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Collins et al. (2003) 

Human Genome Project 
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Chromosome 
(~130 Mb) 

BAC 
(~0.1-0.2 Mb) 

GATCGTCTAGAATCTC 
GAGATCTCTGAGAGTC 
GTGGGAAACTGTGTGA 
TGTGACTAGCCACAGT 
TAGGTATTGGGGCATT 
TACGTGTGAGAGATGT 
ATGATGCACCTGACCC 
GGGTTTCACTCTCAAC 
GACTCACTCCACCTCA 
CCGGTTAGACATACAT 
GAGGCCCACCGCCGCT 
GTGCACGTCCACCACC 
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DNA Sequencing 

 History of DNA Sequencing 

Avery:  Proposes DNA as ‘Genetic Material’ 

Watson & Crick:  Double Helix Structure of DNA 
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DNA Tagged with Radioactivity 

 G  A   T  C 

G:  G  Reaction 
A:  A  Reaction 
T:  T  Reaction 
C:  C  Reaction 

Analyzing Fluorescent DNA Sequencing Data 

Computer 
Analysis 

  A  G   T  A  C  T  G  G  G  A  T  C 
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Fluorescent DNA Sequencing Results 

Analysis of Gene Expression 

•  Full-Insert (Full-Length) cDNA Sequencing 

•  ESTs:  Expressed-Sequence Tags 

•  SAGE:  Serial Analysis of Gene Expression 

mgc.nci.nih.gov 
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Shotgun Sequencing 

Genome Sequencing 

Subclone Construction 
GATCGTCTAGAATCTC 
GAGATCTCTGAGAGTC 
GTGGGAAACTGTGTGA 

TGTGACTAGCCACAGT 
TACGTGTGAGAGATGT 
ATGATGCACCTGACCC 
GGGTTTCACTCTCAAC 
GACTCACTCCACCTCA 

GAGGCCCACCGCCGCT 
GTGCACGTCCACCACC 
GATTATTACCATTTTA 

ATCCTTAGGATTGACA 

BAC DNA 
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GTGGGAAACTGTGTGA 

TGTGACTAGCCACAGT 
TACGTGTGAGAGATGT 
ATGATGCACCTGACCC 
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GACTCACTCCACCTCA 

GAGGCCCACCGCCGCT 
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GAGATCTCTGAGAGTC 
GTGGGAAACTGTGTGA 

TGTGACTAGCCACAGT 
TACGTGTGAGAGATGT 
ATGATGCACCTGACCC 
GGGTTTCACTCTCAAC 
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GAGATCTCTGAGAGTC 
GTGGGAAACTGTGTGA 

TGTGACTAGCCACAGT 
TACGTGTGAGAGATGT 
ATGATGCACCTGACCC 
GGGTTTCACTCTCAAC 
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BAC 

Shotgun Sequencing Strategy 
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BAC 

Finished 
Sequence 
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Sequence Finishing: Resolving Ambiguities 

*** Sequence Finishing:  Remains Relatively Expensive *** 
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Historically Significant 
Genome Sequencing Projects 

Goffeau et al. (1997) 

First Eukaryotic Genome Sequence 
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C. elegans Sequencing Consortium (1998) 

First Animal Genome Sequence 

Adams et al. (2000) 

Second Animal Genome Sequence 
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Clone-Based Shotgun Sequencing 

Whole-Genome Shotgun Sequencing 
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February, 2001 Draft Sequence 

Venter et al. (2001) International Human Genome  
Sequencing Consortium (2001) 

April, 2003 Completion 
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October, 2004 Publication 

International Human Genome  
Sequencing Consortium (2004) 

Nature (2009) 
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Human Genome Project 
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HGP 
      Realization of

  Genomic Medicine


The Path to Genomic Medicine


Genomic Medicine 

Healthcare tailored to the individual 
based on genomic information  
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? 
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~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  

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 
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~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  

Coding Sequences (i.e., Genes) 

The Genetic Code 
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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 
 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 

  Good Inventory at Present 

~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 

  Good Inventory at Present 

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

  Poor Inventory at Present 
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Darwin 

1859 

Mendel 

1865 

Miescher 

1871 

Avery 

1944 

Watson  
& Crick 

1953 

Foundational Milestones in Genetics & Genomics 

Charles Darwin 
Born February 12, 1809 
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"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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Inter-Species Sequence Comparisons 

Comparative Sequence Analysis 

 Species B 
TATCGGCTAGAATCTCGAGATC
TCTGAGAGTCGTGGGAAACTGT
GTGATGTGACTAGCCACAGTTA
CGTGTGAGAGATGTATGATGCA
CCTGACCCGGGTTTCACTCTCA
ACGACTCACTCCACCTCAGAGG
CCCACCGCCGCTGTGCACGTCC
ACCACGATCCTTACCACACTTA
CACATCACTCTCAACGACTCAC
TCCACCTCAGAGGCCCACCGCC
GCTGTGCACGTCCACCACGATC
CTTACCACACTTACACATTACC
ATATATCCACCTACCACACATA
CCTTACCATATATCCACCTACC
ACACATACCTACCCCATTGCAC
ACCTATTATTATTACCGAGGGA
GAGGGGTGACCACACTGTGACA 

Using the ‘Experiments of Evolution’ 
to Decode the Human Genome 

 Species A 
GATCGTCTAGAATCTCGAGATC
TCTGAGAGTCGTGGGAAACTGT
GTGATGTGACGATTTAGCCACA
GTTACGTGTGAGAGATGTATGA
TGCACCTGACCCGGGTTTCACT
CTCAACGACTCACTCCACCTCA
GAGGCCCACCGCCGCTGTGCAC
TACCGAGATACACGATACCTAC
ACAGGTGTGACACACCCCTACC
CGTCCACCACACGACTCACTCC
ACCTCAGAGGCCCACCGCCGCT
GTGCACTACCGAGATACACGAT
ACCTACACAGGTGTGACACACG
ATCCTTACCACACTTACACATT
ACCATATATCCACCTACCACAC
ATACCTACCCCATTGCACACCT
ATTATTATTACCGGGACCGAGG 

Compare 

Sequences in Common (i.e., ‘Conserved’ or ‘Constrained’) 

GATCGTCTAGAATCTCGAGATC
TCTGAGAGTCGTGGGAAACTGT
GTGATGTGACTAGCCACAGTTA
CGTGTGAGAGATGTATGATGCA
CCTGACCCGGGTTTCACTCTCA
ACGACTCACTCCACCTCAGAGG
CCCACCGCCGCTGTGCACGTCC
ACCACGATCCTTACCACACTTA
CACATCACTCTCAACGACTCAC
TCCACCTCAGAGGCCCACCGCC
GCTGTGCACGTCCACCACGATC
CTTACCACACTTACACATTACC
ATATATCCACCTACCACACATA
CCTTACCATATATCCACCTACC
ACACATACCTACCCCATTGCAC
ACCTATTATTATTACCGAGGGA
GAGGGGTGACCACACTGTGACA 
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Vertebrate Genome Sequences 

Chicken  Chimpanzee Rat Mouse Dog Macaque 

  Monodelphis Platypus Pufferfish Cow 

Mouse 

Pufferfish 

Chicken 
Chimpanzee 

Zebrafish 

Dog 
Cow 

Rat 

Xenopus 
Monodelphis 
Macaque 

Human 

Platypus 
Marmoset 
etc…. 

Diverse Landscape of Genome Sequencing 
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More Species = More Power  

4 Species 

50 bp  

26 Species 

6 bp  

PLoS Biology (2005) 

      PNAS (2005)    

‘Light Sampling’ of Many Mammalian Genomes 
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22 Additional Mammalian Genome Sequences  
(@ Low Redundancy) 

Mouse 

Pufferfish 

Chicken 
Chimpanzee 

Zebrafish 

Dog 
Cow 

Rat 

Xenopus 
Monodelphis 
Macaque 

Human 

Platypus 
Marmoset 
etc… 

Rabbit 
Cat 

Elephant 
Tenrec 

Armadillo 

Shrew 
Guinea Pig 
Hedgehog 
(and others…) 

Diverse Landscape of Genome Sequencing 
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Multi-Species Sequence Comparisons 

 Species C  Species D   Species B   Species E   Species A   Species F 
GATCGTCTAGAATCTCGA
GATCTCTGAGAGTCGTGG
GAAACTGTGTGATGTGAC
TAGCCACAGTTACGTGTG
AGAGATGTATGATGCACC
TGACCCGGGTTTCACTCT
CAACGACTCACTCCACCT
CAGAGGCCCACCGCCGCT
GTGCACGTCCACCACGAT
CCTTACCACACTTACACA
TTACCATATATCCACCTA
CCACACATACCTACCCCA
TTGCACACCTATTATTAT

TACC 

GATCGTCTAGAATCTCGA
GATCTCTGAGAGTCGTGG
GAAACTGTGTGATGTGAC
TAGCCACAGTTACGTGTG
AGAGATGTATGATGCACC
TGACCCGGGTTTCACTCT
CAACGACTCACTCCACCT
CAGAGGCCCACCGCCGCT
GTGCACGTCCACCACGAT
CCTTACCACACTTACACA
TTACCATATATCCACCTA
CCACACATACCTACCCCA
TTGCACACCTATTATTAT

TACC 

GATCGTCTAGAATCTCGA
GATCTCTGAGAGTCGTGG
GAAACTGTGTGATGTGAC
TAGCCACAGTTACGTGTG
AGAGATGTATGATGCACC
TGACCCGGGTTTCACTCT
CAACGACTCACTCCACCT
CAGAGGCCCACCGCCGCT
GTGCACGTCCACCACGAT
CCTTACCACACTTACACA
TTACCATATATCCACCTA
CCACACATACCTACCCCA
TTGCACACCTATTATTAT

TACC 

GATCGTCTAGAATCTCGA
GATCTCTGAGAGTCGTGG
GAAACTGTGTGATGTGAC
TAGCCACAGTTACGTGTG
AGAGATGTATGATGCACC
TGACCCGGGTTTCACTCT
CAACGACTCACTCCACCT
CAGAGGCCCACCGCCGCT
GTGCACGTCCACCACGAT
CCTTACCACACTTACACA
TTACCATATATCCACCTA
CCACACATACCTACCCCA
TTGCACACCTATTATTAT

TACC 

GATCGTCTAGAATCTCGA
GATCTCTGAGAGTCGTGG
GAAACTGTGTGATGTGAC
TAGCCACAGTTACGTGTG
AGAGATGTATGATGCACC
TGACCCGGGTTTCACTCT
CAACGACTCACTCCACCT
CAGAGGCCCACCGCCGCT
GTGCACGTCCACCACGAT
CCTTACCACACTTACACA
TTACCATATATCCACCTA
CCACACATACCTACCCCA
TTGCACACCTATTATTAT

TACC 

GATCGTCTAGAATCTCGA
GATCTCTGAGAGTCGTGG
GAAACTGTGTGATGTGAC
TAGCCACAGTTACGTGTG
AGAGATGTATGATGCACC
TGACCCGGGTTTCACTCT
CAACGACTCACTCCACCT
CAGAGGCCCACCGCCGCT
GTGCACGTCCACCACGAT
CCTTACCACACTTACACA
TTACCATATATCCACCTA
CCACACATACCTACCCCA
TTGCACACCTATTATTAT

TACC 

GATCGTCTAGAATCTCGAG
ATCTCTGAGAGTCGTGGGA
AACTGTGTGATGTGACTAG
CCACAGTTACGTGTGAGAG
ATGTATGATGCACCTGACC
CGGGTTTCACTCTCAACGA
CTCACTCCACCTCAGAGGC
CCACCGCCGCTGTGCACGT
CCACCACGATCCTTACCAC
ACTTACACATTACCATATA
TCCACCTACCACACATACC
TACCCCATTGCACACCTAT
TATTATTACCAGTAACTAC
TACCACCTAGAGGGAGCTA 

HUMAN 

ENCODE Project 

● ENCODE: ENCyclopedia Of DNA Elements 

● Initial Pilot Project: 1% of Human Genome 

● Apply Multiple, Diverse Approaches to Study and  
   Analyze that 1% in a Consortium Fashion 

● Goal: Compile a Comprehensive Encyclopedia of 
   All Functional Elements in the Human Genome 
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Gene 

Conserved Coding and Non-Coding Sequences 

Augment with ‘Functional Annotations’ 
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The Epigenetic Landscape 

ENCODE: Lots of Data and Data Types 

Generated by: 

RNA-Seq 
RNA-array 
TF ChIP-Seq 
Histone modif ChIP-Seq 
DNaseHS-Seq 
FAIRE-Seq 
Methyl-Seq 
Methyl27-bisulfite 
etc. 
etc. 
etc. 
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Expanding ENCODE Portfolio 
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Inter-Species Sequence Comparisons 
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The Genomics of Human Evolution 

(David Haussler, Stephen O’Brien, & Oliver Ryder) 
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J. Heredity (2009) 

Inter-Species Sequence Comparisons 

Intra-Species Sequence Comparisons 
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All humans are ~99.7% identical at  
the DNA sequence level, and yet… 

all of us carry a significant number  
of ‘glitches’ in our genomes. 

V V

V

V

V

V

V

V

V

V

V

V

V
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Genomic Architecture of Genetic Diseases 

Rare, Simple, Monogenic,  
Mendelian… 

Common, Complex, Multigenic,  
Non-Mendelian… 

Human Disease Genes Identified: 1981-2005 

Year 

N
o.

 G
en

es
 

Source: Online Mendelian Inheritance in Man 

Human Genome  
Project Begins 



Eric D. Green, M.D., Ph.D. The Genomic Landscape: circa 2010 

Page 41 

The First HapMap Success Story: 
Age-Related Macular Degeneration 
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2007 
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Genetic Association within Intergenic Region 

Nature (2009) 

Implicating  
Genetic Variants  

with Human Disease 

Interpreting  
the Human  

Genome Sequence 

? 

HGP 

Realization of

Genomic Medicine


The Pathway to Genomic Medicine
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Human Genome Sequence 

~$1,000 

>$1,000,000,000 
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? 

HGP 

      Realization of

  Genomic Medicine


Implicating  
Genetic Variants  

with Human Disease 

Interpreting  
the Human  

Genome Sequence 

The Path to Genomic Medicine
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Individual Genome Sequences 

PLoS Biol (2007) 

Nature (2008) 

Nature (2008) 

Nature (2008) 

Nature (2009) 

1000genomes.org 
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cancergenome.nih.gov 

nihroadmap.nih.gov/hmp 
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Realities of New DNA Sequencing Technologies… 
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DNA Sequence 
Production 

Changing Infrastructure Requirements 

Bioinformatic 
Analysis 

Bioinformatic 
Analysis 

The Computational Bottleneck 



Eric D. Green, M.D., Ph.D. The Genomic Landscape: circa 2010 

Page 50 

The Genomic Era: circa 2010 

The Genomic Revolution Continues 


