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HE history of biology was forever altered
a decade ago by the bold decision to launch
a research program that would characterize
in ultimate detail the complete set of ge-
netic instructions of the human being. The idea cap-
tured the public imagination, perhaps less in the man-
ner of America’s wars on cancer and the acquired
immunodeficiency syndrome than in the manner of
the great expeditions — those of Lewis and Clark,
Sir Edmund Hillary, and even Neil Armstrong. Sci-
entists wanted to map the human genetic terrain,
knowing it would lead them to previously unimag-
inable insights, and from there to the common good.
That good would include a new understanding of
genetic contributions to human disease and the de-
velopment of rational strategies for minimizing or
preventing disease phenotypes altogether.

The endeavor was both awesome and chancy. The
instruction book — the human genome — was vast-
ly larger than any genetic endowment tackled so far,
and in 1990, the tools were not yet powerful enough
to perform the task. Critical social questions, such
as whether the new technologies for reading our ge-
netic constitution would challenge our identities,
our fundamental right to privacy, or our freedom
from discrimination, loomed without answers.

Yet, a public science initiative focused so sharply
on the molecular essence of humankind was too in-
triguing and too promising to forgo. Since the 1970s,
nearly all avenues of biomedical research have led to
the gene, for genes contain the basic information
about how a human body carries out its duties from
conception until death. In between, of course, our
bodies struggle to survive in a challenging environ-
ment. Largely, but not entirely, at the behest of our
genes, we fare better or worse.

Not surprisingly, disease researchers wanted to bag
their leading gene suspects as soon as possible and
at the least expense. This was no small order — the
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80,000 or so human genes are scattered throughout
the genome like stars in the galaxy, with genomic
light-years of noncoding DNA in between. The bil-
lions and billions of uncharted DNA units (approx-
imately 3 billion base pairs in humans) frustrated
searches regularly in the late 1980s, often at great
health and financial cost. If gene hunters were to
mine miracles from the human genome, they needed
more powerful tools and more ambitious strategies.

ACCELERATED GOALS FOR SEQUENCING
THE HUMAN GENOME

In 1988, Congress appropriated funds to the De-
partment of Energy (DOE) and the National Insti-
tutes of Health (NIH) to begin planning the Hu-
man Genome Project. Planners set a 15-year time
frame, estimated that the price tag would be $3 bil-
lion, and laid out formal goals to get the job done.!
On October 1, 1990, the Human Genome Project
officially began.2 According to early plans, the hu-
man race would witness its own blueprint in fine de-
tail in the year 2005.

In the fall of 1998, however, improvements in
technology, success in achieving early mapping goals
(see below), emerging research opportunities, and
a growing demand for the human DNA sequence
prompted project leaders in the United States and
abroad to promise the blueprint — the complete
DNA sequence of the human genome — two years
ahead of schedule, in 2003.3 The technology to ac-
complish such a task is at hand. Indeed, only six
months later, in March 1999, 15 percent of the se-
quence was in a finished or nearly finished state. The
largest centers participating in the Human Genome
Project received new grants to begin full-scale se-
quencing of the human genome, and the timetable
was moved up yet again. Pilot sequencing projects
had been so successful that the planners of the Hu-
man Genome Project now felt confident that at least
90 percent of the human sequence could be com-
pleted in “working draft” form by the spring of
2000, considerably earlier than expected.

The NIH and DOE genome programs expect to
contribute 60 to 70 percent of the sequence. Scien-
tists funded by the Wellcome Trust at the Sanger
Centre in Cambridge, England, along with other in-
ternational partners, will produce the remainder.
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Until the entire human genome sequence has been
completed, in 2003 or perhaps earlier, the working-
draft sequence will be very useful, especially for find-
ing genes, exons, and other genomic features. But
because the working draft will contain gaps and will
not be entirely accurate, it will not be as useful as
the finished sequence for studying DNA features that
span large regions or require a high degree of accu-
racy over long stretches of the sequence.

The final product must have four characteristics
— the four A’s of the Human Genome Project. First,
the sequence must be accurate — that is, the DNA
spellings must have an accuracy of 99.99 percent or
better. If this is the Book of Life, we should not set-
tle for a rough draft over the long term but should
remain committed to producing a final, highly accu-
rate version. Second, large-scale sequencing requires
that the shorter lengths of sequenced DNA be accu-
rately assembled into longer, genomic-scale pieces that
reflect the original genomic DNA. Third, the human
DNA sequence must also be affordable, and technol-
ogy development will aim to reduce the cost as much
as possible. Finally, the high-quality, finished human
DNA sequence should be accessible within 24 hours
through public data bases.

With regard to this last point, it is imperative that
the genome sequence, the fundamental building block
of biomedical research, be made rapidly available at
no cost to scientists around the world. The human
DNA sequence arms scientists seeking to understand
disease with new information and techniques to un-
ravel the mysteries of human biology. This knowl-
edge will dramatically accelerate the development of
new strategies for the diagnosis, prevention, and treat-
ment of disease, not just for single-gene disorders
but for the host of more common complex diseases
(e.g., diabetes, heart disease, schizophrenia, and can-
cer) for which genetic differences may contribute to
the risk of contracting the disease and the response
to particular therapies.

In 1996, at the Second International Strategy Meet-
ing on Human Genome Sequencing, a group of sci-
entists involved in large-scale genomic DNA sequenc-
ing passed a unanimous resolution that all sequence
data produced by the Human Genome Project should
be freely available and in the public domain, in order
to encourage research and development and to max-
imize its benefit to society. These scientists believed
that public availability of these data would encour-
age coordination and collaboration among scientists
while preventing duplication of efforts.

As a result, planners of the Human Genome
Project adopted a policy of releasing data every 24
hours to a free, publicly accessible data base. In the
United States, GenBank (accessible at http://www.
ncbi.nlm.nih.gov), run by the National Center for
Biotechnology Information, serves as the public re-
pository of sequence information. The value of this

data base as a resource for medical scientists around
the world is incalculable. GenBank receives over
200,000 queries a day for information on gene se-
quences. It took 16 years to get the first billion bases
into the data base, but it took only 15 months to
add the second billion bases. Over 39,000 species
are represented, and over 60,000 sequence-compar-
ison searches are conducted each day.

Because researchers around the world participat-
ing in the public sequencing effort have agreed to
submit their data to free, public data bases within
one day after verification, any scientist, whether based
at a university, a corporation, or a government lab-
oratory, can log on by computer and have full and
rapid access to the sequence data. The sooner the
publicly funded effort to sequence the human ge-
nome is complete, with the data deposited in a free
and publicly accessible data base, the sooner it will
benefit all scientists working to understand and treat
disease at a molecular level. In addition, scientists un-
derstand human genes by comparing human DNA
with DNA from mice, flies, roundworms, and yeast.
These comparisons make the human sequence much
easier to understand.

As Human Genome Project plans for the period
between 1998 and 2003 were being developed, two
corporate ventures announced initiatives to sequence
a major fraction of the human genome, using strat-
egies that differ fundamentally from the publicly fund-
ed approach. The stated intention of one of these
ventures to release its data publicly creates the pos-
sibility of synergy with the federal effort. If the cor-
porate data and the public data can be merged, the
depth of sequence coverage will be even greater.
And because the public sequence data will be ob-
tained from mapped DNA, it will provide critically
needed anchoring to sequence data generated by
private-sector efforts.

MORE THAN JUST THE SEQUENCE

Many people assume that since 1990 most of the
work of the Human Genome Project has been de-
voted to large-scale sequencing. But this activity is
actually a relatively recent arrival on the scene, since
many other kinds of genome information were need-
ed before full-scale sequencing could be undertaken.
Before the 1998-2003 plan, the Human Genome
Project’s scientific goals mostly addressed genome
mapping, technology development, and work to char-
acterize the genomes of certain laboratory organisms.
One type of map, known as a genetic map, is partic-
ularly helpful for following the inheritance of a dis-
order through several generations of a family. Genet-
ic maps consist of a series of sequence-based markers
that can be used to pinpoint the likely neighbor-
hood of an altered gene responsible for a disease
phenotype or other trait. Such maps have been in-
valuable in identifying and isolating highly penetrant
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gene mutations with mendelian inheritance patterns.
The goal was to establish markers close enough to
give a gene hunter a high likelihood of placing a gene
in a reasonably searchable interval. A year ahead of
schedule, an international consortium of leading re-
searchers in France and the United States published
a genetic map containing almost 6000 markers, spaced
less than 1 million bases apart.# Such detail was four
to six times greater than the 1990 goals called for.

A second type of map, known as a physical map,
provides cloned and ordered sets of contiguous DNA
that represent regions of a chromosome, or even a
whole chromosome. Once genetic markers define the
region containing the sought-after gene, cloned piec-
es from the physical map provide a resource from
which investigators can then isolate the gene. A cop-
ied replica of 98 percent of the human genome, con-
sisting of thousands of linked pieces of DNA, is
complete and meets the genome project’s goal for
physical mapping.5 This map contains over 41,000
DNA markers, known as “sequence-tagged sites,” or
STSs, that properly align the pieces. With this den-
sity of markers, most genes in the human genome
should lie within fewer than 100,000 bases of an STS.

The Human Genome Project also recognized from
its inception its responsibility not only to develop
gene-finding and analysis technology, but also to ad-
dress the broader societal implications of these new-
found abilities to decipher genetic information. So
the project commits 5 percent of its annual research
budget to a program that addresses the ethical, legal,
and social implications of genome research (the ELSI
program). This program has focused on four high-
priority areas: the use and interpretation of genetic
information, clinical integration of genetic technol-
ogy, issues surrounding genetics research, and public
and professional education about these issues.

The plan covering the years 1993 through 1998
expanded the mapping goals and explicitly included
new objectives for identifying and mapping not just
systems of anonymous markers but the genes them-
selves.® Scientists at the National Library of Medi-
cine, at genome research centers, and in private in-
dustry later began a program to position expressed
DNA from gene regions, or expressed sequence tags
(ESTs), on the physical map. After two editions, this
gene map represents the most extensive effort so far
to locate and identify the 80,000 genes in the human
genome. Over 38,000 gene tags have been placed
on the map, giving disease-gene hunters a ready list
of candidate genes residing in the chromosomal
neighborhood they know is involved in a disease.5

Before 1996, the goals of DNA sequencing were
largely targeted toward genomes of model organ-
isms. From those efforts, scientists have sequenced
the genomes of Saccharomyces cervevisine, a species of
yeast valuable to biologists and commonly used by
bakers and brewers,” and Escherichia coli, a mainstay
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of basic biology and the biotechnology industry.8
The first complete genome sequence of a multicel-
lular organism, the roundworm Caenorbabditis ele-
gans, was completed in late 1998.

The yeast genome, which was the first genome of
a eukaryote to be completely deciphered, contains
12,057,500 base pairs in its nuclear DNA. Contain-
ing some 6000 genes arranged on 16 chromosomes,
yeast has already provided biologists with a valuable
resource for determining the function of individual
human genes involved in medical disorders such as
cancer. Now, the complete sourcebook for that or-
ganism will allow scientists, for the first time, to
piece together information that will provide a com-
prehensive look at how all the genes in a eukaryotic
cell function as an integrated system.

The 100-million-base-pair C. elegans genome is
distributed among six chromosomes and contains
over 19,000 genes. Although barely visible with the
naked eye, the tiny roundworm has become an in-
valuable tool for studying biologic processes such as
development, neurobiology, and aging. The worm
project began in 1990, as a collaboration between
researchers at Washington University, in St. Louis,
and at the Sanger Centre, in Cambridge, England.
Computer comparisons between the worm sequence
and the sequences of other organisms have shown
that about 74 percent of named human genes have
a definite homologue in C. elegans.

The 1998-2003 plan can be thought of as the
development of a new and more diverse set of power
tools, all of which are to be given away. These tools
include the development of the catalogue of varia-
tions in the human DNA sequence; new forms of
technology and new strategies for studying gene func-
tion on a whole-genome scale; and new areas of re-
search in the ELSI program (the “safety goggles”),
such as identifying and addressing issues that link
genetics to personal identity and racial or ethnic
background and examining the implications of these
links for philosophical and religious traditions.

IMPLICATIONS FOR UNDERSTANDING
GENETIC ILLNESS

Maps and other forms of genome technology pro-
vide the tools for a gene-isolation technique known
as positional cloning.® This technique allows a re-
searcher to confirm the genetic basis of a disease and
identify the responsible gene, even when little is
known about the gene’s function. So far, over 100
disease-linked genes have been isolated with the use
of the positional-cloning technique. Whereas gene
discovery by this route once took years to decades,
an investigator using these powerful tools can now
sometimes map and isolate a gene in a matter of
weeks. Increasingly, gene hunters are combining po-
sitional-cloning techniques with information in EST
data bases to narrow their gene searches to rational
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Figure 1. Steps Involved in the Genetic Revolution in Medicine.

Uncovering the genetic contributions to an illness is accomplished by cloning the gene for the disease,
with the use of the tools of the Human Genome Project. Once the contributing genes and their disease-
predisposing variants have been identified, diagnostic tests can be developed to predict future risk —
but these tests are most effective when a preventive strategy is available to reduce the risk in persons
found to be predisposed to a particular disease. Another rapidly developing application of diagnostics
is pharmacogenomics, the prediction of responsiveness to drugs. Ultimately, the real payoff of genetic
research will be the development of new gene therapies and drug therapies, but they will generally

require many more years of intensive research.

candidates. This method, called positional candidate
cloning,! has been used to isolate many altered genes
associated with human disease.

Gene isolation provides the best hope for under-
standing human disease at its most fundamental lev-
el (Fig. 1). Knowledge about genetic control of cel-
lular functions will underpin future strategies to
prevent or treat disease phenotypes. The recent iso-
lation of genes for Parkinson’s disease,!'!* for exam-
ple, has greatly advanced molecular research on this
baffling disease. In one study of families with early-
onset Parkinson’s disease, gene hunters mapped a
suspect gene to a region of chromosome 4.!! The
region contained approximately 100 genes, among
which was 1 known to encode the protein a-synu-
clein. Earlier research had shown that a-synuclein
accumulates in brain cells of people with Alzhei-
mer’s disease,!® and people with Parkinson’s disease
have similar deposits in the substantia nigra. In just
a few months, the researchers showed conclusively
that a missense mutation in the a-synuclein gene
caused Parkinson’s disease in the study families. Fur-
ther research has shown that a mutation in a gene
encoding a protein critical to the breakdown of
a-synuclein and other proteins also results in the
Parkinson’s disease phenotype in a different family.!¢
Although most cases of Parkinson’s disease appear
to have limited heritability, studying rare families of

this sort provides crucial clues to the pathways in-
volved — a-synuclein is found in the Lewy bodies
in virtually all cases of Parkinson’s discase. An un-
derstanding of the genetic control of the proteolytic
processes of brain proteins may provide new targets
for interventions in a number of related neurode-
generative disorders characterized by the accumula-
tion of protein deposits, including Alzheimer’s dis-
ease, Huntington’s disease, and spinocerebellar ataxia.

Even before a gene’s role in disease is fully under-
stood, diagnostic applications can be useful in pre-
venting or minimizing the development of health
consequences (Fig. 1). DNA tests that look for the
presence of disease-linked mutations, for example,
are proving to be the most immediate commercial
application of gene discovery and the one now used
most frequently by clinicians. These tests may help
establish the diagnosis of a genetic disease, foreshad-
ow the development of disease later in life, or iden-
tify healthy heterozygote carriers of recessive diseas-
es. Genetic tests can be performed at any stage of the
human life cycle, and the sampling procedures are
becoming less invasive. Whereas genetic testing was
once sought almost exclusively by couples with a
family history of early-onset disease, for the purpose
of family planning, information about genetic status
is increasingly sought by persons who wish to learn
about their own predisposition to adult-onset illness.
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In a growing number of instances, strategies can be
implemented to reduce or prevent illness when a ge-
netic cause or predisposition is known. Successes in re-
ducing disease through treatment have been achieved
for the hereditary disorders hemochromatosis, phen-
ylketonuria, and familial hypercholesterolemia, among
others. Risk reduction through early detection and
lifestyle changes may be possible in the case of dis-
orders associated with predisposing mutations, such
as some cancers. As therapies build on knowledge
gained about the molecular basis of disease, increasing
numbers of illnesses that are now refractory to treat-
ment may yield to molecular medicine in the future.

The recent discovery of an altered gene (HFE)
that leads to hereditary hemochromatosis,!6 a com-
mon disorder of iron metabolism, provides an inter-
esting example of the potential for using informa-
tion about mutations to prevent an adult-onset disease
phenotype. A recessive condition, hereditary hemo-
chromatosis affects about 1 in 300 persons of north-
ern European descent and is easily treatable if diag-
nosed early. Its major symptoms — liver cirrhosis,
heart failure, diabetes, arthritis, and other organ dam-
age — do not occur until midlife and are easily mis-
diagnosed. Untreated, the disease causes early death,
but treatment by phlebotomy to remove excess iron
allows people with hereditary hemochromatosis to
live a normal life span. A single substitution of the
amino acid tyrosine for cysteine at codon 282 ac-
counts for the majority of cases.!”

At first glance, hereditary hemochromatosis seems
to be an ideal target for public health approaches to
the prevention of hereditary disease: the disorder is
common, the number of disease-linked mutations in
the gene are few, and effective treatment can mini-
mize or eliminate the effects of the disease. But clos-
er examination reveals a number of complexities that
have so far militated against the rapid introduction
of this genetic test as a tool for disease prevention.1¢
Because the penetrance of the altered HFE gene is
reduced, especially in females, clinical signs can range
from none that are detectable to severe organ dam-
age from iron overload. At the moment, simple de-
tection of the mutation does not predict the most
likely clinical course. Before population testing for
HFE mutations is considered, further research is need-
ed to explain the variations in phenotype among mu-
tation carriers and to correlate the genotype more
closely with health outcomes.

IMPLICATIONS FOR THE STUDY
OF COMMON DISORDERS

The rather straightforward mendelian rules that
govern the inheritance of disease traits have been
worked out for many rare disorders that result from
highly penetrant changes in a single gene. But teas-
ing out the genetic components of the so-called com-
plex disorders — diabetes, heart disease, most com-
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mon cancers, autoimmune disorders, and psychiatric
disorders — that result from the interplay of envi-
ronment, lifestyle, and the small effects of many genes
remains a formidable task. Most of the successful ef-
forts to identify genes associated with common dis-
eases have focused on highly heritable subgroups,
including the BRCA1'$ and BRCA2'Y genes in breast
cancer, the gene for hepatocyte nuclear factor 4«
(HNF-4a) in maturity-onset diabetes of the young
(MODY) type 1,20 the gene for glucokinase (GCK)
in MODY type 2,2! the gene for hepatocyte nuclear
factor la (HNF-1a) in MODY type 3,22 the gene for
human Mut S homologue 2 (hMSHZ2)?3-2¢ and the
gene for human Mut L homologue 1 (hbMLH1)? in
hereditary nonpolyposis colon cancer, and the gene
for a-synuclein in Parkinson’s disease.!! Linkage analy-
sis and positional-cloning techniques are well suited
to discovering genes with such strong influences.
But these strategies are not as easily applied to the
multiple, low-penetrance variants, which in the ag-
gregate account for a larger percentage of illnesses.
Identification of weakly penetrant alleles that con-
tribute to common disorders requires new and more
powerful approaches.

To assist in these efforts, the Human Genome Proj-
ect is initiating new studies of genetic variation in the
human population to provide a dense map of com-
mon DNA variants. DNA sequence variations include
insertions and deletions of nucleotides, differences in
the copy number of repeated sequences, and sin-
gle-nucleotide polymorphisms, or SNPs (pronounced
“snips”), which occur most frequently throughout the
human genome. About 1 in every 300 to 500 bases
in human DNA may be a SNP.

SNPs can be used as markers in whole-genome
linkage analysis of families with affected members, as
well as in association studies of individuals in a pop-
ulation. Association studies may directly test a vari-
ant with potential functional importance or may
take advantage of the phenomenon of linkage dis-
equilibrium — in which a marker and a gene are in-
herited together — to map gene variants associated
with disease. Because the human species consists of
relatively few generations, recombination events have
not disrupted linkage disequilibrium over distances
ot 3000 to 100,000 bases in most populations. Con-
sequently, association studies view large human pop-
ulations as evolutionary families and do not rely on
studies of nuclear families for gene mapping.26-2”

Some SNPs may contribute directly to a trait or
disease phenotype by altering function. Though most
SNPs are located outside protein-coding sequences,
those within coding sequences, called ¢SNDs, are of
particular interest because they are more likely to af-
fect gene function. A large, well-characterized col-
lection of SNPs will become increasingly important
for the discovery of DNA sequence variations that
affect biologic function. Work is already under way
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with NIH support to develop a catalogue of 60,000
or more SNPs. A recently formed pharmaceutical
consortium will support the production of 300,000
more, with the work being done at the publicly fund-
ed genome centers and all the data deposited in the
public domain. This is a wonderful example of a pub-
lic—private partnership to develop a powerful set of
research tools that all can use.

NEW FORMS OF TECHNOLOGY
FOR GENETIC ANALYSIS
AND RISK ASSESSMENT

The transition from genetics to genomics marks
the evolution from an understanding of single genes
and their individual functions to an understanding
of the actions of multiple genes and their control of
biologic systems. Whereas the tools of the Human
Genome Project initially advanced research on sin-
gle genes, they are now forming the basis for ge-
nomic-scale analysis of the human organism.

The so-called DNA chip currently provides one
promising approach to genome-scale studies of ge-
netic variation,? detection of heterogeneous gene
mutations,? and gene expression.’® The result of
an adaptation of dot blot hybridization techniques,
DNA chips, also called microarrays, generally consist
of a thin slice of glass or silicon about the size of a
postage stamp on which threads of synthetic nucleic
acids are arrayed. Sample probes are added to the
chip, and matches are read by an electronic scanner.
As with semiconductors, the capacity of DNA chips
has doubled about every two years, so chips that
held a few hundred arrays not so long ago now hold
hundreds of thousands.

Microarray technology has been applied to the de-
tection of DNA variations as well as expression of
messenger RNA in individual cells and tissues. Mi-
croarrays are used clinically to detect human immu-
nodeficiency virus sequence variations, p53 gene mu-
tations in breast tissue, and expression of cytochrome
P450 genes. In the laboratory, microarray technolo-
gy has also been applied to genomic comparisons
across species,?! genetic recombination,?? and large-
scale analysis of gene copy number and expression,
as well as protein expression, in cancerous tissues.33

Use of microarrays and other new technologies to
detect DNA variations holds promise, along with
family histories and data from large population stud-
ies, for establishing a person’s risk of contracting
common, adult-onset disorders. A base-line genome
scan could provide helpful information about a per-
son’s risk profile and point to the prevention strate-
gies — if available — that should be used.

GENETIC KNOWLEDGE AND
INDIVIDUALIZED MEDICINE

Identitying human genetic variations will eventu-
ally allow clinicians to subclassify diseases and adapt

therapies to the individual patient. There may be
large differences in the effectiveness of medicines from
one person to the next. Toxic reactions can also oc-
cur and in many instances are likely to be a conse-
quence of genetically encoded host factors. That
basic observation has spawned the burgeoning new
field of pharmacogenomics, which attempts to use
information about genetic variation to predict re-
sponses to drug therapies.

For example, researchers discovered that patients
with Alzheimer’s who have the €4 subtype of the
gene for apolipoprotein E (APOE e€4), which affects
cholinergic function in the brain, are less likely to
benefit from the cholinomimetic drug tacrine than
are patients without this subtype.3¢ This finding will
help in the analysis of data from clinical trials of
Alzheimer’s therapies and will promote the devel-
opment of new therapies specifically designed for
APOE €4 carriers.

In another example, cholesteryl ester transfer pro-
tein (CETDP) plays an important part in the metab-
olism of high-density lipoprotein, a lipoprotein asso-
ciated with lowered susceptibility to atherosclerosis.
A certain genetic variant of the CETP gene is cor-
related with higher plasma CETP levels and lower
levels of plasma high-density lipoprotein. One study
showed that in men who carried this genetic variant,
treatment with pravastatin slowed the progression of
coronary atherosclerosis.?® This finding may allow
physicians to predict which patients with coronary
artery disease will benefit from treatment with pra-
vastatin.

In a third example, the formation of venous blood
clots in the brain and legs is a rare but serious side
effect of birth-control pills. One study has shown a
dramatically increased risk of cerebral-vein thrombo-
sis among women taking oral contraceptives who
also carry the blood-clotting variant factor V Lei-
den.?¢ The risk of other venous thrombotic events is
also increased in this group. Foreknowledge of the
presence of this variant and consideration of alterna-
tive forms of birth control might be useful in mini-
mizing the risk of thrombosis in these women.

Not only will genetic tests predict responsiveness
to drugs on the market today, but also genetic ap-
proaches to disease prevention and treatment will in-
clude an expanding array of gene products for use in
developing tomorrow’s drug therapies. Since the
Food and Drug Administration’s approval of recom-
binant human insulin in 1982, over 50 additional
gene-based drugs have become available for clinical
use. These include drugs for the treatment of cancer,
heart attack, stroke, and diabetes, as well as many
vaccines.?”

Not all therapeutic advances for gene discovery
will be genes or gene products. In other instances,
molecular insights into a disorder, derived from gene
discovery, will suggest a new treatment. Sodium phen-
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ylbutyrate, for example, which is approved for the
regulation of blood ammonia levels, is being tested in
clinical trials for the treatment of cystic fibrosis.?8 The
main clinical phenotype in people with cystic fibrosis
results from a mutation in the gene for cystic fibrosis
transmembrane conductance regulator (CFTR) pro-
tein. The mutation prevents normal amounts of CFTR
protein from crossing the cell membrane, diminish-
ing the ability of chloride and water to enter and exit
the cell. Sodium phenylbutyrate apparently stimu-
lates expression of CFTR protein, allowing more of
it to reach the correct location.

ETHICAL, LEGAL, AND SOCIAL
IMPLICATIONS

One of the most active areas of the ELSI program
has been policy development related to the privacy
and fair use of genetic information, particularly in
health insurance, employment, and medical research.
Debates in this area focus largely on the potential of
genetic information to predict an increased likeli-
hood of the eventual development of a disease phe-
notype in a currently healthy person.

Although many states have attempted to address
“genetic discrimination” in health insurance and em-
ployment, federal legislation would provide the most
comprehensive protection. Concern about the con-
fidentiality of genetic information may make people
reluctant to volunteer for studies involving disease-
linked gene mutations or genetic therapy, for fear
that the results could result in the loss of a job or
the loss of insurance coverage.

Largely on the basis of recommendations formu-
lated in workshops held by the Human Genome
Project and the National Action Plan on Breast Can-
cer,3%%0 the Clinton administration endorsed the need
for congressional action to protect against genetic
discrimination in health insurance and employment.
In 1996, Congress enacted the Health Insurance
Portability and Accountability Act, which represent-
ed a large step toward protecting access to health in-
surance in the group-insurance market but left sev-
eral serious gaps in the individual-insurance market
that must still be closed.

In the area of workplace discrimination, the Equal
Employment Opportunity Commission has interpret-
ed the Americans with Disabilities Act as covering
on-the-job discrimination based on “genetic informa-
tion relating to illness, disease or other disorders.”*!
But no claims of genetic discrimination have been
brought to the commission, and the guidance has
yet to be tested in court, so the degree of protection
actually provided by the act remains uncertain.

In the area of privacy, as part of the partnership
between the National Action Plan on Breast Cancer
and the Human Genome Project, medical research-
ers, policy makers, and representatives of law, gov-
ernment, the insurance industry, and public health
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have recently assessed current policies and practices
designed to protect confidentiality in genetics research
and have identified areas where new or modified
policies or practices might enhance the protection of
privacy and promote the conduct of research. The
group is developing a set of principles for research-
ers, research institutions, state and federal agencies,
and policy makers to consider in formulating meas-
ures to protect the privacy of research information.

Other important steps have been taken to ensure
the responsible integration of genetic tests into clin-
ical practice. For the most part, genetic testing in
the United States has developed successfully, provid-
ing options for avoiding, preventing, and treating
inherited disorders. But the rapid pace of test devel-
opment combined with the rush to market new prod-
ucts may create an environment in which the tests
are made available before they have been adequately
validated. On the recommendation of the Task Force
on Genetic Testing,*? assembled by the Human Ge-
nome Project’s NIH-DOE ELSI Working Group,
the Secretary of the Department of Health and Hu-
man Services has established an advisory panel to
ensure the safe introduction of genetic tests into clin-
ical practice.

Completion of the first human-genome sequence
and the expansion of human genetic research to in-
clude studies of genetic variation among subpopula-
tions have raised new questions about ethical, legal,
and social issues. The 1998-2003 plan includes an
examination of these issues as well as the integration
of genetic technology and information into health
care and public health activities; the use of knowl-
edge about genomics and gene—environment interac-
tions in nonclinical settings; examination of a variety
of philosophical, theological, and ethical perspectives
on new genetic knowledge; and consideration of the
ways in which racial, ethnic, and socioeconomic fac-
tors affect the use, understanding, and interpretation
of genetic information, the use of genetic services,
and the development of policy.3

A HYPOTHETICAL CASE IN 2010

General visions of gene-based medicine in the fu-
ture are useful, but many health care providers are
probably still puzzled by how it will affect the daily
practice of medicine in a primary care setting. A hy-
pothetical clinical encounter in 2010 is described here.

John, a 23-year-old college graduate, is referred to
his physician because a serum cholesterol level of 255
mg per deciliter was detected in the course of a
medical examination required for employment. He
is in good health but has smoked one pack of ciga-
rettes per day for six years. Aided by an interactive
computer program that takes John’s family history,
his physician notes that there is a strong paternal his-
tory of myocardial infarction and that John’s father
died at the age of 48 years.
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To obtain more precise information about his risks
of contracting coronary artery disease and other ill-
nesses in the future, John agrees to consider a bat-
tery of genetic tests that are available in 2010. After
working through an interactive computer program
that explains the benefits and risks of such tests,
John agrees (and signs informed consent) to under-
go 15 genetic tests that provide risk information for
illnesses for which preventive strategies are available.
He decides against an additional 10 tests involving
disorders for which no clinically validated preventive
interventions are yet available.

A cheek-swab DNA specimen is sent off for test-
ing, and the results are returned in one week (Table
1). John’s subsequent counseling session with the
physician and a genetic nurse specialist focuses on
the conditions for which his risk differs substantially
(by a factor of more than two) from that of the gen-
eral population. Like most patients, John is interest-
ed in both his relative risk and his absolute risk.

John is pleased to learn that genetic testing does
not always give bad news — his risks of contracting
prostate cancer and Alzheimer’s disease are reduced,
because he carries low-risk variants of the several
genes known in 2010 to contribute to these illness-
es. But John is sobered by the evidence of his in-
creased risks of contracting coronary artery disease,
colon cancer, and lung cancer. Confronted with the
reality of his own genetic data, he arrives at that cru-
cial “teachable moment” when a lifelong change in
health-related behavior, focused on reducing specific
risks, is possible. And there is much to offer. By 2010,
the field of pharmacogenomics has blossomed, and
a prophylactic drug regimen based on the knowl-
edge of John’s personal genetic data can be precisely
prescribed to reduce his cholesterol level and the
risk of coronary artery disease to normal levels. His
risk of colon cancer can be addressed by beginning
a program of annual colonoscopy at the age of 45,
which in his situation is a very cost-effective way to
avoid colon cancer. His substantial risk of contract-
ing lung cancer provides the key motivation for him
to join a support group of persons at genetically
high risk for serious complications of smoking, and
he successfully kicks the habit.

This vision of genetically based, individualized pre-
ventive medicine is exciting, and it could make a
profound contribution to human health. For this vi-
sion to be realized, however, protections against the
misuse of genetic information will need to be firmly
in place. And another critical challenge must be met:
physicians, nurses, and other health care providers
will need to become familiar with the emerging field
of genetic medicine. The need for medical genetic
specialists who can sort out the most complex cases
will be considerable, but there will not be enough of
them to go around, and genetic medicine will be
practiced for the most part by primary care provid-

TABLE 1. RESULTS OF GENETIC TESTING
IN A HYPOTHETICAL PATIENT IN 2010.

RELATIVE  LIFETIVE
CONDITION GENES INVOLVED* Risk Risk (%)
Reduced risk
Prostate cancer HPCI, HPC2, HPC3 0.4 7
Alzheimer’s disease APOE, FAD3, XAD 0.3 10
Elevated risk
Coronary artery disecase APOB, CETP 2.5 70
Colon cancer FCC4, APC 4 23
Lung cancer NAT2 6 40

*HPCI, HPC2, and HPC3 are the three genes for hereditary prostate
cancer; APOE is the gene for apolipoprotein E; FAD3 and XAD are hy-
pothetical genes for familial Alzheimer’s dementia; APOB is the gene for
apolipoprotein B; CETP is the gene for cholesteryl ester transfer protein;
FCC4 is the hypothetical gene for familial colon cancer; APC is the gene
for adenomatous polyposis coli; and NAT2 is the gene for N-acetyltrans-
ferase 2.

ers. Numerous surveys have shown that we are not
currently prepared for this — most practitioners in
primary care have not had a single hour of instruc-
tion in genetics as part of their formal training.43:44
To meet this urgent need for education, the Na-
tional Human Genome Research Institute, the Amer-
ican Medical Association, and the American Nurses
Association have recently banded together to form
the National Coalition for Health Professional Edu-
cation in Genetics (NCHPEG). NCHPEG (accessi-
ble at http://www.nchpeg.org) is a national effort to
promote professional education and access to informa-
tion about advances in human genetics. An interdis-
ciplinary group, NCHPEG comprises the leaders of
approximately 100 diverse health professional organ-
izations, consumer and voluntary groups, government
agencies, private industry, managed-care organizations,
and professional genetics societies. By facilitating fre-
quent and open communication, NCHPEG seeks to
capitalize on the collective expertise and experience
of its members and to reduce duplication of effort.

CONCLUSIONS

Since the beginning of the Human Genome Proj-
ect, the increasing detail and quality of genome maps
have reduced the time it takes to find a gene from
years to months to weeks. We have learned the loca-
tion of approximately half the 80,000 or so genes
packaged on human chromosomes. Genome research-
ers are at the forefront of cross-disciplinary techno-
logical development for the identification and analy-
sis of not just single genes but also whole genomes.

Most recently, we have begun to get the first
glimpses of the human genome at its most detailed
level: about 15 percent of the 3 billion bits of DNA
code that spell out instructions for every function a
human body carries out is now available in public
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data bases. In just 12 months, a highly useful work-
ing draft of 90 percent of the genome will be avail-
able, and by 2003, the full DNA sequence of the hu-
man will give us unprecedented opportunities to
observe and understand the literal Book of Life.

As hoped, genome maps, sequence data, and an-
alytic tools are providing a robust technological in-
frastructure for biomedical research well into the next
century. The Human Genome Project’s commitment
to make these powerful tools freely available means
that any scientist with access to the Internet can al-
ready apply genomic approaches to individual research
problems. High-technology research tools developed
by the Human Genome Project will offer unprece-
dented opportunities to study human biology and
disease in entirely new ways.

As genome technology moves from the laboratory
to the health care setting, new methods will make it
possible to read the instructions contained in an in-
dividual person’s DNA. Such knowledge may fore-
tell future disease and alert patients and their health
care providers to undertake better preventive strate-
gies. In the wrong hands, however, that same infor-
mation could be used to discriminate against or stig-
matize a person. In response to this concern, the
Human Genome Project has catalyzed the develop-
ment of policy options for lawmakers to consider in
their efforts to prohibit genetic discrimination and
to protect the privacy of genetic information. The
stage is set to solve these vexing problems with ef-
fective federal legislation, but this window of oppor-
tunity will not stay open indefinitely.

Writing 97 years ago, Sir William Osler described
the goals of medicine this way: “To wrest from na-
ture the secrets which have perplexed philosophers
in all ages, to track to their sources the causes of dis-
ease, to correlate the vast stores of knowledge, that
they may be quickly available for the prevention and
cure of disease — these are our ambitions.”# The
Human Genome Project, with its audacious goal of
providing the tools to uncover the hereditary factors
in virtually every disease, has become a major mod-
ern component of Osler’s vision. The genetic revo-
lution in medicine is under way.

I am indebted to Leslie Fink and Dr. Margaret Bouvier for their
assistance in the preparvation of the manuscript.
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