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To my parents, for making me believe


Praise for
 The Master Builder


“An ingenious argument. A rich, detailed exploration of the vitality of cells.” 

—Kirkus

“In The Master Builder, Alfonso Martinez Arias makes a timely, important, and compelling case for why an understanding of living organisms must start with the cell. He offers a vision of life that shows it to be much more interesting and ingenious than any simplistic notion of genetic blueprints can provide.”

—PHILIP BALL, author of Critical Mass

“The essence of science is that we never stop asking: Do we see clearly, or have we fooled ourselves into certainty? In The Master Builder, we follow that question into the cell, where DNA is said to rule. What Martinez Arias has found is much more interesting: cells themselves, which we inherited from a long line of ancestors stretching back to the earliest life, are at least as integral to creating who we are. This book makes a new and stunning argument, not so much that we should put DNA in its place, but that we can see the grandeur of life as it truly is.”

—AZRA RAZA, author of The First Cell

“What came first, the chicken or the egg? The Master Builder poses a different question: What drives biology? Genes or cells? His surprising answer shines new light on the fascinating riddle of development and offers a majestic cell’s-eye view of life itself.”

—LEE BILLINGS, author of Five Billion Years of Solitude 

“DNA is often claimed to be ‘the master molecule,’ determining everything about us. But in this masterful account, geneticist and developmental biologist Martinez Arias shows that, on its own, DNA is powerless, inert. It needs a cell to work its wonders, and that cell is always interacting with the environment. This clearly explained, beautiful book will change how you think about DNA, about how you came to be, and about life itself.”

—MATTHEW COBB, author of As Gods 
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INTRODUCTION

For you formed my inward parts;

you knitted me together in my mother’s womb

I praise you,

for I am fearfully and wonderfully made.

—PSALM 139: 14–15

Every animal and plant on earth has an awesome beauty: the majesty of an oak, the delicate fabric of a butterfly, the grace of a gazelle, the imperious presence of a whale, and, of course, us—humans—with our mixture of wonders and fatal flaws. Where does it all come from? History is full of stories in reply to this question. For example, in Mayan tradition the answer is corn; other cultures suggest various forms of egg as the source. In many, the origin is some claylike material shaped by the might and imagination of a powerful entity that breathes life into it. From such starts, multiplication follows, and the earth is populated, though the details of how this happens are scant.

Over the past century we have discovered a material explanation for the source of life, one that needs no divine intervention and provides a thread across eons of time for all beings that exist or have ever existed: deoxyribonucleic acid (DNA). In the words of the US National Human Genome Research Institute, “Your genome [DNA] is the operating manual containing all the instructions that helped you develop from a single cell into the person you are today.” And yet, while there is little doubt that genes have something to do with what we are and how we come to be, it is difficult to answer precisely the question of what their exact role in all of this is.

A closer look at how genes work and what they can accomplish, compared to what they are said to achieve, casts doubt on the assertion that the genome in particular contains an “operating manual” for us or any other living creature. When it comes to the creation of organisms, we’ve overlooked—or, more accurately, forgotten—another force. This book is about the origin and power of that force: our cells.

What makes you and me individual human beings is not a unique set of DNA but instead a unique organization of cells and their activities. The story of Karen Keegan, a fifty-two-year-old woman in desperate need of a new kidney, is an example.

After consulting with doctors, Karen knew that a donor’s kidney would have to be as close a genetic match as possible to reduce the chances that her immune system would reject it as a foreign invader. She was lucky, the doctors had told her. As the mother of three adult sons, she was very likely to find a match within her immediate family. By the rules of genetic inheritance, each of her kids would share about half of his DNA with her, which would make them all good donors. It was just a matter of doing a blood test to see which son was her best match based on exactly which DNA he’d inherited from her. But when the test results arrived from the lab, Karen was in for a shock: two of her three sons could not be hers, the doctors said, because they did not share enough DNA. There had to have been a mistake in the test, Karen protested. She’d been pregnant and given birth to all three of her sons; she had felt them growing (and kicking!) inside her.

Lynn Uhl, a specialist at the hospital, knew Karen, and she knew that Karen had given birth to the children. The chances that not just one but two of Karen’s sons had been mistakenly switched at birth was also astronomically unlikely. So too was the chance that there had been a mix-up in the blood lab. On a hunch, Uhl decided to check Karen’s blood sample against some tissue from another part of Karen’s body. This test solved the riddle: Karen did not have one DNA sequence, or genome, in her cells. She had two.

Fifty-three years before, early in Karen’s mother’s pregnancy, two separate eggs had been independently fertilized, giving rise to two separate balls of cells, each with its own DNA. At some point in the rush of cell division and multiplication that follows fertilization of the egg by sperm, the two groups of cells fused into one. Instead of developing into twins, they developed into Karen, with cells from both balls randomly distributed throughout her one body. While most of Karen’s body had cells from one of the groups, it just so happened that two of her sons came from eggs that had been generated by the other.

People who carry more than one complete genome are called chimeras, after the fire-breathing lion of Greek mythology with the head of a goat growing out of its back and the head of a snake growing out of its tail. The term denotes that they are combinations of more than one creature. Karen is not alone in being a natural chimera. Indeed, the first human chimera was identified in 1953, the same year that the double helix structure of DNA was discovered. And today, some scientists estimate that about 15 percent of people are chimeras. Sometimes only blood cells are mixed up, but other times, as in Karen’s case, two separately fertilized eggs start to develop and then get fused together.

Ever since the day in 1953 when James Watson and Francis Crick unveiled their model of the double helix to account for the structure of DNA, we’ve been in thrall to genes. We think of every aspect of ourselves as being determined by our DNA, from the color of our eyes to our propensity for a particular disease. In the minds of some, DNA even sets the parameters for a person’s intellectual ability or temperament: It’s in her genes, a parent will say about a child. We take a swab of cells from the cheek and get our DNA tested to learn “who we are,” as if tracing which genes we inherited from whom tells us anything about ourselves right now. DNA has become so central to our sense of identity that we even use it as a metaphor for social organizations: It’s in our DNA as a company, a CEO will say, or as a team, says a coach. Yet chimeras are just one way in which nature shows us that DNA does not define who we are. Karen is not defined by a DNA sequence; she has two.

The publication of the human genome ushered in an era in which people think that most noninfectious diseases have some genetic basis, underscoring the connection between DNA and us. For conditions linked to a mistake in a single gene—like cystic fibrosis, hemophilia, or sickle cell anemia—a focus on DNA will almost certainly allow scientists to develop cures. Along these lines recently, cutting-edge technologies like CRISPR—the so-called genetic scissors that allow editing of DNA at will—have thrown up a host of potential treatments. For example, gene-editing interventions using CRISPR (an acronym for “clustered regularly interspaced short palindromic repeats”) have been shown to repair a single change in the DNA for the beta-globin gene (HBB) that produces sickle cell anemia and thereby restore the health of individuals. Other cases are in the pipeline.

But even in instances like this, there are problems. The relationship between changes in a gene and a dysfunction is not usually as straightforward as in the case of sickle cell anemia. Having mutations in the breast cancer type 1 (BRCA1) or type 2 (BRCA2) gene makes it more likely that the body can’t produce the functional proteins needed to effectively destroy cancer cells in breast tissue, but it does not say you will get cancer. Mapping gene mutations to cell malfunctions may help us to understand what happens when a gene is faulty or absent, but more often than you think, the observation doesn’t tell us how cells use the normal form of the gene to make normal tissues and organs. In fact, over 60 percent of birth abnormalities cannot be linked to specific genes. Many chronic diseases are caused not by genetic predisposition but by how cells respond to their environment—including in breast cancer, where only 3 percent of people diagnosed have a mutation in their BRCA1 or BRCA2 gene.

Of course, genes do carry information that contributes to our being. Identical twins are the classic example since they share all of their DNA at birth and look uncannily similar. At the same time, identical twins raised in the same home can develop different personalities, different medical conditions, and, sometimes, different physical traits. The question is not whether DNA has something to do with the way we look or behave but rather what exactly its role is.

It’s strange how completely we’ve given in to a gene-­ centric view of life. We’ve been aware of the workings of cells for well over a century, and through years of study, we have come to know their content and organization in detail. Some we know as essential functional entities. The immune system comprises an army of cells that fight infections and heal injuries, while neurons process information to generate and control our movements and thoughts. Recent advances in our ability to scrutinize cells’ contents and activities have revealed them to be dynamic entities capable of creating and destroying time and space. We have filmed their interactions and observed how they work in groups to build and maintain organisms. We have learned that our bodies are in constant flux because the cells that make them up are themselves in constant flux. When we consider life from the perspective of the cell, the result is a breathtaking vista of spatial and temporal choreographies.

I have devoted my career to studying how cells come together to generate organs and tissues in animals from fruit flies to mice to human beings. I trained as a geneticist, and for much of my career I was a professor in the Department of Genetics at the University of Cambridge using the science of genes to search for answers to biology’s big questions. But I have grown increasingly uneasy about how much genes are blamed for things that they have nothing to do with. Genetics has provided important glimpses into the processes of animal and plant development, but we have overstretched what genes can explain.

The reason is simple. Geneticists have been so successful at finding changes in genes associated with dysfunction that we’ve fallen into the trap of equating correlation with causation. We’ve transformed method into explanation. We have turned tools for studying life into the architects and builders of life. However, if we remove a few bricks from a key position in a house and the house falls down, we don’t suddenly think the bricks are the house’s blueprint or its architects. So why do we think that if we remove a gene from the genome and the organism stops developing or functioning, genes are the blueprint or architects of life? As famed French mathematician Henri Poincaré might have phrased it, cells are no more piles of genes than a house is a pile of bricks.

Many will say that there is nothing here to challenge the gene-centric view of development and evolution. After all, cells are an inevitable consequence of the activity and interactions of the genes that lie in their genomes. There is some truth in this, but the fact is that cells have powers that DNA cannot dream of. DNA cannot send orders to cells to move right or left within your body or to place the heart and the liver on opposite sides of your thorax; nor can it measure the length of your arms or instruct the placement of your eyes symmetrically across the midline of your face. We know this because each and every cell of an organism generally has the same DNA in it, with the same monotonous structure. As we shall see, cells can in fact send orders, measure lengths, and much more beyond that. In chimeras such as Karen Keegan, cells negotiate the differences between the two genomes coming together to create one body. To do their masterful handiwork, cells use genes, choosing which will or will not be turned on and expressed to determine when and where the products of genes are deployed. An organism is the work of cells. Genes merely provide materials for their work.

The view of biology I share in this book has grown with me over the years but became obvious through experiments done in my lab, as well as a few others, in which cells have displayed astonishing abilities. Our experiments started by trying to understand why cells behave differently in culture versus in embryo. We found that when a particular type of mouse embryonic stem cells—that is, cells that can give rise to any type of organ or tissue—are left to roam on a Petri dish in certain conditions, they will become different from each other; they generate the different types of cells that make up the embryo but do so in a disorganized manner. If the same cells, with the same genes, are placed in an early embryo, however, they will faithfully contribute to the embryo. Same cells, same genes. So, something other than genes must be involved in making an embryo. We went on to prove this by developing conditions in the lab in which the cells will imitate many of the processes that lead to the first organization of a body plan in an embryo. The ability to use cells to build structures resembling tissues and organs and even embryos in the lab represents the birth of a new kind of engineering, one that allows cells to show us what they need to build organisms, using their tools and following their rules.

Through this research, I have come to recognize a creative tension between genes and cells that lies at the heart of biology. Cells don’t merely multiply, regulate, communicate, move, and explore; they also count, sense force and geometry, create form, and even learn. You have never been just a gene or even a set of genes. Instead, you can safely trace your origins back to a first, single cell within your mother’s womb. Once this first cell came into existence, it began to do things that are not written in DNA. As it multiplied, it created a space in which the emerging cells assumed identities and roles, exchanged information, and used their positions relative to each other to build tissues, sculpt organs, and eventually produce a whole organism—you.

The pages that follow will introduce you to cells—their origins, their relationship with genes and with each other, and how they came to weave that crucible of the individual that we call the embryo. My narrative has three acts. In the first, after reviewing what genes are and how we have come to accept them as harbingers of fate, I introduce you to the cell and begin to explore its relationship to the gene. We shall see how, at a certain point in life’s history, cells invented plants and animals by gaining the capacity to use genes to cooperate and communicate with each other on a permanent basis. I challenge the well-known view of biology from the perspective of the “selfish gene” and, as an alternative, pre­sent a cell’s-eye view of our world. In the second part, we dive into the details of the relationship between cells and genes and learn about the language and techniques cells use to create embryos—sometimes in secret, as in our case. In these chapters, we shall see cells at work in the creation of embryos and learn about our individual origins, hidden in the wombs of our mothers. Finally, I tell you about a remarkable recent finding that you have not one single genome but many—as many as you have cells and probably more—destroying the notion that there is a strong and deep relationship between us and one genome. In the third part we learn how, from the perspective of the cell, we are a different being every year. I tell you about stem cells and share recent advances in the use of these magic instruments of bodily renewal and how their study is revealing a surprising potential that we can harness to reconstruct organs, tissues, and embryos in the lab. The cell’s-eye view of life raises questions about human identity and nature that we need to address as a future beckons in which the manipulation of cells can create not only structures to repair our bodies but also, surprisingly, whole organisms and, perhaps at some point, beings like us.

The story this book has to tell is far from comprehensive. My intention is not to provide a crash course in the biology of cells or a scholarly account of how cells build organisms; rather my aim is to bring the cell to the foreground of ongoing debates about identity, health, and disease and to highlight the crucial role it plays in these aspects of our lives. For this reason, to achieve my goals, I have had to be concise in explanation and selective in examples; interested readers will find suggestions for further reading at the end of the book.

For one feature of my story, I do need to apologize: the extensive focus on animals at the expense of plants. This is due in part to my expertise as a developmental biologist who studies animal development and also to my interest in exploring the origin and identity of humans, which you, the reader, as a fellow human, may very well share. In addition, an emphasis on animal cells seemed particularly vital in the context of the global coronavirus pandemic. As I write these lines in Barcelona, SARS-CoV-2 appears to have loosened its grip on the world, and the reason for hope lies not in the biology of the virions, which are stretches of ribonucleic acid (RNA) in a protein coat, but in the biology of our own cells. The millions who have died of Covid-19 have been killed by cells overreacting to infection, and it is cells that save us from infection. The vaccines work by exposing immune cells to just enough of the virus to form a “memory” of it so that the next time anything with the same stretch of RNA enters your body, your immune cells will destroy it and thwart its intent to trigger an attack of some cells on their own host. Because the technology to create the vaccines was new, all the headlines are about the power of ribonucleic acid, but we should not forget that it is our cells we should be thanking.

With many other diseases, the future holds great promise for developing treatments based on a fuller knowledge of how cells use genes. This will require a shift in how all of us—scientists and nonscientists—talk and think about life. DNA, genes, and CRISPR have rightly become part of our common language. Over the next few years, cells, embryos, and development should also become an important part of our vocabulary, because they pertain to where we come from, what we are, and what we become.

I set out to write this book with the idea of sharing a vision of the natural world gathered over my years studying the development of animals. As the project progressed, I realized that embryonic development challenges the dominant view that what we are starts and ends in the genes. From what I have seen in my own lab, as well as in decades of experiments with both genes and cells, it’s become clear to me that the cell is not just a building block of our tissues and organs; it is also architect and builder. We cannot know or heal ourselves until we integrate this reality into our understanding of life.


PART I

THE CELL AND THE GENE

That a single cell can carry the total heritage of the complex adult, that it can in the course of a few days or weeks give rise to a mollusc or a man, is one of the great marvels of nature. In an attempt to attack the problems here involved we must from the outset hold fast to the fact that the specific formative energy of the germ is not impressed upon it from without, but is somehow determined by an internal organization, inherent in the egg and handed on intact from one generation to another by cell division. Precisely what this organization is, we do not know.

—E. B. WILSON, THE CELL IN  DEVELOPMENT AND HEREDITY

I find it strangely liberating to think of genomes and emergent cell behaviours as two rather independent entities that need to remain compatible with each other in order to create a functional living system.

—PAVEL TOMANCAK, TO THE AUTHOR ON TWITTER
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