Second Edition

AN INTRODUCTION TO

y B,

' Molecular

 Genetics

Mechanisms of
Inbherited Diseases

Jack ]. Pasternak




AN INTRODUCTION TO

Human
Molecular
Genetics






AN INTRODUCTION TO

Human
Molecular
Genetics

Mechanisms of
Inberited Diseases

Second Edition

Jack ). Pasternak

University of Waterloo
Ontario, Canada

F)WILEY-LISS

A JOHN WILEY & SONS, INC., PUBLICATION



Copyright © 2005 by John Wiley & Sons, Inc. All rights reserved.

Published by John Wiley & Sons, Inc., Hoboken, New Jersey.
Published simultaneously in Canada.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any
form or by any means, electronic, mechanical, photocopying, recording, scanning, or otherwise,
except as permitted under section 107 or 108 of the 1976 United States Copyright Act, without
either the prior written permission of the Publisher, or authorization through payment of the
appropriate per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers,
MA 01923, 978-750-8400, fax 978-646-8600, or on the web at www.copyright.com. Requests to the
Publisher for permission should be addressed to the Permissions Department, John Wiley & Sons,
Inc., 111 River Street, Hoboken, NJ 07030, (201) 748-6011, fax (201) 748-6008.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best
efforts in preparing this book, they make no representations or warranties with respect to the
accuracy or completeness of the contents of this book and specifically disclaim any implied
warranties of merchantability or fitness for a particular purpose. No warranty may be created or
extended by sales representatives or written sales materials. The advice and strategies contained
herein may not be suitable for your situation. You should consult with a professional where
appropriate. Neither the publisher nor author shall be liable for any loss of profit or any other
commercial damages, including but not limited to special, incidental, consequential, or other
damages.

For general information on our other products and services please contact our Customer Care
Department within the U.S. at 877-762-2974, outside the U.S. at 317-572-3993 or fax
317-572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print,
however, may not be available in electronic format.

Library of Congress Cataloging-in-Publication Data is available.

ISBN: 0-471-47426-6

Printed in the United States of America

10987654321


http://www.copyright.com

For my family

Lili (I-1) I 1
Lisa (1I-2)
Dabna (1I-3)
Martin (1I-1)
Mike (1I-4)
Madelaine (III-1)
Miranda (I1I-2)

I —
o e N
1 4

If we begin with certainties, we shall end in doubts; but if we begin with
doubts, and are patient in them, we shall end in certainties.
FRANCIS BACON (1561-1626)

Our doubts are traitors,
And make us lose the good we oft might win,
By fearing to attempt.
WILLIAM SHAKESPEARE (1564-1616)
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Preface

Any textbook is a work in progress. Consequently, a second edition provides a
rare opportunity to amend, revise, update, elaborate, discard and insert new
material. Moreover, specifically for An Introduction to Human Molecular Genet-
ics, the first edition preceded completion of the human genome sequence, which
is now essential for initiating studies of the molecular basis of human genetic
disorders. The human genome is not only accessible online, but clones are avail-
able for any region of the human chromosome complement. Both of these
resources have made the previous methods of identifying and isolating human
disease-causing genes obsolete.

In this edition of An Introduction to Human Molecular Genetics, there are new
chapters on complex genetic disorders, human population genetics, genomic
imprinting, bioinformatics including proteomics, and clinical genetics. Many
of the original chapters have been overhauled because of the advances in under-
standing the molecular genetics of various disorders. As well, the number of
review questions for most chapters has been increased. However, the overall
rationale for An Introduction to Human Molecular Genetics, as described in the
previous preface, has not changed significantly.

The advice, comments, and criticisms of many of the anonymous reviewers
of the first drafts of some of the new chapters were exceptionally helpful and
greatly appreciated. I'm also thankful to the readers of the first edition who
pointed out errors. It has been a pleasure working with everyone at J. Wiley
and Sons. Finally, I'm exceedingly grateful to all my family for their encour-
agement and forbearance.






Preface to the First Edition

An Introduction to Human Molecular Genetics: Mechanisms of Inherited Diseases
was written for advanced level undergraduate courses, introductory graduate
level courses, and basic medical school courses on human genetics. The text
examines how human genes are discovered and, once a gene is known, how the
defective versions(s) causes a particular disorder. Humans are fascinated with
everything to do with being human, and there is a keen interest in how the
human genetic system functions and what causes inherited disorders. This book
is derived from years of teaching Human Molecular Genetics at both the grad-
uate and undergraduate levels at the University of Waterloo. These courses were
initiated in the mid-1980s before any significant number of disease-causing
genes had been mapped, isolated, or characterized. At that time, it seemed clear
that the new gene technologies, based primarily on recombinant DNA tech-
nology, were going to make the direct study of human genes commonplace. To
paraphrase one biologist, researchers will no longer need to rely on “breeding
fruit flies and counting chiasmata” to appreciate the workings of human genes.
Rather, a significant new phase in the study of human genetics was emerging.
In the past decade, the developments in this research area have been phenom-
enal. In Star Trek parlance, human genetics is proceeding at “warp speed.”
Hardly a week now passes without a report in a major journal or newspaper
stating that “The gene for disease X has been discovered!” And with the full
flowering of the Human Genome Project, we are indeed in the midst of the
genomic age in the life sciences.

This text has been structured to provide flexibility in the way topics might
be covered within the time constraints of a traditional academic term. The first
three chapters (Part One) review the fundamentals of genetics and focus on
basic cytogenetics and Mendelian genetics. Some students, whose knowledge
of these topics may be a bit rusty, would need this information as a brief
refresher course. Obviously, these chapters can be omitted if an instructor feels
that his/her students understand the material. Part Two covers the concepts of
molecular genetics (chapter four); the tools, resources, and strategies for manip-
ulating genes (chapter five); genetic an physical mapping of human chromo-
somes (chapter six); and isolating disease-causing genes (chapter seven). The
chapters in Part Three of the book build on the information presented in the
earlier chapters and focus on the molecular genetics of selected biological
systems. Specifically, gene-based knowledge of inherited disorders of muscle,
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the nervous system, and the eye are presented in detail. In these chapters and
those that deal with inheritance of mitochondrial disorders and cancer, the bio-
logical basis of each particular system is described. Then, the discussion focuses
on the mapping, identification, and characterization of genes that contribute
to a system and how that system is affected by mutations in different genes.
The goal is to familiarize the reader with the anatomical, physiological, and
biochemical underpinnings that pertain to these genetic studies. The final
chapter covers the exciting field of human gene therapy. Unfortunately, because
human molecular genetics is such a broad-ranging scientific discipline, not all
basic systems could be handled in this manner. In spite of these “omissions,”
there is plenty of challenging and interesting material in the book to occupy
readers and provide a solid foundation for understanding the many facets of
human molecular genetics.

In 1938, Herbert Walter (1867-1945), in the preface to the fourth edition
of his book Genetics noted ruefully that “Any book concerning the growing
subject of genetics is bound to be out of date as soon as it appears, just as every
automobile on the road must be classified as a ‘used car’.” How true! Both
Walter’s pronouncement and his analogy are applicable today. There is fun and
frustration in writing about human molecular genetics. On the one hand, con-
veying how a gene was discovered (often an arduous process) and explaining
how it may function is exciting. On the other hand, by the time the book
emerges, statements such as “It has not been established that gene X is respon-
sible for disease Y,” which are sprinkled throughout the book, may be passé.
Clearly, some excellent candidate disease genes will have been confirmed and
others shown not to be causative of the condition in question. Moreover, addi-
tional genes will have been found that cause disorders of the systems consid-
ered in the book. Undoubtedly, any text in human molecular genetics is “a work
in progress” because of the dizzying pace of research in this field. This text is
no different; however, the focus on key ideas and scientific principles, and the
careful detail in which they are explained will allow students to acquire a solid
foothold in human molecular genetics so that they can pursue additional topics
in this area.

Because the field of human molecular genetics draws on information from
so many scientific disciplines, and because it is based on a number of new tech-
nologies, there are many new technical terms in this text that might seem for-
bidding to students on their initial encounter. This trade language is not meant
to mystify or be exclusive; rather, it is used for precision and to streamline com-
munication. As Don DelLillo (B. 1936) warns us in his novel Underworld, “You
didn't see the thing because you don’t know how to look. And you don’t know
how to look because you don’t know the names.” For us to be able “to look” at
human molecular genetics, we need to “know the names.” Throughout this text
I have tried to avoid technical jargon, but the use of some specialized nomen-
clature is inevitable. Each chapter ends with a list of Key Terms that are
then discussed in a comprehensive Chapter Summary. Also, an extensive
Glossary is included at the end of the text to help students with unfamiliar
terminology.

The “from the Human Genetics files” feature in each chapter provides addi-
tional material dealing with experimental procedures or other aspects of human



Preface to the First Edition

xXi

molecular genetics that are not covered in the main body of the chapter. Some
of the “files,” for example, provide information about the important human
genetics Internet site, On-line Mendelian Inheritance in Man (OMIM); spec-
tral karyotyping; comparative genomic hybridization; DNA chips; and trans-
genic animal models. The Review Questions at the end of each chapter are
usually of a general nature to ensure that the reader has grasped the various
topics and that he/she is able to convey these concepts in writing without the
aid of the book. The Reference sections contain most of the sources for the
information presented in each chapter. Some of the references are highly tech-
nical research papers; others are review articles. Because human molecular
genetics is such a rapidly changing discipline, it may be more helpful for the
reader who wishes to pursue specialized items in the literature to conduct an
up-to-date search of published articles. The complete author citations are pre-
sented for each reference not only to give full credit to all those who partici-
pated in a particular research project, but also to underscore the collaborative
nature of modern genetics research.

Acknowledgments

An Introduction to Human Molecular Genetics would not exist if it weren’t for
the invaluable contributions of a large number of people. The entire manu-
script was converted into computer files from less-than-legible long-hand
drafts and then read for “sense” and commas by my wife, Lili. Critical reviews
of sections and chapters by Edward Berger of Dartmouth College, Geoftrey
M. Cooper of Boston University, Paula Gregory of Ohio State University, John
Hardy of the Mayo Clinic, J. Fielding Hejtmancik of the National Eye Insti-
tute (NIH), Louis Kunkel of Harvard Medical School and the Howard Hughes
Medical Institute, Marie Lott of Emory University, Donald Nash of Colorado
State University, Hesed Padilla-Nash of the National Cancer Institute (NIH),
Thomas R. Ried of the National Cancer Institute (NIH), Mark Sanders of the
University of California, Davis, Alan Schecter of the National Institute for
Digestive Diseases and Kidney Disorders (NIH) and Steven Wood of the Uni-
versity of British Columbia helped enormously to improve the presentation of
the material. Most importantly, the reviewers—all of whom were exceptionally
thorough and diligent—pointed out errors, misleading statements, and both
minor and major problems pertaining to scientific matters. Needless to say,
errors of any kind that remain are entirely my responsibility. K. Hesselmeyer-
Haddad, H. Padilla-Nash, T. Ried, S. Stenke, H.-Ulli Weier, and D. Winkler
kindly provided the magnificent fluorescent in situ hybridization (FISH)
images found in the color insert; C. Lengauer furnished the FISH image on
the cover. Michael Goldberg and Jeft Holtmeier of the American Society for
Microbiology Press graciously allowed material from Molecular Biotechnology:
Principles and Applications of Recombinant DNA, 2nd ed. by Bernard R. Glick
and Jack J. Pasternak to be used here. Nancy Knight did a thorough and impres-
sive job of converting “final” manuscript copies into publishable versions. Susan
Graham coordinated the production process with efficiency, aplomb, and
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The team headed by Karen Hawk at Precision Graphics produced the book
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and created its “look.” Thanks to Hope Page, who is more adept at sending
and opening attachments than her boss. Last, but not least (as the cliché goes),
I am grateful to Patrick Fitzgerald, who nurtured the book from its concep-
tion, assembled the team to bring it to fruition, was an unflagging source of
encouragement, and contributed ideas by the bushelful. If it can be believed,
Patrick makes all phases of writing a book pleasurable!



Understanding
Human Disease

Diseases crucify the soul of man, attenuate our bodies, dry them up like old apples,

make them so many anatomies.
ROBERT BURTON (1577-1640)

All interest in disease and death is only another expression of interest in life.
THOMAS MANN (1875-1955)

F ALL LIVING ORGANISMS, only humans can learn to write, read, and

understand this sentence. Our ability to observe, reason, analyze,

remember, and transmit acquired information to each other and from
one generation to the next has enabled us to survive over the past 100,000 years
and to be especially successful in the last 10,000 years. As accidental death and
disease have dominated our continued struggle for existence, we have sought
ways to prolong life, cure diseases, and alleviate suffering. These ends are not
easily accomplished. Diseases can be caused by viruses, bacteria, fungi, para-
sites, toxic substances, malnutrition, or biologically based dysfunctions. The
impact of pathological diseases depends, to a great extent, on the conditions of
life. Twenty-five thousand years ago, when Stone Age people lived in small iso-
lated bands, an infectious agent might be lethal to a localized group of indi-
viduals but would be unlikely to run rampant through all bands. In those times,
malnutrition was a major cause of early death. By contrast, in the last 1000
years, infectious diseases were devastating to those living in densely populated
centers, decimating vast numbers. During the worldwide influenza outbreak of
1918 and 1919, for example, as many as 20 million people died.

Humans have gone to great lengths and experienced considerable confusion
in explaining the basis of human disease. Evil spirits, ill winds, and angry gods
have been invoked as causes. Treatments often included charms, magic potions,
chants, incantations, and prayers. Fortunately, practical knowledge, based on
trial and error, has supplemented these supernatural strategies throughout the
ages. Plants, especially, have provided a rich source of natural products used to
alleviate pain and lessen the impact of certain diseases. Except in rare cases,
however, the relationship between treatment of diseases and specific cures has
been tenuous. Usually, diseases ran their courses regardless of treatment. In
many instances, treatments accelerated patient deaths. During the 1800s, a more
systematic and less anecdotal approach revealed the origins of many human dis-

An Introduction to Human Molecular Genetics, Second Edition, by Jack J. Pasternak
ISBN 0-471-47426-6 Copyright © 2005 by John Wiley & Sons, Inc.
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Chapter 1

eases and provided a rational basis for developing effective treatments. Medical
researchers turned to laboratory experimentation, doctors began to specialize,
aseptic techniques were introduced, surgery became more effective with anes-
thesia, better instrumentation was developed, and research reports appeared in
journals distributed internationally. On the basis of published case histories, sets
of symptoms were assembled to describe more or less discrete diseases. These
consensus-generated checklists led to more accurate and consistent diagnoses
and supplanted a haphazard system in which every practitioner speculated dif-
ferently on the specific actions of a given disease in each patient.

A monumental breakthrough in the understanding of human disease came
in 1876, when, independently, Robert Koch (1843-1910) and Louis Pasteur
(1822-1895) proved that a particular microorganism (Bacillus anthracis) caused
a specific disease (anthrax). Clearly, as one historian noted, this discovery estab-
lished that “man was indeed the victim of numberless, invisible assassins.” By
the early decades of the twentieth century, the causative agents for typhus,
tuberculosis, syphilis, smallpox, bubonic plague, cholera, yellow fever, malaria,
and other diseases had been established. With this knowledge, vaccines, drug
treatments, and public health measures curtailed many of these former human
scourges. Recent epidemiological studies have shown that many of these dis-
eases were actually in decline before the widespread use of vaccines and drugs.
This improvement is attributed to better nutrition, enhanced sewage disposal,
improved working conditions, and clean water. Nonetheless, vaccines and drugs
reduced mortality rates from infectious diseases to negligible levels, at least in
the developed world. Some diseases continue to defy prevention (malaria and
AIDS), and others flare up periodically, either because of growing resistance to
specific antibiotics (tuberculosis) or as the result of significant lapses in sani-
tary conditions (cholera and pneumonic plague).

As knowledge about infectious diseases accumulated in the late nineteenth
century, it became clear that many diseases were not caused by infectious
agents. Noninfectious diseases leading to malignant, degenerative, and chronic
progressive disorders were known but were considered less fearsome than those
spread by contagion. By 1900, some researchers began to focus attention on
illnesses that “ran in families” (familial) and on other conditions such as cancer
and mental (psychological) disorders that tended to be sporadic. New empha-
sis on these kinds of diseases coincided with the rediscovery in 1900 by Hugo
de Vries (1848-1935), Carl Correns (1864-1933), and Erich von Tschermak
(1871-1962), each independently, of the laws of inheritance first formulated in
1865 by Johann Gregor Mendel (1822-1884).

Human Genetic Disease

Humans have a long-standing fascination with and interest in the continuities
of form and structure that organisms exhibit from one generation to the next
(inheritance, heredity). In less technical language, the basic premise is, for
example, that when an elephant gives birth, the offspring, by the broadest
visible criteria, can only be considered to be another elephant. Moreover, if we
know that an elephant is pregnant, we expect a baby elephant at birth and not
a kitten or puppy. Similarly, humans give birth to humans, rhinoceroses to rhi-
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noceroses, and, after planting seeds from radish plants, we never anticipate that
roses will grow.

Although the rule that “like begets like” seems straightforward, the problem
is complicated by the occurrence of variation. Without much trouble, we can
identify a human as a human or a dog as a dog. But we can also see that humans,
with rare exceptions, are each obviously different from one another. Indeed,
close inspection of all organisms reveals that considerable variation can occur
within a species or strain. Underlying these commonplace observations are two
fundamental problems. First, what determines the constancy, more or less, of
form through successive generations? Second, how do members of the same
species become different from one another? The resolution of these problems
is part of the ongoing research agenda of molecular geneticists and other sci-
entists. Considerable understanding of these issues, which form the founda-
tion of this book, was achieved in the latter half of the twentieth century.

Even in prehistoric times, some humans used heredity for practical purposes.
The development of agriculture, which provided a more secure but more
arduous way of life than hunting and gathering, depended on an understand-
ing of domestication. Both plant and animal breeding entail choosing organ-
isms with specific characteristics (traits) and mating (crossing) them, either to
perpetuate the original traits or to identify among the offspring representatives
with superior features. These offspring, in turn, can be bred for the improved
characteristics. Implicit in this apparently simple strategy of breeding and selec-
tion is the expectation that certain characteristics will be passed on from one
generation to the next and that discriminating choices will create animals and
crops with increased productivity that will, more or less, breed true. A suc-
cessful breeding program requires patience and judgment. But it does not
require knowledge of the principles of inheritance.

Historically, many cultures understood that certain human disorders tend to
“run in families” and responded with medical and cultural traditions to accom-
modate this unexplained phenomenon. Judaism, for example, absolutely
requires circumcision for boys that is performed eight days after birth.
However, Talmudic law, established more than 1500 years ago, provides for spe-
cific exceptions. If two sisters have each lost a son as the result of excessive
bleeding after circumcision, then neither they nor their other sisters are
required to have subsequent sons circumcised. If one mother has lost two sons
as a result of the operation, then subsequent sons, although not exempt, must
be circumcised at an older age when, presumably, they are stronger. Although
not completely precise, these religious regulations make the inheritance of
hemophilia one of the earliest recorded genetic disorders.

Familial disorders, although observed and recorded for centuries, were not
studied systematically. Recurrences of abnormalities in the histories of families
were often noted as curiosities and attributed to evil spirits or rumored to be
the consequences of matings between humans and animals. There were,
however, exceptions to such bizarre explanations.

In 1644, Sir Kenelm Digby (1603-1665) cited a family in which at
least eight members in five generations—a great-great-grandmother, a great-
grandmother, a grandmother, four daughters, the grandmother’s only grand-
daughter (but none of the grandmother’s sons)—each had an extra thumb on
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Figure 1.1 Representations of the
descriptions of polydactyly in the Ruhe
(A) and the Kellaia (B) families as
recorded by Maupertuis and Réaumur,
respectively. Squares are males, circles are
females, open symbols are unaffected indi-
viduals, solid symbols are polydactylous
individuals, diamonds indicate that the
sex of the individual was not known, and
question marks signify that the occurrence
of polydactyly was not established. Roman

numerals denote successive generations.
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her left hand. Digby, who personally examined the grandmother, her daugh-
ters, and the granddaughter, used this example to support his view that the
parts (“juices”) of the body of an individual determine the nature of the off-
spring in the next generation. The occurrence of extra fingers, toes, or partially
formed extra digits (polydactyly) in humans was known in Digby’s time. In the
Bible, for example, one of the Philistine champions had six fingers on each
hand and six toes on each foot (2 Sam. 21:20). The Bible does not mention
whether the parents or offspring of this unnamed individual had additional
fingers or toes.

A century after Digby’s description of familial polydactyly, Pierre Louis
Moreau de Maupertuis (1698-1759) became, in 1745, the first person known
to study comprehensively the pattern of inheritance of a human disorder within

four generations of a single family (Figure 1.1A). The disorder happened to
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be, again, polydactyly. Maupertuis was a brilliant scientist and theoretician, who
articulated the fundamental principles of heredity and evolution. Unfortu-
nately, his ideas on these subjects were largely ignored. Coincidentally, and
apparently unknown to Maupertuis, René Antoine Ferchault de Réaumur
(1683-1757) published a complete description of another polydactylous family
about seven years later (Figure 1.1B). Although these data depict only two fam-
ilies with the same disorder, some distinctive features of inheritance are evident.
Each polydactylous offspring had at least one parent with the condition, and,
where the sex is known, more or less equal numbers of males and females were
affected. In the language of human genetics, as explained later in this book,
these pedigrees show the hallmarks of an autosomal dominant disorder.

Later in the eighteenth century and in the beginning of the nineteenth
century, other researchers carried out similar analyses to establish patterns of
inheritance of hemophilia and defects in color vision. In these cases, patterns
of inheritance were similar to each other but differed from those observed by
Maupertuis and Réaumur. Both hemophilia and color vision defects occur
much more frequently in males than females. Often neither parent is affected,
and an affected father never has an affected son. In today’s parlance, these fea-
tures are consistent with an X-linked inherited condition. Unfortunately, none
of these studies contributed to the formulation of the basic laws of inheritance,
nor did they stimulate others to follow this line of research in a thoughtful
manner.

Human Genetics from 1900 to 1957

The rediscovery of Mendel’s laws of inheritance and their confirmation in 1900
profoundly changed the study of human genetics (Table 1.1). Mendel showed
that certain features of an organism were determined by units of inheritance,
later called genes, that were transmitted from one generation to the next with
mathematical precision. Mendelian genetics relies on the examination of large
numbers of offspring from controlled matings to establish whether a condition
is inherited and, if so, its mode of inheritance. Obviously, the requirement for
controlled matings is impossible to meet when the genetics of human traits are
being studied. The first human geneticists realized, however, without any
knowledge of Maupertuis’s study, that the Mendelian patterns of inheritance
in humans could be deduced with a reasonable degree of reliability from either
extensive multigeneration family trees (pedigrees) or large numbers of small
pedigrees that each showed the same condition. By adopting this Mendelian
strategy, an unofficial catalog of inherited conditions was initiated. By the
1960s, approximately 1500 different genes were recorded in the official catalog
of human Mendelian traits. With the development of powerful non-Mendelian
strategies for identifying human genes, the list has expanded dramatically. In
the early 1990s, approximately 5500 genes had been described. By the late
1990s, estimates of the number of human genes ranged from 80,000 to
100,000. However, with the sequencing of the entire human genome by 2001,
the number of human genes based on gene-prediction software was pegged,
surprisingly, at only 25,000 to 35,000.

Inherited differences can affect any part or function of the human body. The
resulting alternatives to normal features can have different degrees of severity.
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Table 1.1 Milestones of human genetics.

1900

1901
1905

1908

1908

1909

1910

1910

1919

1925
1927
1930-32
1935
1937

1944
1953
1955

1956
1957

1959
1964
1968
1971
1973
1975
1978
1980
1983

1986
1987

1990
1990

1994-96
1998

2001

2003
2004

de Vries, Correns, and Tschermak, independently, rediscover Mendel’s laws of
inheritance

Landsteiner discovers the human ABO blood groups

Farabee deduces autosomal dominant inheritance based on a multigeneration
pedigree with brachydactyly (short fingers)

Garrod develops his theory of “inborn errors of metabolism,” postulating that
human biochemical disorders—albinism, alkaptonuria, pentosuria, and
cystinuria—are inherited as Mendelian traits and due to defective enzymes

Hardy and Weinberg, independently, show that gene and genotypic
frequencies remain stable from one generation to the next under specific
conditions in large, interbreeding populations

Johanssen introduces the term “gene” for the unit of inheritance and creates
the terms “genotype” and “phenotype” to distinguish between the genetic
constitution and the physical appearance of an individual

Weinberg develops methods for determining Mendelian inheritance from
small pedigrees

Dungern and Hirszfeld show that the ABO blood groups conform to
Mendelian inheritance

Haldane formulates the relationship between recombination frequency and
linkage map distance and coins the term “centimorgan”

Bernstein postulates that the ABO blood groups are due to multiple alleles

Muller proves that gene mutations can be induced by X-rays

Fisher, Haldane, and Wright establish the principles of population genetics

Haldane determines the spontaneous mutation frequency of a human gene

Newman and colleagues study the occurrence of various traits in monozygotic
and dizygotic twins

Avery, MacLeod, and McCarty show that DNA is the genetic material

Watson and Crick determine the structure of DNA

Morton devises a method for estimating human linkage using a likelihood of
the odds of linkage (LOD) score

Tjio and Levan show that the human diploid number is 46

Ingram establishes that sickle cell anemia is due to a single amino acid
change in the B-subunit of hemoglobin

Lejeune and colleagues show that trisomy of chromosome 21 (21/21/21) is
associated with Down syndrome

Littlefield develops the HAT medium for selecting human-mouse somatic cell
hybrids

McKusick publishes his first edition of Mendelian Inheritance in Man (MIM)

Q-banding patterns for all human autosomes is reported

Boyer and Cohen lay the foundation for recombinant DNA technology

Kohler and Milstein describe the production of monoclonal antibodies

Human insulin is produced in the bacterium Escherichia coli

Botstein, White, Skolnick, and Davis establish the principles of restriction
fragment length polymorphism (RFLP) mapping

Gusella and colleagues determine that the Huntington disease gene is located
on the short arm (p) of chromosome 4

Mullis and colleagues describe the polymerase chain reaction (PCR) method

Kunkel and colleagues characterize the gene for Duchenne muscular
dystrophy with positional cloning strategies

The Human Genome Project (HGP) is launched in the US

Approval is granted in the US for a trial of human somatic cell gene therapy
to treat an inherited disease

Formulation of high-resolution linkage maps for all human chromosomes

Radiation hybrid map with 30,000 gene-based markers for all human
chromosomes

Draft sequence of the human genome (~85%) is published and made
available to the public via the Internet

Human genome is 99.9% finished

Maps of interacting proteins (interactomes) of Caenorhabditis elegans and
Drosophila melanogaster are published
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Some conditions cause death, others are seriously debilitating, and a large
number have mild effects. Some disorders occur more frequently and fall within
the range of one affected individual per 2500 to 10,000 live births. Rare inher-
ited disorders may affect as few as one in 100,000 newborns.

In 1908, Archibald Garrod (1858-1936), an English physician and bio-
chemist, suggested that some human genetic diseases were caused by faulty
“ferments” (enzymes). He designated this category of diseases as “inborn errors
of metabolism.” Today, there are dozens of examples of defective enzymes that
cause genetic diseases. Alkaptonuria (alcaptonuria), a condition Garrod
deduced in 1902 as an example of inborn error of metabolism, illustrates some
of the fundamentals of this important type of genetic disorder. Alkaptonurics,
in contrast to those with many other inherited disorders, have no serious mal-
adies, although in later years they often develop a form of arthritis called
ochronosis. The feature that attracted the attention of various researchers was
that the urine of alkaptonurics turns black after a brief period of time outside
the body. Garrod and others determined that an excess of homogentisic acid
(alkapton) accumulated in the urine of alkaptonurics. On the basis of his own
observations and those of others, Garrod noted that a large proportion of
observed cases of alkaptonuria were from marriages between first cousins. And,
although the condition was rare, often two or more sibling offspring from non-
affected parents had the condition. In Mendelian terminology, this pattern of
inheritance was consistent with the interpretation that two recessive factors of
a single gene pair were responsible for the condition. Garrod argued that alka-
ptonuria was inherited as a Mendelian trait and that the buildup of homogen-
tisic acid was the result of a faulty enzyme that, if functioning normally, should
have converted homogentisic acid to a different compound.

Generally, an enzyme catalyzes the conversion of one substance into another.
A set of enzymatic conversions that produces a specific end product is called
a biochemical pathway (Figure 1.2). Biological systems have a large number of
such pathways for the production (anabolism) of essential compounds and the
breakdown (catabolism) of scores of compounds. If an enzyme at one of the
steps in a pathway is defective, then at least two consequences follow. The com-
pound not converted by the faulty enzyme accumulates, and the last product
(end product) of the pathway is not produced. The excess of an intermediate
product may be toxic and cause a damaging disorder or, as in the case of alka-
ptonuria, may have no significant impact on the proper functioning of cellular
processes. In addition, the end product of a pathway may be vital and, in its
absence, an abnormality arises. Some biochemical pathways are branched, and
others are interdependent. In these cases, a faulty enzyme can lead to complex
biochemical changes.

Garrod’s explanation for alkaptonuria was correct. Years would pass before
additional research identified homogentisic acid as an intermediate compound
in the catabolism of the amino acids phenylalanine and tyrosine to fumaric acid
and acetoacetic acid (Figure 1.3). More than 50 years after Garrod’s work, sci-

E1 E2 E3 E4 ES

.

Pl—P2—>P3—= P4 —> P5 —P6

Figure 1.2 Schematic representation
of a biochemical pathway. The notations
P1-P5 represent compounds that are sub-
strates for enzymes E1-E5, respectively.
Compound P6 is the end product of the
pathway.
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and acetoacetic acid. H [e)
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entists demonstrated that the defective enzyme in alkaptonurics was homogen-
tisic acid oxidase (Table 1.2). Different genetically determined metabolic dis-
orders have different degrees of impact. Some, such as alkaptonuria, are benign,
whereas others lead to serious complications. Phenylketonuria (PKU), for
example, can cause severe mental retardation. Tay—Sachs disease leads to death,
in most cases before the affected child reaches the age of 10. Other defective
enzymes do not allow any form of development to occur. In a number of con-
ditions early death is inevitable, and in others lifelong suffering is a prevalent
feature of the disorder. For the most part, studies of human genetics are based
on inherited disorders that enable some form of survival.

Garrod’s concept of inborn errors of metabolism was essential both for the
eventual understanding of the biochemical basis of many human genetic dis-
eases and for stimulating research on biochemical pathways in living organ-
isms. In addition, the demonstration of a relationship between genetic disorders
and faulty enzymes, soon identified as proteins, focused attention on the pos-
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Table 1.2 Activities of phenylalanine and tyrosine catabolic enzymes in liver samples
from normal and alkaptonuric individuals.

Enzyme activity

Normal Alkaptonuria
Tyrosine transaminase* 3.6 3.2
p-Hydroxyphenylpyruvic acid oxidase* 6.7 4.6
Homogentisic acid oxidase* 26.8 <0.0048
Maleylacetoacetic acid isomerase** 960 780
Fumarylacetoacetic acid hydrolase* 29 22

*Units are umol/h/0.1 g wet weight.

**Units are Alog optical density/h/0.1 g wet weight.

Adapted from La Du BN, Zannoni VG, Laster L, Seegmiller JE 1958. The nature of the defect in
tyrosine metabolism in alkaptonuria. J Bio/ Chem 230:251-261.

sibility that genetic information was responsible in some way for the produc-
tion of proteins. Decades of research eventually established that a unit of
genetic information (gene) did indeed determine the sequence of amino acids
in a protein chain.

Eugenics: Genetics Misinterpreted

During the first quarter of the twentieth century, excessive public and scien-
tific enthusiasm tended to designate any trait that “ran in families” as geneti-
cally determined. In many cases, the criteria of Mendelian inheritance were
relaxed or ignored, and few observers bothered to determine whether a partic-
ular condition merely mimicked a Mendelian pattern of inheritance. Often,
obvious social and environmental factors were disregarded. Pellagra, for
example, is a persistent condition that causes skin lesions and severe nervous
and mental disorders. Pellagra was common throughout the southern United
States in the early 1900s. Although many researchers thought the disease was
infectious, some geneticists argued forcefully, and apparently convincingly, that
pellagra was an inherited disease, because in some cases both parents and oft-
spring showed its effects.

Fortunately, a clinical researcher, Joseph Goldberger (1874-1929), showed
in 1916 that this condition was caused neither by an infectious agent nor by a
faulty gene, but by a nutritional deficiency. The absence of the vitamin niacin
from the diet caused pellagra symptoms. However, the acceptance of a genetic
cause for pellagra was so ingrained in the United States, and with it the notion
that the disease was inevitable and incurable, that public policy did not begin
mandating niacin as a dietary supplement until 1933. The object lesson of this
case, which even today is not fully appreciated, is that the presence of a trait
in successive generations of a family is not definitive proof that the character-
istic is genetically determined. More stringent criteria must be used before a
genetic cause is implicated. Such a cautious approach is especially important
for complex traits with major behavioral components, such as intelligence and
personality.

By 1920, unfounded genetic explanations for virtually all aspects of human
conduct were rampant. Many complex human cultural features (entrepreneur-
ial success, poverty, piety) and social behaviors (mental disorders, criminality,
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intelligence) were considered to be genetically determined. Popular textbooks
of the period freely made such generalizations as “the hereditary nature of crim-
inal propensity is unquestionable” and “vagabondism, pauperism, and crime run
in certain families for generations.” These claims were often accepted without
critical analysis. On the basis of this fallacious notion of genetics, concerns were
raised that “civilization” (usually a code word for those who were well-to-do
and descended from Northern Europeans) was in danger of genetic degener-
ation, because “bad” genes (ascribed to those who were poor or who were not
descended from Northern Europeans) would soon outnumber “good” genes.
To prevent this presumed catastrophe, organizations were formed to encour-
age couples with “good” genetic stock to breed and to advocate ways to prevent
those with “bad” genes from having offspring.

The concept of improving human qualities by promoting and prohibiting
specific marriages is called eugenics. In the United States, the eugenics move-
ment quickly became popular and had significant effects on the formulation of
federal immigration laws. The movement also pushed for and achieved the
passage of widespread state legislation allowing court-ordered sterilization of
individuals who, for various reasons, were considered unfit to have children. In
1927, the United States Supreme Court, by a vote of eight to one, upheld the
right of states to implement sterilization for eugenic purposes. The viewpoint
of the majority of the justices was encapsulated by Justice Oliver Wendell
Holmes’s terse declaration that “Three generations of imbeciles are enough.”

By the late 1920s, scientists understood that the genetic contribution to
physical health, intelligence, and moral character was exceptionally complex.
Moreover, it was becoming apparent that the primary biological assumptions
of the eugenics movement were based on faulty information and unsubstanti-
ated claims. In addition, findings in the social sciences contradicted many of
the beliefs promulgated by the more ardent eugenicists. Despite a mass of accu-
mulating evidence that eugenics programs could never be effective, the enthu-
siasm for controlling the perceived negative impact of “bad” genes continued
during the 1930s. Sterilization laws were passed in a number of countries. It
was only after the horrendous consequences of Nazi attempts to wipe out whole
groups of people in the 1940s that the eugenics movement lost all credibility.

Mainstream research in human genetics in the 1930s was devoted to ana-
lyzing the genetic structure of populations. Often theoretical, these studies
emphasized the frequencies of genes and gene combinations (genotypes) in
various groups. For example, the distributions of the A, AB, B, and O blood
groups were commonly used for studies of historical relationships, migratory
patterns, and other features of various human populations.

Also during this period, identical twins, who share the same genetic infor-
mation, became the object of studies to ascertain which traits might have
genetic components (nature) in contrast to those that might be caused by non-
genetic means (nurture). The rationale for such studies, briefly, is to compare
the frequency of occurrence of a trait in both members of sets of identical
(monozygotic, MZ) twins and fraternal (dizygotic, DZ) twins. If a trait is
present in both members of a twin set, it is called concordance. If a trait is
entirely the result of genes, then MZ twins should show 100% concordance
and DZ twins should show 50% concordance, because MZ and DZ twins share
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100% and 50% of their genes, respectively. Various statistical approaches have
been used over the years to determine when a significant relationship exists
between concordance scores for MZ and DZ twins when the concordance for
MZ twins is less than 100%. If a trait shows a much higher concordance value
for MZ than for DZ twins, then it can be concluded that the trait is, to some
extent, genetically determined. From a genetic perspective, these kinds of
studies are not very informative. Little is learned about the nature of the inher-
itance of a trait, how many genes are involved, whether a major gene plays a
role in determining a trait, or what gene products contribute to that trait. Twin
studies do, however, point researchers in particular directions so that they can
gain a better understanding of the causes of complex conditions.

By 1950, human genetic studies had made considerable contributions in
identifying inherited diseases and complex conditions with genetic compo-
nents. Mathematical strategies were developed to enable researchers to deduce
patterns of inheritance by examining large numbers of sets of brothers and
sisters (sibships) from a single generation. Five hundred inherited conditions
had been recorded. Most of these were pathological, with approximately 100
disorders affecting the skin, 100 affecting the eyes, and 100 affecting the skele-
tal system. Approximately 20 abnormalities were identified for the blood
system, 20 for the nervous system, and 20 for muscle tissue, as well as approx-
imately 20 examples of metabolic and endocrine disorders. By contrast, very
few nonpathological conditions, other than blood group antigens, color vision
defects, hair whorl patterning, the ability to taste phenylthiocarbamide, and
some others, had been described. Little was known about the biochemical con-
sequences of most pathological diseases. Moreover, the actual relationship
between a defective gene and a genetic disease was a complete enigma. No spe-
cific therapies for genetic diseases had been devised, and no procedures for
diagnostic testing had been developed. Although possibly too harsh an assess-
ment, the study of human genetics seemed to become intellectually stagnant
after its first 50 years. There were no new methodologies to probe the basis of
human genetic diseases, and novel ideas, in the absence of innovative tech-
niques, were scarce.

The Molecularization of Genetics

The study of human genetic diseases was changed forever when the field
became “molecularized” in the 1950s. “Molecularization” is scientific jargon for
studies concerned with characterizing biological processes at the level of pro-
teins and nucleic acids (ribonucleic acid, RNA; deoxyribonucleic acid, DNA)
and with determining how alterations of these macromolecules disrupt basic
biological processes. In 1953, James D. Watson (b. 1928) and Francis H. C.
Crick (1916-2004) revolutionized all of the biological sciences with their dis-
covery of the double helical structure of DNA. Previously, DNA had been
shown to be the genetic material of living organisms. Researchers established
that the units of genetic information (genes) somehow encoded information
for the synthesis of enzymes, a theory designated at the time as the “one gene—
one enzyme” hypothesis. But the question of how the DNA information of a
gene generates a sequence of amino acids of an enzyme or any other protein
chain remained a mystery. Nor was there any clear idea of the extent to which
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a protein has to be changed to be nonfunctional or to have altered properties
that, for example, could cause a human genetic disease.

The discovery of the molecular basis of an inherited disorder called sickle
cell anemia provided some fundamental answers to these questions. Sickle cell
anemia results from a breakdown of circulating red blood cells (hemolytic
anemia). Affected individuals suffer from chronic ill health and long-term com-
plications in the heart, brain, kidneys, and other organs and often die early in
life. A microscopic comparison of the blood from patients with sickle cell
anemia and healthy individuals shows differences in the shape of the red blood
cells. Instead of being smooth and biconvex, the red blood cells are jagged and
sickle-shaped in patients with the anemia. This observation gave the disease
its name. The cause of the sickling of these red blood cells was unknown.
Hemoglobin is the major protein of red blood cells and is responsible for trans-
porting oxygen to organs within the body. In 1949, researchers found that the
hemoglobin from the red blood cells of sickle cell anemics differed in its elec-
trophoretic mobility from the hemoglobin of normal red blood cells (HbA).
Accordingly, sickle cell anemia was characterized as a molecular disease with
the genetic alteration giving rise to an altered hemoglobin molecule (HbS).

The normal HbA molecule is a protein multimer consisting of two o-chains
and two B-chains. An o-chain has 146 amino acids, and a B-chain has 141
amino acids. In 1957, Vernon Ingram (b. 1924), using protein fingerprinting
and sequencing techniques, determined that HbS had a single amino acid dif-
ference from HbA in the B-chain. The amino acid sequences of the a-chains
of HbA and HbS were identical. However, on the B-chain of HbS the amino
acid in the sixth position was valine, whereas in HbA this amino acid was glu-
tamic acid. This difference is the result of a change in the DNA sequence that
encodes the B-chain. This seemingly minor change of a protein alters the stack-
ing properties of the HbS molecules, which form a viscous gel within the red
blood cells, causing the shape of the cell to become distorted. Because of their
jaggedness, sickled red blood cells do not flow smoothly through capillaries,
small veins, and arteries. They become tangled and form blockages that prevent
adequate distribution of oxygen to the major organ systems, leading to tissue
damage and causing severe pain. Sickle cell anemia was the first example, of
which there are now hundreds, of a single amino acid alteration of a protein
chain that is responsible for a human genetic disease.

A quarter of a century would pass before researchers could sequence DNA
routinely to determine the kinds of changes that occur at the level of the gene
and cause many human genetic diseases. The ability to identify, isolate, and
characterize genes that cause different genetic diseases is the major feature of
current research in human genetics. This book is concerned with explaining
how these studies are carried out, which genetic defects lead to disorders, and
what biological consequences stem from these defects.

Genes and Phenotypes

To what extent do genes determine human nature? This question has been
debated for centuries. More than 700 years ago, Thomas Aquinas
(1225?-1274), a prominent Roman Catholic theologian, expressed the view
that the intrinsic nature of a person may, in some instances, be determined by
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heredity, noting “that even some defects of [the] soul are transmitted in con-
sequence of a defect in the bodily habit, as in the case of idiots begetting idiots.”
To this day, we have little understanding of how the totality of the array of
attributes, both biological and environmental, contributes to making each of
us a unique personality with our own distinctive attitudes, tastes, behaviors, and
abilities.

We do know that this process, whatever it involves, is a complex mixture of
genetic and nongenetic factors. At one extreme, children raised without sig-
nificant human contact during their early years seem unable to develop a full
range of speech, their learning is limited, and their ability to interact socially
with other humans is highly constrained. But we also have learned that con-
ditions such as PKU, fragile X syndrome, myotonic dystrophy, and many other
disorders with serious effects on behavior and mental competence are unques-
tionably the result in each instance of an alteration of a single gene.

By contrast, the role and extent of the genetic contribution to the formula-
tion of complex characteristics such as intelligence (which is not synonymous
with an intelligence quotient or IQ_score), giftedness, personality, sexual ori-
entation, social behaviors, and other attributes are largely unknown. Ignorance
in these matters has not prevented speculation that, in a number of instances,
has been accepted as fact. In the past, explanations that attempted to account
for the origins of complex human characteristics tended to be polarized. One
camp held the view that only environmental influences (nurture) determine
human behavioral variability. The dictum that “all men are created equal”
reflected this viewpoint. The other camp, at its extreme, argued that the most
significant factor in determining human behavior is genes (nature). Histori-
cally, the latter school of thought was often inclined to accept, without suffi-
cient proof, various attributes as genetically determined. Those with this
viewpoint often have allowed both social and political ideology—not human
genetics—to decide which human characteristics are inherited. And, for those
characteristics that were considered to have a negative impact on society, the
proposed remedies were driven by political convictions, not by medical or sci-
entific reasoning.

Even today, the nature—nurture controversy is not entirely resolved.
However, it is clear that the question can no longer be framed as an either/or
issue. It seems probable that, for many complex traits, both genetic and envi-
ronmental factors play roles in determining final outcomes. The problem for
the unbiased researcher is to assess to what extent either genetic or environ-
mental factors influence a specific characteristic.

A highly oversimplified formula, P = G + E, can be used to illustrate the
nature—nurture problem, where P represents the characteristic (phenotype) and
G and E represent genetic and environmental contributions, respectively. The
sum of G and E equals 1 (unity). For example, a viral infection during early
childhood may cause a severe mental disability. In this case, the phenotype
results entirely from an environmental factor; hence, P equals E, with G equal
to 0 (P = E; G = 0). On the other hand, the genetic disease PKU will cause
severe mental disability if left untreated. Thus, for this form of mental impair-
ment, P equals G and the contribution of E is 0 (P = G; E = 0). When treat-
ment for PKU is initiated soon after birth and maintained, severe mental
impairment does not necessarily occur, although, in some instances, complete
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from the HUMAN GENETICS files

VCtor McKusick (b. 1921), 2 human
geneticist at Johns Hopkins Univer-
sity with admirable foresight, established
in 1966 a catalog of human genetic disor-
ders with 1487 entries. Today, McKusick’s
brainchild, called Online Mendelian
Inheritance in Man (OMIM), has

grown to more than 15,000 entries

and is fully accessible online at
http://www.ncbi.nlm.nih.gov/entrez/query.
fegi?db=OMIM.

For each specific human genetic disor-
der, an OMIM entry provides a body of
technical detail that is updated at regular
intervals. The entries vary in size accord-
ing to the amount of published informa-
tion that is available for a particular
genetic disorder. Each entry is assigned a
six-digit OMIM number that may include
different symbols. Details about this
nomenclature and all other aspects of
OMIM are available on its home page.

An entry has information, depending
on the extent of current knowledge of a
disorder, about clinical features, clinical
management, molecular genetics, popula-
tion genetics, animal models, and so on.
The fields are not comprehensive essays,
but rather they contain information culled
from research articles. Initially, some
readers may find the contents of a section
arcane, overly technical, possibly dis-
jointed, and too succinct. Moreover,
because research is self-correcting, incre-
mental, and produced at a rapid rate,
some sections contain contradictory infor-
mation. Notwithstanding, OMIM is very
helpful for those who have some basic
knowledge of human molecular genetics
and a rudimentary understanding of the
genetic disorder of interest, although these
are not absolute requirements to consult
this database. In this context, an extensive
list of references accompanies each entry
file, enabling users to delve deeper into
the literature and learn more about a spe-
cific genetic disorder.

Overall, OMIM is a superb source of
information. The CREATION DATE

OMIM: An Important Online Source of Information

About Human Genetic Disorders

and EDIT HISTORY segments tell the
user when the file became an OMIM
entry and when it was last updated,
respectively. If a disease-causing gene has
been characterized, its OMIM entry con-
tains a list of ALLELIC VARIANTS
that briefly specifies the known mutational
changes at various sites within the gene.
For genes that have been studied thor-
oughly, such as the B-hemoglobin chain
gene, there can be an extremely long list
of allelic variants.

Entries are retrieved from the OMIM
database by an effective search procedure
that allows the user to include or exclude
various fields, such as the title, text, refer-
ences, allelic variants, etc. For example,

a search of all fields with the term
“alzheimer” produces a list of approxi-
mately 150 entries. Fortunately, the
retrieved files are ranked in order of the
number of “hits” for the search word.
Reading entries on a computer screen is
tedious. A user should consider saving
entries of interest, reading them at a more
leisurely pace offline, and, if required,
printing the relevant entries.

OMIM has a number of other impor-
tant features including links to a large
number of databases of potential interest
to OMIM users. In addition to OMIM,
there are sites on the World Wide Web
devoted to specific genetic disorders, such
as Duchenne muscular dystrophy, that can
be accessed by using addresses generated
through a search engine. Anyone with
more than a casual interest in human
genetics should become familiar with
OMIM. Try it! You'll like it!

Below is a sample of part of the
OMIM entry for alkaptonuria (#203500):

Alternative titles; symbols

AKU

HOMOGENTISIC ACID OXIDASE
DEFICIENCY

Gene map locus 3q21—q23

TEXT

A number sign (#) is used with this entry
because alkaptonuria is caused by muta-
tion in the homogentisate 1,2-dioxygenase

gene (HGD; 607474).

CLINICAL FEATURES

Alkaptonuria enjoys the historic distinc-
tion of being one of the first conditions in
which mendelian recessive inheritance was
proposed (by Garrod, 1902, on the sug-
gestion of Bateson) and of being 1 of the
4 conditions in the charter group of
inborn errors of metabolism. The mani-
festations are urine that turns dark on
standing and alkalinization, black ochro-
notic pigmentation of cartilage and col-
lagenous tissues, and arthritis, especially
characteristic in the spine. Cunningham
et al. (1989) observed rapidly evolving
osteoarthrosis of the right hip in a 65-
year-old woman who had unusual stress
after being forced to abandon a train as a
result of a bomb threat and having to
carry 2 heavy suitcases. Carrier and Harris
(1990) reported the case of a 70-year-old
man who underwent bilateral hip and knee
total joint arthroplasties for the treatment
of ochronotic arthropathy. Dereymacker

et al. (1990) described a patient in whom
calcified aortic valve disease secondary to
ochronosis necessitated urgent aortic valve
replacement. There are reports of urolithia-
sis in AKU patients in middle and late
adulthood who have already developed the
full clinical picture of the disorder (e.g.,
Sener, 1992). Zibolen et al. (2000) empha-
sized the increased frequency of urolithiasis
in AKU patients younger than 15 years.
They reported 5 such patients, in one of
whom the diagnosis of urolithiasis had
been made at the age of 2 years.
Phornphutkul et al. (2002) provided a
review of the natural history of alkap-
tonuria. They based the review on an eval-
uation of 58 patients with the disorder
ranging in age from 4 to 80 years. They
found that joint replacement was per-
formed at a mean age of 55 years and that
renal stones developed at 64 years, cardiac-
valve involvement at 54 years, and coro-
nary artery calcification at 59 years. Linear
regression analysis indicated that the radi-
ographic score for the severity of disease
began increasing after the age of 30 years,
with a more rapid increase in men than in
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women. In the 58 patients reviewed by
Phornphutkul et al. (2002), kidney stones
were documented in 13 male and 3 female
patients. Of the 27 men who were 31 to
60 years old, 8 had prostate stones. The
development of prostate stones was not
associated with the development of kidney
stones. Three patients, each over the age of
50 years, had undergone aortic valve
replacement.

CLINICAL MANAGEMENT

Lustberg et al. (1970) presented evidence
that ascorbic acid in high doses decreases
binding of C(14)-homogentisic acid
(HGA) in connective tissues of rats with
experimental alkaptonuria. Long-term
therapy in young patients with alkap-
tonuria is indicated. Wolff et al. (1989)
treated 2 adults and 3 infants with high
doses of ascorbic acid and studied the
effect on the excretion of homogentisic
acid and its toxic oxidation product, ben-
zoquinone acetic acid (BQA). The
purpose was to determine whether con-
centrations in body fluids of the latter
substance, the putative toxic metabolite in
alkaptonuria, would be reduced. Indeed,
disappearance of BQA from the urine was
observed in adults, whereas the level of
excretion of homogentisic acid did not
change. This could have relevance to the
pathogenesis of ochronotic arthritis. In 2
of the infants studied (a 4- and a 5-
month-old), ascorbic acid may have
doubled the amount of homogentisic acid
in the urine, presumably through an effect
on the immature p-hydroxyphenylpyruvic
acid oxidase. Dietary reduction of the
intake of tyrosine and phenylalanine sub-
stantially reduced the excretion of
homogentisic acid. In a 48-year-old man
in whom alkaptonuria had been diagnosed
during infancy, Mayatepek et al. (1998)
studied the effects of 4 different therapeu-
tic 1-month trials consisting of supple-
mentation with ascorbic acid (1 g/day and
10g/day) or a low-protein diet (0.3 g/kg/
day and 1.3 g/kg/day). Administration of
ascorbic acid in doses of 1g/day or more
resulted in a significant and constant
decrease of urinary BQA, whereas the
excretion of HGA could not be substan-
tially reduced. Mild and severe dietary
reduction of protein intake alone also sub-

stantially reduced the excretion of BQA,
whereas the level of HGA excretion could
not be drastically reduced. Such an
extreme protein restriction would not,
however, have been acceptable for a longer
period of time. They concluded that sup-
plementation of ascorbic acid in doses of
1g/day represents a simple and rational
treatment in patients with alkaptonuria.
La Du (1998) examined the question “Are
we ready to try to cure alkaptonuria?” He
explored the possibilities and indicated
that model animal systems, either those
representing known spontaneous heredi-
tary deficiencies of homogentisic acid or
appropriate “knockout” animals with
created deficiencies of the enzyme, need
to be tested before human trials are
undertaken. He said that it is to be hoped
that some, perhaps all, of the adverse
effects of alkaptonuria can be prevented
by new molecular therapeutic approaches;
however, trading alkaptonuric problems
for even more serious metabolic distur-
bances because of the pronounced toxicity
of the later tyrosine metabolites is not an
acceptable alternative. Suzuki et al. (1999)
used 2(-2-nitro-4-trifluoromethylben-
zoyl)-1,3-cyclohexanedione (NTBC) as a
therapeutic agent for alkaptonuria. NTBC
is a potent inhibitor of p-hydrox-
yphenylpyruvate dioxygenase, which cat-
alyzes the formation of homogentisic acid
from p-hydroxyphenylpyruvic acid, and
had been used in the treatment of type I
tyrosinemia (276700). In a murine model
of alkaptonuria that had been created with
ethylnitrosurea by Montagutelli et al.
(1994), they observed a dose-dependent
reduction in urinary output of homogen-
tisic acid with administration of NTBC.
Phornphutkul et al. (2002) reported that,
in a 51-year-old woman, urinary HGA
excretion fell from 2.9 to 0.13 g per day
after a 10-day course of nitisinone. In a
59-year-old woman, similar reductions
were observed after 9 days of treatment.
Plasma tyrosine levels in these patients
rose, with no clinical signs or symptoms.
They emphasized that the long-term
safety and efficacy of this treatment
requires further evaluation. Nitisinone is a
triketone herbicide that inhibits 4-hydrox-
yphenylpyruvate dioxygenase by rapid,
avid binding that is reversible. The agent

had been approved by the FDA for the

treatment of tyrosinemia type I.

MAPPING

In 6 Slovak pedigrees selected from a total
of 191 alkaptonuria patients registered at
the Institute of Clinical Genetics in
Martin, Slovakia, Janocha et al. (1994)
demonstrated linkage to microsatellite
markers from proximal 3q. Markers on
that chromosome were selected for study
because of previously demonstrated
homology of synteny with mouse chromo-
some 16. Independently, Pollak et al.
(1993) used homozygosity mapping to
locate the alkaptonuria gene to 3q2 in a
16-cM region. They studied 2 consan-
guineous families with 4 affected children
and 2 nonconsanguineous families which
supported the linkage. They pointed out
that Garnica et al. (1981) described coin-
heritance of alkaptonuria and sucrase-
isomaltase deficiency (222900), which
maps to 3q25—q26. Furthermore,
Steinmann et al. (1984) described coin-
heritance of neonatal severe hyperparathy-
roidism and alkaptonuria. The former
condition is thought to be the recessive
(i.e., homozygous) form of familial
hypocalciuric hypercalcemia (145980),
which maps to 3q21-q24. In the case
reported by Steinmann et al. (1984) , both
parents, who were related, had familial
hypocalciuric hypercalcemia.

MOLECULAR GENETICS

In patients with alkaptonuria, Fernandez-
Canon et al. (1996) identified missense
mutations in the homogentisate 1,2-
dioxygenase gene that cosegregated with
the disease (607474.0001, 607474.0002),
and provided biochemical evidence that at
least one of these missense mutations is a
loss-of-function mutation. Studying 4
alkaptonuria patients from Slovakia, where
alkaptonuria has a notably high frequency,
Gehrig et al. (1997) found 2 novel muta-
tions in the HGD gene (607474.0003,
607474.0004). Other mutations in the
HGD g