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1. Introduction to regulatory

principles
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Bigger genome = more evolved ?

Genome <’

Eukaryotes
Archae
Bacteria

[interactive Tree of Life]
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More genes = more complex ?
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[https://gf.neocities.org/gs/genes.html]
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Bigger non-coding genome

complexity

log Npc (NCDNA)

= higher

10 b Prokaryotes e
Eukaryotes =

6.5

7

7.5

log N (protein-coding-related DNA)

Proportion of non-coding DNA correlates with

organismal complexity
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[Ahnert, Fink, Zinovyev, 2008]



I The Dogma in the genomics area

Transcription

fact
actors RNA binding
I proteins

SDNA 'mRNA Protein 2oy

’_ \ post-

miRNA translational

A 4 modifications
scaffold lincRNA

+ chromatin
modifying
enzymes
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I Transcriptional regulation

. . @ H3K27ac
Epigenomic
modifications B H3K9me3/H3K27me3
B H3Kk4mes

? DNA methylation

10

open distal dense chromatin promoter region genic region
region

combinatorial interplay of multiple components
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Transcriptional regulation

RNA-seq
o o 1
T =

40-{

ChlP-seq
T T
S e

Enhancers are regulatory elements which can be located far from the

target genes

Multiple binding sites for different transcription factors

typical length: few kb — several hundred kb ("superenhancers")

Organisational principles ("grammar") remains unclear (see exercises)

Identification of heart enhancers

chromosome 4 50 kbt { hg38
185,490,000] 185,530,0001 185,570,000

PDLIM3 mt——f 9

YT :

'1|l s ll I
N

9/9

hs2502
chr4:185,564,628-185,571,478

[Spurrell et al., 2019]
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Enhancer region
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I Transcriptional deregulation
/ alteration of\

histone
modifications

or DNA /l
methylation /

alteration of 3D
chromatin structure

)

alteration of DNA
binding motifs
(mutations / deletions / ...)

complex interplay of multiple components
multiple sources of potential deregulation

Carl Herrmann



Conformational deregulation

® Chromatin conformation defines
domains, separated by

insulators )

® Genomic alterations (deletions, |
inversions...) lead to disruption of ,NMA~M e
3D conformation . W“”""*“ == ”“ ‘e'
— ectopic gene activation [ SR U™ T

L S

e "Enhancer hijacking" has been m"“— """" H

described in cancer . i

10000

4C-seq E
wild-type ,
0 re ok -~ e rtn i Ml

10000

4C-seq e(‘top/r interaction
DelB/+
0 coreteat——— _.....A_LA_

new regulatory interaction

[Lupiafiez,..., Mundlos, Cell (2015)]
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Epigenetic deregulation
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Methylation

Epigenetic marks (e.g. histone
marks or DNA methylation) can
encode external environmental
cues

Methylation

Maternal smoking affects DNA
methylation in children at

regulatory sites (differential s
methylated regions DMR) e

Gm,uP Xing Chromosomal Position

Methylation

These regions control
i . molecular
developmental genes involved ,§system,sl
e.g. in lung development gy
— higher susceptibility to lung '
diseases

Smoking causes
epigenetic reprogramming
in mothers and children

[Bauer et al., MSB (2016)]

ﬁ EMBOpress
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2. Which data are available?
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Exploring the genome's activity

® Large scale consortia (ENCODE, Roadmap, ...) have systematically
explored the activity of the genome using experimental assays

"The vast majority (80.4%) of the
human genome participates in at
least one biochemical RNA- and/
or chromatin-associated event in
at least one cell type.

99% is within 1.7kb of at least one of
the biochemical events measured by
ENCODE."

‘.78‘.? Michael Eisen ¥ 42 Follow
4 mbeisen

(@dgmacarthur measurable biochemical
activity is a meaningless measure of
functional significance

RETWEETS FAVORITE
5 1

2:09 PM - 5 Sep 2012

BEEESWBa

Hypersensitive Sites —__

CH,

OUO \ O BNA polymerase
CH4CO - 2l 77 0
@ D,
-\ Y, .L~\, ‘\.‘ A';/__“/_\‘/—,.

5C DNase-seq | | ChIP-seq
ChIA-PET | [ FAIRE-seq
Hi-C ATAC-seq

WGBS Computational
RRBS predictions

RNA-seq | [CLIP-seq

RIP-seq

T

Long- range regulatory elements
(enhancers, repressors/silencers, insulators)

methyl array

Transcnpts

Promoters

Based on an image by Darryl Leja (NHGRI), lan Dunham (EBI), Michael Pazin (NHGRI)

https://www.encodeproject.org/matrix/?type=Experiment
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Transcriptional regulation

f What is the \

state of the
chromatin
molecule?

— ChIP-seq /

~

What is the 3D
conformation?
— Hi-C / 4C

mediator
0 \

Carl Herrmann

Where do the
transcription
factors bind?

\ — ChIP-seq

Which regions o)
the genome are
accessible?

K — ChIP-seq /

17
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ChiP-seq for histone modifications

H2A

@® AcetylLys
@® Methyl Arg

@® Methyl Lys -
[ Phosphoryl Ser 1
B Ubiquityl Lys

histones are subject to post-
translational modifications

at their N-terminal tail

Lysine methylation
Lysine/arginine acetylation
Serine phosphorylation
ubiquitylation

they modify the physical
properties of the DNA-
nucleosome interactions

nomenclature: H3K27ac = acetylation of lysine 27 on histone 3

Carl Herrmann
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Chromatin Immunoprecipitations

A A

Sample fragmentation
Immunoprecipitation

Non-histone ChiP % \% Histone ChiP

DNA purification

End repawr and —_—
adaptor ligation 1 w:tailmg
| — ] —
B—1 —_—{
Cluster Amplification
generation on beads
{oridge PCR) (emulsion PCR)

M sk

Helicos

llumina Single-molecule
Sequencing Roche ABI sequencing
with evcfsatm Pyrosequencing Sequencing with reversible
terminators by ligation  terminators

[ Sequence reads |

o — S

[Park, Nat.Rev. 2009]

Carl Herrmann

® Chromatin immunoprecipitation
(ChlIP) yields DNA fragments,

that are

© bound by the protein of interest
© marked by a specific chemical modification
(acetylation, methylation,.)

® |dentification of the fragments :
sequencing (ChlP-seq)
— genome-wide
« PCR/gPCR
— targeted experiment

®

® |mportant aspect
« Quality/Specificity of the antibody ?
© DNA fragment (~200-300bp)
— binding site (~10 bp) ?



Histone modifications

histone modifications are a good proxy of gene expression and presence of regulatory
elements

Active gene Silent gene
CpG 7~
Enhancer island  Promoter Gene body Promoter Gene body
L -
TSS TSS

H3K9met1 ‘

A
H3K36me3
H3K79me1/2/3
H3K9me2/3 ~
o g e a—

[Lin, Shannon, Hardy, 2010]
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I Measuring DNA methylation

DNA methylation occurs mainly on cytosines in CpG dinucleotides
in the human genome (28 million in human genome!)

DNA methylation is revealed by NH, NH,

using bisulfite conversion (HSOs3"): H\“\/g/l | \/'l
unmethylated cytosines are converted H O H O
CoU-T
methylated cytosines are protected Cytosine methylated Cytosine
mC — mC

unmethylated CpG are identified by the presence of a mismatch
TpG

2 approaches:

array based: hybridization to CpG probes on array
sequencing: whole genome bisulfite-sequencing

Carl Herrmann



Measuring DNA methylation

Array based methods

CpG containing probes on array

27K probes
450K probes
800K (EPIC)

all probes contain a methylated
(C) and unmethylated (T) version

Cheap but sparse

Sequencing base methods

(whole-genome bisulfite

sequencing WGBS)
unmethylated C = T
methylated C = C

Shearing, conversion and
sequencing (lllumina X-10)

Information about the 28 million
CpGs

Carl Herrmann

[TATGT
TTATGTTTAA
TTATGTTTAATA
TTATGTTTAATAG
GITATGTTTAATAGAT
GITGAA GTTATGTTTAATAGATG
GITGAACG AATAGATGCGTTGCGA
TGTTGAACGT TAGATGCGTTGCGAAT
GTTGAACGTTAT
GTTGAACGTTATGTT

GTTCGTAGATTGT
TCGTAGATTGTARTGT G
CGTAGATTGTARTGTT

AGATTGT

GATTGT,
ATTGT,
TGT

ATGTTCGTAGATTGTACTGTTGAA!
ATGTTCGTAGATTGTA TGH%%




Example DNA methylation

® Whole genome bisulfite sequencing provide information about all
CpGs in the genome

® Vertical bars = CpG positions; red = high methylation (100%); blue
= no methylation (~10%)

38,380,520 bp 38,380,530 bp 38,380,540 bp 38,380,550 bp 38,380,560 bp 38,380,570 bp 38,380,580 bp
| | | | | | | | | | | |

1 Rlamipgiy 1 B ] I8
HE A1 1 U0 T DT DN D
EEIID 1 [0 Y NN DN D

HEE I I TH Nl I T
samples

BNl |

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
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Histone modifications

histone modifications are a good proxy of gene expression and presence of regulatory
elements

Active gene Silent gene
CpG 7~
Enhancer island  Promoter Gene body Promoter Gene body
L -
TSS TSS

H3K9met1 ‘

A
H3K36me3
H3K79me1/2/3
H3K9me2/3 ~
o g e a—

[Lin, Shannon, Hardy, 2010]

Carl Herrmann



25

Example of ChiIP-seq signal for transcription
factors / DNA-binding proteins

MYCN A ...I.L.Jl._.l..n.u muohl. e e J..ML“L WLk b it L.l vatd 4 Ll 11 LI...A Jm. ool T
H3K4me3 | J J B “ | 1 |
DNMTT I SR S s L“lL ot ol ikt AP POV ATOST TORT ST Y
Hakerae | 4 | MLML _ .._L ) | i
m—————— g
distal
MYCN peak
MYCN peak and H3K4me3
(away from gene enrichment
promoters)

Carl Herrmann

at promoter
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Chromatin accessibility

o ATAC-seq: using Tn5
transposase prepared
with sequencing primers

® requires a small number
of input material
(~10,000 cells)

® easily adapter to single-
cell sequencing

® identification of open
chromatin regions
(peaks)

Carl Herrmann

Starting material Preparation time
FAIRE-seq | @ & .
Amplit bl gt
- and 4 DNase-seq AR ...
LX)  sequence s '

ATAC-seq

No. of cells 10°10°10%10°10%10710®* Day 1 2 3 4
c Chr19 (q13.12) [Te1aa ] 5 AETIERE) 5012 CERER) AL B CEERR R
Scle 50 Kb | 1 hg19
Chr1s: 36,150,000 ' 36,200,000 v 36,250,000

1

ATAC-seq
(50,000 cells
per replicate)

0-

1-

DNase HS
ENCODE/Duke l
o1 | u.l. m l

FAIRE-seq

ENCODE/UNC ' | ' |

ATAC-seq
(500 cells)

0-Us AILJIJ“I-II“I]I.[I s latib da . j LJ Ladockat t A4 .IL.“...AL 1 s all
m CTCF

W H3K4me1 1-

HaK27ac 1‘ J
HaKame3 | T . M‘mw LA.J u‘lﬂ)h.‘hkk L...., sl ULJL s
S5 HHEm  ETV2l 1B HSPBSW  ARHGAPSIHAHHHAF
REMA2 ot A HW c19cnssﬁ-++w
COXsl k-4~+~4 U2AF1LA : ARHGAPES iHH4
L — M

[Greenleaf (2013)]



I Accessibility atlas

e Patterns of chromatin accessibility are cell-type specific

Male_Adrenal gland_Rep1 I T = : — N =
Male_Cerebrum_Rep1 R T T = L -
Male_Cerebellum_Rep1 P L T _ -
Female_Abdominal fat_Rep1 |. ..—d. ) sl —— o : e
Male_Brown fat_Rep1 R W7 : A g S PS
Male_Mesenteric fat_Rep1 R T e B . Foe - N——
Male_Heart_Rep1 R ¥ Y - i - T N
Male_Kidney_Rep1 - T — i kl — = — - e
Male_Liver_Rep1 Y Y . ~ Ao S
Male_Stomach_Rep1 a k) e s (o - —— SE———
Male_Large intestine_Rep1 RIS & Y . e R —— R e
Male_Small intestine_Rep1 |- - 4 —Aaa . N : - M——
Male_Bladder_Rep1 ol - - EPNFSNIN [ - b i)
Male_Spleen_Rep1 TS T PSSV R MS—— i — —
Male_Thymus_Rep1 - . - A - . Add. T
Male_Lung_Rep1 - eadd : : |

Male_Pancreas_Rep1 da A o J el ..

Male_Skeletal muscle_Rep1

Female_Ovary_Rep1

Female_Uterus_Rep1

- ettt ———tp Lo | H-oj— s+ ittt
Gapdh Grint Adipoq Gucaz2b Cd8a Ncerp1 Atp2ai

[Liu et al., Scientific Data (2019)]
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I Mapping chromatin interactions

® DNA looping allows interactions between distal DNA loci

e l|dentification of interacting regions through “chromatin
conformation capture” methods (3C / 4C / Hi-C)

A 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
‘ g ‘ N ¢
=»: ?
SN % N % ) e
4 / —:iﬁa:_

[Liebermann-Aiden, 2009]

Carl Herrmann
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Hi-C and topological domains

The resolution has been decreased to 10kb

250
TADs W
DHSs (N | |
Genes fwd strand (+)
rev strand (-)
=0

The signal at this point
indicates the strength of
,\, i signalbatireen these 2 loci

R
K
0

P topologlcal
& assomated

few mteractlons
‘ <‘ r e

........................ . sresssmessssssesssssesssaseigaga 040,000 175,000,000 176,000,000

Topological COCWT WOOmECOn CRE O W v n o m“mu i IIIIIIIMI COCMUOR W 1 men
associated GALNTLG} —tt #H HMGB2] AK125257TH— HPGDH AK093264
. BC038759H BC1:37484'| SAP30] FBXOB8 GLRA3H-HH1-| GPMEAH—
domains BC040577H SCRG1} CEP44 ADAMZ9
GALNTT! HANDZ2 MIH4276| HHB34010
NBLAOOS301 HHE&34010|

Dixon (2012,2015
[http://promoter.bx.psu.edu/hi-c/view.php] [Dixon { l
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Chromatin organization and cell state

Allele specific Hi-C
in neural progenitor cells

Active/inactive X allele

DNA FISH
probes a-b

[Georgetti et al., Nature 2016]

Carl Herrmann

FS

A

0 . 160

Normalized reads

500 kb res.

a
A o4
y 2

+1.25

Insulation o

= QR

-1.25

\

\

0 . 160

Normalized reads

500 kb res.

A
2
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63.08 Mb 82.67 Mb

40 kb res.

0 CT 1,000
Normalized reads

0 CT 1,000
Normalized reads
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Chromatin organization and differentiation

® Changes in chromatin conformation occur during cell differentiation
(e.g. neural development)

Oct4-GFP Sox1-GFP Tau-GFP

A’ New TAD boundary
ES Cells Neural Progenitors Cortical Neurons
(ES) (NPC) (CN)
H 100
' & ES ' Y, CN
| L P
I‘:_: ‘.:‘-”.;"’,';‘5?;“}{:‘ I ';- - .‘
S , N
: ; ’ )
¥ < § % ;
- - s e - - - 219609 - chr18 = = = S
| e T e . N T N .
H3K27ac H3K27ac H3K27ac
i ekl ol T sl =i v g JU L Lol s P eadi lL‘.m.LlLLJL T [y l
CTCF ] cTcF 25, CTCF
| . a1l 1L“J_LM 0 1 ° Linased . \[ U
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[Bonev et al., Cell (2017)]



Single-cell regulatory genomics

Transcription factor binding

TF binding interacts with DNA
methylation and chromatin accessibility

Histone modifications

" ) Modifications can be active marks
\, ) (e.g.,H3K4me3 in green) or repressive
¢ [\ ’ marks (e.g., H2K27m3 in red)

DNA modifications
Oc @ sme

A 5hmC /5fC / 5¢caC

Chromosome organization

Higher-order chromatin organization
into LADs and TADs

Carl Herrmann

DNA accessibility
scNOME-seq
SCATAC-seq
scDNAse-seq
Chromosome organization
scHIC
Transcription
scRNA-seq
DNA modifications
scBS-seq
scAba-seq
CLEVER-seq
Histone modifications
scChlP-seq

[Kelsey et al., Science (2017)]



Single-cell multi-omics

scRNA-seq transfer learning

find best mapping
between cells from
different assays

Carl Herrmann

ScATAC-seq

33



Single-cell multi-omics

Carl Herrmann

scRNA-seq ScATAC-seq

Accessibility & expression
[Cao et al. 2018]

[Clark et al. 2017]

[scCAT (Liu et al. 2019)]
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single-cell Multiome: ATAC / Expression

30

20

10

ATAC tSNE 2

Carl Herrmann

ATAC Clusters
B087-NB_13363_normal2 - B087-NB_13363...

ol

%h

]

2
:?

-20 0
ATAC tSNE 1

TS ﬁ

*  Cluster 1(323)
*  Cluster 2 (250)
¢ Cluster 3(213)
¢ Cluster 4 (169)
*  Cluster 5 (165)

JF *  Cluster 6 (149)

*  Cluster 7 (104)

20

GEX tSNE 2

GEX Clusters
B087-NB_13363_ngrmal2 - BO87-NB_13363...
o f‘\,ﬁ
) £
0 W
5 .
&» % b .o
10 L ’; .’;é
LA |
" .,~;' '?' (7Y
@ ' N O S
mﬁ 03". .to i Py
-10 . i LI
wi & |F 7
-20 E ; ‘)}:;3:
-30
-20 0 20
GEX tSNE 1

cluster structure is slightly
different between scATAC and scRNA!

35



36

Single-cell multi-omics

scMethyl-HiC (2019) scCAT-seq (2019)

ORCA (2019) snm3C-seq 52019) Combined ATAC-RNA-seq (2019)
Accessible
chromatin
\. / (= ) Nucleosome
Chromosome
conformation Nucleosome
occupancy

Gene

expression
RNA /é 5mC @
polymerase
DNA methylation N
43 AVAN \

scM&T-seq (2016) ==

Trio-seq (2016 e — i-CAR (2018 |CITE- 9(2017; | - 1 ifi i
potf ) scNMT-seq (2018) g?\'IARE-s(eq (23319) A s;:eq CITE Seq. |dent|f|cat|0n
SCNONMeRe-seq (20 U

DR-seq (2015) scMT-seq (2016) scCOOL-seq (2017) -
G&T-seq (2015) snmCT-seq (2018) scNOMe-seq (2017) Paired-seq (2019) ECCITE-seq (2019) Of su rf ace p rOte | ns
+ scRNA-seq

Antibody barcode

scNMT-seq: identification
of DNA-methylation
+ accessible DNA

[Zhou et al., Nature Methods (2020)]
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3. transcription factors
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DNA binding domains

® Transcription factors contain a DNA binding domain (DBD) and a
transcriptional activator (TA)

® Homologous TFs share similar DBDs (here: forkhead)

A
FOXA1 (A G < GEEEN @2~ (CELot

FOXA2 (7A G <1 G @A (Ot
FOXA3 (7A G r<H @GN @A (G
FOXO1 < FKH TIN5 652aa

t t t
T24 §256 319

FOXM1 =

=)

> -

CE/Daf16/1-81
DM/Fox0/1-81

HS/FOX01/1-81
HS/FOX03/1-81
HS/FOX04/1-81
HS/FOX06/1-81
HS/FOXL1/1-76
HS/FOXM1/1-76
HS/FOXA1/1-78
HS/FOXA2/1-78
HS/FOXA3/1-78

>

YMAM IQFA I
YISLI AI
Y ISLI AI
YISLI Al
DM/Forkhead/1-7 YISLI Al
CE/Pha4/1-78 YISLI

BEESHEHS B BB S H A HE EAS S E
H oM H H H H H H - H H H -
[ SR R = - S 5
SRS e B B B B E R~ oY

KKK KKK K

+PPYSY+SLITMA IQSAPEKRLTLSQ IY+W I+DLFPYFKD+GDSNSS+GWKNS IRHNLSLEDCFVKVQ+E++++S+W+MWNLH

R
[Luscombe 2010]
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Protein DNA interactions

No base contact
[CYS, MET, TRP]

Amino acids Mode of Recognised
interaction base
Hydrogen bond
[ARG, LYS] Multiple-donor G/complex
[HIS] Multiple-donor (bifurcate) G
[SER] Multiple-donor (bifurcate) G
Acceptor+donor complex
[ASN, GLN} Acceptor+donor Alcomplex
[ASP, GLU] Multiple-acceptor complex
van der Waals contacts
[PHE, PRO| Ring-stacking AT
[THR] Methyl contact T
|GLY, ALA, VAL, many (non-
LEU, ISO, TYR] specific)

[Luscombe et al., NAR (2001)]

Carl Herrmann

majority of protein-DNA interactions for TF
occur through a alpha-helix fitting into the
major groove (=DNA binding domain)

hydrogen bonds with specific bases

stabilization of the protein-DNA complex is
ensured by additional structures (helix,
beta-sheet) via van der Walls interactions

< ( \,» i -< -t
» L :
Asn/GIn \ \. ys \ \, Arg-(\ S
)’ ' )/ e R )" W &
Guanine 2 R 25 ) 26 )

L —

[Cheng et al., JMB (2003)]
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Structural family: Zinc coordinating

Cys2His2 Fold (“Zinc finger”)
— one of the most common family
of transcription factors in mammalians

Finger 1

: ' Finger 3 Logo for MA0162.1

l;,{?g 4 sb GAI?\

Finger 1 Finger2 Finger 3

Egr1/Zif268

bits

cysteine

x

8 100 11
MU

histidine

Carl Herrmann



Characterizing binding affinities

o NS GGACAAGATAA
How can we represent the binding sites AGACAAGATAG

_ _ AGACAAGATAG
count frequencies of nucleotides at GCGACAAGATAG

each position TGACAAGATCA

_ _ . CGACAAGACAA
normalize to obtain position ATACAAGACAA
frequency matrix (PFM) TGATAAGATAA

AGATAAGATAA
TGATAAGATAA
AGATAAGATAA
AGATAAGATAA
AGATAAGATAA
3 AGATAAGACAA

1

f_——
o

™~

BATAIGATAA

al 0.57 0.00 1.00 0.00 1.00 1.00 0.00 1.00 0.00 0.93 0.79
fZ] c| 0.07 0.00 0.00 0.50 0.00 0.00 0.00 0.00 0.21 0.07 0.00

’ 0.14 0.93 0.00 0.00 0.00 0.00 1.00 0.00 0.00 ©O0.00 0.21
t| 0.21 0.07 0.00 0.50 0.00 0.00 0.00 0.00 0.79 0.00 0.00

Carl Herrmann
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Predicting binding sites in sequences

~UAsAAVATAA

al 0.55 0.02 0.95 0.02 0.95 0.95 0.02 0.95 0.02 0.88 0.75
c|] 0.08 0.02 0.02 0.48 0.02 0.02 0.02 0.02 0.22 0.08 0.02
g| 0.1 0.88 0.02 0.02 0.02 0.02 O0.95 0.02 0.02 0.02 o0.22
t| 0.22 0.08 0.02 0.48 0.02 0.02 0.02 0.02 0.75 0.02 ©0.02
T G A C A C G A C C G
p(S|M) = 0.22 * 0.88 * 0.95 * 0.48 * 0.95 * 0.02 * 0.95 * 0.95 * 0.22 * 0.08 * 0.22
= 4.5e-6

Carl Herrmann



Predicting binding sites in sequences

~UAsAAVATAA

al 0.55 0.02 0.95 0.02 0.95 0.95 0.02 0.95 0.02 0.88 0.75
c|] 0.08 0.02 0.02 0.48 0.02 0.02 0.02 0.02 0.22 0.08 0.02
gl 0.15 0.88 0.02 0.02 0.02 0.02 0.95 0.02 0.02 0.02 0.22
t| 0.22 0.08 0.02 0.48 0.02 0.02 0.02 0.02 0.75 0.02 0.02

T G A C A C G A C C G

p(S|M) = 4.5e-6 P(S|B) = pa3 pct ped pr
= 1.9e-7
P(S|M
LLR =log B1M)
P(S|B)
LLR = 3.2

Carl Herrmann
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Matrix logos

Information content of the matrix: 1.07
> ]
f/,_y %0.5—_
IC = Z > fijlog ™" 8T
j=14€A,C,G,T pi o
i == = Cc:
5

WeblLogo 3.2

Information content of a column:

f’ i.j same frequency (100%)
IC7 = E : .f i,j logy — but different IC
’ Di

t€A,C,G, T
2.0
_ vy
Conventions: o, ]
height of column represents IC - C T A
relative sizes proportional to IS TAT 11T
- 5
frequencies WebLogo 3.2

Mouse background
P(C)=p(G)=0.21 ; p(A) = p(T) = 0.29

Carl Herrmann



Different sources

Detailed information of matrix profile MA0001.1

# Home - Matrix>MAOOL1

Profile summary

Sequence logo

& Download SVG

Name: AGL3
Matrix ID: MA0001.1
Class: MADS box factors
Family: MADS
Collection: CORE
Taxon: Plants
Species: o P “ﬂiaﬂtgal‘ana
Data Type: : SELEX -
Py 4
Validation: 4, TE *
mms Al
Uniprot ID: 29383
cl
Pazar TF:
G[
TFBSshape ID: 10
Tl

TFencvclopedia IDs:

Frequency matrix

0 3 79
9% 7 4
1 0 3
2 19 1n

50

a8 65 1 65 0 1
2 5 2! 3 3 1
0 5 3 28 88 1
a7 22 81 . 3 6 1

L —

Sequences for model MA0001.

Site
acaaCCATATATAGtagccactgaat
ccaccCCATATATAGtagtgcgggtggtyg
CCATAAATAGataggcagactgtcgetgt
gtaaacataCCATAAATAGga
ttcaagaaactgCCATAAATAGcgat
tagaggtttttgtgCCATAAATAGgGL
ccCCATAAATAGgaatatcgggatga
ttgccattaatagattataCCATATATGG
tatcaacaacgataccaacCCATATATGG

tttCCAA

tgt
tCCAAATATAGtaaaatcgagtcgcggat
gactggggcCCAAATATAGcatgttc
atcattagcttttacttaCCATAAATGG
attcttttgCCATAAATGGtaactcg
CCATAAATGGcaagtctgtcgaataacgg

CCCATAA ggtatt

CCAAAAMATAGatatgtgtcgtaacagett

CCAAAA e gacaat

tgggg

CCAAAAMATAGgccagacgtgtttacaacg
CCAAAAMATAGttaaataatgtcatacatt
ctacaccttCCAAAAATAGtaatct
ttgCCAAATATGGggttagagtgttc
gtctttaCCAAAAATGGtgatcctgt

ttgCCAAAAATGGagcgtttaccaat

atccaCCl

agtt

1

Occurences
1

1
1
1
1
1

1

-

-

-

'

I

=

1

1

|

—
Carl Herrmann

ChlP-seq: real binding

site is hidden in much
longer sequence
— |ower resolution

Detailed information of matrix profile MA0035.3
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# Home - Matrix> MA00353

Profile summary

Sequence logo

ywnload SVG

Name: Gatal
Matrix ID: MA0035.3
Class: Other C4 zin finger-type factors )
Family: GATA-type zinc fingers
Collection: CORE IC:IT "
Taxon: Vertebrates ' ° ’ ‘ ’ ’ 7 ‘ " "
LEN ]
ent® LT
Species: .‘ Mus musculus™ ¥ o
- B
Y *
Validation: Tamamn®
Al 2035 506 0 0 0 17955 0 0 2166 2502 1886 1
Uniprot ID: P17679
cl 4321 6406 14869 697 0 0 0 17955 0 6166 5072 1
Pazar TF: TF0000022
G[ 2530 2792 437 o o o o o o 6687 1598 1
TFBSshape ID: 258
T 9069 8251 2649 17258 17955 o 17955 0 15789 2600 9399 1
TFencyclopediaIDs: 187
Sequences for model MA0035.3
Site Occurences
atcattttct tatctttttg tgtatgtgcggty tactggtctt 1
tt ta: & tgcttgcag tgactl
tttt ‘tacattt: t tgtgt: 1
tt tcttttacatttttctgctgtgaactaggt tgttc tgt tctaagatagl
tgtgagtt tg ttcoctg 1
ag tgtgtgag gctttcttatctgt gtgaccc tg: t 1
t aggat ctgatl
tca tcacca ggecl
t + + & tagg g1
t tttatctat t 1
tgaatt ttatc tcat tgtgl
tgtat tgcattgga tagga 1
gtgtagctcaaca ttggctcatgtttga tgaaagttatg actatt t 1
tt t t tatgttttctattgctal
t tttcctctgtgg gtcagtcaggtgagal
tgcg t t taattgt t 1
aaactaggt t aal
tgct gtcttat t t tgt 1
t actgtgg’ ttt t getl
aggcet ttactctgttc tgagttaaaa 1
t tgc tctaactggettl
agg ttcctgctcggtacctag tgg tcttctetl
tatt tt ctttgl
atctctactctacagat taggttaag tattaa: 1
age tgtagat tot 1
aa t 1

L —

T
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Predicting TFBS on real sequences

scale 586 kb | mma
chri: 9,588, 808| 2,608, 808| 2,769, 808| 2,560, 808| 2,969, 808| 16,000, 068| 19,1089, 068| 19,209, 068| 18,3909, 068| 18,4989, 068| 16,509, 068|
TFBES matr ixscan
Matr ixscan nn L AL (TR RN B L | (Y O L L AR I R A1) [ U L O 1 (AR AR IR A PR |
UCSC Genes (RefSeq, GenBank, tRNAs & Comparative Genomics)
Rrst ) Mt 11 B SGKB bt SRNGE B LPre67 M Cspnt bl Arraer s SHHB- A opas Hed } bt
Adhfel HHH-) AKB31519 m SOKD bommmmmmememe—e——H - Lrrce7 e Csppt bbb CRAE e
Adhfel wHiH- vepipl - DR o O e ] LI CET bt AK134369 o
ANFel HebH-H AKBBEE BT bhssrrsdstl SQKS b=t Copss {4 Arfaef1 khHaHHH
261 0203C22R i K H-—tmtmttittiitid SQKB vt bbb copss §
26108203C22R i K FHeed SOK3 r==HHHHH- Csppl b
3118035E14R i K f4-p-Hh 6830422M02R 1k HH Csppl
60838422M02R ik HHH=HH Csppt #-HE+--HH--RH
Shords7 | Cspp1l ’
Csppl
Csppl
AKATE931 1+
2.1 _ Flacental Mammal Basewise Conservation by FhyloP

1ammal Cons B =[n &, vuno i S S i (5 1 I MW&-J—_«w“WMMM YT PO gt mmwm B T L ST ey WNP T

® Predicting TFBS on a 1 Mb portion of Mouse chromosome 1
o Software : Matrix-Scan ; Matrix : HNF4a
o Threshold to call TFBS : p < Te-4 petp://rsat.ea/

® Background : Markov model order=3 estimated on input sequence

e Qutput : 259 predicted TFBS

Carl Herrmann



