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I ONCE ATTENDED a hospital meeting where the director of a new program presented its past year’s accomplishments. Over a million dollars had been raised from the community for this new program, and hopes were high. I wasn’t among those in the room impressed with the results being touted, but I kept quiet—because it wasn’t really my business and because my mother taught me that if you don’t have anything nice to say, you shouldn’t say anything at all. Yet that didn’t stop me from thinking that this program had wasted precious time and resources.
All around me, other participants were expressing their support. Great job! Congratulations! Excellent work! Even though it was obvious to everyone that there was little of value to show for the last year, most of the medical professionals around me played along with the sentiment that everything was great, just great. Nobody, myself included, stood up and yelled, “The emperor has no clothes!”
This problem is not unique to my hospital, but is pervasive in all of public health; it is how any bureaucracy functions. While keeping critical opinions to yourself is generally useful in personal relationships, it’s not useful when it comes to the advancement of science. In order to solve problems, we need to know that they exist. Only then can we understand how current solutions fall short and improve on them. Lives depend on it, after all. But in medical research, opinions that dissent from the specified narrative are not welcome. This problem cuts across entire disciplines, such as the study of obesity, type 2 diabetes, and yes, cancer.
OBESITY
We are witnessing the greatest epidemic of obesity in the history of the world. Look at any statistic about global obesity and you’ll find the news is bleak. In 1985, not a single American state had a prevalence of obesity above 10 percent. In 2016, the Centers for Disease Control and Prevention (CDC) reported that no state had a prevalence of obesity under 20 percent, and only three states had rates below 25 percent.1 Yikes! We can’t simply blame bad genetics, because this change has taken place within the last thirty-one years: a single generation. Clearly, we need interventions, sustainable solutions to help people lose pounds and then maintain a healthy weight.
For decades, we’ve fooled ourselves into believing we have a prescription for obesity: counting calories. The CDC suggests that “To lose weight, you must use up more calories than you take in. Since one pound of body fat contains approximately 3,500 calories, you need to reduce your caloric intake by 500–1000 calories per day to lose about 1–2 pounds per week.” This is fairly standard advice that you can find repeated the world over by doctors and dieticians, and reported in magazines, textbooks, and newspapers. It’s the same dietary advice I learned in medical school. Any physician who suggests that there is a way to lose weight by any other means is largely considered a quack. But the medical community’s obsessive focus on calories has not translated into any success against the obesity epidemic. If we cannot acknowledge that our solutions fall far, far short, we will be powerless to fight the rising tide of obesity.
Few can admit that the advice to “eat less, move more” doesn’t work. Yet the crucial first step toward solving the obesity epidemic is to admit to our shortcomings. Advice to count calories is neither useful nor effective. Instead, as I’ve argued, we must acknowledge that obesity is a hormonal imbalance rather than a caloric one. Let’s embrace the truth and move forward so that we can develop interventions that actually work. Only then do we stand a chance of turning the tide on this public health crisis. As the brilliant economist John Maynard Keynes is quoted as having said, “The difficulty lies not so much in developing new ideas as in escaping from old ones.”
TYPE 2 DIABETES
The horrifying epidemic of type 2 diabetes closely mirrors that of obesity. According to the CDC, about one in ten Americans suffers from type 2 diabetes. Worse, this number has risen steadily over the past few decades, with no salvation in sight (see Figure 1.1).
Figure 1.1
Medications that lower blood glucose, like insulin, are the standard treatment for type 2 diabetes. Over time, patients usually require higher and higher doses of these medications. If you’re taking more insulin, then it’s pretty obvious that your type 2 diabetes has become more severe. Yet we in the medical community (researchers, doctors) simply maintain the position that type 2 diabetes is a chronic and progressive disease, and that’s just the way things are.
None of this is true. When a patient loses weight, their type 2 diabetes almost always improves. We don’t need to prescribe more medication to diabetics; we need to fix their diets. But we have been unwilling to admit that our treatment approach is flawed. That would mean deviating from the agreed-upon narrative that our researchers and doctors are making brave progress against a terrible disease. Admit a problem? No way. The result? A continuing epidemic. Again, as with obesity, if we cannot acknowledge that the prevailing treatment protocol falls far, far short of acceptable, then we will continue to be powerless to help those suffering.
CANCER
This brings us, finally, to cancer. Certainly, we must be making great progress against cancer, right? Almost every day, we hear reports of some cancer breakthrough or medical miracle discovered by our pioneering scientists. Unfortunately, a sober look at the available data indicates that progress in cancer research has lagged behind that of almost every other field of medicine.
In the early twentieth century, cancer didn’t attract much attention. The biggest threats to public health were infectious diseases like pneumonia, gastrointestinal infections, and tuberculosis. But public sanitation improved, and in 1928, British researcher Alexander Fleming made the world-changing discovery of penicillin. Americans’ life expectancy began to climb, and the focus shifted to chronic diseases such as heart disease and cancer.
In the 1940s, the American Society for the Control of Cancer (the ASCC, which would later become the American Cancer Society) stressed the importance of early detection and aggressive treatment. The ASCC championed the routine use of the Pap smear, a gynecological screening test for cervical cancer. The results were a stunning success: with much earlier detection, death rates from cervical cancer dropped dramatically. This was an auspicious start, but death rates from other types of cancer continued to increase.
Deciding that enough was enough, then president of the United States Richard Nixon declared war on cancer in his 1971 State of the Union address, proposing “an intensive campaign to find a cure for cancer.” He signed the National Cancer Act into law and injected nearly $1.6 billion into cancer research. Optimism was running high. America had ushered in the atomic age with the Manhattan Project. The country had just put a man on the moon with the Apollo program. Cancer? Surely that could be conquered, too. Some scientists enthusiastically predicted that cancer would be cured in time to celebrate America’s bicentennial in 1976.
The bicentennial came and went, but the cure for cancer was nowhere closer to becoming a reality. By 1981, the tenth anniversary of the “war on cancer,” the New York Times questioned whether this highly publicized, decade-long war had “brought real progress against this dreaded disease, or . . . been an extravagant $7.5 billion misfire?”2 Cancer deaths continued their ruthless climb; the past decade’s efforts hadn’t even slowed its ascent. The war on cancer, so far, had been a complete rout.
This was not news to insiders like the National Cancer Institute’s (NCI) Dr. John Bailar III, who also served as a consultant to the New England Journal of Medicine and a lecturer at Harvard’s School of Public Health. In 1986, Dr. Bailar questioned the effectiveness of the entire cancer research program in an editorial in the New England Journal of Medicine.3 In the article, Dr. Bailar noted that from 1962 to 1982, the number of Americans who died of cancer increased by 56 percent (see Figure 1.2). Adjusting for population growth, this still represented a 25 percent increase in the rate of death from cancer, at a time when death rates from virtually every other disease were dropping quickly; crude death rates from causes other than cancer had decreased by 24 percent. Dr. Bailar noted that the data “provide no evidence that some 35 years of intense and growing efforts to improve the treatment of cancer have had much overall effect on the most fundamental measure of clinical outcome—death. Indeed, with respect to cancer as a whole, we have slowly lost ground.” He wondered aloud, “Why is cancer the only major cause of death for which age-adjusted mortality rates are still increasing?”
As an insider on the cancer wars published in the most prominent medical journal in the world, Dr. Bailar had effectively yelled, “The emperor has no clothes!” He recognized the need to energize new thinking in the stultifying morass of cancer research, which had been mummifying in reiterations of the same cancer paradigms that had failed so utterly. In recognizing the failures of the medical community, Dr. Bailar bravely took the first step to making progress in the war on cancer.
Figure 1.2: Cancer deaths, 1900–2000.
Unfortunately, the rest of the cancer establishment was not yet ready to admit to a problem. Dr. Bailar’s article received heavy criticism; it was called “erroneous” at best and “reprehensible” at worst. In the polite world of academia, this language was tantamount to the highest profanity.4 Dr. Bailar became almost universally reviled within the community he had once led. His motives and intelligence were routinely questioned.
Vincent DeVita Jr., then the director of the NCI, called Dr. Bailar’s editorial irresponsible and misleading while implying that Dr. Bailar himself had “departed with reality.”5 The president of the American Society of Clinical Oncology called Dr. Bailar “the great naysayer of our time.” Ad hominem attacks were plentiful, but there was simply no denying the statistics. Cancer was getting worse, but nobody wanted to acknowledge it. The research community responded to the message by killing the messenger. Everything is awesome, they said, even as the bodies piled up.
Little had changed eleven years later, when Dr. Bailar published a follow-up paper titled “Cancer Undefeated.”6 The death rate from cancer had increased by another 2.7 percent from 1982 to 1994. The war on cancer had resulted in not just a rout, but a massacre. Still, the cancer world could not admit there was a problem. Yes, there were some notable successes. Cancer death rates for children had dropped by about 50 percent since the 1970s. But cancer is the quintessential disease of aging, so this was a major victory in a minor skirmish. Of the 529,904 deaths due to cancer in 1993, only 1,699 (3 percent) were in children. Cancer was delivering punishing uppercuts to our face, and we had managed only to tousle its fancy hairdo.
The war on cancer was reinvigorated by the continuing revelations from the study of genetics that took place throughout the 1980s and ’90s. Aha, we thought, cancer is a genetic disease. A new front opened in the war on cancer, focusing our efforts on finding cancer’s genetic weaknesses. A massive, multimillion-dollar international collaboration oversaw the 2003 completion of the Human Genome Project. The research community felt certain that this genetic map offered a winning battle plan against cancer. We now had a complete diagram of the entire human genome, but surprisingly, this did little to move us closer to beating cancer. In 2005, an even more ambitious program, the Cancer Genome Atlas (TCGA), was launched. Hundreds upon hundreds of human genomes were mapped in an attempt to uncover cancer’s weakness. This massive research effort, too, came and went while cancer continued its progress undisturbed, calm as bathwater.
We brought our human ingenuity, massive research budgets, and fund-raising efforts to create new weapons to penetrate cancer’s imperturbable shell. We believed that the war on cancer would be a high-tech battle of smart weapons. Instead, it more closely resembled the trench warfare of World War I. The front lines never moved, the war dragged on without noticeable progress, and the bodies piled up.
The stalemate in cancer stands in stark contrast to the dizzying progress in other areas of medicine. From 1969 to 2014, total deaths in the United States from heart disease dropped approximately 17 percent despite the increasing population. But cancer? During that same time period, deaths from cancer rose a chilling 84 percent (see Figure 1.3).
Figure 1.3
In 2009, the New York Times ran a headline that reflected this reality: “Advances Elusive in the Drive to Cure Cancer,”7 noting that the adjusted death rate for cancer had dropped only 5 percent from 1950 to 2005, compared to heart disease deaths, which had dropped 64 percent, and to flu and pneumonia, which had dropped by 58 percent. Once again, an American president, this time Barack Obama, promised to “launch a new effort to conquer a disease that has touched the life of nearly every American, including me, by seeking a cure for cancer in our time.”8 Nobel Prize laureate James Watson, the co-discoverer of DNA’s double helix, ruefully noted in a 2009 opinion piece published in the New York Times that cancer killed 560,000 Americans in 2006, 200,000 more than in 1970, the year before the “war” began.9
The war on cancer has not stagnated for lack of funding. The 2019 budget for the National Cancer Institute was $5.74 billion, all derived from taxpayer dollars.10 Nonprofit organizations have proliferated like mushrooms after a rainstorm. By one count, there are more nonprofits dedicated to cancer than those for heart disease, AIDS, Alzheimer’s disease, and stroke combined. The American Cancer Society generates over $800 million per year in donations to fund “the cause.”
Perhaps at this point you’re thinking, But what about all the cancer breakthroughs we keep hearing about in the news? All that funding must be saving lives? It’s true that advances in treatment have been made, and these treatments have certainly made a difference. However, they’re not saving as many lives as you might think.
Cancer drugs are approved by the Food and Drug Administration (FDA) if they show efficacy with minimal toxicity. But efficacy can be defined in many different ways—not all of which include saving lives. Unfortunately, from 1990 to 2002,11 fully 68 percent of the FDA approvals were for cancer drugs that did not necessarily show an improvement in life expectancy. If these drugs didn’t improve survival, what did they do? The most common reason for approval is called the “partial tumor response rate,” which means the drugs were shown to shrink the primary tumor in volume by over 50 percent. That sounds pretty good, except when you consider that this measurement is almost completely irrelevant to survival.
Cancer is deadly because of its propensity to spread, or metastasize. Cancer is deadly because it moves, not because it is big. Cancers that don’t metastasize are called “benign” because they very rarely cause significant disease. Cancers that do metastasize are called “malignant” because of their tendency to kill.
For example, the very common lipoma, affecting approximately 2 percent of fifty-year-olds, is a benign cancer of fat cells. It may grow to weigh up to fifty pounds. Yet despite this enormous bulk, this benign cancer is still not life-threatening. A malignant melanoma (a type of skin cancer), however, may weigh only 0.1 pound and be thousands of times deadlier because of its predisposition to spread. Once unchained, many cancers become unstoppable.
For this reason, local cancer treatments such as surgery or radiation are of limited efficacy once a cancer has metastasized. Surgeons go to great lengths in the quest to “get it all.” They will cut huge swaths of normal tissue out of cancer patients to remove even the faintest rumor of a whiff of cancer cells. Surgery for cancer is performed to prevent metastasis, not because the cancer is too big. A cancer medication’s ability to shrink a tumor is immaterial to overall patient survival. A drug that destroys half the tumor is no better than surgery to remove half the cancer—in other words, almost completely useless. Getting half the cancer is no better than getting none of it.
Yet the majority of new cancer drugs were approved based solely upon this questionable marker of “efficacy.” From 1990 to 2002, 71 new drug approvals were granted for 45 new drugs. Of those, only 12 medications were proven to save lives, and most extended life by only a few weeks or months. In that same time, the phrase “cancer breakthrough” appeared in 691 published articles. The strange math goes like this: 691 breakthroughs = 71 cancer drug approvals = 45 new drugs = 12 drugs that barely extended patients’ lives.
All these shiny new weapons in the war on cancer amounted to a jeweled handle on a broken sword. By the mid-2000s, hope for the war on cancer was fading quickly. Then a strange thing happened. We started winning.
A NEW DAWN
Amid all the doom and gloom, hopeful signs emerged. Cancer deaths, adjusted for age and population growth, peaked in the early 1990s and have now been steadily declining. What changed? Some of the credit must be given to the smoking-cessation efforts that have been consistently championed by public health officials since the 1960s. But our paradigm of understanding cancer has been slowly undergoing a revolution, and this has contributed to new treatments, which drive our recent and, hopefully, continuing progress.
The most pressing question in cancer research is the most elusive: what is cancer? In this decades-long war, we simply didn’t know our ancient enemy. The Manhattan Project had a clear goal: split the atom. World War II had a clear foe: Adolf Hitler. The Apollo project had a concrete task: put a man on the moon and bring him back, with a little luck, alive. But what was cancer? It was a nebulous adversary, with hundreds of different variations to discern. Wars on murky ideas, like the wars on poverty, drugs, and terrorism, generally end in frustration.
Approaching a problem from the wrong angle gives you no chance of solving it. If you’re not facing the right direction, it doesn’t matter how fast you run; you’ll never reach your destination. This book is an exploration of the story of cancer. It is not meant to offer a cure for cancer. That, for now, is still largely impossible. Instead, my goal here is to chronicle the surprising journey in our understanding of the greatest mystery of human disease. It is perhaps the strangest and most interesting story in science. What is cancer? How did it develop?
Over the last one hundred years, our understanding of cancer has undergone three major paradigm shifts. First, we considered cancer a disease of excessive growth. That’s certainly true, but this did not explain why cancer was growing. Next, we considered cancer a disease of accumulated genetic mutations that caused excessive growth. Also, certainly true, but this did not explain why these genetic mutations were accumulating. Most recently, a completely new understanding of cancer has emerged.
Cancer is, improbably, a disease unlike any other we’ve ever faced. It is not an infection. It is not an autoimmune disease. It is not a vascular disease. It is not a disease of toxins. Cancer is originally derived from our own cells but develops into an alien species. From this paradigm of understanding, new drugs have been developed that threaten, for the first time, to end this war in the trenches.
CANCER IS A prehistoric disease, recognized since the time of the ancient Egyptians. The Edwin Smith Papyrus, translated in 1930, contained the medical teachings of the Egyptian physician Imhotep, who lived around 2625 BC. It describes a case of a “bulging mass in the breast” that was cool and hard to the touch.
Infections and abscesses are typically inflamed, and warm and painful when touched. By contrast, this mass was firm, cool, and not painful—something much worse. As for suggested treatment, the author had none. The Greek historian Herodotus, writing around 440 BC, describes Atossa, the queen of Persia, who likely suffered from inflammatory breast cancer. In a thousand-year-old grave site in Peru, mummified remains show a bone tumor, preserved by the dry desert climate. A two-million-year-old human jawbone unearthed by archeologist Louis Leakey showed evidence of lymphoma, an unusual cancer of the blood.1 Cancer dates back at least to the dawn of humanity.
Cancer has walked this earth at least as long as we have as an ever-present adversary. Its longevity makes it unique among diseases. Maladies have come and gone. Smallpox and the Black Death once devastated the world, but have largely disappeared from the modern pantheon of health concerns. But cancer? Cancer was there in the beginning. It was there in the middle. It’s still here now, worse than ever.
Despite several thousand years of advancing medical knowledge, cancer still ravages us. Cancer was likely rare in ancient times because it is a disease of aging, and life expectancy was low. If people are dying young from famine, pestilence, and war, then cancer is not a big concern.
The Greek physician Hippocrates (ca. 460 BC–ca. 370 BC), who is often called the father of modern medicine, may have appropriately named our ancient foe using the word karkinos, meaning “crab.” This is a surprisingly astute and accurate description of cancer. Examined microscopically, cancer extends multiple spicules (a spikelike tendril) out of the main body to grab tenaciously on to adjacent tissue. Like miniature versions of its namesake, cancer distinguishes itself from other deadly diseases by its ability to scuttle around the body from one location to another. A cut on your thigh does not metastasize into a cut on your head, but a cancer in your lung can easily become a cancer in your liver.
In the second century AD, the Greek physician Galen used the term oncos, meaning “swelling,” to describe cancer, as it was often detected as a hard nodule. From this root, the words oncology (the science of cancer), oncologist (cancer specialist), and oncologic (related to cancer) are all derived. Galen also used the suffix -oma to denote a cancer. Thus, a hepatoma is a cancer in the liver. A sarcoma is a cancer of the soft tissues. A melanoma is a cancer of the melanin-containing skin cells. Celsus (ca. 25 BC–ca. AD 50), a Roman encyclopedist who wrote the medical text De Medicina, translated the Greek term karkinos into the English word cancer. The word tumor is used to describe any localized growth of abnormal cells, which can be benign or malignant.
Cancer was first understood as an exuberant, unregulated, and uncontrolled growth of tissue. Normal tissues have well-defined growth patterns. A normal kidney, for example, grows from birth until adulthood and then stops. It then simply maintains its size, unless other diseases intervene. A normal kidney does not continue growing throughout life until it is so big that it takes up the entire abdominal space. Cancer cells, however, will continue growing until they die or you do.
Cancers are usually divided into benign and malignant varieties. Benign cancers grow, but they don’t metastasize. Some examples are lipomas and basal cell carcinomas of the skin. These may become huge, but we aren’t overly concerned about benign cancers, because they are rarely deadly. It is the ability to move and spread, or metastasize, that is responsible for the majority of cancer deaths.
Malignant cancer is what we usually think of as cancer, and in this book, we consider only malignant cancers. The many types of cancers (breast, colorectal, prostate, lung, myeloma, etc.) are generally named for their cell of origin. There are likely as many types of cancers as types of cells in the body. These cancers both continue growing without limit and have the ability to leave the site of origin to reestablish at a distant site.
All cancers are derived from normal cells. Breast cancer originates from normal breast cells. Prostate cancer originates from normal prostate cells. Skin cancer originates from normal skin cells. This is the particularly vexing and unusual part of cancer—that it originally derives from ourselves. Cancer is not a foreign invader. It’s an internal uprising. The war on cancer is a war on ourselves.
While all types of cancer are different, this book attempts to discuss the origins of cancer as a whole, looking at the similarities among cancers rather than the differences. This is the fundamental question of this book: What turns normal cells into cancer cells in some people in some situations, but not others? In other words, what causes cancer?
The ancient Greeks believed in the humoral theory of disease, which posited that all diseases resulted from an imbalance in the four humors: blood, phlegm, yellow bile, and black bile. Inflammation was the result of too much blood; pustules, from too much phlegm; jaundice, from too much yellow bile. Cancer was considered an internal excess of black bile. Local accumulations of black bile manifested as tumors that could be palpated as nodules. However, the disease itself was a systemic excess involving the whole body.
Treatment of cancer was therefore aimed at removing this excess black bile, and included those oldies but goodies: bloodletting, purging, and laxatives. Local excision of the tumor would not work, because cancer was understood to be a systemic disease. This was yet another surprisingly astute observation from ancient physicians, and it spared many a cancer patient from surgery, which was a pretty gruesome thing in ancient times. In the absence of antiseptics, anesthetics, and analgesics, you were more likely to die of surgery than of cancer.
The humoral theory of cancer endured for centuries, but there was a big problem with it. Three of the four humors were identified—blood, lymph, and yellow bile—but where was the black bile? Doctors looked and looked, but could not find any black bile. Tumors, believed to be local outcroppings of black bile, were examined, but there was none to be found. If black bile caused cancer, where was it?
By the 1700s, lymph theory had replaced humoral theory. Cancer was believed to be caused by fermentation and degeneration of stagnant lymph that did not properly circulate. Once again, while the theory was incorrect, it contained some surprisingly astute observations about the nature of cancer. First, it recognized that cancer cells are derived from the body’s own normal cells that have somehow become perverted. Second, it recognized cancer’s natural tendency to spread along lymphatic drainage routes and lymph nodes.
The development of microscopes and reliable dyes to stain tissue samples allowed another major scientific leap forward. By 1838, the focus had shifted to cells rather than fluids, with the blastema theory. The German pathologist Johannes Müller showed that cancer was not caused by lymph, but instead originated from cells. Cancer, he believed, derived from the budding elements, or “blastema,” between these cells. That same year, the pathologist Robert Carswell, examining several widespread cancers, was among the first to suggest that cancer may move through the bloodstream.
Cancers were simply cells, albeit bizarre-looking cells with unregulated growth. This is what I call cancer paradigm 1.0, the first great modern paradigm of understanding cancer. It is a disease of excessive growth. If the problem is too much growth, then the obvious solution is to kill it. This logic gave us surgery, radiation, and chemotherapy, and is still the basis of many of our cancer treatment protocols today.
SURGERY
Surgical treatment of cancer dates back to the second century AD, when Leonidas of Alexandria described a logical, stepwise surgery for breast cancer by removing all cancerous tissue and a margin of healthy tissue. Even with cautery to stanch the expected bleeding, surgery was fraught with danger. Surgical instruments were not sterilized. If you developed a postsurgical infection, there were no antibiotics. Most of us would not let these ancient surgeons cut our hair, let alone our bodies. One particularly macabre invention from 1653 was the breast guillotine, for amputation of the affected breast.
The advent of modern anesthesia and antisepsis transformed surgery from a barbaric, ritualistic sacrifice to a fairly reasonable medical procedure. The ancient Greeks treated cancer as a systemic disease, but nineteenth-century physicians increasingly viewed cancer as a local disease, amenable to surgery. The obvious solution, then, was simply to cut it all out—and they did. As surgical technology and knowledge grew, local tumor excision became an option in almost all cases. Whether such a procedure was useful was a different matter entirely.
Cancer inevitably recurred, usually at the incision site. Again, cancer is like a crab, sending invisible microscopic pincers out into adjoining tissue. These minuscule remnants of cancer inevitably lead to a relapse. And so, physicians began to subscribe to a new theory: if a little bit surgery is good, then perhaps a lot of surgery is even better.
In the early 1900s, Dr. William Halsted championed increasingly radical surgeries to purge breast cancer “root and stem.” The word radical, as in a “radical mastectomy” or “radical prostatectomy,” is derived from the Latin word meaning “root.” In addition to the affected breast, Halsted removed a wide margin of normal tissue, including almost the entire chest wall, the pectoral muscles, and associated lymph nodes that might possibly contain the seeds of cancer. The complications were horrific, but thought to be worth it. A radical mastectomy might be disfiguring and painful, but the alternative, if cancer recurred, was death. Less invasive surgery, Halsted believed, was a misguided kindness. This became the standard surgical treatment of breast cancer for the next fifty years, making the breast guillotine look almost humane by comparison.
Halsted’s results were both very good and very bad. Patients with localized cancer fared extremely well. Patients with metastatic cancer fared extremely poorly. After cancers had metastasized, the extent of the surgery was largely irrelevant, because it was a local treatment for a systemic disease. By 1948, researchers showed that less invasive surgery achieved similar local control of disease as Halsted’s method, with a fraction of the surgical complications.
By the 1970s, preoperative X-rays and CT scans allowed earlier detection of metastasis, which prevented unnecessary surgery. In addition, the location of the tumor could be ascertained and the extent of surgical invasion necessary could now be precisely delineated before doctors whipped out the scalpel. Today we know that such targeted surgery is potentially curative—if the cancer is caught early. Modern technological advances have steadily reduced operative complications, and surgical deaths have dropped by over 90 percent2 since the 1970s. Surgery remains an important weapon against cancer, but only at the proper time and in the proper situation.
RADIATION
In 1895, German physicist Wilhelm Röntgen identified X-rays, high-energy forms of electromagnetic radiation, a discovery for which he would receive the 1901 Nobel Prize. These invisible X-rays could damage and kill living tissue. Barely one year later, an American medical student, Emil Grubbe, pioneered the specialty of radiation oncology by irradiating a patient with advanced breast cancer.3 Grubbe, also a manufacturer of vacuum tubes, had exposed his own hand to this new X-ray technology, causing an inflammatory rash, which he showed to a senior physician. Noting the tissue damage, the physician suggested that these newfangled X-rays may have other therapeutic uses, suggesting lupus or cancer as likely candidates. Fortuitously, Grubbe was caring for a patient suffering with both lupus and breast cancer at that very moment. On January 29, 1896, he exposed the breast cancer to the X-ray source for one hour. One hour! Modern X-ray treatments take seconds. Recalling the damage to his own hand, Grubbe did thoughtfully protect the areas around the breast cancer with the lead sheet lining from a nearby Chinese tea chest. One shudders to think of what could have happened if he had not been a tea drinker.
Meanwhile, that same year in France, physicist Henri Becquerel, along with the legendary scientists Marie and Pierre Curie, discovered spontaneous emission of radiation; the three would share a Nobel Prize for their work. In 1901, while carrying a tube of pure radium (yikes!) in his waistcoat pocket, Becquerel noted a severe burn on his skin underneath the tube. Researchers at the Hôpital Saint-Louis in Paris used his radium to develop more powerful and precise X-ray treatments. By 1903, researchers claimed to have cured a case of cervical cancer through radium treatment.4 In 1913, the “hot-cathode tube” was used to control the quality and quantity of radiation, allowing dosing for the first time, instead of the haphazard blasting of X-rays willy-nilly against a suspected lesion.
The early period of radiation oncology, from 1900 to 1920, was dominated by the efficient Germans, who favored treatment with a few large, caustic doses of radiation. There were some impressive remissions and some impressive side effects, but few lasting cures. Burns and damage to the body were inevitable, and by 1927, French scientists realized that a single huge dose of radiation harmed the overlying skin without much affecting the cancer underneath. Instead, a smaller dose of radiation delivered over multiple days (called fractionated radiotherapy) could hit the buried target without so much surface collateral damage. This is because cancer cells are more sensitive to damage from X-rays than the surrounding normal tissue.
Fractionated radiotherapy exploits this difference in sensitivity to preferentially kill cancer cells while only injuring normal cells, which have a chance to recover. This is still the preferred method of radiation therapy today. By the 1970s, President Nixon’s war on cancer supplied much-needed funds for the development of this high-tech modality.
But the biggest problem with both surgery and radiation is that they are inherently local treatments. If a cancer remained localized, then these treatments were effective, but if a cancer had metastasized, these local treatments offered little hope of recovery. Luckily, development of a more systemic treatment using chemicals (drugs) had continued concurrently.
CHEMOTHERAPY
The logical solution for a widespread cancer was to deliver “chemotherapy,” a systemic, selective toxin, to destroy cancer cells wherever they hid but leave normal cells relatively unscathed. In 1935, the Office of Cancer Investigations, which would later be merged into the National Cancer Institute, set up a methodical program for cancer drug screening involving more than three thousand chemical compounds. Only two made it to clinical trials, and both eventually failed due to excessive toxicity. Finding a selective toxin was no easy task.
A breakthrough came from an unlikely source: the deadly poisonous gases used in World War I. Nitrogen mustard gas, named for its faint peppery smell, was first used in 1917 by Germany. Developed by Fritz Haber, the brilliant chemist and winner of the 1918 Nobel Prize, this deadly gas is absorbed through the skin, blistering and burning the lungs. Victims died slowly, taking up to six weeks to complete the deadly journey.
Interestingly, mustard gas has a peculiar predilection for only destroying certain parts of the bone marrow and the white blood cells.5 In other words, it is a selective poison. In 1929, an Israeli researcher named Isaac Berenblum, studying the carcinogenic effect of tar, applied mustard gas in an attempt to provoke cancer by adding its irritant effects—but paradoxically, cancer regressed.6
Two doctors at Yale University hypothesized that this selective poison could be used therapeutically to kill the abnormal white blood cells in a cancer known as non-Hodgkin’s lymphoma. After successful animal trials, they tested their theory on a human volunteer, now known only by his initials, J.D. This forty-eight-year-old man suffered from advanced, radiation-resistant lymphoma, with tumors in his jaw and chest so large that he couldn’t swallow or cross his arms. With no other options, he agreed to the secret experimental treatment.
In August 1942, J.D. received the first dose of the mustard gas, then known only as “substance X.”7 By day four, he began to show signs of improvement. By day ten, the cancer had all but disappeared.8 The recovery was almost miraculous, but one month later, the lymphoma relapsed, and J.D.’s medical record on December 1, 1942, contained one entry: “Died.” Nevertheless, it was a great start, proving that the concept could be effective. The treatment known as chemotherapy had just been born, although war restrictions meant that the results were not published until 1946. Derivatives of mustard gas, such as chlorambucil and cyclophosphamide, are still in use today as chemotherapy drugs.
Another form of chemotherapy took advantage of folic acid metabolism. Folic acid is one of the essential B vitamins and is required for new cell production. When the body is deficient in it, new cells cannot be produced, which affects fast-growing cells like cancers. By 1948, Sidney Farber, a pathologist at the Harvard Medical School, pioneered the use of folic acid–blocking drugs in the treatment of certain types of childhood leukemia.9 The remissions were spectacular, with cancer simply melting away. Alas, it would always come back.
The development of chemotherapy pressed onward. The 1950s witnessed some notable successes against some rare cancers. Dr. Min Chiu Li, a researcher with the National Cancer Institute, reported in 1958 that a regimen of chemotherapies had cured several cases of choriocarcinoma, a tumor of the placenta.10 Few scientists believed him, and he was asked to leave his position at the NCI when he persisted in using his “crazy” newfangled treatments. He returned to Memorial Sloan-Kettering Hospital in New York, where his insights into chemotherapy would later be vindicated for choriocarcinoma and also metastatic testicular cancer.
The development of multiple types of chemotherapy drugs allowed more options. If one poison was not enough, why not combine multiple poisons into a chemical cocktail that no cancer cell could withstand? By the mid-1960s, Drs. Emil Freirich and Emil Frei were applying their combination of four drugs to children with leukemia, eventually increasing the remission rate to a then-unheard-of 60 percent.11 The remission rate for advanced Hodgkin’s disease rocketed from nearly zero to almost 80 percent.12 By 1970, Hodgkin’s lymphoma was considered a largely curable disease. Things were looking up. Chemotherapy had made the respectability leap from “poison” to “drug treatment.”
Most chemotherapy drugs are selective poisons, preferentially killing fast-growing cells. Because cancer cells are fast growing, they are particularly susceptible to chemotherapy. If you were lucky, you could kill the cancer before you killed the patient. Fast-growing normal cells, like hair follicles and the lining of the stomach and intestines, also sustained collateral damage, leading to the well-known side effects of baldness and nausea/vomiting. Newer medications, such as many of the targeted antibodies, are not often referred to as “chemotherapy” because of the negative connotations associated with the classic medications.
CANCER PARADIGM 1.0
The first great paradigm of cancer, what I call cancer paradigm 1.0, deems cancer an unregulated growth of cells. If the problem is too much growth, then the solution is to kill. In order to kill, you need weapons of cellular mass destruction for cutting (surgery), burning (radiation), and poisoning (chemotherapy). For localized cancer, you could use locally destructive methods (surgery or radiation). For metastatic cancers, you need systemic poisons (chemotherapy).
Cancer paradigm 1.0 was a huge medical advance, but it did not answer the most fundamental questions: What was causing this uncontrolled cell growth? What was the root cause of cancer? To understand this, we need to know: what is cancer?
THE LEGENDARY BIOLOGIST Charles Darwin is credited as the first scientist to discuss what is called the “lumper-splitter problem.”1 In the early nineteenth century, classification was a fundamental part of natural science research. Biologists circled the globe searching for new animal and plant specimens. After careful observation, these specimens were grouped into scientific categories such as species, family, phylum, and kingdom.
In creating categories, the lumpers and splitters were opposing factions. Should certain animals be lumped together into a single category, or should they be split into separate ones? For example, humans, bears, and whales can be lumped together as mammals, but they can also be split by whether they live on land or in water. Lumping reduces the number of categories, and splitting increases them. Both contribute different but important information. Whereas splitting highlights individual differences, lumping highlights similarities.
The term cancer does not refer to a single disease, but denotes a collection of many different diseases related by certain qualities. Depending upon the definition used, we can identify at least one hundred different types of cancer. Traditionally, cancer biologists have been splitters, considering each cancer as a separate disease based upon its cell of origin. Cancer cells are derived from normal human cells and therefore retain many features of the original cells. For example, breast cancer cells may have hormone receptors like estrogen and progesterone, just like healthy breast cells. Prostate cancer cells produce prostate-specific antigen (PSA), just like healthy prostate cells, which can be measured in the blood.
Almost every type of cell in the human body is potentially cancerous. There are cancers of solid organs and tissues, with lung, breast, colon, prostate, and skin cancers being the most common. There are also cancers of the blood, sometimes termed “liquid” cancers, as they don’t present with a single large tumor (mass of cancer cells). These include diseases such as leukemia, myeloma, and lymphoma. Each type of cell causes a different type of cancer with individual natural histories and prognoses. Breast cancer behaves and is treated completely differently from, say, acute leukemia. Splitting cancers into individual diseases can therefore be useful in treatment, but doing so highlights their differences, not their similarities. When we focus on the unique characteristics of the various types of cancer, we don’t get any closer to unraveling the mystery of cancer as a single entity.
Noted cancer researchers Doug Hanahan and Robert Weinberg recognized that cancer was a collection of different diseases united by certain qualities. But what were those qualities? In all the vast literature on cancer, nobody had yet categorized the small number of principles to explain how cancers are similar. In 2000, they decided to codify the principles of malignant transformation, publishing in the journal Cell a seminal paper titled “The Hallmarks of Cancer.”2 The authors expected little of this, thinking their work would quickly fade into obscurity.
But something stood out about this paper, which quickly became the most influential in cancer research history. It laid the foundation for understanding cancer as a single disease rather than as many specific diseases. Hanahan and Weinberg had just become lumpers in an ocean of splitters. They asked the crucial question: what makes cancer . . . cancer?
THE HALLMARKS OF CANCER
Hanahan and Weinberg’s original review in 2000 listed six hallmarks shared by most cancers. In 2011, two more hallmarks were identified and added.3 Despite the hundreds of different types of cancer, all cancers share most of these eight commonalties, which are all critical features for survival of cancer cells. Without most of these eight hallmarks, cancer would no longer be cancer.
The Eight Hallmarks of Cancer
1. Sustaining proliferative signaling;
2. Evading growth suppressors;
3. Resisting cell death;
4. Enabling replicative immortality;
5. Inducing angiogenesis;
6. Activating invasion and metastasis;
7. Deregulating cellular energetics; and
8. Evading immune destruction.
Hallmark 1: Sustaining Proliferative Signaling
The first hallmark, and arguably the most fundamental, is that cancer cells continue to replicate and grow, whereas normal cells do not. The human body contains trillions of cells, so growth must be tightly regulated and coordinated. During childhood and adolescence, the birth of new cells outpaces the death of old cells, so the child grows larger. Upon adulthood, the number of new cells created is precisely matched by the death of old cells, so overall growth stops.
This delicate balance is lost in cancer, which continually grows, leading to abnormal collections of cancer cells, called tumors. Normal cell growth is tightly regulated by hormonal pathways, which are controlled by genes. There are genes that increase growth, called proto-oncogenes, and genes that decrease growth, called tumor suppressor genes. The two kinds of genes act like the accelerator and brakes in your car. Proto-oncogenes accelerate growth. Tumor suppressor genes decelerate growth. Normally, these genes operate in balance with each other.
Abnormal growth can occur if proto-oncogenes are excessively activated (like stepping on the gas pedal) or tumor suppressor genes are suppressed (like taking your foot off the brake pedal). In certain normal situations, such as wound healing, growth pathways are activated for a short period of time. Once the wound is healed, growth should once again slow to neutral. But cancer cells maintain this proliferative signaling, creating growth when it is no longer advantageous to do so. When genetic mutations cause excess activation of proto-oncogenes, they are then referred to as oncogenes. The first confirmed oncogene, called src because it caused a soft tissue cancer called a sarcoma, was discovered in the 1970s.
Cancers are not simply a giant glob of growing cells that absorb everything in their path, like the titular character in the classic science-fiction movie The Blob. Cancer cells face many challenges in their quest to grow into a large tumor, and even more challenges when they metastasize. At different times, a cancer must proliferate, grow new blood vessels, and break off to metastasize. A single genetic mutation is not usually capable of doing all these things, hence the need for the other hallmarks.
Hallmark 2: Evading Growth Suppressors
Many normal genes in our body actively suppress cell growth. The first tumor suppressor gene (Rb) was discovered in retinoblastoma, a rare type of eye cancer in children. A genetic mutation that inactivates the Rb gene releases the brakes on cell growth, which favors growth and hence the development of cancer.
Some of the most commonly affected genes in cancer are tumor suppressor genes, including p53, which is estimated to be mutated in up to 50 percent of human cancers. The well-known tumor suppressor genes called breast cancer type 1 and type 2, usually abbreviated as BRCA1 and BRCA2, are estimated to be responsible for 5 percent of total breast cancer.
Hallmark 3: Resisting Cell Death
Overall tissue growth is simply the difference between how many cells are created and how many cells die. When normal cells grow old or become damaged beyond repair, they undergo programmed cell death in a process known as apoptosis. This normal cellular expiration date keeps our body running smoothly by allowing a natural turnover of cells. Red blood cells, for example, live for an average of only three months before they die, to be replaced by new red blood cells. Skin cells are replaced every few days. It’s like changing the oil in your car’s engine. Before putting new oil in, you must first drain the old oil out. In the body, old or damaged cells must be culled to allow room for new cells to replace them. Apoptosis is the orderly disposal of a cell when it has outlived its useful life.
Cell death occurs either through necrosis or apoptosis. Necrosis is an unintentional, uncontrolled cell death. If you accidentally hit your finger with a hammer, your cells are killed in a haphazard and disorderly fashion. The contents of a cell are splattered as when an egg hits a sidewalk. This is a huge mess, causing significant inflammation that the body must work hard to clean up. Necrosis is a toxic process that should be avoided whenever possible.
Apoptosis is an active process that requires energy. This controlled cell deletion is so crucial for survival that apoptosis has been evolutionarily conserved in living creatures ranging from fruit flies to worms to mice to humans.4 The difference between apoptosis and necrosis is the difference between throwing a nice, well-planned dinner party and having your partner bring twenty rowdy coworkers home unannounced. Both are large dinners, but one is carefully controlled and pleasant, while the other results in a lot of chaos and yelling, with somebody eventually sleeping on the couch.
Apoptosis, this mechanism of controlled cell deletion, is common to all multicellular organisms. Allowing old cells (like skin cells) to die and replacing them with new ones rejuvenates the organism as a whole, although the individual cell must die. To avoid excessive growth, the number of old cells removed must be carefully balanced by the number of newer, replacement cells. Cancer cells resist apoptosis, changing the balance of cell division and cell death and allowing for excessive growth.5 If fewer cells are dying, then the overall tissue is likely to grow, favoring cancer.
Hallmark 4: Enabling Replicative Immortality
In 1958, scientific dogma accepted that human cells grown in a laboratory were immortal because they could replicate themselves indefinitely. After all, a fungus or bacterium in a nutrient solution can replicate itself an infinite number of times. But Leonard Hayflick, a scientist at the Wistar Institute at the University of Pennsylvania, could not coax human cells to live past a certain life span no matter what he did. He initially worried that he was making some rudimentary mistake. Perhaps he wasn’t providing the right nutrients or clearing the waste appropriately? But nothing he did could make the cells live any longer.
After three exhausting years of experimentation, he proposed the radical new idea that cells divide only a finite number of times before stopping.6 This discovery, so fundamental for understanding both aging and cancer, was not immediately embraced by the scientific community, but took, according to Hayflick, “ten or fifteen painful years” to become generally accepted. He recalled ruefully that “To torpedo a half century old belief is not easy, even in science.”7 We now know that human cells are indeed mortal, and cannot propagate indefinitely. This limit to cellular longevity is now called the Hayflick limit.
Cells can generally replicate themselves only forty to seventy times before stopping. Hayflick correctly intuited this as a form of cellular aging, which happens in the nucleus, where the chromosomes are contained. Nobel Prize winners Elizabeth Blackburn and Carol Greider later demonstrated that cells “count” the number of replications as they progress toward the Hayflick limit with the use of telomeres, the caps on the end of the chromosomes. The telomere cap protects DNA during cell division, and each cycle shortens the telomeres. When a telomere gets too short, the cell can no longer divide, and it activates apoptosis, or programmed cell death. This process provides natural protection against the unregulated proliferation of cancer. Cellular age is not counted in years, but rather, in the number of times a cell replicates.
While normal cells are mortal, cancer cells are immortal; they, like bacteria, are not restrained by the Hayflick limit and can replicate indefinitely. Cancer cells produce an enzyme called telomerase, which increases the length of the telomeres at the end of chromosomes. Because the telomere cap never wears down, cells can keep on dividing as long as they like. This blocks both the natural cellular aging process (senescence) and timed cellular death (apoptosis). In a cell culture, you can keep growing cancer cells forever.
In what is now a well-known story, our understanding of cancer owes a tremendous debt to a woman named Henrietta Lacks. On October 4, 1951, Lacks died of cervical cancer at Johns Hopkins Hospital at the age of thirty-one. The cancerous cells removed from her body—without her consent, it should be noted—have since revolutionized medicine. For the first time, scientists propagated a cell line outside a human body indefinitely. These HeLa cells, named after Lacks, have been used in the studies of vaccines, genetics, drug development, and cancer. More than fifty million tons of HeLa cells have been grown, and they have starred in more than sixty thousand scientific papers.8
Normal cells, after reaching the Hayflick limit, cannot divide further. Cancer cells reproduce like digital files. You can transmit or replicate them with 100 percent fidelity to the original. From an organism’s perspective, killing off defective or old cell lines keeps things running smoothly. When your clothes develop holes over time, you need to throw them out and buy new ones. That’s far preferable to continuing to wear your old, faded, torn, 1970s-era bell-bottoms. When cells outlive their useful lives, they are killed and replaced. Cancer cells circumvent this apoptosis process to achieve replicative immortality.
Hallmark 5: Inducing Angiogenesis
Angiogenesis is the process of building new blood vessels, which brings in fresh supplies of oxygen and nutrients and carries away waste. As a tumor grows, new cells are situated farther from the blood vessels, just as new houses in a suburban subdivision are located farther from the main roads. New houses require the construction of new roads, and new cancer cells require the construction of new blood vessels.
Angiogenesis requires the close coordination of growth signaling of many different cell types. A breast tumor, for example, cannot simply keep making new breast cancer cells far from existing blood vessels. Somehow the cancer must induce the existing blood vessels to grow branches, just as new houses must connect their wastewater to the existing sewage system. This involves growing new smooth muscle cells, connective tissue, and endothelial cells (lining), an incredibly complex task that must be accomplished for a tumor to grow.
Hallmark 6: Activating Invasion and Metastasis
The ability to invade other tissues and metastasize is what makes cancer lethal, responsible for an estimated 90 percent of cancer deaths. Once these metastases are established, it matters little what happens to the original tumor. Cancers that cannot metastasize are called benign because they are easily treated and almost never cause death. Benign cancers share all the other five characteristics so far listed. Without the ability to metastasize, cancer is more a nuisance than a serious health concern.
Metastasis is perhaps the most difficult hallmark to achieve, requiring completion of multiple complex intervening steps. A metastatic cancer cell must first break free of its surrounding structure, where it is normally held together tightly by adhesion molecules. That’s why you don’t usually find breast cells floating around in the blood or the lung, for example. The freed cancer cell must survive the journey through the bloodstream and then colonize the metastatic site, a foreign environment completely different from its home. At each step along the metastatic pathway, the cancer cell acquires entirely new skill sets of incredible complexity, requiring multiple genetic mutations of existing pathways. It’s like humans trying to walk on the surface of Mars without a spacesuit and expecting to flourish.
Classically, we consider metastasis to transpire late in the natural history of cancer, after a lengthy growth period of the primary tumor. We’ve long assumed that the cancer stayed relatively local and intact until it started shedding some cancer cells into the blood. However, newer evidence suggests that micro-metastases may be shed from the original cancer early on, but these sloughed-off cells typically do not survive.
EMERGING HALLMARKS
In 2011, Hanahan and Weinberg updated their review, adding two emerging hallmarks and two enabling characteristics, that is, traits that make it easier for cancer cells to attain their hallmarks. The first enabling characteristic is genome instability and mutations. Cancers achieve their hallmarks by mutating normal genes, and unstable genetic material makes this easier. The second enabling characteristic is tumor-promoting inflammation. An inflammatory response is a natural reaction to tissue injury or irritation. This is usually a protective response, but in some cases, it may promote cancer’s progress.
Hallmark 7: Deregulating Cellular Energetics
Cells need a reliable source of energy for the hundreds of routine housekeeping tasks they undertake every day. Cellular energy is stored in a molecule called adenosine triphosphate, or ATP. There are two ways to metabolize glucose for energy: with oxygen (aerobic respiration) and without oxygen (anaerobic fermentation). A chemical process called oxidative phosphorylation, or OxPhos, is the most efficient method of energy extraction. This process burns glucose and oxygen together to generate thirty-six ATP molecules as well as a waste product, carbon dioxide, which is exhaled. OxPhos occurs in a part of the cell called the mitochondria, which are often referred to as a cell’s “power plants.”
When oxygen is not available, cells burn glucose using a chemical process called glycolysis, which generates only two ATP molecules, along with waste in the form of lactic acid. In the appropriate circumstance, this is a reasonable tradeoff—generating ATP far less efficiently, but without the need for oxygen. For example, high-intensity exercise such as sprinting requires large amounts of energy. Blood flow is insufficient to deliver the oxygen needed, so muscles instead use anaerobic (without oxygen) glycolysis. The lactic acid generated is responsible for the familiar muscle burn upon heavy physical exertion. This creates energy in the absence of oxygen, but generates only two ATP molecules per glucose molecule instead of thirty-six. Thus, you cannot sprint very far before your muscles tire and you must stop to rest. When blood flow becomes sufficient to clear away the lactic acid buildup, you start to recover.
For every glucose molecule, you can generate eighteen times more energy with mitochondrial OxPhos compared to glycolysis. Because of this increased efficiency, normal cells almost always use OxPhos if sufficient oxygen is available. But cancer cells, strangely, do not. Cancer cells, almost universally, use the less efficient glycolytic pathway even in the presence of adequate oxygen.9 This is not a new discovery, having been first described in 1927 by Otto Warburg, one of history’s greatest biochemists. This metabolic reprogramming occurs in about 80 percent of cancers and is known as the Warburg effect.
Because the Warburg effect (aerobic glycolysis) is less energy efficient, cancer requires far more glucose to sustain metabolism. To compensate, cancer cells express far more GLUT1 glucose transporters on their cell surface. This increases the rate at which cancer cells can move glucose from the blood inside the cell. The positron emission tomography (PET) scan takes advantage of the glucose avidity of cancer cells. Radioactively labeled glucose is injected into the body, and cells are given time to take it up. A scan reveals those areas that take up glucose more briskly. These “hot spots” are evidence of cancer activity.
This is a highly intriguing paradox. Cancer, which is growing rapidly, should require more energy, so why would it deliberately choose the less efficient pathway of energy generation? This is an utterly fascinating anomaly.
Hallmark 8: Evading Immune Destruction
The immune system actively seeks out and destroys cancerous cells. For example, the natural killer cells of our normal immune system constantly patrol the blood, on the lookout for foreign invaders like bacteria, viruses, and cancer cells. For this reason, patients with compromised immune systems, such as those who are HIV-positive or taking immune-suppressive drugs (like transplant recipients), are much more likely to develop cancer.
In order to survive, cancer cells must somehow evade an immune system that has been designed to kill them. While growing inside tissue, the tumor may be somewhat shielded from the immune cell that must penetrate that tissue. When cancer spreads through the blood, however, it is exposed directly and constantly surrounded by hostile immune cells.
DEFINING CANCER
The eight hallmarks represent the best scientific consensus on the characteristic behavior that demarcates what a cancer is or is not. In lumping different cancers together as a single disease, the finer details are lost, but it becomes easier to see the big picture. For example, these eight hallmarks can be further simplified into four (see Figure 3.1).
Something can be considered a cancer when it:
Figure 3.1
In some cases, dozens, or even hundreds, of genetic mutations are required for a cell to develop these four hallmarks. Identifying the hallmarks is a great start, but simply describing cancer’s main characteristics doesn’t tell us anything about why (the causes) or how (the mechanisms) cancers develop.
Many people believe that we don’t know what causes cancer, but actually, we already know a great deal about it.
WHAT CAUSES CANCER? That’s the million-dollar (or should I say billion-dollar?) question. Most people, including many medical professionals, would respond that cancer is caused by genetic mutations. The Mayo Clinic states bluntly on its website that “Cancer is caused by changes (mutations) to the DNA within cells.”1 This is not strictly true. Except in rare cases, genetic mutations are the mechanism, not the cause, of disease. A cell that develops a number of genetic mutations becomes a cancer. That is how it becomes a cancer. But why did it develop those mutations? That is the root cause of cancer. For example, what causes lung cancer? You would be more correct to say that smoking causes cancer rather than say genetic mutations in cells X, Y, and Z cause cancer.
Factors that cause cancer to develop are called carcinogens, and we’ve known about them for centuries. In 1761, Dr. John Hill of London, a physician, botanist, and medical writer, described the first external cancer-causing agent, a type of smokeless tobacco.2 Tobacco was first used by the Native Americans. The European explorers brought smallpox to the New World and brought tobacco back to the Old World. I’m not sure which agent would go on to kill more people over time. By 1614, tobacco was widely sold in Europe, with an estimated seven thousand tobacco shops in London alone. Smoking tobacco, considered rather uncouth and unsanitary, was replaced in polite society by snuffing, in which a pinch of ground-up tobacco is inhaled, or “snuffed,” into the nostrils, usually after putting it on the back of the hand between the thumb and first finger. (In medicine, this area is still sometimes called the “anatomic snuff box” for that reason.) Dr. Hill described two cases of “polypusses” of the nose, which he believed were cancerous.
This was the first known description of a carcinogen, a chemical that causes cancer. Tobacco is rarely snuffed today, the practice having largely gone out of style along with use of the monocle and the topcoat, so this is of limited clinical significance.
While the association between snuffing and cancer was suggestive, more definitive proof of cancer-causing chemicals was provided by Sir Percivall Pott (1714–1788). Considered one of the greatest surgeons of his era, the London-born Pott apprenticed at St Bartholomew’s Hospital and was granted the Grand Diploma by the Court of Examiners of the Company of Barbers and Surgeons.3 After sustaining a compound ankle fracture in 1756, he brought a groundbreaking new perspective to a variety of medical topics during his forced convalescence. An astute observer of disease, he is remembered for “Pott’s fracture” of the ankle; for “Pott’s disease,” caused by tuberculosis; and for discovering the cause of scrotal cancer.
In 1775, Pott described the burgeoning epidemic of scrotal cancer, which was the particular bane of the London chimney sweep. The Great Fire of London in 1666 had forced the legislation of new fire codes requiring smaller, more tortuous chimney configurations. This reduced the chance of another major fire, but made cleaning these new chimneys with long, straight brushes infinitely more difficult. In addition, the twisted design accumulated more soot and creosote that needed more frequent cleaning. So, chimneys were smaller, dirtier, and more difficult to clean. Solution? Send little children to clean them!
Chimney sweep apprentices started as young as three and a half, but most were older than six, only because they were otherwise considered too weak, unable to work long hours, or would too easily “go off” (die). The apprentice agreement required a weekly bath, but most followed the common London chimney sweep tradition of three baths per year. After all, why take a bath today if you’re going to climb into a dusty, dirty, dangerous chimney tomorrow?
Meanwhile, in 1773, an influential Englishman named Jonas Hanway was disturbed to learn that only seven out of one hundred orphans survived over a year. Children were often assigned to workhouses, where conditions were dismal. Hanway persuaded lawmakers to limit child labor, which forced thousands of hungry children into the streets without work. For many, their only alternative to starving to death was risking their life climbing up a steaming-hot chimney to brush out some soot. Master chimney sweeps would often employ dozens of child apprentices—as many as they could afford to feed.
There were a million horrible, painful ways for London’s child chimney sweeps to die. They became wedged inside chimneys, fell from great heights, suffocated when soot fell on them, or burned to death. If they survived to puberty, one more final horror often awaited them: chimney sweeps’ cancer. Children as young as eight were diagnosed with cancer of the scrotum. It started with what they called a soot wart. If caught early enough, the soot wart would be cut off with a razor. But if not, the cancer would invade the skin, enter the scrotum and testicles, and then enter the abdomen. It was painfully destructive and usually fatal at that point.
This was obviously an occupational hazard, as scrotal cancer was exceedingly rare in any other circumstance. It was also quite rare outside England, where better protective clothing was available. The soot caused scrotal cancer, Pott realized, by lodging in the folds of the scrotal skin and causing chronic irritation. As the plight of the chimney sweeps was recognized, laws were passed to protect the children, and the disease faded away once again into obscurity.
The chemical benzopyrene, in coal tar, the major chemical component of soot, was likely the main carcinogen. While soot was one of the best-studied cases of chemical carcinogens, it would be only the first of many.
ASBESTOS
In some respects, asbestos was the perfect material of the industrial age. It is an abundant natural mineral that could be woven into a lightweight fabric. It is both fireproof and a great insulator. As the world moved from the horse and buggy to steam engines, automobiles, and the great big machines of the age, the need for a fire-resistant, electricity-resistant material rose exponentially. Unfortunately, it also caused cancer.
Asbestos was an ideal compound for protective clothing, insulation, and other home products. Asbestos fibers are flexible, soft, and easy to fashion into clothing or insulation for walls and pipes. World War II provided enormous demand for fireproofing materials, particularly in navy ships. In North America, asbestos was often mixed into concrete and other construction materials to improve fire safety. It eventually found its way into North American buildings, exposing millions of people in their very own homes through insulation and heating and cooling systems.
Asbestos has been used since the time of the ancient Egyptians. Asbestos shrouds protected the embalmed bodies of pharaohs, as noted in the written records of the ancient Greek historian Herodotus. The ancient Romans wove asbestos into their tablecloths and napkins, which could then be cleaned by being simply thrown into the fire. Neat party trick.
But even then, there was an awareness of asbestos’s toxic effects. The Greek geographer Strabo wrote that slave miners from asbestos quarries often suffered a “sickness of the lungs.”4 In Rome, asbestos workers tried to protect themselves by covering their nose and mouth with the thin membrane from the bladder of a goat.
Asbestos was useful and expensive, and human lives were cheap. So, whenever a flame-retardant fabric was needed, asbestos answered the call. Fireproof currency? Asbestos was used in bank notes from the 1800s by the Italian government. Fireproof clothing? The Parisian fire brigade wore jackets made of asbestos in the 1850s.
The dawning of the Industrial Revolution made asbestos a worldwide industry by the early 1900s. More than thirty million tons of it have been mined worldwide in the past one hundred years, and in that time, it has become one of the most pervasive environmental hazards.
Lung disease followed asbestos’s parabolic rise in popularity. The first documented death from asbestos was recorded in 1906. Huge amounts of asbestos fibers were found in the lungs of a thirty-three-year-old asbestos textile worker at autopsy; it had effectively choked him to death from the inside. But U.S. consumption of asbestos did not peak until 1973, many decades after its health effects were known. Asbestos fibers cannot be seen, tasted, or smelled. With no immediate acute health problems, asbestos exposure can persist over many decades. The human body cannot degrade or dispose of asbestos, and once inhaled, it steadily accumulates in the lungs, causing progressive scarring.
Cancer? Yes, that was a problem, too. By 1938, reports showed that asbestos caused a rare cancer of the lining of the lung called pleural mesothelioma.5 Recognizing asbestos as a carcinogen and admitting it were two different matters entirely, as the asbestos corporations fought tenaciously to refute the facts about their highly lucrative product.
In the 1940s, researcher Dr. Leroy Gardner proved the carcinogenic potential of asbestos when 82 percent of his experimental mice that inhaled asbestos developed cancer. This was more than a little concerning. Dr. Gardner was frantic to publicize his new scientific results, but his sponsor, the Johns-Manville Corporation, reminded him about his contractual silence. Under their research agreement, the corporation had the right of censorship. The studies, which were originally undertaken to prove the safety of asbestos, had instead found the opposite. But for more than four decades, none of these potentially lifesaving scientific results saw the light of day.6
Suppression of this vital information allowed companies to profit handsomely. Once again, as in ancient Rome, asbestos was prized while human lives were disposable. By 1973, the first lawsuit against asbestos manufacturers was won, opening the floodgates to others. This soon forced all asbestos producers into bankruptcy. Claims against asbestos manufacturers continue, constituting one of the largest mass tort actions in U.S. history. Only the intense litigation cases of the 1980s finally made public the heartbreaking correspondence between Dr. Gardner and his corporate sponsor.
In the 1950s, prior to widespread adoption of asbestos in home building materials, the estimated baseline rate of mesothelioma was 1 to 2 cases per 1 million.7 In 1976, the incidence had jumped to 15,000 per 1 million. That’s a horrifying 1.5 million percent increase in incidence.8 Men born in the 1940s had a predicted 1 percent lifetime risk of developing mesothelioma. Deadly. From an extremely rare, almost unheard-of disease to a cancer affecting a large proportion of the entire population, mesothelioma could only be attributed to an environmental cause: asbestos. The World Health Organization (WHO) did not publish its first asbestos warnings until 1986, long after the dangers were evident.9 Now that the horses had long ago left the barn, it was time to close the door.
Asbestos and tobacco were among the first-known chemical carcinogens, but they would not be the last. The International Agency for Research on Cancer (IARC), part of the WHO, maintains a list of known and suspected human carcinogens classified into the following groups:
The carcinogens of group 1 include a wide range of man-made chemicals, from acetaldehyde and arsenic to vinyl chloride. But many natural substances appear on that list as well, like aflatoxin (found in moldy mushrooms) and wood dust. Certain medications are carcinogens, like the chemotherapy drug cyclophosphamide. Interesting—a drug used to cure cancer can also cause it. Radiation, sometimes used to cure cancer, can also cause it. Ironic.
As of 2018, there were 120 agents listed as group 1 carcinogens.10 This compares to one lonely agent in group 4 (caprolactam, used to make nylon, fiber, and plastics). Strange. There are many things that can definitely cause cancer, and only a single thing that probably does not. (We will return to this thought later.)
RADIATION
One of the greatest scientists in the field of X-rays and radioactivity was also one of the first to die from it. Marie Curie (1867–1934) was born in Poland, the youngest of five children and a child prodigy. In 1891, she moved to Paris and met her husband, Pierre, with whom she worked in a remarkable partnership until death parted them.
In February 1898, the Curies were working with uranium-containing pitchblende and found that it was emitting far more radiation than they’d expected. Deducing the presence of a yet-unknown radioactive substance, the Curies discovered a new element they named polonium, in honor of Marie’s homeland. Polonium was 330 times more radioactive than uranium.
But the remaining pitchblende was still radioactive even after extraction of the polonium, so the Curies processed the remaining material to extract the tiny quantities of yet another novel element. Only a few months after the discovery of polonium, in 1898, the Curies isolated pure radium. The notebook where Pierre Curie scrawled the word radium, coined from the Latin word for “ray,” is still highly radioactive. Radium was the most radioactive substance that had ever been discovered.
Marie Curie was awarded the 1903 Nobel Prize in Physics for the discovery of radioactivity. Her husband, Pierre, died suddenly in 1906, in a Paris street accident, but this did not stop her prodigious scientific accomplishments. In 1911, she was awarded the Nobel Prize in Chemistry, becoming the only person in history to have won in both Physics and Chemistry.
The newly discovered element radium glowed in the dark, which quickly caught the public’s fancy. Soon, radium-laced consumer products, such as glow-in-the-dark wristwatches, were being manufactured. Several million wristwatch dials were laboriously hand-painted with radium by thousands of young women. Due to the detail involved, the “Radium Girls” would moisten the brushes with their mouths, inadvertently ingesting radium-laced paint.
By 1922, it had become clear that something was very wrong, as the Radium Girls began literally disintegrating. Their teeth fell out for seemingly no reason. One dentist noted that as he prodded gently, an entire jawbone broke apart. By 1923, this severe bone deterioration was so well known that it was called “radium jaw.” The ingested radium had lodged in the bones of the jaw and continually emitted radiation that had essentially burned away the bone and surrounding tissue. One Radium Girl died when the tissues of her throat degenerated and she hemorrhaged out her jugular vein. Another, walking around her pitch-black home, noted that her bones were glowing in the mirror. Her body had absorbed so much radium that she was literally glowing, a “ghost girl.” Those whose bodies were not crumbling to dust often grew huge, monstrous-size cancers of the soft tissue, called sarcomas. By the 1930s, it had become a well-established fact that chronic radiation exposure caused cancer.
Today, radiation workers routinely wear protective lead gowns, but Marie Curie and her colleagues worked day in and day out completely unprotected, in an environment bombarded with the most potent radiation known. They, too, were not spared from the horrors of radiation illness as, one by one, they died mysteriously. Marie Currie’s decades of radiation exposure left her chronically sick, as the radium destroyed her bone marrow (aplastic anemia). In 1995, when Marie and Pierre Curie’s bodies were transferred to the Panthéon in Paris, so the two could be honored among France’s most important historical figures, lead-lined coffins were used to protect visitors from their dangerously radioactive remains. They will stay in these protective cases for at least another fifteen hundred years. Marie Curie’s personal notes and artifacts, on public display, are also highly radioactive.
Marie and Pierre Curie’s daughter, Irène Joliot-Curie, and son-in-law, Frédéric Joliot-Curie, took up the baton and continued the family’s pioneering work on radiation. The two co-discovered artificial radioactivity, for which they were awarded the Nobel Prize in Chemistry in 1935. But Irène would also not be spared the curse of radiation sickness. She died of leukemia at age fifty-seven at the Curie Institute hospital in Paris.
The risk of cancer increases linearly with the radiation dose. Radiation is classified as ionizing or non-ionizing. Ionizing radiation carries enough energy to disrupt molecular bonds to break them apart into ions, damaging a cell’s DNA, and the surviving cells are left with unstable chromosomes more prone to mutations when the cell replicates.11 Radiation has been listed as a group 1 carcinogen for decades now. Non-ionizing radiation is less intense, so it can often be dissipated without lasting tissue damage.
While chronic radiation is a carcinogen, acute radiation may not be as carcinogenic as initially feared. At the tail end of World War II, the American bomber Enola Gay dropped the first atomic bomb on the Japanese city of Hiroshima on August 6, 1945. Its fiery kiss killed an estimated eighty thousand people instantly, and more died later due to radiation exposure and burns.12 But the biggest worry for the survivors was the latent risk of cancer due to this massive radiation exposure. In 1950 the Atomic Bomb Casualty Commission (ABCC) and the Life Span Study (LSS) monitored both atomic bomb survivors and their children over the next sixty-five years. While there was certainly an excess of cancers, the magnitude was not nearly as dire as had been feared. The following figure shows the excess rates of cancers that can be attributed to the atomic bomb in the clear bars.13 The shaded areas show the baseline risk of cancer (see Figure 4.1).
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Figure 4.1
Atomic bomb survivors are generally perceived as being affected heavily by cancer, with horribly deformed children, but the reality is, thankfully, quite different. Cancer rates did increase, but minimally (usually by less than 5 percent), and life expectancy was shortened by only months. The risk was real, but the magnitude was largely imagined.
All life on earth is constantly exposed to naturally occurring ionizing radiation that emanates from outer space. Cells protect themselves with increased antioxidant defenses and radiation-induced apoptosis.14 When cells are irreversibly damaged by radiation, they undergo a ritualistic suicide and are removed from the body. So, let’s return to our initial question: what causes cancer (see Figure 4.2)?
Figure 4.2
We knew that certain chemical agents caused cancer. We also knew that physical agents such as radiation caused cancer (see Figure 4.2). But soon, an outlandish theory was proposed: what if cancer could be caused by a virus?
THE IRISH SURGEON Denis Parsons Burkitt was only eleven years old when an injury destroyed his vision in one eye. He threw himself into his studies, and after completing surgical training, he joined the Irish Army Medical Corps. He was stationed in Africa, where he would make his most important discoveries. What he lost in eyesight he made up for in insight, becoming one of the most influential doctors of his era.
In 1957, Burkitt was astounded to treat a five-year-old boy with multiple jaw tumors. In all his years of medical training, he had never seen such a thing. But this was only the first of many such patients with strange tumors. Shortly afterward, he saw a second child with four tumors in his jaw and multiple tumors in his abdomen. The biopsy showed “small round cell sarcoma.” It was cancer.
Two children presenting with this highly unusual (for him) cancer in short succession piqued Burkitt’s curiosity. Reviewing the local hospital records, he found a staggering twenty-nine other children with similar cancers. This type of cancer was apparently common in Africa, but Burkitt knew nothing of it, and there was no mention of it anywhere in the medical literature. In 1958, he published his findings in the British Journal of Surgery.1
Not all of Africa was similarly afflicted. Shortly after the publication of his paper, local cancer specialists showed Burkitt that this particular cancer, common in certain parts of Africa, was simply not seen in South Africa. Intrigued, Burkitt began tracing Africa’s “lymphoma belt, which ran through the middle of the African continent” (see Figure 5.1).2 Sure enough, cancer followed a definite geographical distribution. In his mapping, he determined that elevation above sea level and distance from the equator were major factors in the incidence of cancer. This suggested that temperature was a key determinant of a population’s susceptibility to the disease. In Africa, this type of regional distribution of illness was not unusual. Infectious diseases spread by mosquitos, for example, followed an identical pattern. But this was a cancer, not an infection.
A cancer-causing virus? Perhaps the notion was not as silly as it first seemed. In 1910, Peyton Rous at the Rockefeller Institute, a chicken virologist, transmitted a sarcoma from one chicken to another. The cancer-causing agent was named the Rous sarcoma virus (RSV), for which Rous received the 1966 Nobel Prize in Medicine. In 1935, a papillomavirus was found to cause tumors in rabbits, and in the 1940s, leukemia-causing viruses were isolated in mice and cats. But could a virus cause cancer in humans? Viral cancer might be true for a few chickens in a few research laboratories at the frontiers of medicine, but this was practically unknown in clinical medicine. But the data is the data, and it does not much care what you think.
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The African children’s cancer was common in areas where the temperature did not fall below sixty degrees Fahrenheit and where they had at least twenty inches of rainfall per year—precisely the conditions required for mosquito breeding. Africa’s lymphoma belt was essentially identical to the endemic areas for malaria, yellow fever, and trypanosomiasis (sleeping sickness), all conditions spread by mosquitos. Burkitt suspected that this cancer, now renamed Burkitt’s lymphoma, was linked to an infection. In 1961, Burkitt sent some tumor samples to London to be examined by pathologist Michael Anthony Epstein, who had access to modern electron microscopy.
Laboriously growing the tumor cells in culture, Epstein identified a herpes-like virus particle.3 This previously unknown virus, and the first known human cancer-causing virus, is now called the Epstein-Barr virus (EBV). It turns out to be one of the most common viruses in the world, with an estimated 90 percent of adults having been exposed to it.4 In developed countries, initial EBV infection usually occurs during adolescence, sometimes accompanied by symptoms of infectious mononucleosis, or “mono.” Transmitted by saliva, EBV is sometimes called the “kissing disease.” In Africa, however, initial infection usually occurs at birth. In Uganda, for example, an estimated 80 percent of children under age one have been exposed to EBV, compared to less than 50 percent in America. If almost the entire world is infected with EBV, why did only some children get cancer? And why was lymphoma confined to the “lymphoma belt”? These are good questions for which firm answers still do not exist.
Burkitt’s lymphoma might be caused by the coinfection of EBV with malaria.5 In the 1960s, the African islands of Zanzibar and Pemba sprayed the toxic insecticide DDT to eradicate mosquitos. Malaria rates dramatically plunged, from 70 percent to 5 percent, and lymphoma rates followed this steep decline. When the highly toxic DDT was banned, malarial rates gradually rose, along with lymphoma, as inseparable as salt from the ocean.
In Tanzania, malaria prophylaxis with chloroquine reduced Burkitt’s lymphoma by an astounding 82 percent. When increasing drug resistance forced the discontinuation of this program, malarial rates rose, and lymphoma rates increased 273 percent.6 The precise mechanism of disease is still uncertain, but malaria may stimulate overproduction of B lymphocytes (the malignant cells in lymphoma). These cells then become infected with EBV, which somehow triggers their transformation into cancerous cells.
In other parts of the world, EBV causes a completely different cancer, called nasopharyngeal cancer (NPC). It is a rare cancer worldwide, but common in Hong Kong, Taiwan, and in the native Inuit people of Alaska and Greenland. In 2012, it accounted for only 0.71 percent of cancers worldwide, but 71 percent of those cases occurred in Southeast Asia.7 It is unknown why EBV should cause different disease in different populations despite almost universal exposure. In southern China, it is the third most common cancer8 and more than ten times more common than in Europe and America.
As with Burkitt’s lymphoma, NPC is associated with EBV infection in early childhood. In Hong Kong, almost 100 percent of children have been exposed to EBV by age ten. Asian immigrants to other countries suffer far less NPC, a fact that argues against a purely genetic predisposition. The risk of NPC falls by about 50 percent in Chinese immigrants to America.9 Some have speculated that a once-popular diet staple in China, salted fish, may be the missing link. The salt preservation process was inefficient in China, allowing for significant putrefaction and the development of the chemical N-nitrosamine, a known carcinogen.
THE SPECIAL VIRUS CANCER PROGRAM
This discovery, that cancer could be caused by infections, was electrifying. It opened up the terrifying possibility that cancer was contagious. Yet, like the hope remaining in Pandora’s box, it also offered the possibility that it was curable. Bacteria could be killed with antibiotics. While antiviral medications had not yet been developed, vaccines were available, and once instituted widely, these became extremely effective at eradicating viruses and preventing viral outbreaks. Viral infections like measles, mumps, polio, and chicken pox, once a rite of passage in childhood, have largely faded.
The National Cancer Institute raced to investigate the exciting new possibilities. In 1964, the Special Virus Cancer Program (SVCP) was launched with the mandate of identifying additional viral causes of cancer. Over the next decade, the SVCP received over 10 percent of the total research funds earmarked for cancer—almost $500 million. By contrast, the research funds devoted to investigating the role of diet in cancer amounted to less than one twentieth that sum.
The SVCP was an enormous undertaking, and it was the beating heart of President Nixon’s war on cancer. Hundreds of monkeys were inoculated with human tumors to see if these could be transmitted. Yet, in the end, the project produced little useful data. The SVCP itself was held in rather low esteem by the scientific community and was regarded as having political rather than scientific goals.10 Scientists suspected that its true purpose was to give the appearance of making progress rather than making real progress. One prominent researcher noted that “The SVCP has been extremely ineffective and maybe has even had a negative effect.” Other researchers cynically opined that its unwritten motto should have been “Nothing too stupid to test.”
Lack of oversight led to contractors awarding themselves multimillion-dollar deals, and the New York Times reported that the managers of the SVCP “are also often the recipients of large amounts of money they dispense.” In 1974, due to sharp criticism by the National Cancer Advisory Board about conflicts of interests, the SVCP was reorganized.11 When one looks back at the project now, boondoggle is the word that comes to mind.
The program was formally terminated in 1980, with most of the scientific community convinced by the fiasco that infections and viruses had little or nothing to do with cancer. Then, only a few years later, new evidence surfaced that, once again, pointed to infections as the key cause of certain cancers.
HEPATITIS B AND C
Viral hepatitis (inflammation of the liver) has been described in the medical literature for millennia. The most conspicuous manifestation is jaundice, a noticeable yellowing of the eyes and skin. The first virus identified, hepatitis A, is typically found in overcrowded cities and army barracks and is transmitted through fecal contamination. Hepatitis A causes an acute illness but not chronic disease. Other forms of infectious hepatitis that caused chronic liver disease were transmitted through contamination of body fluids, such as blood and sexual contact.
Through the early twentieth century, the increased use of syringes inadvertently increased the spread of viral hepatitis. Syringes and needles were expensive, so they were routinely reused, often without adequate sterilization. In 1885, an outbreak of jaundice followed a mass vaccination of shipyard workers in Bremen, Germany, and also occurred in an asylum for the mentally ill in Merzig, Germany, where 25 percent of the vaccine recipients developed jaundice. Blood transfusions, a practice that increased exponentially during World War II, were also a risk factor for viral hepatitis. By 1947, the distinction “hepatitis B” was accepted, but the virus itself had not yet been identified. Then came Dr. Barry Blumberg, who would eventually win the 1976 Nobel Prize in Medicine.
Blumberg was an American physician and geneticist whose primary research interest was the diversity of populations, not liver disease or viruses. As he studied the variety of proteins in human blood, it occurred to him that blood transfusion may cause new proteins to form. In 1961, he discovered a new protein that he called the Australia antigen, as it was discovered in the blood serum of an Australian aboriginal man.12 Following the trail of the Australia antigen would eventually lead Blumberg to his momentous discovery of the hepatitis B virus, one of the smallest DNA viruses to afflict humans. Endemic in Asia, the hepatitis B virus is often transmitted from mother to child, resulting in many asymptomatic children becoming chronically infected, which greatly increases their chance of developing liver cancer.
In 1981, studies found that chronic hepatitis B infection increased the risk of liver cancer by two hundred times.13 In 2008, liver cancer was the fifth most common cancer in men and the seventh most common in women, worldwide. China in particular accounts for about 50 percent of those cases and deaths.14
Hepatitis B vaccines became available by the early 1980s, and nationwide vaccination programs in Asia have virtually eradicated liver cancer in the pediatric population. Hepatitis B vaccination has now been incorporated into the national infant immunization programs of at least 177 countries worldwide. Chronic infections and liver disease have dramatically declined, with beneficial implications for the future of liver cancer.
After identification of hepatitis B in the 1960s, post-transfusion hepatitis decreased, but it did not disappear, which implied another yet-to-be-identified blood-borne virus that could cause chronic liver disease.15 This became known as “non-A, non-B hepatitis” because it was . . . well, not hepatitis A and not hepatitis B. (Scientists are sometimes a funny lot. It’s not clear to me why nobody immediately said, “Guys, it’s not hepatitis A, and it’s not hepatitis B. So, can we all agree to call it, I don’t know, hepatitis C?”)
The identification of the hepatitis C virus took until 1989 because the amount of virus in the blood is several thousandfold lower than in hepatitis B. Both hepatitis B and C cause chronic liver disease. At its peak, hepatitis C infected approximately 160 million people worldwide and caused liver cancer in many of those afflicted. It is predominantly transmitted by sharing infected needles. In the post–World War II era, the reusing of needles for vaccines, especially in Italy, caused early hepatitis C outbreaks. Thereafter, the main route of transmission was illicit drug users who shared needles. Today, cutting-edge antiviral drugs may cure up to 90 percent of those infected with the virus, offering significant hope for the future.
Liver cancer develops only after many decades of chronic infection and inflammation. About 80 percent of liver cancer is related to the hepatitis B (HBV) and hepatitis C (HCV) viruses. HBV is estimated to cause 50 to 55 percent of cancer and HCV, 25 to 30 percent.
HUMAN PAPILLOMAVIRUS
In the 1970s, Dr. Harald zur Hausen, at the German Cancer Research Center in Heidelberg, noted a large number of scientific reports of genital warts “converting” into cancers in women. Human papillomavirus (HPV), of which there are hundreds of different subtypes, was known to cause genital warts. Based on this observation, he reasonably proposed that HPV caused both genital warts and cervical cancer. Cancer researchers, stung by the recent fiasco of the Special Virus Cancer Program, were not particularly receptive to his theory. Later, in an interview with the Nobel Prize committee, zur Hausen recalled, “My proposal was not welcome at the time.”16
Excited by his observation, zur Hausen focused his research on HPV. In 1979, he first isolated HPV subtype 6 from genital warts, but this subtype was not linked in any way to cervical cancer. Tenaciously, he next isolated HPV subtype 11, but this, too, was largely irrelevant to cervical cancer. In 1983, he isolated HPV subtype 16. Bingo! Viral DNA from HPV subtype 16 was found in about half of all cases of cervical cancer. Zur Hausen had just uncovered incontrovertible evidence that HPV subtype 16 infection played a major role in cervical cancer. A year later, he cloned both HPV 16 and 18, the two subtypes of HPV now known to cause the majority of cervical cancers.
By 1999, HPV was found in 99.7 percent of invasive cervical cancer.17 There are more than a hundred types of HPV, of which thirteen are cancer causing. Types 16 and 18 are the most common in North America, accounting for 70 to 80 percent of cervical cancers. It would take zur Hausen more than a decade to amass the scientific proof that would earn him the Nobel Prize in Medicine in 2008.
The revolutionary cycle had come full circle—from identifying and isolating the virus, to detection within the cancer cell, to the development of vaccines that protect up to 95 percent against HPV. Even today, cervical cancer is a significant worldwide burden. In 2012, there were an estimated 500,000 new cases worldwide and 266,000 deaths,18 but vaccination programs starting in 2007 against HPV subtypes 16 and 18 have already reduced infection and the risk of premalignant warts by over 50 percent.19 The long-held dream of cancer vaccination is quickly coming true.
HELICOBACTER PYLORI
One of the most bewildering successes in the war on cancer was the startling worldwide progress against stomach cancer. What made it puzzling was that for decades, researchers had absolutely no idea why stomach cancer was retreating. It was like winning Wimbledon without even knowing how to play tennis. Stomach cancer is particularly deadly because of the lack of early warning symptoms. By the time it is diagnosed, it is often too late.
It was not a trivial success, either. In the 1930s, stomach cancer was the most common cause of cancer death in the United States and Europe.20 Yet, by 2019, it ranked only as the seventh leading cause of cancer-related deaths in the United States. One of the most virulent cancers in the world was steadily losing momentum, but we had just about no idea why.
Rates of stomach cancer vary greatly worldwide. The Japanese suffer ten times more stomach cancer than Americans, but when they move to the United States, their risk of stomach cancer drops dramatically, a fact that points to an environmental rather than a genetic problem. The risk of stomach cancer is much higher for a Japanese person in Japan compared to a Japanese person in America. What could account for the wide variation in stomach cancer and for its steady decline? The answer came from an unlikely source: two obscure Australian physicians studying stomach ulcers.
In 1981, Drs. Barry Marshall and Robin Warren were looking at some strange-looking bacteria on pathology slides taken from the stomachs of patients. These bacteria had been observed for over a century, but they were casually dismissed as random stains created while slides were being processed. At the time, everybody believed that the stomach was a completely sterile environment. It was thought that stomach acid created a harsh, hostile, and highly acidic environment that killed all bacteria. In the 1980s, any scientist would have considered the possibility that a bacterium could survive in the stomach to be laughable—any scientist except for Marshall and Warren, that is. Convinced that these bacteria were real, Marshall tried to grow them from biopsy specimens. He failed with his first thirty-three attempts, but on patients thirty-four and thirty-five, the lab techs made a fortuitous mistake.
Bacterial cultures were routinely discarded after two days, based on the assumption that there were no viable bacteria. Accidently left in the incubator too long, the cultures of patients thirty-four and thirty-five turned positive. The bacteria were there, but took much longer than usual to grow. Marshall identified the slow-growing bacteria Helicobacter pylori (H. pylori) as the causative agent of peptic ulcer disease.
Remarkably, H. pylori can persist for decades in the stomach. It uses the protein urease to neutralize its highly acidic surroundings and grows in its own protective cloaking device. Genetic studies show that H. pylori has been colonizing human stomachs for more than 58,000 years.21 H. pylori was hiding in plain sight this whole time.
Marshall had a problem, though. Nobody believed him. In desperation, he cultured the bacteria from a patient with gastritis, “swizzled the organisms around in a cloudy broth, and drank it.”22 Super gross—but effective. Five days later, Marshall developed a stomach infection, proving that H. pylori caused the inflammation that led to an ulcer.
This was a stunning revelation. Until the 1980s, practically every physician and researcher in the world believed that stomach ulcers were caused by too much stress. Treatment of peptic ulcer disease consisted mainly of trying to relax. As you might imagine, long walks in the woods and meditation were not particularly effective against this infection.
Understanding that most stomach ulcers were caused by bacteria meant that antibiotics were curative. A cocktail of three medications, including two different antibiotics taken for one to two weeks, now cures about 80 percent of cases of H. pylori infection.23 For these insights, Marshall and Warren were awarded the 2005 Nobel Prize in Medicine.
Approximately half the world’s population is infected with H. pylori, although the vast majority of those afflicted have no symptoms. The urban overcrowding and poor sanitation in many parts of Asia laid the groundwork for much higher rates of H. pylori infestation. By the mid-1990s, the striking similarity between the worldwide prevalence of H. pylori infection and stomach cancer was noted. In Korea, for example, a nation with one of the highest rates of stomach cancer, 90 percent of adults over age twenty have H. pylori.24 It soon became clear that H. pylori caused not only chronic infection and ulcers but also stomach cancer.
H. pylori infection is associated with up to a sixteenfold increased risk of cancer.25 H. pylori infection starts with chronic inflammation (gastritis), which progresses to atrophy, metaplasia, dysplasia, and then finally, cancer. In 1994, the International Agency for Research on Cancer (IARC) listed H. pylori as a group 1 carcinogen (definite) in humans. It is estimated to be responsible by itself for 5.5 percent of the global cancer burden.26
H. pylori infestation has receded in recent decades, thanks to improved sanitation and housing conditions. Less H. pylori means less stomach cancer—the likely key to our stunning success in reducing stomach cancers. We were winning the war without even knowing why. Eradication of H. pylori with antibiotics reduced the chronic inflammation that leads to premalignant lesions of the stomach.27 A rarer form of stomach cancer, known as mucosa-associated lymphoid tissue (MALT lymphoma) also occurs in those infected with H. pylori. In its early stages, MALT lymphomas can be completely cured by eradication of H. pylori.28 Of those infected with H. pylori, only 10 percent will develop peptic ulcer disease, 1 to 3 percent develop stomach cancer, and less than 1 percent develop MALT lymphoma.29 But when multiplied by half the world’s population, these numbers become significant.
CANCER PARADIGMS
Let’s return to our original question: what causes cancer? Chemical carcinogens such as asbestos, tobacco, and soot cause cancer. Physical carcinogens such as radiation cause cancer.
Infections, both viral and bacterial, are also carcinogens—and they’re not so rare, with an estimated 18 percent of cancers having infectious disease origins.30 The main agents are Helicobacter pylori, human papillomaviruses, hepatitis B and C viruses, Epstein-Barr virus, HIV, and a few others.
Figure 5.2
By the 1960s, all the pieces seemed to be falling into place. We knew many of the underlying factors that cause cancer. But in considering cancer as a whole, what do these diverse factors have in common? What is the unifying mechanism? To this important question, cancer paradigm 1.0 had no answer (see Figure 5.2). But by the 1970s, a new paradigm of understanding was being constructed.
THE GENETIC REVOLUTION
In 1866, Gregor Mendel launched the field of genetics with the publication of his now-legendary paper on plant hybridization, which described, among other things, wrinkly versus round peas. The word genetics was coined in 1906 by biologist William Bateson to denote the burgeoning new “science of heredity and variation.”1 Traits such as eye color and hair color are passed from generation to generation, encoded by sections of deoxyribonucleic acid (DNA) called genes, which are contained within chromosomes.
The German biologist Theodor Boveri noted in 1902 that some sea urchin eggs with an abnormal number of chromosomes grew rather exuberantly, much like cancer cells. He guessed that certain genes within the chromosomes stimulate growth and that mutations of these genes caused the excessive growth.2 Boveri also hypothesized that other genes were responsible for stopping growth. If you cut yourself, your body must activate genes that signal cells to multiply and heal the wound. Once the wound is healed, other genes must tell the cell to stop growing. Boveri laid out his basic hypothesis in his 1914 book, The Origin of Malignant Tumours.3
Boveri’s basic postulates were proven correct with the discovery of those exact genes, now called oncogenes (genes that promote cell growth) and tumor suppressor genes (genes that suppress cell growth). The first human oncogene was identified in the 1970s, when it was discovered that certain strains of the Rous sarcoma virus (RSV) caused cancer in chickens but other strains did not. By comparing the two viral genomes, researchers isolated the src gene responsible for the cancerous transformation, the world’s first oncogene. In 1976, Nobel laureates Harold Varmus and Mike Bishop transformed cancer genetics by discovering the human equivalent of the src gene, immediately transforming src from a viral oddity in chickens to a key player in the genetics of most human (and animal) cancers.
Most cancers contain numerous changes to both oncogenes and/or tumor suppressor genes. Src normally increases cell growth the way the accelerator of a car increases motion. RSV causes a mutation in src, inappropriately activating it, leading to the unregulated growth seen in cancer. By the end of the 1970s, two other highly prevalent human oncogenes were discovered, the myc and the egfr genes.4
Tumor suppressor genes normally stop cellular growth like the brakes of a car stop its motion. A mutation that inactivates these genes will therefore promote cell growth, just as releasing the brakes will make a car go faster. The p53 tumor suppressor gene, identified in 1979, is the most frequently mutated gene in human cancer.5
These new discoveries seemed to offer a perfect explanation for why cancer cells grow so quickly. Both activating mutations of oncogenes and inactivating mutations of tumor suppressor genes could accelerate cell growth, leading to cancer. This coalesced into the widely accepted somatic mutation theory (SMT), which views cancer primarily as a disease caused by accumulated genetic mutations. Somatic cells include all cells of the body except for germ line cells, the cells responsible for sexual reproduction, such as the sperm and egg. Mutations in these somatic cells (such as breast, lung, or prostate) accumulate, and a random aggregation of these mutations may be enough to cause cancer. This view of cancer, what I call cancer paradigm 2.0 (see Figure 6.1), dominated cancer research in the 1970s and is still championed today by the American Cancer Society, which states plainly that “Cancer is caused by changes in a cell’s DNA—its genetic ‘blueprint.’”6
Supporting this view, researchers postulated that specific inherited genetic mutations caused cancer without the need for an external agent. Familial, or inherited, cancers are relatively unusual, accounting for only approximately 5 percent of cancers, leaving the vast majority (95 percent) of cancers as sporadic mutations. Nevertheless, the SMT proved that cancer could be as simple as a disease of genetic mutations.
For example, a single inherited genetic mutation in the retinoblastoma tumor suppressor gene causes rare eye cancers in children. An inherited mutation of the von Hippel–Lindau tumor suppressor gene leads to an increased risk of kidney cancers. In breast cancer, the BRCA1 and 2 genes are the best-known susceptibility genes that confer a high risk of breast cancer, but these account for only an estimated 5 percent of breast cancer cases. Overall, the contribution of inherited genetic defects to cancer is small, but those rare cases confirmed the underlying unifying mechanism of carcinogenesis.
Inherited mutations caused cancer. Chemicals, radiation, and viruses could also cause genetic mutations or other changes in the genetic code leading to the dysregulated growth of cancer. Bingo! The pieces of the puzzle were fitting together perfectly.
Rarely, a single mutation is sufficient to turn normal cells into cancer cells. A normal cell contains various mechanisms to repair damaged DNA, so if the damage is minor, it can often be rectified. But if the DNA repairs cannot keep up with the inflicted damage, then mutations accumulate. When several critical mutations converge, cancer results. Most common cancers require multiple mutations.
But how did the mutations accumulate? Asbestos or tobacco smoke or radiation can cause genetic change, but these were not targeted to any specific gene or chromosome. The implicit answer from the SMT was that these mutations were not planned, but that they accumulated more or less randomly. It is simply bad luck when all the critical mutations occur together.
Figure 6.1
The new genetic tools developed in the 1970s showed that cancer cells were indeed chockablock full of genetic mutations. By the 1980s, animal models confirmed that chemicals, radiation, and viruses, the known causes of cancer, could mutate oncogenes and tumor suppressor genes to cause cancer. When mice were exposed to chemical carcinogens, they developed skin cancer, and those cancers had mutations in their oncogenes.7
Chemicals, X-rays, viruses, and inherited genetic disorders all have vastly different physiologic effects, but all caused cancer. The common thread was that they all caused DNA damage and gene mutations. A carcinogen causes cancer because it is mutagenic—that is, it increases the rate of gene mutation. Given that mutations accumulate randomly, more mutations increase the risk of cancer, just as buying more lottery tickets increases the chances of winning the jackpot.
The SMT suggested the following chain of events, represented in Figure 6.2:
Figure 6.2
Most common cancers need multiple mutations. It is like the game of baseball. A big hit, like a home run, scores all by itself. A single horrendous mutation, such as retinoblastoma, may result in cancer. But in baseball, you can also score runs by putting together multiple hits. Multiple gene mutations can also combine to become cancer. Increasing mutation rates—say, with tobacco smoking—increases the risk of mutations. Given enough mutations, cells will eventually, by chance, become cancerous, just as an infinite number of monkeys randomly pounding the keys of an infinite number of typewriters will eventually produce the novel War and Peace.
These random mutations bestow all the “superpowers” needed for cancer to thrive. The ability to constantly grow, to become immortal, to move around, and to use the Warburg effect are all above and beyond what normal cells may do. Having accumulated all the superpowers that define cancer cell behavior, these cells replicate and grow. The resulting mass of cancer cells, the tumor, is a genetic clone of this original cancer cell.
The basic postulates of SMT include:
Most gene mutations are lethal, but a small percentage are neutral or beneficial. The odds of randomly acquiring all the requisite mutations to transform a cell into cancer is small, but if the rate of mutation is high enough, then it is bound to happen. This small likelihood of success explains why cancer often takes decades to develop, and why cancer risk rises sharply in people over the age of forty-five (see Figure 6.3).8
The somatic mutation theory of carcinogenesis patched together all the disparate known causes of cancer into a coherent, unified theory. This paradigm focused research from extrinsic agents (chemicals, radiation, and viruses) onto intrinsic defects (genetic mutations). All these various carcinogenic insults created the seed of cancer by causing gene mutations. While both the seed and the soil are important for growth, it seemed that the seed, according to the SMT, was the most important component. Cancerous cells are similar to normal cells because they were derived from normal cells. Cancer cells weren’t alien intruders, but mutated versions of our own cells. We had seen the enemy, and it was ourselves.
NCI, “Age and Cancer Risk,” National Cancer Institute, April 29, 2015, https://www.cancer.gov/about-cancer/causes-prevention/risk/age.
Figure 6.3
The SMT was a breakthrough, promising new directions for research and new treatments. Cancer was now viewed as a cell-centered problem of genetic mutations. If we could find and then treat those mutations, logic followed, we could cure cancer. SMT led to some astounding predictions and some astounding successes. Rather than simply using the traditional tools of cancer medicine—to cut, burn, or poison—we could use incredibly precise molecular tools to develop entirely new pharmaceutical protocols to cure cancer. By the 1980s, the SMT made good on that promise, delivering one of the most spectacular weapons yet seen in the war on cancer.
THE PHILADELPHIA CHROMOSOME
In 1960, at the University of Pennsylvania in Philadelphia, researchers Peter Nowell and David Hungerford were studying human chromosomes in leukemia. Two patients with a rare type of blood cancer, chronic myelogenous leukemia (CML), shared a characteristic chromosomal abnormality. Odd. One of the chromosomes was consistently much smaller than normal.9 This was dubbed the “Philadelphia chromosome” for its city of discovery. When healthy cells divide normally, they provide exactly the same chromosomes to each new daughter cell. In the Philadelphia chromosome, a piece of chromosome 9 ended up on chromosome 12, and vice versa. This abnormality occurred in almost all cases of CML, and was exclusive to CML—no other types of cancer displayed this characteristic.
The Philadelphia chromosome produced an abnormal protein known as the bcr/abl kinase, a protein that toggles cell growth on or off precisely, depending upon the situation. The abnormal bcr/abl protein turned cell growth “on” and never turned it off. This uncontrolled growth eventually led to cancer. Researchers hunted for a drug to block this kinase, and in 1993, the drug firm Ciba-Geigy (now Novartis) selected the most promising candidate, called imatinib, to undergo human trials.
Human drug trials typically comprise three phases. Phase 1 studies are designed only to assess drug toxicity. This allows researchers to establish a safe dose so that further investigation may determine the drug’s effectiveness. In these early trials, imatinib improved CML in an astounding fifty-three of the fifty-four patients who took over 300 mg/day. This was a miracle. Researchers would have been happy if nobody died during this phase, but instead they found a virtual cure. Better yet, there was no evidence of significant drug toxicity at this dose.
The larger, phase 2 trials test efficacy, and about two thirds of investigational drugs end their journey here. Pharmaceutical researchers are generally happy if their drug kills a few cancer cells and manages not to kill any patients. Imatinib breezed through phase 2 like an Olympic hurdler. An unheard-of 95 percent of early-stage CML patients completely cleared their leukemic cells. Even more astounding, the Philadelphia chromosome could no longer be detected in 60 percent of treated patients. This drug didn’t just kill CML cancer cells; it was essentially curing the cancer.
It was a miracle drug, but more exciting, it provided a proof of concept for this new genetic paradigm of cancer. Imatinib was going to be the vanguard in the coming onslaught of new, targeted medications that promised superior efficacy with lower toxicity than standard treatments like chemotherapy. As we’ve discussed, chemo medications are selective poisons that kill cancer cells slightly faster than normal cells. If chemo could be considered a kind of carpet bombing, then this new generation of drugs would be the “smart bombs” of the cancer arsenal, homing in on specific targets to destroy cancer cells without causing much collateral damage.
Imatinib, known as Gleevec in the United States, is the unquestioned superstar of the genetics-focused approach to cancer treatment. Before the introduction of imatinib, CML was responsible for taking roughly 2,300 American lives per year; in 2009, after imatinib treatments began, annual CML deaths were reduced to 470. This oral medication with virtually no side effects was so dramatically successful that it was considered to herald an entirely new era of precision-targeted chemotherapy.
With the introduction of imatinib, science marked the dawn of a new age of genetic “cures” for cancer. On the cover of its May 28, 2001, issue, Time magazine proclaimed that “There is new ammunition in the war against cancer. These are the bullets.”—alongside a picture of imatinib. It was an entirely new and better way of treating cancer, just in time for the new century.
The genetic paradigm of cancer had proven its mettle in the crucible of battle. Finding the precise genetic abnormality led to identifying the abnormal protein, which led to discovering a medication to neutralize that protein, virtually curing that particular cancer. Yes, CML was a relatively rare cancer, but this was only the beginning. Soon, another major victory would be achieved in breast cancer, with the development of the drug trastuzumab. Unlike CML, breast cancer was a major-league cancer, second only to lung cancer in causing cancer deaths in women.
HER2/NEU
In 1979, researcher Robert Weinberg at the Massachusetts Institute of Technology was chasing oncogenes. He discovered a cancer-causing segment of DNA taken from neurologic tumors in rats that he named neu. The human equivalent was discovered in 1987 as human epidermal growth factor receptor 2 (HER2), so this gene became known as HER2/neu, a potent oncogene. Up to 30 percent of all breast cancer cases overexpressed the HER2/neu gene by up to one hundred times normal. Those cancers are much more aggressive and often deadlier than those without.
The newly established, soon-to-be giant drug company Genentech located the HER2/neu gene using DNA probes, but the question remained: how were they going to block it? Standard drugs are small molecules that can be synthesized in a chemical plant, but none of these specifically blocked the HER2 protein as imatinib had done so successfully with the bcr/abl kinase. But by the 1980s, the technology of the genetic revolution had advanced substantially, and Genentech pioneered an entirely new class of therapy that would offer another major leap forward in cancer treatment.
A healthy immune system produces proteins called antibodies to help fight off foreign invaders. Antibodies are very specific in their targets. For example, infection with the measles virus stimulates the body to produce antibodies that recognize measles. After you successfully fight off the infection, your body retains these antibodies. If you are reexposed to measles, your preexisting antibodies instantly recognize the virus and activate the immune system to destroy it. This is why it is rare to develop measles infections more than once in your life. Antibodies work by recognizing specific DNA sequences, and Genentech insightfully recognized that HER2/neu is also just a DNA sequence.
In a remarkable feat of genetic engineering, scientists at Genentech created a mouse antibody that could bind and block the HER2/neu protein. But a mouse antibody injected into a human would be instantly recognized as foreign and destroyed by the human immune system. Genentech’s ingenious solution was to create a mouse–human hybrid antibody to block the HER2/neu gene with high specificity, which became the drug called trastuzumab (Herceptin).
But there was yet another problem. Only about 30 percent of breast cancers carry the abnormal HER2/neu gene, so administering this very costly drug to every breast cancer patient would be extraordinarily wasteful and prohibitively expensive. So, in another innovative leap forward, scientists developed a simple test for the gene. Now only those patients with cancers overexpressing the abnormal HER2/neu were given trastuzumab.
This exciting development ushered in a new era in therapeutics. Drugs would not only be precision-guided weapons but also personalized. A drug did not need to work for every patient suffering from a disease in order to help a subset of those patients. We could define and treat only those expected to benefit. This approach saved money and spared patients from unnecessary side effects. Amazing. Medicine had finally found the holy grail of genetic therapy. If we could identify those few mutations that drove cancer for each specific person, we could then select the proper drug or antibody to use. Treatments could be personalized through genetic testing to reverse and potentially cure the disease.
Even before FDA approval, breast cancer patients implored Genentech to release the drug on compassionate grounds. Nobody yet knew if it worked, but patients with metastatic breast cancer had no other options, and trastuzumab was a gleaming beacon of hope. In 1995, Genentech set up the first-ever FDA-approved expanded-access program for cancer drugs. Its hunch was correct. By 1998, trastuzumab was approved by the FDA for HER2-positive breast cancer and ready for prime time. By 2005, human trials showed that Herceptin cut the risk of breast cancer deaths by about one third.10 The genetic age of precision, personalized cancer medicine had begun gloriously. It would be all rainbows and unicorns from here on, right?
CANCER PARADIGM 2.0
The genetic revolution had led us, by the early 2000s, to a major threshold. Our arsenal in the war on cancer had so far consisted of indiscriminate ways of killing cells: cutting (surgery), burning (radiation), and poisoning (chemotherapy). Blasting a cancer into oblivion seemed so crude compared to using highly specific gene-targeted antibodies to deliver a deadly payload of toxins. Only the “bad guys” were killed, sparing the collateral damage commonly seen with the older treatments. Victory seemed inevitable, as we landed body blow after body blow against cancer. We had new weapons that could penetrate cancer’s tough carapace. We had new defenses against cancer’s deadly pincers. The next step was to map out the one or two genetic mutations for each cancer the same way we had done for CML and the HER2/neu-positive subset of breast cancer.
Imatinib proved that the concept worked in “liquid” tumors of the blood, such as CML, and trastuzumab proved that this concept worked for solid tumors, too. It was only a matter of finding the mutations of various cancers and then designing the right drugs to destroy them.
Figure 6.4
The genomic revolution was unstoppable and showed no sign of slowing. Rather, the pace of technological advance and medical knowledge was accelerating. The new drugs, while difficult to develop, were priced accordingly, and profits from the first few were prodigious. Countless start-ups, big pharmaceuticals, and universities alike joined in the new gold rush. With the map of the human genome in hand, finding the mutations that were then blocking researchers from curing cancer would be as easy as shooting fish in a barrel.
Our understanding of cancer had progressed substantially from a “disease of excessive growth” to a “disease of genetic mutations that was causing the excessive growth” (see Figure 6.4). We had peeled back a layer of the truth of cancer’s origin: carcinogens cause cancer by causing gene mutations. Now that we understood the underlying root cause of cancer, we could develop lifesaving drugs.
As we rounded the corner of the twenty-first century, it seemed to many that we were on the precipice of a cancer-free world. Imatinib and trastuzumab were instant hits. But like so many other one-hit wonders, the first hit turned out to be the best.
IN 2013, THE Academy Award–winning actress Angelina Jolie made the choice to have both her breasts surgically removed after learning she had tested positive for the BRCA1 gene mutation, which substantially increased her risk of breast and ovarian cancer. Her mother had died of ovarian cancer at age fifty-six, and Jolie’s grandmother and aunt were also cancer victims. Jolie, thirty-eight and the mother of six children, decided to undergo a preventive double mastectomy to avoid the same fate; two years later, she had her ovaries removed, forcing her body into premature menopause.
More than half a century had passed since the discovery of DNA’s double helix. Where were all the promised genetic miracle cures? In the end, patients—even incredibly wealthy and influential celebrities—must surgically remove their breasts and ovaries to prevent cancer. It would seem that our genetic wizardry was making little more progress against cancer than the breast guillotine. How did things go so wrong with the genetic paradigm of cancer?
TWIN STUDIES
The clearest evidence against a predominantly genetic basis for cancer comes from twin studies. Identical twins share identical genes, whereas fraternal twins share only 50 percent genetic material on average, the same as any two siblings. Twins reared in the same household also share similar environmental influences. Comparing identical to fraternal twins gives you an idea of how much genes influence cancer rates.1
A large study of the twin registries of Sweden, Denmark, and Finland concluded that the majority of the risk in the causation of cancer is not genetic. In fact, genetics accounts only for an underwhelming 27 percent of risk. The vast majority of the risk (73 percent) is environmental. The authors concluded that “Inherited genetic factors make a minor contribution to susceptibility to most types of neoplasms.” The environment plays the principal role in the development of cancer.
This statistic holds true even for those with the BRCA1 gene, which is often referred to as a “breast cancer death sentence.” The risk of developing breast cancer in patients with BRCA1 and 2 by age fifty is 24 percent for those born before 1940, but 67 percent for those born after.
The predominant problem is not the gene itself, but the environment that allows these cancerous tendencies to manifest.2 In other words, cancer growth depends upon not only the seed but also, and more importantly, the soil. Even in cancers with a known high genetic risk, a person’s environment plays the dominant role in whether cancer develops. In most common cancers, genetics contributes only an estimated 20 to 40 percent of the risk (see Figure 7.1).
A thirty-two-year twin registry follow-up revealed that the increased risk of cancer in fraternal twins was only 5 percent; it was 14 percent in identical twins.3 Certainly, there was a genetic link to cancer, but it was hardly the overwhelming certainty it is often made out to be. Cancer is largely caused by environmental, not genetic, factors. This becomes even clearer when we look at the changes to cancer risk when a population suddenly changes environments.
P. Lichtenstein et al., “Environmental and Heritable Factors in the Causation of Cancer,” New England Journal of Medicine 343 (2000): 78–85.
Figure 7.1: Factors in Causation of Cancer
ABORIGINAL POPULATIONS
Cancer certainly existed in ancient societies—it has been identified in mummified remains of ancient Egyptians—but unlike today, its incidence was incredibly rare.4 Unfortunately, analyzing fossil and mummy records is not particularly enlightening because the expected life span of ancient peoples was generally much shorter than our own, and we know cancer risk increases with age. But there are other examples of societies where lifestyles had changed in a relatively short period of time, such as the indigenous peoples of North America.
Indigenous societies such as the Native Americans and Canadians at the beginning of the twentieth century were largely considered immune to cancer. Among all ethnic groups, Native Americans had the lowest rate of cancer.5 By the middle of the century, it was known but still rare. In the 1960s and ’70s, the Ojibwa tribe in northwestern Ontario, Canada, was found to have an age-adjusted rate of cancer that was only one half to one third that of the nonnative populations (see Figure 7.2).6
Figure 7.2
Cancer rates of the native Ojibwa population rose sharply in the 1980s, coinciding with the increasing Western influence on their lifestyle. Their gene pool would not have changed significantly over a few decades, pointing once again to the massive effect of environment, predominantly lifestyle and diet, on cancer incidence. In other words, the genetic “seed” may be the same, but the changing “soil” of the environment significantly alters the risk of cancer.
This sharp increase in cancer occurred despite a steadily decreasing rate of smoking in native populations since the early 1970s, which should have decreased the rate of cancer. From 1975 to 1981, the rate of cancer deaths as a percentage of nonviolent deaths approximately tripled, from 10 to 30 percent. If cancer were largely caused by genetic mutations, then what was causing these mutations? Diet and lifestyle factors are not mutagenic, but those factors clearly had a major influence on cancer rates—which posed a big problem with the SMT model.
The cancer experience of the Canadian Inuit of the Arctic mirrors that of other native populations. Early descriptions from 1923 suggest that cancer was essentially nonexistent among the Inuit;7 a 1949 report uncovered only fourteen cases of cancer in a ten-year span.8
After World War II, however, the Inuit, forced out of their traditional lands, began living in larger urban centers, and their lifestyle changed from one of subsistence hunting to a more Westernized way of living, with service and trade as the backbone. Their traditional diet of mostly fish and sea mammals (very low in carbohydrates and vegetables and high in protein and fat) changed to include imported foods, most of which contain refined grains and sugars. As the Inuit lifestyle shifted in the 1950s, the age-adjusted rate of cancer more than doubled (see Figure 7.3).
The types of cancers afflicting the Inuit were changing, too.9 Traditionally, the Inuit suffered from cancers caused by the Epstein-Barr virus, including cancers of the nasopharynx and salivary glands. The most common cancers in the white population then, as now, were lung, breast, and colon. While the rates of traditional, EBV-related cancers among the Inuit did not increase from 1950 to 1997, the rates of lifestyle-associated cancers, typical of the white population, rose precipitously.10
Because the genetic makeup of native populations was virtually unchanged, and lifestyle is not mutagenic, the somatic mutation theory failed to explain how the environmental change led to this dramatic increase in cancer rates. The genetic “seed” was the same, but the changing “soil” of the environment, including diet and lifestyle, altered the risk of cancer substantially.
J. T. Friborg and M. Melbye, “Cancer Patterns in Inuit Populations,” Lancet Oncology 9, no. 9 (2008): 892–900.
Figure 7.3: Cancer patterns in Inuit populations.
MIGRANT STUDIES
The SMT assumed that carcinogens act by increasing the rates of genetic mutation, and it predicted that migration from one country to another should not substantially change cancer rates. A Japanese woman’s moving to the United States should not substantially change her risk of breast cancer. A Japanese man’s moving to the United States should not substantially change his rate of prostate cancer. But it does—and by a heck of a lot.
The breast cancer rate in the United States is two to four times higher than that of China or Japan, even for immigrants. A Chinese woman who moves to San Francisco doubles her risk of breast cancer compared to that same Chinese woman in Shanghai. Within a few generations, the cancer risk for that Chinese immigrant woman’s family approximates that of a white woman in San Francisco (see Figure 7.4). The data are similar for Japanese immigrants to the United States.
The rates of cancer are highly dependent upon the environment—mainly diet and lifestyle.
Cancer rates are lowest for Asian women in Asia, intermediate for Asian immigrants to America, and highest for Asian American women born and raised in America.11
R. G. Ziegler et al., “Migration Patterns and Breast Cancer Risk in Asian-American Women,” Journal of the National Cancer Institute 85, no. 22 (November 17, 1993): 1819–27.
Figure 7.4: Changing breast cancer risk with migration.
The same phenomenon can be observed in other cancers. A Japanese man who immigrates to Hawaii experiences about seven times the risk of prostate cancer compared to a Japanese man living in Osaka, Japan. For stomach cancer, we see the reverse; the rate of stomach cancer for a Japanese man in Japan was almost five times the rate for a Japanese immigrant to Hawaii. In this case, we know this reduced risk is likely the result of reduced exposure to bacterial infestation with H. pylori (see Figure 7.5).12
J. Peto, “Cancer Epidemiology in the Last Century and the Next Decade,” Nature 411, no. 6835 (May 17, 2001): 390–95.
Figure 7.5: Cancer epidemiology in the last century and the next decade.
These well-known migration patterns clearly contradict the paradigm of cancer as primarily a disease of genetic mutation. At most, genetic tendency comprises 30 percent of the attributable risk. It is the environment in which we live—specifically, our diet and lifestyle—that carries the most weight in determining our risk of cancer. The genetic paradigm of cancer had focused myopically on the “seed,” but it was both the seed and the soil and their interaction that determined cancer risk.
THE HUMAN GENOME PROJECT AND BEYOND
The SMT paradigm ruled cancer research from the 1970s until the 2010s like a ruthless dictator. Researchers not conforming to the dictates of the SMT quickly found themselves in the research equivalent of the Siberian gulag. The war on cancer during the reign of the SMT made glacial progress. Survival rates for the most common types of cancer barely budged. People were not living longer. Cancer rates were not dropping. The standstill in cancer research was in marked contrast to almost every other human endeavor of the late twentieth century.
Technology—from biotechnology and genetics to computers and semiconductors—was advancing at a pace never before seen in human history. Network connectivity (internet, social media) advanced at breakneck speed. Computing power was doubling every eighteen months or so. Space travel had become a reality. Within medicine, heart disease deaths were dropping rapidly as advances in medications, monitoring, intervention, and surgery combined to reduce these deaths almost by half.
But cancer? Cancer was a delinquent child. We certainly weren’t ignoring it. There was no lack of money. Cancer research consumed billions of dollars every year; the National Cancer Institute budget for 2019 alone was $5.74 billion. If you add in charities and other funding, including pharmaceuticals, the amount spent on cancer research and programs likely exceeds $20 billion per year. There was no lack of cancer researchers. At the time of the publication of this book, PubMed.gov, part of the U.S. National Library of Medicine, listed 3.83 million articles published on the topic of cancer. Three point eighty-three million articles! But despite year after year of prodigious research, and a considerable investment of money and time, the common cancers in the early 2000s were just as deadly as they were in 1971. We were obviously losing Nixon’s war on cancer. No, it wasn’t lack of money or researchers that was the problem. It was the lack of fresh ideas.
After such an auspicious start, early twenty-first-century progress in cancer treatment ground to a virtual halt. The miracle drugs that had once seemed to promise a cure looked increasingly like exceptions—useful treatments for some that didn’t impact most patients.
The Human Genome Project, completed in 2000, mapped an entire human genome but failed to shed significant light on the cancer problem, so in 2005, a new, sweeping genetic project was proposed. The Cancer Genome Atlas (TCGA) was even more ambitious in scope than the Human Genome Project. Instead of sequencing a single human genome, it would sequence hundreds of genomes from patients with cancer. The estimated cost for this project was $1.35 billion over nine years.13 Many researchers believed that TCGA would be exactly the long-awaited cancer moon shot that would allow us to know the enemy and bring the fight to our own terms. Where the Human Genome Project sequenced a single human genome, TCGA would sequence more than ten thousand complete genomes.
Not everybody was convinced that TCGA was a good idea for those billions of research dollars. After all, we’d just finished one genetic megaproject, with little to show for it. Dr. Craig Venter, who had just recently completed the Human Genome Project, opined that “Diverting a billion or two dollars from other areas of research when it’s not clear what answer we’d get, there might be better ways to move cancer research forward.”14 Prophetic, yes. Heeded, no.
Other researchers suggested that we should “Strap [ourselves] in and get ready for some serious ‘more of the same.’”15 The point, not well appreciated at the time, was that this megaproject was only the ultimate culmination and continuation of a futile line of research that had so far won us a few small battles in a war we were so clearly losing.
If the somatic mutation theory was not the answer to beating cancer, then sinking even more billions of dollars into dead-end research would sap resources from other, potentially more productive avenues. The cost of delaying this research would be measured in human lives. But SMT was the dominant theory, and dissenting opinions were not met with enthusiasm. In the end, even though the genetic paradigm had revealed few of cancer’s secrets, the medical and scientific communities continued to invest billions more dollars into this failed strategy.
That’s where we stood in 2006, poised to spend mega bucks on another mega cancer moon shot based solely on the waning legitimacy of SMT. In 2009, the Cancer Genome Atlas received another $100 million from the National Institutes of Health and an additional $175 million from the U.S. government in stimulus funding. TCGA eventually expanded to the larger International Cancer Genome Consortium, involving 16 nations, including more than 150 researchers over dozens of research institutes across North America.
By 2018, the PanCancer Atlas,16 the culmination of TCGA and a follow-up research effort, was declared complete. A detailed genomic analysis of more than ten thousand tumors spanning thirty-three different cancer types had been successfully mapped. All the genetic codes for almost every cancer that afflicts mankind were now known.
Little excitement greeted this announcement, and few outside the cancer research community even knew about it. To be fair, few even inside the cancer research community cared. There were no headline articles in the New York Times. There was no cover story in Time magazine. It was almost as if we’d landed people on Mars and nobody took notice. What happened? The TCGA megaproject, like the HGP before it, failed to produce many useful insights into cancer, and worse, it produced no useful treatments.
The SMT had all seemed to fit so tightly together when we started. What went wrong? The problem was not that we had failed to find the genetic mutations. The problem was that we had found too many mutations—way, way too many.
THE PROCRUSTEAN BED
In ancient Greek mythology, Procrustes is the son of Poseidon, god of the sea. He would invite passersby to rest at his house for the night. When showing them their bed, if the guest was too tall, he would chop off their limbs until the bed fit just right. If they were too short, he would stretch them on a rack until the bed fit just right. The great contemporary thinker and philosopher Nassim Nicholas Taleb often uses this allegory of the Procrustean bed to describe how facts are often tortured to fit a certain narrative. The widely and often blindly followed somatic mutation theory of cancer required a Procrustean bed to fit the facts, too.
SMT considers cancer as a disease of randomly accumulated genetic mutations. But how many? As we’ve noted, some cancers are driven by a single mutation, but for most common cancers, this is far too simplistic. To fit these new facts into the existing Procrustean bed, cancer researchers now suggested the “two-hit hypothesis.” Rather than a single mutation, there needed to be a combination of two mutations working together to produce a cancer. When this was recognized as also too simplistic, the SMT was expanded so that perhaps three or four mutations working in conjunction could produce the excessive growth and other features needed for a cell to become cancerous. Each accumulated mutation moves a normal cell closer and closer to becoming cancer. So, the real question now became: how many genetic mutations were needed for cancerous transformation? Two? Three? Four?
By 2006, there were unsettling signs that cancer mutations were more complex than first imagined. Much, much more. Cancer researcher Dr. Bert Vogelstein at Johns Hopkins found 189 genes that were significantly mutated in two of the most common solid cancers, breast and colon. There were not two or three or four gene mutations, there were hundreds. Worse, these genetic mutations are distinct from one cancer to the next. Each tumor carried an average of eleven mutations. For example, breast cancer number one would have eleven genetic mutations, but breast cancer number two would have eleven completely different mutations. Two breast cancers that looked identical clinically could be completely different genetically, barely resembling each other.17
These findings contrasted starkly with the hope offered by the Philadelphia chromosome, where every case of a specific cancer type shared a single identical mutation. If we chose one hundred random cases of chronic myelogenous leukemia (CML), almost all would bear evidence of the same Philadelphia chromosome. But for most common cancers, one hundred random cases had one hundred different genetic profiles of mutations, each completely distinct from the others.
It turned out that common cancers were way more complex than those previously studied. Not only were there more mutations, but those mutations varied from person to person. This meant that a drug that was effective for colorectal cancer in person A would not likely be effective for person B. Using the same “personalized, targeted medicine” principles as imatinib would require ten to twenty different “smart bomb” medications for any individual patient. The combinations are practically infinite.
As the first reams of data from the TCGA juggernaut started trickling in, the first inklings of the enormity of the challenge started to percolate. Instead of a few mutations, most cancers had fifty to eighty mutations. It was genetic pandemonium.
By the time 2015 rolled around, researchers had identified ten million different mutations. Ten million.18 The mutations differed not only from patient to patient, but even within the same damned tumor in the same patient! They weren’t trying to find a needle in a haystack. They were trying to find one particular needle in a needlestack, a much more painful research method.
More Procrustean ad hoc revisions to the SMT were needed. Multiple individual mutations were lumped into mutation “pathways.” Those deemed important for carcinogenesis were called “driver” mutations. Other mutations, believed to have no effect, were called “passenger” mutations. These latter, all of a sudden, didn’t count. Other researchers tried to divide these mutations between “mountains” and “hills.” Mountains were mutations that were carried by the majority of cancers of that type. Hills were mutations carried by only a minority. Researchers were desperately trying to make sense of the overwhelming number of genetic mutations being identified.
Even with all this Procrustean work, studies estimated that each breast or colon cancer still required about 13 driver mutations.19 In metastatic pancreatic cancer, 49 mutations were needed.20 In 2013, Bert Vogelstein estimated that more than 140 different gene mutations could drive cancer growth and that each driver mutation increased the selective growth advantage of a cell by only a minuscule 0.4 percent.21 A single gene mutation did not drive cancer. Most cancers had dozens and dozens of mutations that, individually, contributed only minimally to cancer growth. A more recent 2015 analysis of more than two thousand samples of breast cancer found more than 40 mutations in driver genes.22
Different cancers had different rates of mutation. Some cancers had hundreds of mutations, and some had none at all. A study of 210 human cancers found more than 1,000 different mutations. But a full 73 cancers had no identifiable mutations at all! This is obviously a problem for the SMT, which suggests that mutations drive cancer. If mutations caused cancer, how could 35 percent of the cancers in this study not have a single mutation? A full 120 different driver mutations were identified.23 Lung cancer and melanoma of the skin contained almost 200 mutations per tumor, breast cancer was closer to 50, and acute leukemias closer to 10.24
The other significant problem for the SMT was the idea that all cancerous cells are cloned from an original cancer cell. All the cancer cells in a specific patient should have been genetic replicas of the original, but this clearly is not true, either. Within the same patient, metastatic cancer differs genetically from the original tumor. One site of metastasis may differ from another by twenty or more genetic alterations.25 This degree of genetic heterogeneity was completely unexpected. Even within the same tumor mass, cells carried different mutations. Cancers differed with respect to their gene mutations in the following ways:
The hard truth became one the research community couldn’t deny: cancers were far, far more different genetically than they were alike. The quest to find the genetic mutations of cancer was too successful.26 Cancer was a baffling mishmash of genetic peculiarities that had almost no connection to one another. Genetic mutations were everywhere and nowhere. Some cancers had hundreds of mutations, and others had none at all. The rate of mutation necessary to develop a cancer is much higher than the known rate of mutation in human cells. Normal cells just don’t mutate anywhere close to the rate needed to produce cancer. Cracks had formed in the genetic paradigm, and mutations were invading it like weeds.
BY THE 2000s, hundreds of potential cancer-causing genes had been identified. Everywhere researchers looked, there were more oncogenes and tumor suppressor genes. Presumably, a single mutation in any one of the normal growth-controlling genes could cause cancer. So why wasn’t everybody getting cancer?
There is a common issue in surveillance studies called the denominator problem. Suppose we analyze one hundred great baseball players and discover that every one of them has a liver. We might conclude that having a liver makes you a great baseball player. But this is a logical fallacy, because many people with livers are not great baseball players. This is the denominator problem. Out of all people with a liver, how many are great baseball players compared to the many who are not?
If we take one hundred cancer samples and find that all one hundred have genetic mutations, we might conclude that having genetic mutations is the key to developing cancer. But that conclusion is not logically warranted because we are still missing an important piece of information: the denominator. If one hundred samples of noncancerous tissue also contain genetic mutations, this clearly diminishes the importance of genetic mutations in the genesis of cancer. To assess the importance of genetic mutations for cancer, we need to compare the following:
Without knowing the denominator, we could not know the importance of genetic mutations. How many cells had genetic mutations but were not cancer? This number turned out to be pretty high. A full 4 percent of a cell’s DNA could have mutations, and that cell could still look and act normally. This is a remarkably high degree of tolerance.1 If we estimate that there are twenty-five thousand genes in a human, then you could have roughly one thousand gene mutations without developing cancer.
Genetic mutations in cancerous tissue
Genetic mutations in noncancerous tissue
Cancer patients had lots of mutations, yes, but so did cancer-free people. Some healthy people even had the identical genetic mutations as those with cancer. A 2012 detailed analysis of 31,717 cancer cases concluded that “the vast majority of, if not all, aberrations that were observed in the cancer-affected cohort were also seen in the cancer-free subjects.”2 These discoveries posed a real problem for the SMT model. The Cancer Genome Atlas pinpointed plenty of mutations, but the important question not asked was: how many normal cells carry the very same mutations in the cancerous pathways but do not develop into cancer? The SMT predicted that normal cells would carry few or no critical mutations. That prediction was way off. Recent genetic sequencing of discarded skin from cosmetic surgeries, completely free of cancer, has yielded astounding results. Almost one in four samples contained mutations known to be involved in cancer—and yet no cancer was present.3
In addition, genetic sequencing of esophageal specimens taken from organ donors with no prior history of cancer has also yielded more stunning results. The average healthy cell with no evidence of illness or cancer contained “at least several hundred mutations per cell in people in their twenties, rising to over 2,000 mutations per cell late in life.”4 The NOTCH1 oncogene, for example, considered to be a prime driver mutation of esophageal cancer—it is present in about 10 percent of all such cancers—was also found to be present in up to 80 percent of all esophageal cells in patients free of cancer. Eighty percent! In middle-aged and older specimens, 2,055 mutations were found in that single oncogene alone—yet none developed into cancer. In other words, the seed was there, but cancer had not grown.
This evidence points to a simple yet stunning fact: the premise that a single mutation in an oncogene or tumor suppressor gene is the origin of most cancer growth is far too simplistic. The SMT had ignored the denominator problem. But there was another problem still. The genetic mutations were a proximate, rather than a root, cause of cancer.
PROXIMATE VERSUS ROOT CAUSES
For any disease, understanding the root cause (known as the etiology) is the basis for all rational treatment. Between root cause and final outcome are many intermediate steps called proximate causes. These are usually immediately obvious. The root cause of disease is what we generally consider the “real” cause of the event in the first place, and it often requires higher-level thinking to determine.
For example, liver failure is caused by fibrotic scarring known as cirrhosis. This information is true, but not very useful. Rather, we want to know what causes the cirrhosis. If you know that the cirrhosis is caused by the hepatitis C virus, then you can prescribe an antiviral medication to treat it. If you know that the cirrhosis is caused by alcohol, then you can advise a patient against drinking alcohol. Liver failure is caused by cirrhosis, true enough, but cirrhosis is only the proximate cause. Successful treatment depends upon knowing the ultimate, or root, cause (see Figure 8.1).
This approach applies to most problem-solving, not just in medicine. For example, an airplane crashes when the force of gravity exceeds the lifting force. You might conclude from this simplistic analysis that the key to preventing plane crashes is to increase lift by building bigger wings, or decrease gravity by decreasing weight. Both solutions are virtually useless because they address proximate, not ultimate, causes.
Figure 8.1
To understand the problem, you must go one level higher in logical thinking. Why did the force of gravity exceed the lifting force? We could catalogue all the parts of the airplane that malfunctioned and why: cracks in the wing, cracks in the tail, engine failure, electrical failure. This is how the plane crashed (proximate cause), but it still does not solve the question of why. Why did all these problems occur? The root cause may actually be poor maintenance, poor pilot training, inclement weather, or any number of other root causes.
A solution targeted at the root cause, such as better airplane maintenance, better pilot training, or better weather forecasting, is highly effective. Bigger wings, lower weight, or larger engines are not. The higher-level analysis of the cause provides effective solutions. Whereas treating the root cause is successful, treating the proximate cause is not (see Figure 8.2). How does this apply to cancer? Genetic mutations were only the proximate cause of cancer. What was driving those mutations to occur?
Figure 8.2
In cancer research, we spent enormous resources to catalogue thousands of different mutations. Lung cancer, for example, has mutations in the oncogenes AKT1, ALK, BFAF, EGFR, HER2, KRAS, and NRAS. This is how the cancer developed, but not why. These are all proximate causes, but not the root cause. If I ask you, “What causes lung cancer?” Would you answer with “Lung cancer is caused by a mutation in the AKT1 gene” or “Lung cancer is caused by smoking”? It doesn’t even much matter what genetic mutations are induced by cigarette smoking if we know the root cause. I can save many more lives by knowing that smoking causes cancer than by knowing all the various mutations seen in lung cancer. Smoking cessation is one of the most successful anticancer measures we have at our disposal.
Once we identified occupational exposures as a root cause of cancer (e.g., soot, asbestos), prevention dramatically reduced risk. Once we identified viral and infectious causes of cancer, prevention (e.g., vaccinations against hepatitis B or HPV, improved sanitation) reduced risk. But we must find the root cause, not the specific genetic mutations of liver, cervical, or stomach cancer. In almost all human disease, treating the root cause, not the proximate cause, is the key to success.
Cancers contain many mutations; there is no doubt about that. We’ve spent decades cataloguing all of them. But why does cancer develop these mutations? What is the driving force behind these mutations? Cancer paradigm 2.0 suggested that these mutations were accumulated purely by chance (see Figure 8.3). The known root causes of cancer (chemicals, radiation, and viruses) increase mutation rates, allowing some to randomly aggregate into cancer. Again, an infinite number of monkeys randomly pounding the keys of an infinite number of typewriters will eventually produce War and Peace.
This is one of the fatal flaws of the somatic mutation theory. Mutations were accumulating, but their occurrence was anything but random. Given that hundreds of mutations were working closely together to create cancer, those mutations looked purposeful and coordinated.
Figure 8.3
Cells are like finely tuned watches. Everything has a purpose. Randomly removing a screw is unlikely to make a watch work better. Rather, the more probable outcome is malfunction. In a cell, a random mutation is most likely going to be harmful or even lethal. Thus, the odds of assembling, just by chance, two hundred random mutations that didn’t kill the cell but instead bestowed powerful new abilities on it are somewhat less than the chances of my winning the Powerball lottery.
The rate of gene mutation in the general population is very low and much, much lower than the rate necessary to drive so many cancers. The process of randomly assembling fifty to two hundred genetic mutations together in a coherent form is so extraordinarily complex that cancer should be a vanishingly rare disease. But cancer is not a rare disease. Instead, it is exceedingly common, the number two killer of Americans. An estimated 50 percent of the general population will have colonic adenomas (precancerous lesions) by the age of eighty.5 Some 80 percent of men over age ninety will exhibit evidence of prostate cancer.6 Breast cancer is estimated to have a lifetime risk of one in nine women.
There is yet another fatal flaw in the SMT. If all the mutations of cancer are accumulated randomly, then why do all cancers share so many of the same hallmarks? To become cancer, cells must gain a number of special new abilities. We’ve discussed the four hallmarks of cancer: it grows, becomes immortal, moves around, and uses the Warburg effect. How can every cancer in history randomly develop all these wondrous abilities from scratch? How do two hundred different random mutations somehow still give the same end result? If those typing monkeys produce one hundred copies of War and Peace but no other classic novel, then it is not random. Those monkeys were trying to write War and Peace. The cell is trying to develop into cancer.
If one airline suffers hundreds of crashes every year, where other airlines have none, then there is nothing random about it. In cancer, asbestos causes DNA damage, genetic mutations, and also a cancer called mesothelioma, but not breast or colorectal cancer. Almost nothing else in the world causes mesothelioma. So, the genetic damage caused by asbestos is clearly not random.
These hallmarks of cancer are carefully selected. Something is pushing these oncogenes and tumor suppressor gene mutations toward growth, movement, immortality, and the Warburg effect. The next great leap forward in cancer paradigms would be to understand what drives these changes.
PREPOSTEROUS REDUCTIONISM
The somatic mutation theory is simple, compelling, elegant, and largely incorrect. In 2002, cancer researchers Hahn and Weinberg published an article in the New England Journal of Medicine observing, “The actual course of research on the molecular basis of cancer has been largely disappointing. Rather than revealing a small number of genetic and biochemical determinants operating within cancer cells, molecular analyses of human cancers have revealed a bewilderingly complex array of such factors.”7 The next paradigm of cancer would need to make sense of this bewildering array.
The ultimate test of a cancer paradigm’s usefulness is its ability to develop revolutionary treatments. The SMT had started with great promise, delivering the remarkable drugs imatinib and trastuzumab, but these breakthroughs proved to be the exceptions, not the rule. Since then, successful treatments derived from the genetic paradigm of cancer have virtually ground to a halt; a generous estimate of the number of useful genetically targeted medications is five. I think we can all agree that five drugs in fifty years of genetics research is hardly winning the war on cancer.
There was yet another problem with developing genetically targeted medications for cancer: drug resistance. If the genetic target constantly changes, how can you possibly develop an effective therapy? As soon as you targeted one pathway, the cancer would simply find another way to get around it. Cancer could activate different genes to bypass whatever pathway we tried to block. We were attacking cancer’s strength, not its weakness. Cancer often contains hundreds of mutations. Blocking a single mutation is unlikely to successfully halt growth because there are ninety-nine other mutations. Cancer can mutate around whatever we throw in its path, because that’s what cancer does better than anything else.
Genetic mutations may explain the mechanism of how cancers keep growing, but they do not explain the fundamental question of why these genes mutated. The SMT fails because it is entirely inward-looking, toward our genes, instead of outward-looking, toward the environment. But so many different environmental attributes obviously affect cancer risk. The seed is important, but the soil matters more.
Cancer paradigm 2.0 treats cancer as a genetic lottery, but cancer is not merely a matter of bad luck. Most of the known risk of cancer is due to environmental factors, not genes. It’s tobacco smoke. It’s radiation. It’s infections. It’s the last great frontier of cancer medicine, one that is little explored: diet. The good news is that these factors are largely within our control.
The SMT was a textbook case of not seeing the forest for the trees. When you’re standing in the middle of a forest, it doesn’t seem so great. Here’s a tree. Here’s another tree. Here’s a third tree. What’s the big deal? But if you see a national forest like Yosemite from a helicopter, you can appreciate its stunning beauty.
Consider another analogy. You are studying the significance of the Declaration of Independence, so you closely examine each individual letter, just as cancer researchers might look very closely at each new genetic mutation. You create a “Complete Letter Atlas,” just as cancer researchers created a Cancer Genome Atlas. The letters A, E, and T appear (hypothetically) several hundreds of times, but Z and X barely at all. Does this exhaustive effort help you understand the role of an independent America in world history? Not at all.
In science, this has been called “preposterous reductionism.” Reducing a problem to its smallest component necessarily means missing the big picture. You cannot understand rush-hour traffic by painstakingly cataloguing how each driver braked and accelerated. Yes, the combination of those individual acts of braking and accelerating caused the traffic jam. But knowing this level of detail is not useful. These were not random acts. Why were those drivers braking and accelerating?
Similarly, you cannot understand cancer by painstakingly cataloguing thousands of genetic mutations in tumor suppressor genes (brakes) and oncogenes (accelerators). Yes, those individual mutations together caused cancer. But knowing this level of detail is not generally useful.
With the SMT, we zoomed into the cancer problem too closely—right down to its genetic makeup—and found gibberish. We found thousands of different mutations spread among hundreds of oncogenes and tumor suppressor genes, but that didn’t help piece together the story as a whole. Each mutation describes a tiny, tiny piece of the puzzle, and the relentless focus on cataloguing new mutations drained the lifeblood from other areas of cancer research.
Insisting that cancer is a disease of collected genetic mutations is like insisting that the Declaration of Independence is a collection of letters. True enough, but so what? How does it help us understand cancer?
CONCLUSION
The somatic mutation theory did advance our understanding of cancer, but not in the ways we’d anticipated. Instead of decoding the genomic component, it unearthed the disorienting number of genetic mutations involved. A single colorectal cancer contains about one hundred separate genetic mutations, and those mutational patterns differ greatly from one patient to the next.8 Other studies estimated that there were eleven thousand mutations in human colorectal cancers.9 The SMT tried to adjust for these unexpected findings by adding a series of ad hoc modifications. Some mutations, termed “drivers,” mattered, and others, termed “passengers,” did not. There was not a single genetic clone, but changes in clonal evolution over time. On and on it went. With each iteration, the complexity of the SMT increased, until it was no longer a simple, elegant theory. Instead, it sported multiple unwieldy, cobbled-together additions.
Finally, the entire SMT collapsed under the weight of all these modifications. It simply couldn’t be altered enough to fit the known facts of cancer. Worse, it failed to deliver more than a few effective treatments. In the meantime, cancer therapy lagged far behind almost every other area of medicine, and patients died. It was time to leave the Procrustean bed behind.
IMATINIB, THE FIRST drug of the age of personalized, precision cancer medicine, was a true game changer. With its introduction, a patient suffering from chronic myelogenous leukemia (CML) could reasonably expect to live as long and be as healthy as somebody without the disease.1
Before imatinib, a sixty-five-year-old man diagnosed with CML was expected to live less than five years, compared with fifteen years for somebody without the disease. With imatinib, that man with CML enjoyed a life expectancy virtually identical to that if he had not developed CML.
But other genetically targeted drugs, while effective, don’t necessarily qualify as game changers. Such is the case with the anaplastic lymphoma kinase (ALK) inhibitor called crizotinib, which has been hailed as one of the biggest breakthroughs in genomic medicine of the last two decades. This drug has been proven to treat certain types of lung cancer (non-small-cell), but its benefits are limited. A recent meta-analysis of crizotinib found only scant evidence that the drug improved overall survival.2 A game changer? Debatable. In 2019, a single month’s worth of medication cost $19,589.30.3
Much of the low-hanging fruit of the genetics revolution had been plucked. More recently, developed drugs have offered diminishing returns. But despite this poor showing, researchers were slow to change course. Even as late as 2017, Dr. José Baselga, former physician in chief of Memorial Sloan Kettering Cancer Center, one of the premier cancer hospitals of the United States, pleaded for more money to continue the drive for what he called “genome driven oncology.”4 “Cancer is a disease of the genome,” he stated baldly, desperately citing the now-ancient 1990s-era discovery of imatinib. Baselga himself was forced to step down in disgrace in 2018, when a New York Times investigation revealed that he had neglected to disclose financial conflicts of interest in a stunning 87 percent of articles he had written the previous year.5
The sexy idea of personalized, precision cancer treatment appeals widely to patients, physicians, and funding agencies alike.6 In 2015, President Barack Obama, unable to resist the siren song, dedicated millions more dollars to the Precision Medicine Initiative Cohort Program. Even by then, though, the evidence was overwhelming that genetics-based precision medicine could not fulfill its initial lofty promise.7
Personalized, precision cancer medicine depends upon two crucial steps: detecting the patient-specific genetic mutation, and delivering a targeted drug for that mutation. We’ve succeeded at step one, having identified thousands of gene variants, far more than we can possibly investigate. But what about step two? Could we actually deliver a drug to target that mutation? In 2015, only eighty-three of two thousand consecutive patients with complete genome testing treated at the specialty cancer hospital the University of Texas MD Anderson Cancer Center, in Houston, were eventually matched to a targeted treatment, representing a paltry 4 percent success rate.8
The National Cancer Institute fared no better in its Molecular Analysis for Therapy Choice (NCI-MATCH) trial.9 After mapping 795 cancer genomes, the NCI matched 2 percent to a targeted therapy—and not all those matched actually respond to treatment. Even at a highly optimistic response rate of 50 percent, this would constitute a 1 percent response rate to personalized cancer care, with an expected survival improvement measured in months. This was the state-of-the-art treatment in cancer genomic medicine in 2018, and it really sucked.
The poor results were not for lack of available medications. The Food and Drug Administration had been busy approving a cornucopia of new “genome-driven” cancer medications at an unprecedented pace. From 2006 to 2018, thirty-one new drugs for advanced or metastatic cancer were approved. Sounds pretty amazing. Almost three new drugs a year were being mainlined into the sickest cancer patients. Yet, despite so many new medications and the rapidly advancing technology of cancer genome sequencing, a 2018 study estimates that only a minuscule 4.9 percent of patients actually derived some benefit from genome-targeted treatment.10 Even after fifty years of intensive study, this paradigm of cancer fails more than 95 percent of people. Not good. How could so many “new” genomic medications deliver so few benefits?
One reason is that most “new” medicines are not new at all, but merely copycats of existing ones. Developing an innovative drug is hard work and carries substantial financial risk. Even highly effective drugs may fail due to unacceptable side effects. Copying existing drugs, rather than innovating new drugs, is a far more profitable strategy. If drug company A successfully develops a cancer drug that blocks gene target A, then at least five other drug companies will soon develop five other, almost identical drugs. To circumvent patent protection, they change a few molecules on a distant chemical side chain and call it a new drug. These copycat drugs carry almost no financial risk because they are virtually guaranteed to work.
Imagine that you sell children’s books. You could either write an original novel, or simply plagiarize the entire Harry Potter series but change the name of your hero to “Henry Potter.” Great novel? Yes. Makes money? Yes. Innovative? Not even a little. Hence the proliferation of drugs such as imatinib, nilotinib, and dasatinib, which are all basic variations on the same molecule. Instead of finding new genetic treatment, all those research dollars of the big pharmaceuticals just gave us some serious “more of the same.” Plagiarizing is a better corporate strategy than innovating. The benefits may be marginal, but the profits are maximal.
There are other ways to give the appearance of making progress. Of the many ways to game the system in medical research, using surrogate outcomes is one of the best.
SURROGATE OUTCOMES
Surrogate outcomes are results that, by themselves, are meaningless, but they predict outcomes we actually do care about. The danger of trusting surrogate outcomes is that they don’t always reflect the desired outcome accurately. For example, two heart drugs (encainide and flecainide) were widely prescribed because they reduced extra heartbeats (called ventricular ectopy) after a heart attack, a surrogate outcome for sudden cardiac death. But a proper clinical trial proved that these two drugs significantly increased the risk of sudden death.11 The drugs weren’t saving patient lives; they were ending them.
In cancer trials, progression-free survival (PFS) and response rate (RR) are two commonly used surrogates for the outcome we are most interested in, overall survival. PFS is measured as the time from treatment to disease progression, defined as a less than 20 percent increase in tumor size. Response rate (RR), in this scenario, would be the percentage of patients whose tumor shrinks more than 30 percent. In order to be useful, these surrogates must predict the clinical outcome—overall survival—but they don’t.12 The overwhelming majority of studies (82 percent) find the correlation between surrogate markers and overall survival to be low.13 Both PFS and RR are surrogate outcomes based entirely on reducing the size of a tumor, but surviving cancer depends almost entirely upon stopping metastasis, a fundamentally different beast (see Figure 9.1). Just because an outcome is easily measurable does not make it meaningful.
Figure 9.1
Size is only a single factor contributing to a tumor’s overall deadliness, and arguably, it is one of the least important. Cancer becomes more lethal when it mutates to become more aggressive or more likely to metastasize, and size-based surrogate outcomes like PFS and RR make little difference. Shrinking a tumor by 30 percent has virtually no effect on survival because of cancer’s uncanny ability to regrow.
Surgery is never done to remove 30 percent of the tumor mass, because that would be futile. Surgeons go to extraordinary lengths to make sure they “got it all,” because missing even a microscopic part of a tumor means that the cancer will definitely recur. While a minuscule 6 percent of drugs have reached this threshold of complete remission, from 2006 to 2018, fifty-nine oncology drugs were approved by the FDA on the basis of RR.
All these significant problems of using the cheaper but flawed surrogates for overall survival are well known. Before 1992, less than 3 percent of trials used surrogate outcomes. Then things changed. From 2009 to 2014, two thirds of FDA approvals came from trials using PFS as a surrogate outcome.14 For cancer drugs given the “breakthrough” designation, 96 percent relied on a surrogate end point.15 What happened?
In 1992, the FDA created an accelerated pathway that allowed approval based on surrogate outcomes. To compensate, drug manufacturers promised to conduct post-approval studies to confirm a drug’s benefit. Drug companies rushed to get drugs approved using these lowered goalposts,16 but confirmatory studies demonstrated that only 16 percent of drug approvals actually improved overall survival benefit. That means that 84 percent did not. If this were school, a 16 percent grade would not be an A or B, or even an F. It would be like submitting a term paper and receiving the grade H. It’s bad. Very bad.17
This reliance on surrogate outcomes has led to costly mistakes already. In 2008, the FDA approved the drug bevacizumab for metastatic breast cancer based on a 5.9-month improvement in PFS,18 even though overall survival was unchanged. Subsequent studies discovered reduced PFS, with no benefit to overall survival or quality of life, and substantial toxicity. The FDA withdrew approval for bevacizumab’s use in treating breast cancer in 2011.19
The cautionary tale provided by bevacizumab would be unheeded time and again. In 2012, the drug everolimus was approved for the treatment of metastatic breast cancer based primarily on surrogate outcome studies.20 By 2014, follow-up studies made clear that this drug provided no substantial benefits.21 In 2015, the drug palbociclib received approval for use in breast cancer, but once again, later studies failed to find any survival benefits.22 In the meantime, thousands of men and women suffered the devastation of holding out hope for a miracle cure, only to see it vanish before their eyes—their dreams of recovery slowly drained as surely as their bank accounts.
Surrogate outcomes allow earlier approval, which saves time. You would think this is a good thing for cancer patients, for whom time is precious. But how much time is actually saved? A modern cancer drug takes a median of 7.3 years to come to market,23 with 38 percent approved on the basis of RR and 34 percent on the basis of PFS. The use of surrogate outcomes generally saves an estimated total of eleven months of time. Is this time savings really worth an error rate of over 80 percent?
Five cancer drugs have already been approved through the accelerated program and then withdrawn when subsequent studies ultimately showed them to be useless. These drugs were marketed to a vulnerable public for 3.4 to 11.5 years.24 That’s shameful. Imagine that you sold your house to afford your cancer treatment, not knowing that the drug being hailed as the latest and greatest was literally useless. Worse, undergoing treatment with that drug meant that you weren’t able to receive treatments that might otherwise have had some benefit.
Despite the seventy-two “new” cancer medications approved between 2002 and 2014, the average drug extended life by only an average of 2.1 months.25 That’s only an average, and most drugs offered no survival benefits at all. The sobering reality of the poor performance of new cancer drugs26 is at striking odds with the public perception that the medical community is making leaps forward in the war against cancer.27 One study found that half the drugs hailed as “game changers” in the media hadn’t yet received FDA approval for use; 14 percent of these overhyped drugs had not even been tested in humans. Scientists have cured many thousands of rat cancers. Human cancers, though, not so much. Cancer research produces lots of publicity and excitement, but little actual advancement. Breakthroughs are heartbreakingly rare.
The ultimate goal of cancer treatment is to improve overall survival and quality of life. These patient-centered outcomes are hard to achieve and expensive to measure. To show benefits where none truly existed, you can politely move the goalposts by using surrogate end points.28 For a pharmaceutical company, a positive study means FDA approval, which means revenue. But many of the drugs in use are of limited effectiveness, so what is a pharmaceutical company left to do? Why, raise prices, of course!
RAISING PRICES
When it was launched in 2001, imatinib cost $26,400 per year. A steep price, to be sure, but it was truly a miracle drug and worth every penny. By 2003, its sales totaled $4.7 billion worldwide—a mega blockbuster generating huge, well-deserved returns for the drug developer. Prices (inflation adjusted) began to edge higher in 2005, rising by about 5 percent per year. By 2010, prices were soaring by 10 percent per year above inflation.29 Adding further to the bottom line, many, many more patients were living longer with their disease. This was a double bonanza for Big Pharma.
By 2016, a year’s worth of this miracle drug cost more than $120,000. By this time, the drug had already been on the market for fifteen years. That’s ancient history in medical science. It wasn’t cutting-edge stuff anymore; it was medical school stuff. The actual cost of manufacture, even after adding a 50 percent profit margin, is estimated at $216 a year.
When new competitors to imatinib emerged, prices should have dropped. But a strange thing happened: prices increased. Price competition is not nearly as profitable as price fixing and collusion, so prices continued their ascent into the stratosphere. Dasatinib, a copycat of imatinib, was priced higher than the drug it was trying to replace: it was an iPhone knockoff priced higher than a genuine iPhone.30 This exerted a strong pull on imatinib’s price: upward. Drug costs were limited only by what the payer (mostly the taxpayer) could bear.
Raising drug prices after launch is now commonplace. On average, inflation-adjusted prices rise 18 percent in the eight years after launch31 regardless of competition or efficacy. Imagine if Apple sold the original iPhone each year with no upgrades but raised the price annually by 18 percent—who would buy a new phone? No one. But cancer patients don’t have the luxury of making such a choice. As a result, price gouging is a routine part of today’s cancer landscape.
In the late 1990s, paclitaxel became the first blockbuster anticancer drug to reach $1 billion in sales.32 By 2017, a drug would need to rack up sales of $2.51 billion just to crack the top ten of oncology drugs.33 That is the reason that cancer medications took three of the top five spots on the list of the best-selling drugs of 2017.34
The top-selling drug of 2017 was Revlimid, a derivative of thalidomide, with sales of $8.19 billion. Such sales are easy to achieve when a drug costs in excess of $28,000 per month. Introduced in the late 1950s, thalidomide was notoriously prescribed for the treatment of morning sickness during pregnancy. Tragically, its use in pregnant women caused death and limb deformation in fetuses, and it was forced off the market in 1961. Thalidomide was reborn, though, in 1998, when it was approved for the treatment of leprosy and, more excitingly, multiple myeloma, a type of blood cancer.35
In the 1950s, the drug cost pennies. In 1998, the reborn thalidomide cost $6 per capsule. Only six years later, that price had risen almost fivefold, to $29 per capsule. The cost of making the drug is minuscule. In Brazil, a government lab sells it for $0.07 each.36 The average annual cost for a cancer drug prior to 2000 was less than $10,000. By 2005, this figure had reached between $30,000 and $50,000. In 2012, twelve of thirteen new cancer drugs approved were priced above $100,000 per year. That tenfold increase in twelve years is far in excess of reasonable.37
Combining the high prices of cancer medications with low efficacy means that the cost-effectiveness ratio is off-the-charts bad. A generally acceptable cost of one quality-adjusted life year (QALY) is $50,000.38 Cervical cancer screening has an estimated cost per QALY of less than $35,000.39 Imatinib was starting to push the limits, at $71,000. But regorafenib, used in the treatment of metastatic colorectal cancer,40 costs a staggering $900,000 per QALY.
Price is a reasonable heuristic for quality for most consumer goods. Expensive stuff is generally of higher quality. Nike shoes are generally more expensive and of higher quality than dollar-store shoes. This does not apply to cancer medicine, where a high-priced drug does not necessarily work better than a cheaper drug. Many expensive drugs may not even work at all.41 This is obviously a big problem when drug costs are the single largest cause of personal bankruptcy in the United States.42
LOSING THE WAR
Cancer paradigm 2.0 had hit rock bottom. Cancer was still undefeated, and the situation looked bleak. Millions of cancer research dollars over several decades produced an abundance of new drugs. Some are truly great, but most are marginally effective yet fantastically expensive. Benefits are borderline, toxicity is high, and cost is higher still. The drugs weren’t particularly useful, but they were particularly profitable. Lack of new drugs, the use of surrogate outcomes, and sky-high-but-still-rising prices: that’s how you lose the war on cancer. But the day is always darkest just before the dawn.
IT WAS THE English surgeon Stephen Paget (1855–1926) who first compared cancer to a seed. In 1889, he wrote, “[S]eeds are carried in all directions; but they can only live and grow if they fall on congenial soil.”1 Plants grow when the seed, the soil, and the conditions are amendable to growth. If any one component is off, the plant does not grow. Cancer cells, too, are seeds full of malignant potential; but without the appropriate soil, they rarely bloom.
Without a seed, a plant will not grow no matter the soil or the conditions. A viable seed planted in clay will not grow. A viable seed planted in the right soil will still not grow without adequate light and water. You must have the right seed, the right soil, and the right conditions (environment). Cancer, too, is a seed that flourishes in the right soil, under the right conditions. Unfortunately, cancer research up until this point has focused exhaustively and almost exclusively on the seed (gene mutations) while largely ignoring the soil and conditions.
Consider another example. Some of the best ice hockey players in the world come from Canada, and some of the best basketball players come from the United States. If we were looking only at the seed in each of these environments, we might hypothesize that Canadians and Americans possess genetically distinct attributes: one with a “hockey” gene and the other with a “basketball” gene. That’s obviously incorrect. The difference in skill and accomplishment is largely the result of different environments and cultures. Seeing a “soil” problem purely as a “seed” problem is a critical mistake.
The genetics of cervical cancer are far less important than the presence of the human papillomavirus (HPV). The genetics of lung cancer are far less important than exposure to cigarette smoke. The genetics of breast cancer are far less important than the lifestyle differences between Japan and America. The genetics of mesothelioma are far less important than the presence of asbestos in an environment. The genetics of stomach cancer are far less important than a positive test for H. pylori. The list, of course, goes on and on. So much of what we know about the etiology of cancer is derived from looking at soil problems, not seed problems.
And yet, the somatic mutation theory (SMT) focuses inward, on the “seed” problem. It is true that in certain rare cases, the seed is the most important factor in a cancer. The abnormal Philadelphia chromosome is the major cause of chronic myelogenous leukemia (CML). Fixing the genetic seed problem with imatinib largely cures the disease. It doesn’t much matter if patients smoke, get viral infections, or move from Japan to America. If you have the Philadelphia chromosome, you will likely get CML. Unfortunately, these types of cancer are exceptions, not the general rule. For most cancers, studying the seed alone does not help you understand why it grows.
If a Japanese woman moves to America, her risk of developing breast cancer roughly triples within two generations. The genetic seed is the same, but the soil is different. While the information is alarming, it is also empowering: it means that if we can understand what kind of soil breast cancer needs, we can potentially reduce the risk by one third simply by changing that environment, predominantly through modifications to diet and lifestyle. This is an incredible opportunity because it means that our genes are not our destiny.
EPIGENETICS
The emerging field dedicated to the study of how an environment can change an organism without alterations to its DNA is called epigenetics. The word epigenetics is derived from the Greek prefix epi-, which means “over” or “above.” Gene regulation occurs at the level above the DNA, hence the name epigenetics. Epigenetics is not concerned with the genetic changes or mutations encoded into the DNA, but how those genes are expressed or not.
Epigenetics affects the packaging of the genes rather than the genes themselves. The details of this process are outside the scope of this book, but the simple version is this: one of the main mechanisms of epigenetic changes is known as DNA methylation. Changes to the DNA methylation of tumor suppressor genes can silence those genes,2 which favors growth and cancer. This change to gene expression, and therefore risk of cancer, occurs without any genetic mutation.
Think of the sheet music for a song. The notes provide a blueprint, but you may attach crescendos, decrescendos, and other markers of how to play the song to alter it in a hundred ways. The very same written notes can produce very different songs. A Beatles song sounds completely different if sung by Aerosmith. In the case of genes, the DNA sequence of a gene provides the blueprints, but the environment can alter the expression of the genes in a hundred ways, without any change to the underlying blueprint. A gene mutation, however, is a permanent change, akin to inserting or deleting notes from the sheet music.
Many environmental factors, such as diet and exercise, can influence gene expression. Epigenetics upends the old dogma that the genetic code is the key determinant of cellular gene expression and function. The packaging of the gene may be as important as, or even more important than, the gene itself, and these epigenetic changes are predominantly influenced by environmental factors. This phenomenon obviously challenges the old SMT model, which focuses purely on gene mutations.
If the genes themselves are unchanged, then deciphering the underlying genetic code at great expense is of limited usefulness. By the time work on the Cancer Genome Atlas (TCGA) started, it was already well known that changes in DNA methylation are vital to the development of some cancers.3 A number of known carcinogens are considered to act through epigenetic pathways. In colon cancer, up to 10 percent of protein-coding genes are methylated differently from normal colon cells, emphasizing the role of epigenetics.4
This represents a huge shift from the SMT. Developing cancer depends upon both the intrinsic mutations and the extrinsic selection pressures of the environment in which that cancer grows. This does not minimize the importance of having the right seed, but instead enhances our understanding of cancer’s growth to include the soil. The environment exerts natural selection pressure on those “seeds” best suited to survive. A cancer may bloom or stay dormant depending upon the state of the body.
Figure 10.1
This new paradigm offers a more nuanced understanding of how cancer cells interact with their environment to produce clinically meaningful cancers. The environment selects certain seeds to thrive and others to wilt.5 What is driving that selection? That is the real question (see Figure 10.1).
DEVELOPING NEW PARADIGMS
In 2009, the National Cancer Institute (NCI), in an uncharacteristic move, reached out beyond the expected cadre of researchers to ask other scientists for help in the war on cancer. The call went out not to cancer biologists or cancer researchers, but to theoretical physicist Paul Davies and astrobiologist Charley Lineweaver. With no prior knowledge of cancer and, most important, no preconceived notions, these two would usher in the next chapter in our understanding of cancer.6
The NCI perceptively grasped that funding the same researchers gets you the same tired, and ultimately not very useful, answers. But physicists could offer an entirely new perspective on the cancer question, and perhaps move research in a more productive direction. Larry Nagahara, the NCI program director for this initiative, noted astutely that the questions a physicist would ask of cancer may help “shed light on how cancer develops as a disease.” If all the king’s horses and all the king’s men could not put Humpty Dumpty back together again, then perhaps it was time to ask for help from somebody other than the king’s men. The NCI funded twelve Physical Sciences–Oncology Centers with $15 million each to look into the question of cancer’s origins and treatment.
Why was it such a big deal to bring in scientists from other fields to study cancer? Doctors and medical researchers follow the dictums of “evidence-based medicine.” The status quo is considered to be fundamentally correct, and changing that understanding requires many peer-reviewed studies. Unfortunately, these studies often take decades and millions of dollars, so progress is glacial. Old paradigms of disease survive, even as patients die.
For example, in the 1960s, many people suspected that secondhand smoke caused the same diseases as smoking itself: lung disease and cancer. It was super obvious and logical. But without evidence from peer-reviewed studies, it was considered merely a hypothesis. So, decades of research and millions of dollars were needed to prove that secondhand smoke was indeed dangerous before some seemingly commonsense measures were enacted.
Smoking was not banned on airplanes until 1988. Smoking caused cancer, but for decades we allowed toxic, carcinogenic secondhand smoke to be circulated to all the passengers in an airplane. Restaurants had nonsmoking sections that, as if by magic, would protect patrons on the other side of the restaurant from the noxious smoke. That’s how evidence-based medicine works: vigorously defending the status quo against new ideas. Each step along the way, to the truth is paved with decades of bickering and demands to “see the evidence.” It would have been more sensible to force tobacco companies to prove that secondhand smoke was safe than to force medical researchers to prove that it was harmful. But because the status quo agreed that secondhand smoke was safe, it fell to the researchers to prove harm.
In nutrition, guidelines established in the 1970s advised Americans to severely restrict all dietary fat and to eat more carbohydrates. The original 1992 Food Guide Pyramid published by the U.S. Department of Agriculture (USDA) advised Americans to eat six to eleven servings every day from the bread, cereal, rice, and pasta group. The images used included pictures of such “healthy” foods as white bread, pasta, and crackers. The USDA also advised Americans to eat sparing amounts of foods such as avocados, salmon, nuts, and olive oil, due to misplaced fears about fat.
It would take decades before these whole, natural foods were considered acceptable and maybe even healthy—all because evidence-based medicine so vigorously defends the status quo. Even though the original dietary guidelines were drafted based on faulty scientific evidence, any change to them must be rigorously proven with multimillion-dollar studies. Since humans have been harmlessly eating avocados and olive oil for centuries, it would have been more sensible to force researchers to prove that traditional foods such as olive oil were harmful rather than prove they were safe.
Cancer medicine is no different. Once the genetic paradigm of the somatic mutation theory was established, it was considered sacrosanct. Even as damning evidence piled up against the SMT as a viable paradigm of cancer, researchers still clung to it like a drowning man clings to a life raft. Medical research insists that all new articles in scientific journals be reviewed by other scientists, who can demand changes before publication or refuse to publish outright. Radical new ideas are often rejected immediately, never seeing the light of day. Peer review is a search for consensus, which researchers presume is the truth. This ensures that old opinions hold and that new ideas are stifled.
Physics works differently. You may start with a classical theory like Newton’s three Laws of Motion, but when you find an anomaly, such as the wave-particle duality of light, then you must come up with a different theory to explain it. Even if you cannot prove the existence of quanta of energy, if the new theory explains the known facts and the anomalous findings better than the original theory, then it supplants it. Thus, a Swiss patent clerk (Albert Einstein) was able to find support for his radical theories of general and special relativity long before there was actual proof. Whereas physics is always evaluating new theories, medicine is always looking to reject them.
Physics also embraces the anomaly, because science moves forward only by explaining anomalies. The great American physicist Richard Feynman once said, “The thing that doesn’t fit is the thing that’s the most interesting; the part that doesn’t go according to what you expected.” Medicine, on the other hand, rejects anomalies. If the consensus is that cancer is caused by genetic mutations, any anomalous data can be conveniently ignored.
The process of peer review does not tolerate dissension. New theories are published only if a number of other scientists agree. In physics, your theory is good only if it explains the known observations. In medicine, your theory is good only if everybody else likes it, too. This explains the rapid pace of progress in the physical sciences and the glacial pace of medical research. Medical research works well when it is already on fundamentally the right track, such as with infections, but it fails when dealing with a disease such as cancer, whose etiology is completely unknown. This may be due to the high consequences of a failed theory in medicine, where the price is paid in lives lost.
Physics moves forward in gigantic leaps and bounds—in quanta, if you will. A single correct theory, such as Einstein’s relativity or Niels Bohr’s quantum theory, moves the entire field an incredible distance. Medical science, by contrast, laboriously moves a single step at a time. This is how we spent decades vilifying all forms of dietary fat before spending millions of research dollars to show that some natural fats, like nuts and olive oil, are good for us after all.
Even within medicine, there are occasional breakthroughs. In heart disease, new procedures, technology (e.g., pacemakers), and medicines have slowly reduced the cardiovascular death rate over the last sixty years. Cancer? Not so much. The world of technology rides a bullet train; the world of medicine moves at a crawl; but cancer remains standing still. This despite billions of research dollars spent every year, more “walks for cancer” than you could walk, and more pink ribbons than you could count.
In 2014, the renowned oncologist Robert Weinberg noted that even by the 1970s, cancer research had generated an enormous amount of data, “but there were essentially no insights into how the disease begins and progresses to its life-threatening conclusions.” As a result, Weinberg lamented that cancer research was held in “ill-disguised contempt” and that “one should never, ever confuse cancer research with science!”7
When he was called upon by the NCI, Dr. Paul Davies confessed that he possessed no prior knowledge of cancer. Good, said the NCI. That was exactly what they were looking for. Davies was interested primarily in astrobiology and had never really thought about cancer. This gave him the freedom to start with perhaps the two most basic questions: What is cancer? Why does it exist?
We had no satisfactory answers to these questions. What initiates the cancerous transformation of a cell? Why shouldn’t all cells turn into cancer? Cancer cells originate and mutate from our own cells. But under what environment?
An even more profound question about cancer’s origin had yet to be addressed: why can virtually every cell in the human body become cancerous? There are cancers of the lung, breast, stomach, colon, testicles, uterus, cervix, blood cells, heart, liver, and even fetuses. The ability to become cancerous is an innate capability of every cell in the body, almost without exception. Sure, some cells become cancer more frequently than others, but virtually no cell cannot become cancer. The oncogenes and tumor suppressor genes discovered so laboriously over the last quarter century are mutations of normal genes. Every single cell of our body contains the seed of cancer. Why?
This mystery goes deeper still. Cancer is not just a human disease. Davies noted that “What struck me from the outset is that something as pervasive and stubborn as cancer must be a deep part of the story of life itself. Sure enough, cancer is found in almost all multicellular organisms, suggesting its origins stretch back hundreds of millions of years.”8 Dogs get cancer. Cats get cancer. Rats get cancer. Even the most primitive multicellular organisms develop cancer. In 2014, cancer was discovered in two species of hydra. You may recall from high school biology class that hydra are simple, small aquatic organisms that evolved very early on from single-cell organisms.9
The origins of cancer are found at the origins of all multicellular life itself. This may have seemed obvious to a cancer outsider, but not to an insider with the curse of knowledge. “Cancer,” Davies astutely noted, “is very deeply embedded into the way multicellular life is done.”10
Cancer is older than humanity. Searching for the answers to cancer’s origin among the evolutionarily recent genes of humans is futile. The answers are simply not there. Cancer was something much older and more fundamental to life on earth than humanity.
Most medical researchers and doctors view cancers as some kind of crazy genetic mistake. But to the outsider Davies, the behavior of cancer cells seemed anything but berserk. Instead, cancer appeared to be a highly organized, systematic technique for survival. It’s no accident that cancer survives everything the body throws at it. It’s no accident that cancer survives everything modern medicine throws at it. It survives chemotherapy, the most devastating poisons in our pharmacopeia. It survives radiation. It survives our best surgical attempts. We’ve spent decades developing humanized antibodies with the most precise genetic weaponry ever seen—and still, cancer only laughs. That’s not random. It’s highly organized. We thought cancer was crazy, like the Joker, when it is actually more akin to Lex Luthor: wickedly smart.
Cancer must develop and coordinate many “superpowers” that allow it to survive. It grows. It is immortal. It moves around. It uses the Warburg effect. Did all these miraculous attributes precisely come together at the exact right place and the exact right time just as a freak accident?
That is as likely as throwing a pile of bricks into the air and having them land exactly in the form of a house. Further, how can such a freak accident happen to every cell in the body, in every multicellular organism known to exist? If something seems “stupid” but works (survives), then by its very definition, it’s not stupid. Yet we had viewed cancer as some kind of random collection of stupid genetic mistakes. Yes, there was stupidity going on, but it wasn’t the cancer’s.
The “preposterous reductionism” of looking only at the genetics of cancer had failed. We missed the forest for the trees, but a new paradigm was taking hold that would bring fresh new insights into the very origins of cancer.
The Origins of Life and the Origins of Cancer
ACCUSTOMED TO THINKING about life on other planets, cosmologist Paul Davies wondered how cancer fit into the story of life on Earth. Because cancer is as old as multicellular life itself, the origins of cancer, he reasoned, must lie in the origins of life.
So, let’s take a step back. How did life on Earth evolve?
Life on Earth began an estimated 3.8 billion years ago, perhaps 750 million years after Earth’s formation.1 Simple organic molecules may have formed spontaneously in Earth’s early atmosphere. Stanley Miller’s famous experiments in the 1950s showed that electrical discharges into a mixture of hydrogen, ammonia, and water that replicated the early atmosphere could produce simple amino acids. But these organic molecules were not yet cells.
The earliest cells were created when self-replicating molecules called ribonucleic acids (RNA) were enveloped in a membrane called a phospholipid bilayer, which is still the basis for all modern human cell membranes. This bilayer protected the RNA from the harsh outside environment, allowing self-replication. These early cells lived in a sea of nutrients, obtaining food and energy directly from their environment. As long as nutrients were available, they survived, but they were always on the edge of extinction.
The prime directive of life, even at this early stage of evolution, was to replicate. Reproduction demands growth, cellular energy generation, and the ability to move around to find more favorable environments. Even viruses, nonsentient pieces of nucleic acids that straddle the border of the definition of life, have a biological imperative to replicate. They may not be fully alive, but they are programmed to replicate and require a host cell’s help to do so.
Prokaryotes are the earliest and simplest organisms that evolved from the primordial soup. It took another 1 billion to 1.5 billion years to evolve the more complex eukaryotes that contained organizing features like a nucleus and organelles. The specialized nucleus carried all the genes necessary for reproduction. Organelles (literally, miniature organs) are subcellular structures that allow the compartmentalization necessary for specific functions such as protein production and energy generation.
The organelle called the mitochondrion generates energy for the cell. Unlike other organelles, mitochondria are believed to have originated as separate prokaryotic cells. As early eukaryotic cells became more complex, mitochondria discovered they could live inside these cells in a mutually beneficial relationship. Mitochondria were protected inside the cell, and in return, they generated energy in the form of adenosine triphosphate (ATP). This relationship evolved over time, and today, one cannot survive without the other. Mitochondria are present in all mammalian cells except for red blood cells.
The mitochondria contain their own distinct DNA, which reflects their origins as separate cells. Although the generation of ATP by oxidative phosphorylation (OxPhos) is considered their main function, mitochondria are also key regulators of apoptosis, a method of controlled cell death.
Early in planet Earth’s history, in the Proterozoic age, the atmosphere was largely devoid of oxygen, and most cells generated energy anaerobically (without oxygen). Earth’s atmosphere began to change with the rise of photosynthetic organisms. Energy from sunlight combined with carbon dioxide to give off oxygen as a waste product, which slowly accumulated in the atmosphere.
This was a big problem for the other early cells, as oxygen is toxic if not handled properly. Our body includes robust antioxidant defenses for precisely this reason. The mitochondria use this oxygen to their advantage by metabolizing glucose through OxPhos. This generated ATP more efficiently but also neutralized some of this toxic oxygen. As a result, present-day mammalian cells have functional pathways for both aerobic (OxPhos) and anaerobic (glycolysis) energy production, and the ratio can vary depending upon energy needs.
The transition from simple prokaryotic cells to the more complex eukaryotic cells, complete with specialized organelles and mitochondria, was a huge evolutionary jump. Protozoans (e.g., yeast) are simple, single-cell eukaryotic cells, but they are vastly more complex and larger than bacteria. All living creatures for the first half of the history of life on Earth were single-cell organisms. The next big evolutionary hurdle was multicellularity.
THE JUMP TO MULTICELLULARITY
Single-cell organisms are selfish creatures; they live, grow, breed, and pretty much do everything else by themselves. There is nobody for them to help out and nobody to help them. Their prime directive is their own survival and reproduction. To be successful, a single-cell organism competes with surrounding cells for resources. But cells working together have a huge advantage over cells working alone.
Multicell organisms evolved about 1.7 billion years ago, likely beginning as simple aggregates or colonies of single-cell eukaryotes. Over time, mutually beneficial collaboration between cells permitted specialization, which then led to true multicellular organisms. Specialization, division of labor, and intercellular communication made these organisms bigger, more complex, and more capable than simpler single-cell organisms. The human body contains more than two hundred types of these specialized cells, which are broadly classified into five categories: epithelial tissue, connective tissue, blood, nervous tissue, and muscle.
But this new complexity demanded new rules of multicellular cooperation. When grouped together, individual cells must learn to live and work together just as individual people in large cities do. A single-cell organism is like an individual living alone in the woods. He may do whatever he likes; nobody else is around to care. He can walk around naked all day if he wants. Multicell organisms are like large, densely populated cities. There must be rules to govern acceptable behaviors. A man walking around naked may be arrested. The needs of the many outweigh the needs of the individual. In return for the sacrifice of a few individual freedoms, societies allow specialization, division of labor, and communication. This increased complexity allows cities and nations to dominate their environment.
A multiperson city or a multicell organism prioritizes decisions to benefit the collective. In a city, some individuals die so that others benefit, such as soldiers, firefighters, and policemen. In a multicell organism, cells such as the white blood cells of the immune system may be sacrificed for the good of the many cells within the entire organism.
Cells must follow strict rules for cooperation and coordination if they are to live and work together. The priority for single-cell versus multicell organisms changes significantly. Single-cell organisms compete with other cells to benefit themselves. Multicell organisms cooperate with other cells to benefit the entire collective of cells that make up the organism.
Multicell organisms compete with other organisms for food, but at a cellular level, all the cells within that organism cooperate (see Figure 11.1).
Figure 11.1
These cell-level differences between single-cell and multicell organisms manifest in several important ways: growth, immortality, movement, and glycolysis.
Growth
Single-cell organisms grow and replicate at all costs. That is their entire purpose in life, and their default state. A bacterium in a Petri dish or yeast in a slice of bread never stops trying to grow and reproduce. It does not stop until resources run out.
By contrast, multicellular organisms impose tight control over growth using genes that promote growth (oncogenes) and genes that suppress it (tumor suppressor genes). Cells may grow only when they are told—in the right place and at the right time. A liver cell cannot grow on the tip of your nose. Also, liver cells cannot grow to the size of a refrigerator; this would impact the lung, living right next door. Good fences make good neighbors. This ensures the well-being of the entire organism, not the individual cell.
Similarly, the single person and the multiperson city differ substantially in their approach to growth. The lone survivalist in the woods faces no restrictions on growth. He may build his house as large as he wants, and wherever he wants. Growth is generally good. Cities, by contrast, impose tight control over growth. You cannot simply build a shed on your neighbor’s property. There are rules that ensure cooperation. Growth is generally bad because there is limited space available. If you grow, it will be at your neighbor’s expense. Growth of the whole city is good, but growth of the people within that city is bad if the city itself is not expanding.
Immortality
Single-cell organisms are immortal because they can replicate infinitely. There is no limit to how many times a single-cell organism like yeast can divide. For example, there are sourdough yeast starters that are more than a hundred years old that are still used to make bread.2 The yeast grows and replicates indefinitely as long as conditions are right. The yeast line is immortal.
Cell lines in a multicellular organism are not allowed to live forever. Each time they replicate, their telomeres get a little shorter, and when they are at a critical length, the cells can no longer divide. At that point, the cell line has reached senescence. Decrepit cells that have divided too many times are condemned to die through apoptosis. Once they have outlived their useful lives, they are removed for the good of the organism.
A lone survivalist in the woods may keep his house as long as he wants, even if the roof leaks and the walls are about to fall down. In a city, when houses get too old, they are condemned and destroyed so that other people do not get hurt. The needs of the many take precedence over the needs of the individual.
Movement
Movement is the natural state of single-cell organisms. They have no particular obligation to stay in any specific place. They move around to find the most favorable environment. Bacteria have evolved to move in many spectacular ways. Some bacteria use an organelle called a flagellum, a long structure that acts much like a propeller. Other bacteria use twitching and gliding movements made possible by an organelle called a Type IV pilus.
Single-cell organisms also take advantage of passive movement. For example, when conditions are unfavorable, yeast enters a dormant state called a spore, which can be picked up and scattered by the wind. Some will find a favorable growth environment, reactivate, and bloom. Others will not, and will continue to lie dormant. Baker’s yeast, for example, may stay in the little plastic packet for years and still reactivate when placed in warm water.
Movement is particularly advantageous to single-cell organisms’ survival because they depend so heavily on their environment to provide for their needs. Yeast that stays in the same location for too long may exhaust its resources and perish. Being able to move means it can find more abundant resources elsewhere to thrive and reproduce.
By contrast, multicellular organisms must ensure that their cells remain anchored to their proper location and don’t move around. Cells interact and depend on one another, so they must be in the right place at the right time. The liver depends upon the lung cell to gather oxygen, and the rest of the body depends on the liver to detoxify the blood. For this to work, everybody must be in the right position. The lung cell can’t just hop into the bloodstream and take a ride downtown to hang out with the liver. Multicellular organisms have evolved complex systems called adhesion molecules to attach cells to their proper position.
The default state of single-cell organisms is movement, and the default state of cells with a multicell organism is staying put (stasis). Movement occurs at the level of the entire organism, not at the level of the individual cell. Organisms move around, but the cells within that organism do not.
A man living alone in the wilderness may move around wherever he wants. If conditions are good in one spot, he may stay. If not, he may move to a better location. Early human tribes were often nomadic, roaming the countryside looking for food and evading enemies. But a man living in New York City cannot simply move wherever he wants. He can’t just walk into another person’s house. This is one of the many rules of living in a society.
Glycolysis
Energy generation evolved in three stages: glycolysis, photosynthesis, and oxidative metabolism.
Earth’s early atmosphere was largely devoid of oxygen (anaerobic conditions), and thus the earliest evolved form of energy generation was glycolysis. This process breaks down a glucose molecule for two ATP and two lactic acid molecules and does not require oxygen. All modern human cells have the capacity to undergo glycolysis.
The next major evolutionary step in energy conversion was photosynthesis, which arose approximately three billion years ago. Proliferation of photosynthetic bacteria caused rising atmospheric accumulation of oxygen.
The increased availability of oxygen set the stage for the evolution of the third major type of energy generation: oxidative phosphorylation, or OxPhos, using the mitochondrion. OxPhos burns glucose with oxygen to provide thirty-six ATP per glucose, a massive upgrade from the two ATP produced by glycolysis. OxPhos is almost universally used in modern human cells when oxygen is available. While most single-cell organisms use the more primitive glycolysis, most eukaryotic cells use OxPhos.
So, to summarize, single-cell organisms differ from multicell organisms by these following four main characteristics:
Does this list look familiar? It should; this is precisely the same list of attributes that make up the four hallmarks of cancer! (See Figure 11.2.) Surely this is not a coincidence. The hallmarks of cancer are also the hallmarks of unicellularity. Cancers are derived from cells that are part of a multicellular organism, but their behavior closely resembles that of a single-cell organism.
Figure 11.2
Cancer cells differ from normal cells precisely in the way that single-cell organisms differ from cells within a multicell organism. It’s like the answer to a college SAT question: cancer cells are to normal cells as single-cell organisms are to cells in a multicell organism. Considered from this vantage, we can see even more similarities between cancer cells and single-cell organisms.
SPECIALIZATION
A person living alone in the forest must perform all the tasks of survival: gathering food, hunting, protecting himself, sewing clothes, etc. He does not live long if his only skill is performing tax audits. A society enables people to specialize: farmers, hunters, bakers, merchants, etc. Cooperation and coordination permit greater efficiency, and this increased complexity eventually allowed humans to reach outer space, build supercomputers, and conquer the atom. But these benefits of specialization come at the cost of other functions.
Single-cell organisms can rely on only themselves to perform all the functions necessary for life, and therefore cannot specialize to perform a single function. Microscopic descriptions of cancer cells characterize them as primitive or dedifferentiated (less specialized). As cancer progresses, cells become more primitive in appearance, with progressive loss of “higher” specialized functions. The term anaplasia—derived from the Greek ana, meaning “backward,” and plasis, meaning “formation”—is often applied to cancerous cells. Cancer cells seem to be moving backward in evolution.
This is most obvious in blood cancers such as acute myelogenous leukemia (AML). Normal bone marrow produces immature white and red blood cells called blasts. When mature, they are released into the bloodstream. These blasts normally constitute less than 5 percent of the bone marrow and are not found in the bloodstream. AML is defined by the presence of more than 20 percent of these immature blast cells in the bone marrow. They are often also found in the bloodstream, an ominous sign. Cancerous progression is the move toward less developed, more primitive, and less specialized cellular forms.
Cancer shifts away from specialized function and toward pure reproduction and growth. Normal breast cells are specialized to make milk when needed. A breast cancer cell, for its part, is not primarily concerned with milk production, but with growth of more breast cancer cells. A colon cancer cell no longer concerns itself with absorption of nutrients, but is concerned mainly with its own growth and replication.
By contrast, multicellularity allows division of labor and specialization in structure and function. This increased size and complexity allow it to dominate its environment. Liver cells are specialized to function with much higher efficiency. But they become so specialized that they cannot survive alone. You can put some bacteria on the ground, and they may flourish. But put a piece of liver onto the ground, and it will certainly die.
AUTONOMY
The lone survivalist in the woods has complete autonomy. The man who lives in New York City must follow many rules and laws. He must pay his taxes. He must follow his condominium’s code of conduct. He must adhere to societal norms.
Single-cell organisms are their own boss, with complete autonomy. Cancer cells are the same; they do not follow the rules. Breast cancer cells will not respect the borders of the breast, but will metastasize to other organs. Breast cancer cells do not respond to orders from the brain or hormones or any of the other normal controlling methods the body uses. Breast cancer cells grow for their own good, not the good of the organism.
In multicellular organisms, individual cells must do exactly as they are told. Hormones carry detailed instructions on what to do. If the hormone insulin is high, then cells cannot refuse entry to glucose. They have no autonomy. Cells have no existence outside the whole organism. Your lung doesn’t rummage around in the refrigerator at night. We don’t stop to say hi to our neighbor’s liver while out walking the dog. You don’t yell at your kidney to put the toilet seat down.
HOST DESTRUCTION
The lone survivalist may or may not care for his surrounding environment. He may dump garbage in the river, to be carried away and become somebody else’s problem. A city, however, carefully regulates the local environment. Garbage must be deposited in certain places. You do not drive on your neighbor’s carefully manicured lawn.
Single-cell organisms take no responsibility for the environment around them. A yeast will do whatever it can to kill its bacterial neighbors, because they are competition for food and other resources. Sir Alexander Fleming observed the penicillium mold secrete a substance that killed all surrounding bacteria. This led to the discovery of the world’s first modern antibiotic, penicillin.
Cancer cells, like unicellular organisms, are locally destructive. A cancer will grow at the expense of its neighbors, destroying any surrounding tissue. The worse it is for its neighbors, the better it probably is for the cancer. Cancer is the guy who deliberately drives his pickup truck over his neighbor’s lawn. Competition can involve making yourself better or making your competitors worse. Both strategies work. Welcome to the jungle.
As in a society, cells in a multicellular organism must be good neighbors. Multicellular organisms must maintain the extracellular environment (called the extracellular matrix) so as not to harm their neighbors. Normal liver cells, for example, cannot simply dump their waste next door into the lung’s backyard. Normal breast cells can’t start destroying neighboring skin cells.
EXPONENTIAL GROWTH
Single-cell organisms grow by dividing into two daughter cells. With sufficient resources, the population doubles with each generation, resulting in very rapid exponential growth. This exponential growth is typical of cancer but not of cells in multicellular animals. The adult liver, for example stays roughly the same size because the millions of new liver cells being created are balanced by an equal number of dying cells. As noted previously, multicell organisms maintain tight control over growth, not allowing unbridled population expansion.
INVASION INTO NOVEL ENVIRONMENTS
Single-cell organisms often invade and exploit new environments in their unending search for more food. Yeast mold growing on a slice of bread will continue spreading until it covers the entire slice.
Cancer, like single-cell organisms, invades everywhere and can colonize new environments in the process of metastasis. Breast cancer cells can survive in the liver. Lung cancer cells can survive in the brain. Infections, too, are often said to metastasize. An infection may start in the kidneys, spread through the bloodstream, and infect the heart valves. These metastatic infections are commonly lethal, too.
Cells within multicellular organisms maintain clear boundaries; they cannot survive outside their designated areas. A normal breast cell cannot survive in the liver, a completely foreign environment. A lung cell cannot survive in the brain.
COMPETITION FOR RESOURCES
Single-cell organisms compete vigorously for resources. It’s every bacterium for itself. Cells that grab enough food will survive to reproduce. Those that do not will die. Cancer similarly competes for resources directly, with no thought for the ultimate good of anybody else. A cancer cell will use all the glucose it can, even if it must deprive normal cells. Cancer patients often lose extreme amounts of muscle and fat, as the cancer gorges itself. This process, common in most advanced cancers, is called cancer cachexia.
Cells in multicellular organisms do not directly compete with one another for resources such as glucose. When resources are scarce, there are clear rules for division. For example, during times of starvation, menstruation and reproductive ability are suspended, hair production slows, and fingernails become brittle. Scarce resources are directed toward survival of the organism, and some individual cells may be sacrificed. Relatively superfluous cells undergo apoptosis.
GENOMIC INSTABILITY
Genetic variation allows a species to evolve and survive in unpredictable environments. Single-cell organisms reproduce asexually, splitting into two daughter cells that are genetically identical to the parent. If the genes are reproduced with 100 percent fidelity, there will be no genetic variation whatsoever. To create genetic diversity, single-cell organisms must mutate.
Microorganisms often elevate their rate of genetic mutation in response to stress using complex mechanisms such as aneuploidy,3 slipped-strand mispairing, polymerase slippage, gene amplification, deregulation of mismatch repair, and recombination between imprecise homologies.4 These processes sound complex because they are. The point is that necessity is the mother of invention: single-cell organisms find ways to increase mutation rates when needed.
Cancer, as has been painstakingly noted, is also full of genetic mutations. Cancer can mutate its genes better than almost anything else in existence. Gene mutation is one of the hallmarks of cancer, a foundational ability that makes cancer . . . well, cancer. For single-cell organisms, and cancer cells, the ability to mutate is a good thing; for multicellular organisms, it is a bad thing.
Multicellular organisms produce genetic variation by reproducing sexually, which mixes parental genes, but even when different sets of genes are combined, genomic stability is favored. Cells are so highly interdependent that a mutation in one cell will usually adversely affect another. If a lung cell mutates and no longer functions, it will adversely affect the rest of the body. A mutation in one hormonal pathway will likely impair another and have a domino effect. Thus, multicellular organisms evolved DNA-repair mechanisms to slow this natural mutation rate.
Mutations allow unicellular organisms to develop genetic variation to deal with environmental instability. Cells in a multicellular organism don’t need to deal with environmental instability, because conditions are held relatively static. The ionic composition of the surrounding fluid is held within very tight limits. Body temperature is relatively constant (see Figure 11.3).
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This paradigm of cancer as an invasive protozoan explains why cancer resembles an infection much more closely than other human diseases such as heart disease.
THE EVOLUTIONARY PARADIGM
Cancer originates from cells of a multicell organism, but it behaves precisely as a single-cell organism. This is a spectacular and novel finding. At long last, we have a new answer to the age-old question: what is cancer? The conventional answer from cancer paradigm 2.0 had long been that cancer is a cell with randomly accumulated genetic mutations. But Davies and others saw that the origins of cancer lie in the origins of life itself. Cancer is, improbably, a single-cell organism. Multicellular life is about cooperation. Unicellular life is about competition (see Figure 11.4). This type of throwback to an earlier ancestral phenotype is called an atavism, the default to an earlier version, or the return to an evolutionary past.
Human civilization has evolved from small groups of individuals competing with one another to large societies working together. This increased size, complexity, and specialization allow cities to dominate. Similarly, life on earth has evolved from unicellularity to multicellularity. The increased size, complexity, and specialization allow multicell organisms (such as humans) to dominate (see Figure 11.5). Cancer is like the postapocalyptic world of Mad Max, where small bands of people fight one another for resources.
Figure 11.5
The city dweller and the lone survivalist in the woods may appear to be completely different, but really, they are similar, just facing different situations. In the woods, people compete. In the city, people cooperate. But what happens in a city when law and order break down? The city dweller acts more and more like the survivalist. The problem is not only the seed; it’s also the soil.
Cancer is the breakdown of multicellular cooperation. Cancerous transformation happens when a cell in a well-functioning society acts like a single-cell organism. Just as a city has laws in place, normal cells have strong anticancer mechanisms, which include the cells of the immune system. When these are overwhelmed and the rules of cellular cooperation break down, cells must revert to their original programming. As it stops following the rules, cancer will prioritize only its own survival.
Without cooperation, you compete or you die. This reversion toward unicellularity has devastating results for the organism. Because all multicellular life evolved from unicellular organisms, all multicellular life contains the basic pathways needed for cancer. The seeds of cancer are therefore contained within every cell of every multicellular animal. The origins of cancer lie in the origins of multicellular life on earth itself.
But how did that cell, originally part of the multicellular community, change its behavior to that of a single-cell organism? Only one force in the biological universe has that power.
Evolution.
CHARLES DARWIN, STUDYING animals in the idyllic Galápagos, documented his history-making theory of evolution by natural selection in his 1859 book On the Origin of Species. According to legend, Darwin noticed that the shape and size of the beak of what he presumed to be a finch—it may actually have been a tanager—varied according to the bird’s food source. Some birds had long, pointy beaks that were great for eating fruit, and other birds had shorter, thicker beaks that were great for eating seeds off the ground. Darwin reasoned that it could not be simply a coincidence that the pointy-beaked birds were common where fruits were plentiful and the thicker-beaked birds were common where seeds were plentiful.
He considered another bird, which he identified as the domesticated pigeon but which may actually have been a rock dove. In the 1800s, pigeon fanciers bred these birds for specific attributes. A pigeon breeder who wanted a white pigeon would breed together only those pigeons with very light coloration over many generations. Eventually, the result was a pure white pigeon. If a pigeon breeder wanted a bird with huge feathers, he selectively bred together birds with the biggest feathers over many generations. Artificial selection eventually produced a bird with the desired feature. It is not necessary to know the specific gene mutations desired, only the criteria for selection.
Artificial selection has been used for thousands of years. To produce dairy cows, the most prolific milk-producing cows were bred together over many generations. The other cows became beef stew. Eventually, you got a Holstein cow (the one with the familiar black-and-white-spotted pattern), which can produce upward of thirty liters of milk per day. Different genetic mutations can produce the same result. The Brown Swiss cow is also a great dairy cow but has completely different genetics from Holstein’s. These genetic variants are not random mutations, but were created with a specific target in mind: milk production.
Darwin reasoned that the same selection process was happening in the Galápagos finches. Instead of artificial, man-made selection for specific traits, he postulated that there was a natural selection process. Areas with plenty of fruit favored the survival of birds with longer beaks. When bred together, these birds with longer beaks produced more long-beaked birds.
Long, pointy beaks were not the result of random genetic mutation (the seed), but of the environmental condition (the soil): plenty of fruit allowed for pointy-beak mutations, out of all possible beak configurations, to flourish. The opposite happens if the main food source is seeds—in which case, short beaks confer an advantage to the birds.
Changes in a population through selection, whether artificial or natural, have two prerequisites: genetic diversity and selective pressure. If every bird had the same beak or every cow produced the same amount of milk, evolution through natural selection would not be possible, because all choices would be identical. There is no natural advantage or disadvantage. Natural selection explains the process by which certain traits appear or disappear. The environment exerts selective pressure to determine which genetic changes are most favorable for survival. The soil determines which seeds will flourish. The somatic mutation theory suggested that cancer cells were genetically monotonous and that mutations accumulated randomly, rather than through any selection process. These assumptions could not have been more incorrect.
INTRATUMORAL HETEROGENEITY
Does cancer contain the necessary genetic diversity to allow evolution? The answer is a resounding yes, as shown by the Cancer Genome Atlas. Significant genetic variation exists even within a single tumor mass; this is called intratumoral heterogeneity (ITH). The prefix intra means “within,” and heterogeneity means “the state of being diverse,” so ITH refers to the startling diversity of genetic mutations found within a single cancer mass, or tumor.1
Tumors that shared many similar characteristics (hallmarks) differed tremendously when seen on a genetic scale.2 Even within the same patient, different sites of a single tumor exhibited vastly differing genetic mutations.3 For example, in a 2012 study, researchers biopsied a single cancer from a single patient. Nine samples from the primary tumor and three from various metastatic sites in the same patient’s body were genetically sequenced and compared. Where the SMT had predicted 100 percent genetic concordance, the truth was quite different: only 37 percent of somatic mutations were shared. Cancer is not a single genetic clone; instead, it contains multiple diverse subclones.
Most cancers harbor a dominant clone that comprises more than 50 percent of the tumor, with the remainder containing multiple genetically diverse subclonal populations. Sometimes there are incredible genetic differences between cancer cells within a single tumor. In one case study, the dominant clone differed from a subclone by 15,600 genetic mutations!4
Tumors are genetically diverse through space, but also over time.5 New mutations are constantly springing up, while other mutations are dying. One study compared the genome of a recurrent metastatic breast cancer to its original genome taken nine years before. There were nineteen new mutations in the metastasis that were not present in the original tumor.6 The genetic diversity of ITH is a key enabler of tumor evolution, allowing natural selection to proceed through branched-chain evolution.
BRANCHED-CHAIN EVOLUTION
How does tumor evolution proceed? The SMT proposed that cancer evolved linearly. Cancer cells added mutations one at a time, until the cells acquired all the hallmarks needed to become cancer. This theory predicted that a single disruption, such as a drug or engineered antibody, could break the entire chain and cure cancer. A fantastic story, but now known to be wrong for most common cancers.
Instead of linear evolution, ITH permits the more robust process of branched-chain evolution. Cancer does not evolve along a single chain but along multiple tracks, much like a tree grows by sending out multiple branches. An obstacle to one branch does not block the tree’s overall development because other branches more advantageously situated will continue to grow (see Figure 12.1).
Consider a tree growing near a fence. If the tree had only a single branch, it would stop growing upon hitting the wooden fence. But because the tree has multiple branches, it grows through the fence almost unimpeded by finding and exploiting openings in it. Most species evolve in a similar manner. For example, Darwin’s finches had every sort of beak; in some situations the long beak is favored, and in other situations the short beak is favored.
Figure 12.1
Cancer is also now known to follow branched-chain evolution. Figure 12.2 illustrates how ITH and branched-chain evolution allow greater survival. When cancer encounters an obstacle—for example, the administration of chemotherapy that kills 99 percent of cancer cells—only a single subclone of cancer need survive in order to repopulate the tumor and allow the evolutionary process to continue. A tree with multiple branches needs only a single hole to grow through a fence.
Figure 12.2: Genetic heterogeneity and branched-chain evolution of cancer cells allow cancer to adapt to obstacles.
Recent research has been able to follow the evolutionary changes in a cancer patient. Figure 12.3 illustrates how it is possible to map the genetic mutations of a single cancer and its evolution over time. The specific mutations are not as important as noting how cancer mutations evolve like the branches of a tree.
From normal tissue, all cancer cells begin with a single common mutation. The SMT assumed that this single mutation was the extent of cancer’s deviation from normal tissue. But it was only the start of the cancerous transformation, not the end. New cancer mutations branched off from the main stem, and over time, more and more new branches evolved.7 When the cancer encounters a problem that impedes its growth, one of its many different subclones may provide a solution. That subclone may continue proliferating to become dominant, and the overall tumor continues its growth. The obstacle, then, acts as selective pressure.
M. Gerlinger et al., “Intratumor Heterogeneity and Branched Evolution Revealed by Multiregion Sequencing,” New England Journal of Medicine 366 (2012): 883–92.
Figure 12.3: Cancer evolution over time shows evidence of branched-chain evolution.
THERAPEUTIC IMPLICATION
The recognition that cancer continually evolves through both time and space via branched-chain evolution was a major break from the preceding decades of cancer orthodoxy. This has two major implications for cancer treatment and explains much of the lack of progress in oncology.
First, most cancers share only a minority of genetic mutations throughout their genome. Therefore, a single drug that targets a single mutation is unlikely to successfully treat the entire tumor. The dream of targeted, personalized medicine to shut down the one or two mutations of cancer was now well and truly dead.
There were exceptions, to be sure. Targeted medicine worked spectacularly well in chronic myelogenous leukemia and in HER2/neu-positive breast cancer. But with most cancers containing hundreds of mutations, this strategy could not work. Dozens of different drugs would be required for each genetically distinct site of cancer, including the metastatic sites.
Think about a tree. You can cut it down with a single ax blow aimed at the trunk, but it’s difficult to chop through it. If you remove side branches, you won’t likely impede the tree’s overall growth, because you are pruning the tree rather than cutting it down. Cancer is the same. The trunk is usually too tough to cut, and targeting hundreds of small side branches is inefficient.
The logistics of targeting multiple mutations is daunting. A single biopsy of a tumor will miss the majority of genetic abnormalities. Even if you knew all the mutations present, it would require tens or hundreds of drugs in combination to affect all the branches. The idea of “precision” chemotherapy was based on an erroneous assumption of linear evolution. Whereas heterogeneity is dynamic and evolves over time and space, our treatments are static.
The research produced by the fifty-year-old war on cancer had catalogued millions of possible ways that genes mutated, with the misguided hope that this information would lead us to a cure. It has not come close. Targeting a single mutation when cancer has hundreds of them is not a fruitful strategy.
The most widely mutated gene in human cancers, defective in approximately 50 percent of them,8 is called p53, and it was discovered in 1979. It is sometimes called the “guardian of the genome” because of its importance in maintaining genomic stability. Any form of DNA damage, as might be caused by toxins, viruses, or radiation, activates the p53 gene. If the damage is minimal, p53 will simply repair the damaged DNA. However, if the damage is too severe, then p53 hits the kill switch and activates the apoptosis protocol, thus guarding the genome against defective cells.
Since p53’s discovery, approximately 65,000 scientific papers have been published about this gene alone. At a conservative cost of $100,000 per paper—incidentally, this is likely way, way too low—this research effort cost $6.5 billion. That’s “billion” with a capital B. Since 1979, an estimated seventy-five million people have developed p53-related cancers. What do we have to show for this enormous cost, both in dollars and human suffering? The grand total of p53-based treatments approved by the FDA in 2019 is zero. Yes, zero. Why is it so hard to find a good treatment? So far, 18,000 different mutations of this gene have been identified.
In addition, branched-chain evolution allows cancer to develop drug resistance, a phenomenon commonly seen in bacterial infections. A genetically diverse population of bacteria adapts to antibiotic use by developing resistance. The first time an antibiotic is used, most bacteria are killed. Eventually, a rare mutation allows one bacterium to live. It thrives because the other bacteria have died, and there is no competition. So, another infection begins, but this time, the bacteria are resistant to antibiotics. Cancer behaves like an invasive protozoan, often becoming resistant to chemotherapy, radiation, and hormonal-based—and even the newer gene-based—treatments.
ITH and branched-chain evolution are potent survival mechanisms found in almost all life on earth. Together, they allow adaptation to new environments. This explains the extraordinarily high failure rate in drug development; cancer drugs fail almost three times as often compared to drugs developed to combat other diseases.9
Branched-chain evolution provides a conceptual framework for understanding cancer therapy. To be successful, you must go big or go home. Going big by attacking the “trunk” mutations is likely to be effective but difficult. On rare occasions, we are able to find a treatment that can cut down the trunk, such as imatinib or trastuzumab. Here, a single snip of the chain is all that is needed to reverse the disease.
Another successful strategy is to overwhelm the cancer with multiple different treatments. This involves the simultaneous use of multiple chemotherapies (drugs) and multiple modalities such as surgery and radiation. And sometimes this treatment works well. Many leukemias and other childhood cancers are cured by combination chemotherapy. One of the earliest breakthroughs in chemotherapy was the combination of multiple agents into a single regimen. Today, few chemotherapy drugs are given alone. Instead, three or four drugs are given together in precise regimens.
This is the same strategy used for some infections. Because both infections and cancers behave like single-cell organisms, the similarities are not coincidences. Tuberculosis, caused by a slow-growing bacterium, requires several antibiotics given simultaneously. If you can kill 100 percent of the microbes, then resistance has no chance to develop.
The genetically nimble cancer is constantly evolving. A static gene-targeted treatment is easily outmaneuvered. Cancer plays chess, an ever-changing, constantly evolving, strategic game. Using a single targeted genetic treatment is like relying upon a single set move at a single set time. It will almost always fail.
Cancer had always been considered a single genetic clone, so evolutionary processes were considered irrelevant. But the realization that cancers evolve was electrifying. For the first time in decades, we had a new understanding of how cancer develops. The entire field of science known as evolutionary biology could now be applied to understand and explain why cancer develops mutations.
Cancers are constantly evolving, meaning that they are moving, not static, targets. The key to hitting a moving target is knowing the driving forces behind it, so the key to hitting cancer is knowing the driving forces behind those mutations. What are those selective pressures?
SELECTIVE PRESSURE
Cancer’s deep evolutionary roots run way past the origins of mankind, right back to the origin of multicellular life on earth. So, what is cancer? The simple answer is this: Cancer is a unicellular organism, but in order to transform itself from a normal cell in a “society” with rules for cooperation to a unicellular existence, it had to undergo hundreds or thousands of genetic mutations. The next question to answer is: what guided the selection of these mutations?
The somatic mutation theory assumed that cancer was simply a collection of random genetic mistakes. But cancerous transformation is clearly not random. Instead, cells evolve toward a clearly defined destination, unicellularity, with the resolute purpose and tenacity of a bloodhound. Cancer cannot exist outside the host and is not transmissible; a highly successful cancer kills its own host and ultimately kills itself in the process. The more lethal the cancer, the more suicidal it is. But why does cancer evolve toward a form that will ultimately kill itself?
The principles of evolutionary biology offer insight. First, cancer behaves like a unicellular animal. Bacteria grown in a Petri dish will continue to grow until the food runs out. They make no effort to reduce growth in response to the obviously depleting food resources because each individual cell is concerned about only its own growth at that time. Grow until the food is gone, and then die. This is precisely the same growth pattern seen in cancer, which continues to grow until the host organism dies. At that point, the cancer must also die.
Second, cancer largely strikes older adults, long after the reproductive phase of life. Genes that increase cancer risk are still passed on to the next generation. For example, the BRCA1 gene significantly increases the risk of both breast and ovarian cancer. The average age of diagnosis of breast cancer is 42.8 years, often after a woman has had children. Thus, despite the lethality of cancer, the BRCA1 gene is passed on, and persists in the population.10
Cancer differs from other genetic diseases because it evolves. Sickle cell anemia, for example, is caused by a genetic mutation that is identical in all cases and stable over time and space. Cancer cells have mutations that change constantly—from person to person, and even within the same person over time. But if cancers are constantly and independently mutating, then how did they end up so similar, sharing all the same hallmarks? There are two possibilities: convergent evolution and atavism.
CONVERGENT EVOLUTION
Under similar environmental conditions, animals may independently evolve similar advantageous features in a phenomenon known as convergent evolution. For example, the flying squirrels of Australia and North America are genetically unrelated yet almost identical in appearance. These animals evolved similar features because they both faced the same natural selection pressures. Squirrels on both continents face ground predators, and winglike appendages that allow them to glide from tree to tree confer a huge advantage to survival. The two unrelated species converged upon the same solution: gliding.
Developing winglike flaps of skin requires significant genetic changes. If you were to ask, “Why did these squirrels develop gliding ability?” the answer could be genetic mutation. However, this is only the proximate cause. Ultimately, the environment selects the gene mutations that allow gliding. The genes of the two species are vastly different, but the mutations converged upon a similar phenotype, hence the name “convergent evolution.” This forward evolution adds new abilities to the squirrels’ existing frame—in this case, the ability to glide.
So, let’s get back to cancer. Is this a case of convergent evolution? Every case of cancer in history must independently reinvent the wheel by adding new hallmarks in a stepwise manner. There is an infinite number of possible new mutations. Starting with a normal genome, the burgeoning cancer adds new mutations—to grow, to become immortal, to move, and to use the Warburg effect—step by step, until it becomes a full-fledged cancer.
But if each of the millions of cancers in history are evolving independently, how can they be so similar? It cannot be the environments, because they are utterly different. The lung is completely different from the breast, which is completely different from the prostate. How can every cancer look indistinguishable at a microscopic level whether from a Japanese man in 1920 or an American woman in 2020?
Figure 12.4: Forward evolution of cancer—sequential addition of mutations.
Consider the evolution of the domesticated dog. From the ancestral wolf pup, we now have hundreds of different dog breeds. Some are large. Some are small. Some have no hair. Some have too much hair. Some are friendly. Some are aloof. But they all descended from a wolf. Dogs differ by hundreds of mutations and look completely different. A colon cancer originates from a normal colon cell. After millions of independently evolving mutations, what are the odds that every single case of colon cancer in history will look indistinguishable from every other?
If forward convergent evolution is the dominant force (see Figure 12.4), then every cancer in history is a new mutation that develops independently yet happens to look identical even at the microscopic level—just by coincidence.
That’s simply not conceivable.
So, how can we explain the remarkable coincidence? As Paul Davies considered the problem, he was struck by the way cancer is “very deeply embedded in the way multicellular life is done.”11 The roots of cancer lie in our evolutionary past. Perhaps cancer was not a forward-looking evolutionary process, but a backward-looking one.
ATAVISM
In 2001, Arshid Ali Khan was born in India with a seven-inch tail protruding from his lower back, for which he was worshipped as the reincarnation of the Hindu monkey god Hanuman.12 A human tail is an example of atavism, the reappearance of an ancestral trait after it has been lost for many generations. (The word is derived from the Latin word atavus, meaning “ancestor.”) Webbed fingers are another kind of atavism. While rare, atavisms occur regularly. But how did they develop? There are two general possibilities:
The first possibility involves an unbelievable confluence of events. The muscles and connective tissue that form the tail must grow in a tubular shape. The overlying skin cells must grow to properly cover the tail. The blood vessels must grow to supply this anomalous tail. If this is a de novo mutation, then it does not necessarily need to look like a tail. It could look like an ear or a finger. It also does not necessarily need to develop where the normal tailbone sits. It could, for example, develop on top of your head or in your armpit.
The second possibility suggests that the human embryo already contains all the necessary genetic instructions for a tail, reflecting our evolution from primates. Humans evolved genes to suppress growth of the tail, but the original blueprints remain deeply buried. A rare breakdown of the tail-suppressing genes will allow the “tail-growing” genetic program to run because it has been there all along. When this genetic mutation occurs, every outward appearance looks identical to other people in history who have manifested a tail.
Imagine an art classroom where each child produced an identical picture of a flower—same size, same colors, same flower. Did every child just independently decide to paint the identical picture? Hardly. It’s more likely that the picture was a paint-by-numbers kit that each child simply took it out of the box. In cancer’s case, is it more likely that every cancer in history decided to evolve all the hallmarks independently, or that these hallmarks already existed and needed only to be uncovered?
Figure 12.5
The atavistic theory proposes that cancer is a reversion to an evolutionarily earlier format, the unicellular cell. Cancer already exists buried deep into every cell of every multicellular animal. This basic blueprint is already assembled, needing only to be uncovered. This atavism is essentially a backward, not a forward, evolution. It is a return to an earlier surviving version. This plausibly explains how every cancer in history develops independently but still looks the same.
Cancer is the unicellular ancestor of a normal cell. During the evolution to multicellularity, new control systems were added to the original program to ensure cooperation and coordination. Single-cell organisms grow, are immortal, move around, and use glycolysis. As multicellularity evolved, new genetic instructions were added to stop growth, make cells mortal, stop cells from moving around, and change energy generation to favor OxPhos.
But, critically, this old, unicellular programming was not erased. It still exists, albeit suppressed. New programs were simply built on top of the older ones. If the new suppressive programming fails, then the old programming can shine through. Atavisms are like pet tigers. You can train a tiger to tolerate humans and eat from its bowl. But if it becomes angry and forgets its training, the tiger reverts to being a wild animal.
The atavist theory suggests that unicellular organisms contain an original kernel of core genetic programming that allows growth, immortality, movement, and glycolysis. This kernel exists in multicell organisms as a remnant of the organism’s evolutionary past as a single-cell organism. New genetic programming is layered over the old core to change the old competitive behavior to cooperative behavior. If these more recently added genetic controls are damaged, then the ancestral traits reassert themselves. That is how a normal cell completes the cancerous transformation (see Figure 12.5).
This theory makes the wild, but correct, prediction that cancer is a common, not a rare, event, as it is relatively simple to damage controls instead of building hundreds of coordinated new mutations in forward convergent evolution. It is the survival of the cell, not the multicellular organism, that is our ancient birthright. Indeed, the rate of cancer is far, far in excess of the known rate of mutation.
Cancer is guided along the same pathway backward toward unicellular life. Because this primitive programming exists in all cells, as cancers advance, they become more and more similar to one another. They dedifferentiate (become less different from one another). Indeed, dedifferentiation is the precise term used to characterize cancers’ behavior.
Cancers all reach the same destination (unicellularity) by following a guided path (atavism) rather than a random walk (convergent evolution). Convergent evolution is about addition; atavism is about subtraction. These underlying pathways have evolved over millions or billions of years. Cancer already exists in all multicell organisms; it needs only to be revealed.
Why is cancer found in all multicellular animals? Why can every cell in the body become a cancer? Why are cancers so common? Why are cancers so similar to one another if they developed independently? The SMT had no answers, but atavistic evolution explains much of cancer’s behavior. Still, what was the initial selection pressure that transformed a cooperative cell from a multicellular organism to a competitive single-cell organism? Now that we know what cancer is, we can ask a new question: what causes cancer?
THE NEW EVOLUTIONARY paradigm of cancer was finding completely unexpected answers. Cancer is, improbably, a backward evolution, or atavism, toward the single-cell organism from our evolutionary past. Cells from multicellular organisms must suppress their unicellular urges. When these unicellular traits become exposed, the result is cancer. Is there any proof for this? Recent research has been finding more and more. According to this theory, cancer cells should express more ancient unicellular genes and fewer genes from the more recent multicellular period. This is exactly what studies are now finding. The number of cancer mutations peaks exactly at the intersection of unicellularity and multicellularity.1
A study in 2017 divided the 17,318 known human genes into sixteen different groups, called phylostrata, based on their evolutionary history (see Figure 13.1). The evolutionarily ancient genes in phylostrata one through three belonged to unicellular life. Phylostrata four through sixteen contained more recent genes.
Researchers then asked not which genes mutated, but when. From which evolutionary time period? Does the expression of older genes increase in cancer while the expression of more recently evolved genes decreases, as predicted by the evolutionary theory?
Figure 13.1
The answer is yes. Cancer preferentially expressed the ancient unicellular genes of phylostrata one through three. The genes representing the transition from unicellular to multicellular life, phylostrata four through eleven, were the most consistently and noticeably disrupted in cancer. These were the precise genes responsible for enhancing intracellular cooperation.2 Cancer cells expressed more unicellular genes, which increase competition between cells. At the same time, cancer suppresses those genes that tried to control these unicellular urges and encourage cooperation. This study offers comprehensive evidence that cancer cells are trying to genetically move back toward unicellular life. The more aggressive the cancer, the more it expressed unicellular genes.
The Sanger Institute’s COSMIC (Catalogue of Somatic Mutations in Cancer) database, the world’s largest and most comprehensive collection of the various genetic mutations in cancer, was launched in 2004. The latest version from 2019, COSMIC Release v90, documented more than nine million different coding mutations.3 A review of these mutations finds the same concentration of cancer genes at the onset of multicellularity.4 Cancer preferentially mutates those genes that developed just after the onset of multicellularity, approximately five hundred million years ago. Cancer mutations are not random, but are targeted specifically at the junction of unicellular and multicellular life, exactly as the atavistic theory predicted.5 Improbably, the wild prediction was 100 percent correct. This theory predicts that mutations that release the chains (tumor suppressor genes) are more important to cancer’s genesis than those that provoke growth (oncogenes). In other words, it’s easier to take your foot off the brakes than to build a new gas pedal. Once again, this is exactly what recent research has uncovered.
In clinical cancer samples, changes to tumor suppressor genes are 2.3 times more prevalent than oncogenes.6 Cancer progressively demolishes the existing regulatory structures to reactivate its “genetic memory” of being a single-cell organism. The tumor suppressor gene p53, the most important in human cancer by far, is found in more than 50 percent of all cancers. The BRCA1 gene, well known to increase risk of breast and ovarian cancer, is also a tumor suppressor gene.
Experimental tumor evolution studies found an astounding 12,911 genes that showed evidence of selection pressure, and more than 75 percent involved a reduction in gene expression.7 Removing growth suppression is more important than the acceleration of growth genes. Logically, it is far easier to reduce the function of a gene than to increase its expression. If you randomly hit your car with a wrench, you’re more likely to cause damage than to make it work better. Cancer is not about adding more functions; it is about subtracting control over existing functions. Cancer is less about a gene gaining new abilities than uncovering old ones.
Different cells, like a lung cell and a liver cell, have vastly different structures, functions, and environments. As cells evolve toward cancer, they lose specialized features and begin to look more and more alike. They become more primitive and dedifferentiated, two pathologic terms often describing cancers. Conceptually, cancers evolve toward the same unicellular destination: the stem cell.8 This reversion toward a stem cell allows a lung cell to change sufficiently to live in the liver, because the primordial lung cell shares some common features with the liver. Cancer is a backward evolutionary process toward what can be easily considered a new species.
SPECIATION
Cancer cells are viewed by our immune system as a new invasive species. We are constantly exposed to microscopic foreign organisms, and the highly lethal cells of our immune system must carefully distinguish between “self” and “non-self” cells. We want to kill foreign invaders, not our own cells with friendly fire. Like viruses, bacteria, and fungi, cancer cells are recognized by natural killer cells as “non-self” and targeted for death.
Cancer may have evolved from a normal cell initially, but from the immune system’s point of view, it has developed into a foreign species. In nature, speciation (the development of new species) is not a rare event. Dogs may have evolved from wolves, but they are not wolves. Breast cancer may have evolved from normal breast cells, but they are not normal breast cells. Cancer cells differ from the cells they are derived from in a number of ways, including in their being less specialized and being dedifferentiated.
Cancer can be considered an invasive species for several reasons: it redirects energy and resources toward itself, not the entire organism; it propagates and protects itself at the host’s expense; and it adapts to survive in the hostile environment of the human body.9 Cancer cells also evolve over time and space through an evolutionary path that is quite separate from that of the organism as a whole. A normal breast cell remains genetically the same, decade after decade. Breast cancer, however, contains multiple subpopulations of genetic variants that change over time.
These behaviors allow cancer to adapt to changing environments for survival. When we try to poison it through chemotherapy or burn it through radiation, the cancer evolves resistance in the same way that bacteria can develop antibiotic resistance. Where a cancer was originally derived from normal cells, it has diverged sufficiently to be considered alien. But what caused cancer in the first place?
WHAT CAUSES CANCER?
As I mentioned in the previous chapter, in a functional society, individuals must cooperate for mutual benefit. When a government fails, people will do whatever is necessary to survive and protect their families, resulting in anarchy. Desperate times call for desperate measures. A warlord emerges, ruling through sheer brutality. That warlord is cancer.
In cancer, the normal law and order of a multicell organism break down. The individual cells survive, but there are no rules for cooperation. To survive, cells must return to their old survival programming. The unicellular kernel, that most fundamental part of the cell that was born millions of years ago, is the ultimate survivor. The cell changes its behavior using ancient tools to ensure survival. Restraints on this old unicellular playbook are removed.
Behaviors typical of single-cell organisms return: growth, immortality, movement, and glycolysis. The cell has now completed its transformation to its evolutionary ancestor, the unicellular organism known as cancer.
Virtually any form of cellular or DNA damage may cause cancer, including chemicals, radiation, and viruses, but only under extremely specific conditions. The damage induced must be both:
To cause cancer, cell damage cannot be too much or too little. An overwhelming injury will simply kill all the cells, leaving no chance for cancer to develop. Dead people don’t get cancer. If a city is completely destroyed by a nuclear bomb, nothing survives to compete for resources. Too little cellular damage, however, is simply repaired by the normal DNA-repair mechanisms. The immune system hunts down the occasional cancer cell, and all returns to normal. Carcinogenesis lies in between, like a man who has just missed his train—too late for one and too early for the next. In this gray zone between life and death, damaged cells try to survive, but the normal structures to ensure cooperation are no longer functional. Cancer is born in this struggle for existence.
Chronicity is the second key attribute of carcinogens. A single large dose of radiation is far less carcinogenic than chronic low-level radiation. The fallout from the atomic bombs dropped in Japan produced far less cancer than originally expected. A single large dose of cigarette smoke is far less carcinogenic than chronic cigarette smoking. The hepatitis A virus that causes a single episode of massive liver damage is far less prone to causing liver cancer than the chronic low-grade damage caused by hepatitis B or C. A single severe stomach infection is not carcinogenic, but chronic, low-grade stomach infection with H. pylori is.
Chronic sublethal damage activates cellular repair mechanisms, stimulating cell turnover and division. The only major difference between wound healing and cancer is that cellular growth eventually turns off when the wound is healed; not so with cancer. The striking similarity has led some researchers to dub cancers the “wounds that do not heal.”10 During wound healing, certain cellular attributes, like growth and immortality, are highly advantageous. Gene mutations in oncogenes and tumor suppressor genes such as myc, PTEN, and src that allow increased growth and replication (immortality) are highly beneficial in chronic wound healing and therefore accumulate slowly. This may form a premalignant lesion, such as a colonic polyp or the dysplasia seen in cervical cancer. Chronic, sublethal damage provides the time and continued selection pressure needed for cancerous transformation.
Carcinogenesis is an evolutionary process, and therefore takes time. A single acute injury does not exert the continuous selection pressure needed to cause cancer. It is the chronic chemical exposure, or the chronic radiation exposure, or the chronic infections, that cause cancer. Cancer also tends not to be an all-or-nothing proposition. When the selection pressure for growth and replication is removed, the risk of cancer recedes. For example, stopping smoking may reduce the excess risk of lung cancer by almost 75 percent after twenty years.11
Virtually any chronic sublethal injury may cause cancer. One of the clearest illustrations of this principle is found in the condition known as Barrett’s esophagus. This is most commonly caused by gastroesophageal reflux disease (GERD), also known as reflux or, colloquially, heartburn. Normally, stomach acid stays in the stomach and does not back up into the esophagus. The lining of the stomach is designed to withstand the strong acids produced, but the lining cells of the esophagus are not. When stomach acid refluxes upward, the esophageal lining sustains damage, which causes the pain of heartburn. In response, the cell lining of the esophagus changes to one more closely resembling the stomach and intestines, in a process called metaplasia.
Barrett’s esophagus is often considered a precursor to cancer, and has been increasing in recent decades. It converts to cancer of the esophagus at an annual rate of approximately 0.3 percent,12 which is about five times higher than normal. The most significant risk factor for GERD and Barrett’s esophagus is obesity.13
In this case, the cancer-causing agent is stomach acid, an entirely normal substance when in the right place. Stomach acid in the stomach is fine. Stomach acid in the esophagus is not fine, because the chronic sublethal cellular damage eventually leads to cancer.
All known carcinogens (tobacco smoke, asbestos, soot, radiation, H. pylori, and viruses) are chronic sublethal irritants. Ironically, some cancer treatments cause chronic irritation, and therefore cause cancer. Surgery is perhaps the oldest known cancer treatment. However, cancer may recur at the surgical site, even when all the surgical margins are clear. The trauma of the surgery itself induces chronic inflammation and wound healing, which facilitates the return of the cancer. In some rare cases, cancer may flourish at the site of an unrelated trauma. In one case, a patient became badly bruised after a fall. Two months later, he was diagnosed with lung cancer, which had metastasized to the site of the previous trauma.14 This phenomenon is known as inflammatory oncotaxis.15
Radiation treatment burns cancer cells, and in a high enough dose, it may be curative. Go big or go home. But the treatment itself causes chronic sublethal cellular damage, and may therefore be carcinogenic. Secondary cancers develop in an estimated 13 percent of breast cancer patients, and the major risk is radiation treatment.16
Chemotherapy drugs are also well-known carcinogens. The chemotherapy drugs chlorambucil, cyclosporin, cyclophosphamide, melphalan, alkylating agents, and tamoxifen are all recognized as IARC group 1 carcinogens. Cyclophosphamide, an immune-suppressing medication used for autoimmune diseases like vasculitis17 and rheumatoid arthritis,18 is associated with up to a fourfold increase in certain types of cancer.
Today’s standard anticancer treatments resemble ancient existential threats: radiation (pre-ozone layer), poison, and antimetabolites (nutritional challenges, periodic starvation). Unicellular cells are no strangers to these threats and have evolved effective responses to flourish under these precise conditions. This explains why the treatments from cancer paradigm 1.0 offered such limited benefit.
While carcinogenesis is a powerful force, so are the body’s anticancer defenses. Multicellular animals have evolved a vast array of cancer-suppression mechanisms to maintain cellular law and order. This includes apoptosis (controlled cell death), DNA-repair mechanisms, DNA surveillance, epigenetic modifications, limited number of cell divisions (Hayflick limit), telomere shortening, tissue architecture, and immune surveillance. Mostly, these defenses against the dark arts are sufficient to keep us cancer free. But if environmental influences swing the advantage to the unicellular side, cancer may develop.
We’ve long treated cancer as some kind of random genetic mistake. A mistake that arises in all animals throughout history and evolves independently in millions of people a year? Cancer is hardly a mistake. Cancer is the ultimate survivor. When all else dies, cancer is there because it is the core of the cell that will survive at all costs. Cancer is not random, and it is not stupid. It has developed the tools it needs to survive.
This model fits the known facts of cancer better than any previous paradigm. Undoubtedly, this will not be the final word on cancer, and it should not be judged as such. Nor are all its suppositions proven facts. There will always be much to learn about cancer, but I believe this new paradigm is a huge and useful step forward, explaining many of cancer’s mysteries.
EXPLAINING CANCER’S MYSTERIES
How Can Cancer Strike Every Part of the Body?
Most diseases target only one organ system. Hepatitis B attacks the liver, but not the foot. Alzheimer’s disease attacks the brain, but not the heart. Cancer attacks every cell in the human body. Why? Because every cell in the body already contains the seed of cancer.
How Can Cancer Strike Virtually Every Multicellular Life-Form on Earth?
All animals and plants on Earth originated from single-cell organisms, so our genomes are preloaded with the “cancer subroutine,” a deeply embedded, omnipresent set of genes. For single-cell organisms, of course, these are not directions to form cancer. Instead, they are simply instructions for how to successfully compete against other cells for dominance of their environment.
Multicellularity superimposed control procedures over these unicellular urges. The old “how to compete” playbook was not destroyed. Instead, new sections were added, changing it into a “how to cooperate” playbook. When these new pathways break down, the underlying unicellular (cancer) subroutine is unleashed; the old playbook is dusted off. Once this program is activated, it follows a predetermined script. The cancerous cell starts growing, forming a small mass of abnormal cells: the tumor.
Why Do All Cancers Look So Similar?
Cancers share the same “strange portfolio” of hallmarks, despite the widely varying cell type of origin and genetic differences among people. There is no a priori reason for these hallmarks to congregate together. Why should growth and immortality be selected along with the Warburg effect? Why wouldn’t some cancers instead evolve the ability to photosynthesize energy from the sun? Why would cancer cause exuberant growth but not laser beams to shoot out of our eyes?
The cancer program is already predetermined. It is the reversion to the unicellular form of the cell, an atavism. All cancers share the same unicellular ancestor, with its ancient modus vivendi, a combination of attributes evolved over millions of years to maximize survival for the self.
Why Is Cancer So Common?
The lifetime risk of a clinical cancer of any site in humans is around one in three. In the United States, the lifetime risk of breast cancer in a woman is about one in nine. But the true incidence of cancer is many, many times that. Autopsy studies of people who die of noncancerous causes indicate a strikingly high rate of undiscovered malignancies.19 Cancer is not a rare disease; it is a ubiquitous one.
Each cancer must undergo hundreds or thousands of mutations to transform from a normal cell. The development of cancer, one mutation at a time, would take centuries if not millennia. The atavistic theory explains perfectly why cancer is so common: the origin of cancer already lies within every cell of our body. We don’t need to build it up; we need only to uncover it.
A NEW UNDERSTANDING OF CANCER
In the next section of this book, we will look more closely at the tools we have at our disposal to prevent and fight cancer—shifting the focus from the seed to the soil. But before we do, I want to briefly summarize our journey to better understand the origins of cancer.
Cancer paradigm 1.0, as you’ll recall, posited that cancer is a disease of excessive growth. This is certainly true, but it fails to explain why cancer cells grow so exuberantly. Cancer paradigm 2.0 suggested that cancer is a disease of genetic mutations that cause excessive growth. This, too, is certainly true, but again, it does not explain why these mutations occur. This led to cancer paradigm 3.0, the evolutionary theory, which postulates that genes mutate as a survival response against chronic sublethal injury. The drive toward a unicellular state, the most basic unit of survival, is the force behind the mutations. Charles Darwin’s theory, as applied to cancer, is best summed up by the paraphrase “It is not the strongest species that survive, nor the most intelligent, but the ones most responsive to change.”20 Cancer is the ultimate cellular changeling fighting for its own survival. This powerful enemy has been shaped by the most potent known biological force: evolution.
Cancer behaves like an invasive species. The relentless growth and eventual metastasis of cancer reflects an organism seeking out a new environment to thrive. Where cancer paradigm 2.0 considers cancer as a “dumb” disease of genetic mutations, cancer paradigm 3.0 considers it to be a “smart” disease, an invasive protozoan doing everything in its power to survive.
Cancer is an ever-present danger because its seed lies in every cell in every multicellular organism. Like aging, it can never really, truly be eradicated, but tilting the odds is certainly possible.
Cancer moves through three phases: transformation, progression, and metastasis. What we’ve described so far is only the first step: cancerous transformation. Evolution has worked at cancer like a sculptor works at stone, designing, chiseling, rounding, edging, and perfecting its survival genes. Gradually, the finished piece emerges: a lethal work of art. But what are the environmental conditions that allow cancer to flourish?
IN 1981, THE U.S. Congress Office of Technology Assessment asked Sir Richard Doll, the preeminent cancer epidemiologist of his era, and Sir Richard Peto, an esteemed professor of medical statistics and epidemiology at Oxford University, to estimate the known root causes of cancer. Their 117-page landmark document1 was updated in 2015, and overall, researchers agreed that the original estimates would “generally [hold] true for 35 years.”2
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Figure 14.1
Tobacco was, and still is, the most important contributor to cancer. Smoking in the United States peaked in the 1960s, although about 20 percent of the adult population still smokes, accounting for approximately one third of the known risk of cancer (see Figure 14.1).
Dietary factors, including obesity and inactivity, are a very close second, at 30 percent attributable risk of cancer, although they may plausibly account for up to 60 percent of risk. It was clear that the link between diet and cancer was a singularly important one, but the question remained: what specific dietary factor is responsible for cancer? Pinning down the precise relationship is incredibly difficult. Was it some kind of vitamin deficiency? Were we lacking some crucial protective factor? Was the problem too much of something in the diet, or not enough?
DIETARY FIBER
The legendary Irish surgeon Denis Burkitt noted in 1973 that “A number of diseases of major importance are characteristic of modern Western civilization.”3 These diseases, which were noticeably absent in African populations following traditional lifestyles, included heart disease, obesity, type 2 diabetes, osteoporosis, and certain types of cancers. Colorectal cancer, so common in the West, was virtually unknown in the African populations Burkitt was treating. However, native Africans adopting a Western lifestyle suffered increased rates of colorectal cancer, so it was not simply a genetic problem. Diet was the main suspect, but what particular part of the diet was the culprit?
The traditional African diet contained a lot of fiber—a lot. This bulked up the stool, leading to frequent and large-volume bowel movements. The Western diet contained little fiber because of the predominance of refined grains, which lost most of their natural fiber during processing. The result? Fewer, smaller bowel movements.
Fiber is the indigestible part of plant foods; it is either water soluble or insoluble. In both cases, it is not absorbed by the body, and adds bulk to the stool. Burkitt, putting two and two together, hypothesized that the high dietary fiber of the traditional African diet prevented colon cancers. Perhaps the regular movement of the stool cleared the intestinal system, preventing decaying and putrefying of foods inside the colon, which might be carcinogenic. The high stool volume meant frequent “cleansing” bowel movements. Eating more fiber was enthusiastically championed as an easy way to improve health and reduce cancer.
It was a pretty good hypothesis. However, the early studies on precancerous lesions, known as adenoma or polyps, were not encouraging. In the mid-1990s, two large trials, the Toronto Polyp Prevention Trial4 and the Australian Polyp Prevention Project,5 failed to detect any health benefits to eating more fiber.
By 1999, the Nurses’ Health Study, a sixteen-year study involving more than sixteen thousand women, found that a high-fiber diet did not reduce the risk of precancerous adenomas. Yes, there were all those glorious bowel movements, but no, it did not lower the risk of cancer.6 There was more bad news to come.7 In a randomized controlled trial, the gold standard of experimental medicine, 1,303 patients were assigned to eat either their usual diet or a low-fat, high-fiber diet emphasizing fruits and vegetables. The high-fiber group ate a whopping 75 percent more fiber and 10 percent less fat than in a standard diet. Unfortunately, from a cancer-prevention standpoint, this dietary intervention was essentially useless. Yes, fiber makes your bowel movements better, but it does not prevent colorectal cancer.
Eating lots of dietary fiber was not the protective factor against colorectal cancer. It must have been one or more of the many other dietary and lifestyle factors that differed between the Africans and the Europeans. The Inuit of the Far North, following their traditional lifestyle, ate little or no fiber, as little plant material grew in the region. But they, too, had little or no colorectal cancer. Cancer was not simply a disease of too little fiber, and thus, eating more fiber didn’t translate into less cancer. Rats!
DIETARY FAT
The next suspect was dietary fat, particularly saturated fats. There was no real reason to suspect that dietary fat should cause cancer. After all, humans had been eating fats, including saturated fats such as animal fats (e.g., meat, dairy) and plant fats (e.g., coconut oil, olive oil) for millennia. Traditional societies often ate large amounts of fat. The Inuit ate whale and seal blubber. Peoples of the South Pacific islands ate large amounts of coconut, which is high in saturated fat. Neither high-fat-eating population suffered particularly from cancers, heart disease, or obesity. There was simply no suggestion that dietary fat was carcinogenic in any manner. Why did we even consider this a reasonable possibility?
From the late 1960s to the 1990s, we were gripped in a hysterical fat phobia. After World War II, seemingly healthy middle-aged men were suffering heart attacks at an alarming and increasing rate. But nobody knew why. When President Eisenhower suffered a heart attack, it suddenly became the most important medical topic of its day. Obesity, type 2 diabetes, and lack of exercise were not major health issues yet. What was the culprit?
The most significant lifestyle changes from 1900 to 1950 were not dietary, but rather, the widespread adoption of cigarette smoking, a trend that accelerated after World War II. The connection between smoking and disease was obscured for decades as tobacco companies strenuously denied that the habit caused heart disease, lung disease, or cancer. Indeed, in the 1960s, doctors were happily puffing away with the rest of their generation.
Dr. Ancel Keys, a prominent nutrition researcher, pointed to dietary fat as the villain causing heart disease. This never made any sense. Americans, living in the land of plenty, had always eaten more animal fats than virtually anybody else in the world. The huge farmlands of the Midwest provided feed for the vast cattle ranches of Texas. Americans had always consumed a lot of beef and milk. Even at a superficial glance, it is hard to see how anybody could have concluded that eating more fat caused more heart disease. Consumption of fat was not rising, yet incidence of heart disease was increasing at an alarming rate.
But every story needs a villain, and dietary fat became nutritional public enemy number one. The American Heart Association (AHA) wrote the world’s first official recommendations in 1961, suggesting that Americans reduce their intake of total fat, saturated fat, and cholesterol. Following that advice, people started to drink low-fat dairy products and switch from eating eggs and meat to consuming low-fat foods such as white bread and pasta.
But the anti-fat crusade didn’t stop at heart disease. The phantom menace of dietary fat was blamed for almost everything bad. It caused obesity. It caused high cholesterol. It caused heart disease. It probably caused bad breath, hair loss, and paper cuts, too. There was no actual proof that dietary fat, which humans had been eating since . . . well, since we became human, caused harm. But it didn’t really matter, because the entire scientific world had hopped on the fat-is-bad bandwagon. Because they thought dietary fat caused heart disease, they logically concluded that it probably caused cancer, too. Who needs proof if you have dogma?
Still, nobody had any idea how dietary fat caused cancer. Even anecdotally, there were few observations suggesting that people who ate a lot of fat got a lot of cancer. Not only have the Inuit and South Pacific Islanders, two populations with low cancer rates, been eating plenty of fat for centuries, but the vegetarians of India were eating very low-fat diets of mostly grain and weren’t protected from cancer. It didn’t matter. Blame-dietary-fat-for-everything-bad was the name of the game. So, play on!
In 1991, the Women’s Health Initiative, an enormous randomized controlled trial, tested the theory that dietary fat caused not only weight gain and heart attacks but also breast cancer. Close to fifty thousand women took part, with one group of women instructed to follow their usual diet and the other instructed to reduce their dietary fat to 20 percent of calories and increase their intake of grains, vegetables, and fruits.
Over the next eight years, these women faithfully reduced their dietary fat and their overall caloric intake. Did this strict diet reduce the rates of heart disease, obesity, and cancer? Not even close. Published in 2007, the study found no benefit for heart disease.8 The women’s weight was unchanged. And their rates of cancer—well, they were no better, either. Specifically, there was no benefit for breast cancer,9 and there was no benefit for colon cancer.10 It was a stunning defeat. Did dietary fat play a tiny role in causing cancer? The answer was irrelevant. The effect was so small as to be undetectable, even by the biggest nutritional trial in history.
Lowering dietary fat resulted in no measurable health benefits, directly contradicting the prevailing beliefs of the time. Eating more dietary fat did not cause cancer. Eating less fat did not protect against cancer. In terms of causation of cancer, dietary fat was a dud. So, what was next?
VITAMINS
Could it be that cancer is caused by vitamin deficiency, and if so, could supplements reduce the risk of cancer? Vitamins are big business. People love taking supplements. It is a beautiful dream that simply taking some vitamins can reduce our risk of cancer. So, we put them to the test, but the results were not good.
Beta-carotene
First up was beta-carotene, a precursor to vitamin A that gives carrots their orange color and serves as a potent antioxidant in the body. A randomized controlled trial in 1994 asked whether beta-carotene supplementation could lower heart disease and/or cancer.11 Hopes were high, but unfortunately, the answer was no. Cancer was not simply a beta-carotene-deficiency disease in the way that scurvy is a vitamin C–deficiency disease. Bad news for vitamin lovers.
But there was worse to come: taking beta-carotene supplements actually increased the rates of both cancer and overall death. At first, this effect was considered a fluke, but a similar 1996 study found the same cancer-causing effect.12 How could taking seemingly benevolent vitamins worsen cancer risk? It would be a few more years before this mystery was solved: Cancer behaves like an invasive species. Vitamin supplementation benefits these fast-growing cells more than slower-growing normal cells.
Cancer cells grow and grow and grow and never stop. But not even cancer can grow without nutrients. Erecting a brick wall without any bricks is impossible, even for the best builders in the world. The rapidly growing cancer cells require a constant supply of nutrients. Vitamins don’t cause a cell to turn into a cancer, but if a cancer is already present, they can certainly help it grow. Feeding cancer lots of vitamins is like sprinkling fertilizer onto an empty field in the hope of getting a nice, lush lawn. You want the grass to grow, but the weeds, being the fastest-growing plants in the field, also take up the nutrients and grow like . . . well, weeds. When vital nutrients like beta-carotene are available in large doses, cancer cells are highly active and grow like weeds. In cancer medicine, you don’t want more growth; you want less.
Folic Acid (Vitamin B9)
Next up was folate, the water-soluble B vitamin found in leafy greens, legumes, and cereals. It is so important for proper cell growth that the United States mandates that folate supplements be added to fortify flour. Folate supplementation was one of the more spectacular success stories of the modern era. Even in well-nourished Western societies, routine supplementation of pregnant women with folate (folic acid) significantly reduced the incidence of neural tube birth defects. A flurry of observational studies in the 1980s and ’90s suggested that a low-folate diet increased the risk of heart disease and colorectal cancer. A huge wave of enthusiasm for B vitamin supplementation in the early 2000s led to large studies to see if we could reduce those diseases.
The 2006 HOPE2 randomized trial unfortunately found that both folate and vitamin B12 supplementation failed to reduce heart disease.13 But what about cancer? The study saw a worrying trend toward increased risk of both colon (36 percent increased risk) and prostate cancer (21 percent increased risk) with supplementation. By itself, this was a big red flag, but more bad news was yet to come. The Aspirin/Folate Prevention of Large Bowel Polyps clinical trial found that six years of folate supplementation increased the risk of advanced cancer by 67 percent.14 Another study found that breast cancer patients using vitamin B12 supplements had a higher risk of recurrence and death.15
Two large trials, the Norwegian Vitamin (NORVIT) trial16 and the Western Norway B Vitamin Intervention Trial (WENBIT),17 confirmed that high-dose B vitamin supplements did not reduce heart disease. Cancer? There was a significant effect, but not a good one. Folate supplementation increased the risk of cancer by 21 percent and cancer death by 38 percent.18 Not good. We weren’t preventing cancer; we were giving it to patients.
Winston Churchill once reminded us that “Those who fail to learn from history are condemned to repeat it.” If we had only remembered a bit of the medical history, this sorry chapter in medicine might have been avoided. In 1947, the father of modern chemotherapy, Dr. Sidney Farber, tested folate supplementation in ninety human patients with incurable cancer.19 Some cases, particularly the leukemia patients, responded with a marked acceleration of cancer growth. Patients got worse, not better.
The mark of a truly great scientist, though, is the ability to change one’s mind when the facts change. Realizing that folic acid worsened cancer, Farber switched to administering aminopterin, a folate blocker, reasoning correctly that if folate was making patients worse, then blocking it might make them better. This seminal discovery launched the modern era of chemotherapy. Leukemic patients showed almost miraculous, although temporary, improvement.
Modern chemotherapy was based on the single observation made in the 1940s that giving folate worsened cancer. Yet, in the early 2000s, millions of cancer research dollars were spent to prove a fact well-known for decades. With hindsight, it’s not difficult to figure out why high-dose vitamin supplementation worsens cancer risk. Cancer cells grow like crazy. High-dose vitamins promote cell growth. It is really just that simple.
Vitamin C
Deficiency of vitamin C causes the disease of scurvy, which was a constant danger for sailors in the years AD 1500 to 1800. The long voyages without adequate vitamin C resulted in easy bruising, swollen extremities, and inflamed gums. This disease was eventually cured by providing sailors with oranges and lemons to eat during the long sea journeys. Vitamin C could cure scurvy, but could it cure cancer?
In the 1970s, Linus Pauling—the only person to have won two unshared Nobel Prizes (in Chemistry, as well as the Peace Prize)—became a vocal proponent of vitamin C supplementation, believing it could cure the common cold and cancer, too.20 Unfortunately, more recent studies have failed to confirm the anticancer effect of vitamin C in humans. A 2015 review of all available studies concluded that “there is no evidence to support the use of vitamin C supplements for prevention of cancer.”21 Vitamin C supplementation is important if you are a pirate of the Caribbean, but it cannot prevent or treat any form of cancer.
Vitamin D and Omega-3 oils
It was 1937 when scientists first speculated that sunlight exposure might lower the risk of cancer.22 By 1941, studies were finding that living at higher latitudes (with less sunlight) was associated with a higher risk of cancer death.23 This link could be explained by a protective effect of vitamin D, which is produced in the skin when it is exposed to ultraviolet B (UVB) rays from the sun.24
Sunlight exposure is the only significant source of vitamin D for most people, as few foods naturally contain significant amounts of vitamin D. Increasing UVB exposure might increase the risk of melanoma, so a promising alternative strategy was vitamin D supplementation, which gained significant popularity by the mid-2000s.
Animal and human studies25 hinted at the vast potential for vitamin D as an anticancer agent.26 Vitamin D could reduce cancer cell proliferation, increase apoptosis (a key anticancer defense), reduce new blood vessel formation, and decrease a tumor’s invasiveness and its propensity to metastasize.27 The Third National Health and Nutrition Examination Survey (NHANES),28 a large American study involving more than thirteen thousand adults, found that low vitamin D levels were associated with a stunning 26 percent increase in total mortality, primarily from heart disease and cancer, the two biggest killers of Americans.
To find some definitive answers, the NIH randomized more than twenty-five thousand participants in a massive trial on vitamin D supplements and another popular supplement at the time, marine-derived long-chain n-3 (also known as omega-3 fatty acids) over 5.3 years. Unfortunately, the Vitamin D and Omega-3 Trial (VITAL) found no evidence that either supplement prevented cancer in any way. Not for breast cancer. Not for prostate cancer. Not for colon cancer. Similarly, there were no benefits for the prevention of heart disease.29 This lack of benefit was confirmed in 2018 by the Vitamin D Assessment Study (ViDa).30 There were no harmful effects detected, but neither were there any benefits.
Vitamin E
Vitamin E is a group of fat-soluble antioxidant vitamins that became very popular in the 1990s, gaining a reputation for potentially reducing heart disease and cancer.31 Unfortunately, large-scale randomized trials since then have found that vitamin E supplementation did not reduce the risk of colon,32 lung,33 prostate, or total cancers.34
Once again, there was a whiff of danger. The large-scale Selenium and Vitamin E Cancer Prevention Trial (SELECT) in 200935 found no benefit to reducing prostate cancer. But longer follow-up led researchers to conclude that “Dietary supplementation with vitamin E significantly increased the risk of prostate cancer among healthy men.”36 This was just ugly. Vitamin E supplements were causing the very cancers they were supposed to be preventing.
HOW NOT TO CURE CANCER
Cancer is simply not a disease of nutrient deficiency, and therefore taking supplements is not likely to make much difference. We tested vitamin A (beta-carotene), which failed to reduce cancer. We tested B vitamins, which failed. Then we tested vitamins C, D, and E . . . which all failed. We were running out of letters to test! So, here’s what we are left with:
While it may sound trivial, these four bits of knowledge cost, literally, hundreds of millions of dollars of research money and many decades of work. This left unanswered the most important question of all: what component of the diet is responsible for so much cancer?
Beginning in the late 1970s, one nutritional measure began to eclipse all others in importance: obesity. The obesity epidemic began as an American phenomenon, but it has since gone global. Cancer is increasingly known as an obesity-related disease, accounting for 20 to 30 percent of the risk of common cancers.
OBESITY
Obesity is estimated to have caused 4.5 million deaths in 2013 worldwide, due primarily to the increased risks of both heart disease and cancer.37 It is often clinically assessed by a measure known as the body mass index (BMI), which is one’s weight in kilograms divided by their height in meters squared, or BMI = kg/m2.
It’s important to keep in mind that this simple calculation does not consider many factors, such as body composition (including muscularity and bone density), and as such, it is a flawed metric at the individual level. But over large populations, it is a reasonably useful measure. A generally accepted classification is as follows:
BMI < 18.5 | Underweight |
BMI 18.6–24.9 | Normal weight |
BMI 25–29.9 | Overweight |
BMI 30–39.9 | Obese |
BMI > 40 | Morbidly obese |
The obesity epidemic in the United States accelerated in the late 1970s, followed about ten years later with rising rates of type 2 diabetes. It was not until the 2000s that most researchers realized that obesity influences cancer, too. Because cancer often requires decades to develop, the worsening obesity crisis was just then making its presence felt.
The Cancer Prevention Study II, a large prospective cohort study, began in 1982. This massive scientific undertaking required 77,000 volunteers simply to enroll all the participants, which numbered over 1 million. The participants (average age: fifty-seven) were healthy and free of any detectable cancer at the beginning of the study. Every two years, they were tracked to see who had died and why.38 In 2003, the data reached a then-novel and stomach-churning conclusion: obesity, already a well-known risk factor for diabetes, heart disease, and stroke, also significantly raised the risk of cancer.
The risk of cancer began to rise at a BMI greater than 30 (obese) and accelerated in those with a BMI over 40, who suffered 52 to 62 percent more overall cancer death (see Figure 14.2). The risk differed by cancer site. The risk of liver cancer is increased by 452 percent, and the highly lethal pancreatic cancer risk is increased by 261 percent.
Figure 14.2
This is devastating news, but the truth is almost certainly worse for two reasons. People found to have lung cancer from smoking tend not to be obese because of smoking’s slimming factor. Because lung cancer is the most significant cause of cancer deaths, this means that the 52 to 62 percent increased risk of cancer with obesity is almost certainly an underestimate. Looking at nonsmokers only, the increased risk of cancer for a BMI over 40 is a disastrous 88 percent.
Second, advanced cancer patients tend to lose weight, a phenomenon known as cancer cachexia. This will similarly obscure the true link between obesity and cancer and, once again, lead to an underestimation of obesity’s true risk.
Over the ensuing years, the news on obesity and cancer has only gotten worse. In 2017, the CDC released a report highlighting the “Trends in Incidence of Cancers Associated with Overweight and Obesity: United States, 2005–2014.”39 Some of the most common cancers, including breast and colorectal, are related to obesity and excess body fatness (see Figure 14.3). Together, these accounted for an astounding 40 percent of all cancers. The specific cancers most tightly linked to obesity are liver, endometrial, esophageal, and kidney cancers, with two to four times the risk. Breast and colorectal cancer are more moderately associated, at one and a half to two times the risk. In 2016, the International Agency for Research on Cancer (IARC), after reviewing more than a thousand studies, concluded that thirteen different cancers are clearly obesity-related. Three other cancers had limited data, but were suggestive.40
Even mild weight gain is associated with increased cancer risk. Adult weight gain of only five kilograms (eleven pounds) increases the risk of breast cancer by 11 percent, ovarian cancer by 13 percent, and colon cancer by 9 percent.41 Being overweight or obese (BMI > 25) almost doubled the risk of cancers of the esophagus, liver, and kidney and increased colorectal cancer risk by about 30 percent.
Figure 14.3
From 2005 to 2014, the incidence of all weight-related cancers actually dropped slightly, but a closer look at the numbers tells a vastly different story. This improvement was limited to only one single type of cancer: colorectal. Increased screening with colonoscopy detected and removed precancerous adenomas before they could turn into full-blown cancer, dropping colorectal cancer rates by 23 percent. But excluding colon cancer, the other weight-related cancers increased by 7 percent overall. Cancers not related to weight (like lung cancer) had decreased by 13 percent during that same period. Our steady progress against many cancers is being significantly impeded by the obesity epidemic.42
The news gets even worse for the children of baby boomers, those born in the 1980s and ’90s, a generation sometimes called the “echo boom.” Not only are they the heaviest generation in history, but their risk of cancer is higher even at comparable weights, likely due to hyperinsulinemia (discussed in the next chapter). In Millennials, six obesity-related cancers (colorectal, endometrial, gallbladder, kidney, pancreatic, and multiple myeloma) are developing at an age-adjusted rate almost double that for their baby boomer parents.43 For example, those born in 1970 (Generation X) had a 98 percent higher risk of kidney cancer compared to those born in 1950. This seems bad until you realize that those born in 1985 (Millennials) had almost five times the risk!
Cancer in young adults is a warning for future disease burden. If you think it’s scary now, wait until this generation gets older. The obesity epidemic is affecting younger and younger patients, and cancer is following closely behind. For example, the rate of pancreatic cancer is increasing by 0.77 percent per year for those ages forty-five to forty-nine, but for those ages twenty-five to twenty-nine, it is increasing six times more quickly. The youngest people are facing the steepest rises in cancer rates. By contrast, most cancers not related to obesity are decreasing, especially those related to viruses, smoking, and HIV.
If weight gain increases cancer risk, does weight loss lower it? The first animal studies that suggested this possibility were published over a century ago, by 1914 Nobel laureate Peyton Rous. In mice, severely restricting food availability cut their risk of cancer by half.44 In the 1940s, Dr. Albert Tannenbaum, former president of the American Association for Cancer Research, discovered that, astoundingly, carbohydrate restriction alone in mice provided greater protection against cancer than overall calorie restriction.45 He concluded that “tumor formation is dependent on the composition of the diet, as well as the degree of caloric restriction,” a remarkably prescient observation.46 In the Nurses’ Health Study, women who lost ten kilograms or more after menopause and kept the weight off lowered their risk of breast cancer by an astounding 57 percent.
Obesity clearly increases the risk of cancer. Obesity also clearly increases the risk of type 2 diabetes. What is the link? The master hormone of metabolism: insulin.
TYPE 2 DIABETES AND CANCER
Among the most prominent of Denis Burkitt’s “diseases of civilization” are obesity, type 2 diabetes, and cancer, whose threads are so closely interwoven that they are almost indistinguishable from one another. Burkitt considered them different manifestations of the same underlying problem. But what was this unifying thread?
Populations that transition from traditional lifestyles and diets to Western ones suffer increased obesity, type 2 diabetes, and cancer. This connection, so obvious to Burkitt in Africa, has also been observed worldwide in the native populations of North America, the Inuit people of the Far North, the aboriginals of Australia, and the South Pacific Islanders. The largest group of indigenous people of the Arctic regions are the Inuit. Early reports from 1936 found no evidence of cancer in Inuit peoples.1 None. The scientific literature of the time considered the Inuit virtually immune to both type 2 diabetes and cancer.
One 1952 expedition noted that “It is commonly stated that cancer does not occur in the Eskimos, and to our knowledge no case has so far been reported.”2 Living conditions in the Far North changed drastically after World War II. Improved housing in larger urban communities increased overall life expectancy. The traditional diet, based on fish and sea mammals, now relied upon imported foods—largely, refined carbohydrates and sugar. Soon came the realization that the Inuit were not, in fact, immune to cancer, obesity, or type 2 diabetes.
The story of type 2 diabetes in the Inuit is eerily similar to that of cancer. At the turn of the twentieth century, Arctic medical expeditions searched in vain for the secret to the Inuit’s “immunity” to type 2 diabetes. One researcher wrote in 1967 that “Clinical experience has long suggested that diabetes mellitus is rare in Alaskan Eskimos.”3 The story began to change in the 1970s, and not for the better. By 1988,4 surveys showed that “Diabetes mellitus is no longer a rare condition among Alaska Natives.”5 From 1990 to 1998, diabetes increased by 71 percent among native Alaskan children and young adults.6
Not coincidentally, the rates of obesity, type 2 diabetes, and cancer in native populations throughout the globe have soared in tandem. From nonexistent diseases in people following a traditional lifestyle to an epidemic, all within the space of a single generation. Disaster. Because of its clear correlation to changes in lifestyle, cancer had long been considered a “Western” disease, not a genetic one.
Dr. D. G. Maynard first noted the increased risk of cancer with diabetes in 1909.7 Both diseases were relatively obscure (oh, how things change) and rising in incidence (oh, how things stay the same). Since then, this correlation has been confirmed many times over in the scientific literature. Like the closely associated dietary disease of obesity, type 2 diabetes consistently increases the risk of cancer.
In the United States, the 2012 Cancer Prevention Study II estimated that diabetes increases the risk of cancer death by 7 to 11 percent.8 A 2011 European analysis9 and a 2017 Asian study10 both estimated that diabetics have about a 25 percent greater risk of cancer death. Each increase of blood glucose by 1 mmol/L was associated with an increased risk of fatal cancer: 5 percent for men and 11 percent for women.11
As in the case of obesity, diabetes increases the risk of certain types of cancer more than others. A consensus conference from the American Diabetes Association estimates that diabetes doubles the risk of liver, endometrial, and pancreatic cancer and increases the risk of breast and colorectal cancer by approximately 20 to 50 percent.12 This may largely explain why the age-adjusted rate of pancreatic cancer rose by 24 percent in the United States between 2000 and 2014.13
The close association of obesity, type 2 diabetes, and cancer clearly establishes cancer as a disease of metabolism, rather than one purely of genetic mutations. It is a seed and soil problem. When the seed of cancer is planted, the metabolic milieu of the body allows it to flourish. But what links these three related diseases? The hormone insulin.
Obesity is primarily a disease of hyperinsulinemia. The word hyperinsulinemia is derived from the prefix hyper, meaning “excess,” and the suffix -emia, meaning “in the blood.” Thus, hyperinsulinemia is translated literally as “too much insulin in the blood.” Obesity is commonly mistaken for a disease of excessive calorie intake, but it is in fact mainly a hormonal disorder of excessive insulin. (The details are beyond the scope of this book, but if you’d like to learn more about them, I offer an in-depth discussion of this phenomenon in my book The Obesity Code.) Type 2 diabetes is similarly a disease of hyperinsulinemia, although in this context it is often termed “insulin resistance.” Like Superman and Clark Kent, hyperinsulinemia and insulin resistance are one and the same.
So, let’s recap:
Insulin is a natural hormone released into the blood by the pancreas in response to food—specifically, dietary protein or carbohydrates, but not dietary fat. Generally, insulin functions as a nutrient sensor because it signals the availability of carbohydrates and proteins to the rest of the body, which may then either use or store this food energy. Is hyperinsulinemia carcinogenic? Thirty years ago, the very thought would have been widely ridiculed. Today, it is one of the hottest areas of cancer research.
INSULIN AND CANCER
The cancer-provoking potential of insulin was noted as early as 1964.14 In lab cultures, normal breast cells incubated with insulin proliferated with such enthusiasm that they resembled cancers. Growing breast cancer cells in the laboratory also requires insulin. Lots of insulin. This is an interesting observation because normal breast cells don’t really need insulin. Yet breast cancer cells can’t live without it.15 If you remove the insulin from breast cancer cell culture, the cells quickly shrivel up and die. This holds true for other cancers like colorectal, pancreatic, lung, and kidney, too. In mice, injecting insulin induces the growth of breast and colon cancer.16
This was a puzzling anomaly. The main tissues normally involved with glucose metabolism, the liver, fat cells, and skeletal muscles, naturally have the highest numbers of insulin receptors. Normal breast tissue? Not so much. So, why does breast cancer thrive on insulin? Breast cancer cells express six times the levels of insulin receptors compared to normal breast cells.17
High insulin levels can be measured with a blood test called the C-peptide, which is a protein fragment left over from the body’s manufacturing of insulin. High C-peptide levels are associated with an astounding 270 percent18 to 292 percent increased risk of subsequent colorectal cancer.19 The women in the Nurses’ Health Study with the highest levels of C-peptide had a 76 percent higher risk of colon cancer.20
But excess insulin isn’t an issue just for those with excess weight. Insulin levels form a spectrum. While those with obesity and diabetes have the highest insulin levels, healthy-weight nondiabetics may also have high insulin levels. Data from the National Health and Nutrition Examination Survey (NHANES) database from 1999 to 2010 suggest that high insulin levels more than double the risk of cancer regardless of weight status. Non-obese, nondiabetic participants with high insulin levels had a 250 percent increased risk of cancer deaths.21 Hyperinsulinemia in normal weight women (BMI < 25 kg/m2) doubles the risk of breast cancer.22
Injecting exogenous insulin, a drug more and more commonly prescribed for type 2 diabetes, also increases cancer risk. In the United Kingdom, the number of people with type 2 diabetes who are treated with insulin had grown dramatically from an estimated 37,000 in 1991 to 277,000 in 2010.23 Weight gain is the major side effect, causing an estimated two kilograms’ weight gain for every 1 percent reduction in HgbA1C, a blood test that reflects the average blood glucose over three months. This sounds ominous, as weight gain is a known risk factor for cancer. As researchers dug deeper, the news was not good. In the United Kingdom’s General Practice Research Database 2000–2010, insulin treatment increased the risk of cancer by 44 percent compared to metformin, a treatment for type 2 diabetes that did not raise insulin levels. Forty-four percent! This was staggering. But this study was not the only one that found insulin treatment to be dangerous.24
Data from the province of Saskatchewan, Canada, confirmed that newly diagnosed diabetics starting treatment with insulin had a 90 percent higher risk of cancer compared to those taking the drug metformin.25 The sulfonylurea drugs, which stimulate insulin secretion, were also linked to a 36 percent increased risk of cancer.26 More insulin equals more cancer. It’s a pretty simple concept. The longer one injects insulin, the higher the risk of cancer.27
We know that high insulin levels increase the risk of cancer. But why is insulin so important for cancer progression? Insulin is a hormone best known for its role in glucose metabolism. When we eat, insulin levels rise. When we don’t, insulin levels decrease. Insulin is an important nutrient sensor, signaling the presence of food, but what does that have to do with cancer?
In a word: everything. The nutrient sensor insulin is also a highly potent growth factor.
HEIGHT, OFTEN CONSIDERED a genetic trait, largely reflects the influence of growth factors during puberty. In post–World War II Japan, improved nutrition resulted in a gradual increase in height—and unexpectedly, breast cancer has risen in parallel.1 Simply put, tall people get more cancer.2
Shockingly, of all the growth parameters commonly measured (birth weight, weight, height, age of menarche), the largest risk factor for breast cancer is height (see Figure 16.1).3 In the United Kingdom, the Million Women Study found that the tallest women suffered 37 percent more cancer, particularly breast cancer.4 Each increase of ten centimeters in height was associated with a 16 percent increase in risk of cancer. Growth factors increase height. Growth factors also increase cancer risk.
In addition to height, the rate of myopia, also known as nearsightedness, has been climbing for the last half century. Caused by eyeballs that have grown too long, myopia now affects over half of young adults in the United States and Europe, which is double the rate of fifty years ago.5 A 1969 survey of an Alaskan village found only 2 of 131 people were nearsighted. But as their lifestyle changed, half their children and grandchildren were myopic.6 The length of eyeballs in this village has been gradually increasing.
Look around. I wear glasses. I got teased mercilessly as a child in public school because . . . well, I was kind of nerdy. But more than that, I was one of the very few kids in school wearing glasses. Looking around today’s school rooms, I estimate that at least one third of the class wears glasses. Nobody gets teased, because everybody wears glasses. Nowadays, if boys didn’t make passes at girls who wore glasses, there wouldn’t be many girls to make passes at. The increasing rate of myopia cannot be primarily genetic, obviously, as it happened within a single generation. What’s the link?
J. Green et al., “Height and Cancer Incidence in the Million Women Study: Prospective Cohort, and Meta-analysis of Prospective Studies of Height and Total Cancer Risk,” Lancet Oncology 12, no. 8 (August 2011): 785–94, doi: 10.1016/S1470-2045(11)70154-1.
Figure 16.1: Increased risk of cancer with increased height.
The common thread that runs through all the conditions of increased weight (obesity), increased height, increased eyeball length (myopia), and cancer is that they are all conditions of excessive growth. We often think that growth is good, but the truth is that in adults, growth is not necessary or even good. Quite the contrary. Growth is bad, sometimes very bad.
You don’t want your eyeball to keep growing until it is the size of your head. You don’t want your liver to keep growing until it squishes all the other abdominal organs out of the way. You don’t want your fat cells to keep growing, because obesity causes many diseases, cancer being one of them.
Most of today’s chronic diseases result from too much growth. The number one killer of Americans is cardiovascular disease, including heart attack and stroke. Excessive growth of atherosclerotic plaque blocks the blood vessels in the heart or brain, starving the tissue of life-giving oxygen. The number two killer of Americans is cancer, also a disease of excessive growth. Obesity is a disease of excessive growth. Fatty liver is a disease of too much growth. No, in adults, growth is not good. Further, the main determinant of this increased growth is not just genetics but growth factors—which brings us back to insulin.
INSULIN
Our understanding of insulin’s surprising link to cancer began in 1985, with Dr. Lewis Cantley’s discovery of the phosphoinositide 3-kinase (PI3K) pathway. Cantley, a professor at Harvard and Tufts and now director of the Meyer Cancer Center of the Weill Cornell Medical College, did not study metabolism or cancer, but the rather arcane field of cell signaling. The novel lipid molecule known as PI3K formed part of a previously unknown signaling pathway critical for regulation of cell growth.
What changed this discovery from a minor biochemical curiosity to a game-changing medical breakthrough was the key role that PI3K played in cancer. Experiments in the late 1980s found that cancer-causing viruses often activate PI3K7 to levels one hundred times those seen in normal cells.8 Unexpectedly, PI3K turned out to be one of the most significant oncogenes in human cancer. PI3K mutations rank fourth among the most common human cancer-causing gene mutations.9
High PI3K levels increase cell growth and promote cancer, so the next logical question is: what stimulates PI3K? As it turned out, the surprising answer was the well-known metabolic hormone insulin.10 Something strange and unexpected was happening here. Insulin plays a huge role in metabolism (how cells generate energy), but was turning out to be a major regulator of cell growth, too.
From an evolutionary standpoint, this insulin/PI3K pathway is ancient,11 having been conserved from worms and flies to humans. Almost all multicellular organisms use some variation of the insulin/PI3K pathway.
While today we think of insulin as a metabolic hormone, in primitive organisms, its primary function is as a growth hormone, regulating cell proliferation and survival. As we evolved into multicellular organisms, insulin evolved a second role as a nutrient sensor. This makes perfect sense, if you think about it, as growth always requires nutrients. When food is available, cells should grow. Make hay while the sun shines. When food is not available, cells should not grow. A multicellular organism growing too quickly when food is not available is a quick way to die.
When we eat, insulin and PI3K increase, which redirects the organism’s priority toward growth. When we don’t eat, insulin and PI3K fall, which redirects the organism’s priority toward cellular repair and maintenance. PI3K provides this vital link between the nutrient-sensing and the growth pathways.12 Insulin, in other words, stimulates cell growth, which has obvious implications for cancer.
Single-cell organisms such as yeast live directly in contact with their environment and therefore have little need for nutrient sensors. If food is available, the yeast grows. If food isn’t available, it doesn’t grow and instead forms dormant spores. So, yeast living on a slice of bread grows. Yeast living inside a plastic package doesn’t grow. Upon exposure to water and sugar, the dormant spores reawaken and bloom. Survival for all life on earth depends upon this tight association between growth and nutrient availability.
Multicellularity means that some cells lose contact with the outside environment. Your kidney cells live all the way inside the abdomen, without any contact with the outside world. So, how do the kidneys know whether food is available? How do they know whether to grow or stop growing? Nutrient sensors evolved to translate outside food availability into hormonal signals. Now these nutrient sensors must be linked to growth signaling.
Using the exact same molecule (insulin) as both a growth factor and a nutrient sensor solves this fundamental coordination problem. When we eat, insulin goes up, which signals the availability of nutrients, and also signals the body to grow. Excessive nutrient sensing means excessive growth, a condition of obvious importance to cancer. When no food is available, insulin goes down, which also serves as the hormonal signal to stop growing. Reduced nutrient sensing means reduced cell growth. Growth and metabolism signals are one and the same.
So, how does this process work? As shown in Figure 16.2, insulin in the blood must first activate the insulin receptor on the cell surface. Many cancers carry too many copies of the insulin receptor, explaining the disproportionate effect of insulin on cancer growth. Insulin activates PI3K, which in turn activates, among others, two key pathways: a metabolic pathway and a growth pathway.
The well-known metabolic effects are mediated through the glucose transporter type 4 (GLUT4), which allows glucose to enter the cell and convert to energy. What Cantley discovered was the previously unrecognized importance of insulin/PI3K in stimulating cell growth. Insulin, through PI3K, activates the mTOR system (more on that in the next chapter), which stimulates cell growth and proliferation.
Figure 16.2
It is little wonder that cancer, a disease of excessive growth, loves the growth factor insulin. In the rare genetic disease called Cowden syndrome, a mutation along this pathway results in enhanced insulin signaling, substantially increasing the risk of both obesity and cancer.13 The lifetime risk of cancer for those with this condition is a staggering 89 percent.14
The recognition that growth is intimately linked to nutrient signaling was a stunning revelation. It offered nothing short of a complete paradigm shift in our understanding of some human cancers, particularly the obesity-related cancers like breast and colorectal. Growth and nutrition/metabolism were now inextricably connected through the nutrient sensor insulin. A disease of excessive growth (cancer) is also always a disease of metabolism.
The nutrient sensor insulin is an important growth factor. Thus, hyperinsulinemia overstimulates the growth pathways and predisposes the body to diseases of excessive proliferation. Insulin also preferentially benefits cancer cells, which have higher glucose requirements because of the relatively inefficient energy-generating pathway of glycolysis. Obesity and type 2 diabetes, the prototypical diseases of hyperinsulinemia, significantly increase the risk of cancer. We had finally started to understand that aspect of diet that most influences cancer. Not fiber. Not dietary fat. Not vitamin deficiency. It was the nutrient sensor insulin.
Burkitt noted in 1973 that in Africa, the diseases of the West, including cancer, first appeared among the upper socioeconomic classes and in urban centers, where people had more access to imported, processed foods. Between 1860 and 1960, fat consumption increased by less than 50 percent, but sugar consumption more than doubled. The problem, he proposed, was that “The first change in traditional food is usually the addition of sugar. This is followed by substituting white bread for . . . cereals.”15 While the nutritional community was busy demonizing dietary fat, the scientific evidence pointed the finger directly at sugar and refined grains, consumption of which led to hyperinsulinemia. Dr. Lewis Cantley would say, decades later, “Sugar scares me.”
Insulin-like Growth Factor 1
In a remote corner of Ecuador lives a community of about three hundred members known as the Laron dwarves, established in the fifteenth century by a group of Jews fleeing the persecution of the Spanish Inquisition. Geographic isolation produced inbreeding that led to the overexpression of rare genes—known in biology as the founder effect. In this case, the Laron dwarves are believed to have all descended from a single common ancestor, as they carry a shared rare mutation leading to short stature, or dwarfism. Their average height is only four feet, but they are otherwise typically formed.16 Remarkably, this group appears to be completely immune to cancer!
Dwarfism is usually caused by low levels of growth hormone (GH), which is responsible for the growth in height that typically occurs during puberty. GH stimulates the liver to secrete insulin-like growth hormone (IGF-1), which carries the growth message to the rest of the body. As the name suggests, IGF-1 and insulin are chemically very similar. The Laron dwarves had plenty of GH, but did not produce any IGF-1 due to a mutation of the GH receptor gene, and therefore suffered from short stature. But luckily for us, the story of the Laron dwarves did not end there.
By 1994, local researcher Jaime Guevara-Aguirre noticed that the Laron dwarves had a cancer rate of less than 1 percent, compared to 20 percent in their relatives who did not suffer from dwarfism. A more recent 2016 survey also found no incidence of cancer.17 Interestingly, these patients were also protected from another dreaded disease: diabetes. Guevara-Aguirre could find obesity, but neither diabetes nor cancer.18 Without the growth-promoting effects of IGF-1, cancer risk was substantially reduced.
So, other than GH, whose levels are typically quite stable, what else causes IGF-1 to go up? The answer, as you may have suspected, is insulin.19 The signaling networks of both insulin and IGF-1 work through the PI3K pathway and are so closely intertwined that they are usually considered together in scientific publications. Too much insulin/IGF-1 means too much growth, which tilts us toward cancer, such as breast, endometrial,20 prostate, and colorectal cancers.21 In cell culture studies, adding IGF-1 increased colon cancer cell migration and metastasis—meaning it provided fertile soil for cancer to spread.22 Increased levels of IGF-1 are associated with a 247 percent23 to a 251 percent increased risk of developing colorectal cancer.24
But insulin/IGF-1 is not the only nutrient sensor in the human body. It is not even the most ancient one. That honor belongs to mTOR, the mechanistic target of rapamycin.
THE STORY OF the nutrient sensor known as “mechanistic target of rapamycin,” or mTOR, began in 1964, when microbiologist Georges Nógrády collected soil samples on the remote island of Rapa Nui, also known as Easter Island, and passed them to researcher Dr. Suren Sehgal, then with Ayerst Laboratories, for analysis. In 1972, Sehgal isolated the bacterium Streptomyces hygroscopicus, which produces a potent antifungal compound that he called rapamycin, after the island of its origin. He hoped to use it to make an antifungal cream that would treat athlete’s foot, but this discovery turned out to have far, far more important implications.1
When Dr. Sehgal transferred labs, he wrapped some vials of rapamycin in heavy plastic, took them home, and stored them in his family freezer next to the ice cream. He was saving these specimens for a time when he could resume research on this fascinating new drug—which, due to other research priorities, would not be until 1987. When he did resume, he found that rapamycin proved to be a rather unremarkable antifungal, but that it had a potent suppressive effect on the immune system. Still, the mechanism of action was completely unknown.
By 1994, scientists discovered the protein that was the target of rapamycin and named it (imaginatively) the “mammalian target of rapamycin” (mTOR). The discovery of this protein then led to the discovery of a previously unknown and unsuspected biochemical pathway of human nutrition and metabolism.
This was an astounding revelation for biologists—the equivalent of suddenly discovering a new continent in the Atlantic Ocean. Hundreds of years of medical science had somehow missed this fundamental nutrient-sensing pathway that was so essential to life on earth that it had been conserved in animals from yeast all the way to humans. In an evolutionary sense, mTOR is older even than the much better-known nutrient sensor insulin. The mTOR pathway is found in virtually all life-forms, rather than just mammals, so the name was changed to mechanistic target of rapamycin, but it retained its catchy moniker “mTOR.”
But what does it do? As shown in Figure 17.1, the mTOR pathway functions like a central command station by evaluating multiple sources of information before deciding whether to proceed with cell growth. mTOR considers several key sources of information, including dietary protein,2 insulin, oxygen levels, and cellular stress. It is both a nutrient sensor itself (for protein) and an integrator of information provided by other nutrient sensors like insulin. When mTOR becomes activated, it significantly increases cell growth.
Figure 17.1
The drug rapamycin blocks mTOR, which in turn stops cell growth, which explains how it functions as both an antifungal and an immune suppressant. The Streptomyces hygroscopicus bacterium secretes rapamycin to kill surrounding fungi by blocking their growth. Rapamycin also blocks human immune cell division, and therefore works as an immune suppressant.3 By 1999, rapamycin was being routinely prescribed for liver and kidney transplant patients, to prevent organ rejection by their own immune systems.
Up until this point, most of the immune suppressants prescribed to transplant patients had the unfortunate side effect of increasing cancer risk—by a lot. According to the NIH, organ transplant recipients are at increased risk for thirty-two different types of cancer.4 The immune system normally patrols the body looking to kill any stray cancer cells it finds. When the immune system is heavily suppressed to prevent organ rejection, cancer cells escape this immune surveillance.
But rapamycin was completely different. It suppressed the immune system but decreased the risk of cancer.5 This was unprecedented! Rapamycin would eventually be shown to be effective against breast, prostate, and lung cancers. This was a major breakthrough in cancer treatment, introducing a whole new class of chemotherapy.
Rapamycin had unearthed a growth pathway previously unknown. The pathway mTOR is so deeply embedded in the growth decisions of normal human cells that aberrations of mTOR are estimated to occur in an astounding 70 percent of human cancers. Mutations in important cancer-causing genes such as PI3K, AKT, RAS, RAF, PTEN, NF1, and APC all work through their effect on mTOR.6 When the nutrient sensor mTOR increases, cellular growth increases, as does the risk of cancer.
Insulin and mTOR are not the only nutrient sensors in the human body. There is also the nutrient sensor known as AMP-activated protein kinase (AMPK).
AMPK
The nutrient sensors insulin and mTOR respond mainly to dietary intake of carbohydrates and proteins. The nutrient sensor AMPK, however, assesses the overall available cellular energy. When cells generate energy, regardless of the source (carbohydrates, proteins, or fats), AMP (adenosine monophosphate) is converted to adenosine triphosphate (ATP), which, as you may recall, stores potential energy. When energy is needed, ATP releases its energy and reverts to AMP.
When the cell has little energy available, it has lots of AMP and little ATP, and this stimulates AMPK. This nutrient sensor doesn’t reflect what you just ate, but acts more like an overall fuel gauge of how much energy the cell has remaining.
Just like the other nutrient sensors, mTOR and insulin, AMPK is also inextricably linked to growth. High AMPK lowers mTOR activity, slowing down growth. AMPK increases production of new mitochondria, the energy makers in cells, to increase the cell’s capacity for burning fat. AMPK also increases autophagy, the important cellular self-cleansing and recycling process.
Drugs that activate AMPK (mimicking low cellular energy stores) are known for promoting health. Examples include the diabetes drug metformin; resveratrol, from grapes and red wine; epigallocatechin gallate (EGCG), from green tea and chocolate; capsaicin from peppers; turmeric, garlic, and the traditional Chinese medical herb berberine. Calorie restriction also activates AMPK, which may explain some of its purported benefits with regard to aging.
NUTRIENT SENSORS
Most omnivores, like humans, eat when food is available. Traditionally, we have enjoyed a wide bounty of crops in the summer and fall—food is plentiful, and we are able to consume a lot of energy. But before the advent of grocery stores, when people were living off the land, little food was available in colder months. Humans survived these times of scarcity because we have well-developed systems for energy storage (body fat) and also highly conserved nutrient sensors that signal our cells to grow when food is available and not to grow when food is not available.
The three most important nutrient-sensing pathways in humans are insulin, mTOR, and AMPK. Each nutrient-sensing pathway provides different yet complementary information (see Figure 17.2). Insulin increases primarily in response to dietary carbohydrates and protein, and responds within minutes. mTOR increases primarily in response to dietary protein and plays out over eighteen to thirty hours. AMPK responds to overall cellular energy, which reflects the intake of all macronutrients. Its total effect runs over the longer term, from days to weeks.
Figure 17.2
By using three different nutrient sensors, cells gain exquisite information about the type of food available and also the duration of its availability. Are nutrients mostly fat or carbohydrate or protein? Are nutrients available only temporarily or long term? Crafted by millions of years of evolution, the biochemical wizardry of our nutrient sensors makes a mockery of our comparatively dull caveman brain that can only say, “Look like food to Grok. Grok eat.”
All three nutrient sensors are interconnected and directly linked to cellular proliferation. When nutrients are available, cells grow. An environment full of nutrients and growth signals provides fertile soil for cancer. When nutrients are not available, cells don’t grow. But when food is scarce, it’s not enough for the total cell population to simply stop growing; it must actively shrink. Cells and subcellular parts must be culled in the processes known as apoptosis and autophagy, respectively. If these important systems go awry, the odds may tilt toward excessive growth and cancer.
APOPTOSIS
Growth is essentially the balance between two opposing forces: the rate of cellular growth and the rate of cellular death. Overall growth occurs when too many cells are proliferating or too few cells are dying. Insulin/IGF-1 promotes cell proliferation, but plays an equally large role in preventing cell death, or apoptosis (see chapter 3). Species survival depends upon matching growth to nutrient availability. Too few nutrients for too many cells equals death. When nutrients are scarce, the logical action is to remove some extraneous cells. Like a freeloading uncle who has overstayed his welcome, these extra mouths must go.
The single-cell organisms’ prime directive is to survive and multiply at all costs. If their death is messy . . . well, that’s a mess for somebody else to worry about. However, multicellular organisms require careful coordination for both adding and deleting cells. Dying and dead cells harm the cells around them—one bad apple spoils the whole barrel. In multicellular organisms, a controlled method of removing that bad apple is essential.
A normal human body makes approximately ten billion new cells each and every day. This also means that ten billion cells must also die and be neatly removed each and every day.7 Apoptosis removes these cells in a regulated and nontoxic manner. The cell carefully marked for removal undergoes controlled changes and eventually splits into small pieces (apoptotic bodies) that are safely disposed of. Cell contents do not randomly splatter out, as in necrosis.
Apoptosis must be tightly regulated, as either too much or too little is pathologic. If a cell resists apoptosis (a hallmark of cancer), the delicate balance is tipped to favor growth, which favors cancer. Apoptosis thus forms a key defense mechanism against damaged or dangerous (cancerous) cells. So, how is it controlled?
Two main pathways activate apoptosis: the extrinsic pathway (also called the death receptor pathway) and the intrinsic pathway (also called the mitochondrial pathway). Once triggered, apoptosis cannot be stopped. For the purposes of this discussion on cancer, I will focus on the mitochondrial pathway, which is controlled by both positive and negative stimuli. Positive stimuli are factors that initiate apoptosis, including cellular damage from toxins, viruses, radiation, heat, and insufficient oxygen. The body does not want broken cells all over the place, so apoptosis efficiently clears damaged cells without the accompanying mess. It is no coincidence that these positive stimuli for apoptosis are also carcinogens. Damaged cells are supposed to die. If they do not, they may become cancerous.
Negative stimuli are default pathways that automatically trigger unless appropriate signals are present. For example, you can sign up for a free trial of Amazon Prime, and if you don’t contact them in time at the end of the free-trial period, you will be automatically enrolled. Apoptosis works the same way. If no signal (growth factor) to stop apoptosis is received, the cell involuntarily starts apoptosis. This dual-control structure, using both positive and negative stimuli, is far more robust and makes apoptosis a particularly effective anticancer strategy.
Which growth factors prevent apoptosis? The best-studied anti-apoptotic factor is insulin/IGF-1, through the PI3K pathway.8 High levels of insulin/IGF-1, as seen in obesity and type 2 diabetes, not only encourage cell growth but also block the natural running of the apoptosis program, powerfully increasing growth signaling. High insulin/IGF-1 thus forms part of a fertile soil for the cancer seed.
In cancer, the balance between proliferation and destruction is tilted fatally toward proliferation. Defects in apoptotic pathways allow damaged cells to survive when they should have been marked for death. But proper execution of the mitochondrial pathway of apoptosis depends upon one key organelle: the mitochondria. If the mitochondria are dysfunctional, the mitochondrial pathway of apoptosis will similarly not work, tilting the balance toward growth and cancer.
MITOCHONDRIA
In our distant evolutionary past, mitochondria existed as separate organisms. They were engulfed by a primitive cell approximately two to three billion years ago and developed a mutually beneficial arrangement. The cell provided shelter and nutrients to the mitochondrion, and in return, the mitochondrion performed various tasks, including energy generation and eventually apoptosis.
Mitochondria are highly susceptible to damage and, to stay healthy, are constantly remodeling. To maintain high-quality mitochondria capable of carrying out apoptosis, two things must happen: old or damaged mitochondria are removed through a process called mitophagy, and new mitochondria are created.
Mitophagy is closely related to the cellular process called autophagy, which was brought to prominence by Nobel laureate Dr. Yoshinori Ohsumi. The word autophagy derives from the Greek words auto, meaning “self,” and phagein, meaning “to eat,” so it literally means “eating oneself.” Autophagy is a regulated, orderly process of degrading cellular components to be recycled into new ones. Autophagy functions as a cellular housekeeper and is controlled mainly through the nutrient sensor mTOR. When lots of nutrients are available, mTOR is high, putting the cell into “growth” mode, so autophagy and mitophagy turn off. As always, the processes of cell growth/degradation and nutrient availability are indivisible. Without mitophagy and the removal of old mitochondria, new ones cannot be formed.
The major signal to generate new mitochondria is the nutrient sensor AMPK.9 When overall energy availability is low, AMPK is high, which stimulates the growth of new mitochondria. In animal models, AMPK restriction and food restriction have been shown to maintain healthy mitochondrial networks and increase life span.10 Animals exposed to intermittent fasting showed a striking benefit in mitochondrial networks.
On the one hand, excessive nutrient availability, detected through the nutrient sensors insulin, mTOR, and AMPK, reduces mitophagy and new mitochondrial formation. To maintain healthy mitochondria, you don’t need more nutrients, but you periodically need fewer nutrients. Defective mitochondria impair apoptosis, which swings the delicate balance between cell growth and cell death. Damaged cells allowed to persist may turn cancerous because of the selection pressure to survive. These cells should have been culled but were not. The periodic removal of older or damaged cells forms one of our primary anticancer defenses.
On the other hand, nutrient deprivation—especially protein deprivation—lowers mTOR and activates autophagy. This takes the cell out of growth mode and into a maintenance/repair mode. Old, defective cells and organelles are culled. If there are not enough nutrients, then the cell does not want to maintain all these extra parts. When nutrients become available, autophagy turns off, putting the cell back into growth mode.
Any combination of increased growth factors or decreased cell death (apoptosis) will allow progression of a cancerous cell toward growth. Recent research points out that growth factors and nutrient sensors are indivisible from one another. Nutrient sensors are growth factors. Therefore, diseases of growth are also always diseases of metabolism, explaining the singular importance of insulin in facilitating cancer. Perhaps not coincidentally, the mitochondria are the key site for both energy metabolism and apoptosis.
High blood insulin (hyperinsulinemia) causes the metabolic diseases of obesity and type 2 diabetes and, through PI3K and IGF-1, facilitates a disease of growth cancer. But the idea that cellular metabolism might be important in cancer is not new. Over a century ago, one of history’s greatest biochemists, Nobel laureate Otto von Warburg, proposed that the key to understanding the origins of cancer was to look at its metabolism.
NOBEL LAUREATE OTTO Heinrich Warburg (1883–1970) was born in Freiburg, in southwestern Germany. He was the son of Emil Warburg, a prominent physics professor at the University of Freiburg, and grew up around contemporaries like Albert Einstein and Max Planck, both of whom would also become legendary scientists.
Otto Warburg’s specific research interest was cellular energetics, where he applied the rigorous methods of the physical sciences (chemistry and physics) to biology. How much energy do cells require? How do they generate that energy? This obsession would lead him eventually to his life’s research: what he called the “cancer problem.” How did cancer cells differ in their energy metabolism from normal cells?
Normally, cells may generate energy in the form of adenosine triphosphate (ATP) in two different ways: oxidative phosphorylation (OxPhos), also called respiration; and glycolysis, also called fermentation. OxPhos, which occurs in the mitochondrion, burns each glucose molecule with oxygen to generate thirty-six ATP. Without oxygen, normal cells must resort to glycolysis, which generates only two ATP and two lactic acid molecules per glucose molecule. For example, during intense exercise, muscles require so much energy so quickly that the blood flow cannot keep up with the oxygen demand. The muscles switch to glycolysis, which does not require oxygen and generates far less energy per glucose molecule. Eventually, lactic acid builds up, causing muscle fatigue, which is why you may feel like you can’t go any further in the midst of a particularly challenging workout. Normal cells do not function well in an acidic environment. As your body rests, oxygen demand slows, and your muscle cells resume OxPhos once oxygen supply catches up.
Cells generating a lot of energy using OxPhos naturally require more oxygen. Warburg noted this phenomenon when he observed fertilized sea urchin eggs growing rapidly. He speculated that rapidly growing cancer cells would also consume oxygen prodigiously. But he was wrong. In 1923, Warburg noticed with some amazement that fast-growing rat tumor cells used no more oxygen than regular cells.
The cancer cells were instead using ten times more glucose and producing lactic acid at seventy times the rate of normal tissues (see Figure 18.1).1 Warburg calculated that tumor cells converted an astounding 66 percent of the glucose they took up to lactate.2
Figure 18.1
Despite the ready availability of oxygen, cancer cells were generating energy using the less efficient glycolysis pathway. This surprising process is now referred to as the Warburg effect.
Because glycolysis generates much less ATP per glucose, cancer cells must drink up glucose like a camel drinks water after a long desert trek. Today we use the Warburg effect for the common cancer imaging test, the PET scan. As we discussed in chapter 3, PET scans measure how much glucose is being consumed by cells. Active cancer cells guzzle the glucose much faster than normal surrounding cells, and the PET scan picks up these hot spots.
Aerobic glycolysis (glycolysis in the presence of lots of oxygen) is unique to cancer. Normal cells almost always choose OxPhos if oxygen is plentiful. Even in situations where cells grow quickly and require large amounts of energy, such as during wound healing, the Warburg effect is not found. But why? It seems very strange.
Think about it. We know that cancer can be distinguished by four hallmarks:
One of these does not fit with the others. Immortal cancer cells are super busy, constantly growing, and moving all over the body. This requires lots and lots of energy. Why on earth would cancer choose a less efficient manner of energy extraction?
Suppose you build a fast sports car, sleek and low to the ground and with a spoiler on the back to reduce drag. Then you take out its 600-horsepower motor and put in a 9-horsepower lawnmower engine. Huh? That’s bizarre. Cancer effectively does the same thing by deliberately choosing a less efficient energy-generating method. Yet it cannot simply be a coincidence, as about 80 percent of all known cancers use the Warburg effect. Whatever the reason, it is critical to cancer’s genesis and not merely a metabolic mistake. Cancer has not persisted for millennia, in animals ranging from hydra to dogs to cats to humans, by making mistakes.
In a famous 1956 research paper titled “On the Origin of Cancer,” Warburg hypothesized that the anomalous switch to aerobic glycolysis is so bizarre that it must be cancer’s inciting event. To review, the two main requirements for OxPhos are oxygen and functional mitochondria, the cellular structures where OxPhos takes place. Because oxygen is plentiful, Warburg deduced that it must be the mitochondria that are dysfunctional, forcing the cancer cell to revert to the less efficient glycolysis pathway.3 Warburg hypothesized that cancer was caused primarily by mitochondrial damage.
While the Warburg effect is a well-established fact, many observations argue against Warburg’s hypothesis.4 Mitochondria from cancer cells often function normally with preserved respiration.5 Most cancer cells have normal mitochondrial function, meaning they aren’t exclusively reliant on glycolysis for energy production—they could switch back to OxPhos if necessary.6 Cancer was not being forced to use glycolysis, it was choosing it. But why?
Efficiently generating energy (ATP) is an advantage only under conditions of scarcity. If there is a lot of glucose around, then why does it matter if each glucose produces only two ATP instead of thirty-six? Glycolysis produces ATP less efficiently but more quickly. In the time that normal cells metabolize one glucose to thirty-six ATP, cancer cells metabolize eleven glucose molecules to twenty-two ATP and twenty-two lactic acid. Because lactic acid can be converted to ATP one to one, this gives cancer a potential total of forty-four ATP. Cancer cells produce energy quicker, although it requires ten times more glucose to do so.7
Imagine two people. One burns 2,000 calories per day while the other, being more energy efficient, burns only 1,000 calories. The increased energy efficiency is not an advantage if you are eating 2,500 calories per day. OxPhos is advantageous only when glucose is scarce, but given the recent obesity and type 2 diabetes epidemics, glucose levels tend to run high, not low. So, the OxPhos “advantage” of energy efficiency is largely illusory in this current environment.
The fact that almost every known cancer uses this pathway suggests that it is neither coincidence nor a mistake, but integral to cancer development. It must confer some selective advantage. But what?
Cells need more than just energy to grow. They also need basic building blocks. Because we are carbon-based life-forms, our cell growth is reliant on carbon to build basic molecules. During OxPhos, most of the carbons in glucose are metabolized for energy, leaving behind carbon dioxide, which is exhaled. During glycolysis, only a small percentage of carbons are completely burned for energy. The leftover carbons can be metabolized into carbon building blocks to make new amino acids and fatty acids.
Consider this analogy: Building a house requires both energy (the hard work of the builders) and materials (bricks). Having builders but no bricks is useless. Similarly, rapidly growing cells require both energy (ATP) and materials (carbons). OxPhos generates pure energy alone, which does not maximize growth. Glycolysis better supports rapid growth because it provides both energy and materials, while OxPhos generates only pure energy.8 This may explain the advantage of the Warburg effect for cancer growth.
By the 1970s, Warburg’s focus on cancer cell metabolism was looking increasingly shaky. The genetic revolution was well under way, and cancer researchers were drawn to the somatic mutation theory like iron filings to a magnet. The question of how cancer fueled its growth and the anomalous, curious predilection for glycolysis was a conveniently ignored mystery. Entire years would pass without any scientific publications on the Warburg effect. These two scientific fields of inquiry, cancer’s growth and cancer’s metabolism, were complete strangers to each other. Then, unexpectedly in the late 1990s, they united in a shotgun marriage.
THE WARBURG REVIVAL
The pathways that govern a cell’s growth and its metabolism had always been considered distinct. But Lew Cantley’s groundbreaking research linked the well-known metabolic hormone insulin directly to growth pathways through PI3K. Cancer cell growth and metabolism were inextricably linked by the exact same genes and hormones.9 For example, the oncogene myc controls not only growth, but also a metabolic enzyme that turns on the Warburg effect. Cantley found a direct link between nutrient sensors, metabolism, the Warburg effect, and cellular proliferation.10 Genes controlling growth also controlled metabolism.
All these newly discovered oncogenes and tumor suppressor genes also influenced metabolic pathways. Many oncogenes control enzymes called tyrosine kinases, which regulate both cell growth and glucose metabolism. The ubiquitous p53 tumor suppressor gene influences growth, and it also regulates cell metabolism by affecting mitochondrial respiration and glycolysis.
Cancer cells can’t stop growing, but they also can’t stop eating. Does cancer grow because it can’t stop eating, or does it eat because it can’t stop growing? Most likely, both. Diseases of growth were diseases of metabolism—and this applied to more than just glucose metabolism.
Cancer cells love eating glucose, but not exclusively. The metabolic pathways of the amino acid glutamine are also disrupted in cancer.11 Amino acids are the building blocks of proteins, and glutamine is the most abundant amino acid in the blood. Some cancer cells consumed more than ten times the normal amount of glutamine.12 Some cancers, such as neuroblastoma, lymphoma, and kidney and pancreatic cancer, appeared so “addicted” to glutamine that they simply couldn’t survive without it.13
Warburg believed that cancer was solely dependent on glucose for energy, but this was not entirely true. Cancer can also metabolize glutamine, and more recent studies show that cancer may also metabolize fatty acids and other amino acids.14 Cancer competes with other cells for fuel in a crowded environment, so having the flexibility to use a variety of fuels is advantageous for growth. While Warburg’s original hypothesis may not have panned out, his hunch that cancer’s metabolism was vitally important was spot on. The Warburg effect did have a purpose. It provided cancer cells with a strategic advantage in their struggle for survival. The large volume of lactic acid produced during the Warburg effect was not a waste product, as previously assumed, but a major benefit, providing the cancer cell with a significant survival advantage.
LACTIC ACID
As a tumor grows, new cancer cells crop up farther and farther away from the main blood supply that provides oxygen and clears waste products. Cells closer to the blood vessels are well supplied and thrive. Cells farther away do not get enough oxygen to survive. In between these two regions is the area known as the hypoxic zone, where cells receiving barely enough oxygen to survive activate an enzyme called hypoxia-inducible factor (HIF1). The struggle for survival in this hypoxic zone acts as a potent selective evolutionary pressure.
First, HIF stimulates the release of vascular endothelial growth factor (VEGF), which promotes the growth of new blood vessels. New blood reserves deliver more oxygen and allow the tumor to grow larger. “Inducing angiogenesis” is one of the key hallmarks of cancer described by Weinberg and Hanahan.
Second, HIF makes it easier for the normally stationary cells to become more mobile. The adhesion molecules that anchor cells to their proper position are disrupted, and the basement membranes that limit cells to certain areas are degraded.15 This makes it easier for cells to “activate invasion and metastasis,” another key hallmark of cancer.
Third, because oxygen is scarce, HIF reprograms the cell’s metabolism from OxPhos and toward glycolysis. Because more glucose is needed for energy production, HIF increases the expression of cellular glucose receptors. At the same time, HIF decreases the production of new mitochondria, which are essential for OxPhos.16 In essence, HIF is responsible for the phenomenon known as the Warburg effect, yet another key hallmark.17
This package of changes induced by HIF improves survival in a low-oxygen environment. Cells deprived of oxygen attempt to build new blood vessels, move away from the hypoxic region, and use less oxygen. Not coincidently, these are also behaviors typical of cancer cells, and this is precisely the environment that provides a unicellular organism with an advantage over that of its multicellular cousin. The Warburg effect is not simply a metabolic “mistake.” It provides cancer cells with a unique survival advantage when competing against other cells.
Cancer cells produce lactic acid during glycolysis, and they dump that acid into their surrounding environment in the same way a chemical plant might dump toxic waste in its surroundings. This is no accident, and the lactic acid is not merely a waste by-product. Tumors are using precious energy to deliberately manufacture and pump more acid into their immediate surroundings, which are already acidic.18 Compared to normal cells, which live in an environment with a pH of 7.2 to 7.4, tumors generate a surrounding microenvironment of pH 6.5 to 6.9.19 Why do cancer cells put so much effort into acidifying their surroundings?20 Because the acidity give the cells a huge survival advantage. Normal cells are injured in an acidic environment and undergo apoptosis, while cancer cells tolerate the acidity fairly well.
There are two ways to win: get better or make your competitor worse. Both work. Cancer is playing a cellular Game of Thrones. You win or you die. While normal cells play nice and cooperate, unicellular organisms compete by sabotaging opponents. Cancer cells secrete the noxious lactic acid to impede nearby cells. Killing your neighbors is a time-tested survival strategy, and is common in the unicellular universe.
In 1928, Sir Alexander Fleming discovered that the fungus Penicillium notatum secreted a noxious chemical into its surroundings that killed competing bacteria. That chemical eventually became the breakthrough antibiotic penicillin. On Easter Island, rapamycin was discovered from a bacterium that secreted a noxious chemical into its surroundings to kill competing fungi.
The caustic acidic environment degrades the extracellular matrix, the normal supporting structure of the cell. This allows for the cancer cell to invade through the basement membrane more easily, an important prerequisite for metastasis. The damage caused by the lactic acid also provokes inflammation. This attracts immune cells that secrete growth factors, which would be useful in wound healing, but ultimately benefit the cancer cell.
Cancer has been called “the wound that never heals” because of its similarity to the hypergrowth seen in wound healing. In normal wound healing, new blood vessels replace the torn old ones, cellular debris is cleared, and the wound heals. The main difference is that the wound-healing program eventually comes to an end, whereas cancer’s growth program does not.
Even when oxygen is freely available, cancer continues to use glycolysis because it offers the singular survival advantage of pumping out lactic acid (the Warburg effect). The inflammation induced by lactic acid also inhibits those immune cells that normally target and kill cancer cells.21 Thus, the increased lactic acid from the Warburg effect:
Cancer didn’t choose glycolysis over OxPhos (the Warburg effect) by accident. It’s not a mistake. It’s a logical choice because of the survival advantage offered by lactic acid. The tradeoff is the requirement for much more glucose as feedstock. During conditions of ample glucose, the balance is tipped toward cancer growth. It is the Warburg effect that sets the stage for the next step in the development of cancer by making it easier for cells to invade tissues and move around. This stage is largely responsible for cancer’s lethality.
THERE IS NO word in the cancer lexicon more terrifying than metastasis. The National Cancer Institute defines metastasis as “The spread of cancer cells from the place where they first formed to another part of the body.”1 This single distinguishing feature makes cancer more lethal than virtually any other disease in existence. A fact highlighting the severity of this phenomenon: metastases are responsible for an estimated 90 percent of cancer deaths.2
Like cancer cells, infectious diseases may also metastasize. Bacteria from a urine infection may spread to the kidneys, then to the blood, and settle into the heart valves. Bacteria move constantly but are not inherently malicious—they are simply organisms looking out for their own survival. Metastasis, or movement of cells, is an innate feature of single-cell life on earth.
Cancers are categorized as either benign or malignant. Both types of cancer behave identically in all respects, except that benign cancers lack this metastatic ability and therefore cause almost no significant disease. For example, a benign tumor of fat cells, called a lipoma, is very common, affecting an estimated 2 percent of the population. Mostly harmless, these tumors can grow to massive proportions. In 1894, a lipoma was removed weighing an estimated 50 pounds (22.7 kilograms).3 Despite their frequency and sometimes enormous size, they are generally no deadlier than acne.
By contrast, malignant cancers are categorized as such because they can metastasize. If breast cancer stayed within the breast, then it would be easy to treat: simply cut it off. Once breast cancer cells have disseminated throughout the body, it becomes a highly lethal disease. So how does this metastatic process happen?
The metastatic cascade occurs in two steps: invasion of surrounding tissue and metastasis to distant sites. First, cancer cells must break free from the original tumor mass, which may occur even if the tumor is tiny. In the disease known as carcinoma of unknown primary, the metastatic cancer is detected without a primary site being found, because either it is too small or it has already disappeared. Most cells in multicellular species have adhesion molecules that anchor cells to their proper homes. Cancer cells must overcome these anchors to roam free.
Second, the cancer must invade through the basement membrane of the normal tissues. Just as potting soil sold in a plastic bag keeps your car nice and tidy, all cells are constrained by a membrane that keeps normal cells where they belong: inside the tissue of origin. To spread to other tissues, cancerous cells must burst through this basement membrane that keeps it wrapped up.
Once through, it can spread to surrounding tissues, local lymph nodes, or past blood vessel walls in a process called intravasation. Once in the bloodstream, cancer can travel along this highway to distant sites.
INVASION
METASTASIS
These first three processes (primary tumor formation, local invasion, and intravasation) can be considered together as the process of invasion. The hypoxic, acidic environment around the cancer created by the Warburg effect clears a path for invasion.4 Believe it or not, this is the easy part for cancer cells. Most cancers are able to accomplish this feat, given enough time. In experimental animal models, cancers escape to the bloodstream easily, almost 80 percent of the time. But as for a teenager bound for college, it’s not leaving one’s parents’ house that’s difficult; it’s thriving on one’s own that’s the challenge. To metastasize, the cancer cells must survive the journey in the bloodstream, leave the blood vessel to invade a foreign organ, and then learn how to survive and thrive in that new environment.
Once cancer cells enter the bloodstream, the attrition rate is much, much higher, and metastasis is an order of magnitude more difficult to achieve. The bloodstream is a harrowing, hostile environment, with a million ways for cancer cells to die. Natural killer cells of the innate immune system hunt down and attack them immediately. This part of the immune system is called “innate” because the killer cells are naturally programmed to attack cancer on sight. The turbulence of the bloodstream is also an ever-present danger to cancer cells. Cells are generally stationary and lack the ability to handle the sheer force of a rushing torrent of blood. Many cancer cells are simply ripped apart in the current.
If the cancer cell somehow survives the traumatic journey and arrives on the distant shores of a foreign organ, it must leave the bloodstream and enter the organ, a process called extravasation. This sounds a lot easier than it actually is. The bloodstream is constantly moving, so attaching onto the wall of the blood vessel is no simple matter. Imagine being swept away by a raging river rapid and trying to latch yourself onto the shore using only your pinkie finger. The river is constantly pummeling you, threatening to sweep you back in. The cancer cell must somehow grab ahold of the edge of a smooth blood vessel, hang on against the rapidly flowing blood, and then exit through the blood vessel wall into the new organ.
The cancer cell now faces the hostile environment of an alien organ for which it is fantastically ill-equipped. For example, a breast cancer cell landing in the lung is completely bewildered by the alien environment. What is all this air blowing in and out? Where are the milk ducts? It’s akin to a penguin that normally lives in the frigid climate of Antarctica suddenly showing up in the Sahara Desert.
Even after establishment in the new location, the new cancer immigrants must still thrive and proliferate—no easy task against the hostile incumbent cells. The entire time, the immune system is still doing its best to kill the cancer. Many such cancer cell colonies, called micrometastases, may persist for long periods of time, unable to grow, but strong enough to hang on.5 Then the cancer cell must learn not just how to survive, but to proliferate and grow. This metastatic process requires extraordinary new survival skills utterly different from anything the cell has done before. Clearly, a cancer cell must have radically transformed its genetic makeup. So how do these changes occur?
Classically, the somatic mutation theory envisions a relatively orderly disease process, starting with a single cancer cell that has randomly accumulated several of the right mutations. The cancer grows larger, like a drop of red wine on a white tablecloth. When it becomes big enough, cancer cells break off into the blood. Some lodge in a distant organ, like the liver, and grow. It used to be widely believed that all these genetic mutations required for invasion and metastasis were accumulated by chance, but this “random accumulation of genetic mutations” hypothesis is now known to be incorrect.
No single “metastasis” gene has ever been discovered, despite decades of research and many thousands of genome-wide sequencing studies. Metastasis has defied all the genetic research of the last half century. That’s because instead of a single gene, it takes the coordinated and precise mutation of hundreds of genes to successfully metastasize.
So, why would a cancer want to develop the hundreds of mutations needed to survive in hostile alien environments before it even left its home? It’s like mortgaging your house to buy expensive equipment and training to survive on Saturn. With no current plans to establish a human settlement on Saturn, it is a huge waste of money and time. Why would the cancer direct massive resources toward metastasis to the liver or lung or bone before it spread? It is not a random process of accumulation, but instead, an evolutionary one. That is, cancer does not randomly accumulate the ability to invade and metastasize; it evolves that ability.
CIRCULATING TUMOR CELLS AND MICROMETASTASIS
Metastasis is an extraordinarily inefficient process. Given the almost insurmountable problems of metastasis, the majority of cancer cells sent forth from the primary tumor will die. Cancer cells reproduce every one to two days, but the doubling time of tumors is sixty to two hundred days, implying that the vast majority of cancer cells actually don’t survive.6
So, how does the cancer overcome these hurdles? Once again, the answer can be found through the application of evolutionary biology to the cancer problem. Cancer does not follow an orderly progression of growth, invasion, and metastasis. Recent research indicates that metastasis, shockingly, is not a late phenomenon of cancer. It is actually one of the earliest steps cancer takes.
If cancer moved stepwise from growth to invasion to metastasis, then early extensive local excision at any time before metastasis would be curative. But the failure of the “radical” cancer surgeries performed in the first half of the twentieth century argues against this paradigm. Many microscopic and otherwise undetectable cancer cells (micrometastases) would have escaped long before clinical detection and surgery.
In cases of “cancer of unknown primary,” which constitutes approximately 5 percent of cancer cases,7 a widely metastatic cancer is found, but no primary tumor can be identified despite intensive investigations and imaging. Even at autopsy, 20 to 30 percent of cases remain unsolved. The primary cancer is so small as to be undetectable by all our modern technology, but somehow it still metastasized. This is largely because metastasis is an early, not a late, step in oncogenesis.
Recent technological advances have allowed us to detect cancer cells in the bloodstream, called circulating tumor cells (CTCs), even at extremely low concentrations. The discovery of these short-lived cancer cells in the blood has revolutionized our understanding of the metastatic cascade. The primary tumor sheds cancer cells into the blood from a very early stage, often when the primary tumor is itself undetectable. In the bloodstream, CTCs don’t survive long. It is estimated that most live only a few hours,8 which is why they were not recognized until recently. Almost all CTCs are destroyed as soon as they are released. Like the first wave of soldiers bravely storming the beaches of Normandy, the cancer cells are immediately annihilated by the body’s formidable anticancer defenses.
Large numbers of CTCs are continually breaking off from the primary tumor and are destroyed quickly in the bloodstream, which is why metastatic cancer is rarely detectable at this early stage.9 It is extremely difficult for CTCs to establish permanent colonies, even with millions of cancer cells flooding into the bloodstream every day. Most CTCs are simply killed off10—but not always.
Micrometastasis explains the phenomenon of cancer of unknown primary. CTCs leave the primary tumor very early and, for some unknown reason, are more successful in their new environment than the old environment. While the primary tumor may be small or destroyed entirely at its original location, the metastatic cancer flourishes, having found fertile soil. Thus, the metastatic lesion is detected before the primary tumor, which is sometimes never found.
Early metastatic cells may lodge in protected niches for many years, hiding from the anticancer forces. For example, breast cancer patients with known micrometastases had only a 50 percent chance of developing clinically detectable metastases within ten years.11 The breast cancer had already spread its deadly seed, but it could not grow without fertile soil.
In the phenomenon of latent metastasis, cancer patients who have been “cured” occasionally relapse with distant metastases years or even decades after the cancer was believed to be long gone. The body’s anticancer defenses were able to keep the micrometastatic foci in check for a while, but over time, the cancer cells gained a foothold.
Early metastasis also explains the need for local radiation and chemotherapy after surgery. During surgery, all the visible cancer is removed. Nevertheless, most cancer protocols still require postoperative radiation or chemotherapy. If cancer was indeed an orderly process, then these other measures would not be necessary. Radical surgery would have removed all traces of cancer. But because cancer metastasizes early, we still need these additional treatments.
TUMORAL EVOLUTION AND SELF-SEEDING
Considering the complexity of metastasis, the classical SMT view of “random accumulation” of the necessary hundreds of mutations working together is barely in the realm of possibility. As a paradigm for understanding cancer, tumoral evolution is far better at explaining how cancer cells adapt. The early metastasis of cancer cells now provides all the conditions necessary for tumoral evolution to proceed: genetic diversity and selection pressure. There are millions of genetically distinct circulating tumor cells (CTCs) being subjected to a selection pressure exerted by the anticancer defenses. It’s not the specific mutation that’s important; it’s the understanding of what drives these mutations. Why are these genes mutating? Because their very survival depends upon it.
Even by the time of earliest diagnosis, the primary tumor has been shedding millions of CTCs daily, and micrometastases may have already been established.12 CTCs can break off as single cells or as clusters that may work together to enhance mutual survival.13
While most CTCs are instantly killed as they leave the primary tumor site, very occasionally a rare genetic mutant survives its harrowing ordeal in the bloodstream—just barely. But these cancer cells do not yet have the ability to survive on the hostile shores of the liver, bone, or lung. When a cancer cell lands on a distant shore, it is immediately slaughtered. Other CTCs continue to circulate through the body, searching desperately for a safe harbor. At last, a few survive long enough to find an oasis, their site of origin: the primary tumor.
These prodigal sons of cancer return to settle back in their ancestral home, which provides them a haven. The returning CTCs require no new genetic adaptations to survive and thrive in the tumor microenvironment. In this tumor sanctuary, the acidic, hypoxic environment suppresses the immune surveillance that had been obliterating them out in the bloodstream.14 This phenomenon is referred to as tumor self-seeding. Cell line models for breast, colon, and melanoma cancers have already proven its existence.15 When tumors reseed their own primary site, they are ensconced in a protective environment—a nursery for returning cancer cells.
However, when these cancer progeny return, they are not the same wide-eyed innocents that originally left the primary tumor. Their companions have been killed. Only those that could activate their inner, most ruthless survivalist, the unicellular organism within, could return. Imagine a shoplifter sentenced to five years in the gulags of Siberia. He may have been a nice guy to start, but the horrors of the labor camp turned him into a hardened criminal. He’s evolved. It’s the same case with the cancer cell that returns to reseed the primary tumor. Only the cancer cells tough enough and adaptable enough to survive return. The conditions are ripe for natural selection. Cancer cells are genetically diverse and exposed to a selection pressure: being able to survive in the bloodstream.
The returning CTCs reinfiltrate the established tumor and outcompete the less aggressive original parental cancer cells. The primary tumor becomes replaced with a more aggressive strain, and the new CTCs being shed into the bloodstream are now the progeny of this strain. While the journey through the bloodstream is still treacherous, these more aggressive cells can now withstand it just a tiny bit better than the previous generation.
This is not the end of the story; it’s only the beginning. The evolution of the cancer cell is an iterative process (see Figure 19.1). The new CTCs face another round of intense selection pressure. Most of the new CTCs are also killed, but once again, a few rare mutants who developed enhanced survival mechanisms in the bloodstream return to reseed the primary tumor site. This cycle repeats over and over again, usually over years or decades, each cycle bringing about new mutations that allow better survival in the bloodstream. The primary tumor is recolonized by its own metastatic progeny. These genetic mutations are anything but random—this is the Darwinian process of natural selection. The cancer cells are evolving.
Figure 19.1
Each iteration selects for more survivability and aggression. Over time, the cancer selects the hundreds of mutations necessary to successfully metastasize through the blood and set up a new colony of cells. Tumor self-seeding amplifies the most aggressive clones and allows selective enhancement of survivability traits.
The self-seeding process explains the genetic diversity with the primary tumor site—known as intratumoral heterogeneity (ITH). The cancer cells within a single tumor are not made up of a single genetic clone. There are multiple different clones within the same tumor mass, reflecting the different waves of immigration and self-seeding.
With enough time and tumoral evolution, the cancer cells can now survive the bloodstream journey reasonably well and land in the different organs. Again, that foreign landscape will be hostile soil to the cancer cells. They start by establishing a colony, a micrometastasis that can stay dormant for decades. The foreign hostile soil acts as evolutionary selection pressure on this little settlement of cancer cells. Over generations of cells, those mutations that allow survival and growth have a selective advantage. These new cells mutate into a metastatic tumor that now is able to grow.
Metastasis creates a new branch in the cancer’s evolution. The metastatic site shows completely different genetics from the primary tumor,16 which reflects the particular challenges of surviving in that metastatic site. Because most cancer cells die when trying to metastasize, very few cells survive, and this restricts genetic diversity,17 a phenomenon known in biology as “bottlenecking.”
At last, we have a working paradigm of how cancer develops, from its inception right through to metastasis. The factor that shapes cancer from beginning to end is the most powerful force in biology: evolution. It is not a random patchwork of different mutations. At all stages, the driving force behind cancer is the most primal directive of all life on earth: survival of the cell.
Cancer paradigm 3.0, the evolutionary model, can be divided into three phases:
OUR UNDERSTANDING OF the fascinating and strange story of cancer has undergone several major revisions. The evolutionary paradigm offers astonishing new insight into cancer’s genesis, from transformation, progression, and metastasis to treatment and recurrence. The focus shifted from purely genetics (the seed) to the environment (the soil) and the interaction of the two. In evolutionary biology, the environment plays the most important role in determining which mutations are beneficial and which are harmful. We’ve covered a lot of new ground, so before moving onto therapeutic implications, let’s briefly recap the story of cancer, using the example of a smoker who develops a lung cancer that metastasizes to the liver.
Several billion years ago, the earliest organisms were simple single-cell prokaryotes. As they evolved into the more complex eukaryotes, increased cellular cooperation led to the development of multicellular organisms. These larger and more complex animals dominated against the simpler, smaller organisms, just as cities dominate against isolated individuals. But this required a fundamental and monumental shift in cellular priorities.
The previous genetic programming honed cells to compete against one another in order to survive. Now cells needed coordination and cooperation. Your liver does not try to kill your lung; the two help each other. Other cells were friends, not food. By cooperating, the entire organism gains a huge advantage of specialization. A single cell could not possibly learn how to read Shakespeare.
As cells transitioned from rivals to teammates, new rules were needed. The ancestral competitive playbook was not erased. Instead, new programs (genes) were added on top of the old ones to change and control them. Tumor suppressor genes suppressed the old “grow at all costs” programs. Oncogenes produced growth factors that activated old growth programs, but only at the correct time and place. Cancer appears precisely at this junction between unicellularity and multicellularity, or cellular competition versus cooperation.
Think of it as akin to training a bear to dance. A wild bear can be persuaded by early extensive training to do stupid human tricks, such as dance and wear a tutu. The original “wild animal” programming in the bear lies dormant but intact. A new “dance and wear a tutu” program has simply been overlaid. When the bear is provoked, it stops dancing and reverts to behaving as a wild animal, albeit with the tutu still on. Cancer is that inner wild beast, a ferocious competitor and survivor.
Unicellular genes that enhance competition and survival are precisely those genes that cause cancer in multicellular organisms. The seed of cancer already exists in every multicellular organism, because it is simply a remnant of our evolutionary past. When the new rules break down, the old unicellular behaviors reassert themselves. The seed of cancer grows, is immortal, moves around, and uses the Warburg effect. This is an ancient tool kit of survival responses. These are the hallmarks of cancer. This is the new invasive species known as cancer.
Because cancer is a dormant part of ourselves, and a known ever-present danger, multicell organisms have evolved potent anticancer strategies, including DNA repair, apoptosis, the Hayflick limit, and immune surveillance. Natural killer (NK) cells are a part of our innate immune system that—surprise, surprise—naturally kills tumor cells. NK cells constantly patrol the body like a vigilant police force, looking for potentially cancerous cells. Orders? Shoot to kill. If the anticancer defenses are impaired, cancer may flourish.
Multicellular organisms suppress competition between their own cells in the same way that a society enforces rules for individuals to cooperate, not compete. We line up at the movies instead of shoving each other out of the way. Cancer results from the loss of cooperation between cells and proceeds in three stages: transformation, progression, and metastasis.
TRANSFORMATION
Why would a cell reject polite multicellular society to compete on its own? Because its own survival is at stake. When the normal law and order of the multicellular society fails, cancer cells evolve to survive against chronic sublethal damage. If the injury is too significant, cells simply die. If the injury is too slight, the damage is simply repaired. With just the right amount of chronic injury, cells become as frantic as a mouse in a trap, forced to find a way to survive.
In our example, the constant damage from cigarette smoke forces lung cells to face an existential crisis. Some cells are killed outright. Some cells are untouched. But there’s a substantial proportion of cells that endure chronic sublethal damage, and these activate wound healing. The normal rules of multicellular society have broken down. It soon becomes every cell for itself.
So, the damaged lung cell faces a dilemma: should it continue cooperating with other cells, its normal modus operandi? Without the normal law and order, this will likely lead to its own death. The alternative is to compete for its own survival and ignore the normal rules of multicellular society. Caught between the devil and the deep blue sea, some cells revert to competition.
The chronic sublethal smoke damage exerts a potent selection pressure, and the cell must activate the rarely used ancient survival subroutines from unicellularity to save itself. Natural selection favors certain genes for survival. Growth, immortality, movement, glycolysis (the Warburg effect)—those cells that don’t adapt and dust off the old survival playbook don’t survive. The cancerous transformation has just been made.
Mutations are not randomly accumulated, but carefully selected by a Darwinian evolutionary process. Mutations that activate the old unicellular, survivalist kernel of programming improve the odds of cell survival against this chronic smoke damage. As they turn down the backward path toward unicellularity, normal lung cells transform into cancerous cells.
The tumor, a little cluster of cancer cells, starts to grow in the lung. These radical cells represent danger to the organism, so the body activates its highly evolved and potent anticancer mechanisms to maintain multicellular law and order. Most of the time, the body kills this invasive species, wiping it out before a beachhead is established. In these cases, the cancer is killed before it can even be detected.
But the person is still smoking, and the chronic cell damage persists. Occasionally, a rare mutation allows cancer to survive the body’s anticancer defenses. It doesn’t flourish, but it’s not totally dead. The little cancer develops genetic variation (intratumoral heterogeneity), which permits branched-chain evolution and natural selection. Over time, tumoral evolution slowly selects for the expression of more survival traits, which can take decades. Cancer uncovers previously suppressed abilities through genetic mutation, but again, these atavisms are not random. Rather, selective evolutionary pressure made possible by ITH is the guiding force for these mutations.
PROGRESSION
As the tumor grows, it faces new challenges that require new solutions that cannot be found in the old survivalist playbook. Parts of the growing tumor are too far from their vital supply lines, the oxygen-carrying blood vessels. This activates hypoxia-inducible factor 1 (HIF1) which stimulates the growth of new blood vessels. This is not part of the original survival subroutine, but evolved to support tumor growth.
In addition, HIF1 encourages cell movement and the Warburg effect. The cancer cell produces lactic acid, which is dumped into the surrounding microenvironment. The acid not only suppresses normal immune cell function, but also degrades the supporting structures, making it easier for cancer cells to invade through the basement membrane, enter local tissues, and eventually disseminate through the bloodstream. The damage from the acidity attracts inflammatory cells that produce growth factors. Normal cells fare poorly in this hypoxic, acidic environment, whereas cancer cells do relatively well. In the land of the blind, the one-eyed man is king.
Cancer seeds are everywhere, but they are irrelevant without fertile soil. Multicell organisms tightly control growth, just as cities tightly control growth through building permits. But certain conditions, such as the ready availability of nutrients and especially glucose, allow easy growth of both normal and cancer cells.
The human body uses three main nutrient-sensing pathways, insulin, mTOR, and AMPK, which also act as growth factors. When the body senses more available nutrients (high insulin, mTOR, and low AMPK), conditions favor growth, which favors cancer cells. The lung cancer is now not just surviving, but also finding good soil to grow. But it’s getting a little too big and unwieldy—time to leave home.
METASTASIS
Cells are normally stuck to their place of origin by surface adhesion molecules. But cancer cells that can’t move can’t grow. For an invasive species, movement is a perfectly normal behavior. Cancer cells break off the primary tumor to find more room to grow. This happens early in cancer’s course, as the circulating tumor cells (CTCs) consume nutrients rapidly and are very quickly driven by the increased competition for resources. This new environmental stress creates new evolutionary selection pressures.
Unfortunately, these CTCs find out that the bloodstream is a terribly hostile environment, and most just die. But not all. One day, a rare genetic mutant arises that is able to survive both the immune cell attack and the travel through the bloodstream long enough to circulate back to the original tumor site in the lung.
As it returns home, it finds a sanctuary against all the scary things trying to kill it, and it recovers. The tumor has just self-seeded. But this returning cancer is more aggressive and just a tiny bit better able to survive in the bloodstream. This more aggressive variant multiplies within the safety of the primary tumor site. It dominates and outcompetes the incumbent cancer cells. Driven by the incessant hunger to grow, the new lung cancer strain starts shedding circulating tumor cells into the blood. This cycle of tumor self-seeding and metastasis repeats over and over, with the cancer continually evolving over time its ability to survive the bloodstream.
But cancer cells can’t circulate forever in the blood like a raft adrift in the ocean. After barely surviving their harrowing trip through the bloodstream, the cells land on the hostile shore of some other tissue. These lung cancer cells may land on the kidney, liver, bones, or the brain. Almost all these cancer cells are immediately wiped out in this new hostile, alien environment. A lung cell can’t survive in the kidney or the liver or the bones or the brain. It’s a fish out of water.
Millions of lung cancer cells die on these alien shores. But the primary tumor is still shedding millions more cancer cells into the blood just behind them. Wave after wave of cancer cells die. It takes more than a few tweaks to the original lung cancer cell to adapt to the entirely new environment of the liver.
Eventually, a rare genetic mutation allows the lung cancer cells to reach the new distant shore of other organs, like the liver, and manage to survive. They may not thrive, but at least they’re not dead. This micrometastasis is so small that it is undetectable and may lie dormant for decades. Invasion and metastasis are difficult skills to master, and most cancers fail.
Given enough time, Darwinian evolutionary processes select a rare genetic variant to flourish, and the little outpost of metastatic cancer cells grows. The cancer has just become metastatic, and the prognosis for the patient has just plummeted from good to decent. This slow process from initial carcinogenesis to metastasis takes decades.
Once the cancer is discovered, the patient begins a regimen of chemotherapy, radiation, hormones, or surgery. These weapons of cellular mass destruction annihilate the embattled cancerous foe, but their efficacy is limited by their damage to normal cells, which causes side effects. The cancer may appear to have gone into remission, but if even a few cancer cells survive, the treatment puts a new selection pressure on the cancer. Eventually, a rare variation arises that shows resistance to the treatments given. Those resistant cells replicate and flourish. The cancer has recurred. And now it’s resistant to treatment. The prognosis has now just plummeted from decent to poor.
CANCER PARADIGMS
The evolutionary/ecological model of cancer, with tumoral evolution and self-seeding, reflects the complex, dynamic, and ever-evolving ecosystem of cancer. It considers not only the cancer cell itself but also its relationship with other cells and with its environment. Population dynamics, evolution, and selection pressure are key elements of this new model of cancer. The evolutionary model is a mosaic, not a monochrome like the SMT.
Our understanding of cancer has moved through three major paradigms, each of which has produced revolutionary treatments and improved understanding, but that journey has also revealed our knowledge gaps with regard to this ancient enemy. Cancer paradigm 1.0 understood cancer purely as a disease of excessive, uncontrolled growth. The logical solution is to kill those areas of excessive growth with poison (chemotherapy), burning (radiation), and/or cutting (surgery). But this paradigm reached its limits by the mid-1970s.
Cancer does one thing better than anything else: grow. The treatments of cancer paradigm 1.0 were trying to beat cancer at its own game. We were attacking cancer’s strength, not its weakness. If cancer were a crab, we were attacking it head-on, trying to crack its tough shell, while suffering from its vicious claws. Cancer paradigm 1.0 ultimately failed to explain why these cells were growing excessively.
Cancer paradigm 2.0 explained that accumulated genetic mutations caused excessive growth. A few mutations in a few key growth genes accounted for cancerous growth and worked well for some cancers, but problems soon emerged. As we chased down the various genetic mutations, there were more than just the expected few. There were millions.
Cancers are master genetic shape-shifters, mutating frequently and better than anything else in the known universe. So, targeting a specific mutation to kill cancer is largely futile, because the cancer can simply mutate again. Cancer is a dynamic disease, so any single static treatment, whether chemotherapy or a genetically targeted drug, often fails. Instead, treatments may introduce a new selection pressure; just as constant antibiotic use can build up bacterial resistance. Cancer is the ultimate survivor, having evolved over billions of years to evade threats. Once again, we are attacking cancer’s strength and hoping for the best. With an almost infinite number of combinations of mutations, genetically targeted precision treatment was revealed to be a pipe dream.
As with its predecessor, cancer paradigm 2.0 (the genetic model) failed because it neglected to explain why. Why were cells mutating? With no answer, this cancer paradigm reached its limits by the early 2000s. We had zoomed in so closely to the specific genetics of cancer that we missed the importance of the environments and interactions between cells. We had missed the forest for the trees.
A NEW DAWN
This led us finally to the current evolutionary/ecological theory of cancer: cancer paradigm 3.0. Darwinian evolution is the only known force in the biological universe that can create and coordinate the sheer number of mutations needed for cancer. The quest for cellular survival drives the accumulation of tens or hundreds of mutations seen in each cancer.
Cancer is not only a seed problem but also a soil problem. Ecology is the study of the relationship between one organism and another, as well as these organisms’ relationship to their environment. The evolutionary theory does not negate the importance of the genetic paradigm, but it expands it to include both the seed and the soil. Cancer is not just a genetic disease. The evolutionary/ecologic paradigm recognizes the importance of cell-to-cell interactions and interactions with the environment, making it a far more dynamic, inclusive, and comprehensive theory of cancer. Evolutionary biology links carcinogenesis, progression, and metastasis, whereas genetics considers them all as separate issues.
This idea is not new; it just needed to be rediscovered. “Cancer is no more a disease of cells than a traffic jam is a disease of cars,” wrote cancer researcher D. W. Smithers in 1962. A traffic jam results from the interaction between the car, neighboring cars, and the environment. If you look only at each individual car—Are the brakes working? Was it recently serviced?—you will fail to find the problem.
Similarly, cancer is not only a genetic disease, but also an ecological disease. The environment plays a huge role in determining whether a cancer grows. Under certain conditions, such as high insulin levels, cancer will thrive, while under other conditions, it will fail to establish itself.
This new understanding of cancer has major implications for cancer prevention and treatment. An entire new front on the war on cancer has now been opened. We’ve been able to identify opportunistic targets to break the stalemate of the past fifty years. A firestorm of research has enabled the development of entirely new weapons to defeat cancer. Life expectancies are rising. Cancer death rates are falling. For the first time in living memory, cancer may be on the retreat.
Cancer Prevention and Screening
TODAY, HEART DISEASE is the leading cause of death in the United States, with cancer as the perpetual runner-up in this morbid race. But that may soon change. From 1969 to 2014, death from heart disease declined by 68.4 percent among men and 67.6 percent in women, due to both improved prevention and improved treatment.1
Yet, over that same period, cancer deaths declined by a relatively minimal 21.9 percent for men and 15.6 percent for women—less than one third the rate at which heart disease declined (see Figures 21.1 and 21.2). In 1969, the risk of dying from heart disease was two to three times higher than the risk of dying from cancer. In 2019, those risks were virtually equal.2 As recently as 2000, cancer was the leading cause of death in only two states (Alaska and Minnesota). In 2014, fully twenty-two states reported that cancer was the leading cause of death.3 According to the American Cancer Society, the lifetime risk of being diagnosed with cancer is more than one in three,4 and worse, many of the obesity-related cancers are rising in prevalence and considered avoidable.
While progress against cancer lags far behind that for heart disease, there are still some bright spots. Total cancer deaths peaked in 1991 and fell steadily by 27 percent in the twenty-five years to 2016, due mostly to the reduction in lung cancer deaths thanks to the increased regulation of the tobacco industry and effective antismoking campaigns.
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Prevention is the surest route to defeating cancer and is responsible for this significant victory in the reduction in lung cancer deaths. The popularity of smoking tobacco in the United States began to increase around 1900, gaining momentum during World Wars I and II, and peaked in 1964, when 42 percent of Americans smoked.5 Smoking was fashionable, common, and seemingly harmless. Many physicians smoked, along with much of the rest of the male population. Smoking in women was decidedly less popular in the 1960s, but it gained steam afterward, ironically as a symbol of female empowerment.
The seminal event in the history of cancer prevention was the 1964 declaration by Luther Terry, then the surgeon general of the U.S. Public Health Service, that smoking caused lung cancer. Cigarette smoking is estimated to account for 81 percent of lung cancer (see Figure 21.3). Terry, himself a long-term smoker, almost singlehandedly saved hundreds of millions of lives.
Public perception of smoking changed gradually but irrevocably after the 1964 report. Just a year later, new legislation mandated that warning labels be placed on cigarette packaging, to let consumers know that smoking was hazardous to their health. Other public health measures included restricting cigarette advertising, especially to young people. Smoking rates in the United States steadily declined over the ensuing years, reaching 15.5 percent by 2016.6
Lung cancer deaths followed an identical trajectory, delayed by the twenty-five years or so that it takes to develop cancer. From 1990 to 2016, lung cancer deaths fell 48 percent in men. Smoking in women started later than in men, and therefore showed a slower uptake and decline.
But cigarette smoking contributes to more than just lung cancer. The chronic irritation caused by tobacco smoke causes at least twelve other cancers and increases the risk of heart disease, stroke, and chronic lung disease.7
Figure 21.3
Lung cancer was still responsible for most cancer deaths in 2019, for both men and women, although the numbers are dropping significantly. There is little doubt about the best way to treat lung cancer: stop smoking. Nothing else comes anywhere close. It’s a matter of execution, not knowledge.
Cancers caused by infectious agents like bacteria and viruses have also been declining steadily. Stomach cancer has fallen steadily since 1930, as improving public sanitation dramatically decreased the prevalence of H. pylori. Overcrowding and poor sanitation persisted in Asia for much of the first half of the twentieth century, leading to endemic H. pylori infection and high rates of stomach cancer. In Japan, for example, death from stomach cancer did not start to fall until the mid-1960s.8
Liver cancer fell steadily in America from 1930 to 1980, due to major advances in the identification and prevention of the viruses hepatitis B and C. Both viruses are less common in America compared to Asia, where hepatitis B has stayed endemic due to maternal transmission. Deaths from liver cancer in Japan did not peak until the 1990s.9 Today, widespread vaccination for hepatitis B and effective antiviral medications for hepatitis C have led to the hope that liver cancer may follow its persistent downtrend.
The recent news on liver cancer is not good, but for a completely different reason. Over the last forty years in the United States, liver cancer diagnoses have tripled and deaths have more than doubled. There is little mystery as to why this is so: liver cancer is one of the obesity-related cancers, with obese and overweight individuals suffering almost double the risk compared to healthy-weight individuals.10 Fatty liver disease can cause chronic inflammation, leading to cirrhosis and liver cancer. Pancreatic cancer, also an obesity-related cancer, is increasing in incidence, by about 1 percent per year from 2006 to 2015.
SCREENING
After lung cancer, the next biggest cancer killers are prostate cancer (men) or breast cancer (women) and then colorectal cancer in third place. In all three types of cancer, no single major causative agent has yet been identified, although breast and colon cancer are the two most prominent obesity-related cancers. Without knowing causation, these cancers cannot be entirely prevented. The next best step may be early detection and treatment through screening. When they are caught early, the five-year survival rate for breast, colorectal, and prostate cancer exceeds 90 percent (see Figure 21.4).
Once the cancers become metastatic, however, these survival rates drop to less than 30 percent. The key, then, is to reduce the number of patients who present with late-stage disease. One well-tested strategy is to screen for early disease with the hope that we can reduce the number of people presenting with the more lethal, late-stage disease. While several large population-based screening programs have been wildly successful in reducing the burden of cervical and colorectal cancer, screening for three other common cancers (breast, prostate, and thyroid) have been decidedly less successful. Unfortunately, simply catching more early-stage disease is not useful by itself. In the first two cases (breast and colorectal cancer), screening has reduced late-stage disease, but in the latter three cases (prostate, esophageal, and pancreatic cancer) it has not, and that makes all the difference in the world.
American Cancer Society, Facts & Figures, 2019.
Figure 21.4
CERVICAL CANCER
Deaths from cervical cancer have dropped dramatically since the 1940s, largely due to the introduction of the Pap smear. It’s now known that 70 percent of cervical cancer is attributable to two strains (16 and 18) of the human papillomavirus (HPV), a disease transmitted largely through sexual contact. After infection by these cancer-causing subtypes of HPV, the cervix sheds abnormal cells for several years prior to the development of invasive cervical cancer.11
In 1928, gynecologist Dr. George N. Papanicolaou discovered that when the cervix was scraped with a small brush and the sample cells obtained were examined under a microscope, previously hidden cancer cells could be detected.12 Women had no symptoms at this stage, and felt entirely well. By 1939, Papanicolaou was routinely sampling cells from all women admitted to the obstetrical and gynecological service at his New York hospital. In 1941, his landmark research paper described how the “Pap” smear could detect unsuspected precancerous lesions.13 With the cancer diagnosed early, removal of these lesions halted further progression toward a full-blown cancer. Today, cervical cancer serves as the poster child of screening programs, being one of the earliest and most successful cancer interventions to date.
Throughout the 1940s and ’50s, the American Cancer Society enthusiastically promoted the Pap smear for mass screening. It trained physicians and pathologists in its use and established a series of cancer detection clinics, focused mainly on cervical cancer.14 Deaths from cervical cancer dropped an estimated 71 percent from 1969 to 2016. The good news is that large-scale, population-based vaccination programs have been developed and approved in many countries. Preventing viral transmission of HPV 16 and 18 promises to lower the rate of cervical cancer even further.
COLORECTAL CANCER
Population-based screening for colorectal cancer is another great example of how to increase the odds of successful cancer treatment, as deaths from colorectal cancer have trended steadily downward since the mid-1980s, due largely to population-wide screening programs.
In 1927, researchers discovered that normal colon tissue did not transition directly into colorectal cancer, but went through an initial precancerous phase called an adenomatous polyp.15 The polyp stage lasted for years or even decades before transforming into an invasive cancer. Before the 1960s, detecting adenomatous polyps was no easy task.
Digital rectal exams were historically the preferred method of screening. As part of the routine physical examination, patients heard the dreaded snapping of the latex glove and the stern instructions to bend over, just before the physician’s finger was inserted into their rectum, to feel around for anything unusual. Not only was this exam unpopular, it was also virtually useless, as the human colon is approximately five feet long, and the physician could feel only the first few inches. Luckily, advances in technology would eventually provide a better solution.
In the 1940s, a rigid camera called a sigmoidoscope was developed. It was inserted into the sigmoid colon, the last fifteen inches or so of the large intestine. It was a difficult and painful procedure, but nevertheless, starting in 1948, large-scale screening programs using this primitive technology resulted in a jaw-dropping 85 percent reduced rate of colorectal cancer over twenty-five years.16 The concept was proven, but the screening procedure was not generally acceptable to the public.
Improved medical technology changed the game once more. Polyps may bleed intermittently, allowing small amounts of blood into the stool that are not immediately visible to the naked eye. In the late 1960s, fecal occult blood testing (FOBT) was developed, allowing otherwise invisible amounts of blood to be detected and serving as an early warning sign of colorectal cancer. This required only a simple stool sample, and no tubes needed to be inserted into any orifices.
By the middle of the 1970s, flexible colonoscopy was developed. Instead of a rigid scope with limited reach, the colonoscope was flexible, allowing easier passage throughout the entire colon, with its many twists and turns. A positive test for fecal occult blood could now be followed up by a relatively simple colonoscopy that could both detect and remove polyps.17
In 1993, findings from the National Polyp Study proved that this combined approach reduced colorectal cancer by a stunning 76 to 90 percent18 and cancer deaths by 51 percent.19 The 1993 Minnesota Colon Cancer Control Study confirmed that screening with fecal occult blood and colonoscopy reduced death from colorectal cancer by 33 percent.20 This was not just a home run for cancer prevention and treatment; it was a grand slam.
Currently, the U.S. Preventive Services Task Force (USPSTF) recommends screening with FOBT or colonoscopy starting at age fifty and until age seventy-five. Colonoscopy has the advantage of being able to both detect the polyp and remove it immediately. Screening rates have increased from the 20 percent range in the 1990s to approximately 65 percent in the United States today.21
The increased screening has steadily decreased deaths from colorectal cancer, but the 2019 statistics contain some disturbing data: this cancer is increasing disproportionately in younger patients, likely related to the ongoing and increasing obesity crisis. The American Cancer Society estimates that 55 percent of colorectal cancers are attributable to modifiable risk factors, predominantly excess body weight. For those patients over age fifty-five, colorectal cancer decreased by 3.7 percent per year from 2006 to 2015; but for those younger than fifty-five, it increased by 1.8 percent.
Both cervical cancer and colorectal cancer progress in a fairly orderly fashion, from a premalignant condition to invasive cancer. This provides a window of opportunity where early detection and intervention can stop cancer’s progression. Hopes were high that these successes could be repeated for the other big killers, breast and prostate cancer, through mammography and prostate-specific antigen (PSA) blood testing, respectively.
BREAST CANCER
Breast cancer screening focuses on mammography, a type of X-ray, because breast self-examination is too variable and unreliable. For decades, cancer societies recommended annual screening mammography for women starting at age forty, and by all accounts, early screening seemed like a successful intervention. Breast cancer deaths peaked in 1989 and declined by 40 percent from 1989 to 2016. So, it is somewhat surprising that, recently, many countries are suggesting less screening, particularly for those ages forty to fifty.
In 2013, the Cochrane Library, acknowledged as a world expert in evidence-based medicine, reviewed all available data on mammography and concluded that it provided no overall benefit in preventing breast cancer deaths.22 How could that be possible? But the Cochrane Library was not alone in its doubts.
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In 2014, the Swiss Medical Board noted how “non-obvious it was that the benefits outweighed the harms.”23 It was not immediately apparent to these experts that screening mammography did any good whatsoever. For a fifty-year-old woman, the Swiss Medical Board estimated that screening prevented only 1 breast cancer death for every 1,000 women screened. This means that the other 999 (or 99.9 percent) women did not benefit directly from mammography, but may have suffered from overdiagnosis.
By contrast, it was obvious to any casual observer that the Pap smear screening had dramatically reduced the burden of cervical cancer. No randomized trial was ever needed because the benefits were so clear. Where was the disconnect?
There are three main problems with breast cancer screening: lead time bias (see Figure 21.6), cancer deaths versus overall deaths, and failure to reduce late-stage disease. Much of the benefit of screening is illusory due a phenomenon known as lead time bias. Imagine two women who both develop breast cancer at age sixty and who both die of the disease at age seventy. The first undergoes screening and finds the disease at age sixty-one. The other does not undergo screening and finds the disease at age sixty-five. The first woman “survived” cancer for nine years, whereas the second “survived” cancer for only five years. Screening improved cancer survival by an apparent four years, but this is only an illusion.
Figure 21.6
The second problem is a methodologic issue. Many screening programs declare themselves a success by reducing cancer deaths rather than overall deaths. Why is this important? Suppose a group of one hundred people with cancer will die of the disease within the next five years, and early screening is completely ineffective. However, the toxicity of treatment (surgery, radiation, and chemotherapy) causes heart attacks and infections, killing twenty-five of those patients. Without screening, one hundred patients died of cancer, but with screening, only seventy-five died of cancer and twenty-five died of other causes. Screening reduced cancer deaths by 25 percent, but the benefits were entirely illusory (see Figure 21.7). The patients didn’t actually derive any benefit from screening, and most were actually harmed (see Figure 21.5). For that reason, the only relevant outcome is overall survival, not cancer deaths.
The third problem, failure to reduce late-stage diagnosis, is much more serious. Mammography detects plenty of early-stage breast cancer, exactly as intended. From 1976 to 2008, screening caught more than twice the number of early-stage breast cancers compared to the prior period before widespread screening (see Figure 21.8). Logically, you would expect that catching and treating the disease early should reduce the amount of breast cancer diagnosed at a late stage. But it didn’t. The rate of late-stage cancer decreased by only a minuscule 8 percent.
Figure 21.7
Late-stage disease is highly lethal, whereas early-stage disease is highly curable. The early-stage cases being detected were unlikely to progress to more advanced disease. Only a tiny 6.6 percent of those early-stage cases were expected to progress to invasive cancer. In other words, in 93.4 percent of the early-stage cases detected by screening, treatment offered no discernible benefit. We were finding cases that didn’t need to be treated. And we weren’t significantly reducing the number of late-stage cases that are the deadliest.24
But why didn’t the detection of more early-stage disease translate into fewer overall late-stage cancers? In both cervical and colorectal cancer, progression follows an orderly and defined path, from microscopic tumor to larger tumor to metastasis. Therefore, virtually each small precancerous lesion detected and treated was one fewer late-stage cancer in the future. But breast cancer works differently.
Figure 21.8
The evolutionary model of cancer can help us understand why removing small cancers does not reduce the incidence of fully matured cancers. Cancer does not follow linear evolution, where one event follows the next in an orderly fashion. Instead, cancer follows branched-chain evolution. Thus, just as a tree may grow through a fence, blocking a single branch may not stop overall progression of the cancer.
Metastasis accounts for the majority of deaths from cancer. If metastasis occurs late, then early detection and treatment will lower the risk of metastasis. But the new paradigm of cancer recognizes that metastasis is an early event. Very early in the course of cancer’s development, often when the primary cancer is itself undetectable, metastatic cancer cells are shed into the blood. Detecting more early cancers does not always reduce the number of late cancers, and thus the benefits of mammographic screening are far less than we’d once hoped and believed.
Sadly, there is worse news to come. Screening is not just expensive (for both patients and health care providers); it leads to overdiagnosis, defined as the detection of tumors at screening that might never have progressed to become symptomatic or life-threatening. A whopping 31 percent of all breast cancers diagnosed are estimated to be cases of overdiagnosis, totaling 1.3 million U.S. women over the age of thirty. When detected on mammography, almost all tumors are treated, leading to overtreatment, defined as treatments that are unnecessary or harmful.
One in ten women will have a positive mammogram, but only 5 percent of those positives are actually found to be cancer. Put another way, 95 percent of women with a positive mammogram are subjected to invasive procedures for no eventual benefit. This includes biopsies, lumpectomies, and sometimes unnecessary chemotherapy. Women who get screening mammography are also treated more often with mastectomy and radiation. In the United States, the false positive rate is 30 to 50 percent.25 In addition, it has been well established that women testing positive on mammography suffer psychological problems and poor quality of life, even up to three years after screening.
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The majority of breast cancers diagnosed from mammogram screening are classified as ductal carcinoma in situ (DCIS), a very early stage of cancer. This diagnosis represents approximately 20 percent of all breast cancers, and its incidence has risen dramatically with the onset of widespread screening.26 From 1983 to 2004, its incidence has risen tenfold. Many of these early-stage breast cancers are unlikely ever to progress to a dangerous state—as the evolutionary model explains, a cancer can be fully contained by the body’s own anticancer mechanisms. Aggressive treatment of early cancers is simply unnecessary.
Mammography is particularly problematic in women ages forty to forty-nine, whose firmer breast tissue makes the images more difficult to interpret, resulting in false positive rates of over 12 percent.27 These women, most of whom have no evidence of cancer, often need repeat mammograms or invasive procedures such as biopsies.
The growing recognition of the harm of false-positive screening tests led the USPSTF to change its recommendation on mammography. The 2016 USPSTF update on breast cancer found no reduction in death for those ages thirty-nine to forty-nine, and no longer recommends routine screening for that age group.28 Early screening benefits less than 0.1 percent of women, while the risk of overdiagnosis is 31 percent. We were doing more harm than good (see Figure 21.9).
Mammography is not the holy grail of cancer screening we expected it to be. In men, a similar story has played out for prostate cancer.
PROSTATE CANCER
First identified in the 1960s, the protein called prostate-specific antigen (PSA) liquefies semen to allow sperm to swim freely. The PSA assay, which measures the amount of the antigen in the blood, was developed for law enforcement agencies in rape cases. By 1980, PSA was also found in the blood of patients with prostate cancer, raising the hope that PSA-based blood testing could become the male equivalent of the Pap smear.29
High PSA levels are not specific for prostate cancer, as they are also commonly found in men with enlarged or inflamed prostates. The FDA approved PSA-based screening for prostate cancer in 1986, setting the cutoff level at 4.0 ng/mL, as 85 percent of men had values lower than this. This meant that fifteen men out of one hundred had levels higher than 4.0 ng/mL and would undergo further prostate biopsy, of which between four and five would be diagnosed with aggressive prostate cancer.30
Enthusiasm for PSA-based screening exploded in the 1990s and 2000s. More than twenty million tests were performed each year, and more early prostate cancer was diagnosed than ever. In 1986, fewer than one third of men were diagnosed with early-stage disease confined to the prostate. By 2007, over two thirds of prostate cancer cases were early stage (see Figure 21.10). Death from prostate cancer began to drop, and it was looking like yet another feel-good cancer success story. But alas, the PSA story was not so simple.
Screening detected more early-stage prostate cancer, but did it improve overall survival? Three very large long-term studies of PSA-based screening answered that very question. In the United States, there was the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial, which involved more than 76,000 men.31 In Europe, there was the European Randomized Study of Screening for Prostate Cancer (ERSPC) study, with almost 182,000 study participants.32 And in the United Kingdom, there was the PROTECT (Prostate Testing for Cancer and Treatment) study, with 408,825 participants.33 With between 10 and 14.8 years of follow-up, none of these three enormous trials detected a discernible benefit with regard to overall survival to PSA-based testing. The USPSTF estimated the rate of overdiagnosis at 16.4 to 40.7 percent. The screening detected early, less aggressive prostate cancer, but did not reduce advanced disease. Once again, it seemed that screening was detecting the cancers that didn’t require treatment.
Patients with a positive PSA are subjected to invasive procedures with significant side effects. Approximately 10 percent of men screened received at least one false-positive PSA screening result, leading to more than a million prostate biopsies being done per year.34 Of the men in the PLCO screening group, 12.6 percent underwent one or more biopsies. Of those, 2 to 5 percent experienced biopsy-related complications. Given the huge numbers of men undergoing screening, this is a massive number of complications. As with mammography, overdiagnosis is a major problem. Men diagnosed with prostate cancer are more likely to have a heart attack or commit suicide in the year after diagnosis.35
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In 2012, the USPSTF recommended against PSA-based screening, noting with moderate certainty that the benefits do not outweigh the harms. In 2018, the USPSTF again reviewed the evidence and recommended against routine screening.36 The task force felt moderately certain that screening with PSA-based methods is worse than doing nothing at all.
According to USPSTF guidelines, men younger than fifty-five or older than seventy should not be tested for PSA. Between ages fifty-five and sixty-nine, it is an individual choice. They note that “Screening offers a small potential benefit of reducing the chance of death from prostate cancer in some men. However, many men will experience potential harms of screening.”37 Not exactly a screaming endorsement.
THYROID CANCER
In 1999, South Korea embraced national screening in an effort in its own “war on cancer.” Screening for breast, cervical, colorectal, gastric, and hepatic cancer was provided free of charge to the entire population. Screening for thyroid cancer was not included, but for a small surcharge, approximately thirty to fifty dollars, patients could elect to have a neck ultrasound performed as well. By 2011, thyroid cancer was being diagnosed fifteen times more frequently than in 1993 (see Figure 21.11).38 In almost all diagnosed cases, the thyroid was either partially or completely removed. This treatment was not without consequences. There was an 11 percent risk of reduced parathyroid function and a 2 percent risk of paralysis of the vocal cords due to nerve damage.
Figure 21.11
Despite this intensive effort to eradicate early-stage thyroid cancer, the risk of death from thyroid cancer was virtually unchanged. Simply put, it was a classic case of overdiagnosis—most of the thyroid cancers detected in screening did not require treatment. Finding and treating early disease is not useful. Only reducing the incidence of late-stage disease is useful, and these are not necessarily the same thing due to the occurrence of early metastasis. By some estimates, as many as one third of all adults have evidence of thyroid cancer, but the vast majority of these cancers do not produce symptoms or cause health problems.39 Finding and treating cancers that don’t need to be treated is not a useful strategy.
CONCLUSIONS
The evolutionary model of cancer explains the successes and failures of some screening programs. When cancers progress in an orderly manner from precancerous stage to small tumor to large tumor to metastasis, screening succeeds (see Figure 21.12). Screening to remove early cancers prevents the development of late cancers, and this saves lives.
Figure 21.12
But if removal of early-stage cancer does not reduce late-stage cancer, screening is unsuccessful, and overdiagnosis becomes a problem. Not every early-stage cancer needs to be destroyed, as many small cancers are contained by the immune system and will never pose a serious health threat. With toxic treatments such as surgery, radiation, and chemotherapy, the treatment may be worse than the disease.
Consider the normal bacteria in your gut, known as the microbiome. Must every bacterium in your body be eradicated? No. Most bacteria living in your gastrointestinal tract are neutral or even good. Probiotic supplements and foods containing live cultures (e.g., yogurt) derive much of their proposed benefits by encouraging the growth of these “good bacteria.” Killing every bacterium with powerful antibiotics almost certainly does more harm than good. In the same manner, more people die with prostate cancer than of prostate cancer. Drastic treatments to eradicate every prostate cancer cell found may do more harm than good.
While the public perceives that cancer screening “saves lives,” the truth is far more nuanced. Some cancer screening does save lives. Some cancer screening does not. Even then, looking only at the number of “cancers prevented” with screening is highly misleading because it considers only the positives. How many lives are harmed by screening? Suppose you find a tiny breast cancer that was not destined to progress any further. Finding it on screening tests leads to mastectomy, chemotherapy, and a lifetime of worry. You might have disfiguring surgery that leaves you with a swollen arm for the rest of your life. Chemotherapy increases the risk of heart failure and a future cancer. The risks involved with early screening and detection are very real, but the public rarely hears about them.
Without good evidence of the benefits of screening, and a better understanding of why it may fail, we must rely on the ancient medical guiding principle of Primum non nocere, which means, “First, do no harm.” The perspective offered by today’s cancer paradigm explains why many national agencies are beginning to scale back on the amount of screening they recommend.
Dietary Determinants of Cancer
AS IS NOW abundantly clear, cancer is not a rare disease but rather a common occurrence. Luckily, most cancers cause no problem and are discovered only incidentally, after death. Autopsy studies find unsuspected prostate cancer in 30 percent of men over the age of fifty;1 50 percent by age seventy;2 and an astounding 80 percent by age ninety. If he lives long enough, every man can expect to develop prostate cancer. This holds true for other cancers, too. An estimated 11.2 percent of the adult population harbors thyroid cancer. Despite this high incidence, thyroid cancer only very rarely causes death. Colonoscopy screening studies find adenomas (a precancerous lesion) in almost half of the general population by age eighty.3
Because the seed of cancer is ever-present in all our cells, an important question is: why don’t you get cancer? If it is not a seed problem, then it may be a soil problem. Diet is a hugely important determinant of progression because nutrient availability is inextricably linked to cell growth, particularly for cancer cells. Normal cells need both nutrients and growth factors to proliferate, but the growth signaling of cancer cells is always switched on, so the only limiting factor is nutrients.
An estimated 35 percent of cancers are attributed to diet/nutrition, making it the second most important determinant of cancer, trailing only tobacco smoking and dwarfing almost every other risk factor.4 More specifically, excess body weight may be responsible for a large proportion of that risk.5 The prevalence of most types of cancer has been slowly decreasing over time. Conspicuously, obesity-related cancers are increasing in incidence, making diet one of the most important preventative strategies at our disposal today.
While it’s exciting to know that we have control at least one variable in our cancer risk, I’m afraid that many readers may find this chapter disappointing. I would love to reveal the “secret” to preventing or curing cancer. But cancer is not so simple—there is no miracle food or diet that can keep cancer at bay. Some preliminary studies suggest that certain foods may offer some protective benefit, but that’s about it. For the most part, dietary prevention of cancer boils down to one key strategy: avoiding diseases of hyperinsulinemia, including obesity and type 2 diabetes.
WEIGHT LOSS
In Europe and North America, approximately 20 percent of incident cancer cases are attributable to obesity,6 and for those who are overweight, intentional weight loss can reduce the risk of cancer death by 40 to 50 percent.7 The clearest evidence is provided by studies on bariatric (weight loss) surgery. There are many ways to lose weight, but the data from these surgical studies is particularly instructive because of the clear date of intervention and the magnitude of the weight loss.
Several studies have documented a substantial benefit to intentional weight loss. A 2008 Canadian study found that deliberate weight loss from bariatric surgery reduces cancer risk by an estimated 78 percent.8 In the Swedish Obese Subjects Study (SOS), a prospective, controlled intervention trial, bariatric surgery9 was found to decrease cancer by an impressive 42 percent in women, but the rate was largely unchanged in men. The Utah Obesity Study of bariatric surgery also showed this unexpected difference between the sexes.10 In women, total cancer incidence was reduced by 24 percent, but in men, once again, the rate was unchanged.
However, gastric bypass surgery carries its own risks, with some studies showing up to a doubling of the risk of colorectal cancer.11 The damage and inflammation of surgery may stimulate hyperproliferation of the bowel mucosa and lead to cancer.12 Given the cost, surgical risk, and potential increased risk of colorectal cancer, weight loss surgery cannot be widely recommended for cancer prevention. So, what other options are available?
Calorie restriction, defined as reduction of energy intake without malnutrition, was first shown to inhibit the growth of tumors in mice in 1909.13 The cancer in mice given just enough food to survive barely grew at all. In mice that were allowed to eat as much as they wanted, the cancer grew the fastest. This protective effect is also found in monkeys, which showed a 50 percent reduction in cancer risk when fed a calorie-restricted diet.14 Of course, translating results from animal studies into practical human solutions is problematic—maintaining drastic calorie restriction is extremely difficult for humans. I would guess that most people have tried a calorie-restricted diet at some point in their lives, and I would further guess that they are no longer on that diet.
Rather than restricting all calories, another strategy may be to reduce the most insulin-stimulating foods, such as sugar and refined carbohydrates. The nutrient sensor insulin/IGF-1 is a vital growth factor and plays a key role in causing obesity and type 2 diabetes. Research shows that reducing blood insulin may reduce the risk of cancer.15 High insulin levels are also associated with a poor prognosis in cancer cases.16 Two large prospective cohort studies, the Nurses’ Health Study and the Health Professionals Follow-up Study, showed that a high dietary insulin load in cancer patients is associated with an increased risk of cancer recurrence and death.17 For colon cancer patients, diets with the highest insulin effect more than doubled the risk of death compared to low-insulin diets (see Figure 22.1).18
Figure 22.1
It is reasonable to hypothesize that diets targeted to reduce insulin effect may be beneficial for cancer, but definitive studies are lacking. Ketogenic diets, first described by Hans Krebs19 in 1966, are high in fat, moderate in protein, and very low in carbohydrates. This forces the body to metabolize fat for fuel, instead of glucose. Keeping dietary carbohydrates low reduces both glucose and insulin. Ketogenic diets lower insulin, IGF-1, and mTOR without necessarily lowering calories—a health benefit for some, but the research is not yet there to support the benefit of a ketogenic diet in the treatment or prevention of cancer.
While maintaining a low insulin level may help to prevent cancer, the question of nutrition becomes much more complicated once cancer has progressed.
CANCER CACHEXIA
Cancer cachexia is the phenomenon of unintentional weight loss observed in patients with advanced disease and poor prognosis. This syndrome can occur in people with other chronic diseases, too, such as chronic kidney disease, HIV, and tuberculosis. Weight loss is seen in 30 to 80 percent of cancer patients and tends to be progressive.20 Generally, the more weight lost, the worse the cancer prognosis. Cachexia differs from normal weight loss because both body fat and muscle are lost.
Cachexia is not simply caused by loss of appetite due to the side effects of treatment. The specific mechanism for cancer cachexia is unknown, but it is likely due to the release of inflammatory cytokines—inflammatory signaling molecules—such as tumor necrosis factor (TNF) alpha. Weight loss due to lack of food (intentional or not) differs fundamentally from cancer cachexia. In anorexia nervosa, for example, after the first several days of fasting (not eating), more than 75 percent of the energy of metabolism is derived from body fat, sparing functional protein and muscle. By contrast, approximately equal amounts of muscle and fat are lost for energy production in cancer cachexia.21 This results in the muscle wasting typical of cancer cachexia, which does not occur in fasting, unless it is extreme.
Intentional weight loss is usually accompanied by a slowing of the basal metabolic rate (BMR) to compensate for the reduced food availability. This does not happen in cancer cachexia, and BMR remains inappropriately high. Weight loss continues even as patients become more and more malnourished. Conceptually, cachexia is yet another mechanism that benefits the cancer at the organism’s expense. When fat is metabolized for energy, molecules called ketone bodies are produced, which cancer cells have difficulty using. By stimulating the breakdown of muscle protein, amino acids are delivered to the liver and converted to glucose, which cancer cells love. Treatment of cancer cachexia is very difficult because simply eating more food does not reduce the inflammatory cytokines, so it does not prevent the muscle loss or the wasting syndrome. Even if weight is regained, it may be regained as fat, while muscle loss continues unabated.
So, while weight loss may be a useful strategy to prevent the progression of cancer, cancer cachexia, once advanced, limits the effect of diet on cancer treatment. Reducing glucose in an attempt to “starve” cancer is only modestly helpful because advanced cancer can break down other tissues to free the glucose it needs. Cancer may also metabolize amino acids such as glutamine, which are released during muscle breakdown. Dietary therapy must likely be combined with other treatments to be effective at this stage.
FASTING AND CANCER
Intermittent fasting is a promising nutritional approach for cancer prevention, as it protects against many of the risk factors such as obesity, type 2 diabetes,22 and inflammation.23 Low-carbohydrate diets reduce glucose and insulin, but not the other nutrient sensors, mTOR and AMPK. Fasting simultaneously reduces all the human nutrient sensors and most of the growth pathways, such as PI3K, mTOR, and IGF-1,24 and also increases autophagy and mitophagy. One recent study found that women who fast for fewer than thirteen hours per night, despite having a lower BMI than other women in the study who fasted for that duration, had a 36 percent higher risk of recurrent breast cancer.25
Fasting during chemotherapy may also reduce the side effects of treatment while increasing efficacy. Chemotherapy targets cancer’s rapidly proliferating cells; in the process, other normal but quick-growing cells, such as the hair follicles and the lining of the gastrointestinal system, also sustain damage. Fasting protects normal cells by putting them into a quiescent state, or maintenance mode, which may help mitigate chemotherapy’s side effects of hair loss and nausea. Cancer cells do not enjoy this protective state because their genetic programming puts them into continuous growth mode.
In small clinical trials, patients had no difficulty fasting before and after chemotherapy,26 and this seems to protect against side effects such as fatigue, weakness, and GI upset.27 More important, fasting may also enhance the effectiveness of the chemotherapy.28 In animal and cell line models, starvation conditions increased the effect of chemotherapy in fifteen of seventeen mammalian cancer cell lines. A reduction in side effects may allow a higher dosing of drug, resulting in increased killing of cancer cells.
CHEMOPREVENTION
The term cancer chemoprevention was introduced by the NIH in 1976 to denote foods, supplements, or drugs that may block progression of cancer. One of the most promising chemopreventive drugs is the old diabetes drug metformin. Studies have demonstrated that in type 2 diabetics, metformin may potentially reduce the risk of cancer by as much as 21 percent to 57 percent.29 Specifically, long-term metformin use in women with type 2 diabetes was associated with a more than 50 percent reduction in breast cancer risk.30 Metformin works by reducing glucose to the growing cancer without the pro-growth effects of the insulin/IGF-1/PI3K pathway. It also activates AMPK, an important nutrient sensor and growth pathway, which rapidly inhibits cellular protein synthesis and growth. Some research has indicated that this beneficial anticancer effect might extend to nondiabetics as well.31
The most widely studied natural food for chemoprevention is green tea, which contains high levels of chemical compounds called catechins.32 Green tea contains much higher concentrations of catechins than black teas, with the catechins accounting for up to 30 percent of the green tea’s dry weight and perhaps a higher percentage in cold-brewed green tea crystals. There are several potential health benefits to drinking green tea, although most of these clinical studies are quite small. Drinking green tea may help reduce some of the risk factors for cancer such as excess weight,33 insulin resistance,34 inflammation,35 and type 2 diabetes.36
In 2000, researchers in Japan found that high consumption of green tea delayed the average age of cancer onset by 7.3 years37 and reduced breast cancer recurrence.38 Green tea extract supplements were shown to reduce the incidence of colorectal adenomas by over 50 percent in small pilot studies.39 In prostate cancer, green tea extracts block the progression of high-grade precancerous lesions.40 These studies are promising but highly preliminary, but green tea is one of the few chemopreventive tools that is a low-cost, natural food with no negative side effects.
At this point, the available scientific studies can make only the following firm recommendations:
Two other not-so-firm recommendations are:
The primary role of diet in cancer treatment is to reduce cancer progression rather than treat the disease. The mainstay of treatment is to reduce the growth factor availability, predominantly insulin, and avoid the hyperinsulinemic states of obesity and type 2 diabetes.
But just imagine how powerful changing the diet can be. Imagine if a Japanese woman in America could reduce her risk of breast cancer to that of a Japanese woman in Japan. Imagine if we could change our diets by eating natural foods, and reduce our risk of certain cancers so that, like the indigenous peoples of the Far North, we, too, were considered “immune” to cancer.
I CAN BEAT Michael Jordan. I can beat Tiger Woods, too. What’s that? you say. You may wonder if I’ve taken leave of my senses. Not at all. It’s really very simple: I don’t play them at basketball or golf, but instead challenge them to a contest on medical physiology. I’d be crazy to challenge Michael Jordan at basketball. I’d be crazy to challenge Tiger Woods at golf. As the ancient Chinese strategist Sun Tzu wrote in The Art of War in the fifth century BC, “In war, the way is to avoid what is strong and strike at what is weak.”
How does this philosophy apply to cancer treatments? The previous paradigms of cancer all failed because they focused on attacking cancer’s strengths, not its weaknesses.
Cancer paradigm 1.0 viewed cancer as a disease of excessive growth, and its core strength is that it grows and survives better than anything else in the world. We tried to kill it, but we were playing cancer at its own game. There were some notable successes, but the limits of this approach were quickly realized. We attacked the disease’s main strength head-on. Sometimes we won, but too often, we lost. When cancer recurred, it became resistant to previous treatments and continued growing. Cancer evolved over time and space, but our treatments did not.
Cancer is not a mindless growing machine. It is a dynamic, evolving species bent on its own survival. Chemotherapy targets cell growth, arguably a living organism’s most basic ability. But four billion years of evolution prepared cancer cells for this ultimate battle of survival. The growth pathways targeted by chemotherapy are likely the cancer cell’s least vulnerable, most redundant capabilities.
Cancer paradigm 2.0 imagined that cancer was fundamentally a disease of randomly accumulated genetic mutations. Block this mutation (or at most two or three mutations), and cancer was cured. There were some great successes, but once again, the limits of this approach were quickly evident. What happened? Once again, we were attacking cancer at its strengths. Cancer is constantly mutating. So, we tried to devise ways to block those mutations. We were trying to beat Tiger Woods in a game of golf.
Block one pathway, and cancer will usually find an alternate route. The mutations that made cancer cells the ultimate survivors were not random, but were driven by the process of tumoral evolution. The evolutionary/ecological paradigm of cancer explains how some cancer treatments fail, but it can also point us in a new, more strategic direction. Cancer is an invasive species fighting for its very existence.
Luckily, we have evolved multipronged defenses against alien invaders. The logical strategy to win the war is to enhance our own innate defense, the immune system—which brings us to the most promising treatment of the last thirty years: immunotherapy.
COLEY’S TOXINS
In 1829, a woman suffering progressive breast cancer refused surgery. After battling the cancer for eighteen months, she was bedridden, cachectic, and close to death when she developed a high fever. The cancer was inflamed, so the physician made several incisions into the tumor to remove some fluid. Within eight days, the cancer shrank to one third its original size, and within four weeks, no trace of it remained. What happened? How did the infection cure her cancer?1
In 1867, German physician Wilhelm Busch cauterized an incurable tumor on a female patient’s neck. During recovery, she lay next to a patient suffering a skin infection known as erysipelas, caused by streptococcus bacteria. The cancer patient soon contracted the same infection and developed a high fever, whereupon her tumor immediately began to shrink. Friedrich Fehleisen, another German physician, repeated this treatment in 1882, with some success. Cancer remission has also been documented in a patient infected with gas gangrene, an infection of the Clostridium species of bacteria.
The idea that our own immune system can fight cancer is not new. Spontaneous regression of malignant cancers is rare, but it occurs in approximately one in one hundred thousand cancer cases,2 covering almost all different cancer types. Spontaneous regression is defined as the partial or complete disappearance of cancer in the absence of medical treatment. It is most commonly associated with an acute febrile illness, usually due to an infection or vaccination.
These fortuitous cures emboldened early physicians to exploit a primitive form of immunotherapy for otherwise incurable cancer. The ancient Egyptian physician Imhotep (ca. 2600 BC) suggested wrapping the cancerous area with a poultice, then incising it. Bacteria could enter the skin to cause an infection, which would occasionally cure the cancer. It was uncommon, but it was the patient’s and physician’s last, desperate hope.3 Deliberate infections for the treatment of cancer continued to be prescribed well into the nineteenth century. Surgical wounds were knowingly left open to promote infection. Purulent sores were deliberately infected with septic dressings.4
In the 1880s, Fred Stein, a German immigrant to New York City, developed a fast-growing tumor in his neck. Despairing, doctors proclaimed this a hopeless case and advised him to put his affairs in order. He would soon succumb to the emperor of all maladies, they said. But fate would intervene. Stein developed facial erysipelas, and antibiotics had not yet been developed. Incredibly, his ramped-up immune system not only beat back the infection, but destroyed the cancer, too.
American surgeon Dr. William Coley tracked down Fred Stein in 1891. Intrigued by the body’s intrinsic cancer-fighting ability, Coley spent the next decades trying to persuade the immune system to be a cancer killer.5 He developed what could be considered the world’s first attempt at a cancer vaccine. Coley inoculated patients with Streptococcus pyogenes bacteria to trigger erysipelas and provoke the immune system. Coley hoped this immune response would extend to the malignancy.6 Results from such a primitive treatment were inconsistent. There were some great successes, tempered by some horrible failures. Intentionally infecting people in the era prior to antibiotics was not a particularly winning strategy.
But Coley was not deterred. The problem was not the efficacy, but the toxicity. He tinkered with his formula by adding other bacteria (Serratia marcescens) and inactivating them with heat before administration. This formula, now called Coley’s toxins, was ultimately used to treat more than a thousand patients with inoperable cancer, including lymphomas, myelomas, carcinomas, and melanomas. Coley’s toxin was injected directly into the tumor daily for one to two months before the dose was gradually tapered.
Some of the results were astounding. More than half of previously inoperable sarcomas showed complete remission, and the patient survived for more than five years. Even after twenty years, 21 percent of patients had no evidence of cancer. For its time, this was nothing short of miraculous. Interestingly, this treatment was used even for advanced disease, because the immune system could find and attack cancer anywhere in the body, even if it had spread.
Coley himself emphasized that causing a fever was paramount for inducing spontaneous regression. Coley’s toxins were last used in China in 1980, where a patient with terminal liver cancer was treated over the course of thirty-four weeks. His symptoms disappeared completely. With the advent of chemotherapy and the genetic paradigm of cancer, Coley’s toxins have been seen only in the history books, and for decades, the idea of cancer immunotherapy was pushed aside.
IMMUNE EDITING
The fact that some cancers could spontaneously regress implied that intrinsic forces within our own bodies could both prevent cancer and destroy it. In 1909, German scientist Paul Ehrlich proposed a radical new theory of cancer. Counter to the prevailing belief that it was relatively rare, Ehrlich conjectured that cancer cells are relatively common, but are prevented from doing more harm by an intrinsic host defense, now known to be the immune system.7 Although he did not know it at the time, he was describing the concept of “immune surveillance,” whereby the human immune system constantly identifies and eradicates evolving tumors.
This hypothesis was further refined in 1970 by Nobel Prize–winning immunologist Sir Frank Burnet,8 who suggested that the genetic changes of malignancy were not rare. Burnet proposed that the immune system eliminates these dangerous cells as part of its routine surveillance to keep the body in good working order. Burnet wrote that a “small accumulation of tumor cells may develop and . . . provoke an effective immunological reaction with regression of the tumor and no clinical hint of its existence.”9 Cancer cells are developing constantly, but they are wiped out by our innate immune defenses. This original concept of immune surveillance has been extended further and now is called immunoediting, which consists of three stages: elimination (immune surveillance), equilibrium, and escape.
Elimination
Societies regularly employ specialized forces, like the police and drug enforcement agencies, to seek out and destroy disruptive elements in their midst. Similarly, the human immune system employs specialized cells to regularly patrol the entire body, on the lookout for disruptive elements like viruses, bacteria, and, yes, cancer cells. When they find damaged cells that are potentially cancerous, they kill them with great prejudice. This quickly eliminates the cancerous threat before it can spread.
Every cell in the body is estimated to experience more than twenty thousand DNA-damaging events every day.10 Every day! Chronic sublethal cellular damage is not a rare event; it is an everyday occurrence. Common sources of damage include smoke, air pollution, viruses, bacteria, and radiation. Luckily, our cells have evolved potent DNA-repair pathways, but if the balance is tilted in favor of cellular damage, these repair mechanisms may be unable to cope. All damaged cells are potentially cancerous. At a certain level of damage, those cells are better removed via apoptosis or destroyed by the immune system.
Any weakening of immunity, such as with HIV infection or drugs, predisposes cells to succumbing to cancer. The immune system also degrades with age, which might help explain why cancer risk increases so significantly with age. If the immune system is not strong enough to completely eradicate the cancer cells, then we move from elimination of cancer to equilibrium.
Equilibrium
In 2004, a sixty-four-year-old man with pulmonary fibrosis underwent a single lung transplant and received the standard high-dose immune suppression to prevent organ rejection. A year later, he developed shortness of breath and cough. A right lung nodule was identified as a metastatic melanoma, as were several lymph nodes.
Cancer! This man had never in his life suffered from melanoma, so why was this melanoma so widespread in his lung now? A thorough examination of his skin revealed no evidence of melanoma then or ever. With increasing dread, the medical team asked for more information about the medical history of the lung donor.
The donor was a fifty-one-year-old woman who had died from trauma. Her medical history was unremarkable, but upon further investigation, a single problem was found. At the age of twenty-one, this woman had undergone surgery to remove a melanoma. She required no further treatment and had never suffered a relapse. The cancer had presumably been cured many, many years prior and did not preclude her from organ donation, even if the transplant team had known about it. At the time of organ harvest, her lungs looked completely normal and healthy.
Further DNA testing confirmed that the recipient’s melanoma did indeed come from the lung donor. In this case, a microscopic sleeper cell of viable cancer lived on in the donor’s lungs despite no clinical evidence of disease. The cancer had simply lain dormant, kept in check for thirty years by the woman’s immune system. The cancer cells avoided eradication by her immune system, but were not strong enough to spread further. It was an uneasy stalemate. When her lung was transplanted into the immune-suppressed recipient, the delicate equilibrium between cancer and immune system swung decidedly in favor of cancer.11 Within seven months of diagnosis, the man died of metastatic melanoma.
During the equilibrium stage of immune editing, pockets of cancer cells survive but cannot proliferate due to the suppression by the immune system. Latent cancers can lie dormant for years or decades. Cancer’s efforts to grow are matched by the immune system’s efforts to contain that growth. The pro- and anticancer forces are equally balanced.
Escape
With age, the immune system generally weakens and sometimes can no longer contain the cancer. In this struggle between the cancer, an invasive species, and the immune system, the advantage shifts to the cancer. It escapes repression by the immune system.
Untreated, the cancer will continue to grow and then metastasize. At this point, a boost to the immune system may well tip the balance in our favor. This is the promise of the next frontier in cancer medicine: immunotherapy.
IMMUNOTHERAPY
The Early Years
In 1929, physicians at John Hopkins noted that patients with tuberculosis (TB) seemed somehow protected against cancer. TB reduced the risk of cancer by almost 60 percent!12 Tuberculosis, endemic in many parts of the world, is caused by a slow-growing bacterium called Mycobacterium tuberculosis. It is resistant to most antibiotics, and even today, treatment revolves around isoniazid, a drug first discovered in 1912. The widespread and largely incurable nature of TB led to the establishment of many sanatoria in the nineteenth century where patients were quarantined. The lack of effective treatment spurred great interest in the development of the Bacillus Calmette–Guérin (BCG) vaccine in 1921, using the closely related Mycobacterium bovis bacterium.
Animal studies in the 1950s suggested that the BCG vaccine also protected against cancer. By 1976, studies proved that it effectively treated superficial bladder cancer in humans.13 In 1990, BCG directly instilled into the bladder by cystoscope was approved by the FDA for the treatment of bladder cancer.
An astounding 71 percent of patients with early-stage bladder cancer respond to BCG treatment,14 which represents today’s first-line treatment of bladder cancer. How exactly this TB vaccine works for superficial bladder cancer was completely unknown. It worked, and that’s about all we knew. BCG profoundly stimulates the immune system,15 and this somehow improved recognition and subsequent destruction of the cancerous cells.
In 1992, there was another brief flurry of interest in cancer immunotherapy with the development of interleukin-2 (IL-2) treatment. IL-2 drove the T cells, an integral part of the immune system, into a frenzy, and cancer cells were killed in the crossfire. But because of the general activation of the immune system, IL-2 also caused a lot of side effects, such as fever, chills, nausea, and diarrhea. Ultimately, IL-2 treatment was deemed effective for only about 6 percent of melanoma patients, but about 2 percent of patients died from its side effects.16 Fortunately, cancer immunotherapy has progressed far beyond these early, tentative steps.
Modern Immunotherapy
Nobel laureate Dr. James Allison harbored a deep personal vendetta against cancer, having lost his mother to lymphoma, his uncle to lung cancer, and his brother to prostate cancer. In 1978, he began researching how T cells attack tumors, becoming an early pioneer in cancer immunology long before it was considered a reputable field.
The human immune system contains many types of cells. The T cells are the professional killers, highly lethal cells designed to destroy pathogens. The body therefore maintains tight controls over these deadly weapons. T cells must kill sick or infected cells, but leave the normal ones alone. Unchecked, T cells could devastate the body. Autoimmune diseases, such as systemic lupus erythematosus and rheumatoid arthritis, are caused by an overresponsive immune system. The goal is to kill all the invaders but avoid friendly fire. To accomplish this, the immune system must accurately distinguish between “self” and “non-self” tissues. Like a nuclear missile, a healthy immune system must be highly lethal but tightly regulated. For this, we use both positive and negative controls.
To launch a nuclear missile, two keys must be simultaneously activated to reduce the chance of an errant launch. That’s the positive control mechanism for activation, and for added protection, there’s also a negative control, a “kill switch” to immediately abort the launch in case of an emergency. The kill switch makes many prominent appearances in Hollywood action movies, where the hero deactivates the missile about to incinerate a densely populated city with only a single second left. The human T cells work in the same manner. Two receptors must be simultaneously activated for a T cell to trigger. The T cell must detect both the tumor antigen and a second switch, known as the costimulatory receptor CD28.
At the time of Allison’s research, nobody had yet suspected another layer of protection: the negative control, or kill switch. In the 1990s Allison was working with a newly described receptor known as cytotoxic T-lymphocyte-associated protein #4 (CTLA-4), which most researchers believed was a T cell activator. Allison’s breakthrough was the recognition that CTLA-4 was not an activator switch but a kill switch. The possibility that T cells had a kill switch had never been previously considered.17
If both “go” signals were present, then the T cell would initiate Rambo mode and start destroying enemies, especially cancer cells. The kill switch, CTLA-4, acted as a checkpoint for the T cells. It was the final decision maker. If CTLA-4 was not engaged, the T cells would launch their nuclear assault. If the kill switch was hit, then the immune attack would shut down. Cancer cells avoid the highly lethal T cells by mimicking this kill switch.
So, if we could disable this kill switch, we could unleash the T cells’ all-out assault on cancer cells. By 1996, Allison engineered a monoclonal antibody that could block CTLA-4 and become the world’s first checkpoint inhibitor.18 In one of his first animal experiments, he administered this new drug and watched in astonishment as the tumors completely melted away. The tumors in the mice that did not receive the antibody kept growing. Allison recalls, “It was the perfect experiment. 100 percent alive versus 100 percent dead.”
This antibody became known as ipilimumab, and it was approved in 2011 by the FDA for the treatment of metastatic melanoma. It was the first drug of any type to improve survival in advanced melanoma and provided proof for the concept of cancer immunotherapy. More than 20 percent of patients with metastatic melanoma who received ipilimumab were still alive ten years later.19 The results are even more amazing if you consider that ipilimumab is given for only three months. That sort of durable response is virtually unknown in oncology because of cancer’s frustrating ability to evolve.
But CTLA-4 is not the only T cell kill switch in the human immune system. In 1992, working independently at Kyoto University, in Japan, Dr. Tasuku Honjo discovered another T cell kill switch called the programmed cell death protein 1 (PD-1). Normal healthy cells express PD-1 on their surface to protect them from immune attack. Fetal cells, for example, are covered in PD-1, which protects them from Mom’s immune cells.
Cancer cells use the same trick, producing abundant PD-1 to disguise themselves as normal cells and protect against attack from the immune system—a wolf in sheep’s clothing, a classic survival ploy. An antibody that blocked PD-1 would release the kill switch, allowing T cells to target the uncloaked cancer cells. By 2012, a second class of checkpoint inhibitors against PD-1 proved their efficacy in human cancer and were approved by the FDA in 2014. These drugs were effective against a wide variety of tumors, including melanoma, lung cancer, and kidney cancer. Honjo and Allison would share the 2018 Nobel Prize in Physiology or Medicine for having “established an entirely new principle for cancer therapy.”20 Combining the PD-1- and CTLA-4-blocking antibodies may offer an even more effective treatment.21
Another promising immunotherapy is a technology called adoptive T cell transfer. In this treatment, a patient’s own T cells are extracted and then grown in a lab. A cancer-targeting system called a chimeric antigen receptor (CAR-T) is attached to the T cells, which are transferred back into the patient. These activated, lethal T cells home in on the patient’s specific cancer like a precision-guided missile. The first two CAR-T treatments received FDA approval in 2017: tisagenlecleucel, for the treatment of leukemia, and axicabtagene ciloleucel, for the treatment of lymphoma.22 CAR-T is more a delivery platform than a drug, because new chimeric antigens can be attached to a patient’s T cells. Theoretically, CAR-T could provide the opportunity to target any cancer.
Immunotherapy has several inherent advantages over conventional treatments. First, cancer is always in a state of dynamic evolution with its environment. A drug attacks a static target and does not evolve. Thus, cancer easily stickhandles around the drug to develop resistance and render these treatments ineffective over time. The boosted immune system is a dynamic system that can better keep pace with cancer’s moves. The immune system can adjust and evolve alongside the cancer.
Second, the immune system has a memory, so it may prevent recurrence. When we get vaccinated for measles as a child, our immune system remembers this virus and provides lifetime protection. In the same manner, the boosted immune system allowed some melanoma patients extended survival possibly due to this memory effect.
Third, immunotherapy has fewer side effects than standard chemotherapies because the immune system is a targeted treatment. Conventional chemotherapy is a toxic treatment, designed to kill cancer cells slightly faster than regular cells. Immunotherapy is not intrinsically toxic, except to cells that are identified by the body as alien.
Fourth, immunotherapy is a systemic treatment, which is crucial because cancer is a systemic disease. Metastasis occurs early in the disease process, so a systemic therapy can treat potential micrometastases throughout the body. The immune system can lock on and destroy the cancer cells and does not need to be manually targeted in the same way as local treatments like surgery and radiation. The systemic nature of treatment also means that immunotherapy may be effective even very late in the disease process, after the cancer has metastasized. Even from the inception of immunotherapy, Coley observed that this systemic effect can potentially benefit late-stage cancer patients.
Affordability, though, is not one of the advantages of immunotherapy. Given the exorbitant price tag of these treatments, many providers question the feasibility of using these advanced drugs. In single-payer systems, the possible cost of saving a few lives must be balanced with other things—like more hospital beds, more nursing care, or more home care. This is not an easy question, and is one that lies beyond the scope of this book, but it is an issue that will soon be at the forefront of health care discussions.
THE ABSCOPAL EFFECT
In 2008, a thirty-three-year-old woman with surgically treated melanoma underwent a PET scan that lit up a new two-centimeter lung nodule. The cancer had returned. Part of her lung was removed, and she started chemotherapy and maintenance immunotherapy with ipilimumab, which put the melanoma in remission, but only temporarily. By 2010, new metastatic lesions were noted in her spleen, chest, and the lining of the lung (pleura). A painful lesion near her spine was treated with fractionated radiation. As expected, the spinal metastasis shrank, but remarkably, so did the metastases in her spleen and chest, even though they were outside the radiation field.23 How could a local therapy (radiation) result in a systemic response to the cancer that had invaded so many areas of her body?
This 2012 case report in the New England Journal of Medicine rediscovered a phenomenon known as the “abscopal effect,” first observed in 1973. The term abscopal24 is derived from the Latin prefix ab-, meaning “far,” and -scopus,25 meaning “target.” An abscopal effect has a consequence far away from its intended target. Radiotherapy burns away cancerous tissue or any other tissue that gets in its way. Sometimes, unexpectedly, nonirradiated metastatic lesions regress far from the site of treatment.
Radiation usually affects only the cells within the irradiated area. But in a very small percentage of cases, cancer cells outside and even far away from that area have also responded to the treatment. This kind of outcome has historically been rare—at least, until the age of immunotherapy. The medical literature from 1969 to 2018 reported ninety-four cases of the abscopal effect, but strikingly, half of those reports came from the last six years, the era of modern immunotherapy.26 When combined with immunotherapy, radiation may induce an effective systemic anti-tumor response that far exceeds the expected benefit of the two treatments administered alone. A recent study found this abscopal effect in an astounding 27 percent of patients with metastatic solid tumors treated with immunotherapy and radiation.27 The widespread use of immunotherapy has changed the abscopal effect from an atypical phenomenon to one that could potentially benefit more than a quarter of all cancer patients.
As strange as this phenomenon may seem at first glance, the evolutionary paradigm of cancer can help us understand why the abscopal effect takes place. Radiation damages cellular DNA and causes necrosis. This uncontrolled cell death splatters cellular parts around the tissues like raw eggs dropped onto a sidewalk. The DNA, normally tightly contained within the nucleus, suddenly becomes exposed, and this highly inflammatory state attracts immune cells to clean up the mess. In addition, the immune system is primed to seek and destroy similar-looking cells.
But cancer cells are protected because they cloak themselves using PD-1 and CTLA-4 and do not elicit a sufficient immune reaction. When patients receive both radiation and immunotherapy, the immune system is not only activated but also primed to kill the uncloaked cancer cells specifically. This synergy is responsible for the abscopal effect. The local radiation-induced cell damage acts much like a vaccine, aiming the activated immune system at the DNA target like a guided missile. But using the right dosing regimen is crucial.
Normally, exposed DNA is cleaned up by a cellular enzyme called TREX1. This enzyme, imaginatively named for the dinosaur species Tyrannosaurus rex, voraciously gobbles up any stray DNA lying around to prevent further problems. Higher radiation doses activate TREX1, which destroys stray DNA, prevents immune system activation, and reduces the abscopal effect.28 A smaller radiation dose spread out over time (fractionated), staying low enough to avoid TREX1 activation, may be more effective at producing the abscopal effect.29
In 2019, the first small controlled human trial targeting the abscopal effect was published.30 All patients were treated with immunotherapy and randomized to additional radiation or not. Those patients receiving the radiation doubled their objective response rate, and median overall survival more than doubled from 7.6 months to 15.9 months. Because of the small numbers of patients enrolled, these results were not statistically significant, but they are encouraging nonetheless.
The difference between an average athlete and a Hall of Famer is the latter’s ability to make those around him better. Immunotherapy represents the future of cancer medicine, not only because it is effective by itself, but also because it makes other, older treatments better.
ADAPTIVE THERAPY
The biggest problem with standard cancer treatments is not that they don’t kill cancer cells; they do that just fine. The problem is that cancer develops resistance. Chemotherapy, radiation, and hormonal treatments all kill cancer cells, but they also exert a natural selective pressure favoring resistance. These are all inherently double-edged weapons, with the potential both to cure and to kill. The evolutionary paradigm of cancer brings up an important question: is it even necessary to eradicate cancer, or is it enough simply to control its population?
In 1989, cancer researcher Robert Gatenby became fascinated by the idea of tumoral evolution. Cancer cells, he reasoned, must compete for resources. Mathematical models used since the 1920s have described how populations grew under harsh conditions. For example, Lotka-Volterra equations model the growth of a population of snowshoe hares and the lynx that feed upon them. Gatenby applied such equations to populations not of hares but of cancer cells,31 pioneering the field of mathematical oncology.
The population of an invasive species involves dispersal, proliferation, migration, and evolution, exactly as cancer does. For example, a crop-eating pest grows quickly when food is easily available. Pesticides destroy the pests, but inevitably, resistance develops even against the most potent pesticides (e.g., the infamous DDT). Cancer cells, too, develop resistance to the most potent chemotherapies. Successful eradication of widespread pests is rare because the pesticides act as a natural selective pressure favoring drug resistance. These resistant pests face reduced competition and therefore thrive.
Suppose you spray one billion locusts with pesticide to reduce that population by 99.9 percent to one million. Those one million remaining locusts now have no competition for food and begin to expand their population exponentially. Eventually, you end up with a billion pesticide-resistant locusts. Cancer cells are no different. You can kill 99.9 percent of cancer cells with chemotherapy, but those surviving cells face reduced competition and therefore plenty of resources to thrive. Also, the new population of cancer cells will be treatment-resistant.
The standard treatment mantra of chemotherapy is to administer the maximally tolerated dosage (MTD)—that is, give as much chemotherapy as humanly possible without killing the patient. When Gatenby mathematically modeled that strategy, resistance developed virtually every time, resulting in eventual treatment failure.32
In 2014, Gatenby tested a promising new strategy, called adaptive therapy, based on his mathematical modeling. If the “treat to kill” strategy doesn’t work for metastatic cancer, he reasoned, then perhaps a “treat to contain” strategy could work. Rather than carpet bombing the cancer with MTD, he selectively gave chemotherapy only above a certain level of cancer activity, trying to manage, rather than eradicate, the cancer. As they trickled in, the results of the pilot study were astounding. Adaptive therapy—that is, the use of less than half the dose of the expensive chemotherapy drug—improved survival by 64 percent.33
Resistant strains of cancer must devote more resources toward maintaining their resistance. Without the drug to act as natural selection pressure, the drug-resistant strains are disadvantaged, using precious resources to maintain a relatively useless drug-resistance trait. While these results are preliminary, they do highlight the types of innovative research that can be done using new cancer paradigms. Perhaps in some cases, we can do better by controlling rather than eradicating cancer. Sometimes you score more points in the game by making easy layups instead of always going in for the slam dunk.
CONCLUSION
Immunotherapy, the abscopal effect, and adaptive therapy are examples of new cancer strategies revealed by the evolutionary paradigm of cancer. The technology behind immunotherapy is revolutionary, and the future is bright, but it has not yet arrived. Despite the number of drugs approved by the FDA between 2002 and 2014, the improvement in overall survival for solid tumors is just 2.1 months.34 Still, for the first time in decades, there is reason to be optimistic.
Applying the lessons of evolutionary biology to our understanding of cancer brings new hope for the future of treatment. Will we turn the corner on cancer? Only time will tell, but our new understanding of our ancient foe promises a light at the end of this dark, dark tunnel.
CANCER IS FAR and away medicine’s deepest mystery. Medical science has long unraveled the causes of many of the other diseases that afflict us. Infections are caused by bacteria, viruses, and fungi. Blockages in arteries cause heart disease, strokes, and peripheral vascular disease.
Cystic fibrosis is a genetic disease. Gout is caused by excess uric acid. Among the common diseases, cancer stands alone. What causes it? Why does it exist? What the heck is it?
We’ve moved through three great paradigms in our understanding of cancer. Cancer paradigm 1.0 considered cancer as a disease of excessive growth. Cancer paradigm 2.0 considered cancer as a disease of random genetic mutations that caused excessive growth. Both paradigms advanced our understanding of cancer’s story, but they fell short. By pursuing the mystery of cancer’s genesis past the beginnings of humanity and right to the edge of multicellular life, cancer paradigm 3.0 has revealed fresh insight into this fascinating foe.
The seed of cancer lies in all cells of all multicellular life. Cancer is an atavism, a reversion to an earlier genetic playbook brought on by the struggle for a cell to survive (transformation). Whether that seed flourishes depends upon the environment (the soil). The most important aspect of progression are the growth pathways of the body, which are also the nutrient-sensing pathways.
Diseases of growth are diseases of metabolism. Diseases of metabolism are diseases of growth. Cancer is a disease of evolution and ecology. While there undoubtedly is yet more to discover, this new paradigm represents a huge leap forward.
These fresh new insights into cancer bring fresh new treatments. We are finally seeing decreasing rates of cancer and cancer deaths, as we understand both the benefits and limitations of screening programs. We are honing our weapons of mass cellular destruction with greater precision as we recognize their double-edged nature. Maybe we don’t need to always eradicate cancer cells. We are developing new systemic, immune-mediated weapons that will hunt down cancer cells and kill them wherever they may hide.
But one massive new obstacle has arisen. The burgeoning obesity crisis has increased the rates of the obesity-related cancers, including breast cancer and colorectal cancer. Where most cancers are gradually decreasing in prevalence, these cancers are increasing. But there is reason for optimism yet. Nutrition is our primary weapon against obesity-related cancers. By making changes to our diet, we can help to reduce the threat.
A NEW HOPE
Cancer medicine has been stuck in neutral for decades as the scientific and medical communities have slowly worked their way through each paradigm. But I’m hopeful for the future because our new understanding can drive progress in ways not previously imagined. Cancer is a disease unlike anything else we face in medicine. The story of cancer is stranger than science fiction, and it took some forceful insights from an astrobiologist to guide us toward the correct path.
The recognition of a new paradigm of cancer medicine means that for the first time in decades, we stand a chance at making real progress in our decades-long war on cancer. A new hope arises. A new dawn breaks.
To all those whose lives have been touched by cancer, from researchers to doctors to patients to families, I hope this book has helped to shed some light on this deepest of medical mysteries.
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