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Topic of this lecture

How does the diversity of tissues and cell types develops from
the same DNA sequence?

How are the developmental programs controlled in time (across
developmental phases) and space (between tissues and cell

types)?
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[Qiu et al., Nature]
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I Content of the lecture

General aspects of transcriptional regulation

23.10 Introduction to regulatory genomics

Available data types

Bioinformatics methods in regulatory genomics
Improving regulatory predictions with integrative models

30.10 |
Hands-on: looking at data!
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1. Introduction to gene regulation
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Complexity of an organism

Bacteria Yeast C. elegans Mouse
(unicellular eukaryote) (multicellular metazoan) (multicellular mammal)

complexity
® More celltypes ® More genes ?
® More tissues ® Longer genome ?
® More physiological o 7

Processes
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Genome size

Genome size

Eukaryotes
Archae
Bacteria

[interactive Tree of Life]
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Number of genes
Glycine

Number of genes

https://bionumbers.hms.harvard.edu/files/Genomic census for a variety of selected organisms.pdf
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https://gf.neocities.org/gs/genes.html
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Bigger non-coding genome = higher complexity
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Proportion of non-coding DNA correlates with [Ahnert, Fink, Zinovyev, 2008]

organismal complexity
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2. Transcriptional regulation
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The Dogma in the genomics area

Transcription

fact
actors RNA binding
I proteins

SDNA 'mRNA Protein 2o,
oA ()

u pOSt-
scaffold lincRNA
+ chromatin
modifying
enzymes

How to ensure that the right genes/proteins
are expressed at the right time in the right cells?
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I Spatial control of gene expression

[FR. Turner]

Antp expression in the Drosophila head turns antennas into legs...

Carl Herrmann
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Temporal control of gene expression

Time-course experiment on time (h)
developing heart chamber in
Drosophila

Gene expression profiles show
coordinated dynamical regulation

How is this tight expression patterns
ensured?

A Posterior Aorta Heart

[Zeitouni et al, PLOS Genetics (2007)]
Carl Herrmann
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Cellular control room

Mitotic chromosome

Histone modification

Nucleosome \\
\ .

Mitotically
retained
TF Foci

\N\NNAN Methylated DNA

IPMB
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Transcriptional regulation

. . . H3K27ac
Epigenomic
modifications B H3K9me3/H3K27me3
B H3K4me3

? DNA methylation

TF [TF

| | | | | | |

open distal dense chromatin promoter region genic region
region

combinatorial interplay of multiple components
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Transcription factors

® Transcription factors (TFs) are proteins which can bind the DNA

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

® Transcription factors are grouped into structural families

Carl Herrmann
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I Transcription factors
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Transcription factors

® Enhancers are regulatory elements which can be located far from the
target genes

® Multiple binding sites for different transcription factors
o typical length: few kb = several hundred kb ("superenhancers")

® QOrganisational principles ("grammar") remains unclear

Identification of heart enhancers

chromosome 4 50 kbt { hg38
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chr4:185,564,628-185,571,478 Enhancer region

[Spurrell et al., 201 9] UNIVERSITAT
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ZUKUNFT

SEIT 1386

Carl Herrmann




20

Enhancers in development

0.0Kb 2.5Kb
I 1 | I | I § |
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expression of endogenous giant mMRNA

IPMB
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Transcriptional regulation

& enhanceosome model —®—&®—&-
k | billboard model E%EF

Enhancer region
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Epigenetic: histone modifications

= DNA Accessible, Gene Active DNA Inaccessible, Gene Inactive

xS

Gene Acetyl Group

Gene
/

Histone Tail
Histone “«

Histone Tail

oo/

Methyl Group

Nucleosomes are octamers composed of eight different histone proteins
(2 x H2A; 2 x H2B; 2 x H3; 2 x H4)

histones are subject to post-translational modifications at their N-
terminal tail (acetylation, methylation, ...)

modify the physical properties of the DNA-nucleosome interactions
Acetylation: allows nucleosomes to slide away (— activating)

Methylation : activating/repressive, depends on the residue

Carl Herrmann
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Epigenetic: histone modifications

® Many epigenetic enzymes  writers 2,

SET1
are involved in histone TRR
SET1A SU(VAR)3-9 MES-4
difications wir | |seioe e | o
Set9 18!
mo MLL2 ASH1 NSD1 s panse
. writers: set the epigenet TR e
© writers: set the epigenetic A on \;hz e | | suvacone
modifications (methylation, s | | seross EZ vl | Dora | | suva.aom
PROMS .« | | -PRDM family y EZH2 smg \DOTIL .o SUV4-20H2

acetylation, ...)
© erasers: unset these

H3 tail H4 tail
i I K36
modifications Ka - il
» readers: detect and bind to Erasers (j.q; Rpht JARID2 Jhd1 PHFS
SU(VAR)3-3 CG31123 uTXx Rph1 ? PHF2
residues that have specific - Cassiez urY Co15838 iy
ificati t:g; j:x: ::m::y ;'(w?na g:;:u?fza ity
mi m
mOdI Ications NOG66 PHF8 hmily’ PHF8 JHDM3 family
JARID1A Yeast
- . JARID1B
® Mutations in these JARIDIC Drosophila
JARID1D

Human

enzymes are often
encountered in cancer

[Hyun et al., EMM 2017]
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Epigenetic: histone modifications

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

Active gene Silent gene
CpG AN
Enhancer island Promoter Gene body Promoter Gene body
L -
TSS TSS
— ‘ * . H3K27ac = acetylation of
lysine 27 on histone 3
H3K79me1/2/3 ‘
H3K9me2/3 ~

A W *

[Lin, Shannon, Hardy, 2010]

UNIVERSITAT
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Epigenetics: DNA methylation

DNA methylation occurs mainly on cytosines .,ATC*GGATCTAG..

in CpG dinucleotides in the human genome
(28 million in human genome!) T l
Methylation is set/unset by specific +ATCGGATCTAG..
enzymes:
DNA methyltransferases (DNMT) on C5 NH; NH;
demethylated by other enzymes (e.g. TET H\({N& | \l
enzyme) H @) H @)
In the human genome, 3-6% of CpGs are
Cytosine methylated Cytosine

methylated

CpG islands (high density of CpGs) are
found at promoters and are usually
unmethylated

Carl Herrmann
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Epigenetics: DNA methylation

Methyl-binding
protein

ACTCGAAT ——ACTC*GAAT

TF can bind binding site TF cannot bind binding site
when methylated

® CpG methylation of gene promoters is usually associate with gene repression

® Methylation prevents the binding of most transcription factors

® Methylated cytosines can recruit methyl-binding proteins (prevent TFs from
binding)

Carl Herrmann
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I Transcriptional deregulation
/ alteration of\

histone
modifications

or DNA A
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
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I Conformational deregulation

® Chromatin conformation defines
domains, separated by
insulators

A TAD structure

® Genomic alterations (deletions,
inversions...) lead to disruption of R e s e, PO 0ESO)

3D Conformat|on iWNTs IHH EPHA4 ipr3
. . . S Brachydactyly

— ectopic gene activation oo DoetonBt ;T4

mw.m.— _________ Deletion B2~ .

® "Enhancer hijacking" has been —'"““”“—De'e“on%—w—n
described in cancer 5  Pard

4C-seq E E
wild-type i
) v ok oo 2T TPy adasshdedad

(
10000 \ '
4C-seq :errop/r interaction E

DelB/+ =Ll s

new regulatory interaction

IPMB
[Lupiafiez,..., Mundlos, Cell (2015)] e.:.% R | unversiTar
Carl Herrmann HEIDELBERG
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Epigenetic deregulation

29

Birth

>

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

Methylation

methylated regions DMR)

These regions control

developmental genes involved ;s';‘s%enﬁglar

e.g. in lung development __bio

— higher susceptibility to lung
diseases

Smoking causes
epigenetic reprogramming
in mothers and children

ﬁ EMBOpress

Carl Herrmann
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Sequence deregulation

® TERT promoter mutation

Intestinal cancer: undetectable [49]

(a) Low frequency:
® Mutation in the promoter of the telomerase e > ‘ e g
gene TERT is found in many tumor types

Testicular cancer: 3% [52]

Wi oo gigh frequency:
- ut. melanoma: 64-80% [14,24
TPM M- — Glioblaes:)n?a:e—l~84°/o [49,%3] ]
. . . ' Bladder cancer: ~65% [15,49]
® leads to the creation of a new binding site and HeG: 32-46% (1548
overexpression of the gene
-191 -97 -92 -58 0
ETS TPMs ETS TSSTPM ATG
I || | | | e
Eccctcccgggtccccggcccagccccctccgg\g égtttcaggca \gtcctgctgcgcacgtggg;a
ggggagggcccaggggccgggtcgggggaggecc tcaaagtccgt caggacgacgcgtgcaccctt
E-box
ETS ETS ETS ETS
cccctteccgggtttccggecccagecccttecggg agtttcecggca gtcctgctgcgtacgtaggaa
ggggaaggcccaaaggccgggtcggggaaggccc tcaaaggccgt caggacgacgcgtgcaccctt
-146 C>T -138/39 CC>TT -124 C>T -57 A>C -43 C>T, -34 C>T, -29 G>A
[Lorbeer, Hockemeyer, 2020]
IPMB
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3. Which data is 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

Hypersensitive Sites - CH

CH,§
Ouo o RNA polymerase
CH,CO . 7/
o 2p, ,
\ a2 S
5C DNase-seq | | ChIP-seq | | WGBS Computational | |RNA-seq | |CLIP-seq
ChIA-PET | | FAIRE-seq RRBS predictions RIP-seq
Hi-C ATAC-seq methyl array
o | o
' |=—=] =1
Long-range regulatory elements Promoters il T i
(enhancers, repressors/silencers, insulators) Transcripts
Y
/ N Based on an image by Darryl Leja (NHGRI), lan Dunham (EBI), Michael Pazin (NHGRI)
L S

https:// : deproject.org/
https://www.encodeproject.org/matrix/?type=Experiment PSINII.Encodeprojsct.org

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386
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Transcriptional regulation N

/~ Whatisthe \ What is the 3D
state of the cor?formation?
chromatin — Hi-C / 4C - seq
molecule?
— ChIP-seq /

Where do the\ / \

ipti How much is this
;;i?: :Sr ';:,ZZZ KWhich regions o) gene expressed?
— ChIP-seq. the genome are — RNA-seq
\_ - accessible?

k_’ ATAC-seq j
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DNA / RNA sequencing

High Throughput Sequencing (HTS)

l DNA fragmentation

e = a @™ Q¢ m
mm mr o mn I
Im Ui E Mo &
— ' '
- 1 Adapter [ {
.—‘- .;~ ! ﬁ ‘kf ﬁ .
T8 7 i
DNA library

1. Sample 2. DNA/RNA Isolation 3. Library Preparation

Sequencing
. Raw data SFE Transform BWA/BWASW SAM toots
l — QS!:;] —*| fa=Q —*| SaMm —*| Bam
i
SAM Tools Pileup f— 4 Sequencing
l .
| = —
Fiening AM Tools
Pilecp ————+ | Piewp Piswp—e | yOF —e| o
A J Samtocispilawk| B

5. Data Analysis

https://microbenotes.com/high-throughput-sequencing-hts/

C . ‘% UNIVERSITAT
HEIDELBERG
Carl Herrmann ZUKUNFT
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DNA/RNA sequencing

Height
158.8 cm
(62.5in)

Depth Width
86.4 cm (34 in) 93.3cm (36.7 in)

Carl Herrmann

identifier of the machine/run

@SRR540192.1580 IL34_5480:5:1:6425:1038/1 /

CATCTTGGCCTCTGTGCAGCATTCCTTTCTCCATGET <——— DNA/RNA sequence
+

ITIIIIIHIIIIIIHIIIIIIIIIIIIIIIHIIHIHID \
@SRR540192.1752 IL34_5480:5:1:7005:1052/1
GCTCCCAGAAACCCAGGGCCACTGGCAGCTTCAGGGA

+

GGGGGGGBGRGGGGBE>D<GEGFR<?<?297272; (212 (
@SRR540192.1788 IL34 5480:5:1:10167:1053/1
ATGGGCTTCCTCCGGCTTTCAGCCACCTGCGCCCTGE

+

GGRG>GRE3<B=B; BKE>EDEAAAB:B.:=>A?;A8D
@SRR540192.2271 IL34 5480:5:1:5889:1093/1 = fastq format
TGATCATCTGGCTGATGCGGTGACTGCCACCCTTGAG

+

ITGIIIIIIIIITIIIIDIIIGIIIHGHHHIIIIHIHD

Sequencing quality per base

Book
with 3 Billion

8 Terabase in 2 days

UNIVERSITAT
HEIDELBERG
ZUKUNFT

Institut fir Pharmazie und SEIT 1386
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Application to cancer genomics

Reference sequence Non-human

Chr1 Chr 5 sequence
ot R —— ] [ i R h—— ==- [——— b—-——— ]
o —— ] N —— | [ - | [e—— |
_—1 e O T e e el ) ol N

[ — ]~ - - ot ] -] g
[ — ] ——] [ —— ] s p— |
= e B ) [ e i e P -
[ — R —— ] T Tl
s - e | e T
[t - e [ e Y - | [ —— —-—— ]
_—t e o [E— - p—
s W e [ Y et S e | [ i el e r— |
Tt "
=
) )  — — — -]
s N e ] o e S e e [ e
13 et W et
=R i | ——— t—-—— |
— 3 - -]
[ - | '
T T ;
'
)
s
_ 1T
Homozygous Hemizygous Translocatnon
Point mutation Indel deletion deletion Gain breakpoint Pathogen

I
Copy number alterations

Nature Reviews | Genetics
S

Do we observe mutations?
Do we observe deletions/insertions?
Do we observe translocations?

Carl Herrmann
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Transcriptomics: RNA-seq

[TCTAGAACTGTGGGAAAATAAATTTCTGTTGTTTTAAGCCACCCAATTTG
TGGTAATTTGTTATGGCAGCCCCAAAAAAATATTGTAATAAGGGTTAGT
CAATAAATAGTGGTACAGGCCAGGTGTGGTGGCTCACACCTGTAATCTCA
GCACTTTGGGAGGCCGAGGTGGGTGGACTGCTTGAGGCAGGAGTTCGAGA
CCAGCCTGCCC

GACAGTGAGACTCTGTCTCAAATAAA -
TAAATAAATAAATAGTGGTACATACACGTGACTAAAGATGGAAGTGAAAA Patlent 1432
CCTCCCATCTATTCCCTTTTTTTCGTTTTTTTTTTTGAGACGCAGTCTT
GCCCTGTTGCTCAGGCTGGAGTCCAGTGGTGCAATCTCGGCTCACCTCTG
CTTCCTGGGTTCCGGAGATTCTCCTGCCTCAGACTCCAAGTAGTTGGAA
TACAAGCCCACACCACGCCAGGCTGATTTTTGTATTTTTACTAGAGACGG
GGGTTTCACTATGTTGGCCAGGCTGGTCTCAAACTCCTGACCTCGGGTGA
TCCGCTCACCTTGGCCTCCCAGAGTGCTGGGATTACAGGCATGAGCCACC RN A | |
GTGCCCAGCCTATTCTCTTTTATGTTTTGGTTTCTGAACTATGTGAAAA
AATTTATTTCATGAAAATAAAGTACAATTTAAGGGCTGGGTGTGGTGGC m moiecuies
CATGCCTGTAATCCTAGCACTTTGGGAGGCGGAGGCAGGAGTATTGCTTA é :
AGCTCAGGGGTTTGATACCAGCCTGGGCAACATCGTGAAACCCCATCTC 4 Gene A
ACAAAAACTAGCCAGGCATGGTGGCATGCATCTGTAGTCTCAGCTGCTCA .
GGAGGCTGAACAGGTAGGATTGCTTGAGCCTGAGAGGCTGGGGTTGCAA
GAGTGTGATCGTGCCACTGTACTCCAGCTTGGGGGACAGAGTGAGACCT
GTCTCAAAAAATAAA

GCACATGTTGTAAGAAAACTGG]

[AAGAGGAAGAGAGTCCCGATCAAGTAGCATAGGAAGAAGAGTTTTTATT
TTATGAATATAAGAAAACCAGCCTGGGCAACATGGTGAAACCCCATCTC
[ACAAAAAAGTACAAAAGTACTTTTTTTCAGACGTGGTGGCACATACCTG
[AGTCCCAGCTACTCCAGAGGCTAAGGTGGGAGGATCTCTTGAGCCTGGGA
GAGGGAGGCTGCAGTGAGCTGTAATTGTGCCACTGCACTCCAGCCTGGG(
[AACACAGCAAGACCCTTTCTCCAAAAAAAAAAAAAAAAAAAAAAAAAGAG : .
[AAAATAAGATAAGCAAGCATACCCTAGAAGGCCTGGGTACTTAGCATACA 9 Gene B

[TTCTGTTGAATCAAGATGCATGAGAGTCTTAATGATAGTTTACTCATAC .
GTACTTAATATGCAAAATTAGAATAATCAAGTAAGAACAATGATTAGATG
CCATTTTTAAATTCTAAAATGAATGCCATGTGGGGATGAGAGTGCTGGC(
[TTGAACTCAGAAAACCTCGGTTCAAGTCTGGGTTTTTCCCATTTCTAGG
[TGTGATCACTTCCCTCCCTGAGTCCTTAATTAAAATATCCAGTTTAGGCC
GGGCGTGGTGGCTCACGCCTGTAATACCAGCACTTTGGAGGGCCGAGGCG
GGTGGATCATGAGGTCAGGAGATCGAAACCATCCTGGCTAACACAGTGAA
[ACCCTGTCTCTACTAAAAAATACAAAAAATTAGCCGGGCGTGGTGGTGAG
CACTCCCGAGTAGTCCCAGCTACTCGGGAGGCTGAGGCAAGAGAATGGTG
TGAACCCGGGAGGCGGAGCTTGCAGTCAGCCGAGATCACGCCACTGTAC
CCAGCCTGGGCGACAGAGTGAGACTCCGTCTCAAAAATAAAATAAAATAA
AATATCCAGTTTATAAATAGGGATAACAATATCTGTCTGGCCTGATAACA
AGGGCTTGTAAGTACAAAATGCAATAAGGAGAAAGCAATTCATGGACTT
GACTCTCAGTACCCAGGAAAAGTCTTGTGCGTGAAGGAAGAACATAGAGG
[AAGTCATTAGTGATAAGGACCACAGGTGCAGTTGCAATTCCTGCCCTTT(
TGGCAAAGAAAAAGGAGAGACCTGTGCCAAAATAAGCAGCTTCTAACTCA
[AGTCATACACCAAGTCAGTCCCTTGCACTGCACATTGTCCTGCTGCTGG(
[ACTGTCCTGGTCTTGCCAGTAATAGGTTGGGTATCCTAATCTACTGCCCG
GAACTTTCAGTGGTTTCCTCTTCAGTTTATCTAGTTAAATGTTCGGGATA
ATCCTTCCCCTCGGCCCCCTCCCCCACAAGTGAAGAAACTCCATCTCAAA
[ATGGCTTCACCAATGCTGAGGTGTATTATCTCGCAGAAGAAGAAATCCAG
AGAAAGTGTGGCTTCGTGTTAACAAATACATGGACTGGAAGATGATGTC

Carl Herrmann O “/\'ﬁ"

Institut fir Pharmazie und
Molekulare Biotechnologie

UNIVERSITAT
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Transcriptomics: RNA-seq

[TCTAGAACTGTGGGAAAATAAATTTCTGTTGTTTTAAGCCACCCAATTTG
TGGTAATTTGTTATGGCAGCCCCAAAAAAATATTGTAATAAGGGTTAGT
CAATAAATAGTGGTACAGGCCAGGTGTGGTGGCTCACACCTGTAATCTCA

GCACTTTGGGAGGCCGAGGTGGGTGGACTGCTTGAGGCAGGAGTTCGAGA
CCAGCCTGCCC
GACAGTGAGACT! TCAAATAAA —
[TAAATAAATAAATAGTGGTACATACACGTGACTAAAGATGGAAGTGAAAA
CCTCCCATCTATTCCCTTTTTTTCGTTTTTTTTTTTGAGACGCAGTCTT
GCCCTGTTGCTCAGGCTGGAGTCCAGTGGTGCAATCTCGGCTCACCTCTG
CTTCCTGGGTTCCGGAGATTCTCCTGCCTCAGACTCCAAGTAGTTGGAA

TACAAGCCCACACCACGCCAGGCTGATTTTTGTATTTTTACTAGAGACGG
GGGTTTCACTATGTTGGCCAGGCTGGTCTCAAACTCCTGACCTCGGGTGA| I ".l -. I I“ l _ “l

TCCGCTCACCTTGGCCTCCCAGAGTGCTGGGATTACAGGCATGAGCCACK IR
GTGCCCAGCCTATTCTCTTTTATGTTTTGGTTTCTGAACTATGTGAAAA MRNA molecul w1 i
AATTTATTTCATGAAAATAAAGTACAATTTAAGGGCTGGGTGTGGTGGC I i ‘
CATGCCTGTAATCCTAGCACTTTGGGAGGCGGAGGCAGGAGTATTGCTTA WA "
. “F
' i Iy

O =N

AGCTCAGGGGTTTGATACCAGCCTGGGCAACATCGTGAAACCCCATCTC
[ACAAAAACTAGCCAGGCATGGTGGCATGCATCTGTAGTCTCAGCTGCTCA
GGAGGCTGAACAGGTAGGATTGCTTGAGCCTGAGAGGCTGGGGTTGCAA
GAGTGTGATCGTGCCACTGTACTCCAGCTTGGGGGACAGAGTGAGACCT
GTCTCAAAAAATAAA

N =

y ‘7.3'. T
4 ' i i

GCACATGTTGTAAGAAAACTGG]
[AAGAGGAAGAGAGTCCCGATCAAGTAGCATAGGAAGAAGAGTTTTTATT
TTATGAATATAAGAAAACCAGCCTGGGCAACATGGTGAAACCCCATCTC
[ACAAAAAAGTACAAAAGTACTTTTTTTCAGACGTGGTGGCACATACCTG
[AGTCCCAGCTACTCCAGAGGCTAAGGTGGGAGGATCTCTTGAGCCTGGGA
GAGGGAGGCTGCAGTGAGCTGTAATTGTGCCACTGCACTCCAGCCTGGG(
[AACACAGCAAGACCCTTTCTCCAAAAAAAAAAAAAAAAAAAAAAAAAGAG
[AAAATAAGATAAGCAAGCATACCCTAGAAGGCCTGGGTACTTAGCATACA
TTCTGTTGAATCAAGATGCATGAGAGTCTTAATGATAGTTTACTCATAC
GTACTTAATATGCAAAATTAGAATAATCAAGTAAGAACAATGATTAGATG
CCATTTTTAAATTCTAAAATGAATGCCATGTGGGGATGAGAGTGCTGGCC
[TTGAACTCAGAAAACCTCGGTTCAAGTCTGGGTTTTTCCCATTTCTAGG
[TGTGATCACTTCCCTCCCTGAGTCCTTAATTAAAATATCCAGTTTAGGCC
GGGCGTGGTGGCTCACGCCTGTAATACCAGCACTTTGGAGGGCCGAGGCG
GGTGGATCATGAGGTCAGGAGATCGAAACCATCCTGGCTAACACAGTGAA
[ACCCTGTCTCTACTAAAAAATACAAAAAATTAGCCGGGCGTGGTGGTGAG
CACTCCCGAGTAGTCCCAGCTACTCGGGAGGCTGAGGCAAGAGAATGGTG
TGAACCCGGGAGGCGGAGCTTGCAGTCAGCCGAGATCACGCCACTGTAC
CCAGCCTGGGCGACAGAGTGAGACTCCGTCTCAAAAATAAAATAAAATAA
AATATCCAGTTTATAAATAGGGATAACAATATCTGTCTGGCCTGATAACA
AGGGCTTGTAAGTACAAAATGCAATAAGGAGAAAGCAATTCATGGACTT
GACTCTCAGTACCCAGGAAAAGTCTTGTGCGTGAAGGAAGAACATAGAGG

AAGTCATTAGTGATAAGGACCACAGGTGCAGTTGCAATTCCTGCCCTTTC
TGGCAAAGAAAAAGGAGAGACCTGTGCCAAAATAAGCAGCTTCTAACTCA - Luminal A - Basal-like
AGTCATACACCAAGTCAGTCCCTTGCACTGCACATTGTCCTGCTGCTGGE
ACTGTCCTGGTCTTGCCAGTAATAGGTTGGGTATCCTAATCTACTGCCCG :l Luminal B l:l HER2+
GAACTTTCAGTGGTTTCCTCTTCAGTTTATCTAGTTAAATGTTCGGGATA X

[ ] Normal-like

ATCCTTCCCCTCGGCCCCCTCCCCCACAAGTGAAGAAACTCCATCTCAAA
[ATGGCTTCACCAATGCTGAGGTGTATTATCTCGCAGAAGAAGAAATCCAG
AGAAAGTGTGGCTTCGTGTTAACAAATACATGGACTGGAAGATGATGTC

Carl Herrmann () ‘?’f’
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Chromatin Immunoprecipitations

e A

Sample fragmentation
Immunoprecipitation

Non-histone ChiP % % Histone ChIP

x J DNA purification

End repair and ]
M:V 1 PolyA tailing

m— - —_——
Cluster Amplification
generation on beads
{oridge PCR) (emulsion PCR)

' Helicos
lllumina Single-molecule
Sequencing Roche ABI sequencing
with reversible Pyrosequencing Sequencing with reversible
terminators by ligation § terminators

( Sequence reads |
| —— S

[Park, Nat.Rev. 2009]

Carl Herrmann

Goal: identify DNA sequences on
which transcription factor bind or
histones are modified

Chromatin immunoprecipitation
(ChIP): use specific antibodies to
pull out DNA fragments

High-throughput sequencing

Data analysis: where are the
enriched regions?

2\ | UNIVERSITAT
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ZUKUNFT
SEIT 1386
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Example of ChIP-seq signal
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MYCN ‘l
TR | AT | T R T
H3K4me3
DNMT
— T -
H3K27ac 1 1 -
T
distal
MYCN peak
(away from gene
promoters)

Carl Herrmann

MYCN peak
and H3K4me3
enrichment
at promoter
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Epigenetics: DNA methylation

DNA methylation is revealed by ] NH, NH,

using bisulfite conversion (HSO3"): \(‘il | \/'L
unmethylated cytosines are converted ” O ” O
C-U-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

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SSSSSSSS

Carl Herrmann m%

Institut fir Pharmazie und
Molekulare Biotechnologie
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Measuring DNA methylation

Array based methods Sequencing base methods
CpG containing probes on array (whole-genome bisulfite

27K probes sequencing WGBS)

450K probes

800K (EPIC) unmethylated C = T

all probes contain a methylated methylated C = G

(C) and unmethylated (T) version Shearing, conversion and
sequencing (lllumina X-10)

Cheap but sparse

Information about the 28 million
CpGs

--ATGTTCGTAGATT( b
ATGTTCGTAGATTGTA TGTTG%

AT
GTTATGTTTAA
GTTCGTAGATTGT, TTG TTATGTTTAATA
TCGTAGATTGTARTGT G TTATGTTTAATAG
CGTAGATTGTARTGTT GTTATGTTTAATAGAT

AGATTGTARTGTTGAA GTTATGTTTAATAGATG

GATTGTATGTTGAACG AATAGATGCGTTGCGA
ATTGTARTGTTGAACGT TAGATGCGTTGCGAAT
TGTARTGTTGAACGTTAT

GTTGAACGTTATGTT

wilVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

Carl Herrmann

nstitut fii Ph armazie und



43

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%)

82 bp
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
|

I B ITH T R
samples

1 Riaminiy o
I Ripmimiy o Nl
I Riamimiy o N

L NI L
| sgEE |

TCCTTACCACCAACCACCCTGGCCGGACAGCCCGAGACTGACTGAGCGACTGAGCCTGAGCCGCTGCGGAGGG
T i { T e i e G " Qo i { e Gty g G|

Carl Herrmann



I Chromatin accessibility

® 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

e identification of open
chromatin regions
(peaks)

Carl Herrmann
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Starting material Preparation time
FAIRE-seq | : & .
ATAC-seq - E E E E

No. of cells 10°10°10%10°10°10710° Day 1 2 3 4

DNase-seq

Chr19 (q13.12) 1133 __]

Scale

! 50 kb } 1hg19
Chr19: 36,150,000] 36,200,000 . 36,250,0001
1-

ATAC-seq
(50,000 cells
per replicate)

0 -

1-

DNase HS
ENCODE/Duke J
ol .“ A Li ] u.l !

1-
FAIRE-seq

ENCODE/UNC ' | ' ‘

ATAC-seq
(500 cells)

0-ls dk-llliﬂl.uhlll.ll s latab da i, j LL& Lodeckat 1 A 11L.LL.AL 1 sall

m CTCF

W H3K4me1 1- ’l
H3K27ac J
Hakamos (o . da . Aeiba. .. o4 . M e J ol Bl
HAUSS M- ETV2H UFKmH-mH-i 32v48 GFLA1 stseﬁ ANHGAPsa»-M
REMA2 i) UPK1A-AST petsi uLLdb-llmH C190rS
COXEB1 aprdasd U2AF1L4 ARHGAPSS [
U2AF1L4
 — —
[Greenleaf (2013)]
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Accessibility atlas
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e Patterns of chromatin accessibility are cell-type specific

Male_Adrenal gland_Rep1
Male_Cerebrum_Rep1
Male_Cerebellum_Rep1
Female_Abdominal fat_Rep1
Male_Brown fat_Rep1
Male_Mesenteric fat_Rep1
Male_Heart_Rep1
Male_Kidney_Rep1
Male_Liver_Rep1
Male_Stomach_Rep1
Male_Large intestine_Rep1
Male_Small intestine_Rep1
Male_Bladder_Rep1
Male_Spleen_Rep1
Male_Thymus_Rep1
Male_Lung_Rep1
Male_Pancreas_Rep1
Male_Skeletal muscle_Rep1
Female_Ovary_Rep1
Female_Uterus_Rep1

Carl Herrmann

= s —
[S—_— ) L - .
il iy [ S -
& ek Lik.s L, panp——
T *-—-*J;- R - e
- . N . - l ] | . ) ~
r aks 1 il i
N ‘ ‘. .. - [ B o - - - -
e o ‘.. | 2o - —AL-_... e — i =
sohaa S b comidod WSS
-— . .n‘_i—“. T o -—-———— - A - = =
. T A N e T —
e = .
tHH-—— otk ——tp - - j— s+ Hit—
Gapdh Grin1 Adipogq Guca2b Cd8a Nccerp1 Atp2at

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

® DNA looping allows interactions between distal DNA loci

e Identification 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
enzyme with biotin
AAGCTT
TTCGAA
i~ Y 4
: ) | ’ =
b b ¢ —
@/ ) =t

[Liebermann-Aiden, 2009]

IPMB
Carl Herrmann q’:‘
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Hi-C and topological domains

The resolution has been decreased to 10kb

250
TADS T
DHSs |
Genes twd strand (+)
rev strand (-)
=0

The signal at this point
indicates the strength of
A i signdl batdreen these 2 loci

topological™
CA Al . e
< associated

........................ . ; SEAARAARR AR 174,000,000 175,000,000 176,000.000

T0p0|09|ca| OO0 MO Crmr e W v un mn MumH I IIIIIII"I ”ll”ll [IEMTIR e e 1 men
associated GALNTLS} —tt = HMGBZ| AK125257TH— HPGDH AK093264
. ' " "'Bcoas7soH BC137484f  SAP30] FBXOB GLRA3H'H'H'r| GPMEARH—
domains BC040577H SCRG1} CEP44 ADAMZ3
GALNTT HAND2 MIR4276| HH834010
NBLAQO301 HH834010|

[http://promoter.bx.psu.edu/hi-c/view.php] [Dixon (2012’2015)i PMB
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http://promoter.bx.psu.edu/hi-c/view.php

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
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Normalized reads

0 C 1,000
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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
@ = <&~ =
New TAD boundary
ES Cells Neural Progenitors Cortical Neurons
(ES) (NPC) (CN)

' . ES :
\ %
R ,j 3
,’iﬂ‘
| AL 0 |
o e Ny
) o \
(gt
¥
¥ <7 ¢ -‘
s
¢ ;
-— s - — 21p60s
chr18 o >
L) Y ELL)
1 Rl\iﬁ\seq ; o . II 1 R[\l“,:seq -
#% HaK27ac #% HaKe7ac

Ja " lA o | L .AJL ° | B T 111111. ¥

0
’ CTCF ®  CTCF
o mndlld [ T I | M S . I I || LL ﬂ o
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