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12 bases of DNA

… out of 3,000,000,000  
     bases of the human genome

DNA bases



The most important 
technological advancement 

in biology in 30 years

ability to read DNA

In 2001, most of 3,000,000,000 bases of the Human Genome 
have been read!





Genome as we know it in 1D
CTTTTGCAGCTGAGAAGTGGGGGCTCAGAGAGGTTAAGACATTTGTGAAAGCCCACCCAGCTGGAAGGTGGTGAAGGTGGGATTGCACTCAGATTGTC
TTAGGCCCAAACTGGTGCCTTTCCCCACACACCTCTCCTTGCCGACGGGCAAGGTGTATATTGGGGATCTGTGGACGTCAGGTTTGAGCTTAGCCTGGC
TGGGAAAAGTGTCTGTGGTCCCTCCACCCACTCTTGGCTCCTATCCCAGGCAAGGATTCCACATGGTTGGGTGCTTTTATAAAATTTTTATTTTTCAATTAC
ATGCTCATTGCAACAAATCCAAACAACATAAAAGTGGATAAAGGAGGTGGAGAAGGACTGTCCTCCCCATTCCAGTTTGAGACCTTTTTCTTTGCTTCTGA
CACGTGGAGCTGAAGGGGTGGGCTCAGCGGCCAGATGGGCCGGTTCGATTCTGGGCTCCACTACTTGCTAACTCCACAACCCTGGGAAAATTACTTAA
CTTCTCAGTGCCTCAGTTTCTTCATCTACAAAATGGGATAATAGTACTTATCTCAAGGGGTTGCTGTAAGGGTAAAATATTTAAATAATTGGCAAAGAATAAG
CATTTAATAAATCATTAGTGATTTTTATTAAACATGGCTTTTAAAATCCAAAATGAGTATTAACACTCTACAGATTGTGTGGCAACTTCCTTTTTCACTTTACAAT
ATGTTATAGACTTCTTTCCAAGTCTGTACATATGGCACCTTTTAACTGGTTGTGTAGAATTTTATTGGCAGGGATATACTATAATTTATTCATTCAGATGTGAAT
GCACATGGAAATTATTTCCACTTTTTTTTTTTTTTACCATTACAACCAATGTTACACTTTGTGCCTCACATGGTCTTACTAATATTTCTGTAAGATAGAGTTCTG
GAGCAAGATCATAAGATTTTAGGGTATTTGTATTTTAAATTTGATTACATGTTTTACAATTCAACAGCATAAAAAGAAAACCTGTTTCCTCAACCTTCAAGAAC
ACTGGATTTACTCACTTTACAGCTGTTGGGTTAAAGAAATATCCAAATAACTTCACACAAGATGAAGATATTTATACAGATGGAAGTAAAGTTCTTACTTTACA
CCATAGATGTGCAGACATGATATAAAAGAAAACAAAAGGCTGTGTGCAGTGGCTCAAGCCTGTAATCCCAGCACTTTGGGAGGCTGAGGTGGGCGGCTC
ACGAGGTCAGGAGTTCGAGACCAGCCTGGCCAGCATGGTGAAACCCCGTCTCTACTAAAAATACAAAAAAATTAGTCAGGCATGGTGGCGTGTGCCTGT
AATCCCAGCTACTCAGGAGGCTGGGACAGGAGAATTGCTTGAACCCGGAGGTAGAGGTTGCAGTGAGCCGAGATCGCGCCACTGCACTCCAGCCTGG
GTGACAGAGCAAGACTCCGTCTCAAAACAAAAACAAAAACCAAAAAATAAACCCTCCAACCCCACAAAAAAATATGGCAAAAGACATAAAGTCCCTTCAG
CACAATTTTGAACTACAGATGAGCGTGTTTAGGGAGCACTCCCAACATTATTTAATCCTTACGACATCTACTCATTGTTACCCCCATTTCAGAGGTGAGAAA
ACTGAGGCATAGAGAGATTAAGTAGTTTGCTTAAGATCATGCAGCTGGTGCATGGCAGAACCTCCCTCATGTCAGGACCTGCTCTCCGGTCAGCCACACT
ACCTCCCTGTAGAGGTCCACATGTGCTTTGGACTGGAAGAAACTAAAGAGGCTTCAAGGAAGTGGAAACTTCATTAGCTCGAGGTGCAGAGCTCCGAGT
GGTTCCATGCATTCTGCATGGCTTTAGATGATTTTCCCATCTGTGACGCAGAGGGGCTGAGCTGTAATAGGGAATCACTGGGGTGGACAGAGAGCATCTT
GTCCCTCTCTGCGCCTTGGGATGGAGAGACTGGGAGGCAGGCAGCAGGATGGTTCATCTGCAGTTGGACTGCATTAGCATTCCCATATATTTATACAAAT
AGCCCCCAGCTCCTCTTGTGCTCATTTTCCATACATGCCTATCAGTGTAGTAAATCCTGAACACTTCTGCTTAAAAAAAAAACAAAAACAAAAACAAAAACC
CAACAAAATAGAATCAGTGCCTTTTGTGTTCAAAAGCTAAGTGTCTATAAATCAGACTCCTTGAATGAGAAGATGTATGTGGATTCATGAAGACAGGGCTTT
GAATTATTTATCAAGAAGTGGTGCTACTTGGAACTTCAGGCACACTCAGCTCCACAACAAAACTGAGTGGCTTCTCAAGATGTCTTTGTGGACTTGATGGA
GGATGACATGGATTTAAAGAATTAATTAGACATGGGGCTTCTTAGCATCTGGTACCTGCCCACATTTCCAATCCCCATATGCCCCAAGCTGCAGCCTCACC
CAGGCACTCAGATTCCTGAAACATCACGTTTGCACACACTGTTTTCTCTCCTTGGATGTTCCTCTCTTCTTAGCCACCCTGCATACTCCTATGCATCTGCC
AAGAGCTAGCCTAAATGTCCCCACCTCTTTTTTTTTTTTTCGGAAATATTTCCTGCCTTCTCTTGTCAGGGTTACTAGCTGCCTTCTCTGTTAAGTCTGTCTA
GATACAAAATACTTCAAGAGCATAGTTAGTTATGTCTACCTATCTGTCACTAGAACAGTGTCAAGCACATAGTCAAAATTTGGGTTGTCGAATGAGGGGATC
ATTTGATGTCAGTGAGGAGACAACCCTTCTTGGTCAGCACCACGTGTCTGGCATGCGATGATAATTTAATTTCAAGCACAATGTGTCTAATACTTCTGTGA
GTATTATCATCACAGAATAATACTTGATCTTATGATCAAGATGCTGAGGAAGATGCTTTACTGACTGCAGGTAATGCAAACCTGGAAGTGATAATAAACACAC
TGAATGGCTATTCGGTATTTTAAAAAATGTGGATAGTTTGGCACACTTGACTGAAATTAACAAGATGCCACTGAATATGGATACAGTGGAGGTGTTACCAATA
TAAAGGTCTATGAATCAATGGCAGTTGGTGGCTGGTGTGAGGGAGAAGATTCACAGGTGACCAGGGTATTAAATAGTCCTCCACATATGCCACGGTCTTT
CATACCCATTGGTGAGGGGAAGCTTAGGGTTTTGTCTGGGAAAAAGCAGGAATAGGTAGAGTTTGAGTCACTGAATCCTCTGTGTTTGTAATAATGCCTAC
CACTTAGTAGGTTCACAATAAATATTTGTTGAATTATGAATGAATACTCTAGTCACTTTGCATTTACTTTCTGCTTGCAGTATCCTATGCCTCCAAATTTTTTTT
TTGAGACCCTCTGTTGCCCAGGCTGCAGTGCAGTGGCACGATCTCAGCTCACTGCAACCTCCACCTCCTGGGTTCAAGTGATTCTCCTGCCTCAGCCTC
CTGACTGGGATTACTGGCACCCGCCACCACACCTGGCTAATTTTTGTATTTTTTAGTAGAGACGGGGTTTCACCATATTGGCCAGGCTGGTCTTGAACTCC
TTACCTCCGGTGATCTGCCTGCCTTGGCCTCCCAGAAGTGCTGGAATTATAGGCGTGAGCCACTGTGTCCAGCCCAAATTCTTACTAGTTCTTCAAAATT
GAACTCAGAAGTTAACCAACTGTAGGGCACTTTCTCTAGTGGCTACTTCCCCACTGGGCTATTATAATACTCTCATTTAAAACATAGGACTTAATACACTGTG
TGAATGCTATTTGTTTATAGCATTCACACAGTATAATATGTGTGATATATAGTATGGATCCCCCATAAAACTGAGAGCTTGGCAAAAGCAGGGGCTGGATTTG
ATCTCTAATCAACCAGTGAACTCCATATCATTGGTGCTCAATCAATGTTTGTGGACTGAATGACTGAGAAGCTCTGGCACATAATTTCCCTCAGAGCTCAGT
GGTCTGAGAATTAGAGACAGGTCAAAGGACAAGGTCTTTGTCTATAGAGGACAAGACTGTAGGGCATGGGTTCAAGGGATCTCAGGGTGTCACTAAGAG
CAGCACTTGGTCCAGAATTTGTAGGGAGATGAGTCTCACTCTATCGCCCACGCTGGAGTACAGTTGTGCGATCTCAGCTCACTGCAACCTCCTCCTCCC
AGGTTCAAGTGATTCTCCCGCCTCAGCCTCCAGAGTAGCTGGGACTACAGGTGCACGCCACCATGCCTGGCTAATTTTTGTATTTTTAGTAGAGATGGGG
TTTCACTATGTTGGCCAGGTTGGTCTCAAATTCCTGACCTCAGGTGATCCACCCGCCTTGGCCTCCCGAAGTGCTGGGATTATAGGCGTGAGCCACCAT
GCCTGGCCGAAAATAGGCAGGTTTGATTTCTAAGCTTCAATCATCCTTCAAGAGCTTTAAGAGCTTCTGACTCTAGATCTGTGCATTGAGTATGACATCACA
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Genome as we know it in 1D
CTTTTGCAGCTGAGAAGTGGGGGCTCAGAGAGGTTAAGACATTTGTGAAAGCCCACCCAGCTGGAAGGTGGTGAAGGTGGGATTGCACTCAGATTGTC
TTAGGCCCAAACTGGTGCCTTTCCCCACACACCTCTCCTTGCCGACGGGCAAGGTGTATATTGGGGATCTGTGGACGTCAGGTTTGAGCTTAGCCTGGC
TGGGAAAAGTGTCTGTGGTCCCTCCACCCACTCTTGGCTCCTATCCCAGGCAAGGATTCCACATGGTTGGGTGCTTTTATAAAATTTTTATTTTTCAATTAC
ATGCTCATTGCAACAAATCCAAACAACATAAAAGTGGATAAAGGAGGTGGAGAAGGACTGTCCTCCCCATTCCAGTTTGAGACCTTTTTCTTTGCTTCTGA
CACGTGGAGCTGAAGGGGTGGGCTCAGCGGCCAGATGGGCCGGTTCGATTCTGGGCTCCACTACTTGCTAACTCCACAACCCTGGGAAAATTACTTAA
CTTCTCAGTGCCTCAGTTTCTTCATCTACAAAATGGGATAATAGTACTTATCTCAAGGGGTTGCTGTAAGGGTAAAATATTTAAATAATTGGCAAAGAATAAG
CATTTAATAAATCATTAGTGATTTTTATTAAACATGGCTTTTAAAATCCAAAATGAGTATTAACACTCTACAGATTGTGTGGCAACTTCCTTTTTCACTTTACAAT
ATGTTATAGACTTCTTTCCAAGTCTGTACATATGGCACCTTTTAACTGGTTGTGTAGAATTTTATTGGCAGGGATATACTATAATTTATTCATTCAGATGTGAAT
GCACATGGAAATTATTTCCACTTTTTTTTTTTTTTACCATTACAACCAATGTTACACTTTGTGCCTCACATGGTCTTACTAATATTTCTGTAAGATAGAGTTCTG
GAGCAAGATCATAAGATTTTAGGGTATTTGTATTTTAAATTTGATTACATGTTTTACAATTCAACAGCATAAAAAGAAAACCTGTTTCCTCAACCTTCAAGAAC
ACTGGATTTACTCACTTTACAGCTGTTGGGTTAAAGAAATATCCAAATAACTTCACACAAGATGAAGATATTTATACAGATGGAAGTAAAGTTCTTACTTTACA
CCATAGATGTGCAGACATGATATAAAAGAAAACAAAAGGCTGTGTGCAGTGGCTCAAGCCTGTAATCCCAGCACTTTGGGAGGCTGAGGTGGGCGGCTC
ACGAGGTCAGGAGTTCGAGACCAGCCTGGCCAGCATGGTGAAACCCCGTCTCTACTAAAAATACAAAAAAATTAGTCAGGCATGGTGGCGTGTGCCTGT
AATCCCAGCTACTCAGGAGGCTGGGACAGGAGAATTGCTTGAACCCGGAGGTAGAGGTTGCAGTGAGCCGAGATCGCGCCACTGCACTCCAGCCTGG
GTGACAGAGCAAGACTCCGTCTCAAAACAAAAACAAAAACCAAAAAATAAACCCTCCAACCCCACAAAAAAATATGGCAAAAGACATAAAGTCCCTTCAG
CACAATTTTGAACTACAGATGAGCGTGTTTAGGGAGCACTCCCAACATTATTTAATCCTTACGACATCTACTCATTGTTACCCCCATTTCAGAGGTGAGAAA
ACTGAGGCATAGAGAGATTAAGTAGTTTGCTTAAGATCATGCAGCTGGTGCATGGCAGAACCTCCCTCATGTCAGGACCTGCTCTCCGGTCAGCCACACT
ACCTCCCTGTAGAGGTCCACATGTGCTTTGGACTGGAAGAAACTAAAGAGGCTTCAAGGAAGTGGAAACTTCATTAGCTCGAGGTGCAGAGCTCCGAGT
GGTTCCATGCATTCTGCATGGCTTTAGATGATTTTCCCATCTGTGACGCAGAGGGGCTGAGCTGTAATAGGGAATCACTGGGGTGGACAGAGAGCATCTT
GTCCCTCTCTGCGCCTTGGGATGGAGAGACTGGGAGGCAGGCAGCAGGATGGTTCATCTGCAGTTGGACTGCATTAGCATTCCCATATATTTATACAAAT
AGCCCCCAGCTCCTCTTGTGCTCATTTTCCATACATGCCTATCAGTGTAGTAAATCCTGAACACTTCTGCTTAAAAAAAAAACAAAAACAAAAACAAAAACC
CAACAAAATAGAATCAGTGCCTTTTGTGTTCAAAAGCTAAGTGTCTATAAATCAGACTCCTTGAATGAGAAGATGTATGTGGATTCATGAAGACAGGGCTTT
GAATTATTTATCAAGAAGTGGTGCTACTTGGAACTTCAGGCACACTCAGCTCCACAACAAAACTGAGTGGCTTCTCAAGATGTCTTTGTGGACTTGATGGA
GGATGACATGGATTTAAAGAATTAATTAGACATGGGGCTTCTTAGCATCTGGTACCTGCCCACATTTCCAATCCCCATATGCCCCAAGCTGCAGCCTCACC
CAGGCACTCAGATTCCTGAAACATCACGTTTGCACACACTGTTTTCTCTCCTTGGATGTTCCTCTCTTCTTAGCCACCCTGCATACTCCTATGCATCTGCC
AAGAGCTAGCCTAAATGTCCCCACCTCTTTTTTTTTTTTTCGGAAATATTTCCTGCCTTCTCTTGTCAGGGTTACTAGCTGCCTTCTCTGTTAAGTCTGTCTA
GATACAAAATACTTCAAGAGCATAGTTAGTTATGTCTACCTATCTGTCACTAGAACAGTGTCAAGCACATAGTCAAAATTTGGGTTGTCGAATGAGGGGATC
ATTTGATGTCAGTGAGGAGACAACCCTTCTTGGTCAGCACCACGTGTCTGGCATGCGATGATAATTTAATTTCAAGCACAATGTGTCTAATACTTCTGTGA
GTATTATCATCACAGAATAATACTTGATCTTATGATCAAGATGCTGAGGAAGATGCTTTACTGACTGCAGGTAATGCAAACCTGGAAGTGATAATAAACACAC
TGAATGGCTATTCGGTATTTTAAAAAATGTGGATAGTTTGGCACACTTGACTGAAATTAACAAGATGCCACTGAATATGGATACAGTGGAGGTGTTACCAATA
TAAAGGTCTATGAATCAATGGCAGTTGGTGGCTGGTGTGAGGGAGAAGATTCACAGGTGACCAGGGTATTAAATAGTCCTCCACATATGCCACGGTCTTT
CATACCCATTGGTGAGGGGAAGCTTAGGGTTTTGTCTGGGAAAAAGCAGGAATAGGTAGAGTTTGAGTCACTGAATCCTCTGTGTTTGTAATAATGCCTAC
CACTTAGTAGGTTCACAATAAATATTTGTTGAATTATGAATGAATACTCTAGTCACTTTGCATTTACTTTCTGCTTGCAGTATCCTATGCCTCCAAATTTTTTTT
TTGAGACCCTCTGTTGCCCAGGCTGCAGTGCAGTGGCACGATCTCAGCTCACTGCAACCTCCACCTCCTGGGTTCAAGTGATTCTCCTGCCTCAGCCTC
CTGACTGGGATTACTGGCACCCGCCACCACACCTGGCTAATTTTTGTATTTTTTAGTAGAGACGGGGTTTCACCATATTGGCCAGGCTGGTCTTGAACTCC
TTACCTCCGGTGATCTGCCTGCCTTGGCCTCCCAGAAGTGCTGGAATTATAGGCGTGAGCCACTGTGTCCAGCCCAAATTCTTACTAGTTCTTCAAAATT
GAACTCAGAAGTTAACCAACTGTAGGGCACTTTCTCTAGTGGCTACTTCCCCACTGGGCTATTATAATACTCTCATTTAAAACATAGGACTTAATACACTGTG
TGAATGCTATTTGTTTATAGCATTCACACAGTATAATATGTGTGATATATAGTATGGATCCCCCATAAAACTGAGAGCTTGGCAAAAGCAGGGGCTGGATTTG
ATCTCTAATCAACCAGTGAACTCCATATCATTGGTGCTCAATCAATGTTTGTGGACTGAATGACTGAGAAGCTCTGGCACATAATTTCCCTCAGAGCTCAGT
GGTCTGAGAATTAGAGACAGGTCAAAGGACAAGGTCTTTGTCTATAGAGGACAAGACTGTAGGGCATGGGTTCAAGGGATCTCAGGGTGTCACTAAGAG
CAGCACTTGGTCCAGAATTTGTAGGGAGATGAGTCTCACTCTATCGCCCACGCTGGAGTACAGTTGTGCGATCTCAGCTCACTGCAACCTCCTCCTCCC
AGGTTCAAGTGATTCTCCCGCCTCAGCCTCCAGAGTAGCTGGGACTACAGGTGCACGCCACCATGCCTGGCTAATTTTTGTATTTTTAGTAGAGATGGGG
TTTCACTATGTTGGCCAGGTTGGTCTCAAATTCCTGACCTCAGGTGATCCACCCGCCTTGGCCTCCCGAAGTGCTGGGATTATAGGCGTGAGCCACCAT
GCCTGGCCGAAAATAGGCAGGTTTGATTTCTAAGCTTCAATCATCCTTCAAGAGCTTTAAGAGCTTCTGACTCTAGATCTGTGCATTGAGTATGACATCACA



Genome as we know it in 1D
CTTTTGCAGCTGAGAAGTGGGGGCTCAGAGAGGTTAAGACATTTGTGAAAGCCCACCCAGCTGGAAGGTGGTGAAGGTGGGATTGCACTCAGATTGTC
TTAGGCCCAAACTGGTGCCTTTCCCCACACACCTCTCCTTGCCGACGGGCAAGGTGTATATTGGGGATCTGTGGACGTCAGGTTTGAGCTTAGCCTGGC
TGGGAAAAGTGTCTGTGGTCCCTCCACCCACTCTTGGCTCCTATCCCAGGCAAGGATTCCACATGGTTGGGTGCTTTTATAAAATTTTTATTTTTCAATTAC
ATGCTCATTGCAACAAATCCAAACAACATAAAAGTGGATAAAGGAGGTGGAGAAGGACTGTCCTCCCCATTCCAGTTTGAGACCTTTTTCTTTGCTTCTGA
CACGTGGAGCTGAAGGGGTGGGCTCAGCGGCCAGATGGGCCGGTTCGATTCTGGGCTCCACTACTTGCTAACTCCACAACCCTGGGAAAATTACTTAA
CTTCTCAGTGCCTCAGTTTCTTCATCTACAAAATGGGATAATAGTACTTATCTCAAGGGGTTGCTGTAAGGGTAAAATATTTAAATAATTGGCAAAGAATAAG
CATTTAATAAATCATTAGTGATTTTTATTAAACATGGCTTTTAAAATCCAAAATGAGTATTAACACTCTACAGATTGTGTGGCAACTTCCTTTTTCACTTTACAAT
ATGTTATAGACTTCTTTCCAAGTCTGTACATATGGCACCTTTTAACTGGTTGTGTAGAATTTTATTGGCAGGGATATACTATAATTTATTCATTCAGATGTGAAT
GCACATGGAAATTATTTCCACTTTTTTTTTTTTTTACCATTACAACCAATGTTACACTTTGTGCCTCACATGGTCTTACTAATATTTCTGTAAGATAGAGTTCTG
GAGCAAGATCATAAGATTTTAGGGTATTTGTATTTTAAATTTGATTACATGTTTTACAATTCAACAGCATAAAAAGAAAACCTGTTTCCTCAACCTTCAAGAAC
ACTGGATTTACTCACTTTACAGCTGTTGGGTTAAAGAAATATCCAAATAACTTCACACAAGATGAAGATATTTATACAGATGGAAGTAAAGTTCTTACTTTACA
CCATAGATGTGCAGACATGATATAAAAGAAAACAAAAGGCTGTGTGCAGTGGCTCAAGCCTGTAATCCCAGCACTTTGGGAGGCTGAGGTGGGCGGCTC
ACGAGGTCAGGAGTTCGAGACCAGCCTGGCCAGCATGGTGAAACCCCGTCTCTACTAAAAATACAAAAAAATTAGTCAGGCATGGTGGCGTGTGCCTGT
AATCCCAGCTACTCAGGAGGCTGGGACAGGAGAATTGCTTGAACCCGGAGGTAGAGGTTGCAGTGAGCCGAGATCGCGCCACTGCACTCCAGCCTGG
GTGACAGAGCAAGACTCCGTCTCAAAACAAAAACAAAAACCAAAAAATAAACCCTCCAACCCCACAAAAAAATATGGCAAAAGACATAAAGTCCCTTCAG
CACAATTTTGAACTACAGATGAGCGTGTTTAGGGAGCACTCCCAACATTATTTAATCCTTACGACATCTACTCATTGTTACCCCCATTTCAGAGGTGAGAAA
ACTGAGGCATAGAGAGATTAAGTAGTTTGCTTAAGATCATGCAGCTGGTGCATGGCAGAACCTCCCTCATGTCAGGACCTGCTCTCCGGTCAGCCACACT
ACCTCCCTGTAGAGGTCCACATGTGCTTTGGACTGGAAGAAACTAAAGAGGCTTCAAGGAAGTGGAAACTTCATTAGCTCGAGGTGCAGAGCTCCGAGT
GGTTCCATGCATTCTGCATGGCTTTAGATGATTTTCCCATCTGTGACGCAGAGGGGCTGAGCTGTAATAGGGAATCACTGGGGTGGACAGAGAGCATCTT
GTCCCTCTCTGCGCCTTGGGATGGAGAGACTGGGAGGCAGGCAGCAGGATGGTTCATCTGCAGTTGGACTGCATTAGCATTCCCATATATTTATACAAAT
AGCCCCCAGCTCCTCTTGTGCTCATTTTCCATACATGCCTATCAGTGTAGTAAATCCTGAACACTTCTGCTTAAAAAAAAAACAAAAACAAAAACAAAAACC
CAACAAAATAGAATCAGTGCCTTTTGTGTTCAAAAGCTAAGTGTCTATAAATCAGACTCCTTGAATGAGAAGATGTATGTGGATTCATGAAGACAGGGCTTT
GAATTATTTATCAAGAAGTGGTGCTACTTGGAACTTCAGGCACACTCAGCTCCACAACAAAACTGAGTGGCTTCTCAAGATGTCTTTGTGGACTTGATGGA
GGATGACATGGATTTAAAGAATTAATTAGACATGGGGCTTCTTAGCATCTGGTACCTGCCCACATTTCCAATCCCCATATGCCCCAAGCTGCAGCCTCACC
CAGGCACTCAGATTCCTGAAACATCACGTTTGCACACACTGTTTTCTCTCCTTGGATGTTCCTCTCTTCTTAGCCACCCTGCATACTCCTATGCATCTGCC
AAGAGCTAGCCTAAATGTCCCCACCTCTTTTTTTTTTTTTCGGAAATATTTCCTGCCTTCTCTTGTCAGGGTTACTAGCTGCCTTCTCTGTTAAGTCTGTCTA
GATACAAAATACTTCAAGAGCATAGTTAGTTATGTCTACCTATCTGTCACTAGAACAGTGTCAAGCACATAGTCAAAATTTGGGTTGTCGAATGAGGGGATC
ATTTGATGTCAGTGAGGAGACAACCCTTCTTGGTCAGCACCACGTGTCTGGCATGCGATGATAATTTAATTTCAAGCACAATGTGTCTAATACTTCTGTGA
GTATTATCATCACAGAATAATACTTGATCTTATGATCAAGATGCTGAGGAAGATGCTTTACTGACTGCAGGTAATGCAAACCTGGAAGTGATAATAAACACAC
TGAATGGCTATTCGGTATTTTAAAAAATGTGGATAGTTTGGCACACTTGACTGAAATTAACAAGATGCCACTGAATATGGATACAGTGGAGGTGTTACCAATA
TAAAGGTCTATGAATCAATGGCAGTTGGTGGCTGGTGTGAGGGAGAAGATTCACAGGTGACCAGGGTATTAAATAGTCCTCCACATATGCCACGGTCTTT
CATACCCATTGGTGAGGGGAAGCTTAGGGTTTTGTCTGGGAAAAAGCAGGAATAGGTAGAGTTTGAGTCACTGAATCCTCTGTGTTTGTAATAATGCCTAC
CACTTAGTAGGTTCACAATAAATATTTGTTGAATTATGAATGAATACTCTAGTCACTTTGCATTTACTTTCTGCTTGCAGTATCCTATGCCTCCAAATTTTTTTT
TTGAGACCCTCTGTTGCCCAGGCTGCAGTGCAGTGGCACGATCTCAGCTCACTGCAACCTCCACCTCCTGGGTTCAAGTGATTCTCCTGCCTCAGCCTC
CTGACTGGGATTACTGGCACCCGCCACCACACCTGGCTAATTTTTGTATTTTTTAGTAGAGACGGGGTTTCACCATATTGGCCAGGCTGGTCTTGAACTCC
TTACCTCCGGTGATCTGCCTGCCTTGGCCTCCCAGAAGTGCTGGAATTATAGGCGTGAGCCACTGTGTCCAGCCCAAATTCTTACTAGTTCTTCAAAATT
GAACTCAGAAGTTAACCAACTGTAGGGCACTTTCTCTAGTGGCTACTTCCCCACTGGGCTATTATAATACTCTCATTTAAAACATAGGACTTAATACACTGTG
TGAATGCTATTTGTTTATAGCATTCACACAGTATAATATGTGTGATATATAGTATGGATCCCCCATAAAACTGAGAGCTTGGCAAAAGCAGGGGCTGGATTTG
ATCTCTAATCAACCAGTGAACTCCATATCATTGGTGCTCAATCAATGTTTGTGGACTGAATGACTGAGAAGCTCTGGCACATAATTTCCCTCAGAGCTCAGT
GGTCTGAGAATTAGAGACAGGTCAAAGGACAAGGTCTTTGTCTATAGAGGACAAGACTGTAGGGCATGGGTTCAAGGGATCTCAGGGTGTCACTAAGAG
CAGCACTTGGTCCAGAATTTGTAGGGAGATGAGTCTCACTCTATCGCCCACGCTGGAGTACAGTTGTGCGATCTCAGCTCACTGCAACCTCCTCCTCCC
AGGTTCAAGTGATTCTCCCGCCTCAGCCTCCAGAGTAGCTGGGACTACAGGTGCACGCCACCATGCCTGGCTAATTTTTGTATTTTTAGTAGAGATGGGG
TTTCACTATGTTGGCCAGGTTGGTCTCAAATTCCTGACCTCAGGTGATCCACCCGCCTTGGCCTCCCGAAGTGCTGGGATTATAGGCGTGAGCCACCAT
GCCTGGCCGAAAATAGGCAGGTTTGATTTCTAAGCTTCAATCATCCTTCAAGAGCTTTAAGAGCTTCTGACTCTAGATCTGTGCATTGAGTATGACATCACA

Genes

but only <2%



Genome as we know it in 1D

Genome DNA
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genes (<2%)

DNA



Genome as we know it in 1D

Genome
genes (<2%)

DNA

consists of 23 chromosomes



chromosome 2

Genome as we know it in 1D

Genome
genes (<2%)

DNA

consists of 23 chromosomes

chromosome 1



chromosome 2

Genome as we know it in 1D

Genome
genes (<2%)

DNA
chromosome 1

consists of 23 chromosomes

2m (6 feet) !



How is 6 ft of DNA packed inside a cell? 

THE PROBLEM

10 microns



How is 6 ft of DNA packed inside a cell nucleus? 

THE PROBLEM

DNA
cell nucleus is 200,000 times smaller

If cell nucleus = suitcase          DNA length = 170 miles (Boulder-to-Aspen)

If you take DNA from all of your cells, it can stretch from Earth to Sun and back 500 
times!

DNA of people in this room = One Light Year!



How is human genome 

(23 chromosomes)  

folded in 3D?


and how is it folded

to allow genome function



Walther Flemming in 1882

Kern und Zelltheilung (1882) von Walther Flemming 

What do we know?

                             (2005)



The Significance of Sex : Nelson, Julius
The American Naturalist 
Vol. 21, No. 3, Mar., 1887 



What do we know?
During most of cell life chromosomes are unpacked

During cell division chromosomes are packed 
      to be given to two daughter cells



What do we know?
Chromosomes are deformed in cancer !

Normal                                             Breast cancer



3D folding is important

          genes

Genes can be on or off



          genes

Genes can be on or off

Genomic switches 

Genes and switches



          genes

Genes and switches

3D folding controls gene activity!



New techniques  
allow us to examine chromosome  

folding inside the cell! 



Chromosome Conformation Capture
“paparazzi” technology

TAAAGAGGCTTCAAGGAAG

TTGGCAAAAGCAGGGGCTGG

First —  Capture a photo
then —  Identify who were together in the shot

Read DNA to identify  
regions that were together

Hi-C 
“chemical  

microscope”

Do this billions of times in one experiment!



Chromosome	Conforma,on	Capture	(Hi-C)

Dekker	et	al.	Science	2002
Lieberman-Aiden	&	van	Berkum	et	al.	Science	2009

Low
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Job Dekker 
UMass Medical School



Genomic	interac,ons

• Lots	of	interac,ons	between	genomic	neighbors

chromosome 2chromosome 1

more

less



• Rare	interac,ons	between	regions	that	are	far	apart	 
																									on	the	genome	(strangers)

chromosome 2chromosome 1

Genomic	interac,ons



Why is this important?



• Fences	control	how	switches	act	on	genes

Genomic	interac,ons

          genes 
and switches

How	does	it	all	work	and	look	in	3D?



If	some	fences	are	broken…

chromosome 2chromosome 2

Normal

Disease

chromosome 2chromosome 2

developmental
disease



Cancer:	many	broken	fences  
and	misplaces	switches

Normal                                             Breast cancer

Glioma

chromosome 2chromosome 4

cancer
development



Chr	14	-	106	Mb

Genome in 3D

Genome in 3D

Hi-C data



 Photograph 51 Rosalind Franklin in 1952

easy

HARD

X-ray data 3D model

12 bases of DNA

We would like to find out  
how the whole human genome 
of 3,000,000,000 bases is folded!



• Fences	control	how	switches	act	on	genes

Genomic	interac,ons

          genes 
and switches

How	does	it	all	work	and	look	in	3D?



Hypothesis: Loop extrusion with fences

b da c e

conformations with a 
few painted TADs here

b da c e

conformations with a 
few painted TADs here

molecular fence

Formation of Chromosomal Domains by Loop Extrusion
Fudenberg, Imakaev et al. Cell Reports (2016)
 

John Marko
Northwestern U.



                                          

Computer simulations of loop extrusion with fences

youtube mirnylab

https://www.youtube.com/watch?v=8FW6gOx5lPI



It’s just a theory! 

… 3 years later



Single-molecule experiments Cite as: M. Ganji et al., Science 
10.1126/science.aar7831 (2018). 

 
 
 

  REPORTS 
 

First release: 22 February 2018  www.sciencemag.org  (Page numbers not final at time of first release) 1   
 

The spatial organization of chromosomes is of paramount 
importance to cell biology. Members of the SMC family of 
protein complexes, including condensin, cohesin, and the 
Smc5/6 complex, play vital roles in restructuring genomes 
during the cellular life cycle (1–3). The principles by which 
SMC complexes achieve these fundamental tasks are still 
incompletely understood. Models based on random cross-
linking of DNA by pairwise interactions or conformational 
changes in the DNA superhelicity have been proposed (4, 5). 
An alternative hypothesis suggested that SMC protein com-
plexes bind to small loops in the genome to then processive-
ly enlarge them (6). More recently, the idea emerged that 
condensin can start and subsequently extrude DNA loops, 
which would elegantly explain how condensin mediates the 
formation of mitotic chromosomes structures observed in 
electron micrographs and deduced from Hi-C experiments 
(7, 8). Indeed, polymer simulations showed that loop extru-
sion can, in principle, result in the efficient disentanglement 
and compaction of chromatin fibers (9–11). The recent dis-
covery that condensin exhibits DNA translocase activity (12) 
was consistent with, but did not provide conclusive evidence 
for (13), DNA loop extrusion. 

In this Report, we visualize the formation of DNA loops 
by the Saccharomyces cerevisiae condensin complex in real 
time (Fig. 1A). We tethered both ends of a double-stranded 
48.5-kilobase pair (kbp) Ȝ-DNA molecule to a passivated 
surface (14, 15), using flow to adjust the DNA end-to-end 
length to a distance much shorter than its contour length 
(Fig. 1B). We then imaged DNA after staining with Sytox 
Orange (SxO; Fig. 1C and movie S1). Upon flushing in 1 nM 
of condensin (12) and 5 mM of adenosine triphosphate 

(ATP), we observed the accumulation of fluorescence densi-
ty at one spot along the length of the DNA (Fig. 1, D and E, 
fig. S1, and movie S2). This finding shows that condensin 
induces local compaction of DNA. 

To visualize the compacted DNA structures in the imag-
ing plane of the microscope, we applied flow at a large angle 
with respect to the double-tethered DNA. This revealed that 
the bright spots were made up of extended pieces of DNA, 
consistent with single large DNA loops (Fig. 1, F and G, fig. 
S2, and movie S3). Importantly, we observed no DNA loop 
formation by wild-type condensin in the absence of either 
ATP or Mg2+, when we replaced ATP by the non-
hydrolyzable analogs ATPJS or AMPPNP, or when we used a 
mutant condensin that is unable to bind ATP. Condensin 
hence creates DNA loops in a strictly ATP-hydrolysis-
dependent manner, either by gradually extruding DNA or by 
randomly grabbing and linking two DNA loci. 

To distinguish between these two possibilities, we moni-
tored the looping process by real-time imaging of the DNA 
while applying constant flow. This revealed the gradual ap-
pearance of an initially weak increase in fluorescence inten-
sity at a local spot that grew into an extended loop over time 
(Fig. 2A, fig. S3, and movies S4 and S5), providing direct 
visual evidence of loop extrusion and ruling out the random 
cross-linking model. The extruded loops were in general 
stable (fig. S4), but occasionally disrupted spontaneously in 
a single step (Fig. 2A and movie S6). Such a single-step dis-
ruption suggests that the DNA loop had been extruded by a 
single condensin unit that spontaneously let go of the loop, 
instead of a multi-step relaxation of the loop due to multiple 
units. 
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How	is	DNA	packed	inside	such	
chromosome?	
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Model of mitotic chromosome

https://www.youtube.com/watch?v=cJSpWClqb7k



Model of mitotic chromosome

 
Leonardo da Vinci's Spiral Staircase in Château de Chambord



How can chromosomes fold this way?



How can chromosomes fold this way?



PROBLEM	1:

PROBLEM	2:	separate	two	sister	chroma,ds

✔ ❌

✔ ❌



Model of chromosome condensation

https://www.youtube.com/watch?v=_Vc7__xfnfc



Model of chromosome segregations

https://www.youtube.com/watch?v=stZR5s9n32s



What did we learn?



!57

New molecular motor that packs genome!



          genes 
and switches

New molecular motor that  
organizes genome in 3D



Why is this important?



General	knowledge

Natural	History	Museum,	London

Human	Genome	at	Smithsonian	Museum

Welcome	Collec,on,	London



Understand	how	diseases	develop
Welcome	Collec,on,	London



NSF, NIH: Center of Structure  
    and Physics of the Genome

Thank you! 

Sameer  
Abraham 
MIT

Simon  
Grosse-Holz 
MIT



Summary
1. Genome is very long (6 feet) and its 3D folding is important 

in health and disease


2. We start understanding of Genome in 3D  

 
 
 

3. The genome can be folded by  
molecular machines!  



