Assays to measure chromatin
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How to measure chromatin accessibility:
originally with nucleases

* The rationale to profile chromatin accessibility is that loci sensitive to
enzymatic activity must be accessible to such enzymes.
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How to measure chromatin accessibility:
originally with nucleases

* Nuclease enzymes were historically used to profile chromatin accessibility

* Mnase (Micrococcal nuclease): a endo-exonuclease with preference to single-
strand DNA but with also double-strand nuclease activity
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How to measure chromatin accessibility:
originally with nucleases

* Nuclease enzymes were historically used to profile chromatin accessibility

* Mnase (Micrococcal nuclease): a endo-exonuclease with preference to single-
strand DNA but with also double-strand nuclease activity

0 1" 5"10°20'30°
> .

9299
¢
FPW W W
HE

Jacques Serizay



Making an NGS library from nuclease-based
accessibility assays

Chromatin accessibility is almost universally measured by quantifying
the susceptibility of chromatin to enzymatic cleavage of its constituent
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Making an NGS library from nuclease-based

accessibility assays 1

* DNase |- or Mnase-based 1
digestion of the chromatin :
both result in the isolation of
dsDNA fragments. !

* From there: classic NGS < :
library preparation tedious X e e [
steps... . TN
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ATAC-seq: a "new” enzyme for a new assay

* The most important technique that emerged since DNase-seq / Mnase-
seq is ATAC-seq
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ATAC-seq: a "new” enzyme for a new assay

* The most important technique that emerged since DNase-seq / Mnase-
seq is ATAC-seq

« ATAC-seq stands for Assay for Transposase-Accessible Chromatin
using sequencing

Published: 06 October 2013

Transposition of native chromatin for fast and
sensitive epigenomic profiling of open chromatin,
DNA-binding proteins and nucleosome position

Jason D Buenrostro, Paul G Giresi, Lisa C Zaba, Howard Y Chang & & William J Greenleaf

Nature Methods 10, 1213-1218(2013) | Cite this article

40k Accesses | 1963 Citations | 102 Altmetric | Metrics
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ATAC-seq: use of Tnb to profile accessibility

* In ATAC-seq, Tn5 transposome is used instead of DNase | or Mnase
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ATAC-seq: use of Tnb to profile accessibility

* In ATAC-seq, Tn5 transposome is used instead of DNase | or Mnase

* Tn5 transposome consists of:

 The Tn5 transposase: an enzyme that can integrates transposons in foreign DNA
« Tnb transposons: usually minimal oligosequences loaded onto the transposase
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ATAC-seq: use of Tnb to profile accessibility
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ATAC-seq: from chromatin to NGS library

 Since the sequence of the b
transposons loaded on the Thd R .
transposome is known, one & t
can use them to run a PCR SV

& Tagm t

- “Tagmented” DNA will be P o

amplified | ’
...... ox T

- Each end of a fragment
corresponds to a transposition N
event ¥ PCR Amplification
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Emergence of other enzymatic or mechanical
approaches

* Enzymatic approaches

« NOMe-seq: Nucleosome

QCCUpancy and mthylome 1 Bisulhte convert and fragment
sequencing
o
AR
-~ Uses a GpC 9 0000 -
methyltransferase to methylate 2 e

accessible DNA
1 Library construction
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Emergence of other enzymatic or mechanical

approaches

FAIRE
e Mechanical approach es Cells crosslinked with formaldehyde

- FAIRE-seq: Formaldehyde- W&W

Assisted Isolation of
Regulatory Elements Shear by Perform phenol/
sonication chloroform extraction

-> Uses a crosslinking +
sonication + phenol extraction

to isolate nucleosome-depleted
chromatin
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Emergence of other enzymatic or mechanical

approaches

* Mechanical approaches

« SONO-seq: chromatin
Sonication followed by
sequencing

—> Uses a crosslinking +
sonication + size selection to

iIsolate small fragmented
chromatin

Jacques Serizay

Crosslink cells

Y .
Isolate and sonicate nuclei

7 N

ChiP:

IP with Pol Il antibody reverse crosslinks,
degrade protein & RNA,
l size select and purify DNA

\s

Reverse crosslinks,
degrade protein & RNA,
size select and purify DNA



Comparison of the main ex

approaches

Cell
type/Number

Sequencing Traditional approach
type

perimental

Genomic target

Experimental considerations

Jacques Serizay

MNase-
seq

DNase-
seq

FAIRE-
seq

ATAC-
seq

Any cell type 1
to 10 million
cells

Any cell type 1
to 10 million
cells

Any cell type
100,000 to 10
million cells

500 to 50,000
freshly isolated
cells

Paired-end = MNase digests unprotected DNA
or Single-
end

Paired-end  DNase | cuts within unprotected DNA
or Single-
end

Paired-end  Based on the phenol-chloroform separation of nucleosome-
or Single- bound and free sonicated areas of a genome, in the
end interphase and aqueous phase respectively

Paired-end  Unfixed nuclei are tagged in vitro with adapters for NGS by
or Single- purified Tn5 transposase. Adapters are integrated into
end regions of accessible chromatin

Maps the total nucleosome
population in a qualitative and
quantitative manner

Maps open chromatin

Maps open chromatin

Maps open chromatin, TF and
nucleosome occupancy

1. Requires many cells.
2. Laborious enzyme titrations.

3. Probes total nucleosomal
population, not active regulatory
regions only.

4. Degrades active regulatory
regions, making their detection
possible only indirectly.

5. Requires 150 to 200 million reads
for standard accessibility studies of
the human genome.

1. Requires many cells.

2. Time-consuming and complicated
sample preparations.

3. Laborious enzyme titrations.

4. Requires 20 to 50 million reads for
standard accessibility studies of the
human genome.

1. Low signal-to-noise ratio, making
computational data interpretation
very difficult.

2. Results depend highly on fixation
efficiency.

3. Requires 20 to 50 million reads for
standard accessibility studies of the
human genome.

1. Contamination of generated data
with mitochondrial DNA.

2. Immature data analysis tools.

3. Requires 60 to 100 million reads
for standard accessibility studies of
the human genome.



Comparison of the main experimental

approaches
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DNase-seq

Hsu et al.,
Epigenetics in
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Comparison of the main experimental

approaches

‘g MNase-seq £ & &
* Each assay & DNase-seq A4 A
gives a different § ATACsea 4 O T
answer =
Sequencing
Closed region Closed region
Open region
: TF footprint
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Positive vs. negative measurements

* DNAse-seq relies on presence of signal (positive measurements) to map
accessible regulatory elements

* Mnase-seq relies on absence of signal (negative measurements) to map
accessible regulatory elements

Closed region Closed region

Open region
'V'Nase-seqm AAL
2020/01/13
DNase-seq
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ATAC-seq is an increasingly used approach

* ATAC-seq signal: intermediate between

DNase-seq and Mnase-seq signals: 5007 -@- ATAG.seq data
i ATAC-seq publication

» TF footprints are visible in ATAC-seq 400 DNase-seq data

signals § 300- FAIRE-seq data

£ MNase-seq data

. . . Z 200+
* Nucleosomes flanking an accessible region

can also be detected 100~ /

0l i

» | | |
2013 2014 2015 2016 2017 2018 2019
Year
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Emerging single-cell approaches to profile
chromatin accessibllity

» SCATAC-seaq:

. Esslentially performing ATAC-seq within tiny droplets, each containing a single
nucleus.

* sci-CAR:

« Randomly sorting cells in 384-well plates and indexing cells. Pool and repeat. After
several rounds, each cell has a unique combination of indices. Both RNA-seq and
ATAC-seq are performed on pooled cells and demultiplexing is done after

sequencing.
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Some semantics

Occupancy

hPosmomng v

* Accessibility

* nucleosome occupancy

* nucleosome positioning

Signal%:: A A Standard deviation\A

Positioning: [ High = Low:;_‘,‘t\-
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* Accessibility |
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bound to a region of DNA
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* Accessibility
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Some semantics

* Accessibility

* |s the absence of proteins
bound to a region of DNA

* nucleosome occupancy

* |s the presence of
nucleosomes bound to a
region of DNA

* nucleosome positioning Signal: A A el e g
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Some semantics

* Accessibility

* |s the absence of proteins
bound to a region of DNA

* nucleosome occupancy

* |s the presence of

nucleosomes bound to a

region of DNA

* nucleosome positioning

* |s the reproducible alignment
of nucleosomes over a
specific region of DNA
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Different assays for different analyses

® _ . Peak differential
D Nase Seq Peak caIImg coverage analysis De novo TF footprint
motif

. e L analysi
identification ya1s

* Mnhase-seq

® — . Peak di i
ATAC-seq  [ERSITS B RICEH By
motif

TF footprint

. e L analysi
identification ya1s
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Different assays for different analyses

Peak differential

° DNase_Seq Peak Ca”ing coverage analysis De novo

motif
identification

TF footprint
analysis

Differential
Nucleosome
nucleosome

* Mnase-seq calling Nucleosome

occupancy shifting

[ ATAC—Seq Peak calling Peak differential De novo

coverage analysis .
motif

identification

TF footprint
analysis

Differential
Nucleosome
nucleosome

calling Nucleosome
shifting

occupancy
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Different assays for different analyses

Peak differential

° DNase_Seq Peak Ca”ing coverage analysis De novo

motif
identification

TF footprint
analysis

Differential
nucleosome

* Mnase-seq calling Nucleosome Integration

BEEH NI shifting with ChIP-seq

and RNA-seq
data

Nucleosome

® ATAC—Seq Peak calling Peak differential e ot

coverage analysis .
motif

identification

TF footprint
analysis

Differential
Nucleosome
nucleosome

calling Nucleosome
shifting

occupancy
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ATAC-seq downstream analysis

* First steps: just like any other “1D” NGS library (i.e. classic coverage
enrichment assays, e€.g. ChiP-seq, RNA-seq, ...)

-

@ lDemuItiplexing

FASTQ files

2 lAIignment
BAM files

€) lFiItering and QC

Cleaned alignment files
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ATAC-seq downstream analysis

* Demultiplexing reads
» Adaptor trimming

» Fastq QC

* Alignment

* Filtering

 Alignment QC

» Peak calling

* Track generation
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ATAC-seq downstream analysis

* Demultiplexing reads
» Adaptor trimming

» Fastqg QC

* Alignment

* Filtering

 Alignment QC

» Peak calling

* Track generation

2020/01/13
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Introduction to ChlP-seq

lllumina pipelines
trim_galore
FastQC

bwa

samtools
samtools

yapc

bedtools



Peak callers

* Most peak callers were designed before the emergence of ATAC-seq
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Peak callers

* Most peak callers were designed before the emergence of ATAC-seq

* Few of them directly aim at identifying peaks in chromatin accessibility
signals
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Peak callers

 For instance, MACS2 primary goal is to find a model to shift single-end
reads toward the real TF’s position

Tag count

Position (bp)

2020/01/13

Introduction to ChlP-seq
Jacques Serizay



Peak callers

 Since the emergence of ATAC-seq, new peak callers were designed
with the identification of peak “shape” in mind.
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Peak callers

* YAPC (yet another peak
caller) computes the
second derivate of the
aggregated signal from
multiple bigwigs, then find
concave regions
(corresponding to peaks).
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Peak callers

* YAPC (yet another peak
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Peak callers

* YAPC (yet another peak
caller) computes the
second derivate of the
aggregated signal from
multiple bigwigs, then find
concave regions
(corresponding to peaks).
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Peak callers

* YAPC (yet another peak
caller) computes the
second derivate of the
aggregated signal from
multiple bigwigs, then find
concave regions
(corresponding to peaks).
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Annotating regulatory elements

« Annotating the function of accessible chromatin loci (e.g. promoters or
enhancers) is not straightforward
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Annotating regulatory elements

« Annotating the function of accessible chromatin loci (e.g. promoters or
enhancers) is not straightforward

 Often, relying on complementary RNA-seq data is helpful
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Associating distal regulatory elements to the
gene(s) they reqgulate

* Linking a regulatory element to the gene it regulates could be harder
that it might seem
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Associating distal regulatory elements to the
gene(s) they reqgulate

 Using single-cell ATAC-seq data, Cicero can be used to link distal

elements to their regulated genes
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