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ACEAAGGGAAAGCGCAAGAGAGAGCGCACACGCACACACCCGCCGCGCGCACTCGCGCACGGAC
CCGCACGGGGACAGCTCGGAAGTCATCAGTTCGATGGGCGAATGCTGCTGCTGGCGAGATGTCTGC
TGCTAGTCCTCGTCTCCTCGCTGCGGTATGCTCGGGACTGGCGTGCGGACCGGGCAGGGGGTTCGG
GAAGAGGAGGCACCCCAAAAAGCTGACCCCTTTAGCCTACAAGCAGTTTATCCCCAATGTGGCCGA
GAAGACCCTAGGCGCCAGCGGAAGGTATGAAGGGAAGATCTCCAGAAACTCCGAGCGATTTAAGG
AACTCACCCCCAATTACAACCCCGACATCATATTTAAGGATGAAGAAAACACCGGAGCGGACAGGCT
GATGACTCAGTAGGAACCCAGCGCCGGGGCGTGGAATGTGTGGCTTTCCAGGGGGTTACGAGAAG
CCGAACACTTCCAGACTTAACTCTGTTTGCTCTTCGGGCAGATGAAGGTGATTTCACCCGCTCCTTCC
CCACCCACCTGCCCGCCCCCCATTCTTCCTCTTCCTGGAGGAGAATGGAGGTCAAGGGTCCAGCTG
GAGAAGTTAGGGTGTGGTGGGGGTGAGGACGGTAACAGACGTGGTTCATTATGGCCTGATTTGATGA
GTCTTGCTACAATGGCCTTCCCCATCCTACCTCTGCCTGGCTTGTAACTTGGGGAGACCTTCACTTTG
GGGGCGTCGGCCCTTTCCAGTCAGGAGTGGAAATGGAAGGAGAGGCTGGGAATCCCCCTCCCACA
AACATGAAGTGGTCTCCTGGTACTGTACGAACGAACGAACGTAGCCTTGGGCTTGGAGCTCAGAGC
CCCCACGTTTCCCGTTGCCTCTGTGGTTTTCTTTCCACCACTACCCCCACCCTGCACCTCCCCACCA
AAGAATTCTCAACTGGAAAAGCCAGGAGGCGGTTCTGACAAAAGGCAGGGGCTCCAGGGGAGACT
CCCCCGTCCCTGGGTGGCTGGCTGTATCGCAGAGCTGGCTTTGCGATTGCGTGTCCGCAATTGTGCC
CATCAGAGTGTGAATGTATTGATATTTCTTTAAGGAAQCTCTTTCGTTCTTCCAAGCCCGAGGTACCTT
AGGGGAGGGACTTAGAACTTATTGGCATTGCATCACTTTAGTTTTCAACCTGCTTGCATAAGAATTAA
GAGCGAATAAATATTAGTGTGGGGGGAGGGGAAGCTAAGCAAAATATGAATTCCTCTCTCTCTCCCC
ACCTCCTTTGAGATTTCTGAGCTGCCAATCTCCCAGCCAATTCTAGACTTTCTGAAACTCCATGCACG
TATAACTGAAGCCAGAAATGGGTTTCCTTGCAAATATAGGTCAACATCCTTTTTATTGCCCTATTAAAAT
ATTCAAGTCCTACCTTTAGGGCTAGGTGCGTACAGCGGCTGATGGAGTGGCGC'@GTGGGGCGCAA
GTGCAGGGGGAGGGTACTGACGGCAGAGAGAGAGGAGCTACCTCCGTGCCGCCCTGCTTCCCGAC
CCGATTCCCAGGCTTGCTTGAGGCCGAGAAAGGCGAGGGGCAGGCAAGGTAGCCTGCTCCAGCTG
TCGGAAGGGAGAGGAATGGGAAATGGTCCTGATTTCCTTGCTCTCCCTCATCTGCTCCCGACCACCT
TAAATCTGGACCGCGAGTGTGGACGCGCGCGCCAGTGCCAGACAGCAGCGCGATCCACAATTAACT
CTGCACGGGCCATGGGGTGCCCGTTGCGTGCAGCTGGCTGGAGGGAGTTCTCCGGCTAGCCCGAG
GCGCCCATCCTCTCGTCACCCTCAC%CCCGCGGAGGAGGGGCCTTGCCAGGGTCCCTCGGAACC

CGAGAGGAGGGAGGCACTGCGGAGACAGCGGCGGGGGCGTGGATACCCGAGGTCCCAGAGCCAG
AGTGGGTCAGCTTCTGACCTGCTCTGCGGG TG&CAATACCGCAGAAGGGGTCCTGGGCTCGCACA
CCTTCCCAGGGCTTGAGCCTTGCAGCCCTGCTGCAATAACTACCCGTGATTTATTAGCTAGCGTACTA




AGGAAGGGAAAGCGCAAGAGAGAGCGCACACGCACACACCCGCCGCGCGCACTCGCGCACGGAC
CCGCACGGGGACAGCTCGGAAGTCATCAGTTCCATGGGCGAATGCTGCTGCTGGCGAGATGTCTGC
TGCTAGTCCTCGTCTCCTCGCTGCGGTATGCTCGGGACTGGCGTGCGGACCGGGCAGGGGGTTCGG
GAAGAGGAGGCACCCCAAAAAGCTGACCCCTTTAGCCTACAAGCAGTTTATCCCCAATGTGGCCGA
GAAGACCCTAGGCGCCAGCGGAAGGTATGAAGGGAAGATCTCCAGAAACTCCGAGCGATTTAAGG

AACTCACCCCCAATTACAACCCCGACATCATATTTAAGGATGAAGAAAACACCGGAGCGGACAGGCT
GATGACTCAGTAGGAACCCAGCGCCGGGGCGTGGAATGTGTGGCTTTCCAGGGGGTTACGAGAAG

CCGAACACTTCCAGACTTAACTCTGTTTGCTCTTCGGGCAGATGAAGGTGATTTCACCCGCTCCTTCC
CCACCCACCTGCCCGCCCCCCATTCTTCCTCTTCCTGGAGGAGAATGGAGGTCAAGGGTCCAGCTG
GAGAAGTTAGGGTGTGGTGGGGGTGAGGACGGTAACAGACGTGGTTCATTATGGCCTGATTTGATGA
GTCTTGCTACAATGGCCTTCCCCATCCTACCTCTGCCTGGCTTGTAACTTGGGGAGACCTTCACTTTG
GGGGCGTCGGCCCTTTCCAGTCAGGAGTGGAAATGGAAGGAGAGGCTGGGAATCCCCCTCCCACA
AACATGAAGTGGTCTCCTGGTACTGTACGAACGAACGAACGTAGCCTTGGGCTTGGAGCTCAGAGC

CCCCACGTTTCCCGTTGCCTCTGY T =TTT™ =" TTCZ*CC/CTACCCCCACCCTGCACCTCCCCACCA

AAGAATTCTCAACTGGAAAAGC! AG, AC 5C! 57 C 'C «\CAAAAGGCAGGGGCTCCAGGGGAGACT
CCCCCGTCCCTGGGTGGCTGGC. =7. C7 o, SAGLT/ GATTTGCGATTGCGTGTCCGCAATTGTGCC
CATCAGAGTGTGAATGTATTGATATTY 'TT AR GAA/ C7 21 TCGTTCTTCCAAGCCCGAGGTACCTT
AGGGGAGGGACTTAGAACTTATTGGCATTGULATCACTTTASTTTTCAACCTGCTTGCATAAGAATTAA

GAGCGAATAAATATTAGTGTGGGGGGAGGGGAAGCTAAGCAAAATATGAATTCCTCTCTCTCTCCCC

ACCTCCTTTGAGATTTCTGAGCTGCCAATCTCCCAGCCAATTCTAGACTTTCTGAAACTCCATGCACG
TATAACTGAAGCCAGAAATGGGTTTCCTTGCAAATATAGGTCAACATCCTTTTTATTGCCCTATTAAAAT
ATTCAAGTCCTACCTTTAGGGCTAGGTGCGTACAGCGGCTGATGGAGTGGCGCTGGTGGGGCGCAA
GTGCAGGGGGAGGGTACTGACGGCAGAGAGAGAGGAGCTACCTCCGTGCCGCCCTGCTTCCCGAC
CCGATTCCCAGGCTTGCTTGAGGCCGAGAAAGGCGAGGGGCAGGCAAGGTAGCCTGCTCCAGCTG
TCGGAAGGGAGAGGAATGGGAAATGGTCCTGATTTCCTTGCTCTCCCTCATCTGCTCCCGACCACCT
TAAATCTGGACCGCGAGTGTGGACGCGCGCGCCAGTGCCAGACAGCAGCGCGATCCACAATTAACT
CTGCACGGGCCATGGGGTGCCCGTTGCGTGCAGCTGGCTGGAGGGAGTTCTCCGGCTAGCCCGAG

GCGCCCATCCTCTCGTCACCCTCACTCCCCGCGGAGGAGGGGCCTTGCCAGGGTCCCTCGGAACC

CGAGAGGAGGGAGGCACTGCGGAGACAGCGGCGGGGGCGTGGATACCCGAGGTCCCAGAGCCAG
AGTGGGTCAGCTTCTGACCTGCTCTGCGGGTGACCAATACCGCAGAAGGGGTCCTGGGCTCGCACA
CCTTCCCAGGGCTTGAGCCTTGCAGCCCTGCTGCAATAACTACCCGTGATTTATTAGCTAGCGTACTA
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Enhancers
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How do we find these regulatory elements?

1. Transcription factor binding sites (TFBS)

2. Comparative Genomics

3. Chromatin Immunoprecipitation (ChiP)



Position Weight Matrix

TTCAAT
ATCAAT
AACAAT
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
Logo plot

Bits

-|ATCAAT



Transcription factor binding site programs

IATCAAT

Match (http://www.gene-regulation.com/pub/programs.html#match)

Bits

*Matinspector (http://www.genomatix.de/online _help/help_matinspector/matinspector _help.html)
rVISTA (http://rvista.dcode.orq/)
*TF Search(http://www.cbrc.jp/research/db/TESEARCH.html)

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




How do we find these regulatory elements?

1. Transcription factor binding sites (TFBS)

2. Comparative Genomics

3. Chromatin Immunoprecipitation (ChiP)



Evolutionary conservation can find regulatory elements

Non-Coding Sequence

AACTGAAGCC AATGGATCTGATGGAGCAGGTGGCCCTGCGCGTG

Last common
ancestor

l

@)

TGCGGAGCTGATGGAGCAGGTGGGCCTGAGTGTG

TGTTGTTAGC TGCGCAGTATCGCGTCCACAACCGCGTCAGTCCC

TGTTCTTAGC AGCTCGGTATCGCCTCTCCAACCGGGTCACTCCC

Evolutionarily Conserved Sequences
are Functionally Important.
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Combining comparative genomics & TFBS

? L‘ Gene

TTCAAT g
RV AVAV AT A VoV Ve Ve W

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

g

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

‘ AGTTGCAACGGTTCAATCCCGAGCAGTGGGAGCAGGTGGGCCT

O

N

TACATTTCGCTLICAATGGACTGTTICAATTCGACAACCCTCA

U

MORE likely to be LESS likely to be a
a functional TFBS functional TFBS
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Annotating new sequences/genomes

Make DNA

Compare
DNA

TACATTTCGCTATAAATGCACTGTATCGCCTCGACAACCCTCA

Jellyfish GFP TACATTTCGCTATAAATGCACTGTATCGCCTCGACAACCCTCA



How do we find these regulatory elements?

1. Transcription factor binding sites (TFBS)

2. Comparative Genomics

3. Chromatin Immunoprecipitation (ChiP)



ChlIP-seq provides a major advancement

Method

Enhancer
Prediction Rate

Enhancer
Tissue Specificity

Comparative genomics

Comparative genomics
+ TFBS

20-50%

50-60%

<20%

20-50%

ChlIP-seq p300

87%

84%




Cross-link whole cells
with formaldehyde

genomic
DNA

Sonicate DMNA to

produce sheared, 2. CHIP
soluble chromatin )

Immunoprecipitate
and purify
immunocomplexes 3. Seq

Reverse cross-links, - i : :
purify DNA and .
prepare for sequencing ————




ChIP
200
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DNA
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Sonicate DMNA to
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soluble chromatin
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and purify
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Transcription Factors

? L Gene

TTCAAT




Histone Modifications

w Core of eight

histone molecules

Histone H1

Linker
DNA

55 A

Core DNA
1.8 turns

Nucleosome

110 A

Figure 1. Nucleosomal structure.



Histone Variant: H2A.Z

Linker
DMA

55 A (K4-methyl H3)

el D99 999 -
Linker AC Ac Ac Ub— Ub Ub heterochromatin
(|

1

Mucleosome

1.8 turns

o

DMNA (K27-mathyl H3)
A 1 1
' 110 A
transcriptional transcriptional
activation repression

Figure 1. Mucleosomal structure.

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

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



Histones have tails

AC

sU

acetylation

methylation

ubiquination

sumovylation

phosphorylation



Histone H3: Example

H3K4me3 H3K18ac

-\ = Ivl 1ot 8

] —
Ne T-LR'THQT?&HE{STGG[{F"LE*EIU:E'LhT|I{|FahR|E{SI'"LFﬂTGG'JE{HP

2 4 9 14 18 E L7 36
Cleavage
© Methylation A Acetylation
® Unknown A Unknown
O Repression A Repression
© Activation A Activation

K=Lysine: Methylated or Acetylated
R=Arginine: Methylated



Geoo specific Gene specific

Chromatin activation A
eotidenzation repression Transcriptional
\SJ activation
Transcription Ubj?lu'rjna
3 tio,
repression ?44 2 Tetrahymena
1_«9%;'\]\' survival

Transcription
activation

IVV\; Elusive

i
Transcription jation
activation V' e -\;

\‘)41 Chromatin

remodeling

Transcription

activation
Chromatin

Ubiquikination

Transcription o
repression ‘.\ﬁ\ Uc condensation
Chromatin
stabilization

Transcription

activation 2
Elusive

Chromatin
condensation

Transcriptional Nucleosome

activation  loosening

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



ChIP targets for expressed genes

H3K36me3



ChIP targets for active promoters

PromoterAl Gene A \

RNAPII H3K36me3
H3K4me3 & H3K4me1
depletion
H3K9ac
H3K27me1



ChIP targets for active enhancers

p— RNAPII H3K36me3
H3K4me3 & H3Kme1
PS depletion
e H3K9ac

Enhancers H3K27me1

H2BK5me1
H3K4me1 & H3K4me3 absence

H3K27ac
p300, CBP

H2A.Z



Acetylation: p300

Euchromatin

Transcription of
cycE & other growth-
promoting genes

Heterochromatin

Stable repression of
cycE & other growth-

promoting genes

$ Acetylated histone tails ! Deacetylated histone tails
<~ Methylated histone tails




p300 is a good predictor of enhancers

TN
Microdissection . TN, JS—
> h-"}”rf ST hip.
.\-\-H"-\. — A .
e I * P300
A Y anti-p300
) lg— fq\&_‘_?} .
?H‘“ﬁ \"ﬂ’ Massively
e parallel
m sequencing
¢ Y Y
= = - Map reads
—_— = ———  togenome
|dentify

Limb
2,419,480 reads
2,105 peaks

Forebrain Midbrain
3,629,292 reads 3,530,316 reads
2,453 peaks 561 peaks

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



p300 is a good predictor of tissue specificity

* 20

Forebrainp300 | 1 L L i b g i e oo 2
. . * 20

Midbrain p300 | . | | o - L
Limb p300 * 20

i 2

Conservation | | I ‘ i I
Ly i
Enhancer 1334 @ I 901 0 12780

—
5 kb

\

In vivo
LacZ pattern

! '
) &

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

Reproducibility 5/5



p300 is a good predictor of enhancers
& tissue specificity

100%

b

*

o
(=]
R

[] Any reproducible
enhancer activity

)
[}
R

Pattern Includes
or restricted to:

Proportion of in vivo enhancers
(among tested elements)

40% B forebrain
B midbrain
20% B imb
0%
& & & P & P
& "!S-._\ & @/ & @/
\9@& $ Q\Q éﬁ’) @Q oY
& ® © @
s & s &
¢ 4 & ¥
@ @ N P

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



ChIP targets for silencers

Silencers
H3K9me3
H3K27me3
DNA methylation

p— RNAPII H3K36me3
H3K4me3 & H3Kme1
PS depletion
e H3K9ac

Enhancers H3K27me1

H2BK5me1
H3K4me1 & H3Kme3 absence

H3K27ac
p300, CBP

H2A.Z



ChIP targets for insulators

Insulators Silencers

CTCF H3K9me3

H3K27me3
DNA methylation

RNAPII H3K36me3
H3K4me3 & H3Kme1

depletion
H3K9ac
Enhancers H3K27me1
H2BK5me1
H3K4me1 & H3Kme3 absence
H3K27ac
p300, CBP

H2A.Z



CTCF ChlIP-seq

A chrit: 116050000 | 116100000 | 116150000 | 116200000 | 116250000 |
BUD13 ffitt<d4 aroasil] ArpoAd |l KIAAOGGS b ch il ceeevecdid
GENES ZNF259 <1 APOC3 IH
Aroa1 il
4,
CTCF binding sites in IMRS0
logR
1 -
16 _
CTCF binding sites in U937
-logP
6
CTCF MOTIF | 1 IGTGGACAAAAGATGGCAGCA | ATGGCCACTAGAGGGGAGTC | GCGGCCAGCAGAGGCTGCTG | GCTGCAGGCAGAGGGCGCTA

http://bioinformatics-renlab.ucsd.edu/rentrac/wiki/CTCF Project

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



if generated from
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Kim TH et al. Cell 2007, 128: 1231-1245
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Synteny blocks can define cis-regulatory domains

Human (

Mouse

Chicken

Frog



Synteny blocks can assign cis-regulatory borders

H-EHE i IR i R
hEuse S | 01 S L] AN |
b. CNS density ' :

[ | || Bl [ centromere [ EEam oo | HEE W T W
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|
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.
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L ‘ “ ‘ ccccccc tion { ‘
‘ -log(P-value) m ‘
WLl T

li “.

o

i

ol
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|

genes T - 1 genes LW G
SALL1
HMC HMF
Number of segments 2116 1942
Length on human (Gb) 1.53 0.86
N50 length (Mb) 1.02 0.48
Maximum length (Mb) 5.68 2.93

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



Fixed distance

| | GENE | |
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Promoter & Enhancer Assays

Promoter

Promoter?l Reporter Gene

Enhancer

Enhancer?] Min. Pr.I Reporter Gene

-

_

Turn on
reporter gene

Turn on
reporter gene




Cell Culture

|Promoter?| Reporter Gene

Enhancer?l Min. Pr. I Reporter Gene

Advantaqges:
*Quick

*Quantitative

Luminometer

*Cheap

Disadvantages:

*Not in vivo, whole organism -

No promoter Promoter

*Cultured cells loose a lot of their tissue characteristics

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



Zebrafish Transgenics

|Promoter?| Reporter Gene

Microinject 4

Enhancer?l Min. Pr. I Reporter Gene

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



Chicken Electroporation

© ®

|Promoter?| Reporter Gene (
Electroporate

Enhancer?l Min. Pr. I Reporter Gene

Advantages:
*Quick

DNA/¥
hb oy
Cheap r
SC

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

- Reporter Gene | =
Enhancer?- Reporter Gene |

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



VISTA Enhancer Browser

whole genome enhancer browser
VN VA0 01 AR AR A Sl BT o UmE Nl i T R

ARELLENN |
BRoE035959

http://enhancer.lbl.gov

746 human enhancers out of 1,503 tested




Silencer & Insulator Assays

Silencer

Turn off
-Constitutive Pr.I Reporter Gene | reporter gene

Turn off
- Enhancer | Min. Pr. I Reporter Gene | reporter gene

Insulator

Turn off
Enhancer - Min. Pr. I Reporter Gene | reporter gene

Cell Culture
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Chromosomal interactions in the nucleus

A. Interchromatin domain model

nuclear N
envelope -~

e ey _.__‘_;—-" 1. Structural attachments (e.g. nuclear lamina, nucleoli)
e 2. Intrachromosomal contacts maintained by tethering
3. Imterchromatin domain (ICD)
4. Intrachromosomal channel
5. Chromatin loop extends out of its territory into the 1CD
E. Rare interchromosomal interactions

B. Interchromosomal network model

& 1. Structural attachments (¢.4. nuclear lamina, nucleoli}
2. Intrachromogsomal contacts maintained by tethering
3. Intrachromosomal mixing by constrained diffusion
4. Interchromasomal contacts maintained by tetharing
5. Interchromosomal mixing by constrained diffusion
6. Chromatin loop extends deaper into another tarritory

T St

Branco and Pombo PLoS Biology 2006



3D and gene regulation

' : Cis and trans
Cis interaction/ . Co- afsn-.‘:lr]l:lnn
trans interaction e

Speckle

. Chromatin
Transcription loop

factory

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



Enhancers loop to bind to promoters

- 1 Mb -

J




O

i = 3C,4C and 5C

T Transcription factor binding l

O

l

gg Digest

|

l
— -

A
l

1 Reverse cross-links
c 4C 5C
s o A
— -l il x—  — el
lQuantitaﬁve PCR l Digest, ligate l LMA

@ Inverse PCR Microarray or sequence

|

WHUHA wicroarray or sequence Noonan JP et al. Annu Rev Genomics Hum Genet 2010



Hi-C & ChlA-PET
Hi-C

Crosslink DNA Cut with Fill ends Ligate Purify and shear DNA;  Sequence using
restriction and mark pull down biotin paired-ends
Hindlll enzyme with biotin

AAGCTT

TTCGAA

I
4

ChlA-PET

, _ :.,_EE_E b
— ] — C— T — —_//;

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



Fluorescence In Situ Hybridization (FISH)

Labeling with
fluorescent d

' gnature
&
Hybndize




The SHH limb enhancer as an example

EHH < 1Mb » LMBR1 Limb
Human- l. /\
Fugu A g 1Mb > l l l
. '.,/_ﬂ::f B i 5]
ni it
O e O O u QO
AT AR, .‘..':I ‘:."-‘. LT :: r"'-f: :I-?r I'I'
| ‘ [
0 o (] B—O O
HA AT mom fe | m T | T W
9

Belgian 1 Belgian2
Lettice et al. HMG 2003 12: 1725-35

RN




FISH can detect long range chromosomal interactions

EHH < 1Mb >LMBR1 Limb

CORO-0000{i0

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



Selection of potential exonic enhancers of nearby genes

=
?;’I/‘j Coding exons (7%)

Noncoding
(93%) 2,105 limb p300 ChIP-Seq peaks
152 overlap coding exons
Gene containing exon is expressed in the limb
7 candidates near Yes X / \ NoY
important limb genes 18 exons 134 exons
e 2 near DIx5/6 ] 1
e 2 near Twistl Limb expressed genes nearby(<2 Mb)
« 1 near Dicerl No X/ \ Yes"
* 1near Ptchl 44 exons 90 exons
1 near Msx1



Enhancer Assay
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Injection into mouse fertilized eggs

Harvest E11.5 embryos, LacZ stain
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4/7 exons were positive limb enhancers in mouse

-4

DYNC1I1 DLX6 DLX5

3 / Gene expression

exon15 | exon 17 DLX6 DLX5
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The enhancer assay tested the whole ChIP peak

u
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Injection into mouse fertilized eggs

ChiP-Seq
peak

Harvest E11.5 embryos, LacZ stain




The intronic sequence could be responsible for the

enhancer activity

608bp

L n B R T — [EE

S Flace

Conservation

Ztickleback bt D | N R S o
Medaka
Zebraf ish




DYNC1I1 exon 15 is a fin enhancer in zebrafish

Zebrafish
- L 2
L 2
a L 2
a ¢
- ¢
¢
n ¢
a ¢
¢
a L 2
m L 2
- L 2
L
| *
™ *
- *
*
n *
- *
*
L *
™ *
K2
ChiP-Seq -
peak Minimal Promoter

N

Injection into mouse fertilized eggs

Harvest E11.5 embryos, LacZ stain
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DYNCL1I1 exon 15 is necessary for enhancer activity

I
| | Neg.

L n B R T — [EE

70% ~

= Flace
60% - _  m5'intron
Conservation 8509 -
“c-:o ’ Exon
2
_E ] 5 — "_g 40% -
S 3" intron
030% -
Rhe=sus IR e e =
Mot=e | Sl L 1 e S B o 1/, L) el ol 2 .
. 20% - m5' intron+Exon
Chicken =
1 TR
(V)

0, .
10% = 608bp

Ztickleback bt D | N R S o
Medaka

Zebrat 1sh

0% -
Pectoral fin expression




ChIP: Dynclil exon 15 has enhancer marks in the limb

% of input

0.20 -
0.18 -
0.16 -
0.14 -

3012 -
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exon 6 ‘eExon 15‘promoter exon 2 ‘ exon 2 |promoter
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exon 6 eExon 15

Dync1i1
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DNA FISH shows interaction between Dynclil exon 15 &
DIx5/6 promoters

DYNC1I1 SLC25A13 [ﬁISl DII_:.;6 DLX5

50% 1 AER

40% 4 %% _L (n=152)
Limb

30% -

% Signal

20% A

ﬂ L4
0% -

0-0.2 0204 0406 0608 0810 >1.0

S0% 1 _L Heart
40% - (n=101)
Heart £ 30% |
zc 20% -
|| [l nah
0% -

0-0.2 0204 0406 0608 0810 >1.0



Chromosome Conformation Capture (3C) also shows
interaction between Dynclil exon 15 and DIx5/6 promoters

A
O
\l : 1 Mb .
CE (e )
]‘ Transcription factor binding 1
RefSeq DYNCQl SLC25A13

~ Dss1 DLX6 ET_XS
. *~—e *~—o L o 4

RS1 RS2 RS1 RS2 RS1 RS2

RS1 RS2

14 - —o—limb

T ===Control
12 - ;
:&Dlges‘t (heart)
Anchoring
point Ligate
O

Interaction frequency
o

6 -
4] A
2 _ [ — T___ _|_ _|_
i —”__;A\M T
0 l | | . I \T—' : T/!
RS1 ‘ RS1 RS2 ‘ ‘ RS1 3C RS2 RS1 RS2 | RS1 RS2 ‘ RS1 RS2 ‘ RS1 ‘
Centro. Dync1i1 eDIx25 W——-"’Dsﬂ pro. DIx6 pro. DIx5 pro. Telo.
Reg. reg.
1 Quantitative PCR

Noonan JP et al. Annu Rev Genom Hum Genet 2010






