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Science does not know its debt to imagination.

—Ralph Waldo Emerson




Prologue:
 The Wave

IN MY DREAM, I am standing on a beach.

To either side of me, a long, salt-and-pepper strip of sand runs along the water, outlining a large bay. It is, I realize, the shore of the island of Hawaii where I grew up: the edge of Hilo Bay, where I once spent weekends with friends watching canoe races and searching for shells and the glass balls that sometimes washed ashore from Japanese fishing boats.

But today there are no friends, canoes, or fishing boats in sight. The beach is empty, the sand and water unnaturally still. Beyond the breakwater, light plays gently along the surface of the ocean, as if to soothe the fear I’ve carried since girlhood—the dread that haunts every Hiloan, no matter how young. My generation grew up without experiencing a tsunami, but we have all seen the photos. We know our town sits in the inundation zone.

As if on cue, I see it in the distance. A wave.

It is tiny at first but grows by the second, rising before me in a towering wall, its crest of whitecaps obscuring the sky. Behind it are other waves, all rolling toward the shore.

I am paralyzed with fear—but as the tsunami looms closer, my terror gives way to determination. I notice a small wooden shack behind me. It is my friend Pua’s place, with a pile of surfboards scattered out front. I grab one and splash into the water, paddle out into the bay, round the breakwater, and head directly into the oncoming waves. Before the first one overtakes me, I’m able to duck through it, and when I emerge on the other side, I surf down the second. As I do, I soak in the view. The sight is amazing—there’s Mauna Kea and, beyond it, Mauna Loa, rising protectively above the bay and reaching toward the sky.

I blink awake in my Berkeley, California, bedroom, thousands of miles away from my childhood home.

It is July 2015, and I am in the middle of the most exciting, overwhelming year of my life. I’ve begun having dreams like this regularly, and the recognition of their deeper meaning comes easily now. The beach is a mirage, but the waves, and the tangle of emotions they inspire—fear, hope, and awe—are only too real.

My name is Jennifer Doudna. I am a biochemist, and I have spent the majority of my career in a laboratory, conducting research on topics that most people outside of my field have never heard of. In the past half dec­ade, however, I have become involved in a groundbreaking area of the life sciences, a subject whose progress cannot be contained by the four walls of any academic research center. My colleagues and I have been swept up by an irresistible force not unlike the tsunami in my dream—except this tidal wave is one that I helped trigger.

By the summer of 2015, the biotechnology that I’d helped establish only a few years before was growing at a pace that I could not have imagined. And its implications were seismic—not just for the life sciences, but for all life on earth.

This book is its story, and mine. It is also yours. Because it won’t be long before the repercussions from this technology reach your doorstep too.

 

Humans have been reshaping the physical world for millennia, but the effects have never been as dramatic as they are today. Industrialization has caused climate change that threatens ecosystems around the globe, and this and other human activities have precipitated a surge in species extinction that is ravaging the diverse populations of creatures with which we share this earth. These transformations have prompted geologists to propose that we rename this era the Anthropocene—the human epoch.

The biological world is also undergoing profound, human-induced changes. For billions of years, life progressed according to Darwin’s theory of evolution: organisms developed through a series of random genetic variations, some of which conferred advantages in survival, competition, and reproduction. Up to now, our species too has been shaped by this process; indeed, until recently we were largely at its mercy. When agriculture emerged ten thousand years ago, humans began biasing evolution through the selective breeding of plants and animals, but the starting material—the random DNA mutations constituting the available genetic variations—was still generated spontaneously and randomly. As a result, our species’ efforts to transform nature were halting and met with limited success.

Today, things could not be more different. Scientists have succeeded in bringing this primordial process fully under human control. Using powerful biotechnology tools to tinker with DNA inside living cells, scientists can now manipulate and rationally modify the genetic code that defines every species on the planet, including our own. And with the newest and arguably most effective genetic engineering tool, CRISPR-Cas9 (CRISPR for short), the genome—an organism’s entire DNA content, including all its genes—has become almost as editable as a simple piece of text.

As long as the genetic code for a particular trait is known, scientists can use CRISPR to insert, edit, or delete the associated gene in virtually any living plant’s or animal’s genome. This process is far simpler and more effective than any other gene-manipulation technology in existence. Practically overnight, we have found ourselves on the cusp of a new age in genetic engineering and biological mastery—a revolutionary era in which the possibilities are limited only by our collective imagination.

The animal kingdom has been the first and, so far, the biggest proving ground for this new gene-editing tool. For example, scientists have harnessed CRISPR to generate a genetically enhanced version of the beagle, creating dogs with Schwarzenegger-like supermuscular physiques by making single-letter DNA changes to a gene that controls muscle formation. In another case, by inactivating a gene in the pig genome that responds to growth hormone, researchers have created micropigs, swine no bigger than large cats, which can be sold as pets. Scientists have done something similar with Shannbei goats, editing the animals’ genome with CRISPR so that they grow both more muscle (thus yielding more meat) and longer hair (meaning more cashmere fibers). Geneticists are even using CRISPR to transform Asian elephant DNA into something that looks more and more like woolly mammoth DNA, with the hope of someday resurrecting this extinct beast.

Meanwhile, in the plant world, CRISPR has been widely deployed to edit crop genomes, paving the way for agricultural advances that could dramatically improve people’s diets and shore up the world’s food security. Gene-editing experiments have produced disease-resistant rice, tomatoes that ripen more slowly, soybeans with healthier polyunsaturated fat content, and potatoes with lower levels of a potent neurotoxin. Food scientists are achieving these improvements not with transgenic techniques—the splicing of one species’ DNA into a different species’ genome—but by fine-tuned genetic upgrades involving changes to just a few letters of the organism’s own DNA.

While applications in the planet’s flora and fauna are exciting, it’s the impact of gene editing on our own species that offers both the greatest promise and, arguably, the greatest peril for the future of humanity.

Paradoxically, some of the benefits to human health are likely to come from using CRISPR on animals or even insects. In recent experiments, CRISPR has been used to “humanize” the DNA of pigs, giving rise to hopes that these animals might someday serve as organ donors for humans. CRISPR is also tucked away inside the genomes of new mosquito strains, part of a plan to rapidly drive new traits into wild mosquito populations. Scientists hope to eventually eradicate mosquito-borne illnesses, such as malaria and Zika, or perhaps even wipe out the disease-carrying mosquitoes themselves.

To treat many diseases, though, CRISPR offers the potential to edit and repair mutated genes directly in human patients. So far we’ve gotten only a glimpse of its capabilities, but what we’ve seen in the past few years is exhilarating. In laboratory-grown human cells, this new gene-editing technology was used to correct the mutations responsible for cystic fibrosis, sickle cell disease, some forms of blindness, and severe combined immunodeficiency, among many other disorders. CRISPR enables scientists to accomplish such feats by finding and fixing single incorrect letters of DNA out of the 3.2 billion letters that make up the human genome, but it can be used to perform even more complex modifications. Researchers have corrected the DNA mistakes that cause Duchenne muscular dystrophy by snipping out only the damaged region of the mutated gene, leaving the rest intact. In the case of hemophilia A, researchers have harnessed CRISPR to precisely rearrange over half a million letters of DNA that are inverted in the genomes of affected patients. CRISPR might even be used to treat HIV/AIDS, either by cutting the virus’s DNA out of a patient’s infected cells or by editing the patient’s DNA so that the cells avoid infection altogether.

The list of possible therapeutic uses for gene editing goes on and on. Because CRISPR allows precise and relatively straightforward DNA editing, it has transformed every genetic disease—at least, every disease for which we know the underlying mutation(s)—into a potentially treatable target. Physicians have already begun treating some cancers with souped-up immune cells whose genomes have been fortified with edited genes to help them hunt down cancerous cells. Although we still have a ways to go before CRISPR-based therapies will be widely available to human patients, their potential is clear. Gene editing holds the promise of life-changing treatments and, in some cases, lifesaving cures.

But there are other profound implications of CRISPR technology: it can be used not just to treat diseases in living humans but also to prevent diseases in future humans. The CRISPR technology is so simple and efficient that scientists could exploit it to modify the human germline—the stream of genetic information connecting one generation to the next. And, have no doubt, this technology will—someday, somewhere—be used to change the genome of our own species in ways that are heritable, forever altering the genetic composition of humankind.

Assuming gene editing in humans proves to be safe and effective, it might seem logical, even preferable, to correct disease-causing mutations at the earliest possible stage of life, before harmful genes begin wreaking havoc. Yet once it becomes feasible to transform an embryo’s mutated genes into “normal” ones, there will certainly be temptations to upgrade normal genes to supposedly superior versions. Should we begin editing genes in unborn children to lower their lifetime risk of heart disease, Alzheimer’s, diabetes, or cancer? What about endowing unborn children with beneficial traits, like greater strength and increased cognitive abilities, or changing physical traits, like eye and hair color? The quest for perfection seems almost intrinsic to human nature, but if we start down this slippery slope, we may not like where we end up.

The issue is this: For the roughly one hundred thousand years of modern humans’ existence, the Homo sapiens genome has been shaped by the twin forces of random mutation and natural selection. Now, for the first time ever, we possess the ability to edit not only the DNA of every living human but also the DNA of future generations—in essence, to direct the evolution of our own species. This is unprecedented in the history of life on earth. It is beyond our comprehension. And it forces us to confront an impossible but essential question: What will we, a fractious species whose members can’t agree on much, choose to do with this awesome power?

 

Controlling the evolution of the human species could not have been further from my mind in 2012, when my colleagues and I published the research paper that formed the basis of the CRISPR gene-editing technology. After all, our work had initially been motivated by curiosity about an entirely unrelated subject: the way that bacteria defend themselves against viral infection. Yet in the course of our research on a bacterial immune system called CRISPR-Cas, we uncovered the workings of an incredible molecular machine that could slice apart viral DNA with exquisite precision. The utility of this same machine to perform DNA manipulations in other kinds of cells, including human cells, was immediately clear to us. And as the technology was widely adopted and rapidly advanced, I could no longer avoid grappling with the numerous ramifications of our work.

By the time scientists had employed CRISPR in primate embryos to create the first gene-edited monkeys, I was asking myself how long it would be before some maverick scientists attempted to do the same in humans. As a biochemist, I had never worked with animal models, human tissues, or human patients; my comfort zone ended at the rims of the petri dishes and test tubes in my lab. Yet here I was, watching a technology I had helped create being used in ways that could radically transform both our species and the world in which we live. Would it inadvertently widen social or genetic inequalities or usher in a new eugenics movement? What repercussions would we need to prepare for?

I was tempted to leave those discussions to the people with actual bioethics training and get back to the exciting biochemical research that had drawn me to CRISPR in the first place. Yet at the same time, as a pioneer in the field, I felt a responsibility to help lead the conversation on how those technologies could, and should, be used. In particular, I wanted to ensure that the discussion involved not only researchers and bioethicists but also a great range of stakeholders, including social scientists, policymakers, faith leaders, regulators, and members of the public. Given that this scientific development affects all of humankind, it seemed imperative to get as many sectors of society as possible involved. What’s more, I felt that the conversation should begin immediately, before further applications of the technology thwarted any attempts to rein it in.


And so, in 2015, while running my lab at Berkeley and traveling around the world to present my research at seminars and conferences, I began dedicating more and more of my time to subjects that were utterly foreign to me. I responded to dozens of reporters’ inquiries about everything from designer babies to pig-human hybrids to genetically engineered superhumans. I spoke about CRISPR with the governor of California, with members of the White House Office of Science and Technology Policy, with the CIA, and in front of the U.S. Congress. I organized the first meeting to discuss the ethical questions that gene-editing technologies, and especially CRISPR, are raising in areas ranging from reproductive biology and human genetics to agriculture, the environment, and health care. And I helped build on the momentum from that first meeting by co-organizing a much larger international summit on human gene editing that brought together scientists and other participants from the United States, the UK, China, and around the world.

Again and again in these conversations, we have returned to the question of how this newfound power should be wielded. We have not yet arrived at an answer. But bit by bit, we are getting there.

Gene editing forces us to grapple with the tricky issue of where to draw the line when manipulating human genetics. Some people view any form of genetic manipulation as heinous, a perverse violation of the sacred laws of nature and the dignity of life. Others see the genome simply as software—something we can fix, clean, update, and upgrade—and argue that leaving human beings at the mercy of faulty genetics is not only irrational, but immoral. Considerations like these have led some to call for an outright ban on editing the genomes of unborn humans, and others to call for scientists to forge ahead without restraint.

My own views on the subject are still evolving, but I was struck by a comment made during the January 2015 meeting I organized to discuss human germline editing in embryos. Seventeen people, including the coauthor of this book (and my former PhD student), Sam Sternberg, were sitting around a conference table in California’s Napa Valley having a heated debate about if and when germline editing could be allowed. Suddenly someone leaned into the group and said very quietly: “Someday we may consider it unethical not to use germline editing to alleviate human suffering.” This remark turned our conversation on its head, and it still comes to mind whenever I meet with parents or would-be parents who are facing the devastating effects of genetic disorders.

While we deliberate, CRISPR research marches on. In mid-2015, Chinese scientists published the results of an experiment in which they had injected CRISPR into human embryos. The researchers had used discarded, nonviable embryos, but their study was nevertheless a major milestone: the first-ever attempt to precisely edit the DNA of the human germline.

There is justifiable alarm over developments like these. Yet we can’t overlook the fantastic medical opportunities that gene editing gives us to assist people who suffer from debilitating genetic diseases. Imagine if someone who learned she carried the mutated copy of the HTT gene, which virtually guarantees early-onset dementia, had access to a CRISPR-based drug that could eliminate the DNA mutations before any symptoms appeared. Never before have curative treatments seemed so close, and it’s essential that, as we debate germline editing, we take care not to turn public opinion against CRISPR or obstruct clinical uses of gene editing that are nonheritable.

I’m incredibly enthusiastic about the promise of gene editing. Progress in CRISPR research continues briskly in both academic labs and startup biotechnology companies, the latter supported by more than a billion dollars from investors and venture capital firms. Spurring the field, academic researchers and nonprofit groups are providing inexpensive, CRISPR-related tools to scientists around the world so that research can proceed unimpeded.

But scientific progress requires more than research, investment, and innovation; public involvement is also key. Up until now, the CRISPR revolution has taken place largely behind the closed doors of laboratories and biotech startups. With this book, as with other efforts, we hope to draw it into the light.

In part I of this book—“The Tool”—Sam and I share the thrilling backstory of CRISPR technology, including how it began with studies of a bacterial immune system and how it benefited from the dec­ades-long journey to develop methods of rewriting DNA inside cells. In part II—“The Task”—we explore the myriad applications, both present and future, of CRISPR in animals, plants, and humans, and we discuss the exciting opportunities as well as the significant challenges that lie ahead. You’ll notice that we use my voice throughout. Both of us wrote the book, and both of us share most of the views expressed herein. But we took this narrative approach for the sake of clarity and to capture the breadth and details of my unique experiences over the years.

This book is not intended to be a rigorous history of CRISPR or an exhaustive chronology of gene editing’s early development. Rather, we have tried to highlight some of the most pertinent advances and provide glimpses of how our own work dovetailed with others’ research. We have included references where appropriate, and we encourage interested readers to consult additional publications to supplement the topics we discuss. Finally, we humbly acknowledge the countless scientists who have played crucial and invaluable roles in the study of CRISPR and gene editing, and we apologize to the many colleagues whose work we didn’t have space to mention.

We hope this book will demystify this exciting area of science and inspire you to get involved. A global discussion about gene editing has already begun; it’s a historic debate about nothing less than the future of our world. The wave is coming. Let’s paddle out and ride it together.



  Part I


The Tool


1

The Quest for a Cure

RECENTLY, I HEARD an incredible story, one that sums up the power and promise of gene editing.

In 2013, scientists at the National Institutes of Health were grappling with a medical mystery. These researchers were studying a rare hereditary disease known as WHIM syndrome and had come across a patient whose condition they simply could not explain. Early in life she had been diagnosed with the disorder, yet when the NIH scientists met her, it seemed to have miraculously vanished from her system.

Affecting just a few dozen people worldwide, WHIM is a painful, potentially deadly immunodeficiency disease that makes life difficult for those unfortunate enough to suffer from it. It is caused by a tiny mutation—a single incorrect letter among some six billion total letters of one’s DNA, amounting to a change of just a dozen or so atoms. This minute transformation leaves WHIM victims profoundly susceptible to infection by human papillomavirus (HPV), which causes uncontrollable warts that cover the patient’s skin and can eventually progress to cancer.

It’s a testament to the rareness of the disease that the patient in whom WHIM syndrome had first been diagnosed back in the 1960s was the same person whom the NIH researchers met all those years later. In the scientific literature, she’s known simply as WHIM-09, but I’ll call her Kim. Kim had been afflicted with WHIM since birth, and over the course of her life, she had been hospitalized multiple times with serious infections stemming from the disease.


In 2013, Kim—then fifty-eight—presented herself and her two daughters, both in their early twenties, to the staff at NIH. The younger women had classic signs of the disease, but the scientists were surprised to discover that Kim herself seemed fine. In fact, she claimed to have been symptom-free for over twenty years. Shockingly, and without any medical intervention, Kim had been cured.

Scientists conducted experiments to understand how Kim had spontaneously recovered from her life-threatening illness, and they found some telling clues. The mutated gene responsible for Kim’s condition was still present in cells taken from her cheek and skin, but in her blood cells, the mutation was inexplicably absent. Analyzing the DNA taken from Kim’s blood cells in more detail, the scientists found something even more extraordinary: One copy of chromosome 2 was missing a whopping thirty-five million letters of DNA, a section that included the entirety of the mutated gene, called CXCR4. (Gene names are written in italics; the proteins they code for are in regular typeface. For example, the HTT gene codes for a protein called huntingtin; Huntington’s disease is caused by a mutation in the HTT gene.) The roughly two hundred million letters of DNA that remained of chromosome 2 were scrambled; it was as if a tornado had swept through the chromosome and left its components in complete disarray.

These initial findings raised a host of new questions. How had the DNA in Kim’s blood cells become so irregular when the DNA was normal (aside from the CXCR4 mutation) everywhere else in her body? Moreover, given that the chromosome harboring the CXCR4 gene was so badly damaged, with 164 genes now missing, how were the blood cells not only still alive but functioning normally? The human genome—the complete set of all the genetic information in our cells—contains thousands of genes that are required for vital functions, such as DNA replication and cell division, and it seemed almost inconceivable that so many genes could simply vanish without any harmful consequences.


After running a battery of tests, the NIH scientists slowly pieced together an explanation for Kim’s serendipitous cure. They concluded that a single cell in her body must have experienced an uncommon and usually catastrophic event called chromothripsis—a recently discovered phenomenon in which a chromosome suddenly shatters and is then repaired, leading to a massive rearrangement of the genes within it. The effects in the body are generally either trivial (if the damaged cell dies immediately) or dire (if the rearranged DNA inadvertently activates cancer-causing genes).

In Kim’s body, though, chromothripsis turned out to have quite another effect. Not only did the mutated cell grow normally, but—because it was now rid of the diseased copy of CXCR4—the cell was free of the gene causing WHIM syndrome.

But Kim’s blind luck had not ended there. The NIH scientists determined that the fortunate cell must have been a hematopoietic stem cell, a type of stem cell from which every kind of blood cell in the body originates and that has an almost unlimited potential to proliferate and self-renew. That cell had passed along its rearranged chromosome to all its daughter cells, eventually repopulating Kim’s entire immune system with healthy new white blood cells that were free of the CXCR4 mutation. This chain of events—so unlikely that I had a hard time even conceiving of it as I listened to the scientist’s presentation—had effectively wiped out the disease that had haunted Kim since birth.

As the researchers who studied Kim’s condition wrote in their summary of her case, Kim was the beneficiary of an “unprecedented experiment of nature” in which a single stem cell underwent a spontaneous change that rid the cell, and all its progeny cells, of a diseased gene. It was, simply put, a blessed accident—one that, had it unfolded differently, could have killed Kim but that instead had arguably saved her life.

To understand just how fortuitous this outcome was, imagine that the human genome is a large piece of software. In Kim’s case, the software contained one letter of faulty code among the approximately six billion that made up the program. To troubleshoot the problem, you wouldn’t just go around randomly deleting large chunks of code and scrambling other parts. Not only would that almost certainly fail to correct the original mistake, but you’d most likely introduce other, bigger problems in your blind attempts to correct the error. Only if you were incredibly lucky—managing to beat million-to-one, or even billion-to-one, odds—would you happen to both delete a chunk containing the misspelled code and do it in a way that didn’t destroy the critical function of the software. In a nutshell, that’s what happened in Kim’s genome—except the blind programmer in this instance was nature itself.

But as incredible as Kim’s case is, what’s even more amazing is that she’s not alone. While hers is the only reported case of a patient being cured by spontaneous chromosome shattering and repairing, the scientific literature is peppered with other examples of patients who were partially or completely cured of a genetic disease through accidental, spontaneous “editing” of the genome. For example, in the 1990s, two New York patients were diagnosed with a genetic disorder called severe combined immunodeficiency (SCID), also known as the “bubble boy” disease because of the sterile environments in which some children have been contained to reduce their exposure to pathogens. Without extreme isolation or aggressive forms of therapy, patients with SCID usually die before they’re two years old. Yet the two SCID patients in New York were the exceptions to this terrible rule; they remained surprisingly healthy into adolescence and adulthood. The reason in both cases, scientists determined, was that the patients’ cells had spontaneously corrected the disease-causing mutation in a gene called ADA, and they’d done it without disturbing the remainder of the gene or the chromosome.

Similar cases of natural gene editing have cured other genetic diseases, such as Wiskott-Aldrich syndrome (a disorder from which a whopping 10 to 20 percent of patients are saved by spontaneous genetic correction) and a liver condition called tyrosinemia. In certain skin diseases, the presence of gene-edited cells is visible to the naked eye. The evocatively named condition ichthyosis with confetti, for instance, leaves victims with patches of red and flaky skin. The cells in these areas carry a genetic mutation, but the cells in the surrounding, healthy patches of skin have managed to fix the mutation.

Overall, however, the odds of being spontaneously cured of a genetic disease are minuscule. Most patients will never experience the natural miracle of having their genomes altered in exactly the right way, in the right kinds of cells, and in the right tissues. Natural gene editing remains an anomaly—some interesting medical cases involving a handful of patients who won the genetic lottery, nothing more.

But what if gene editing weren’t only a spontaneous event? What if doctors had a way to fix the harmful mutations that cause WHIM syndrome, SCID, tyrosinemia, or, for that matter, any other genetic disease?

For many scientists, myself included, cases such as Kim’s were exciting not only because they revealed the curative power of natural gene editing, but also because they shone a light on a potential avenue of medical intervention: a way of reversing the effects of genetic disease by rationally and deliberately correcting misspellings in the genome. These good-luck stories demonstrated that intentional gene editing would be possible if scientists had the genetic know-how—and the biotechnological tools—to pull it off.

For decades, long before I entered the field, women and men in the life sciences had labored to gain this know-how and develop these tools. In fact, scientists were dreaming of therapeutic gene editing long before they were aware that nature had provided the clues to create it. To make this sort of technology possible, however, researchers needed to understand the genome itself: what it was made of, how it was built, and—most important—how it could be modified and manipulated. Only with that basic knowledge could they and their scientific descendants take the first, halting steps toward helping people who, unlike Kim, were powerless to cure themselves.

 

The genome—a term coined in 1920 by the German botanist Hans Winkler and probably intended as a portmanteau of gene and chromosome—refers to the entire set of genetic instructions found inside a cell. Mostly identical from cell to cell within any given organism save for the occasional mutation, the genome tells all living things how to grow, how to sustain themselves, and how to transmit genes to offspring. One organism’s genome directs it to grow fins and gills that let it move and breathe underwater; another organism’s genome instructs it to produce leaves and chlorophyll that let it harvest energy from sunlight. Our intrinsic physical traits—eyesight, height, skin color, predisposition to disease, and so on—are the result of information encoded in our genomes.

 


  [image:  ]
  

DNA: the language of life



 


The genome is made up of a molecule called deoxyribonucleic acid, or DNA, which is constructed of just four different building blocks. Known as nucleotides, these are the familiar letters of DNA: A, G, C, and T, shorthand for the chemical groups (also known as bases) of adenine, guanine, cytosine, and thymine that distinguish the four compounds. The letters of these molecules are connected in long single strands. Two of these strands come together to form the famous double-helix structure of DNA.

The double helix is a bit like a ladder twisted into a long, spiraling coil. Two strands of DNA wrap around each other along a central axis, with the continuous sugar-phosphate backbone of each one occupying the outside of the helix; together, these form the two side rails of the ladder. This arrangement positions the four different bases on the inside of the helix, projecting inward and meeting up in the middle; these are the rungs of the ladder. An elegant feature of the structure is the set of chemical interactions that hold the two strands together at each rung, sort of like molecular glue: The letter A from one strand always pairs with T on the other strand, and G always pairs with C. These are known as base pairs.

The double helix beautifully reveals the molecular basis of heredity; this is how a relatively simple chemical like DNA can transmit genetic information to two daughter cells upon cell division, and it is how that information can be further propagated to every cell of an entire plant or animal. By virtue of the molecule’s two-strandedness and the rules governing how those strands assemble (A with T, G with C), each strand acts as a perfect template for its matching pair. Shortly before cell reproduction, the two strands are separated by an enzyme that “unzips” the double helix right down the middle. After that, other enzymes build a new partner strand for each single strand simply by using the same base-pairing rules, resulting in two exact copies of the original double helix.

My own introduction to the DNA double helix coincided with my discovery that scientists could learn about molecules that were too tiny to see with even the most powerful light microscopes. I came home from school one day when I was about twelve or so to find a tattered copy of James Watson’s The Double Helix lying on my bed. (My dad would occasionally pick up books for me at used bookstores to see if they sparked any interest.) Thinking this book was a detective novel—which it was!—I set it aside for some weeks before diving into its pages one rainy Saturday afternoon. Reading Watson’s account of the incredible academic collaboration with Francis Crick that had enabled them—using crucial data collected by Rosalind Franklin—to discover this simple and beautiful molecular structure, I felt the first tugs of interest that would eventually guide me onto a similar path. (Many years later, I would jump-start my own scientific career by determining some of the first three-dimensional structures of far more complex RNA molecules.)

 


  [image:  ]
  

The structure of the DNA double helix



 

In the years that followed Watson and Crick’s discovery, scientists sought to understand how this molecule’s structure and rather simple chemical ingredients could encode information and explain the multitudinous phenomena of biological life. DNA, as it turns out, is much like a secret language; each specific sequence of letters provides instructions to produce a particular protein inside the cell. The proteins then go on to carry out most of the critical functions in the body, like breaking down food, recognizing and destroying pathogens, and sensing light.

To transform the instructions contained in DNA into proteins, cells use a crucial—and closely related—intermediary molecule called ribonucleic acid, or RNA, which is produced from the DNA template via a process called transcription. RNA has three of the same letters as DNA, but in RNA, the letter T (for thymine) is replaced with the letter U (for uracil). In addition, the sugar that makes up the backbone of RNA contains one more oxygen atom than the sugar in DNA (hence the name deoxyribonucleic acid). RNA acts as a messenger, ferrying information from the nucleus, where the DNA is stored, to the outer regions of the cell, where proteins get produced. In a process called translation, cells use long strings of RNA that are produced by discrete segments of DNA—stretches of code called genes—to construct individual protein molecules. Every three letters of RNA, when read together, equal one amino acid, and amino acids are the building blocks of proteins. Genes and their corresponding protein products differ from one another by the sequence of nucleotides (in genes) and amino acids (in proteins). This overall flow of genetic information—from DNA to RNA to protein—is known as the central dogma of molecular biology, and it is the language used to communicate and express life.

The size of a genome and the number of genes it contains varies widely across different kingdoms of life. Most viruses, for instance, have just a few thousand letters of DNA (or RNA, since some viral genomes contain no DNA) and a small handful of genes. Bacterial genomes, by contrast, are millions of letters long and contain around 4,000 genes. Fly genomes contain around 14,000 genes spread out across hundreds of millions of DNA base pairs. The human genome comprises about 3.2 billion letters of DNA, with around 21,000 protein-coding genes. Interestingly, a genome’s size is not an accurate predictor of an organism’s complexity; the human genome is roughly the same length as a mouse or frog genome, about ten times smaller than the salamander genome, and more than one hundred times smaller than some plant genomes.
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Different species package their genomes in vastly different ways. Whereas most bacterial genomes exist inside the cell as a single continuous piece of DNA, the human genome is composed of twenty-three distinct pieces, called chromosomes, that range in length from 50 to 250 million letters. Like the cells of almost all mammals, human cells normally contain two copies of each chromosome, one from the father, one from the mother. Each parent contributes twenty-three chromosomes, which gives the offspring a total of forty-six chromosomes. (There are exceptions to this rule; individuals with Down syndrome, for example, have a third copy of chromosome 21.) The full set of nuclear chromosomes can be found in almost every cell in the body (red blood cells are an important exception, as they lack a nucleus), but the nucleus isn’t the only place in the cell where DNA is found. The human genome also includes a separate mini-chromosome—just sixteen thousand letters of DNA—located in mitochondria, the energy-producing batteries of the cell. Unlike the genetic code found in other chromosomes, mitochondrial DNA is inherited exclusively from the mother.

Mutations in any one of the twenty-three nuclear chromosome pairs or in the mitochondrial chromosome can cause genetic disease. The simplest mutation is a substitution, the replacement of one nucleotide for another, which can disrupt the gene and cause it to produce a defective protein. For example, in sickle cell disease, a genetic disorder of the blood, the seventeenth letter of a gene known as beta-globin is mutated from an A to a T. When translated into amino acids, this mutation results in the amino acid glutamate being replaced by the amino acid valine in a critical region of the hemoglobin protein, the major oxygen-transporting component of red blood cells. The consequences of this tiny change in the protein—a difference of just ten atoms out of more than eight thousand total—are dire. The mutated hemoglobin molecules stick together and form abnormal filaments that change the shape of the red blood cells, which leads to anemia, increased risk of stroke and infection, and severe bone pain.

Sickle cell disease is an example of a recessive genetic disease. This means that both copies of an individual’s HBB gene must carry the mutation for that person to be affected; if only one copy has the alteration, the nonmutated gene can produce enough normal hemoglobin to overcome the negative effects of the mutated hemoglobin. People with only one mutated copy of the HBB gene are still carriers of the sickle cell trait, however, and while they’re usually unaffected, they can still pass the mutated gene on to their offspring.

Other genetic diseases exhibit dominant inheritance, meaning that just a single copy of the mutated gene is enough to cause the disease. One example is WHIM syndrome, in which the one thousandth letter of the CXCR4 gene is mutated from a C to a T; the mutant gene creates a hyperactive protein that dominates the functioning of the healthy gene.

Sickle cell disease and WHIM syndrome are both examples of genetic diseases caused by simple substitution mutations (the erroneous swapping of one letter of DNA for another). But genetic diseases can also result from insertions or deletions in DNA. For example, the neurodegenerative disorder known as Huntington’s disease is due to a mutation of the HTT gene in which the same three letters of DNA get repeated too many times. This causes brain cells to produce abnormal proteins that gradually damage them. Conversely, deletions are the culprit in the most common type of cystic fibrosis, a life-threatening genetic disease that primarily affects the lungs; the deletion of three letters of genetic code in the CFTR gene results in a protein that lacks an important amino acid and does not function properly. Other diseases occur when segments of a gene are inverted (that is, when they appear in reverse order) or when segments or even entire chromosomes are mistakenly duplicated or deleted.

We know the genetic causes of many diseases thanks to the relatively recent advent of DNA sequencing, a process that enables scientists to read and record the contents of the human genome, letter by letter. After the first sequencing methods were developed in the 1970s, scientists began painstakingly hunting down and identifying the root genetic causes of what were then the best-known hereditary disorders. The field experienced a quantum leap upon the completion of the Human Genome Project. Beginning in 1990, scientists around the world had teamed up to sequence the entire human genome. This massive undertaking was facilitated by new technology that allowed researchers to clone large chunks of human DNA in yeast, as well as by major upgrades in laboratory automation and developments in complex computational algorithms that helped parse the sequencing data. In 2001, after herculean efforts and at a cost of more than three billion dollars, the first draft of the genome was published.

Since the completion of the Human Genome Project, the process of DNA and whole-genome sequencing has become staggeringly quick, cheap, and effective. Scientists have precisely identified well over four thousand different kinds of DNA mutations that can cause genetic disease. DNA sequencing can tell individuals if they’re at elevated risk of developing certain cancers, and it can help tailor specific treatments to best match the genetic backgrounds of different patients. Furthermore, now that commercial DNA sequence analysis has gone mainstream and costs just a few hundred dollars per test, millions of individuals have opted to have their own genomes analyzed by simply dropping a saliva sample in the mail. The resulting explosion of data has helped researchers pinpoint significant associations between thousands of gene variants and a number of physical and behavioral traits.

Yet, while genome sequencing represents a huge development in the study of genetic disease, it is ultimately a diagnostic tool, not a form of treatment. It has allowed us to see how genetic diseases are written in the language of DNA, but it leaves us powerless to change that language. After all, it’s one thing to learn how to read; it’s quite another to learn how to write. For that, scientists need an entirely different set of tools.

 

Researchers have been dreaming of DNA-based disease cures for as long as they’ve known about genetic disease. Even as some scientists were beginning to locate the root causes of genetic disorders, others were aggressively pursuing new techniques for treating those afflictions—not just by giving patients drugs to temporarily alleviate the adverse effects of a mutated gene, but by repairing the gene itself to permanently reverse the course of the disease. To take just one, sadly common example: Sickle cell disease is treated with frequent blood transfusions, the use of the drug hydroxyurea, and bone marrow transplants. Wouldn’t it be better to target the causative DNA mutation itself ?

The best solution for treating genetic disease, these early researchers knew, would be to fix the defective gene, doing purposely what nature had done accidentally when it cured Kim and other lucky patients like her. For these scientists, however, the idea of treating genetic disease by rewriting the mutated genetic code seemed impossible. Repairing a defective gene would be like finding a needle in a haystack and then removing that needle without disturbing a single strand of hay in the process. However, they suspected that they could effect a similar change by adding entire replacement genes to damaged cells. The question was, how could they deliver that precious cargo to an ailing genome?

Inspired in part by the uncanny ability of viruses to splice new genetic information into the DNA of bacterial cells, the pioneers of this early gene therapy realized they could use viruses to deliver therapeutic genes to humans. The first reported attempts came in the late 1960s from Stanfield Rogers, an American physician who had been studying a wart-causing virus in rabbits, Shope papillomavirus. Rogers was particularly interested in one aspect of the Shope virus: It caused rabbits to overproduce arginase, an enzyme their bodies used to neutralize arginine, a harmful amino acid. The sick rabbits had much more arginase in their systems, and much less arginine, than healthy rabbits. What’s more, Rogers found that researchers who had worked with the virus also had lower-than-normal levels of arginine in their blood. Apparently these scientists had contracted the infections from the rabbits, and these infections had led to lasting changes in the researchers’ bodies as well.

Rogers suspected that the Shope virus was ferrying a gene for heightened arginase production into cells. As he marveled at the virus’s ability to transfer its genetic information so effectively, he began to wonder if an engineered version could deliver other, useful genes. Many years later, Rogers would recall: “It was clear that we had uncovered a therapeutic agent in search of a disease!”

Rogers didn’t have to wait long for a disease on which to test his theory. Just a few years later, a genetic disorder called hyperargininemia was discovered in two German girls. Like the rabbits infected with Shope papillomavirus, these patients had abnormal levels of arginine—but rather than having unusually low levels of the amino acid, their levels were extremely high. The patients’ gene for arginase production—the gene that Rogers suspected was transmitted by the Shope virus—was either missing or mutated.

The symptoms of hyperargininemia are awful; they include progressively increasing spasms, epilepsy, and severe mental retardation. But there was a chance that early intervention, especially in the younger of the two German patients, might stave off the worst effects of the disease. Rogers and his German collaborators administered Shope to the girls therapeutically, injecting large doses of the purified rabbit virus directly into their bloodstreams.

Unfortunately, Rogers’s experimental gene therapy was a disappointment, not only for him but also, and especially, for his patients and their families. The injections had little effect on either girl, and Rogers himself was widely censured for performing a procedure that many scientists considered reckless and premature. Later research would demonstrate that, in contrast to Rogers’s theory, the Shope virus didn’t even contain an arginase gene and so would not have been useful for treating hyperargininemia in the first place.

Although Rogers would never attempt gene therapy again, his approach of using viruses as gene-delivery vehicles—vectors, as scientists call them—revolutionized the field of biology. The experiment failed, but its basic premise proved solid, and viral vectors are still one of
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