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NTIL RECENTLY, MANY PHYSI-
cians and other health care
professionals considered
medical genetics as the prov-
ince of specialists in tertiary care medi-
cal centers; who spent their time evalu-
ating unusual cases of mendelian
disorders, birth defect syndromes; or
chromosomal anomalies. Asked whether
genetics was a part of their everyday prac-
tice; most gmmary care practitioners
would say no. That is all about to change.

To be sure, there are numerous medi-
cal g(} nditions found, i children and
adults that have a strong; indeed pre-
dominant; genetic basis. The continu-
ously updated Online Mendelian In-
heritanice i Man (OMIM) lists many
thousands of such conditions,! but of-
fers a far too narrow view of the con-
tribution of genetics to medicine. Ex-
cept for some cases of trauma, it is fair
to say that virtually every human ill-
ness has a hereditary component.?
While common diseases, such as dia-
betes mellitus, heart disease, cancer, and
the major mental illnesses, do not fol-
low mendelian inheritance patterns,
there is ample evidence from twin and
pedigree studies over many decades
showing that all of these disorders have
important hereditary influences. In fact,
for many common illnesses of devel-
oped countries, the strongest predic-
tor of risk is family history.

The role of heredity in most diseases
is thus not in itself a new revelation. But
in the past, it was considered unlikely
that much could be done with this in-
formation other than to guide medical
surveillance based on careful family his-
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tory takmg A sea change isnow under—
way, and it is likely that the molecular
basis for these hereditary influences on
common illnesses soon will be uncov-
ered. Even though on average the quan-
titative contribution of heredity to the
etiological characteristics of diseases like
diabetes mellitus or hypertension may be
modest, uncovering the pathways in-
volved in disease pathogenesis will have
broad consequences, pointing toward
possible environmental triggers as well.
The implications for diagnostics, pre-
ventive medicine, and therapeutics will
be profound.

Genetics in the 20th Century

In the spring of 1900, 3 different inves-
tigators rediscovered Mendel's laws.’
With Garrod’s recogpition of their ap-
plication to human inborn errors of me-
tabolism, the science of human genet-
ics acquired a foundation. But it remained
for Watson and Crick half a century later
to uncover the chemical basis of hered-
ity, with their elucidation of the double

helical structure of DNA.* The r
RNA asa messenger and the genetic
that allows RNA to be translated 6 §
tein emerged over the next 15 years. T
was followed by the advent of recom}j
nant DNA technology in the 1970s, ¢ »
fering the ability to obtain pure prep
rations of a particular DNA segme}
However, sequencing of DNA was dij
ficult until Sanger and Gilbert mdepe)
dently derived methods of sequenc1
DNA in 1977.%5 (It is remarkable it
'deed that the Sanger dideoxy method fo}
DNA sequencing remains the basic tec
nology on which the genetic revolutio
is being built, albeit with major ady
vances in automation of the analysis thay
have come along in the last 15 years.
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necessary maps of the genome in hand
to provide a scaffold for this effort.
Under the leadership of James Wat-
son, it was decided to focus the first 5
years of the HGP on the development
of genetic and physical maps of the hu-
man genome, which would them-
selves be of great value to scientists
hunting for disease genes. The HGP also
tackled mapping and sequencing of
simpler model organisms, such as bac-
teria, yeast, the roundworm, and the
fruit fly.*!? Considerable investments
were made in improving technology.
Perhaps the most unusual feature for
a basic science enterprise, 3% to 5% of
the budget was set aside from the out-

set for research on the ethical, legal, and '

social implications of this expected ac-
celeration in obtaining genetic infor-
mation about our species.' In the past,
ethical, legal, and social analysis of the
consequences of a scientific revolu-
tion often were relegated to other
groups outside the scientific. main-
stream or lay dormant until a crisis de-
veloped. This time, the intention was
to inspire a icohort of ethicists, social
scientists, legal scholars, theologians,
and others to address the coming di-
lemmas associated, with increased
knowledge about the genome, from so-
cial and legal discrimination on the ba-
sis of genetics to more philosophical is-
sues such as genetic determinism. .
The HGP has been international from
the beginning. Although the United
States made the largest investment, im-
portant contributions have been made by
many countries, including Britain,
France, Germany, Japan, China, and
Canada. The original plan® called for
completion of the sequence of the hu-
man genome by the year 2005, though
there was limited confidence that this

goal could be achieved. But one by one

the intermediate milestones were accom-
plished. The HGP agreed at the outset
to release all map and sequence data into
the public domain. The availability of ge-
netic and physical maps led to a consid-
erable acceleration in the successful iden-

. tification of genes involved in single gene

disorders; while fewer than 10 such genes
had been identified by positional clon-

ing in 1990, that number grew to more
than 100 by 1997.12

By 1996, the complete sequencing of
several bacterial species and yeast led to
the conclusion that it was time to at-
tempt sequencing human DNA on a pi-
lot scale. The introduction of capillary
sequencing instruments and the forma-
tion of a company in the private sector
promising to sequence the human ge-
nome for profitable purposes added fur-
ther momentum to the effort. By 1999,
confidence had gathered that acquiring
the majority of the sequence of the 3 bil-
lion base pairs of the human genome
could be attempted. In June 2000, both
the private company and the interna-
tional public sequencing consortium an-
nounced the completion of “working
drafts” of the human genome sequence.

Current Research Focus
Though the working ¢ draft of the hu-
man sequente represents a'major mile-
stone, a yast amount of additional work
remains to be done to un erstand 1ts
function.’;. ;. i
It is neces: ary to compl

c;uence analysis by closing the gaps and * -

fesolving ambiguities. This finishing pro-
cess already has been accomplished for
chromosomes 21'* and 22'% and will be -
carried out for the remainder of the ge-
nome during the next 2 years.

-‘The genomes of other organisms also :
will need to be sequenCed Probably the .
most powerful tool to identify the cod-
ing exons, as well as the regulatory re-

gions, is a comparison of the sequence

across different genomes. For that pur-
pose, full-scale sequencing of the labo-
ratory mouse genome already has been
initiated, and the sequencing of the rat
and zebrafish genomes will not be far
behind. In both the public and private

“sectors, serious consideration is being

given to the sequencing of other large
vertebrate genomes, including the pig,
dog, cow, and chimpanzee.

An intense effort is under way to de-
velop a catalog of human variation. While
human DNA sequences are 99.9% iden-
tical to each other, the 0.1% of variation
is expected to provide many of the clues
to the genetic risk for common ill-
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nesses.'® A public-private partnership has
formed to build this catalog of variants
as quickly as possible and has identified
more than 2 million of these single
nucleotide polymorphisms. Of particu-
lar interest are those common variants
that influence gene function.

A powerful set of technologies for
studying gene expression is being de-
veloped and explored.!” These meth-
odologies, which allow analysis of the
transcription of as many as 10000 genes
in one experiment, make it possible to
investigate the differences that occur be-
tween various tissue types and to ex-
plore the alterations in that expres-
sion pattern during disease. Such
analyses have already been proved ca-
pable of identifying subtypes of cer-

in malignancies that were identical by
all other criteria.'®
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The same large-scale analysis strat-
egies that have been applied so effec-

‘tively to DNA and RNA also are being

applied to proteins to characterize their
structures, quantity, location in the cell,
posttranslational modifications, and in-
teraction partners.’

With the advent of these very large
databases of information on sequence,
variation, and expression, the field of
computational biology is emerging as
critically important to the future. Ef-
fective methods of sorting and analyz-
ing the data will be required to glean
biologically meaningful insights from
the plethora of data.

The ethical, legal, and social 1mp11—
cations research program has already
fostered awareness of needs for inter-
vention, particularly in the areas of pri-
vacy, genetic discrimination, guide-

. practice of medlcmé major challeng
‘must be addressed..} YR

_ sequence and its varian mustbe appli
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lines for research, and education, atid
now focuses on the societal implica
tions of increased information aboy
human variation, in both medical ari¢
nonmedical situations.
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ay for that illness. Many of those will
ome as a surprise, since the current
olecular understanding of most com-
on diseases is rather limited.

Efficient, high-volume methods will
ineed to be developed and applied to the
esign of small-molecule drugs to modu-
ate disease-related pathways in the de-
ired direction. The pharmaceutical in-
ustry has been gearing up for this
pportunity, and most companies now
xpect that the majority of future drug
evelopment will come from the field of
enomics. With the application of meth-
ds that systematically combine chemi-
al components into drugs and of high-
lume assays for efficacy, it is expected
hat compounds can be efficiently iden-
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shows dramatic results in early clinical
trials on patients with far advanced
chronic myelogenous leukemia,

Along with the design of new drugs,
genomics also will provide opportuni-
ties to predict responsiveness to drug
interventions, since variation in those
responses is often attributable to the ge-
netic endowment of the individual. Ex-
amples have been identified where com-
mon variants in genes involved in drug
metabolism or drug action are associ-
ated with the likelihood of a2 good or bad
response. The expectation is that such
correlations will be found for many drugs
over the next 10 years, including agents
that are already on the market. This field
of pharmacogenomics promises to indi-
vidualize prescribing practices.” '

The field of gene therapy, having sus-
tained a series of disappointments over
the past few years, especially with the

" death of a volunteer in a gene therapy

trial in the fall of 1999, has'gone back

to wrestling with the basic science quies-:

tions of finding optimal ﬁethods,for

gene delivery.2 While the optimism of:
. the early,1990s about providing quick

' sblutiotis 0.2 long list:of inedlical prob-.. -
"lemsiwas iprobablyhewvet fully justi‘:

fied, it is likely that the development
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diagnosis and treatment of each disease will be different depending on the resea‘rch investment and the
t, the gene variants contributing increased disease risk must be identified by family studies and/or case-
st clinical usefulness once prevention measure(sh_arefdeveloped that
ciations with drug responsiveness (pharmacogeromics). In general,

of safer and more effective vectors will [
ensure a significant role for gene
therapy in the treatment of some dis-
eases. There already have been prom-
ising reports of the application of gene
therapy for hemophilia B® and severe
combined immunodeficiency.*

Genetics in the Medical
Mainstream

The power of the molecular genetic ap-

research laboratory will catalyze a simi-
lar transformation of clinical medi-
cine, although this will come gradu-
ally over the course of the next 25 years
(FIGURE). ’

By the year 2010, it is expected that
predictive genetic tests will be avail-
able for as many as a dozen common
conditions, allowing individuals who
wish to know this information to learn
their individual susceptibilitiés and to
take steps ito‘reducelthose risks for
which intérventions are orwill be avail-.
able. Such interventions could take the; .
form of medical survéillance, lifestyle

diet;ior drugtherapy.;,

lonicancer; foriexat
d efforts to provide colo-
Vi ‘
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noscopic screening to those individu-
als, with the likelihood of preventing
many premature deaths.

Predictive genetic tests will become ap-
plicable first in situations where indi-
viduals have a strong family history of
a particular condition; indeed, such
testing is already available for several con-
ditions, such as breast and colon can-
cers. But with i ingreasing geneti¢ infor-
mation' aboutcommon illnesses; this
kind of risk assessment will become more
generally available; and many primary
care: clinicians will become practition-
ers of genomic medicine, having to ex-
plain’ complex statistical risk informa-
tion to healthy individuals who are
seeking to enhance their chances of stay-
mg well; Thls will require substantial ad-
vances inl the udderst;mdmg of genetics
by awide range of elinicians,? The Na-
tional Coalition for Health Professional
Educallon in’ Genetics,; an umbrella
grotip’of physwians; fiirses, and other
clinicians; has orgamzed to help pre-
pare for this,coming era.. . |

indicated that the pubhc is deeply con-
certiéd-about thespotenitial for discrimi-
nation, and some individuals have for-
gone acquiring genetic information about
themselves, since assurances cannot be
currently provided about discrimina-
tory misuse of the information. Al-
though more than 2 dozen statés have
taken some action in this regard, a patch-
work of different levels of protection
across the United States is not satisfac-
tory and this vexing problem must be
dealt with effectively at the federal level.

By 2020, the impact of genetics on
medicine will be even more wide-
spread. The pharmacogenomics ap-
proach for predicting drug responsive-
ness will be standard practice for quite
a number of disorders and drugs. New
gene-based “designer drugs” will be in-
troduced to the market for diabetes
mellitus, hypertension, mental illness,
and many other conditions. Improved
diagnosis and treatment of cancer will
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likely be the most advanced of the clini-
cal consequences of genetics, since a vast
amount of molecular information al-
ready has been collected about the ge-
netic basis of malignancy. By 2020, it is
likely that every tumor will have a pre-
cise molecular fingerprint determined,’
cataloging the genes that have gone
awry, and therapy will be 1nd1v1dually
_targeted to that fingerprint. .~ .-

Despite these exciting projections, cer--
tain tensions also will exist. Access to
health care, already a major problem in

. the United States, will complicate these
new advances, unless our medical care
systems change in significant ways. Anti-
technology movements, already active
in the United States and elsewhere, are
likely to gather momentum as the focus

of genetics turns even more intensely on

- ourselves: Though the benefits of geénetic
‘medicine will be profound, there will be
those who consider this advancément
unnatural and dangerous. Efforts at pub-
lic education need to start now to explain
the potential benefits and to be honest
about the risks. . . ;-
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the threshold of the new mlllenmum .

we ,slmultaneously cross . threshold
into an era where the human genome

5 sequenice is largely known: We must AR
' " 18. Bittner M, Meltzer P, Che

commit ourselves to exploring the ap-
plication of these powerful tools to the
alleviation of human suffering, a man-
date that undergirds all of medicine. At
the same time, we must be mindful of
the great potential for misunderstand-
ing in this quickly developing field and
make sure that the advancement of the
social agenda of genetics is equally as
vigorous as the medical agenda.
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