR WART MALIGNANT TUMOR

function in the viral life cvcle but may drastically influence subsequent host cells
In particular, as we saw in Chapter 13 (see p. 754), a retrovirus such as the Rous
sarcoma virus that has picked up a host-derived oncogene (Figure 21-21) will be
easily detected because of its dominant transforming effect on infected host cells,
which are driven to proliferate excessively. The oncogene can be identified by
genetic dissection of the retrovirus: DNA probes can then be prepared from it to
fish for homologous genes in normal cells. More than 20 oncogenes have been
discovered by this approach (Table 21-4), each corresponding to its own closely
similar counterpart—a proto-oncogene—present in the normal vertebrate cell gen-
ome (see p. 7541 As discussed on page 756, these oncogenes fall into several

murine leukemia virus

r s e termingl repeats ———-

.- IR

(A) PG pol eny e
host cell DNA exon intron region encoding kinase domain
' l o i i il
AN SESSSS— . S— | | | | (S— —
5 chicken C#T Proto-oncogens ¥
src
(8) | SRERRAE
oncogene
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Figure 21-20 How certain
papillomaviruses are thought (o give
nse to cancer of the utenne cermx
Papillomaviruses have double-stranded
circular DNA chromosomes of about
8000 nucleotide pairs In a wart or other
berugn infection, these chromosomes
are stably maintained in the basal ceils
of the epithelium as plasmids whose
replication is regulated so as to keep
step with the chromosomes of the host
ileft). Rare accidents can cause the
integration of a fragment of such a
plasmid into a chromosome of the host
altering the environment of the viral
gen s and disrupting the control of
their expression. The consequent
unregulated production of a viral
replication protein tends to drive the
host cell into § phase. thereby helping
10 generate a cancer (right)

Figure 21-21 The structure of the
Rous sarcoma virus. (Al The organiza-
tion of the viral genome as compared
with that of a more typical retrovirus
imurine leukemia virus). Rous sarcoma
virus is unusual among the retroviruses
that carry oncogenes in that it has re-
tained all the three viral genes required
for the ordinary viral life cycle. gag
(which produces a polyprotein that is
cleaved to generate the capsid proteins),
pol iwhich produces reverse transcrip-
tase and an enzvme involved in inte-
grating the viral chromosome into the
host genome !, and env (which produces
the envelope glycoprotein) In other on-
cogenic retroviruses, one or more of
these viral genes are wholly or partly
lost in exchange for the acquisition of
the transforming oncogene (see Figure
21-22), and therefore infectious particles
of the transforming virus can be gener-
ated only in a cell that is simultane-
ously infected with a nondefective,
nontransforming helper virus, which
supplies the missing functions. (B) The
relationship between the v-src onco-
gene and the cellular c-src proto-
oncogene from which it has been de-
rived. The introns present in c-src have
been spliced out of v-src; in addition,
v-src contains mutations that alter the
amino acid sequence of the v-src pro-
tein, making it hyperactive and unregu-
lated as a tyrosine-specific protein ki-
nase (see p 757). Rous sarcoma virus
has been highly selected (by cancer re-
search workers| for its ability to trans-
form cells to neoplasia, and it dox 1 this
with unusual speed and efficiency
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Table 21-4  Oncogenes Onginally Identufied Through Their Presence
in Transforming Retroviruses

Proto-encogene Function Source of Virus-induced
Oncogene  (where known) Virus Tumor
abl protein kinase (tvrosine! mouse pre-B-cell leukermia
cat sarcoma
akt g mouse I-cell lvmphoma
crk activator of tyrosine-specific chicken sarcoma
protein kinases/
erb-A thvroid hormone receptor chicken supplements action
of v-erb-B
erb-B protein kinase (tyrosine! chicken ervthroleukemia:
epidermal growth factor (EGF fibrosarcoma
receptor
ets nuclear protein chicken Isupplements action
of v-myb)
fes/ps protein kinase (tyrosine) catchicken sarcoma
for protein kinase (tyrosine) cat sarcoma
fms protein kinase (tyrosine): cat sarcoma
macrophage colony-stimulaung
factor (M-CSF) receptor
Jos nuclear transcription factor mouse osteosarcoma
Jun nuclear protein: chicken fibrosarcoma
AP-1 transcnption factor
kit protein kinase (tyrosine| cat sarcoma
rmilbraf protein kinase (serine/threoninel  chickenvmouse  sarcoma
mos protein kinase (serine/threoninel  mouse sarcoma
myb nuclear protein chicken myeloblastosis
myc nuclear pretein chicken sarcoma;
myelocytoma;
carcinoma
H-ras G protein rat SArcoma;
erythroleukemia
Kas G protein rat $arcoma,
erythroleukemia
rel nuclear protein turkey reticuloendotheliosis
ros protein kinase (tyrosine) chicken sarcoma
sea protein kinase (tyrosine) chicken sarcoma: leukemia
Sis platelet-derived growth factor, monkey sarcoma
B chain
ski nuciear protein chicken carcinoma
src protein kinase (tyrosine) chicken sarcoma
yes protein kinase (tyrosine) chicken sarcoma

distinct families, the largest group being the protein kinase gene family to which
the oncogene of the Rous sarcoma virus (the src oncogene) belongs (Figure 21-22).

Thuumtwoway:inwhichapmlo-oncogenecanbeconvanedimom
mroogamupwmanponﬁonmmlmnhesemuquencemybedtemd
or truncated so that it codes for a protein with abnormal activity, or the gene may
mwmwmawmmmmmmm
m.whidxcnmeiupmducllobenudeinemorinhuppmpdnedb
cmmtum;oﬁenbothcﬂacuooantogeﬁ\er.mmunmocmumﬂu
am@nkeﬁcumamdnrmyﬂmdounmhmMpMupho‘l”u\d
cuvying:hunﬁunceﬂtocoﬂ:DNAcopbsofd\emnNAnuydmplyhm
nwnuemnuomehouceugummatnmclowto,ormnwmun.pmto-
oncogenes. The mmmmmpmuwuwm
dedtudmthbymmWydmmthu.
lhndomimatbnofDNAcopiuoﬂhevianNAtmothahoﬂDNAbnpaﬂol
nwmmdmwinlllhcych.u\dmeMmMmmmmMnu-
cboﬁdepahﬁunnp«!wmblhbhtouuu;bmmdmmmdtm
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gene. Insertional mutagenesis provides an important means of identifying proto-
oncogenes, which can be tracked down by their proximity to the inserted retro-
virus. Proto-oncogenes identified in this way often tum out to be the same as
those discovered in the other way, as counterparts to oncogenes that retroviruses
carry from cell to cell, but some new ones have been discovered as well (Table
21-51. An example is the int-1 gene, activated by insertional mutagenesis in breast
cancers in mice infected with the mouse mammary tumor virus (Figure 21-23)
When cloned and sequenced, this gene tumed out to be closely homologous to
the Drosophila gene wingless (see p 9291, which is apparently involved in celi-cell
communications that regulate details of the segmental pattern of the fly

Different Searches for the Genetic Basis of Cancer Converge
on Disturbances in the Same Small Set of Proto-oncogenes's'?

While some researchers pursued the line of investigation leading from retroviruses
to oncogenes, uthers took a more direct approach and searched for DNA se-
quences in human cancer cells that would provoke uncontrolled proliferation
when introduced into noncancerous cells. The assay was done in cell cuiture,
using a particular line of mouse-derived 313 cells—NIH 3T3 cells—as the noncan-
cerous hosts and transfecting them with DNA taken from human tumor cells (see
p. 755 and Figure 13-33). The findings were dramatic: oncogenes were detected
in many lines of human cancer cells, and in several cases these oncogenes tuimed
cut to be mutant alleles of some of the same proto-oncogenes that had been
identified by the retroviral approach, or of genes very closely related to them. For
example, about one in four human tumors was found to contain a mutated mem-

int-\ gere

8000 nucisotide peirs

exons
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Figure 21-22 Many of the proteins
produced by the oncogenes carried by
transforming retroviruses are protein
kinases. the diagram compares their
pnmary structures schematically. Note
that mosi of the oncogenes have
disrupted normal viral genes and
thereby produce fusion proteins that
contain the amino terminus of the viral
gag protein. (After T Hunter, Sei. Am.
251(2):70-79, 1984 )

Figure 21-23 Insertional mutagenesis
that activates a gene called int<1 and
produces breast cancer in mice infected
with the mouse mammary tumor virus
(MMTV). The sites of MMTV integration
observed in 19 different tumor isolates
are indicated by arrows Note that the
insertions can activate transcription of
the int-1 gene from distances of more
than 10,000 nucleotide pairs away and
from either side of the gene. This effect
is attributed to a powerful enhancer
DNA sequence present in the terminal
repeats of the MMTV genome.
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Table 21-8 Some Oncogenes Onginally identified by Means Other Than Their Presence
in Transforming Retroviruses

Means of Detection Oncogenes

Amplification L-mve, N-mye, Gl

I'ransfection mas, met, neu, N-ras. trk, onc-F. thy
Transiocation bel-1, bel-2. tel-1. tel-2. tel-3a. tel-3b

evi-1, int-1, int-2. int-3. int-4, Mivi-2. Mha-3, Pim-1, Fivi-1. Gin-1
fis-1. lck, dsi-1. fim-1. ahi-1, rmus-1. mis-2. rmus-3. mis-4, spi

Insertional mutation

ber of the ras gene family (see p. 705), first discovered as oncogenes carmed by
retroviruses that cause sarcomas in rats. Thus two independent lines of enquuy
converged on the same genes.

Yet another approach that led to some of the same proto-oncogenes was
based on the karyotyping of tumor cells. As mentioned earlier (see p. 1190/, in
almost all patients with chronic myelogenous leukemia, the leukemic cells show
the same chromosomal transiocation. between chromosomes 9 and 22, likewise,
in Burkitt's lymphoma there is regularly a transiocation between chromosome 8
and one of the three chromosomes containing the genes that encode antibody
molecules. In both these types of cancer the translocation breakpoint, where part
of one chromosome is joined to another. was found to coincide exactly with the
location of a proto-oncogene already known from retroviral studies—c-abl in chronic
myelogenous leukemia, c-myc in Burkitt's lymphoma. Analogous chromosome
translocations are similarly associated with some other types of cancer. From DNA
sequencing studies it seems that in some cases the transiocation tums a proto-
oncogene into an oncogene by fusing the proto-oncogene to another gene in such
a way that an altered protein is produced (Figure 21-24); in other cases the trans-
location moves a proto-oncogene into an inappropriate chromosomal environ-
ment that activates its transcription so that the normal protein is produced in
excess

A Proto-oncogene Can Be Made Oncogenic in Many Ways' 41820

So far, about 60 proto-oncogenes have been discovered (see Tables 21-4 and 21-5);
each of these can be perverted into an oncogene that plays a dominant part in
cancers of one sort or another. Most such genes have been encountered repeat-

ber gene on chromosome 22

Sewmkpoim \/‘...-m

' TRANSLOCATION

1

s ¥
R e o 00 e
|

TRANSCRIPTION

¥ 3 ooyl fusd boric-abl mANA

TRANSLATION

C RN bor /o fusion protin

The Molecular Genetics of Cancer

Figure 21-24 The conversion of th
c-abl proto-oncogene into an oncoge
in patients with chronic myelogenot
leukemia. The chromosome
translocation responaible joins the b
gene on chromosome 22 to the c-ab
gene from chromosome 9, thereby
generating a Philadeiphia chromoso
(see Figure 21-4). The resulting fusic
protein has the amino terminus of t
wmmnhm
terminus of the ahl tyrosine protein
kinase; in conseguence, the abl kin:
domain presumably becomes

active, driving exce:
proliferation of a clone of hemopoi
cells in the bone marmow.
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edly, in a variety of mutant guises and in several different forms of cancer, sug-
gesting that the majority of mammalian proto-oncogenes may already have been
identified There are many conceivable modes of genetic disruption that could
convert a proto-oncogene iNto an oncogene and examples of almost all of them
are known (Figure 21-25). The gene may be altered by a point mutation, or through
a chromosomal translocation, or by insertion of a mobile genetic element such as
a retrovirur The change can occur in the protein-coding region so as to yield a
hyperactive product, or it can occur in adjacent control regions so that the gene
is simply overexpressed Altemnatively, the gene may be overexpressed because it
has been amplified to a high copy number through a process that probably begins
with anomalous chromosome replication (Figure 21-26). Specific types of abnor-
mality are characteristic of particular genes and of the responses 1o particular
carcinogens Members of the myc gene family, for example, are frequently over-
expressed or amplified, while 90% of the skin tumors evoked in mice by the tumor
initiator dimethylbenziajanthracene (DMJA) have an A-to-T alteration at exactly
the same site in a mutant H-ras gene

The molecular functions of the proto-oncogenes mutated in these various
ways are beginning to be elucidated, and an increasing number of them can be
assigned to particular cell-signaling pathways. as discussed in Chapters 12 and 13
(see p. 705 and p. 756). Many of the gene products appear to interact with one
another as components of an elaborate control network (Figure 21-271. Thus some
proto-oncogenes code for growth factors, some for growtn-factor receptors and
other protein kinases. stiil others code for G proteins of the ras family (see p. 705)
or for gene regulatory proteins located in the nucleus. The molecular mechanisms
of carcinogenesis are correspondingly beginning to make sense: through mutation
of a gene (c-sis) for a growth factor (PDGF), leading to its inappropriate expression
cells become able 1o stimulate themselves continually to divide; through mutation
of a gene (c-erbB) for a growth-factor receptor (the EGF receptor), they behave as
though the corresponding growth factor were constantly present; through muta-
tions that exaggerate expression of a gene (c4myc) whose product is thought to
mediate nuclear changes required for cell proliferation, cells become committed
to proliferate indefinitely. A great deal still remains unclear, however In spite of
a wealth of information about the DNA sequences and mulecular structures of
proto-oncogenes and oncogenes and their products, we still have only a vague
notion of the parts that most of them play in the physiology of the cell

The Actions of Oncogenes Can Be Assayed in Transgenic Mice*!

The concept of an oncogene is paradoxical. As we have argued at length in the
first part of this chapter, a single mutation is not enough 1o cause a cancer; vet
an oncogene is defined as a dominantly acting gene and is typically assayed by
its ability to cause neoplastic transformation of cultured cells on its own This
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Figure 21-28 Three ways in which a
proto-oncogene can be converted into
an oncogene. A fourth mechanism (not
shown) involves recombination between
retroviral DNA and a proto-oncogene:
this has effects similar to those of
chromosome rearrangement, brnging
the proto-oncogene under the control
of a viral enhancer and/or fusing it to a
viral gene that s actively transcribed
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Figure 21-26 A possible mechanism for gene amplification
leading to overproduction of a protein. The process begins with
a gene-duplication event whose mechanism is not well
understood but must invoive illegitimate recombination The
mechanism illustrated here incorporates the suggestion that the
illegitimate recombination may be a consequence of a
destabilizing effect of illegitimate over-replication of the DNA
Once a gene duplication has occurred, unequal sister-chromatid
exchanges due to recombination between identical gene copies
in the course of DNA replication can further amplify the number
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of gene copies (see p. 600/, until the chromosoms contains tens
or hundreds of them. When many DNA repeats are present, the
segment containing them may become visible as a homogene-
ously staining region in the chromosome, or it may—probably
through another recombination event-—become excised from its
original locus and give rise to independent double munute
chromosomes (see p. 1202). The DNA sequence that becomes
repeated by such an amplification mechanism is generally mon
than 100,000 nucleotide pairs long

Figure 21-27 A tentative outline of
the relationships of the major classes o'
proto-oncogenes in the intracellular
control network through which externs
signals stimulate cell’ proliferation. A
single represeniative proto-oncogene is
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apparent contradiction reflects the gulf between the simplified models of cancer
most widely studied by molecular biologists and the complexity of the actual
human disease. The standard assay for identification of oncogenes does not test
their effects on normal human somatic cells but on a mouse-denved 3T3 cell line:
and the 373 cells, through establishment in culture, have already undergone mu-
tations that make them abnormally easv to transform by a single further genetic
change. Moreover, as explained on page 1192, mice with their shorter life-spans
and smaller cell numbers run an intrinsically smaller risk of cancer than do
human beings, so that their cells may be less securely protected against the con-
sequences of carcinogenic mutations than are human cells

Even in a mouse, however, a single oncogene is not usually sufficient to turn
a normal cell into a cancer cell. This can be strikingly demonstrated by studies of
transgenic mice. An oncogene in the form of a DNA fragment, derived from either
a virus or a tumor cell, can be linked to a suitable promoter DNA sequence and
then injected into a mouse egg nucleus. Often this recombinant DNA molecule
will become integrated into a mouse chromosome, leading to the generation of a
strain of transgenic mice that carry the oncogene in all their cells. The oncogenc
introduced in this way may be expressed in many tissues or only in a select few,
according to the tissue specificity of the associated promoter. Typically, in mice
that are thus endowed with a myc or H-ras oncogene, some of the tissues that
express the oncogene grow to an exaggerated size; and occasional cells, with the
passage of time, undergo further changes and give rise to cancers. The vast ma-
jority of the cells in the transgenic mouse that express the myc or H-ras oncogene,
however, do not give rise to cancers, showing that the single oncogene is not
enough to cause neoplastic transformation

This approach has been taken a step further by breeding from a pair of trans-
genic mice, one carrying a myc oncogene, the other carrying an H-ras oncogene.
50 as 1o obtain progeny that carry both oncogenes together. These offspring de-
velop cancers at a n  _h higher rate than either parental strain (Figure 21-28), but
again the cancers originate as scattered isolated tumors among noncancerous
cells. Thus, even with two expressed oncogenes, the cells must undergo further,
randomly generated changes to become cancerous

Although this is a typical finding, some exceptions have been reported where
a type of transgenic mouse carmying a single oncogene has all the cells of a par-
ticular tissue transformed simultaneously into cancer cells. But in these cases the
oncogene apparently has to be doubly activated, through a mutation in its coding
sequence as well as through coupling to an abnormal control sequence that drives
it to be overexpressed, or inappropriately expressed, in the affected tissue. Thus,
even though a single oncogene may sometimes be enough to cause transformation
of a normal cell into a cancer cell, a single genetic lesion probably is not

Cancer Involves the Loss of Tumor Suppressor Genes
as Well as the Acquisition of Oncogenes™

From all the evidence, it seems that the control system that regulates cell prolif-
eration must be fail-safe, in the sense that no single genetic accident is disastrous
for its proper operation: proliferation is usually kept within safe bounds even if
any single component goes awry. As a rule, a single oncogene can exert its dom-
inant effect in provoking cancerous behavior only if the control system is already
severely disturbed; the discoverers of oncogenes were fortunate in the choice of
suitable cell lines for their assays.

It has proved considerably harder to identify and isolate tumor suppresc.r
genes—the genes that normally act to inhibit excessive cell proliferation. There
are, however, several lines of evidence that the loss of such genes plays a part in
cancer. As we saw on page 755, for example. when a transformed cell in culture
is fused with a nontransformed cell, the resulting hybrid cell often behaves as
though nontransformed: only if a specific chromosome derived from the nontrans-
formed partner is lost from the hybrid does the cell revert to cancerous behavior
In such a case the specific chromasome presumably contains the cell's only copy
of a particular turnor suppressor gene.
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Figure 21-28 The occurrence of
tumors in three types of transgenic
mice, one CaITying a myc oncogene, one
carying a ras oncogene, and one
carrying both oncogenes. For these
experiments, two lines of transgenic
mice were constructed One cames an
inserted copy of an oncogene created
by fusing the proto-oncogene C+myc
with the mouse mammary tumor virus
promoterrenhancer (which then drives
c-myc overexpression in specific tissues
such as the mammasy gland). The other
line camies an inserted copy of the
oncogene v-H-ras under control of the
same promoterenhancer. Both strains
of mice develop tumors much more
.equently than normal. most often in
the mammary or salivary glands. Mice
that carry both oncogenes together
were obtained by crossing the two
strains. These hybrids develop tumots
at a far higher rate still, much greater
than the sum of the rates for the two
oncogenes separately Nevertheless, the
tumors arise only after a delay and only
from a small proportion of the cells in
the tissues where the two genes are
expressed: some further accidental
change, in addition to the two
oncogenes. is apparently required for
the development of cancer. (After

E. Sinn, et al, Cell 49.465-475, 1987
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In an ordinary diploid cell, both copies of a tumor suppressor gene will gen-
erally have to be lost or inactivated before there is a loss of growth control: a
mutation that contributes to cancer by deleting or inactivating the gene will be
recessive. 4 mutation that creates an oncogene, by contrast, can have an effect on
cell behavior even in the presence of a normal copy of the corresponding proto-
oncogene. Thus, in principle, defective tumor suppressor genes can be recognized
and distinguished from oncogenes by simple genetic criteria. An illustration is
provided by a rare childhood cancer known as retinoblastoma, in which tumors
develop from neural precursor cells in the immature retina. There are two forms
of the disease, one hereditary, the other not. In the hereditary form, multiple
tumors usually arise independently, affeciing both eyes and sometimes occurming
also in bone; in the nonhereditary form, only one eye is affected, and only by one
tumor. Moreover, some hereditary sufferers from retinoblastoma are found to have
a visibly abnormal karyotype, with a deletion of a specific band on chromosoine
13; and deletions of this same locus are also seen in tumor cells from patients
with the nonhereditary disease. This points (o an explanation of the cancer in
terms of loss of a tumor suppressor gene rather than acquisition of an oncogene.
specifically, the observations suggest that the cells of patients with the hereditary
disease have a predisposition to become cancerous because they all lack one of
the two normal copies of a certain tumor suppressor gene, called the retinoblas-
toma or Ab1 gene; a singie somatic mutation that spoils the remaining good copy
of the gene in one of the million or more cells in the growing retina will then
suffice to initiate a cancer. In children without the hereditary predisposition, ret-
inoblastomas would be very rare because they require the coincidence of two
somatic mutations in a single retinal cell to destroy both copies of the Ab1 gene
(Figure 21-29). The Ab1 gene has now been cloned and shown to encode a protein
that is normally expressed in the retina (and in many other tissues), contains " zinc
fingers ' similar to those found in many DNA binding proteins (see p. 490, and
also binds to the proteins encoded by the oncogenes of some DNA viruses. DNA
probes prepared from the cloned Rbl gene have been used to confirm that the
tumor cells differ from their nontransformed neighbors in having deletions or
inactivating lesions of Ab1 in both their maternal and their paternal chromosome
sets; the loss can occur in a variety of ways (Figure 21-30). Similar mechanisms
(involving other genes) have been shown to be responsible for some other cancers
of early childhood, such as Wilms' tumor of the kidney, that have a hereditary
form. Although these cancers are rare and somewhat exceptional, there is increas-
ing evidence to suggest that loss or inactivation of tumor suppressor genes also
plays a part in many comnion cancers occwring in adult life.
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excessive cell
proliferation leading
to retinob'astoms

RESULT: ONLY ABOUT 1IN 30,000
NORMAL PEOPLE DEVELOP TUMOR

Pigure 21-29 The genetic
mechanisms underlying retincblastoma
n the hereditary form, all cells in the
body lack one of the normal two
functional copies of a tumor suppressor
gene, and tumors occur where Lie
reimaining copy is lost or inactivated by
a somatic mutation. In the el
nonhereditary form, all cells initially
contain two functional copies of the
gene. and the tumor arises because
both copies are lost or inactivated
through the coincidence of two somatic
mutations in one cell.
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Molecular Analysis of Lung Tumors Highlights the Complexity
and Variability of Human Cancer®

Each vear, about 140,000 new cases of lung cancer are diagnosed in the United
States. At present, very little can be done to save these patients, and more than
90% of them die within a year of diagnosis. To get some insight into the molecular
biology of the disease, detailed studies have been made of one of its forms, small-
cell carcinoma of the lung, which accounts for about 20% of all lung cancers. The
small-cell carcinomas are thought to be derved from pulmonary neuroendocrine
cells, which secrete gastrin-releasing peptide (GRP, also known as bombesin from
its similarity to an amphibian neuropeptide of that name) and other local chemical
mediators. More than a hundred cultured cell lines have been established from
the tumors of different patients with this cancer and subjected to molecular anal-
ysis. They display a rich array of anomalies. differing from one cell line to another
There are instances of disturbances in at least ten known oncogenes and tumer
suppressor genes. numerous chromosome deletions and translocations, and dis-
orders that cause secretion of signaling molecules that affect cell proliferation

Thus, for example, many of the cell lines show overexpression of the mve
proto-oncogene or of the related genes N-myc and L-myc, often as a result of gene
amplification, manifest in the karyotvpe as double minute chromosomes or ho-
mogeneously staining chromosome regions (Figure 21-31; see also p. 1202). In the
same cells, genes of the ras family are often found to have undergone specific
point mutations. Amplification of myc is regularly correlated with especially rapid
growth of the tumor cells in culture and with reduced expression of differentiated
properties; and patients who have tumors with this gene amplification have a
particularly short life expectancy

Together with other chromosomal abnormalities, several of the tumor cell
lines have gross chromosomal defects in the region of the Ab1 gene, and more
than half of the lines make no detectable Rb1 messenger RNA, even though this
is made in normal lung cells and in most other types of cancers. In addition, many
of the tumor cell lines have grossly visible deletions that include a specific band
on chromosome 3, hinting that loss of a gene in this region may play a part in
development of the cancer. Cloned DNA probes complementary tc chromosome
3 in this region provide a precise and reliable way to test for deietions of the region
and to identify any remaining copies of it according to whether they are versions
inherited from the patient’s mother or the patient's father. (The technique depends
on exploiting restriction-fragment length polymorphisms—see p. 270, This ap-
proach reveals that in almost every case (of small-cell carcinoma and of the other
major forms of lung cancer) one of the two parental copies of the identified region
of chromosome 3 has been lost. Noncancerous cells from the same patients do
not show such a loss, and it is not generally observed in other types of cancers
in other patients. There is a strong suggestion. therefore, that a crucial step in the
development of lung cancer is the elimination of a specific tumor suppressor gene
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Possible mechanisms by
which a cell that 1s defective in one of

Figure 21-30

its two copies of a tumor suppressor
gene may come to lose the function of
the other copy as well, and thereby
progress toward cancer Cloned DNA
probes can be used in conjunction
with restnction-fragment length
polymorphisms (see p 270) to analyze
the tumor DNA and thereby discover
which tvpe of event has occurred in a
given patient. Note that most of the
mechanisms result in a cell that totally
lacks either the maternal or the
patermal copy of the tumor suppressor
gene. The remaining version is itself
defective and may be present in
duplicate or in a single copy. Such
reduction to homozyvgosity or
hemuzygosity 1s a charactenstic hallmark
of a cancer dependent on loss of the
function of a tumor suppressor gene
After W K Cavenee et al., Nature
305779-784. 1983
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on chromosome 3, by one of the same types of mechanisms outlined for retino-
blastoma in Figure 21-30: presumably. in a typical lung cancer cell, one of the two
original good copies of the lung cancer suppressor gene 1s lost by deletion of the
chromosome segment that contains it, while the other is inactivated by a less
conspicuous, more pointlike mutation. The analogy with retinoblastoma suggests
that some people may inherit a recessive defect at this locus, predisposing them
to lung cancer; because lung cancer probably requires changes in other genes as
well and is strongly dependent on environmental factors, a hereditary predispo-
sition of this sort might be less marked than in retinoblastoma and could easily
have gone unnoticed in the past (although there are in fact some reports of genetic
variation in the susceptibility to lung cancer from smoking). Similar circumstantial
evidence has recently been obtained for loss of tumor suppressor genes at a dif-
ferent locus in another very common cancer, colorectal carcinoma (carcinoma of
mehrgeintemnel;mtmscuelhamislmownlobeamhemdiuryhmo‘lhe
disease, although its molecular relationship to the nonhereditary form is unclear.
Molecular studies such as those just described should help in identifying individ-
uahwtwmnhighmkforwuingpedﬁctypudmrmumdwhomlybemﬁt
from appropriate preventive measures.

Another clinically important finding from the molecular analysis of small-cell
lwunmnmleuonlheﬁh?/banbuﬁnpepdde,wmd\mnamhw.
sdmuhnmpmhknnonolﬂwnunorceﬂmm.m.b\nmtm,ofdwmﬂﬁnm
bothruptmdtothinhctmurdo«:eﬂit,ﬂmmbyauﬂngmmlmhop
thmug\whid\ﬂwymmuhlethansdvutodmdc.manmmthcpm&nﬂond
sud\cemcanbenﬂmmadbymmdbodyt}mbmdnot}wpepﬁdc,bhdinsﬂw
stimulation. This holds out the hope that it may be possible to inhibit tumor
gmw(hbyawmhrmmh-fnctorblochdempaﬁenuwhohmmhpamcuhr
variant of small-cell lung cancer.
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Figure 21-31 Karvotype of a cell from
a small-cell lung cancer, showing
double minute chromosomes (see
arrows) reflecting amplification of a mwe

gene . (Courtesy of J. Whang-Peng and
JD Minna)



Fach Case of Cancer Represents a Separate Experiment
in Cell Evolution

All medical progress depends on accurate diagnosis If one cannot identify a dis-
ease correctly and distinguish it from others, one cannot discover its causes, pre-
dict its outcome, select the appropriate treatment for a given patient. or make
trials on a population of patients to judge whether a proposed treatment is effec-
tive. As we have just seen for small-cell carcinoma of the lung, the traditional
classification of cancers is inadequate: a single one of the conventional categones
turns out on close scrutiny to be a heterogeneous collection of disorders, each
characterized by its own array of genetic lesions. Molecular biology 1s beginning
to provide tools to find out precisely which genes are amplified. which deleted,
and which mutated in the tumor cells of any given patient. Such infortnation may
prove to be as important for the management and prevention of cancer as is the
identification of microorganisms in patients with infectious diseases.

The discovery of oncogenes and, more recently, of tumor suppressor genes
has marked the end af an era of groping in the dark for clues to the biochemical
basis of cancer. But it is siill sobering to turn from the simplified laboratory models
of neoplasia that have made these triumphs possible to the complexity of the
common human cancers. We are far from understanding these diseases fully, and
there has been painfully little progress toward devising effective rational treat-
ments for them. We know the DNA sequences of many oncogenes and proto-
oncogenes but the precise physiological functions of only a few. We need better
understanding of how these and other molecules interact to govern the behavior
of the individual cell, better understanding of the sociology of cells in tissues, and
better understanding of the cell population geretics that govern the genesis of
cancer cells through mutation and natural selection.

Each patient with cancer represents an independent, unfortunate natural ex-
periment in cell evolution. The complexity of the evolutionary possibilities ac-
counts for the complexity of the phenomenon of cancer, and at the same time
the principles of evolution provide a unifying perspective from which that com-
plexity can be surveyed and understood. Thus cancer retums us to the theme
with which this book began: as it has been said. nothing in biology makes sense
except in the light of evolution.

Summary

The proliferation of normal cells is regulated by both inkibitory and stimulatory
control molecules, corresponding to tumor suppre:3or genes and proto-oncogenes,
respectively A tendency toward cancerous behavior can result from ioss or inac-
tivation of both copies of a tumor suppressor gene or from amplification or hy-
peractivation of one of the two copies of a proto-oncogeae. The control of cell
proliferation may also be heritably upset by foreign, viral genetic material. Retro-
viruses can become oncogenic by picking up a copy of a proto-oncogene from a
host cell and, in the process, converting it into an oncogene; they can also create
an oncogene by acting as an insertional mutagen when they integrate next to a
proto-oncogene in the host genome. Although most human cancers are thought not
to be caused by viruses, they frequently involve mutations that affect the same proto-
oncogenes identified through studies cf retroviruses. In human cancers, proto-
oncogenuhavebeanfowndtogﬂeﬁnmmthmughpoﬁtmmm
through amplification of the number of gene copies, or through chromosome trans-
locations that either upset the control of their expression or join them to another
gene to produce a fusion protein. Likewise, tumor suppressor genes may be func-
tionally lost through a variety of types of mutations; a person who inherits a deletion
or a defective copy of one of these genes may show a strong predisposition 1o a
specific type of cancer, a notable example being retinoblastorna. Molecular analysis
aftunwrceluﬁnmpmenushuingoneafthecannwnﬁwwuofcmwmvub
a complex and heterogeneous collection of genetic lesions, including both oncogene
activation and tumor suppressor gene loss. These observations reflect the randomn-
ness of the evolutionary p-ocess by which cancers arise, and suggest that each case
of cancer is likely to re;sresent a molecularly unique illness.
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ABSTRACT This molecular epidemiology study examines
the DNA-repalr capacities (DRCs) of basal cell carcinoms
(BCC) skin cancer patients (K8) and their controls (135) by
using # plasmid/host-cell resctivation assay. In this assay
UV-damaged expression vector plasmid is transfecied into
peripheral blood T lymphocytes from the subjects. The host-
cellular repair enzymes repeir the photochemical damage in the
plasmid, and 40 hr later the plasmid-encoded reporter chlor-
amphenicol acetyltransferase is measured. An age-related de-
cline in this DRC, amounting to ~0.61 % per yr occurred in the
controls from 20 to 60 yr of age. Reduced DRC was »
particularly important risk factor for young individuals with
BCC and for those individusls with a family history of skin
cancer. Young individuals with BCC repaired DNA damage
poorly when compared with controls. As the BCC patients
sged, however, differences between cases and controls gradu-
ally disappeared. The normal decline in DNA repair with
increased age may account for the increased risk of skin cancer
that begins in middie age, suggesting that the occurrence of skin
cancer in the young may represent precocious aging. Patients
with reduced DRCs and overexposure to sunlight had an
estimated risk of BCC > 5-fold greater than the control group.
Such 2 risk was even greaier (10-fold) in female subjects.

The role of DNA repair in cancer is exemplified by the
paradigm of the DNA-repair-Jefective autosomal-recessive
disease xeroderma pigmentosum (XP) (1). XP cells are defi-
cient in those gene products required for catalyzing the
incision step in nucieotide-excision repair of damaged DNA
(2, 3). Repair-deficient patients develop their first sunlight-
induced skin cancers at early ages and have a >2000-fcld
increased risk of cancer compared with normal subjects (4)
The relationship of the persistence of UV-induced DNA
damage to mutation fixation is epitomized by recent molec-
ular studies with human skin tumor cells. Activation of the
Ha-ras oncogene, for instance, was noted in skin tumors on
sun-exposed body sites (5). Further, invasive skin cancers
show strong structural correlations between p53 tumor-
suppressor gene mutations and CC — TT double-base
changes and between pyrimidine dimer formationand C — T
mutation in DNA (6). The relationship of the gene mutation
to changes specific for UV damage implicates sunlight as a
cause of the cancers according to the \nvestigators. On the
other hand, the initial plateau on a repair dose—response
curve (7) reflects an individual's DNA-repair capacity
(DRC), and its limits represent the extremes of saturation for
the repair machinery of the organism or cell. The saturation
point of this plateau may, then, predict individual suscepti-
bility to sunlight-induced DNA damage. We conducted a

The publication costs of this article were defrayed in part by page charge
payment. Thus article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. §1734 solely to indscate this fact.
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molecular-epidemiological study to test the hypothesis that
those individuals in the general population at nsk for basal
cell carcinoma (BCC) of the skin have impaired capacity to
repair photochemicaily damaged DNA.

There are many different assays for measuring DNA re-
pair, ranging from damage removal, damage or repair-
dependent formation of single-strand breaks, and uptake of
substrate for unicheduled DNA synthesis in response to
DNA damage. Each assay may represent a unigue rate-
limiting step in the overall repair process. The test in this
study used the subject’s T lymphocytes as a surrogate cell to
measure their overall DRC (7). The cellular DRC was deter-
mined by measuring the expression level of a nonreplicating
recombinant plasmid DNA containing a UV-damaged chlor-
amphenicol acetyltransferase (CAT) reporter gene in undam-
aged T lymphocytes. This CAT assay measures the entire
progression of repair steps leading to the restoration of the
biological properties of a reporter gene rather than a specific
step within the process. Comparison of the overall process as
well as identification of the rate-limiting step specific to a
biological state should be of mechanistic importance.

METHODS

Subject. The study population consisted of 88 patients with
histopathologically confirmed primary BCC and 135 cancer-
free controls. All subjects are Caucasians 2060 yr of age who
lived in Baltimore City or its suburban surroundings f~r most
of their lives and worked indoors. Skin biopsies aken in
1987-1990 were diagnosed as BCCs at the dermatopathology
laboratory of the Johns Hopkins Hospital, which serves
multiple practicing dermatologists in Maryland. The subjects
did not receive chemotherapy, radiation therapy, or blooda
transfusions; nor did they have diseases known to be related
to DNA-repair deficiency, such as XP, ataxia telangiectasia,
or Cockayne syndrome. In addition, eligible cases and con-
trols did not have other forms of cancer. About 55% of the
cases are males with an average age of 48,7 yr. The corre-
sponding figures for controls are 50% and 46 yr. The purpose
of selecting young subjects was to maximize the differences
in risk factors between cases and controls. The control group
had diagnoses of mild skin disorders such as intradermal
nevus (53%), seborrheic keratosis (31%), subacute eczema-
tous dermatitis (5%), or others (11%).

Clinic Visit. All participants were seen at the dermatology
clinic, at which time the subjects completed a structured
questionnaire, had blood drawn for T lymphocytes, and were
examined by a dermatologist. The questionnaire included
information on demographics, history of sunlight exposure,
and medical history, including recent medication. The extent

Abbreviations: BCC, basal cell carcinoma. DRC, DNA-repair ca-
pacity; XP, xeroderma pigmentosum; CAT, chioramphenicol ace-
tyltransferase
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of sunburns, including blistenng, was listed to measure pre-
vious sunlight exposure. Family histonies of all malignancies,
as well as personal histones of cancers, were obtained fromthe
questionnaire. The dermatologists examined the patients 10
verify current skin conditions, including skin lesions and signs
of surgical removal of previous skin malignancies. Control
individuals with a self-reported cancer history or clinical signs
of skin cancer or other cancers were excluded.

Laboratory Assays. CAT assay. The penipheral blood lym-
phocytes isolated from each subject's penpheral blood were
cryopreserved and assayed in batches, as described (7, B).
Brefly, the plasmid DNA containing the CAT gene was
irradiated with UV of 254 nm at 0, 350, and 700 J/m? before

transfection. The quick-thawed penpheral blood lympho- -

cytes with a >95% viability were incubated for 72 hr with
phytohemagglutinin and were then transfected with undam-
aged or damaged plasmid DNA. The standard assay for gene
expression of CAT activity by measurement of (*H]acetyl-
chloramphenicol with a Beckman scinullation counter (LS
1801) was done after another 40-hr incubation. The DRC was
calculated based on scintillation counts as the percentage of
residual CAT gene expression (percentage CAT acuvity)
aﬁerrepmofdamedDNAcompmdmthundmwd
plasmid DNA (100%) (7). Lymphoblast cell lines from group
A XP patients (GM2345; XP-A, most severe), group D XP
patients (GM2253; XP-D, severe), and group C XP patients
(GM2246; XP-C, classic form) were used 1o generate the
standard DNA repair-deficient curves because one pyrimi-
dine dimer can inactivate the transfected CAT gene in XP
cells (9). In addition. lymphoblasts from normal individuals
(GMO131 and GMO0892) were assayed in parallel with each
batch of assays, serving as normai standards as well as
quality control tests. The dose curves of 700 J/m?, 350 J/m?,
and zero were done in triplicate. Because the dose curves
based on these three doses were linear, the repair capacity at
700 J /m? (30 J /m? produces one pyrimidine dimer per plasmid
(7)] was taken as the repair capacity for that individual. The
repeatability of the assay (intraassay vanability) was tested
by using the same blood sample at different imes. There is
an =~ 5% fluctuation in CAT activities in which the rank order
of each subject's CAT activity is maintained (Table 1).
Neither blastogenic rate nor level of CAT gene expression
correlate with CAT activity (Tabie 2).

CD4* /CD8* lymphocyte test. An equal number of blood
samples (n = 11) from both cases and controls spanning
different ages were selected and assayed by S. Gore, Johns
Hopkins School of Medicine, by using standard immunoflu-
orescence methods with flow cytometry to count CD4- and
CD8-positive lymphocytes. Although the control group had
slightly higher blastogenic rates than the BCC group, the
distribution of CD4* and CD8* cell types within T-lympho-
cyte fractions did not differ in BCC and control greups (Table

Table 1. Ranking of percentage CAT activity of repeated assays
with the same blood sample from subjects

Assay, % (rank)
No. First Second Third
51 j4Q) 6.1(2) 5.8(2)
121 8.2 (4) 98 (%)
124 10.0 (6} 9.0 (4)
152 89(5 11.2 (6)
155 32() 26(1) 44(1)
184 5803 7.303) 66(3)

342 126 (7) 142

CAT.cuvitynUVdoudMl/m’meymmm
cwmdndmﬁmymwudbyCATucuvitynmUV

Adnce Thae ncravie vees Adane in Al arant mabe with ane Fenvan TN an
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Table 2. Correlations between age, iymphocyte biastogenic rate
and CAT activity of undamaged and damaged plasmid (n = 223)

Pearson correlation coefficient/ P value

Blastogenic
CATo(counts) CATym (%) rate (%)
Age (in yr) -0.091/0.174  -0.256/0.000 -0.058/0.387
CAT,* (counts) 0.014/C 836 0.096/0.153
CATwo' (%) 0.025/0.710

Blastogenic rate represents the percentage of lymphocytes (blasts)
responding to phytohemagglutinin within 72 hr.

*Original scintillation counts of radioactivity of CAT assays fiom
lymphocytes transfected with undamaged plas mid DN A containing
CAT gene.

'CAT activity at UV dose of 700 J/m* measured by scintillation
:Jocn‘:;: radioactivity was standardized by CAT activity &t zero

3). In addition, the CD4* /CD8" ratios do not correlate with
cither CAT activity (r = 0.10; P > 0.05) or age (r = 0.35; P
> 0.05). Therefore, we conclude that the CAT assay offers a
DNA-repair measurement that is independent of immuno-
logical functions and culture conditions of the tested lym-
phocytes.

Statistical Analyses. Pearson correlation coefficients were
calculated to evaluate the relationship between vaniables of
interest. The group mean values of CAT activity were
compared by using a two-tailed Student’s 1 test. Simple and
multiple lincar-regression analyses were used to determine
the P-st prediciu~ for DRC. Logistic regression was used to
~gculate the adjus ted odds ratio for estimating BCC nsk. A
computations wer : done with SAS Institute, Inc. statistic.
software on an Int-mational Business Machines mainframe
computer.

RESULTS

Distributions of age, sex, smoking, and medicine use are
similar for BCC and control groups. However, the BCC
patients are more likely than controls to have blue eyes and
fair skin, factors associated with BCC nisk (Table 4).

Multiple linear-regression analysis revealed that the DRC
of control subjects declined with age from 20 t0 60 yr (Fig. 1).
Based on the estimates from the linear-regression model for
the 135 controls, the decline is 0.61% per yr between 20 and
60 yr of age (Table 5, model 1: the estimated coefficient
(=0 071) for current age relative to estimated intercept (base-
line, 11.725) gives a rate of decline of ~0.61%). The four-

Table 3. Companson of blastogenic rate, baseline gene
expression, and CD4* /CD8* ratio between BCC patients and
cancer-free controls

BCC case, Control, 1 test,

Charactenstic mean = SD mean = SD '
Mean of blastogenic

rate, %* 61.7 = 168 66.5 = 16.5 0.037
Baseline CAT gene

expression level,

mean counts' 101,013 * 40,266 102,019 = 39639 0.854
Mean of CD4, % 468 * 64 45274 0.585
Mean of CD8, % 295211 2732176 0.49°
Mean of CD4/CD8

ratio - 1.73 2 0.7 1.79 = 0.6 0t

For the first two charactenstics, n = 88 for BCC cases and 135 for
controls: for the CD4 and CD8 studies, n = <11 BCC cases and 11
controls.

“Percentage of lymphocytes responding (o phytohemagglutinin
within 72 hr.
1CATo equals the scintillation counts of radioactivity of CAT assay
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Tablc 4 Association of selected host chaructenistics with BCC in
# clinic-based case-control study, Baltimore, Maryiand, 1987-19%0

Table 5. Multiple linear-regression modeling of DNA repaur
related to nsk factors among BCC and controis

Number, %
BCC case Control
Charactenstic (n = B8) (n = 135) xitest, P

Age, yr

20--40 19 (21.6) 36(26.7)

41-50 26 (30.0) 51378

S1-60 43 (48.9) 48 (35.6) 0.141
Sex

Male 48 (54 6) 68 (50 4)

Femaie 40 145 .4) 67 (49.6) 0.542
Skin complexion®

Type I/11 61 (69.3) 69 (51.1)

Type HI/IV 27 (3.7 66 (48.9) 0.007
Smoking (100 cigarettes

in a lifeime)

Smoker 58 (65.9) 85 (63.0)

Nonsmoker 30 (34.1) 0 (37.00 0.654
Recent medication

(at leas! | mo)

Yes 29 (33.0) 45 (34 4)

No 59 (67.1) 86 (65.7) 0844

*These data were recorded by a dermatologist according to Fitz-
patrick skin typing: type I, severe buming (blistening) and no
tanmung: type 11, moderate burning and mild tanning; type [11, mild
burning and moderate tanning; and type IV, no burning and intense
tanning

decade decline led to an accumulated 24.4% decrease in
DRC. Aithough the age-related decline (apoptosis) in DNA-
repair occurred in both BCC cases and controls, it only
reached significance for the control group (Table 5, models 1
and 2). Model 2 is the only model that is not statistically
diferent from the null model (P = 0.120).

In keeping with the XP paradigm, ihose cases with first
onset of BCC at young ages repair DNA photoproducts
poorly when compared with controls. Cases developing their
first cancers at later ages show little difference in DRC
compared with their controls (see Fig. 1). This result suggests
thai poor DNA repair is associated with precocious skin
aging, as manifested by an early age of first BCC. After
adjusting for age at onset, the age-related decline in the repair
of UV damage among the BCC cases was, at least, as sharp
as that of controls (P = 0.003). After controlling for age of
subjects, the age at first onset of BCC correlated positively
with DNA repair (P = 0.017), indicating that the earlier the
age of onset of BCC, the lower was th«ir DNA repair (Table

9
+ BCC cane
O~ Comrol
%a‘
—
871
6

20-40 41-50 51-860
Age at onset

Fic. 1. Relationship between age at first BCC and DRC. The
age-related decline in DRC among controls in companson with that
of age-matched cases 13 displayed. The linea:-regression modeling
and statistical tests of these data are presented in Table 5.

Model* Parameter Estimate’ ! value? P value!
1 Intercept 11.728 10.23 0.000
Age in yr -0.071 ~-3.47 0.000
Sex -0 409 -1.11 0.271
2 Intercept 10 445 6.9 0.000
Age in yr -0.047 ~1.85 0.067
Sex -0.547 ~1.26 0.211
3 Intercept 11.374 T 0.000
Age in yr ~-0.134 -3.09 0.0603
Sex ~0.360 0.84 0.404
Age of onset 0.879 244 0.017
4 Intercept 11.569 12.81 0.000
Age in yr ~0.067 ~4.24 0.000
Sex ~0.423 -1.51 0.133
BCC FH ~0.645 -1.93 0.055

All models but model 2 significantly differ from a model with no
nsk factors according 1o the F test. The vanables included in these
linear-regression models are as follows: dependent variable is per-
centage of CAT activity at a UV dose of 700 J/m? (continuous
variable): independent vanables are age (at assay, in yr); age ol onset
(age at first BCC, in group): 1, <35,2,35-44; 3, 4554, 4, 55-60; sex:
1. male; 2, female; BCC family history (FH): 1, without famiy
history of BCC, 2, with BCC family history.

*Model: 1, control only (n = 135) with F value = 6.35 and R? = 0.088
and P = 0.002, 2, BCC case only (n = 88) with F value = 2.17 and
RY = 0049 and P = 0.120, 3, BCC case only (n = B8) with F = 3.51
and R = C.111 and P = 0.019; 4, all subjects (n = 223) with F =
7.44, R? = 0,092 and P = 0.0001.

Least-square estimate of regression coefficient from multiple linear-
regression models.

$Student s 1 test for the null hypothesis that the estimate is equal to

zero,
¥Two-sided Student's 1 test.

§, model 3). The group mean comparison revealed that the
mean DRC of all BCC cases (n = 88) is 5% lower than that
of all controls (n = 135), and the difference in means is of
borderline significance (P = 0.103). When the controls with
a family history of BCC and with actinic keratosis are
removed from comparison (Table 6), the mean of the cases is
8% lower than that of controls, and the difference between
means is statistically significant (P = 0.047). These findings
suggest that heredity can influence DN A-repair levels in the
general population. After further adjustment for age and sex,
prior family history of BCC is a statistically significant
indicator of the individuals’ DRCs, regardless of whether
they were BCC cases or control subjects (Table 5, model 4).

When the relationship between age at first occurrence of
BCC and family history of the disease was exam:ined, ~45%
of cases first diagnosed with BCC between the ages of 20 and
44 yr (n = 38) reported that their relatives had had BCC,
whereas only 10% of those cases who had their first BCC at
ages 5560 yr (n = 21) had relatives with BCC. This trend was

Table 6. Comparison of DCC between BCC patients and
crncer-free controls

n Mean = SD* % difference’ 1 test?

Controls without FH

or actinic keratosis 106 K00 = 2.2 0.0 Reference
Controls with FH or

actinic keratosis 29 728222 -90 0.126
BCC case 88 735=+20 ~-8.1 0.047

FH, family history of BCC.
*Mean percentage of CAT activity at UV cose to plasmid of 700 J/m?
and its SD. 4
"Percentage reduction relative to controls (reference group), which
were labeled 2s 0% difference.
tStudent's 1 test for comparison of means to reference group.
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Table 7. Relstionship of family hustory of BCC to the age of
BCC onset

BCC famuly history, x* test for
Subjects n no. (%) distnbution.* P
Controls 135 21 (15.6)
BCC onset
2044 38 17 (44.7)
45-54 29 10 (34.5)
5§5-60 21 2099 0.022

*For BCC cases only.

statistically significant (Table 7). In contrast, only 16% of
controls (n = 135) had a family history of BCC.

"he proportion of those cases (36%) who expenenced
sunlight overexposure in their lifetime is double that of
controls (17%). Those subjects who had six or more severe
sunburns (biistening) in their lifetime had significantly lower
DRCs in the BCC group than in the control group (a 1.%
difference. P = 0.044). Any measure of sunlight exposure
affecting skin susceptibility—such as hght skin type, poor
tanning ability, or high burning tendency—showed a similar
difference in DNA-repair between BCC cases and controls
(8). These data suggest that if subjects are exposed to the
genotoxic effects of environmental UV light at doses tha:
traumatize skin, individuals with poor DRC are more likely
to develop skin cancer than those with high DRC. These
interactive effects between DNA-repair levels and UV ex-
posure are shown graphically in Fig. 2. When the population
is divided into high and low repair according to the median
level of the controls, the estimated risk (odds ratio) of skin
cancer after excessive sunlight exposure is almost five times
higher in subjects with low repair but is only 1.9 times higher
in those with high repair. Further stratification according to
gender revealed that females with a history of six or more
severe sunburns who had low DRC were at 10 imes greater
risk for BCC compared with those individuals with high DRC
(Fig. 3). These data are consistent with the results in the
previous small pilot study (7).

DISCUSSION

In this study, we found that DRC decreases as age increases
at a rate of 0.61% per annum. In a 40-yr peniod, there is a
cumulative 25% loss in repair ability among controls. In
addition to this physiological decline, a family history of skin
cancer is associated with reduced DNA repair. This reduc-
tion is associated with an early onset of BCC. The occurrence
of skin cancer in the aged is due (o the interactive effects of
both the natural decline in DNA repair and excessive sunhght
exposure. Hence, reduced DNA repair is a host susceptibility
factor for BCC.

The age-related decline in DNA repair may result in an
accumulation of persistent DNA damage. In tumn, this should be
manifested in an increase in mutation fixation. The mutation
rate in the HPRT gene in human lymphocytes with increased
age is reportedly between 1.3 and 1.6% per yr (10), which is
compw'bkwithmeobmvedmeofdecﬁnemDNAm.
There are genetically linked repair-deficiency diseases—<.§.,
Cockayne syndrome and XP—in which probands also manifest
premature aging (11-15). In XP patients, the defect in DRC is
associated with age-related shin changes and development of
skinwwmyreaﬂuﬂunthemndpowhnon(u).m
workers have reported age-related changes in unscheduled
DNA synthesis in lymphocytes (16, 17) and eprdermal cells (18)
from elderly blood donors. The age-related decline in DNA-
repuinoﬁviyofnomnllymphocy‘uhnbeeamhmid
UV (16, 19), x-ray (17, 20), and y irradiation (21). A 0%

radiietinm in TYN A renair wae cann armvinanely in narmal nernh.
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Sunburny EO-5 Eme+

Low repair
Subgroup of repair

High repair

Fic.2. Effect of DRC on risk of BCC: Relationship to number of
severe sunburns in a lifeume. The reference group has an odds ratio
of 1. The significantly increased age- and-sex-adjusted odds ratio
((5.32, 95% confidence interval (CI), 2.04-13.9)] is seen only in those
who had both low DNA repair and six or more severe sunburns in
their lifetime. #», P < 0.01

in DRC observed in this and other studies, although results have
not been consistent (22-24).

A fundamental question is whether the genotoxicant-
DNA-repair paradigm of XP is related to the carcinogenic
response of ‘ndividuais who possess marginal DRCs but who
have oversaturated their repair system with excessive sun-
light exposure. Having been exposed to sufficient sunlight tc
have caused six or more severe sunburmns in a lifetime appear.
10 be associated with an increased incidence of BCCina large
prospective study (25). In this study a high proportion of BCC
patients had six or more severe sunburns, which probably
reflects mutation fixation as a consequence of repair satura-
tion and persistent photochemical DNA damage. After UV
exposure, individuals with a family history of skin cancer and
reduced DNA repair are likely to develop this disease sooner
than others of the same age.

A few other studies have reported changes in the DNA
repair of skin cancer patients. In an early BCC case-control
study (26), a difference was seen in the UV-light induced
unscheduled DNA synthesis of peripheral blood lymphocytes
of cases (n = 29, aged 25-83 yr) and controls (n = 25, aged
25-83 yr). This difference was significant in patients with both
BCC and squamous cell carcinoma (n = 10) but not in those

14, so
1 SUNbUMe gy o5 06+

1217
12T
10t

§ .lL
§ o

a

Fic. 3. Effect of DCC on nsk of BCC by gender: Relationship to
number of severe sunburns in & lifetime. The data in this graph are
processed as for Fig. z.mmﬁmuymwmums
ratio is seen in botk males (3.22; 95% confidence interval, 0.97-10.7)
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wuh BCC lesions only (n = 19). A recent study, in which the
rate of pynmidine dimer removal in fibroblasts from UV-
irradiated skin biopsies was tested, found that reduced nucie-
otide-excision repair occurred in patients (n = 22) with BCC
compared with cancer-free subjects (n = 19) (27). The small
sample size in these studies did not permit age adjustment or
stratification of known sk factors for skin cancer.

Reduced host DRC as a susceptibility factor is linked to a
family history of BCC in this studv. The nisk of BCC is further
increased as a consequence of sunlight exposure and low
DNA repair. An alteration in the genes regulating DNA repair
may be responsible for early onset of BCC, whereas BCC in
the aged may be from mutation fixation as a result of
accumulated DNA damage as a consequence of the age-
related decline in DNA repair.

The assay used in this study has a number of technological
advantages. One benefit of using the CAT assay to measure
DNA repair is that it is the transfecting DNA that is camaged
and not the host cell. This advantage minimizes any cytotoxic
effects of these damaging agents that may indirectly com-
promise the endogenous repair mechanisms of the cell. The
study focuses on skin cancer, a condition which i1s nonlethal
and treated surgically without any confounding factors as-
sociated with chemotherapy or radiation treatment. In addi-
tion, this study emphasizes cancers in young individuals in
whom the disease is rare and the effects of ary risk factors
can be maximized.

The findings from this study contribute to the understand-
ing of the role of DNA repair in carcinogenesis in the general
population. The probability of the early onset of mutation
fixation because of reduced DRC suggests that the paradigm
of XP applies to skin cancer in the general pepulation. The
age-related decline in DRC eventually will place all individ-
uals at nsk when their repair mechanisms can no longer
accommodate the excess cumulative genotoxic damage. The
maximum rate of pynmidine dimer repair in a normal skin cell
1s reported to be § x 10* cell"“hr-! (28), which is barely
sufficient to cope with the rate at which damage is imposed
on skin in full sunlight (29). Hence, a 25% decline in DNA
repair in the 40-yr period between 20 and 60 yr places DNA
repair at a sensitive focal point in the accumuiation of
persistent damage. This sensitivity may be responsibie for
tumor-suppressor gene mutations seen in skin cancer (6)

The consequences of accumulated damage may be particu-
larly important in those postmitotic tissues where the didution of
damage by replicative mechanisms 15 severely diminished.
There 15 a postnatal loss of DNA polymerases under develop-
mental conditions in which repair enzymes remain relatively
constant (30). Given the decline in DNA repair as a function of
age, such tissues should be particularly vulnerable during the
aging process because of their lack of regeneration. Therefore,
physiological differences, such as those reported here, may
serve 10 explain the elevated incidence of neurodegenerative
diseases in many DNA-repair deficiency diseases (31).

The conclusions from our study are as follows. (i) The
reduced host DRC of T lymphocytes correlates with the
development of BCC in subjects overexposed to sunlight. (ii)
The DRC of the normal population declines with increased age
at an estimated rate of 0.61% per annum between ages 20 and
60 yr. Therefore, the age-related increased risk for BCC in the
population may reflect 2 programmed decrease in the ability to
repair photochemical DNA damage. (iii) A family history of
BCC is associated with reduced DNA repair and early onset
of this disease. (iv) The results of the study suggest that the
persistence of DNA damage that leads to skin cancer may be
directly attnibuted to reduced DRC, cither from hereditary
predisposition or from cumulative effects due to aging.
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Cancer

linked to aging DNA repair ability

Despite decades of progress in learn
ing how chemicals. sunlight. and other
environmental factors can increase one s
risk of developing cancer. the reasons
that some people develop tumors and
others do not remain ysterious.

Now researchiers studying people with
skin cancer have found new evidence that
individuals differ not just in their suscep
tibility to these factors, but also in their
ability to fix damaged genes. In addition,
adults lose about | percent of their capac-
ity to repair DNA each year. says Law-
rence Grossman. 2 molecular biologist at
Johns Hopkins University in Baltimore

This loss may help explain why aging is
a risk factor for cancer, adds Qingy! Wei,
a molecular epidemiologist at Johns Hop-
kins.

Wei. Grossman, and their colleagues

jed 88 peopie with basal cell carci-

wi.d an easily observed and readily
treated cancer. The researchers also
looked at DNA repair in 135 individuals
with mild skin probiems but not skin
cancer. All study participants were Cau-
casians between the ages of 20 and 60.
Researchers took blood samples and
medical histories from them and asked
questions about the number of severe
sunburns they had had and the incidence
of cancer in their families. Dermatolo-
gists evaluated the participants’ skin con-
dition.

The researc..ers then take an unusual
ap, to assessing an individuals
ability to fix broken genes, Grossman
says. They inject a small piece of genetic
material into while blood cel's extracted
trom each participant. The genetic mate-
rial contains & mutant bacterial gene that
normally codes for an enzyme the white
blood cells never make. | the cells (ix the
gene, the gene then causes the cells to
proguce the enzyme Forty hours later.
the researchers measure the activity of
that enzyme, which signals how well the
cells have mended the gene.

The study reveaied that young people
with this skin cancer had the repair
capacity of someone 30 years older, They
also tended to have relatives with the
disease. “This gives a clue that DNA
repair capacity might be genetically
linked " says Wei.

Qverall. peopie with low repair capac-
ity were five times more likely (o develop
the skin cancer if exposed to intense sun
than those who had high repair abilities
and staved out of the sun. Also, women
seemed more susceptible than men, es-

sunburns. the researchers reported in
the Feb. 18 PROCEZDINGS OF THE NATIONAL
ACADEMY OF SCIENCES

As one of the (irst studies

verifies that etfective DNA repair reduces
the risk of cancer and that the magnitude

FEBRUARY 27 1983

‘of that reduct:on, ctan be quite large
comments Richarg Setiow of Brookhaven
National Laboratory in Upton, NY

Because of the Dogy's gradual decline
in repait capabilities. the researchers
sbserved little ditference in DNA repair
capacities of older people. in them, differ-
ences in exposure to suniight seemed
critical to determining who developed
tamors “All that damage overcomes the
repair system.” says Wei

*! think what people are starting to
understand is that the link between aging
and cancer is very, very close” savs
Grossman. “As you get older. you accumu-

ate more and more persistent damag:
He and his colieagues are now Slugyne
DNA repair in people with other types o
;ancer

“It's an important pape: that demon
strates that DNA repair plays a roie in
aging, which wasnt really demonstra’~~
before.” comments Vilhelm Bonr 2
National Institute on Aging's Geronto
Research Center in Baltimore

In addition, the dillerences between
men and women suggest that hormones
may influence DNA repair capacity Gross
man notes that. of the [emale partici-
pants, postmenopausal women who were
receiving estrogen treatments retaned
25 to 30 percent more repair capacity
‘han other women their age. — £ Pennisi

Slow-motion slip may drive tsunami surprise

Becat
floor or
ger devasta
ple in earthg
have learned to
the Earth begins td
tunately many ped
guas Pacific coast b
a September 1932 e
about 45 minutes aiter
say survivors, a tsu
meters high crashed onto
ter-long stretch of the co

sudden jarring of the ocean
rwater landslides can trig-
waves, Or Lsunamis, peo-
- prone coastal regions
tor high ground when
violently. Unfor
living on Nicara-
ly feit the effects of
bquake. But just
main shock.
reaching 10
B00-kilome-

More than 20 years ago. setxnologist
Hiroo Kanamori coined the “tsu-
nami earthquake” to describe sukh de-
ceptively mild quakes that seem to sgRwn

disproportionately large waves : '8
mori also proposed a possibie exp
tion for the phenomenon. but the techni®
cal limitations of 1970s seismometers
denied him compeiling prool

Now, based on seismic measurements
taken during the Nicaraguan earth-
quake — the first event of its kind mon#
itored with sensitive modern instrg
ments - Kanamori and collcague Mg
yuki Kikuchi offer the clearest evi e
to date that tsunami earthquakesss

from a “slow-slip” motion b oce-
anic plates. The seismic waves J@ this
relatively gradual movement gFthe sea-
[loor may scarcely De nOtiCegrD people

on jand
Kanamori, of the Caluopfifa Institute of
Technology in Pasaden d Kikuchi, of
Yokohama City UniveggRy in Japan, re-
port their findings in Feb. 25 NATURE.
Judging rom the gRsmic record of the
Nicaraguan disasyld. the researchers be-
lieve that the mggbn of oceanic platesina
deep trench the Nicaraguan coast
jiggled a 100 g lometer-fong section of the
an llog oving it about | meter in 8
od ¢ minutes. The waler set in
tio this event caused the surprise
that destroyed 13000 dwellings

Klied more than 150 people.
namori believes this slow slip = an
nt that releases great energy butina

Lsu

way that can mask its true magmitug

may prove the hallmark of the ami
earthquake During a slow-slipgearth-
Quake, he suggests an O plate
lubricated by soft ocean sedl s slides
under an adjoining plate relagipely siowiy
This produces a seismic spgftrum rich in
long-period waves, like ce of music
full of cellos and b ms. Seismic
readings show clearp/"that lor * reriod

waves dominated (pff Nicaraguaa earth-
quake. the reseaggfiers report.
Unfortunate mans are only sensi
tive to the ejg@ftric-guitar thrash at the
higher end gffhe seisinic spectrum ="

kind of sngft-penod seismic waves '
shake byfidings to their loundatic.
Thus, dffing a tsunami earthquake, peo-
ple o 4 fail to notice the malevolent
bassgirone of impending inundation.
til recently seismometers were
fiely insensitive o long-perod waves.
f nical problem solved in the earty
However, caiculations of earth
quakedpagnitude — the famous Richte:
scale still based on relatively shoil-
period s and thus may underesti-
mate the d tive potential of tsunam:
Manamori says.
neriod waves. the Nica-
»g QUL 28 & MmAagnitude
v using long-period
quake's “eeis-
reflects the

Basedon
raguan quake Cou
7.0 event. Ho :
waves to calculate th
mic moment.” & quan
actual motian of the p rather t. an
their ground-level effects: resean N
ers peg the Nicaraguan ear quake ¢ 2
significantly larger magnitudeJ 6

Kanamori and others argue thgt use o!
long-period waves to calculateReismic
moment, a lask made quick and easy by
modern technology. Can provide an accu-
rate determination of an earthquakes
tsunami potential and perhaps offer suf®
cient warning to coastal communities at*
risk Without such warning, the char
of surviving a tsunami traveling at
way speed remain slim. “Once you s
sunami coming towards you. it's usually
100 late® Kanamor: notes. — O Pendick
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