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of immediate data availability outweigh the
potential serious errors that raw data may
contain and the consequent waste of time,
intellectual energy, and resources that the
community will necessarily have to expend
to bring scientific clarity to the data.

Looking forward, not backward. Fewer than
600 million base pairs of DNA sequence re-
side in the public databases, most of it redun-
dant. If the human genome is to be complete-
ly sequenced over the next 7 to 10 years, then
in each of these years the human genome
sequencing community must produce accurate
genomic sequence data and analysis equiva-
lent to the sum of all DNA sequencing done
to date. Such an effort would require the
finishing and publication of, on average, 500
million base pairs of sequence each year—the
equivalent of the E. coli genome being pub-
lished every 2 days for the next 7 years. The
nightly addition of the raw, unedited data to
Web sites would double or triple the amount
of information to be processed. This scenario
considers only the Human Genome Project;
however, projects are under way: or planned
for a large number of other genomes, includ-
ing mouse, Drosophila, plants, parasites, and
microbes. Given the enormous scope of the
genome project, we feel that the sequenc-
ing labs need to focus on ensuring the
highest quality data, analysis, and scientific
interpretation, made available as soon as
practicable upon completion and published
in a timely fashion in peer-reviewed jour-
nals. In fact, early release of unedited, un-
finished data may be detrimental to small
molecular biology labs, which do not have
the resources or computational tools to deal
with the deluge of information.

Despite its tone of fairness, the argument
for daily data release suggests indifference
toward the intellectual effort that the sci-
entific research community has set as a
standard for itself in the publication and
release of its work. Scientific custom has
held that the scientist should be allowed to
communicate to the research community
what was achieved and how it was done, to
analyze and comment, not only so that
careful critical evaluation can be made, but
also out of respect for the researcher and the
achievement. Some have argued that ge-
nome sequencing is different from other
scientific pursuits in that it is a public ser-
vice—but what taxpayer-funded research is
not a public service?

We propose that for genome sequencing
projects that cannot be completed in 12 to
18 months, finished sequence data (of, for
example, BAC clones) should be made
available to the wider community immedi-
ately, without restriction or delay, as soon
as these data have passed a series of rigorous
quality control checks and have been an-
notated. Within a reasonable interval,
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these releases of data should be followed by
complete scientific papers that not only
describe the methods used for data genera-
tion and analysis, but also attempt to place
the data in a broader biological context. We
hope that the scientific journals, the scien-
tific community, and the funding agencies
will be tolerant or even encouraging of a
variety of approaches to data generation,
interpretation, and scientific publication to
advance this exciting field of genomics.
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The New Genomics:
Global Views of Biology

Eric S. Lander

The Human Genome Project was designed
as a three-step program to produce genetic
maps, physical maps, and, finally, the com-
plete nucleotide sequence map’ of the hu-
man chromosomes. In the past year, the
first two milestones have essentially been
reached (1) and pilot sequencing projects
have begun with the aim of increasing
speed and efficiency. Although only 1% of
the human genome has been sequenced so
far, there is growing confidence that the
annual production rate can climb over the
next 3 years to more than 500 megabases
(Mb) worldwide—ensuring that the goal
will be comfortably reached by the original,
projection of 2005. The mouse, the leading
biomedical model system, can likely be se-
quenced in parallel, although funding has
not yet been committed.

With success in sight, thoughts are al-
ready turning to what should come next.
The answer depends in part on how one
understands the significance of the Human
Genome Project. Commentators have
sought to set the project in historical con-
text by likening it to the Holy Grail, the
Manhattan Project, and the moon shot.
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Each analogy is rich with implications
about the appropriate follow-up. However,
none of these precedents rings true.

Rather, the Human Genome Project is
best understood as the 20th century’s ver-
sion of the discovery and consolidation of
the periodic table. In the period from 1869
to 1889, chemists realized that it was possi-
ble to systematically enumerate all atoms
and to arrange them in an array that cap-
tured their similarities and differences. The
building blocks of chemistry were rendered
finite, and the predictability of matter gave
rise to the chemical industry on one hand
and the theory of quantum mechanics on
the other.

The Human Genome Project aims to
produce biology’s periodic table—not 100
elements, but 100,000 genes; not a rec-
tangle reflecting electron valences, but a
tree structure depicting ancestral and
functional affinities among the human
genes. The biological periodic table will
make it possible to define unique “signa-
tures” for each building block. Just as
chemists can recognize atoms by mass and
charge alone, biologists will be able to
build detectors that allow each gene to be
recognized from 20 well-chosen nucleo-
tides or each protein from a distinctive
fragment. Molecular biology has tended to



examine genes individually. It is now time
to gain a global perspective on the cell by
asking genome-wide questions, in many
cases by studying all 100,000 genes and
gene products simultaneously.

With the aim of stimulating ferment, I
propose 10 goals for the next phase of
genomics. The goals focus on infrastructure,
inventories, and technology (rather than
specific biological problems or medical ap-
plications) because scientific planning fares
better at choosing paths than precise desti-
nations. Broad dissemination of the result-
ing tools will clearly spawn myriad individ-
ual projects, with dramatic consequences
for understanding life and curing disease.

DNA

1) Routine re-sequencing of multi-mega-
base regions of human and mouse DNA. The
human genome will need to be sequenced
only once, but it will be re-sequenced thou-
sands of times in order, for example, to
unravel the polygenic factors underlying
human susceptibilities and predispositions.
Geneticists can now trace inheritance pat-
terns to locate chromosomal regions har-
boring genes for common diseases (includ-
ing diabetes, hypertension, and schizophre-
nia), as well as modifier genes in mice that
reveal surprising interactions (including
suppressors of colon cancer or neurode-
generation). However, the resolution is
limited, with regions often exceeding 10
Mb. Rather than assembling the thou-
sands of human families or animal progeny
needed to boost genetic resolution, the
pragmatic solution in a post-genome world
will be to re-sequence the entire region (or
perhaps just coding regions within it) from
the DNA of a few dozen affected and
unaffected individuals to spot the telltale
sign of correlated variation (2). Similarly,
studies of cancer initiation and progres-
sion will involve large-scale re-sequencing
of all known or suspected cancer-related
genes in tumor and normal tissue. Re-
sequencing will also provide the ultimate
tool for genotyping studies.

Fortunately, sequencing is easier the sec-
ond time around. Given a DNA sequence,
one can build detectors to recognize varia-
tions on the theme. For example, Chee et al.
(3) report in this issue the use of massively
parallel DNA arrays to resequence by hy-
bridization the 16 kb of the human mito-
chondrion. If the detector elements could
be shrunk from 40 pm to the 1-wm range
used in semiconductor manufacture, a set of
DNA chips might someday allow re-se-
quencing of hundreds of megabases in a
single hybridization..

2) Systematic identification of all common
variants in human genes. The human popu-

lation has vast genetic diversity, with thou-
sands of alleles at most gene loci. Indeed,
the typical mutation rate of ~107° per
nucleotide implies that every possible single
base change occurs about once per genera-
tion somewhere in the population of ~6 X
10° humans. Yet, human diversity is also
quite limited in that most genes have only a
handful of common variants in their coding
regions, with the vast majority of alleles
being exceedingly rare. The effective num-
ber of alleles (defined as the reciprocal of
the chance that two randomly chosen al-
leles are identical) is rather small, often two
or three (4). This limited diversity reflects
the fact that modern humans are descended
from a relatively small population that un-
derwent exponential explosion in evolu-
tionarily recent time (5).

Tantalizing examples suggest that com-
mon variants may hold the secret to many
disease susceptibilities. The apolipopro-
tein E gene has three major variants (E2,
E3, and E4) that explain a large fraction of
the risk for Alzheimer’s disease, as well as
risk for cardiovascular disease. The
MTHEFR, Factor V, ACE, and CKR-5
genes each have common variants associ-
ated with, respectively, homocysteine lev-
els, risk of thrombosis, heart disease, and
resistance to HIV.

If the genes are the human “elements,”
the common variants are the abundant
“isotopes.” Creating a comprehensive cat-
alog of common variants is a feasible task:
most will be encountered by simply re-
sequencing the coding regions from 100
random individuals (6). (This effort
should be distinguished from the Human
Genome Diversity project, which seeks to
identify rare alleles in far-flung popula-
tions in order to reconstruct human evo-
lution and migration.)

The catalog of common variants will
transform the search for susceptibility genes
through the use of association studies. As-
sociation studies test whether a genetic
variant increases disease risk by comparing
allele frequencies in affecteds and controls
(7). They are logistically simpler to organize
and potentially more powerful than family-
based linkage studies, but they have had the
practical limitation that one can only test a
few guesses rather than being able to sys-
tematically scan the genome. In the post-
genome world, however, it would be possi-
ble to test disease susceptibility against ev-
ery common variant simultaneously (for ex-
ample, by genotyping a well-characterized
clinical population with a comprehensive
DNA array). Notably, testing hundreds of
thousands of alternative hypotheses re-
quires only a modest increase (about eight-
fold) in sample-size (8).

Noncoding regions are also important in
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determining disease risk (as known for the{
insulin gene in juvenile diabetes). Similar

approaches could be used to pinpoint the
role of noncoding variation, either by sys-
tematic collection of variation in regulatory
regions or by use of a dense genetic map to
recognize ancestral chromosomal segments
in the human population (9). Increasingly,
population genetics will become a main-
stream tool for biomedical research.

3) Rapid de novo sequencing from other
organisms. Comparative DNA sequencing
will unlock the record of 3.5 billion years of
evolutionary experimentation. It will not
only reveal the precise branches in the tree
of life, but will elucidate the timing and
character of major evolutionary innovation
[including the frequency of invention of tru-
ly niovel genes and the role of whole-genome
duplication events, as have occurred at least
twice in the vertebrate lineage (10)]. Se-
quence conservation will provide a powerful
way to discern the real functional con-
straints on genes and gene products. Com-
parison of related organisms will directly
reveal regulatory regions and key architec-
tural features of proteins (11). Sequence dif-
ferences hold the key to understanding how
nature generates such diversity of form and
function with such an economy of genes—
producing, for example, elephants, gazelles,
mice, and humans from the same basic
mammalian repertoire of genes. The solu-
tion will require correlations of sequence
variation with temporal and spatial differ-
ences in gene expression across organisms. It
will likely reveal secrets about the fine-tun-
ing of genes and gene networks, with valu-
able lessons for human medicine.

Unleashing the full power of DNA se-
quence comparison will depend on dra-
matic increases in the efficiency of se-
quencing. Sequencing of compact bacteri-
al genomes has recently exploded as costs
have dropped to below 50 cents per fin-
ished base. Labor and reagent costs could,
in fact, be slashed through automation and
miniaturization (as well as the eventual
expiration of a few patents). It should be
possible eventually to reach 1 cent per base
with conventional automation and perhaps
0.1 cent per base with approaches such as a
micro-electromechanical device that incor-
porates a fully integrated sequencing system
on a chip. For the longer term, radical ap-
proaches such as single-molecule detection
deserve attention.

RNA

4) Simultaneous monitoring of the expres-
sion of all genes. The mRNA levels sensi-
tively reflect the state of the cell, perhaps
uniquely defining cell types, stages, and re-
sponses. To decipher the logic of gene reg-
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ulation, we should aim to be able to moni-
tor the expression level of all genes simul-
taneously, with a quantitative sensitivity
level of less than one copy per cell, a qual-
itative sensitivity to distinguish all alterna-
tively spliced forms, and the ability to assay
single cells. Recent technological advances
in DNA microarrays (12) augur well for the
eventual feasibility of this goal.

The deluge of data from whole-genome
expression studies can be exploited in a
variety of ways: (i) Description. At the
simplest level, straightforward catalogs of
the tissue distribution of proteases or G
protein—coupled receptors may suggest roles
for the gene products. (ii) Classification. At
a deeper level, global expression profiles
may reveal previously unrecognized sub-
types among patients, tumors, and drugs—
explaining differences in underlying mech-
anisms, responses to treatment, and side
effects. Classification does not require spe-
cific knowledge of gene function because
expression profiles may serve simply as
markers in mathematical cluster analysis.
(iii) Dissecting circuitry. The greatest chal-
lenge will be to decipher the logical circuit-
ty controlling entire developmental or re-
sponse pathways. The task is perhaps akin to
reverse engineering a microprocessor based
on recordings from each register. Typical
experiments ‘will involve sampling expres-
sion throughout a time course after a stim-
ulus or set of related stimuli. In the end, it
will include ynderstanding the activation
and identifying the target of every transcrip-
tion factor and assembling the components
into a finite list of regulatory modules and
sequential cascades. Whole-genome expres-
sion studies will require new mathematical
tools to analyze the data (13) and visualiza-
tion tools to render them comprehensible.

Spatial localization of gene expression
during development will also hold critical
clues about function. DNA arrays will not
be suitable for such investigations, but high
throughput, in situ hybridization to mouse
embryos should be feasible.

5) Generic tools for manipulating cell cir-
cuitry. To understand biological function, it
is necessary not just to monitor gene expres-
sion, but to disrupt and manipulate it. The
coming era will require an arsenal of generic
reagents and methods for both germline and
transient gene disruption.

For the most tractable genetic systems
(yeast, nematodes, and fruit flies), it will be
feasible to create a menagerie containing a
mutant for every possible gene. These
strains will help elucidate function both
through direct characterization of the null
phenotype and through the identification
of interacting genes by screens for suppres-
sors, enhancers, and synthetic lethals.
These model organisms are likely to reveal
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all basic eukaryotic and metazoan functions.

There will be a similar explosion in
mouse mutagenesis. Homologous recombi-
nation allows disruption of any gene, al-
though a comprehensive program to target
every mouse gene seems prohibitively ex-
pensive ($10 billion, even before the cost of
long-term maintenance). Random mu-
tagenesis with point, deletion, and insertion
mutagens will undergo a revival, as global
tools for DNA and RNA analysis make it
easier to identify mutations and character-
ize their physiological effects. Interspecies
hybrids will also shed light on function,
through natural allelic incompatibilities.

Transgenic studies will require not only
disruption, but the ability to redesign cellu-
lar wiring diagrams. One can envision a
growing handbook of reusable modular
components, much as architects of elec-
tronic circuits use today, that would propel
studies ranging from basic research to ap-
plied gene therapy.

Transient disruption of gene expression
will be more appropriate for the study of
many physiological processes and essential
for the study of human cells. Focused efforts
are needed to improve the efficacy and
availability of research reagents for distupt-
ing mRNAs, including anti-sense oligonu-
cleotides and ribozymes. High throughput
approaches would advance the state of the
art in production and evaluation of such
generic tools.

For many aspects of cellular physiology,
the most important circuitry occurs at the
level not of RNA but of protein. Although
generic manipulation of protein function is
more difficult than for nucleic acid func-
tion, new advances in combinatorial chem-
istry hold the promise of efficient produc-
tion of chemical knockout reagents that
activate and inactivate proteins.

Protein

6) Monitoring the level and modification
state of all proteins. The case for global mon-
itoring of RNA applies with equal force to
proteins, with the added twist that it will be
necessary to follow post-translational mod-
ifications, which play key roles in protein
circuitry. The concept of global protein
monitoring dates back to the use of two-
dimensional (2D) protein gel electrophore-
sis to visualize cellular changes. The ap-
proach is conceptually sound but technically
limited, in being hard to standardize and
automate and capable of detecting only a few
thousand of the most abundant proteins. In-
stead, a future version of the 2D gel might
involve an automated system to take total
cellular protein, partially separate it chro-
matographically, proteolytically cleave each
fraction, analyze it by mass spectrometry, and
SCIENCE e
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recognize the resulting peptides by compar-
ing their signatures to the complete protein
database. Modern mass spectrometers can
provide sufficient information to allow
unique recognition of protein fragments, as
well as detection of secondary modifications
such as phosphorylation and glycosylation.
Alternatively, it may be possible to devise
“chip” detectors for proteins.

1) Systematic catalogs of protein interac-
tions. One approach to reconstructing cellu-
lar machinery and inferring function is to
identify protein interactions, because pro-
teins engaged in a common task (such as a
signalling cascade or a macromolecular com-
plex) often contact one another. Methods
for identifying partners include generic inter-
action traps (such as the yeast-two hybrid
system) and specialized traps (for example, to
find proteins targets of kinases or DNA tar-
gets of zinc finger proteins). Improvements
are needed to ensure that apparent interac-
tions are biologically relevant, by decreasing
nonspecific background and exploiting in-
formation about temporal and spatial local-
ization of proteins.

Once all proteins are known, it should
be possible to assemble comprehensive “in-
teraction maps” of genomes. This has al-
ready been accomplished (14) for bacterio-
phage T7 (which has 55 genes), and it
should be possible to automate the ap-
proach to tackle yeast or even the human
genome. Finally, methods for discerning
pathways on the basis of principles other
than physical interaction should also be
explored.

8) Identification of all basic protein shapes.
Biochemists increasingly believe that it will
be possible to infer most protein structures
by analyzing their amino acid sequences
against a limited compendium of basic
shapes (15). Although it is not yet clear
how rapidly this catalog will approach sat-
uration or whether high throughput, ge-
nome-style techniques could accelerate
progress, the possibility of a comprehensive
approach should be considered.

Society

The societal issues raised by genomics
require much more extensive discussion
than is possible here, but they must not go
unmentioned.

9) Increased attention to ethical, legal and
social issues (ELSI). As genetic readouts in-
crease in power and decrease in cost, the
potential for intrusive applications will sky-
rocket. Future ELSI efforts will require
acute scientific vision to anticipate the
problems and propose safeguards.

10) Public education. Individuals will be
faced with the choice of whether to obtain
global views of their own genomes and the
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need to interpret the information. At
present, the general public has only a rudi-
mentary grasp of genetics and lacks accessi-
ble ways to learn more. Although the cur-
rent ELSI effort includes some educational
projects, a distinct and expanded program
should be launched that is aimed at educa-
tion of school children, the general public,
physicians, and genetic counselors.

Conclusion

The challenge ahead is to turn the peri-
odic table produced by the era of structural
genomics into tools for the coming era of
functional genomics. Initial prototypes sug-
gest that the goals are feasible, although
more elegant and powerful approaches are
surely needed.

It remains to be seen whether the best
model to seize the opportunities ahead is a
second Human Genome Project, a collec-
tion of mini-projects, many investigator-
initiated grants, or all of the above. The
diverse nature of the goals suggests that
multiple efforts will be required rather than
a single monolithic project. Some organiza-
tion will surely be needed: infrastructure is
not built by accident.

Whatever the organizational choice,
three things are clear. The program should
start now, long before the completion of the
human sequence; global approaches can al-
ready be applied to the complete yeast se-
quence and can be implemented piecemeal

as the human sequence becomes available.
The program must include a major commit-
ment to interdisciplinary training of young
scientists. Finally, it must ensure broad dis-
semination of new technologies to every
benchtop.

We live in a time of breathtaking tran-
sitions in the biological sciences. Molecular
genetics has spawned a new revolution ev-
ery decade and has now brought us to the
brink of a global vista on life.

Note added in proof: Statistical aspects of
whole-genome association studies are also
discussed by Risch and Merikangas (16).
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