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   Cancer
   Most Cancers Derive From a Single Abnormal Cell
   Even when a cancer has metastasized, its origins can usually be traced
   to a single primary tumor, arising in an identified organ and presumed
   to be derived 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 often including many normal
   cells—fibroblasts, for example, in the supporting connective tissue
   that is associated with a carcinoma. What evidence do we have that the
   cancer cells are indeed a clone descended from a single abnormal cell?
   One clear demonstration of clonal evolution comes from analysis of the
   chromosomes in tumor cells. Chromosomal aberrations and rearrangements
   are present in the cells of most common cancers. In almost all
   patients with chronic myelogenous leukemia, for example, leukemic
   white blood cells can be distinguished from normal cells by a specific
   chromosomal abnormality: the so-called Philadelphia chromosome,
   created by a translocation between the long arms of chromosomes 9 and
   22. When the DNA at the site of translocation is cloned and sequenced,
   it is found that the site of breakage and rejoining of the
   translocated 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 to another, as expected if each case of the
   leukemia arises from a unique accident occurring in a single cell. We
   will see later how this Philadelphia translocation leads to leukemia
   by inappropriately activating a specific gene.
   Many other lines of evidence, from a variety of cancers, point to the
   same conclusion: most cancers originate from a single aberrant cell.
   Cancers Result From Somatic Mutation
   If a single abnormal cell is to give rise to a tumor, it must pass on
   its abnormality to its progeny: the aberration has to be heritable. A
   first problem in understanding a cancer is to discover whether the
   heritable aberration is due to a genetic change—that is, an alteration
   in 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, occur
   during normal development, as manifest in the stability of the
   differentiated state and in such phenomena as X-chromosome
   inactivation and imprinting. Such epigenetic changes have also been
   found to play a part in the development of some cancers.
   There are, however, good reasons to think that the vast majority of
   cancers are initiated by genetic changes. First, cells of a variety of
   cancers can be shown to have a shared abnormality in their DNA
   sequence that distinguishes them from the normal cells surrounding the
   tumor, as in the example of chronic myelogenous leukemia that we have
   just described.
   Second, many of the agents known to give rise to cancer also cause
   genetic changes. Thus carcinogenesis (the generation of cancer)
   appears to be linked with mutagenesis (the production of a change in
   the DNA sequence). This correlation is clear for three classes of
   agents: chemical carcinogens (which typically cause simple local
   changes in the nucleotide sequence), ionizing radiations such as
   x-rays (which typically cause chromosome breaks and translocations),
   and viruses (which introduce foreign DNA into the cell). We will
   discuss each of these agents in detail later, in the section on the
   preventable causes of cancer.
   Finally, the conclusion that somatic mutations underlie cancer is
   supported by studies of people who inherit a strong susceptibility to
   the disease. In a significant proportion of cases, the propensity to
   cancer can be traced to a genetic defect of some sort in the DNA
   repair mechanisms of these individuals, which allows them to
   accumulate mutations at an elevated rate. People with the disease
   xeroderma pigmentosum, for example, have defects in the cellular
   system that repairs DNA damage induced by UV light, and they
   experience a hugely increased incidence of skin cancers.
   A Single Mutation Is Not Enough to Cause Cancer
   An estimated 1016 cell divisions take place in a normal human body in
   the course of a lifetime; in a mouse, with its smaller number of cells
   and its shorter life span, the number is about 1012. Even in an
   environment that is free of mutagens, mutations will occur
   spontaneously at an estimated rate of about 10-6 mutations per gene
   per cell division—a value set by fundamental limitations on the
   accuracy of DNA replication and repair. Thus, in a lifetime, every
   single gene is likely to have undergone mutation on about 1010
   separate occasions in any individual human being, or about 106
   occasions in a mouse. Among the resulting mutant cells one might
   expect that there would be many that have disturbances in genes that
   regulate cell division and that consequently disobey the normal
   restrictions on cell proliferation. From this point of view, the
   problem of cancer seems to be not why it occurs but why it occurs so
   infrequently.
   Clearly, if a single mutation were enough to convert a typical healthy
   cell into a cancer cell that proliferates without restraint, we would
   not be viable organisms. Many types of evidence indicate that the
   genesis of a cancer typically requires that several independent, rare
   accidents occur in the lineage of one cell. One such indication comes
   from epidemiological studies of the incidence of cancer as a function
   of age. If a single mutation were responsible, occurring with a fixed
   probability per year, the chance of developing cancer in any given
   year should be independent of age. In fact, for most types of cancer
   the incidence rises steeply with age—as would be expected if cancer is
   caused by a slow accumulation of numerous random mutations in a single
   line of cells. (An additional reason for the increased incidence of
   cancer in old age is discussed later, when we come to the topic of
   replicative cell senescence.)
   Now that many of the specific mutations responsible for the
   development of cancer have been identified, we can test directly for
   their presence in a particular case of the disease. Such tests have
   revealed that an individual malignant cell generally harbors multiple
   mutations. Animal models also confirm that a single one of these
   genetic alterations is insufficient to cause cancer: when genetically
   engineered in a mouse, a single such mutation typically produces mild
   abnormalities in tissue growth, followed occasionally by the formation
   of randomly scattered benign tumors; but the vast majority of cells in
   the mutant animal remain non-cancerous.
   The concept that the development of a cancer requires mutations in
   many genes—perhaps ten or more—fits with a large body of information,
   dating back over many years, concerning the phenomenon of tumor
   progression, whereby an initial mild disorder of cell behavior evolves
   gradually into a full-blown cancer. As we explain next, these
   observations of how tumors develop also provide insight into the
   nature of the changes that must occur for a normal cell to become a
   cancer cell.
   Cancers Develop in Slow Stages From Mildly Aberrant Cells
   For those cancers that have a discernible/noticed external cause, the
   disease does not usually become apparent/plain until long after
   exposure to the causal agent: the incidence of lung cancer does not
   begin to rise steeply until after 10 or 20 years of heavy smoking; the
   incidence of leukemias in Hiroshima and Nagasaki did not show a
   marked/conspicuous rise until about 5 years after the explosion of the
   atomic bombs; industrial workers exposed for a limited period to
   chemical carcinogens do not usually develop the cancers characteristic
   of their occupation until 10, 20, or even more years after the
   exposure. During this long incubation period, the prospective cancer
   cells undergo a succession/follow-up of changes. The same
   applies/implements to cancers where the initial genetic lesion has no
   such obvious external cause.
   Chronic myelogenous leukaemia provides a clear and simple example. It
   begins as a disorder characterized by a non-lethal overproduction of
   white blood cells and continues as such for several years before
   changing into a much more rapidly progressing illness that usually
   ends in death within a few months. In the chronic early phase, the
   leukemic cells in the body are distinguished mainly by their
   possession of the chromosomal translocation mentioned previously
   (although there may well be other genetic changes that are not seen so
   easily). In the subsequent acute/ intense phase of the illness, the
   hemopoietic system is overrun by cells that show not only this
   chromosomal 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 before
   they die or terminally differentiate), so that they come to outnumber/
   exceed both the normal hemopoietic cells and their relatives that have
   only the primary chromosomal translocation (the Philadelphia
   chromosome).
   Carcinomas and other solid/compact tumours are thought to evolve in a
   similar way. Although most such cancers in humans are not diagnosed
   until a relatively late stage, in a few cases it is possible to
   observe the early steps in the development of the disease. One example
   is provided by cancers of the uterine cervix (the neck of the womb).
   This cancer is thought to derive from the epithelium near the opening
   of the cervix.
   This epithelium undergoes physiological/physical changes in structure
   at different times in a woman's reproductive life. In a cervical
   region liable/prone to give rise to cancer, under the conditions in
   which the disease originates, the cells are initially organized as a
   stratified (multilayered) squamous epithelium, similar in structure to
   the epidermis of the skin or the lining of the inside of the mouth. In
   such stratified epithelia, proliferation normally occurs only in the
   basal layer, generating cells that then move out toward the surface;
   these cells differentiate as they move, forming flattened,
   keratin-rich, non-dividing cells that are sloughed off as they reach
   the surface. When specimens of cervical epithelium from different
   women are examined, however, it is not unusual to find patches/batches
   in which this organization is disturbed in a way that suggests the
   beginnings of a cancerous transformation. Pathologists describe these
   changes as intraepithelial neoplasia, and classify them as low-grade
   (mild) or high-grade (moderate to severe).
   In the low-grade lesions/wounds, dividing cells are no longer confined
   to the basal layer but occupy the lower third of the epithelium;
   although differentiation proceeds in the upper epithelial layers, it
   is slightly disordered. Left alone, most of these mild lesions will
   spontaneously regress/revert, but a small number (about 10%) may
   progress to become high-grade lesions. In these more seriously
   abnormal patches, most or all of the epithelial layers are occupied by
   undifferentiated dividing cells, which are usually highly variable in
   cell and nuclear size and shape. Abnormal mitotic figures are
   frequently seen and the karyotype is usually abnormal, but the
   abnormal cells are still confined to the epithelial side of the basal
   lamina. The presence of such lesions can be detected by scraping off a
   sample of cells from the surface of the cervix and viewing it under
   the microscope (the “Pap smear” technique). At this stage, it is still
   easy to achieve a complete cure by destroying or removing the abnormal
   tissue surgically.
   Without treatment, the abnormal tissue may simply persist/continue and
   progress no further or may even regress spontaneously; but in at least
   30–40% of cases, progression will occur, giving rise, over a period of
   several years, to a frank invasive carcinoma —a malignant lesion where
   cells cross or destroy the basal lamina, invade the underlying tissue,
   and metastasize via the lymphatic vessels. Surgical cure becomes
   progressively more difficult as the invasive growth spreads.
   Tumor Progression Involves Successive Rounds of Mutation and Natural
   Selection
   As we have seen, cancers in general seem to arise 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. At each stage, one cell
   acquires an additional mutation that gives it a selective advantage
   over its neighbors, making it better able to thrive in its
   environment—an environment that, inside a tumor, may be harsh, with
   low levels of oxygen, scarce nutrients, and the natural barriers to
   growth presented by the surrounding normal tissues. The offspring of
   this well-adapted cell will continue to divide, eventually taking over
   the tumor and becoming the dominant clone in the developing lesion.
   Thus, tumors grow in fits and starts, as additional advantageous
   mutations arise and the cells bearing them flourish. Their 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.
   Why are so many mutations needed? One reason is that cellular
   processes are controlled in complex and interconnected ways; cells
   employ redundant regulatory mechanisms to help them maintain tight and
   precise control over their behavior. Thus, many different regulatory
   systems have to be disrupted before a cell can throw off its normal
   restraints and behave defiantly as a malignant cancer cell. In
   addition, tumor cells may meet new barriers to further expansion at
   each stage of the evolutionary process. For example, oxygen and
   nutrients do not become limiting until a tumor is one or two
   millimeters in diameter, at which point the cells in the tumor
   interior may not have adequate access to such necessary resources.
   Each new barrier, whether physical or physiological, must be overcome
   by the acquisition of additional mutations.
   In general, the rate of evolution in any population would be expected
   to depend 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; (2) the number of individuals
   in the population; (3) the rate of reproduction, that is, the average
   number of generations of progeny produced 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 produce per
   unit time to the number of surviving fertile progeny produced by
   nonmutant individuals. These are the critical factors for the
   evolution of cancer cells in a multicellular organism, just as they
   are for the evolution of organisms on the surface of the Earth.
   Clearly the rate of progression toward cancer depends on many things
   beside the changing genotype of the individual cancer cell. Equally,
   it is plain that there are a number of quite disparate genetic
   properties that might help a cancer cell to be evolutionarily
   successful. In later sections, we shall examine the molecular changes
   that confer these properties. But first it is helpful to consider in
   general terms what the key properties actually are: what special
   capabilities are common to the majority of cancer cells and
   responsible for their bad behavior?
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