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Definition 

 ChIP-seq is short for 

chromatin immuno-precipitation followed 
by sequencing

 It provides quantitative, genome-wide view 
of DNA- protein binding events



ChIP-Seq – Lecture Outline

 Experimental issues: how is a ChIP-Seq
experiment done?

 Analysis of the sequence data: how to 
detect the binding regions?

 Downstream analysis: how to extract the 
regions biological relevance?



Transcription Regulation

Characterize DNA-protein interactions in 
vivo, such as:

 TF to promoter or enhancer 

 RNA polymerase II

 Modified histones



www.itsjustabadday.com



ChIP – How is it done?

ChIP is a technique that 
permits to

 “Freeze” the protein-
DNA binding events 
inside the cell nucleus 

 Use antibodies to 
extract the DNA bound 
by a specific protein 

Barski and Zhao J Cell Biochem. 2009 May 1;107(1):11-8(2009)



CSHL 2009 Shirley Liu

Chromatin ImmunoPrecipitation 
(ChIP)



CSHL 2009 Shirley Liu

TF/DNA Crosslinking in vivo



CSHL 2009 Shirley Liu

Sonication (~200bp)



CSHL 2009 Shirley Liu

TF-specific Antibody



CSHL 2009 Shirley Liu

Immunoprecipitation



CSHL 2009 Shirley Liu

Reverse Crosslink and DNA 
Purification



ChIP High-throughput technology

Discover the DNA binding regions in the 
genomic scale

Next Generation 
Sequencing

DNA Microarrays

ChIP-Chip ChIP-Seq

1

More attractive mostly for 
vertebrates and mammals 
where promoter chips are 
not sufficient to study 
regulation. 
NGS in comparison has a 
wider dynamic range and 
better base-resolution.



NGS Technologies

454 
(Roche)

Illumina
HiSeq2500

Solid 
(ABI)

Seq 
method

Pyro-
sequencing

Seq-by-
Synthesis 
(SBS)

Seq by 
oligo 
ligation



Experimental Design

 ENCODE consortium’s Standards, 
Guidelines and Best Practices 
Genome Res. 2012 Sep;22(9):1813-31. doi: 

10.1101/gr.136184.111.

ChIP-seq guidelines and practices of the 
ENCODE and modENCODE consortia.

 Consult with the person who will 
analyse the data before 
performing the experiment

 Kick-off meeting



Types of ChIP Controls

 “Input” DNA before IP

 “Mock” IP with no antibody

 IP with Pre-Immune Serum 

 IP with a non-relevant antibody

 IP with knock out (cells without 

the relevant protein)

 Control should be same cell and 

condition as the IP in order to 

account for genetic and 

epigenetic features 
“control” 

Nat Rev Genet. 2009 10(9): 605–616.

“treatment” 



Why Do I Need a Control Sample?

 Majority of DNA sequenced in a ChIP reaction 
is background, the IP is an enrichment method

 We will have a lot of biased DNA fragments 
that did not bind our protein of interest
 DNA that is more prone to breakage (open-

chromatin regions)

 Specific amplified DNA in the genome we sequence 
(but not in the reference genome) 

 Artificially high signal in some types of repeat 
regions such as satellite, telomeric and centromeric
repeats 

 Other technical or sequence bias

 Need to have a control!  



Other Experimental Design Issues
 Use validated antibody maybe even two 

different antibodies

 Need to have biological replicates

 If we have a good reference genome 
(mouse, human…) no need to sequence long 
reads (>50 bases) and no need in paired-
end sequencing 

 How much reads (sequences) per sample?

PE 50
PE 100
SE 50
SE 100



Coverage Required - Types of Peaks

Feng et al. Nature Protocols 7, 1728–1740 (2012)

uniquely aligned readSharp Peaks Broad peaks

mammalian cells 10M 15-20M

flies and worms 2M 5-10M

H3K4me3
(promoter 
regions)

H3K36me3 
(exon
regions)

ENCODE recommendations: 
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From Sequences to Mapped Reads

 Mapping million of 
sequences- reads:  

find their best alignment to 
the genome

 Instead of sequence we 
have coordinates and 
orientation (bed file)

 Usually exclude sequences 
that map to more than one 
location on the genome

chr1    3000648 3000686 seqname 10      -

chr1    3000648 3000686 seqname 12      -

chr1    3001567 3001605 seqname 1       -

chr1    3002166 3002204 seqname 8      +

chr1    3002737 3002775 seqname 70      +

chr1    3003271 3003309 seqname 4      +

Mapped Reads – bed format



Bioinformatics Challenge–
Detecting the Binding Regions 

View mapped reads in a genome browser

Application note Nature Methods 6, (2009) 



ChIP-Seq
Bimodal distribution

Kharchenko at al. Nature Biotechnology 26, 1351 - 1359 (2008)





MACS
Building peak model
 Uses `high-quality' peaks to 

estimate fragment width d

 Searches for highly 
significant enriched regions 
(above a certain fold) 

 Separates +/- reads and 
detects the distance 
between the +/- read 
distribution

 Shifts all reads d/2 towards 
the 3' end



How to Assess If a Peak is 
Significant?



Poisson distribution
 MACS models the reads distribution along 

the genome by a Poisson distribution

 The Poisson distribution is a discrete 
probability distribution that expresses the 
probability of a number of events 
occurring in a fixed area, if these events 
occur with a known average rate 
and independently.  (wikipedia) 



Poisson Distribution

 The Poisson distribution is sometimes 
called the law of small numbers because 
it is the probability distribution of the 
number of occurrences of an event that 
happens rarely but has very many 
opportunities to happen.



Peak Detection

 MACS models the reads distribution along 
the genome by a Poisson distribution
 We are counting reads in a fixed region 

 We can compute the expected (mean) number 
of events, i.e. number of reads in a specified 
region: 

lBG = total read counts / effective genome size

 The expectation is a small number

 We have many reads 

 In this model λBG is also the variance of 
the distribution 



Poisson Distribution Probability

P(k; l) = 

Is the probability of 
observing k, for 
which l is the 
expectation  

http://en.wikipedia.org/wiki/Poisson_distribution



Peak Detection

ChIP-Seq show local biases in the genome
Chromatin and sequencing bias

CSHL 2009 Shirley Liu



Peak Calls

 The expected number of reads is 

 lBG = total read counts / effective genome size

 Since ChIP-Seq data show local biases in the 
genome, a local expected value is calculated 
for each peak!

Dynamic llocal = max(lBG, [lctrl, l1k,] l5k, l10k)
ChIP
Control
1kb
5kb
10kb

MACS: Zhang et al, Genome Biol 2008



MACS 
FDR (False Discovery Rate)

FDR is calculated by: 

 Swapping the control and treatment data

 Calculating p-values for these 'negative 
peaks‘

 Calculating the FDR for a certain p-value

%FDR=(Number of ‘negative peaks’/Number of CHIP peaks) *100

Example:  10 / 100 * 100 = 10% FDR

• Can we apply this method when comparing 2 biological 
conditions?

• Problem – unbalanced number of reads control-treatment



Redundant Reads - Tags

 Over amplification of ChIP-DNA by PCR may cause 
the same original DNA fragment to be sequenced 
repeatedly

 MACS removes the redundant reads i.e. reads at the 
exact same genome location and the same strand if 
their number exceeds the expected redundancy.  

 Expected is based on the genome size and the number 
of reads.

 ENCODE guidelines- should have non-redundant 
frequency >=0.8  



Nature Protocols 7, 1728–1740 (2012)



MACS Peak Information (.xls)

chr start end length summit tags -10LOG10 

*(pvalue)
Fold 

enrich

ment

FDR 

(%)

chr1 4838075 4838758 684 278 68 459.98 42.53 0.84

 Summit
peak summit position related to the start position of peak region, 

 Tags
number of tags-reads in peak region

 -10*log10(pvalue) 
a PHRED like quality score for the peak region e.g. this value would 

be 100 for a p-value of 1e-10 
 Fold enrichment 

 for this region against random Poisson distribution with local l



MACS: Shifted Wiggle Files

Shifted reads displayed as a 
coverage signal

Wiggle format example

variableStep chrom=chr1
1 0

2 2

3 3

4 5

5 6

6 6

7 6

8 6

9 6

10 6

11 6

12 6

13 4

14 3

15 1



MACS Sampling for 
Sequencing Saturation

Macs produces a diagnosis report  to test whether 
saturation in peak detection has been reached.

cover by 

sampling 

FC 

rang

e

# of 

Peak

s 90% 80% 70% 60% 50% 40% 30% 20%

0-10 2502 66.7554.6444.1236.3329.2618.9 14.198.87

10-

20 1374 89.2383.0473.6566.0154.9540.1725.9114.63

20-

30 35 100 100 100 100 100 91.4377.1462.86

30-

40 1 100 100 100 100 100 100 100 100

Standards: one should detect 99% of the peaks that show at 
least 2-fold enrichment over control with 90% of the data



Peak Counts Depend on Sequencing Depth

Genome Res. 2012 Sep; 22(9): 1813–1831.



Biological Replicates ENCODE 

 Biological replicates are required for each dataset

 Criteria to decide that the biological replicates are 
in agreement-
 The number of targets identified for each replicate cannot 

differ by more than a factor of 2

 Irreproducible discovery rate (IDR) 
For submission to ENCODE, we currently require that the number of bound 
regions identified in an IDR comparison between replicates to be at least 
50% of the number of regions identified in an IDR comparison between two 
“pseudoreplicates” generated by pooling and then randomly partitioning all 
available reads from all replicates (Np/Nt < 2)

 Reads from replicates which meet these criteria are 
usually combined and the data rescored.

 If requirement is not meet a third replicate is 
required. 



How to Run MACS

 As a command line program (on a 
Linux server - exercise) 

 Web portals such as: 
 GALAXY (public)

 CISTROME (public)

Disadvantage - They require you 
to load the mapped reads takes a  
LONG TIME; Usually do not run 
the latest version of MACS.

 Chipster



Public 
Tools for 
ChIP-Seq 
Analysis
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Loading to a Genome Browser

control

treat



TF Motifs Tools
Suppose I have the list of enriched genomic 

regions, what next? 

 Find the TF binding motifs enriched in 
comparison to genomic background

 Predict the TF motif 

Recommended portals: 

 MEME-ChIP (public)

 Homer (command line)

 Cistrome (public- SeqPos)

 Genomatix

 Chipster



CEAS: Enrichment of Genome Features

http://cistrome.dfci.harvard.edu/ap/

http://cistrome.dfci.harvard.edu/ap/


Functional Interpretation
 Which processes and functions does our TF 

regulate?
 Associate peaks with genes

 Associating only proximal genomic regions to 
genes (<5 kb) – for most TF ignores a large 
fraction of binding data 

Nature Biotechnology 28 , 
495–501 (2010)



Functional Interpretation
 Some genes are found in “gene deserts” and 

therefore the regulatory genomic region we 
can assign to them is large (<1Mb)

.



In Which Processes and Functions 
is Our TF Involved?

Associating Peaks-Genes-Ontology

 Ontology term 1: gene1,gene2,gene3 …

 Ontology term 2: gene2,gene5,gene8 …

 …

 Are my peaks located near genes 
enriched for certain ontology terms?



 GREAT’s genomic region-based 
statistical test

 The probability of hitting a term is 
calculated as the fraction of the 
genome that is associated with that 
term



GREAT ANALYSIS



Nature 
Biotechnology 
28 , 495–501 
(2010)



Gene List Enrichment Test

The hypergeometric test is the standard gene 
enrichment test for gene lists (such as 
differential gene lists from microarray 
expression studies).   

The hypergeometric p-value equals the probability 
of choosing x from K (red balls- genes with a 
certain ontology)  when randomly drawing M 
genes from the genome with N genes. 

X



Binomial vs Hypergeometric 

statistical test 
calculated for a set of 
genomic regions

GREAT expects 33% of 
all input peaks to be 
associated with 
‘multicellular organismal
development’ 

statistical test 
calculated for a set of 
genes

A gene based approach 
would expect 14% of the 
genes near peaks to be 
associated with 
‘multicellular organismal 
development’ 

Why do we have this discrepancy? 



Significant in both 
tests: specific and 
accurate -supported by 
multiple genes and 
binding events

Significant by 
binomial test: 
many peaks near 
few genes

Nature Biotechnology 
28 , 495–501 (2010)

GREAT Uses Both the 
Hypergeometric and the Binomial Test

Significant by 
hypergeometric : 
general terms arising 
from genes with large 
regulatory domains



Ontologies Included in GREAT

Currently, GREAT includes 

 Gene Ontology (GO) 

 Ontologies covering phenotypes and 
human disease

 Pathways

 Gene expression

 Regulatory motifs

 Gene families 
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Exercise

 Run MACS2 (command line)

 Compare peaks from two IP replicates

 Annotate the peaks using CEAS and 
GREAT

 View the mapped reads and peaks with a 
genome browser (IGV) 




