
  


  1. DNA AND BEYOND


  ONE OF THE MOST AMBITIOUS AND PROMISING SCIENTIFIC ­PROJECTS of the last half century was the Human Genome Project, launched in 1990. It aimed to map the entire human genome, down to the exact sequence of DNA’s ­four-­character alphabet of chemical letters arrayed along the double helix. This herculean goal, analogous to landing a man on the moon, took billions of dollars and a ­decade-­plus of labor by thousands of scientists.


  The first milestone was reached in 2000. President Bill Clinton called a news conference to announce that a rough draft of the genome had been assembled. After more refining and ­cross-­checking of the data, the project was completed in 2003 and a final draft of the genome was published. Scientists had delivered a complete map of our DNA, right down to the positions and sequences of tens of thousands of genes on the different chromosomes, with each ­protein-­coding gene containing a wealth of digital information. (Microsoft founder Bill Gates commented that “DNA is like a computer program but far, far more advanced than any software ever created.”1) Thanks to the ­coordinated efforts of ­geneticists around the globe, anyone could access online the exact spelling of the entire 3.1-­billion-­letter DNA database for Homo sapiens.2


  The project was a magnificent success, and hopes were running high for its practical benefits. At the June 2000 news conference, President Clinton gushed, “With this profound new knowledge, humankind is on the verge of gaining immense new power to heal. Genome science will have a real impact on all our lives and even more on the lives of our children. It will revolutionize the diagnosis, prevention, and treatment of most, if not all, human diseases.”3 Nor was it just politicians expressing such high hopes. Around the same time, Mike Stratton, of the Cancer Genome Project, remarked, “It would surprise me enormously if in twenty years the treatment of cancer had not been transformed.” And UK Science Minister Lord David Sainsbury exclaimed, “We now have the possibility of achieving all we ever hoped for from medicine.”4


  Alas, many of those expectations remain unfulfilled. For example, when the project was being organized, there were grand expectations that it would quickly lead to a host of powerful gene therapies. That hasn’t happened. As the headline of a ­front-­page article in The New York Times announced, “A Decade Later, Genetic Map Yields Few New Cures.” In the article, writer Nicholas Wade expresses dis­appointment that


  medicine has yet to see any large part of the promised benefits. For biologists, the genome has yielded one insightful surprise after another. But the primary goal of the $3 billion Human Genome ­Project—­to ferret out the genetic roots of common diseases like cancer and Alzheimer’s and then generate ­treatments—­remains largely elusive. Indeed, after… years of effort, geneticists are almost back to square one in knowing where to look for the roots of common disease.5


  The Human Genome Project was an undeniable success in advancing our knowledge of our DNA. So, how could the conquest of such an important frontier in genetics produce such underwhelming results in terms of medical breakthroughs?


  One thing that held things back, we would suggest, was insufficient progress in a ­genome-­adjacent ­frontier—­a situation, however, that is beginning to change. Scientists are learning more and more about a second biological encyclopedia of information that resides above the information stored in DNA. Researchers are decoding a system in the ­cell—­a sophisticated software network situated beyond ­DNA—­crucial to the differentiation of a single, fertilized egg cell into hundreds to thousands of cell types during human development.


  This higher control system also appears to be a factor in aging processes, cancer, and many other diseases. It guides the expression of DNA, telling different kinds of cells to use different genes, and to use them in the precise ways that meet the needs of those different cells. This “information beyond DNA” plays a crucial role in each of our thirty trillion cells (give or take a few trillion), telling the genes when, where, and how they are to be expressed.6 This is biology’s mysterious new ­frontier—­the epigenome.


  None of this is to say that progress in genetics has slowed. Practically every month sees researchers publishing new discoveries about DNA and its information storage and processing abilities, along with fresh insights into DNA’s companion molecules, RNA and proteins, built from the information stored in DNA. But interwoven with these stories are reports of scientists discovering fresh details about the control system that sits above our genetic riches, the many byways of the wondrous epigenome now being diligently mapped and cataloged.7


  Much of this epigenetic architecture resides very close to our genes, dynamically connected to the double helix in the form of a multi­layered system of tiny chemical tags and molecular structures such as the ­nucleosomes—­tiny spools coiled with DNA. (See Figure 1.1.) Unraveling the details of this extraordinary interplay of genome and epigenome is proving enormously fruitful. It is also raising fresh questions as to how such a sophisticated ­information-­processing system could have arisen in the history of life.
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    Figure 1.1. A stretch of DNA wrapped around spools made of a tightly packed cluster of histone proteins (the light colored globular molecules). Eight histone proteins combine together and are wrapped with DNA to form a nucleosome. Here, four nucleosomes are visible, with tails on the spools.

  


  The term epigenome commonly refers to the various chemical tags that attach to histones and nucleotides, which together direct various epigenetic regulatory mechanisms. Yet, in our journey through the epigenome, we will use the word in a slightly broader sense, to include all layers and levels of cell memory and stored information found beyond DNA and ­RNA—­all the way out to our cellular membranes, which have their own sophisticated pockets of information. This is the realm of inheritance not rooted in our genes.


  Picture a human genome, composed of DNA, as a sailing ship docked in calm waters. When the winds rise and the captain wants to venture out to sea, he sets the sails to catch the wind and moves the rudder to direct the ship toward its destination. In our analogy, the captain, the sails, and the rudder are the multilayer epigenome. We want to explore and understand every part of this biological ship at sea, both the DNA and every dimension of the cell’s epigenetic programming that directs the expression of DNA.


  Junk Gets a Promotion


  DNA, often described as the master code of life, is flashing an impish smile. She has been coy of late, harboring shocking scientific secrets. During the past three decades, this ­thread-­like, spiral molecule has played a game of genetic ­hide-­and-­seek with scientists. Fortunately, she has left many helpful clues for us to follow, and researchers have been stunned by what these clues are telling us.


  One is the discovery of a sophisticated “splicing code” embedded within the familiar DNA sequence.8 This set of instructions enables a single gene to be knit together into a host of gene ­products—­the messenger RNA “gene copies” that serve as blueprints for building proteins. The variety of such products from one gene is shocking, “numbering in the hundreds and even thousands,” as Douglas Black explains in the journal Cell.9 It is like a brilliant chef producing a single “super recipe” from whose instructions cooks can produce a thousand different sumptuous dishes.


  Perhaps the biggest headlines came from a pair of scientific discoveries, compliments of the combined effort of dozens of laboratories across the world, known as the ENCODE Project. Berkley Gryder, head of the Gryder Lab at Case Western Reserve University, described the findings as an “earthquake” in the molecular biological community.10 This global study turned the prevailing picture of DNA on its head. Previously, vast stretches of the human genome had been deemed “junk DNA.” Estimates have varied, but for decades molecular biologists frequently predicted and believed that 90 percent of the ­genome—­even as much as 95–99 ­percent—­was composed of useless genomic gibberish.11 According to this older view, these stretches of DNA (unlike our ­protein-­coding genes) were debris accumulated during eons of evolution, precisely what one would expect from an evolutionary process devoid of foresight and planning and fueled by a long series of random genetic mutations.


  Then ENCODE published its findings, revealing that in many cases the mysterious “junk” sequences are read and copied, and the copies are used in numerous cellular functions. They are anything but junk. Ewan Birney, a pioneer in the field of bioinformatics, estimated that at least 80 percent of our DNA has biological function, and added, “It’s likely that 80 percent will go to 100 percent. We don’t really have any large chunks of redundant DNA. This metaphor of junk isn’t that useful.”12


  By 2024, three scientists completed a review and found over 800 scientific papers describing the functions of formerly labeled junk DNA.13 Much remains to be learned, but one thing is already clear: The credibility of the junk DNA framework has been fatally ­damaged. Textbooks are being rewritten to accommodate this surprising reversal.


  Also of note, many of our genes have been found to code for various RNA copies that are never used for protein production. For instance, one type of RNA, called microRNA, is tiny, averaging ­twenty-­two nucleotides long. Discovered by biologists Victor Ambros and Gary Ruvkun, microRNAs (or “miRNAs”) are crucial to regulating growth and development, as well as gene expression and metabolism. Their importance was underscored by the awarding of the 2024 Nobel Prize in Medicine to this duo.14


  This miniature RNA is just one of many RNA molecules that have been discovered. Intriguingly, many of these RNAs don’t leave the nucleus. They spring into action inside the nucleus, where they carry out vital functions. Such findings challenge the traditional view of our genetic blueprint as a tidy collection of independent genes, and instead point to a complex network in which genes, along with regulatory elements and other types of DNA sequences that do not code for proteins, interact in ways not yet fully understood.15


  The Birth of a Discipline: Epigenetics


  The other big discovery is the epigenome, DNA’s partner in the elegant waltz of cellular life, which determines how genes are expressed. Or to borrow another metaphor from the world of music, it’s not unlike the way a skilled conductor guides an orchestra. The study of this complex system is called epigenomics or, more commonly, epigenetics. Figure 1.2 compares genetics with epigenetics. All over the world researchers are probing the mysteries of the epigenome, and the complexity of the system coming into focus seems to grow with each passing month.


  We have learned much about the clever architecture that enables this system to work so efficiently. Many of its functions are directed by a chemical software program with its own set of codes, connected by tiny signals and switches.


  Two of these epigenetic codes are embedded close to a cell’s DNA in a ­double-­tiered library of instructions. This dual library differs from cell type to cell type so that, for example, a brain cell’s epigenomic information is noticeably different from that of a muscle cell. According to Gryder, if various developmental stages of cells are included, the number of distinct epigenomes might tally in the many thousands.16


  When we zoom in on the intricate nooks of DNA’s molecular landscape, we see millions of these chemical switches. Some epigenetic signals are hard to ­spot—­tiny molecular tags placed on the double helix itself. A second epigenetic code involves various distinct markers attached to the spools DNA is coiled onto, the histone proteins pictured in Figure 1.1. The wrapped DNA, plus the histone-based spools as well as other proteins that help package DNA into chromo­somes, are together called chromatin. Chromatin makes up the stuff of our forty-six chromosomes, coiled together deep inside the nucleus. Intriguingly, chromatin has been found to regularly undergo purposeful transformations, known as chromatin remodeling. These ­shape-­shifting changes are a prime focus of epigenetic research.
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    Figure 1.2. Genetics and epigenetics compared.

  


  Emerging evidence points to additional layers of subtly coded information built into other parts of the cell, including in the cell membrane and the interior structural members of a cell. This strange new realm of functional information, written into parts of our cells distant from DNA, can be startling when one hears of it for the first time. It’s a bit like discovering that the digital memory in a computer is not confined to the hard drive. Imagine being told that millions of bits of vital data are inscribed in other specialized codes embedded in the interior wiring, keyboard, screen, outer casing, and many other parts of the computer.


  Reprogramming Family Health for Generations


  Perhaps the most sobering discovery emerging from this research field is that our system of epigenetic control can be modified by our lifestyles, and these changes passed down to our children, grandchildren, and possibly beyond.18


  For example, a study by Lars Bygren of the Karolinska Institute in Stockholm focused on the health histories of ­ninety-­nine families in a tiny village in a remote agricultural region called Norrbotten, in northernmost Sweden.19 As Bygren studied the life patterns in this village, where his own father had grown up, he uncovered a stark reality. A pattern of ­binge-­eating during a period of abundant harvests seemed to have reprogrammed the epigenetic system of young boys in the village, dealing a devastating blow that lasted for many decades. By studying the patterns of diet and longevity in these lineages, Bygren concluded that lifespans of the next two generations of farmers were shortened appreciably because of a single year of gluttony.


  These findings, originally reported in prestigious science journals, was highlighted in a Time cover story, “Why Your DNA Isn’t Your Destiny,” which surveyed the explosion of epigenetics research. “Bygren… showed that the grandsons of Overkalix boys who had overeaten died an average of six years earlier than the grandsons of those who had endured a poor harvest,” reported journalist John Cloud. “Once Bygren and his team controlled for certain socio­economic variations, the difference in longevity jumped to an astonishing 32 years.”20


  These discoveries have brought us to the edge of a revolution in the biology of inheritance. Several lines of evidence suggest that patterns of daily ­living—­including diet, stress, smoking, and ­exercise—­may have the power to reprogram one’s epigenetic system and that of future offspring. How deep do such epigenetic changes ­go—­for good or ill? How many generations may reap the effects of these epigenetic alterations? Answers thus far are hazy, and the subject remains an area of ongoing research. But what is clear is that our epigenome is somewhat malleable, and changes can be passed on at least as far as one’s grandchildren. Cloud concludes the Time article thus: “It will take geneticists and ethicists many years to work out all the implications, but be assured: the age of epigenetics has arrived.”


  A Multilayered Revolution


  In sum, scientists continue to probe the incredible genome, even as they plumb the mysterious epigenome. These advances are worthwhile for their own ­sake—­for the intrinsic value in deepening our understanding and appreciation of the intricacies of organic life. But this new double ­focus—­genetics + ­epigenetics—­also may teach us how to modify the epigenome through careful changes to diet, exercise, and other life patterns so as to improve our health21 and perhaps even the health of our descendants.


  As we sketch a picture of this molecular architecture, we will highlight recent findings about DNA and show how the epigenome’s switches and gadgets work thanks to complex biological machinery. The machine descriptor in this context, mind you, must be taken with a grain of salt. The term is meant to convey the fact that each of these molecular devices is marked by a purposeful arrangement of precisely tailored parts into an organized whole, one that achieves a function that no mere jumble of parts would. But the machine imagery provides only a partial picture. It’s not that it exaggerates the situation. Just the opposite. It risks diminishing the advanced nature of these marvels, devices that possess an intrinsic and ­goal-­directed purposiveness, often including the ability to ­self-­assemble and ­self-­repair. These twin powers are absent from the relatively crude technology devised by our most advanced human engineers.


  We persist, however, in using the language of machines because we are all familiar with various manmade machines to one degree or another, and the language serves well to shatter the common misconception of microbial life as relatively crude and simple beside ­cutting-­edge human technology. Take the most advanced human factory you can think of, and now imagine that it also can ­self-­replicate, ­self-­repair, and run without human factory workers; then you will begin to get an idea of the sort of “machines” we are talking about in microbiology.


  As we explore this frontier of discovery, we will take a couple of trips via an imaginary ­micro-­miniaturized submarine into the realm of the cell and visit its ­DNA-­packed nucleus. The submarine is fictitious, of course, but what its crew observes are the very real discoveries made by advanced laboratories around the world.


  Purposeless or Purposeful?


  Because we are dealing with foundational scientific discoveries, we will address several “So what?” questions in the course of the book. One, already noted, relates to health and wellness. Another is whether these findings strengthen the impression of an inherent purpose to life and the natural world.


  Moving deeper, we will consider how these findings challenge our ­worldview—­our Weltanschauung, to use the German term. After exploring the new vistas of integrated, multilevel cellular complexity, we will ask, Who or what designed and built this system? Was it a purely blind, material process, as modern evolutionary theory holds? Or is there evidence that this sophisticated architecture sprang from some designing ­intelligence—­from an Architect? This question will be tackled using an approach long employed in the historical sciences, called the method of multiple competing hypotheses, or inference to the best explanation, an approach elucidated with particular rigor by the late Cambridge philosopher of science Peter Lipton.22


  We approach with special care this issue of how cellular complexity arose, aware that modern evolutionary theory is closely associated in many people’s minds with cherished values such as scientific enlightenment, critical reasoning, and educational progress. As a result, when one points out empirical problems with its story of how life’s interconnected complexities arose, one reaction may be scandalized astonishment mixed with incredulity. This sense of shock is all the more likely if one has not followed the twists and turns in this scientific discussion in recent years. Those who have not will be unaware, for instance, that in November 2016, the Royal Society, the oldest and among the most distinguished scientific societies in the world, met in London to discuss questions in biology that remain unanswered by the ­neo-­Darwinian synthesis. At the gathering, several leading life scientists revealed their deep dissatisfaction with textbook orthodoxy regarding how new life forms arose.23


  Another notable moment occurred in 2022 with the publication of an article entitled, “Do We Need a New Theory of Evolution?” Appearing in a June issue of the UK’s ­left-­leaning The Guardian, this controversial survey by science writer Stephen Buranyi featured the heretical ideas of various biologists from what is known as the Third Way of Evolution, or the Extended Evolutionary Synthesis (EES).24 This group relegates the ­neo-­Darwinian mechanism to a secondary role in explaining the emergence of novel biological form, focusing instead on new mechanisms they hope will shore up the weakened center post of evolutionary theory.25


  Meanwhile, various recent studies have expanded the empirical resources of those championing the design hypothesis.26 One ­book-­length treatment focuses on empirical evidence of genetic mutations in action, and on the nature of those mutations that have provided notable examples of evolution. The book, Darwin Devolves (2019) by Lehigh University biologist Michael Behe, reviews a series of revelations about cases of microevolution, such as beak variations in Galapagos finches and the rise of
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