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A New Five-Year Plan for the U.S.
Human Genome Project

Francis Collins and David Galas*

physical maps; (iii) the definition of the se-
quence tagged site (STS) (5) as a common
unit of physical mapping; and (iv) im
proved technology and automation for
DNA sequencing. Further substantial im-
provements in technology are needed in all

The U.S. Human Genome Project i
of an intenational effort to develos
netic and physical maps and determing
DNA sequence of the human genom
the genomes of several model organ)
Thanks to advances in technology 2
tightly focused effort, the project i
track with respect to s initial 5-year

ause 3 years have elapsed since

ls were set, and because a much
sophisticated and detailed understandi
what needs to be done and how to dq
now available, the goals have been rel
and extended 1o cover the first 8
(through Sepember 1998) of the 19
genome initiative.

In 1990, the Human Genome progy
of the National Institutes of Health (
and the Department of Energy (DOE]
veloped a joint research plan with sp)
goals for the first 5 years [fiscal year
1991-95] of the US. Human Ge
Project (1). It has served as a val
guide for both the research community
the agencies' administrative staff in d
oping and executing the genome p
and assessing its progress for the pl
years. Great strides have been made 1
the achievement of the initial set of
particularly with respect to constructin
tailed human genetic maps, impr
physical maps of the human genomd
the genomes of certain model orgary
developing improved technology for
sequencing and information handling]
defining the most urgent set of ethic
gal, and social issues associated with t
quisition and use of large amounts
netic information,

Progress toward achieving the first
goals for the genome project appears
on schedule
ahead of schedule. Furthermore, te
logical improvements that could not
been anticipated in 1990 have in son]
cas changed the scope of the project a
lowed more ambitious approaches. B
this year, it was therefore decided to uf
and extend the initial goals to addre
scope of genome research  beyond
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New Goal

Francis S. Collins,* Ari Patri]
ar

The Human Genome Project has su
the major goals in its current 5-year pl
1993-98. A new plan, for 1998-2003)
human DNA sequencing will be the
bitious schedule has been set to com
by the end of 2003, 2years ahead of
the course of completing the sequen
the human sequence will be produced
plan also includes goals for sequencir
ment; for studying human genome
developing technology for functional
ing the sequence of Caenorhabditis
melanogaster and starting the mous
the ethical, legal, and social implicatic
for bioinformatics and computational
of genome scientists.

The Human Genome Project (HGP) is f
single most important project in biology
es—cne that will permanently change biol

F.S. Coll d E Jordan are with the National Hi
Naticral Institutes of Health, Bethesda, MD 20892,
of Biclogycal and Ewrcomental Rezerch, Departr
20585, USA. A, Chakravarti is with the Department ¢
Geretics, Caze Western Reserve University and
Cleveland, OH 44106, LSA. R Gesteland is ot the
University of Utah, Soit Lake City, UT 84112, USa|
Institute of Ethics, Georgetown University, Washire]
*To whom comespandence should be addreszed:

For nformaton, conact ety vew et byl

2. b schmice e ol sciance 270, 420 (1935]: E. A, Zi chgo o of
hmide, K. Love, ). West, Z. Lenshan, C.

25 5 Sutoec ol DNA R4
Chang, 5.F. Kwok, 4. B, Eleocksr, E M. Meyerowitz, Scbnce 262, 535 (1933): G E
Scholhr and A, B seectar, i 270, 1003 (195}

1993-1998
1998-2003

22. 5 Chai, R. & Creslman, J €. Mulat, R A, Wing, Fane Mol, 8L, 597, 13, 124 (1955):

8,763 (199"

Dean, plant /. 11, 563 (15
391, 485 (1338).
215 (1937).

A vision for the future of

genomicsre

Francis S. Collins, Eric D. Green
Alan E. Guttmacher and Mark S.
Guyer on behalf of the US National
Human Genome F arch Institute:

The completion of a high-quality,
comprehensive sequence of the
human genome, in this fiftieth
anniversary year of the discovery of the
double-helical structure of DNA, is
landmark event. The genomic era is
nowareality.

In contemplating a vision for the
futureof genomics research, itisappropri-
ate to consider the remarkable path that
has brought us here. The rollfold
(Figure 1) shows a timeline of land-
mark accomplishments in genetics
and genomics, beginning with Gregor
Mendel’s discovery of the laws of heredity'
and their rediscovery in the early days of the

ventiethcentury. Recognitionof DNA asthe
hereditary material’, determination of its
structure’, elucidation of the genetic code’,
development of recombinant DNA tech-
nologies*,and establishment of inc reasing
automatable methods for DNA  seque
cing” " set the stage for the Human Genome
Project (HGP) to begin in 1990 (see also
nature.com/nature/ DN: Thanks.
to the vision of the original planners, and
the creativity and determination of a legion
of talented scientists who decided to make
this project their overarching focus, all of
the initial objectives of the HGP have now
been achieved at least two years ahead of
expectation, and a revolution in biological
research has begun.

The project’s new research strategies and
experimental technologies have generated a
steady stream of ever-larger and more com-
plex genomic data sets that have poured into
public databases and have transformed the
study of virtually all life processes. The
genomic approach of technology develop-
ment and large-scale generation nl commu-
nity resource data sets has introduced an
importantnew dimension into biological and
biomedical research. Interwoven advances
in genetics, comparative genomics, high-
throughput biochemistry andbioinformatics
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are providing bi

markedly improved repertoire of research
tools that willallc

isms in health and disease to be .m.\l;\ui and
comprehended at an unprecedented level of
molecular detail. Genome sequences, the
bounded sets of information that guide bio-
logical development and function, lie at the
heart of this revolution. In short, genomics
has become a central and cohesive discipline
ofbiomedical research.

‘The practical consequences of the emer-
gence of this new field are widely apparent
Identification of the genes responsible for
human dely soncea herculean

i, Coname gez. 6, 19
)

in a few weeks by a single graduate student
with access to DNA samples and associated
phenotypes, an Internet connection to the
public genome databases, a thermal cyeler
and a DNA-sequencing machine. With the

recent publication of a draft sequence of

] the mouse genome'’, identification of

the mutations underlying a vast number
of interesting mouse |\I|cnnl ypes hassimi-
larly been greatly simplified. Comparison
of the human and mouse sequences
shows that the proportion of the
mammalian genome under evolu-

tionary selection is more than twice that
previouslyassumed

Ourability to explore genome function is
increasing in specificity as each subsequent

genome s sequenced. Microarra
technologies have catapulted many
laboratoriesfrom studyingthe expres-
sion of one or two genes in a month
to studying the expression of tens of
thousands of genes inasin
noon”. Clinical - opportunities
for gene-based pre-symptomatic
prediction of illness and adverse
drug response are emerging at a
rapid pace, and the therapeutic
enomics has ushered
inan exciting phase of expansion
and exploration in the commercial
sector”, The investment of the HGP in
studying the ethical, legal and social
implications of these scientific advances
has created a talented cohort of scholars in
ethics, law, social science, clinical research,
theology and public policy, and has already
resulted in substantial increases in public
awarenessand the intraduction of significant
(but still incomplete) protections aguinst
misuses such as genetic discrimination (see
www.genome.gov/PolicyEthics).

“These accomplishments fulfil the expan-
sive vision articulated in the 1988 report of
the National Research Council, Mapping and
Sequencing the Human Genome". The suc-
cessful completion of the HGP this year thus
represents an opportunity to look forward
and offer a blueprint for the future of
genomicsresearch over the next several years.

The vision presented here addresses a
different world from that reflected in earlier

task requiring lrge research teams, many
years of hard work, and an uncertain out-
come, can now be routinely accomplished

@ 2002 Nature Publishing Group

pl blished in 1990, 1993 and 1998 (refs
15-17). Those documents addressed the
goals of the 1988 report, defining detailed
paths towards the development of genome-
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NHGRI Long-Range Planning

Budget and Financial Information  » The National Human Genome Research Institute {(NHGRI) has started its next long-
range planning process. The Institute wants to conduct a wide-ranging assessment of
the state of the art in genomics and where the field should be going in the next several » long-range planning
Director's Page years. This will help NHGRI and others plan their research investments to further the » white papers

Initiatives and Resources For contributions of genomics to improvements in human health and other areas of society. » topics for further
Minority and Special Populations exploration
The NHGRI's planning process will involve a wide range of activities through which the » workshops

research and medical communities, and the public, can provide their opinions and advice

NHGRI Long-Range Planning to the Institute. These activities will include on-line opportunities, workshops, and other

Organizational Structure forums yet to be decided, and will take place through 2010. The final such activity will be a large meeting to review a
final draft.

Keywords: what's this? @
Contact NHGRI 4

Institute Advisors

Reports and Publications

To begin the work, NHGRI has produced four white papers that address specific issues that have already been
identified as needing broad input. These will be the first to use a novel feedback system on this Web site to allow
unprecedented input into the planning process. The Institute has also identified a number of workshops that will be
held over the next year. Finally, we are asking for advice as to other issues that the planning process should address
and for other avenues that interested people could use to provide us their thoughts.

NHGRI's goal, at this stage, is to gather as many ideas as possible, so please comment on anything and everything.
There is additional information on the following topics:

e Go to: About the NHGRI Long-Range Planning Process to read an overview of the current planning process and
overall issues.

Go to: NHGRI White Papers for the Planning Process to read the revised white papers and the community
papers.

Go to: NHGRI Planning Process Topics for Further Exploration to read about the issues being considered or to
suggest other topics.

Go to: NHGRI Planning Process Workshops to read about the planning meetings NHGRI is currently considering.

genome.gov/Planning




NHGRI Strategic Planning Process

Topic-Specific Workshops
White Papers and Web-based Feedback

Applying Genomics to Clinical Problems: Diagnostics, Preventive
Medicine, and Pharmacogenomics

Applying Genomics to Clinical Problems: Therapeutics

A Vision for the Future of Genomics: Education and Community
Engagement

The Future of Genome Sequencing

Engagement of Institute Advisors
Internal Discussions and Synthesis

Few External Town Halls

Finale Meeting (July 2010)

Publication of New Plan (December 2010)




Five Themes of the NIH Research Agenda

Opportunities for Research and NIH

Francis §. Collins

he mission of the National Institutes
I of Health (NTH) & science in pursait
of fundamental knowledge show the
nature @nd behavior of living systems and
the application of that knowledge © extend
healthy life and © reduce the burdens of ill
ness and dissbility. The power of the molec-
ular approach to health and disease has
steadily gai momentum over the past
several decades and is now poised to cats
lyze a revolution in medicine. The founds-
tion of success in biom earch has
always been, and no doubt will continu
be, the creative insights of individual in
tigators. But increasingly those investiga.
1ors are working in teams, accelerated by
interdisciplinary approaches and empow-
ered by apen aocess 1o toals, datsbases, and
echnologies, 50 a careful balance is needed
between investigator-initisted projects and
large-scale community resource programs.
For both individual and large-scak efforss,
it is appropriste to identify areas of particu
lar promise. Here are five such aress that are
ripe for major advances that could reap sub-
stantial downstream benefits.

High-Throughput Technologies
In the past, most biomedical basic science
rojects required investigators © limit their
scope 1o a single aspect of cell biology o
y. The revolution now sweep-
the field is the ability to be comprehen-
for example, © define all of the genes
of the human or 2 model organism, all of the
human proteins and their stractures, all of the
common variations in the genome, all of the
nmujor pathways for signal ramsduction in the
cell, all of the pattems of gene expression in
the brain, all of the steps involved in early
development, or all of the components of
the immune system. Further development of
ecmologies in aress such s DNA sequen,
ing, imaging, nandotechnology, proeomic
metshbolomics, small-molecule screenin
and RNA interference are ripe for aggressive
investment. Furthermore, these echnolog
will spur the production of massive and con
plex dats sets and will require major invest-

As one example, the Cancer Genom
Allas (1) s now poised toderive compr.

sive information sbout the genetic underpin.
nings of 20 major tumor types. This infor-
mation will likely force a complete revi-
sion of diagnostic categories in cancer and
will usher in an era where abnormal path.
ways in specific tumors will be matched
with the known targess of existi;

selves and the microbes that live on us andin
us (the “microbiome™) can influence health
and disesse (

Tramslational Medicine
Critics have complained in the past that NTH
i w0 slow to translate basic discoveries inbo
new dizgnostic and trestment advances inthe
clinic. Some of that criticism may have been
deserved, bat often the pathway from mokec-
uler insight to therapeutic benefit was just not
discemible. For nuny disorders, that & now
changing. Three major factors have contrib-
uied o this: (i) the discovery of the fundamen-
tal basis of hundreds of disesses has advanced
dramatically; (i) with support from the NTH
Roadmap, academic investigators supported
by NTH now have sccess © resources 1o
enabk them to convert fundamental observa-
tions into assays that can be used © screen
himdreds of thousands of candidates for drug
development; (iii) public-private partnerships
are being more widely embraced in the drug
development pipeline to enable biotech and
pharmaceutical companies to pick up prom-
ising compounds that have been effectively
risked™ by academic investigators and ©

SCIENCE waw

advances in

eatment of

bring them © clinical trizks and US. Foodand
Drug Administration (FDA) approval.

As one example, the NTH Therapeutics for
Rareand Neglected Disesses (TRND) xo-
pram will allow certain promising compounds
to be taken through the preclinical phase by
NIH, inan openenviromment wherethe workd s
experts on the disease can be involved. Fur
thermore, & information about common dis-
eases incresses, many are being resolved into
distinet molecular subsess, and so the TRND
model will be even more widely spplicsble.

The first hunan protocol (for spinal cord

ury) involving human embryonic ste
cells (hESCs) was approved by the FDA in
2009, and t g up of federal sup-
port for hESC research will bring many
investigators into this field. The capabil-
ity of transforming human skin fibroblasts
and other cellsintoinduced plutipotent sem
cells (iPSCs) opens wp a powerful strategy
for therapeutic replacement of damaged or
abnormal tissues without the risk of trans.
plant rejection (4 Altho much work
remains to be done to investigake possible
risks, the iPSC approach stands as cne of the
most breathtaking advances of the last sev-
eral years, and every effort should be mad
to pursue the basic and therapeutic implica-
tions with maximum speed.

Benefiting Health Care Reform

U.S. expenditures on health care now rep-

resent 17% of our Gross Domestic Product,

are continuing 1o grow, and are excessive
of per capita gross income com-

Science (2010)
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High-Throughput
Technologies

ranslational Medicine

enefiting Health Care
Reform

ocusing More on
Global Health

einvigorating and
Empowering the
Biomedical Researc
Community




Turning Discovery IntolHealth
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Genomic Medicine

Healthcare tailored to the individual
based on genomic information




The Path to Genomic Medicine

Human Realization of

Genome Genomic
Project Medicine

“Fulfilling the Promise”
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A central component of NHGRI’s future
mission will be to foster the maturation
and practice of genomic medicine
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Many
Incoming

Technologies...




How many human genomes can
you sequence for $10M?

2010
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The Computational Bottleneck
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The Informational Bottleneck

TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG

GAACCCGACTAGGATCATCGGGAAAAG
CGCGAAGGAGGGTCTAGGAAGCTCTCCY
CCGCGACTGTCGCCCACCTGCGGGATG
AGAATCGGGAAAGGGAGG
GAAAGCCGCTAGAGCAAA
TGTGCGGAGTAGGGGTGGG
GTCTTTGGCATTAGGAGC
TGTCTCCAAACTTTTTTTC
TGGGGTAAAGGAATAAGCZE
AGAAGAGATGGAAGAATGA
ATGCACTTGTTTTATTTCRA
ACACTTGATTGTCTTCTTG
TTGGGGTAGGTAGAAAATA
AAAGCAAATTTGTTGAAAT]

ATGAATGAATAGGTACTGCTCTCTC

TATAAATAGCTCATATATGTGTGTAGG!
TCCGGTGCTAAGGAGAGACTGTTqug
TGATGTTATCCACCTTTTGTTACTCCAS
AAATTATAGACTTTTTTTAGCAGAGAA(
GTTCTAAATACTAATGAACTTTAAAATI
AATATAGGTTAAAAAATGCTATCAGGC]
AAAATATTTCATAAGGTGCTTTAAGAA]
TTACAAACTTCCTTCTGGCCTTCTGGA

GTGGTAGGCTTTGGAGTCAGATTATTT]

TGTGACTTGACCTTTAAAATTTGGAGA
ATGGATTACCATATTTTCACATTCATC]

CTGGATATGCAATGAGTGGGCCTGTAT(

TTTCTATTGTATGTTGTTAAATGCCTT]

TTACAAACTTCCTTCTGGCCTTCTGGA

CGGGTCCTGGGTCTGGCGGACCCTGA
CGTTGCCAACTGGACCTAAAGAGAGG
CGCGCGAGGGAGGGAGGCTGGGAGTC
GGGTGCGTAGTGGGTGGA
r:\e(or.v:v.v.\eler.v.\eleleejyele;
AGGCACCCAGAGTAGTAG
TCTGGAAAAGGCCAGCGT
GTGTGTATGGGTTGGGTT
ATAAAACAGAAAGCATTA
AGACTCAAGTACGCTACT
T'TCCCCCTTCATGCCTTGG

ATAGCATCTAAGTTCGG
FTTGTTCCTGTTATTATACTGGTGTGA
TGAGGTATCAAAAAAGTCAAATATGT
TCTGCATGTGCAGTTAATCCTGGAAC
TTACTCTTTGGAATTATCTTTTTGTGT
TTATAAAGTCAAAATGTTAATTGGCAT
TTCAGAAGAATGAATATTTCATGGATA
TCTTTTTACAAATCACCTGACACATTT
TTAAGAGCATACTCATTTCTGTTCTCC
ACTGACAATCACCTAAAATACCAATGA
GTTAGGCAGTATTGCTTAGTTTTCAAA
TGAGGCAGGTCCCTTAACATCTCTGTG
GTTAGCCTAATGTT CTATTATT
TTTGAGTATAATTTTGTGACTCTCAAT
CCAGATATACAGGAAACACGTCACATG
CATAAAAGAGTAAAATTATTATGGTAT

GTTAGGCAGTATTGCTTAGTTTTCAAA

GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG
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