Genomica

Passato, presente e futuro della genomica
applicata alla biomedicina
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Foundational Milestones in Genetics & Genhomics
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MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Desxyribose Mucleic Acid

Discovery of Double-Helical Structure of DNA




The Genetic Code



The Origin of “Genomics”: 1987

EDITORIAL

A New Discipline, A New Name, A New Journal

Genomics (1987)

“For the newly developing discipline of
[genome] mapping/sequencing (including the
analysis of the information), we have adopted
the term GENOMICS...



The Human Genome Project
1990-2003
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GENOME



http://www.genome.gov/

A Quarter Century of Genomics

Human Genome Sequenced for First Time

by the Human Genome Project
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Twenty—fwe years

of big biology

The Human Genome Project, which launched a quarter
of a century ago this week, still holds lessons for the
consortium-based science it ushered in, say
Eric D. Green, James D. Watson and Francis S. Collins.

Nature (2015)




Myriad Applications of Genomics
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Myriad Applications of Genomics

ACATUCAAGAGCAGT TUAGCT TUAL TGAGGC TTATCAGACAG TGCAM TT T TUT T A T
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Health, Disease, & Medicine



Genomic Medicine

An emerging medical discipline that involves using
genomic information about an individual as part of their
clinical care (e.g., for diagnostic or therapeutic decision-

making) and the other implications of that clinical use




The Path to Genomic Medicine

Human Realization of
Genome Genomic
Project Medicine



2011




February, 2011

New NHGRI Vision for Genomics Published
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Long-Range Planning

Event: A Decade with the Human i _ o _ _
Genome Sequence: Charting a Charting a course for genomic medicine from base pairs to bedside

Course for Genomic Medicine

The Strategic Plan

Past Long-Range Planning

White Papers: The 2008-2011
Planning Process

On February 10, 2011, Nature magazine published the National Human Genome Research Institute's (NHGRI) str:
future of human genome research called Charting a course for genomic medicine from base pairs to bedside. This

was developed in consultation with leading genome researchers over more than two years and is intended to inspir
contribute to advancing genomic understanding, especially as other National Institutes of Health (NIH) institutes anc
genomic technologies on the diseases they study.

T relebrate the 10th anniversarv of the firat analvsis of the draft himan nenome  and the lanneh of the new strates



Five Domains of Genomics Research
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A Quarter Century of Genomics

Human Genome Sequenced for First Time

by the Human Genome Project
LA P,
Cost of Sequencing a Human Genome

Reduced Nearly ~1 Million-Fold
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A vision for the future of
genomics research
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“...‘technological leaps’ that seem so far off
as to be almost fictional but which, if they
could be achieved, would revolutionize
biomedical research and clinical practice.

[For example,]...the ability to sequence DNA
at costs that are lower by four to five orders
of magnitude than the current cost, allowing
a human genome to be sequenced for $1,000
or less.”



Human Genome Sequence

~$1,000,000,000

~$1,000 “The $1000 Genome”
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The $1,000
genome

n Silicon Valley,
:[!"-'Eullri."- law seems Lo '-l:.!.nd

on equal footing with the natural
laws codified by Isaac Newton. Intel co-founder
Gordon Moore's ikonic observation that computing
power lends to double — and that its price there-
fore halves — every 2 years has held true for nearly
50 years with only minor revision. But as an exemplar

%1 0 millon

With a unique programme, the
US government has managed
to drive the cost of genome
sequencing down towards a
much-anticipated targer.

BY ERIKA CHECK HAYDEN

Nature (2014)




Sequencing a Human Genome

Human Genome Project
(1t Sequence) Today

~$2-3K

~6-8 years ~1-3 days



And Yet Newer Technologies...




Technological Advances Drive Science

Astronomy

Cell Biology

Radiology

Genomics




A Quarter Century of Genomics

Human Genome Sequenced for First Time
by the Human Genome Project
’ .'l.‘?‘il"i' ‘*}x’n
Cost of Sequencing a Human Genome

Reduced Nearly ~1 Million-Fold
) 9  SLALEERY
Tens of Thousands of Human
Genomes Sequenced
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Germanium boost for
sthicon chips

LAW OF THE JUNGLE
B Don’task achimpanzee
for help

MEN OF LETTERS
H Darwin and Einsteln
had e-mail...

THEHAPMAP
PROJECT

Chapter and verse on
human genetic variation

Internntima]

HapMap

Fmih:l ]

INSERE
Why do we uiesp?

NATUREJOBS

Biodefence boom

A second generation human haplotype
map of over 3.1 million SNPs

¥ia o e rra Paas § g Wap shect char sciaran

Integrating common and rare genetic
variation in diverse human populations




1000 Genomes

A Deep Catalog of Human Genetic Vanation
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THE RECURRING
LY ERSE
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COHURT CASE [ % THE Ad=ES

Nature (2010)

2535 Humans, 26 Populations




> ~6B nucleotides

» ~3-5M single-nucleotide variants
~150K not in databases
~60 not in either parent



A Quarter Century of Genomics

Human Genome Sequenced for First Time

by the Human Genome Project
AN €D
Cost of Sequencing a Human Genome

Reduced Nearly ~1 Million-Fold
) N L AT PYN
Tens of Thousands of Human

Genomes Sequenced
AE :
Profound Advances in Understanding
How the Human Genome Functions
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~3,000 bp (0.0001%) of Human Genome Sequence

TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGC AGGCTCC GGGGAAGCTGGTEGCAGCGGGTCCTGGGTCTGGCGGACCCTGA
CGCGAAGGAGGGTCTAGGAAGCTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGE
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGLGCGCGAGGGAGGGAGGCTGGGAGTC
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGG AGAGGAGGAAGGAGCGGGAGGGGTEGLCTGGCGEGGGTEGCGTAGT GGGTGGA
GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGGCGGGGGAAAGAGCAAAAGGAAGGEGGTGG
TGTGCGGAGT AGGGGTGGGTGEGGGGAATTGGAAGCAAATGACAT CACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAG
GTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGT
TGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGAGGGCGTGTGTATGGGTTGGGTT
TGEGEGTAAAGGAATAAGCAGTTTT TAAAAAGATGCGCTATCATTCATTGTTT TGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA
AGAAGAGATGGAAGAATGAACTGAAGCTGAT TGAATAGAGAGCCACATCTACTTGCAACT GAAAAGT TAGAATCTCAAGACTCAAGTACGCTACT
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGE
ACACTTGATTGTCTTCTTGGCACATACAGGTGCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATTCAGCCAAC AAARATT
TTGGEGGTAGGE TAGAAAATATATGC TTAAAGTATTTATTGTTATGAGACTGGATATATCTAGTATTTGTCACAGG TAAATGATTCTTCAAAAATTG
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAATTTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAA
CTGACATTTAATAAAT TGTATTCATAGCCTAATGTGATGAGCCACAGAAGCTTGCAAACT TTAATGAGATTTTTTAAAATAGCATCTAAGTTCGE
AATCTTAGGCAAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTT TGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACT TGACACATAATTACCCAATGAATAAGCATACTGAGGTATCAAAAAAGTCAAATATGT
TATAAATAGC TCATATATGTGTGTAGGGGGGAAGGAAT TTAGCTTTCACATCTCTCTTATGTTTAGTTCTCTGCATGTGCAGTTAATCCTGGAAC
TCCGGTGCTAAGGAGAGACTGTTGGCCCTTGAAGGAGAGCTCCTCCCTGTGGATGAGAGAGAAGGACTTTACTCTTTGGAATTATCTTTTTGTGT
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT
AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAACCAGTCTAAAAATGCAGTTTTCAGAAGAATGAATATTTCATGGATA
GTTCTAAATACTAATGAACTTTAAAATAGCTTACTATTGATCTGTCAAAGTGGGTTTTTATATAATTTTCTTTTTACAAATCACCTGACACATTT
AATATAGGTTAAAAAATGCTATCAGGCTGGT TTGCAAAGAAAATGTATTACAAAGGCTGC TAAGTGTGTTAAGAGCATACTCATTTCTGTTCTCC
AAAATATTTCATAAGGTGCTTTAAGAATAGGTATGTTTTTAAAAGTTAAGTTCCTACTATTTATAGGAACTGACAATCACCTAAAATACCAATGA
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGT AAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGT TTTCAAA
GTGGTAGGCTTTGGAG TCAGATTATTTTGAT TCAGATCCTACATC TACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG
TETGACTTGACCTTTAAAATTTGGAGACTGTCATAGGGGTTAATCCCTTGAG AAAATGAATGTGAAAAGTTAGCCTAATGTTAACTGC TATTATT
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGT TAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT
CTGGATATGCAATGAGTGGGCCTG TATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACT TTCTGAATAGGATCCCTTCAGT TTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT



Coding Sequences (i.e., Genes
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The Genetic Code



~3,000 bp (0.0001%) of Human Genome Sequence

TGCCGCGGAACTTTTCGGCTCTCTAAGGC TG TATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGC AGGCTCCGGGGAAGC TGEGTGGC AGCGGGTCCTGGGTCTGGCGGACCCTGA
CGCGAAGGAGGGTCTAGGAAGCTC TCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG
CCGCGACTGTCGCCCACCTGCGGGATGGGCC TGGTGCTGEGCGGT AAGGACACGGACCTEGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTC
AGAATCGGGAAAGGGAGGTGCGGGGLGGCGAGGGAGCGAAGGAGG AGAGGAGGAAGGAGC GGGAGGGGTGCTEGGCGEGGG TEGCGTAGTGGGTGGA
GAAAGCCGCTAGAGCAAATTTGGGGCCGGAC CAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGG CGGGGGAAAGAGC AAAAGGAAGGGETGEG

TGTGCGGAGT AGGGGT GGGTGEGGGEAATTGEAAGCAAATGACAT CACAGCAGGTCAGAGAAAAAGE GTTEAGC GECAGGCACECAGAGTAGTAG
GICTTTGECATTAGGAGCTTGABCCCAGACGBLCCTAGCAGEGACCECAGLECECEAGAGACCATGLABAGGTCGCCTCTGGAAAAGGCCAGCET

TGTCTCCAAACTTTTTTTCAGGTGAGAAGGT GGCCAACCGAGCTT CGGAAAGACACGTGCCCACGAAAGAGGAGGGCGTGTGTATGEGGTTGGGTT
TGGEGGETAAAGGAATAAGCAGTTTT TAAAAAGATGCGCTATCATTCATTGTTT TGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA
AGAAGAGATGGAAGAATGAACTGAAGCTGAT TGAATAGAGAGCCACATCTACTTGCAACTGAAAAGT TAGAATCTCAAGACTCAAGTACGCTACT
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAARAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGE
ACACTTGATTGTCTTCTTGGCACATACAGGTGCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATT CAGCCAAC AAAAATT
TTGGGGTAGG TAGAAAATATATGC T TAAAGTATTTATTGTTATGAGACTGGATATATCTAGTATTTIGTCACAGGTAAATGATTCTTCAAAAATTG
AAAGCAAATT TGT TGAAATAT T TAT T TTGAAAAAAGTTACTTCAC AAGCTAT AAATTTTAAAAGCCATAGGAAT AGATACCGAAGTTATATCCAA
CTGACATTTAATAAATTGTATTCATAGCCTAATGTGATGAGCCAC AGAAGCTTGCAAACT TTAATGAGATTTTTTAAAATAGCATCTAAGTTCGE
AATCTTAGGC AAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTTTGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACT TGACACATAATTACCCAATGAATAAGCATACTGAGGTATCAAAAAAGTCAAATATGT
TATAAATAGC TCATATATGTGTGTAGGGGEG AAGGAATTTAGCTTTCACATCTCTCTTATGTTTAGTTCTCTGCATGTGCAGTTAATCCTGGAAC
TCCGGTGCTAAGGAGAGACTGTTGGCCCTTGAAGGAGAGCTCCTCCCTGTGGATGAGAGAGAAGGACTTTACTCTTTGGAATTATCTTTTIGTGT
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT
AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAACCAGTCTAAAAATGCAGTTTTCAGAAGAATGAATATTTCATGGATA
GTTCTAAATACTAATGAACTTTAAAATAGCTTACTATTGATCTGT CAAAGTGGGTTTTTATATAATTTTCTTTTTACAAATCACCTGACACATTT
AATATAGGTT AAAAAATGCTATCAGGCTGGTTTGCAAAGAAAATGTATTACAAAGGCTGC TAAGTGTGTTAAGAGCATACTCATTTCTGTTCTCC
AAAATATTTCATAAGGTGCT T TAAGAATAGGTATGTTT TTAAAAGTTAAGTTCCTACTAT TTATAGGAACTGACAATCACCTAAAATACCAATGA
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGT AAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA
GTGGTAGGCTTTGGAGTCAGATTATTTTGAT TCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG
TETGACTTGACCTTT AR T E AT G T AT AGE B TR CE T T e AG AR A T G TG TE AR AGTT AGCCTAATG TTAACTGC TATTATT
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGT TAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT
CTGGATATGC AATGAGTGGGCCTG TATGAGAATTTAAT TTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG
TTTCTATTGTATGTTGTTAAATGCCTTAGAAT TTAACT TTCTGAATAGGATCCCTTCAGT TTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT




Foundational Milestones in Genetics & Genomics

Darwin Mendel  Miescher Avery Watson
& Crick

1859 1865 1871 1944 1953




"It is not the strongest of the species that
survives, nor the most intelligent that
survives. It is the one that is the most

adaptable to change."

(Attributed to Darwin)

Charles Darwin (1809-1882)

“For the last three and a half billion years,
evolution has been taking notes.”
— Eric Lander
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Meredith et al.
Science (2011)




~3,000 bp (0.0001%) of Human Genome Sequence

TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGC TGGTEGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA
CGCGAAGGAGGGTCTAGGAAGCTC TCCGGGGAGCCGGTTCTCCCGCCGETGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGE
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTEETGCTGGGCGGT AAGGACACGGACCTEGAAGGAGCGCGCGC GAGGGAGGGAGGCTGGEGAGTC
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTEGGCGGGEGTGCGTAGT GGGTGGA
GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGGCGGGGGAAAGAGC AAAAGGAAGGGGTGE

TGTGCGGAGT AGGGGT GGGTGGCC 6o ARTTBEARGEARATBACATEACACCABGTUACACARRARGE ST EOAGOBECASEUACCOABRBTAGTAY
GTCTTTGOCATTAGGAGLCTTGAGCCCABACGGCCCTAGLAGGGACCCCAGCGLCCEAGAGALCATGCAGAGGTCGCCTCTGGAAAAGG CCAGCET

TGTCTCCARACTTTTT TTCAGGTGAGAAGGT GGCCAACCGAGCTTCGGAAAG ACACGTGCCCACGAAAGAGGAGGGCGTGTGTATGGETTGGGTT
TEGGEETAAAGGAATAAGCAGTTTT TAAAAAGATGCGCTATCATTCATTGTTT TGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA
AGAAGAGATGGAAGAATGAACTGAAGCTGAT TGAATAGAGAGCCACATCTACTTGCAACTGAAAAGT TAGAATCTCAAGACTCAAGTACGCTACT
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGG
ACACTTGATTGTCTTCTTGGCACATACAGGET GCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATTCAGCCAAC AAAAATT
TTGEGGETAGG TAGAAAATATATGC TTAAAGTATTTATTGT TATGAGACTGGATATATCTAGTATTTGTCACAGG TARATGATTCTTCAAAAATTG
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAATTTTAAAAGCCATAGGAAT AGATACCGAAGTTATATCCAA
CTGACATTTAATAAAT TGTATTCATAGCCTAATGTGATGAGCCACAGAAGCT TGCAAACT TTAATGAGATTTTTTAAAATAGCATCTAAGTTCGE
AATCTTAGGC ARAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTT TGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACT TGACACATAATTACCCAATGAATAAGCATACTGAGG TATCAAAAAAGTCAAATATGT
TATAAATAGC TCATATATGTGTGTAGGGGEG AAGGAAT TTAGCTT TCACATCTCTCTTATGTTTAGTTCTCTGCATGTGCAGTTAATCCTGGAAC
TCCGGTGCTAAGGAGAGACTGTTGGCCCTTGAAGGAGAGCTCCTCCCTGTGGATGAGAGAGAAGGACTTTACTCTTTGGAATTATCTTTTTGTGT
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT
AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAACCAGTCTAARAAATGCAGTTTTCAGAAGAATGAATATTTCATGGATA
GTTCTAAATACTAATGAACT T TAARAATAGCTTACTATTGATCTGTCAAAGTGGGTTTTITATATAATTTTCTTTT TACAAATCACCTGACACATTT
AATATAGGTT AAARAAATGCTATCAGGCTGET TTGCAAAGAAAATG TATTACAAAGGCTGC TAAGTGTGTTAAGAGCATACTCATTTCTGTTCTCC
AAAATATTTCATAAGGTGCTTTAAGAATAGGTATGTTTTTAAAAGTTAAGTTCCTACTATTTATAGGAACTGACAATCACCTAAAATACCAATGA
TTACAAACTTCCTTCTGGCCTTCTGGACTGC AATTCTAAAAGTGT AAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA
GTGGTAGGCT TTGGAGTCAGATTATTTTGAT TCAGATCCTACATC TACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG
TGTGACTTGACCTTTRARAT FEEACACTETCATASCEC T TARTECCTICAC AR T ERATE TG ARG I AGCCTAATG TTAACTGC TATTATT
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGT TAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT
CTGGATATGC AATGAGTGGGCCTGTATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGT TTGAGAGTCATAAAAGAGTAAAATTATTATGETAT




Non-Coding Functional Sequences
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Packaging Segregation Replication RNAs



~3,000 bp (0.0001%) of Human Genome Sequence

TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA
CGCGAAGGAGGGTCTAGGAAGCTC TCCGGGGAGCCGETTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACT GGACCTAAAGAGAGG
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGT AAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTC
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGG AGAGGAGGAAGGAGC GGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGA
GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGG CGGGEGAAAGAGC AAAAGGAAGGGGTGE

TGTGCGGAGT AGGGGT GGGTGG6G CoAMTTEGARBEARATGACATCACAGEAGGTOACAGARARAGG GTTGAGD GEOACGCACTCAGAGTAGTAS
GTCTTTGOCATTAGGAGLTTGAGCCCAGACGGLCCTAGLAGGGALCLCAGLGCCCOAGAGACCATGCAGAGGTCGCCTCTGGAAAAGG CCAGEGT
TGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAGCTTCGGAAAGACACGTGC CCACGAAAGAGGAGGGCGTGTGTATGGGTTGGETT

TGGGGTAAAGGAATAAGEAETTTTTAAAAAGATGEGETATEATTEATTGTTTTGAAAGAAAATGTGGGTATTGTAﬁAATAAAAﬁAGAAAECATTA
- [T ; AACT GAAAAGT TAGAATCTCAAGACTCAAGTACGCTACT
ATGEAﬁTTGTTTTATTTCATTTTTCTAAGAAAETAAAAATACTTGTTAATAAGTAEETAAGTATGGTTTATTGGTTTTtCCCETTCATGECTTGG
AEAETTGATTGTETTETTGGEAEATAﬁAGGTGEEATGEETGEATATAETAAGTGETEAGAAAAEATTTETTGAETGAATTEAEEEAAEAAAAATT
TTGGGGTAGG TAGAAAATATATGC TTAAAGTATTTATTGTTATGAGACTEEA™ GTCACAGG TAAATGATTCTTCAAAAATTG
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGTTAETTCACAAECTATAAATTTTAAAAECCATAEGAATAEATACCGAAETTATATCCAA
CTGACATTTAATAAATTGTATTCATAGCCTAATGTGATGAGCCAC AGAAGCTTGCAAACT TTAATGAGATTTTT TAAAATAGCATCTAAGTTCGG
AATCTTAGGC AAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTT TGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACT TGACACATAATTACCCAATGAATAAGCATACTGAGGTATCAAAAAAGTCAAATATGET
TATAAATAGCTCATATATGTGTGTAGGGGGGAAGGAATTTAGCTTTCACATCTCTCTTATGTTTAGTTCTCTGCATGTGCAGTTAATCCTGGAAC
TCCGGTGCTAAGGAGAGACTGTTGGCCCTTGAAGGAGAGCTCCTCCCTGTGGATGAGAGAGAAGGACTTTACTCTTTGGAATTATCTTTTTGTGT
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT
AAATTATAGACTTTTTTTAECAGAGAACTTTGAEGAACCTAAATGCCAACElGTETlAAAlTEClETTTTEAGAAElATGAATlTTTCATGGATA
TA. ' T A TATTGATCTGTCAAAGTGGGTTTTTATATAATTTTCTTTT TACAAATCACCTGACACATTT
AATATAGGTTAAAAAATGETATEAGGETGGTTTGEAAAGAAAATGTATTAEAAAEGETGETAAETGTETT!AGAGEATAETEATTTETGTTETEE
AAAATATTTCATAAGGTGCTTTAAGAATAGGTATGTTTTTAAAAGTTAAGTTCCTACTATTTATAGGAACTGACAATCACCTAAAATACCAATGA
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGT AAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA
GTGGTAGGCTTTGGAGTCAGATTATTTTGAT TCAGATCCTACATCTACTGTT TAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG
TGTGACTTGACCTTTARRATITEGAGACTETCATAGGECTTAATCCCTTEACARRATGARTETEARRAGTIAGC CTAATG TTAACTGC TATTATT
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGT TAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT
CTGGATATGCAATGAGTGGGCCTG TATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGT TTGAGAG TCATAAAAGAGTAAAATTATTATGGTAT




The Epigenomics Landscape
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GENOMES IN THREE

DIMENSIONS

i DNA se juence 1sn t enough; o understand the workings of

the genome, we must study chromosome siricure

Nature (2011)
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ENCODE: Giving ‘GPS’ Views of Genomes




Elucidating Genome Function
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Model Organisms

Computational Modeling Technology Development



ENCODE  Data Encyclopedia Materials & Methods Help

ENCODE: Encyclopedia of DNA Elements

Epoarsenalifva Sies The ENCODE (Encyclopedia of DNA Elements)

CH. . . . . .
fi= Consortium is an international collaboration of research
0 RNA polymerase groups funded by the National Human Genome
i\ Research Institute (NHGRI). The goal of ENCODE is to
o ' P .~ build a comprehensive parts list of functional elements
‘\\ i allala\s . in the human genome, including elements that act at
5C DNase-seq | [ChiP-seq || WGBS Computational | | RMA-seq | |CLIP-seq the protein and RNA levels, and regulatory elements
ChIA-PET | |FAIRE-seq RRBS predictions RIP-seq . . : -
Hi-C ATAC-seq methyl array that control cells and circumstances in which a gene is
% l \ o
Genes )
. ﬁ: 7/ [ Get Started ‘
Long-range regulatory elements Promoters o T
(enhancers, repressors/silencers, insulators) Transcripts

Wl

W —M Bazad on an [Liges b:lr D’Jr_'}rl Laja [N HGAI), lan Dunham ({EBI}, Michagl Pazin (NHGRI:I

https://www.encodeproject.org



A Quarter Century of Genomics

Human Genome Sequenced for First Time
by the Human Genome Project
AN P,

Cost of Sequencing a Human Genome

Reduced Nearly ~1 Million-Fold
S - ATV
Tens of Thousands of Human
Genomes Sequenced

v & Uy
Profound Advances in Understanding

How the Human Genome Functions
:;F - r'r.’.'_'_lrf: .‘.lt.
Significant Advances in Unraveling the

Genomic Bases of Human Disease
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Genomic Architecture of Genetic Diseases

www.mendelian.org

Rare, Simple, Monogenic,
Mendelian...

Manolio et al., J Clin Invest (2008)



Genomic Architecture of Genetic Diseases

Rare, Simple, Monogenic, Common, Complex, Multigenic,
Mendelian... Non-Mendelian...

Manolio et al., J Clin Invest (2008)
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https://www.ebi.ac.uk/gwas/
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NHGRI Genome Sequencing Program Centers for Common Disease Genomics
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@ Overview

@ Funding

© selected Project Centers
@ Contacts Overview

Overview

The Mational Human Genome Research Institute (NHGRI) has funded a collaborative large-scale genome sequencing effort to
comprehensively identify rare risk and protective wariants contributing to multiple commaon disease phenotypes. This initiative will
explore a range of diseases with the ultimate goal of:

« Lndertaking variant discovery for enough different examples of disease architectures and study designs to better understand the
general principles of genomic architecture underlying common, complex inherted diseases.

« Linderstand how best to design rare wariant studies for common disease.

s Develop resources, informatics tools, and innovative approaches and technologies for multiple disease research communities and
the wider biomedical research community.

The initial focus of the CCOGs will be in cardiovascular disease (early onset heart disease, hemaorrhagic stroke), and neuropsychiatric
disease (autism). The program 15 designed to consider additional example diseases over time. Currently, the prograrm is considering
additional studies in autoimmunedinflammatory diseases (such as asthma, Type 1 diabetes, and inflammatory bowel disease), and
bone disorders (osteoporosis). The choice of these, and any additional diseases, will be made based on criteria derived from those
stated in the original RFA. These include the ability to undertake a comprehensive, well-powered study, the potential of the new
example disease to broaden the range of different disease architectures being studied, or to explore new studyy designs. At a future
date, the CCOG prograrm will develop procedures to identify new studies with the involvernent of the scientific community, either
through direct interactions or through collabarations with other MIH institutes and centers.

Because the program will undertake multiple disease studies it was designed to encourage collaborations, continuing the productive
collaborations enjoyved by the previous iteration of the GSP on large projects in type 2 diabetes, cancer, and Alzheimer's disease. The
CCOG program will be co-funded by the Mational Heart Lung and Blood Institute (MHLED which will be providing co-funding for studies
of direct interest to the MHLEI cormmunity.

I WWe currently estimate that the CCOG prograrm will sequence 130K-200K whole genomes during the life of the program. I




The Data Analysis Bottleneck

I'TCCTTCCCTTTTCAAMATGCACCTTGCAAMMCGT AN
GGGTCCTGGGTCTGGCGGACC
ITCTGTCCTCCAGCGTTGCCAACTGGAC

AAMATTATACACTTTTTTTAGCAL : IT&C : : TGAATATT [C2
GTTCTAAATACTAATGAACTTTAMATAGCTTACTA BT GTTTITATATAATTTTCTTTTTACAAATCACCTGACACA
AATATAGGTTAMAAATGCT. GGCTGG 2 : GGCTG GTGTGTTAAGAGCATACTCA
AAAMTATTTCATAAGGTG | 'TE CCTACTATTTATAGGAACTGACAATCACCTAAAATACCAA
TTACAAMCTTCCTTCTGEC ee - STGT. ATTTTCTGCATTAAGTTAGGCAGTATTGCTT.
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTETTTAGTAGCTCTGTTGCCTGAGGCAGGT CCCTTAACA ¢
TETGACTTGACCTTTAAMATTTGGAGACTG TCATAGGEGEGTTAATCCCTTGAGAAAATGAATCTGAAAAGTTAGCCTAATGTT- -~CTATT
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGCTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTG
CTGGATA TG AATGAGTGGGCC TG TATGAGAATTTAATTTATGAMAATTGTGT TTCACATGGCCT TACCAGATATACAGGAAACAC

T C AT TG TATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGTTTGAGAGTCATAAAAGAG TAAAATTATTA
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The Data Analysis Bottleneck

I'TCCTTCCCTTTTCAAMATGCACCTTGCAAMCGT AN
AAGCTGGETGGCAGCGGGTCCTGGETCTGGCGGACC
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"ATCT C
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TCCGGTGCTAAGGAGAG. : \
TGATGTTATCCACCTTT ' . STTAA
AAATTATACGACTTTTTT \TT[C2
GTTCTAAATACTAATGAML L & Amssm i s - SCTGACACK
AATATAGGTTAAMAAATGCTATCAGGCTG ‘
AAAATATTTCATAAGGTGCTTTAAGAA! TACTATTTATAGGAACTGACAATCACCTAAAATACCAA
TTACAAACTTCCTTCTGGC TETAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTT.
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGT, CCCTTAACK G
TGTGACTTGACCTTTAAATTTGGAGAC TG TCATAGGGGTTAATCCCTTGAGAAAATGAATGTGAAAAGT TAGCCTAATGT T CIATT
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCT TGTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTG TGACTC
CTGGATA TG AATGAGTGGGCC TG TATGAGAATTTAATTTAT GAAAAATTGTGT TTCACATGGCCT TACCAGATATACAGGAAACAC
TTTC AT TG TATGT TG TTAAATGCCTTAGAATT TAACTTTCT GAATAGGATCCC TTCAGTTTGAGAGTCATAAAAGAGTAAAAT TATTA
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAG TGTAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTT
GTGGTAGGCTTTHGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGC TCTGTTGCCTGAGGCAGGT CCCT PAL.CA




The Data Analysis Bottleneck
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TTACAMACTTCCTTCTGGCCTTCTEGACTGCAATTCTAAAG TG TAAAMAL




A Quarter Century of Genomics

Human Genome Sequenced for First Time
by the Human Genome Project
Ladu D,

Cost of Sequencing a Human Genome

Reduced Nearly ~1 Million-Fold
Vo - AT NERYN
Tens of Thousands of Human
Genomes Sequenced
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Profound Advances in Understanding

How the Human Genome Functions
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Significant Advances in Unraveling the

Genomic Bases of Human Disease
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Vivid Examples of Genomic Medicine
in Action Now Emerging



Bringing Genomic Medicine Into Focus
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‘Hot Areas’ in Genomic Medicine
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Cancer Genomics
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Cancer is a Disease of the Genome

Normal

It Takes Several Mutations to Make a Cell Malignant



Routine Cancer Diagnostic Tools

Cancer
Histopathology




Genomics and Cancer: Here and Now

t_‘ " -L"‘!.I?:'-]'.--Ihll'--:1llr-:;:-..1-i| | We're available 24/7 to ~ Call anytime Chat online
- e discuss treatment options.  (800) 931-9299 now ‘@

ABOUT YOUR CANCER HOW WETREAT CANCER ~ ODUR HOSPITALS = COMMUNITY & SUPPORT ~ search

p | “Genomic 1 2sting is the
3

HOW CAIt GENOMICH ESTING HELP
PATIENTS NOW?

Every cancer is differer. - Genomic + sting helps our doctors understanda
patient’s cancer at the molecwar level and may reveal more personalized
treatment options. ' :

a ‘ muure of cancer treatment.”

e

| fsc

y

- ’ Dr. Shayma Kazmi, Medical Oncologist
% Cancer Treatment Centers of America

LEARN MORE »

HUNTSMAN
CANCER INSTITUTE
UNIVERSITY OF UTAH

CHANGING CAHCEH CARE

huntsmancancEr.ﬂrg




‘Hot Areas’ in Genomic Medicine
Cancer Genomics @

Pharmacogenomics
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Because Everyone Responds Ditterently.




All of these work.

Just not for everyone.

Perlegen may be able to help you sort out

which medicine helps which patient.

Working with you, we can comprehensively
analyze the DNA from thousands of patients
taking your drug. Out of the millions of
genenc \'.[fi;“ 100NSs }H'l‘l."n'ﬂ,‘t'l'l ["HTH_"['I.EH. weE may
be able to }‘u.']}‘l Yo identify the ones that are
associated with strong efficacy, poor efficacy,

ar “'lkt'.' t't.T.L'k.'["--

Perlegen's exceptional coverage of the
genome and experienced team of analysts
could help you get clinically relevant
answers, not just data, in a marter of months.

We partner with the top pharmaceutical
companies around the world. We also
license lare-stage drugs. If you have a drug

that can benefit from our approach, please

CONLAcCT us.




IMPRECISION MEDICINE
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Nature (2015)




Pharmacogenomics

N

Drug toxic but Drug toxic but
beneficial NOT beneficial
|' 1 tl !,

$h G
" ne YL
LT
Same diagnosis, Wik
same prescription o 8
Drug NOT toxic and Drug NOT toxic
NOT beneficial and beneficial




‘Hot Areas’ in Genomic Medicine
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Cancer Genomics

Pharmacogenomics

Rare Genetic Disease
Diagnostics




WHEN DISEASE STRIKES
FROM NOWHERE

When healt hy par
mutation. T

Netimes a new

hanges.

“ ...disorders not readily explained by standard
tests can sometimes be diaghosed through genome
sequencing and analysis.”

Nature (2014)




Undiagnosed Diseases




NIH Undiagnosed Diseases Network ocdinating conter

| Stanford Medicine

National Institutes

of Health
Harvard Medical

:?ﬂi&fgﬂzge HA =" | Vanderbilt University : _ ===f; :ii; Duke University
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‘Hot Areas’ in Genomic Medicine

Cﬂncer Genomics

Pharmacogenomics

Rare Genetic Disease
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Genomics of Pregnancy -




Noninvasive Prenatal Genome Sequencing

Maternal Arteries

Maternal Viens

Intervillus Space
Filled with maternal blood

Apoptotic Trophoblasts

Fetal Arteries

Chorionic Villi




Noninvasive Prenatal Genome Sequencing

DW Bianchi, Nature (2015)




Newborn Genome Sequencing

HEALTH RESEARCH

In 2025, Everyone Will Get DNA Mapped
At Birth

Scientists have scoured
trends in research grants,
patems and more 1o come
up with these 10
innovations that will be
reality in 10 years (or so
they think)

- .
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Newborn Sequencing In Genomic medicine
and public HealTh (NSIGHT)

UCSF

San Francisco, CA

Children’s Mercy

Kansas City, MO

UNC — Chapel Hill

Chapel Hill, NC

https://www.aphl.org/conferences/proceedings/Documents/2016%20Newborn%20Screening%20and%20Genetic%20Testing%20Symposium/11Powell.pdf



Genome Sequencing of Acutely Sick Newborns

Fast sequencing
saves newborns

roamd analysis of in
and treatment of inexphcably il bahes.

Nature (2014)




‘Hot Areas’ in Genomic Medicine
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Generating a Human Genome
Sequence is (Almost) Trivial

CACGATGCTCCGITC CTIGAACACCATIGGGIC CTTGAA(
CGATGCTCCGTC CTTGAACACCATIGGGTCGAGGAAACTTGAACAC
GAAACTIGAACACCATTIGGCACGATGCTCCGIC CITGAACACC
CACCATTIGGCACGATGCTCCGTC CITGAACACCATIGGGTC
CACGATGCTCCGTCG CTIGAACACCATIGGGIC CTTGAA(
COATGCTCCOTC CTTIGAACACCATIGGGITC CTTGAACAC
GAAACTTGAACACCATTGGCACGATGCTCCGIC CTTGAACACC
CACCATTGGCACGATGCTCCGTC CITGAACACCATIGGGITC
CACGATGCTCCGTCGAGGAAACTTGAACACCATIGGGIC CTTGAAC
CGATGCTCCGIC CTIGAACACCATIGGGTC! CTTGAACAC
CITGAACACCATIGGCACGATGCTCCGIC CITGAACACC
CACCATTGGCACGATGCTCCGIC CITGAACACCATIGGGITC

CACGATGCTCCGIC CITGAACACCATIGGGTC CITGAA(






Clinical Genomics
Information Systems




Clinical Genome Resource (ClinGen)

chmcalgenome org

ClinGen — The Clinical Genome Resource

NEJM (2015)



The Genomic Medicine Ecosystem
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The Genomic Medicine Ecosystem

Education & Genomic Literacy




The Genomic Medicine Ecosystem

Regulatory Oversight




Understanding Understanding Understanding Advancing Improving the
the Structure of the Biology of the Biology of the Science of Effectiveness of
Genomes Genomes Disease Medicine Healthcare
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A pessimist sees the difficulty in every opportunity.
An optimist sees the opportunity in every difficulty.

-=Winston Churchill




The Relevance of Genomics

l’

Patients (and Friends & Relatives of Patients)




Precision Medicine

A broader context for ‘individualizing’
medical care to advance human health




Precision Medicine

* Today: most medical care based on expected
response of the average patient

* Tomorrow: medical care based on individual |
genomic, environmental, and lifestyle
differences that enable more precise ways
to prevent and treat disease

How do we get from today to tomorrow?
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“...[the] new Precision Medicine Initiative [will bring]
America closer to curing diseases like cancer and
diabetes, and gives all of us access, potentially, to the

personalized information that we need to keep ourselves
and our families healthier.”

President Barack Obama
January 30, 2015



The NEW ENGLAND ]OURNAL MEDICIN

January 30, 2015

TUpY . . e The proposed initiative has
A New Initiative on Precision MECIICIHE (w0 main components: a near-
Francis S. Collins, M.D., Ph.D., and Harold Varmus, M.D. term focus on cancers and a lon-
ger-term aim to generate knowl-
edge applicable to the whole range
of health and disease. Both com-
ponents aré now within our reach
because of advances in basic re-
search, including molecular biol-
ogy, genomics, and bioinformat-
ics. Furthermore, the initiative




U.S. National Research Cohort

= >1 million U.S. volunteers

= Participants to share genomic data, lifestyle information,
biological samples — all linked to their EHRs

* Forge new model for ‘doing science’ that emphasizes:
Engaged participants
Open, responsible data sharing
Strong privacy protections



Everything Old is New Again

insight commentary

The case for a US prospective cohort
study of genes and environment

Francis S. Collins

National Human Genoeme Research Institute, National Institutes of Health, Building 31, Room 4B09, MSC 2152, 31 Center Drive, Bethesda,
Maryland 20892-2152, USA (e-mail: fc23a@nih.gov)

B T A e T A P e P PR Py T T P P

Information from the Human Genome Project will be vital for defining the genetic and environmental factors
that contribute to health and disease. Well-designed case—control studies of people with and without a
particular disease are essential for this, but rigorous and unbiased conclusions about the causes of diseases
and their population-wide impact will require a representative population to be monitored over time (a
prospective cohort study). The time is right for the United States to consider such a project.

Nature (2004)



Genomics . EHRs



Electronic Medical Records and
Genomics (eMERGE) Network
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emerge network

emerge.mc.vanderbilt.edu
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[HE BODY ELECTRIC

RESEARCHERS WANT TO WIRE THE HUMAN BODY WITH SENSORS THAT COULD

HARVEST REAMS OF DATA — AND TRANSFORM HEALTH CARE.

BY ELIZABETH

WIRED FOR LIF

sensors mounted on
the skin are esasy 1o
apoly and remove, and
can obtain high-quality
data on breathing
heart rate, blood
pressure and other
vital sigms. But they
must ba flexible and
stretchy enough to
follow the natural
mavernant of the body.

Nature (2015)

oensors injected under
the ckin can accesc
the trove of
information carried in
the blood by chemical
signals called
biomarkers. The
dewices must be
long-lived and
biocompatible, so that
they don't trigger an
Immune response

Sansors woven into the body could alert people to medical problems before they
become seriously ill — it the devices can overcome some daunting challenges.

Epidermis
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Subcutaneous

tssue

o
_ \}

i 'T .

Devices implanted
into the heart, brain
or other deep
tissues can gather
data directly from
the source and
deliver drugs or
stimulation exactly
where needed, But
they must have ways
o2&l power in and
data out — without
resorting to wires.

Carbon-nanotubae-baced

SENS0rS

% Flexble brain
LaNSor

= Flaxible heart
| pacemaker

!

Spine-implanted
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Precision Medicine Initiative

Health Information Grants & Funding News & Events Research & Training Institutes at MIH About NIH

Precision Medicine
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Sty The
Initiative An

Precision medicae Initlative YouTuhe

Channel ¢F

www.nih.gov/precisionmedicine



Déja Vu, All Over Again?

THE PRECISION MEDICINE INITIATIVE

Human Genome Precision Medicine
Project IEUNLE

Circa Winter 1990 Circa Winter 2015
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