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Preface

The science of genetics began in 1900 with the independent rediscovery
of Mendels 1866 paper by Carl Correns and Hugo de Vries. Until the
middle of the nineteenth century, blending theories of inheritance pre-
vailed, but it became clear to Charles Darwin and his cousin Francis Gal-
ton that the hereditary elements must be particulate to provide the kind
of variation upon which natural selection could work. Each of them pro-
posed a particulate theory of inheritance, but the particles had to be
hypothetical as the architecture of the cell and its different components
were only beginning to reveal themselves to the curious eye. By 1900, a
great deal was known about cell structure. In particular, chromosomes
had been identified and Walther Flemming, a German scientist, had
characterized their behavior in cell division (mitosis). Another German
scientist, Theodor Boveri, provided evidence that chromosomes of the
germ cell lineage provided continuity between generations. And in 1902,
an American graduate student, Walter Sutton, connected chromosomes
with genes, in a classic paper. Thomas Hunt Morgan and his associates
obtained experimental proof of the chromosome theory using the fruit
fly Drosophila as a model. Working with Drosophila in his Fly Room at
Columbia University, Morgan and his colleagues would elucidate many
of the most important principles of Mendelian genetics.

In England, William Bateson became Mendel’s great advocate. One
would have thought such advocacy unnecessary except that, just about
the time of Mendel’s rediscovery, Francis Galton had come up with a
model of inheritance, which he called his Ancestral Theory. Particularly
in Great Britain, there was much controversy in the first decade of the
twentieth century between Galton’s supporters and Bateson. The
Mendelians finally won out. In the course of these heated exchanges,
Bateson became aware of the work of an English doctor, Archibald Gar-
rod. Garrod was studying a disease called alkaptoneuria that caused the
urine to blacken. His results suggested to Bateson that a recessive gene
mutation might be involved. Bateson entered into a correspondence
with Garrod, who in 1902 published a paper titled “The Incidence of
Alkaptoneuria: A Study in Chemical Individuality.” And with that paper,
Garrod made the first connection between a human disease and a gene.
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The aim of this book is to provide an overview of the relationship
between genes and disease, what can be done about these diseases, and
the prospects for the future as we enter the era of personalized medi-
cine. The first three chapters deal with diseases that are simple in the
sense that they result because of single gene mutations. Chapter 1,
“Hunting for disease genes,” considers the pedigree and its use in deci-
phering human genetic diseases and, at the end, the question of how
many genetic diseases there are in the context of the structure of the
human genome and the genes it contains. Chapter 2, “How genetic dis-
eases arise,” is about how the process of mutation gives rise to genetic
defects, but also about how this same process has produced millions of
tiny genomic changes called single nucleotide polymorphisms (SNPs).
Most SNPs have little or no effect on the individual, but they are of
major importance to those who desire to investigate genetic diseases,
particularly complex ones. People with and without a genetic disease can
be compared to see if any of these SNPs can be associated with specific
diseases. The chapter also considers what happens when mistakes occur
in partitioning chromosomes properly to sperm and eggs. Chapter 3,
“Ethnicity and genetic disease,” examines the reasons why some diseases
are more prevalent in some races and ethnic groups than others and
explains why this has nothing to do with race or ethnicity per se.

The second group of three chapters considers genetically complex
diseases. Chapter 4, “Susceptibility genes and risk factors,” is about
genetic risk factors and diseases like type 2 diabetes, coronary disease,
and asthma, where the environment also plays an important role. In each
case, there are single gene mutations that can cause the disease. These
disease mutations are considered in some detail as they show how certain
single gene changes can lead to complex diseases. However, people with
these single gene changes only represent a small fraction of those suffer-
ing from the disease. In most people who suffer from asthma, have type
2 diabetes, or are susceptible to coronary disease, there is a complex
interplay between a variety of genetic risk factors and the environment.
Unraveling these interactions is a work in progress.

Chapter 5, “Genes and cancer,” discusses cancer, a large collection
of different genetic diseases. What they all have in common is the
propensity for uncontrolled growth. It has only been possible to work out
the many different genetic pathways that lead to cancer because of basic
research in cell biology. This has provided the necessary background
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information on how the normal pathways themselves are organized. The
topic of cancer genetics is so vast that select examples have been chosen
to illustrate several different points concerning the disease. For example,
cervical cancer shows how viruses sometimes act as causative agents of
cancer. The greatly increased frequency of lung cancer in recent years
illustrates that decades can elapse between the exposure of a tissue or
organ to carcinogens, in this case those present in cigarette smoke, and
the appearance of the disease.

Like type 2 diabetes or coronary disease, schizophrenia and bipolar
disease are genetically complex, as discussed in Chapter 6, “Genes and
behavior.” There have been many false alarms in identifying susceptibil-
ity genes for these and other behavioral conditions—the gay gene con-
troversy comes to mind. But there have also been some notable
successes. The chapter begins by recounting the history of the “warrior
gene.” This odd gene has been implicated in a wide variety of bad or risk-
taking behaviors.

Chapter 7, “Genes and I1Q: an unfinished story,” deals with a subject
whose relevance may not seem apparent initially. The reader may rightly
ask what on earth this topic has to do with disease. The answer is that not
only do quite a number of genetic diseases affect 1Q, but in the first half
of the last century, the presumption that “feeblemindedness” was inher-
ited was the basis for involuntary sterilizations, particularly of women, in
many states in the United States, Scandinavia, and Nazi Germany. To
this day, there are those who argue that 1Q differences between races
and classes are largely genetic in nature and, therefore, explain certain
alleged inferiorities.

For better or worse, it seems likely that 1Q and related tests will be
used to measure intelligence for a long time because they yield numbers
and numbers are easier for most people to deal with than descriptions.
Take wine, for instance. All that business about tasting like black cherries
with a hint of cinnamon loses out to Robert Parker’s numbering system.
However, his scale is so compressed, between the high 80s and 100, that
a Bordeaux wine that rates 96 can command a far greater price than one
that Parker grades as 90. IQ scores, in contrast, are not compressed and
follow the pleasing shape of the bell curve. Furthermore, IQ does meas-
ure something that relates to what we would call intelligence. Most
would agree that the cognitive powers of children with Down syndrome
are qualitatively different from those of ordinary children. This differ-
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ence is captured in IQ distributions for children suffering from Down
syndrome and children without this affliction. In both cases, IQs are nor-
mally distributed, but the upper end of the Down distribution overlaps
with the lower end of the distribution for children who do not have the
disease. However, the data on the heritability of IQ rest on shaky under-
pinnings. They largely depend on comparing the IQs of less than 200
pairs of identical twins reared apart and the assumption that the environ-
ments in which these twins were reared are not correlated.

Having dealt at length with genetic diseases, the next question is
what to do about them. Chapter 8, “Preventing genetic disease,” dis-
cusses prevention as the most desirable outcome, particularly for the
most severe genetic diseases, but how do we accomplish this? Suppose a
man and woman in their late thirties get married and want to have a child
while it is still possible. They have a relatively high risk of giving birth to
a child with Down syndrome. What should they do? A good place to
begin is to initiate a discussion with a genetic counselor. Should amnio-
centesis or chorionic villus sampling predict the birth of a Down child,
the counselor can be helpful in explaining in a nondirective way the
options open to the couple. They themselves will have to decide whether
the pregnancy should continue or whether to terminate it. Or suppose
another couple knows that they may give birth to a Tay-Sachs child. The
couple has the choice of initiating the pregnancy and aborting the fetus if
it has Tay-Sachs or planning to have a healthy baby following in vitro fer-
tilization and preimplantation genetic diagnosis. This permits the doctor
to implant embryos that will not develop into Tay-Sachs babies although
some of them may be carriers of the mutant gene. The procedure is not
fail-safe, however, and multiple rounds of in vitro fertilization may be
required. Moreover, these procedures are costly and the couple may
have ethical or religious reasons for not opting either for abortion or in
vitro fertilization.

Specific treatments need to be devised for each genetic ailment and
many such diseases are not treatable, as explained in Chapter 9, “Treat-
ing genetic disease.” The first line of defense for diseases like phenylke-
toneuria is newborn screening. If left untreated, the disease causes a
rapid loss of cognition and a precipitous drop in IQ. Fortunately, if a
phenylketoneuric infant is given a special diet shortly after birth, these
cognitive declines can be avoided. All the states have mandatory new-
born screening for this disease and many others where early intervention
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can make all the difference. Treatment of some genetic diseases involves
administering an enzyme that is missing because of the genetic defect.
This sort of therapy is often very expensive and it must be continued for
life.

Then there is gene therapy. After 20 years of trying, it is fair to say
that, despite all the hype that accompanied gene therapy, particularly in
the beginning, gene therapy has delivered very little except in the case of
a couple of diseases where the immune system has been rendered non-
functional. In these cases, insertion of a copy of the normal gene into
certain bone marrow stem cells has proven effective. We hope that this
heralds the beginning of a new era for gene therapy, possibly in combina-
tion with stem cells, a topic that is hardly discussed in this book. The
main reason that this book has practically nothing to say about embry-
onic or adult stem cells is that, despite very encouraging results with
mouse models, we have no idea how this technology is going to play out
in humans. In fact, the first approved clinical trial got under way late in
2010. We hope that the disappointments that have plagued gene therapy
will not also arise in the case of stem cells, but only time will tell.

Today, drugs are being developed to target specific mutational
defects for cystic fibrosis and other genetic diseases, as described in
Chapter 10, “The dawn of personalized medicine.” It has also become
clear that certain drugs are effective with people with one genetic back-
ground, but not another. Gene testing companies are measuring genetic
risk for complex diseases like type 2 diabetes, and genome sequencing
will soon cost around $1,000, making it affordable for a lot of people.
With regard to their own genomes, the problem for most people will be
an overload of information. What are they to do with it? How are they to
weigh it? How much do they really want to know? We have entered the
era of personalized medicine, an era in which most of us are going to
need some guidance. Before proceeding to discuss the array of topics
that are the subject of this book, a word about the diverse ways in which
human genetic diseases are named is in order.

Genetic diseases are named in various ways. Most commonly, they
bear the names of their discoverers. Down syndrome, for instance, is
named for its discoverer, John Langdon Down, a nineteenth-century
British physician. Sometimes the name is descriptive—sickle cell anemia
comes to mind. The red blood cells of people with this disease do sickle.
Sometimes the names are misleading or hard to understand. Why would
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anyone name a disease that can cause profuse bleeding hemophilia?
Only Count Dracula would appreciate that. Or thalassemia. What's that
about? It’s a disease like sickle cell disease, but its name refers to the sea
in Greek. The reason for this odd name is that this disease was once
prevalent around the rim of the Mediterranean. Sometimes diseases are
named quite specifically for the function they perturb. G6PD refers to a
common alteration that results in a deficiency of the enzyme glucose-6-

phosphate dehydrogenase.



Hunting for disease genes

Leopold George Duncan Albert, Duke of Albany, eighth child and
youngest son of Queen Victoria, was buried on Saturday, April 12,
1884, in the Albert Memorial Chapel, Windsor Castle.! He was only
31. Leopold’s pregnant wife Princess Helene, the daughter of George
Victor, reigning Prince of Waldeck-Pyrmont, arrived by carriage to
view her husband’s remains and to shed some tears over them. Next,
the Seaforth Highlanders, in which Leopold was an honorary colonel,
arrived. They were wearing their medals and sidearms. The Cold-
stream Guards followed the Seaforths led by their band. The servants
of the late Prince Albert, the servants of the Queen, and then the gen-
tlemen of Leopold’s household followed them. The coffin was borne
by eight Seaforth Highlanders and followed by the Prince of Wales in
the uniform of a field marshal.

Also marching in the funeral procession was a French general
who had accompanied Leopold’s remains from Cannes, where he had
died. On March 27, Leopold had slipped on a tiled floor in the Yacht
Club and injured his knee. Although it has been claimed that Prince
Leopold died from the effects of the morphine he had been given to
ease the pain on top of the claret he had consumed with his dinner, it
seems more likely that he died of a cerebral hemorrhage.” Leopold
was the first victim of what has been called the “Royal Disease” or
hemophilia.

Hemophilia A and B, recessive, sex-linked diseases, are normally
expressed only in males because a male has a single X chromosome,
whereas a female has two, one usually having the normal gene. That
is, women are carriers who do not show any symptoms of hemophilia.
Hemophilia spread from the British royal line into the Russian,
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Prussian, and Spanish royal lines through intermarriage. Its source
was Queen Victoria. She had two daughters who were carriers in
addition to Leopold, but her other five offspring did not express or
transmit the defective gene to their progeny.

Although it is remotely possible that a hemophilia mutation
occurred in Queen Victoria very early in egg formation, it is much
more likely that Queen Victoria was a carrier of the hemophilia muta-
tion because three of her children had the hemophilia gene. If the
Queen was a carrier, the egg from which she arose would either have
had to be fertilized by a mutant sperm from her father Edward, Duke
of Kent, or else her father was not the duke. After spending many
years in Europe in the company of various mistresses, notably Ade-
laide Dubus and Julie St. Laurent, Edward married Victoire (or Vic-
toria) of Saxe-Coburg-Saalfeld, the widow of the Prince of Leningen,
in 1818. Victoria was born the next year and Edward died in 1820.

Perhaps the sperm that fertilized the egg that produced Queen
Victoria possessed the hemophilia mutation. If so, the mutation
would have arisen during spermatogenesis in the duke as there is no
prior evidence of hemoplhilia in the royal line. In his book The Victo-
rians, A. N. Wilson proposes a different theory. Another man may
have fathered Victoria. Wilson supposes that man may have been her
mother’s secretary Sir John Conroy, a man Queen Victoria detested.
Conroy and Victoire were widely suspected of being lovers, but there
is no evidence he had hemophilia. Even if Conroy was not Queen
Victoria’s father, Wilson writes, “it seems overwhelmingly probable
that Victoire, uncertain of her husband’s potency or fertility, took a
lover to determine that the Coburg dynasty would eventually take
over the throne of England.” If so, the presumptive interloper would
have needed to work quickly. After all, Victoria of Saxe-Coburg-
Saalfeld and Edward, Duke of Kent, were married on May 29, 1818,
and Queen Victoria was born just a year later.

It has long been assumed that hemophilia A rather than hemo-
philia B was the disease transmitted by Queen Victoria because
hemophilia A accounts for 85% of all cases and hemophilia B for
about 14% with various other clotting defects accounting for the
remaining 1%.* However, we now know that Queen Victoria carried a
hemophilia B mutation. This finding emerges from some remarkable
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detective work involving the remains of the murdered family of
Nicholas II, the last Russian czar.

On July 16, 1918, the czar, his family, the royal physician, and three
servants were herded into the cellar of Ipatiev House in Yekaterinburg
where they were held prisoner and shot by a firing squad.” The bodies
were to be thrown down a mine shaft, but the truck that carried them
began to have engine problems so the murderers dug a shallow pit as a
grave, poured sulfuric acid on the bodies to impede their identification,
covered the bodies, and drove the truck back and forth over the grave
site to flatten it. Half a year later, a Russian investigator, Nicholas
Sokolov, retrieved some valuable objects from the likely tomb, but
reported no evidence of skeletal remains. He concluded that the bodies
had been destroyed, but in April 1989, a filmmaker named Geli Ryabov
claimed that the bodies had not been destroyed, but that they were
located five miles from the site discovered by Sokolov. Ryabov and a
geologist colleague had worked out the actual burial place from photo-
graphs and the original report written by the head executioner.

DNA analysis confirmed the presence of the skeletal remains of
nine people. They included the czar, the czarina, three of their five
children, the royal physician, and three servants. However, two of the
children were missing. This was in accord with the executioner’s
report that he had burned two of the bodies, one of which belonged to
the czars only son Alexei, a hemophiliac. Burned bone fragments
from two skeletons were found in 2007 in another grave at the site of
a bonfire in the same area.® The fragments proved to be what was left
of Alexei and his sister Alexandra.

The hemophilia A and B genes are called F§ and F9 because they
encode clotting factors 8 and 9, respectively. DNA analysis of the F8
and F9 genes recovered from the remains revealed that only the latter
gene was altered and that Alexandra was a carrier, whereas Alexei’s sin-
gle X chromosome had, of course, the hemophilia mutation.”

The pedigree of the “Royal Disease” illustrates how useful a good
lineage is in attributing a specific disease to a defective gene. This chap-
ter considers two different approaches to identifying disease and sus-
ceptibility genes. The first is to target a specific gene. The example
given here is the discovery of the gene whose alteration results in Hunt-
ington’s chorea. The pedigree that provided the answer was found on
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the shores of Lake Maracaibo in Venezuela. Once an approximate chro-
mosomal location had been established for the gene, the investigators,
led by James Gusella at Harvard and Nancy Wexler at Columbia, had to
inch along the chromosome to the actual gene using various molecular
techniques, a method referred to as “positional cloning” (see Glossary).

The second approach is to search for a variety of deleterious
genes in a specific sect or group that exhibits characteristics such as
originating from a small founding group, inbreeding, or a high inci-
dence of several different disease genes. The Amish, Ashkenazi Jews,
and French Canadians are examples. This is one approach favored by
many gene-hunting companies. Once again, pedigree analysis and
positional cloning play key roles.

Until the last ten years or so, these were the two major
approaches to gene identification, but with the discovery that the
human genome is riddled with small genetic differences called single
nucleotide polymorphisms or SNPs (see Glossary and Chapter 2,
“How genetic diseases arise”) coupled with the publication of the
human genome sequence, two other approaches became popular that
do not require information from pedigrees. In the first, called the
candidate gene method, the investigator makes an educated guess at
a gene or genes mutation of which might lead to a specific genetic
disability. The gene and surrounding DNA are compared between
people with and without the condition to see whether there are any
alterations specific to people having the disease. The second method
is completely unbiased and involves comparing entire genomes
between the two groups for differences in SNPs. These genome-wide
association studies (GWAS) have the potential for discovering differ-
ences related to genes that might not normally have been suspected
of causing the disease. These methods, especially the latter, are par-
ticularly well adapted to finding genetic factors underlying complex
genetic diseases like type 2 diabetes (see Chapter 4, “Susceptibility
genes and risk factors,” for a fuller discussion). However, as the price
of whole genome sequencing continues to drop rapidly, whole
genome sequencing comparisons will probably replace the candidate
gene and GWAS approaches.
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Venezuelan adventures: the isolation of the
Huntington’s gene

One day in 1858, George Huntington, a boy of eight, was riding with
his father George Lee Huntington, a physician. His father was mak-
ing his medical rounds on a wooded road between the towns of Ama-
gansett and Easthampton on the South Fork of Long Island when
“we suddenly came upon a mother and a daughter, both bowing,
twisting, grimacing. I stared in wonderment, almost in fear. What
could it mean?”® Thus was George Huntington introduced to the dis-
ease that would later bear his name, Huntington’s chorea. Hunting-
ton’s grandfather, a physician like his father, migrated to the eastern
end of Long Island from Connecticut in 1797. Both his grandfather
and father had observed the “slow onset and gradual development™ of
this hereditary disease and how some of its victims “worked on their
trades long after the choreic movements had developed, but gradu-
ally succumbed to the inevitable, becoming more and more helpless
as time advanced, and often mind and body failed at an even pace.”

Like his father and grandfather before him, George Huntington
became a doctor after obtaining his medical degree at Columbia Uni-
versity in 1871. That same year, he moved to Pomeroy, Ohio, to set up
a family practice. On February 15, 1872, he traveled five miles across
the icy landscape to Middleport, Ohio, to deliver a paper to the Meigs
and Mason Academy of Medicine. The academy’s membership was
made up of physicians from two sparsely populated counties of the
same name. In his report titled “On Chorea,” Huntington began with
a general review pointing out that “chorea” was a disease of the nerv-
ous system whose name derived from “the dancing propensities of
those who are affected by it.” He noted that chorea was principally a
disease of childhood. In contrast, “hereditary chorea” as he called it
was confined to the few families he had observed in Easthampton as
“an heirloom from generations away back in the dim past” and it did
not manifest itself until “adult or middle life.”

Huntington’s presentation was well received, so he submitted the
manuscript to the editors of the Medical and Surgical Reporter of
Philadelphia, where it was published on April 13, 1872.° Huntington’s
paper describing what he called “hereditary chorea” was short, clear,
and concise and was widely discussed, abstracted for international
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yearbooks, and published in its entirety in various texts. In 1915,
Charles Benedict Davenport, Director of the Eugenics Records
Office at Cold Spring Harbor, New York, and a member of the
National Academy of Sciences, published a paper on Huntington’s
chorea in the first volume of its Proceedings."” Pedigree data from
four families suggested strongly that a dominant gene mutation was
responsible for the disease, a hypothesis that has proved to be
correct.

The discovery of the defective gene that causes Huntington’s
chorea really begins with the folk singer and songwriter Woody
Guthrie." In 1956, he was arrested in New Jersey for “wandering
aimlessly,” a charge often brought against the mentally ill or con-
fused. He was committed to the Greystone Park Psychiatric Hospital
in Morris Plains, New Jersey, a sprawling complex of 43 buildings that
opened in 1876. He remained there until 1961 by which time his con-
dition had worsened and he was transferred to the Creedmore facility
on Long Island, where he died in 1967. Following Guthrie’s death,
his widow formed the Committee to Combat Huntington’s Disease.
Milton Wexler, a doctor, joined Guthrie in her quest. His wife and
three brothers-in-law were suffering from the disease.”” Wexler’s
daughter Nancy was in graduate school when her mother was diag-
nosed with Huntington’s disease. She realized she had a 50% chance
of having the Huntington’s mutation herself. In her PhD dissertation
at the University of Michigan in clinical psychology, she explored the
cognitive and emotional consequences of being at risk for Hunting-
ton’s disease. She has never revealed publicly whether she has been
tested for the gene. However, it seems unlikely that she will become a
disease victim because she is now over 60 and has not expressed its
symptoms.

Nancy Wexler was determined to try to identify the Huntington’s
gene. Her big break came in 1972 when Dr. Americo Negrette, a
Venezuelan physician, presented a paper at a conference in the
United States.”” Dr. Negrette had set up his practice in 1952 in a
remote community near the great saltwater gulf called Lake Mara-
caibo. He soon noticed that certain individuals were stumbling, weav-
ing, and falling down, and concluded they were probably drunk. He
learned from the residents, however, that they were not drunk, but
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suffered from a disease that was locally called El Mal. He soon real-
ized that they were expressing the symptoms of Huntington’s disease
and published a book on the subject in 1955.

Dr. Negrette had already begun to construct a pedigree for Hunt-
ington’s disease in the Lake Maracaibo population when Nancy
Wexler and her team joined him 1979. Members of the relevant fam-
ilies live in three villages on the shores of the lake. The scientists suc-
ceeded in tracing the pedigree back to a woman named Maria
Concepcion who lived in the early 1800s and had ten children. She
may not have had the disease herself. It is likely that the children of
hers who suffered from the disease may have inherited it from their
father, possibly a sailor from Europe. By 2004, this pedigree num-
bered 18,149 of whom 15,409 were still living."

The blood samples from the pedigree were shipped to James
Gusella’s laboratory at Massachusetts General Hospital. In only four
years, by mid-1983, Gusella had located a region near the end of the
short arm of chromosome 4 that was close to the gene,"” but, given the
technological limitations at the time, it took another ten years to find
and sequence the gene itself.' Some idea of the enormous amount of
work that went into locating and characterizing the Huntington’s
gene is apparent from the authorship of the paper, which is given sim-
ply as “The Huntington’s Disease Collaborative Research Group.” It
turns out this is the collective title for six groups located at different
institutions. There are multiple named authors from each institution.

The nature of the defect in Huntington’s chorea was unexpected.
In the middle of the gene is the sequence CAG. The four bases in
DNA are cytosine (C), guanine (G), adenine (A), and thymine (T). In
the genetic code, they are read in groups of three. Each base is
attached via a sugar molecule (deoxyribose) to a phosphate group that
hooks the whole structure into the DNA backbone (see Figure 1-1).
This structure is referred to as a nucleotide with a group of three
nucleotides being a trinucleotide. The CAG sequence specifies the
amino acid glutamine in the middle of a nerve cell protein that was
named huntingtin and was encoded by the Huntington’s gene. The
CAG sequence in the gene and the corresponding glutamine
sequence in the protein are repeated a number of times. In Hunting-
ton’s disease, there are more CAG repeats than normal. The longer
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the CAG stretch, the earlier the onset of the disease. This type of
trinucleotide repeat mutation is not unique to Huntington’s disease,
but is characteristic of certain other genetic diseases as well (see

Table 1-1).

Deoxyribonucleic Acid (DNA)

Nitrogenous Bases

Sugar- Sugar-
phosphate Base pairs phosphate . N
backbone backbone Guanine Cytosine
o] I NH>
IC|) " hydrogen bonds é
N— ﬁ’/ \'i‘/ 'l\‘/ \?/ H
° T/C\ N '|“/H PO
|
H H H
Adenine Thymine
NH» | O
(l: hydrogen bonc'l_|s él: .
C//N\ C/ X \N/ ~ c 3
H- Il | | |
\N/ C\ N 40\ /C\
| N H @) N H
H b
Uracil (|?
H\N/C \C/ H

Replaces Thymine in RNA

Figure 1-1 Left. A short sequence from the DNA double helix showing the
four bases, adenine (A), thymine (T), guanine (G), and cytosine (C). Each base
is bonded to a sugar molecule (deoxyribose) which is linked in turn to a phos-
phate atom to form a nucleotide. The nucleotides are linked to each other via
strong, covalent bonds to form the sugar-phosphate backbone of each strand
of the helix. The two strands of the helix are held together by hydrogen bonds
between the bases with A pairing with T and G with C. Right. G-C and A-T base
pairs in more detail. Note that hydrogen bonds are much weaker than covalent

bonds and that uracil (U) replaces thymine in RNA.

Courtesy: National Human Genome Research Institute.
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Table 1-1 Examples of trinucleotide repeat diseases

Number of repeats

Disease Trinucleotide Normal Disease
Huntington’s CAG 10-35 40-121
disease

Fragile X CGG 5-54 >200-2,000
syndrome

Friedreich’s GAA 7-34 200-1,700
ataxia

Myotonic CTG 5-37 50-11,000
dystrophy

"Huntington’s disease is one of eight “polyglutamine diseases” where the sequence CAG is
amplified. Each of these sequences occurs in a specific gene encoding a different protein and
the disease is neurological in every case. Although the other three diseases shown each
involves a specific trinucleotide, these are not within coding regions of the respective genes.
Hence, they do not specify different amino acids in the protein products of these genes,
although they would do so if they fell within the coding regions. For each disease, there is a
numerical gap between the number of repeats found in a normal individual and the number
required to cause the disease. This reflects existing uncertainty as to the number of repeats
required for the disease to express itself.

Ethnicity, religion, and the gene-hunting companies

As Nancy Wexler’s Venezuelan pedigree for Huntington’s chorea
shows, certain populations are particularly suitable candidates in the
search for disease genes. For example, Mormons are a favorable pop-
ulation for the discovery of new disease genes. Mark Skolnick, a Uni-
versity of Utah scientist, realized this many years ago when he
became interested in the genetics of breast cancer. In 1991, he was
one of the founders of Myriad Genetics of Salt Lake City, Utah, and is
currently the chief scientific officer of the company.”

Utah’s Mormon population was established in the 1840s. Its
founders were often polygamous, had large families, and seldom
moved. Mormons also marry young so the time span between gener-
ations is relatively short. Furthermore, they keep meticulous
genealogical records and Myriad Genetics has the rights to these
records. As a result, the company has been involved in the identifica-
tion of the two genes involved in 80% of hereditary breast cancer
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cases (BRCAI, BRCA2) as well as genes important in prostate cancer,
colon cancer, melanoma, and also genes disposing individuals to risks
other than cancer. The company has developed predictive tests for
these genes. Their gene-searching technology is especially useful for
such cancer genes because, in addition to having available a comput-
erized genealogy of Mormon pioneers and their descendants, the
company can access the Utah Tumor Registry. The registry has
required that a record be kept of every cancer occurring in the state
since 1973. Using these tools in combination has proved a powerful
way of finding tumor genes.

The molecular diagnostic products marketed by Myriad Genetics
are “designed to analyze genes and their mutations to assess an indi-
vidual’s risk for developing disease later in life or a patient’s likelihood
of responding to a particular drug, assess a patient’s risk of disease
progression and disease recurrence, and measure a patient’s exposure
to drug therapy to ensure optimal dosing and reduced drug toxicity.”*
Myriad’s molecular diagnostic revenues in 2009 were $326.5 million, a
47% increase over the previous year. One reason for this profitability
is that Myriad is currently the exclusive provider of tests for the
BRCAI and 2 genes, which are protected by patents. These patents,
which are under legal challenge (Chapter 5, “Genes and cancer”),
prevent gene-testing companies like 23andme or deCODE genetics
from offering tests for these genes, although they do offer tests for
other potential genetic risk factors for breast cancer. This is a poten-
tial source of confusion for the uninitiated because these companies
assess some, but not all, of the potential breast cancer genetic risk.
This is why it is of critical importance for people sending off a saliva or
cheek swab sample to a gene-testing company to consult with profes-
sionals who can inform them as to exactly what the tests will and will
not tell them.

One advantage the Mormon population lacks for gene hunters is
that, unlike the Amish, it is not inbred."” Although Brigham Young
founded Salt Lake City in July 1847 with around 2,000 followers, col-
onization proceeded rapidly so that by 1890, when most immigration
into Utah had ended, there was a total population of 205,889, of whom
about 70% were Mormons. They included a great many Mormon con-
verts who frequently came from Great Britain and Scandinavia.
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Certain populations benefit the gene hunter by originating from
small founding populations. Just by chance, this sometimes means
that a deleterious gene may be amplified in the founding population
as compared with the population from which it was derived. For
example, Tay-Sachs is a common genetic disease among Ashkenazi
Jews. Suppose you have a settlement containing 100 couples (exclud-
ing children for the purpose of the example) giving a population of
200. Suppose that 10 individuals are carriers of the gene. This yields a
carrier frequency of 5%. If 10 couples from the original population
decide to form a new settlement and, by chance, they include the 10
carriers, the frequency of carriers rises to 50%. This is the founder
effect and accounts for the high frequency of some genetic diseases
among certain populations (see Chapter 3, “Ethnicity and genetic
disease”).

When such a population can be identified and has remained rela-
tively homogenous, it becomes an attractive target for a gene-hunting
company. At the Genome 2001 Tri-conference held in San Francisco
in March 2001, Phillipe Douville, Vice President and Chief Business
Officer of Galileo Genomics Inc. of Montreal, remarked that the
“main recognized founder populations in the world are those of Que-
bec, Finland, Sardinia, Iceland, Costa Rica, the northern Nether-
lands, Newfoundland, and several discrete ethnic groups including
the Ashkenazi Jews.”™

In fact, it was the population of Quebec that Galileo, now called
Genizon BioSciences, planned to focus on. About 15,000 French set-
tlers arrived in eastern Canada in the course of the seventeenth cen-
tury.”" Around 2,600 of these hardy souls made their way to Quebec.
This population has expanded 800 times over the ten generations
since, with intermarriage within the group predominating. Thus, the
Quebec founder population is relatively homogenous. Genizon Bio-
Sciences claims to have over 47,000 subjects in its biobank, 95% of
whom have authorized the company to contact them again.” Genizon
has research teams investigating eight complex conditions, including
Alzheimer’s disease, obesity, and schizophrenia by means of genome
wide association studies. The company hopes to identify specific pat-
terns of genetic variation that correlate with these conditions and,
ultimately, to tie each condition to specific genetic markers (see
Chapters 3 and 4 for a fuller discussion).
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Gene hunting can be an expensive and unprofitable business. It is
usually supported for a while by grants, contracts, venture capital,
and deep-pocketed drug companies, but, eventually, it must be prof-
itable. The fate of IDgene Pharmaceuticals Ltd., a Jerusalem
genomics start-up founded in 1999, shows what can happen when the
path to profitability is not achieved soon enough.

The founder effect, coupled with homogeneity and inbreeding,
means that the Ashkenazi Jews are favorable material for the discov-
ery of new disease and susceptibility genes. Hence, IDgene
Pharmaceuticals’ goal was to search for disease genes among the
Ashkenazim.* Suitable patients with major chronic ailments that had
four Ashkenazi grandparents were asked to donate a single blood sam-
ple for genetic testing. Written consent was required and the results
were kept anonymous. Israeli Ashkenazi Jews suffering from asthma,
type 2 diabetes, schizophrenia, Parkinson’s disease, Alzheimer’s dis-
ease, breast cancer, and colon cancer were studied. Using this
method, the company’s president, Dr. Ariel Darvasi, and colleagues
reported strong genetic evidence supporting the hypothesis that a
gene called COMT encoding an enzyme involved in the breakdown of
certain neurotransmitters is involved in schizophrenia (see Chapter 6,
“Genes and behavior”).* But, subsequently, IDgene failed to raise
sufficient capital to continue in operation and closed down in 2004.”

The biggest pedigree of all: deCODE genetics and the
Icelandic population

A company called deCODE genetics initiated the biggest gene-hunt-
ing project of all time. The company proposed to use the entire popu-
lation of Iceland as a genetic resource because Iceland was founded by
a small group of Scandinavian settlers centuries ago. The population is
homogenous, and has undergone many population constrictions.

Irish monks, the first inhabitants of Iceland, arrived in the eighth
century, but did not become established permanently.*® A small band
of Norsemen who settled Iceland between AD 870 and AD 930 fol-
lowed them. In the latter year, an annual parliament, the Althing, was
established to make laws and solve disputes, making the Althing the
oldest parliament in the world. In 1000, Iceland adopted Christianity
as its official religion. Iceland’s rule over the intervening centuries has
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been complex, beginning with its recognition of the King of Norway
as its monarch in 1262-1264 and ending with a complete dissolution
of Iceland’s ties with Denmark in a 1944 referendum.

Viking traders brought the black plague to Iceland. The disease
killed as many as 40,000 inhabitants or more than half the population
between 1402 and 1404. The plague returned in 1494-95 with a sim-
ilarly devastating effect. Around 15,000 people, one-third of the pop-
ulation, died during the smallpox epidemic of 1707-09 just as the
Icelandic population was recovering from the depredations of the
plague and farming was beginning to flourish. In 1783, the Lakigigar
eruption resulted in one of the world’s worst volcanic disasters. The
eruption lasted for eight months. Gases from the eruption reached
altitudes of greater than 9,000 feet. The aerosols formed by these
gases cooled the Northern Hemisphere by as much as 1 degree centi-
grade. The haze that formed caused the loss of most of Icelands live-
stock from eating fluorine-contaminated grass. Crop failure from acid
rain also occurred resulting in the death of 9,000 people, about one-
quarter of the population, from the resulting famine.

The small founding population of Iceland coupled with the popu-
lation bottlenecks just described, plus the relative isolation of the Ice-
landic population from immigration, rendered it a natural laboratory
for human genetic research. In 1996, Kari Stefansson, a native Ice-
lander and Chief of Neuropathology at Boston’s Beth Israel Dea-
coness Hospital, left his comfortable academic perch to found
deCODE genetics, a company whose goal was nothing less than to
use the enormous human genetic database of Iceland to identify
genetic factors involved in common ailments.”” His certainty that
multiple sclerosis involved such factors and his frustration in trying to
identify them was one of the underlying reasons for this move.

Genealogy is a passion in Iceland and local newspaper obituaries
give detailed family trees that can extend back a hundred years or
more. Furthermore, comprehensive clinical records of Iceland’s pub-
lic health service go back as far as 1915. Stefansson recognized that a
computerized database of this information for the entire Icelandic
population would be an invaluable tool for tracking down genetic dis-
eases. Even more important, Stefansson knew that an exclusive
agreement between his company and the government of Iceland
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would be an integral part of any business plan. This would give
deCODE a major advantage over potential competitors.

In February 1998, deCODE signed an agreement with Hoffman-
La Roche stipulating that Hoffman-La Roche would pay deCODE
more than $200 million in “benchmark” payments over five years if the
company succeeded in identifying genes associated with common
debilitating and often lethal syndromes like stroke, heart disease,
Alzheimer’s disease, and emphysema.” However, these “benchmark”
payments required that deCODE achieve specific goals within a given
amount of time. In an ominous portent of things to come, deCODE
failed to achieve the expected goals and received only around $74.3
million of the original total.

The company initially began its work with DNA donated by
small groups of Icelanders.” This approach was followed up by a
publicity campaign designed to attract donors in larger numbers. But
the great coup was the Althing’s passage of the Health Sector Data-
base Act in December 1998 by a majority of 37 to 20 with 6 absten-
tions and with the strong support of the Prime Minister David
Oddsson.” The database act authorized the development of a Health
Sector Database for the collection of genetic and medical informa-
tion already stored in various places around Iceland as part of the
country’s national health system.

The government had several altruistic reasons for wanting to form
the database.” First, the act stated that the comprehensive medical
records held by the national health system were a national resource that
should be kept intact and utilized in the best way possible. Because gov-
ernment funds were used to support construction of the database, the
government rejected the notion that any records submitted to the data-
base could be of a proprietary nature. Neither legal entities nor individ-
uals could be granted ownership of specific medical data. Hence, the
database would provide the nation with the opportunity to make use of
its information to improve medical services for the people of Iceland.

Second, in 1997, the Ministry of Health and Social Security made
public a policy statement regarding its plans for utilizing information
technology within the national health system. The idea was to create a
number of dispersed personal databases that could be linked. This
linked database would include medical records and summarize
research in fields of possible relevance to Icelandic health, including
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epidemics, demographics, and genetic diseases. The cost of construct-
ing such a database was beyond the capacity of the national govern-
ment, but deCODE’s participation would make the effort possible.

Third, the government hoped the database might reverse the Ice-
landic brain drain by enticing Icelandic scientists interested in human
genetics to return to their country. Fourth, the government expected
that the database would provide economic benefits to Iceland.

p

Further actions favorable to deCODE genetics followed.” In Jan-
uary 2000, the minister of health granted a 12-year license to the
company to operate the database. In 2002, the Althing passed a bill
permitting the government to issue state bonds as security for a $200
million loan to deCODE to show its support for the company and to
help in financing construction of the database.

Initially, the idea of establishing such a database met with
strong support as the results obtained held the potential of bringing
to Iceland enormous sums of money from pharmaceutical compa-
nies. Several Icelandic politicians expressed the hope that the
deCODE database might be as significant for the country as the
discovery of North Sea oil was for Norway.* Opposition to the proj-
ect soon emerged, however, as it became evident that Iceland
would be the only country in the world to have passed a law author-
izing a private company to collect, store, and analyze the genetic
heritage of an entire population for commercial purposes.

Some of the concerns were as follows: First, if an individual’s per-
sonal health information was accessed from the database by an unau-
thorized person or company, that individual’s privacy would be
violated or worse.* deCODE countered that a person’s information
would be encrypted. Second, the database act assumed all Icelanders
had given their consent to have their personal statistics entered.
Although an individual could opt out of the database at any time, data
already recorded on that person remained in the database. Further-
more, Icelanders had only six months from the time that the database
was constructed to request that their data not be included in the data-
base. This provision was only added to the act because an earlier ver-
sion had assumed “presumed consent” rather than informed consent.
Additionally, data relating to deceased family members would be
included automatically without regard to the possible privacy inter-
ests of living relatives.
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Third, there was danger of genetic stereotyping. One of the dis-
eases studied for which Hoffman-La Roche provided financing was
schizophrenia. If a certain fraction of the population proved to have
or be susceptible to this disease, then this might suggest to health
insurers that anybody of Icelandic heritage any place on earth might
be at risk of becoming schizophrenic. Fourth, as the sole licensee,
deCODE had monopoly control of the data, although the database
itself was the property of the national health system and was managed
by the government. Furthermore, deCODE was to be permitted to
use the data for commercial purposes for 12 years and access to the
data by others was denied if it threatened the financial interest of the
company. Fifth, deCODE would make its data available to pharma-
ceutical and insurance companies for a price. Furthermore, the
arrangement with Hoffman-La Roche, according to which deCODE
would exclusively investigate 12 different diseases, prevented others
from studying these diseases in Iceland.

Pétur Hauksson, a psychiatrist, founded Mannvernd (an Ice-
landic word meaning human protection), a nonprofit human rights
group. Its goal soon became to overturn the Health Sector Database
Act. One of Mannvernd’s most important complaints was that the act
was based on the presumed consent of Icelandic citizens. In addi-
tion, citizens who agreed to give blood for one of deCODE’s genetic
disease investigations had to consent to have the samples used for
other genetic studies without knowledge of what they might be.
Because of Mannvernd’s efforts, Icelanders were now able to refuse
to have their information entered in the database by submitting an
appropriate form. By June 2001, 20,000 Icelanders, about 7% of the
population, had opted out of the Health Sector Database. The Ice-
landic Medical Association also voiced its opposition to the database
act. Many doctors refused to turn over patients’ records without their
consent. In April 1999, the Icelandic Medical Association brought
the Health Sector Database Act before the World Medical Associa-
tion. The latter body stated full support for the position taken by its
Icelandic member in opposition to the database act. Other interna-
tional criticism was also on the rise. For example, Harvard’s Richard
Lewontin, a distinguished population geneticist, published an op-ed
piece in the New York Times on January 23, 1999, titled “People Are
Not Commodities,” which argued that the database act had
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transformed the “entire population of Iceland into a captive biomed-
ical community.™

A major concern of the Icelandic Medical Association was the
protection of personal data under the database act. Were the encryp-
tion technologies sufficient to prevent some unauthorized individual
from linking medical data with a specific individual? The association
hired Ross Anderson, a Lecturer in the University of Cambridge
Computer Laboratory, in fall of 1998 to look into this question.
Anderson concluded that deCODE and the Icelandic Data Protec-
tion Commission would have to use coded identifiers that would per-
mit linkage of personal data to specific individuals. Because the
encryption system would be broken sooner or later, it seemed to
Anderson that informed consent standards would have to apply.

Meanwhile, deCODE had begun to achieve scientific success
with the more traditional approach by making use of family pedigrees
with their informed consent. Hence, the company’s obligations under
the database act became more of a burden than an opportunity, espe-
cially because deCODE was unable to bring the Icelandic Medical
Association and the Data Protection Commission on board. The final
blow to construction of the database came on November 27, 2003,
the day that the Icelandic Supreme Court rendered its verdict in the
case of Gudmundsddttir v. Iceland.

The case was prompted by a young woman who wrote to the Ice-
landic Ministry of Health in February 2000 requesting that any infor-
mation in her fathers medical records and any genealogical or genetic
data concerning him not be transferred to the database. The medical
director of health denied her request after he had obtained a legal
opinion. The Icelandic District Court upheld the director’s decision
arguing that the medical information available in the database could
not be connected to a specific person. But the Supreme Court
reversed the lower court decision stating that Gudmundsdéttir had a
personal privacy interest in her father’s medical data. However, the
Court broadened its ruling pointing out that, because by Icelandic law
individual medical records were required to contain detailed informa-
tion on people’s health, employment, lifestyles, social circumstances,
and so on, a guarantee had to be applied to ensure the individual’s
freedom from interference with privacy, home, and family life.
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Although the database act was dead, deCODE was making good
scientific progress in gene discovery. On its Web site, the company
claimed to have “discovered risk factors for dozens of common dis-
eases ranging from cardiovascular disease to cancer.”* deCODE also
introduced a new program called deCODEme, which offered cus-
tomers complete scans that would allow them to discover their
“genetic risk for 46 diseases and traits ranging from heart attack and
diabetes to alcohol flush reaction and testicular cancer.”™ The com-
pany also offered a cardiovascular risk scan, a similar scan for seven
common cancers, and a scan of a person’s DNA to discover their
genetic roots. The problem was that deCODE had never made a
profit, was losing money, and was becoming increasingly indebted to
its creditors. On November 17, 2009, deCODE filed for bankruptcy
under Chapter 11 of the United States Bankruptcy Code.*”® At the
same time, it entered into an agreement with Saga Investments LLC
to purchase its Iceland-based subsidiary Islensk Erfdagreining and its
drug discovery and development programs. Following the sale of
these assets, deCODE genetics would be liquidated.

In reporting the bankruptcy of deCODE genetics, the Times of
London said that it had been assured by Kari Stefansson “that owner-
ship of genetic data remained with the company’s customers and that
Saga would be bound by a privacy policy that prevents disclosure of
data to third parties such as insurers, employers or doctors.” But Dan
Vorhaus, a lawyer with the American firm of Robinson, Bradshaw, and
Hinson, which specializes in genomics, was not convinced. He noted
the agreements that deCODE had made with its customers were
“often unclear and contradictory.™

“The ownership is going to change, and the people making deci-
sions about how to run the company are going to change,” Vorhaus
said. “This information was held by deCODE, a scientific research
organisation. What you have now is Saga, an investment company with
a different agenda, very much focused on the bottom line.

Within the range of allowable uses, deCODE’s new ownership
may choose to use that information in a different way, and possibly to
a greater extent, than was previously the case.”

So the question of genetic privacy, that became such an issue
after the passage of the database act, arises once more with the
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bankruptcy of deCODE genetics. It will become an issue again
should other gene-hunting companies declare bankruptcy or enter
into mergers or takeovers such as the one between deCODE and
Saga. In January 2010, deCODE emerged from bankruptcy under
the ownership of Saga Investments.” Its new CEO was a lawyer
named Earl Collier with its founder and former CEO Kari Stefansson
now head of research.

How many disease genes are there?

In 1957, Victor McKusick was appointed director of the new Moore
Clinic for Chronic Diseases at Johns Hopkins University and head of
the newly established Division of Medical Genetics at its medical
school.® He had come into human genetics via his research on disor-
ders affecting connective tissue, including Marfan’s syndrome. Mar-
fan’s sufferers typically have long slender limbs and are often taller
than normal. The most serious conditions associated with the disease
primarily involve the cardiovascular system, as there may be leakage
through the mitral or aortic valves that control blood flow through the
heart. McKusick noticed that Marfan’s syndrome exhibited a familial
pattern of occurrence and, indeed, we know today that a dominant
genetic mutation is involved. The Marfan’s pedigree sparked McKu-
sick’s interest and he began to specialize in human clinical genetics.

In 1966, he published his first catalog of all known genes and
genetic disorders, Mendelian Inheritance in Man (MIM). The 12"
edition of his catalog was published in 1998. Meanwhile, a free online
version (OMIM) first became available in 1987. It is continuously
updated. The database is linked with the National Center for
Biotechnology Information and the National Library of Medicine for
distribution. In the 1980s, only a few genes were being found each
year. By 2000, the number of genes discovered each year was
approaching 175. More than 6,000 single gene disorders are currently
known,* meaning that mutations in somewhere around 24% of the
approximately 25,000 human genes found so far can cause genetic
disease. Because of the broad interest in disease genes as well as the
availability of increasingly sophisticated technical and statistical tools,
the rate of disease gene discovery has expanded rapidly. Whether or
not it plateaus at some point remains to be seen.
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It was originally thought that the human genome might contain as
many as 100,000 genes. Once the Human Genome Project was com-
pleted in 2003 and a few further revisions were made, this number
dropped to around 25,000, roughly the same range as the mouse (see
Table 1-2). But the surprising thing is that these protein-encoding
genes represent less than 2% of the 3.2 billion base pairs in the
human genome.” Unlike the even spacing of a string of pearls, our
genes often cluster in gene-rich regions separated by gene-poor
deserts.

Table 1-2 Genome sizes and gene density in humans as compared with
other organisms frequently used in genetic research

Estimated  Estimated Average

. . Chromosome
Organism size (base gene gene
. . number
pairs) number  density
Homo sapiens 3.2 billion ~25,000 1 gene per 46
(human) 100,000 bases
Mus musculus 2.6 billion ~25,000 1 gene per 40
(mouse) 100,000 bases
Drosophila 137 million 13,000 1 gene per 8
melanogaster 9,000 bases
(fruit fly)
Arabidopsis 100 million 25,000 1 gene per 10
thaliana (plant) 4,000 bases
Caenorhabditis 97 million 19,000 1 gene per 12
elegans 5,000 bases
(roundworm)
Saccharomyces 12.1 million 6,000 1 gene per 32
cerevisiae 2,000 bases
(yeast)
Escherichia coli 4.6 million 3,200 1 gene per 1
(bacteria) 1,400 bases
Hemophilus 1.8 million 1,700 1 gene per 1
influenzae 1,000 bases
(bacteria)

From Human Genome Project Information: Functional and Comparative Genomics Fact
Sheet. www.ornl.gov/sci/techresources/Human_Genome/fag/compgen.shtml
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The human genome is distributed between 23 chromosomes.
These are found singly in sperm and eggs (haploid), but in pairs in all
of the rest of our cells (diploid). This halving in chromosomes number
in eggs and sperm is achieved during the two cell divisions of meiosis.
During the first division, homologous paternal and maternal chromo-
somes pair respectively with paternal and maternal chromosomes
assorting independently of each other. During the pairing, chromo-
some segments are exchanged between homologs, a process called
genetic recombination (see Glossary for a brief introduction to
Mendelian genetics). Although not generating new genetic alter-
ations, the processes of independent assortment and recombination
provide the opportunity to assort existing parental genes in a variety
of new combinations. Creation of all of this new genetic variability on
which natural selection can act is a major reason why sexual reproduc-
tion predominates in animals and plants.

Like the genes of other higher organisms, human genes them-
selves are not single blocks of DNA that encode specific proteins.
Instead, they are broken up into coding sequences (exons) and non-
coding sequences (introns). Following the process of transcription,
when the information in a gene is copied into a messenger RNA mol-
ecule, the intron sequences are spliced out of the message so only the
coding sequences in the messenger RNA can be translated into pro-
tein sequence.

What is all that other DNA doing that has no obvious genetic
function? We know that at least 50% of the genome, perhaps more,
is made up of repeated sequences that do not encode human pro-
teins and often no proteins at all. These repeats are of several kinds,
but the most abundant are “mobile” genetic elements that make up

roughly 43% of the mammalian genome.*

They either are or at one
time were capable of movement from one site in the genome to

another.

Transposons are the first group of mobile elements. They com-
prise around 3% of the genome. The name transposon evokes the
word transposition and, indeed, these elements are capable of moving
from one to another place in the genome. The easiest way to think
about transposition is as a “cut-and-paste” process. One cuts out a
word, or a group of words, in a text and then pastes those words into a
specific place elsewhere in the text. The important difference
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between transposition and cutting and pasting is that, although trans-
position will take place only into its target DNA sequence, the element
can be pasted into that sequence anywhere in the genome. An enzyme
called a transposase encoded by the element catalyzes the transposi-
tion process. Hence, transposons are sometimes called jumping genes.

The second group includes several sets of elements of which
three are the most abundant. The first are endogenous retroviruses.
These are viruses whose genetic material is RNA. An enzyme called a
reverse transcriptase encoded by the virus catalyzes synthesis of DNA
copies of the viral RNA. These DNA copies are then inserted into the
genome. The AIDS virus is the best-known retrovirus, but unlike
AIDS, the retroviral fragments that inhabit our genomes today are,
for the most part, the remains of ancient retroviruses that have lost
their ability to become independent of the genome.

LINES (long interspersed nuclear elements) comprise the second
group (see Glossary for a more complete discussion of LINES and
SINES). They are retrotransposons. One way to think about a retro-
transposon is as an odd sort of printing press. An RNA copy is tran-
scribed from the retrotransposon DNA. In the case of LINES,
translation of the RNA copy results in the production of two proteins.
One of these proteins is essential for the transposition process. The sec-
ond catalyzes synthesis of a DNA copy of the RNA and then makes a
cut in a specific DNA sequence (e.g., TTTTAA/AAAATT for L1) in the
genome where the newly made retrotransposon can insert. This
method of reproduction has the potential for enormously amplifying
the number of retrotransposons in the genome that can then home into
their target sequences wherever they are in the genome.

There are several different kinds of LINE elements, but L1,
which predominates in the human genome, has evolved along with
the mammals over the past 160 million years or more. Expansion in
the number of Lls in the genome was rapid, but appears to have
slowed down about 25 million years ago. The 500,000 or so copies of
L1 present today in the human genome amount to around 18% of its
content. The intact L1 element is about 6,000 base pairs in length,
but truncated versions are common. Lls are the only active trans-
posons in the human genome today.



1 - hunting for disease genes 23

SINES (short interspersed nuclear DNA elements) are short
DNA sequences of less than 500 base pairs. SINES do not encode
any proteins and are not autonomous. They can only transpose with
the aid of the two proteins made by active LINE elements. The most
important SINES are the Alu elements.*” More than a million copies
of these short DNA sequences are found in the human genome. They
represent around 13% of the total DNA. Alu elements originated and
coordinated their amplification with the radiation of the primates
about 65 million years ago.

Because nobody is exactly sure why human and other animal and
plant genomes contain so many repeated elements, they have some-
times been treated as irritants with regard to the real genes, gaining
them epithets such as “junk DNA” and “selfish DNA.” In a recent
review, Goodier and Kazazian point out that a more sophisticated
name “dark matter” is coming into vogue for these repeated ele-
ments, acknowledging the fact that we don’t really understand
whether they have an as-yet-to-be-discovered function. Goodier and
Kazazian prefer to think of mobile elements as “dark energy.”* They
are “a dynamic force that not only accelerates expansion but also
helps set the warp and weft of genomes for better and for worse.
Transposable elements arose as intracellular parasites that became
domesticated.”

Well not entirely. Transposition of these elements can disrupt
gene function. In a 1998 paper in Nature, Kazazian and his colleagues
reported two unrelated cases of hemophilia A for which there was no
family history, suggesting that the mutations had arisen de novo.*
Each of them involved the insertion of L1 sequences into the F§
gene. So we end this chapter where we began it—with hemophilia.
Transposon insertions have also been implicated in a wide spectrum
of genetic diseases other than hemophilia.”
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