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In recent years, advocates of the creationism and intelligent design movements have successfully promoted history's most sophisticated and generously funded attack on science, claiming that evolution, human evolution in particular, is “a theory in crisis.” Ironically, during this same period, the Human Genome Project revealed the most powerful evidence of human evolution ever discovered, and other genome projects, especially the chimpanzee and rhesus macaque projects, have substantially augmented that evidence.


With the ongoing controversy over intelligent design, people often ask me to recommend a book on the molecular evidence of human evolution. Unfortunately, most popular human evolution books either fail to include DNA evidence, or, if they do, they cover only a few highlights. Instead, they tend to focus on archaeological, geological, anatomical, physiological, and theoretical evidence with little or no discussion of the literally millions of molecular fossils in DNA. These requests, and my dismay at repeated claims of meager and flawed evidence sup porting human evolution, led me to draft the book you are now reading.


This book comes at a time when the clash between those who perceive evolution as a threat to religious faith and those who view religious fervor as a threat to science is as intense as it ever has been. The first eight chapters of this book, and the three appendices, focus on pure and solid science. Toward the end, however, the final two chapters address this clash and argue for the middle ground—that science and religion are complementary ways of seeking answers and they need not be at odds.


Most of you reading this have varied backgrounds and interests in science, especially in molecular biology. To satisfy these diverse needs, I have chosen to keep the main text of the book as simple and as concise as possible, while still telling the remarkable story the evidence has to offer. For those of you who want additional information, I have written two appendices that explore some of the main topics in the book in more detail and a third appendix that tells the story of how some of history's best scientific minds laid the foundation for the discoveries presented in this book.


You will shortly read about evidence discovered by hundds of scientists. I wish first to acknowledge them and their work, and I hope this book does justice to their extraordinary accomplishments. I also wish to acknowledge those who taught me science, the first being my grandfather, Avard T. Fairbanks, who as a professor, human anatomist, and prominent sculptor opened my eyes to the magnificence of both science and art. I also am especially grateful to professors Clayton White and Duane Jeffery, who, when I was an undergraduate student, helped me explore the wonders of evolution. I recorded the very day, January 30, 1979, when during a discussion on evolution in Dr. White's class I discovered a newfound way of thinking as a scientist. Shortly thereafter I met Dr. Jeffery, who personally helped me work through the change in thought required by that discovery. Now, twenty-six years later, his review of the manuscript for this book has been invaluable.


I owe special thanks to Cecie Starr, who introduced me to book authorship. I greatly appreciate her extraordinary encouragement and assistance over the years and during the development of this book. The teachings of many other professors and colleagues have inspired my passion for science and are reflected in the pages that follow. To them I likewise am grateful. I also thank the thousands of students who enliven the classes I teach. There is no better profession than being a university professor, and the students make it all worthwhile.


Throughout the publication process, the editors and staff of Prometheus Books have exemplified the utmost courtesy and professionalism. I applaud them for their superb work.


It should go without saying that the opinions in this book are entirely my own, and in expressing them by no means do I intend to represent the views of my employer, my colleagues, or the publisher. I have scrupulously tried to ensure that there are no errors but have learned from past publishing experience that in spite of my best efforts at eradicating errors, a few inevitably persist. I apologize in advance for any errors and take sole responsibility for them.


Finally, to my wife, Dr. Donna Fairbanks, and my children, Jonathan, Aaron, and Michael, I am indebted to you for your patience and support.
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A wise professor of Russian literature once told me that every university student should take a course in geology. With my love of science, I needed little convincing. It was the spring of 1982, and in a university with over twenty-five thousand students, only three of us enrolled in the course. (To this day I'm still baffled by the lack of interest most students show toward science.) We were the luckiest three students on campus that term. With such a small class, the professor canceled the classroom and we spent most of our time traveling through the mountains studying geological formations. I was astonished at how often we found fossils. For the last week of class, we camped in Capitol Reef National Park, one of the most geologically rich places on Earth. Our professor hadn't told us how he would determine our grades, and we never had any tests, just constant verbal quizzing from him. As we were leaving the park, he pulled the car to the side of the road and told us to climb a nearby hill. “Anyone who finds a fossil gets an A in the class,” he said with a smirk on his face. We dutifully scampered up the hill to find ourselves on a plateau covered with thousands of fossilized oyster shells. We all got our As.


That summer I saw abundant evidence that the earth was very old and that it contains countless remnants of long-extinct organisms. I saw how scientists carefully studied the multitude of fossils they found to reconstruct as much as possible the history of life on Earth. The fossils we saw that summer in very ancient rocks were obviously different from any modern organisms; those from more recent rocks looked much more like the animals and plants we see today. The progression of life over time from the strange to the familiar was readily apparent.


I then went to graduate school to study genetics and DNA, where I encountered fossils of a different kind: relics buried in the DNA of all organisms, including ours. Those relics tell a fascinating story. To understand how the story goes, let's start with a simple analogy. As often happens in our electronic age, I received not long ago an amusing e-mail message from a friend. This particular message had a list of predicted headlines from the year 2029; “Baby Conceived Naturally, Scientists Stumped,” read one of them. My friend received it from a friend, who received it from a friend, and so on. Before e-mail, people passed on messages like these as photocopied pages. So let's think back to those days and imagine someone photocopying a page with an amusing message and passing it on to several friends, who photocopy their copies and pass them on to their friends who do the same, and so on. Each time someone photocopies the message, specks of dust on the photocopier glass end up leaving marks on the new copy. These marks are preserved on subsequent copies every time that particular page, or a copy of that page, is photocopied. New marks are added with each round of photocopying so that these extraneous marks end up accumulating until the copies are cluttered with them. Each mark is a relic added at some point in the branching chain of photocopying.




Now, imagine a good detective who gathers the thousands of copies of this message passed along through photocopying from friend to friend. This detective could reconstruct the branching chain of photocopying by comparing all of the pages and determining how many of the extraneous marks are the same and how many are different. Marks present on a large proportion of the pages must have occurred early in the chain; those on just a few happened later. Furthermore, this detective can hierarchically group the pages to reconstruct the branching chain purely by comparing similar and different marks on the pages, without any information about who had the pages or who received a copy from whom. These marks are relics of photocopying that tell a story about how the message on the page was passed on, even though they have nothing to do with the message itself.


Organisms replicate their DNA and pass it on to their offspring in a manner somewhat like this simple photocopying analogy, although the process of inheritance is much more complex. At times, useless bits of DNA creep into the mass of useful information and end up being passed on from one generation to the next. These relics of DNA accumulate generation after generation until there are literally millions of them. Although most of them have no relationship to the message in DNA, cells do not routinely purge them; instead they copy them, over and over, as the cells divide to form more cells. These relics, in a sense, are fossils buried in the DNA of every organism on Earth, waiting for us to uncover them. Like our hypothetical detective, scientists who examine them can decipher the stories they tell about genetic histories.


By the time I received my PhD in 1988, studies of DNA had produced powerful evidence of evolution, as powerful as the overwhelming evidence from fossils in rocks. In the ensuing years, the evidence from DNA grew at a rate so astounding that even the most optimistic scientists were stunned. The most massive evidence came from genome projects, especially the Human Genome Project, which deposited enormous amounts of DNA sequence information in computer databases. The Internet made those sequences easily and freely available to anyone in the world with an Internet connection. The opportunity to search DNA for the story of life was never greater. What once was a trickling stream of DNA-based studies on human evolution became a torrent. One study after another showed that our DNA is littered with literally millions of relics of our evolutionary ancestry.


In 1998, the National Academy of Sciences, the most prestigious and highly respected group of scientists in the United States, issued a report with this concise and exceptionally wellworded statement: “It is no longer possible to sustain scientifically the view that living things did not evolve from earlier forms or that the human species was not produced by the same evolutionary mechanisms that apply to the rest of the living world.”1 Few biologists question the reality of evolution. The same cannot be said of the general public. Sadly, few people understand modern evolutionary theory and the scientific evidence on which it is founded. Moreover, few have studied the social culture that has fueled a clash between religious beliefs and evolutionary science for more than one hundred and fifty years. For some, scientific ignorance is bliss. But in today's world, where science plays such a vital role in society, a better understanding of evolution is needed.


The intent of this book is to present just a fraction, but a very compelling fraction, of the DNA-based evidence of evolution. I have chosen to focus on human evolution because some people are willing to accept the idea that other species have evolved but draw the line with humans, usually for religious reasons. Yet thanks to the Human Genome Project, we now have more evidence of evolution for humans than for any other species. Lest anyone think that my purpose in writing this book is to criticize religion, be assured it is not. Like many of my scientific colleagues, I hold deep religious convictions. However, along with them, I strongly believe that attempts to discredit the powerful evidence of evolution actually harm faith rather than promote it.


We'll return to the debate over evolution and religion at the end of this book. For now, we have a fascinating journey ahead of us as we explore some of the many relics of evolution found in the DNA of every person on the planet.


NOTE


1. National Academy of Sciences, Teaching about Evolution and the Nature of Science (Washington, DC: National Academy Press, 1998), p. 16.
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Images of evolution abound, often depicting humans with apes and monkeys. The idea that we are related to other primates gripped the public almost from the day Darwin first published the Origin of Species. On June 30, 1860, just a few months after the first edition of Origin of Species was released, Samuel Wilberforce, the bishop of Oxford, and Thomas Henry Huxley, a staunch supporter of Darwin, engaged in a brisk exchange during a meeting at Oxford University. Years later, Isabella Sidgwick famously recounted the incident with more than a bit of embellishment:


The Bishop rose, and in a light scoffing tone, florid and fluent, he assured us there was nothing in the idea of evolution; rock-pigeons were what rock-pigeons had always been. Then, turning to his antagonist with a smiling insolence, he begged to know, was it through his grandfather or his grandmother that he claimed his descent from a monkey? On this Mr. Huxley slowly and deliberately arose. A slight tall figure stern and pale, very quiet and very grave, he stood before us, and spoke those tremendous words—words which no one seems sure of now, nor I think, could remember just after they were spoken, for their meaning took away our breath, though it left us in no doubt as to what it was. He was not ashamed to have a monkey for his ancestor; but he would be ashamed to be connected with a man who used great gifts to obscure the truth. No one doubted his meaning and the effect was tremendous. One lady fainted and had to be carried out: I, for one, jumped out of my seat.1


Huxley's own recollection, although less spirited than Ms. Sidgwick's, captured the excitement of the moment:


If then, said I, the question is put to me would I rather have a miserable ape for a grandfather or a man highly endowed by nature and possessed of great means of influence and yet who employs those faculties and that influence for the mere purpose of introducing ridicule into a grave scientific discussion—I unhesitatingly affirm my preference for the ape. Whereupon there was inextinguishable laughter among the people—and they listened to the rest of my argument with the greatest attention.2


Almost a century and a half later, emotions still run high whether one accepts or scorns the idea of an evolutionary relationship between humans and apes. Setting emotions aside, what does science tell us about the relationship? Specifically, does our DNA hold solid evidence that humans and great apes share common ancestry? This chapter highlights some of the clearest and most powerful evidence, all within a single human chromosome.




HUMAN AND GREAT-APE CHROMOSOMES ARE STRIKINGLY SIMILAR.


The DNA of most organisms, including humans, is contained within structures called chromosomes. Each chromosome is a coiled-up molecule of DNA with proteins that stabilize it. When a cell is about to divide in two, the chromosomes condense into compact structures that are easy to observe with the help of a microscope. Each compact chromosome has a constricted region called a centromere, with very specific DNA sequences in it. The centromere serves a critical role in helping direct the chromosome to its proper position when cells divide. The ends of each chromosome are called telomeres and they, too, contain highly specific DNA sequences.
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Each time a chromosome replicates, a bit of telomere DNA erodes away, but a protein called telomerase restores the eroded ends to reconstitute the telomeres. Thus, telomeres function as buffer zones to protect the important DNA within the chromosome from erosion. If not for telomeres and telomerase, our chromosomes would progressively erode inward from the ends until they could no longer function. As we'll see momentarily, these structural features—centromeres and telomeres—offer a compelling clue about our evolutionary history.


If we compare human chromosomes to those of the great apes (chimpanzee, gorilla, and orangutan), one glaring difference stands out: the human genome has one fewer chromosome than the genomes of the great apes. Chimpanzee, gorilla, and orangutan genomes each have twenty-four chromosomes, whereas the human genome has twenty-three. Some opponents of evolution pounced on this difference, claiming that it disproves common ancestry between humans and apes. At one time the difference seemed to justify the traditional classification of great apes into a single family called the Pongidae and humans as the sole surviving species of a different family called the Hominidae. However, DNA analysis eventually shattered that classification (as we'll see later).


In 1982, Jorge Yunis and Om Prakash published what is now viewed as a landmark article in the journal Science.3 Their work confirmed the findings of several earlier studies in exquisite detail: chromosomes from humans, chimpanzees, gorillas, and orangutans are highly similar and can be aligned with one another. More recently, the human and chimpanzee genome projects confirmed and greatly amplified this comparison, showing that not just the chromosomes but the DNA within the chromosomes of humans and chimpanzees is strikingly similar in both sequence and organization, usually with at least 98 percent identity. All researchers comparing human and chimpanzee chromosomes, and the DNA in them, arrived at the same overall conclusion: every human chromosome, except one, has a matching chimpanzee chromosome. The exception is human chromosome 2, which matches two different chromosomes in chimpanzees as well as in the other great apes.


HOW DID HUMAN CHROMOSOME 2 ORIGINATE?


The two chimpanzee chromosomes that match human chromosome 2 are called 2A and 2B, and their structures and DNA sequences align them along their full lengths with human chromosome 2.
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What could explain this curious alignment of two chimpanzee chromosomes with one human chromosome? There are three mutually exclusive possibilities.


First, if humans and chimpanzees share a common ancestor, human chromosome 2 might have formed by the fusion of two chromosomes after the lineage leading to modern humans split from the one leading to modern chimpanzees.
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Second, chimpanzee chromosomes 2A and 2B might have resulted from fission (breakage) of an ancestral chromosome into two after the lineages leading to humans and chimpanzees split.
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Third, the human and chimpanzee chromosomes may have originated independently with no evolutionary relationship to each other. In this case, the similarity is not a product of common ancestry, merely an illusion of it.


Nine years after Yunis and Prakash published their article, DNA analysis resolved the dilemma, unambiguously supporting one of these three possibilities. To understand how it did, we need a little background information about DNA. DNA molecules contain strands of bases, molecular units that are repeated one after another. There are four different bases in DNA, each designated by the letter representing its chemical name: T, C, A, and G. For example, we can represent a single strand of DNA as a series of letters corresponding to the following base sequence:
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Most DNA molecules contain two strands, which are paired with each other. Wherever there is a T in one strand, an A is paired with it in the other. Wherever there is a C in one strand, a G is paired with it in the other. For example, part of the base sequences in two paired strands of DNA can be written as
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Every T in one strand is paired with A in the other, and the same is true for G and C.


Now let's turn to the base sequences in telomeres at the ends of chromosomes. Every telomere in human and great-ape chromosomes has the six base-pair sequence
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repeated over and over about fifty to one hundred times in tandem:
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In 1991, scientists at Yale University sequenced the DNA from the site in the middle of human chromosome 2 that matches telomeres at the ends of chimpanzee chromosomes 2A and 2B.4
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Their findings clearly reveal which of the three explanations is best. In this region is a DNA sequence with 158 copies of the tandem repeat found in telomeres. At some point in human ancestry, the telomere of one chromosome fused head-to-head with the telomere of a different chromosome. The exact fusion site is preserved in the DNA, and figure 1.1 (p. 25) shows all 158 copies of the sequence with the fusion site labeled. The massive sequence in figure 1.1 is a bit daunting, so let's focus just on the fusion site.
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To understand how this sequence reveals the exact fusion site, we need to recognize that the two strands of a DNA molecule do not have a “right side up.” The repeat found in telomeres is
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However, if we rotate the above sequence 180 degrees, it reads
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At the fusion site the sequence in the upper strand abruptly changes from repeats resembling TTAGGG to repeats resembling CCCTAA. This abrupt switch is evidence that the DNA in a telomere of one chromosome and the DNA in a telomere of the other chromosome broke and then the two chromosomes fused at the broken ends. Based on evidence of this past event and on what we know about how chromosomes break and fuse in modern times, here's how the fusion process probably took place:


First, the two separate chromosomes had identical telomere sequences with multiple tandem repeats of TTAGGG.
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Both chromosomes broke within the telomeres, leaving four base pairs of what was a six base-pair repeat at their broken ends.
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The broken ends were ready to fuse with each other, which we can visualize if we rotate one of the chromosomes 180 degrees relative to the other, thereby inverting the DNA sequence.
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Once the two chromosomes have fused, the DNA sequence matches the fusion site in human chromosome 2.
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Chromosome fusion is a very rare event. In fact, one of the functions of intact telomeres is to protect the ends of chromosomes from fusing with each other. However, when two chromosomes break, the protection against fusion is lost and they are free to fuse at the breakage points. There are several documented examples of recent chromosome fusions in humans, one of which is associated with a rare type of Down syndrome. The proportion of people who have recent chromosome fusions is extremely small, but it provides clear evidence that new fusions do occur.


Let's now return to the repeated sequence surrounding the fusion site in figure 1.1. Of the 158 repeats, 44 are perfect copies of TTAGGG or CCCTAA. In most cases, the remaining repeats differ from the standard sequence by no more than one or two base pairs.


This is precisely what we expect if the fusion happened long ago in the remote ancestry of humans. After the fusion event, the repeats no longer functioned as telomeres, so mutations (changes in the DNA sequence) in them had no harmful or beneficial effect. The ancient telomere at the fusion site is now a nonfunctioning relic of evolution embedded in the middle of the chromosome. The more generations humans are separated from the fusion event, the more mutations we expect to accumulate in the sequence. Because the majority of the repeated segments have mutations in them, the chromosomes must have fused a long time ago, probably tens of thousands of generations deep into our ancestry. Thus, the evidence clearly eliminates chromosome fission and independent origins as reasonable alternatives to fusion.


THERE'S STILL MORE EVIDENCE OF FUSION.


These leftover telomere sequences in the middle of chromosome 2 are not the only evidence that this chromosome arose from a fusion. The centromere in human chromosome 2 aligns with the centromere in chimpanzee chromosome 2A, but the centromere in chimpanzee chromosome 2B aligns with a site in human chromosome 2 where there is no centromere.
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Fusion at the telomeres should have left two centromeres in the ancient fused chromosome, but there is only one now. Is there any evidence that a centromere was once present at this second site?


In every human and great-ape chromosome, the centromere contains a very specific DNA sequence that is repeated over and over, a 171 base-pair sequence called the alphoid sequence. Two groups of scientists, one in Italy and the other in the United States, searched for alphoid sequences in human chromosomes and found them at every centromere, as expected. They also found alphoid sequences at the site in human chromosome 2 where the remnants of this second centromere should be. These remnants are evidence of a now-defunct centromere.5
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All copies of the alphoid sequence in this nonfunctioning remnant are mutated when compared to those in functioning centromeres, evidence that this second centromere was disabled long ago in our ancestry, probably at around the time when the two chromosomes fused.6


The evidence that human chromosome 2 arose from a fusion, and that it closely matches two chimpanzee chromosomes (as well as two chromosomes in other great apes), is solid and unmistakable. The only reasonable explanation of this evidence is a chromosome fusion that happened after the lineage leading to humans diverged from the lineages leading to the great apes. This solid evidence of our common ancestry with other primates is but the tip of the iceberg. As we are about to see, the human genome is littered throughout with millions of relics that tell an astonishing story of our evolutionary ancestry.


NOTES


1. I. Sidgwick, “A Grandmother's Tales,” Macmillan's Magazine 78, no. 468 (October 1898): 433-34, as quoted by J. R. Lucas, “Wilber-force and Huxley: A Legendary Encounter,” Historical Journal 22 (1979): 314.


2. T. H. Huxley, from a letter dated September 9,1860, as quoted by J. R. Lucas, “Wilberforce and Huxley: A Legendary Encounter,” Historical Journal 22 (1979): 326.


3. J. J. Yunis and O. Prakash, “The Origin of Man: A Chromosomal Pictorial Legacy,” Science 215 (1982): 1525-30.


4. J. W. Ijdo et al., “Origin of Human Chromosome 2: An Ancestral Telomere-Telomere Fusion,” Proceedings of the National Academy of Sciences, USA 88 (1991): 9051-55.


5. R. Avarello et al., “Evidence for an Ancestral Alphoid Domain on the Long Arm of Human Chromosome 2,” Human Genetics 89 (1992): 247-49. A. Baldini et al., “An Alphoid Sequence Conserved in All Human and Great Ape Chromosomes: Evidence for Ancient Centromeric Sequences at Human Chromosomal Regions 2q21 and 9q13,” Human Genetics 90 (1993): 577-83.


6. The sequences of alphoid segments in region 2q21 (the region where an ancient centromere is located) in human chromosome 2 are in GenBank Accessions AF261193, AF261194, AF261195, AF261198, AF261199, AF261201, AF261202, AF261206, and AF261207 (http://www.ncbi.nlm.nih.gov). I compared the sequences in these accessions with the standard human alphoid sequence using the bl2seq version of the Basic Linear Alignment Search Tool (BLAST) and found thirty-three significant matches to the alphoid sequence in these accessions. The minimum match was 78 percent similar and the maximum 95 percent.
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Throughout history, rare geniuses have emerged whose works are so extraordinary they deserve to be called masterpieces. In science, the works of Einstein, Pasteur, Newton, Curie, Darwin, and Mendel, among others, come to mind. Any list of twentieth-century scientific masterpieces must include the work of Barbara McClintock. Regrettably, like so many before her, she endured repeated rejection for much of her career before her masterpiece was widely acclaimed.


In 1950, McClintock published what is now a landmark article. She documented a series of detailed experiments and used complicated logic to interpret them.1 Her experiments and her logic were unassailable, but most scientists initially dismissed her conclusions because they seemed too revolutionary. McClintock later reminisced, “It was a surprise that I was being ridiculed, or being told that I was really mad.”2 A famous biologist reportedly commented at the time, “That woman is either crazy or a genius.”3


Those are strong words, especially when we consider that the subject of McClintock's revolutionary idea was, of all things, spotted corn kernels. How could corn kernels cause such an uproar? More important, what could they possibly have to do with human evolution? It took almost three decades, but scores of scientists eventually found that McClintock's discoveries in corn also applied to humans. She received the 1983 Nobel Prize in Medicine (a belated thirty-three years after she published her discovery) because her theories for corn advanced our understanding of genetics, evolution, disease, and cancer in humans.


What was so remarkable about spots on corn kernels that led to McClintock's masterpiece? She noticed in the 1940s that the inheritance of these spots didn't quite fit expected patterns, and she set out to discover why. Through years of exhaustive experimentation, coupled with brilliant insight, she surmised that small DNA segments were moving from one place to another in the genome. We now call these mobile pieces of DNA transposable elements because they are capable of transposing themselves from one place to another in the genome. Sometimes they are called “jumping genes,” but the nickname is a bit misleading.


Transposable elements can disrupt gene function. Genes are DNA segments that encode information about an individual's heritable traits. They are translated into protein products that interact and help each new individual grow, survive, and reproduce in ways characteristic of its species. Mutations are the original source of variations in heritable traits. For instance, differences in hair color, eye color, height, and thousands of other characteristics are the result of mutations in the DNA of our ancestors.


Most mutations are substitutions of one base pair for another, such as the following example where a C-G pair is substituted by a T-A pair:
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Other common mutations include insertions or deletions of a base pair:
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Once a mutation is established in DNA, it is perpetuated each time the DNA molecule replicates, so a mutation can be passed on from one generation to the next for an untold number of generations.


As McClintock determined, when a transposable element slips into a gene, it causes a drastic mutation that usually eliminates the gene's function:
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When the element slips out, the gene's original function is often restored:
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The liberated transposable element can now insert itself elsewhere in the DNA. If it happens to insert itself in another gene, it causes a new mutation there.


McClintock's discovery that parts of the genetic material could move around in the genome is what caused the uproar. At the time, most scientists thought that once a mutation was established, it remained stable from that point on, replicating itself faithfully from one generation to the next. Moreover, they thought, such mutations had no effect on creating mutations elsewhere; they simply became a stable part of the DNA.


Most mutations fit that picture, and McClintock didn't dispute it. Rather, she saw transposable elements as inducing yet another type of mutation, one that creates instability in the genome by moving from one place to another.


McClintock's view was too much for biologists in the 1950s to accept, no matter how valid her experiments were. By the late 1970s and early '80s, however, molecular geneticists had purified and sequenced the DNA of transposable elements from several organisms, including humans. The sequences clearly revealed how the elements move. McClintock gained widespread praise for her work, won a Nobel Prize, and the rest is history.


Well, not quite. McClintock passed away in 1992 just as the Human Genome Project was gaining steam. By then, scientists knew that the human genome had transposable elements—a lot of them. But during the ensuing years as the actual number was gradually revealed, everyone who knew anything about transposable elements was stunned. The human genome contains about three million of them, constituting almost half of our DNA!


TRANSPOSABLE ELEMENTS MAY TRANSPOSE OR RETROTRANSPOSE.


There are two types of transposable elements: transposons and retroelements. McClintock focused on transposons, DNA elements that excise themselves and move to other places in the genome, much like the “cut-and-paste” function of a computer.
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Transposons make up about 2.8 percent of the human genome, a significant proportion given that genes (the most important part of the genome) make up less than 2 percent. All evidence suggests that human transposons are now completely inactive. About three hundred thousand of them are present in our genome, but they have all mutated so much that they have lost their ability to move. Many generations ago they were actively moving throughout the genome, but now they are stranded in their current positions.


By contrast, retroelements make up a whopping 42.8 percent of the human genome. Unlike transposons, retroelements do not excise themselves during transposition. Instead, a retroelement transposes by making an RNA copy of itself, and the RNA copy is then “retrocopied” back into DNA. The DNA copy then insertsitself at a new position. Retroelements use a “copy-and-paste” process instead of the “cut-and-paste” process of transposons.


[image: images]


This process has a profound effect: every time a retroelement transposes, it increases its number by one; the original copy remains in its position, and a new copy of it is inserted elsewhere. This explains why we have so many retroelements in our genome. For ages they have been increasing in number as they transpose, generation after generation, gradually expanding the size of our genome.


Fortunately, of the 2.7 million retroelements currently in our genome, nearly all of them are now inactive, mutated to the point that they can no longer make copies of themselves. The good news is that our genome is now highly stable. The not-so-good news is that it's not entirely stable; a few retroelements are still actively transposing. Scientists have documented brand new cases of retroelement transposition, some of them responsible for genetic disorders and cancer.4 The overwhelming majority of retroelements, however, are inactive relics of a time in our distant ancestry when transposition was much more active than it is now.


HOW DID TRANSPOSABLE ELEMENTS ORIGINATE?


We cannot fully answer this question for all transposable elements, but for some we can. Many retroelements stronglyresemble viruses called retroviruses, infectious particles consisting of RNA enclosed in a protective protein coat. They are quite common; among them are the viruses that cause flu and AIDS. Some viruses use DNA as their genetic material, but most viruses that infect humans are retroviruses, which use RNA.


In extremely rare instances in the past, a retrovirus inserted itself into the DNA of an immature reproductive cell that gave rise to sperm or egg cells. After fertilization, repeated cell divisions put the infected DNA into each cell of the new individual. Thereafter, the infected DNA was transmitted from one generation to the next.


Over time, mutations ended the capacity of the integrated viral DNA to escape from the host cell's DNA. No longer could the viral DNA infect new cells. However, it could still replicate along with the DNA in which it resided, and from time to time insert more copies of itself elsewhere in the genome. It had become a retroelement.


All viruslike retroelements in humans originated a very long time ago, tens of millions of years ago in most cases. There is no evidence of modern retroviruses entering the human genome and changing into retroelements. But the same cannot be said for other mammals. Mice, cats, pigs, sheep, chimpanzees, and gorillas all have active retroelements that are relative newcomers. Chimpanzees and gorillas, for example, have multiple copies of a viruslike retroelement, descendants of a retrovirus that independently infected their genomes at about the same time but did not infect the genomes of humans and orangutans.5


Other types of retroelements did not originate directly from ancient viruses, although some may have pieces of retroviruses integrated into them. They are opportunistic pieces of genomic DNA that through mutations and shuffling of DNA have acquired the ability to transpose. The most common retroelement in the human genome is a relatively small one called Alu, and it is one of these opportunistic retroelements. About 10 percent of the human genome consists of more than one million Alu elements. Alu is also one of the few types of retroelements still actively transposing in the human genome.


WHAT DO TRANSPOSABLE ELEMENTS TELL US ABOUT HUMAN EVOLUTION?


Even more than transposons, retroelements offer intriguing glimpses into our evolutionary past. They can insert themselves anywhere in our DNA and tend to remain stuck in place. The chance of two retroelements independently inserting themselves into exactly the same position in the genome in two different individuals is exceptionally small. It follows that if two individuals have a retroelement at exactly the same location, they must have inherited that retroelement from a common ancestor.


What do we find when we compare the positions of retroelements in humans and other primates? Are there transposable elements in the same places? The first evidence emerged almost by accident in the mid-1980s. When scientists purify the DNA of a gene, some of the DNA surrounding the gene usually comes along with it. Gene after gene, scientists found transposable elements, especially retroelements, in the DNA surrounding these human genes, and in some cases within the genes themselves. These elements, it seemed, were everywhere. Soon, scientists isolated the same genes and their surrounding DNA from other primates and compared the DNA sequences with those isolated from humans.


Through the course of many studies an unmistakable pattern emerged. In case after case, transposable elements in human DNA were present at exactly the same positions in chimpanzee DNA, and to a lesser degree in other apes and monkeys. The human and chimpanzee versions of these elements were highly similar, about 98 percent similar, but not identical. These observations could best be explained if the transposable elements became established in the DNA of a common ancestor of humans and chimpanzees, then they mutated in the separate lineages.


Consider three examples. The first is a study of the DNA surrounding a set of genes that encode hemoglobin, a protein that carries oxygen and gives blood its red color. In 1985, scientists at the University of California, Davis, and the University of California, Berkeley, compared human and chimpanzee DNA from this region and found several Alu elements.6 As it turns out, all of the Alu elements are in exactly the same places, and same orientations, in both species.


[image: images]


The researchers compared the DNA sequences of seven of the human and chimpanzee Alu elements and found that they are highly similar but not identical, ranging from 94.7 percent to 98.9 percent similarity. Three to fifteen mutations in each element account for the differences. Common ancestry is the only reasonable explanation of such strong similarity in the sequences and positions of these elements.


The second example is HERV-K, a viruslike retroelement that entered the genome of a common ancestor of humans, apes, and monkeys tens of millions of years ago. Unlike most viruslike retroelements, it is still actively transposing in the human genome.




Scientists at the Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry in Russia carried out an ingenious study to determine when the different copies of HERV-K elements were inserted into the genome during primate evolution.7 They began with fourteen known HERV-K elements in the human genome then determined the DNA sequences flanking both sides of each element. They then searched for the same flanking sequences in chimpanzees, gorillas, orangutans, gibbons, Old World monkeys, and New World monkeys. The presence or absence of HERV-K at comparable places in the genomes would be evidence of how closely related different species are to humans.


Three of the fourteen HERV-K elements were present only in the human genome, so they were inserted after the divergence of the lineages leading to humans and the next most closely related species. The remaining eleven were present in the same positions in humans, chimpanzees, and gorillas, which reinforces other evidence that chimpanzees and gorillas are more closely related to humans than other apes or any of the monkeys. The next most closely related species is the orangutan with nine elements in common with humans, followed by the gibbon with seven. Old World monkeys share four of the elements with humans, whereas the New World monkeys share only two.


We can summarize the relationships in an evolutionary tree diagram:


[image: images]




This “family tree” reflects only the Russian study, independent of the traditional relationships of humans, apes, and monkeys. Even so, it is consistent with our traditional understanding of relationships derived from the fossil record, geography, and many other DNA studies. The strong convergent evidence shows that humans are most closely related to the African apes (chimpanzees and gorillas), followed by the Asian apes (orangutans and gibbons), with the monkeys more distantly related.


Our third example highlights CMT1A, a duplicated segment of DNA with Alu elements on both ends. Humans and chimpanzees have two copies of the CMT1A segment at exactly the same places in their genomes. However, the gorilla and orangutan genomes each have only one copy of the CMT1A segment, in the same position as one of the CMT1A segments in humans and chimpanzees. The two copies of CMT1A in humans and chimpanzees are similar but not identical. In particular, an Alu element on the end of one of the copies is truncated (missing part of its DNA) in both humans and chimpanzees when compared with its corresponding Alu element in the other copy.
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The presence of the duplicated segment in humans and chimpanzees, and its absence in gorillas and orangutans, suggests that the duplication happened in the common ancestor of humans and chimpanzees, most probably after that ancestor had separated from the ancestor of gorillas and orangutans. It implies that humans and chimpanzees are more closely related to each other than either is to gorillas or orangutans.


It's no coincidence that the duplicated CMT1A segment has retroelements on its ends. It is now well known that repeated sequences (such as retroelements) located close to each other target the DNA between them for duplication, which explains the duplication of CMT1A in humans and chimpanzees. The newly duplicated segments now predispose any DNA between them to further duplication. Duplication of the sequence between the two CMT1A adds another copy of a gene called PMP22 that lies between the two CMT1A segments. The two copies of this gene cause Charcot-Marie tooth disease, which has serious neurological consequences. In fact, the CMT1A segment was named after the disease (“CMT” in CMT1A stands for Charcot-Marie tooth disease). Because of the tendency of the segment containing PMP22 to further duplicate, this disease is relatively common, affecting about one in twenty-five hundred people, an unfortunate consequence of our evolutionary heritage.


A GENETICALLY ENGINEERED KISS AWAKENS SLEEPING BEAUTY


Sleeping Beauty, a transposable element that in a strange way resembles its fairy-tale namesake, is one of the most captivating stories in recent science. To understand the story, we need to return to transposons, the DNA elements first discovered by Barbara McClintock that transpose through a cut-and-paste process. Recall that in humans, all transposons are highly mutated and inactive—asleep in a sense.




A particular type of transposon, called Tc-1/mariner, is widespread in nature, found in insects, mammals (including humans), reptiles, amphibians, and fish, and is probably present in all vertebrates. It is also inactive in all vertebrates, mutated to the point that it can no longer transpose—and it has been that way for millions of years. In the mid-1990s, a group of scientists at the University of Minnesota had a brilliant idea. With so many copies of this element (about fourteen thousand in the human genome alone) and so many species with it, could they compare the DNA sequences of the many copies and extrapolate back to find the original sequence? If so, could they use genetic engineering to reconstruct the original element and see if it could once again transpose?


They chose to work with Tc-1/mariner elements from salmon and trout because these elements had acquired the fewest mutations and would require the least tinkering to restore the original DNA sequence. They then compared the sequences of these elements in different species of trout and salmon and used a “majority-rule” approach to determine the original sequence; wherever there was a difference in the DNA sequences, they assumed that the sequence in the majority of elements was the original. Ultimately, they found what is apparently the original sequence and used genetic engineering to re-create the element.


When they injected this engineered element into cultured fish cells, it transposed itself into the DNA of the cells. It did the same thing in cultured cells of other species, including human cells. By extrapolating the evolutionary history of a transposon, they had awakened it after it had lain asleep for millions of years. Appropriately, they named it Sleeping Beauty.8


The awakening of Sleeping Beauty confirms that reversing mutations can restore the function of inactive transposable elements. As remarkable as this discovery is for academic science, it also has great promise in medicine, giving hope to tens of thousands of people who suffer from debilitating genetic disorders like sickle-cell anemia and cystic fibrosis. People who have these disorders carry mutated versions of genes. If, somehow, a corrected version of the gene could be delivered to the proper cells, and if that gene could then be inserted into the DNA of those cells, these people could potentially live their lives free of the horrific suffering caused by these disorders.


That hope is now reality for a few genetic disorders through a procedure called gene therapy. Surgeons extract cells from an affected patient, then take a genetically engineered retrovirus that carries a corrected version of the mutated gene in it and induce that virus to infect the cells. In some cells, the virus delivers a DNA copy of itself, along with the corrected gene, into the DNA of the cells. Then, surgeons return the cells to the patient where, if all goes well, the corrected gene functions normally.


One of the problems with gene therapy, however, is the low rate at which genetically engineered viruses insert DNA copies of themselves into cellular DNA. Scientists who work with fruit flies found that active transposons were a much better tool for inserting corrected genes into cells, and there are plenty of active transposons in fruit flies, but none in humans—until Sleeping Beauty was awakened. Research is now under way to test Sleeping Beauty and other genetically engineered transposons, such as the Frog Prince, a restored transposon from frogs, as tools for delivering corrected genes to people who need them.9


ARE TRANSPOSABLE ELEMENTS USEFUL?


Genetically engineered transposons will probably prove useful for medicine. But what about the millions of transposable elements that make up almost half of our genome? Do they naturally offer some useful functions? So far, it appears that nearly all of them reside in places where they do neither harm nor good. Apparently they are just along for the ride, and most have been riding for a very long time. It is tempting to think of them as millions of ancient but now mostly benign parasites trapped within our genome. Some scientists have even called them “junk DNA,” implying that they are useless and, currently, harmless relics of evolution.


The majority probably are benign. However, a few retroelements are still transposing and they can be dangerous when they promote genetic disorders or cancer. Interestingly, a few transposable elements have taken on productive functions. By chance, some inserted themselves near genes where they influence how those genes operate. For this reason, Barbara McClintock called them “controlling elements” because those located near genes may reprogram the activity of those genes. Surprisingly, even a few human genes are composed almost entirely of transposable elements, suggesting that these elements combined with one another and mutated to create DNA sequences that now function as useful genes.10 These, however, are just a tiny fraction of the transposable elements that make up almost half of our DNA. Most of them appear to be completely useless.
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