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Praise for Mapping Humanity

“In Mapping Humanity, Joshua takes readers on a journey through the fascinating field of genetics. This book weaves together key scientific background information, exciting real-world applications, and important ethical issues in an accessible and engaging way.”

—Marie McNeely, PhD, cofounder of People Behind the Science and Unfold Productions

“This book will serve as a very current and approachable way for the public to better understand this very interesting time in genetics and genomics, where the combination of sequencing and DNA manipulation technologies has brought us, while revealing the ethical and societal impacts.”

—Elaine Mardis, coexecutive director of the Institute for Genomic Medicine at Nationwide Children’s Hospital
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We are survival machines—robot vehicles blindly programmed to preserve the selfish molecules known as genes.

—Richard Dawkins, The Selfish Gene
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Because the history of evolution is that life escapes all barriers. Life breaks free. Life expands to new territories. Painfully, perhaps even dangerously. But life finds a way.

—Michael Crichton, Jurassic Park




INTRODUCTION

The Power and Promise of Genomics

Everything that is alive is made of cells. Your body is made of many different types of cells—including tiny white blood cells that fight infection, thin nerve cells that conduct electrochemical signals, skin cells that protect internal organs, and muscle cells that produce movement. Although all the cells in your body serve different functions, every cell has one key thing in common: your genome.

Most of your cells contain a nucleus, an oval-shaped structure inside the cell, and the nucleus of those cells contain the bulk of your genome, a library of your DNA—everything that makes you you. While there are a few types of cells that do not contain a nucleus, and thus have little DNA (like red blood cells and platelets), these are still derived from precursor cells that have a nucleus that is lost during the final steps of differentiation.

DNA contains the blueprints that make up the main structural and functional components of our cells, our bodies, and our selves. By studying the genome—a field known as genomics—we can hone our understanding of the fundamental mechanisms governing health, disease, development, and evolution. The similarities and differences among specific genomes help answer questions including how we evolved into the complex organisms we are and the genetic basis of diseases. Furthermore, genomic technologies are today being harnessed in applications ranging from the criminal justice system to food production.

For the last twenty years, I have studied cell biology. Cell biologists like myself devote their careers to understanding how cells work. There are different ways that cell biologists go about discovering how cells function:

•They mash up a bunch of cells and carefully quantify the various chemicals and molecules present—a bit like analyzing a milkshake to figure out how many strawberries went into it.

•They take cells and make them grow together into organized clusters resembling the organs found inside the body, creating so-called organoids that can be studied in culture; these organoids are like cells but demonstrate some of the more complex characteristics found inside the body.

•They use what we call “model organisms,” such as fruit flies and mice, to study cells in the context of simpler and more easily manipulated living systems. This information can then provide critical insights into how similar processes unfold in our own bodies.

As a microscopist, I use high-powered microscopes to study what is going on inside cells. Generally, microscopists label specific components of the cell, and we often do this with living cells in order to study the dynamic functions of important parts of the cell as the processes of life unfold. But this can be a bit like learning to cook while only tasting the finished dish.

When it comes to food, you can gain a lot of information by examining the taste and appearance of the end product. It’s obvious that mashed potatoes are better when they’re smooth, rather than lumpy. You can taste the difference between bland, salty, and properly seasoned food. You can count the number of meatballs in your plate of spaghetti, and then break one open and see if it has onions inside. But to really understand how a dish is prepared, you need a recipe. The recipe tells you what goes into a particular dish, and how to prepare it. Without a recipe, how would you know how much garlic to add to the sauce, or when to add it?

To continue with our food analogy, you can learn a lot from viewing cells. But it’s the genome that tells you about the building blocks of an organism and how it operates. This is why the genome is so important—it contains the recipe for the unique dish that is everything alive.

HOW THE GENOME WORKS

Basically, the genome inside our cells encodes the proteins that make up the structures of our bodies and perform many of the functions required for life. Individual genes contain a specific sequence of DNA that corresponds to a particular protein generated through a series of chemical reactions. The proteins encoded by genes are the main structural and functional components of our cells. Enzymes are proteins that perform specific functional roles—they can make a certain chemical reaction take place or act like a little molecular motor moving other proteins or structures around inside our cells. There are proteins that make our muscles contract, make our blood clot, make up our hair and fingernails, and perform countless other functions.

The genome provides the instructions for what the proteins should do, but it does not provide all the building blocks necessary for life. Some of the molecules needed for our survival—vitamins, minerals, sugars, fats, essential amino acids, water, and oxygen—must be brought in from the outside and incorporated into our diet. Other than the nutrients we ingest, nearly everything else that we are made of—our bones, hair, organs, and blood—is either formed directly from the proteins encoded by our genes, or as the product of enzymes encoded in our genomes. Even essential dietary nutrients must be stored, processed, and metabolized by proteins made via the instructions present in our genes.

Our genome contains discrete stretches of DNA called genes that contain the order of components that need to be put together to form specific proteins. It was once thought that each gene encodes exactly one, and only one, protein. However, it is now known that the information present in one gene can be processed many different ways, resulting in the formation of multiple distinct but related proteins. This would be like making cinnamon buns, hamburger buns, or a loaf of bread all with one type of dough that is treated differently depending upon the preferred final result.

All members of the same species will generally have the same genes, in the same basic order within the genome. However, humans carry two copies of each gene, one from the mother and the other from the father. Sperm and egg cells, referred to as gametes, have only one copy of each gene. During gamete formation, one from each pair is selected, and this is normally independent of any other gene. If one gamete has a person’s maternal copy of gene 1, it generally holds that this has no bearing on whether the same gamete contains the maternal or paternal version of genes 2, 3, and so on. Thus, because the maternal and paternal copies of different genes mix and match to form the individual gamete, no two sperm or eggs are identical. This is like selecting which type of pasta, sauce, cheese, salad, or dressing that you pick from a buffet to put on your particular plate.

Later, when combined during fertilization, a matching pair for each gene, one from each gamete, is created. Although no sperm or egg contains exactly the same combination of genes from our mothers and fathers, on average these different versions of our genes are split equally into sperm and egg, and thus siblings typically share 50 percent of the same DNA. Humans have approximately twenty thousand genes, although estimates vary. Imagine that you and your sibling are standing at a very long buffet with twenty thousand different stations, each with only two choices, Caesar salad or house salad, chicken soup or minestrone, rolls or crackers, and so on. After the two of you went through the entire line of twenty thousand binary choices and looked at your (very large) plates, you should have selected about 50 percent of the same things, especially if the choices were random—and not influenced by dietary restriction or allergies.

Because our genes don’t have the same DNA sequence, the corresponding proteins might be a bit different from each other because maternal and paternal versions of your genes are different. The exact DNA sequence makes my genome slightly different from yours. Although this difference can be subtle and reflect only a tiny proportion of the whole genome, this is what makes each of us unique.

Although every human will have the same genes, the variants of the DNA sequence in those genes are what creates diversity within the population. Ultimately, these variations primarily come from the inherent error rate in the enzymes that make copies of the genome when cells divide. These errors can have undetectable effects, cause subtle changes, or lead to catastrophic results, depending on the specific change in question.

The entire genome must be duplicated every time one cell splits into two cells, which is how we develop and grow on a cellular level. We start out as a single cell, a fertilized egg, which then divides countless times. Eventually, the cells differentiate and adopt specific characteristics that become the organs and cell types within the embryo and continue to develop throughout a person’s life cycle.

CHANGES TO THE GENOME

The genome can change during cell division, and genomic variation that arises postfertilization can have effects upon the individual as well. This is the difference between an inherited mutation that was passed down from one of your parents and what is called a spontaneous mutation—for example, one that occurred early on in development when you were just that first single cell, or even as an adult. Any change present in sperm or egg will be passed down to the next generation. This is what it means for a mutation to be “heritable.” However, changes that are not present in sperm or egg, such as a spontaneous mutation that arises during adulthood and causes a tumor to form at a particular place on our body, will not be heritable.

Changes to your DNA that increase the rate of division in a single cell can lead to cancer. If you get a really bad sunburn, the solar radiation can mutate DNA in your skin cells, potentially leading to skin cancer. These mutations, however, would not be passed down to your children. The reason you wear a lead apron when you have an x-ray is because the radiation used could cause mutations to occur, and if this happens in a sperm or egg those mutations could be heritable.

But not all mutations are bad. Heritable genetic variation leading to diversity in a population is the basic concept behind the theory of natural selection as proposed by Darwin. These variants can be called mutations, although that word has somewhat negative connotations. The inherent error rate of the enzymes that duplicate the genome during gamete formation or soon after fertilization ensures that a bit of change is introduced into the population. These variations can be positive, negative, or neutral for the individual, and the ultimate impact can depend upon specific environmental conditions, challenges, and stresses.

Random variation in the genome that is heritable and makes an individual better suited to a specific set of conditions will allow that person, and their progeny, if they too carry this mutation, to be fruitful and multiply, as well as to outcompete other individuals struggling against the same selective pressures. Thus, mutation is the currency of evolution. Although Darwin’s theory of evolution—or more precisely, natural selection—is often referred to as “survival of the fittest,” it can be more useful to think of it as selection of the mutations that provide the best chance for survival in a particular set of conditions.

One key aspect of the theory of natural selection is that it is not just about the success and survival of an individual who might carry a specific new genetic variant; the mutation in question must be heritable and make its way into the next generation so that it can potentially spread through the population. Therefore, in order for a mutation to be truly advantageous from an evolutionary perspective, it must ultimately promote survival of future generations, not only the individual. For example, if you can imagine a mutation that benefits the individual at the expense of the ability to procreate, this would not ultimately be beneficial to the species. In a similar fashion, mutations that improve the chances of mating, or the survival of progeny, would also be favored.

However, there is an additional facet of the theory of evolution that is referred to as sexual selection. This suggests that mutations that make an individual more attractive to potential mates will be selected, which accounts for physical features like peacock tails and behaviors like exotic mating rituals. These characteristics could be interpreted as indirectly demonstrating evolutionary fitness—for example, consider if only particularly healthy and well-fed potential mates may have the ability to display lush plumage or the energy to perform a mating display. But they could also have evolved owing to preferences in appearance or behavior in the potential mate. The cognitive basis for these types of preferences is an extremely active area of inquiry by evolutionary biologists. However, from the points of view of both natural selection and sexual selection, specific mutations that improve the ability of an individual to survive and reproduce will be selected and passed to future generations.

Mutations that cause disease or otherwise reduce fitness will similarly be selected against, if the effects result in a lower probability of successfully mating. However, mutations that cause diseases often don’t emerge until well after mating occurs and therefore will not be subject to the same selective pressures. This is one way of looking at so-called diseases of aging and can help us understand why so many physical problems seem to emerge once we have passed through our reproductive prime. Of course, parenting and other benefits of maintaining older individuals in a family or group would provide evolutionary pressure to extend life span beyond reproductive age.

Ranging from cancer to heart disease and diabetes, the incidence of many diseases can be seen to rise sharply once we exit our reproductive years. One stark example of this phenomenon is Huntington’s disease, a progressive neurodegenerative disease caused by a specific mutation that generally doesn’t start to show symptoms until, on average, the age of forty. Thus, before genetic testing for Huntington’s was available, it was hard to know if an individual might be affected and at risk of passing on the mutated gene during the reproductive years.

Generally speaking, many different and sometimes apparently contradictory forces can have effects on natural selection. Influences and circumstances can change, and a variation that might be advantageous at one time and place can be unwanted under different environmental conditions. The mechanisms that evolved to drive us to seek out salty, sweet, and fatty foods worked efficiently and appropriately when we were chasing down gazelle and searching for the occasional mango or handful of sweet berries devoid of bitter toxic chemicals. However, now that many people in the developed world live under conditions where rich and sugary food is easily attainable, and exercise rare, we are suffering as a species. Thus, the mutations that drove us to be better at converting these energy sources to fat were beneficial when these types of foods were scarce and our species was generally starved for sufficient nutrients, but now these same characteristics and traits have become potentially harmful given the differences in environment and behavior.

Of course, the genetic basis of the effects of the so-called Western diet—one that is high in sugar, salt, and fat—must also be considered. If two different people eat the same food, they won’t necessarily process and store the nutrients in the same way. Over time, one person might develop diabetes, high blood pressure, or heart disease, but the other might not. From an evolutionary perspective, it stands to reason that people who are healthier, at least through reproductive age, through an inherent ability to better thrive on the Western diet, might be able to pass their genes on more effectively, and ultimately the human species as a whole will adapt. But even if this is the case, the process of evolutionary adaptation takes a very long time (many generations) and can result in the ultimately unnecessary suffering of many individuals.

Of course, not every species displays such long generation times. We can see evolution in real time when we consider antibiotics and bacteria. Penicillin is a chemical produced by bread mold, a fungus, and can kill certain types of bacteria. Over the course of their ancient molecular arms race with bacteria, certain fungi evolved the ability to produce antibiotics to gain an edge in the competition for nutrients. Penicillin and other antibiotics have proven invaluable in our own species’ war against bacterial infection. However, through our overuse of antibiotics, we have altered the evolutionary history of bacteria.

If you expose a sample of billions of bacteria to antibiotics, there might be a few that are resistant. Because those bacteria harbor a genetic variation that makes them resistant to the antibiotic, they will survive while the majority will not. If the bacteria are maintained in culture conditions containing this antibiotic, ultimately only those with the antibiotic resistance will survive. However, it could be the case that the process of exhibiting antibiotic resistance takes a bit of extra energy or makes those bacteria in some way less robust. So if you were to remove the antibiotic and mix back in some of the original population, the antibiotic-resistant individuals would rapidly disappear, or at least decrease in number relative to those without the varation. This is because, as stated above, what is advantageous under one set of environmental conditions can be a disadvantage in another set of circumstances.

NATURAL SELECTION IN ACTION

Recently, the research group of Hopi Hoekstra at Harvard University published the results of an extremely exciting study that showed the entire process of evolution by natural selection in populations of wild animals. The group went to Nebraska and staked out three large areas with dark soil and three with light soil. They then cleared each enclosure of all the wild mice, collected groups of wild mice with a wide distribution of coat colors (from light to dark), took baseline DNA samples from the mice, and placed them into the enclosures.

Wild mice are prey for owls and other predatory birds that strike from above and look down to identify their prey. Contrasting colors—dark mice on light soil or light mice on dark soil—make the prey easier to spot, catch, and eat. Among wild mice, there is negative selection for coat color that contrasts with the ground where a mouse lives and positive selection for camouflaged coat color that blends in.

The researchers then watched the mice over time to see what happened. What they observed was extremely interesting and represents a detailed demonstration of evolution in action. Eventually, they found that the mouse populations in the enclosures changed color. As the darker mice in the area with light soil and the light mice in the area with dark soil were more efficiently captured by predators, the populations shifted over time; the more easily spotted mice were eaten, and the less obvious better camouflaged mice reproduced. Over several generations, there were relatively more dark mice in the enclosure with dark soil and light mice in the enclosure with light soil, as they were better able to escape predation and mate. As it takes only about ten weeks for a newborn mouse to become reproductively mature, these changes can occur rapidly. Furthermore, the researchers demonstrated a direct genetic basis for this observed change.

Coat color in mice is a complex result of several different genes and proteins. The gene Agouti has been previously demonstrated to be involved in regulating mouse coat color, and variants in the sequence of Agouti have been associated with differences in the shade of the mouse’s coat. At the start of the experiment the researchers found that one particular mutation in Agouti that actually results in a functional change to the sequence of the agouti protein was equally common among all mice in all enclosures. This mutation alters the activity of the agouti protein in such a way that the mouse’s coat becomes lighter. This mutation then became much more common in the light-colored mice found in the enclosure with light soil, and less common in the dark-colored mice in the enclosure with dark soil. Over time it spread through the population in the enclosure with light soil, as the darker mice were selectively predated, and similarly removed from the enclosure with light soil. Thus, the same mutation in the same starting population was beneficial in one environment and detrimental in the neighboring one.

In real time, these researchers took wild animals, subjected them to different selective pressures in a natural environment, and observed heritable genetic changes in the population over time that resulted in traits associated with better survival. Furthermore, the researchers were able to show that the two populations began to differ in a specific genetic variation dependent upon the isolation and differing selective pressures being applied, and that this genetic variation directly altered a trait associated with survival. The mutant agouti mice were lighter in color and selectively lost through predation in the enclosure with dark soil, while these same mice were protected from predation relative to the dark-colored mice in the enclosure with light soil. The populations that were not eaten were able to reproduce and have their genetics spread from one generation to the next.

Not all genetic variants lead to such clearly measurable differences in traits, but the more closely related to someone you are, the more of these variants you will have in common. When populations were more isolated, this meant that there would be more genetic similarity in one’s immediate family than in one’s extended family, and likewise more in one’s clan or village than the broader region. If members of two nearby tribes never intermixed—like the mice in the two enclosures—over time they could develop very different genetic makeups, which might otherwise be surprising considering the relatively close physical distance of the two populations.

On a population level, this type of genetic isolation can have good consequences within natural environments. If a group of individuals has certain genetic variants in common that provide a specific advantage in the face of specific environmental challenges—such as the ability to effectively utilize a food source found in that area or to withstand a particular stress, such as extreme temperature or lack of water—they will thrive where others may not.

In wild populations under natural selective pressures, mixing across genetic backgrounds can cause these advantageous adaptations to be lost. If the two isolated populations of mice in Nebraska were allowed to mix, the differences in coat color might quickly disappear and, depending on the color of the soil, no longer confer a selective advantage against airborne predators.

Alternatively, some variations in the genome can have negative consequences, and when they accumulate in a population—for example, through inbreeding—without available alternatives, genetic disease can result. In nature, there will always be a balance between the benefits of genetic diversity reducing the risks of inbreeding, and maintaining specific adaptations in a population to respond to particular selective pressures.

GENETIC DISEASES

There are many different types of genetic diseases. Some are dominant, which means that one mutated copy of a gene will cause disease. Huntington’s is an example of a dominant genetic disease. However, in many cases you won’t display the symptoms of a genetic disease if only one copy of a gene is mutated. These types of diseases are referred to as recessive, and if you have a single mutated copy of a gene associated with a recessive disease, you are considered a carrier. Two mutated copies of the gene must be present to have the disease.

A mutant variant of a gene can persist in a population if it has no negative effect or if the odds of two carriers mating is rare. In an isolated population that only breeds within itself, the odds of inheriting two mutated copies from carriers breeding together increases. If the disease caused by combining two copies of a recessive mutation decreases the ability to successfully reproduce—for example, if it is debilitating or potentially deadly during childhood or early adulthood—that mutation might ultimately be selected out of the population. However, sometimes having a single mutated copy of a gene can actually be beneficial, and thus be maintained within a population.

Sickle cell anemia is a debilitating genetic disease that can arise when two carriers of a specific genetic variant mate. Those with a single copy of this variant display what is referred to as the sickle cell trait. They do not have the symptoms of sickle cell anemia, and there is actually a benefit to being a carrier. Having only one mutant copy of the gene in question, which encodes the protein hemoglobin that carries oxygen in our red blood cells, provides carriers with some protection against malaria, an infectious disease. For the unlucky people who inherit two mutant copies, this is a negative mutation. But for carriers it is a positive genetic variant. This mutant form of hemoglobin is found in some areas where malaria is common because the overall benefit of having the trait conferred by inheriting one mutant copy outweighs the relative risk of inheriting two copies and thus having sickle cell anemia.

THE IMPACT AND INFLUENCE OF THE GENOME

As humans have reshaped our environment, reducing natural threats and external stresses and pressures, and as interbreeding between individuals from populations previously insurmountably distant from one another has become a regular occurrence, genetic diversity among the human species has in some ways had the potential to accelerate rapidly. At the same time, however, when previously isolated members of a genetically diverse species mix, unique genetic characteristics can become blended together and disappear. Furthermore, the forces selecting for specific variants have shifted tremendously. Although evolution takes generations, the changes we have brought about to our daily lives have occurred incredibly rapidly on an evolutionary timescale.

Although the first human genome sequence was generated over fifteen years ago, it is still very early days for incorporating genomics into clinical practice. While gene therapy or personalized medical approaches are being developed and already having an impact on health and treating disease, we currently know much more about individual genetic variants than we do about how our genome as a whole is implicated in disease development. The ability to decipher the genome and understand the implications of particular variants within specific genes, as well as combinations of variants, including within different populations and environments, is rapidly accelerating. Genomics, the study of the genome, is fast becoming a critical tool in disease prevention, diagnosis, and treatment. However, the ability to apply the tools of genomics to individuals also raises significant questions of privacy, identity, and ethics. As with many technological advances, often concerns are only raised after the horse has already left the barn.

Our genes belong to us. Everything from our particular physical characteristics and medical information to our family ancestry to the tale of human history and the evolution of our species is written in our genes. They are the essence of who we are as individuals and a species. They are what makes us unique and what ties us together through common origins and biological constructions. Genes cannot be patented, as the Supreme Court ruled that each is essentially a “product of nature.” That being said, researchers, medical professionals, and pharmaceutical and biotech companies are currently racing to develop gene therapies that can alter our genomes, hopefully improving our lives, reducing suffering, and prolonging life. Similarly, nearly every aspect of our food system is affected by genetic engineering. Scientists are even developing synthetic genomes that can be used to replace the natural occurring genomes in simple bacterial cells. Genomic technologies are fundamentally reshaping our understanding of identity and ancestry, and this information has significant implications for privacy and criminal justice.

The goal of this book is both to describe the power and promise of genomics and to accurately point out some areas for concern. The purpose is not to glorify and glamorize the genomic era that we are entering into as a panacea for all the ills of the world, nor to vilify the genomic researchers and corporations attempting to market and monetize genomic tools, techniques, data, information, and therapies.

Knowledge is power, and only through understanding the issues and specifics can informed choices be made. What is your genome? What makes it different from that of another human being? What are the implications of these differences? How can the genome be harnessed to help with medical issues, for both the individual and the population as a whole? What are the potential benefits and risks of living in a postgenomic world where anyone and everyone could have their genomes sequenced rapidly, cheaply, and accurately? This book will answer these questions, and will hopefully lead to insight into what it means to be human, what makes each of us unique, and what we all share in common.

I have written this book in a linear series of chapters that build sequentially. However, I have also aimed for each chapter to stand on its own so that readers can jump around or pick and choose chapters according to their particular interests. Although I have tried to avoid including long, redundant explanations in multiple chapters, critically important concepts are put into context whenever they are raised. Furthermore, the cross-references among chapters, as well as the index, should serve to provide any additional required explanations.




PART I

The Human Genome 101




CHAPTER 1

The Basics of DNA, Chromosomes, and Genes

The human genome is all your DNA, which stands for deoxyribonucleic acid. Nucleic in the name refers to the initial discovery of the vast majority of cellular DNA within the nucleus. The nucleus is an example of an organelle, a self-contained structure inside the cell that provides an isolated environment, contains particular molecules, and serves as the site for specific chemical reactions. However, a small amount of DNA is also present in your mitochondria, organelles that contain the machinery for generating the energy storage molecule ATP (adenosine triphosphate) from the metabolic by-products of digestion. ATP is the “universal currency” of chemical energy that powers nearly all aspects of cellular activity.

Mitochondria share a great deal in common structurally with bacteria, and it is believed that they emerged via a form of cellular symbiosis after bacteria entered an ancient cell (see p. 275). One characteristic that mitochondria share with bacteria is a circular chromosome containing several genes. However, this only represents a tiny fraction of the total DNA in our cells. The vast majority of our genome is present in nuclear DNA.

In the nucleus our DNA are forty-six chromosomes, long linear chains of DNA, half of which we inherit from each parent. Mitochondrial DNA, on the other hand, is a single large circle that is only passed down from the mother. While the sperm contributes nuclear chromosomal DNA during fertilization, our mitochondria only derive from the egg. Whether we are born male or female is determined by the combination of sex chromosomes we inherit. Females are XX, and each egg caries one X chromosome. Males are XY, each sperm providing either an X or a Y. All our other forty-four chromosomes are numbered, one to twenty-two, and exist in pairs. Excepting the two sex chromosomes, within each chromosome in a pair you find the same genes, generally in exactly the same order, although with minor differences between the maternal and paternal versions.

A gene is a stretch of DNA that will be expressed as a protein. Individual genes can be processed in different ways that can result in the expression of different versions of the protein. A protein is a chain of amino acids that has a particular structure and function in the cell or throughout the body. Variations among particular genes can cause changes to the corresponding protein structures they encode. These changes to the proteins caused by differing DNA sequence of the corresponding gene can have significant implications, particularly if an alteration in protein structure or function results. For example, there are genes that encode proteins that serve to promote cell division, the formation of two “daughter” cells from a single “parent” cell. This cell division occurs countless times during development, primarily in utero, but also as we grow up, and some cells continue to divide throughout adulthood. However, cell division is usually under very tight control. If variants of the proteins that drive cell division function in an out-of-control fashion, without appropriate regulation, it can lead to cancer.

DNA is a polymer, a long chain of regular repeating subunits, and the subunits that make up the DNA polymer are referred to as nucleotides. There are four different types of nucleotides in our DNA. Each contains an identical five-carbon sugar called ribose that has had one oxygen removed (thus deoxyribose), a negatively charged phosphate group, and then one of four so-called nitrogenous bases. These nitrogenous bases are referred to as adenine (A), thymine (T), cytosine (C), and guanine (G), and these single-letter codes are used to denote each individual complete nucleotide. Each of our chromosomes is basically one long chain of these four subunits; so a small stretch of DNA could read, for example, ATCGACTGTAGC.

However, DNA is generally found in the form of a double-stranded polymer. Stuck together, the two strands look sort of like a ladder, and the nucleotides present in one strand bind together with a cognate in the other: A binds to T, and C to G. The parts of the nucleotides that actually stick together are the nitrogenous bases, thus the pairs of nucleotides that bind each other across the two adjacent strands are referred to as “base pairs.” The cognate base pairs for the sequence from above (ATCGACTGTAGC) would be TAGCTGACATCG. This two-stranded ladder is not straight; it twists around its central axis into a sort of spiral shape, like a piece of fusilli or a spiral staircase, and this is what is referred to as the “double helix.”

The standard double-stranded reference human genome that includes every gene and all the other DNA found between genes contains about three billion base pairs (A-T, C-G). However, these three billion base pairs actually only include twenty-three chromosomes, one from each pair, and similarly only one copy of each gene, rather than the maternal and paternal pairs actually found in the nucleus of a cell. This is referred to as the “haploid” genome, or the number of chromosomes that would be present in sperm or egg. When chromosomes are paired up, this is known as our complete “diploid genome” (including all forty-six chromosomes and two copies of each gene), which contains about six billion base pairs of DNA. The human genome contains somewhere around twenty thousand different genes. However, a tremendous amount of our DNA is actually not in our genes but rather in regulatory sequences that can serve as binding sites for specific proteins that control gene expression, stretches of nucleotide sequences between genes that have no currently known function, ancient nonfunctional vestiges of genes that are no longer expressed, and many other forms.

Our genes are made up of long stretches of nucleotides that get converted into specific proteins by a series of enzymes and accessory proteins that control gene expression. The nucleotides are grouped together in triplets, called “codons,” and specific combinations of three nucleotides are read out by the machinery that controls gene expression as different amino acids, which are the subunits of proteins. Analogous to the way that DNA is a polymer made up of a long series of nucleotides, proteins are a linear chain of amino acids. This specific conversion of a codon into one particular amino acid is what is referred to as the “genetic code.” For example, the DNA sequence TGG tells the enzymes involved in gene expression that the protein to be created needs the amino acid tryptophan, which contrary to popular belief doesn’t really cause us to feel sleepy after a big turkey dinner on Thanksgiving. Additionally, the codon GAA is for glutamate, which is the basis for MSG, monosodium glutamate.

Remember, DNA is actually made up of two adjacent stretches of nucleotides base-paired together, and the two strands in the double helix are different. One is referred to as the “coding” strand, which includes the information, the codons, that will be converted to protein, while the other is called the “template” strand, which is complementary to the coding strand.

Changing one nucleotide in a single codon can completely alter the amino acid encoded. Furthermore, there are specific “start” and “stop” codons that begin and end a protein sequence, respectively. A mutation that creates a stop codon in an inappropriate spot will shorten the overall length of a protein, and this can have disastrous functional effects. A mutation that introduces a stop codon that prematurely shortens the dystrophin protein is the cause of some cases of Duchenne muscular dystrophy.

Not all mutations arise from inappropriate stop codons. Even swapping one amino acid for another can have a significant impact on the structure and function of a protein. If that amino was particularly important—for example, in binding another protein or controlling a chemical reaction—one single change in sequence can cause disease.

Another type of mutation that can be particularly disastrous is called a “frameshift.” This occurs when a single nucleotide in a gene is added or removed, which consequently alters every subsequent codon because they are read out in groups of three with no actual demarcation in the linear sequence. If you had a stretch of nucleotides that read ATCGTCATT, this is actually a group of three codons, ATC GTC ATT. If you removed the G, the sequence would now read ATCTCATT, and the second codon read would shift from GTC to TCA, swapping the amino acid valine to serine. Furthermore, if this occurred within a gene, every codon following that one would be similarly realigned as a result of the shift, and after that one point the whole protein sequence would change.

Genes are not directly converted to proteins, however; an intermediary is needed. Genes are present in the nucleus, within specific stretches of chromosomal DNA. They are then converted into ribonucleic acid (RNA) by a process known as transcription. DNA and RNA are quite similar in molecular structure. One feature that distinguishes DNA from RNA is that DNA (while chromosomal) is double stranded, and the RNA formed via transcription is single stranded. Another slight difference between DNA and RNA is that wherever the nucleotide thymine (T) is found in DNA, this is replaced by the structurally similar nucleotide uracil (U) in RNA.

Known as messenger RNA (mRNA), the sequence of the gene that is to be converted into protein is essentially a duplicate copy of the coding strand of DNA. The enzyme that makes an RNA polymer based upon a specific DNA sequence is referred to as RNA polymerase. It functions by sliding along the DNA template strand, which is temporarily separated from the cognate coding strand, and generates an RNA molecule that is exactly complementary to the template strand. This forms an RNA molecule that is identical in sequence to the coding strand, except that everywhere there was a T in the coding strand there is a U in the RNA sequence.

Once a final mature mRNA is formed, it exits the nucleus and then is fed into the ribosome, which is present in the cytoplasm outside the nucleus and is the site of protein synthesis. The codons are read in the ribosome and matched with the appropriate amino acid needed for the forming protein. This fundamental process of DNA being transcribed to RNA, which is then translated to protein, is referred to as the “central dogma of molecular biology” and elegantly encapsulates the key facets of gene expression. However, the story does not end there.

GENE EXPRESSION

The conventional understanding of molecular biology and gene expression is that chromosomal DNA contains genes, and these are transcribed by RNA polymerase activity into mRNA, which then exits the nucleus and is translated to protein by ribosomes in the cytoplasm. However, the classical concept of one gene, one protein woefully underrepresents the potential diversity of the human genome.

Although all our cells contain the same genome, tremendous diversity is observed. Neurons are remarkably different from muscle cells, and skin cells that protect us from external dangers are nothing like white blood cells that attack foreign invaders. One main source of this stunning variety is that not all genes are expressed at the same levels all the time. Some genes are expressed only in certain cells or tissues, or only following some specific stimulus, such as when a particular hormone is released. The onset of puberty, for example, is accompanied by huge changes in gene expression. Thus, regulation at the level of gene expression is responsible for a great deal of biological variability and change that can take place during development or when a specific cell enters a new phase of activity. However, beyond simple regulation of gene expression, there is a mechanism that greatly increases the total number of potential proteins expressed in human cells well beyond the approximately twenty thousand genes that have been identified.

A single gene can actually encode multiple different related proteins, and this ability is critical to increasing the diversity of characteristics displayed by our different cell types over time. Some of the different versions of a protein encoded by a particular gene can be expressed in some cell types, whereas others can be present only under specific conditions. This is because the raw transcript that initially emerges from the RNA polymerase is not the final mRNA. One key process must occur before the final mature mRNA can leave the nucleus and be translated to protein: splicing.

A gene is not simply a linear sequence of DNA encoding a single protein from start to stop. Rather, genes are modular and are made of blocks of two different types of sequences, termed exons and introns. Exon is short for expressed sequence, and intron for intervening or intragenic sequence. Genes generally include many exons and introns, and following transcription the raw RNA is processed by splicing, which removes the introns so that only the exons remain in the final mRNA. A single raw RNA sequence can be processed multiple ways through what is referred to as alternative splicing.

When this splicing process occurs, different combinations of exons can be assembled from those present in the gene and raw RNA sequence. Imagine a gene with three exons (1, 2, and 3) and two introns (A and B). The gene and RNA would look like this: Exon1-IntronA-Exon2-IntronB-Exon3. Normally, for the full-length protein to be produced, the two introns would be removed by splicing that generates the final mature mRNA: Exon1-Exon2-Exon3. However, alternative splicing could remove the entire center of the RNA, including both the introns and Exon2, resulting in an mRNA that looks like this: Exon1-Exon3, encoding a truncated variant of the protein. As most genes contain many exons and introns, the potential for alternative splicing is immense. The triggers and regulatory pathways that control alternative splicing are very complicated but seem to be important for many aspects of development and a vast range of biological responses.

Sometimes cells are a liability and need to be removed. Like a double agent who was once trusted and now threatens a spy agency, an infected cell, or one that seems to be turning cancerous, must be eliminated efficiently and specifically. This is mediated by the process known as apoptosis, or programmed cell death. One way of inducing apoptosis is via the FAS pathway. All cells express a protein called FAS, which acts as a receptor that is triggered by another protein called the FAS ligand that is expressed by certain immune cells, such as killer T cells. When the FAS ligand on a killer T cell binds FAS on the surface of a target cell, apoptosis is triggered, and the potentially dangerous cell dies.

There are actually two different versions of the FAS receptor protein, generated by alternative splicing. The longer version includes the sequence that anchors the FAS receptor at the cell surface, making it available to be bound by the FAS ligand present on killer T cells. The shorter alternative version does not make it to the cell surface and is found within the cell, where it actually seems to be able to prevent apoptosis. Although the exact mechanisms regulating the alternative splicing of FAS are only now being uncovered, for the cell at least, which splice variant is expressed represents a truly life-or-death decision.

Beyond regulation of which specific genes are expressed at what levels, and which splice variants are translated to protein, there is a fundamentally critical process that is responsible for diversity among the members of a species, the actual sequence of DNA found in chromosomes. Changes at the level of DNA will be reflected whenever an altered gene is expressed, can affect wide-ranging regulatory processes if found outside gene regions, can be carried over following cell division and into the next generation following reproduction, and are responsible for complex outcomes, including adaptation through evolution as well as genetic disease. One single change among the billions of nucleotides in the human genome can have global consequences.
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