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         Praise for The Epigenetics Revolution:

         ‘A book that would have had Darwin swooning – anyone seriously interested in who we are and how we function should read this book.’

         —Guardian

         
             

         

         ‘[A] splendidly clear explanation’

         —The Oldie

         
             

         

         ‘Fascinating stuff’

         —Bookseller

         
             

         

         ‘Combines an easy style with a textbook’s thoroughness.’

         —Nature

         Praise for Junk DNA:

         ‘A cutting-edge, exhaustive guide to the rapidly changing, ever-more mysterious genome’

         —New Scientist
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            PROLOGUE

         

         On 28 November 2018 a Chinese scientist announced the birth of twin girls, Lulu and Nana. Unfortunately, this wasn’t the typical case of a happy father telling the world about his daughters. In fact, the identity of Lulu and Nana’s parents is a secret. The reason why He Jiankui from Southern University of Science and Technology in Guangdong Province, China, made the announcement was because there was something very special about these two infants. They were the first children ever born with changes to their genetic material which had been deliberately introduced by scientists. The DNA of the two girls had been through a process called gene editing, and it’s likely that if they have children they will pass on the introduced changes. Their genetic lineage has been changed for ever.1,2,3

         Professor He had adapted the techniques of in vitro fertilisation (test-tube babies) for his work. He had edited the DNA of the embryos when they were just a tiny bundle of cells in the laboratory, and then implanted these embryos into their biological mother’s uterus.

         The announcement was met with dismay from researchers around the world. The news about the twins was revealed at a conference, not in a peer-reviewed paper, so the amount of data that was shared was not comprehensive. But even from the results that were presented, other scientists could deduce that the gene editing hadn’t been carried out well. It wasn’t clear if all the cells had been edited during the laboratory stages. Because of this these girls may be a mosaic of different cells, only some of which carry the change. It also appears that the change He Jiankui had introduced was a relatively imprecise one. He had inactivated the gene he was targeting, but had used an inelegant methodology that rather clumsily achieved its end, changing the gene in a way that has never occurred in nature.

         You might expect that if someone was planning to create edited humans, they would only risk the ire of the scientific community by doing so to save the children from a terrible and inevitably lethal genetic disease. There are, sadly, plenty of these from which to choose. But Professor He didn’t do this. Instead he mutated a gene involved in responses to human immunodeficiency virus-1 (HIV-1).

         HIV-1 binds to a specific receptor on human cells, but this binding isn’t enough on its own for the virus to set up an infection. Another human protein called CCR5 also needs to be active for the virus to complete its entry into the cells. About 10% of Caucasians have a DNA variation in CCR5 which prevents the virus from getting in, and these people are resistant to certain strains of HIV-1.

         He Jiankui edited the DNA of Lulu and Nana so that their CCR5 gene wouldn’t produce a functional protein, but he didn’t create the same variation as seen in the resistant humans. He told the conference that the reason he chose to edit this gene was because the girls’ father is HIV-positive. This still carries a great deal of stigma in China and he wanted to save the children from being exposed to these negative reactions.

         But the problem with this justification is that it’s a bit of a false issue. HIV-1 is usually transmitted via intimate body fluids. With a few simple precautions, it’s relatively easy for fathers to avoid transmitting the disease post-natally to their children. So Lulu and Nana were never at a really high risk of becoming HIV-positive. They may, however, be at increased risk of contracting influenza, as a functional CCR5 protein is important at fighting off this virus. No one knows if the edits that Professor He introduced into the girls will leave them susceptible to this disease, which is common in China and can be very dangerous.

         Even if the editing carried out by He Jiankui had been technically perfect, it would almost certainly have caused huge concern anyway. Scientists throughout the world have been debating the power of gene editing and particularly its potential to change the genetic sequence of a human for eternity. Biologists, ethicists, lawyers, regulators and politicians have been working together, trying to explore the implications of these new tools, and to develop frameworks for making sure they are used well, in a responsible way. Groups have been attempting to create international norms, and to ensure that ethics are considered in advance of the implementation of the science. Everyone involved also recognises the necessity of building dialogue with the general populations of their countries and moving forward in a carefully stepped manner.

         He Jiankui has shot this measured approach to pieces with his announcement, and now the rest of the scientific community is on the back foot, trying to reassure the public and to create consensus rapidly. Researchers worry about a backlash from politicians, who could introduce new regulations driven more by fear than understanding, and this could have deleterious effects on a field that has enormous potential for good, but that is still being established. Perhaps weirdly, Professor He seemed surprised and somewhat taken aback by the reaction of his peers. So unconcerned was he by the implications of his action that he had already created and implanted a third edited embryo into another woman, so at least one more child is likely to be born with a permanent change in their genetic script.

         The condemnation hasn’t been an exclusively western phenomenon. The Chinese authorities have been quick to castigate He Jiankui. Articles about his other achievements have vanished from official websites and the government is aligning itself with the voices of consternation. This isn’t surprising – China wants to become a valued member of the international scientific community. Professor He’s announcement has simply served to reinforce international concerns around ethical infrastructure and research integrity, and this isn’t a helpful message.

         It’s almost hard to resist feeling sorry for He Jiankui. There aren’t that many high-profile scientists who are exposed to universal ire on the triple fronts of scientific competence, ethical integrity and political nous.

         But in many ways, the most incredible aspect of this story of spectacular mis-steps is that it was possible in the first place. Six years earlier it would have been almost inconceivable even to dream of carrying out this work, as modifying the human genome in embryos had very little chance of working. But a breakthrough in 2012 ripped open the genetic fabric of every organism on this planet, from humans to ants and from rice to butterflies. It’s giving every biologist in the world the tools to answer in a few months questions that some scientists have spent half their careers trying to address. It’s fuelling new ways to tackle problems in fields as diverse as agriculture and cancer treatments. It’s a story that began with curiosity, accelerated with ambition, will make some individuals and institutions extraordinarily wealthy, and will touch all our lives. We are entering the era of gene editing, and the game of biology is about to change. For ever.

         
            Notes

            1. Cyranoski, D., Ledford, H. ‘Genome-edited baby claim provokes international outcry’. Nature (November 2018); 563(7733): 607–608.

            2. https://www.nature.com/articles/d41586-018-07607-3

            3. https://www.sciencemag.org/news/2018/12/after-last-weeks-shock-scientists-scramble-prevent-more-gene-edited-babies?utm_campaign=news_weekly_2018-12-07&et_rid=49203399&et_cid=2534785
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            THE EARLY DAYS

         

         
            Homo sapiens.

            ‘Wise man’.

         

         That’s what we humans have called ourselves since Carl Linnaeus first included us in his scientific classification system of all living things, back in 1758. Even if you can put to one side the obvious sexism of naming our species with reference to the male, is this really the most appropriate way to describe ourselves? After all, the Cambridge English Dictionary defines wisdom as ‘the ability to use your knowledge and experience to make good decisions and judgments’. Look at the world we have created, and the world we are destroying, and we might start to wonder. We have undoubtedly been successful as a species – we can tell that by the disproportionately huge number of us on this planet. But view us through the perspective of most other organisms and we are a pest, a plague. So, maybe we should think of a different name for ourselves. But what?

         Perhaps, with apologies to Latin scholars everywhere, we could go for something like ‘Persona hackus’? A human is a person who hacks stuff about. Because this is what we have done throughout our history. See that cave – wouldn’t it look better with a picture of a few bison? Look at this flint – I can knock some sharp edges into it and carve up the bison for dinner. We’ll initially develop computers to break codes and win a global conflict, and sixty years later we’ll use them to show total strangers the imaginative things we have done with a Billy bookcase from Ikea. We hack, we tinker, we design, we change things – we create. We are human, and we just can’t help ourselves.

         There’s one way in which this tendency to hack our world has had more impact than any other. That’s food. Current evidence suggests that farming started in the region known as the Fertile Crescent, around 12,000 years ago. Multiple groups of people from different genetic backgrounds seem to have been farming independently in the area that now includes modern Palestine, Iraq, Jordan, Israel, western Iran, south-eastern Turkey, and Syria. The shift from a nomadic hunter-gatherer existence to agricultural settlements was probably a gradual one, but it depended absolutely on the human ability to tinker. Humans began to select the largest grains, the most prolific legumes, and to plant these selectively. Repeating this process over multiple growing seasons led to the development of nutritious harvests, and the selection of many of the crops on which we depend today.

         These early farmers didn’t just change the development of plants. They also selectively bred animals for traits that were useful, from the milk and meat production of cattle, sheep and goats to the tractability and companionability of horses and dogs.

         The consequences of creating food sources that allowed populations to remain in one place were profound. Settlements grew in size, and complexity. Social hierarchies were reinforced and maintained, and systems such as writing developed multiple times, as rulers sought to monitor and control systems and populations. The increase in production, and the ability to store surplus food in times of plenty, allowed societies to develop where individuals could specialise and with this came a huge increase in the production of cultural artefacts.

         It’s remarkable to consider that almost all human activity – glorious or disastrous and everything in between – has been built because we have learnt how to hack the genetic material of other organisms. By selecting individuals with traits we considered useful or appealing, we changed the evolutionary paths of living species. We bent them to our will, hacking the genetic lottery, and changing irrevocably the genes that survived and were passed on in everything from rice to roosters and from sorghum to Siamese cats.

         Of course no one, from the early farmers to the breeders of fancy pigeons that so inspired Darwin, had any idea they were skewing the genetics of other organisms. They selected individuals for breeding based on physical characteristics they could see, hear, smell, taste or appreciate in some other way. They hoped the characteristic they were interested in ‘bred true’, in other words that it showed up in the offspring, or even was better in the next generation. But they had no idea how these characteristics were passed on from parents.

         The first step in formalising a data-based theory for this came from the Augustinian friar Gregor Mendel, working in Saint Thomas’s Abbey in Brno, in what is today the Czech Republic. Mendel crossed different strains of peas very systematically and examined the offspring, counting characteristics such as smoothness or wrinkling of the peas. He determined that particular characteristics were passed on in a specific ratio, and to explain his findings he referred to invisible factors that governed the physical appearance. These invisible factors were the fundamental units of heredity.

         Mendel published his work in 1866 and hardly anyone realised its significance. It was only in 1900 that his findings were rediscovered and his conclusions began to receive attention. In 1909 the Danish botanist Wilhelm Johannsen first used the word ‘gene’ to describe these invisible fundamental units of heredity. Johannsen didn’t speculate on what a gene was made from, and it wasn’t until 1944 that this question was settled by a New York-based Canadian scientist called Oswald Avery. He showed that Mendel’s invisible factors were made from DNA (see page 13), and with this Avery created the bedrock on which all subsequent genetic research is built. Astonishingly, he never received the Nobel Prize for his work.

         After that, the pace picked up. Less than ten years after Avery’s paper, the brash British scientist Francis Crick and his even brasher American colleague James Watson announced that they had solved the riddle of the structure of DNA. Their famous double helix model relied heavily on data generated by Rosalind Franklin, who worked in a department at King’s College London headed by Maurice Wilkins. The Nobel Prize followed quickly on this occasion, and was awarded to the three men in 1962. Rosalind Franklin had died from ovarian cancer at the heart-breakingly early age of 37 in 1958 and the Nobel Prize is never awarded posthumously.

         The first break in the genetic wall

         In 1973, twenty years after the famous Watson-Crick DNA structure was published, two scientists who had each started out as small-town boys collaborated on a set of now legendary experiments. Stanley Cohen was born in Perth Amboy in New Jersey, and was encouraged by his father to develop a love of learning.1 Herbert Boyer was born a year later in the Pennsylvania town of Derry, into a family with little knowledge or interest in science.2 Both found themselves drawn into the world of genetic research, and by the 1970s were working in prestigious Californian institutes, Cohen at Stanford University and Boyer at the University of California, San Francisco (UCSF).

         The amazing achievement of Cohen and Boyer was that they developed ways of moving genetic material from one organism to another. They were able to select the genetic material they wanted to move and transfer it in a way that meant it still did its job in its new host. Their initial experiments transferred DNA from one species of bacteria to another. Their next breakthrough was even more spectacular. They were able to move DNA from a bacterium into the cells of a frog, and to show that the DNA was able to function in its new home.

         Cohen and Boyer had done nothing less than break down the barriers that have separated individuals and species for millennia. The implications were tremendous. From 1973 onwards, no organism could be considered inherently genetically inviolate. Scientists now had the ability to tinker directly with the most fundamental basis of every organism on the planet – its DNA. Genetic engineering had arrived.

         Most of us are familiar with the trope of game-changers who are not appreciated in their lifetimes. They achieve no recognition, and maybe even die penniless. Vincent van Gogh is perhaps the perfect exemplar of this but there are plenty of others, such as Mozart or Edgar Allan Poe. And as we’ve already seen in the examples of Mendel and Franklin, science isn’t immune to this phenomenon.

         Absolutely nothing like this happened to Cohen and Boyer. Fame and fortune very definitely followed them. True, they didn’t win a Nobel Prize,* but they have won just about every other major scientific award. Their two employers worked together to protect Cohen and Boyer’s work by patenting their findings, a decision that resulted in UCSF and Stanford making hundreds of millions of dollars. The inventors usually receive a share of the income. As if that wasn’t impressive enough, Herbert Boyer went on to found Genentech, one of the most successful biotechnology companies ever created, and one which has produced life-changing and life-saving drugs. 

         Scientists in pretty much all biological disciplines rapidly took up and improved this amazing new box of tools. The basic technology was expanded, and made faster, easier and cheaper to use. For nearly fifty years these techniques provided the methods required to create astonishing new breakthroughs, from gene therapy for rare human diseases to nutritionally-enhanced rice that could save hundreds of thousands of lives a year. But although scientists expanded the range of questions they could address using these tools, the technology remained fundamentally unaltered. It was very recognisably the same as that developed by Cohen and Boyer back in the days of bell bottom trousers, platform shoes and the original series of Hawaii Five-0.

         But in 2012 all this changed, when a new technology emerged which has altered once again how we can manipulate the DNA of living organisms. This new technology is cheap, incredibly easy to use, fast, flexible and may prove to be the silicon chip to the Cohen and Boyer valve. But to understand why, we need to look in more detail at DNA.

         DNA Class 101

         DNA is the genetic material of almost all organisms. The acronym stands for deoxyribose nucleic acid, which is a bit of a mouthful. A helpful way to think of DNA is as a written text like a script or a book. Any written text is made up of letters from an alphabet. In the case of DNA, the alphabet contains only four ‘letters’ called A, C, G and T. Technically, these are referred to as bases, but ‘letters’ probably serves our purpose better here.

         It might seem odd that the basic alphabet of complex life is so simple. But you can do a lot with four letters if you have enough of them. When your parents had sex and created you, your mother and father each contributed 3,000,000,000 of these letters, arranged in very specific sequences. At most of the 3 billion positions the letter is the same in both your mother and father. But about once in every 300 positions the letter will be different in your mother and father. In your mother it might be a T, in your father a G, for example. This means potentially there are 10 million sites where your DNA sequence will be different from someone else’s.3

         This is one reason why humans vary so much. We have different DNA scripts from each other, because we will have inherited different combinations of those 10 million potential variations. It’s also why closely related members of a family are more similar to each other than to unrelated individuals – we are more likely to have inherited similar genetic variations because we have shared close ancestors. You look like your own mother, not like your partner’s mum.

         Similarly, all humans are far more similar to each other in our genetic scripts than we are to other species. The sequence of letters in human DNA is different from in other organisms and the differences become more pronounced the further back we have to go in evolutionary history to find a common ancestor. If we compare the sequence of DNA letters between humans and chimpanzees, they are about 98.8% similar.4 But if we compare humans and bananas the figure drops to 50%. This doesn’t mean we are half-banana. There are complexities in the way these figures are calculated that make precise numbers a bit misleading, but you get the point.

         Boyer and Cohen’s breakthrough gave scientists the tools to interrogate and to use the genetic material of living organisms. Instead of inferring why a particular region of DNA was important, by examining what happened when you crossed individuals with and without a trait you were interested in, you could use the DNA itself to address the question.

         You could directly test a hypothesis at the level of the genetic material itself. If, for example, you thought a particular region of DNA in a strain of bacteria made that bug resistant to an antibiotic, you could test the idea quickly using Boyer and Cohen’s method. You just take the relevant region of DNA out of an antibiotic-resistant bacterium, and put it into one that is normally killed by the same drug. If the genetically engineered bacterium is now resistant to the antibiotic, you can feel a lot more confident that you were right about the role of that region of DNA.

         If we think of DNA as an alphabet, then the complete sequence of those letters in an organism can be thought of as its book. This complete sequence is generally known as the genome. The genes – the DNA sequences that code for Mendel’s invisible units of heredity – can be thought of as paragraphs within that book.

         Often these genes code for proteins. Proteins are the molecules that carry out many of the actions in the cells and bodies of living organisms. The haemoglobin that carries oxygen in red blood cells; the insulin that controls the uptake of glucose from the bloodstream after a meal; the rhodopsin pigment in our eyes that responds to light signals are all examples of proteins.

         Unless a writer is particularly avant-garde, they will usually use paragraphs when they write a book. Sometimes they may write a paragraph and then decide it’s in the wrong place and they want to insert it somewhere else in their book. If we think of an early writer – Mary Shelley for instance – this would have been a very cumbersome process. But for a modern writer like Stephen King, it’s not really a problem. He can just cut and paste. That’s what Boyer and Cohen’s innovation essentially enabled researchers to do – to cut and paste genomes.

         Often a writer will cut and paste within a single document such as a book. But there’s also nothing to stop them from pasting the paragraph into a completely different book. That was also possible with the first generation of genetic engineering, as scientists were finally able to move genetic ‘paragraphs’ from one life-form to another. Pasting a particular DNA gene/paragraph from a jellyfish into the genome of a mouse created mice who glowed bright green under ultraviolet light. Thousands of other applications developed, with major impacts for basic research and with practical applications such as the development of improved crops or the creation of new treatments for human diseases.

         But even though researchers made multiple improvements to the basic technology, there were still fundamental problems holding back progress. Genetic engineering in bacteria is easy. Their genomes are small, and it’s very simple to persuade bacteria to absorb new genes. You can generate genetically engineered bacteria in just a few days. It’s much more complicated to do similar experiments in mammals. It’s harder to persuade mammalian cells to incorporate the new genes, for a start. And if you want living organisms such as live mice, rather than just mouse cells in the lab, you need to inject DNA into fertilised mouse eggs, implant these eggs into female mice, and hope the tiny embryos develop and grow OK. If they don’t, you may have lost months of time, during which your competitors are getting ahead of you, and your grant funding is running out with nothing to show for it.

         When a writer performs a cut-and-paste on a manuscript, they control where they put the paragraph they have moved. This is a good thing, as randomly placed paragraphs rarely work well. But with the original technology for moving genes around it was very difficult to control where they were inserted. This created profound problems because in living organisms the expression of a gene is highly influenced by where it is in the genome. Put it into the wrong location and it can be like sticking a ballerina into concrete, or a seal on a trampoline. The outcomes might be interestingly weird but they aren’t likely to tell you much about normal activity of the gene.

         In 2001 scientists finally had access to the entire genome sequence of humans, our complete 3 billion letters of genetic information. It’s not really a book, more like a multi-volume opus that fills a two-metre-high bookshelf, and it’s been extraordinarily useful. We humans aren’t the only species for which this book of life has been recorded. Researchers have sequenced the genomes of over 180 other species and the number is increasing all the time.5

         Scientific curiosity has increased over this period as well. Whenever new technologies are introduced, they increase the range of questions that researchers can tackle experimentally. But the inquisitive nature of scientists means that we always want to probe with greater sophistication and more complexity. The limitations of the Boyer and Cohen approach, even with all the improvements made to it over a period of more than forty years, were a source of ever-growing frustration.

         What if instead of wanting to know about the actions of an entire gene (a paragraph), you actually want to know the precise role of just one letter? After all, that could be the difference between your business card describing you as an ‘interior designer’ or an ‘inferior designer’. Of course, a business card is very small, with only a tiny amount of text. Can it really be true that one letter in our 3-billion-letter books of human life could be equally important? Well, yes. Boys with just a single letter change in a specific gene6 develop a devastating condition characterised by gout, cerebral palsy, mental retardation and self-mutilation of lips and fingers.7 That’s just one example. There are hundreds – possibly thousands – of other human disorders caused by such single letter errors.

         It was extremely difficult, costly and time-consuming to use the original techniques to make changes to just one letter in a complex genome. It was even more difficult to change simultaneously a few letters at different positions in a genetic book. But being able to do this is vital if we want to explore how some of the 10 million variable letters in the human genome work together to affect our lives.

         That’s why the entirely new technology that developed from 2012 onwards has been such a breakthrough. Almost in one bound, scientists were free of the constraints imposed by the technical limitations of the existing methodologies. In this exciting new landscape, any lab could tackle fascinating new questions, cheaply, quickly and easily, with a high likelihood of technical success, and a degree of precision that had previously been the stuff of dreams. Welcome to the wonderful and sometimes worrying world of gene editing.

         
            Notes

            1. http://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1000653

            2. http://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1000653

            3. https://ghr.nlm.nih.gov/primer/genomicresearch/snp

            4. https://www.amnh.org/exhibitions/permanent-exhibitions/human-origins-and-cultural-halls/anne-and-bernard-spitzer-hall-of-human-origins/understanding-our-past/dna-comparing-humans-and-chimps/

            5. http://www.genomenewsnetwork.org/resources/sequenced_genomes/genome_guide_p1.shtml

            6. Davidson, B.L., Tarle, S.A., Palella, T.D., Kelley, W.N. ‘Molecular basis of hypoxanthine-guanine phosphoribosyltransferase deficiency in 10 subjects determined by direct sequencing of amplified transcripts’. J. Clin. Invest. (1989); 84: 342–346.

            7. https://www.omim.org/entry/300322?search=lesch-nyhan%20mutation&highlight=leschnyhan%20lesch%20nyhan%20mutation#40

         

         
            * Another researcher, Paul Berg, was awarded the Nobel Prize in 1980 for some foundational work on recombining DNA.
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