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ChIP-seq Data Analysis 

q  Day	1:	ChIP-seq	Background	and	Concept	
	 				--	ChIP-seq	Protocol	
	 				--	Quality	Control	and	Guidelines	

																			--	ChIP-seq	data	from	sequence	read	archive	(SRA)	
q  Day	2:	ChIP-seq	data	analysis	workflow	

	 				--	Bowtie2	Alignment	
	 				--	MACS2	Peak	calling	

																			--	IGV	genome	visualization	
q  Day	3:		Peak	Annotation	and	Functional	Analysis	

	 				--	CEAS:	Cis-regulatory	element	annotation	system		
	 				--	BEDTools	for	genome	arithmetic	
	 				--	HOMER	peak	annotation,	functional	and	motif	analysis	

																			--	GREAT	
														



ChIP-seq Data Analysis Workflow 
sequence reads (fastq) 

quality control fastqc, cutadapt, trimmomatic   

alignment to genome bwa,	bowtie,	bowtie2		

Filter aligned reads    samtools,	sambamba,	picard	

peak calling    macs2,	homer,	SPP			

quality 
assessment visualization    Motif discovery     compare 

peak results    
annotation, function 

enrichment     
DiffBind, edgeR,  
DESeq2, limma 
Bedtools 
MACS2 bdgdiff 
Homer 

IGV 
UCSC Genome Viewer 

Ceas, Homer 
Great 
ChIPseeker 

Homer 
MEME 

Phantompeakqualtools 
Homer 
ChIPQC 
IDR 



FastQ File Format 
http://en.wikipedia.org/wiki/FASTQ_format 



Align Reads to Reference Genome 

BWA performs gapped alignments and can be used to detect indels and 
SNPs.  BWA is generally used for DNA projects 
 
Bowtie doesn’t perform gapped alignments.  It runs faster and requires 
smaller memory footprint. 
 
Bowtie2 is fast and can perform local and gapped alignment.  It 
performs better for reads longer than 50bp. 



Bowtie 2 
https://bowtie-bio.sourceforge.net/bowtie2/manual.shtml 



Bowtie 2 Alignment Program 

https://bowtie-bio.sourceforge.net/bowtie2/manual.shtml 



Bowtie2 Sam Output 



Download hg19 bowtie2 index to hoffman2 
 
% cd ~/myscratch/workshop 
% wget https://genome-idx.s3.amazonaws.com/bt/hg19.zip 
% unzip hg19.zip 
	



ChIP-seq Read Alignment and Filtering 

•  Run bowtie2 in hoffman2 cluster 
•  Filter reads aligned to chrM, unlocalized (random) and 

unplaced (chrUn_) chromosomes and reads aligned to 
genome more than once (reads contain “XS” tag in the 
sam output) 

•  Use samtools program to: 
 --convert and sort bowtie2 output to bam files 



Bowtie2 Alignment 
Run bowtie2 in hoffman2 cluster  
 
% qrsh –l h_rt=4:00:00,h_data=4G –pe shared 4 
% cd ~/myscratch/workshop 
% module load bowtie2 
% bowtie2 -p 4 -x hg19 -q INP_30m_IFNa.fastq --local --no-unal -k 1 -S INP_30m_IFNa.sam &>INP_30m_IFNa.log 
% bowtie2 -p 4 -x hg19 -q INP_6h_IFNa.fastq --local --no-unal -k 1 -S INP_6h_IFNa.sam &>INP_6h_IFNa.log 
% bowtie2 -p 4 -x hg19 -q STAT1_30m_IFNa.fastq --local --no-unal -k 1 -S STAT1_30m_IFNa.sam &>STAT1_30m_IFNa.log 
% bowtie2 -p 4 -x hg19 -q STAT1_6h_IFNa.fastq --local --no-unal -k 1 -S STAT1_6h_IFNa.sam &>STAT1_6h_IFNa.log 
 

 

The above commands can also be run in a shell script: 
% cp /u/scratch/w/wyan/workshop/bowtie2Align.sh ~/myscratch/workshop 
% cd ~/myscratch/workshop 
% ./bowtie2Align.sh INP_30m_IFNa 
% ./bowtie2Align.sh INP_6h_IFNa 
% ./bowtie2Align.sh STAT1_30m_IFNa 
% ./bowtie2Align.sh STAT1_6h_IFNa 
  



Bowtie2 Alignment Output 
% bowtie2 -p 4 -x hg19 -q INP_30m_IFNa.fastq --local --no-unal -k 1 -S INP_30m_IFNa.sam &>INP_30m_IFNa.log 
 
INP_30m_IFNa.sam:  alignment result in sam format 
INP_30m_IFNa.log: summary of alignment result (mapping rate) 

https://bowtie-bio.sourceforge.net/bowtie2/manual.shtml#sam-output 



Sequence Alignment/Map (SAM) Tools 



Filter Aligned Reads and Convert Alignment Format 
Filter non unique mapped reads (read with XS tag in the sam output), reads aligned to chrM,  
unlocalized (random) and unplaced (chrUn_) regions 
 
% module load samtools 
% cat INP_30m_IFNa.sam |grep -v 'chrM\|chrUn\|random\|XS' >INP_30m_IFNa_filter.sam 
 
Use samtools program to perform “sam to bam” conversion and then sort bam files 
 
% samtools view -@ 4 -bS INP_30m_IFNa_filter.sam |samtools sort -@ 4 - >INP_30m_IFNa.bam!
!
@ 4 - >INP_30m_INFa.bam !

 
 
 
Or Combine above commands into a shell script and run for each sample 
 
% cp /u/scratch/w/wyan/workshop/processSam.sh ~/myscratch/workshop 
% ./processSam.sh INP_30m_IFNa 
% ./processSam.sh INP_6h_IFNa 
% ./processSam.sh STAT1_30m_IFNa 
% ./processSam.sh STAT1_6h_IFNa 
 
 
 



Normalize aligned reads for equal coverage 
 
1. Count number of reads for each sample 
% module load samtools 
% samtools view -c INP_30m_IFNa.bam 
% samtools view -c INP_6h_IFNa.bam 
% samtools view -c STAT1_30m_IFNa.bam 
% samtools view -c STAT1_6h_IFNa.bam 

	

2.	Subsample input controls to 11million reads 
% samtools view -s 0.58 INP_30m_IFNa.bam -b >INP_30m_IFNa_11e6.bam 
% samtools view -s 0.58 INP_6h_IFNa.bam -b >INP_6h_IFNa_11e6.bam 
% samtools view -c  INP_30m_IFNa_11e6.bam 
% samtools view -c  INP_6h_IFNa_11e6.bam 



http://www.nature.com/nprot/journal/v7/n9/pdf/nprot.2012.101.pdf 



Model-based Analysis of ChIP-seq (MACS) 

ü  Removing redundant reads: MACS retains no 
more than one read per genomic location 

ü  Building the peak model: Reads that map to 
the positive and negative strands often appear 
to the left and right of the protein-DNA 
interaction location. 

ü  Calculate peak enrichment using local 
background normalization 

	



Install MACS2 
% pip install MACS2 
% ls $HOME/.local/bin 
 
macs2 should be in $HOME/.local/bin 



MACS2 Peak Calling 

-t  ChIP-seq treatment file 
-c  ChIP-seq control file 
-f  input file format 
-g  genome size 
-n  output file name 
-q  minimum FDR (q-value) cutoff for peak detection 
-B (--bdg)  save pileup pileup result into a bedGraph file 
		



MACS2 Peak Calling	
Call peaks with macs2 and make model plots 
 
% module load python 
% module load R 
% cd ~/myscratch/workshop 
% $HOME/.local/bin/macs2 callpeak -t STAT1_30m_IFNa.bam -c INP_30m_IFNa_11e6.bam -g hs -n STAT1_30m_IFNa -f BAM -q 0.05 --bdg 
% $HOME/.local/bin/macs2 callpeak -t STAT1_6h_IFNa.bam -c INP_6h_IFNa_11e6.bam -g hs -n STAT1_6h_IFNa -f BAM -q 0.05 --bdg 
% Rscript STAT1_30m_IFNa_model.r 
% Rscript STAT1_6h_IFNa_model.r 



https://github.com/macs3-project/MACS/blob/master/docs/callpeak.md 





MACS2 Outputs 



Reformat MACS2 output files for Downstream Analysis and Visualization 

Get peaks in 4 column bed format for downstream analysis, such as CEAS and GREAT 
analysis 
% cd ~/myscratch/workshop 
% cut -f 1,2,3,4 STAT1_30m_IFNa_peaks.narrowPeak >STAT1_30m_peaks.bed 
% cut -f 1,2,3,4 STAT1_6h_IFNa_peaks.narrowPeak >STAT1_6h_peaks.bed 
 
Convert bedGraph (bdg) to BigWig (bw) file  
% cd ~/myscratch/workshop 
% wget http://hgdownload.soe.ucsc.edu/admin/exe/linux.x86_64/bedGraphToBigWig 
% chmod u+x bedGraphToBigWig 
% wget https://hgdownload.cse.ucsc.edu/goldenpath/hg19/bigZips/hg19.chrom.sizes 
% ./bedGraphToBigWig STAT1_6h_IFNa_treat_pileup.bdg hg19.chrom.sizes STAT1_6h_IFNa_treat_pileup.bw 
% ./bedGraphToBigWig STAT1_30m_IFNa_treat_pileup.bdg hg19.chrom.sizes STAT1_30m_IFNa_treat_pileup.bw 
% ./bedGraphToBigWig STAT1_6h_IFNa_control_lambda.bdg hg19.chrom.sizes STAT1_6h_IFNa_control_lambda.bw 
% ./bedGraphToBigWig STAT1_30m_IFNa_control_lambda.bdg hg19.chrom.sizes STAT1_30m_IFNa_control_lambda.bw 
 

Copy results to local computer 
Open a new terminal in local computer 
 
% cd $HOME/Desktop 
% scp hoffman2.idre.ucla.edu:~/myscratch/workshop/STAT1_30m_IFNa_model.pdf ./ 
% scp hoffman2.idre.ucla.edu:~/myscratch/workshop/STAT1_6h_IFNa_model.pdf ./ 
% scp hoffman2.idre.ucla.edu:~/myscratch/workshop/STAT1_30m_IFNa_peaks.narrowPeak ./ 
% scp hoffman2.idre.ucla.edu:~/myscratch/workshop/STAT1_6h_IFNa_peaks.narrowPeak ./ 
% scp hoffman2.idre.ucla.edu:~/myscratch/workshop/STAT1_30m_IFNa_control_lambda.bw ./ 
% scp hoffman2.idre.ucla.edu:~/myscratch/workshop/STAT1_30m_IFNa_treat_pileup.bw ./ 
% scp hoffman2.idre.ucla.edu:~/myscratch/workshop/STAT1_6h_IFNa_control_lambda.bw ./ 
% scp hoffman2.idre.ucla.edu:~/myscratch/workshop/STAT1_6h_IFNa_treat_pileup.bw ./ 
  



MACS2 Outputs 

NRF Complexity 
NRF < 0.5 concerning 

0.5  acceptable 

0.5 ≤ NRF ≤0.9 compliant 

NRF >0.9 Ideal 



MACS2 Output 



Integrative Genomics Viewer	

Browse	IFIT	genes	in	genome	browser	
IFIT:	interferon	induced	proteins	with	tetratricopeptide	repeats	
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ChIP-seq Data Analysis Workflow 
sequence reads (fastq) 

quality control fastqc, cutadapt, trimmomatic   

alignment to genome bwa,	bowtie,	bowtie2		

Filter duplicate, non-
unique mapping reads    

samtools,	sambamba,	picard	

peak calling    macs2,	homer,	SPP			

quality 
assessment visualization    Motif discovery     compare 

peak results    
annotation, function 

enrichment     
DiffBind, edgeR,  
DESeq2, limma 
Bedtools 
MACS2 bdgdiff 
Homer 

IGV 
UCSC Genome Viewer 

Ceas, Homer 
Great 
ChIPseeker 

Homer 
MEME 

Phantompeakqualtools 
Homer 
ChIPQC 
IDR 



Call Differential Binding Events 

-o	file1	file2	file3	
 
File1:  peaks highly enriched in condition 1 comparing to condition 2.  
File2: peaks highly enriched in condition 2 comparing to condition 1.  
File3: peaks highly enriched in both condition 1 and condition 2.   The difference between condition 1 and condition 2 
is not significant.  
 
The last column in the file represent the difference between two conditions in log10 likelihood ratios (LR).   
 
 

	



Call Differential Binding Events 
Find peaks that are differentially enriched in STAT1_30m and STAT1_6h 
 
Get sequencing depth from MACS2 callpeak output 
% cd ~/myscratch/workshop 
% grep "tags after filtering" STAT1_30m_IFNa_peaks.xls 
% grep "tags after filtering" STAT1_6h_IFNa_peaks.xls 

Run bdgdiff from MACS2 
% module load python 
% ~/.local/bin/macs2 bdgdiff --t1 STAT1_30m_IFNa_treat_pileup.bdg --t2 
STAT1_6h_IFNa_treat_pileup.bdg --c1 STAT1_30m_IFNa_control_lambda.bdg --c2 
STAT1_6h_IFNa_control_lambda.bdg -l 30 -g 20 --d1 10513428 --d2 10608588 --outdir 
STAT1_30m_6h_bdgdiff -o STAT1_30m_uniq.bed STAT1_6h_uniq.bed STAT1_30m_6h_common.bed 

Go to STAT1_30m_6h_bdgdiff directory to examine differential binding regions 
% cd STAT1_30m_6h_bdgdiff 
% ls 



https://liulab-dfci.github.io/resources/software/CEAS.zip 





Cis-regulatory Element Annotation System   
Install ceas in hoffman2 
 
% cd ~/myscratch/workshop/ 
% wget https://liulab-dfci.github.io/resources/software/CEAS.zip 
% unzip CEAS.zip 
% cd CEAS/src 
% tar xvf CEAS-Package-0.9.9.tar.gz 
% cd CEAS-Package-0.9.9 
% python setup.py install –prefix=~/.local 
After installation, ceas program is in $HOME/.local/bin directory 
 
Copy hg19 gene annotation table to the workshop directory 
 
% cd ~/myscratch/workshop/CEAS/src 
% tar xvf hg19.tar 
% cp hg19/refGene ~/myscratch/workshop/hg19.refGene 
 
 
ChIP region and Gene centered Annotation 
 
Run ceas to annotate peaks identified in STAT1_30m and STAT1_6h 
 
% module load R 
% cd ~/myscratch/workshop 
% $HOME/.local/bin/ceas --name=STAT1_30m_ceas -b STAT1_30m_peaks.bed -g hg19.refGene 
% $HOME/.local/bin/ceas --name=STAT1_6h_ceas -b STAT1_6h_peaks.bed -g hg19.refGene 
 
Copy CEAS outputs to local computer 
 
% cd $HOME/Desktop 
% Desktop %scp hoffman2.idre.ucla.edu:~/myscratch/workshop/"*ceas*" ./  
 
 
 
 
 
 
 
 



STAT1_30m_peaks annotation 





STAT1_6h_peaks annotation 



IFITs 

RefSeq Distances from TSS/TTS 
to nearest ChIP region 

Occupancy rates ofChIP regions at genes, 
including promoters, downstreams, and exons 

STAT1_6h_ceas.xls 



CEAS – Average signal profiling within/near important genomic features 
Signal profile of STAT1 in STAT2_6h binding regions 
 
Convert bedGraph (bdg) to Wiggle (.wig) file  
% cd ~/myscratch/workshop 
% cp /u/scratch/w/wyan/workshop/bedgraph_to_wig.pl ./ 
% cp /u/scratch/w/wyan/workshop/STAT2_6h_peaks.bed ./ 
% perl bedgraph_to_wig.pl --bedgraph STAT1_6h_IFNa_treat_pileup.bdg --wig STAT1_6h_IFNa_treat_pileup.wig --step 50 
% perl bedgraph_to_wig.pl --bedgraph STAT1_6h_IFNa_control_lambda.bdg --wig STAT1_6h_IFNa_control_lambda.wig --step 50 
% $HOME/.local/bin/sitepro --name=stat2peaks --pf-res=50 --span=3000 -b STAT2_6h_peaks.bed -w STAT1_6h_IFNa_treat_pileup.wig -w 
STAT1_6h_IFNa_control_lambda.wig 
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Copy stat2peaks.pdf to local computer 
% cd Desktop 
% scp hoffman2.idre.ucla.edu:~/myscratch/workshop/stat2peaks.pdf ./ 





Bedtools: a toolset for genomic arithmetic 



Find the peaks present in STAT1_30m and STAT1_6h 
 
% module load bedtools 
% cd ~/myscratch/workshop 
% bedtools intersect -wa -u -a STAT1_6h_peaks.bed -b STAT1_30m_peaks.bed >STAT1_6h_overlapping_30m.bed 
 
 
Count number of overlapped peaks 
 
% wc -l STAT1_6h_overlapping_30m.bed 
 
 
Find the peaks unique to STAT1_6h 
 
% bedtools intersect -v -a STAT1_6h_peaks.bed -b STAT1_30m_peaks.bed >STAT1_6h_notOverlapping_30m.bed 
 
 
Count number of unique peaks found in STAT1_6h 
 
% wc -l STAT1_6h_notOverlapping_30m.bed 
 
 



HOMER Analysis Tools: 
 
•  makeTagDirectory 

 creation of tag directories and quality control   
•  findPeaks 

 perform peak calling process 
•  findMotifsGenome.pl 

 motif analysis 
•  annotatePeaks.pl 

 perform peak annotation, associate peaks with nearby genes, 
 and gene ontology analysis  

•  makeBigWig.pl 
 create BigWig file from bedGraph.  BigWig file can be used for 
 UCSC genome browser visualization 

•  getDifferentialPeaks 
 Identify peaks with significantly different tag densities 

	





Create tag directories for STAT1_30m_IFNa and STAT1_6h_IFNa 
 
% module load homer 
% cd ~/myscratch/workshop/ 
% makeTagDirectory STAT1_30m_IFNa_tagDir STAT1_30m_IFNa.bam 
% makeTagDirectory STAT1_6h_IFNa_tagDir STAT1_6h_IFNa.bam 
% ls STAT1_30m_IFNa_tagDir/ 
% head -n 8 STAT1_30m_IFNa_tagDir/tagCountDistribution.txt 
 
 
 
	





Run findMotifsGenome.pl to find de novo and known transcription factor motifs for STAT1_30m_IFNa and 
STAT1_6h_IFNa 
 
% cd ~/myscratch/workshop 
% findMotifsGenome.pl STAT1_6h_IFNa_summits.bed hg19 STAT1_6h_motifs -preparsedDir STAT1_6h_preparsedDir 
 
Transfer motif result to local computer 
Open a new terminal 
%  cd ~/Desktop 
%  scp -r hoffman2.idre.ucla.edu:~/myscratch/workshop/STAT1_6h_motifs ./ 
 
 

 



ISRE: Interferon stimulated response element 
IRF: Interferon regulatory factor 



Use annotatePeaks.pl to associate peaks with genes and perform GO analysis 
 
% cd ~/myscratch/workshop 
% annotatePeaks.pl STAT1_6h_IFNa_peaks.narrowPeak hg19 -go STAT1_6h_GO >STAT1_6h_annotatePeaks.txt  
 
Transfer STAT1_6h_annotatePeaks.txt and biological_process.txt to local computer 
% cd ~/Desktop 
% scp hoffman2.idre.ucla.edu:~/myscratch/workshop/STAT1_6h_annotatePeaks.txt ./  
% scp hoffman2.idre.ucla.edu:~/myscratch/workshop/STAT1_6h_GO/biological_process.txt ./ !



STAT1_6h_annotatePeaks.txt 

biological_process.txt 






