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What is ChIP-
Sequencing?

* Combination of chromatin
immunoprecipitation (ChIP) with ultra
high-throughput massively parallel
sequencing

* Allow mapping of protein—-DNA
interactions in vivo on a genome scale

Modified from Bionformatics.ca



Why ChIP-Sequencing?

* Current microarray and ChIP-ChIP designs require
knowing sequence of interest such as a promoter,
enhancer, or RNA-coding domain.

* Higher accuracy

* Alterations in transcription-factor binding in
response to environmental stimuli can be evaluated
for the entire genome in a single experiment.

Modified from Bionformatics.ca
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Chip-segChallenges

* Peak analysis %
— Peak detection n J
— Finding exact binding waphenas
sites e l.w..,,“.

* Comparing results of _A....-..“‘ shase o

different experiments ‘

— Normalization

- | -— e .
e

— Statistical tests

Peter J Park, Nature, 2009




ChIPseq overview
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7 - Peak calling
(MACS2)

1- Sequence trimming
(enmmematic)
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{tat)
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9 « Mote analysis
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(homer)
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Pseq: Input Data

desgn file
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1- Sequence trimming
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—_—
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Input Data: FASTQ

End 1 End 2

SKMC_Input_RI fastq.gz SKMC_Input_R2.fastq.gz

AGO09309_Input_RI fastq.gz AGO09309_Input_R2.fastq.gz

SKMC_H3K4me3_RI fastq.gz SKMC_H3K4me3_R2 fastq.gz

AG09309_H3K4me3_RI fastq.gz AG09309_H3K4me3_R2.fastq.gz

= 9

~ 10Gb each sample

| F—
AN T

@ERR127302.1 HWI-EAS350 0441:1:1:1055:4898#0/1
GGCTCATCTTGAACTGGGTGGCGACCGTCCCTGGCCCCTTCTTGACACCCA
.|.

4=B@D99BDDDDDDD : DD ? B<=?> 6 BF#HHAHHHHHHHH#HHHHHHHHHHHHH




Q=-10log 10 (p)
Where Q is the quality and p is the

probability of the base being incorrect.

What is a base quality?




QC of raw sequences

Project Detals  Samples (41)  Ubraries (32) HiSeq Read Sets (64)  Read Sets Search  Documents (0)  Assembles (0)
Uploaded Analyses (0)

B csv (B viewSetFimer [ Download Read Files { Help with icons

Read Sets (B4 elements)

m Nome Muliplex Run |Region QC Jiatus Number of

Koy reads

W24P Index 7 1177 4 IQc :o‘ 45373200 9.074656000 33 21674 100 biesiane)  bieseamB)
W2ie ndex 8 11774 | QC g 45066800 9.013360,000 33 17943 100 bleszTiB)  bHes13ME)
WPt ndex 9 11774 1 QCIg 70319214  14,063,842,800 33 175 100 Wos1MB)  b7oaEMs)
WIEP! Index & 1177 4 : QC :a 55,160,915  11,002,183,000 33 4447 100 WEs5E)  bs529MB)
WesPl ndex 9 11773 1 QC g 70276618 14,085,323800 33 1758 100 Woozane) Ho012M8)
W25 Index 8 1177 3 :oc:a 45097360 9019472000 33 18006 100 bles12M8)  blesaaue)
W24P ndex 7 1773  QC Ié 45502426 9,100,485200 33 21815 100 biiessTME)  bi4545MB)
WIEP1 Index 8 11773 1 QCg 55200201  11,088,040,200 33 1452 100 bIs54sME)  bliss2TME)




QC of raw sequences

low qualtity bases can bias subsequent anlaysis
(i.,e, SNP and SV calling, ...)




QC of raw sequences

Positional Base-Content




QC of raw sequences

Known Sequences

Burra Pared End Adapter 3p short () 462
Burna Matipienng Adapter 5 1)0.366
Barwna TraSeq Adapter 3 11006
Deal ndexed Adapter 3p 10057
0.00 1000 2000 300 800 %000 £0 00 7000 8000 50 00 2000
Reads (%)

Multi-Read Abundant Duplicates (14.45%)

ATCCTACGTTGOAGGATATC
GCAGGATATCATCCTALGTT «
ATCCTTATCTGOAGGATATC
GCAGGATATCATCCTTAICT |
ATCCTAGAGAGCAGGATATC
GCAGGATATCATCCTAGAGA
ATCOGTATACGCAGGATATC
COMATGCAGTGGATGCATC
ATGGTTGTTATCACAATTAT ¢

GOGATTTOCOCTGOAGOGCG

0 100 200 300 400 S00 600 700 B0 SO0 1000 1100 1200 1300 1400 1500 1600 1700 1800
Number of Reads

[l Most Bbendt dphcited no:\]




QC of raw sequences

Species composition (via BLAST)

Blast Results (20 elements)
| Species 'Hit Count
Il * Mus_musculus ' 89,696
-~ PREDICTED Mis~ ~ 2,898

Mouse_DNA 1,579

* TSA:_Anolis 1,217
Synthetic_construct 1,202

* Rattus_norvegicus 571
PREDICTED:_Rattus 463
PREDICTED:_Dasypus 245
PREDICTED:_ Cricetulus 238

'“ PREDICTED:_Ceratotherium 140
Xenopus_laevis 97

'“ TSA:_Nannochloropsis 74
Human_DNA 65

' Trachemys_scripta 61
Chain_2, 55

'® TSA:_Nothobranchius 54

" PREDICTED:_Odobenus 40

'" PREDICTED:_Nomascus 38
Chain_5, 37
Mus_musculus, 3




ChIPseq: trimming and
filtering

-
—]
desgn file
(<) 7 - Peak calling
(MACS2)
I i '-Ie:’z‘\':mc lr::r:ung l 4.0C uw‘a tag ?|N1:ones peaks negative peaks
aniers loatan doagrosis report
I I by design
- | (xds. out,.bed)
I riremed OC teads I Tags s2ats by sample
] LEpe ~
% p 4 cownt dstr,, Freg B - Gene annctation 9 - Mot analysis
tat) {ho=er) (homes)
2- Genome Algnment
(bwa, samiools, pecacd) g ——
Knowndde movo motif
3 - QC metrics ervichment Sos by
IR script) report by desgn desgn
algned { merged / Altered J {tat.csv.htmd) (et motil, g paf himil)

marked as duplicate reads

"4

: ; {sorted bam) QC plons by sample
ot : N - 10 - Computepict statistics
| (R script)
'| : 3 - Reod statistics 6 - Generate UCSC trachs
l [pert module) {Hemer) l
- ‘ *

Pots: Locaton of binaing skes,
distr. of peaks within exons or introns,
astr. of peak dustances red. to TSS,
peaks stats By design ()

Fead stotistics
(cav)

UCSC wiggie tracks

INLrom, exon, TS5 and
by sample tss distance statistics

(standacd wig.g2)

(csw)

L.

a2

11 - Generate report
(R package)




Read Filtering

* Clip lllumina adapters:

| Forward Read —> . Adapter

€ Reverse Read | . Valid Sequence

* Filter for read length 2 32 bp

Trimmomatic
usadellab.org



http://www.usadellab.org/cms/?page=trimmomatic

ChIPseq: mapping

desgn file
(cw)

1- Sequence trimming 4 . OC and tag drectories
(Enmmematic) {homer)

peaks negative peaks

doagrosis report
by design
s out, bed)

Tags stats by sample
GC content,

trisremed QOC reads
{fastq.g2)

avtocorrelation,
o count astr, Freq B - Gene annoctation 9 - Motd analysis
' tat) {hoemar) (homes)
I 2- Genome Alignment
(bwa, samiools, pecacd) v ——
I geneigencmae : Knowndde movo motif
I 3 « OC metrics entology enwichment ) ervichment Ses by
IR script) report by desgn n
I algned { merged / Altered J {tat cow. htmd) {txt, motil, g, gt himi )
marked as duplicate reads I
I\ {sorted bam) J QC ploks by sample
_. - - f 1 10 - Computeipict statistics
(R script)
3 - Reod statistics 6 - Generate UCSC trachs
(pert module) (Hemen) |
Plots: Loecation of binaing skes,
Read stotistics UCSC wiggle tracks Intron exon, tss and distr. of peaks within exons or introns,
(eav) by sample tss cistance statistcs i astr. of peak dstances red. to TSS,
(standacd wig.g2) (csw) peaks stats By design ()

a2

11 - Generate report
(R package)




Read Mapping

Mapping problem is challenging:

— Need to map millions of short reads to a genome

— Genome = text with billons of letters

— Many mapping locations possible

— NOT exact matching: sequencing errors and biological

variants (substitutions, insertions, deletions, splicing)

Clever use of the Burrows-Wheeler Transform
increases speed and reduces memory footprint

Used mapper: BWA
Other mappers: Bowtie, STAR, GEM, etc.



SAM/BAM

Control | .bam KnockDown | .bam
~ 10Gb each bam
Control2.bam KnockDown2.bam
SRRO13667.1 99 19 8882171 60 _ SRROI3667.1 99 19 8882171 60 76M =
| 76M =8882214 |19 8882214 119
NCCAGCAGCCATAACTGGAAT NCCAGCAGCCATAACTGGAATGGG
GGGAAATAAACACTATGTTCAA AAATAAACACTATGTTCAAAG

AG

* Used to store alighments
* SAM = text, BAM = binary

[ Read name ] [ Flag] { Reference Position ] {CIGAR] [ Mate Position

} / / S

SRRO13667.1 99 19 8882171 60 76M = 8882214 119
NCCAGCAGCCATAACTGGAATGGGAAATAAACACTATGTTCAAAGCAGA
Base Qualities | #>A@BABAAAAADDEGCEFDHDEDBCFDBCDBCBDCEACB>AC@CDB@>

X e

A 4

)




The BAM/SAM format

Picard

samtools.sourceforge.net picard.sourceforge.net

Sort,View, Index, Statistics, Etc.

$ samtools flagstat Cl.bam

110247820 + 0 in total (QC-passed reads + QC-failed reads)
0 + 0 duplicates

110247820 + 0 mapped (100.00%:nan%)

110247820 + 0 paired in sequencing

55137592 + 0 readl

55110228 + 0 read2

93772158 + 0 properly paired (85.06%:nan%)

106460688 + 0 with itself and mate mapped

3787132 + 0 singletons (3.44%:nan%)

1962254 + 0 with mate mapped to a different chr

738766 + 0 with mate mapped to a different chr (mapQ>=5)
$



http://picard.sourceforge.net
http://samtools.sourceforge.net/

ChIPseq: metrics
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desgn file
Raw reads
(faseq gz) (cw) 7 - Peak calling
(MACS2)
1- Sequence trimming 4 . OC and tag drectories
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doagrosis report
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trisremed QOC reads
GC content,

{fastq.g2)

sutocorrelation,
count astr, Freq B - Gene annoctation 9 - Motd analysis
) {hoeer) (Momes)
2- Genome Alignment
(bwa, samiools, pecacd) y———
gene\gencee | Known/de movo motif
3 « OC metrics enLology enric hment § ervichmert Sles by
IR script) report by desgn n
algned { merged / Altered J {tat csw himd) (txt,_motil, g paf himi)
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{sorted bam) QC plons by sample
oS N - - 10 - Compute/pict statistics
(R script)
3 - Reod statistics 6 - Generate UCSC trachs
(pert madule) {Homer) l

L4

Plots: Loecation of binaing skes,
Intron, exon, t5s and distr. of peaks within exons or introns,

UCSC wiggie tracks

Read stotistics

[ S

(eav) by samgle tss distance statistcs Astr. of peak dstances rel. to TSS,
(standacd wig.g2) lcsw) peaks stats by design ()
N N BN N . - , =
a2
11 - Generate report
(R package)
Final Report

{hemi)




Metrics

' *We implemented a small perl library that
collects the trimming metrics (from
trimmomatic) and the alignment metrics

(samtools flagstats)

GET FULL TARL

Table 2. Per sarple trissrmiog sond aligrestent sLehe

SampleName Nb. QU Passed Reads Nb Aligned. Reads  Nb.Duplicate. Roads pet.Aligned pet.Duplicace
UW_ChipSeq SKMC_HIKamed 50157061 27850634 0 94 7204816754415 ©
UW_ChipSeq SKMC_Trgen 26068656 25384850 7.41235311586857 0

Table 3. Per lane srimming and dligament statistics

SampleName
UW_ChipSeq SKMC_HIKamed X_X GSMS25214 23611562 22853319

UW_ChipSeq SKMC_HIKame3 XY GSMMN5214 26506000 24596715
26053656 53485

Nb,QCPassed Reads Nb Algned.Reads Nb.Duplicate.Reads  pet.Aligoed  pet.Duplicate
96 90DE2MGTYS O
92. 7264691276316 ©
UW_ChipSeq SKMC Inper X_X GSM9N5161 17, 4123531158857 ©




ChIPseq: QC and tag
directory
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count dstr,, Freq B - Gene annctation 9 « Motd analysis
(tat) {hoear) (homer)
2- Genome Alignment

(bwa, samiools, pecacd)

[ —————_

» L
4| M| Knowndde movo motif
Y ll ‘ 3 - OC metrics ervichment ey by
| IR script) report by desgn desgn
i abgned { merged / Altered J {tat csw htmd) {txt, motl, gri, g himi )
W marked as duplicate reads
\ ;(/ {sorted bam) ‘ QC ploes by sample
Ly i/ \ [ ’l 10 - Computeipict statistics
" ¥ - -~ -_------ '““nm)
'| : 3 - Reod statistics 6 - Generate UCSC trachks
l (pert madule) {Hemer) l
2 | *
.y PMots: Locaton of binaing skes,
Fead stotistics UCSC wiggie tracks Introm exon, tss and distr. of peaks within exons or introns,
(cav) by sample tss distance statistics astr. of peak dstances rel. to TSS,
(standacd wig.g2) (csw) peaks stats by design ()
2 i

11 - Generate report
(R package)




Homer - QC and tags

o During this phase several important parameters are
estimated that are later used for downstream

analysis, such as the estimated length of ChIP-Seq
fragments

* Homer transforms the sequence alignment into
platform independent data structure representing
the experiment.

— Clonal Tag Counts

— Sequencing Fragment Length Estimation (tag autocorrelation)

Sirrpde Tormbiratorm of Lre sge - Owterrrrrasyg Ty acvsc rigfho=
"

Pririe coar Repiaticy Blarveits Regua e %
Macrophage arnd B Cel KSermtaes




HOMER - Clonal tag count

Ideal Sconicated ChIP-Seq Experiment

G 100%
§ 90% 1
5 80%
£ 70%
L
E 60%
<)
¢ S0%
O 40%
C 30% -
B
£ 20%
F 10%
-
0% v - v . .
1 2 3 4 S 6 7 8 9 10
Number of Tags per Genomic Position
"Clonal" Sonicated ChlP-Seq Experiment

30%
v
<
2 25%
]
&
u 20% -
5
5 15% -
&)
S 10% -
|
=]
T 5% -
[
“.

0%

1 2 3 4 S 6 7 8 g9 10

Number of Tags per Genomic Position

Modified from http://biowhat.ucsd.edu/homer/chipseqg/qc.html



http://biowhat.ucsd.edu/homer/chipseq/qc.html

HOMER - Sequencing
Fragment Length Estimation

* The specific size of fragments sequenced for a given experiment
can be very important in extracting meaningful data and
precisely determining the location of binding sites.

ChiP-Seq Tag Autocorrelation (Esrrb, ES cells)

18000 ., '
Tag Autocorrelation - | — e S [+ o Wik
: 1600 ! e
Schematic | 0300
v 14000
L > p £ 1200
< < < 3 0
e g 10000 Fragment Length Estmate
<t e
- S 8000 \'
— L : \
G o g 6000 Peak Width Estimate
2000 Background Estimate
0.

-300 -200 -100 0 100 200 300 400

Distance from reference tag (bp)

Modified from http://biowhat.ucsd.edu/homer/chipseqg/qc.html



http://biowhat.ucsd.edu/homer/chipseq/qc.html

ChIPseq: Generate
UCSC tracks

-
ol
design file -
(<) 7 - Peak calling
(MACS2)
e+ b o on Ko peaks negative packs
) @agrosis report
by design
Lx¥s_out, . bed)
rieremed OC reads Tags stats by sample
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2- Genome Algnment
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{sorted bam)
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(R script)
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Pots: Locaton of binaing skes,
distr. of peaks within exons or introns,
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\

| P—
o —

/

3 - Reod statistics
(pert module)

6 - Generate UCSC trachs
{Hemer)
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UCSC wiggie tracks

by sample
(standacd wig.g2)

Introm exon, tss and
tss distance statistics

(csw)

-_— .-

0
0
\

Aum BN BN BN EEE B B .
L.

a2

11 - Generate report
(R package)




HOMER - UCSC
visualisation

y * It approximates the ChlP-fragment density at each
position in the genome. This is done by starting with
each tag and extending it by the estimated fragment
length.

* The ChlP-fragment density is then defined as the total
number of overlapping fragments at each position in
the genome

Modified from http://biowhat.ucsd.edu/homer/chipseq/ucsc.html



http://biowhat.ucsd.edu/homer/chipseq/ucsc.html

ChIPseq: Peak calling

‘ ‘—:—:—:E———h

7 - Peak calling
(MACS2)

desgn file
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o) iy e peata.segative pasks
P doagrosis report

by design
s out, bed)

—--§

trisvemed OC reads Tags s2ats by sample \
GO contort, b
avtocorrelation,
count astr, Freq B - Gene annoctation 9 - Motd analysis
tat) {hoear)

{fastq.g2)

2- Genome Alignment
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—_—
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report by design
{tat csv hitmd)
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3 « OC metrics
IR script)
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{txt,_ motil, g paf himi )
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- - 10 - Compute/pict statistics
(R script)
3 - Reod statistics 6 - Generate UCSC trachs
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v

Read stotistics
(cav)

Plots: Loecation of binaing skes,
distr. of peaks within exons or introns,
astr. of peak datances red. to TSS,
peaks stats By design ()

UCSC wiggie tracks Introm exon, s and

133 aistance statistics N

by sampile

(standacd wig.g2) lcsw)

L.

a2

11 - Generate report
(R package)




MACs?2

« Negative peaks file is not generated in MACS2, since
MACS use g-value to replace empirical FDR (MACSI.4).

« eFDR is calculated by calling negative peaks as false positives

« Thus to generate a negative peak list, an additional design with the
group indicators inversed must be added

Files generated with MACS2:
* designName.diag.macs.out

* designName_model.r

* designName_peaks.bed

e designName_peaks.encodePeak

* —
* designName_peaks.xls, GenomeBnoIogyi.,.
 designName_summits.bed [ TR e | o | ot b o | ey | s |
-~ L —

Model-hased Analysis of ChIP-Sag (MMS)

L L LI S L N T PR TR P L Y R
Doy 1 Barmunn (00l Bbann  Bu el @ Bary’ Wpkes Mown W
Ry e




ChIPseq: Gene

t .
=)
design file
(cwv) 7 - Peak calling
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1- Sequence trimming 4 . OC and tag drectories
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doagrosis report
by design
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{tat)
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9 - Mote analysis
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{homar)

2- Genome Alignment
(bwa, samiools, pcacd)

Knowndde movo motif
ervichmert Sles by

3 « OC metrics
IR script)

report by design
{tat csw htmd)

algned | merged / Alternd
marked as duplicate reads

desqgn
{txt, motl, g paf himi)

---’

,—--g

{sorted bam) QC plots by sample
£ . 10 - Compute/pict statistics
(R script)
3 - Reod statistics 6 - Generate UCSC trachs
[pert module) {Homen) l

Plots: Loecation of binaing skes,
distr. of peaks within exons or introns,
astr. of peak dustances red. to TSS,
peaks stats By design ()

Fead stotistics
(cav)

UCSC wiggie tracks
by sample

Introm exon, tss and
tss aistance statistics i

(standacd wig.g2) lcsw)

L.

a2

11 - Generate report
(R package)




HOMER - annotation

It efficiently assigns peaks to one of millions of
possible annotations genome wide (refSeq):

— TSS (by default defined from -1kb to +100bp)

— TTS (by default defined from -100 bp to +1kb)

— CDS Exons

— 5'"UTR Exons

— 3'UTR Exons

— Introns

— Intergenic

In addition HOMER can perform Gene Ontology
Analysis

Modified from http://biowhat.ucsd.edu/homer/ngs/annotation.html



http://biowhat.ucsd.edu/homer/ngs/annotation.html

HOMER - annotation
outputs

Files generated for each design:

* designName.annotated.csv
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ChIPseq: Motif analysis
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HOMER - Motifs

' » De Novo and Known motif analysis:

— It tries to identify the regulatory elements
that are specifically enriched in on set
relative to the other.

— It uses ZOOPS scoring (zero or one
occurrence per sequence) coupled with
the hypergeometric enrichment
calculations (or binomial) to determine
motif enrichment.

— It also tries to account for sequenced bias

in the dataset
Modified from http://biowhat.ucsd.edu/homer/motif/index.html
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HOMER - Motifs output

* File generated for each design:
— homerResults.html

— knownResults.html
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Modified from http://biowhat.ucsd.edu/homer/ngs/peakMotifs.html
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ChIPseq: Plots
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Home-made Rscript

Plot the Following Statistics:
—Location of binding sites
—Distribution of peaks within introns
—Distribution of peaks within exons
—Distribution of peaks distances relative to TSS
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ChIPseq: Generate report
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Home-made Rscript

Generate report

— Noozle-based html report that contains
description of the analysis as well as
various QC summary statistics, main
references of the software and methods
used during the analysis and the list of
processing parameters

Files generated:

— FinalReport.html, links to peaks,
annotation, motifs, gcstats

For examples of report generated while
using our pipeline please visit our website




