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New Goals for' the U.S. Human Genome
Project: 1998-2003

Francis S. Collins,* Ari Patrinos, Elke Jordan, Aravinda Chakravarti, Raymond Gesteland, LeRoy Walters,
and the members of the DOE and NIH planning groups

The Human Genome Project has successfully completed all
the major goals in its current 5-year plan, covering the period
1993-98. A new plan, for 1998-2003, is presented, in which
human DNA sequencing will be the major emphasis. An am-
bitious schedule has been set to complete the full sequence
by the end of 2003, 2 years ahead of previous projections. In
the course of completing the sequence, a “working draft” of
the human sequence will be produced by the end of 2001. The
plan also includes goals for sequencing technology develop-
ment; for studying human genome sequence variation; for
developing technology for functional genomics; for complet-
ing the sequence of Caenorhabditis elegans and Drosophila
melanogaster and starting the mouse genome; for studying
the ethical, legal, and social implications of genome research;
for bioinformatics and computational studies; and for training
of genome scientists.

The Human Genome Project (HGP) is fulfilling its promise as the
single most important project in biology and the biomedical scienc-
es—one that will permanently change biology and medicine. With the
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recent completion of the genome sequences of several microorgan-
isms, including Escherichia coli and Saccharomyces cerevisiae, and
the imminent completion of the sequence of the metazoan Caeno-
rhabditis elegans, the door has opened wide on the era of whole
genome science. The ability to analyze entire genomes is accelerating
“gene discovery and revolutionizing the breadth and depth of biolog-
ical questions that can be addressed in model organisms. These
exciting successes confirm the view that acquisition of a comprehen-
sive, high-quality human genome sequence will have unprecedented
impact and long-lasting value for basic biology, biomedical research,
biotechnology, and health care. The transition to sequence-based
biology will spur continued progress in understanding gene-environ-
ment interactions and in development of highly accurate DNA-based
medical diagnostics and therapeutics.

Human DNA sequencing, the flagship endeavor of the HGP, is
entering its decisive phase. It will be the project’s central focus during
the next 5 years. While partial subsets of the DNA sequence, such as
expressed sequence tags (ESTs), have proven enormously valuable,
experience with simpler organisms confirms that there can be no
substitute for the complete genome sequence. In order to move
vigorously toward this goal, the crucial task ahead is building sus-
tainable capacity for producing publicly available DNA sequence. The
full and incisive use of the human sequence, including comparisons to
other vertebrate genomes, will require further increases in sustainable
capacity at high accuracy and lower costs. Thus, a high-priority
commitment to develop and deploy new and improved sequencing
technologies must also be made.

Availability of the human genome sequence presents unique sci-
entific opportunities, chief among them the study of natural genetic
variation in humans. Genetic or DNA sequence variation is the
fundamental raw material for evolution. Importantly, it is also the
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basis for variations in risk among individuals for numerous medically
important, genetically complex human diseases. An understanding of
the relationship between genetic variation and disease risk promises to
change significantly the future prevention and treatment of illness.
The new focus on genetic variation, as well as other applications of
the human genome sequence, raises additional ethical, legal, and
social issues that need to be anticipated, considered, and resolved.

The HGP has made genome research a central underpinning of
biomedical research. It is essential that it continue to play a lead role
in catalyzing large-scale studies of the structure and function of genes,
particularly in functional analysis of the genome as a whole. However,
full implementation of such methods is a much broader challenge and
will ultimately be the responsibility of the entire biomedical research
and funding communities.

Success of the HGP critically depends on bioinformatics and
computational biology as well as training of scientists to be skilled in
the genome sciences. The project must continue a strong commitment
to support of these areas.

As intended, the HGP has become a truly international effort to
understand the structure and function of the human genome. Many
countries are participating according to their specific interests and
capabilities. Coordination is informal and generally effected at the
scientist-to-scientist level. The U.S. component of the project is
sponsored by the National Human Genome Research Institute at the
National Institutes of Health (NIH) and the Office of Biological and
Environmental Research at the Department of Energy (DOE). The
HGP has benefited greatly from the contributions of its international
partners. The private sector has also provided critical assistance.
These collaborations will continue, and many will expand. Both NTH
and DOE welcome participation of all interested parties in the accom-
plishment of the HGP’s ultimate purpose, which is to develop and
make publicly available to the international community the genomic
resources that will expedite research to improve the lives of all people.

The Planning Process

The last 5-year plan for the HGP, published jointly by NIH and DOE
in 1993 (7), covered fiscal years 1994 through 1998. The current plan
is again a joint effort and will guide the project for fiscal years 1999
through 2003.

The goals described below
planning and assessment process that has taken place over the past
year in both agencies. Each agency identified a group of advisors to
oversee its process, and eight workshops were held to address specific
areas of the plan. A large number of scientists and scholars as well as
public representatives participated in these events, including many
who had no historical ties to the HGP. Comments were also sought
from an extensive list of biotechnology and pharmaceutical compa-
nies. A draft of the goals was presented for evaluation at a public
meeting in May 1998. Suggestions and comments from that meeting
were incorporated into the plan. Finally, the new goals were reviewed
and approved by the National Advisory Council for Human Genome
Research at NIH and the Biological and Environmental Research
Advisory Committee at DOE. Summaries of the workshops that
contributed to this plan are available at www.nhgri.nih.gov and
www.ornl.gov/hgSyp

" Specific Goals for 1998-2003

The following sections outline eight major goals for the HGP over the
next 5 years. Table 1 provides an overview of the quantifiable features
of these new goals and compares them to the goals from 1993.
Information on accomplishment of the 1993 goals is also included.
Figure 1 describes the funding the U.S. HGP received to date.

Goal 1—The Human DNA Sequence

Providing a complete, high-quality sequence of human genomic
DNA to the research community as a publicly available resource
continues to be the HGP’s highest priority goal. The enormous
value of the human genome sequence to scientists and the consid-
erable savings in research costs its widespread availability will
allow are compelling arguments for advancing the timetable for
completion. Recent technological developments and experience
with large-scale sequencing provide increasing confidence that it
will be possible to complete an accurate, high-quality sequence of
the human genome by the end of 2003, 2 years sooner than
previously predicted. NIH and DOE expect to contribute 60 to 70%
of this sequence, with the remainder coming from the effort at the
Sanger Centre, funded by the Wellcome Trust, and other interna-
tional partners.

This is a highly ambitious, even audacious goal, given that only

Table 1. A comparison is made of some of the quantitative features of the new goals to the goals developed in 1993, and a snapshot of the worldwide status
of completion of the 1993 goals is provided. Other features of the new goals are described in the text; cM, centimorgan.

Area Goals 1993-98

SPECIAL SECTION
have resulted from a comprehensive

Status as of Oct. 1998

Goals 1998-2003

Genetic map Average 2- to 5-cM resolution

Physical map
DNA sequence

Map 30,000 STSs
Complete 80 Mb for all organisms by 1998

Sequencing technology Evolutionary improvements and innovative

technologies

Human sequence variation ~ Not a goal
Gene identification
Functional analysis
Model organisms

Develop technology

Not a goal

E. coli: complete sequence
Yeast: complete sequence

C. elegans: most of sequence
Drosophila: begin sequencing
Mouse: map 10,000 STSs

1 c¢M map published Sept.
1994

52,000 STSs mapped

180 Mb human plus 111 Mb
nonhuman

90 Mb/year capacity at
~$0.50 per base

Capillary array electrophoresis
validated

Microfabrication feasible

30,000 ESTs mapped

Published Sept. 1997
Released Apr. 1996
80% complete

9% done

12,000 STSs mapped

Completed

Completed

Finish 1/3 of human sequence by end of
2001

Working draft of remainder by end of 2001

Complete human sequence by end of 2003

Integrate and automate to achieve 500
Mb/year at =$0.25 per base

Support innovation

100,000 mapped SNPs

Develop technology

Full-length cDNAs

Develop genomic-scale technologies

Complete Dec. 1998

Sequence by 2002

Develop extensive genomic resources
Lay basis for finishing sequence by 2005
Produce working draft before 2005
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about 6% of the human genome sequence has been completed thus far
(Fig. 2). Sequence completion by the end of 2003 is a major challenge,
but within reach and well worth the risks and effort. Realizing the goal
will require an intense and dedicated effort and a continuation and
expansion of the collaborative spirit of the international sequencing
community. Only sequence of high accuracy and long-range contigu-
ity will allow a full interpretation of all the information encoded in the
human genome. However, in the course of finishing the first human
genome sequence by the end of 2003, a “working draft” covering the
vast majority of the genome can be produced even sooner, within the
next 3 years. Though that sequence will be of lower accuracy and
contiguity, it will nevertheless be very useful, especially for finding
genes, exons, and other features through sequence searches. These
uses will assist many current and future scientific projects and bring
them to fruition much sooner, resulting in significant time and cost
savings. However, because this sequence will have gaps, it will not be
as useful as finished sequence for studying DNA features that span
large regions or require high sequence accuracy over long stretches.

Availability of the human sequence will not end the need for
large-scale sequencing. Full interpretation of that sequence will re-
quire much more sequence information from many other organisms,
as well as information about sequence variation in humans (see also
Goals 3, 4, and 5). Thus, the development of sustainable, long-term
sequencing capacity is a critical objective of the HGP. Achieving the
goals below will require a capacity of at least 500 megabases (Mb) of
finished sequence per year by the end of 2003.

a) Finish the complete human genome sequence by the end of
2003. The year 2003 is the 50th anniversary of the discovery of the
double helix structure of DNA by James Watson and Francis Crick
(2). There could hardly be a more fitting tribute to this momentous
event in biology than the completion of the first human genome
sequence in this anniversary year. The technology to do so is at hand,
although further improvements in efficiency and cost effectiveness
will be needed, and more research is needed on approaches to
sequencing structurally difficult regions (3). Current sequencing ca-
pacity will have to be expanded two- to threefold, but this should be
within the capability of the sequencing community.

Reaching this goal will significantly stress the capabilities of the
publicly funded project and will require continued enthusiastic sup-
port from the Administration and the U.S. Congress. But the value of
the complete, highly accurate, fully assembled sequence of the human
genome is so great that it merits this kind of investment.

b) Finish one-third of the human DNA sequence by the end of
2001. With the anticipated scale-up of sequencing capacity, it should
be possible to expand finished sequence production (Fig. 2) to achieve
completion of 1 Gb of human sequence by the worldwide HGP by the
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Fig. 1. The annual budget for the U.S. Human Genome Project for NIH
and DOE is shown. In fiscal year 1998, NIH devoted 1.25% of its total
budget of $13.6 billion to the HGP.
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end of 2001. As more than half of the genes are predicted to lie in the
gene-rich third of the genome, the finishing effort during the next 3
years should focus on such regions if this can be done without
incurring significant additional costs. A convenient, but not the only,
strategy would be to finish bacterial artificial chromosome (BAC)
clones detected by complementary DNA (cDNA) or EST sequences.

In addition, a rapid peer-review process should be established
immediately for prioritizing specific regions to be finished, based on
the needs of the international scientific community. This process must
be impartial and must minimize disruptions to the large-scale se-
quencing laboratories.

To best meet the needs of the scientific community, the finished
human DNA sequence must be a faithful representation of the ge-
nome, with high base-pair accuracy and long-range contiguity. Spe-
cific quality standards that balance cost and utility have already been
established. One of the most important uses for the human sequence
will be comparison with other human and nonhuman sequences. The
sequence differences identified in such comparisons should, in nearly
all cases, reflect real biological differences rather than errors or
incomplete sequence. Consequently, the current standard for accura-
cy—an error rate of no more than 1 base in 10,000—remains appro-
priate. Although production of contiguous sequence without gaps is
the goal, any irreducible gaps must be annotated as to size and
position. In order to assure that long-range contiguity of the sequence
will be achievable, several contigs of 20 Mb or more should be
generated by the end of 2001. These quality standards should be
reexamined periodically; as experience in using sequence data is
gained, the appropriate standards for sequence quality may change.

¢) Achieve coverage of at least 90% of the genome in a working
draft based on mapped clones by the end of 2001. The current public
sequencing strategy is based on mapped clones and occurs in two
phases. The first, or “shotgun” phase, involves random determination
of most of the sequence from a mapped clone of interest. Methods for
doing this are now highly automated and efficient. Mapped shotgun
data are assembled into a product (“working draft” sequence) that
covers most of the region of interest but may still contain gaps and
ambiguities. In the second, finishing phase, the gaps are filled and
discrepancies resolved. At present, the finishing phase is more labor
intensive than the shotgun phase. Already, partially finished, working-

“draft sequence is accumulating in public databases at about twice the
rate of finished sequence.

Based on recent experience, the rate of production of working draft
sequence can be further increased. By continuing to scale up the
production of finished sequence at a realistic rate and further scaling
up the production of working draft sequence, the combined total of
working draft plus finished sequence will cover at least 90% of the
genome at an accuracy of at least 99% by the end of 2001. Some areas

200 —

-
(o))
[}

100

(millions of base pairs)

Finished sequence in GenBank
(o))
o

Jan. 97

Jan. 95 Jan. 96 Jan. 98

Fig. 2. Worldwide human genome sequencing progress is shown (mea-
sured as base pairs of finished sequence deposited with GenBank).
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of the genome are likely to be difficult to clone or not amenable to
automated assembly because of highly repetitive sequence; thus,
coverage is expected to fall short of 100% at this stage. If increased
resources are available or technology improves, or both, greater than
90% coverage may be possible. :

The individual sequence reads used to generate the working draft
will be held to the same high-quality standards as those used for the
finished genome sequence. Assembly of the working draft should not
create loss of efficiency or increases in overall cost.

Recently, two private ventures announced initiatives to sequence a
major fraction of the human genome, using strategies that differ
fundamentally from the publicly funded approach. One of these
ventures is based upon a whole genome shotgun strategy, which may
present significant assembly problems (4). The stated intention of this
venture to release data on a quarterly basis creates the possibility of
synergy with the public effort. If this privately funded data set and the
public one can be merged, the combined depth of coverage of the
working draft sequence will be greater, and the mapping information
provided by the public data set will provide critically needed anchor-
ing to the private data. The NIH and DOE welcome such initiatives
and look forward to cooperating with all parties that can contribute to
more rapid public availability of the human genome sequence.

d) Make the sequence totally and freely accessible. The HGP was
initiated because its proponents believed the human sequence is such
a precious scientific resource that it must be made totally and publicly
available to all who want to use it. Only the wide availability of this
unique resource will maximally stimulate the research that will even-
tually improve human health. Public funding of the HGP is predicated
on the belief that public availability of the human sequence at the
earliest possible time will lead to the greatest public good. Therefore,
NIH and DOE continue to strongly endorse the policy for human
sequence data release adopted by the international sequencing com-
munity in February 1996 (5), and confirmed and expanded to include
genomic sequence of all organisms in 1998 (6). This policy states that
sequence assemblies 1 to 2 kb in size should be released into public
databases within 24 hours of generation and that finished sequence
should be released on a similarly rapid time scale.

Goal 2—Sequencing Technology

DNA sequencing technology has improved dramatically since the
genome project began. The amount of sequence produced each year is
increasing steadily; individual centers are now producing tens of
millions of base pairs of sequence annually (Fig. 2). In the future, de
novo sequencing of additional genomes, comparative sequencing of
closely related genomes, and sequencing to assess variation within
genomes will become increasingly indispensable tools for biological
and medical research. Much more efficient sequencing technology
will be needed than is currently available. The incremental improve-
ments made to date have not yet resulted in any fundamental paradigm
shifts. Nevertheless, the current state-of-the-art technology can still be
significantly improved, and resources should be invested to accom-
plish this. Beyond that, research must be supported on new technol-
ogies that will make even higher throughput DNA sequencing effi-
cient, accurate, and cost-effective, thus providing the foundation for
other advanced genomic analysis tools. Progress must be achieved in
three areas:

a) Continue to increase the throughput and reduce the cost of
current sequencing technology. Increased automation, miniaturiza-
tion, and integration of the approaches currently in use, together with
incremental, evolutionary improvements in all steps of the sequencing
process, are needed to yield further increases in throughput (to at least
500 Mb of finished sequence per year by 2003) and reductions in cost.
At least a twofold cost reduction from current levels (which average
$0.50 per base for finished sequence in large-scale centers) should be
achieved in the next 5 years. Production of the working draft of the
human sequence will cost considerably less per base pair.

www.sciencemag.org SCIENCE

b) Support research on novel technologies that can lead to signif-
icant improvements in sequencing technology. New conceptual ap-
proaches to DNA sequencing must be supported to attain substantial
improvements over the current sequencing paradigm. For example,
microelectromechanical systems (MEMS) may allow significant re-
duction of reagent use, increase in assay speed, and true integration of
sequencing functions. Rapid mass spectrometric analysis methods are
achieving impressive results in DNA fragment identification and offer
the potential for very rapid DNA sequencing. Other more revolution-
ary approaches, such as single-molecule sequencing methods, must be
explored as well. Significant investment in interdisciplinary research
in instrumentation, combining chemistry, physics, biology, computer
science, and engineering, will be required to meet this goal. Funding
of far-sighted projects that may require 5 to 10 years to reach fruition
will be essential. Ultimately, technologies that could, for example,
sequence one vertebrate genome per year at affordable cost are highly
desirable.

¢) Develop effective methods for the advanced development and
introduction of new sequencing technologies into the sequencing
process. As the scale of sequencing increases, the introduction of
improvements into the production stream becomes more challenging
and costly. New technology must therefore be robust and be carefully
evaluated and validated in a high-throughput environment before its
implementation in a production setting. A strong commitment from
both the technology developers and the technology users is essential
in this process. It must be recognized that the advanced development
process will often require significantly more funds than proof-of-
principle studies. Targeted funding allocations and dedicated review
mechanisms are needed for advanced technology development.

Goal 3—Human Genome Sequence Variation

Natural sequence variation is a fundamental property of all ge-
nomes. Any two haploid human genomes show multiple sites and
types of polymorphism. Some of these have functional implications,
whereas many probably do not. The most common polymorphisms in
the human genome are single base-pair differences, also called single-
nucleotide polymorphisms (SNPs). When two haploid genomes are
compared, SNPs occur every kilobase, on average. Other kinds of
sequence variation, such as copy number changes, insertions, dele-
tions, duplications, and rearrangements also exist, but at low frequen-
cy and their distribution is poorly understood. Basic information about
the types, frequencies, and distribution of polymorphisms in the
human genome and in human populations is critical for progress in
human genetics. Better high-throughput methods for using such in-
formation in the study of human disease is also needed.

SNPs are abundant, stable, widely distributed across the genome,
and lend themselves to automated analysis on a very large scale, for
example, with DNA array technologies. Because of these properties,
SNPs will be a boon for mapping complex traits such as cancer,
diabetes, and mental illness. Dense maps of SNPs will make possible
genome-wide association studies, which are a powerful method for
identifying genes that make a small contribution to disease risk. In
some instances, such maps will also permit prediction of individual
differences in drug response. Publicly available maps of large num-
bers of SNPs distributed across the whole genome, together with
technology for rapid, large-scale identification and scoring of SNPs,
must be developed to facilitate this research. The early availability of
a working draft of the human genome should greatly facilitate the
creation of dense SNP maps (see Goal 1).

a) Develop technologies for rapid, large-scale identification or
scoring, or both, of SNPs and other DNA sequence variants. The
study of sequence variation requires efficient technologies that can be
used on a large scale and that can accomplish one or more of the
following tasks: rapid identification of many thousands of new SNPs
in large numbers of samples; and rapid and efficient scoring of large
numbers of samples for the presence or absence of already known
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SNPs. Although the immediate emphasis is on SNPs, ultimately
technologies that can be applied to polymorphisms of any type must
be developed. Technologies are also needed that can rapidly compare,
by large-scale identification of similarities and differences, the DNA
of a species that is closely related to one whose DNA has already been
sequenced. The technologies that are developed should be cost-
effective and broadly accessible.

b) Identify common variants in the coding regions of the majority
of identified genes during this 5-vear period. Initially, association
studies involving complex diseases will likely test a large series of
candidate genes; eventually, sequences in all genes may be system-
atically tested. SNPs in coding sequences (also known as cSNPs) and
the associated regulatory regions will be immediately useful as spe-
cific markers for disease. An effort should be made to identify such
SNPs as soon as possible. Ultimately, a catalog of all common
variants in all genes will be desirable. This should be cross-referenced
with cDNA sequence data (see Goal 4).

¢) Create an SNP map of at least 100,000 markers. A publicly
available SNP map of sufficient density and informativeness to allow
effective mapping in any population is the ultimate goal. A map of
100,000 SNPs (one SNP per 30,000 nucleotides) is likely to be
sufficient for studies in some relatively homogeneous populations,
while denser maps may be required for studies in large, heterogeneous
populations. Thus, during this 5-year period, a map of at least 100,000
SNPs should be created. If technological advances permit, a map of
greater density is desirable. Research should be initiated to estimate
the number of SNPs needed in different populations.

d) Develop the intellectual foundations for studies of sequence
variation. The methods and concepts developed for the study of
single-gene disorders are not sufficient for the study of complex,
multigene traits. The study of the relationship between human DNA
sequence variation, phenotypic variation, and complex diseases de-
pends critically on better methods. Effective research design and
analysis of linkage, linkage disequilibrium, and association data are
areas that need new insights. Questions such as which study designs
are appropriate to which specific populations, and with which popu-
lation genetics characteristics, must be answered. Appropriate statis-
tical and computational tools and rigorous criteria for establishing and
confirming associations must also be developed.

e) Create public resources of DNA samples and cell lines. To
facilitate SNP discovery it is critical that common public resources of
DNA samples and cell lines be made available as rapidly as possible.
To maximize discovery of common variants in all human populations,
a resource is needed that includes individuals whose ancestors derive
from diverse geographic areas. It should encompass as much of the
diversity found in the U.S. population as possible. Samples in this
initial public repository should be totally anonymous to avoid con-
cerns that arise with linked or identifiable samples.

DNA samples linked to phenotypic data and identified as to théir
geographic and other origins will be needed to allow studies of the
frequency and distribution of DNA polymorphisms in specific popu-
lations and their relevance to disease. However, such collections raise
many ethical, legal, and social concerns that must be addressed.
Credible scientific strategies must be developed before creating these
resources. (see Goal 6)

Goal 4—Technology for Functional Genomics

The HGP is revolutionizing the way biology and medicine will be
explored in the next century and beyond. The availability of -entire
genome sequences is enabling a new approach to biology often called
functional genomics—the interpretation of the function of DNA se-
quence on a genomic scale. Already, the availability of the sequence
of entire organisms has demonstrated that many genes and other
functional elements of the genome are discovered only when the full
DNA sequence is known. Such discoveries will accelerate as sequence
data accumulate. However, knowing the structure of a gene or other
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element is only part of the answer. The next step is to elucidate
function, which results from the interaction of genomes with their
environment. Current methods for studying DNA function on a
genomic scale include comparison and analysis of sequence patterns
directly to infer function, large-scale analysis of the messenger RNA
and protein products of genes, and various approaches to gene dis-
ruption. In the future, a host of novel strategies will be needed for -
elucidating genomic function. This will be a challenge for all of
biology. The HGP should contribute to this area by emphasizing the
development of technology that can be used on a large scale, is
efficient, and is capable of generating complete data for the genome
as a whole. To the extent that available resources allow, expansion of
current approaches as well as innovative technology ideas should be
supported in the areas described below. Large-scale characterization
of the gene transcripts and their protein products underpins functional
analysis. Therefore, identifying and sequencing a set of full-length
cDNAs that represent all human genes must be a high priority.

a) Develop ¢cDNA resources. Complete sets of full-length cDNA
clones and sequences for both humans and model organisms would be
enormously useful for biologists and are urgently needed. Such
resources would help in both gene discovery and functional analysis.
Unfortunately, neither cloning full-length cDNAs nor identifying rare
transcripts is yet a routine task. High priority should therefore be
placed on developing technology for obtaining full-length cDNAs and
for finding rare transcripts. Complete and validated inventories of
full-length ¢cDNA clones and corresponding sequences should be
generated and made available to the community once such technology
is at hand.

b) Support research on methods for studying fimctions of non—
protein-coding sequences. In addition to the DNA sequences speci-
fying protein structure, there are numerous sequences responsible for
other functions, such as control of gene expression, RNA splicing,
formation of chromatin domains, maintenance of chromosome struc-
ture, recombination, and replication. Other sequences specify the
numerous functional untranslated RNAs. Improved technologies are
needed for global approaches to the study of non—protein-coding
sequences, including production of relevant libraries, comparative
sequencing, and computational analysis.

¢) Develop technology for comprehensive analysis of gene expres-
sion. Information about the spatial and temporal patterns of gene
expression in both humans and model organisms offers- one key to
understanding gene expression. Efficient and cost-effective technolo-
gy needs to be developed to measure various parameters of gene
expression reliably and reproducibly. Complementary DNA sequenc-
es and validated sets of clones with unique identifiers will be needed
for array technologies, large-scale in situ hybridization, and other
strategies for measuring gene expression. Improved methods for
quantifying, representing, analyzing, and archiving expression data
should also be developed.

d) Improve methods for genome-wide mutagenesis. Creating mu-
tations that cause loss or alteration of function is another prime
approach to studying gene function. Technologies, both gene- and
phenotype-based, which can be used on a large scale in vivo or in
vitro, are needed for generating or finding such mutations in all genes.
Such technologies should be piloted in appropriate model systems,
including both cell culture and whole organisms.

e) Develop technology for global protein analysis. A full under-
standing of genome function requires an understanding of protein
function on a genome-wide basis. Development of experimental and
computational methods to study global spatial and temporal patterns
of protein expression, protein-ligand interactions, and protein modi-
fication needs to be supported.

Goal 5—Comparative Genomics

Because all organisms are related through a common evolutionary
tree, the study of one organism can provide valuable information
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about others. Much of the power of molecular genetics arises from the
ability to isolate and understand genes from one species based on
knowledge about related genes in another species. Comparisons be-
tween genomes that are distantly related provide insight into the

universality of biologic mechanisms and identify experimental models -

for studying complex processes. Comparisons between genomes that
are closely related provide unique insights into the details of gene
structure and function. In order to understand the human genome
fully, genomic analysis on a variety of model organisms closely and
distantly related to each other must be supported.

Genome sequencing of £. coli and S. cerevisiae, two of the five
model organisms targeted in the first 5-year plan, has been completed.
Availability of these sequences has led to the discovery of many new
genes and other functional elements of the genome. It has allowed
biologists to move from identifying genes to systematic studies to
understand their function. Completion of the DNA sequence of the
remaining model organisms, C. elegans, D. melanogaster, and mouse,
~ continues to be a high priority and should proceed as rapidly as
available resources allow. Additional model organisms will need to be
analyzed to allow the full benefits of comparative genomics to be
realized. This ongoing need is a major rationale for building sustain-
able sequencing capacity (see Goals 1 and 2).

a) Complete the sequence of the C. elegans genome in 1998. The
DNA sequence of the C. elegans genome is well on the way to
completion, with a target date of December 1998. Some difficult-to-
close regions may remain at the end of this year and should become
the subject of research projects aimed at closing them. The lessons
learned from this project will be crucial in devising strategies for
larger genomes.

b) Complete the sequence of the Drosophila genome by 2002. The
wealth of information accumulated about Drosophila over many
decades makes it a critically important genetic model. Its DNA
sequence is eagerly awaited by all biologists. A significant increase in
investment in Drosophila sequencing capacity will be needed to
achieve this goal, and the benefits of early completion to comparative
biology will be tremendous. Anticipated contributions from the pri-
vate sector may enable the completion of this goal even earlier than
2002.

¢) The mouse genome. The mouse is currently the best mammalian
model for studies of a broad array of biomedical research questions.
The complete mouse genome sequence will be a crucial tool for
interpreting the human genome sequence, because it will highlight
functional features that are conserved, including noncoding regulatory
sequences as well as coding sequences. Comparisons between mouse
and human genomes will also identify functionally important differ-
ences that distinguish mouse from human. Therefore, this is the time
to invest in a variety of mouse genomic resources, culminating
eventually in full-genome sequencing, to allow development of
whole-genome approaches in a mammalian system. ;

1) Develop physical and genetic mapping resources. The integrat-
ed mouse yeast artificial chromosome (YAC)/STS map that has been
developed provides a useful framework for the more detailed mapping
resources now needed for positional cloning and sequencing projects.
These resources should include mapped STSs, polymorphic markers,
cDNA sequences, and BACs. The usefulness of SNPs as polymorphic
markers in the mouse should also be explored in the near term.

2) Develop additional cDNA resources. More cDNA libraries and
cDNA sequences are needed. These should derive from a variety of
tissues and developmental stages and have good representation of rare
transcripts. The mouse offers an opportunity to capture cDNA se-
quences from developmental stages, anatomical sites, and physiolog-
ical states that are under-represented in human cDNA collections, and
these should receive particular attention. Full-length cDNAs should be
developed and sequenced once the technology for doing this efficient-
ly becomes available (see also Goal 4).
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3) Complete the sequence of the mouse genome by 2005. Mouse
genomic sequence is an essential resource for interpreting human
DNA sequence. For this reason, the centers sequencing human DNA
are encouraged to devote up to 10% of their capacity to sequencing
mouse DNA. Additional capacity for mouse DNA sequencing should
be built up over the next few years with a goal of finishing the mouse
sequence by 2005. Initially, a working draft of the mouse genome
should be produced even sooner (see Goal 1 for a discussion of a
working draft of the human genome sequence).

d) Identify other model organisms that can make major contribu-
tions to the understanding of the human genome and support appro--
priate genomic studies. As DNA sequencing capacity becomes avail-
able, new model organisms that can contribute to understanding
human biology should be identified for genomic sequencing. Even if
such capacity is not available during this 5-year period, development
of other useful genomic resources should be considered. The scientific
community will need to establish criteria for choosing those models
that can make the greatest contribution. Characteristics such as phy-
logenetic distance from other models, genome size, transfection ca-
pability, ability to mutagenize, and availability of experimental ma-
terial should all be considered. Because different characteristics will
be useful for different purposes, organisms that are phylogenetically
distant from each other and those that are close should be studied.

Goal 6—Ethical, Legal, and Social Implications (ELSI)

While recognizing that genetics is not the only factor affecting
human well-being, the NTH and DOE are acutely aware that advances
in the understanding of human genetics and genomics will have
important implications for individuals and society. Examination of the
ethical, legal, and social implications of genome research is, therefore,
an integral and essential component of the HGP. In a unique partner-
ship, biological and social scientists, health care professionals, histo-
rians, legal scholars, and others are committed to exploration of these
issues as the project proceeds. The ELSI program has generated a
substantial body of scholarship in the areas of privacy and fair use of
genetic information, safe and effective integration of genetic infor-
mation into clinical settings, ethical issues surrounding genetics re-

HGP
discoveries

Nonclinical
integration

Clinical

Worldview . .
integration

Racial, ethnic, and socioeconomic issues

Fig. 3. The pyramid depicts the Ethical, Legal, and Social Implications
(ELSI) Research Program goals for 1998-2003. The first goal, at the top
of the pyramid, deals with the issues around the completion of the first
human DNA sequence and the study of human genetic variation, making
concrete the vision that advances in genome science will be an important
factor contributing to the ELSI research agenda. The second and third
goals focus on the integration of the information generated by these new
discoveries into clinical, nonclinical, and research settings. The fourth
goal examines the interaction of this information with philosophical,
theological, and ethical perspectives. Finally, providing the foundation for
all of these explorations is the fifth goal, examining how the understand-
ing and use of genetic information are affected by socioeconomic factors
and concepts of race and ethnicity.
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search, and professional and public education. The results of this
research are already being used to guide the conduct of genetic
research and the development of related health professional and public
policies. The ELSI program has also stimulated the examination of
similar issues in other areas of the biological and medical sciences.

Continued success of the ELSI program will require attention to
the new challenges presented by the rapid advances in genetics and its
applications. As the genome project draws closer to completing the
first human genome sequence and begins to explore human sequence
variation on a large scale, it will be critical for biomedical scientists,
ELSI researchers, and educators to focus attention on the ethical,
legal, and social implications of these developments for individuals,
families, and communities. The new goals for ELSI research and
education can be visualized as a pyramid of interrelated issues and
activities (Fig. 3). Given the complexity of the issues encompassed by
the ELSI goals, only a summary of the major areas is presented here.
To illustrate more fully the breadth and range of the issues that will be
addressed, a Web site has been created that provides examples of the
types of research questions and education activities envisioned within
each goal (www.nhgri.nih.gov/98plan/elsi/).

The major ELSI goals for the next 5 years are:

a) Examine the issues surrounding the completion of the human
DNA sequence and the study of human genetic variation.

b) Examine issues raised by the integration of genetic technologies
and information into health care and public health activities.

¢) Examine issues raised by the integration of knowledge about
genomics and gene-environment interactions into nonclinical settings.

d) Explore ways in which new genetic knowledge may interact
with a variety of philosophical, theological, and ethical perspec-
tives. : ’

e) Explore how socioeconomic factors and concepts of race and
ethnicity influence the use, understanding, and interpretation of ge-
netic information, the utilization of genetic services, and the develop-
ment of policy.

Goal 7—Bioinformatics and Computational Biology

Bioinformatics support is essential to the implementation of ge-
nome projects and for public access to their output. Bioinformatics
needs for the genome project fall into two broad areas: (i) databases
and (ii) development of analytical tools. Collection, analysis, annota-
tion, and storage of the ever increasing amounts of mapping, sequenc-
ing, and expression data in publicly accessible, user-friendly databas-
es is critical to the project’s success. In addition, the community needs
computational methods that will allow scientists to extract, view,
annotate, and analyze genomic information efficiently. Thus, the
genome project must continue to invest substantially in these areas.
Conservation of resources through development of portable software
should be encouraged.

a) Improve content and utility of databases. Databases are the
ultimate repository of HGP data. As new kinds of data are generated
and new biological relationships discovered, databases must provide
for continuous and rapid expansion and adaptation to the evolving
needs of the scientific community. To encourage broad use, databases
should be responsive to a diverse range of users with respect to data
display, data deposition, data access, and data analysis. Databases
should be structured to allow the queries of greatest interest to the
community to be answered in a seamless way. Communication among
databases must be improved. Achieving this will require standardiza-
tion of nomenclature. A database of human genomic information,
analogous to the model organism databases and including links to
many types of phenotypic information, is needed.

b) Develop better tools for data generation, capture, and annota-
tion. Large-scale, high-throughput genomics centers need readily
available, transportable informatics tools for commonly performed
tasks such as sample tracking, process management, map generation,
sequence finishing, and primary annotation of data. Smaller users
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urgently need reliable tools to meet their sequencing and sequence
analysis needs. Readily accessible information about the availability
and utility of various tools should be provided, as well as training in
the use of tools.

¢) Develop and improve tools and databases for comprehensive
functional studies. Massive amounts of data on gene expression and
function will be generated in the near future. Databases that can
organize and display this data in useful ways need to be developed.
New statistical and mathematical methods are needed for analysis and
comparison of expression and function data, in a variety of cells and

“tissues, at various times and under different conditions. Also needed
are tools for modeling complex networks and interactions.

d) Develop and improve tools for representing and analyzing
sequence similarity and variation. The study of sequence similarity
and variation within and among species will become an increasingly
important approach to biological problems. There will be many forms
of sequence variation, of which SNPs will be only one type. Tools
need to be created for capturing, displaying, and analyzing informa-
tion about sequence variation.

e) Create mechanisms to support effective approaches for produc-
ing robust, exportable software that can be widely shared. Many
useful software products are being developed in both academia and
industry that could be of great benefit to the community. However,
these tools generally are not robust enough to make them easily
exportable to another laboratory. Mechanisms are needed for support-
ing the validation and development of such tools into products that
can be readily shared and for providing training in the use of these
products. Participation by the private sector is strongly encouraged.

Goal 8—Training

The HGP has created the need for new kinds of scientific
specialists who can be creative at the interface of biology and other
disciplines, such as computer science, engineering, mathematics,
physics, chemistry, and the social sciences. As the popularity of
genomic research increases, the demand for these specialists great-
ly exceeds the supply. In the past, the genome project has benefited
immensely from the talents of nonbiological scientists, and their
participation in the future is likely to be even more crucial. There
is an urgent need to train more scientists in interdisciplinary areas
that can contribute to genomics. Programs must be developed that
will encourage training of both biological and nonbiological sci-
entists for careers in genomics. Especially critical is the shortage of
individuals trained in bioinformatics. Also needed are scientists
trained in the management skills required to lead large data-
production efforts. Another urgent need is for scholars who are
trained to undertake studies on the societal impact of genetic
discoveries. Such scholars should be knowledgeable in both ge-
nome-related sciences and in the social sciences. Ultimately, a
stable academic environment for genomic science must be created
so that innovative research can be nurtured and training of new
individuals can be assured. The latter is the responsibility of the
academic sector, but funding agencies can encourage it through
their grants programs.

a) Nurture the training of scientists skilled in genomics research.
A number of approaches to training for genomics research should be
explored. These include providing fellowship and career awards and
encouraging the development of institutional training programs and
curricula. Training that will facilitate collaboration among scientists
from different disciplines, as well as courses that introduce scientists
to new technologies or approaches, should also be included.

b) Encourage the establishment of academic career paths for
genomic scientists. Ultimately, a strong academic presence for
genomic science is needed to generate the training environment that
will encourage individuals to enter the field. Currently, the high
demand for genome scientists in industry threatens the retention of
genome scientists in academia. Attractive incentives must be devel-
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oped to maintain the critical mass essential for sponsoring the training
of the next generation of genome scientists.

¢) Increase the number of scholars who are knowledgeable in both
genomic and genetic sciences and in ethics, law, or the social
sciences. As the pace of genetic discoveries increases, the need for
individuals who have the necessary training to study the social impact
of these discoveries also increases. The ELSI program should expand
its efforts to provide postdoctoral and senior fellowship opportunities
for cross-training. Such opportunities should be provided both to
scientists and health professionals who wish to obtain training in the
social sciences and humanities and to scholars trained in law, the
social sciences, or the humanities who wish to obtain training in
genomic or genetic sciences.
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