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Who are we ??
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Carl Herrmann Ashwini K. Sharma

Lecturer Heidelberg University Computational Biologist

Group leader Biomedical Genomics (BMG) @ Postdoc in the BMG group
Health Data Science Unit - Medical Faculty & _ o _
BioQuant Interested in applying integrative

genomics based approaches using
various statistical and computational
methods towards understanding tumour

Interested in
understanding transcription regulation in
development and disease;
developing computation/statistical methods for biology and other diseases
data integration

mathematician = engineer — theoretical physicist https://ashwini-kr-sharma.github.io/
— bioinformatician — ...

proud father of four daughters

Thank you Andres Quintero
W @CarlMHerrmann for technical support!
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Goals

What we will cover
why are we doing ChlP-seg/ATAC-seq at all?
what are the main steps of the bioinformatics workflow?
how can we distinguish a good from a bad dataset (QC!) ?
which tools are available for each step of the analysis?

What we will NOT cover et.)
(some) gory details ....
alternative ChlP-seq protocols (cut&run / cut&tag / ...)
DNA methylation / RNA-seq / whatever-seq
single-cell ATAC-seq / single-cell whatever-seq

After this course, you will be able to
perform some of the analysis yourself
talk without shame to your favorite bioinformatician
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Schedule

Day 1 : ChIP-seq analysis

10am - 11am
General introduction on experimental
and computational concepts

11am - 12.30am
First steps in the bioinformatics

workflow (lectures + hands-on)
read QC / trimming / alignment

1.30pm - 5.30pm
Next steps in the bioinformatics

workflow (lectures + hands on)

peak calling
peak annotation
signal tracks
IGV visualization
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Day 2 : ATAC-seq analysis

10am - 12.30pm
First steps in the bioinformatics

workflow (lectures + hands-on)
read QC / trimming / alignment
peak calling / peak annotation

1.30pm - 5.30pm
ATAC-seq specific part
QC
Footprinting
Integration with ChlP-seq
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Understanding gene regulation
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2. chromatin structure, J X 1. Binding of site specific
epigenetic Wl transcription factors

3. three-dimensional
DNA looping

4. Readout:
gene expression

[Elodie Darbo]
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Experimental methods

e Genetic component:

e Chromatin structure and epigenetic

e Three-dimensional DNA looping

e Readout: gene expression
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Experimental methods

e Sequence component:
— ChlP-seq: transcription factor binding sites

e Chromatin structure and epigenetic
— ChlP-seq : post-translational histone modifications
— whole genome bisulfite sequencing, arrays : DNA methylation
— ATAC-seq, DNAse-seq, FAIRE-seq : open chromatin region

e Three-dimensional DNA looping
— 3C/4C/Hi-C : interacting chromatin regions

e Readout: gene expression
— RNA-seq : expression of transcribed elements
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Large scale consortia (ENCODE, Roadmap, ..
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."

‘.T.\?) Michael Eisen ¥ - Follow

mbeisen

@dgmacarthur measurable biochemical
activity is a meaningless measure of
functional significance
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https://www.encodeproject.org/matrix/?type=Experiment
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https://www.encodeproject.org/

Carl Herrmann Health Data Science Unit - Medizinische Fakultat Heidelberg



ENCODE data

Experiment Matrix v EXPERIMENTS
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ChiP-seq for histone modificatiol
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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
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Histone modifications
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histone modifications are a good proxy of gene expression and presence of regulatory

elements
(a) Signal —)-t

Active gene

active marks

— open chromatin
H3K4me1; H3K4me3:
H3K27ac

(b)

NDR

(c)

repressive marks
— closed chromatin
H3K27me3; H3K9me3

Inactive gene

(d)

HAK20me3

5 Promoter
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Chromatin Immunoprecipitationsy
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® Chromatin immunoprecipitation (ChlP)

W yields DNA fragments, that are
@ bound by the protein of interest

|\ e » marked by a specific chemical
modification (acetylation,
Non-histone ChiP Histone ChIP .
methylation,.)
| ¢ |dentification of the fragments :
End repair and R © SequenCIng (ChIP-Seq)
adaptor ligation PolyA tailin .
o | \ : — genome-wide
B e » PCR/gPCR
seneacen | onbeads l — targeted experiment
{oridge PCR) (emulsion PCR)
® Important aspect
jﬁ,g/% « Quality/Specificity of the antibody ?
o - DNA fragment (~200-300bp)
Scf:u?nc ngb goche QBI sebq;:encingu . i . n
— prossqunchg ey | e preete — binding site (~10 bp) *
[ Sequence reads ]

[Park, Nat.Rev. 2009]
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ChiP-sequencing

Sharp signal

A

sequenced
("tag” or

sense lags

. MW\ﬂ
section
read”)

Sense strand
ChlIP enriched fragments

W NNNN

3 5
5 3

Antisense strand
ChlIP enriched fragments

AXOOFE

NAVAVAVAGA™ 4 '\se“quepced“ section
align to (“tag” or “read”)
reference genome

antisense tags

PNV

Medizinische Fakultdt Heidelberg

Broad signal
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Histone modifications
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Histone marks have distinct signal profiles

sharp signal : narrow peaks of enrichment at specific loci (H3K4me3 =
promoters, H3K27ac = enhancers,...)

broad signal : wide regions of enrichment (H3K36me3 = transcribed
genes; H3K27me3 = repressed regions)
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I Chromatin states
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Active Transcription

Start Site

= H3K4me3 + H3K27ac
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Genic enhancerl
Genic enhancer2
Active Enhancer 1
Active Enhancer 2
Weak anel

Weak Repressed PolyComb

QuiescentiLow

11_EnhWK
12_ZNF/Rpts
13 _He

14 _TssBi
15_EnhBi
16_Repr
17_Re rPCW
_Quies|

Active Enhancer
= H3K4mel1 + H3K27ac
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Chromatin states
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= H3K27me3

Repressed Polycomb
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Roadmap chromatin segmentation in
different human adult tissues

E108 Skeletal Muscle F
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Emissions
1 Tss
2 _TssFin
3_TssFinkU
4 TssFink

RefSeq genes HOXA4M  HOXABKE HOXASE) HOXA11M4 HOTTIPE-m
HOXA1E HOXA-AS3H---->- MIR196B! HOXA13%)
HOTAIRM1B-H HOXASK) HOXA-AS4#4
HOTAIRM15-3 HOXA-ASSH-EE  HOXA10E~+44
HOXA2H HOXA7E} HOXA108)
HOXA3BHH———xH HOXA10-HOXASEHA£4444
HOXAZE~ HOXA11-ASEA

Some states correspond to regulatory

regions (active and poised enhancers) Quiescemtriow o

— motif search can be restricted to

these regions

http://epigenomegateway.wustl.edu
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EpiLogos
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[W. Meuleman] https://epilogos.altius.org
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Example of ChiIP-seq signal for transcrlptlon ;
factors / DNA-binding proteins
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MYCN

[T I R O T

H3K4me3

DNMTA1

H3K27ac

Carl Herrmann
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distal

MYCN peak
MYCN peak
(away from gene and H3K4me3
promoters) enrichment

at promoter
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Principle of ChiP-seq
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/\POI /\N POIA ot

Sonication and immunoprecipitation

specific antibody specific antibody

N A A

Alignment and )
analysis = A

Sequencing of IP’d fragments

sequenced reads

—— S
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ChiP-seq

® Crucial steps in conventional ChlP-seq
© cross-linking of the protein to the DNA
@ sonication of the cross-linked chromatin

© antibody

Medizinische Fakultdt Heidelberg

crosslinking sonication antibody

/7N
-

Q

N . 7%

hydrogen covalent
bonds bonds
low resolution (200-300bp) 3| T R Y TP R B o]
baCkground nOIse due to IMR0_GR_peaks
crosslinking } TATCA
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Alternative protocols
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MNase cleavage

A X-ChiIP B Native ChIP ¢ CUT&RUN
| : 3 (no crosslink)
Formaldehyde | Native protein—-DNA
crosslink | interactions
b | \@ @
l
l
Sonication l MNase cleavage Antibody-directed
l
l
I
!

l Protein A-MNase
Released DNA fusion

2
l Immunoprecipitation l

Y
—N -2 P— ~D2-Ph,— i@

7\ fragment
|4 IEIE
standard protocol with no crosslinking no crosslinking |
crosslinking cleavage using MNase MNase guided through tethering

to antibody

[He & Bonasio, Elife 2017]
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Controls in ChiIP-seq

® [nput DNA: controls biases due to
chromatin fragmentation (natively
open regions,...)

® Unspecific IgG (mock-IP): controls
for unspecific IP enrichment

¢ H3 antibody (for histone ChlP-seq):
controls for the presence of histones

Carl Herrmann Health Data Science Unit - Medizinische Fakultat Heidelberg
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Fundamental question in ChiP-seq
analysis

Do we have
more signal here ...
Signal (“treatment”)

f5-081)

Medizinische Fakultdt Heidelberg

-0

Q e
Background (“input”) z >
...than here ?
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Several experimental methods available to identify open chromatin

regions

5007 -@- ATAC-seq data
- ATAC-seq publication
4001
DNase-seq data

5 300 ¢ FAIRE-seqdata

-g MNaSe,Seq data

z 200+

. / | - —[
0 g Ve :

T T T
2013 2014 2015 2016 2017 2018 2019
Year

[From reads to insight: a hitchhiker’s guide to
ATAC-seq data analysis;
Yan et al. Genome Biology 2020]

c Chr19 (q13.12) [ 1 5 SEERE o1 <12 OEREN <AF =] [aia22]
Scale 50 kb } {1hg19
Chri9: 36,150,001 ' 36,200,0001 e 36,250,001

1-
ATAC-seq
(50,000 cells
per replicate)
0-

1-

ety 0 el i MJ [

FAIRE-seq

ENCODE/UNC l | ' |
0-
1-
ATAC-seq
(500 cells) L
0-ls 4 L.Julah.uhlln.l tetatidda d. o .J.u W Ladebat t Ay .LL.AL ol .ll sall
m CTCF
W H3K4me1 1- i ‘
HaK27, ‘ _ |
ozt ST O " ¥ PUREIR R | TR T ...AM.AUL e
HAUSS M- ETV2 i UPK1A psptd ZBTEI2 IGFLA1 - HSPBSHY  ARHGAP33 capHH
REMA2 e UPK1A-AST pessi MLLA C190r155
COXEB1 1] U2AF1L4 44 ARHGAPS3 |
U2AF1LA WY
i i i Greenleaf (2013
Lower input material required [ (2013)]

Simpler protocol with less steps

Comparable sensitivity/specificity
compared to DNAse-seq
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ATAC-seq : find

ATAC-seq: using Tn5
transposase prepared with
sequencing primers

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

identification of open
chromatin regions (peaks)

There is no control in
ATAC-seq experiments
(unlike ChlIP-seq)
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for 5 minutes barcode
PCR using
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final PCR product
for sequencing
[Greenleaf (2013)]

paired-end sequencing

Carl Herrmann Health Data Science Unit - Medizinische Fakultat Heidelberg



Footprinting

® From open regions to a .

transcription factor binding il 500 bases

76,620,000!

150 - ATAC-seq i

0
it 100 - puke DNase |

sites
— footprinting

® Zooming into the peaks (open
regions) : valleys of
undigested / un-transposed
DNA
— TF binding sites (TFBS)

Genome-wide set of CTCF motifs "

® Dbinding sequence can be e

identified with base-pair "Si00 CTCF 100200 CTCF 200
resolution
[Greenleaf (2013)]
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