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PREFACE

Recent discoveries have revolutionized the
understanding of cancer. Our purpose in this
book has been to show the motivated but non-
expert reader how this understanding is struc-
tured and how these discoveries have emerged.
In large part, progress against cancer can
be attributed to fundamental changes in the
way organisms and diseases are now studied.
Traditionally descriptive, biology has been
transformed in the twentieth century into a sci-
ence capable of explaining complex phenomena
like cancer. This new power flows largely from
a comprehension of genetics in molecular
terms that descends both from Gregor Men-
del's conception of the gene as the unit of he-
redity and from James D. Watson and Francis
H.C. Crick's identification of genetic material
as a double helix of DNA. But modern biology
also depends upon biochemical methods for

Vi

purifying molecules and characterizing en-
zymes; upon procedures for growing cells and
viruses under controlled conditions; and upon
physical techniques for describing molecules at
the atomic level. All these approaches have
had major roles in developing the radically
new picture of cancer that we present in the
pages that follow.

Even twenty years ago, ideas about the ori-
gins of cancer were obscure and conflicting.
We now have a view of the genetic basis of
cancer that, while still incomplete, is not only
satisfyingly coherent but also remarkably pre-
cise in molecular detail. The essence of the
story is disarmingly simple. Under normal con-
ditions, the growth of each animal cell is ex-
quisitely controlled—stimulated or retarded,
according to need—by inherited (genetic)
mechanisms. Cancer occurs when gene altera-



tions (mutations) distort the normal controls in
an individual cell, prompting it to inappropri-
ate, ultimately invasive, growth. Such muta-
tions can act directly, provoking cell growth,
or indirectly, by impairing the means to re-
strict cell division.

The most profound revelations, however,
are to be found in the details of the story. We
now know most of the major components—
the genes, proteins, and other molecules—that
cells use to control their growth; the pathways
through which these components interact; the
exact form of the mutations that disrupt
growth control; and the causes of some of
these mutations. This knowledge leads inevita-
bly and provocatively to questions about what
can be done to avoid, forestall, or rectify the
changes that contribute to cancer.

The story we have tried to tell is intricate,

and our understanding has become remarkably
sophisticated. If our ambition to convey the
many complex facts about cancer has not un-
duly challenged our readers, we must thank
the staff at W. H. Freeman and Company—
especially Amy Johnson and Diana Siemens,
who improved our prose and clarified our
drawings, and Travis Amos, who made the
pages beautiful by securing superb photo-
graphs. We also owe a great debt to the many
colleagues who supplied illustrations, advice,
and encouragement, and to those who made
the discoveries that inspired us to write this

book.

Harold Varmus
Robert A. Weinberg

July 1992
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GENES, CELLS, AND
COMPLEX ORGANISMS

m ormal life processes are often directly illumi-
nated by study of the abnormal. This book is an-
other testament to the accuracy of that research
adage; for the understanding it will record begins not
with the beauties of living form, but with cancer,
one of nature's aberrations. The fingers of a newborn
child or the pattern of a butterfly’s wing represent
what we normally admire in biological systems: form;
control; a unity of design and function that favors
the survival of the organism. In cancer, all of these
virtues are lost. Cancer cells divide without restraint,
cross boundaries they were meant to respect, and fail
to display the characteristics of the cell lineage from

which they were derived. Yet it is from such




cells, with their feared consequences for the
organism, that biologists have learned many
key mechanisms in the drama of normal
growth and development. To show why and
and may

how such mechanisms may fail
thereby initiate cancer—requires an initial re-
view of our understanding of normal biological
function, above all, of the general strategies
that organisms use to govern their growth and
differentiation

All life on our planet depends upon one
fundamental set of chemical components and
processes. Living things are organized into
functional units called cells; generate the same
chemical, adenosine triphosphate (ATP), as
their major source of energy; follow directions
in a universal genetic code inherited in the
same chemical form (deoxyribonucleic acid, or
DNA); and, using nearly identical mechanisms,
employ that code to make proteins and other
components necessary for growth and, ulti-
mately, the generation of new cells. (Viruses,
whose credentials as living things remain con-
troversial, conform to some but not all of
these unifying features.) What is learned about
one organism, then, may have significance for
many others.

Although the universality of biological
principles will be important at many stages of
our story, a book about the molecular biology
of cancer must emphasize at the outset a basic
distinction that biologists make between sim-
ple, single-celled organisms, such as bacteria
and yeast, and complex, multicelled organisms,
such as plants, insects, and mammals. These
complex organisms, composed of multiple tis-
sues with different properties, must be en-
dowed with genetic instructions for the growth

2 CHAPTER ONE




Sperm and edg unite (left); the wmlh‘ cell that results
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and maturation of many types of cells. When
these instructions are distorted or fail, one pos-
sible result is the excessive growth of one cell
type, often at the expense of others. In its
most blatant form, the overgrowth invades lo-
cally and spreads to distant sites, finally killing
the organism. When it affects human beings,
we recognize this kind of derangement as can-
cer. The mechanisms underlying such events
are the subject of this volume

Disturbances of growth can and do occur
in unicellular organisms, and they may be in-
structive for students of cancer. But true can-
cerous tumors (neoplasias) are found only in
complex organisms and have been most fully
characterized in animal species (metazoans) To
understand neoplastic growth, therefore, it is
necessary to establish some of the essential
components of metazoans—the cellular units
of which they are composed, the genetic in-
structions responsible for many of their proper-
ties, and the biochemical methods they use to
put the instructions into action

ESSENTIAL
PROPERTIES OF CELLS

The basic unit of biological growth and devel-
opment is the cell. Each cell exhibits integrity
of structure and a degree of autonomy,
whether it exists as a single cell organism or as
part of a complex multicellular organism com-
posed of many cells differing in appearance
and function

At their peripheries, cells have physical
boundaries that separate them from their envi-
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Transmission electron micrograph of an animal cell
shows the large central nucleus and cytoplasmic molec-
ular machines (organcelles) that perform cell functions.
Examples are the chm;]ulcd mitochondria and the con-
voluted membranes of the Golgi apparaius and the en-

doplasmic reticulum.

ronments. Animal cells are packaged in simple
fatty membranes, but plants, bacteria, and
yeast manufacture, in addition, less penetrable
cell walls that lie just beyond the membranes.
Inside these barriers all cells consist of proto-
plasm: a dense mixture of large molecules—
nucleic acids (DNA and ribonucleic acid, or
RNA), proteins, carbohydrates, and fats—
suspended in salt water.

4 CHAPTER ONE

Virtually all cells in a multicellular organ-
ism contain complete copies of the genetic in-
structions inherited from the organism’s par-
ents, to be passed in turn to its descendants.
These instructions, in the form of long, two-
stranded pieces of DNA, are present initially in
a single cell, the fertilized egg—a precursor of
the entire organism. This cell must undergo a
large number of sequential divisions, each giv-
ing rise to two daughter cells, in order to pro-
duce the mature organism that, in humans, is
composed of at least ten million million (10'%)
cells. Following these inherited instructions,
the cells not only multiply but also construct
an imposing array of molecules that provide
the cell architecture and perform the daily ac-
tivities required both for survival and for spe-
cialized duties

The complete set of genetic instructions in
a cell is called its genome; the DNA molecules
encoding the instructions are covered with pro-
teins, together forming chromosomes. Cells are

A scanning electron microscope yields a view of buman

chromosomes; the genome comprises 22 pairs, plus the

Sex C’JI’OH!OSO"!(’S,



- form a single ce
i

assigned to one of two categories, depending
upon whether they contain a nucleus to isolate
their chromosomes from other parts of the
protoplasm. In eukaryotic organisms (including
plants, yeast, and animals) the genome is frag-
mented into linear chromosomes and enclosed

by a second, internal membrane that separates
it from most of the rest of the cell (its cyto-
plasm). In prokaryotic organisms such as bacte-
ria, the genome is usually one large, circular
chromosome that floats within the cell, uncon-
strained by a nuclear membrane.

GENES, CELLS, AND COMPLEX ORGANISMS 5



Metazoan organisms have existed as inter-
dependent communities of cells for over a bil-
lion years. Yet despite this long evolution, the
individual cells within a metazoan continue to
display a considerable degree of independence
Fach cell maintains a distinctive identity and
the ability to perform most or all of the func-
tions found in free-living, unicellular organ-
isms. Almost all cells within a complex animal
are endowed with the ability to synthesize or-
ganized units of large molecules (organelles)
that efficiently perform many tasks essential to
the cell or to the multicellular partnership. The
jobs assigned to these molecular machines in-
clude protein synthesis (performed by ribo-
somes), ingestion and secretion of macromole-
cules (endosomes, endoplasmic reticulum,
Colgi apparatus), degradation of certain wastes
(lysosomes), and generation of chemical energy
(mitochondria). In addition, the cytoplasm, far
from being an amorphous sludge, is organized
into a fibrous network (the cytoskeleton) that
gives shape to cells lacking cell walls, moves
cells through their environment, and transports
internal units within cells. Many cells are also
equipped with machinery for building a scaf-
folding of fibers in their surroundings; this ex-
tracellular matrix promotes cell adhesion,
movement, and shape. Most cells, moreover,
can duplicate all their constituents, including
their chromosomal DNA, and divide, yielding
two equally endowed daughter cells

The remarkable materials packaged within
th(_' CC” mcml)mnc—ﬂ "UH set ()f gences, n1ﬂn_\/
enzymes, and organelles—provide a metazoan
cell with its potential for autonomous behavior
Removed from its natural setting and placed in
another hospitable context, such as a petri dish
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A light micrograph displays the actin fibers that help

fo form the (_)’IOSI\’("(IOH, essential to the architecture of
an animal cell. In this buman epithelial cell from the
lining of an organ, the actin matrix is dyed fluorescent

orange with antibodies against actin

supplied with nutrients and moisture, even a
cell from a complex organism can retain the
credentials of living things: the ability to grow
and divide, to ingest and secrete, to build
large molecules from small ones and degrade
large ones to small. The perhaps unexpected
autonomy of metazoan cells has both virtues
and disadvantages. On the one hand, cells that
can survive and multiply in a variety of con-
texts within the organism can travel through-
out the body to provide specialized functions
On the other, cellular autonomy encompasses
the potential for excessive growth, manifested
ultimately as cancer



CELLULAR
ENVIRONMENTS

Fach cell in a complex organism, despite the
remarkable autonomy we have emphasized so
far, inhabits an environment—including extra-
cellular fluids, dissolved chemicals, and insolu-
ble fibers—that has been created by a wide
variety of cells, both near and far. Even unicel-
lular organisms possess devices (for example,
sensors and propellers) for responding to
changes in their surroundings, such as altered
levels of nutrients or noxious substances. As
might be expected from their need to inter-
communicate, cells from metazoan organisms
are especially well equipped in this respect.
Such cells can both respond to and affect their
environment in many ways, like individuals in
a society. Cells in complex animals like hu-
mans are influenced by the nutrients, salts, and
relative acidity of the fluids bathing them; by
hormones secreted by distant organs; by fac-
tors produced by adjacent cells; and by the
components of the extracellular matrix in
which they reside.

Because cells can be removed from the nor-
mal environment in a tissue and grown in cul-
ture, a researcher can separate them from the
normal array of signals that impinge on them
and, in the confines of a petri dish, impose a
new set of signals. Thus the timing of cell di-
vision, the direction of cell movement, and the
execution of specialized cell functions can be
manipulated by the experimenter, who can add
or subtract components of the culture fluids,
adjust the density and types of cells, or change
the physical characteristics of the surface on
which cells grow.

Alex Carrel, 1873—1944. Bom in France, Carrel
joined the Rockefeller Institute in 1906. He won a

Nobel Prize in 1912 for research in vascular surgery
and organ transplantation; in 1936 he and the aviator
Charles A. Lindbergh invented a perfusion pump that
they called an artificial heart. A pioneer in cell culture,
Carrel kept cells from a chicken heart alive in bis labo-
ratory for 32 years.

ACTIVITIES OF
DISRUPTED CELLS

Cell biology focuses on the action of whole
cells, but ultimately the behavior of each cell
must be traced to the action of the multitude
of molecules within it, the chemical reactions
in which they participate, and the structures
that they form. We are now in the realm of
modern biochemistry and molecular biology,
much of which is based upon the principle
that many important components of cells—
whether enzymes, organelles, or chromosomes

GENES, CELLS, AND COMPLEX ORGANISMS 7



—may retain their essential structural and
functional properties even after being removed
from their usual intracellular contexts. Of
course, once the integrity of the cell is vio-
lated, the orchestrated display of simultaneous
functions that we call life is no longer possi-
ble. Disruption of the outer boundary of the
cell—the membrane—will render the internal
components unable to grow and divide, to
move, or to respond to signals. Yet under ap-
propriate conditions, many (but not all) of the
individual processes essential to life can be
continued in the material prepared from a dis-
rupted cell: many cell proteins can still func-
tion as enzymes to catalyze certain chemical
reactions; molecules containing genetic infor-
mation may remain intact and may be manipu-
lated to direct the synthesis of proteins; and
multicomponent cellular machines, such as ri-
bosomes and cell membranes, will continue to
perform their normal tasks. Experimental suc-
cess in isolating individual components and
maintaining their activities after rupture of cells
has been essential to the development of tech-
niques that permit tinkering with—and pro-
mote an understanding of—fundamental cell
activities, including many that are central to
the problem of cancer.

THE GENETIC BLUEPRINT
AND ITS VARIATIONS

Nowhere has this ability to dissect the essen-
tial ingredients of cells advanced our view of
life processes more profoundly than with re-
spect to the genetic blueprint. The blueprint,
which contains the information necessary to
make all the proteins involved in both normal

8 CHAPTER ONE

cell growth and cancer, is laid out in the chro-
mosomes that organisms inherit from their par-
ents and individual cells acquire from their cel-
lular precursors. The genetic instructions exist
in the form of a double-stranded helix of DNA
composed of four basic units, the nucleotides
(or, more properly, deoxyribonucleotides),
named after their bases: adenine, cytosine,
guanine, and thymidine—abbreviated A, C, G,
and T. The A's on one strand always pair with
T's on the other; reciprocally, C's pair with
G's. The information content of DNA is em-
bodied in the sequential arrangement of the
nucleotides. The same is true of the other
major nucleic acid, RNA, whose bases are
identical with those of DNA except that uracil
(U) takes the place of thymidine. (Some vi-
ruses, unlike all other organisms, carry their
genetic information in the form of RNA rather
than DNA )

If we could scan a DNA sequence from
one end of a chromosome to the other, we
would find instructions, or signals, that deter-
mine the precise chemical composition of
many proteins. Closely associated with these
protein coding sequences are regulatory se-
quences that determine when a protein will be
made, and in what quantities. Together the
protein coding and regulatory sequences com-
prise a gene. Most genes are about 10,000 to
100,000 nucleotides in length; about 5000 of
them are arranged along the average human
chromosome. Although the information for
making any single protein is almost always
encoded by a single gene, one gene may
sometimes carry the information needed to
make several related proteins.

Actual production of proteins occurs in the
cytoplasm of the cell. Since the instructions



for how to carry out this production are stored
in the chromosomal DNA in the nucleus, an
intermediary molecule—messenger RNA—must
be synthesized to convey information from the
nuclear storage repository to the cytoplasmic
protein factory. The enzyme RNA polymerase
transcribes the genetic information into an
RNA copy from the nuclear DNA template.
Because the protein-coding information is inter-
rupted by irrelevant sequences (introns), the
RNA must be edited (spliced) to remove the
intron sequences and join the coding sequences
(from exons). The messenger RNA that results
from these transcription and processing events
then moves to the cytoplasm, where it is used
to generate protein.

This process, called translation, is accom-
plished by threading the messenger RNA
through ribosomes, like a tape through the
head of a tape player, to decode the informa-
tion and assemble amino acids into chains.

Each adjacent group of three nucleotides (a
codon) specifies the next amino acid to be
linked to the growing protein chain; transla-
tion, in effect, reads codons as if they were
words, calling out one of the 20 possible
amino acids for specific addition to the protein
under synthesis. The properties of each protein
are determined by the sequence of amino acids
used to construct it, and this sequence in turn
is determined directly by the nucleotide se-
quence of the messenger RNA template.

REGULATION OF
GENE EXPRESSION

Although a mammalian cell possesses the ge-
netic instructions to make on the order of
50,000 to 100,000 different proteins, only a
subset of those proteins, perhaps 10 to 20 per-
cent, are found in any single cell. This obser-

PRODUCT PROCESS
Exon 1 S Exon 2 Int
ron
DNA ntron
l I ! ' | l Transcription
Primary RNA ! I |
™ R L lRNA splicing
Messenger RNA Ssanp AR AAAAKAS A AT
Start Stop l RNA transport

Protein product

Modified protein
(folds into
functional product)

| Translation

l Protein processing

Gene transcription in an animal cell is initiated by a requlatory sequence of DNA nucleotides. After
transcription into RNA, the genetic information is edited and spliced to omit the introns. Messenger
RNA, transported out of the nucleus, is translated into protein on the cytoplasmic ribosomes. The protein
then folds into its functional form and may be chemically modified (e.q., by addition of carbobydrate

[CHO] or phosphate [P]).
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vation introduces a new level of complexity
into our understanding of genes, for it suggests
that in each type of cell some genes are read
out (by synthesis of messenger RNA molecules
that, in turn, are used as templates to make
diverse proteins), whereas other genes are
silent (not read out). Moreover, different sets
of genes are expressed in different types of
cells, and among those genes that are read out
(expressed), the outputs of gene products (pro-
teins) can vary up to a millionfold. This means
that in addition to the sequences that encode a
protein, each gene must contain instructions
that regulate production of the protein in cor-
rect amounts, at the correct times, for each
cell type.

Cene expression can be regulated at several
points. Most obvious and common are differ-
ences that result from the control of transcrip-
tion: the amount of messenger RNA produced
from a single gene can vary by many orders of
magnitude. For example, the synthesis of mes-
senger RNA for the protein component of
hemoglobin occurs at extremely high rates in
red-blood-cell precursors but at negligible lev-
els in most other cells, even though they also
carry copies of the gene for making hemoglo-
bin. Later steps in the overall process of gene
expression also afford points of control. The
concentration of messenger RNA can be regu-
lated by how fast it is synthesized in the nu-
cleus; by its rate of transport to the ribosomes,
where translation occurs; and by its relative
ability to survive, once in the cytoplasm. If the
messenger RNA is stable, it can be used re-
peatedly to make new protein chains; if
quickly degraded, its capacity to direct protein
synthesis will be correspondingly limited.

10 CHAPTER ONE

Still other constraints operate upon transla-
tion, influencing, for example, the likelihood
that the ribosome factories will use a given
messenger RNA molecule to make a protein.
The long- or short-term stability of a newly
synthesized protein can determine whether it
will accumulate in a cell, and chemical modifi-
cations can influence its biological activity.
Some proteins, for example, must have certain
chemical groups—sugars, phosphates, or sul-
fates—attached to them in order to perform
their normal functions; others must be broken
apart (cleaved) at defined positions. The ability
to make these modifications can create differ-
ences between cells as important as those
achieved by different rates of RNA synthesis.

GENETIC VARIATION,
MUTATION, AND VIRUSES

This information for regulating protein synthe-
sis, encoded using the four “letters” of the
DNA “alphabet,” makes biological variability
possible at levels from cell type through spe-
cies. Even individual variability within a spe-
cies may be ultimately traced to subtle differ-
ences in the structure of proteins or the
programs that dictate their production.

Biological variability implies that the under-
lying genetic blueprint is enormously plastic.
The information content of DNA can be al-
tered dramatically by minute changes in the
order of its nucleotides or by gross rearrange-
ments of its sequences. In other words, the
meaning carried by a gene can be affected by
even the subtlest alteration of its text.



