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A fundamental and groundbreaking reassessment of how we view and manage cancer When

we think of the forces driving cancer, we don’t necessarily think of evolution. But evolution and

cancer are closely linked because the historical processes that created life also created cancer.

The Cheating Cell delves into this extraordinary relationship, and shows that by understanding

cancer’s evolutionary origins, researchers can come up with more effective, revolutionary

treatments.Athena Aktipis goes back billions of years to explore when unicellular forms

became multicellular organisms. Within these bodies of cooperating cells, cheating ones arose,

overusing resources and replicating out of control, giving rise to cancer. Aktipis illustrates how

evolution has paved the way for cancer’s ubiquity, and why it will exist as long as multicellular

life does. Even so, she argues, this doesn’t mean we should give up on treating cancer—in

fact, evolutionary approaches offer new and promising options for the disease’s prevention and

treatments that aim at long-term management rather than simple eradication. Looking across

species—from sponges and cacti to dogs and elephants—we are discovering new

mechanisms of tumor suppression and the many ways that multicellular life-forms have evolved

to keep cancer under control. By accepting that cancer is a part of our biological past, present,

and future—and that we cannot win a war against evolution—treatments can become smarter,

more strategic, and more humane.Unifying the latest research from biology, ecology, medicine,

and social science, The Cheating Cell challenges us to rethink cancer’s fundamental nature

and our relationship to it.

"The Cheating Cell is a fascinating book on a subject that’s gaining the prominence it deserves:

cancer as an evolutionary phenomenon. Athena Aktipis works in the heart of this field and she

deftly illuminates the subject for both scientists and general readers. The implications �for cancer

treatment and for the understanding of our existence as multicellular creatures �are huge.” �David

Quammen, author of The Tangled Tree"The Cheating Cell is an instant classic �a book that will

transform how physicians and their patients understand cancer, how investigators develop

therapies, and how we as a society can work together to reduce the global burden of this

disease. Masterful, powerful, and absolutely essential reading for anyone who truly wants to

understand the nature of cancer, The Cheating Cell is a tour de force." �Barbara Natterson-

Horowitz, MD, coauthor of Zoobiquity"This wise, erudite, and engaging book will change how

we think about cancer and life itself. Brilliantly illuminating how cancer is a form of evolution

gone awry within our bodies, Athena Aktipis shows that we need an evolutionary approach to

not only fight the disease but also live with it." �Daniel E. Lieberman, author of The Story of the

Human Body"This insightful and long-overdue book views cancer as a disease that results

from the evolutionary and ecological dynamics of all multicellular organisms, from birth to

death. Athena Aktipis does a masterful job of capturing the many threads of evolution and

evolutionary theory that promise to enable a fundamental understanding of cancer and portend

a new era of innovative prevention and treatment strategies." �Anna D. Barker, Arizona State

University and former deputy director of the National Cancer Institute"Cancer is more than a

source of dread and tragedy �it is entwined with the nature of life and the forces that shaped it.

Athena Aktipis has thought deeply about evolution and cancer, and provides an engaging and

insightful explanation of why we are cursed with this malady." �Steven Pinker, author of

Enlightenment Now"Trying to keep cheating cells at bay is a problem that connects humans,



elephants, Tasmanian devils, and cacti alike. In The Cheating Cell, Athena Aktipis uses clear

explanations and riveting examples to show how viewing cancer through an ecological and

evolutionary lens allows us to better understand the disease, and can lead to more effective

ways of lengthening lifespans in our ongoing battle with this most ancient of foes." �Kelly

Weinersmith, coauthor of Soonish"The one book to read for a true understanding of cancer

and its control." �David Sloan Wilson, author of This View of Life"The Cheating Cell turned my

understanding of cancer on its head and you should read it." �Hank Green, New York Times

bestselling author of An Absolutely Remarkable Thing and A Beautifully Foolish Endeavor --

This text refers to the hardcover edition.ReviewThe Cheating Cell is a fascinating book on a

subject that's gaining the prominence it deserves: cancer as an evolutionary phenomenon.

Athena Aktipis works in the heart of this field and she deftly illuminates the subject for both

scientists and general readers. The implications--for cancer treatment and for the

understanding of our existence as multicellular creatures--are huge.--David Quammen, author

of The Tangled TreeThe Cheating Cell is an instant classic--a book that will transform how

physicians and their patients understand cancer, how investigators develop therapies, and how

we as a society can work together to reduce the global burden of this disease. Masterful,

powerful, and absolutely essential reading for anyone who truly wants to understand the nature

of cancer, The Cheating Cell is a tour de force.--Barbara Natterson-Horowitz, MD, coauthor of

Zoobiquity --This text refers to the paperback edition.About the AuthorAthena Aktipis is

associate professor in the Department of Psychology and in the Arizona Cancer Evolution

Center at Arizona State University and cofounder of the International Society for Evolution,

Ecology and Cancer. She is also the host of the science podcast Zombified and the producer

of Channel Zed. Twitter @AthenaAktipis --This text refers to the paperback edition.Read more
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seven years.THE CHEATING CELL1IntroductionEVOLUTION IN THE FLESHThis is a book

about cancer: its ancient origins, its modern manifestations, and its future fate. It is a book

about where cancer came from, why it exists, and why it is so hard to cure.This is also a book

about a new way of looking at cancer—not as something that must be eliminated at all costs,

but rather as something that must be controlled and shaped into a companion that we can live

with.Life has struggled with cancer since the dawn of multicellularity about two billion years

ago. When we think of life on Earth, we typically think of multicellular organisms like animals

and plants that are made up of more than one cell. The cells in a multicellular organism

essentially divide the labor of making a living, cooperating, and coordinating to do all the

functions that are needed in the body. On the other hand, unicellular life forms—like bacteria,

yeasts, and protists—are made of a single cell that does all of the jobs of keeping that cell

alive. Unicellular life dominated our planet for billions of years before multicellular life gained an

evolutionary foothold. The world was cancer-free during these two billion years when

unicellular life reigned. But when multicellular life entered the scene, it ushered in a new player:

cancer.Cancer is a part of us, and it has been since our very beginnings as multicellular

organisms. Remnants of cancers have been found in the skeletons of ancient humans, from

Egyptian mummies to Central and South American hunter-gatherers. Cancer has been found

in 1.7-million-year-old bones of our early human ancestors in “the cradle of humankind” in

South Africa. Fossil evidence of cancer goes back further still; it is found in bones tens and

even hundreds of millions of years old, from mammals, fish, and birds. Cancer goes back as far

as the days when dinosaurs dominated life on our planet, and back even further than that, to a

time when life was microscopically small. Cancer began before most of life as we know it even

existed.In order to manage cancer effectively, we must understand the evolutionary and

ecological dynamics that underlie it. But we must also change our way of thinking about

cancer, from viewing it as a temporary and tractable challenge to seeing it as a part of who we

are as multicellular beings. Before multicellular life evolved, cancer did not exist because there

were no bodies for cancer cells to proliferate inside of and ultimately invade. But once

multicellular life emerged, cancer was able to emerge as well. Our very existence as

multicellular organisms—as paragons of multicellular cooperation—is inextricably tied to our

susceptibility to cancer.In this book we will see how our bodies are made of cells that

cooperate in myriad ways to make us functional multicellular organisms—for example, by

controlling cell proliferation, distributing resources to cells that need them, and building

complex organs and tissues. We will also see how cancer can evolve to exploit the cooperative

cellular nature of our bodies: proliferating out of control, exploiting the resources in our bodies,



and even turning our tissues into specialized niches for their own survival. In a word, cancer is

cheating in the game that forms the most fundamental foundations of multicellular life.A better

understanding of the essential nature of cancer can help us to prevent and treat it more

effectively, and also help us to see that we are not alone in our struggles with cancer. All forms

of multicellular life are affected by cancer. Our evolutionary relationship with cancer has shaped

who we are. And if we want to truly understand what cancer is, we must understand how it

evolved and how we evolved along with it.We can look to the natural world to recognize what

cancer is and how it evolves. One of the most beautiful examples is the crested cactus.

Sometimes the cells in the growing tip of a cactus will mutate as a result of damage or

infection. These mutations can disrupt the normal controls on cell proliferation during the

growth of the plant. This often leads to striking formations: desert saguaros that look like they

are wearing crowns, potted cacti that look like brains, garden cacti with knobby geometrical

surfaces that evoke modern art (figure 1.1). Crested cacti are highly prized by professional

botanists and backyard cactus lovers alike due to their beautiful and unusual mutated

forms.When I first saw a crested cactus on a visit to Arizona years ago, I was fascinated by the

beauty and geometry of the plant. When I returned to my hotel room, I spent several hours

looking at photographs of these natural biological formations and reading about them. I learned

that the disrupted growth patterns of the mutated crested cacti sometimes result from damage

during storms, sometimes from bacteria or viruses, and sometimes from genetic mutations

during development.I also learned that mutations that disrupt plant growth patterns are not

unique to cacti—they happen across many plant species, from dandelions to pine trees. The

technical term for these disrupted growth formations in plants is fasciation. Fasciated plants are

often more delicate than their nonfasciated cousins, and sometimes they do not flower

normally, making it harder for them to reproduce and propagate themselves—however,

fasciated plants are often cared for and propagated by gardeners and botanists. With proper

care, crested cacti and other fasciated plants can live for decades with these cancer-like

formations.Learning about crested cacti marked the beginning of my fascination with cancer

across forms of life. I thought to myself at the time: if we are going to understand cancer—what

it is and why it can threaten our well-being and our lives—surely we need to know where

cancer comes from, which means understanding the evolutionary origins of cancer across the

tree of life. As I continued on my journey to understand the evolutionary origins of cancer, I

discovered that cancer and cancer-like formations are ubiquitous across multicellular life. I

found that cacti were not alone in having these cancer-like formations, but that there were also

a myriad of other organisms that had cancer-like growths. I found pictures of mushrooms and

coral and algae and insects with cancer-like growths. And I discovered that cancer was

common across animals—from wild animals, to animals kept in zoos, to the domesticated

animals that live with us in our own homes.FIGURE 1.1 Cacti can develop abnormal growths

as a result of disruption to the normal growth pattern. This can result in many beautiful and

unique growth patterns that have similarities to cancer in animals. These cancer-like

phenomena in plants, known as fasciations, can have negative effects on plant fitness

including less flowering and greater susceptibility to injury or disease, but these plants also can

survive with these cancer-like forms for decades if they have proper care. Images from left to

right are a crested saguaro cactus, Carnegiea gigantea; a “brain cactus,” Mammillaria elongata

cristata; a “totem pole cactus,” Pachycereus schottii f. monstrosus; and a Cereus jamacaru f.

cristatus.Why, I wondered, was cancer so pervasive across all forms of multicellular life?

Cancer is uniquely a problem of multicellularity because multicellular life is made of many cells

—cells that usually cooperate and regulate their behavior to make us functional organisms.



Unicellular life forms don’t get cancer because they are made of just one cell. This means that,

for unicellular life, cell proliferation is the same as reproduction. But for multicellular life, too

much cell proliferation can disrupt the normal development and structure of the multicellular

organism.You might feel like a unitary being, but in reality you are made of trillions of cells that

are cooperating and coordinating their behavior every millisecond to make you a functional

human being. The number of cells inside our bodies is mind-boggling—more than four

thousand times the number of humans on Earth. We are thirty trillion cooperating, evolving,

consuming, computing, gene-expressing, protein-producing cells. The body is literally a world

unto itself. Each of these cells is like a little homunculus inside you, taking information from its

environment, processing that information using complex genetic networks, and changing what

it does in response to those inputs. Each cell has its own set of genes, unique gene expression

(i.e., the specific proteins the cell is making) and its own physiology and behavior. The

cooperation happening inside us is quite astounding. How can thirty trillion cells make a being

that seems so much like one single entity with one set of goals? How can I be made of so

many cells yet feel so unitary?One answer to these questions comes from evolutionary biology:

We act and feel like unitary organisms because evolution has shaped us to be cooperative

cellular societies. Perhaps we feel like unitary beings because evolution has fashioned us to

act as though we are. We have been shaped by nearly one billion years of evolution on

multicellular bodies to have cells that act in a way that enhances the survival and reproduction

of the cooperative cellular society as a whole—the multicellular body. Our cells constrain their

proliferation, divide labor, regulate their resource use, and even commit cell suicide for the

benefit of the organism. The scope of cooperation inside us is beyond anything humans have

ever accomplished—the cells inside us behave like a success story of a utopia, sharing

resources, taking care of the shared environment, and regulating their behavior for the good of

the body.But sometimes this cellular cooperation breaks down. And when it does, this can set

off an evolutionary and ecological process in the body that culminates in the ultimate form of

cellular cheating: cancer. Cancer is what happens when cells stop cooperating and

coordinating for the benefit of the multicellular body and start overusing resources, trashing the

shared environment of the body, and replicating out of control. Inside the body, these cheating

cells can have an evolutionary advantage over normal cells, despite the fact that they can

damage the health and survival prospects of the body of which they are a part.Although we

feel like unitary individuals, fundamentally we are not. Evolution fashioned us to be incredibly

functional as multicellular organisms, but we cannot escape the fact that we are a population of

cells. Because we are made of a vast population of cells, evolution naturally occurs within our

bodies. Cells in the body can evolve just as organisms in the natural world evolve. This is a

very different way of thinking about who we are. In the traditional view, we are a unitary and

relatively static “self.” However, not only are we made of trillions of individual cells, we are

made of trillions of cells that are part of a constantly evolving population. We are not one entity,

but rather many entities. And as we age, the population of cells that composes us continues to

evolve, often in directions that put us at risk for cancer.Cells are of course a part of who we are,

yet they are also very much their own entities. Cells express genes, they process information,

they behave—moving, consuming resources, and building extracellular structures like tissue

architecture. In addition, they are a population inside our body that is evolving in a complex

ecological environment. We need both of these perspectives—cells as a part of us and cells as

their own unique evolving entities inside of us—to understand what cancer is and why we are

vulnerable to it.From the perspective of our bodies, cancer is a threat to our survival and well-

being. From the perspective of the cell, cancer cells are only doing what every other living thing



on this planet does: evolving in response to the ecological conditions they are in, sometimes in

ways that are detrimental to the system of which they are a part. This leads to a seemingly

paradoxical evolutionary scenario: Evolution favors bodies that are good at suppressing cancer,

but evolution also favors cells inside the body that have the characteristics of cancer cells, such

as rapid proliferation and high metabolism. How can both of these facts be true—on the one

hand evolution favors cancer cells, while on the other hand evolution favors cancer

suppression? As the narrative in this book unfolds, I will reveal how an evolutionary perspective

can help us understand this apparent paradox.The scale of cellular cooperation in our bodies is

astonishing. But even more stunning is how resilient our bodies can be when faced with cellular

cheating—how we can survive and thrive despite the threat of cancer. Multicellular bodies have

evolved many different cancer suppression mechanisms over billions of years. These cancer

suppression systems allow us to keep cellular cheating under control. Looking across species,

we can also witness the diversity and power of these cancer suppression systems at work, and

gain insights and inspiration for how we might better treat cancer in human beings. Like the

crested cacti, which can coexist with their cancer-like growths for decades, perhaps we also

can live with cancer.Before I learned about cancer’s evolutionary nature, I thought of cancer as

nothing more than a rather uninteresting disease. My work focused on deep and fundamental

questions about the evolution of life: Why are so many organisms social? What makes

cooperation stable despite the possibility of exploitation from so-called cheaters? I had always

been drawn to theoretical questions, so I shied away from any topic that seemed to require the

memorization of an endless catalog of facts with no framework to hold them together. Cancer

seemed to be one of those topics—no theoretical grounding, just an endless number of studies

on mechanism after mechanism with no underlying principles to discover. It was certainly

worthy of study because of its importance to human health, but I had no interest in studying it

myself.Then I moved to the University of Arizona to work as a postdoctoral researcher, and I

began working with John Pepper, a pioneer in cancer evolution, a new field at the time. I

realized that cancer was a cellular example of exactly what I was already studying: the

challenges of maintaining cooperation in large-scale evolving systems in the face of

cheaters.My view of cancer started to change. I realized that cancer is a living entity evolving

rapidly in the ecosystems of our bodies. It follows the same rules that all evolutionary and

ecological systems follow. Placing cancer in an evolutionary framework provided a starting

point for understanding its complexity.The great evolutionary biologist Theodosius Dobzhansky

—one of the pioneers of evolutionary thinking in the twentieth century—once said, “Nothing in

biology makes sense except in the light of evolution.” As I came to see cancer in this

evolutionary light, I realized that cancer biology hadn’t made sense to me before that point

because I hadn’t applied an evolutionary and ecological lens to understand it.If Dobzhansky

were around today, he might very well say, “Nothing in cancer biology makes sense except in

the light of evolution.” Evolution, ecology, and cooperation theory offer a starting point for

understanding why cancer is such a complex, powerful, and dynamic force, and they can help

us better understand who we are. And these same tools can help us understand how cancer

has shaped—and continues to shape—all of multicellular life.Evolutionary theory explains how

cancer can exist on two different levels. First, it shows how evolution among the cells in our

body—often called somatic evolution—leads to cancer. Cancer is the literal embodiment of

evolution: cells in our bodies are evolving inside us. The cells in our body vary in terms of how

evolutionarily fit they are inside our bodies; some cells replicate faster and survive longer than

others. The cells that proliferate more and survive longer subsequently make up a larger

portion of the next generation and eventually come to dominate the population. This is



evolution by natural selection, the same process that has shaped the evolution of organisms in

the natural world.In addition, evolutionary theory helps explain why cancer has persisted over

the course of life on Earth. Organisms have evolved over millions of years to suppress cancer—

to keep somatic evolution under control—so that we can live long and evolutionarily successful

lives. These cancer suppression systems are the reason that multicellular life is even possible—

without them, multicellularity would never have been able to overcome the challenges of

cellular cheating from within. But these cancer suppression systems are not perfect.

Evolutionarily speaking, keeping would-be cancer cells 100 percent under control is not

possible.The reasons we can’t completely suppress cancer are varied, and each is fascinating

in its own right. For example, one reason why organisms don’t evolve to suppress cancer

completely is because of trade-offs with other traits that affect the fitness of the organism, like

fertility. Sometimes, lower cancer risk is associated with lower fertility, creating an evolutionary

bind for organisms evolving to suppress cancer. In addition, organisms can’t suppress cancer

completely because there is a mismatch between past and current environments: modern

humans are exposed to mutagens like cigarette smoke and lifestyle factors such as low

physical activity, which lead to greater susceptibility to cancer. An even more bizarre reason

why we can’t suppress cancer is that there is a battle over our growth happening between

genes we inherit from our mothers and genes we inherit from our fathers. Some of the genes

we inherited from our fathers are epigenetically set to promote growth and cell proliferation,

contributing to an increased risk of cancer. Cancer exists because of the tension between two

evolutionary processes acting on two different scales: cells evolve in the body via somatic

evolution, and bodies can’t evolve to completely suppress this process of somatic

evolution.The environment that cancer cells occupy in the body can greatly affect whether

would-be cancer cells die or survive and thrive. In cancer biology, the environment around a

tumor is called the tumor microenvironment. This is essentially the ecosystem of the tumor, in

many ways like an ecosystem in the natural world. The ecosystem of the tumor provides

necessary resources that allow the cells in the tumor to survive and thrive, but it can also

threaten the survival of cells when resources run out, waste products build up, and the immune

system starts preying on cancer cells. Cancer cells can alter their environment as they

consume resources such as glucose; for instance, they can reduce the supply of resources for

neighboring cells and leave behind waste products like acid. Those changes, however, can

trash the ecology of the cancer cells, making it difficult for them to survive and thrive. The

destruction of the microenvironment can create selection pressures for those cells to move.

Cells that can move and are able to relocate to a new and better environment in the body will

survive and leave more cellular progeny, spurring the evolution of invasive and metastatic cells.

Ecology is central to the ways in which cancer emerges and progresses. Just as we can’t

understand how and why organisms evolve without knowing about their environments, we can’t

understand how and why cancer evolves without knowing the ecological dynamics in and

around a cancerous tumor.The common metaphor for cancer is war—patients “fight,” “battle,”

“win,” or “lose.” The war metaphor for cancer is powerful and compelling. It can help to rally

support for cancer research and bring people together around a common goal, but it can also

be misleading. We can’t completely eradicate something that is fundamentally a part of us. This

aggressive approach to the disease seems like a good idea if we view cancer as an enemy to

eradicate. But unless we see cancer for what it is—a population of diverse cells evolving in

response to every treatment we throw at it—we run the risk of discounting or outright

dismissing less aggressive forms of treatment.The war metaphor encourages an aggressive

outlook that can lead to other consequences as well. When we treat cancer with high-dose



therapies, this can give an evolutionary advantage to cells that are resistant to those therapies,

making our treatments less effective for long-term tumor control. For terminal cancers,

attacking with the highest-dose therapies is often not the ideal strategy. Approaching cancer

with an aggressive mind-set can also have a negative effect on prevention. When people are

presented with a war metaphor for cancer, they report being less likely to engage in some

cancer-prevention behaviors, like stopping smoking. In addition, aggressive language related to

treatment can increase stress levels for cancer patients and their families.Cancer is not an

enemy in the typical sense of the term. Cancer is not an organized and homogenous army that

is collectively set on our destruction. Instead, it is a disorganized and heterogenous population

of cells that is dynamically responding to our treatments. When we fight cancer, we are fighting

against an inevitable process: the process of evolution. We can slow down that process or

change its course, but we can’t make the process stop.Cancer is the literal embodiment of

evolution. It is evolution in the flesh. We are susceptible to cancer because we are made of a

population of cells that evolves over our lifetimes. Cancer will be here for as long as

multicellular life endures on our planet. The sooner we can accept that, the sooner we can use

our knowledge to effectively keep cancer under control.We can’t win a war against a process of

evolution, a process of ecological change in our bodies, a process of cellular free-riding taking

over multicellular cooperation. But we can shape that process so it is less harmful to us. We

can gain insights and strategies to help us shape cancer into something more benign and less

threatening—in other words, something we can live with.Fighting a war on cancer for which the

only acceptable outcome is complete destruction of the enemy, as opposed to using

circumscribed strategies to exploit cancer’s vulnerabilities, is much like the contrasting war

strategies of two Greek gods of war, Athena and Ares. I grew up in a largely Greek household,

living first in Athens and then in the suburbs of Chicago, and Greek mythology was an

important part of my childhood. I was raised in part by my grandmother, Athena (after whom I

was named). Of course, I had an interest in understanding my namesake. Athena is the

goddess of wisdom and war, but not just any kind of war; she is the goddess of strategy. Rather

than winning by brute force, Athena wins by understanding the goals and vulnerabilities of the

enemy and then exploiting those to achieve victory with minimum force and without

unnecessary collateral damage. Ares, on the other hand, approaches battle with maximum

aggression and with the goal of inflicting as much damage as possible on the enemy at all

costs.Which approach is right for cancer? Should we fight by brute force like Ares, or should

we plan a strategy (like Athena would do) that exploits the vulnerabilities of our adversary?

From what we know about cancer, it is clear that Athena’s approach is more likely to extend the

lives of cancer patients, improving their quality of life as well. (And I’m not just saying that

because I’m named after her.)Cancer is an inexorable part of our lives and histories as

individuals, and as multicellular organisms. In this book, I will use our evolutionary history as

the basis for discovering insights into what cancer is, why it emerges, and how we can better

treat it. I will argue that cancer is more than just a disease; it is a window into the origins of life,

the challenges of large-scale cooperation, the nature of multicellularity, and the process of

evolution itself.2Why Does Cancer Evolve?Let’s play a little game. Which of these statements

about cancer is true?We get cancer because it helps to control human population size.We get

cancer because it sends a message that we need to take better care of ourselves.We get

cancer because it is better for our offspring if we die at an earlier age before we become a

burden.We get cancer because cells in our bodies that survive and proliferate quickly leave

more cellular descendants.All of these statements may sound plausible, but only the last one is

true. Notice that each statement seeks to explain why we get cancer at a different level: the first



posits that cancer evolves to benefit our species, the second that it benefits us as individual

humans, the third that it benefits our kin, and the fourth that cancer evolves to benefit individual

cells.When cells rapidly multiply and survive when they shouldn’t, the process can have

devastating effects on the organism. Our bodies are built to be bastions of cellular cooperation,

with systems for sharing resources and building an environment inside the body that allows

cells to survive, thrive, and do all the jobs necessary to make our bodies function. Cancer cells

exploit that cooperation, getting an evolutionary leg up on their normal neighbors. This process

is essentially the same as the process of evolution that happens among organisms in the

natural world (with some exceptions, which I will come back to later).Evolution is defined as a

change in gene frequencies in a population over time. With our bodies, the frequency of

different genetic mutations among our cells changes every time a cell divides or dies. Cells,

just like organisms, compete with one another for survival and reproductive opportunities. The

cells that are most fit in the environment of our bodies (i.e., those that survive and replicate

best) end up growing in the cellular population that makes up our multicellular bodies.

Unfortunately, one of the ways that cells can get an evolutionary leg up on their cellular

neighbors is by ignoring the restrictions on cell proliferation and survival that otherwise keep us

cancer-free.The idea that cancer is an evolutionary process goes back many decades. In the

1970s, cancer researcher Peter Nowell described cancer as an evolutionary process based on

the accumulation of genetic mutations. In the same decade, the physician-cum-molecular-

biologist John Cairns pointed out that our bodies are likely to have protective mechanisms that

help to keep cancer from evolving within us. The roots of this idea go back even further, to the

idea that competition happens within the body during development (proposed by Wilhelm Roux

in the late 1800s), to the notion that cellular mutations can lead to “egoistic” cell behavior

(proposed by Theodor Boveri in the early 1900s), and to the idea of the stepwise progression

of cancer (proposed by Leslie Foulds in the mid-1900s). In the late 1990s and early 2000s, the

field began to grow as researchers including cancer biologist Mel Greaves, evolutionary

geneticist Leonard Nunney, computational evolutionary biologist Carlo Maley, and many others

began to study cancer using techniques and frameworks from evolutionary biology.I had the

privilege of coming into the field of cancer evolution in the mid-2000s, just as it was

experiencing tremendous growth. This growth came as a result of new tools and methods in

genomics that allowed researchers to look at the evolutionary dynamics in tumors and follow

lineages of cancer cells (called clonal expansions) during cancer progression. A clonal

expansion refers to a group of cells that came from a common ancestor and share a mutation.

As we know, cells that proliferate and thrive in the environment of the body end up leaving

more cellular descendants, which gives rise to clonal expansions. Some clonal expansions are

made up of cells that have a proliferation or survival advantage over their neighbors (a process

evolutionary biologists call natural selection). Other clonal expansions can be the result of

random processes (what evolutionary biologists refer to as genetic drift).In the case of cells in

our bodies, mutations that allow cells to divide rapidly and survive better will increase in

frequency in the population of cells through natural selection, setting the stage for cancer.

Natural selection is the process of change in the characteristics of a population over time as a

result of the differential reproduction and survival of individuals within the population that have

different traits. But evolution can also happen as a result of random influences on cell success.

Genetic drift occurs in small populations—of organisms, cells, or any living things—when

random chance leads some individuals to survive and reproduce better than others. Traits that

have no effect on survival or reproduction can spread or decline in a population simply as a

result of random chance. Both of these processes—natural selection and genetic drift—have a



role in how cancer evolves inside us. For the purposes of this chapter, and the book more

generally, I will focus on natural selection because it helps us explain one of the central

evolutionary paradoxes of cancer: how cancer cells can evolve to destroy the very hosts that

they depend on for their own survival.How Cancer Cells Evolve Inside UsOur bodies are vast

worlds in which populations of cancer cells can evolve. We are used to thinking about evolution

as a glacially slow process: over thousands of years, random variations happen and are

sometimes advantageous to the organisms possessing them, slowly transforming a population

of individuals as they evolve to better fit within their environment. Because we often think about

evolution as a slow process, it can be difficult to wrap our heads around the way evolution

works among cells inside our bodies. If we think of evolution as an inherently slow process,

how could it possibly work fast enough to select for cancer cells over the course of a human

lifetime? The answer is that the timescale of evolution is completely different inside the body:

the generation time of a cancer cell (in other words, the time it takes to reproduce) is extremely

short—often about one day—and the population sizes are in the billions, so large that the pace

of evolution can be extremely fast. In fact, more cellular evolution happens over the course of a

single person’s lifetime than has happened throughout all of human evolutionary history.But

what happens to cancer evolution when we die? Can we really call what happens inside our

bodies “evolution” if cancer cells ultimately kill the host they are living inside of? Can we say

that a species evolved if eventually it went extinct? Of course the answer is yes: nobody would

argue that dinosaurs didn’t evolve because they eventually went extinct, or that a species that

evolved itself into a dead end somehow nullified its previous evolution.Just as species evolve

into extinction, populations of cancer cells evolve in the body until they become evolutionary

dead ends. In fact, cancer cells evolving themselves into evolutionary dead ends is an example

of a more general phenomenon in evolutionary biology called “evolutionary suicide.” In

evolutionary suicide, populations of organisms can evolve traits that ultimately doom the entire

species to extinction, like being so effective at consuming resources that they leave nothing left

for future generations, or having such extravagant sexual ornaments that the entire population

becomes catastrophically vulnerable to predation. And cancer cells are not always evolutionary

dead ends either. Sometimes—as I will illustrate—cancer cells can transmit to other individuals

and spread in the population. Transmissible cancers have been discovered in a number of

species including domestic dogs, Tasmanian devils, and several species of clams. In all of

these species, cancerous cells from one organism are able to leave the original host, transmit

to a new host, and then grow inside that new host, making it possible for a cancer to survive

much longer than the lifetime of the individual from which it derived and also making it possible

for evolution to continue acting on the populations of cancer cells for much longer than it

otherwise would. Nevertheless, transmissibility of cancer cells is not a prerequisite for

evolution; the vast majority of cancer cells die with their hosts, and until that day comes, the

cancer is subject to natural selection and drift, just like every evolving population is.In order for

a population of cancer cells to evolve through natural selection, certain conditions have to be

met. These are the same conditions that have to be met for any population evolving in the

natural world: variation, heritability, and differential fitness. In other words, cells must vary in

their traits, these traits must be heritable when cells divide, and the traits must have effects on

cell fitness (i.e., the survival and replication of the cells). Do cancer cells meet these

conditions? They most certainly do. Cancer cells are a diverse population of cells with heritable

traits that affect the fitness of the cells. Let’s look a little closer at each of these conditions for

natural selection and how cancer cells meet them.Variation: A human being starts as a single

cell. Many of us have been taught that as that cell divides, it copies its DNA, resulting in trillions



of genetically identical cells that make up our bodies. But this isn’t quite right. Our bodies are

made of nearly identical cells, each having DNA that regulates proper multicellular behavior.

But this DNA needs to get copied every time a cell divides, and the copying process isn’t

perfect. Every time a cell divides and copies its DNA, there is a chance that errors will occur,

and some chance that those errors won’t be found and corrected by our genetic “proofreading

processes.” Because of genetic mutations, cells in our body are not identical.How different are

these cells from one another? The variations are greater than you might think. Most cells in the

body harbor unique mutations that result from DNA copying errors or other sources of mutation

such as sun damage or chemical exposures. On top of this genetic variation, there is also

epigenetic variation. Epigenetic variations refer to the differences among cells in terms of gene

expression. In each of our cells some DNA is “exposed,” making it possible for it to be read and

translated into proteins, whereas other DNA is “bound up,” staying silent and not producing

proteins. These epigenetic differences also contribute to variation in how cells behave, for

example, whether they move, consume resources, and send signals to their neighbors. Cells in

our bodies vary both genetically and epigenetically, and this variation can serve as the fuel for

somatic evolution.Heritability: Heritability refers to a correlation between the traits of the parent

and the traits of the offspring. If heritability did not exist, then any trait that helped biological

parents survive and reproduce couldn’t be passed on. Are genetic and epigenetic differences

among cells heritable? Of course. Every time a cell divides, mutations in the DNA of that cell

get copied and passed along to its cell progeny. Differences in DNA expression can be

inherited as well, since epigenetic alterations to the DNA can also get copied and passed

along when a cell divides. With these processes in mind, we can think of our bodies as a vast

family tree of cells, in which the trunk of the tree is the first cell that gave rise to the fertilized

egg, and each branch represents a cell division during which cellular traits are inherited (see

figure 2.1). Mutations can be passed down in this cellular family tree just as they can be

passed down from parent to child.Differential fitness: Differential fitness refers to the idea that

individuals with certain traits will produce more progeny than individuals with other traits. Do

cells in our bodies differ with regard to how many cellular progeny they produce? Yes. From our

earliest beginnings in the womb, some of our cells replicate more rapidly and extensively than

others. Some tissues in the body exhibit more cell proliferation than others, and within the

tissues, some cells proliferate more quickly than others. Many of these differences in

proliferation are the result of normal epigenetic differences between cells (i.e., differences in

gene expression) that allow us to properly develop into functional multicellular bodies with toes,

ears, organs, and all of our other parts. Epigenetic differences among cells are necessary for

us to develop normally, but they can also contribute to our susceptibility to cancer.FIGURE

2.1 This figure shows the evolutionary tree of the cells in our body, starting from conception

and continuing through completed development, with cancer shown on the left as a “bushy”

branch on the evolutionary tree. Our bodies begin as a single fertilized cell (zygote), which then

divides many times, first making a hollow ball of cells (blastula) and then inverting to make a

form (gastrula) that starts differentiating into all the cells of our body. Cancer arises from the

mutated cells that divide too rapidly, expanding in the population of somatic cells that make up

our tissues—shown here as a liver cancer arising from liver tissue.Other differences in cellular

reproduction are due to mutations in the DNA sequences that govern the cell “decisions”

regarding when to divide. When cells have mutations that allow them to divide more, they

expand in the cellular population and give rise to progeny that continue their legacy of

overproliferation. The branches of the cellular evolutionary tree of the more prolific cells stand

out as a particularly bushy part of the tree, with cells producing an overabundance of cellular



progeny. Those progeny go on to produce an overabundance of cellular progeny, which in turn

go on to produce an overabundance of cellular progeny, and so on (see figure 2.1). Survival is

also an important part of differential reproduction. Cells with traits that enhance their ability to

survive will leave more progeny than cells that are more likely to die.Adaptations (in other

words, traits or characteristics that help an individual survive or reproduce) can evolve when

the conditions for natural selection are met. In humans, adaptations include our ability to find

food, avoid harm, and find mates. Adaptations in the realm of cancer cells can include having

high rates of consuming resources, avoiding predation by the immune system, and rapidly

proliferating in the body. Some of these cell-level adaptations work against our organism-level

adaptations—for instance, when cancer cells survive and thrive inside the body, their success

can be in direct conflict with the success of the organism.Returning to the question we opened

the chapter with—whether cancer can be said to have any sort of function at all—we have

seen that the only real function of cancer cells is a self-serving one: to replicate themselves

and survive in the body. Cancer is not functional for the organism harboring it. The only cancer-

related function that happens at the organism level is cancer suppression. The adaptations we

have that are relevant to cancer are all about keeping it under control so it doesn’t harm our

evolutionary fitness.Cancer’s PerspectiveConsider viewing the world of cancer from the

perspective of the disease itself. Adopting the perspective of the enemy is one of the oldest

and most effective war strategies. In The Art of War, the classic work of military strategy, Sun

Tzu warns against entering battle without knowing your enemy. In fact, if we know our enemy,

we may discover that there is an opportunity for peaceful coexistence. Understanding both

sides of a conflict can save you from engaging in protracted, unwinnable battles.In the previous

chapter, I argued that the war metaphor for cancer is problematic because it encourages a

mentality of all-out destruction, which is often impossible in the case of cancer because

populations of cells evolve resistance to our treatments. The idea that complete annihilation is

the only way to win is simply a poor strategy. A better strategy is to look at a conflict from the

perspective of the other side, to better understand its vulnerabilities, avoid costly escalation,

and find a way to subdue the threat.In our struggles with cancer, sometimes a decisive win is

possible. Researchers and clinicians have achieved great success in the treatment of some

childhood cancers and genetically homogeneous cancers in their early stages. But if a decisive

win is not possible—because the cancer is too advanced, for example—and we attack cancer

with massive force anyway, our bodies suffer the collateral damage of the toxicity of treatment.

On top of that, an overly aggressive approach using high-dose therapies can lead us to lose

control over the tumor because cells evolve to be resistant to our treatments. If we adopt the

perspective of cancer, we can potentially guide ourselves to new and better strategies for

controlling it.So what does the world look like from the perspective of a cancer cell? From a

cancer cell’s point of view, our bodies are raw materials that can be consumed and used to

make more copies of itself; from a cancer cell’s point of view, our immune cells are predators to

avoid, and our tissues and organs are new territories to be colonized. From a cancer cell’s

point of view, we are expendable. Cancer cells have no way to coordinate their behavior to

keep from destroying us, their hosts. Cancer cells evolve anew inside every individual through

a process of blind trial and error that eventually leads them to evolve adaptations (such as high

proliferation rates and high metabolism) that can threaten the life of their host. As I’ve

mentioned, cancer can evolve itself into an evolutionary dead end: cancer cells evolve to

exploit their hosts, which can ultimately lead to their own demise.As I discussed, cancer cells

can evolve via natural selection inside the body, and natural selection can lead to adaptations.

One way to think about adaptations is to consider this question: “How might this trait,



characteristic, or behavior enhance the survival or reproduction of this entity?” This perspective

is part of what is called the adaptationist approach in evolutionary biology. Adaptationism is a

powerful tool for generating new hypotheses about how and why organisms evolved the way

they did. We can apply the adaptationist approach to understand how cancer cells evolve in the

body as well.If we take the perspective of the organism, we can consider what would help it get

its genes into the next generation. But this is simply a heuristic for reasoning about what an

organism is doing and why. Organisms can be expected to act “as if” they have the intention to

get their genes transmitted to the next generation because natural selection favors organisms

that successfully achieve these goals. Likewise, we can think about cancer cells as if they have

the goals of getting their genes to the next cellular generation. But we must keep in mind that

this is just a mental tool to help us understand how cancer can evolve inside the body.Thinking

this way is called teleological thinking (teleo from the Greek word for “after,” and logos,

meaning “reason”). When we interpret the reason for an occurrence in terms of its

consequences, we are adopting a teleological perspective. It is quite natural for us to think

about things in terms of overarching purpose, and it often serves us well to look for reasons for

an event after the fact. But teleological thinking can also lead us to conclusions that are

downright wrong. Remember the game we played at the beginning of this chapter? You might

have been tempted to choose one of the incorrect answers due to teleological thinking—

inferring that the reason we get cancer has to do with the consequences that cancer has for

us, for our kin, or for the human population. Inferring purpose where there is none is a pitfall of

teleological thinking.But teleological thinking is not always wrong. Something can happen

because it serves some (not necessarily higher) purpose. Cancer cells, for example, have high

rates of resource consumption and proliferation because these traits benefit cell-level fitness. In

this sense, the purpose of cancer is simply to propagate itself.An important part of

adaptationist thinking in evolutionary biology, teleological thinking can be a useful heuristic for

evolutionary biologists to develop hypotheses about organisms. An evolutionary biologist might

look at the consequences of a trait and infer that it may have evolved to solve an adaptive

problem. For example: Why do zebras have stripes? Perhaps to confuse their predators. Why

do trees have leaves? To capture the energy of the sun via photosynthesis. If we understand

the function of a trait that an organism has, we can better understand the evolutionary

pressures that may have shaped it. But keep in mind that when a trait evolves because it

enhances the fitness of the organism, this doesn’t imply that any conscious intention was

involved. The ancestors of zebras didn’t intend to evolve stripes—it’s just that the ones that had

the more stripe-like pattern on their coats survived.In the context of adaptationism, teleological

thinking can be a useful starting point for developing hypotheses to test. But it can lead us to

be overzealous in assigning evolutionary functionality to traits that may have no adaptive

purpose. We should not assume that every trait and characteristic that a cancer cell has is an

adaptation—some aspects of cancer are simply a result of random drift and do not involve

natural selection or adaptation.Overzealous teleological thinking can also lead us to assign

evolutionary functionality at a level where it does not exist. Cancer doesn’t exist to provide

benefits for us as organisms or for the human population. Cancer does not evolve to enhance

our fitness as humans or help the species survive—cancer cells exist only to survive and

replicate. Taking a cell-level perspective can help us avoid the temptation of attributing reasons

for cancer at the wrong level.Understanding cancer from a cell-level perspective is a shortcut to

an even smaller-scale perspective on evolution by natural selection: the gene-centric approach.

This approach is fundamental in evolutionary biology, and was popularized by Richard Dawkins

in his book The Selfish Gene, in which he described organisms as vehicles designed by



natural selection to get genes into the next generation. His basic argument is this: Genes that

increase the survival or reproduction of the vehicles in which they reside will increase their

numbers in the next generation. But this is not the whole story—natural selection will also favor

“altruistic” genes that support the survival of other vehicles that share those same altruistic

genes. In the case of human beings, natural selection can favor selfish individuals, as well as

individuals who care for their kin. In the case of cancer cells, natural selection can favor selfish

cells, as well as cells that provide benefits for their cellular brethren.Both parts of this selfish

gene approach—how it can shape selfish and cooperative vehicles—help reveal how cancer

evolves in the body. The selfish gene approach is central to the argument of this book: that

cancer is essentially a cellular cheater in multicellular cooperation. But the evolution of

cooperation among cancer cells is just as important for understanding what happens during

this progression. In later chapters we will see how natural selection can favor cancer cells that

cooperate with one another to more effectively exploit their host, but first let’s look more closely

at how cancer evolves to cheat the cooperation that makes multicellular life possible.3Cheating

in Multicellular CooperationThere’s nothing worse than sharing space with people who don’t do

their share, refuse to clean up after themselves, and won’t listen when you try to talk to them

about it. If you’ve ever had a bad roommate, you know how hard it is to coexist with somebody

who doesn’t contribute and cooperate fairly. If cancer cells in the body are like bad roommates,

then cancer progression is like a nightmare roommate B movie. It starts with the roommate

eating your food and not doing the dishes, letting the garbage and the dirty laundry pile up.

Then it gets worse—much worse. One day you come home to find that the nightmare

roommate has invited a lazy friend to stay over indefinitely, and the next day each of them has

invited another lazy friend to stay, and so on in an exponential expansion of lazy roommates.

They take over every room of the house, consuming everything in sight. Eventually there is no

space left—but the horde keeps growing, trampling you as you struggle in vain to retain some

semblance of control of the chaotic scene.For normal cells living in a complex and well-

regulated multicellular body, cancer cells are like a swarm of horrible roommates descending

upon a perfectly regulated civilization and wreaking havoc. Cancer cells transform a

multicellular body from a hardworking collective to a wasteland of exploitation, extortion, and

conflict. As cancer cells divide, grow, and come to occupy more and more of the body, they can

go from being the cellular equivalent of a bad roommate to being threats to the very fabric of

the cellular society that makes us who we are as multicellular organisms.But not all bad

roommates destroy you. Some bad roommates are just clueless freeloaders, exploiting you out

of their laziness or ignorance about the negative effects they are having. When the writer Jacob

Brogan was diagnosed with thyroid cancer, he referred to his cancer as a quiet roommate

who’d been living with him all along, occasionally leaving dirty dishes in the sink, but mostly

staying out of his way. “We do not play host to cancer so much as we unknowingly sign a lease

with it,” Brogan wrote. Brogan’s metaphor maps onto the biology well: often, we carry cancer

around with us like a silent roommate, sometimes for decades, before it makes itself

known.This metaphor of a roommate—whether lazy, destructive, or mostly silent—is an

alternative to the war metaphor for cancer, and one that is more appropriate for many cancers.

A roommate who doesn’t do their share is in many ways like a cancer cell that has stopped

doing the jobs it should do as part of the multicellular body. A roommate who eats all your food

is like a cancer cell that consumes the available resources. And a roommate who invites lazy

friends to stay over is like a cancer cell proliferating out of control, burdening the body.Like a

freeloading roommate, cancer cells take advantage of the cooperative aspects of a

multicellular body. And like a difficult roommate, cancer is not necessarily something to destroy.



Rather than aiming for annihilation, we can in many cases set our eyes on a peaceful, if

uneasy, coexistence. We can learn to live with cancer more effectively, and even shape it into a

disease that is easier to live with.In this chapter I will look at cancer as the bad roommate in

the body—a cheater, sometimes taking advantage of the efforts of the normal cells in the

multicellular body and other times actively exploiting them. Cheaters break the rules, both

implicit and explicit, for how to behave when sharing space with someone. Likewise, cancer

cells are cheaters because they break the rules of cellular sociality that make multicellularity

possible. For the purposes of this chapter, and the book more broadly, I define cheating as

breaking shared rules for the fitness benefit of the rule-breaker.When I talk about cancer as a

cheater, I’m not implying that cancer cells are intentionally breaking rules—only that they

evolve to break rules because it is evolutionarily advantageous to do so. As I discussed in the

last chapter, natural selection can shape populations—whether of organisms in the natural

world or cancer cells in the body—so that individuals behave as if they have goals and

intentions. Talking about cancer cells as cheaters is shorthand for saying that they evolve to

behave in an exploitative way, breaking the rules of multicellular cooperation and getting a

benefit for themselves at the expense of the body.With the roots of our analogy in place, I’ll

discuss how cancer is a free rider in the cellular cooperation that makes multicellularity

possible, and how evolution in the body favors cheating cells. First let’s take a look at how

cancer has been defined in the past and how the framework of cellular cheating fits in with

different definitions and approaches to cancer.What Is Cancer?Cancer is as elusive to define

as it is to treat. Sometimes cancer is defined as invasive growths, other times physicians use

the term “cancer” for noninvasive growths. Sometimes doctors consider disrupted tissue

architecture as the defining characteristic; other times they focus on certain key genetic

mutations. My perspective on cancer is founded in the evolution of multicellularity and how

cancer evolves as a “cheater” in the context of multicellular cooperation. This definition of

cancer as a cheater provides us with an organizing framework for the many diverse

perspectives, definitions, and approaches to cancer, spanning those grounded in genetics, cell

biology, and comparative biology.Definitions of cancer vary significantly—a cancer biologist, a

pathologist, a clinician, and a comparative oncologist will all explain cancer in different ways,

focusing on different elements of the disease. A cancer biologist may focus on the traits and

characteristics of cancer cells, considering whether the cells have gained the ability to replicate

indefinitely, produce their own growth factors, and avoid apoptosis (controlled cell death).

Cancer biologists see these traits and several others as the hallmarks of cancer. The hallmarks

of cancer were chosen because they appear over and over again across different kinds of

cancers, and they now comprise an authoritative list of cancer traits (see box 3.1). I will explore

how these hallmarks of cancer map onto the cheating behavior of cancer cells in several

aspects of multicellular cooperation (figure 3.1).But the hallmarks approach is not the only way

of looking at cancer. If you ask a pathologist to define cancer, they are likely to tell you that

cancer is defined by how the cells look under a microscope, and, in particular, whether the

tissue architecture is abnormal and the cells are not properly differentiated.As someone who

treats patients directly, a clinician is likely to tell you that the defining feature of cancer is its

invasive nature, and its ability to metastasize, because this is what is most important when

providing a prognosis. If you ask a comparative oncologist—someone who studies cancer

across species—they might first lament the challenges of defining cancer across species

because different organisms have different underlying tissue biology. With that in mind, they

may tell you, it doesn’t make sense to use invasion and metastasis as criteria for cancer,

because there are many species with cancer-like forms that have tissue architectures that



make invasion and metastasis unlikely or impossible.These varied definitions and approaches

don’t really tell us anything about cancer’s fundamental nature or how it got to be that way.

They tell us what cancer looks like, how cancer cells behave—but not what cancer really is.

This is where the perspective of cellular cheating comes into play.Seeing cancer as a cellular

cheater helps unify the diverse perspectives on the disease and shows how cancer’s nature

relates to fundamental tensions in the evolution of cooperation and the evolution of multicellular

life. The cellular cheating viewpoint can bring multiple perspectives together into one

framework. As we saw earlier, cancer biologists often look to the hallmarks of cancer, a list of

cancer cell phenotypes (traits and characteristics), as an authoritative description of the

disease. These cancer hallmarks are manifestations of cheating in the cellular cooperation that

usually defines multicellular organisms.BOX 3.1 The hallmarks of cancer and cellular

cheatingThe hallmarks of cancer were laid out in a landmark paper by the cancer biologists

Douglas Hanahan and Robert Weinberg in 2000. They identified six hallmarks, which they

updated a decade later to include two emerging hallmarks and two enabling characteristics.

These hallmarks include characteristics like resisting cell death, enabling replicative

immortality (dividing indefinitely), altering cell energetics (e.g., increasing resource use), and

enabling metastasis by breaking down the normal tissue architecture. These hallmarks of

cancer also map onto cellular cheating in the foundations of multicellular cooperation (figure

3.1), or breaking of the rules in the “playbook of multicellular cooperation.”FIGURE 3.1 The

hallmarks of cancer fit into the five categories of cellular cheating in the foundations of

multicellular cooperation. The hallmarks are shown on the outer circle, and the foundations of

multicellular cooperation are shown on the inner pentagon. The types of cheating in

multicellular cooperation—uncontrolled proliferation, inappropriate cell survival, resource

monopolization, dysregulated differentiation, and environmental degradation—are shown in the

outer pentagon. Each of these aspects of cellular cheating corresponds to characteristics of

cancer. The hallmark of invasion is shown with an asterisk because it typically involves

cheating in multiple foundations of cellular cooperation. Dysregulated differentiation is shown

with a double asterisk because it is not currently named as a hallmark of cancer, but the

cellular cheating framework suggests we should perhaps consider it a missing hallmark

(dysregulated differentiation is considered an important characteristic of cancer by

pathologists, also suggesting that it should be added to the list of cancer hallmarks). Figure

reprinted with permission (Aktipis 2015, licensed by CC BY 4.0).In the clinic, cancer is often

defined by invasion and metastasis (though there are some exceptions, such as ductal

carcinoma in situ, or DCIS, a breast cancer in the milk ducts that has not yet become invasive).

It makes sense that a clinician would focus on invasion and metastasis because these features

are critical indications of a disease that can threaten the health of a patient. But if we want to

look at cancer across the entire tree of life, a focus on invasion and metastasis does not

necessarily make sense. For example, fasciated cacti lack many features of cancer as defined

in the clinic; they lack organs that are encapsulated in membranes that can be ruptured by

invading cancer cells, as well as circulatory systems that can allow cells to hitch a ride to other

tissues and metastasize. Defining cancer by invasion and metastasis doesn’t really make

sense in the case of cacti. If we want to compare cancer across different forms of life, we need

a definition and approach that can apply to any multicellular life form—like the framework of

cellular cheating.The pathologist typically looks for a breakdown of normal tissue architecture

and for dedifferentiated cells—cells that are no longer doing the jobs they should be doing as

part of the multicellular body. The breakdown of tissue architecture and cell differentiation

represent breakdowns in two important aspects of multicellular cooperation: taking care of the



extracellular environment and dividing labor. Dedifferentiation, in particular, can influence

somatic evolution because cells that don’t differentiate can continue replicating, whereas cells

that differentiate typically replicate a few times and then become part of normal tissue (until

they die and slough off).By focusing on the ways that cellular cooperation can break down, we

can come up with an overarching framework that spans multiple fields and allows us to

compare and contrast cancer susceptibility across the entire tree of life.The Evolutionary

Puzzle of CooperationHow can cooperation evolve through natural selection if cheaters receive

higher payoffs than cooperators? To understand the evolutionary reasons why cancer is a

cheater in multicellular cooperation, we have to look at the broader question of how

cooperation can evolve and remain stable in general.Cooperation theorists have proposed

many solutions—from reciprocity to punishment and risk-pooling to cooperating only with kin—

and they have explored potential explanations through hundreds of computer models. Despite

the diversity of the solutions and strategies for making cooperation stable, they mostly fall into

two main categories: solutions based on individuals having repeated interactions with one

another, and solutions based on genetic relatedness.When individuals repeatedly interact with

one another, this can favor cooperation because there is an opportunity to reap the benefits of

past cooperation or experience the negative repercussions of having cheated. Repeated

interactions change the payoffs for cooperation and cheating—often making cooperation a

better option overall. When individuals can leave uncooperative partners and groups—or

engage in any sort of partner choice—the benefits of a cooperative strategy can increase. As a

strategy, cooperation can be better than cheating because groups of cooperators are more

stable and longer-lasting, reaping the benefits of cooperation. When it comes to understanding

the evolution of multicellularity, repeated interactions of cooperative cells may have played a

role in the early stages of the evolution of multicellular life. But traditionally, scholars see

genetic relatedness as the main explanation for the evolution of cell cooperation in the

transition to multicellularity.Genetic relatedness helps solve the problem of cheating, and

makes cooperation viable by allowing its benefits to come back to the genes coding for it.

Imagine a soup of unicellular cells (cells that are not part of a multicellular organism). Some of

these cells are “producers,” meaning that they produce something that enhances the fitness of

every other cell around them (such as an enzyme that helps the cells metabolize resources).

Other cells are “free riders” (or “freeloaders”; free rider is the term that cooperation theorists

typically use to denote an individual who is not contributing to a public good), meaning they do

not produce anything, but benefit from what the producers make. If interactions happen at

random among individuals in the population, free riders will get more resources and avoid

paying the costs of producing the enzyme. They will have more opportunities to reproduce

(because they have more resources) and will come to dominate the population. Eventually, free

rider cells will take over and all the cooperative cells will go extinct. This is a prime example of

the classic problem of cheating and how it limits the evolutionary viability of cooperation.But

consider an alternative to random interactions among the cells in this primordial soup: What if

producers stick together and interact with one another and not with the free riders? Whenever

the producers make something, the benefit goes to other producers. Rather than feeding free

riders, producers provide benefits for their own kind. This allows the genes that code for the

ability to produce to increase in the population of cells.Similarly, when all the cells in a cellular

group are genetic clones, genes that code for cellular cooperation can spread through a

process called kin selection. One of the reasons that extremely high levels of cellular

cooperation evolved in multicellular bodies is that the cells are (at a first approximation) genetic

clones. Genetic relatedness is not the whole solution—as we will see in the next section—but it



does help to set up conditions that make the evolution of cellular cooperation possible. Having

high relatedness inside a cellular group also makes it possible to evolve mechanisms for

detecting and dealing with cellular free riders.Genetic relatedness of clusters of cells made it

more likely that cellular cooperation could evolve, setting the stage for the evolution of

multicellularity. But what made multicellularity a good strategy in the first place? Why would

cells ever give up their ability to reproduce themselves as individuals and subordinate their cell-

level evolutionary fitness to that of the cellular collective?Multicellularity Is Cooperation

Incarnate
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Cepheid, “Interesting but Repetitive. I would give this book 3.5 stars, if half-stars were allowed.

The author provides an interesting evolutionary argument for cancer using an unexpected but

effective theoretical framework. The first 3-4 chapters, however, were too simplistic and slow for

my taste. I don't have a medical background, but I still felt the information was presented in a

"dumbed down" manner. The book gains momentum in later chapters. Her strategies for

http://www.neutronbyte.com/api/Wa18oYTP/e/Eamo/OPMw/WdDVN/The-Cheating-Cell-How-Evolution-Helps-Us-Understand-and-Treat-Cancer


dealing with cancer were intriguing, and I look forward to exploring some of her references in

more detail.What I disliked the most, however, was that every chapter was far too repetitive.

She kept repeating the same chapter theme over and over without adding further insights,

which made for a tedious read at times.”

Valerie Harris, “Excellent resource for learning about the evolving nature of cancer!. I really

enjoyed this book! Reading Aktipis' writing is refreshing - like sitting down for a candid

conversation with a knowledgeable friend. Some books about cancer can be too clinical, while

others merely scratch the surface; Athena has struck a perfect balance. It is accessible,

informative, up-to-date, and an absolute pleasure to read. Looking at cancer from an

evolutionary standpoint is a relatively new field, and this book should be considered essential

reading for anyone looking to get up to speed. I especially enjoyed the chapter about cancer

across the tree of life, who knew that cancer could be found in all of these different organisms?

Additionally, the illustrations in this book are wonderful and really help to drive home the points

being made. As a cancer biologist and an avid reader, I highly recommend!”

James A Reed III, “I love this book!. This work takes an innovative look at a very old situation,

cancer in humans. Most importantly, the book is accessible to more people than those with a

terminal degree in evolutionary medicine. Dr Akitpis very clearly coveys her message while

weaving in key evolutionary and medical concepts, and provides a new way to think about

living with a treating cancer.”

Cathryn Townsend, “Complex subject matter clearly communicated. This book packs

fascinating theory about the evolution of cooperative strategies and about the nature of cancer

into an easily digested format. I really enjoyed it, and I learnt a lot.”

Carlo Maley, “The best and most lucid way to understand cancer (and what we might do about

it). This book lays out the fundamental understanding of cancer, in clear, easily digestible

prose. It places cancer in the context of the grand sweep of the history of life on Earth. Cancer

first appeared with the first multicellular organisms that evolved (about 2 billion years ago) - in

fact, you can think of cancer as the main problem preventing the evolution of multicellularity -

how do single cells cooperate to build a multicellular body, without some of those cells

reverting back to their single cellular strategy - cheating on the other cells. Cancer has been a

problem for all multicellular life ever since, not just for animals, but for plants, fungi, algae, etc. I

find it reassuring to understand that cancer is just a fact of life, all life, and that many organisms

can survive with cancer without dying from it. Aktipis elegantly flows from this organismal level

understanding of cancer, down to the cellular (and genetic) level, where cells are mutating,

competing and evolving within a body. This understanding has important implications for what

has gone wrong in our treatment of cancer, and how we could do better, transforming cancer

from a lethal disease into one we can control.I use this book when I teach my seminar on

cancer as a gentle introduction to cancer. My students really like it, especially the memorable

metaphors and illustrations that help them integrate the more complex scientific papers we

read later in the seminar. If you want one book to understand cancer, and an easy read at that,

this is your book.”

Jessica Ayers, “Great book about the fundamentals of cancer & how we should treat cancer!.

Couldn't put it down! I learned os much about cancer, how scientists identify it, how they treat

it, and why that might be problematic given how human bodies and cancer cells evolved. I



started this book as a total novice to most of this information and feel like I learned so much!”

Amy Boddy, “A must read. Aktipis' insight into cancer from an evolutionary perspective is

refreshing and extremely accessible. I highly recommend if you are interesting in learning

more about evolution, cancer, and cooperation. Provides the most updated information on

where cancer came from and where cancer treatment is heading. The narrative is easy to

follow, yet provides thought provoking material throughout the book. Would be a great book to

introduce students to cancer!!”

Archimedes, “This book changes how I think about having a human body.. This book explains

the body as a super-organism of cells, and the cancer cells are the cheaters in the society. It

makes a ton of sense, and is much easier to understand this way then those cell biology

descriptions of cancer.”

DR. PAULO FINURAS, “Masterpiece. The Cheating cell: this is one of the best books I have

read to date.  masterful.  I advise you to read it strongly.”

Mrs. Iris R. Simantel, “Fascinating. Brilliant book and excellent service. Highly recommend”

The book by Athena Aktipis has a rating of  5 out of 4.6. 32 people have provided feedback.
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