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        Outline 

 I.     Historical Context for Genomics 
   

 II.    Major Achievements since the Human Genome Project 
   

 III.   The Human Genomics Landscape: 2012 and Beyond 

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

Mendel 

1865 

Miescher 

1871 

Avery 

1944 

Watson  
& Crick 

1953 

Foundational Milestones in Genetics & Genomics 
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The DNA Alphabet 

G   Guanine 
A   Adenine 
T   Thymine  
C   Cytosine 

Human Genome: ~3 billion bases (‘letters’) 

October 1990 
Human Genome Project Begins 

~21 Years Ago 

Human 
Genome  
Project 
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June 2000 
Draft Human Genome Sequence Announced 

~11 Years Ago 

February 2001 
Draft Human Genome Sequence Published 

~11 Years Ago 
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April 2003 
Human Genome Project Ends 

~9 Years Ago 

“But	
  the	
  mistake	
  that	
  we	
  o/en	
  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.”	
  

April 2011 
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Green et al. Nature (2011) 
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Genomic Medicine 
Healthcare tailored to the individual 

based on genomic information  

The Path to Genomic Medicine!

? !

     ?  “Fulfilling the Promise” 

Human!
Genome !
Project!

Realization of 
Genomic !
Medicine!
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The Path to Genomic Medicine!

Data/Knowledge/Insights 

Human!
Genome !
Project!

Realization of 
Genomic !
Medicine!

The Path to Genomic Medicine!

Human!
Genome !
Project!

Realization of 
Genomic !
Medicine!

Function of the 
Human Genome 

Sequence 
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Mapping  
the Human Genome 

Sequencing  
the Human Genome 

~1990 to ~2000 

~1998 to ~2003 

Interpreting  
the Human Genome  

Sequence 
~2003 to ??? 

The Human  
Genome Project 

Beyond 
The Human  

Genome Project 

~3,000 bp (0.0001%) of Human Genome Sequence 
TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG 
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA 
CGCGAAGGAGGGTCTAGGAAGCTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG 
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTC 
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGA 
GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGGCGGGGGAAAGAGCAAAAGGAAGGGGTGG 
TGTGCGGAGTAGGGGTGGGTGGGGGGAATTGGAAGCAAATGACATCACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAG 
GTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGT 
TGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGAGGGCGTGTGTATGGGTTGGGTT 
TGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA 
AGAAGAGATGGAAGAATGAACTGAAGCTGATTGAATAGAGAGCCACATCTACTTGCAACTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACT 
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGG 
ACACTTGATTGTCTTCTTGGCACATACAGGTGCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATTCAGCCAACAAAAATT 
TTGGGGTAGGTAGAAAATATATGCTTAAAGTATTTATTGTTATGAGACTGGATATATCTAGTATTTGTCACAGGTAAATGATTCTTCAAAAATTG 
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAATTTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAA 
CTGACATTTAATAAATTGTATTCATAGCCTAATGTGATGAGCCACAGAAGCTTGCAAACTTTAATGAGATTTTTTAAAATAGCATCTAAGTTCGG 
AATCTTAGGCAAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTTTGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA 
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACTTGACACATAATTACCCAATGAATAAGCATACTGAGGTATCAAAAAAGTCAAATATGT 
TATAAATAGCTCATATATGTGTGTAGGGGGGAAGGAATTTAGCTTTCACATCTCTCTTATGTTTAGTTCTCTGCATGTGCAGTTAATCCTGGAAC 
TCCGGTGCTAAGGAGAGACTGTTGGCCCTTGAAGGAGAGCTCCTCCCTGTGGATGAGAGAGAAGGACTTTACTCTTTGGAATTATCTTTTTGTGT 
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT 
AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAACCAGTCTAAAAATGCAGTTTTCAGAAGAATGAATATTTCATGGATA 
GTTCTAAATACTAATGAACTTTAAAATAGCTTACTATTGATCTGTCAAAGTGGGTTTTTATATAATTTTCTTTTTACAAATCACCTGACACATTT 
AATATAGGTTAAAAAATGCTATCAGGCTGGTTTGCAAAGAAAATGTATTACAAAGGCTGCTAAGTGTGTTAAGAGCATACTCATTTCTGTTCTCC 
AAAATATTTCATAAGGTGCTTTAAGAATAGGTATGTTTTTAAAAGTTAAGTTCCTACTATTTATAGGAACTGACAATCACCTAAAATACCAATGA 
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGTAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA 
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG 
TGTGACTTGACCTTTAAAATTTGGAGACTGTCATAGGGGTTAATCCCTTGAGAAAATGAATGTGAAAAGTTAGCCTAATGTTAACTGCTATTATT 
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT 
CTGGATATGCAATGAGTGGGCCTGTATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG 
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGTTTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT  
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Coding Sequences (i.e., Genes) 

The Genetic Code 

~3,000 bp (0.0001%) of Human Genome Sequence 
TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG 
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA 
CGCGAAGGAGGGTCTAGGAAGCTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG 
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTC 
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGA 
GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGGCGGGGGAAAGAGCAAAAGGAAGGGGTGG 
TGTGCGGAGTAGGGGTGGGTGGGGGGAATTGGAAGCAAATGACATCACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAG 
GTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGT 
TGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGAGGGCGTGTGTATGGGTTGGGTT 
TGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA 
AGAAGAGATGGAAGAATGAACTGAAGCTGATTGAATAGAGAGCCACATCTACTTGCAACTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACT 
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGG 
ACACTTGATTGTCTTCTTGGCACATACAGGTGCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATTCAGCCAACAAAAATT 
TTGGGGTAGGTAGAAAATATATGCTTAAAGTATTTATTGTTATGAGACTGGATATATCTAGTATTTGTCACAGGTAAATGATTCTTCAAAAATTG 
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAATTTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAA 
CTGACATTTAATAAATTGTATTCATAGCCTAATGTGATGAGCCACAGAAGCTTGCAAACTTTAATGAGATTTTTTAAAATAGCATCTAAGTTCGG 
AATCTTAGGCAAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTTTGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA 
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACTTGACACATAATTACCCAATGAATAAGCATACTGAGGTATCAAAAAAGTCAAATATGT 
TATAAATAGCTCATATATGTGTGTAGGGGGGAAGGAATTTAGCTTTCACATCTCTCTTATGTTTAGTTCTCTGCATGTGCAGTTAATCCTGGAAC 
TCCGGTGCTAAGGAGAGACTGTTGGCCCTTGAAGGAGAGCTCCTCCCTGTGGATGAGAGAGAAGGACTTTACTCTTTGGAATTATCTTTTTGTGT 
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT 
AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAACCAGTCTAAAAATGCAGTTTTCAGAAGAATGAATATTTCATGGATA 
GTTCTAAATACTAATGAACTTTAAAATAGCTTACTATTGATCTGTCAAAGTGGGTTTTTATATAATTTTCTTTTTACAAATCACCTGACACATTT 
AATATAGGTTAAAAAATGCTATCAGGCTGGTTTGCAAAGAAAATGTATTACAAAGGCTGCTAAGTGTGTTAAGAGCATACTCATTTCTGTTCTCC 
AAAATATTTCATAAGGTGCTTTAAGAATAGGTATGTTTTTAAAAGTTAAGTTCCTACTATTTATAGGAACTGACAATCACCTAAAATACCAATGA 
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGTAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA 
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG 
TGTGACTTGACCTTTAAAATTTGGAGACTGTCATAGGGGTTAATCCCTTGAGAAAATGAATGTGAAAAGTTAGCCTAATGTTAACTGCTATTATT 
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT 
CTGGATATGCAATGAGTGGGCCTGTATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG 
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGTTTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT  
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Darwin 

1859 

Mendel 

1865 

Miescher 

1871 

Avery 

1944 

Watson  
& Crick 

1953 

Foundational Milestones in Genetics & Genomics 

"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." 

Charles Darwin (1809-1882) 

“For the last three and a half billion years,  
evolution has been taking notes.” 

     Eric Lander 

(Attributed to Darwin) 
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Comparative Genome Sequencing 

Meredith et al. 
Science (2011) 

Comparative Genome Sequencing 

Nataure	
  

Nature (2011) 
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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 
CGCGAAGGAGGGTCTAGGAAGCTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG 
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTC 
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGA 
GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGGCGGGGGAAAGAGCAAAAGGAAGGGGTGG 
TGTGCGGAGTAGGGGTGGGTGGGGGGAATTGGAAGCAAATGACATCACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAG 
GTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGT 
TGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGAGGGCGTGTGTATGGGTTGGGTT 
TGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA 
AGAAGAGATGGAAGAATGAACTGAAGCTGATTGAATAGAGAGCCACATCTACTTGCAACTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACT 
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGG 
ACACTTGATTGTCTTCTTGGCACATACAGGTGCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATTCAGCCAACAAAAATT 
TTGGGGTAGGTAGAAAATATATGCTTAAAGTATTTATTGTTATGAGACTGGATATATCTAGTATTTGTCACAGGTAAATGATTCTTCAAAAATTG 
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAATTTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAA 
CTGACATTTAATAAATTGTATTCATAGCCTAATGTGATGAGCCACAGAAGCTTGCAAACTTTAATGAGATTTTTTAAAATAGCATCTAAGTTCGG 
AATCTTAGGCAAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTTTGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA 
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACTTGACACATAATTACCCAATGAATAAGCATACTGAGGTATCAAAAAAGTCAAATATGT 
TATAAATAGCTCATATATGTGTGTAGGGGGGAAGGAATTTAGCTTTCACATCTCTCTTATGTTTAGTTCTCTGCATGTGCAGTTAATCCTGGAAC 
TCCGGTGCTAAGGAGAGACTGTTGGCCCTTGAAGGAGAGCTCCTCCCTGTGGATGAGAGAGAAGGACTTTACTCTTTGGAATTATCTTTTTGTGT 
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT 
AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAACCAGTCTAAAAATGCAGTTTTCAGAAGAATGAATATTTCATGGATA 
GTTCTAAATACTAATGAACTTTAAAATAGCTTACTATTGATCTGTCAAAGTGGGTTTTTATATAATTTTCTTTTTACAAATCACCTGACACATTT 
AATATAGGTTAAAAAATGCTATCAGGCTGGTTTGCAAAGAAAATGTATTACAAAGGCTGCTAAGTGTGTTAAGAGCATACTCATTTCTGTTCTCC 
AAAATATTTCATAAGGTGCTTTAAGAATAGGTATGTTTTTAAAAGTTAAGTTCCTACTATTTATAGGAACTGACAATCACCTAAAATACCAATGA 
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGTAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA 
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG 
TGTGACTTGACCTTTAAAATTTGGAGACTGTCATAGGGGTTAATCCCTTGAGAAAATGAATGTGAAAAGTTAGCCTAATGTTAACTGCTATTATT 
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT 
CTGGATATGCAATGAGTGGGCCTGTATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG 
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGTTTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT  
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Non-Coding Functional Sequences 

Gene  
Regulation 

Chromosome  
Replication 

Chromosome  
Segregation 

Chromosome 
Packaging 

Non-Coding  
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 

The ENCODE Portfolio 
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PLOs	



PLoS Biol (2011) 

nihroadmap.nih.gov/epigenomics 

Nature Biotechnology (2010) 
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Nature (2011) 

TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATAT
ACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGC
AAACGTAACAGGAACCCGACTAGGATCATCGGGAAAAGGAGG
AGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGG
TCCTGGGTCTGGCGGACCCTGACGCGAAGGAGGGTCTAGGAA
GCTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGT
CCTCCAGCGTTGCCAACTGGACCTAAAGAGAGGCCGCGACTG
TCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGAC
ACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAG
TCAGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAA
GGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTG
CGTAGTGGGTGGAGAAAGCCGCTAGAGCAAATTTGGGGCCGG
ACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGGCGGG
GGAAAGAGCAAAAGGAAGGGGTGGTGTGCGGAGTAGGGGTGG
GTGGGGGGAATTGGAAGCAAATGACATCACAGCAGGTCAGAG
AAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAGGTCTTTG
GCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCA
GCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCA
GCGTTGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAAC
CGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGAGGGCGTG
TGTATGGGTTGGGTTTGGGGTAAAGGAATAAGCAGTTTTTAA
AAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATGTGGGT
ATTGTAGAATAAAACAGAAAGCATTAAGAAGAGATGGAAGAA
TGAACTGAAGCTGATTGAATAGAGAGCCACATCTACTTGCAA
CTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACTATGCA
CTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTT
AATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATG
CCTTGGACACTTGATTGTCTTCTTGGCACATACAGGTGCCAT
GCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAA
TTCAGCCAACAAAAATTTTGGGGTAGGTAGAAAATATATGCT
TAAAGTATTTATTGTTATGAGACTGGATATATCTAGTATTTG
TCACAGGTAAATGATTCTTCAAAAATTGAAAGCAAATTTGTT
GAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAAT
TTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAACTG
ACATTTA 

The Human  
Genome Sequence 
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The Genomics of Human Evolution 

J. Heredity (2009) 
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The Path to Genomic Medicine!

Human!
Genome !
Project!

Realization of 
Genomic !
Medicine!

Human 
Genomic  
Variation 

V V

V

V

V

V

V

V

V

V

V

V

V
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2005 

2007 

2010 

Nature 2010 
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The Path to Genomic Medicine!

Human!
Genome !
Project!

Realization of 
Genomic !
Medicine!

Genomic Basis 
for Human  
Diseases 

Genomic Architecture of Genetic Diseases 

Rare, Simple, Monogenic,  
Mendelian… 

Common, Complex, Multigenic,  
Non-Mendelian… 
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The Role of Both the Genome and 
the Environment in Human Disease 

Genome Analysis  
Technologies 

Environmental Monitoring  
Technologies >>> 

Genes Identified: Monogenic Diseases 

Year 

N
o.

 G
en

es
 

Source: Online Mendelian Inheritance in Man (www.ncbi.nlm.nih.gov/omim) 

Human Genome  
Project Begins 

Molecular Basis  
Known (~3500) 

Molecular Basis  
Unknown (~1800) 

Suspected Mendelian  
Disease/Trait (~1900) 
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Variant:  
Orange vs. Blue 

Variant:  
Green vs. Purple 

Variant B 

GWAS 

The First GWAS Success Story: 
Age-Related Macular Degeneration 

Science (2005) 
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genome.gov/gwastudies 

Published GWAS Studies 

N
o.

  P
ub

lic
at

io
ns

 

>1000! 
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Genomic Architecture of Genetic Diseases 

Rare, Simple, Monogenic,  
Mendelian… 

Common, Complex, Multigenic,  
Non-Mendelian… 

Mostly Coding Mutations Mostly Non-Coding Mutations 

The Path to Genomic Medicine!

Realization of 
Genomic !
Medicine!

Human!
Genome !
Project!

Routine Whole- 
Genome  

Sequencing 
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Nature, April 2003 

“…‘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 “The $1000 Genome” 

~$1,000,000,000 
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Many 
Incoming 

Technologies… 

Cost per Sequenced Human Genome 
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Human Genome Sequence 

~$1,000 “The $1000 Genome” 

Current Cost 

~$1,000,000,000 

Genome Sequencing as a ‘Commodity’ 
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The Path to Genomic Medicine!

Human!
Genome !
Project!

Realization of 
Genomic !
Medicine!

Routine Analysis 
of Genome  
Sequences 

The Largest Current Bottleneck in Genomics… 
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The Computational Bottleneck 
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The Informational Bottleneck 
TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG 
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA 
CGCGAAGGAGGGTCTAGGAAGCTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG 
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTC 
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGA 
GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGGCGGGGGAAAGAGCAAAAGGAAGGGGTGG 
TGTGCGGAGTAGGGGTGGGTGGGGGGAATTGGAAGCAAATGACATCACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAG 
GTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGT 
TGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGAGGGCGTGTGTATGGGTTGGGTT 
TGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA 
AGAAGAGATGGAAGAATGAACTGAAGCTGATTGAATAGAGAGCCACATCTACTTGCAACTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACT 
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGG 
ACACTTGATTGTCTTCTTGGCACATACAGGTGCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATTCAGCCAACAAAAATT 
TTGGGGTAGGTAGAAAATATATGCTTAAAGTATTTATTGTTATGAGACTGGATATATCTAGTATTTGTCACAGGTAAATGATTCTTCAAAAATTG 
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAATTTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAA 
CTGACATTTAATAAATTGTATTCATAGCCTAATGTGATGAGCCACAGAAGCTTGCAAACTTTAATGAGATTTTTTAAAATAGCATCTAAGTTCGG 
AATCTTAGGCAAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTTTGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA 
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACTTGACACATAATTACCCAATGAATAAGCATACTGAGGTATCAAAAAAGTCAAATATGT 
TATAAATAGCTCATATATGTGTGTAGGGGGGAAGGAATTTAGCTTTCACATCTCTCTTATGTTTAGTTCTCTGCATGTGCAGTTAATCCTGGAAC 
TCCGGTGCTAAGGAGAGACTGTTGGCCCTTGAAGGAGAGCTCCTCCCTGTGGATGAGAGAGAAGGACTTTACTCTTTGGAATTATCTTTTTGTGT 
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT 
AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAACCAGTCTAAAAATGCAGTTTTCAGAAGAATGAATATTTCATGGATA 
GTTCTAAATACTAATGAACTTTAAAATAGCTTACTATTGATCTGTCAAAGTGGGTTTTTATATAATTTTCTTTTTACAAATCACCTGACACATTT 
AATATAGGTTAAAAAATGCTATCAGGCTGGTTTGCAAAGAAAATGTATTACAAAGGCTGCTAAGTGTGTTAAGAGCATACTCATTTCTGTTCTCC 
AAAATATTTCATAAGGTGCTTTAAGAATAGGTATGTTTTTAAAAGTTAAGTTCCTACTATTTATAGGAACTGACAATCACCTAAAATACCAATGA 
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGTAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA 
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG 
TGTGACTTGACCTTTAAAATTTGGAGACTGTCATAGGGGTTAATCCCTTGAGAAAATGAATGTGAAAAGTTAGCCTAATGTT-----CTATTATT 
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT 
CTGGATATGCAATGAGTGGGCCTGTATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG 
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGTTTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT 
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGTAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA 
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG  

NEJM (2010) 
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The Path to Genomic Medicine!

Human!
Genome !
Project!

Realization of 
Genomic !
Medicine!

New Diagnostics 

New Therapeutics 

New Preventions 

??? 
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~11 Months Ago 

February 2011 
NHGRI Published New Vision for Genomics 
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Five Domains of Genomics Research 

Base Pairs to Bedside 

Helix to Health  

Cross-Cutting Elements in Genomics 

  Bioinformatics & Computational Biology  

  Education & Training 

  Genomics & Society 

Understanding 
the Structure of 

Genomes 

Understanding 
the Biology of 

Genomes 

Understanding 
the Biology of 

Disease 

Advancing 
the Science of 

Medicine 

Improving the 
Effectiveness 
of Healthcare 
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Understanding 
the Structure of 

Genomes 

Understanding 
the Biology of 

Genomes 

Understanding 
the Biology of 

Disease 

Advancing 
the Science of 

Medicine 

Improving the 
Effectiveness 
of Healthcare 

1990-2003 
Human Genome Project 

2004-2010 

2011-2020 

Beyond 2020 

Genomic Accomplishments Across Domains 

Green et al. (2011) 
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NHGRI 

>>> 

2011 NHGRI Strategic Plan for Genomics 
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Technology Advances Drive Science 

Astronomy 

Cell Biology 

Radiology 

Genomics 

Cell (2011)!
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The Future: Genome Sequencing 

Mendelian Diseases/Traits 

Molecular Basis  
Unknown (~1800) 

Molecular Basis  
Known (~3500) 

Suspected Mendelian  
Disease/Trait (~1900) 

The Future: Genome Sequencing 

Complex Diseases/Traits 
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The Future: Genome Sequencing 

Cancer Genomics 
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Now 

Future 

Genomic Medicine: Cancer Diagnostics 

Microbiome 

The Future: Genome Sequencing 
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Now 

Future 

Genomic Medicine: Clinical Microbiology 
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Clinical Genomic 
Information Systems 

Basic  
Science 

Translational  
Science 

Implementation 
Science 
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  A pessimist sees the difficulty in every opportunity. 
  An optimist sees the opportunity in every difficulty.  

   --Winston Churchill  


