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Si vous aviez des doutes sur l’intérêt de la chose…



From Bing Ren, Laboratory of Gene Regulation, Ludwig Institute for Cancer Research, UCSD



From Tupler R, Perini G, Green MR. Nature 409: 832-833, 2001.

Genome-wide comparison of transcriptional activator families in eukaryotes

C2H2 zinc fingers are found in 2% of all human genes, and they are by far the most abundant class of DNA-
binding domains found in human transcription factors.



From Bing Ren, Laboratory of Gene Regulation, Ludwig Institute for Cancer Research, UCSD



Comment définir un gène et ses séquences régulatrices ?
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Matrix attachment region (MAR)/scaffold attachment region (SAR): DNA sequence that 
binds the nuclear scaffold and can affect transcription. These elements probably form 
higher-order looped structures within chromosomes and influence gene expression by 
separating chromosomes into regulatory domains.

Silencer: Control element that suppresses gene expression independent of orientation or 
distance.

Boundary element/insulator: DNA sequence that prevents the activation or inactivation of 
transcription by blocking the effects of surrounding chromatin.

Locus control region (LCR): Confers tissue-specific temporally regulated expression of 
linked genes. LCRs function independently of position, but they are copy number dependent 
and open the nucleosome structure so that other factors can bind. LCRs affect replication 
timing and origin usage.

Enhancer: Control element that elevates the levels of transcription from a promoter, 
independent of orientation or distance.

Promoter: Sequence of DNA near the 5' end of a gene that acts as a binding site for RNA 
polymerase and from which transcription is initiated.

From Pennacchio, L. A. and E. M. Rubin. 2001. Genomic strategies to identify mammalian regulatory 
sequences. Nat. Rev. Genet. 2:100-109.

cis-acting regulatory elements



Ça se complique encore…



From Felsenfeld and Groudine, Nature, 421:448-454, 2003



Modified from Jones and Kadonaga, Genes Dev. 14:1992-1996, 2000.

CTCF





TOOLS FOR THE IDENTIFICATION OF REGULATORY SEQUENCES 
AND THEIR COGNATE TRANSCRIPTION FACTORS

1. Identification and characterization of regulatory sequences
- Gene reporter assays: transient or stable transfection (CAT, Luciférase, SEAP, GFP, β-

gal, etc.)
- In vitro transcription assay
- Sequencing, database mining (web: TESS, Euk. Pr. Database, TRANSFAC, 

MATINSPECTOR, TFSEARCH, etc.)
- Animal or cellular models: enhancer trap, enhancer knock-in, minichromosomes, etc.

2. Identification and characterization of specific transcription factors (TFs)
- EMSA and sequels: UV-crosslinking, pull-down assay using biotynilated

oligonucleotide
- Footprint detection:

* in vitro : nucleases (DNAse I hypersensitivity, S1 nuclease, Mmase) or chemical 
compounds
* in vivo : genomic footprinting, Chromatin ImmunoPrecipitation (ChIP) and sequels

3. TFs physical and functional interactions
- Transfection and biochemistry
- ChIP-on-chip 



L’analyse des séquences….



Promoter Regulatory Elements:
Features and Facts

• Degenerate sequence motifs
• Length: 6 to 20 bp
• Low complexity (8-12 bits)
• Binding sites of transcription factors
• Excess of binding sites over binding proteins in the nucleus
• Most in vitro binding sites not functional in vivo
• Some in vivo binding sites also not functional
• Regulatory potentials depends on cooperative effects 

between multiple elements



• CpG dinucleotides are present at 20% of predicted frequency

• CpG islands:  >200 bp long, >50 %G+C, CpG >0.6 predicted

• CpG islands account for 1% of the genome

• 29,000 CpG islands are predicted in the human genome

• ~60% of known genes have a CpG island near 5’ end

• CpG island microarrays are promoter- and regulatory region-enriched arrays

CpG islands 

Weinmann et al. (2002) Genes & Dev. 16:235-244
Oberley et al. (2004)  Methods Enzymol. 376:315-334

29,000 CpG islands are predicted in the human genome



CpG Island Localization



From Julia Zeitlinger - Whitehead Institute, UC Davis, USA



From Bing Ren, Laboratory of Gene Regulation, Ludwig Institute for Cancer Research, UCSD



From Bing Ren, Laboratory of Gene Regulation, Ludwig Institute for Cancer Research, UCSD



Mais quelles sont les limites d’un gène ?



Some examples….



Control of CD25/IL-2Rα gene transcription

Kim, H. P., Imbert, J., and Leonard, W.J.
Both integrated and differential regulation of components of the IL-2/IL-2 receptor system.
Cytokine Growth Factor Rev, online doi:10.1016/j.cytogfr.2006.07.003, 2006.
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50 annotated features, including 6 regulatory regions
and 44 functional regulatory elements with their cognate
transcription factors
20 references (originally 28…)



Phylogenetic footprinting:
two species comparison



PipMaker

http://pipmaker.bx.psu.edu/pipmaker/

Schwartz, S., Zhang, Z., Frazer, K.A., Smit, A., Riemer, C., Bouck, J., Gibbs, R., Hardison, R., and 
Miller, W. (2000). PipMaker: A Web Server for Aligning Two Genomic DNA Sequences.  Genome Res. 
10, 577-586.



Homo Sapiens/Mus Musculus IL-2Rα locus dotplot comparison
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Percent Identity Plot (PIP) of Homo Sapiens and Mus Musculus IL-2Rα locus

Schwartz, S., Zhang, Z., Frazer, K.A., Smit, A., Riemer, C., Bouck, J., Gibbs, R., Hardison, R., and Miller, W. (2000). PipMaker: A Web Server 
for Aligning Two Genomic DNA Sequences.  Genome Res. 10, 577-586.



Homo Sapiens versus Mus Musculus
PRRI/II conservation

Local identities (aligment n°6)

8724-8798 <--> 11629-11703 83% (75 nt)
8800-8886 <--> 11704-11790 76% (87 nt)
8887-8911 <--> 11792-11816 96% (25 nt)
8913-8946 <--> 11817-11850 97% (34 nt)
8954-8979 <--> 11851-11876 100% (26 nt)
8982-8999 <--> 11877-11894 83% (18 nt)
9003-9006 <--> 11895-11898 100% (4 nt)
9007-9015 <--> 11901-11909 78% (9 nt)
9017-9079 <--> 11910-11972 70% (63 nt)
9082-9128 <--> 11973-12019 51% (47 nt)
9129-9153 <--> 12021-12045 64% (25 nt)
9160-9202 <--> 12046-12088 58% (43 nt)
9203-9292 <--> 12090-12179 73% (90 nt)
9293-9313 <--> 12181-12201 62% (21 nt)

Seq 1 = ">HS_IL-2Ra_9.3KB genomic fragment from ENSG00000134460 5'->3'" 
Seq 2 = ">MmIL-2Ra_12.5kb genomic fragment from phage Ch4Cl9 5'->3'" 
 
        Local Alignment Number 6 
        Similarity Score:  24894 
        Match Percentage:  71 % 
        Number of Matches:  425 
        Number of Mismatches:  142 
        Total Length of Gaps:  29 
        Begins at (8724,11629) and Ends at (9313,12201) 
      0     .    :    .    :    .    :    .    :    .    : 
   8724 GAGGACTCAGCTTATGAAGTGCTGGGTGAGACCACTGCCAAGAAGTGCTT 
        ||||||||||:|||::||:: ||::||||||||||||||||||||||||| 
  11629 GAGGACTCAGTTTACAAAACCCTAAGTGAGACCACTGCCAAGAAGTGCTT 
     50     .    :    .    :  κB site  :    .  SRE    .SP1/ 
   8774 GCTCACCCTACCTTCAACGGCAGGGGAATCTCCCTCTCCTTTTATGGGCG 
        ||||||||: ||| | :||||||||-||||:||||:||||| ||::|||: 
  11679 GCTCACCCCTCCTGCCGCGGCAGGG AATCCCCCTTTCCTTGTACAGGCA 
    100 GC-box   :    .    :    .    :    .    :    .    : 
   8824 TAGCTGAAGAAAGGATTCATAAATGAAGTTCAATCCTTCTCATCAACCCC 
         |:|  ||:||||||:||||||:|||||::::||||||||||:||| | | 
  11728 AAACACAAAAAAGGACTCATAAGTGAAGCCTGATCCTTCTCACCAAACAC 
    150     .    :    .    :    .    :    .    :    .    : 
   8874 AGCCCACACCTCC AGCAATTGAACTTGAAAAAAAAAACCTGGTTTGAAA 
         ||||||||||||-||:||||||||||||||||||||||-|||||||||| 
  11778 TGCCCACACCTCCTAGTAATTGAACTTGAAAAAAAAAAC TGGTTTGAAA 
    200     .    : HMGI(Y)      .HMGI(Y)  .    :    .EBS/: 
   8923 AATTACCGCAAACTATATTGTCATCaaaaaaaaaaaaaaaaaaaaaCACT 
        |||||||||||||:||||||||||-------||||||||||||||||||| 
  11827 AATTACCGCAAACCATATTGTCAT       AAAAAAAAAAAAAAACACT 
    250 Elf-1 HMGI(Y) .    :    .    :    .    :    .    : 
   8973 TCCTATATTTGAGATGAGAGAAGAGAGTGCTAGG  CAGTTTCCTGGCTG 
        |||||||--|||||| | |||| ||||---||||--||: |||||-|||| 
  11870 TCCTATA  TGAGATCACAGAACAGAG   TAGGCACAAGTTCCT GCTG 
    300     .    :    .TATA box .    :    .    :    .+1  : 
   9021 AACACGCCAGCCCAATACTTAAAGAGAGCAACTCCTGACTCCGATAGAGA 
        |:|| ::|||||:|||:|||||| |||:|||||||||:|| : || || | 
  11914 AGCAGATCAGCCTAATGCTTAAATAGAACAACTCCTGGCTGTCATTGACA 
    350     .    :    .    :    .    :    .    :    .    : 
   9071 CTGGATGGACCCACAAGGGTGACAGCCCAGGCGGACCGATCTTCCCATCC 
        :||  |::|-- :| |:|:|||||| |:::| || |:|| |::::  ||: 
  11964 TTGTCTAAA  AGCCAAGATGACAGACTGAGAGGCCTGAGCCCTTGTTCT 
    400     .    :    .    :    .    :    .    :    .    : 
   9121 CACATCCT CCGGCGCGATGCCAAAAAGAGGCTGACGGCAACTGGGCCTT 
         :|||:||-||:| : ||||| : ||||:||:||------||: ::: |  
  12012 GGCATTCTCCCAGGAAGATGCAGTAAAGGGGTTG      ACCCAATATA 
    450     .    :    .    :    .    :    .    :    .    : 
   9170 CTGCAGAGAAAGACCTCCGCTTCACTGCCCCGG CTGGTCCCAAGGGTCA 
        ||||||||||   | |||: ||| || |:||: -|||:||||| | |:|| 
  12056 CTGCAGAGAATTTCATCCAGTTCCCTCCTCCATCCTGATCCCATGTGCCA 
    500     .    :    .    :    .    :    .    :    .    : 
   9219 GGAAGATGGATTCATACCTGCTGATGTGGGGACTGCTCACGTTCATCATG 
        |||||||||| :||::|:||||||||| |||::| ||| |:|| |:|||: 
  12106 GGAAGATGGAGCCACGCTTGCTGATGTTGGGGTTTCTCTCATTAACCATA 
    550     .    :    .    :    .    :    .    :    .  
   9269 GTGCCTGGCTGCCAGGCAGGTAAG GGCCTGTGGGTGCCCCCGGAA 
        ||:||::|:||:|:||||||||||-|:|| | :: |||||: |||| 
  12156 GTACCCAGTTGTCGGGCAGGTAAGAGACCAGGAACTGCCCTGGGAA 
 

PRRI 
[-276,-244] 

PRRII 
[-137,-64] 



TTTCTTCTAGGAAGTACCAAACATTTCTGATAATAGAATTGAGCAATTTCCTGAT
IIIIIIII--IIIIIIIII-IIIIIIIIIIIII-III-IIIIIIII-IIIIIIII
TTTCTTCTGAGAAGTACCAGACATTTCTGATAAGAGAGTTGAGCAACTTCCTGAT

Site I Site II Site III

GASp/GATAGASd/EBSd EBSp

PRRIII

IL-2rE

- 1369 - 1315

- 3772 - 3718

Homo Sapiens

Mus Musculus



In Vivo Footprinting

• 1) Methylation of guanines (major groove) and to a lesser 
extent

of adenines (minor groove) by DMS on living cells
The level of methylation is affected by protein binding to DNA

• 2) Genomic DNA extraction

• 3) Cleavage of methylated residues by piperidine

• 4) LMP-PCR amplification of the region to be analyzed
Last amplification cycles performed with a 32P-labeled primer

• 5) Analysis of the PCR products on sequencing gel
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TTTCTTCTAGGAAGTACCAAACATTTCTGATAATAGAATTGAGCAATTTCCTGAT
AAAGAAGATCCTTCATGGTTTGTAAAGACTATTATCTTAACTCGTTAAAGGACTA

GASp/GATAGASd/EBSd EBSp

- 3772 - 3718

The GASd/EBSd motif is the only putative regulatory element within PRRIII
modified in vivo in response to an IL-2-dependent induction

in human T lymphocytes 

INDUCIBLE

CONSTITUTIVE

Lecine, P., Algarte, M., Rameil, P., Beadling, C., Bucher, P., Nabholz, M. and Imbert, J. Elf-1 and Stat5 bind to critical 
element in a new enhancer of the human interleukin-2 receptor alpha gene. Mol.Cell.Biol. 16: 6829-6840; 1996.



Gene reporter assay



250XbaI

TATA-3700-3800

PRRII

+ 1
-100-200

PRRI
-300

PRIMARY
ACTIVATION

XbaI XbaI NF-κB
SRF

Elf-1

pTK CAT

PRRIII

IL-2

0 20 40 60 80
CAT (pg/ml)

IL-2
ns

pTK4.CAT

pTK4 / 250XbaI

INDUCTION FOLD

4.2

1.33



Electrophoretic Mobility Shift Assay
(EMSA)
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Phylogenetic footprinting and
DNAse I hypersensitive site mapping
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Chromatin Immunoprecipitation
ChIP Assay
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Stat5b and Ets-1/2 bind to IL-2Rα within human IL-2rE in vivo

PRRIII ChIP primer design

1 TTCTGCCCTTAGCTTCTACCCCTCTCTACTTCTGGTTAACTATGGACCACACTCTGCTTC
BZ3-1                                     BZ3-2

61  CTCAGGAACCACCTACCAAGGCCGTATCCATCCTTCAAGGACAATACGTGGGCCTTTCCT
>>>>>>>>>>>>>>>>>>>>                      >>>>>>>>>>>>>>>>>

121 GATCACATCAGCTCAACAACTTTTCCCTCCTACATTTCAATTGCTCTTCTTACCATAATC
>>> 

181 ATTAGTATTCACCCCACTGTACGTCTAGAAAGAAAGTGGTCTTAAACCTAAGGGAAGGCA
241 GTCTAGGTCAGAAATTTGTTGTCCGCTGTTCTGAGCAGTTTCTTCTAGGAAGTACCAAAC

BZ3-3
301 ATTTCTGATAATAGAATTGAGCAATTTCCTGATGAAGTGAGACTCAGCTTGCACTGTTGA

<<<<<<<<<<<<<<<<<<
361 CCGGCTGTCCTGGATGAACCTAGTTACTTTTAACCAAATGTTCCTTTCTTGAACTTGTTC 

<< 
421 CTTTCTTGAACTTAATCTATC

OLIGO     start   len tm        gc% 3' seq
BZ3-1       62     20     59.96 55.00 TCAGGAACCACCTACCAAGG
BZ3-3       362    20     59.62   55.00      GGTCAACAGTGCAAGCTGAG
BZ3-2       104    20     60.71      50.00      ATACGTGGGCCTTTCCTGAT



Cela ne marche pas toujours…



Comparison of two nucleotidic sequences: 
Sequence 1 : cons4HS 
Sequence 2 : cons4mus 
 
 resetting to DNA matrix 
 LALIGN finds the best local alignments between two sequences 
 version 2.0u4 Feb. 1996 
Please cite: 
 X. Huang and W. Miller (1991) Adv. Appl. Math. 12:373-381 
 
 Comparison of: 
(A) cons4HS 
(B) cons4mus 
 using matrix file: DNA, gap penalties: -16/-4 
 
  79.6% identity in 201 nt overlap; score:  612 
 
                       NF-ATp 
               10        20        30        40        50        60 
cons4H CATAGTGGATTTTGGTTTTCCACGGGACCCCTGTGCCCTTGTCTAGTAGAATCTGGTGGA 
       ::::::::::: ::::::::::: ::::::         ::::::::: :: :: ::::: 
cons4m CATAGTGGATTCTGGTTTTCCACAGGACCC---------TGTCTAGTAAAACCTAGTGGA 
               10        20        30                 40        50  
                    NF-κB/CD28RC   CREB         Ets 
               70        80        90       100       110       120 
cons4H AATTACAAACTGCAGAAATTCAACTCAGTGCCGCAATAACAGGATGCACCTGTAGATTTC 
       :::::::: ::: ::::::::: :   ::::: ::::::::::::::::::::::::::: 
cons4m AATTACAAGCTG-AGAAATTCAGCCTTGTGCCACAATAACAGGATGCACCTGTAGATTTC 
              60         70        80        90       100       110 
       GAS 
              130       140       150       160       170       180 
cons4H GTAGAATTAGCAGCAGCATTCTTTCAATACCAGTTTGAGAGAAATAACCCTGTTTGCATA 
         ::::::::: :: :  :::: : ::  ::: ::::::::::: :: ::::::::  :  
cons4m ACAGAATTAGCTGCTGTCTTCTCTTAACGCCAATTTGAGAGAAAGAAGCCTGTTTGTCTG 
              120       130       140       150       160       170 
 
              190       200  
cons4H GTGCCAACTGGGGCAGAATCT 
        ::::::   ::::::::::: 
cons4m CTGCCAAACAGGGCAGAATCT 
              180       190  
 
 

A Well-Conserved but not Functional Candidate for a CD28 Responsive Enhancer



Et il y a des surprises…



 

Seq 1 = ">HS_IL-2Ra_9.3KB genomic fragment from ENSG00000134460 5'->3'" 
Seq 2 = ">MmIL-2Ra_12.5kb genomic fragment from phage Ch4Cl9 5'->3'" 
 
        Local Alignment Number 1 
        Similarity Score:  12780 
        Match Percentage:  59 % 
        Number of Matches:  325 
        Number of Mismatches:  175 
        Total Length of Gaps:  42 
        Begins at (211,312) and Ends at (744,819) 
 
      0     .    :    .    :    .    :    .    :    .    : 
    211 CTCTAAAAAGGTTCTGCATACAGtcattcattcaatgcttaacgactgag 
        ||:| ||: |||||| ||:| |:||||| ||||||--------------- 
    312 CTTTTAAGTGGTTCTCCACAGAATCATTAATTCAA                
 
     50     .    :    .    :    .    :    .    :    .    : 
    261 cattaattccatgctaagtactgaactcagcactaggaataagaaggcga 
        ||   ||: ::|||||:|| ||: |||||| |||::|| |||:| ||::| 
    347 CAGGTATCATGTGCTAGGTCCTATACTCAGAACTGAGACTAAAATGGTAA 
 
    100     .    :    .    :    .    :    .    :    .    : 
    311 cc tagaggcata    tcctctctctaaagatgcatagagcctcattgg 
        | -||||:| | |----|:||:|:||||||:|::||:||||| : ::||| 
    397 CAATAGAAGAAGACAATTTCTTTTTCTAAAAACACACAGAGCACAGCTGG 
 
    150   BclI   :    .    :    .    :    .    :    .    : 
    356 aatgatcagccgtgtctccagagagctacaagg  cagTTTTCAATTGGT 
        |||  |::| |:||| --||||  | |: |:||--||||||| |:||||| 
    447 AATTCTTGGGCATGTA  CAGATTGATGGAGGGTACAGTTTTAAGTTGGT 
 
    200     .    :    .    :    .    :    .    :    .    : 
    404 AAATGCCCTGAGAGTGATGGGCTTGTGGCATGTGTAAgggttagacagac 
        |||||:|:||||||: |||:  | ||:|| ||| |:|||||--||::: : 
    495 AAATGTCTTGAGAGCTATGACATGGTAGCCTGTTTGAGGGT  GATGATT 
 
    250     .    :    .    :  CRE/TRE:    .    :    .    : 
    454 ctgggacctagacatgacaccactcctgacgaattatgtgagtgtgggtg 
         |:|:  |||  | | |||:| ||||||:--------||||| |||||:: 
    543 GTAGACACTACTCCTCACATCTCTCCTGG        GTGAGAGTGGGCA 
 
    300     .    :    .    :    .    :    .    :    .    : 
    504 tttcacaaccacaatgagatgcaatgcctgcacttgtaacatggaaatag 
        |||||:||::|||:|:|:||::||||:|| ||:: |:||-|||||||| | 
    585 TTTCATAATTACAGTAAAATATAATGTCTTCATCAGCAA ATGGAAATCG 
 
    350     .SphI    .    :    .    :    .    :    .    : 
    554 tgatggcatgccggccccgccagattgctgtgagaagtcagcggcagag  
        |||:::::||:|:||:  :|  |:|||||||| |||:||||::: | |:- 
    634 TGACAATGTGTCAGCTAGACATGGTTGCTGTGTGAAATCAGTAAGATAAC 
 
    400     .    :    .    :    .    :    .    :    .    : 
    603 acatgcaacattctcagcacagtgcttgccatgtagtaagggcctagtca 
        ||||  || || : ::|||||| ||:|||:|||||:|||: :::|| ||| 
    684 ACATTAAAAATGTATGGCACAGAGCCTGCTATGTAATAAACATTTATTCA 
 
    450     .    :    .    :    .    :    .    :    .    : 
    653 gtgctagTGATTCCTTTCAATATTCCTAAGATGCAGATAAGGGAACAGCC 
        :|| |||||:||- |||| :||:|   :| ||||---||||| ||||||: 
    734 ATGGTAGTGGTT ATTTCCGTACTAGAGATATGC   TAAGGCAACAGCT 
 
    500     .    :    .    :    .    :    .    :   
    703 CAGAGGAGGGGGAGCACTTCCAGAGGGAGGGATGCGGTGAGA 
        |||||:|--|:||::||:||:| | :: ||||| :|:|||:| 
    780 CAGAGAA  GAGAATACCTCTACATAATGGGATCTGATGAAA 
 

HS4 (-8.5Kb) 
CD28rE (PRRV) 
[-8689,-8484] 
 
BclI-SphI fgt 
 
underlined: 
SINE/MIR repeat 

The crucial CRE/TRE motif within CD25/IL-2Rα
PRRV/CD28rE is contained in a SINE/MIR repeat 
and is not conserved between Homo Sapiens
and Mus Musculus

Local identities (aligment n°1)

211-245 <--> 312-346 74% (35 nt)
261-312 <--> 347-398 62% (52 nt)
313-322 <--> 400-409 70% (10 nt)
323-371 <--> 414-462 61% (49 nt)
374-388 <--> 463-477 60% (15 nt)
389-444 <--> 480-535 75% (56 nt)
447-482 <--> 536-571 53% (36 nt)
491-542 <--> 572-623 67% (52 nt)
544-602 <--> 624-682 61% (59 nt)
603-664 <--> 684-745 66% (62 nt)
666-686 <--> 746-766 57% (21 nt)
690-709 <--> 767-786 85% (20 nt)
712-744 <--> 787-819 58% (33 nt)



Parfois on peut aller très vite de l’ordinateur à la paillasse…



Selection of CD19 B-cell specific regulatory sequence
and design of CD19-GFP lentiviral vector

Moreau, T., F. Bardin, J. Imbert, C. Chabannon, and C. Tonnelle. 2004. Restriction of transgene expression
to the B-lymphoid progeny of human lentivirally transduced CD34+ cells. Mol.Ther,. 2004, in press.
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Computational analysis of homologies between Human and Mouse CD19 gene 5’ regions



A. Recombinant CD19-GFP lentiviral vectors

B. GFP expression in the progeny of transduced CD34+ progenitor cells differentiated in vitro

From Moreau et al., Mol.Ther, 2004.

B cells

Myeloid cells

NK cells

Herythroid cells



De nouveaux outils…



Phylogenetic footprinting:
multi-species comparison



Species choice for phylogenetic footprinting analysis

Homo sapiens

Mus musculus

Bos taurus

Canis familiaris

Monodelphis domestica

Pan troglodytes
Rhesus maccaca
Rattus norvegicus

ESPERR UCSC



UCSC Genome Bioinformatics: http://genome.ucsc.edu/

Homo sapiens ERBB2 locus
chr17:35,092,919-35,143,441

ESPERR Regulatory Potential (7 species): alignments of human, chimpanzee (panTro2), macaque (rheMac2),
mouse (mm8), rat (rn4), dog (canFam2), and cow (bosTau2).



VISTA Tools: mVISTA and rVISTA
http://genome.lbl.gov/vista/

Frazer KA, Pachter L, Poliakov A, Rubin EM, Dubchak I. VISTA: computational tools for comparative genomics. Nucleic
Acids Res. 2004 Jul 1;32 (Web Server issue):W273-9 



mVISTA

Mayor C., Brudno M., Schwartz J. R., Poliakov A., Rubin E. M., Frazer K. A., Pachter L. S. and Dubchak I. (2000) VISTA: 
Visualizing Global DNA Sequence Alignments of Arbitrary Length. Bioinformatics, 16:1046.

Limits:
• sequence numbers: 2-100
• size: ?



ERBB2 locus



rVISTA

Loots, G., Ovcharenko,I., Pachter,L., Dubchak,I., Rubin, E. rVISTA for comparative sequence-based discovery of functional
transcription factor binding sites. (2002) Genome. Res. 12:832-839

Limits:
• sequence numbers: 2-100
• size: 20 Kb per sequence for a total of 60 Kb





chromosomal localization
8p23.1-8p23.1*

GATA-4: a member of the GATA family (GATA-1/6)

A [25  0 61  0 39 15 ]
C [14  1  0  0  1  3 ]
G [ 4 62  1  5  4 37 ]
T [20  0  1 58 19  8 ]

B. Consensus DNA binding domain
of the GATA factor family

C. GATA-3 consensus DNA binding motif

A. GATA-4

(A/T/C)GATA(A/G)
WGATAR  



Mm

Cf

Md

Bt

rVISTA Homo sapiens ERBB2a-b 20kb



ERBB2b
ERBB2aCpG

Homo sapiens ERBB2a regulatory regions (13,883 bases)

Mouse

Cow

Human

Dog

Opossum



http://www.dcode.org/





Homo sapiens ERBB2 locus
chr17:35,092,919-35,143,441

G.G. Loots and I. Ovcharenko
ECRbase: Database of Evolutionary Conserved Regions, Promoters, and Transcription Factor Binding Sites in 
Vertebrate Genomes. Bioinformatics, 23(1):122-4 (2007) 









multiTF: ERBB2 Hs-Md-Mm-Cf-Rm



Synonymous gene regulation (identified by shared tissue and timepoint specificities) is 
established through genomic elements that contain a specific cluster of transcription factor 
binding sites (TFBS). SynoR performs vertebrate genome scans for evolutionary conserved 
clusters of TFBS in a predefined configuration to identify synonymous regulatory elements 
(SREs). SynoR searches for SREs by utilizing known patterns of TFBS in active regulatory 
elements (REs) as seeds for genome scans. Multiple-species conservation layers allow the 
use of differential conservation filters in the search for SREs and SynoR results provide an 
extensive annotation of identified genes that contain detected REs. Gene Ontology classifiers 
are utilized to perform functional classification of the identified genes, and integrated GNF 
Expression Atlas data permits on-the-fly analysis of tissue-specificities of predicted SREs.

SynoR: http://synor.dcode.org/

I. Ovcharenko and M.A. Nobrega. Identifying synonymous regulatory elements in vertebrate genomes. Nucleic 
Acids Research, 33, W403-7, 2005. 









ZC3H11A(0.1kb) 

IL2RA(7.0kb)<->RBM17(19.6kb) 









The MAR-Wiz tool aims at discovering the presence of Matrix Association Regions, or MARs, within DNA 
sequences. MARs constitute a significant functional block within sequences and facilitate the processes of 
differential gene expression and DNA replication. Our computational approach to finding MARs is based upon the 
co-occurrence of 20 DNA patterns that have been known to occur in the neighborhood of MARs. These motifs are 
used to define higher order rules defined using the various combinations in which the patterns have been known to 
co-occur. The mathematical density of the rule occurrences iin a regions is assumed to imply the presence of a MAR 
in that region

MAR-Wiz

http://futuresoft.org/MAR-Wiz/

For examples:

-- Cai S, Lee CC, Kohwi-Shigematsu T. SATB1 packages densely looped, transcriptionally active chromatin for coordinated 
expression of cytokine genes. Nat Genet.38:1278-88, 2006.

- P. PK, O. Bischof, P. K. Purbey, D. Notani, H. Urlaub, A. Dejean, and S. Galande. Functional interaction between PML 
and SATB1 regulates chromatin-loop architecture and transcription of the MHC class I locus. Nat Cell Biol. 9 (1):45-56, 
2007.



Figure 8. Summary of activation-dependent looping events and a 
model of transcriptionally active chromatin. 

Cai S, Lee CC, Kohwi-Shigematsu T. SATB1 packages densely looped, 
transcriptionally active chromatin for coordinated expression of cytokine genes. 

Nat Genet.38:1278-88, 2006.



Figure 4. SATB1 and PML directly associate with specific genomic regions of MHC 
class I locus in vivo.

P. PK, O. Bischof, P. K. Purbey, D. Notani, H. Urlaub, A. Dejean, and S. Galande. 
Functional interaction between PML and SATB1 regulates chromatin-loop architecture 

and transcription of the MHC class I locus. Nat Cell Biol. 9 (1):45-56, 2007.





IL2RA



KEGG: hsa04630



Galaxy features connections to UCSC Table Browser, EnsMart, and contains hundreds of tools.

Some examples:

• Extraction of multiple alignments corresponding to a genomic region, 
• Finding exons overlapping SNPs, compute phastCons scores for a set of genomic ranges, 
• Building histograms, compute correlations, draw scatterplots, search using simple conditional
statements

• And much much more... 

Galaxy website

http://www.bx.psu.edu/cgi-bin/trac.cgi

Galaxy at Penn State University

Center for Comparative Genomics and Bioinformatics



Genomatix

http://www.genomatix.de/

DiAlign TF: Multiple alignment plus TF sites





S. Lomvardas, G. Barnea, D. J. Pisapia, M. Mendelsohn, J. 
Kirkland, and R. Axel. Interchromosomal interactions and 
olfactory receptor choice. Cell 126 (2):403-413, 2006.

F. Savarese and R. Grosschedl. Blurring cis and trans in 
gene regulation. Cell 126 (2):248-250, 2006.



Nuclei from sensory neurons treated with 
paraformaldehyde.

RE digestion

OMP and CNG: 2 genes highly expressed in olfactory sensory neurons
M71/H 2.3 kb product Products sequencing

Chromosome Conformation Capture (3C) Reveals the Association of the H Enhancer
with Olfactory Receptor Genes

From Lomvardas, S. et al. Cell, 126:403-413, 2006.

Chr. 14: H, MOR28, MOR10
Chr. 7: Mor50, P6
Chr. 9: M71 320 PCR products:

• 84 H/5’end OR genes
• 236 H/repeat elements
• 48/84 H/MOR48
• 16/84 H/MOR10
• 20/84 H/other OR genes



Monoallelic OR Gene Expression in Sensory Neurons

From Savarese, F. and Grosschedl, R. Cell, 126:248-250, 2006.

The H enhancer, a single copy DNA element, is located 75 kb upstream of the MOR28 gene cluster on chromosome 14. It 
can cooperate with OR gene promoter as little as 161 bp of 5’-flanking DNA sequences.

(A) Association of the H enhancer with a single OR promoter in cis or in 
trans mediates monoallelic OR gene expression in sensory neurons. 
Depicted are three different olfactory neurons in which the H enhancer, 
located on chromosome 14, interacts either with an OR gene in cis (for 
example, MOR28 on chromosome 14) or, alternatively, with an OR gene 
in trans (for example, M50 on chromosome 7 or M71 on chromosome 9). 
The enhancer is shown as a multiprotein complex, and the OR gene 
promoters are shown as colored boxes; active transcription is represented 
by an arrow.

(B) Model for the feedback regulation elicited by 
the expression of a functional OR gene. Upon 
interaction with an odorant, the OR transmits either 
a positive signal that strengthens the association 
between the H enhancer and the OR gene 
promoter or a negative signal that prevents the 
activation of the second H allele, possibly by DNA 
methylation of the H enhancer. Currently, it is 
unclear whether DNA methylation inactivates or 
activates the H enhancer. 



Few other published examples of physical and functional 
evidences for nonallelic interaction between chromosomes:

• An LCR in IFN-γ locus associated with IL-4 locus on a different 
chromosome in committed naive T (Spilianakis et al., Nature, 435:637-
645, 2005).

• The imprinting control region of the Igf2/H19 locus and the Wsb1/Nf1 
gene (Ling et al., Science, 312:269-272, 2006).

These nonallelic interchromosomal interactions appear relatively infrequent and 
transient, and their biological role is still somewhat unclear...



Regulatory region databases

PromoSer: The mammalian promoter service ORegAnno Open Regulatory Annotation:
http://biowulf.bu.edu/zlab/PromoSer http://www.oreganno.org

PAZAR: A public database of transcription factor and regulatory sequence annotation
http://www.pazar.info

Regulatory region analysis

PIPMaker: VISTA Tools: mVISTA and rVISTA
http://pipmaker.bx.psu.edu/pipmaker http://genome.lbl.gov/vista/

DCODE.org Comparative Genomics Center: Comparing genomes to decipher the code of gene regulation
http://www.dcode.org

Genomatix software GmbH:
http://www.genomatix.de

General databases and tools

UCSC Genome Browser: Galaxy website:
http://genome.ucsc.edu http://www.bx.psu.edu/cgi-bin/trac.cgi

IdConvert: http://idconverter.bioinfo.cnio.es



En forme de conclusion…



From Julia Zeitlinger - Whitehead Institute, UC Davis, USA
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Special Bonus



UCSC Genome Browser on Human Mar. 2006 Assembly
position/search: chr10:6,080,616-6,159,203



Genomic Targets Identification of Specific Transcription Factors
Using Chromatin Immunoprecipitation

Gene-specific PCR
ChIP Cloning &

Sequencing
SAGE-like

GMAT/SACO

Microarray Hybridization
ChIP-on-chip

Genome-wide approaches (high throughput)Gene-specific approaches (low throughput)



ChIP-on-chip



From Julia Zeitlinger - Whitehead Institute, UC Davis, USA



• CpG dinucleotides are present at 20% of predicted frequency
• CpG islands:  >200 bp long, >50 %G+C, CpG >0.6 predicted
• CpG islands account for 1% of the genome
• 29,000 CpG islands are predicted in the human genome
• ~60% of known genes have a CpG island near 5’ end
• CpG island microarrays are promoter- and regulatory region-enriched arrays

CpG islands 
Weinmann et al. (2002) Genes & Dev. 16:235-244
Oberley et al. (2004)  Methods Enzymol. 376:315-334

29,000 CpG islands are predicted in the human genome

Strategies for the Design of Microarrays for the Human Genome



In progress analysis of a chip with ~200 human promoter regions and ~4 000 CpG islands

From Rémi Houlgatte – INSERM ERM206, Marseille, France

ChIP anti-Ets-1/2



From Rémi Houlgatte – INSERM ERM206, Marseille, France

Ets Factor Binding Site (EBS)



Alternative Approaches…



From Bas van Steensel, Netherland Cancer Institute



From Bas van Steensel, Netherlands Cancer Institute, Amsterdam



From T. Y. Roh, W. C. Ngau, K. Cui, D. Landsman, and K. Zhao. High-resolution genome-wide mapping of histone 
modifications. Nat Biotechnol. 22 (8):1013-1016, 2004.

Genome-Wide Mapping Technique (GMAT)
Or Serial Analysis of Chromatin Occupancy (SACO)

Alternative approaches



• Acetylation at lysine residues is highly associated with 
transcriptional activation (H2AK5, H2BK12, H3K9/K14, etc.)

• Methylation at lysine or arginine residues is associated with 
either transcriptional activation (H3K4me3, H4R3, etc.) or 
repression (H3K9, H3K27me3, etc.)

• Phosphorylation at serine or threonine residues is associated 
with either transcriptional activation (H3S28, etc.) or 
repression (H2AS1, etc.)

Functional Effects of Histone Modifications on Transcription
A Few Examples in Mammals

Ubiquitylation and sumoylation have been associated with mitosis, meiosis,etc.

From C. L. Peterson and M. A. Laniel. Histones and histone modifications. Curr.Biol. 14 (14):R546-R551, 2004.

For a continuous update: www.histone.com



Major Nucleosomal Histone Modification Mapping

From G. Felsenfeld and M. Groudine. Controlling the double helix. Nature 421 (6921):448-453, 2003.



Site web de l’atelier INSERM « Epigénomique : analyse à grande échelle des 
modifications de la chromatine et des interactions entre génomes et facteurs 
régulateurs de la transcription »
12-13 mai 2005, La Londe Les Maures et 16-20 mai 2005, Marseille

http://gin.univ-mrs.fr/~denis/Epigenomics/
Grange, T., Imbert, J. and Thieffry, D. Epigenomics: large scale analysis of chromatin modifications and transcription factors/genome

interactions. BioEssays 27:1203-1205, 2005.

Site web « ChIP-on-chip » à partir des travaux de Bing Ren, Laboratory of Gene 
Regulation, Ludwig Institute for Cancer Research, UCSD

http://www.chiponchip.org/
Vous y trouverez des protocoles, une liste d’anticorps validés pour ChIP et ChIP-

on-chip, des références, etc.

Site web Ecole-Chercheurs INRA « La phylogénomique : une aide à l’étude des 
grandes fonctions du vivant »
12-14 décembre 2006, Carry-le-Rouet

http://www.inra.fr/internet/Projets/agroBI/PHYLO.html

Quelques infos utiles



Companies offering genome-wide or customize oligo and/or promoter chips

1) Agilent: www.home.agilent.com

2) Affymetrix: www.affymetrix.com

3) Nimblegen Systems:  www.nimblegen.com

4)  Aviva Systems Biology: www.avivasysbio.com

5)  human and mouse CpG islands: 
Microarray Centre, University Health Network, Toronto, www.microarrays.ca

Resources



IgG
Beads

Factor X

The ChIP-GLAS Technology

Ligation with Taq ligase

DNA
Annealing

Solid-phase
Selection

Ligation

Amplification

Primer with
T3 overhangPrimer with

cT7 overhang

Biotin

Streptavidin

40mer Oligo array



Nature 434 (7031):338-345, 2005.



1. Whole genome alignment of 4 mammalian genomes: human, mouse, rat, dog

2. Extraction aligned promoter and 3’ UTR using RefSeq annotations

17 700 Refseq
68 Mb promoter dataset
15 Mb 3’ UTR
123 Mb intronic sequence as control dataset: last 2 introns

Proportion of aligned bases between 4 species:
Promoters 51% (44% upstream, 58% downstream TSS)
3’ UTR 73%
Control dataset 34%
Whole genome 28%



8-mer TGACCTTG: Err-α binding site (estrogen-related receptor alpha)
434 occurrences in human promoter regions, 162 conserved across all 4 species
37% conservation rate compared to 8% for a random 8-mer motif in promoter dataset
and 6.2% in control dataset

MCS: motif conservation score, represents the number of standard deviations (s.d.) by which the observed conserved rate of a motif
exceeds the expected conservation rate of comparable motifs (Ex.: MCS for Err-α is 25.2 s.d.

446 mammalian motifs in TRANSFAC clustered in 123 motif clusters based on sequence similarity
63% MCS>3, including 50% MCS>5, compared to only 1.6% with MCS>3 control set 

3’ UTR few motifs defined: polyadenylation signal AATAAA, 6 617 conservation versus 14 266  occurrences
46%, MCS 135 compared to 10% for a control random motif in 3’ UTR and 6% in intronic controls

6-mer consensus

13%

8.6%



Screening for Highly Conserved 6-18-mer Motifs with MCS>6 (1012 possible occurrences)

Promoters: 174 HCM including 59 strong matches with known consensus and 10 weaker
72% of the 123 TRANSFAC clusters (5% matches for a random set)
105 potential new regulatory motifs, for example M4 (ACTAYRNNNCCCR)
occurs 520 times, 317 conserved across 4 species (61%)



Biological significance

2. Positional bias of the motif relative to
TSS: consistent with a role in transcription
initiation
28% for known motifs and 35% for new

Overall 89% of known and 69% of new
motifs show tissue specificity, positional
bias or both

-89

-62

But not always true…



3’ UTR

1. Strong directional bias (mRNA regulatory elements)

2. Unusual length distribution (8-mer preference)






