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THE ENEMY WITHIN: GENES, CELLS, AND THE NATURE OF CANCER


Cancer wreaks havoc in almost every part of the human body. Tumors strike the brain and the gut, muscles and bones. Some grow slowly; others are more aggressive and expand quickly. Their presence in human tissues signals chaos and a breakdown of normal function. Cancer brings unwelcome change to a biological machine that is perfect, marvelously beautiful, and complex beyond measure. Wherever tumors appear, they take on the appearance of alien life forms, invaders that enter the body through stealth and begin their programs of destruction from within. But appearances deceive: The truth is much more subtle and endlessly interesting.


Tumors are not foreign invaders. They arise from the same material used by the body to construct its own tissues. Tumors use the same components – human cells – to form the jumbled masses that disrupt biological order and function and, if left unchecked, to bring the whole complex, life-sustaining edifice that is the human body crashing down.


How are human tissues put together from single cells? The description above might suggest the involvement of master builders who oversee crews of workers, directing them in the detailed construction of normal and malignant tissues. In reality, there are no overseers forcing throngs of cells to line up and assemble themselves into normal or cancerous tissues. Architectural complexity in living tissue comes from the bricks themselves, the individual cells. Control is exercised from the bottom up.


Normal and malignant cells know how to build. Each carries its own agenda that tells it when it should grow and divide and how it should aggregate with other cells to create organs and tissues. Our bodies are nothing more than highly complex societies of rather autonomous cells, each retaining many of the attributes of a fully independent organism.


Right there, we confront great beauty and profound danger. The beauty lies in the coordinated behavior of so many cells to create the single, highly functional cooperative that is the human body. The danger lies in the absence of a single overseeing master builder, which seems to put the whole enterprise at great risk. Granting autonomy to trillions of worker cells invites chaos. When, as usually happens, these cells are well behaved and public-spirited, extraordinarily complex order ensues. But on occasion, a cell may choose to go its own way and invent its own novel version of a tissue or organ. It is then that we see the much-feared chaos that we call cancer.


Most human tumors comprise a billion or more cells before we become aware of them. The cells within a tumor differ from their normal counterparts in many respects, exhibiting distinctive shapes, growth properties, and metabolism. The sudden appearance of such a horde of cells would seem to reflect some recent mass conversion, in which millions of normal cells enlisted overnight in the ranks of a tumor mass.


Once again, appearances deceive. The creation of a tumor is an extraordinarily slow process, often extending over decades. The cells forming a tumor are all lineal descendants of a single progenitor, a distant ancestor that lived many years before the tumor mass became apparent. This founder, this renegade cell, decided to go off on its own, to begin its own growth program within one of the body’s tissues. Thereafter, its proliferation was controlled by its own internal agenda rather than the needs of the community of cells around it.


So there were no millions of recruits, only a single one that spawned a vast horde of like-minded descendants. The billions of cells in a tumor are cast in the image of their renegade ancestor. They have no interest in the well-being of the tissue and organism around them. Like the founder cell, they have only one program in mind: more growth, more replicas of themselves, unlimited expansion.


The chaos they create makes it clear how very dangerous it is to entrust each cell in the human body with its own measure of independence. Still, that is how we are put together, and how all complex, many-celled organisms have been designed for the past 600 million years. Learning this, we realize that the chaos of cancer is not a modern affliction but a risk run by all multicellular organisms, from ancient to modern. Indeed, given the trillions of cells in the human body, is it not a wonder that cancer does not erupt often during our long lives?


THE INTERNAL BLUEPRINT


To understand how a tumor grows, we need to understand the cells that form it. What caused that single founding cell to run amok? More generally, how does any cell, normal or malignant, know when to grow? Do cells have their own minds? And if not, what complex decision-making apparatus inside the living human cell determines its growth, quiescence, or death?


Our focus in this book is on the internal program carried by each normal human cell that tells it how and when to grow and associate with other cells to create the highly functional communities that are human tissues. The programs carried by various cells represent complex biological scripts, blueprints for their behavior. As we shall see, it is this internal program that is altered when cancer begins. Only after we understand this program in its normal and damaged forms can we understand the engine that drives the cancer cell.


There are several hundred types of cells in the human body. These various cell types aggregate to form distinct tissues and organs. Knowing this variability of individual cells, we might imagine the existence of a correspondingly large number of distinct scripts, each carried by a different cell type, each dictating a distinct agenda of growth and tissue-forming abilities. Here our intuition leads us astray. In truth, the cells in different parts of our body – in the brain, muscles, liver, and kidneys – as different as they appear, are really very much alike and, unexpectedly, all carry the same blueprint.


This sameness can be traced to their common origin. Like the cells in a tumor, all the cells that constitute a normal body descend from a common ancestral cell. They are cousins, members of an extended family. Through repeated rounds of growth and division, the single cell that is the fertilized egg yields the trillions of cells that form a complete body. The number of cells in an adult human – more than ten thousand billion – vastly exceeds the mind’s ability to grasp.


The blueprint that directs all cells in the body is present in the ancestral fertilized egg and is then passed on, virtually unaltered, to all the descendant cells throughout the body. These trillions of cells can look and act very differently from one another, yet they all carry the same set of instructions that program their behavior. So there is a striking discrepancy between the cells’ common inner blueprint and their highly diverse outer appearances. It seems that appearance tells us little about the internal program that guides the lives of these cells.


How can a single, common blueprint generate such diversity? Over the past decades the answer has emerged, and it is a simple one: The complex master plan carried by all cells in the body bears far more information than any single cell can use. Each cell in the body consults its master blueprint selectively, reading out only certain information from the vast library that it carries. This information is then used to choreograph its behavior. Selective reading allows each cell to behave differently from its relatives, close and distant, throughout the body.


Shortly after an egg is fertilized, it divides, as do its two daughters in turn. The embryonic development that follows is a frenzy of cell growth and division. The descendants of a fertilized egg arising over the next several cell generations seem very much alike; they stick together tightly, forming a homogeneous, undifferentiated cluster of cells that resembles a tiny raspberry. As embryonic development proceeds, however, the progeny of these cells begin to show differences. They start to become members of the communities of muscle cells or brain cells or blood cells. This process of choosing distinct fates – the process of differentiation – is the central mystery of human development and the obsession of those who study it.


A cell in one corner of the embryo reads out genetic instructions on how to make hemoglobin and becomes a red blood cell; a cell elsewhere consults information on the making of digestive enzymes and becomes part of the pancreas; a third cell reads the information on how to emit electrical signals and forms part of the brain.


But this decision by each embryonic cell to assume distinctive, differentiated traits, reached through selective reading of the genes that it carries, is not the only important decision the cell must make. It must also consult its genetic blueprint on another, equally weighty issue: when it should grow and divide, and when it should stop growing.


These instructions about growth remain important long after the embryonic stage. In most adult tissues, cells are continually dying and being replaced. Indeed, the ability of an adult tissue to maintain its normal architecture is critically dependent on mechanisms that ensure that the occasional loss of cells is compensated by the regrowth of a number of replacements. If too little replacement occurs, the tissue will deteriorate and shrivel away. If there is too much, it will expand, push against its normal boundaries, and perhaps erupt into a tumor. Proper control of cell proliferation is critical throughout the life of an organism.


To understand cancer, we must understand how the inner blueprint of normal cells tells them when they should multiply. We must know how that blueprint becomes deranged in the heart of the cancer cell. The roots of cancer lie in that blueprint.


GENES AND MOLECULES: A BRIEF PRIMER


The notion of blueprints implies precision, exactitude, a lack of ambiguity. Chaos can be warded off by carefully drawn blueprints. Long before biologists knew much about the inner machinery of living cells, they realized that such blueprints must exist. At first, blueprints were associated with whole organisms; only later did their importance to the lives of individual cells become apparent.


Gregor Mendel, an Austrian monk, established the principle of organismic heredity in the mid-nineteenth century. He focused on the transmission of genetic traits in pea plants – traits such as flower color and seed shape. His work was forgotten and then rediscovered by three geneticists in the first years of the new century. Mendelian genetics, as it came to be called, rested on several simple concepts. First, all complex organisms, from the pea plant to man, transmitted genes from parent to offspring through identical hereditary mechanisms. Second, the outward appearance of an organism could, in principle, be dissected into a large collection of discrete traits, such as flower color and seed shape in peas, eye color or body height in humans. Third, each of these traits could be traced back to the workings of some invisible information packets that were passed from parent to offspring through sexual reproduction. The efficient transmission of these information packets ensured that offspring developed traits closely resembling those of their parents.


The information packets came to be called genes; each human gene was assigned the role of organizing a distinct body trait. As we learned more and more about genes, it became apparent that all aspects of the human body down to the invisible inner workings of individual cells are dictated by the genes that a person inherits from his or her parents. The master blueprint, it turns out, is no more than a large collection of these genes.


We learned that the blueprinting genes are not stored away in a single central archive located somewhere in the body. Instead, almost every one of the trillions of cells in the body carries a complete copy of the entire blueprint. That simple fact reoriented thinking on how genes organize the construction of complex organisms: Genes act directly to control the behavior of individual cells. Each cell, operating under the control of its genes, collaborates with all the others to create the body’s form and function. Hence, the complexity of an entire organism represents nothing more than the aggregate behavior of all of its individual cells. This means that the set of genes governing the lives of cells and the set controlling the shape and behavior of the body are one and the same.


A debate of long standing has swirled around the question of how many distinct information packets – individual genes – make up the human genetic blueprint. The best current estimates range between 70,000 and 100,000. Together, these genes form the genetic library, the master blueprint that is commonly called the human genome.


The fact that the genomic library is segmented into discrete gene compartments has several consequences. As mentioned before, different volumes – distinct genes – can be pulled from its genomic library shelf and read selectively by a cell. In addition, these information packets can become separated from one another as they are passed from a parent organism to its offspring. This helps explain why we inherit only some of the genes carried by each of our parents. The genomic libraries in the fertilized egg become a blend of the genes that both parents carried before.


Still, the depiction of genes as information packets is ultimately unsatisfactory, because this image lacks physical reality. Sooner or later, we must deal with the physical substance of genes. Like all other components of living organisms, genes are concrete objects and therefore must be embodied in discrete, identifiable molecules.


Since 1944, we have known that the physical manifestation of genes is the molecule of DNA. Genetic information is carried in DNA molecules. Their structure is quite simple: Each DNA molecule is a double helix composed of two intertwined strands. Each of these strands is a long polymer formed by stringing together, end-to-end, the single components that, for the sake of this discussion, can be termed bases.


The bases of DNA come in four chemical flavors – A, C, G, and T. Importantly, they can be strung together in any order. The information content of DNA is determined by the sequence of these bases. The stringing together of bases can proceed without limit, resulting in DNA strands that can be tens of millions of bases long. A snapshot of one segment of such a very long strand would reveal a specific sequence of bases such as ACCGGTCAAGTTTCAGAG. Modern gene technology allows us to determine these base sequences, a process called ‘DNA sequencing’. By now, several tens of millions of base sequences have been ascertained for various organisms ranging from bacteria to worms to flies to Homo sapiens.


The total flexibility in the ordering of bases in the DNA means that, in principle, any information, biological or otherwise, can be encoded in DNA molecules. At first glance, an alphabet of only four letters would seem limited in its information-carrying capacities. But in fact four letters are more than sufficient. Morse code, with its three letters (dots, dashes, and spaces), and computer binary code with its two-letter alphabet (0 and 1) also have infinite information-carrying capacity.


The double helix of DNA actually carries two copies of genetic information, one on each of its intertwined strands. Since the time of James Watson’s and Francis Crick’s watershed discovery of 1953, we realize that an A appearing in one strand of the helix always faces a T in the opposite strand; a C in one strand inevitably confronts a G in the other. So the sequence of ACCGGTCAA in one strand will be intertwined with a partner sequence, TGGCCAGTT, in the other.


Since the base sequence of one strand dictates the sequence in the other, the information carried in one strand is present in the other, albeit in complementary language. This redundancy has many advantages. Among the most important is that it enables the helix to be replicated. In particular, the two segments depicted in Figure 1.1 can be separated and each can be used as a template for copying a new complementary sequence that then becomes wrapped around its template. The result is two daughter double helices that are identical to each other and to the mother double helix from which they arose.
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FIGURE 1.1
DNA replicating itself


This copying of base sequences becomes important when a cell grows and divides. During the process, a mother cell prepares to endow each of its future daughters with exact replicas of the DNA helices that it carries. This mother-to-daughter transmission allows the genetic information initially present in the DNA of a fertilized egg to be transmitted faithfully through a succession of hundreds of rounds of cell division to all of the trillions of descendant cells that form the adult human body.


Precisely how does the abstract concept of a gene relate to the physical structure of DNA molecules? The double helices of DNA, carried in the chromosomes of the cell, are often hundreds of millions of bases long. These extraordinarily long strings of bases are divided into discrete segments, in effect information compartments, each compartment constituting a single gene. An average human gene takes up several tens of thousands of DNA bases. Certain punctuation marks, written in the four-letter code of base sequences, demarcate the ends of the gene. In an English text, the beginning of a sentence is marked by a space followed by a capitalized word; the beginning of a gene is indicated by a specific short sequence of tens to hundreds of bases. Similarly, like the end of an English sentence, which is set off by a period, the terminus of a gene has its own distinctive base sequence that serves as a clear punctuation mark. Usually, the end of one gene is followed by a sequence of many thousands of bases of meaningless genetic noise before other punctuation sequences signal the beginning of the next gene along the helix.


The total information content of the human genome is carried in about 3 billion bases of DNA sequence divided into the 70,000 to 100,000 segments that represent individual genes. Somehow these genes, working in various combinations inside our cells, are able to create the extraordinary structural complexity of the human body including that organ of infinite complexity, the brain.


This tale of genes, DNA helices, and base sequences provides an entree into understanding all types of human biology, indeed all life forms on earth. But we are concerned here with a narrow slice of this complexity, the disease of human cancer. We can ignore the difficult question of how genes tell cells to collaborate in constructing tissues and organisms, and focus instead on the narrower question of how genes affect the growth behavior of individual cells.


So we narrow our perspective to address the small subset of genes that tell individual cells whether or not they should grow. These genes take us straight to the heart of the cancer problem. They reveal the origins of cancer and will one day point the way to curing the disease.





CHAPTER 2
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CLUES TO CANCER’S ORIGINS: HOW THE OUTSIDE WORLD AFFECTS THE INSIDES OF OUR CELLS


To understand the roots of cancer, let us leave our discussion of cells and genes and turn to a radically different way of studying and describing human beings and their maladies – the science of epidemiology. Epidemiologists study disease incidence in large groups of people. Cancer epidemiologists, in particular, study the frequencies of cancers in various human populations. Their work is almost always motivated by a central question: How do various kinds of behavior or environment influence the frequency of specific kinds of cancers? The very notion of cancer incidence as an interesting topic for scientific study is relatively new. Until the nineteenth century, cancer was relatively rare, an observation largely explained by the fact that cancer is a disease of older people. In many European countries at the beginning of the nineteenth century, expected life span was only about thirty-five years. Many people who might have contracted cancer late in life were struck down far earlier by infectious disease, malnutrition, or accident.


On the rare occasion when cancer did strike, most attributed it to a random accident or an act of God. But some evidence accumulating after the last decade of the eighteenth century suggested an alternative explanation – that the appearance of a cancer could be tied to specific experiences or lifestyles of the cancer patients. This new mind-set started with physicians who began to document particular kinds of tumors affecting very distinct subpopulations of humanity.


The most famous and perhaps earliest of these discoveries came in 1775 from a London physician, Percival Pott, who described scrotal cancers in men who had worked as chimney sweeps in their youth. Pott’s description represented the first instance in which a specific agent or exposure was correlated closely with the appearance of a cancer. Soon after, a surgeon, also in London, reported unusually high rates of nasal cancers in gentlemen who used snuff.


Reports appeared sporadically throughout the nineteenth century reinforcing this theme. Pitchblende miners in eastern Germany were found to succumb to lung cancer, an otherwise rare disease, in large numbers. By the early twentieth century, those working with the newly discovered X-rays were discovered to be at high risk for skin tumors and leukemias. Women who painted luminescent radium on the hands of wristwatches were diagnosed with cancers of the tongue, which was related to their licking paint brush bristles. Beginning in the early 1950s, people who smoked cigarettes were seen to have an increased risk of lung cancer, often twenty to thirty times higher than the nonsmoking population.


Cancer risk was also found to vary dramatically between countries. Liver cancer was eighteen times more frequent in certain parts of Africa than in Great Britain. Stomach cancer struck Japanese eleven times more frequently than Americans. Colon cancer was ten to twenty times more common in the United States than in certain regions of Africa. These dramatic differences were not due to differences in inherited susceptibility. When individuals migrated from one part of the world to another, their children soon assumed the cancer risks typical of their new locations.


The lesson was clear. Spontaneous, unprovoked breakdown of the body’s tissues no longer provided a persuasive explanation for many kinds of cancers. An alternative theory had become far more compelling: External factors affecting the body – lifestyle, diet, or environment – play an enormous role in determining the onset of disease. This dramatic shift in thinking, which started at the beginning of the twentieth century, coincided with another revolution, this one affecting our understanding of infectious diseases. In the last decades of the nineteenth century, Robert Koch and Louis Pasteur found that a variety of lethal diseases could be traced to specific causal agents: bacteria and viruses. Human diseases were now portrayed as the consequences of specific, knowable causes rather than as random, capricious acts of nature.


This breakthrough made it possible to redefine and clarify the cancer problem. Now the puzzle of cancer could be stated in more specific terms: How precisely could lifestyle and diet affect the behavior of tissues deep within the body? The solution to this puzzle would have to be described in terms of individual cells, normal and malignant, and within those cells the machinery that drove their growth forward. Such reductionism – distilling complex phenomena down to simple underlying mechanisms – soon became the central theme of modern cancer research and, by the end of the century, its glory.


CANCER AGENTS AND TARGET GENES


The notion that cancer was not a random, spontaneous degeneration of the body’s tissues, but instead was actively induced, radically changed the thinking of many cancer researchers. If external agents triggered the disease, perhaps they could be identified and their mechanisms of action studied. Perhaps the entire process from the initial encounter with a cancer-causing agent to the appearance of a cancer could be uncovered. So, toward the end of the nineteenth century, scientists throughout the world tried to recreate cancer in laboratory animals – mice, rats, and rabbits. For years, all such attempts failed.


The first successes came in Japan in the first decade of the new century. Katsusaburo Yamagiwa took instruction from the far earlier studies of European chimney sweeps. Percival Pott’s initial observations of high rates of scrotal cancer in London chimney sweeps had been followed several decades later by the work of others who found that chimney sweeps on the Continent had much lower rates of this tumor. The difference seemed to be related to personal hygiene practices. The British chimney sweeps, like many of their eighteenth-century countrymen, rarely took baths, while the chimney sweeps on the Continent bathed frequently. It seemed that creosote tars from the London flues stuck to the skin of the British sweeps and triggered cancer unless washed away quickly.


Responding to this, Yamagiwa took coal tar and applied it repeatedly to the ears of rabbits. After many months, skin tumors appeared on the rabbits’ ears. Other researchers had failed to induce cancer because they had given up much too quickly or had not realized the need for repeated applications of the substance.


Yamagiwa’s experiment showed directly that cancers could be provoked at will in the laboratory by specific agents. The rabbit ear tumors – and perhaps all cancers – could be traced to well-defined causes. Still, this insight only served to raise another, equally large issue: Precisely how did chemicals, such as those in coal tars, create cancer? Somehow, cancer-causing chemicals – chemical carcinogens – were able to invade cells in the body’s tissues and provoke the growth of a tumor. So the metaphor shifted dramatically. Cancer itself was not the invader; rather, the true invader was the carcinogenic agent (in this case coal tar).


The mystery deepened with the observation that X-rays were also capable of inducing cancers. Soon after Wilhelm Roentgen’s 1895 discovery, X-ray tubes were used extensively for imaging bones and then for treating a variety of conditions. The technicians who ran the X-ray machines as well as many of the exposed patients contracted skin tumors and leukemias. What hidden connection existed between these two apparently unrelated agents – chemicals and X-rays – that allowed both to trigger cancer? Both were noxious and both were capable of damaging human tissue and killing cells. But how could cell killing be related to cancer? Cancer represented an excess of cells in a tissue, just the opposite from what was seen after toxic agents depleted a tissue of its cells.
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