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“A man ought to read just as inclination leads him; for what he reads as a task will do him little good.”


Dr. Samuel Johnson


Advances and breakthroughs in genetic science are continually in the news, attracting great interest because of the potential, not only for diagnosing and eventually treating disease, but also for what we learn about humankind through these advances. In addition, almost every new breakthrough raises a fresh ethical, social, and moral debate about the uses to which genetic science will be put, particularly in reproductive medicine and issues relating to identity and privacy. Increasingly, today’s medical graduates, and mature postgraduates, must be equipped to integrate genetic knowledge and science appropriately into all areas of medicine, for the task cannot be left solely to clinical geneticists, who remain small in number; indeed, in many countries there is either no structured training program in clinical genetics or the specialty is not recognized at all.


Since the publication of the thirteenth edition of Emery’s Elements of Medical Genetics there has been a huge surge forward in our knowledge and understanding of the human genome as the technology of microarray comparative genomic hybridization has been extensively applied, both in research and clinical service settings. We know so much more about the normal variability of the human genome as the extent of copy number variants (of DNA) has become clearer, though we are still trying to unravel the possible significance of these in relation to health and disease. And as we write this there is great excitement about the next technological revolution that is underway, namely next generation sequencing. Already there are dramatic examples of gene discovery in mendelian conditions through analysis of the whole exome of very small numbers of patients with clear phenotypes. There is also more realistic anticipation than before that breakthroughs will be made in the treatment of genetic disease, which will take a variety of different forms. Whilst discovery and knowledge proceed apace, however, the foundation for those who aspire to be good clinical practitioners in this field lies in a thorough grasp of the basics of medical genetics, which must include the ability to counsel patients and families with sensitivity and explain difficult concepts in simple language.


In this fourteenth edition of Emery’s Elements of Medical Genetics we have tried to simplify some of the language and reduce redundant text where possible, to make way for some new, updated material. Several chapters have undergone significant revisions, and the range of illustrations has increased. We have listened to those colleagues (a small number!) who identified one or two errors in the last edition and also suggested ideas for improvement. Once again, we have sought to provide a balance between a basic, comprehensive text and one that is as up to date as possible, still aiming at medical undergraduates and those across both medical and non-medical disciplines who simply want to “taste and see.” The basic layout of the book has not changed because it seems to work well, and for that we remain in debt to our predecessors in this project, namely Alan Emery, Bob Mueller, and Ian Young.
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Principles of Human Genetics










CHAPTER 1 The History and Impact of Genetics in Medicine





It’s just a little trick, but there is a long story connected with it which it would take too long to tell.


GREGOR MENDEL, IN CONVERSATION WITH C. W. EICHLING


It has not escaped our notice that the specific pairing we have postulated immediately suggests a possible copying mechanism for the genetic material.


WATSON & CRICK (APRIL 1953)





Presenting historical truth is at least as challenging as the pursuit of scientific truth and our view of human endeavors down the ages is heavily biased in favor of winners—those who have conquered on military, political, or, indeed, scientific battlefields. The history of genetics in relation to medicine is one of breathtaking discovery from which patients and families already benefit hugely, but in the future success will be measured by ongoing progress in translating discoveries into both treatment and prevention of disease. As this takes place, we should not neglect looking back with awe at what our forebears achieved with scarce resources and sheer determination, sometimes aided by serendipity, in order to lay the foundations of this dynamic science. A holistic approach to science can be compared with driving a car: without your eyes on the road ahead, you will crash and make no progress; however, the competent driver will glance in the rear and side mirrors regularly to maintain control.






Gregor Mendel and the Laws of Inheritance






Early Beginnings


Developments in genetics during the twentieth century have been truly spectacular. In 1900 Mendel’s principles were awaiting rediscovery, chromosomes were barely visible, and the science of molecular genetics did not exist. By contrast, at the time of writing this text in 2010, chromosomes can be rapidly analyzed to an extraordinary level of sophistication by microarray techniques and the sequence of the entire human genome has been published. Some 13,000 human genes with known sequence are listed and nearly 6500 genetic diseases or phenotypes have been described, of which the molecular genetic basis is known in approximately 2650.


Few would deny that genetics is of major importance in almost every medical discipline. Recent discoveries impinge not just on rare genetic diseases and syndromes, but also on many of the common disorders of adult life that may be predisposed by genetic variation, such as cardiovascular disease, psychiatric illness, and cancer, not to mention influences on obesity, athletic performance, musical ability, and longevity. Consequently a fundamental grounding in genetics should be an integral component of any undergraduate medical curriculum.


To put these exciting developments into context, we start with an overview of some of the most notable milestones in the history of medical genetics. The importance of understanding its role in medicine is then illustrated by reviewing the overall impact of genetic factors in causing disease. Finally, new developments of major importance are discussed.


It is not known precisely when Homo sapiens first appeared on this planet, but according to current scientific consensus based on the finding of fossilized human bones in Ethiopia, man was roaming East Africa about 200,000 years ago. It is reasonable to suppose that our early ancestors were as curious as ourselves about matters of inheritance and, just as today, they would have experienced the birth of babies with all manner of physical defects. Engravings in Chaldea in Babylonia (modern-day Iraq) dating back at least 6000 years show pedigrees documenting the transmission of certain characteristics of the horse’s mane. However, any early attempts to unravel the mysteries of genetics would have been severely hampered by a total lack of knowledge and understanding of basic processes such as conception and reproduction.


Early Greek philosophers and physicians such as Aristotle and Hippocrates concluded, with typical masculine modesty, that important human characteristics were determined by semen, using menstrual blood as a culture medium and the uterus as an incubator. Semen was thought to be produced by the whole body; hence bald-headed fathers would beget bald-headed sons. These ideas prevailed until the seventeenth century, when Dutch scientists such as Leeuwenhoek and de Graaf recognized the existence of sperm and ova, thus explaining how the female could also transmit characteristics to her offspring.


The blossoming of the scientific revolution in the 18th and 19th centuries saw a revival of interest in heredity by both scientists and physicians, among whom two particular names stand out. Pierre de Maupertuis, a French naturalist, studied hereditary traits such as extra digits (polydactyly) and lack of pigmentation (albinism), and showed from pedigree studies that these two conditions were inherited in different ways. Joseph Adams (1756–1818), a British doctor, also recognized that different mechanisms of inheritance existed and published A Treatise on the Supposed Hereditary Properties of Diseases, which was intended as a basis for genetic counseling.


Our present understanding of human genetics owes much to the work of the Austrian monk Gregor Mendel (1822–1884; Figure 1.1) who, in 1865, presented the results of his breeding experiments on garden peas to the Natural History Society of Brünn in Bohemia (now Brno in the Czech Republic). Shortly after, Mendel’s observations were published by that association in the Transactions of the Society, where they remained largely unnoticed until 1900, some 16 years after his death, when their importance was first recognized. In essence, Mendel’s work can be considered as the discovery of genes and how they are inherited. The term gene was first coined in 1909 by a Danish botanist, Johannsen, and was derived from the term ‘pangen’ introduced by De Vries. This term was itself a derivative of the word ‘pangenesis,’ coined by Darwin in 1868. In acknowledgement of Mendel’s enormous contribution, the term mendelian is now part of scientific vocabulary, applied both to the different patterns of inheritance shown by single-gene characteristics and to disorders found to be the result of defects in a single gene.
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FIGURE 1.1 Gregor Mendel.


(Reproduced with permission from BMJ Books.)





In his breeding experiments, Mendel studied contrasting characters in the garden pea, using for each experiment varieties that differed in only one characteristic. For example, he noted that when strains bred for a feature such as tallness were crossed with plants bred to be short all of the offspring in the first filial or F1 generation were tall. If plants in this F1 generation were interbred, this led to both tall and short plants in a ratio of 3 : 1 (Figure 1.2). Characteristics that were manifest in the F1 hybrids were referred to as dominant, whereas those that reappeared in the F2 generation were described as being recessive. On reanalysis it has been suggested that Mendel’s results were ‘too good to be true’ in that the segregation ratios he derived were suspiciously closer to the value of 3 : 1 than the laws of statistics would predict. One possible explanation is that he may have published only those results that best agreed with his preconceived single-gene hypothesis. Whatever the truth of the matter, events have shown that Mendel’s interpretation of his results was entirely correct.





[image: image]

FIGURE 1.2 An illustration of one of Mendel’s breeding experiments and how he correctly interpreted the results.




Mendel’s proposal was that the plant characteristics being studied were each controlled by a pair of factors, one of which was inherited from each parent. The pure-bred plants, with two identical genes, used in the initial cross would now be referred to as homozygous. The hybrid F1 plants, each of which has one gene for tallness and one for shortness, would be referred to as heterozygous. The genes responsible for these contrasting characteristics are referred to as allelomorphs, or alleles for short.


An alternative method for determining genotypes in offspring involves the construction of what is known as a Punnett square (Figure 1.3). This is used further in Chapter 8 when considering how genes segregate in large populations.
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FIGURE 1.3 A Punnett square showing the different ways in which genes can segregate and combine in the second filial cross from Figure 1.2. Construction of a Punnett square provides a simple method for showing the possible gamete combinations in different matings.




On the basis of Mendel’s plant experiments, three main principles were established. These are known as the laws of uniformity, segregation, and independent assortment.









The Law of Uniformity


The law of uniformity refers to the fact that when two homozygotes with different alleles are crossed, all of the offspring in the F1 generation are identical and heterozygous. In other words, the characteristics do not blend, as had been believed previously, and can reappear in later generations.









The Law of Segregation


The law of segregation refers to the observation that each person possesses two genes for a particular characteristic, only one of which can be transmitted at any one time. Rare exceptions to this rule can occur when two allelic genes fail to separate because of chromosome non-disjunction at the first meiotic division (p. 43).









The Law of Independent Assortment


The law of independent assortment refers to the fact that members of different gene pairs segregate to offspring independently of one another. In reality, this is not always true, as genes that are close together on the same chromosome tend to be inherited together, because they are ‘linked’ (p. 136). There are a number of other ways by which the laws of mendelian inheritance are breached but, overall, they remain foundational to our understanding of the science.









The Chromosomal Basis of Inheritance


As interest in mendelian inheritance grew, there was much speculation as to how it actually occurred. At that time it was also known that each cell contains a nucleus within which there are several threadlike structures known as chromosomes, so called because of their affinity for certain stains (chroma = color, soma = body). These chromosomes had been observed since the second half of the nineteenth century after development of cytologic staining techniques. Human mitotic figures were observed from the late 1880s, and it was in 1902 that Walter Sutton, an American medical student, and Theodour Boveri, a German biologist, independently proposed that chromosomes could be the bearers of heredity (Figure 1.4). Subsequently, Thomas Morgan transformed Sutton’s chromosome theory into the theory of the gene, and Alfons Janssens observed the formation of chiasmata between homologous chromosomes at meiosis. During the late 1920s and 1930s, Cyril Darlington helped to clarify chromosome mechanics by the use of tulips collected on expeditions to Persia. It was during the 1920s that the term genome entered the scientific vocabulary, being the fusion of genom (German for ‘gene’) and ome from ‘chromosome’.
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FIGURE 1.4 Chromosomes dividing into two daughter cells at different stages of cell division. A, Metaphase; B, anaphase; C, telophase. The behavior of chromosomes in cell division (mitosis) is described at length in Chapter 3.


(Photographs courtesy Dr. K. Ocraft, City Hospital, Nottingham.)





When the connection between mendelian inheritance and chromosomes was first made, it was thought that the normal chromosome number in humans might be 48, although various papers had come up with a range of figures. The number 48 was settled on largely as a result of a paper in 1921 from Theophilus Painter, an American cytologist who had been a student of Boveri. In fact, Painter himself had some preparations clearly showing 46 chromosomes, even though he finally settled on 48. These discrepancies were probably from the poor quality of the material at that time; even into the early 1950s, cytologists were counting 48 chromosomes. It was not until 1956 that the correct number of 46 was established by Tjio and Levan, 3 years after the correct structure of DNA had been proposed. Within a few years, it was shown that some disorders in humans could be caused by loss or gain of a whole chromosome as well as by an abnormality in a single gene. Chromosome disorders are discussed at length in Chapter 18. Some chromosome aberrations, such as translocations, can run in families (p. 44), and are sometimes said to be segregating in a mendelian fashion.












DNA as the Basis of Inheritance


Whilst James Watson and Francis Crick are justifiably credited with discovering the structure of DNA in 1953, they were attracted to working on it only because of its key role as the genetic material, as established in the 1940s. Formerly many believed that hereditary characteristics were transmitted by proteins, until it was appreciated that their molecular structure was far too cumbersome. Nucleic acids were actually discovered in 1849. In 1928 Fred Griffith, working on two strains of Streptococcus, realized that characteristics of one strain could be conferred on the other by something that he called the transforming principle. In 1944, at the Rockefeller Institute in New York, Oswald Avery, Maclyn McCarty, and Colin MacLeod identified DNA as the genetic material while working on the pneumococcus (Streptococcus pneumoniae). Even then, many in the scientific community were skeptical; DNA was only a simple molecule with lots of repetition of four nucleic acids—very boring! The genius of Watson and Crick, at Cambridge, was to hit on a structure for DNA that would explain the very essence of biological reproduction, and their elegant double helix has stood the test of time. Crucial to their discovery was the x-ray crystallography work of Maurice Wilkins and Rosalind Franklin at King’s College, London.


This was merely the beginning, for it was necessary to discover the process whereby DNA, in discrete units called genes, issues instructions for the precise assembly of proteins, the building blocks of tissues. The sequence of bases in DNA, and the sequence of amino acids in protein, the genetic code, was unravelled in some elegant biochemical experiments in the 1960s and it became possible to predict the base change in DNA that led to the amino-acid change in the protein. Further experiments, involving Francis Crick, Paul Zamecnik, and Mahlon Hoagland, identified the molecule transfer RNA (tRNA) (p. 20), which directs genetic instructions via amino acids to intracellular ribosomes, where protein chains are produced. Confirmation of these discoveries came with DNA sequencing methods and the advent of recombinant DNA techniques. Interestingly, however, the first genetic trait to be characterized at the molecular level had already been identified in 1957 by laborious sequencing of the purified proteins. This was sickle-cell anemia, in which the mutation affects the amino-acid sequence of the blood protein hemoglobin.









The Fruit Fly


Before returning to historical developments in human genetics, it is worth a brief diversion to consider the merits of an unlikely creature, which has proved to be of great value in genetic research. The fruit fly, Drosophila, possesses several distinct advantages for the study of genetics:



1 It can be bred easily in a laboratory.



2 It reproduces rapidly and prolifically at a rate of 20 to 25 generations per annum.



3 It has a number of easily recognized characteristics, such as curly wings and a yellow body, which follow mendelian inheritance.



4 Drosophila melanogaster, the species studied most frequently, has only four pairs of chromosomes, each of which has a distinct appearance so that they can be identified easily.



5 The chromosomes in the salivary glands of Drosophila larvae are among the largest known in nature, being at least 100 times bigger than those in other body cells.


In view of these unique properties, fruit flies were used extensively in early breeding experiments. Today their study is still proving of great value in fields such as developmental biology, where knowledge of gene homology throughout the animal kingdom has enabled scientists to identify families of genes that are important in human embryogenesis (see Chapter 6). When considering major scientific achievements in the history of genetics, it is notable that sequencing of the 180 million base pairs of the Drosophila melanogaster genome was completed toward the end of 1999.









The Origins of Medical Genetics


In addition to the previously mentioned Pierre de Maupertuis and Joseph Adams, whose curiosity was aroused by polydactyly and albinism, there were other pioneers. John Dalton, of atomic theory fame, observed that some conditions, notably color blindness and hemophilia, show what is now referred to as sex- or X-linked inheritance, and to this day color blindness is still occasionally referred to as daltonism. Inevitably, these founders of human and medical genetics could only speculate on the nature of hereditary mechanisms.


In 1900 Mendel’s work resurfaced. His papers were quoted almost simultaneously by three European botanists—De Vries (Holland), Correns (Germany), and Von Tschermak (Austria)—and this marked the real beginning of medical genetics, providing an enormous impetus for the study of inherited disease. Credit for the first recognition of a single-gene trait is shared by William Bateson and Archibald Garrod, who together proposed that alkaptonuria was a rare recessive disorder. In this relatively benign condition, urine turns dark on standing or on exposure to alkali because of the patient’s inability to metabolize homogentisic acid (p. 171). Young children show skin discoloration in the napkin (diaper) area and affected adults may develop arthritis in large joints. Realizing that this was an inherited disorder involving a chemical process, Garrod coined the term inborn error of metabolism in 1908. However, his work was largely ignored until the mid-twentieth century, when the advent of electrophoresis and chromatography revolutionized biochemistry. Several hundred such disorders have now been identified, giving rise to the field of study known as biochemical genetics (see Chapter 11). The history of alkaptonuria neatly straddles almost the entire twentieth century, starting with Garrod’s original observations of recessive inheritance in 1902 and culminating in cloning of the relevant gene on chromosome 3 in 1996.


During the course of the twentieth century, it gradually became clear that hereditary factors were implicated in many conditions and that different genetic mechanisms were involved. Traditionally, hereditary conditions have been considered under the headings of single gene, chromosomal, and multifactorial. Increasingly, it is becoming clear that the interplay of different genes (polygenic inheritance) is important in disease, and that a further category—acquired somatic genetic disease—should also be included.






Single-Gene Disorders


In addition to alkaptonuria, Garrod suggested that albinism and cystinuria could also show recessive inheritance. Soon other examples followed, leading to an explosion in knowledge and disease delineation. By 1966 almost 1500 single-gene disorders or traits had been identified, prompting the publication by an American physician, Victor McKusick (Figure 1.5), of a catalog of all known single-gene conditions. By 1998, when the 12th edition of this catalog was published, it contained more than 8500 entries (Figure 1.6). The growth of ‘McKusick’s Catalog’ has been exponential and is now available electronically as Online Mendelian Inheritance in Man (OMIM) (see Appendix). By 2010 OMIM contained a total of almost 20,000 entries.
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FIGURE 1.5 Victor McKusick in 1994, whose studies and catalogs have been so important to medical genetics.
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FIGURE 1.6 Histogram showing the rapid increase in recognition of conditions and characteristics (traits) showing single-gene inheritance.


(Adapted from McKusick, 1998, and OMIM—see Appendix.)












Chromosome Abnormalities


Improved techniques for studying chromosomes led to the demonstration in 1959 that the presence of an additional number 21 chromosome (trisomy 21) results in Down syndrome. Other similar discoveries followed rapidly—Klinefelter and Turner syndromes—also in 1959. The identification of chromosome abnormalities was further aided by the development of banding techniques in 1970 (p. 33). These enabled reliable identification of individual chromosomes and helped confirm that loss or gain of even a very small segment of a chromosome can have devastating effects on human development (see Chapter 18).


Later it was shown that several rare conditions featuring learning difficulties and abnormal physical features are due to loss of such a tiny amount of chromosome material that no abnormality can be detected using even the most high-powered light microscope. These conditions are referred to as microdeletion syndromes (p. 280) and can be diagnosed using a technique known as FISH (fluorescent in-situ hybridization), which combines conventional chromosome analysis (cytogenetics) with newer DNA diagnostic technology (molecular genetics) (p. 34). Already, however, the latest technique of microarray CGH (comparative genomic hybridization) is revolutionizing clinical genetics through the detection of subtle genomic imbalances (p. 36).









Multifactorial Disorders


Francis Galton, a cousin of Charles Darwin, had a long-standing interest in human characteristics such as stature, physique, and intelligence. Much of his research was based on the study of identical twins, in whom it was realized that differences in these parameters must be largely the result of environmental influences. Galton introduced to genetics the concept of the regression coefficient as a means of estimating the degree of resemblance between various relatives. This concept was later extended to incorporate Mendel’s discovery of genes, to try to explain how parameters such as height and skin color could be determined by the interaction of many genes, each exerting a small additive effect. This is in contrast to single-gene characteristics in which the action of one gene is exerted independently, in a non-additive fashion.


This model of quantitative inheritance is now widely accepted and has been adapted to explain the pattern of inheritance observed for many relatively common conditions (see Chapter 9). These include congenital malformations such as cleft lip and palate, and late-onset conditions such as hypertension, diabetes mellitus, and Alzheimer disease. The prevailing view is that genes at several loci interact to generate a susceptibility to the effects of adverse environmental trigger factors. Recent research has confirmed that many genes are involved in most of these adult-onset disorders, although progress in identifying specific susceptibility loci has been disappointingly slow. It has also emerged that in some conditions, such as type I diabetes mellitus, different genes can exert major or minor effects in determining susceptibility (p. 233). Overall, multifactorial or polygenic conditions are now known to make a major contribution to chronic illness in adult life (see Chapter 15).









Acquired Somatic Genetic Disease


Not all genetic errors are present from conception. Many billions of cell divisions (mitoses) occur in the course of an average human lifetime. During each mitosis, there is an opportunity for both single-gene mutations to occur, because of DNA copy errors, and for numerical chromosome abnormalities to arise as a result of errors in chromosome separation. Accumulating somatic mutations and chromosome abnormalities are now known to play a major role in causing cancer (see Chapter 14), and they probably also explain the rising incidence with age of many other serious illnesses, as well as the aging process itself. It is therefore necessary to appreciate that not all disease with a genetic basis is hereditary.


Before considering the impact of hereditary disease, it is helpful to introduce a few definitions.






Incidence


Incidence refers to the rate at which new cases occur. Thus, if the birth incidence of a particular condition equals 1 in 1000, then on average 1 in every 1000 newborn infants is affected.









Prevalence


This refers to the proportion of a population affected at any one time. The prevalence of a genetic disease is usually less than its birth incidence, either because life expectancy is reduced or because the condition shows a delayed age of onset.









Frequency


Frequency is a general term that lacks scientific specificity, although the word is often taken as being synonymous with incidence when calculating gene ‘frequencies’ (see Chapter 8).









Congenital


Congenital means that a condition is present at birth. Thus, cleft palate represents an example of a congenital malformation. Not all genetic disorders are congenital in terms of age of onset (e.g., Huntington disease), nor are all congenital abnormalities genetic in origin (e.g., fetal disruptions, as discussed in Chapter 16).















The Impact of Genetic Disease


During the twentieth century, improvements in all areas of medicine, most notably public health and therapeutics, resulted in changing patterns of disease, with increasing recognition of the role of genetic factors at all ages. For some parameters, such as perinatal mortality, the actual numbers of cases with exclusively genetic causes have probably remained constant but their relative contribution to overall figures has increased as other causes, such as infection, have declined. For other conditions, such as the chronic diseases of adult life, the overall contribution of genetics has almost certainly increased as greater life expectancy has provided more opportunity for adverse genetic and environmental interaction to manifest itself, for example in Alzheimer disease, macular degeneration, cardiomyopathy, and diabetes mellitus.


Consider the impact of genetic factors in disease at different ages from the following observations.






Spontaneous Miscarriages


A chromosome abnormality is present in 40% to 50% of all recognized first-trimester pregnancy loss. Approximately 1 in 6 of all pregnancies results in spontaneous miscarriage, thus around 5% to 7% of all recognized conceptions are chromosomally abnormal (p. 273). This value would be much higher if unrecognized pregnancies could also be included, and it is likely that a significant proportion of miscarriages with normal chromosomes do in fact have catastrophic submicroscopic genetic errors.









Newborn Infants


Of all neonates, 2% to 3% have at least one major congenital abnormality, of which at least 50% are caused exclusively or partially by genetic factors (see Chapter 16). The incidences of chromosome abnormalities and single-gene disorders in neonates are approximately 1 in 200 and 1 in 100, respectively.









Childhood


Genetic disorders account for 50% of all childhood blindness, 50% of all childhood deafness, and 50% of all cases of severe learning difficulty. In developed countries, genetic disorders and congenital malformations together also account for 30% of all childhood hospital admissions and 40% to 50% of all childhood deaths.









Adult Life


Approximately 1% of all malignancy is caused by single-gene inheritance, and between 5% and 10% of common cancers such as those of the breast, colon, and ovary have a strong hereditary component. By the age of 25 years, 5% of the population will have a disorder in which genetic factors play an important role. Taking into account the genetic contribution to cancer and cardiovascular diseases, such as coronary artery occlusion and hypertension, it has been estimated that more than 50% of the older adult population in developed countries will have a genetically determined medical problem.












Major New Developments


The study of genetics and its role in causing human disease is now widely acknowledged as being among the most exciting and influential areas of medical research. Since 1962 when Francis Crick, James Watson, and Maurice Wilkins gained acclaim for their elucidation of the structure of DNA, the Nobel Prize for Medicine and/or Physiology has been won on 22 occasions by scientists working in human and molecular genetics or related fields (Table 1.1), and for the first time in 2009 two such prizes were awarded in a single year. These pioneering studies have spawned a thriving molecular technology industry with applications as diverse as the development of genetically modified disease-resistant crops, the use of genetically engineered animals to produce therapeutic drugs, and the possible introduction of DNA-based vaccines for conditions such as malaria. Pharmaceutical companies are investing heavily in the DNA-based pharmacogenomics—drug therapy tailored to personal genetic makeup.


Table 1.1 Genetic Discoveries that Have led to the Award of the Nobel Prize for Medicine and/or Physiology and/or Chemistry, 1962–2009






	Year

	Prize Winners

	Discovery






	1962

	Francis Crick
James Watson
Maurice Wilkins

	The molecular structure of DNA






	1965

	François Jacob
Jacques Monod
André Lwoff

	Genetic regulation






	1966

	Peyton Rous

	Oncogenic viruses






	1968

	Robert Holley
Gobind Khorana
Marshall Nireberg

	Deciphering of the genetic code






	1975

	David Baltimore
Renato Dulbecco
Howard Temin

	Interaction between tumor viruses and nuclear DNA






	1978

	Werner Arber
Daniel Nathans
Hamilton Smith

	Restriction endonucleases






	1980

	Baruj Benacerraf
Jean Dausset
George Snell

	Genetic control of immunologic responses






	1983

	Barbara McClintock

	Mobile genes (transposons)






	1985

	Michael Brown
Joseph Goldstein

	Cell receptors in familial hypercholesterolemia






	1987

	Susumu Tonegawa

	Genetic aspects of antibodies






	1989

	Michael Bishop
Harold Varmus

	Study of oncogenes






	1993

	Richard Roberts
Phillip Sharp

	‘Split genes’






	1995

	Edward Lewis
Christiane Nüsslein-Volhard
Eric Wieschaus

	Homeotic and other developmental genes






	1997

	Stanley Prusiner

	Prions






	1999

	Günter Blobel

	Protein transport signaling






	2000

	Arvid Carlsson
Paul Greengard
Eric Kandel

	Signal transduction in the nervous system






	2001

	Leland Hartwell
Timothy Hunt
Paul Nurse

	Regulators of the cell cycle






	2002

	Sydney Brenner
Robert Horritz
John Sulston

	Genetic regulation in development and programmed cell death (apoptosis)






	2006

	Andrew Fire
Craig Mello

	RNA interference






	2007

	Mario Capecchi
Martin Evans
Oliver Smithies

	Gene modification by the use of embryonic stem cells






	2009

	Elizabeth Blackburn
Carol Greider
Jack Szostak

	The role of telomerase in protecting chromosome telomeres (Medicine prize)






	Venkatraman Ramakrishnan
Thomas A. Steitz
Ada E. Yonath

	Structure and function of the ribosome (Chemistry prize)











The Human Genome Project


With DNA technology rapidly progressing, a group of visionary scientists in the United States persuaded Congress in 1988 to fund a coordinated international program to sequence the entire human genome. The program would run from 1990 to 2005 and US$3 billion were initially allocated to the project. Some 5% of the budget was allocated to study the ethical and social implications of the new knowledge in recognition of the enormous potential to influence public health policies, screening programs, and personal choice. The project was likened to the Apollo moon mission in terms of its complexity, although in practical terms the long-term benefits are likely to be much more tangible. The draft DNA sequence of 3 billion base pairs was completed successfully in 2000 and the complete sequence was published ahead of schedule in October 2004. Before the closing stages of the project, it was thought that there might be approximately 100,000 coding genes that provide the blueprint for human life. It has come as a surprise to many that the number is much lower, with current estimates at slightly more than 25,000. However, many genes have the capacity to perform multiple functions, which in some cases is challenging traditional concepts of disease classification. The immediate benefits of the sequence data are being realized in research that is leading to better diagnosis and counseling for families with a genetic disease. A number of large, long-term, population-based studies are under way in the wake of the successful Human Genome Project, including, for example, UK Biobank, which aims to recruit 500,000 individuals ages 40 to 69 to study the progression of common disease, lifestyle, and genetic susceptibility.


The technique of microarray CGH is one of the most significant developments in the investigation of genetically determined disease since the discovery of chromosomes, but whole-genome sequencing is likely to be the future of genetic testing once rapid and affordable technologies are developed—but with these developments will come additional ethical challenges centered around their use and application. In the longer term an improved understanding of how genes are expressed will hopefully lead to the development of new strategies for the prevention and treatment of both single-gene and polygenic disorders.









Gene Therapy


Most genetic disease is resistant to conventional treatment so that the prospect of successfully modifying the genetic code in a patient’s cells is extremely attractive. Despite major investment and extensive research, success in humans has so far been limited to a few very rare immunologic disorders. For more common conditions, such as cystic fibrosis, major problems have been encountered, such as targeting the correct cell populations, overcoming the body’s natural defense barriers, and identifying suitably non-immunogenic vectors. However, the availability of mouse models for genetic disorders, such as cystic fibrosis (p. 301), Huntington disease (p. 293), and Duchenne muscular dystrophy (p. 307), has greatly enhanced research opportunities, particularly in unraveling the cell biology of these conditions. In recent years there has been increasing optimism for novel drug therapies and stem cell treatment (p. 356), besides the prospects for gene therapy itself (p. 350).









The Internet


The availability of information in genetics has been enhanced greatly by the development of excellent online databases, and a selection of the well established is listed in the Appendix—GenBank, Ensembl, DDBJ. By 2010 there were more than a thousand molecular biology databases, so navigating this ever-growing maze can be daunting—and not just for the novice. This has developed into the exciting growth area of Bioinformatics, the science where biology, computer science, and information technology merge into a single discipline that encompasses gene maps, DNA sequences, comparative and functional genomics, and a lot more. Familiarity with interlinking databases is essential for the molecular geneticist, but is increasingly relevant for the keen clinician with an interest in genetics, who will find OMIM a good place to start for an account of all mendelian disorders, together with pertinent clinical details and extensive references. Although it is unlikely that more traditional sources of information, such as this textbook, will become completely obsolete, it is clear that only electronic technology can hope to match the explosive pace of developments in all areas of genetic research.
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Elements






1 A characteristic manifest in a hybrid (heterozygote) is dominant. A recessive characteristic is expressed only in an individual with two copies of the mutated gene (i.e., a homozygote).



2 Mendel proposed that each individual has two genes for each characteristic: one is inherited from each parent and one is transmitted to each child. Genes at different loci act and segregate independently.



3 Chromosome separation at cell division facilitates gene segregation.



4 Genetic disorders are present in at least 2% of all neonates, account for 50% of childhood blindness, deafness, learning difficulties and deaths, and affect 5% of the population by the age of 25 years.



5 From the rediscovery of Mendel’s genetic research on peas, to the full sequencing of the human genome, almost exactly 100 years elapsed.



6 Molecular genetics and molecular biology are at the forefront of medical research, embraced within the new scientific discipline of bioinformatics, and hold promise novel forms of treatment for genetic diseases.






















CHAPTER 2 The Cellular and Molecular Basis of Inheritance





There is nothing, Sir, too little for so little a creature as man.


It is by studying little things that we attain the great art of having as little misery and as much happiness as possible.


SAMUEL JOHNSON





The hereditary material is present in the nucleus of the cell, whereas protein synthesis takes place in the cytoplasm. What is the chain of events that leads from the gene to the final product?


This chapter covers basic cellular biology outlining the structure of DNA, the process of DNA replication, the types of DNA sequences, gene structure, the genetic code, the processes of transcription and translation, the various types of mutations, mutagenic agents, and DNA repair.






The Cell


Within each cell of the body, visible with the light microscope, is the cytoplasm and a darkly staining body, the nucleus, the latter containing the hereditary material in the form of chromosomes (Figure 2.1). The phospholipid bilayer of the plasma membrane protects the interior of the cell but remains selectively permeable and has integral proteins involved in recognition and signaling between cells. The nucleus has a darkly staining area, the nucleolus. The nucleus is surrounded by a membrane, the nuclear envelope, which separates it from the cytoplasm but still allows communication through nuclear pores.
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FIGURE 2.1 Diagrammatic representation of an animal cell.




The cytoplasm contains the cytosol, which is semifluid in consistency, containing both soluble elements and cytoskeletal structural elements. In addition, in the cytoplasm there is a complex arrangement of very fine, highly convoluted, interconnecting channels, the endoplasmic reticulum. The endoplasmic reticulum, in association with the ribosomes, is involved in the biosynthesis of proteins and lipids. Also situated within the cytoplasm are other even more minute cellular organelles that can be visualized only with an electron microscope. These include the Golgi apparatus, which is responsible for the secretion of cellular products, the mitochondria, which are involved in energy production through the oxidative phosphorylation metabolic pathways, and the peroxisomes (p. 180) and lysosomes, both of which are involved in the degradation and disposal of cellular waste material and toxic molecules.









DNA: The Hereditary Material






Composition


Nucleic acid is composed of a long polymer of individual molecules called nucleotides. Each nucleotide is composed of a nitrogenous base, a sugar molecule, and a phosphate molecule. The nitrogenous bases fall into two types, purines and pyrimidines. The purines include adenine and guanine; the pyrimidines include cytosine, thymine and uracil.


There are two different types of nucleic acid, ribonucleic acid (RNA), which contains the five carbon sugar ribose, and deoxyribonucleic acid (DNA), in which the hydroxyl group at the 2 position of the ribose sugar is replaced by a hydrogen (i.e., an oxygen molecule is lost, hence ‘deoxy’). DNA and RNA both contain the purine bases adenine and guanine and the pyrimidine cytosine, but thymine occurs only in DNA and uracil is found only in RNA.


RNA is present in the cytoplasm and in particularly high concentrations in the nucleolus of the nucleus. DNA, on the other hand, is found mainly in the chromosomes.









Structure


For genes to be composed of DNA, it is necessary that the latter should have a structure sufficiently versatile to account for the great variety of different genes and yet, at the same time, be able to reproduce itself in such a manner that an identical replica is formed at each cell division. In 1953, Watson and Crick, based on x-ray diffraction studies by themselves and others, proposed a structure for the DNA molecule that fulfilled all the essential requirements. They suggested that the DNA molecule is composed of two chains of nucleotides arranged in a double helix. The backbone of each chain is formed by phosphodiester bonds between the 3′ and 5′ carbons of adjacent sugars, the two chains being held together by hydrogen bonds between the nitrogenous bases, which point in toward the center of the helix. Each DNA chain has a polarity determined by the orientation of the sugar–phosphate backbone. The chain end terminated by the 5′ carbon atom of the sugar molecule is referred to as the 5′ end, and the end terminated by the 3′ carbon atom is called the 3′ end. In the DNA duplex, the 5′ end of one strand is opposite the 3′ end of the other, that is, they have opposite orientations and are said to be antiparallel.


The arrangement of the bases in the DNA molecule is not random. A purine in one chain always pairs with a pyrimidine in the other chain, with specific pairing of the base pairs: guanine in one chain always pairs with cytosine in the other chain, and adenine always pairs with thymine, so that this base pairing forms complementary strands (Figure 2.2). For their work Watson and Crick, along with Maurice Wilkins, were awarded the Nobel Prize for Medicine or Physiology in 1962 (p. 10).
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FIGURE 2.2 DNA double helix.


A, Sugar-phosphate backbone and nucleotide pairing of the DNA double helix (P, phosphate; A, adenine; T, thymine; G, guanine; C, cytosine). B, Representation of the DNA double helix.











Replication


The process of DNA replication provides an answer to the question of how genetic information is transmitted from one generation to the next. During nuclear division the two strands of the DNA double helix separate through the action of enzyme DNA helicase, each DNA strand directing the synthesis of a complementary DNA strand through specific base pairing, resulting in two daughter DNA duplexes that are identical to the original parent molecule. In this way, when cells divide, the genetic information is conserved and transmitted unchanged to each daughter cell. The process of DNA replication is termed semiconservative, because only one strand of each resultant daughter molecule is newly synthesized.


DNA replication, through the action of the enzyme DNA polymerase, takes place at multiple points known as origins of replication, forming bifurcated Y-shaped structures known as replication forks. The synthesis of both complementary antiparallel DNA strands occurs in the 5′ to 3′ direction. One strand, known as the leading strand, is synthesized as a continuous process. The other strand, known as the lagging strand, is synthesized in pieces called Okazaki fragments, which are then joined together as a continuous strand by the enzyme DNA ligase (Figure 2.3A).
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FIGURE 2.3 DNA replication.


A, Detailed diagram of DNA replication at the site of origin in the replication fork showing asymmetric strand synthesis with the continuous synthesis of the leading strand and the discontinuous synthesis of the lagging strand with ligation of the Okazaki fragments. B, Multiple points of origin and semiconservative mode of DNA replication.




DNA replication progresses in both directions from these points of origin, forming bubble-shaped structures, or replication bubbles (Figure 2.3B). Neighboring replication origins are approximately 50 to 300 kilobases (kb) apart and occur in clusters or replication units of 20 to 80 origins of replication. DNA replication in individual replication units takes place at different times in the S phase of the cell cycle (p. 39), adjacent replication units fusing until all the DNA is copied, forming two complete identical daughter molecules.












Chromosome Structure


The idea that each chromosome is composed of a single DNA double helix is an oversimplification. A chromosome is very much wider than the diameter of a DNA double helix. In addition, the amount of DNA in the nucleus of each cell in humans means that the total length of DNA contained in the chromosomes, if fully extended, would be several meters long! In fact, the total length of the human chromosome complement is less than half a millimeter.


The packaging of DNA into chromosomes involves several orders of DNA coiling and folding. In addition to the primary coiling of the DNA double helix, there is secondary coiling around spherical histone ‘beads’, forming what are called nucleosomes. There is a tertiary coiling of the nucleosomes to form the chromatin fibers that form long loops on a scaffold of non-histone acidic proteins, which are further wound in a tight coil to make up the chromosome as visualized under the light microscope (Figure 2.4), the whole structure making up the so-called solenoid model of chromosome structure.
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FIGURE 2.4 Simplified diagram of proposed solenoid model of DNA coiling that leads to the visible structure of the chromosome.











Types of DNA Sequence


DNA, if denatured, will reassociate as a duplex at a rate that is dependent on the proportion of unique and repeat sequences present, the latter occurring more rapidly. Analysis of the results of the kinetics of the reassociation of human DNA have shown that approximately 60% to 70% of the human genome consists of single- or low-copy number DNA sequences. The remainder of the genome, 30% to 40%, consists of either moderately or highly repetitive DNA sequences that are not transcribed. This latter portion consists of mainly satellite DNA and interspersed DNA sequences (Box 2.1).





Box 2.1


Types of DNA sequence






Nuclear (∼3 × 109 bp)



Genes (∼30,000)



Unique single copy



Multigene families



Classic gene families



Gene superfamilies



Extragenic DNA (unique/low copy number or moderate/highly repetitive)



Tandem repeat



Satellite



Minisatellite


Telomeric



Hypervariable






Microsatellite



Interspersed



Short interspersed nuclear elements



Long interspersed nuclear elements



Mitochondrial (16.6 kb, 37 genes)



Two rRNA genes



22 tRNA genes









Nuclear Genes


It is estimated that there are between 25,000 and 30,000 genes in the nuclear genome. The distribution of these genes varies greatly between chromosomal regions. For example, heterochromatic and centromeric (p. 32) regions are mostly non-coding, with the highest gene density observed in subtelomeric regions. Chromosomes 19 and 22 are gene rich, whereas 4 and 18 are relatively gene poor. The size of genes also shows great variability: from small genes with single exons to genes with up to 79 exons (e.g., dystrophin, which occupies 2.5 Mb of the genome).






Unique Single-Copy Genes


Most human genes are unique single-copy genes coding for polypeptides that are involved in or carry out a variety of cellular functions. These include enzymes, hormones, receptors, and structural and regulatory proteins.









Multigene Families


Many genes have similar functions, having arisen through gene duplication events with subsequent evolutionary divergence making up what are known as multigene families. Some are found physically close together in clusters; for example, the α- and β-globin gene clusters on chromosomes 16 and 11 (Figure 2.5), whereas others are widely dispersed throughout the genome occurring on different chromosomes, such as the HOX homeobox gene family (p. 87).
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FIGURE 2.5 Representation of the α- and β-globin regions on chromosomes 16 and 11.




Multigene families can be split into two types, classic gene families that show a high degree of sequence homology and gene superfamilies that have limited sequence homology but are functionally related, having similar structural domains.









Classic Gene Families


Examples of classic gene families include the numerous copies of genes coding for the various ribosomal RNAs, which are clustered as tandem arrays at the nucleolar organizing regions on the short arms of the five acrocentric chromosomes (p. 32), and the different transfer RNA (p. 20) gene families, which are dispersed in numerous clusters throughout the human genome.









Gene Superfamilies


Examples of gene superfamilies include the HLA (human leukocyte antigen) genes on chromosome 6 (p. 200) and the T-cell receptor genes, which have structural homology with the immunoglobulin (Ig) genes (p. 200). It is thought that these are almost certainly derived from duplication of a precursor gene, with subsequent evolutionary divergence forming the Ig superfamily.









Gene Structure


The original concept of a gene as a continuous sequence of DNA coding for a protein was turned on its head in the early 1980s by detailed analysis of the structure of the human β-globin gene. It was revealed that the gene was much longer than necessary to code for the β-globin protein, containing non-coding intervening sequences, or introns, that separate the coding sequences or exons (Figure 2.6). Most human genes contain introns, but the number and size of both introns and exons is extremely variable. Individual introns can be far larger than the coding sequences and some have been found to contain coding sequences for other genes (i.e., genes occurring within genes). Genes in humans do not usually overlap, being separated from each other by an average of 30 kb, although some of the genes in the HLA complex (p. 200) have been shown to be overlapping.
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FIGURE 2.6 Representation of a typical human structural gene.











Pseudogenes


Particularly fascinating is the occurrence of genes that closely resemble known structural genes but which, in general, are not functionally expressed: so-called pseudogenes. These are thought to have arisen in two main ways: either by genes undergoing duplication events that are rendered silent through the acquisition of mutations in coding or regulatory elements, or as the result of the insertion of complementary DNA sequences, produced by the action of the enzyme reverse transcriptase on a naturally occurring messenger RNA transcript, that lack the promoter sequences necessary for expression.












Extragenic DNA


The estimated 25,000 to 30,000 unique single-copy genes in humans represent less than 2% of the genome encoding proteins. The remainder of the human genome is made up of repetitive DNA sequences that are predominantly transcriptionally inactive. It has been described as junk DNA, but some regions show evolutionary conservation and may play a role in the regulation of gene expression.






Tandemly Repeated DNA Sequences


Tandemly repeated DNA sequences consist of blocks of tandem repeats of non-coding DNA that can be either highly dispersed or restricted in their location in the genome. Tandemly repeated DNA sequences can be divided into three subgroups: satellite, minisatellite, and microsatellite DNA.






Satellite DNA


Satellite DNA accounts for approximately 10% to 15% of the repetitive DNA sequences of the human genome and consists of very large series of simple or moderately complex, short, tandemly repeated DNA sequences that are transcriptionally inactive and are clustered around the centromeres of certain chromosomes. This class of DNA sequences can be separated on density-gradient centrifugation as a shoulder, or ‘satellite’, to the main peak of genomic DNA, and has therefore been referred to as satellite DNA.









Minisatellite DNA


Minisatellite DNA consists of two families of tandemly repeated short DNA sequences: telomeric and hypervariable minisatellite DNA sequences that are transcriptionally inactive.






Telomeric DNA


The terminal portion of the telomeres of the chromosomes (p. 32) contains 10 to 15 kb of tandem repeats of a 6-base pair (bp) DNA sequence known as telomeric DNA. The telomeric repeat sequences are necessary for chromosomal integrity in replication and are added to the chromosome by an enzyme known as telomerase (p. 32).









Hypervariable minisatellite DNA


Hypervariable minisatellite DNA is made up of highly polymorphic DNA sequences consisting of short tandem repeats of a common core sequence. The highly variable number of repeat units in different hypervariable minisatellites forms the basis of the DNA fingerprinting technique developed by Professor Sir Alec Jeffreys in 1984 (p. 69).












Microsatellite DNA


Microsatellite DNA consists of tandem single, di-, tri-, and tetra-nucleotide repeat base-pair sequences located throughout the genome. Microsatellite repeats rarely occur within coding sequences but trinucleotide repeats in or near genes are associated with certain inherited disorders (p. 59).


This variation in repeat number is thought to arise by incorrect pairing of the tandem repeats of the two complementary DNA strands during DNA replication, or what is known as slipped strand mispairing. Duplications or deletions of longer sequences of tandemly repeated DNA are thought to arise through unequal crossover of non-allelic DNA sequences on chromatids of homologous chromosomes or sister chromatids (p. 32).


Nowadays DNA microsatellites are used for forensic and paternity tests (p. 69). They can also be helpful for gene tracking in families with a genetic disorder but no identified mutation (p. 70).












Highly Repeated Interspersed Repetitive DNA Sequences


Approximately one-third of the human genome is made up of two main classes of short and long repetitive DNA sequences that are interspersed throughout the genome.









Short Interspersed Nuclear Elements


About 5% of the human genome consists of some 750,000 copies of short interspersed nuclear elements, or SINEs. The most common are DNA sequences of approximately 300 bp that have sequence similarity to a signal recognition particle involved in protein synthesis. They are called Alu repeats because they contain an AluI restriction enzyme recognition site.









Long Interspersed Nuclear Elements


About 5% of the DNA of the human genome is made up of long interspersed nuclear elements, or LINEs. The most commonly occurring LINE, known as LINE-1 or an L1 element, consists of more than 100,000 copies of a DNA sequence of up to 6000 bp that encodes a reverse transcriptase.


The function of these interspersed repeat sequences is not clear. Members of the Alu repeat family are flanked by short direct repeat sequences and therefore resemble unstable DNA sequences called transposable elements or transposons. Transposons, originally identified in maize by Barbara McClintock (p. 10), move spontaneously throughout the genome from one chromosome location to another and appear to be ubiquitous in the plant and animal kingdoms. It is postulated that Alu repeats could promote unequal recombination, which could lead to pathogenic mutations (p. 22) or provide selective advantage in evolution by gene duplication. Both Alu and LINE-1 repeat elements have been implicated as a cause of mutation in inherited human disease.


















Mitochondrial DNA


In addition to nuclear DNA, the several thousand mitochondria of each cell possess their own 16.6 kb circular double-stranded DNA, mitochondrial DNA (or mtDNA) (Figure 2.7). The mtDNA genome is very compact, containing little repetitive DNA, and codes for 37 genes, which include two types of ribosomal RNA, 22 transfer RNAs (p. 20) and 13 protein subunits for enzymes, such as cytochrome b and cytochrome oxidase, which are involved in the energy producing oxidative phosphorylation pathways. The genetic code of the mtDNA differs slightly from that of nuclear DNA.
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FIGURE 2.7 The human mitochondrial genome. H is the heavy strand and L the light strand.




The mitochondria of the fertilized zygote are inherited almost exclusively from the oocyte, leading to the maternal pattern of inheritance that characterizes many mitochondrial disorders (p. 181).












Transcription


The process whereby genetic information is transmitted from DNA to RNA is called transcription. The information stored in the genetic code is transmitted from the DNA of a gene to messenger RNA, or mRNA. Every base in the mRNA molecule is complementary to a corresponding base in the DNA of the gene, but with uracil replacing thymine in mRNA. mRNA is single stranded, being synthesized by the enzyme RNA polymerase II, which adds the appropriate complementary ribonucleotide to the 3′ end of the RNA chain.


In any particular gene, only one DNA strand of the double helix acts as the so-called template strand. The transcribed mRNA molecule is a copy of the complementary strand, or what is called the sense strand of the DNA double helix. The template strand is sometimes called the antisense strand. The particular strand of the DNA double helix used for RNA synthesis appears to differ throughout different regions of the genome.






RNA Processing


Before the primary mRNA molecule leaves the nucleus it undergoes a number of modifications, or what is known as RNA processing. This involves splicing, capping, and polyadenylation.






mRNA Splicing


During and after transcription, the non-coding introns in the precursor (pre) mRNA are excised, and the non-contiguous coding exons are spliced together to form a shorter mature mRNA before its transportation to the ribosomes in the cytoplasm for translation. The process is known as mRNA splicing (Figure 2.8). The boundary between the introns and exons consists of a 5′ donor GT dinucleotide and a 3′ acceptor AG dinucleotide. These, along with surrounding short splicing consensus sequences, another intronic sequence known as the branch site, small nuclear RNA (snRNA) molecules and associated proteins, are necessary for the splicing process.
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FIGURE 2.8 Transcription, post-transcriptional processing, translation, and post-translational processing.











5′ Capping


The 5′ cap is thought to facilitate transport of the mRNA to the cytoplasm and attachment to the ribosomes, as well as to protect the RNA transcript from degradation by endogenous cellular exonucleases. After 20 to 30 nucleotides have been transcribed, the nascent mRNA is modified by the addition of a guanine nucleotide to the 5′ end of the molecule by an unusual 5′ to 5′ triphosphate linkage. A methyltransferase enzyme then methylates the N7 position of the guanine, giving the final 5′ cap.









Polyadenylation


Transcription continues until specific nucleotide sequences are transcribed that cause the mRNA to be cleaved and RNA polymerase II to be released from the DNA template. Approximately 200 adenylate residues—the so-called poly(A) tail—are added to the mRNA, which facilitates nuclear export and translation















Translation


Translation is the transmission of the genetic information from mRNA to protein. Newly processed mRNA is transported from the nucleus to the cytoplasm, where it becomes associated with the ribosomes, which are the site of protein synthesis. Ribosomes are made up of two different sized subunits, which consist of four different types of ribosomal RNA (rRNA) molecules and a large number of ribosomal specific proteins. Groups of ribosomes associated with the same molecule of mRNA are referred to as polyribosomes or polysomes. In the ribosomes, the mRNA forms the template for producing the specific sequence of amino acids of a particular polypeptide.






Transfer RNA


In the cytoplasm there is another form of RNA called transfer RNA, or tRNA. The incorporation of amino acids into a polypeptide chain requires the amino acids to be covalently bound by reacting with ATP to the specific tRNA molecule by the activity of the enzyme aminoacyl tRNA synthetase. The ribosome, with its associated rRNAs, moves along the mRNA, the amino acids linking up by the formation of peptide bonds through the action of the enzyme peptidyl transferase to form a polypeptide chain (Figure 2.9).
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FIGURE 2.9 Representation of the way in which genetic information is translated into protein.











Post-Translational Modification


Many proteins, before they attain their normal structure or functional activity, undergo post-translational modification, which can include chemical modification of amino-acid side chains (e.g., hydroxylation, methylation), the addition of carbohydrate or lipid moieties (e.g., glycosylation), or proteolytic cleavage of polypeptides (e.g., the conversion of proinsulin to insulin).


Thus post-translational modification, along with certain short amino-acid sequences known as localization sequences in the newly synthesized proteins, results in transport to specific cellular locations (e.g., the nucleus), or secretion from the cell.












The Genetic Code


Twenty different amino acids are found in proteins; as DNA is composed of four different nitrogenous bases, obviously a single base cannot specify one amino acid. If two bases were to specify one amino acid, there would only be 42 or 16 possible combinations. If, however, three bases specified one amino acid then the possible number of combinations of the four bases would be 43 or 64. This is more than enough to account for all the 20 known amino acids and is known as the genetic code.






Triplet Codons


The triplet of nucleotide bases in the mRNA that codes for a particular amino acid is called a codon. Each triplet codon in sequence codes for a specific amino acid in sequence and so the genetic code is non-overlapping. The order of the triplet codons in a gene is known as the translational reading frame. However, some amino acids are coded for by more than one triplet, so the code is said to be degenerate (Table 2.1). Each tRNA species for a particular amino acid has a specific trinucleotide sequence called the anticodon, which is complementary to the codon of the mRNA. Although there are 64 codons, there are only 30 cytoplasmic tRNAs, the anticodons of a number of the tRNAs recognizing codons that differ at the position of the third base, with guanine being able to pair with uracil as well as cytosine. Termination of translation of the mRNA is signaled by the presence of one of the three stop or termination codons.




Table 2.1 Genetic Code of the Nuclear and Mitochondrial Genomes
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The genetic code of mtDNA differs from that of the nuclear genome. Eight of the 22 tRNAs are able to recognize codons that differ only at the third base of the codon, 14 can recognize pairs of codons that are identical at the first two bases, with either a purine or pyrimidine for the third base, the other four codons acting as stop codons (see Table 2.1).












Regulation of Gene Expression


Many cellular processes, and therefore the genes that are expressed, are common to all cells, for example ribosomal, chromosomal and cytoskeleton proteins, constituting what are called the housekeeping genes. Some cells express large quantities of a specific protein in certain tissues or at specific times in development, such as hemoglobin in red blood cells (p. 155). This differential control of gene expression can occur at a variety of stages.






Control of Transcription


The control of transcription can be affected permanently or reversibly by a variety of factors, both environmental (e.g., hormones) and genetic (cell signaling). This occurs through a number of different mechanisms that include signaling molecules that bind to regulatory sequences in the DNA known as response elements, intracellular receptors known as hormone nuclear receptors, and receptors for specific ligands on the cell surface involved in the process of signal transduction.


All of these mechanisms ultimately affect transcription through the binding of the general transcription factors to short specific DNA promoter elements located within 200 bp 5′ or upstream of most eukaryotic genes in the so-called core promoter region that leads to activation of RNA polymerase (Figure 2.10). Promoters can be broadly classed into two types, TATA box-containing and GC rich. The TATA box, which is about 25 bp upstream of the transcription start site, is involved in the initiation of transcription at a basal constitutive level and mutations in it can lead to alteration of the transcription start site. The GC box, which is about 80 bp upstream, increases the basal level of transcriptional activity of the TATA box.
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FIGURE 2.10 Diagrammatic representation of the factors that regulate gene expression.




The regulatory elements in the promoter region are said to be cis-acting, that is, they only affect the expression of the adjacent gene on the same DNA duplex, whereas the transcription factors are said to be trans-acting, acting on both copies of a gene on each chromosome being synthesized from genes that are located at a distance. DNA sequences that increase transcriptional activity, such as the GC and CAAT boxes, are known as enhancers. There are also negative regulatory elements or silencers that inhibit transcription. In addition, there are short sequences of DNA, usually 500 bp to 3 kb in size and known as boundary elements, which block or inhibit the influence of regulatory elements of adjacent genes.









Transcription Factors


A number of genes encode proteins involved in the regulation of gene expression. They have DNA-binding activity to short nucleotide sequences, usually mediated through helical protein motifs, and are known as transcription factors. These gene regulatory proteins have a transcriptional activation domain and a DNA-binding domain. There are four types of DNA-binding domain, the most common being the helix–turn–helix, made up of two α helices connected by a short chain of amino acids that make up the ‘turn’. The three other types are the zinc finger, leucine zipper, or helix–loop–helix motifs, so named as a result of specific structural features.









Post-Transcriptional Control of Gene Expression


Regulation of expression of most genes occurs at the level of transcription but can also occur at the levels of RNA processing, RNA transport, mRNA degradation and translation. For example, the G to A variant at position 20,210 in the 3′ untranslated region of the prothrombin gene increases the stability of the mRNA transcript, resulting in higher plasma prothrombin levels.









RNA-Mediated Control of Gene Expression


RNA-mediated silencing was first described in the early 1990s, but it is only recently that its key role in controlling post-transcriptional gene expression has been both recognized and exploited (see Chapter 23). Small interfering RNAs (siRNAs) were discovered in 1998 and are the effector molecules of the RNA interference pathway (RNAi). These short double-stranded RNAs (21 to 23 nucleotides) bind to mRNAs in a sequence-specific manner and result in their degradation via a ribonuclease-containing RNA-induced silencing complex (RISC). MicroRNAs (miRNAs) also bind to mRNAs in a sequence-specific manner. They can either cause endonucleolytic cleavage of the mRNA or act by blocking translation.









Alternative Isoforms


The majority of human genes (at least 74%) undergo alternative splicing and therefore encode more than one protein. Alternative polyadenylation generates further diversity. Some genes have more than one promoter, and these alternative promoters may result in tissue-specific isoforms. Alternative splicing of exons is also seen with individual exons present in only some isoforms. The extent of alternative splicing in humans may be inferred from the finding that the human genome includes only 25,000 to 30,000 genes, far fewer than the original prediction of more than 100,000.












RNA-directed DNA Synthesis


The process of the transfer of the genetic information from DNA to RNA to protein has been called the central dogma. It was initially believed that genetic information was transferred only from DNA to RNA and thence translated into protein. However, there is evidence from the study of certain types of virus—retroviruses—that genetic information can occasionally flow in the reverse direction, from RNA to DNA (p. 210). This is referred to as RNA-directed DNA synthesis. It has been suggested that regions of DNA in normal cells serve as templates for the synthesis of RNA, which in turn then acts as a template for the synthesis of DNA that later becomes integrated into the nuclear DNA of other cells. Homology between human and retroviral oncogene sequences could reflect this process (p. 211), which could be an important therapeutic approach for the treatment of inherited disease in humans.









Mutations


A mutation is defined as a heritable alteration or change in the genetic material. Mutations drive evolution but can also be pathogenic. Mutations can arise through exposure to mutagenic agents (p. 27), but the vast majority occur spontaneously through errors in DNA replication and repair. Sequence variants with no obvious effect upon phenotype may be termed polymorphisms.


Somatic mutations may cause adult-onset disease, such as cancer, but cannot be transmitted to offspring. A mutation in gonadal tissue or a gamete can be transmitted to future generations unless it affects fertility or survival into adulthood. It is estimated that each individual carries up to six lethal or semilethal recessive mutant alleles that in the homozygous state would have very serious effects. These are conservative estimates and the actual figure could be many times greater. Harmful alleles of all kinds constitute the so-called genetic load of the population.


There are also rare examples of ‘back mutation’ in patients with recessive disorders. For example, reversion of inherited deleterious mutations has been demonstrated in phenotypically normal cells present in a small number of patients with Fanconi anemia.






Types of Mutation


Mutations can range from single base substitutions, through insertions and deletions of single or multiple bases to loss or gain of entire chromosomes (Table 2.2). Base substitutions are most prevalent (Table 2.3) and missense mutations account for nearly half of all mutations. A standard nomenclature to describe mutations (Table 2.4) has been agreed on (see http://www.hgvs.org/mutnomen/). Examples of chromosome abnormalities are discussed in Chapter 3.




Table 2.2 Main Classes, Groups, and Types of Mutation and Effects on Protein Product


[image: image]




Table 2.3 Frequency of Different Types of Mutation






	Type of Mutation

	Percentage of Total






	Missense or nonsense

	56






	Splicing

	10






	Regulatory

	2






	Small deletions, insertions or indels*


	24






	Gross deletions or insertions

	7






	Other (complex rearrangements or repeat variations)

	<1







* Indels are mutations that involve both an insertion and a deletion of nucleotides.


Data from http://www.hgmd.org




Table 2.4 Mutation Nomenclature: Examples of CFTR Gene Mutations
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Substitutions


A substitution is the replacement of a single nucleotide by another. These are the most common type of mutation. If the substitution involves replacement by the same type of nucleotide—a pyrimidine for a pyrimidine (C for T or vice versa) or a purine for a purine (A for G or vice versa); this is termed a transition. Substitution of a pyrimidine by a purine or vice versa is termed a transversion. Transitions occur more frequently than transversions. This may be due to the relatively high frequency of C to T transitions, which is likely to be the result of the nucleotides cytosine and guanine occurring together, or what are known as CpG dinucleotides (p represents the phosphate) frequently being methylated in genomic DNA with spontaneous deamination of methylcytosine converting them to thymine. CpG dinucleotides have been termed ‘hotspots’ for mutation.









Deletions


A deletion involves the loss of one or more nucleotides. If this occurs in coding sequences and involves one, two, or more nucleotides that are not a multiple of three, the reading frame will be disrupted. Larger deletions may result in partial or whole gene deletions and may arise through unequal crossover between repeat sequences (e.g., hereditary neuropathy with liability to pressure palsies; see p. 296).









Insertions


An insertion involves the addition of one or more nucleotides into a gene. Again, if an insertion occurs in a coding sequence and involves one, two, or more nucleotides that are not a multiple of three, it will disrupt the reading frame. Large insertions can also result from unequal crossover (e.g., hereditary sensory and motor neuropathy type 1a; see p. 296) or the insertion of transposable elements (p. 18).


In 1991, expansion of trinucleotide repeat sequences was identified as a mutational mechanism. A number of single-gene disorders have subsequently been shown to be associated with triplet repeat expansions (Table 2.5). These are described as dynamic mutations because the repeat sequence becomes more unstable as it expands in size. The mechanism by which amplification or expansion of the triplet repeat sequence occurs is not clear at present. Triplet repeats below a certain length for each disorder are faithfully and stably transmitted in mitosis and meiosis. Above a certain repeat number for each disorder, they are more likely to be transmitted unstably, usually with an increase or decrease in repeat number. A variety of possible explanations has been offered as to how the increase in triplet repeat number occurs. These include unequal crossover or unequal sister chromatid exchange (see Chapter 18) in non-replicating DNA, and slipped-strand mispairing and polymerase slippage in replicating DNA.




Table 2.5 Examples of Diseases Arising from Triplet Repeat Expansions


[image: image]




Triplet repeat expansions usually take place over a number of generations within a family, providing an explanation for some unusual aspects of patterns of inheritance as well as possibly being the basis of the previously unexplained phenomenon of anticipation (p. 120).


The exact mechanisms by which repeat expansions cause disease are not known. Unstable trinucleotide repeats may be within coding or non-coding regions of genes and hence vary in their pathogenic mechanisms. Expansion of the CAG repeat in the coding region of the HD gene and some SCA genes results in a protein with an elongated polyglutamine tract that forms toxic aggregates within certain cells. In fragile X the CGG repeat expansion in the 5′ untranslated region (UTR) results in methylation of promoter sequences and lack of expression of the FMR1 protein. In myotonic dystrophy (MD) it is thought that a gain-of-function RNA mechanism results from both the CTG expansion in the 3′ UTR of the DMPK (type 1 MD) and the CCTG expansion within intron 1 of the ZNF9 gene. The expanded transcripts bind splice regulatory proteins to form RNA-protein complexes that accumulate in the nuclei of cells. The disruption of these splice regulators causes abnormal developmental processing where embryonic isoforms of the resulting proteins are expressed in adult myotonic dystrophy tissues. The immature proteins then appear to cause the clinical features common to both diseases (p. 295).


The spectrum of repeat expansion mutations also includes a dodecamer repeat expansion upstream from the cystatin B gene that causes progressive myoclonus epilepsy (EPM1) and a pentanucleotide repeat expansion in intron 9 of the ATXN10 gene shown in families with spinocerebellar ataxia type 10. Spinocerebellar ataxia is an extremely heterogeneous disorder and, in addition to the dynamic mutations shown in Table 2.5, non-repeat expansion mutations have been reported in four additional genes.












Structural Effects of Mutations on the Protein


Mutations can also be subdivided into two main groups according to the effect on the polypeptide sequence of the encoded protein, being either synonymous or non-synonymous.






Synonymous or Silent Mutations


If a mutation does not alter the polypeptide product of the gene, it is termed a synonymous or silent mutation. A single base-pair substitution, particularly if it occurs in the third position of a codon because of the degeneracy of the genetic code, will often result in another triplet that codes for the same amino acid with no alteration in the properties of the resulting protein.









Non-Synonymous Mutations


If a mutation leads to an alteration in the encoded polypeptide, it is known as a non-synonymous mutation. Non-synonymous mutations are observed to occur less frequently than synonymous mutations. Synonymous mutations are selectively neutral, whereas alteration of the amino-acid sequence of the protein product of a gene is likely to result in abnormal function, which is usually associated with disease, or lethality, which has an obvious selective disadvantage.


Non-synonymous mutations can occur in one of three main ways.






Missense


A single base-pair substitution can result in coding for a different amino acid and the synthesis of an altered protein, a so-called missense mutation. If the mutation codes for an amino acid that is chemically dissimilar, for example has a different charge, the structure of the protein will be altered. This is termed a non-conservative substitution and can lead to a gross reduction, or even a complete loss, of biological activity. Single base-pair mutations can lead to qualitative rather than quantitative changes in the function of a protein, such that it retains its normal biological activity (e.g., enzyme activity) but differs in characteristics such as its mobility on electrophoresis, its pH optimum, or its stability so that it is more rapidly broken down in vivo. Many of the abnormal hemoglobins (p. 157) are the result of missense mutations.


Some single base-pair substitutions result in the replacement of a different amino acid that is chemically similar, and may have no functional effect. These are termed conservative substitutions.









Nonsense


A substitution that leads to the generation of one of the stop codons (see Table 2.1) will result in premature termination of translation of a peptide chain, or what is termed a nonsense mutation. In most cases the shortened chain is unlikely to retain normal biological activity, particularly if the termination codon results in the loss of an important functional domain(s) of the protein. mRNA transcripts containing premature termination codons are frequently degraded by a process known as nonsense-mediated decay. This is a form of RNA surveillance that is believed to have evolved to protect the body from the possible consequences of truncated proteins interfering with normal function.









Frameshift


If a mutation involves the insertion or deletion of nucleotides that are not a multiple of three, it will disrupt the reading frame and constitute what is known as a frameshift mutation. The amino-acid sequence of the protein subsequent to the mutation bears no resemblance to the normal sequence and may have an adverse effect on its function. Most frameshift mutations result in a premature stop codon downstream to the mutation. This may lead to expression of a truncated protein, unless the mRNA is degraded by nonsense-mediated decay.















Mutations in Non-Coding DNA


In general, mutations in non-coding DNA are less likely to have a phenotypic effect. Exceptions include mutations in promoter sequences or other regulatory regions that affect the level of gene expression. With our new knowledge of the role of RNA interference in gene expression, it has become apparent that mutations in miRNA or siRNA binding sites within UTRs can also result in disease.






Splicing Mutations


Mutations of the highly conserved splice donor (GT) and splice acceptor (AG) sites (p. 19) usually result in aberrant splicing. This can result in the loss of coding sequence (exon skipping) or retention of intronic sequence, and may lead to frameshift mutations. Cryptic splice sites, which resemble the sequence of an authentic splice site, may be activated when the conserved splice sites are mutated. In addition, base substitutions resulting in apparent silent, missense and nonsense mutations can cause aberrant splicing through mutation of exon splicing enhancer sequences. These purine-rich sequences are required for the correct splicing of exons with weak splice-site consensus sequences.












Functional Effects of Mutations on the Protein


Mutations exert their phenotypic effect in one of two ways, through either loss or gain of function.






Loss-of-Function Mutations


Loss-of-function mutations can result in either reduced activity or complete loss of the gene product. The former can be the result of reduced activity or of decreased stability of the gene product and is known as a hypomorph, the latter being known as a null allele or amorph. Loss-of-function mutations involving enzymes are usually inherited in an autosomal or X-linked recessive manner, because the catalytic activity of the product of the normal allele is more than adequate to carry out the reactions of most metabolic pathways.






Haplo-insufficiency


Loss-of-function mutations in the heterozygous state in which half normal levels of the gene product result in phenotypic effects are termed haplo-insufficiency mutations. The phenotypic manifestations sensitive to gene dosage are a result of mutations occurring in genes that code for either receptors, or more rarely enzymes, the functions of which are rate limiting; for example, familial hypercholesterolemia (p. 175) and acute intermittent porphyria (p. 179).


In a number of autosomal dominant disorders, the mutational basis of the functional abnormality is the result of haplo-insufficiency in which, not surprisingly, homozygous mutations result in more severe phenotypic effects; examples are angioneurotic edema and familial hypercholesterolemia (p. 175).












Gain-of-Function Mutations


Gain-of-function mutations, as the name suggests, result in either increased levels of gene expression or the development of a new function(s) of the gene product. Increased expression levels from activating point mutations or increased gene dosage are responsible for one type of Charcot-Marie-Tooth disease, hereditary motor, and sensory neuropathy type I (p. 296). The expanded triplet repeat mutations in the Huntington gene cause qualitative changes in the gene product that result in its aggregation in the central nervous system leading to the classic clinical features of the disorder (p. 293).


Mutations that alter the timing or tissue specificity of the expression of a gene can also be considered to be gain-of-function mutations. Examples include the chromosomal rearrangements that result in the combination of sequences from two different genes seen with specific tumors (p. 212). The novel function of the resulting chimeric gene causes the neoplastic process.


Gain-of-function mutations are dominantly inherited and the rare instances of gain-of-function mutations occurring in the homozygous state are often associated with a much more severe phenotype, which is often a prenatally lethal disorder, for example homozygous achondroplasia (p. 93) or Waardenburg syndrome type I (p. 91).









Dominant-Negative Mutations


A dominant-negative mutation is one in which a mutant gene in the heterozygous state results in the loss of protein activity or function, as a consequence of the mutant gene product interfering with the function of the normal gene product of the corresponding allele. Dominant-negative mutations are particularly common in proteins that are dimers or multimers, for instance structural proteins such as the collagens, mutations in which can lead to osteogenesis imperfecta.












Genotype-Phenotype Correlation


Many genetic disorders are well recognized as being very variable in severity, or in the particular features manifested by a person with the disorder (p. 112). Developments in molecular genetics increasingly allow identification of the mutational basis of the specific features that occur in a person with a particular inherited disease, or what is known as the phenotype. This has resulted in attempts to correlate the presence of a particular mutation, which is often called the genotype, with the specific features seen in a person with an inherited disorder, this being referred to as genotype-phenotype correlation. This can be important in the management of a patient. One example includes the association of mutations in the BRCA1 gene with the risk of developing ovarian cancer as well as breast cancer (p. 224). Particularly striking examples are mutations in the receptor tyrosine kinase gene RET which, depending on their location, can lead to four different syndromes that differ in the functional mechanism and clinical phenotype. Loss-of-function nonsense mutations lead to lack of migration of neural crest–derived cells to form the ganglia of the myenteric plexus of the large bowel, leading to Hirschsprung disease, whereas gain-of-function missense mutations result in familial medullary thyroid carcinoma or one of the two types of multiple endocrine neoplasia type 2 (p. 100). Mutations in the LMNA gene are associated with an even broader spectrum of disease (p. 112).












Mutations and Mutagenesis


Naturally occurring mutations are referred to as spontaneous mutations and are thought to arise through chance errors in chromosomal division or DNA replication. Environmental agents that cause mutations are known as mutagens. These include natural or artificial ionizing radiation and chemical or physical mutagens.






Radiation


Ionizing radiation includes electromagnetic waves of very short wavelength (x-rays and γ rays) and high-energy particles (α particles, β particles, and neutrons). X-rays, γ rays, and neutrons have great penetrating power, but α particles can penetrate soft tissues to a depth of only a fraction of a millimeter and β particles only up to a few millimeters.


Dosimetry is the measurement of radiation. The dose of radiation is expressed in relation to the amount received by the gonads because it is the effects of radiation on germ cells rather than somatic cells that are important as far as transmission of mutations to future progeny is concerned. The gonad dose of radiation is often expressed as the amount received in 30 years. This period has been chosen because it corresponds roughly to the generation time in humans.


The various sources and average annual doses of the different types of natural and artificial ionizing radiation are listed in Table 2.6. Natural sources of radiation include cosmic rays, external radiation from radioactive materials in certain rocks, and internal radiation from radioactive materials in tissues. Artificial sources include diagnostic and therapeutic radiology, occupational exposure and fallout from nuclear explosions.


Table 2.6 Approximate Average Doses of Ionizing Radiation from Various Sources to the Gonads of the General Population






	Source of Radiation

	Average Dose per Year (mSv)

	Average Dose per 30 Years (mSv)






	Natural






	Cosmic radiation

	0.25

	7.5






	External γ radiation*


	1.50

	45.0






	Internal γ radiation

	0.30

	9.0






	Artificial






	Medical radiology

	0.30

	9.0






	Radioactive fallout

	0.01

	0.3






	Occupational and miscellaneous

	0.04

	1.2






	Total

	2.40

	72.0







* Including radon in dwelling.


Data from Clarke RH, Southwood TRE 1989 Risks from ionizing radiation. Nature 338:197–198


The average gonadal dose of ionizing radiation from radioactive fallout resulting from the testing of nuclear weapons is less than that from any of the sources of background radiation. However, the possibility of serious accidents involving nuclear reactors, as occurred at Three Mile Island in the United States in 1979 and at Chernobyl in the Soviet Union in 1986, with widespread effects, must always be borne in mind.






Genetic Effects


Experiments with animals and plants have shown that the number of mutations produced by irradiation is proportional to the dose: the larger the dose, the greater the number of mutations produced. It is believed that there is no threshold below which irradiation has no effect—even the smallest dose of radiation can result in a mutation. The genetic effects of ionizing radiation are also cumulative, so that each time a person is exposed to radiation, the dose received has to be added to the amount of radiation already received. The total number of radiation-induced mutations is directly proportional to the total gonadal dose.


Unfortunately, in humans there is no easy way to demonstrate genetic damage caused by mutagens. Several agencies throughout the world are responsible for defining what is referred to as the maximum permissible dose of radiation. In the United Kingdom, the Radiation Protection Division of the Health Protection Agency advises that occupational exposure should not exceed 15 mSv in a year. To put this into perspective, 1 mSv is roughly 50 times the dose received in a single chest x-ray and 100 times the dose incurred when flying from the United Kingdom to Spain in a jet aircraft!


There is no doubting the potential dangers, both somatic and germline, of exposure to ionizing radiation. In the case of medical radiology, the dose of radiation resulting from a particular procedure has to be weighed against the ultimate beneficial effect to the patient. In the case of occupational exposure to radiation, the answer lies in defining the risks and introducing and enforcing adequate legislation. With regard to the dangers from fallout from nuclear accidents and explosions, the solution would seem obvious.









Chemical Mutagens


In humans, chemical mutagenesis may be more important than radiation in producing genetic damage. Experiments have shown that certain chemicals, such as mustard gas, formaldehyde, benzene, some basic dyes, and food additives, are mutagenic in animals. Exposure to environmental chemicals may result in the formation of DNA adducts, chromosome breaks, or aneuploidy. Consequently all new pharmaceutical products are subject to a battery of mutagenicity tests that include both in vitro and in vivo studies in animals.












DNA Repair


The occurrence of mutations in DNA, if left unrepaired, would have serious consequences for both the individual and subsequent generations. The stability of DNA is dependent upon continuous DNA repair by a number of different mechanisms (Table 2.7). Some types of DNA damage can be repaired directly. Examples include the dealkylation of O6-alkyl guanine or the removal of thymine dimers by photoreactivation in bacteria. The majority of DNA repair mechanisms involve cleavage of the DNA strand by an endonuclease, removal of the damaged region by an exonuclease, insertion of new bases by the enzyme DNA polymerase, and sealing of the break by DNA ligase.




Table 2.7 DNA Repair Pathways, Genes, and Associated Disorders


[image: image]




Nucleotide excision repair removes thymine dimers and large chemical adducts. It is a complex process involving more than 30 proteins that remove fragments of approximately 30 nucleotides. Mutations in at least eight of the genes encoding these proteins can cause xeroderma pigmentosum (p. 289), characterized by extreme sensitivity to ultraviolet light and a high frequency of skin cancer. A different set of repair enzymes is used to excise single abnormal bases (base excision repair), with mutations in the gene encoding the DNA glycosylase MYH having recently been shown to cause an autosomal recessive form of colorectal cancer (p. 223).


Naturally occurring reactive oxygen species and ionizing radiation induce breakage of DNA strands. Double-strand breaks result in chromosome breaks that can be lethal if not repaired. Post-replication repair is required to correct double-strand breaks and usually involves homologous recombination with a sister DNA molecule. Human genes involved in this pathway include NBS, BLM, and BRCA1/2, mutated in Nijmegen breakage syndrome, Bloom syndrome (p. 288), and hereditary breast cancer (p. 224), respectively. Alternatively, the broken ends may be rejoined by non-homologous end-joining, which is an error-prone pathway.


Mismatch repair (MMR) corrects mismatched bases introduced during DNA replication. Cells defective in MMR have very high mutation rates (up to 1000 times higher than normal). Mutations in at least six different MMR genes cause hereditary non-polyposis colorectal cancer (hereditary non-polyposis colorectal cancer; see p. 222).


Although DNA repair pathways have evolved to correct DNA damage and hence protect the cell from the deleterious consequences of mutations, some mutations arise from the cell’s attempts to tolerate damage. One example is translesion DNA synthesis, in which the DNA replication machinery bypasses sites of DNA damage, allowing normal DNA replication and gene expression to proceed downstream. Human disease may also be caused by defective cellular responses to DNA damage. Cells have complex signaling pathways that allow cell-cycle arrest to provide increased time for DNA repair. If the DNA damage is irreparable, the cell may initiate programmed cell death (apoptosis). The ATM protein is involved in sensing DNA damage and has been described as the ‘guardian of the genome’. Mutations in the ATM gene cause ataxia telangiectasia (see p. 204), characterized by hypersensitivity to radiation and a high risk of cancer.
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Elements






1 Genetic information is stored in DNA (deoxyribonucleic acid) as a linear sequence of two types of nucleotide, the purines (adenine [A] and guanine [G]) and the pyrimidines (cytosine [C] and thymine [T]), linked by a sugar–phosphate backbone.



2 A molecule of DNA consists of two antiparallel strands held in a double helix by hydrogen bonds between the complementary G–C and A–T base pairs.



3 DNA replication has multiple sites of origin and is semiconservative, each strand acting as a template for synthesis of a complementary strand.



4 Genes coding for proteins in higher organisms (eukaryotes) consist of coding (exons) and non-coding (introns) sections.



5 Transcription is the synthesis of a single-stranded complementary copy of one strand of a gene that is known as messenger RNA (mRNA). RNA (ribonucleic acid) differs from DNA in containing the sugar ribose and the base uracil instead of thymine.



6 mRNA is processed during transport from the nucleus to the cytoplasm, eliminating the non-coding sections. In the cytoplasm it becomes associated with the ribosomes, where translation (i.e., protein synthesis) occurs.



7 The genetic code is ‘universal’ and consists of triplets (codons) of nucleotides, each of which codes for an amino acid or termination of peptide chain synthesis. The code is degenerate, as all but two amino acids are specified by more than one codon.



8 The major control of gene expression is at the level of transcription by DNA regulatory sequences in the 5′ flanking promoter region of structural genes in eukaryotes. General and specific transcription factors are also involved in the regulation of genes.



9 Mutations occur both spontaneously and as a result of exposure to mutagenic agents such as ionizing radiation. Mutations are continuously corrected by DNA repair enzymes.






















CHAPTER 3 Chromosomes and Cell Division





Let us not take it for granted that life exists more fully in what is commonly thought big than in what is commonly thought small.


Virginia Woolf





At the molecular or submicroscopic level, DNA can be regarded as the basic template that provides a blueprint for the formation and maintenance of an organism. DNA is packaged into chromosomes and at a very simple level these can be considered as being made up of tightly coiled long chains of genes. Unlike DNA, chromosomes can be visualized during cell division using a light microscope, under which they appear as threadlike structures or ‘colored bodies’. The word chromosome is derived from the Greek chroma (= color) and soma (= body).


Chromosomes are the factors that distinguish one species from another and that enable the transmission of genetic information from one generation to the next. Their behavior at somatic cell division in mitosis provides a means of ensuring that each daughter cell retains its own complete genetic complement. Similarly, their behavior during gamete formation in meiosis enables each mature ovum and sperm to contain a unique single set of parental genes. Chromosomes are quite literally the vehicles that facilitate reproduction and the maintenance of a species.


The study of chromosomes and cell division is referred to as cytogenetics. Before the 1950s it was thought, incorrectly, that each human cell contained 48 chromosomes and that human sex was determined by the number of X chromosomes present at conception. Following the development in 1956 of more reliable techniques for studying human chromosomes, it was realized that the correct chromosome number in humans is 46 (p. 5) and that maleness is determined by the presence of a Y chromosome regardless of the number of X chromosomes present in each cell. It was also realized that abnormalities of chromosome number and structure could seriously disrupt normal growth and development.


Table 3.1 highlights the methodological developments that have taken place during the past 5 decades that underpin our current knowledge of human cytogenetics.


Table 3.1 Development of methodologies for cytogenetics






	Decade

	Development

	Examples of Application






	1950–1960s

	Reliable methods for chromosome preparations

	Chromosome number determined to be 46 (1956) and Philadelphia chromosome identified as t(9;22) (1960)






	1970s

	Giemsa chromosome banding

	Mapping of RB1 gene to chromosome 13q14 by identification of deleted chromosomal region in patients with retinoblastoma (1976)






	1980s

	Fluorescent in-situ hybridization (FISH)

	Interphase FISH for rapid detection of Down syndrome (1994)
Spectral karyotyping for whole genome chromosome analysis (1996)






	1990s

	Comparative genomic hybridization (CGH)

	Mapping genomic imbalances in solid tumors (1992)






	2000s

	Array CGH

	Analysis of constitutional rearrangements; e.g., identification of ∼5 Mb deletion in a patient with CHARGE syndrome that led to identification of the gene (2004)







CHARGE, coloboma of the eye, heart defects, atresia of the choanae, retardation of growth and/or development, genital and/or urinary abnormalities, and ear abnormalities and deafness.






Human Chromosomes






Morphology


At the submicroscopic level, chromosomes consist of an extremely elaborate complex, made up of supercoils of DNA, which has been likened to the tightly coiled network of wiring seen in a solenoid (p. 31). Under the electron microscope chromosomes can be seen to have a rounded and rather irregular morphology (Figure 3.1). However, most of our knowledge of chromosome structure has been gained using light microscopy. Special stains selectively taken up by DNA have enabled each individual chromosome to be identified. These are best seen during cell division, when the chromosomes are maximally contracted and the constituent genes can no longer be transcribed.
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Figure 3.1 Electron micrograph of human chromosomes showing the centromeres and well-defined chromatids.


(Courtesy Dr. Christine Harrison. Reproduced from Harrison et al 1983 Cytogenet Cell Genet 35: 21–27; with permission of the publisher, S. Karger, Basel.)





At this time each chromosome can be seen to consist of two identical strands known as chromatids, or sister chromatids, which are the result of DNA replication having taken place during the S (synthesis) phase of the cell cycle (p. 39). These sister chromatids can be seen to be joined at a primary constriction known as the centromere. Centromeres consist of several hundred kilobases of repetitive DNA and are responsible for the movement of chromosomes at cell division. Each centromere divides the chromosome into short and long arms, designated p (= petite) and q (‘g’ = grande), respectively.


The tip of each chromosome arm is known as the telomere. Telomeres play a crucial role in sealing the ends of chromosomes and maintaining their structural integrity. Telomeres have been highly conserved throughout evolution and in humans they consist of many tandem repeats of a TTAGGG sequence. During DNA replication, an enzyme known as telomerase replaces the 5′ end of the long strand, which would otherwise become progressively shorter until a critical length was reached when the cell could no longer divide and thus became senescent. This is in fact part of the normal cellular aging process, with most cells being unable to undergo more than 50 to 60 divisions. However, in some tumors increased telomerase activity has been implicated as a cause of abnormally prolonged cell survival.


Morphologically chromosomes are classified according to the position of the centromere. If this is located centrally, the chromosome is metacentric, if terminal it is acrocentric, and if the centromere is in an intermediate position the chromosome is submetacentric (Figure 3.2). Acrocentric chromosomes sometimes have stalk-like appendages called satellites that form the nucleolus of the resting interphase cell and contain multiple repeat copies of the genes for ribosomal RNA.
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Figure 3.2 Morphologically chromosomes are described as metacentric, submetacentric, or acrocentric, depending on the position of the centromere.











Classification


Individual chromosomes differ not only in the position of the centromere, but also in their overall length. Based on the three parameters of length, position of the centromere, and the presence or absence of satellites, early pioneers of cytogenetics were able to identify most individual chromosomes, or at least subdivide them into groups labeled A to G on the basis of overall morphology (A, 1–3; B, 4–5; C, 6–12 1 X; D, 13–15; E, 16–18; F, 19–20; G, 21–22 1 Y). In humans the normal cell nucleus contains 46 chromosomes, made up of 22 pairs of autosomes and a single pair of sex chromosomes—XX in the female and XY in the male. One member of each of these pairs is derived from each parent. Somatic cells are said to have a diploid complement of 46 chromosomes, whereas gametes (ova and sperm) have a haploid complement of 23 chromosomes. Members of a pair of chromosomes are known as homologs.


The development of chromosome banding (p. 33) enabled very precise recognition of individual chromosomes and the detection of subtle chromosome abnormalities. This technique also revealed that chromatin, the combination of DNA and histone proteins that comprise chromosomes, exists in two main forms. Euchromatin stains lightly and consists of genes that are actively expressed. In contrast, heterochromatin stains darkly and is made up largely of inactive, unexpressed, repetitive DNA.









The Sex Chromosomes


The X and Y chromosomes are known as the sex chromosomes because of their crucial role in sex determination. The X chromosome was originally labeled as such because of uncertainty as to its function when it was realized that in some insects this chromosome is present in some gametes but not in others. In these insects the male has only one sex chromosome (X), whereas the female has two (XX). In humans, and in most mammals, both the male and the female have two sex chromosomes—XX in the female and XY in the male. The Y chromosome is much smaller than the X and carries only a few genes of functional importance, most notably the testis-determining factor, known as SRY (p. 92). Other genes on the Y chromosome are known to be important in maintaining spermatogenesis.


In the female each ovum carries an X chromosome, whereas in the male each sperm carries either an X or a Y chromosome. As there is a roughly equal chance of either an X-bearing sperm or a Y-bearing sperm fertilizing an ovum, the numbers of male and female conceptions are approximately equal (Figure 3.3). In fact, slightly more male babies are born than females, although during childhood and adult life the sex ratio evens out at 1 : 1.
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Figure 3.3 Punnett square showing sex chromosome combinations for male and female gametes.




The process of sex determination is considered in detail later (p. 101).












Methods of Chromosome Analysis


It was generally believed that each cell contained 48 chromosomes until 1956, when Tjio and Levan correctly concluded on the basis of their studies that the normal human somatic cell contains only 46 chromosomes (p. 5). The methods they used, with certain modifications, are now universally employed in cytogenetic laboratories to analyze the chromosome constitution of an individual, which is known as a karyotype. This term is also used to describe a photomicrograph of an individual’s chromosomes, arranged in a standard manner.






Chromosome Preparation


Any tissue with living nucleated cells that undergo division can be used for studying human chromosomes. Most commonly circulating lymphocytes from peripheral blood are used, although samples for chromosomal analysis can be prepared relatively easily using skin, bone marrow, chorionic villi, or cells from amniotic fluid (amniocytes).


In the case of peripheral (venous) blood, a sample is added to a small volume of nutrient medium containing phytohemagglutinin, which stimulates T lymphocytes to divide. The cells are cultured under sterile conditions at 37°C for about 3 days, during which they divide, and colchicine is then added to each culture. This drug has the extremely useful property of preventing formation of the spindle, thereby arresting cell division during metaphase, the time when the chromosomes are maximally condensed and therefore most visible. Hypotonic saline is then added, which causes the red blood cells to lyze and results in spreading of the chromosomes, which are then fixed, mounted on a slide and stained ready for analysis (Figure 3.4).
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Figure 3.4 Preparation of a karyotype.











Chromosome Banding


Several different staining methods can be used to identify individual chromosomes but G (Giemsa) banding is used most commonly. The chromosomes are treated with trypsin, which denatures their protein content, and then stained with a DNA-binding dye–—also known as ‘Giemsa’–—that gives each chromosome a characteristic and reproducible pattern of light and dark bands (Figure 3.5).
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Figure 3.5 A normal G-banded male karyotype.




G banding generally provides high-quality chromosome analysis with approximately 400 to 500 bands per haploid set. Each of these bands corresponds on average to approximately 6000 to 8000 kilobases (kb) (i.e., 6 to 8 megabases [mb]) of DNA. High-resolution banding of the chromosomes at an earlier stage of mitosis, such as prophase or prometaphase, provides greater sensitivity with up to 800 bands per haploid set, but is much more demanding technically. This involves first inhibiting cell division with an agent such as methotrexate or thymidine. Folic acid or deoxycytidine is added to the culture medium, releasing the cells into mitosis. Colchicine is then added at a specific time interval, when a higher proportion of cells will be in prometaphase and the chromosomes will not be fully contracted, giving a more detailed banding pattern.









Karyotype Analysis


The next stage in chromosome analysis involves first counting the number of chromosomes present in a specified number of cells, sometimes referred to as metaphase spreads, followed by careful analysis of the banding pattern of each individual chromosome in selected cells.


The banding pattern of each chromosome is specific and can be shown in the form of a stylized ideal karyotype known as an idiogram (Figure 3.6). The cytogeneticist analyzes each pair of homologous chromosomes, either directly by looking down the microscope or using an image capture system to photograph the chromosomes and arrange them in the form of a karyogram (Figure 3.7).
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Figure 3.6 An idiogram showing the banding patterns of individual chromosomes as revealed by fluorescent and Giemsa staining.
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Figure 3.7 A G-banded metaphase spread.


(Courtesy Mr. A. Wilkinson, Cytogenetics Unit, City Hospital, Nottingham, UK.)















Molecular Cytogenetics






Fluorescent In-Situ Hybridization


This diagnostic tool combines conventional cytogenetics with molecular genetic technology. It is based on the unique ability of a portion of single-stranded DNA (i.e., a probe; see p. 35) to anneal with its complementary target sequence on a metaphase chromosome, interphase nucleus or extended chromatin fiber. In fluorescent in-situ hybridization (FISH), the DNA probe is labeled with a fluorochrome which, after hybridization with the patient’s sample, allows the region where hybridization has occurred to be visualized using a fluorescence microscope. FISH has been widely used for clinical diagnostic purposes during the past 15 years and there are a number of different types of probes that may be employed.






Different Types of FISH Probe






Centromeric probes


These consist of repetitive DNA sequences found in and around the centromere of a specific chromosome. They were the original probes used for rapid diagnosis of the common aneuploidy syndromes (trisomies 13, 18, 21; see p. 274) using non-dividing cells in interphase obtained from a prenatal diagnostic sample of chorionic villi. In the present, quantitative fluorescent polymerase chain reaction is more commonly used to detect these trisomies.









Chromosome-specific unique-sequence probes


These are specific for a particular single locus. Unique-sequence probes are particularly useful for identifying tiny submicroscopic deletions and duplications (Figure 3.8). The group of disorders referred to as the microdeletion syndromes are described in Chapter 18. Another application is the use of an interphase FISH probe to identify HER2 overexpression in breast tumors to identify patients likely to benefit from Herceptin treatment.
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Figure 3.8 Metaphase image of Williams (ELN) region probe (Vysis), chromosome band 7q11.23, showing the deletion associated with Williams syndrome. The normal chromosome has signals for the control probe (green) and the ELN gene probe (orange), but the deleted chromosome shows only the control probe signal.


(Courtesy Catherine Delmege, Bristol Genetics Laboratory, Southmead Hospital, Bristol, UK.)












Telomeric probes


A complete set of telomeric probes was been developed for all 24 chromosomes (i.e., autosomes 1 to 22 plus X and Y). Using these, a method has been devised that enables the simultaneous analysis of the subtelomeric region of every chromosome by means of only one microscope slide per patient. This proved to be a useful technique for identifying tiny ‘cryptic’ subtelomeric abnormalities, but has largely been replaced with a quantitative polymerase chain reaction method, multiplex ligation-dependent probe amplifications, that simultaneously measures dosage for all the subtelomeric chromosome regions.









Whole-Chromosome paint probes


These consist of a cocktail of probes obtained from different parts of a particular chromosome. When this mixture of probes is used together in a single hybridization, the entire relevant chromosome fluoresces (i.e., is ‘painted’). Chromosome painting is extremely useful for characterizing complex rearrangements, such as subtle translocations (Figure 3.9), and for identifying the origin of additional chromosome material, such as small supernumerary markers or rings.
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Figure 3.9 Chromosome painting showing a reciprocal translocation involving chromosomes 3 (red) and 20 (green).

















Comparative Genomic Hybridization


Comparative genomic hybridization (CGH) was originally developed to overcome the difficulty of obtaining good-quality metaphase preparations from solid tumors. This technique enabled the detection of regions of allele loss and gene amplification (p. 220). Tumor or ‘test’ DNA was labeled with a green paint, and control normal DNA with a red paint. The two samples were mixed and hybridized competitively to normal metaphase chromosomes, and an image captured (Figure 3.10). If the test sample contained more DNA from a particular chromosome region than the control sample, that region was identified by an increase in the green to red fluorescence ratio (Figure 3.11). Similarly a deletion in the test sample was identified by a reduction in the green to red fluorescence ratio.
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Figure 3.10 Comparative genomic hybridization (CGH) analysis showing areas of gene amplification and reduction (deletion) in tumor DNA. DAPI, diamidinophenylindole; FITC, fluorescein isothiocyanate.


(Courtesy Dr. Peter Lichter, German Cancer Research Center, Heidelberg, and Applied Imaging.)
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Figure 3.11 Comparison of conventional and array comparative genomic hybridization (CGH). Both techniques involve the hybridization of differentially labeled normal and patient DNA, but the targets of the hybridization are metaphase chromosomes and microarrays, respectively. The results show deletions of chromosome 10q and deletion of three clones on a 1-Mb bacterial artificial chromosome (BAC) array.


(Array CGH data courtesy Dr. John Barber, National Genetics Reference Laboratory [Wessex], Salisbury, UK.)












Array CGH


Cytogenetic techniques are traditionally based on microscopic analysis. However, the increasing application of microarray technology is also having a major impact on cytogenetics. Although array CGH is a molecular biology technique, it is introduced in this chapter because it has evolved from metaphase CGH and is being used to investigate chromosome structure.


Array CGH also involves the hybridization of patient and reference DNA, but metaphase chromosomes are replaced as the target by large numbers of DNA sequences bound to glass slides (Figure 3.11). The DNA target sequences have evolved from mapped clones (yeast artificial chromosome [YAC], bacterial artificial chromosome [BAC], or P1-derived artificial chromosome [PAC] or cosmid), to oligonucleotides. They are spotted on to the microscope slides using robotics to create a microarray, in which each DNA target has a unique location. Following hybridization and washing to remove unbound DNA, the relative levels of fluorescence are measured using computer software. Oligonucleotide arrays provide the highest resolution and can include up to 1 million probes.


The application of microarray CGH has extended from cancer cytogenetics to the detection of any type of gain or loss, including the detection of subtelomeric deletions in patients with unexplained intellectual impairment. Array CGH is faster and more sensitive than conventional metaphase analysis for the identification of constitutional rearrangements (with the exception of balanced translocations) and has replaced conventional karyotyping as the first-line test in the investigation of patients with severe developmental delay/learning difficulties and/or congenital abnormalities.












Chromosome Nomenclature


By convention each chromosome arm is divided into regions and each region is subdivided into bands, numbering always from the centromere outwards (Figure 3.12). A given point on a chromosome is designated by the chromosome number, the arm (p or q), the region, and the band (e.g., 15q12). Sometimes the word region is omitted, so that 15q12 would be referred to simply as band 12 on the long arm of chromosome 15.
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Figure 3.12 X chromosome showing the short and long arms each subdivided into regions and bands.




A shorthand notation system exists for the description of chromosome abnormalities (Table 3.2). Normal male and female karyotypes are depicted as 46,XY and 46,XX, respectively. A male with Down syndrome as a result of trisomy 21 would be represented as 47,XY,+21, whereas a female with a deletion of the short arm of one number 5 chromosome (cri du chat syndrome; see p. 281) would be represented as 46,XX,del(5p). A chromosome report reading 46,XY,t(2;4)(p23;q25) would indicate a male with a reciprocal translocation involving the short arm of chromosome 2 at region 2 band 3 and the long arm of chromosome 4 at region 2 band 5.


Table 3.2 Symbols used in describing a karyotype






	Term

	Explanation

	Example






	p

	Short arm

	 






	q

	Long arm

	 






	cen

	Centromere

	 






	del

	Deletion

	46,XX,del(1)(q21)






	dup

	Duplication

	46,XY, dup(13)(q14)






	fra

	Fragile site

	 






	i

	Isochromosome

	46,X,i(Xq)






	inv

	Inversion

	46XX,inv(9)(p12q12)






	ish

	In-situ hybridization

	 






	r

	Ring

	46;XX,r(21)






	t

	Translocation

	46,XY,t(2;4)(q21;q21)






	ter

	Terminal or end

	Tip of arm; e.g., pter or qter






	/

	Mosaicism

	46,XY/47,XXY






	+ or –

	Sometimes used after a chromosome arm in text to indicate gain or loss of part of that chromosome

	46,XX,5p–














Cell Division






Mitosis


At conception the human zygote consists of a single cell. This undergoes rapid division, leading ultimately to the mature human adult consisting of approximately 1 × 1014 cells in total. In most organs and tissues, such as bone marrow and skin, cells continue to divide throughout life. This process of somatic cell division, during which the nucleus also divides, is known as mitosis. During mitosis each chromosome divides into two daughter chromosomes, one of which segregates into each daughter cell. Consequently, the number of chromosomes per nucleus remains unchanged.


Prior to a cell entering mitosis, each chromosome consists of two identical sister chromatids as a result of DNA replication having taken place during the S phase of the cell cycle (p. 39). Mitosis is the process whereby each of these pairs of chromatids separates and disperses into separate daughter cells.


Mitosis is a continuous process that usually lasts 1 to 2 hours, but for descriptive purposes it is convenient to distinguish five distinct stages. These are prophase, prometaphase, metaphase, anaphase, and telophase (Figure 3.13).





[image: image]

Figure 3.13 Stages of mitosis.








Prophase


During the initial stage of prophase, the chromosomes condense and the mitotic spindle begins to form. Two centrioles form in each cell, from which microtubules radiate as the centrioles move toward opposite poles of the cell.









Prometaphase


During prometaphase the nuclear membrane begins to disintegrate, allowing the chromosomes to spread around the cell. Each chromosome becomes attached at its centromere to a microtubule of the mitotic spindle.









Metaphase


In metaphase the chromosomes become aligned along the equatorial plane or plate of the cell, where each chromosome is attached to the centriole by a microtubule forming the mature spindle. At this point the chromosomes are maximally contracted and, therefore, most easily visible. Each chromosome resembles the letter X in shape, as the chromatids of each chromosome have separated longitudinally but remain attached at the centromere, which has not yet undergone division.









Anaphase


In anaphase the centromere of each chromosome divides longitudinally and the two daughter chromatids separate to opposite poles of the cell.






Telophase


By telophase the chromatids, which are now independent chromosomes consisting of a single double helix, have separated completely and the two groups of daughter chromosomes each become enveloped in a new nuclear membrane. The cell cytoplasm also separates (cytokinesis), resulting in the formation of two new daughter cells, each of which contains a complete diploid chromosome complement.















The Cell Cycle


The period between successive mitoses is known as the interphase of the cell cycle (Figure 3.14). In rapidly dividing cells this lasts for between 16 and 24 hours. Interphase commences with the G1 (G = gap) phase during which the chromosomes become thin and extended. This phase of the cycle is very variable in length and is responsible for the variation in generation time between different cell populations. Cells that have stopped dividing, such as neurons, usually arrest in this phase and are said to have entered a noncyclic stage known as G0.
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Figure 3.14 Stages of the cell cycle. G1 and G2 are the first and second ‘resting’ stages of interphase. S is the stage of DNA replication. M, mitosis.




The G1 phase is followed by the S phase (S = synthesis), when DNA replication occurs and the chromatin of each chromosome is replicated. This results in the formation of two chromatids, giving each chromosome its characteristic X-shaped configuration. The process of DNA replication commences at multiple points on a chromosome (p. 14).


Homologous pairs of chromosomes usually replicate in synchrony. However, one of the X chromosomes is always late in replicating. This is the inactive X chromosome (p. 103) that forms the sex chromatin or so-called Barr body, which can be visualized during interphase in female somatic cells. This used to be the basis of a rather unsatisfactory means of sex determination based on analysis of cells obtained by scraping the buccal mucosa—a ‘buccal smear’.


Interphase is completed by a relatively short G2 phase during which the chromosomes begin to condense in preparation for the next mitotic division.









Meiosis


Meiosis is the process of nuclear division that occurs during the final stage of gamete formation. Meiosis differs from mitosis in three fundamental ways:



1 Mitosis results in each daughter cell having a diploid chromosome complement (46). During meiosis the diploid count is halved so that each mature gamete receives a haploid complement of 23 chromosomes.



2 Mitosis takes place in somatic cells and during the early cell divisions in gamete formation. Meiosis occurs only at the final division of gamete maturation.



3 Mitosis occurs as a one-step process. Meiosis can be considered as two cell divisions known as meiosis I and meiosis II, each of which can be considered as having prophase, metaphase, anaphase, and telophase stages, as in mitosis (Figure 3.15).
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Figure 3.15 Stages of meiosis.








Meiosis I


This is sometimes referred to as the reduction division, because it is during the first meiotic division that the chromosome number is halved.






Prophase I


Chromosomes enter this stage already split longitudinally into two chromatids joined at the centromere. Homologous chromosomes pair and, with the exception of the X and Y chromosomes in male meiosis, exchange of homologous segments occurs between non-sister chromatids; that is, chromatids from each of the pair of homologous chromosomes. This exchange of homologous segments between chromatids occurs as a result of a process known as crossing over or recombination. The importance of crossing over in linkage analysis and risk calculation is considered later (pp. 136, 345).


During prophase I in the male, pairing occurs between homologous segments of the X and Y chromosomes at the tip of their short arms, with this portion of each chromosome being known as the pseudoautosomal region (p. 118).


The prophase stage of meiosis I is relatively lengthy and can be subdivided into five stages.






Leptotene


The chromosomes become visible as they start to condense.









Zygotene


Homologous chromosomes align directly opposite each other, a process known as synapsis, and are held together at several points along their length by filamentous structures known as synaptonemal complexes.









Pachytene


Each pair of homologous chromosomes, known as a bivalent, becomes tightly coiled. Crossing over occurs, during which homologous regions of DNA are exchanged between chromatids.









Diplotene


The homologous recombinant chromosomes now begin to separate but remain attached at the points where crossing over has occurred. These are known as chiasmata. On average, small, medium, and large chromosomes have one, two, and three chiasmata, respectively, giving an overall total of approximately 40 recombination events per meiosis per gamete.









Diakinesis


Separation of the homologous chromosome pairs proceeds as the chromosomes become maximally condensed.












Metaphase I


The nuclear membrane disappears and the chromosomes become aligned on the equatorial plane of the cell where they have become attached to the spindle, as in metaphase of mitosis.









Anaphase I


The chromosomes now separate to opposite poles of the cell as the spindle contracts.









Telophase I


Each set of haploid chromosomes has now separated completely to opposite ends of the cell, which cleaves into two new daughter gametes, so-called secondary spermatocytes or oocytes.












Meiosis II


This is essentially the same as an ordinary mitotic division. Each chromosome, which exists as a pair of chromatids, becomes aligned along the equatorial plane and then splits longitudinally, leading to the formation of two new daughter gametes, known as spermatids or ova.









The Consequences of Meiosis


When considered in terms of reproduction and the maintenance of the species, meiosis achieves two major objectives. First, it facilitates halving of the diploid number of chromosomes so that each child receives half of its chromosome complement from each parent. Second, it provides an extraordinary potential for generating genetic diversity. This is achieved in two ways:



1 When the bivalents separate during prophase of meiosis I, they do so independently of one another. This is consistent with Mendel’s third law (p. 5). Consequently each gamete receives a selection of parental chromosomes. The likelihood that any two gametes from an individual will contain exactly the same chromosomes is 1 in 223, or approximately 1 in 8 million.



2 As a result of crossing over, each chromatid usually contains portions of DNA derived from both parental homologous chromosomes. A large chromosome typically consists of three or more segments of alternating parental origin. The ensuing probability that any two gametes will have an identical genome is therefore infinitesimally small. This dispersion of DNA into different gametes is sometimes referred to as gene shuffling.















Gametogenesis


The process of gametogenesis shows fundamental differences in males and females (Table 3.3). These have quite distinct clinical consequences if errors occur.


Table 3.3 Differences in gametogenesis in males and females






	 

	Males

	Females






	Commences

	Puberty

	Early embryonic life






	Duration

	60–65 days

	10–50 years






	Numbers of mitoses in gamete formation

	30–500

	20–30






	Gamete production per meiosis

	4 spermatids

	1 ovum + 3 polar bodies






	Gamete production

	100–200 million per ejaculate

	1 ovum per menstrual cycle











Oogenesis


Mature ova develop from oogonia by a complex series of intermediate steps. Oogonia themselves originate from primordial germ cells by a process involving 20 to 30 mitotic divisions that occur during the first few months of embryonic life. By the completion of embryogenesis at 3 months of intrauterine life, the oogonia have begun to mature into primary oocytes that start to undergo meiosis. At birth all of the primary oocytes have entered a phase of maturation arrest, known as dictyotene, in which they remain suspended until meiosis I is completed at the time of ovulation, when a single secondary oocyte is formed. This receives most of the cytoplasm. The other daughter cell from the first meiotic division consists largely of a nucleus and is known as a polar body. Meiosis II then commences, during which fertilization can occur. This second meiotic division results in the formation of a further polar body (Figure 3.16).
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Figure 3.16 Stages of oogenesis and spermatogenesis. n, haploid number.




It is probable that the very lengthy interval between the onset of meiosis and its eventual completion, up to 50 years later, accounts for the well documented increased incidence of chromosome abnormalities in the offspring of older mothers (p. 44). The accumulating effects of ‘wear and tear’ on the primary oocyte during the dictyotene phase probably damage the cell’s spindle formation and repair mechanisms, thereby predisposing to non-disjunction (p. 17).









Spermatogenesis


In contrast, spermatogenesis is a relatively rapid process with an average duration of 60 to 65 days. At puberty spermatogonia, which will already have undergone approximately 30 mitotic divisions, begin to mature into primary spermatocytes which enter meiosis I and emerge as haploid secondary spermatocytes. These then undergo the second meiotic division to form spermatids, which in turn develop without any subsequent cell division into mature spermatozoa, of which 100 to 200 million are present in each ejaculate.


Spermatogenesis is a continuous process involving many mitotic divisions, possibly as many as 20 to 25 per annum, so that mature spermatozoa produced by a man of 50 years or older could well have undergone several hundred mitotic divisions. The observed paternal age effect for new dominant mutations (p. 113) is consistent with the concept that many mutations arise as a consequence of DNA copy errors occurring during mitosis.












Chromosome Abnormalities


Specific disorders caused by chromosome abnormalities are considered in Chapter 18. In this section, discussion is restricted to a review of the different types of abnormality that may occur. These can be divided into numerical and structural, with a third category consisting of different chromosome constitutions in two or more cell lines (Box 3.1).





Box 3.1


Types of chromosome abnormality






Numerical






Aneuploidy



Monosomy



Trisomy



Tetrasomy



Polyploidy



Triploidy



Tetraploidy









Structural






Translocations



Reciprocal



Robertsonian



Deletions



Insertions



Inversions



Paracentric



Pericentric



Rings



Isochromosomes









Different Cell Lines (Mixoploidy)






Mosaicism



Chimerism












Numerical Abnormalities


Numerical abnormalities involve the loss or gain of one or more chromosomes, referred to as aneuploidy, or the addition of one or more complete haploid complements, known as polyploidy. Loss of a single chromosome results in monosomy. Gain of one or two homologous chromosomes is referred to as trisomy or tetrasomy, respectively.






Trisomy


The presence of an extra chromosome is referred to as trisomy. Most cases of Down syndrome are due to the presence of an additional number 21 chromosome; hence, Down syndrome is often known as trisomy 21. Other autosomal trisomies compatible with survival to term are Patau syndrome (trisomy 13) (p. 275) and Edwards syndrome (trisomy 18) (p. 275). Most other autosomal trisomies result in early pregnancy loss, with trisomy 16 being a particularly common finding in first-trimester spontaneous miscarriages. The presence of an additional sex chromosome (X or Y) has only mild phenotypic effects (p. 104).


Trisomy 21 is usually caused by failure of separation of one of the pairs of homologous chromosomes during anaphase of maternal meiosis I. This failure of the bivalent to separate is called non-disjunction. Less often, trisomy can be caused by non-disjunction occurring during meiosis II when a pair of sister chromatids fails to separate. Either way the gamete receives two homologous chromosomes (disomy); if subsequent fertilization occurs, a trisomic conceptus results (Figure 3.17).
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Figure 3.17 Segregation at meiosis of a single pair of chromosomes in, A, normal meiosis, B, non-disjunction in meiosis I, and, C, non-disjunction in meiosis II.








The origin of non-disjunction


The consequences of non-disjunction in meiosis I and meiosis II differ in the chromosomes found in the gamete. An error in meiosis I leads to the gamete containing both homologs of one chromosome pair. In contrast, non-disjunction in meiosis II results in the gamete receiving two copies of one of the homologs of the chromosome pair. Studies using DNA markers have shown that most children with an autosomal trisomy have inherited their additional chromosome as a result of non-disjunction occurring during one of the maternal meiotic divisions (Table 3.4).


Table 3.4 Parental origin of meiotic error leading to aneuploidy






	Chromosome Abnormality

	Paternal (%)

	Maternal (%)






	Trisomy 13

	15

	85






	Trisomy 18

	10

	90






	Trisomy 21

	5

	95






	45,X

	80

	20






	47,XXX

	5

	95






	47,XXY

	45

	55






	47,XYY

	100

	0







Non-disjunction can also occur during an early mitotic division in the developing zygote. This results in the presence of two or more different cell lines, a phenomenon known as mosaicism (p. 50).









The cause of non-disjunction


The cause of non-disjunction is uncertain. The most favored explanation is that of an aging effect on the primary oocyte, which can remain in a state of suspended inactivity for up to 50 years (p. 41). This is based on the well-documented association between advancing maternal age and increased incidence of Down syndrome in offspring (see Table 18.4; see p. 275). A maternal age effect has also been noted for trisomies 13 and 18.


It is not known how or why advancing maternal age predisposes to non-disjunction, although research has shown that absence of recombination in prophase of meiosis I predisposes to subsequent non-disjunction. This is not surprising, as the chiasmata that are formed after recombination are responsible for holding each pair of homologous chromosomes together until subsequent separation occurs in diakinesis. Thus failure of chiasmata formation could allow each pair of homologs to separate prematurely and then segregate randomly to daughter cells. In the female, however, recombination occurs before birth whereas the non-disjunctional event occurs any time between 15 and 50 years later. This suggests that at least two factors can be involved in causing non-disjunction: an absence of recombination between homologous chromosomes in the fetal ovary, and an abnormality in spindle formation many years later.












Monosomy


The absence of a single chromosome is referred to as monosomy. Monosomy for an autosome is almost always incompatible with survival to term. Lack of contribution of an X or a Y chromosome results in a 45,X karyotype, which causes the condition known as Turner syndrome (p. 277).


As with trisomy, monosomy can result from non-disjunction in meiosis. If one gamete receives two copies of a homologous chromosome (disomy), the other corresponding daughter gamete will have no copy of the same chromosome (nullisomy). Monosomy can also be caused by loss of a chromosome as it moves to the pole of the cell during anaphase, an event known as anaphase lag.









Polyploidy


Polyploid cells contain multiples of the haploid number of chromosomes such as 69, triploidy, or 92, tetraploidy. In humans, triploidy is found relatively often in material grown from spontaneous miscarriages, but survival beyond mid-pregnancy is rare. Only a few triploid live births have been described and all died soon after birth.


Triploidy can be caused by failure of a maturation meiotic division in an ovum or sperm, leading, for example, to retention of a polar body or to the formation of a diploid sperm. Alternatively it can be caused by fertilization of an ovum by two sperm: this is known as dispermy. When triploidy results from the presence of an additional set of paternal chromosomes, the placenta is usually swollen with what are known as hydatidiform changes (p. 101). In contrast, when triploidy results from an additional set of maternal chromosomes, the placenta is usually small. Triploidy usually results in early spontaneous miscarriage (Figure 3.18). The differences between triploidy due to an additional set of paternal chromosomes or maternal chromosomes provide evidence for important ‘epigenetic’ and ‘parent of origin’ effects with respect to the human genome. These are discussed in more detail in Chapter 6.
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Figure 3.18 Karyotype from products of conception of a spontaneous miscarriage showing triploidy.














Structural Abnormalities


Structural chromosome rearrangements result from chromosome breakage with subsequent reunion in a different configuration. They can be balanced or unbalanced. In balanced rearrangements the chromosome complement is complete, with no loss or gain of genetic material. Consequently, balanced rearrangements are generally harmless with the exception of rare cases in which one of the breakpoints damages an important functional gene. However, carriers of balanced rearrangements are often at risk of producing children with an unbalanced chromosomal complement.


When a chromosome rearrangement is unbalanced the chromosomal complement contains an incorrect amount of chromosome material and the clinical effects are usually serious.






Translocations


A translocation refers to the transfer of genetic material from one chromosome to another. A reciprocal translocation is formed when a break occurs in each of two chromosomes with the segments being exchanged to form two new derivative chromosomes. A Robertsonian translocation is a particular type of reciprocal translocation in which the breakpoints are located at, or close to, the centromeres of two acrocentric chromosomes (Figure 3.19).
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Figure 3.19 Types of translocation.








Reciprocal translocations


A reciprocal translocation involves breakage of at least two chromosomes with exchange of the fragments. Usually the chromosome number remains at 46 and, if the exchanged fragments are of roughly equal size, a reciprocal translocation can be identified only by detailed chromosomal banding studies or FISH (see Figure 3.9). In general, reciprocal translocations are unique to a particular family, although, for reasons that are unknown, a particular balanced reciprocal translocation involving the long arms of chromosomes 11 and 22 is relatively common. The overall incidence of reciprocal translocations in the general population is approximately 1 in 500.






Segregation at meiosis


The importance of balanced reciprocal translocations lies in their behavior at meiosis, when they can segregate to generate significant chromosome imbalance. This can lead to early pregnancy loss or to the birth of an infant with multiple abnormalities. Problems arise at meiosis because the chromosomes involved in the translocation cannot pair normally to form bivalents. Instead they form a cluster known as a pachytene quadrivalent (Figure 3.20). The key point to note is that each chromosome aligns with homologous material in the quadrivalent.
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Figure 3.20 How a balanced reciprocal translocation involving chromosomes 11 and 22 leads to the formation of a quadrivalent at pachytene in meiosis I. The quadrivalent is formed to maintain homologous pairing.











2 : 2 Segregation


When the constituent chromosomes in the quadrivalent separate during the later stages of meiosis I, they can do so in several different ways (Table 3.5). If alternate chromosomes segregate to each gamete, the gamete will carry a normal or balanced haploid complement (Figure 3.21) and with fertilization the embryo will either have normal chromosomes or carry the balanced rearrangement. If, however, adjacent chromosomes segregate together, this will invariably result in the gamete acquiring an unbalanced chromosome complement. For example, in Figure 3.20, if the gamete inherits the normal number 11 chromosome (A) and the derivative number 22 chromosome (C), then fertilization will result in an embryo with monosomy for the distal long arm of chromosome 22 and trisomy for the distal long arm of chromosome 11.


Table 3.5 Patterns of segregation of a reciprocal translocation (see Figures 3.20 and 3.21)






	Pattern of Segregation

	Segregating Chromosomes

	Chromosome Constitution in Gamete






	2 : 2






	Alternate

	A + D

	Normal






	B + C

	Balanced translocation






	Adjacent-1 (non-homologous centromeres segregate together)

	A + C or B + D

	Unbalanced, leading to a combination of partial monosomy and partial trisomy in the zygote






	Adjacent-2 (homologous centromeres segregate together)

	A + B or C + D

	 






	3 : 1






	Three chromosomes

	A + B + C
A + B + D
A + C + D
B + C + D

	Unbalanced, leading to trisomy in the zygote






	One chromosome

	A
B
C
D

	Unbalanced, leading to monosomy in the zygote
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Figure 3.21 The different patterns of 2 : 2 segregation that can occur from the quadrivalent shown in Figure 3.20. (See Table 3.5.)











3 : 1 Segregation


Another possibility is that three chromosomes segregate to one gamete with only one chromosome in the other gamete. If, for example, in Figure 3.20 chromosomes 11 (A), 22 (D) and the derivative 22 (C) segregate together to a gamete that is subsequently fertilized, this will result in the embryo being trisomic for the material present in the derivative 22 chromosome. This is sometimes referred to as tertiary trisomy. Experience has shown that, with this particular reciprocal translocation, tertiary trisomy for the derivative 22 chromosome is the only viable unbalanced product. All other patterns of malsegregation lead to early pregnancy loss. Unfortunately, tertiary trisomy for the derivative 22 chromosome is a serious condition in which affected children have multiple congenital abnormalities and severe learning difficulties.









Risks in reciprocal translocations


When counseling a carrier of a balanced translocation it is necessary to consider the particular rearrangement to determine whether it could result in the birth of an abnormal baby. This risk is usually somewhere between 1% and 10%. For carriers of the 11;22 translocation discussed, the risk has been shown to be 5%.












Robertsonian translocations


A Robertsonian translocation results from the breakage of two acrocentric chromosomes (numbers 13, 14, 15, 21, and 22) at or close to their centromeres, with subsequent fusion of their long arms (see Figure 3.19). This is also referred to as centric fusion. The short arms of each chromosome are lost, this being of no clinical importance as they contain genes only for ribosomal RNA, for which there are multiple copies on the various other acrocentric chromosomes. The total chromosome number is reduced to 45. Because there is no loss or gain of important genetic material, this is a functionally balanced rearrangement. The overall incidence of Robertsonian translocations in the general population is approximately 1 in 1000, with by far the most common being fusion of the long arms of chromosomes 13 and 14 (13q14q).






Segregation at meiosis


As with reciprocal translocations, the importance of Robertsonian translocations lies in their behavior at meiosis. For example, a carrier of a 14q21q translocation can produce gametes with (Figure 3.22):



1 A normal chromosome complement (i.e., a normal 14 and a normal 21).



2 A balanced chromosome complement (i.e., a 14q21q translocation chromosome).



3 An unbalanced chromosome complement possessing both the translocation chromosome and a normal 21. This will result in the fertilized embryo having Down syndrome.



4 An unbalanced chromosome complement with a normal 14 and a missing 21.



5 An unbalanced chromosome complement with a normal 21 and a missing 14.



6 An unbalanced chromosome complement with the translocation chromosome and a normal 14 chromosome.
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Figure 3.22 Formation of a 14q21q Robertsonian translocation and the possible gamete chromosome patterns that can be produced at meiosis.




The last three combinations will result in zygotes with monosomy 21, monosomy 14, and trisomy 14, respectively. All of these combinations are incompatible with survival beyond early pregnancy.









Translocation Down syndrome


The major practical importance of Robertsonian translocations is that they can predispose to the birth of babies with Down syndrome as a result of the embryo inheriting two normal number 21 chromosomes (one from each parent) plus a translocation chromosome involving a number 21 chromosome (Figure 3.23). The clinical consequences are exactly the same as those seen in pure trisomy 21. However, unlike trisomy 21, the parents of a child with translocation Down syndrome have a relatively high risk of having further affected children if one of them carries the rearrangement in a balanced form.
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Figure 3.23 Chromosome painting showing a 14q21q Robertsonian translocation in a child with Down syndrome. Chromosome 21 is shown in blue and chromosome 14 in yellow.


(Courtesy Meg Heath, City Hospital, Nottingham, UK.)





Consequently, the importance of performing a chromosome analysis in a child with Down syndrome lies not only in confirmation of the diagnosis, but also in identification of those children with a translocation. In roughly two-thirds of these latter children with Down syndrome, the translocation will have occurred as a new (de novo) event in the child, but in the remaining one-third one of the parents will be a carrier. Other relatives might also be carriers. Therefore it is regarded as essential that efforts are made to identify all adult translocation carriers in a family so that they can be alerted to possible risks to future offspring. This is sometimes referred to as translocation tracing, or ‘chasing’.









Risks in Robertsonian translocations


Studies have shown that the female carrier of either a 13q21q or a 14q21q Robertsonian translocation runs a risk of approximately 10% for having a baby with Down syndrome, whereas for male carriers the risk is 1% to 3%. It is worth sparing a thought for the unfortunate carrier of a 21q21q Robertsonian translocation. All gametes will be either nullisomic or disomic for chromosome 21. Consequently, all pregnancies will end either in spontaneous miscarriage or in the birth of a child with Down syndrome. This is one of the very rare situations in which offspring are at a risk of greater than 50% for having an abnormality. Other examples are parents who are both heterozygous for the same autosomal dominant disorder (p. 113), and parents who are both homozygous for the same gene mutation causing an autosomal recessive disorder, such as sensorineural deafness.















Deletions


A deletion involves loss of part of a chromosome and results in monosomy for that segment of the chromosome. A very large deletion is usually incompatible with survival to term, and as a general rule any deletion resulting in loss of more than 2% of the total haploid genome will have a lethal outcome.


Deletions are now recognized as existing at two levels. A ‘large’ chromosomal deletion can be visualized under the light microscope. Such deletion syndromes include Wolf-Hirschhorn and cri du chat, which involve loss of material from the short arms of chromosomes 4 and 5, respectively (p. 280). Submicroscopic microdeletions were identified with the help of high-resolution prometaphase cytogenetics augmented by FISH studies and include Prader-Willi and Angelman syndromes (pp. 122, 123).









Insertions


An insertion occurs when a segment of one chromosome becomes inserted into another chromosome. If the inserted material has moved from elsewhere in another chromosome then the karyotype is balanced. Otherwise an insertion causes an unbalanced chromosome complement. Carriers of a balanced deletion–insertion rearrangement are at a 50% risk of producing unbalanced gametes, as random chromosome segregation at meiosis will result in 50% of the gametes inheriting either the deletion or the insertion, but not both.









Inversions


An inversion is a two-break rearrangement involving a single chromosome in which a segment is reversed in position (i.e., inverted). If the inversion segment involves the centromere it is termed a pericentric inversion (Figure 3.24A). If it involves only one arm of the chromosome it is known as a paracentric inversion (Figure 3.24B).
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Figure 3.24 A, Pericentric and, B, paracentric inversions.


(Courtesy Dr. J. Delhanty, Galton Laboratory, London.)





Inversions are balanced rearrangements that rarely cause problems in carriers unless one of the breakpoints has disrupted an important gene. A pericentric inversion involving chromosome number 9 occurs as a common structural variant or polymorphism, also known as a heteromorphism, and is not thought to be of any functional importance. However, other inversions, although not causing any clinical problems in balanced carriers, can lead to significant chromosome imbalance in offspring, with important clinical consequences.






Segregation at meiosis






Pericentric inversions


An individual who carries a pericentric inversion can produce unbalanced gametes if a crossover occurs within the inversion segment during meiosis I, when an inversion loop forms as the chromosomes attempt to maintain homologous pairing at synapsis. For a pericentric inversion, a crossover within the loop will result in two complementary recombinant chromosomes, one with duplication of the distal non-inverted segment and deletion of the other end of the chromosome, and the other having the opposite arrangement (Figure 3.25A).
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Figure 3.25 Mechanism of production of recombinant unbalanced chromosomes from, A, pericentric and, B, paracentric inversions by crossing over in an inversion loop.


(Courtesy Dr. J. Delhanty, Galton Laboratory, London.)





If a pericentric inversion involves only a small proportion of the total length of a chromosome then, in the event of crossing over within the loop, the duplicated and deleted segments will be relatively large. The larger these are, the more likely it is that their effects on the embryo will be so severe that miscarriage ensues. For a large pericentric inversion, the duplicated and deleted segments will be relatively small so that survival to term and beyond becomes more likely. Thus, in general, the larger the size of a pericentric inversion the more likely it becomes that it will result in the birth of an abnormal infant.


The pooled results of several studies have shown that a carrier of a balanced pericentric inversion runs a risk of approximately 5% to 10% for having a child with viable imbalance if that inversion has already resulted in the birth of an abnormal baby. The risk is nearer 1% if the inversion has been ascertained because of a history of recurrent miscarriage.









Paracentric inversions


If a crossover occurs in the inverted segment of a paracentric inversion, this will result in recombinant chromosomes that are either acentric or dicentric (Figure 3.25B). Acentric chromosomes, which strictly speaking should be known as chromosomal fragments, cannot undergo mitotic division, so that survival of an embryo with such a rearrangement is extremely uncommon. Dicentric chromosomes are inherently unstable during cell division and are, therefore, also unlikely to be compatible with survival of the embryo. Thus, overall, the likelihood that a balanced parental paracentric inversion will result in the birth of an abnormal baby is extremely low.















Ring Chromosomes


A ring chromosome is formed when a break occurs on each arm of a chromosome leaving two ‘sticky’ ends on the central portion that reunite as a ring (Figure 3.26). The two distal chromosomal fragments are lost so that, if the involved chromosome is an autosome, the effects are usually serious.
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Figure 3.26 Partial karyotype showing a ring chromosome 9.


(Courtesy Meg Heath, City Hospital, Nottingham.)





Ring chromosomes are often unstable in mitosis so that it is common to find a ring chromosome in only a proportion of cells. The other cells in the individual are usually monosomic because of the absence of the ring chromosome.






Isochromosomes


An isochromosome shows loss of one arm with duplication of the other. The most probable explanation for the formation of an isochromosome is that the centromere has divided transversely rather than longitudinally. The most commonly encountered isochromosome is that which consists of two long arms of the X chromosome. This accounts for up to 15% of all cases of Turner syndrome (p. 277).















Mosaicism and Chimerism (Mixoploidy)






Mosaicism


Mosaicism can be defined as the presence in an individual, or in a tissue, of two or more cell lines that differ in their genetic constitution but are derived from a single zygote, that is, they have the same genetic origin. Chromosome mosaicism usually results from non-disjunction in an early embryonic mitotic division with the persistence of more than one cell line. If, for example, the two chromatids of a number 21 chromosome failed to separate at the second mitotic division in a human zygote (Figure 3.27), this would result in the four-cell zygote having two cells with 46 chromosomes, one cell with 47 chromosomes (trisomy 21), and one cell with 45 chromosomes (monosomy 21). The ensuing cell line with 45 chromosomes would probably not survive, so that the resulting embryo would be expected to show approximately 33% mosaicism for trisomy 21. Mosaicism accounts for 1% to 2% of all clinically recognized cases of Down syndrome.
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Figure 3.27 Generation of somatic mosaicism caused by mitotic non-disjunction.




Mosaicism can also exist at a molecular level if a new mutation arises in a somatic or early germline cell division (p. 120). The possibility of germline or gonadal mosaicism is a particular concern when counseling the parents of a child in whom a condition such as Duchenne muscular dystrophy (p. 307) is an isolated case.









Chimerism


Chimerism can be defined as the presence in an individual of two or more genetically distinct cell lines derived from more than one zygote; that is, they have a different genetic origin. The word chimera is derived from the mythological Greek monster that had the head of a lion, the body of a goat and the tail of a dragon. Human chimeras are of two kinds: dispermic chimeras and blood chimeras.






Dispermic chimeras


These are the result of double fertilization whereby two genetically different sperm fertilize two ova and the resulting two zygotes fuse to form one embryo. If the two zygotes are of different sex, the chimeric embryo can develop into an individual with true hermaphroditism (p. 287) and an XX/XY karyotype. Mouse chimeras of this type can now be produced experimentally in the laboratory to facilitate the study of gene transfer.









Blood chimeras


Blood chimeras result from an exchange of cells, via the placenta, between non-identical twins in utero. For example, 90% of one twin’s cells can have an XY karyotype with red blood cells showing predominantly blood group B, whereas 90% of the cells of the other twin can have an XX karyotype with red blood cells showing predominantly blood group A. It has long been recognized that, when twin calves of opposite sex are born, the female can have ambiguous genitalia. It is now thought that this is because of gonadal chimerism in the female calves, which are known as freemartins.

















Further Reading





 Barch MJ, Knutsen T, Spurbeck JL, editors. The AGT cytogenetics laboratory manual, 3rd ed, Philadelphia: Lippincott-Raven, 1997.


A large multiauthor laboratory handbook produced by the Association of Genetic Technologists.


 Gersen SL, Keagle MB, editors. The principles of clinical cytogenetics, 3rd ed, Totowa, NJ: Humana Press, 2011.


A detailed multiauthor guide to all aspects of laboratory and clinical cytogenetics.


 Shaffer LG, Slovak ML, Campbell LJ, editors. An international system for human cytogenetic nomenclature. Basel: Karger, 2009.


A report giving details of how chromosome abnormalities should be described.


 Rooney DE, Czepulkowski BH. Human chromosome preparation. Essential techniques. Chichester, UK: John Wiley; 1997.


A laboratory handbook describing the different methods available for chromosome analysis.


 Speicher MR, Carter NP. The new cytogenetics: blurring the boundaries with molecular biology. Nat Rev Gen. 2006;6:782-792.


A review of the exciting advances in FISH and array-based techniques.


 Therman E, Susman M. Human chromosomes. Structure, behavior and effects, 3rd ed. New York: Springer; 1993.


A useful and comprehensive introduction to human cytogenetics.


 Tjio JH, Levan A. The chromosome number of man. Hereditas. 1956;42:1-6.


A landmark paper that described a reliable method for studying human chromosomes and gave birth to the subject of clinical cytogenetics.








Website


 National Center for Biotechnology Information. Microarrays: chipping away at the mysteries of science and medicine. Online.


http://www.ncbi.nlm.nih.gov/About/primer/microarrays.html








Elements






1 The normal human karyotype is made up of 46 chromosomes consisting of 22 pairs of autosomes and a pair of sex chromosomes, XX in the female and XY in the male.



2 Each chromosome consists of a short (p) and long (q) arm joined at the centromere. Chromosomes are analyzed using cultured cells, and specific banding patterns can be identified by means of special staining techniques. Molecular cytogenetic techniques, such as fluorescence in-situ hybridization (FISH) and array CGH can be used to detect and characterize subtle chromosome abnormalities.



3 During mitosis in somatic cell division the two sister chromatids of each chromosome separate, with one chromatid passing to each daughter cell. During meiosis, which occurs during the final stage of gametogenesis, homologous chromosomes pair, exchange segments, and then segregate independently to the mature daughter gametes.



4 Chromosome abnormalities can be structural or numerical. Numerical abnormalities include trisomy and polyploidy. In trisomy a single extra chromosome is present, usually as a result of non-disjunction in the first or second meiotic division. In polyploidy, three or more complete haploid sets are present instead of the usual diploid complement.



5 Structural abnormalities include translocations, inversions, insertions, rings, and deletions. Translocations can be balanced or unbalanced. Carriers of balanced translocations are at risk of having children with unbalanced rearrangements; these children are usually physically and mentally handicapped.
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Normal Range Pathogenic
Disease Repeat Sequence _ (Repeats) Range (Repeats) Repeat Location
Huntington disease (HD) CAG 9-35 36-100 Coding
Myotonic dystrophy type 1 (DM1) 16 535 50-4000 3UTR
Fragile X site A (FRAXA) €66 10-50 200-2000 5'UTR
Kennedy disease (SBMA) CAG 13-30 40-62 Coding
Spinocerebellar ataxia 1 (SCA1) CAG 638 39-80 Coding
Spinocerebellr ataxia 2 (SCA2) CAG 16-30 3652 Coding
Machado-joseph disease (MID, SCA3) cAG 14-40 60585 Coding
Spinocerebellar ataxia 6 (SCAG) CAG 520 21-28 Coding
Spinocerebellr ataxia 7 (SCA7) cAG 719 37-220 Coding
Spinocerebellr ataxia 8 (SCAB) ac 16-37 100->500 3UTR
Spinocerebella ataxia 12 (SCA12) CAG 9-45 55-78 5'UTR
Spinocerebella ataxia 17 (SCA17) CAG 2542 4755 Coding
Dentatorubral-pallicoluysian atrophy (DRPLA) cAG 723 49575 Coding
Fredreich ataxia (FA) M 833 100-900 Intronic
Fragile X site E (FRAXE) oG 625 200 Promoter
Oculopharyngeal muscular dystrophy GG 6 813 Coding

UK unieodad feiiion.





OEBPS/OEBPS/images/B9780702040436000036_f003-023-9780702040436.jpg





OEBPS/OEBPS/images/B9780702040436000036_f003-002-9780702040436.jpg
Chromatids

Satglites
| short am—f

Centromere.

|—Long arm —

Telomere-

Metacentric. ‘Submetacentric Acrocentric





OEBPS/OEBPS/images/B9780702040436000036_f003-010-9780702040436.jpg





OEBPS/OEBPS/images/B9780702040436000024_f002-001-9780702040436.jpg
. Mitochondrion "
envelope Golgi complex

Smooth
endoplasmic
reticulum

Chromatin

Rough

endoplasmic
reticulum

Ribosomes

Nucleolus.

Lysosome

Nucleus

Centriole





OEBPS/OEBPS/images/B9780702040436000012_f001-004a-9780702040436.jpg





OEBPS/OEBPS/images/B9780702040436000036_f003-007-9780702040436.jpg





OEBPS/OEBPS/images/B9780702040436000036_f003-013-9780702040436.jpg
Centioles

Nucleolous: ierphiase

Nuclear membrane

Bipolar spindle fiber

Centromere

Spindie X ) Metaphase






OEBPS/OEBPS/images/B9780702040436000036_f003-018-9780702040436.jpg
i

=

(¥ ey
20 a8 nt i W

1 12

sy l‘l‘t EQ T

17

LI | LN TR V) “X]

19 20 21 2 Y





OEBPS/OEBPS/images/B9780702040436000012_f001-005-9780702040436.jpg





OEBPS/OEBPS/images/B9780702040436000036_f003-020-9780702040436.jpg
n 22

Sites of
breakage
i
Normal exdiange

Chmosames
/ N

Balanced
ranslocation

>

c
D
& l
c&:ﬂ E&
Pachyione

quadivalent

in meiosis
B D)





OEBPS/OEBPS/images/B9780702040436000024_f002-006-9780702040436.jpg
‘Transcription

‘Transcription
ation \erminaion
canT TATA
box b 4
Exon 1 Eronz Eon3
Promoter nron 1 nron2
mor 1 Pt
Transation Transiaton  Poyadenyiation
it tenminaton signal
codon codon
el

(TAA)





OEBPS/OEBPS/images/B9780702040436000024_t0025.jpg
Type of Mutation Nucleotide Protein Designation Consequence Description

Missense 482G>A pAg11 7His Arginine to histidine

Nonsense €1756GT PGlys42x Glycine to stop

splicing €621 +1GT splce donor site mutation
Deletion (1 bp) 10787 PaI3SBTyrfsX11 Frameshift mutation

Deletion (3 bp) €1652_1654delCTT p-Phes0Bdel In-frame deletion of phenylalanine
Insertion <3905_3906insT pLeul 258PhefsX7 Frameshift mutation

Mutations can be designated according 1o the genomic or cONA (mRNA) sequence and are prefixed by 'g.” or ', respecively. The st base of the start codan
AT 16 1. Mo, 10r Siiborical masbiis SHe 16: it alidive:the Eaik. Snid W6 Tiet bace oF thie CETI CONA 15 aebualls nachictids 135,
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