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Charting a course for genomic medicine
from base pairs to bedside
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ere has been much progress in genomics inthe ten years since a draft sequence of the human genome was published
Opportunities for understanding health and discase are now unprecedented, as advances in genomics are harnessed to
obtain robust foundational knowledge about the strucure and function of the human genome amd about the genetic
contributions to human health and disease. Here we articulate a 2011 vision for the future of genomics research and
describe the path towards an era of genomic medicine.
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Charting a course for genomic medicine

from base ps

Eric . Green', Mark 5. Guyer' & Natic

There has been much progress in @
Opportunities for understanding b
obtain robust foundational knowl
contributions to human health an
deseribe the path towards an erao
~
5 publication of 2 reference humn genea
become a mainstay of biomedical rese
nity's foresight in Bunching his ambitious pr
range of sclentific sdvances fhat the HGP ha
(see rollfold). Optimism shout the potentid o
improwing s healih b been fuelled by
the molecular basis of inherited disesses (h
ommirnandhitp-)www genomme gov/GWASIs
variation in disesse®, some of which have alr
Othser sdvanceshave lreadychanged medieal
arrays are now wed for dindcal detedion o
planmsscogaanic stng & mutinely perfo
ofcertain medications'*). Togefher, these achi
prper'®) document that genorics s coniribut
of human Hology and i improvirg human |
As it did eight years ago"”, the National
Inatitute (NHGE i engaged the sclentil
gename gov/Planning) torellect on the keyai
and explore fuiure directions and challenge
shors lave led toan updstedvision that focus
biology and the disgrosis, prevention and 1
including corsideration of the bmplicat b ¢
(bt these disausions, intentionally did pot
in agriculivre, energy andother areas). Likeil
is broader than what any single organ btio
realizing the full benefits of genomics will be
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The sequence of the human genceme has dr

decade since its publication, on our unders

basis of inherited diseases and cancer, and o

in fulfilling the promise of genomics for o
O a2-pagre paper entitled Tritial sequencing «

human genome’, reportinga fist global look
the hunan genetic code The paper! marked 2 mile
national Human Genome Project (HGP), a discovery
celved in the mdd- 19805 and launched in 1990 The =
published a paper® fom the company Celers Geno
drafi human sequence hased on their own prodigio!
iz from the public HGP.
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coverage of a liebrealing genome mce between |
protagonisis; to 2 White Howse anpouncement of
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been writlen, peer-reviewed and published; to breathl
Wall Street and the press about the imminence of ga
and genome-based panacess; 1o a front-page news
andversary of the announcement that cdhided genom
vet having cured most diseases. )
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from & scientific standpoint, sddressing three questi
leamed shout the human genome isell over the past
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A decade’s perspective on DN
sequencing technology

Ehine K. Mardis'

The decade since the Himan Genome Project ended has witnessed a remark able sequencing technology explosion that
has permitted a multitude of questions about the genome to be asked and answered, at unprecedented speed and
resolution. Here | present examples of how the resulting information has both enhanced our knowledge and

panded the impact of the genome on biomedical research. New sequencing technologies also have introduced

ing new areas of biobgical endeavour. The continuing upward ra

etory of sequencing technology development

is enabling clinical applications that are aimed at improving medical disgnosis and treatment.

vears ago, provided a rondmap that is the foundation for modem

T he sequencing of the Human Reference Genome, anmounced ten
biomedical reseanch. This umnuménla] sccomplishment was

processes, becase sequence production, not sequence analysis, was rate
limiting.
As Twill describe, the ersuing 10 years has been marked by dramatic

erahed by devek 15 in DINA sequer Tuolegy that allowed
data pmduc_mn 10 far exceed the on,un..] description of Sanger sequen-
cing'. Mowing forwardin the genomic ers in which we now Gnd ourselves,
sew (or “next generation) DNA sequencing technology is ensbling
revolutiorary sdvances in our undestanding of bealth and disesse In
essence, sequencing lechnology is the engine that powers the car that
allows s o mavigate the human genome madmap As that engine
becores ever more powerfid, sowill the questions we can ask and answer
ahoul the geography of our genetic landscape.

OF course, 2 car with only an engine & unworksble; 23 such, DNA

quencing technology provides an integral part of 2 karger system, one

hurn sequence has made it ponﬂle ror w_lenll ls
Fragmentary information into landscapes of bioleg
Function: maps of evolulionary corservation, gene ir
ratinstroctore, meth ylation patems, genetic varistio
distance, linkage disequilbrivm, association toinhe

"Mational Huran Gangme Risaarh Ins:
*ises of participants and talr

lierations in cancer, selective sweeps during human
dimersional orgnation in the nudess By providin
crons-reference information acrmas species, it has con
of model systemsio the physiology of the human. Fur
viding com prehe raive catalogues of genomic informal
genesand proteins to be recognized based on wrdque 't
exmple, RNA tramseripts 1o be assayed with arrays
probes and protans by detection of short peptide
specirometer. In tum, these messurements have been
“cellubar sigratires’ charac eristic of specificcd] types, st
and catalogues of the contents of organelles such =

with multiple components that must be properly matched in order to
achieve high throughput and efficiency. It has esentially never been =
“easy’ as simply buying sequencing instruments, plugging them in, and
generating dats Weneed the raw materisls, such s fuel (DNA), sparks to
ignite the fuel {reagents), mechanical parts to transhie fuel and ignition
intomovement {robotics) and direction (bioinformatics) all working ina
carefully engineered balance, and a driver (genome centre) 1o sieer the
autemaobile quicly and efficiently to the desired destination (bidogical
understanding). By inference, & this "engine’ has achieved ever increas-
ing horsepower, the supporting components have evolved to match its
output with corresponding levels of performance, and new or completely
revised components have been added 2 required

Inn + the techn ology that sequenced the human genome was based
on capllary dectrophoresis of individual fuorescent-labelled Sanger
sequencing reaction products. Each instrument could detect 500-
61K bases from each of 96 reactions in around ten hours, with 24-hour

"@rcad Instite of MIT anc Hamard, T Camisedge Derter, Camiricge M

ttended operation producing 115 Bep (thousand base pairs) per day.
Because of the increased scale required for the Human Genome Project,
genome cenres had developed a robust, highly sutomsted and in-
expersive prepartory proces to feed their capllary sequencers. Once
the data were produced, mature analysis software was applied to analyse
the sequencing reads (each a ~500-bp sequence of A, ,T), then 1o
sssemble reads that shared sequence identity, reproducing that region of
the genome. Afier sssembly, each genomicregion was lurther aralysed to
identify genes, repeat elemen ts and other features. As the ‘drivers’of these
sequencing pipelines, genome centres could disl up capacity by increas-
ing the amount of hardware wsed in the preparatory and sequencing

15 in sequencirg tech nology that havecatapulted sequencing
to IJ:e forefront of Mdogical experimentation and have revolutionzed
the way that we approach genome-wide questions. One consequence of
this revelution les been the coincident revitalization of bicinformatics,
predomirantly in developrent efforis simed st daia salysis and inter-
pretation Taken together, these unprecedented sequencing and analysis
capabilities have inspired new aress of enquiry, have solved major ques-
torsabout the regulstion, variability and diss pors of thebuman gencme,
and have introduced a genosnic era in medical enquiry and (ulimately)
praciice that will bring shoul the originally envisioned impact of the
Huran Gename Project.

Massively parallel sequencing
The first five years following the Human Genome Project provided
further definition and annotation of the human genome sequence by
comparative genomics; the sequencing of several model organiam
genomes—siuch = mowse’, rat’, chiden®, dogf, chimparmes®, rhesus
macsque’, duckhill platypus® and cow’—provided information shout
highly conserved genomic elements that are likely 1o be funclional owing
to their conservation These genomes were largely produced by conven-
tional methods, incuding Sanger-based capllary sequencing. Starting in
2005, 2 variely of new ‘engines’ for DNA sequencing that were radically
different from the capillary sequencers wed io sequence the human and
maodel organiam genomes became availale from seversl different manu-
Escturers (Rg 1) These new engines were ‘turbo-charged by several
orders of magnitnde compared to their predecessors, becawse the basic
mechanisms for data generstion had changed radically, produdug fir
more sequence reads per instrument ron and at 2 significantly Jower
expense. The availshility of mudtiple commerncially svalable instruments
alone represented a paradigm shift from the previows decade, where 2
single caplllbery instrument produced by Apphed Bioystems domirated
the market. Mary of these in novative approsches were initially developed
with MNational Institutes of Heal th {NTH ) funding through the Technology
development for the $1,000 genome’ program (hilp-www genome gov/
111812424 4) introduced during Frncs Colling’ directorship st the
Natiorsal Human Genome Research Institute [NHGR]

Since the intred uction of these platfonms, the past five years lave been
marked by ferce competition between their mamdeciurers to greatly

e Genome Canter at Washington

Uriversty Schad of Medicng Deparimentof Gene s, Wishingio

nUindwersity School of Madicing, 51 Lous, Misoud 63108, USA
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Woelcome to the micro-blog for today's symposium, "A Decade with the Human Genome Sequence: Charting a Course for
Genomic Medicine." Leaders in the genomic field will explore issues in contemporary genomics research, illustrate how
genomics can accelerate medical discoveries and discuss genomics' impact on individuals, communities and societies. The
meeting coincides with this week's publication of the National Human Genome Research Institute's new strategic vision for
genomic research. NHGRI invites you to comment on today's presentations and on the strategic plan. The usual rules of
civility and appropriateness apply. For more information about the symposium, please visit:

hitp:/Amww.genome.gov/Symposium2011. The symposium webcast is available here: http:/ivideocast.nih.gov. | hope you will participate!
Sincerely,

Eric D. Green, M.D., Ph.D.
Director, National Human Genome Research Institute
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