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Praise for Breakthrough


 


‘William Pao’s book vividly brings to life the people involved in medical research and development to find new ways to advance clinical outcomes for patients. The perseverance; intuition; iterations required to engineer that “sweet spot” are narrated in a very readable way.’ 


William ‘Bill’ Burns, Former CEO of Roche Pharma


 


‘Breakthrough reads like a mystery novel. It draws the reader in, first by describing the scientific discovery that provides key insight into a disease and then by weaving a tapestry of those who overcame almost unimaginable challenges to design and test the medicines we have today that cure, prevent, or vastly improve outcomes for those stricken with grievous illnesses… inspirational; a must read for anyone interested in or associated with drug discovery and development.’ 


Mace Rothenberg MD, President and Executive Director 


of Museum of Medicine and Biomedical Discovery


 


‘An essential read for anyone interested in how basic science is translated for human benefit. Breakthrough: The Quest for Life-Changing Medicines delves into the fascinating and often surprising journey of drug discovery, unravelling the fascinating biology and convoluted research paths that lead to the development of new game-changing therapies. Authored by an acclaimed doctor, cancer scientist and drug developer; this book tells the captivating stories that bring the world of biomedical research and drug discovery to life.’ 


Dr Norman E. Sharpless, Former Director of the National Cancer Institute 


and Former Acting Commissioner of the FDA


 


‘Dr William Pao has been a pivotal force in the field of cancer research for decades, channelling the tragedy of his father’s untimely death from cancer into a passion for scientific discovery. In Breakthrough, Dr Pao uses eight interesting vignettes to demonstrate that the process of discovery is complex, but that it exemplifies human ingenuity and the extraordinary power of team science.’ 


Margaret Foti, PhD, MD, 


CEO of American Association for Cancer Research


 


‘A truly enlightening journey through many of the most important medical advances of the last few decades. The science underlying the discoveries blends seamlessly with personal insights into the researchers, physicians and patients who brought the work to life. All written in a style that will engage the curious lay person to those of us who were fortunate to witness some of these miracles firsthand.’


Howard A. ‘Skip’ Burris III, MD, 


President, Sarah Cannon Research Institute (SCRI) 


and Past President, American Society of Clinical Oncology (ASCO)


 


‘William Pao presents eight stories of biomedical achievement in a compelling, captivating, and remarkably complete fashion. These stories – and Pao’s own insights as both an accomplished physician-scientist and successful drug developer – capture the exhilarating process of discovery and the many individuals and teams that collectively contribute to the launching of successful medicines. Breakthrough: The Quest for Life-Changing Medicines is not just about chronicling a series of success stories; it is also about providing hope for much more of the same in the decades ahead.’


Tyler Jacks, Founding Director, 


Koch Institute for Integrative Cancer Research; 


President, Break Through Cancer


 


‘Pao traces seminal innovations from idea through challenge, setback, and risk, harnessing determination and luck to bring them to fruition. Breakthrough shares the excitement of bold discovery that captivates scientific researchers – motivated by the unyielding quest to save lives.’


Martha Liggett, Executive Director,


American Society of Haematology
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To my dad, who died too young










Foreword


BY HAROLD VARMUS


The distressing symptoms and lethal consequences of disease are unwelcome commonalities of the human condition. Throughout history, various approaches – influenced by culture, religion, geography and social structures – have been pursued in efforts to ward off or reverse disease. Largely due to recent advances in science and technology, we (especially those of us in the most advanced economies) are living at a time of unprecedented power to prevent and treat human diseases. This is so because fundamental science is providing a deeper understanding of the biological mechanisms by which diseases develop and because novel technologies are allowing us to interfere with those mechanisms.


In this new book, William Pao – an accomplished physician, respected basic scientist and leader in the pharmaceutical industry – tells us eight fascinating stories about modern therapies that range widely from structurally designed chemicals to edited genes to enhanced antibodies. These stories reveal how new medical treatments arise from advances in many branches of science and medicine, including biochemistry, genetics, chemistry, structural biology, pharmacology, computational sciences and clinical trials. Happily, the stories are told in language that is accessible, without oversimplifying the science that has fuelled such remarkable progress.


While most of these stories do not yet end with the elimination or the cure of a disease, they are inspiring as adventures of the imagination, illustrations of human ingenuity, and demonstrations of how science can improve lives. In that sense, they have the potential to attract talented youth into the relevant fields of medical science, just as another book about discoveries of the principles of infectious diseases, Microbe Hunters by Paul de Kruif, was said to have done almost a century ago.


Comparison of these two books is an enlightening way to recognise the profound changes in medical science that have occurred during the past hundred years. De Kruif, an infectious disease expert who once worked at the Rockefeller Institute, wrote engaging, heroic tales of individuals – incidentally, but not surprisingly, all males – who discovered some of the first known microbes, mostly in the late nineteenth century; identified several of them as agents of terrible diseases (including tuberculosis, syphilis, malaria and yellow fever); and began to learn how such diseases might be controlled by our immune systems, by vaccines, or by chemicals found serendipitously to be toxic to the pathogens.


In the stories told here, only a few of the diseases are caused by invading microbes. The others are cancers or inherited disorders, affecting a variety of tissues and functions. And the heroes are not simply individuals. They are teams, composed of various kinds of people: scientists of several stripes, working in academia or industry; physicians caring for patients or conducting clinical trials; and others who support research as advocates, as funders, and as employees and leaders of public and private research facilities.


The teams may work synchronously to solve a problem. Or they may confront a series of difficulties sequentially, passing the baton from one set of experts to another. This intricate relay can happen in several stages: when a new disease, or new form of a known disease, is first identified and needs to be better understood; when the mechanism of a disease has been elucidated and its vulnerabilities need to be sought; when a potential target for therapeutic intervention is proposed and requires validation; or when a possible therapy needs to be manipulated chemically, evaluated in animal models, or subjected to definitive testing in human patients. The elaborate teamwork required to carry out these several complex steps may seem inherently different from the solitary actions taken by de Kruif’s heroic adventurers. But the rewards for patients and the public prove to be at least as great, and the stories at least as interesting and informative, as those told a century ago.


When readers of this book reach the middle of Chapter 2, they will learn that I know more about William Pao from direct experience than from hearsay and from reading this book. We worked together during the first stages of an exciting period of research on human lung cancer, when our findings and results from other labs drove rapid changes in the treatment of this common and frequently fatal disease. So I am well positioned to confirm that his skills as an investigator and clinician confer authenticity to his voice as a narrator of these tales – especially when supplemented by his extensive, more recent experiences as a leader in the pharmaceutical industry. Reader, you are in good hands – about to be told some remarkable stories by someone on the frontiers of medical science.


 


Harold Varmus, MD,


New York City, January 2024










Introduction


The Brazilian pit viper is a particularly lethal predator. It has long posed an occupational hazard for farmers in south-eastern Brazil who work in its natural habitat. Over the centuries, many witnessed the terrifying effects of its venom: one bite can cause a person to collapse on the spot. The venom is so potent that indigenous tribes used it to coat arrowheads to disable prey.


Back in the 1940s, the pit viper drew the interest of a Brazilian pharmacologist named Maurício Rocha e Silva. While much of the world was engulfed in war, Rocha e Silva was researching circulatory shock at the Biological Institute in São Paulo. His team sought to understand the toxicology of snake bites, unravelling how venom acted on the human body.


In 1948, they identified a previously unknown peptide that became elevated in blood plasma after animals were dosed with pit viper venom. (A peptide is a short chain of amino acids, the building blocks of proteins.) The mysterious molecule caused blood vessels to dilate: once a victim had been bitten, blood pressure dropped, sometimes catastrophically. Without sufficient pressure to force blood around the body, vital muscle, nerve and brain cells were starved of oxygen. Rocha e Silva and his team named this strange, havoc-wreaking peptide bradykinin.1


Sérgio Ferreira was just fourteen at the time. Growing up in the state of São Paulo, he later applied to medical school with the ambition of becoming a psychiatrist. He changed his mind when confronted with the reality of his dream job: ‘Public psychiatry care in Brazil was rather poor, so I decided to become a scientist.’2 He joined Rocha e Silva’s lab and was put to work investigating pit viper venom and bradykinin.


In 1964, for his PhD project, Ferreira showed that pit viper venom contains a substance, bradykinin-potentiating factor (BPF), that makes bradykinin much more active.3 Ferreira’s discovery further confirmed that pit vipers are lethal because they subvert the vital molecular system that regulates our blood pressure.


But the true medical breakthrough came when Ferreira moved to London to join the lab of another distinguished pharmacologist, John Vane. Ferreira took with him a vial of the pit viper BPF.


Vane, the grandson of Russian immigrants, was a self-described ‘experimentalist’. ‘At the age of twelve,’ he wrote, ‘my parents gave me a chemistry set for Christmas and experimentation soon became a consuming passion in my life.’ His first experiments made use of a Bunsen burner fed from his mother’s gas stove, but ‘a minor explosion involving hydrogen sulphide’ (a toxic and corrosive gas) stained the kitchen’s newly painted walls, and the precocious young scientist was banished to a shed.4


Vane was interested in high blood pressure, a primary driver of mortality worldwide. Hypertension is a major cause of strokes, heart attacks, and heart and kidney failure. At that time, millions of people were at risk of premature death because they had no reliable way to control their blood pressure. Our bodies must be able to raise or lower our blood pressure, depending on our physical activities, and we have a complex system of physiological and backup controls to keep our blood pressure at an appropriate level. Vane and his team were busy identifying some of the key components of that control system when Ferreira arrived. One key component is a blood pressure-raising peptide called angiotensin II. To make this peptide, we use an enzyme called angiotensin-converting enzyme (ACE).


‘Sérgio Ferreira brought this . . . brown goo,’ recalled Mick Bakhle when interviewed in 2016, laughing at the memory. Bakhle was another member of Vane’s team, assigned to investigate ACE at the time. On hearing of the effect of pit viper venom on blood pressure, Vane asked Bakhle in 1970 to test Ferreira’s BPF on ACE. ‘Brown goos are not very nice to work with, but we did have a look at it. And much to our surprise . . .’5


Ferreira’s brown goo turned out to inhibit ACE. It was an extraordinary discovery: an extract from a South American snake venom was shown to knock out the key enzyme that produced a critical blood pressure-raising peptide. Without ACE, there’s no angiotensin II; without angiotensin II, there might be no high blood pressure. ACE was also found to be the enzyme that inactivates bradykinin, meaning that without ACE, bradykinin would also remain around to lower blood pressure. This latter finding completed the pit viper puzzle.6


John Vane understood the potential medical significance of the ACE-inhibitor in pit viper venom immediately. But he also knew that Ferreira’s peptide, potent as it was, would make a lousy blood pressure drug. High blood pressure is a chronic condition that needs to be treated regularly over a long period of time, perhaps for an entire lifetime. It’s very hard to persuade most people to take a medicine repeatedly any other way than orally. But BPF could not be taken orally – the delicate molecule would be broken down in the stomach long before it reached the bloodstream. It could only be administered the way pit vipers do it – by injection.


What the world needed was an ACE-inhibitor that could withstand the human digestive system and be absorbed whole from the gut into the blood: a blood pressure treatment in a pill.


Such a pharmacological pearl was beyond the capability of an academic lab. But Vane had a side gig as a consultant to the American pharmaceutical company Squibb, and he suggested ACE-inhibitors as a potential research avenue. Two Squibb chemists, Dave Cushman and Miguel Ondetti, took up Vane’s lead. They mapped the molecular structure of Ferreira’s pit viper peptide and set about designing a more robust chemical cousin. It took them many years and multiple setbacks, but eventually they succeeded. The drug they came up with was named captopril. It was approved by the US Food and Drug Administration in 1981 and was the first reliably safe treatment for high blood pressure.


At first glance, captopril seems a modest kind of molecule made of commonplace components: nine carbon atoms, fifteen hydrogen, three oxygen, one sulphur and one nitrogen – that’s all. Yet, captopril was perhaps one of the most important innovations of the twentieth century in any field of scientific discovery. Aeroplanes opened up the world; semiconductors and the internet ushered in the digital age; but captopril and the other ACE inhibitors it inspired have given millions of us longer lives.


 


I’m an oncologist – a cancer doctor. I treated very sick patients for fourteen years. During that time, I prolonged the lives of many patients, but I also saw many others die or suffer protracted pain and incapacity. Each patient provided me with inspiration to improve on the status quo, but the biggest inspiration for my lifelong work has been my dad, who died prematurely from colon cancer in 1981.


Born in China in 1922, my dad set sail in May 1948 on the American President Lines’ U.S.S. General Meigs to the United States. He had no relatives in this new country, but with a degree in hand from the National Medical College of Shanghai,* he completed residency training in Ogden, Utah, on a stipend of $100 per month. After further training in Baltimore, Maryland, he got a job at Chestnut Lodge, a private psychiatric hospital in Rockville, Maryland. He eventually became Director of Psychotherapy.


Some of my best memories of him were from playing cards or Scrabble, hearing him sing Broadway tunes, and seeing him perform in Chinese operas. I also fondly recall that every four weeks, he and I would go and get our hair cut and have lunch together.


The first time Dad was admitted to the hospital, in 1979, I was eleven years old. I don’t remember being told that he had been diagnosed with cancer. I think he had found blood in his stool. Looking back, I suppose he had stage III colon cancer which was resected surgically.


Afterwards, he was put on what must have been 5-fluorouracil (5-FU), a chemotherapy drug that made his hair fall out and left him nauseated and vomiting. That was the end of our shared haircuts and lunches for a while. Following chemo, though, he bounced back and life seemed to return to normal.


About two years later, Dad returned to the hospital for exploratory surgery. The cancer had reappeared, and the doctors wanted to determine how far it had spread. (Radiographic imaging was not very advanced at that time.) He died on the operating table. The surgeon had found widespread liver metastases. After biopsying a lesion, he couldn’t stop the bleeding. Maybe this was a small mercy: my dad evaded the slow agony of cancer’s ravages.


For my family, the loss of our father was a cataclysmic shock. But our story is by no means unique. Cancer still claims a horrendous number of victims every day, too many of them young, too many of them leaving behind grieving family and friends. Around ten million people die of cancer worldwide each year – almost one in six of all deaths.7


My dad and my mom, also a physician, had always expected that my older sister and I would go into medicine. Our father’s death only reinforced that trajectory for both of us. After Dad died, I vowed that I would dedicate my life to making a difference for patients like him.


About twenty years later (after college, medical school, internship, residency, fellowship and post-doctoral training), I became a medical oncologist and translational science researcher – a cancer physician-scientist. I treated patients while at the same time running an academic translational research* lab to figure out at the molecular level why cancers grow, and ultimately to find ways to kill them.


Throughout that time, I collaborated with pharmaceutical companies to develop new medicines, including an important new lung cancer drug that is now prolonging the lives of many patients (see Chapter 2). In 2014, I left the world of academic medicine and transitioned to leadership roles in research and development in the pharmaceutical industry. I wanted to help create new therapeutic options directly, to make a bigger impact for millions of patients worldwide.


I’ve learned over the years that a great deal of creativity goes into making new medicines, most of it witnessed and appreciated by only a small handful of people. Across the wider pharmaceutical industry, amongst biotech firms and government labs, and throughout academia, thousands of scientists and experts are striving daily to create molecules that will save lives and help people feel or function better. They are trailblazing new areas of biology, inventing new tools and technologies to hit drug targets, and advancing our understanding of diseases. This is a community fuelled by innovation, a world of drug hunters charting new scientific territory every day of the year. Yet almost all of it remains invisible to the public.


To me, innovation is coming up with something that hasn’t been done before, showing that it’s possible, and having the courage to convince others that it’s worth doing. It’s something that many of us seek to do in all walks of life. We inevitably will look for ways to do things better – to add value through invention.


As a cancer physician, research scientist and drug developer, I have been witness to a vast field of innovation which is, at best, impenetrable to most people; at worst, it goes unnoticed. The men and women working on the next generation of medicines are undertaking some of the most extraordinary innovation ever seen. I want to lift the veil on some of that innovation and share stories from the front line of drug discovery.


It is not a straightforward ambition. The product of a Silicon Valley innovation story is often a super-branded and seemingly ubiquitous device or app that is intuitive to use. By contrast, the product of a pharmacological innovation story is a molecule too tiny to see, with an alien name and a mode of action that will often seem incomprehensible even to people with science degrees. That molecule may save thousands of lives, but if it’s a nightmare to pronounce, who’s going to talk about it?


And let’s face it: most people prefer not to take medicines if they can possibly help it; they learn about these drugs unwillingly – when they or their loved ones are struck by a disease. Furthermore, since everyone’s health is different, only a few medicines are widely known or taken.


As we glimpsed from the story of captopril, there is seldom just one hero or one team responsible for a new medicine. Hundreds of scientists, working across multiple organisations and decades, usually play a part in the innovation. Even the doctor who prescribes your medicine most likely will not know who invented it. That makes the stories of drug discovery both abstract and opaque compared to other examples of innovation.


But the toughest challenge may be the science itself. Rocket science is famously difficult, but the fundamental problems of space exploration are straightforward to communicate: how to ensure enough oxygen for the astronauts; how to withstand the cold in space, or the heat of re-entry; how to move in zero gravity. When it comes to treating cancer, however, the storyteller needs to start by explaining what cancer is at the cellular level, how it’s driven by molecular signalling pathways consisting of enzymes encoded by oncogenes and, by the way, what are all those things?


Nevertheless, I’m going to try to share some of the absolute awe I feel for the astounding innovation taking place in drug discovery labs around the world. These stories open a door to a more detailed and nuanced appreciation of what it takes to create something new and valuable that we trust to act on – and inside – our bodies. Medicine is one of the first technologies we encounter as children; we think it is normal to take a tablet to make us better. Yet, what a remarkable thing that is! As one of the scientists we shall meet later exclaimed, ‘Wow, oh my God! A serious disease can just disappear if a chemist builds the right molecule.’


To make a new drug we must decode nature – the biological secrets of life that have evolved over millions of years. We must identify and characterise a disease, understand scientifically why it happens, and then find a way to alter its course by giving a patient a particular molecule that will impact the disease without incurring significant side effects. The whole process is a triumph of human ingenuity, perseverance, collaboration and resilience. Reading these stories should fill you with hope for the potential of humankind to make the world a better place.


The science is challenging, it’s true, but it’s not impenetrable. In fact, I would argue it is fascinating, sometimes thrilling, occasionally revelatory. Once you’ve understood it, you’ll have a far better idea of how your own body works. You won’t need any scientific education to follow these stories, just a willingness to discover.


My hope is this book will serve as a bright, welcoming beacon for young people considering a career in the life sciences. Our mindsets, and therefore all the big decisions we make, are shaped by the stories we hear, and there are just too few stories about those who invent medicines.


If we want to encourage the next generation to join in the battle against cancer, to take on dementia, to be ready to respond to the next pandemic, we need to be unearthing and sharing the stories of exemplary scientific innovation by these unsung heroes.


So come with me on a deep dive into eight drug discovery adventures. We’ll find out why paracetamol, one of the world’s most popular drugs, was left unused for decades after its discovery. The extraordinary tenacity of a sick child’s mother will illustrate how innovation can depend on the determination and drive of a few individuals. A cunningly modified part of the immune system will be the breakthrough that frees people with haemophilia from the tyranny of near-daily injections. A type of blood we normally see only inside the womb will be resurrected in adults to treat sickle cell disease. A passion for the geometry of cones will lead to the discovery of a new HIV treatment. A worldwide pandemic will spur the discovery of an antiviral in record time. And the lives of patients with cancer will be prolonged by new therapies against specific genetic targets.


Along the way, we’ll discover where the big ideas come from, how the best scientists overcome obstacle after obstacle, how diverse teams work together in pursuit of a common goal, how innovators make the most of serendipity, how breakthroughs depend on a foundation of deep, seemingly unconnected knowledge, how even the smartest scientists depend on trial and error to make progress, and how personal curiosity and commitment keep people going.


Drug discovery shows that seemingly impossible breakthroughs can be achieved, given time, dedication, skill, collaboration and a dash of luck. I hope the dogged determination and wondrous creativity shown by these drug developers inspires you to innovate in the field of your choice, and even change people’s lives, as they have.


 


 


 


* The National Medical College of Shanghai later became the Shanghai Medical Universi-ty; in 2001 it was integrated into Fudan University.


 


* Translational medicine seeks to convert laboratory discoveries into practical medical applications and to discover the molecular mechanisms underlying clinical phenomena observed in patients.










Getting Started


Medical science is a complex topic. To ease that complexity, here’s a quick briefing on some key biological concepts and an outline of the drug development process. These introductory notes are here if you find yourself getting lost in amino acid chains or pre-clinical toxicology reviews further down the road. You can also consult the glossary at the back.


A Crash Course in Biology


To understand how drugs work, we must go deep into the science of cells, biochemical systems and ultimately molecules – the actual targets of the drugs.


We can start simply. Our bodies are made up of the things we eat and drink: water, sugars, fats, proteins and minerals. For drug hunters, it is the protein that is of the greatest interest. Proteins come in a dazzling array of forms. They make most of the important stuff happen in the body – catalysing, signalling, metabolising – and so we generally seek to activate or inhibit proteins. That’s what most medicines do: they encourage particular proteins to do something, or they prevent proteins from doing something.


One category of key proteins for the drug hunter is enzymes. An enzyme is a protein that catalyses some kind of change. That change happens when the enzyme binds to one or more other molecules. That means every enzyme has at least one binding site, a physical docking bay where small natural molecules – or drugs – can bind.


Proteins are built from blueprints encoded in genes. Our genes contain manufacturing instructions written in strands of DNA. Each gene encodes a specific protein. DNA is first ‘transcribed’ into messenger RNA (mRNA), and then mRNA is ‘translated’ into protein.


Confusingly, the protein and gene often have the same name. You can tell the difference in print because the gene is italicised. So, EGFR is the gene for EGFR protein. I’ll try to make it clear when I’m talking about a gene or a protein.


Proteins are made up of chains of amino acids.* These are very simple molecules, usually consisting of a few atoms of carbon, hydrogen, nitrogen and oxygen. Different proteins have different sequences of amino acids, and these sequences determine the protein’s unique structure, which in turn determines its biochemical properties – how it behaves in the body. When individual amino acids come together in a chain, they undergo a slight chemical change; the resulting links in the chain are known as amino acid residues.


Biological molecules and systems, by their nature, are often complex and unpredictable. Living things evolved over hundreds of millions of years, and we just don’t understand everything about them yet. So, when we intervene in a biological system with a new potential drug, we may encounter surprises. Drug discovery might be summed up as designing molecules to manipulate biology – but biology is not always so easily manipulated.


How Medicines Are Made


Drug discovery and development is the process of inventing and testing a new medicine to treat a particular condition or disease. At the heart of a medicine is usually a single active ingredient that affects a specific target and does the work of treating cancer, fighting infection, and so on. There may be other components that help the medicine get to the right part of the body and do its job effectively. The active ingredient is a unique molecule – a collection of atoms arranged in a particular way. This may be a small molecule (generally under 1,000 atomic mass units), a chemical typically created and synthesised by chemists that can often be taken orally in tablet form. Or it may be a large molecule (generally over 150,000 atomic mass units), a biologic such as an antibody, created by protein engineers and produced in living cells. Due to their large molecular size and other intrinsic properties, biologics are usually injected. The type of molecule selected for a particular medicine depends upon the specific target of interest.


When we want to make a new medicine for a disease for which there is still an unmet medical need, we start by trying to understand how the disease works in the body. If it’s an infectious disease, how does the pathogen get into the body, how does it cause harm, how does it replicate and spread? If it’s cancer, how does it start and what makes it grow? If it’s a genetic disease, what’s the genetic abnormality causing it, and what exactly is it doing in our cells?


‘Basic science’ activities address questions like these. They’re ‘basic’ because we’re trying to identify the foundational biochemical mechanisms behind biological phenomena. Much of basic science takes place in universities and research institutions and is funded by governments or non-profits. However, it also occurs in biotech and pharmaceutical companies. The answers to many basic questions have no immediate therapeutic implications, and it may take decades for a biological insight to lead to a drug.


Once we have some understanding of the disease, we look for a way to address it. For viral infections, we may want to interfere with viral replication. For cancer, we may want to stop tumour cell proliferation. For genetic abnormalities, we may want to correct the faulty mechanism. To do the research in a safe manner, we work outside the human body: we try to reproduce a critical element of the disease in a test tube, petri dish or animal model. By design, our models are highly simplified versions of the human disease; we just can’t mimic all aspects of a disease in the laboratory yet.


If we don’t have a promising lead like pit viper venom, we may use trial and error on a grand scale to seek a molecule that might disrupt or correct the disease. Trial and error has a noble history in pharmacology: early drug hunters could do little more than try out different chemicals on patients to see if any had a positive effect. Now, we can test millions of different molecules against an isolated representation of the disease in a high throughput screen and look for some sort of desired biological response.


If we find a molecule that seems to do what we want, we’ll look through a whole family of related molecules to see if we can identify one that gives a better, stronger response. Eventually, we identify a lead candidate molecule. We then might need to modify that molecule, adding a couple of atoms here, removing a group of atoms there, to make it more potent, less toxic, more soluble, or better able to withstand the body’s digestive processes.


Throughout this process of improving and optimising the molecule, we use assays, or tests, to measure how we’re doing. The assays might be in vitro – testing the molecule on isolated proteins or cells in a test tube or petri dish – or they might be in vivo – testing in a live animal such as a mouse, often genetically modified to have a simplified form of a disease.


Gradually, incrementally, this process of designing, making, testing and refining molecules will, we hope, eventually yield an experimental drug (a development candidate) that merits testing in humans. The whole process leading up to this point is the Discovery phase. Some of it may take place in a university or other research institution, but most drug discovery takes place in pharma or biotech companies.


Next comes the Development phase, where we finally test the experimental molecule in humans. This usually takes many years and can cost hundreds of millions of dollars to complete. To understand why, it’s helpful to remember how things used to be.


Before the 1900s, rules and regulations around medicines were not yet established. Snake oil salesmen would roll into town and hold up a bottle of some bitter-tasting or sweetly alcoholic fluid and declare it to be an astounding cure for headaches, or scurvy, or cancer, or impotence, or all of the above. You would pay your money and swallow the substance, and you would conclude it must be a real medicine because it had a violent effect on you – making you shiver or vomit or sweat. It might be poisonous, but you’d have no way of knowing that. You wouldn’t really know if it worked either, because if you did get better there was every chance your recovery happened in spite of the ‘medicine’. If it really did work, and you wanted more, you would have no idea if the next bottle you purchased contained the same dose, or even the same active ingredient.


Regulation and responsible clinical testing have transformed the entire drug development process. Exhaustive testing of the molecule is now required for a regulator such as the US Food and Drug Administration (FDA) or the UK Medicines and Healthcare products Regulatory Agency (MHRA) to approve a new medicine.


For example, before we can give the ‘new molecular entity’ to a single human, we are required by law to put it through a pre-clinical toxicology review. If we’re developing a small molecule, we have to test it for safety in two species of animal.


Once we pass toxicology testing, we administer low, gradually increasing doses to a small number of (usually healthy) volunteers, looking to see if the molecule hits its target and/or causes worrying side effects. We take blood samples to understand how the molecule behaves and moves around the human body. We start with single doses. If side effects are acceptable, we go on to administer multiple doses. Traditionally, this initial study in humans is called Phase I.


Next, we test the molecule for efficacy in patients with the disease, closely monitoring for adverse side effects. We trial increasing doses of the compound and use the safety and efficacy data from these different doses to select the best clinical dose. This is Phase II.


Most experimental drugs fail at one of these early development phases: they are found to be either ineffective or unsafe. Perhaps our laboratory models were not realistic enough. Perhaps human subjects suffered a side effect which could not have been predicted from our pre-clinical toxicology experiments. If, however, the clinical investigators (physicians independent of the companies), drug developers, regulators and company decision-makers are satisfied that the molecule is both safe and potentially an improvement on the current standard of care, the molecule enters the final late development stage, Phase III.


Now the molecule is administered to larger numbers of patients, often in multiple countries, usually in double-blind randomised controlled trials that compare the effectiveness of the compound against a placebo or an existing treatment. Again, safety is closely monitored, and any side effects or adverse events are painstakingly noted and reported to regulators. This pivotal phase is the most costly one, because hundreds or even thousands of patients are treated and monitored over a period of months or years. Finally, if everything goes well, the compiled patient response and safety data, along with drug manufacturing data and other relevant materials, are all submitted to regulatory agencies.


Once regulators have examined all data and found clear evidence of safety and efficacy along with reliable, consistent manufacturing processes, they approve the new medicine for sale in specified markets.


Due to the cost and complexity of the development process, large Phase III studies are mostly carried out by big pharmaceutical companies. Few entities have the resources or the organisation to run them.


Animal Testing


From time to time, I will refer to results from animal studies where they impact the discovery and development process.


Since the advent of drug regulatory agencies, laws in the United States, European Union, the United Kingdom, Japan and most other jurisdictions have stipulated that every new molecule has to be tested in animals before it is given to humans.*


We use animal testing primarily to ensure that molecules are as safe as possible before they are administered to people. We also look for proof of efficacy in animals. For example, mouse models of human cancers are used to determine if tumours shrink after treatment with an experimental compound.


Most tests are carried out in mice and rats. All animals are cared for as humanely as possible. All animal testing is carried out in strict accordance with internationally agreed rules and overseen closely by various international, national and local organisations.*


Big Pharma


This is not a book about pharmaceutical companies or the pharma industry in general. It is about the innovation process behind drug discovery and development – wherever that happens – and the stories of the science and the scientists behind different molecules. Nevertheless, each of the eight drugs we’ll look at was developed in part by at least one pharma company.


While I was writing this book, I was employed by two different pharma companies. Breakthrough is not sponsored by, or written in support of, either company. The extent of their involvement is that both have allowed me to interview their scientists and feature one of their new drugs.


All eight drugs in this book are remarkable in some way. However, I won’t extol their various attributes for two reasons. Firstly, this is a book about discovery and innovation, not a marketing pamphlet. Secondly, in many jurisdictions it is illegal to promote prescription medicines directly to the public. Please understand this unique challenge of writing about pharmaceuticals. Consult your doctor or the relevant health authorities if you would like to know if these medicines are appropriate for you or a particular patient. For specific information (including efficacy and safety data) on these medicines, please see the relevant prescribing information at the regulator website in your country.


On the Naming of Drugs


There’s no getting around it: drug names are not sexy. We complicate matters by giving drugs two different names – a generic name and a brand name. This is necessary because the same drug might be sold by multiple companies, with each brand exclusive to one company. So the painkiller ibuprofen, which was invented by a team of scientists at Boots UK Ltd, is marketed as Advil by Haleon plc and as Nurofen by Reckitt Benckiser Group plc. Another reason to distinguish between the generic name and the brand name is that some medicines include multiple molecules. For example, Paxlovid, Pfizer’s oral treatment for Covid-19, is a co-administration of two drugs, nirmatrelvir and ritonavir.


You can tell the difference between generic names and brand names easily in written text: brand names are capitalised. So alpelisib is the generic name, Piqray is the brand name. To avoid confusion or potential charges of unethical marketing, I will use the generic name wherever possible.* Technically, the generic name is the international nonproprietary name (INN), allocated under a convention governed by the World Health Organization.


You may wonder why generic names have to be so alien and difficult to remember. If you look more closely, though, you’ll find that there is a logic to them. For example, all antiviral drugs end in -vir. Those antivirals that target a virus’s 3CL protease (an enzyme) end in -trelvir (see Chapter 6), while those that target a viral capsid end in -capavir (see Chapter 8).


The Credits


These stories are bursting with names. No one is expecting you to keep track of them. One of the key themes we’ll be exploring is the collaborative nature of innovation: hundreds, even thousands, of people played a part in the discovery and development of each of these drugs.


The main actors, with oversimplified job descriptions, include:


 


Biochemists, who study how molecules operate and test them for efficacy in test tubes;


Biologists, who study how diseases arise and test molecules in living cells or animals;


Chemists, who design and make chemical molecules (small molecules);


Executives, who make key strategic, talent and funding decisions to enable all of the work;


Geneticists, who study the genes and genetic mutations that cause disease;


Pharmacologists, who assess drug metabolism, drug stability and pharmacokinetics;


Physicians, who design and/or conduct clinical trials for the new molecules in humans;


Protein engineers, who design and make protein molecules (large molecules);


Statisticians, who help correctly design experiments, verify conclusions and properly interpret results;


and Toxicologists, who test and help design molecules for safety.


 


There are so many more experts involved, but space does not permit me to list them all.


In each story, I have focused on just a handful of people. The majority of contributors to these drugs have not been named here for reasons of space. To them I apologise and ask for their forgiveness and understanding.


Without further ado, let’s explore their breakthroughs.


 


 


 


* Humans have twenty different types of amino acid.


 


* In 2023, the United States eliminated that requirement, and pharma companies are now considering alternative options.


 


* Across the Life Sciences, we are all committed to the ‘Three Rs’: Replacement, Reduction and Refinement. Replacement means searching for methods to replace the use of animals. Reduction means pursuing strategies to answer our research questions with fewer animals. Refinement means modifying husbandry and experimental procedures to minimise pain and distress, and to enhance the welfare of a research animal from the time it is born until its death.


 


* Where interviewees referred to a drug by its brand name, I have substituted the generic name, even in direct quotes.










CHAPTER 1


The World’s Most Common Rare Disease


Condition: Spinal muscular atrophy


Gene: SMN2


Innovation: Risdiplam [RIZ-di-plam]


Companies: PTC Therapeutics and Roche


 


 


 


 


Loren Eng was trying to enjoy the dinner party. It wasn’t as easy as it used to be. Loren was seven months pregnant with her second child. Like any parent, she was worn out by the sleepless nights and endless little anxieties that came with caring for her firstborn, Arya. And she had an extra worry: at seventeen months, Arya still wasn’t walking right. Her gait was stick-straight, like a toy soldier’s. Every few steps she would stagger, and occasionally even collapse.


Well-meaning friends and physicians told her not to worry. Lots of kids lag behind on something – speech, walking, social skills. She’d catch up soon enough, Loren was assured. Enjoy being a parent! Arya was a beautiful and happy little girl. What did it matter if she took a little longer to get the hang of walking?


The New York dinner party was hosted by an old college friend and her mom, who happened to be a paediatrician. After they’d cleared away the dishes, Loren couldn’t help but ask:


‘This walking thing . . . it’s normal for some kids to develop a little late, right?’ She glanced over to the couch where Arya was happily flipping through a picture book.


Her friend’s mom looked at her kindly. ‘What does your doctor say?’


‘That I’m worrying too much,’ admitted Loren. She’d always been careful, always taken every last precaution. Before Arya was born, she’d undergone all the available tests for genetic disorders. ‘Arya had perfect [Apgar] scores at birth,’ she would later recall.


Yet here was her daughter at seventeen months, stumbling like she was intoxicated.


The paediatrician set aside her glass of wine and got down on her hands and knees. She introduced herself to Arya and offered her a spoon to hold. In a gentle, easy-going manner, she encouraged the little girl to pick up objects, to squeeze her finger, to crawl, to walk. There and then, while the other guests chatted over coffees and herbal teas, she examined Arya.


Finally, she straightened up. ‘There’s something very wrong,’ she said with a panicked look. ‘You need to get her to a neurologist right away.’


It was August 2001, just a few weeks before the city – and the world – would be shaken by the attack on the World Trade Center. Loren had to wait through all of that horror and turmoil for the test results that would reveal the awful truth.


Arya was diagnosed with spinal muscular atrophy (SMA). The disease would eat away at her strength, bit by bit, until she could no longer move, perhaps no longer breathe, without mechanical help. There was no cure. SMA would put her in a wheelchair, would paralyse her muscles and, ultimately, might very well kill her.


 


SMA was first identified by Guido Werdnig and Johann Hoffmann in the last decade of the nineteenth century. The two neurologists, one Austrian and one German, independently described a previously unknown condition afflicting infants. They saw babies who should have been growing stronger with age start to get weaker. Their tiny hands would tremble, they would lose the ability to grip their mothers’ fingers, they would struggle to eat and be unable to sit up or even raise their head. The result was a ‘floppy baby’. In the most severe cases, life expectancy was less than two years.


Werdnig and Hoffmann recognised that SMA was a genetic disease – caused by faulty genes inherited from our ancestors. And they noted one other important characteristic: it sometimes manifested in children whose parents were both completely healthy. This implied the genetic trait was recessive.


We each have two copies of most genes. If a genetic condition is recessive, both copies of the relevant gene must be faulty for the condition to occur. Anyone with a single copy of the faulty gene is an unaffected carrier. When two healthy parents are both carriers, each of their children has a twenty-five per cent chance of inheriting both copies of the faulty gene and so developing the condition.
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Figure 1. Spinal muscular atrophy is an autosomal recessive disease.


These two characteristics of SMA – genetic and recessive – represent its two opposing faces. SMA’s recessive nature is a boon to humanity: although as many as one in forty of us are carrying the faulty gene that causes SMA, most of us are untouched by it. Only about one in eight thousand infants worldwide is diagnosed with the disease.1 But because SMA is genetic, for those who are unlucky enough to inherit both copies of the faulty gene, there has until recently been absolutely no hope of relief. For most of human history, what is written in the genes has been impossible to change.


Loren Eng understood exactly what this meant for her daughter when Arya’s genetic analysis revealed the grim news. The two copies of the gene that should have been encoding a protein vital to building and sustaining Arya’s motor neurons were both faulty. Without a regular supply of the protein, her motor neurons – the long nerve cells that controlled her muscles – were deteriorating. As her motor neurons degenerated, the muscles they should have been activating were withering away through lack of use.


There was nothing that could be done for her. No cure. No therapy. All the doctors could advise was to take Arya home and try to give her the best life possible for her remaining years, comforting her as she became ever more paralysed.


Thankfully, Arya’s younger brother, born a few days after her diagnosis, escaped that genetic short straw. That was one small mercy for Loren as she faced up to the reality of her daughter’s prognosis. Arya did not have the most severe form of the disease, so she would live past her second birthday. But what kind of life could she hope for? Would she be able to attend school? Would she ever play sports? Would she get to go to prom? How on earth could Loren explain to her daughter the inexorable physical deterioration she would suffer?


One thing distinguished Loren and Arya’s father, Dinakar Singh, from other parents of SMA children. Having arrived in the United States as immigrants, they had built careers in finance and business strategy, providing them with the means to fund and direct scientific research themselves. Within just a few weeks, Loren, her family and friends had vowed to dedicate themselves to finding a treatment for Arya and the many others like her.


A few years earlier, that ambition would have seemed a fool’s errand. Very little was known about SMA, except that it was a genetic disease and therefore essentially incurable. But just six years before Arya was diagnosed, science had achieved an important breakthrough: the gene for SMA had been identified.


 


The last decade of the second millennium began a golden age of discovery in the science of genetics. The Human Genome Project was launched in 1990, and a ‘rough draft’ of the entire human genome would be completed by 2003. University and commercial laboratories all over the world were racing to discover our species’ coded secrets. One of these labs was run by Judith Melki.


Before moving into research, Melki had worked in a hospital as a junior doctor, and she had been struck by the tragic fate of the SMA patients on her wards. ‘We had nothing to offer them,’ she says. ‘Very young children were condemned to die. Well, as a young physician you want to change this.’


Melki took a year out from clinical practice to research neuromuscular disorders. She wanted above all to identify the gene responsible for SMA. At the French National Institute of Health and Medical Research, she used a technique called linkage analysis to work out which fragments of chromosomes were most commonly shared in families where two or three children had SMA. Her team localised the gene to Chromosome 5, band q13.* This part of the chromosome turned out to be highly complicated, with lots of duplicated genes. But only one was critical to SMA.


Melki and colleagues were able to show that in ninety-five per cent of SMA patients, this gene was either damaged or missing. The gene encoded a previously unknown protein which they named, with macabre clarity, ‘Survival of Motor Neurons’ (SMN). The gene itself was labelled SMN1.


Melki’s team discovered a second, almost identical gene that also produces SMN protein. Unfortunately, this second gene does a really bad job of it. Where the SMN1 gene pumps out SMN protein by the bucketful, all the SMN2 gene can manage is a thin trickle. For most of us, the SMN2 gene is irrelevant.


On the other hand, if your SMN1 gene is damaged or missing, SMN2 suddenly looks like a godsend. That thin trickle of SMN protein it produces is the only thing keeping your motor neurons alive. SMN2 is the reason why SMA patients survive at all. Some people have multiple copies of the SMN2 gene, and the total amount of SMN protein they can produce is therefore a little higher, explaining the different levels of severity of the disease.


Melki’s discovery of the SMN2 gene, feeble as it is, offered the first hint of a possible route to treat SMA. If children like Arya didn’t have a functioning SMN1 gene – if they were entirely dependent on the thin trickle of SMN protein stemming from the SMN2 gene – what if we could find a way to open up the spigot and turn that trickle into a reliable flow? What if we could make the human body do something it had never done before?


Imagine a production line churning out automobiles. Every car has a perfect left headlight, but the right headlight is always dysfunctional, emitting just a glimmer of light. The left headlight produces more than enough light to drive safely at night, so the deficient right headlight is ignored. But now imagine something goes wrong on the production line and the next car produced has no left headlight at all. Suddenly, the right headlight becomes interesting. As things stand, it doesn’t emit enough light to drive safely at night, but perhaps we could change that. What exactly is wrong with it? It’s emitting a bit of light, so the power supply and bulb must be in working order. Wouldn’t it be worth taking a look inside to see if it can be fixed?


Wouldn’t it be worth taking a look at that dysfunctional SMN2 gene?


 


Bleak as the SMA medical landscape was in 2002, parents, physicians and researchers could see a glimmer of hope in that second SMN gene. ‘It was a one in a million stroke of good luck,’ says Loren. ‘To our knowledge, no other genetic disease has a “backup” gene with the potential to encode the missing protein.’ No one knew how the SMN2 protein spigot worked exactly, or where one might find a wrench to open it up, but the dream of super-charging a gene that had been more or less useless throughout human history was compelling.


Loren, Dinakar, their family and friends created the SMA Foundation, using their own money to lobby for and directly fund research into SMA. Public awareness of SMA was almost non-existent, so they gave interviews to media outlets like Forbes, ABC Nightline and NBC. The Foundation recruited some of the country’s leading neuroscientists and clinicians. They did everything they could to build political support for SMA research, coordinate disparate scientific activity, expand the available research tools, and persuade biotech and pharmaceutical companies to target the disease.


Yet just as the SMA Foundation took shape, so Arya went into physical decline. She remembers being able to walk, although she finally lost control of her limbs while still in kindergarten. She was given a walking frame, but soon had to graduate to a wheelchair. ‘I gave my wheelchairs names,’ she says with a smile. ‘There was Daisy . . . and Miley, because I loved Hannah Montana. But my favourite was Vanessa, after Vanessa Hudgens in High School Musical.’ It’s impossible not to picture the little girl in the accessorised wheelchair, mesmerised by a dancing Hollywood star she could never hope to emulate.


‘I would cry every night,’ says Arya. ‘I would ask my mother, “Why me? Did I do something wrong?” It felt so unfair.’


Loren decided not to spell out the inescapable progress of the disease for her daughter, so Arya had to work it out for herself. At first, she was mostly embarrassed by her weakening arms and legs, and she decided not to tell any of her young friends. Of course, it quickly became clear that concealing her condition was not a viable option. So her next strategy was to refuse to talk about it.


That wasn’t helped by the publicity the Foundation was starting to generate, much of which inevitably involved Arya. ‘I didn’t want to be the face of SMA,’ she says. ‘I read those articles about me later and cried.’


For a long time, Arya wasn’t allowed to Google herself. She did anyway, and then felt she couldn’t talk to her parents about what she’d found out. ‘Eventually, friends who’d also Googled me started coming to me and saying, “Oh my God, your life is so sad,” or, “Oh my God, you’re going to die.” I was really mad with my parents about those articles.’


After a time, she came to accept that she would always be different from other people, although it was still painful to watch friends run around in the park or go on sleepovers from which she was excluded by a staircase or a broken elevator.


 


To understand how we’re going to hack the SMN2 gene and make it do something it has never done before, we need to peer inside the inner workings of a cell’s genetic machinery. Proteins are essential building blocks in all our cells, and they are manufactured from blueprints encoded in our genes. We need to know how that happens to understand how the SMA nut was cracked.


Our genes are located on parallel strands of DNA, arranged in the iconic double helix first described by James Watson and Francis Crick in 1953. On any one strand of DNA, some parts encode useful proteins. These parts are known as exons. In between are lengths of seemingly useless genetic code called introns.*


Proteins cannot be directly manufactured from DNA. A ‘messenger’ is needed to carry the genetic information from the nucleus, where DNA is held, to the cell cytoplasm, where the amino acids that will be assembled into proteins are waiting. This messenger is called RNA.* When a cell needs to build proteins, the parallel strands of DNA are temporarily separated, and the genetic code on one strand is transcribed to forge a complementary strand of RNA. It is this RNA which is used as the blueprint to manufacture a specific protein.
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Figure 2. Genetic information flows from DNA to RNA to protein.


It’s as if a factory owner keeps the master blueprints (the DNA) for their products locked in their office (the nucleus); any time the production line starts up, a supervisor has to go to the office and copy out the blueprints, then take that copy (the RNA) to the factory floor where the products (proteins) are made.


However, before protein production can start, all those apparently useless bits of genetic code – the introns – need to be stripped out of the RNA. This is done by splicing.


Picture a grizzled sailor with a piece of old line that’s become frayed in the middle. Rather than discard the whole line, our sailor decides to cut out that frayed section and join the two remaining lengths together. He does this by splicing, unravelling the ends of each length and threading the strands together.


The primary strand of RNA consists of all the introns and exons transcribed from DNA. The splicing process removes the introns, leaving just the exons joined together in a shorter strand of mature RNA. An assembly of proteins and ‘small nuclear RNAs’ called the spliceosome comes together to mediate the removal of each intron.
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Figure 3. The process of RNA splicing.


You may ask why nature has come up with this byzantine process. Why on earth give us introns in the first place if it’s just going to cut them out? The answer seems to lie in part in the greater diversity of proteins that can be generated from a relatively small number of genes: the splicing process can be varied to join different exons together, essentially making multiple products out of the same blueprint.


So proteins are manufactured only after primary RNA has been spliced to form the shorter mature RNA that is their final blueprint. Splicing is where SMN1 and SMN2 differ.


When the primary SMN1 RNA is spliced to create mature RNA, a critical segment called Exon 7 is included. By contrast, when the primary SMN2 RNA is spliced to create mature RNA, Exon 7 is usually left out. Without it, the resulting protein is not very functional. So, the challenge for anyone wanting to treat SMA was clear: fix the splicing of SMN2 RNA to include Exon 7.


Remember, all of this is happening at such minuscule scale in the cell that no optical microscope could detect it. And SMN protein has to be produced in countless individual cells. We can’t go in with a scalpel and splice that troublesome RNA by hand. Instead, we have to discover some substance that can be injected or ingested, that will find its way to every relevant cell, that will be absorbed into those cells, and that will change the way SMN2 RNA is spliced in a very particular way.


Most crucially of all, this hypothetical substance that will perform such a precise intervention on the splicing of SMN2 RNA absolutely must not do the same thing to any other gene that matters to human health. If another gene had its splicing disrupted in a biologically significant way, the patient could suffer catastrophic consequences.


Any treatment would need to be as specific as possible to Exon 7 on the SMN2 gene.


Think about that for a moment. Whose heart wouldn’t sink at the prospect of searching for a substance that could reach into our motor neurons and tweak a single genetic process at a single site within a single gene while leaving every other important gene untouched? Such a feat had never before been accomplished. Would you take on that challenge?


 


RNA splicing was discovered in 1977, but it remained only partly understood when Adrian Krainer took up a fellowship at New York’s Cold Spring Harbor Laboratory (CSHL) in 1986. Born in Uruguay, Krainer had come to the United States on a college scholarship to study biochemistry, and had dedicated his PhD at Harvard to splicing research. He wanted to discover how the cutting and joining of RNA actually occurs.


A hub of splicing research, CSHL was the perfect place for Krainer to continue his investigations. By separating the contents of cell nuclei into fractions and then testing various combinations of those fractions, he was able to identify and purify some of the RNA-binding proteins that control splicing. These proteins would either promote exon inclusion or exon skipping; that is, they would determine what was kept in or left out of the final genetic code.


The most important of Krainer’s early discoveries was a protein called SRSF1,* which must be present if splicing is to occur. Due to its particular shape, SRSF1 can bind only to certain configurations of RNA, so splicing will only occur where the right coding sequences are found. Over the next decade, Krainer and his colleagues uncovered many more of the secrets of our cells’ splicing machinery.


In 1999, Krainer was invited to an SMA workshop at the National Institutes of Health (NIH). He was by then recognised as an expert on RNA splicing, and the organisers figured he could be encouraged to apply his expertise to the challenge of upgrading SMN2.


Krainer listened attentively as papers were presented on the omission of Exon 7 in SMN2 splicing. He knew that mutations in or around an exon could cause exon skipping when SRSF1 could no longer bind to the RNA; he could see that the slight coding difference between the two SMN genes might in this way cause Exon 7 to be left out during the splicing process. But he would have to confirm it with experimental evidence. ‘That was the moment of realisation,’ he says. ‘I thought, there is no way I’m not going to work on this disease.’


With a grant from the non-profit organisation Fight SMA, Krainer and postdoctoral fellow Luca Cartegni spent the next couple of years searching for the sequence on Exon 7 that SRSF1 should recognise. SRSF1 is an activator that should encourage inclusion of Exon 7 in splicing – but only if it can bind to the right sequence.


Meanwhile, a competing lab was working on the same problem, and was convinced that Krainer had it the wrong way around: they believed a repressor protein bound to Exon 7 was responsible for its skipping. It was a distraction that shook his confidence, Krainer admits, but the competition motivated him to accelerate his work.


Eventually, he identified the critical sequence on Exon 7 that should enable SRSF1 binding, and he showed that it was mutated in SMN2. In their genetic code, there is only a single letter difference between the SMN1 and SMN2 genes. At one particular position, SMN2 has a T where SMN1 has a C.* Such a tiny difference should hardly matter, you might think. But that one erroneous letter in SMN2 is enough to disrupt the splicing process.


Now, the challenge was to find a substitute for SRSF1 that would work on the mutant sequence. Cartegni and Krainer designed a synthetic molecule consisting of an oligonucleotide (a short sequence of single-stranded nucleic acid*) attached to a peptide chain (mimicking part of SRSF1). They showed that it could bind to SMN2’s Exon 7 in a test tube, doing the splice-activating work that SRSF1 was failing to do. The higher the dose of this SRSF1 substitute, the more Exon 7 was included in the resulting mature SMN2 RNA.


Krainer and Cartegni had proved the splicing of SMN2 RNA could be fixed in vitro.2 This exciting result suggested it should be possible to increase the production of SMN protein in SMA patients.


They published their results and patented the oligonucleotide-peptide molecule they’d designed. Their work caught the attention of C. Frank Bennett at Ionis Pharmaceuticals, who licensed the technology and collaborated with Krainer to develop a drug for SMA.
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