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AGGAAGGGAAAGCGCAAGAGAGAGCGCACACGCACACACCCGCCGCGCGCACTCGCGCACGGAC
CCGCACGGGGACAGCTCGGAAGTCATCAGTTCCATGGGCGAATGCTGCTGCTGGCGAGATGTCTGC
TGCTAGTCCTCGTCTCCTCGCTGCGGTATGCTCGGGACTGGCGTGCGGACCGGGCAGGGGGTTCGG
GAAGAGGAGGCACCCCAAAAAGCTGACCCCTTTAGCCTACAAGCAGTTTATCCCCAATGTGGCCGA
GAAGACCCTAGGCGCCAGCGGAAGGTATGAAGGGAAGATCTCCAGAAACTCCGAGCGATTTAAGG
AACTCACCCCCAATTACAACCCCGACATCATATTTAAGGATGAAGAAAACACCGGAGCGGACAGGCT
GATGACTCAGTAGGAACCCAGCGCCGGGGCGTGGAATGTGTGGCTTTCCAGGGGGTTACGAGAAG
CCGAACACTTCCAGACTTAACTCTGTTTGCTCTTCGGGCAGATGAAGGTGATTTCACCCGCTCCTTCC
CCACCCACCTGCCCGCCCCCCATTCTTCCTCTTCCTGGAGGAGAATGGAGGTCAAGGGTCCAGCTG
GAGAAGTTAGGGTGTGGTGGGGGTGAGGACGGTAACAGACGTGGTTCATTATGGCCTGATTTGATGA
GTCTTGCTACAATGGCCTTCCCCATCCTACCTCTGCCTGGCTTGTAACTTGGGGAGACCTTCACTTTG
GGGGCGTCGGCCCTTTCCAGTCAGGAGTGGAAATGGAAGGAGAGGCTGGGAATCCCCCTCCCACA
AACATGAAGTGGTCTCCTGGTACTGTACGAACGAACGAACGTAGCCTTGGGCTTGGAGCTCAGAGC
CCCCACGTTTCCCGTTGCCTCTGTGGTTTTCTTTCCACCACTACCCCCACCCTGCACCTCCCCACCA
AAGAATTCTCAACTGGAAAAGCCAGGAGGCGGTTCTGACAAAAGGCAGGGGCTCCAGGGGAGACT
CCCCCGTCCCTGGGTGGCTGGCTGTATCGCAGAGCTGGCTTTGCGATTGCGTGTCCGCAATTGTGCC
CATCAGAGTGTGAATGTATTGATATTTCTTTAAGGAAGCTCTTTCGTTCTTCCAAGCCCGAGGTACCTT
AGGGGAGGGACTTAGAACTTATTGGCATTGCATCACTTTAGTTTTCAACCTGCTTGCATAAGAATTAA
GAGCGAATAAATATTAGTGTGGGGGGAGGGGAAGCTAAGCAAAATATGAATTCCTCTCTCTCTCCCC
ACCTCCTTTGAGATTTCTGAGCTGCCAATCTCCCAGCCAATTCTAGACTTTCTGAAACTCCATGCACG
TATAACTGAAGCCAGAAATGGGTTTCCTTGCAAATATAGGTCAACATCCTTTTTATTGCCCTATTAAAAT
ATTCAAGTCCTACCTTTAGGGCTAGGTGCGTACAGCGGCTGATGGAGTGGCGCTGGTGGGGCGCAA
GTGCAGGGGGAGGGTACTGACGGCAGAGAGAGAGGAGCTACCTCCGTGCCGCCCTGCTTCCCGAC
CCGATTCCCAGGCTTGCTTGAGGCCGAGAAAGGCGAGGGGCAGGCAAGGTAGCCTGCTCCAGCTG
TCGGAAGGGAGAGGAATGGGAAATGGTCCTGATTTCCTTGCTCTCCCTCATCTGCTCCCGACCACCT
TAAATCTGGACCGCGAGTGTGGACGCGCGCGCCAGTGCCAGACAGCAGCGCGATCCACAATTAACT
CTGCACGGGCCATGGGGTGCCCGTTGCGTGCAGCTGGCTGGAGGGAGTTCTCCGGCTAGCCCGAG
GCGCCCATCCTCTCGTCACCCTCACTCCCCGCGGAGGAGGGGCCTTGCCAGGGTCCCTCGGAACC
CGAGAGGAGGGAGGCACTGCGGAGACAGCGGCGGGGGCGTGGATACCCGAGGTCCCAGAGCCAG
AGTGGGTCAGCTTCTGACCTGCTCTGCGGGTGACCAATACCGCAGAAGGGGTCCTGGGCTCGCACA
CCTTCCCAGGGCTTGAGCCTTGCAGCCCTGCTGCAATAACTACCCGTGATTTATTAGCTAGCGTACTA



AGGAAGGGAAAGCGCAAGAGAGAGCGCACACGCACACACCCGCCGCGCGCACTCGCGCACGGAC
CCGCACGGGGACAGCTCGGAAGTCATCAGTTCCATGGGCGAATGCTGCTGCTGGCGAGATGTCTGC
TGCTAGTCCTCGTCTCCTCGCTGCGGTATGCTCGGGACTGGCGTGCGGACCGGGCAGGGGGTTCGG
GAAGAGGAGGCACCCCAAAAAGCTGACCCCTTTAGCCTACAAGCAGTTTATCCCCAATGTGGCCGA
GAAGACCCTAGGCGCCAGCGGAAGGTATGAAGGGAAGATCTCCAGAAACTCCGAGCGATTTAAGG
AACTCACCCCCAATTACAACCCCGACATCATATTTAAGGATGAAGAAAACACCGGAGCGGACAGGCT
GATGACTCAGTAGGAACCCAGCGCCGGGGCGTGGAATGTGTGGCTTTCCAGGGGGTTACGAGAAG
CCGAACACTTCCAGACTTAACTCTGTTTGCTCTTCGGGCAGATGAAGGTGATTTCACCCGCTCCTTCC
CCACCCACCTGCCCGCCCCCCATTCTTCCTCTTCCTGGAGGAGAATGGAGGTCAAGGGTCCAGCTG
GAGAAGTTAGGGTGTGGTGGGGGTGAGGACGGTAACAGACGTGGTTCATTATGGCCTGATTTGATGA
GTCTTGCTACAATGGCCTTCCCCATCCTACCTCTGCCTGGCTTGTAACTTGGGGAGACCTTCACTTTG
GGGGCGTCGGCCCTTTCCAGTCAGGAGTGGAAATGGAAGGAGAGGCTGGGAATCCCCCTCCCACA
AACATGAAGTGGTCTCCTGGTACTGTACGAACGAACGAACGTAGCCTTGGGCTTGGAGCTCAGAGC
CCCCACGTTTCCCGTTGCCTCTGTGGTTTTCTTTCCACCACTACCCCCACCCTGCACCTCCCCACCA
AAGAATTCTCAACTGGAAAAGCCAGGAGGCGGTTCTGACAAAAGGCAGGGGCTCCAGGGGAGACT
CCCCCGTCCCTGGGTGGCTGGCTGTATCGCAGAGCTGGCTTTGCGATTGCGTGTCCGCAATTGTGCC
CATCAGAGTGTGAATGTATTGATATTTCTTTAAGGAAGCTCTTTCGTTCTTCCAAGCCCGAGGTACCTT
AGGGGAGGGACTTAGAACTTATTGGCATTGCATCACTTTAGTTTTCAACCTGCTTGCATAAGAATTAA
GAGCGAATAAATATTAGTGTGGGGGGAGGGGAAGCTAAGCAAAATATGAATTCCTCTCTCTCTCCCC
ACCTCCTTTGAGATTTCTGAGCTGCCAATCTCCCAGCCAATTCTAGACTTTCTGAAACTCCATGCACG
TATAACTGAAGCCAGAAATGGGTTTCCTTGCAAATATAGGTCAACATCCTTTTTATTGCCCTATTAAAAT
ATTCAAGTCCTACCTTTAGGGCTAGGTGCGTACAGCGGCTGATGGAGTGGCGCTGGTGGGGCGCAA
GTGCAGGGGGAGGGTACTGACGGCAGAGAGAGAGGAGCTACCTCCGTGCCGCCCTGCTTCCCGAC
CCGATTCCCAGGCTTGCTTGAGGCCGAGAAAGGCGAGGGGCAGGCAAGGTAGCCTGCTCCAGCTG
TCGGAAGGGAGAGGAATGGGAAATGGTCCTGATTTCCTTGCTCTCCCTCATCTGCTCCCGACCACCT
TAAATCTGGACCGCGAGTGTGGACGCGCGCGCCAGTGCCAGACAGCAGCGCGATCCACAATTAACT
CTGCACGGGCCATGGGGTGCCCGTTGCGTGCAGCTGGCTGGAGGGAGTTCTCCGGCTAGCCCGAG
GCGCCCATCCTCTCGTCACCCTCACTCCCCGCGGAGGAGGGGCCTTGCCAGGGTCCCTCGGAACC
CGAGAGGAGGGAGGCACTGCGGAGACAGCGGCGGGGGCGTGGATACCCGAGGTCCCAGAGCCAG
AGTGGGTCAGCTTCTGACCTGCTCTGCGGGTGACCAATACCGCAGAAGGGGTCCTGGGCTCGCACA
CCTTCCCAGGGCTTGAGCCTTGCAGCCCTGCTGCAATAACTACCCGTGATTTATTAGCTAGCGTACTA
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CCTCCCTACTTCC CCCGCCCTACCAG  

ProProTyrPheProProProTyrGln 
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Noncoding regulatory sequences

Differences in gene expression

nucleotide
changes

Human variation Pharmacogenetics Human disease
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Promoters

Promoter A Gene APromoter B

250bp
TSS

Alt. 1st exon



Enhancers

Promoter Gene Alimb neural
tube brain

Enhancers



Silencers

Promoter Gene Alimb neural
tube brain

Enhancers

Silencer



Insulators

Promoter Gene Alimb neural
tube brain

Insulator

GeneB Pr

Enhancers

Silencer
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How do we find these regulatory elements?

2. Comparative Genomics

3. Chromatin Immunoprecipitation (ChIP)

1. Transcription factor binding sites (TFBS)



Gene

1 2 3 4 5 6
A 60 20 0 90 80 0
C 0 0 80 0 0 0
G 0 0 0 0 0 20
T 40 80 20 10 20 80

Position Weight Matrix

Logo plot

ATCAAT
AACAAT



ATCAAT

Transcription factor binding site programs

ACAAACATGAAGTGGTCTCCGCGTGGTGGCAGACGAACGAACGTAGCCTTGGGCTTGGAGCTCAG
AGCCCCCACGTTTCCCGTTGCCTCTGTGGTTTTCTTTCCACCACTACCCCCACCCTGCACCTCCCCA
CCAAAGAATTCTCAACTGGAAAAGCCAGGAGGCGGTTCTGACAAAAGGCAGGGGCTCCAGGGGAG
ACTCCCCCGTCCCTGGGTGGCTGGCTGTATCGCAGAGCTGGCTTTGCGATTGCGTGTCCGCAATTGT
GCCCATCAGAGTGTGAATGTATTGATATTTCTTTAAGGATGCTCTTTCGTTCTTCCAAGCCCGAGGTAC
CTTAGGGGAGGGACTTAGAACTTATTGGCATTGCATCACTTTAGTTTTCAACCTGCTTGCATAAGAATT
AAGAGCGAATAAATATTAGTGTGGGGGGAGGGGAAGCTAAGCAAAATATGAATTCCTCTCTCTCTCC
CCACCTCCTTTGAGATTTCTGAGCTGCCAATCAATCAGCCAATTCTAGACTTTCTGAAACTCCATGCA
CGTATAACTGAAGCCAGAAATGGGTTTCCTTGCAAATATAGGTCAACATCCTTTTTATTGCCCTATTAA
AATATTCAAGTCCTACCTTTAGGGCTAGGTGCGTACAGCGGCTGATGGAGTGGCGCTGGTGGGGCGC
AAGTGCAGGGGGAGGGTACTGACGGCAGAGAGAGAGGAGCTACCTCCGTGCCGCCCTGCTTCCCG
ACCCGATTCCCAGGCTTGCTTGAGGCCGAGAAAGGCGAGGGGCAGGCAAGGTAGCCTGCTCCAGC
TGTCGGAAGGGAGAGGAATGGGAAATGGTCCTGATTTCCTTGCTCTCCCTCATCTGCTCCCGACCAC
CTTAAATCTGGACCGCGAGTGTGGACGCGCGCGCCAGTGCCAGACAGCAGCGCGATCCACAATTAA
CTCTGCACGGGCCATGGGGTGCCCGTTGCGTGCAGCTGGCTGGAGGGAGTTCTCCGGCTAGCCCG
AGGCGCCCATCCTCTCGTCACCCTCACTCCCCGCGGAGGAGGGGCCTTGCCATAGCTACGTTACGA

•MatInspector (http://www.genomatix.de/online_help/help_matinspector/matinspector_help.html)
•Match (http://www.gene-regulation.com/pub/programs.html#match)

•rVISTA (http://rvista.dcode.org/)
•TF Search(http://www.cbrc.jp/research/db/TFSEARCH.html)



How do we find these regulatory elements?

2. Comparative Genomics

1. Transcription factor binding sites (TFBS)

3. Chromatin Immunoprecipitation (ChIP)



Evolutionarily Conserved Sequences 
are Functionally Important.

Last common 
ancestor

AACTGAAGCCTATAAAAATGGATCTGATGGAGCAGGTGGCCCTGCGCGTG

AGTTGAAACCTATAAATGCGGAGCTGATGGAGCAGGTGGGCCTGAGTGTG

TGTTGTTAGCTATAAATGCGCAGTATCGCGTCCACAACCGCGTCAGTCCC

TGTTCTTAGGTATAAAAGCTCGGTATCGCCTCTCCAACCGGGTCACTCCC

Non-Coding Sequence

Evolutionary conservation can find regulatory elements



http://ecrbrowser.dcode.org/



Combining comparative genomics & TFBS

6bp sequences can appear ~734,421 times in the human genome by chance

Conservation can be used as a filter to screen TFBS more likely to be functional

AGTTGCAAC          CGAGCAGTGGGAGC GGTGGGC T GGTTCAATCC A C

CTTTCAATGG ATACATTTCG          ACTGTTTCAATTCG CAACCCTCA

MORE likely  to be 
a functional TFBS

LESS likely  to be a 
functional TFBS

Gene



http://ecrbrowser.dcode.org/





Annotating new sequences/genomes

Make DNA

Compare
DNA

TACATTTCG          ACTGTATCGCCTCG CAACCCT A

TACATTTCG          ACTGTATCGCCTCG CAACCCT ACTATAAATGC

CTATAAATGC

A C

A C

Jellyfish GFP

Alien DNA



How do we find these regulatory elements?

2. Comparative Genomics

3. Chromatin Immunoprecipitation (ChIP)

1. Transcription factor binding sites (TFBS)



Method Prediction Rate Tissue Specificity

Comparative genomics 20-50% <20%

Comparative genomics 50-60% 20-50%
+ TFBS

ChIP-seq p300 87% 84%

ChIP-seq provides a major advancement

Enhancer Enhancer



2. CHIP

3. Seq

ChIP 1.qPCR



ChIP

WHAT ANTIBODIES?



Transcription Factors

Gene



Histone Modifications

146bp



Histone Variant: H2A.Z

ACTIVE regions (promoters, enhancers) are thought to have histone H2A.Z

Barski A. et al. Cell 2007, 129: 823-37 



Histones have tails



Methylation

Histone H3: Example

Unknown

Repression

Activation

Acetylation
Unknown

Repression

Activation

R=Arginine: Methylated

K=Lysine: Methylated or Acetylated 

H3K18acH3K4me13

Cleavage



Munshi A. et al. Gen & Genom 2009, 36: 75-88



ChIP targets for expressed genes

Promoter A Gene A
H3K36me3



ChIP targets for active promoters

Promoter A Gene A
RNAPII

H3K4me3 & H3K4me1 
depletion
H3K9ac

H3K27me1

H3K36me3



ChIP targets for active enhancers

Promoter Gene Alimb neural
tube brain

Enhancers

H3K36me3RNAPII
H3K4me3 & H3Kme1 

depletion
H3K9ac

H3K27me1

H2BK5me1
H3K4me1 & H3K4me3 absence

H3K27ac
p300, CBP

H2A.Z



Acetylation: p300



p300 is a good predictor of enhancers

Visel A. et al. Nature 2009, 457: 854-8 



p300 is a good predictor of tissue specificity

Visel A. et al. Nature 2009, 457: 854-8 



p300 is a good predictor of enhancers 
& tissue specificity

Visel A. et al. Nature 2009, 457: 854-8 



Promoter Gene Alimb neural
tube brain

Enhancers

H3K36me3RNAPII
H3K4me3 & H3Kme1 

depletion
H3K9ac

H3K27me1

H2BK5me1
H3K4me1 & H3Kme3 absence

H3K27ac
p300, CBP

H2A.Z

ChIP targets for silencers
Silencers
H3K9me3
H3K27me3

DNA methylation



ChIP targets for insulators

Promoter Gene Alimb neural
tube brain

Insulators

GeneB Pr

Silencers

Enhancers
H2BK5me1

H3K4me1 & H3Kme3 absence
H3K27ac

p300, CBP
H2A.Z

H3K9me3
H3K27me3

DNA methylation

CTCF

RNAPII
H3K4me3 & H3Kme1 

depletion
H3K9ac

H3K27me1

H3K36me3



Kim TH et al. Cell 2007, 128: 1231-1245

http://bioinformatics-renlab.ucsd.edu/rentrac/wiki/CTCF_Project

CTCF ChIP-seq



Kim TH et al. Cell 2007, 128: 1231-1245
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Mouse

Synteny blocks can define cis-regulatory domains

Human

Gene

CNS

Chicken

Frog



Synteny blocks can assign cis-regulatory borders

Nucleotide
changes

Ahituv N. et al. HMG 2005, 14: 3057-3063 

SALL1



Fixed distance

GENE
50kb 50kb100kb 100kb



Neighboring genes

GENE Left NeighborRight  Neighbor
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Promoter & Enhancer Assays

Promoter? Reporter Gene

Min. Pr. Reporter GeneEnhancer?

Turn on 
reporter gene

Turn on 
reporter gene

Promoter

Enhancer



Promoter? Reporter Gene

Cell Culture

Transfect

Advantages:

•Quick

•Quantitative

•Cheap

Min. Pr. Reporter GeneEnhancer?

Cell Culture

Disadvantages:

•Not in vivo, whole organism

•Cultured cells loose a lot of their tissue characteristics

•A lot of variability (different prep, cell passage etc.)

0

2

4

6

8

10

12

No promoter Promoter



Zebrafish Transgenics

Promoter? Reporter Gene

Min. Pr. Reporter GeneEnhancer?

Advantages:

•Quick

•Cheap

•Numerous embryos

•Can track fish over time

Disadvantages:

•Mosaicism and average of 5 integrations can lead to position effects

•Distant to human

Microinject



Promoter? Reporter Gene

Min. Pr. Reporter GeneEnhancer?

Chicken Electroporation

Electroporate

Advantages:

•Quick

•Cheap

Disadvantages:

•Only accessible regions can be electroporated
•Not expressed in all the cells
•Variable expression due to the DNA not integrating into the genome
•Have to take out embryos for each time point
•Distant to humans



Mouse Transgenics

Promoter? Reporter Gene

Min. Pr. Reporter GeneEnhancer?

Microinject

Advantages:

•Closer to human (mammal)

•DNA usually integrates in one location

Disadvantages:

•Not high-throughput

•Expensive

•Embryos need to be taken out for each time point



http://enhancer.lbl.gov

746 human enhancers out of 1,503 tested



Silencer & Insulator Assays

Constitutive Pr. Reporter GeneSilencer?
Turn off 

reporter gene

Min. Pr. Reporter GeneEnhancer
Turn off 

reporter geneSilencer?

Min. Pr. Reporter GeneEnhancer
Turn off 

reporter geneInsulator?

Silencer

Insulator

Cell Culture Mice



OUTLINE

1. The different kinds of gene regulatory elements

2. How can we find them

4. Functional assays to test their function

5. Regulation in 3D

3. How far away to look for them

6. Example from our lab



Branco and Pombo PLoS Biology 2006

Chromosomal interactions in the nucleus



3D and gene regulation

Fraser P. et al. Nature 2007, 447: 413-417



Enhancers loop to bind to promoters



Noonan JP et al. Annu Rev Genomics Hum Genet 2010 

3C, 4C and 5C



Hi-C & ChIA-PET 

Lieberman-Aiden E et al. Science 2009, 326: 289-293

Fullwood MJ et al. Nature 2009, 462: 58-64

Hi-C

ChIA-PET



Fluorescence In Situ Hybridization (FISH)



Mutations

Holoprosencephaly
Limb
Other 

KO

Sagai et al. Development 2005 132: 797-803

SHH LMBR11Mb Limb

1MbHuman-
Fugu

Lettice et al. HMG 2003 12: 1725-35

The SHH limb enhancer as an example



Amano et al. Dev cell 2008,16: 47-57

FISH can detect long range chromosomal interactions

SHH LMBR11Mb Limb
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Ramon Y. Birnbaum



Pie chart with 8% coding exons

Noncoding 
(93%)

Exons
(7%) Coding exons (7%)

Selection of potential exonic enhancers of nearby genes

Gene containing exon is expressed in the limb

2,105 limb p300 ChIP-Seq peaks

Yes No
134 exons18 exons

Limb expressed genes nearby(<2 Mb)
YesNo

90 exons44 exons

√

√

152 overlap coding exons

7 candidates near 
important limb genes

• 2 near Dlx5/6
• 2 near Twist1
• 1 near Dicer1
• 1 near Ptch1
• 1 near Msx1



Reporter GeneMinimal PromoterChiP-Seq
peak

Enhancer Assay

Injection into mouse fertilized eggs Harvest E11.5 embryos, LacZ stain

Exon



DLX6 DLX5DYNC1I1

E11.5 E11.5

TWIST1HDAC9

E11.5E11.5

M
ou

se

4/7 exons were positive limb enhancers in mouse

E11.5E10.5 E11.5

exon 15 exon 17 exon 18 exon 19 Twist1
Gene expressionGene expression
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Reporter GeneMinimal PromoterChiP-Seq
peak

The enhancer assay tested the whole ChIP peak

Injection into mouse fertilized eggs Harvest E11.5 embryos, LacZ stain

Exon



608bp

The intronic sequence could be responsible for the 
enhancer activity

Conservation



Reporter GeneMinimal PromoterChiP-Seq
peak

DYNC1I1 exon 15 is a fin enhancer in zebrafish

Injection into mouse fertilized eggs Harvest E11.5 embryos, LacZ stain

Exon Zebrafish



5’ intron

Exon

3’ intron

608bp

5’ intron + Exon

DYNC1I1 exon 15 is necessary for enhancer activity

Neg.

Conservation
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5' intron+Exon

608bp



DLX6 DLX5DSS1SLC25A13DYNC1I1

ex6 eDlx25
(AER)

ex2 ex2Pr Pr

ChIP: Dync1i1 exon 15 has enhancer marks in the limb
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H3K36me (transcribed gene)H3K4me3 (promoter)



0%

10%

20%

30%

40%

50%

0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0 >1.0

%
 S

ig
na

l

AER 
(n=152)**

0%

10%

20%

30%

40%

50%

0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0 >1.0

%
 S

ig
na

l

Heart 
(n=101)

DNA FISH shows interaction between Dync1i1 exon 15 & 
Dlx5/6 promoters

DLX6 DLX5DSS1SLC25A13DYNC1I1

Limb

Heart



Chromosome Conformation Capture (3C) also shows 
interaction between Dync1i1 exon 15 and Dlx5/6 promoters

Noonan JP et al. Annu Rev Genom Hum Genet 2010
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