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Outline

l. Historical Context for Genomics

Il. Major Achievements since the Human Genome Project

lll. The Human Genomics Landscape: 2012 and Beyond

>>> Goal: Place Future Speakers into a Broader Context <<<

Foundational Milestones in Genetics & Genomics

Mendel Miescher Watson
& Crick
1865 1871 1944 1953
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April, 1953

no.a3ss  April 25, 1953 NATURE

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

J. D. Watsox
F. H. C. Crick
Medical Research Council: Unit for the
Study of the Molecular Structure of
Biological Systems,
Cavendish Laboratory, Cambridge.
- April 2.
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The DNA Alphabet

G Guanine
A Adenine
T Thymine
C Cytosine

~21 Years Ago

October 1990
Human Genome Project Begins
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~11 Years Ago

June 2000
Draft Human Genome Sequence Announced

~11 Years Ago

February 2001
Draft Human Genome Sequence Published
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Human Genome Project Ends
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The Human Genome Project was
just the starting point

April 2011

“But the mistake that we often make is [saying that the
Human Genome Project] was an end point. In fact, the
Human Genome Project was a pregnancy... Ten years
later, we now have a clue what we don’t yet know. The
Human Genome Project may be finished, but
understanding our genome is only just beginning.”
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Green et al. Nature (2011)

Genomic
Medicine
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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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The Path to Genomic Medicine

Human Realization of

Genome Genomic
Project Medicine

The Path to Genomic Medicine

Function of the
Human Genome
Sequence

Human Realization of

Genpme Genpn_1ic
Project Medicine
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_ N
Mapping ~1990 to ~2000

the Human Genome

The Human
Genome Project

Sequencing

~1998 to ~2003
the Human Genome

~

Interpreting Beyond
the Human Genome ~2003 to ??? The Human
Sequence Genome Project

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

TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA

CGCGAAGGA TCTAGGAAGCTCTCC CGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGA TGGGAGTC
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGA TGCTGGCGGGGGTGCGTAGTGGGTGGA

GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGGCGGGGGAAAGAGCAAAAGGAAGGGGTGG
TGTGCGGAGTAGGGGTGGGTGGGGGGAATTGGAAGCAAATGACATCACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAG
GTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAARAGGCCAGCGT
TGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGA! GTGTGTATGGGTTGGGTT
TGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA
AGAAGAGATGGAAGAATGAACTGAAGCTGATTGAATAGAGAGCCACATCTACTTGCAACTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACT
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGG
ACACTTGATTGTCTTCTTGGCACATACAGGTGCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATTCAGCCAACAAAAATT
TTGGGGTAGGTAGAAAATATATGCTTAAAGTATTTATTGTTATGAGACTGGATATATCTAGTATTTGTCACAGGTAAATGATTCTTCAAAAATTG
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAATTTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAA
CTGACATTTAATAAATTGTATTCATAGCCTAATGTGATGAGCCACAGAAGCTTGCAAACTTTAATGAGATTTTTTAAAATAGCATCTAAGTTCGG
AATCTTAGGCAAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTTTGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACTTGACACATAATTACCCAATGAATAAGCATACTGAGGTATCAAAAAAGTCAAATATGT
TATAAATAGCTCATATATGTGTGTAGGGGGGAAGGAATTTAGCTTTCACATCTCTCTTATGTTTAGTTCTCTGCATGTGCAGTTAATCCTGGAAC
TCCGGTGCTAAGGAGAGACTGTTGGCCCTTGAAGGAGAGCTCCTCCCTGTGGATGAGAGAGAAGGACTTTACTCTTTGGAATTATCTTTTTGTGT
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT
AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAACCAGTCTAAAAATGCAGTTTTCAGAAGAATGAATATTTCATGGATA
GTTCTAAATACTAATGAACTTTAAAATAGCTTACTATTGATCTGTCAAAGTGGGTTTTTATATAATTTTCTTTTTACAAATCACCTGACACATTT
AATATAGGTTAAAAAATGCTATCAGGCTGGTTTGCAAAGAAAATGTATTACAAAGGCTGCTAAGTGTGTTAAGAGCATACTCATTTCTGTTCTCC
AAAATATTTCATAAGGTGCTTTAAGAATAGGTATGTTTTTAAAAGTTAAGTTCCTACTATTTATAGGAACTGACAATCACCTAAAATACCAATGA
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGTAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG
TGTGACTTGACCTTTAAAATTT GACTGTCATAGGGGTTAATCCCTTGAGAAAATGAATGTGAAAAGTTAGCCTAATGTTAACTGCTATTATT
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT
CTGGATATGCAATGAGTGGGCCTGTATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGTTTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT
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Coding Sequences (i.e., Genes)
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The Genetic Code

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

TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA
CGCGAAGGA( TCTAGGAAGCTCTCC CGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGA GCGCGCGAGGGAGGGA TGGGAGTC
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGA TGCTGGCGGGGGTGCGTAGTGGGTGGA
GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGGCGGGGGAAAGAGCAAAAGGAAGGGGTGG
TGTGCGGAGTAGGGGTGGGT GAATTGGAAGCAAATGACATCACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAG
GTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAARAGGCCAGCGT
TGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGA GTGTGTATGGGTTGGGTT
TGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA
AGAAGAGATGGAAGAATGAACTGAAGCTGATTGAATAGAGAGCCACATCTACTTGCAACTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACT
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGG
ACACTTGATTGTCTTCTTGGCACATACAGGTGCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATTCAGCCAACAAAAATT
TTGGGGTAGGTAGAAAATATATGCTTAAAGTATTTATTGTTATGAGACTGGATATATCTAGTATTTGTCACAGGTAAATGATTCTTCAAAAATTG
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAATTTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAA
CTGACATTTAATAAATTGTATTCATAGCCTAATGTGATGAGCCACAGAAGCTTGCAAACTTTAATGAGATTTTTTAAAATAGCATCTAAGTTCGG
AATCTTAGGCAAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTTTGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACTTGACACATAATTACCCAATGAATAAGCATACTGAGGTATCAAAAAAGTCAAATATGT
TATAAATAGCTCATATATGTGTGTAGGGGGGAAGGAATTTAGCTTTCACATCTCTCTTATGTTTAGTTCTCTGCATGTGCAGTTAATCCTGGAAC
TCCGGTGCTAAGGAGAGACTGTTGGCCCTTGAAGGAGAGCTCCTCCCTGTGGATGAGAGAGAAGGACTTTACTCTTTGGAATTATCTTTTTGTGT
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT
AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAACCAGTCTAAAAATGCAGTTTTCAGAAGAATGAATATTTCATGGATA
GTTCTAAATACTAATGAACTTTAAAATAGCTTACTATTGATCTGTCAAAGTGGGTTTTTATATAATTTTCTTTTTACAAATCACCTGACACATTT
AATATAGGTTAAAAAATGCTATCAGGCTGGTTTGCAAAGAAAATGTATTACAAAGGCTGCTAAGTGTGTTAAGAGCATACTCATTTCTGTTCTCC
AAAATATTTCATAAGGTGCTTTAAGAATAGGTATGTTTTTAAAAGTTAAGTTCCTACTATTTATAGGAACTGACAATCACCTAAAATACCAATGA
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGTAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG
TGTGACTTGACCTTTAAAATTT GACTGTCATAGGGGTTAATCCCTTGAGAAAATGAATGTGAAAAGTTAGCCTAATGTTAACTGCTATTATT
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT
CTGGATATGCAATGAGTGGGCCTGTATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGTTTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT
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Foundational Milestones in Genetics & Genomics

Darwin Mendel Miescher

1859 1865 1871

"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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Comparative Genome Sequencing
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Comparative Genome Sequencing

A high-resolution map of human
evolutionary constraint using 29 mammals

Kerstin Lindblad-Toh"?, Manuel Garber'*, Or Zuk™*, Michael F. Lin""**, Brian J. Parker**, Stefan Washiet>*,

Pouya Kheradpour**, Jason Ernst'**, Gregory Jordan®*, Evan Mauceli**, Lucas D. Ward"**, Craig B. Lowe®7#*,

Alisha K. Holloway®*, Michele Clamp"'°*, Sante Gnerre'*, Jessica Alf6ldi', Kathryn Beal®, Jean Chang', Hiram Clawson®,
James Cuff'!, Federica Di Palma', Stephen Fitzgerald®, Paul Flicek®, Mitchell Guttman', Melissa J. Hubisz'?, David B. Jaffe',

Irwin Jungreis®, W. James Kent’, Dennis Kostka®, Marcia Lara', Andre L. Martins', Tim Massingham®, Ida Moltke®,

Brian J. Raney®, Matthew D. Rasmussen®, Jim Robinson', Alexander Stark'?, Albert J. Vilella®, Jiayu Wen®, Xiaohui Xie',
Michael C. Zody', Broad Institute Sequencing Platform and Whole Genome Assembly Team+, Kim C. Worley'*, Christie L. Kovar'?,
Donna M. Muzny'?, Richard A. Gibbs'*, Baylor College of Medicine Human Genome Sequencing Center Sequencing Teamt,
Wesley C. Warren', Elaine R. Mardis'®, George M. Weinstock'*', Richard K. Wilson'®, Genome Institute at Washington
Universityf, Ewan Bi.rney“, Elliott H. Margulies'(‘, Javier Herrero®, Eric D. Green'’, David Haussler®®, Adam Siepell N

Nick Goldman®, Katherine S. Pollard™'®, Jakob S. Pedersen™'?, Eric S. Lander' & Manolis Kellis"*
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The Human Genome... by the Numbers

~5% of Human Genome Sequence is Constrained
Across Mammals (and Presumed Functional)

5% of 3B Bases = ~150M Bases
Lower Bound for the Amount that is Functional

~1.5% Encodes for Protein (Genes)

Corresponds to ~18-22K Genes
Many More than ~22K Different Proteins

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

TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA

CGCGAAGGA TCTAGGAAGCTCTCC CGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGA TGGGAGTC
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGA TGCTGGCGGGGGTGCGTAGTGGGTGGA

GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGGCGGGGGAAAGAGCAAAAGGAAGGGGTGG
TGTGCGGAGTAGGGGTGGGTGGGGGGAATTGGAAGCAAATGACATCACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAG
GTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAARAGGCCAGCGT
TGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGA! GTGTGTATGGGTTGGGTT
TGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA
AGAAGAGATGGAAGAATGAACTGAAGCTGATTGAATAGAGAGCCACATCTACTTGCAACTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACT
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGG
ACACTTGATTGTCTTCTTGGCACATACAGGTGCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATTCAGCCAACAAAAATT
TTGGGGTAGGTAGAAAATATATGCTTAAAGTATTTATTGTTATGAGACTGGATATATCTAGTATTTGTCACAGGTAAATGATTCTTCAAAAATTG
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAATTTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAA
CTGACATTTAATAAATTGTATTCATAGCCTAATGTGATGAGCCACAGAAGCTTGCAAACTTTAATGAGATTTTTTAAAATAGCATCTAAGTTCGG
AATCTTAGGCAAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTTTGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACTTGACACATAATTACCCAATGAATAAGCATACTGAGGTATCAAAAAAGTCAAATATGT
TATAAATAGCTCATATATGTGTGTAGGGGGGAAGGAATTTAGCTTTCACATCTCTCTTATGTTTAGTTCTCTGCATGTGCAGTTAATCCTGGAAC
TCCGGTGCTAAGGAGAGACTGTTGGCCCTTGAAGGAGAGCTCCTCCCTGTGGATGAGAGAGAAGGACTTTACTCTTTGGAATTATCTTTTTGTGT
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT
AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAACCAGTCTAAAAATGCAGTTTTCAGAAGAATGAATATTTCATGGATA
GTTCTAAATACTAATGAACTTTAAAATAGCTTACTATTGATCTGTCAAAGTGGGTTTTTATATAATTTTCTTTTTACAAATCACCTGACACATTT
AATATAGGTTAAAAAATGCTATCAGGCTGGTTTGCAAAGAAAATGTATTACAAAGGCTGCTAAGTGTGTTAAGAGCATACTCATTTCTGTTCTCC
AAAATATTTCATAAGGTGCTTTAAGAATAGGTATGTTTTTAAAAGTTAAGTTCCTACTATTTATAGGAACTGACAATCACCTAAAATACCAATGA
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGTAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG
TGTGACTTGACCTTTAAAATTT GACTGTCATAGGGGTTAATCCCTTGAGAAAATGAATGTGAAAAGTTAGCCTAATGTTAACTGCTATTATT
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT
CTGGATATGCAATGAGTGGGCCTGTATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGTTTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT
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Non-Coding Functional Sequences

Regulation

+
%ﬂjﬂlﬂ .
+ Gene
Omp—O—0 2
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Chromosome Chromosome Chromosome Non-Coding
Packaging Segregation Replication RNAs

The Human Genome... by the Numbers

~5% of Human Genome Sequence is Constrained
Across Mammals (and Presumed Functional)

5% of 3B Bases = ~150M Bases
Do NOT Yet Know the Position of these ~150M Functional Bases
Lower Bound for the Amount that is Functional

~1.5% Encodes for Protein (Genes)

Corresponds to ~18-22K Genes
Many More than ~22K Different Proteins

~3.5% Functional But Non-Coding
Gene Regulatory Elements
Chromosomal Functional Elements
Undiscovered Functional Elements (NOT Yet in Textbooks!)
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The Epigenomic Landscape

e Science

of the epigenetic code

DNA methylation
Methyl marks added to certain
DNA bases repress gene activity.

SCIENCES

CANCER
s : W BEHAVIOR & MEMORY
Histone modification 3 . 4 . PLANT FLOWERING
A combination of different 2 ~ & GENE IMPRINTING
molecules can attach to the ‘tails’ PLURIPOTENCY
Histones of proteins called histones. These TESTING A TENET
alter the activity of the DNA
wiapped around them.

Histone tails

Chromosome

The ENCODE Portfolio
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OPEN 8 ACCESS Freely available online PLOS BIOLOGY

A User’s Guide to the Encyclopedia of DNA Elements
(ENCODE)

The ENCODE Project Consortium”*

Abstract

The mission of the Encyclopedia of DNA Elements (ENCODE) Project is to enable the scientific and medical communities to
interpret the human genome sequence and apply it to understand human biology and improve health. The ENCODE
Consortium is integrating multiple technologies and approaches in a collective effort to discover and define the functional
elements encoded in the human genome, including genes, transcripts, and transcriptional regulatory regions, together with
their attendant chromatin states and DNA methylation patterns. In the process, standards to ensure high-quality data have
been implemented, and novel algorithms have been developed to facilitate analysis. Data and derived results are made
available through a freely accessible database. Here we provide an overview of the project and the resources itis generating
and illustrate the application of ENCODE data to interpret the human genome.

PLoS Biol (2011)

am Coordination. Planing. and Strategic intiatives (DPCPS!) National Institutes of Heath + U S Department of Health and Hum:

. The NIH Common Fund Search o]

n Fund Programs rding Oppcrtunities rdded Research News & Events About the Common Fund

OVERVIEW

nihroadmap.nih.gov/epigenomics

The NIH Roadmap Epigenomics Mapping
Consortium

Bradley E Bernstein, John A Stamatoyannopoulos, Joseph F Costello, Bing Ren, Aleksandar Milosavljevic,
Alexander Meissner, Manolis Kellis, Marco A Marra, Arthur L Beaudet, Joseph R Ecker, Peggy ] Farnham,
Martin Hirst, Eric S Lander, Tarjei S Mikkelsen & James A Thomson

Nature Biotechnology (2010)
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GENOMES IN THREE
DIMENSIONS

A DNA sequenceisn’t enough; to understand the workings of
the genome, we must study chromosome structure.

y
45

0 s Si®

Nature (2011)

TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATAT ‘\

ACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGC m
AAACGTAACAGGAACCCGACTAGGATCATCGGGAAAAGGAGG

AGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGG UL U
TCCTGGGTCTGGCGGACCCTGACGCGARGGAGGGTCTAGGAR CLIFFS NOTES on

GCTCTCCH CGGTTCTCCCGCCGGTGGCTTCTTCTGT
CCTCCAGCGTTGCCAACTGGACCTAAAGAGAGGCCGCGACTG
TCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGAC

ACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGA TGGGAG The H u man
TCAGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAA
GGAGGAGAGGAGGAAGGA! TGCTGGCGGGGGTG Genome sequence
CGTAGTGGGTGGAGAAAGCCGCTAGAGCARATTTGGGGCCGG
ACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGGCGGG
GGAAAGAGCAAAAGGAAGGGGTGGTGTGCGGAGTAGGGGTGG
GTGGGGGGAATTGGAAGCAAATGACATCACAGCAGGTCAGAG
AAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAGGTCTTTG
GCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCA
GCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCA
GCGTTGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAAC
CGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGAGGGCGTG
TGTATGGGTTGGGTTTGGGGTAAAGGAATAAGCAGTTTTTAA
AAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATGTGGGT
ATTGTAGAATAAAACAGAAAGCATTAAGAAGAGATGGAAGAA
TGAACTGAAGCTGATTGAATAGAGAGCCACATCTACTTGCAA
CTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACTATGCA
CTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTT
AATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATG
CCTTGGACACTTGATTGTCTTCTTGGCACATACAGGTGCCAT
GCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAA
TTCAGCCAACAAAAATTTTGGGGTAGGTAGAAAATATATGCT
TAAAGTATTTATTGTTATGAGACTGGATATATCTAGTATTTG
TCACAGGTAAATGATTCTTCAAAAATTGAAAGCAAATTTGTT
GAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAAT
TTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAACTG J
ACATTTA

it
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The Genomics of Human Evolution

ANDREW SULLIVAN ON BLIND FAITH = LEO & JACK & MATT & MARTY.,

us
At ic potential
Amillion DNA base pairs sequenced ‘I“l‘l“ I

FES e

GENOME 10K.

Genome |0K: A Proposal to Obtain
Whole-Genome Sequence for 10 000
Vertebrate Species

GenoMe | OK CoMMUNITY OF SCENTISTS*

J. Heredity (2009)
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The Path to Genomic Medicine

Human
Genomic
Variation

human
gerome

Human Realization of

Genome Genomic
Project Medicine
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A haplotype map of the human genome

The International HapMap Consortium®
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The International HapMap Consertium*
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tes function. Fnaly.
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Integrating common and rare genetic
variation in diverse human populations

The International HapMap 3 Consortium®
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Chapter and verse on
human genetic variation
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A Deep Catalog of Human Genetic Vanation
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ARTICLE
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A map of human genome variation from
population-scale sequencing

The 1000 Genomes Project Conso

for in\'mllnunx " et beween Renorype and phentype. e we presc res o the o phase o the
projct, designed to develop and compare different strategies for genome-wide sequencimg with high-throughput
Plaforens. We undertook three projects: low-coverage whole sequencing of 179 individuals from four
populatins; high-coverage sequencing of (wo mother-ather-chid trios; and exon-tageted scquencing of 697

c 000
fants, most of which were previ iously ek eyt mau e Ta g e 1o
majority of common v 5

set. On avera foundto e arry appraximately 250 to_ 300 low-+t- Action var e 1a smmocued

ket (0 B e i two trias,
substitution mutations to be approximately 10~ per

Sigaatures of natura slection, and identify a marked recuction of genctc variaton in the nelghbourhood of gEnes,
due to selection at linked sites. These methods and public data will support the next phase of human genetic research.

per generation. We explore the data with regard to

Nature 2010

21



NHGRI Current Topics in Genome Analysis 2012 January 11, 2012
Week 1: The Genomic Landscape Circa 2012 Eric Green, M.D., Ph.D.

The Path to Genomic Medicine

Genomic Basis
for Human
Diseases

Human Realization of

Genome Genomic
Project Medicine

Genomic Architecture of Genetic Diseases

Rare, Simple, Monogenic, Common, Complex, Multigenic,
Mendelian... Non-Mendelian...
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The Role of Both the Genome and
the Environment in Human Disease

A\ 4 A 4
Genome Analysis >SS Environmental Monitoring
Technologies Technologies

Mendelian Diseases/Traits

Suspected Mendelian
Disease/Trait (~1900)

Molecular Basis
Known (~3500)

Source: Online Mendelian Inheritance in Man (www.ncbi.nlm.nih.gov/omim)
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Variant: Variant:
Green vs. Purple Orange vs. Blue
[ [ [

Affected G W A S Affected

i
i
naﬁected H

Unaffected

The First GWAS Success Story:
Age-Related Macular Degeneration

Complement Factor H Polymorphism in Age-Related Macular Degeneration

Robert J. Klein,' Carolme Zeiss? Emily Y. Chew " Jen-Yue Tsal * Richard S. Sackler Chad Haynes,'
Alice K. Henning,” John Paul SanGlovannl Shrlkanl M. Mane SusanT Mayne,” Michael B. Bracken,”
Frederick L. Ferris.” Jurg Ott," Colin Barnstable ? Josephine Hoh’"

Science (2005)

January 11, 2012

Eric Green, M.D., Ph.D.
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Genomic Architecture of Genetic Diseases

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

Mostly Coding Mutations = Mostly Non-Coding Mutations

The Path to Genomic Medicine

Routine Whole-
Genome
Sequencing

Human Realization of

Genome Genpn_1ic
Project Medicine
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A vision for the future of
genomics research

Ablueprint fort

“...‘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.”

Nature, April 2003

Human Genome Sequence

~$1,000,000,000

!
!
!
!

~$1,000

“The $1000 Genome”
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DNA SEQUENCING

Enter the graphene nanopore

Cost per Sequenced Human Genome

Cost per Genome

$100,000,000

$10,000,000 Moore's Law

$1,000,000

$100,000

National Human

(Il
$10,000 [ - H’Il Genome Research
Institute

genome.gov/sequencingcosts

$1,000
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Human Genome Sequence

vther
uman
Genome

~$1,000,000,000

!
!
!

l 4= Current Cost

~$1,000 “The $1000 Genome”

Genome Sequencing as a ‘Commodity’

FEANA 5 sent
3G FremierScentific Pariner

201ETOCK ROImneS
wds dll dlifidleul.

«”
CaJ

SPECIAL Human Whole Genome Sequencing &
PRICING $4’998 Functional Interpretation

i\ 15,000 icme/ TargeedRegion Saples Sequenced by BGl 1o Date,and Couring
= / \ N Human Exome Sequencing Starting a
. $999

@ www.bgisequence.com )
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The Path to Genomic Medicine

Routine Analysis
of Genome
Sequences

Human Realization of

Genome Genomic
Project Medicine

The Largest Current Bottleneck in Genomics...
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The Informational Bottleneck

TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCT u,(.AAACGT@;G
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA
CGCG. GGGTCTAGGAAGCTCTCC CGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG

CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTC
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGA Z TGCGTAGTGGGTGGA

GTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAG W TGCAGAGGTCGCCTCTGGAAAAGGCCAGCGT
AR{SA GTGTGTATGGGTTGGGTT

TGCAACTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACT

ATGCACTTGTIITATTTCATTTTTCTAAGAAACTAAAAATA ’ CCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGG
ACACTTGAT@TTCTTGGCACATACAGGTGCCAT CTGCR CAAAAATT
TTGGGGTAGGTAGAAAATATAT ATG 'CAAAAATTG
AAAGCAAATTTGTTGAAATAT A A AA ATACCGAAGTTATATCCAA
A A AAAATAGCATCTAAGTTCGG

CTGTTATTATACTGGTGTGA

ATCAAAAAAGTCAAATATGT

'GTGCAGTTAATCCTGGAAC

TGGAATTATCTTTTTGTGT

TCAAAATGTT. TGGCAT

AATGAATATT 'GGATA

ACAAATCACCTGACACATTT

ATACTCATTTCTGTTCTCC

ATCACCTAAAATACCAATGA

AGTATTGCTTAGTTTTCAAA

TCCCT! 'CTCTGTG

TGTGACTTGACCTTTAAAATTT GACTGTCATAGGGGTTAATCCCTTGAGAAAATGAATGTGAAAAGTTAGCCTAATG' ‘@ ATTATT
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT
CTGGAT. TGAGTGGGCCTGTATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGTTTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT
TTACAAACTTC(;@CTGGCCTTCTGGACTGCAATTCTAAAAGTGTAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCgiAGTTTTCAAA

GTGGTAGGCTT! GTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCT TCTCTGTG

Ten Years On — The Human Genome and Medicine
M

On a June day nearly 10 years ago, the leaders of Human Genome Project has not yet directly af-
the United States and the United Kingdom, accom- fected the health care of most individual

panied by the leaders of the public and private In this issue, the Journal begins another series
teams deciphering the human genome, announced of articles on genomic medicine.? Is it appropri-
that a draft sequence had been completed. That ate for the Journal to be taking stock so soon? It
occasion was rich with promises of new and more is, and for the following reasons.

Physicians are still a long way from submitting
their patients’ full genomes for sequencing, not
because the price is high, but because the data
are difficult to interpret.

some strong genetic markers for assessing drug influential haplotypes, and in general, other im-

responsiveness, risk of disease, or risk of disease plicated susceptibility haplotypes collectively ac-

progression — have entered routine medical prac- count for only a small fraction of the apparent
tice. And most of these can be traced to discover- heritable ris arly, more than one decade of
ies that preceded the unveiling of the human ge- genomics will be required to understand the
nome. As Francis Collins, formerly the leader of inborn risks of most common disorders, such
the publicly funded sequencing efforts, recently as diabetes and hy| pgm.nsmn

commented: “the consequences for dinical medi- Second, readers will enjoy learning from these
cine . . . have thus far been modest . . . the articles how rapidly the engines of genomics and
NENGL) MED 36221 NEMORG  MAY 27, 2010

NEJM (2010)
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SPECIAL () | ncludes whole genome sequencing (30, ‘
PRICING | pergenome | downstream informatics & interpretation tools

J
o
o e

Downstream informatics & interpretation tools for geneticists: v

The Path to Genomic Medicine

New Diagnostics

New Therapeutics

New Preventions

Human Realization of
Genome Genomic
Project Medicine

January 11, 2012

Eric Green, M.D., Ph.D.
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January 11, 2012
Eric Green, M.D., Ph.D.

1,]3
FUTURE
ISBRIGHT "=

Reflections on the firstien
years of the human genomics age

W
FRO)

PERSPECTIVE

Charting a course for genomic medicine
from base pairs to bedside

February 2011
NHGRI Published New Vision for Genomics
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Base Pairs to Bedside

Helix to Health

Five Domains of Genomics Research

derstand gf un derstand':? un dersta“d n? vancindg
ture © y y © ce
the struc e Biolod the Biolod e scien
Genomes Genomes piseas® Mediciné

the
ronng
mp ctlvl'!“es
HealthGare

Genomes

Cross-Cutting Elements in Genomics

Understanding  Understanding  Understanding Advancing
the Structure of  the Biology of  the Biology of  the Science of
Genomes Disease Medicine

Improving the
Effectiveness
of Healthcare

)> Education & Training

>> Genomics & Society
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Genomic Accomplishments Across Domains

Understanding  Understanding  Understanding Advancing Improving the
the Structure of the Biology of  the Biology of  the Science of  Effectiveness
Genomes Genomes Disease Medicine of Healthcare

b
+ 4 —

1990-2003 | .

Human Genome Project

2004-2010
2011-2020
Beyond 2020
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

1990.2003 | - §
Human Genome Project |-

2004-2010 | :3

2011-2020

Beyond 2020

Green et al. (2011)
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PERSPECTIVE

Charting a course for genomic medicine
from base pairs to bedside

Tuman genvme 2 st e sEnct
00 vidon fer the

2011 NHGRI Strategic Plan for Genomics

2
I'm:l])crauws for genomic medicine|
‘Opportunities for genomic medicine will
come from simultaneously acquiring
foundational knowledge of genome
function, insights into disease biology
and powerful genomic took, The
following imperatives will capitalize on
these opportunities in the coming

decad
Making geno -based diagnostics

routine. Genomic technology
sofarhas b rch market. In the next

decade, technology advances could enable  clinician to acquire a
complete genomic diagnostic panel (induding genomic, epigenomic,
transcriptomic and microbiomic analyses) as routinely blood
chemistry panel

Defining the genetic components of disease. All diseases involve a
genetic component. Genome sequencing could be used to determine
the genetic variation underlying the full spectrum of diseases, from
rare Mendelian to common complex disorders, through the study of
upwardsofa million patients; efforts should begin nowto organize the
necessary sample collections.

Comprehensive characterization of cancer genomes. A
comprehensive genomic view of all cancers*” will reveal molecular
taxonomies and altered pathways for each cancer subtype. Such
information should lead to more robust diagnostic and therapeutic
strategies and a roadmap for developing new treatments™ 7%,

Practical systems for ical genomic informatics. Thousands of
genomic variants associated with diseass risk and treatment response
are known, and many more will be discovered. New models for
capturing and displaying these variants and their phenotypic
consequences should be developed and incorporated into practical
systems that make information available to patients and their
hezlthcare providers, so that they can interpret and reinterpret the
data as inowledge evolves.

The role of the human microbiome in health and disease. Many
diseasesare nfluenced by the microbial communities that inhabit our
bodies the microbiome)'®'. Recent initiatives'®*'“* (http://
www.human-microbiome.org) are using new sequencing
technologies to catalogue the resident microflora at distinct body sites,
and studying correlations between specific diseases and the
composition of the microbiome!®. More extensive studies are needed
to build on these first revelations and to investigate approaches for

th as anew approach.

The Future

NEXT EXIT A
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Technology Advances Drive Science

Astronomy

Cell Biology

Radiology

Genomics

Ce” (201 1 ) Leading Edge

Genomics Reaches the Clinic:

From Basic Discoveries to Clinical Impact

Teri A. Manolio and Eric D. Green'*

'National Human Genome Research Institute, National Institutes of Health, Bethesda, MD 20892, USA
“Correspondence: egreen@nhgri.nih.gov

DO 10.1016/.cell.2011.09.012

Today, more than ever, basic science research provides significant opportunities to advance our
understanding about the genetic basis of human disease. Close interactions among laboratory,
computational, and clinical research communities will be crucial to ensure that genomic discoveries
advance medical science and, ultimately, improve human health.
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The Future: Genome Sequencing

Suspected Mendelian 4
Disease/Trait (~1900) /

Molecular Basis
Known (~3500)

Mendelian Diseases/Traits
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The Cancer Genome At

Home  AboutCancer Genomics

About Cancer
X ks
AN

Genomics

News Releases and
Announcements gy

las ([ Understanding genomics
-/ toimprove cancer care

The Future: Genome Sequencing

Cancers Selectedfor Study  Research Highlights  Publications  News and Events  About TCGA

About Cancer Genomics

Explore informaton and resources to improve

Questions About Cancer

Call 1-8004-CANCER

Use LiveHelp Onine Chat

/; Cancers Perspectives
Selected for ¢
= Study o Multimedia Library

Leadership Update gy

Cancer Genomics

A} National Cancer Institute

=X AvoutCancerGenomics  Cancers Selected for Study

International
Cancer Genome
Consortium

16

Cancer Genome Projects  Committe

r\% c4 ICGC Cancer Genome Projects
Committed projects to date: 36

Sortby:  Project v

i r Blood Cancer

United States [ United States g

Brain Cancer Breast Cancer ’@\
United States [

The Cancer Genome Atlas (£ ) Undersionding genomics

to improve cancer care

National Human Genome Research Institute 5‘

Search

Research Highlights Publications News and Events About TCGA

es Policies and Guidelines

Bone Cancer
United Kingdom (2]
-

—

Media

ICGC Goal: To obtain a comprehensive
description of genomic, transcriptomic and
epigenomic changes in 50 different tumor types
andlor subtypes which are of clinical and societal
importance across the globe.

Read more »

n
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Future C o
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Division of Program Coordination, Planning, and Strategic Initiatives (DPCPSI) National Institutes of Health -/( U.S. Department of Health and Human Services

4 : The NIH Common Fund

WE ACCELERATE DISCOVERY.

I COMMON FUND PROGRAMS RESEARCH FUNDING NEWS & EVENTS HIGHLIGHTS

Human Microbiome Project

m'

Common Fund Honl

X0y
e cemmen International Human Microbiome Consortium
different sites o Home | Organisation | Membership = 2012 Conference | Past meetings | Programs | Links

et i o9

analyze the role]

HMP includes t! : : :
TSN T The International Human Microbiome

Program Sna \. \/

The Common F|

Home ea

Home Consortium Username
isati

S The goal of the IMHC is to work under a common set of principles and policies | Password

Membership to study and understand the role of the human microbiome in the maintenance

of health and causation of disease and to use that knowledge to improve the
ability to prevent and treat disease. The Consortium’s efforts are focused on

a shared « data resource that will enable Forgot your password?

plication s to the r between the composition of the

Reed Morg... human microbiome (or of parts of the human microbiome) and human health
2012 Conference

and disease. IHMC Presentation
Past t
ast meetings The IHMC is open, at any time, to the funders and PIs of human microbiome
Program Hig! research programs that have the capacity to mount a comprehensive analysis

of the human microbiome in health and/or disease, and that agree to carry out
their efforts according to a set of commonly agreed-upon IHMC policies (see
Principles in the Membership section).

The principles, structure and operating modes of the IHMC were defined
progressively through several meetings organised since November 2005 (see

T

Genomic Medicine: Clinical Microbiology
A\ - 9 o .

Now
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January 11, 2012

Eric Green, M.D., Ph.D.
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Because Everyone Responds Differently.
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All of these work.

Just not for everyone.
- T

Targeting today's drugs.
Discovering tomorrow’

= .
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Clinical Genomic
Information Systems

Understanding Undersianding
the Structure of the Biology of
Genomes Genomes

Basic
Science

Translational
Science
Implementation
Science
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Understanding Understanding Understanding Advancing Improving the
the Struciure of the Biology of the Biology of the Science of Effeciiveness of

Genomes Genomes Disease Medicine Healthcare

TV A TOVYT A AR

A pessimist sees the difficulty in every opportunity.

An optimist sees the opportunity in every difficulty.

--Winston Churchill

U FUTURE
HUMAN
GENOWICS
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