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Outline
• 1st Half:

– NGS introduction
– NGS data analysis strategy
– ChIP-seq data analysis

• 2nd Half:
– Other NGS data analysis
– Downstream analysis and integration
– Online resources
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Learning Objectives
• Understand how NGS works and key QC measures

• Learn how ChIP-seq data analysis is done

• Understand general strategies of NGS data analysis and 
online resources
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Development of commercial NGS instruments
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Reuter et al. Mol Cell 2015



Illumina/Solexa sequencing technology
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Reuter et al. Mol Cell 2015



NGS-based applications (-seq) 
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Reuter et al. Mol Cell 2015



NGS helps functional studies of the genome and epigenome

9
Modified figure from ENCODE, Darryl Leja (NHGRI), Ian Dunham (EBI) 
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Schones & Zhao. Nat. Rev. Genet. 2008
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ChIP-seq has become a dominant method for profiling epigenomes
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Mei et al. NAR 2017
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NGS data analysis strategy: Reconstruction of biology

12
Modified from Mayer et al., Nat Rev Genet (2014)

Biology

Raw Data Raw Data

Biology
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ChIP-seq: Study design

• Background Control: Input or IgG
– Input chromatin: sonicated/digested 

chromatin without immunoprecipitation
– IgG: “unspecific” immunoprecipitation

• Study Control: 
– Control exp sample: ChIP + input
– Treated exp sample: ChIP + input
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ChIP-seq data analysis overview
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Scale
chr19:

500 bases hg19
15,308,000 15,308,100 15,308,200 15,308,300 15,308,400 15,308,500 15,308,600 15,308,700 15,308,800 15,308,900 15,309,000 15,309,100 15,309,200

User Supplied Track

@ILLUMINA-8879DC:231:KK:3:1:1070:945 1:Y:0:
NNNAATACAGTCAGAAACATATCATATTGGAGAATA
####################################
@ILLUMINA-8879DC:231:KK:3:1:1153:945 1:Y:0:
NNNAAGCACACAGAAGATAACTAAACAATCAAGTAG
####################################
@ILLUMINA-8879DC:231:KK:3:1:1222:945 1:Y:0:
NNNAAGGGTCTTGAGAAGAAATCATTCTGGATGGCA
####################################
@ILLUMINA-8879DC:231:KK:3:1:1304:939 1:Y:0:
NNNCCAGGCTCCCGCGATTCTCCTGCCTCAGCTTCT
####################################
@ILLUMINA-8879DC:231:KK:3:1:1354:945 1:Y:0:
NNNCTCTTCCTTAGCTAAACTTTCAACTAAGCCAAA
####################################
@ILLUMINA-8879DC:231:KK:3:1:1411:932 1:Y:0:
NNNGTAGGACCATTGGCGTTGCGACACAAAAAATTT
####################################
@ILLUMINA-8879DC:231:KK:3:1:1496:937 1:Y:0:
NNNTTCATCGGGTTGAGAGTCCCCTTGTTGCATGCA
####################################
@ILLUMINA-8879DC:231:KK:3:1:1533:939 1:Y:0:
NNNATTTTCCCGTTCCAGGTCGCAATTTCCGCCGTT
####################################
@ILLUMINA-8879DC:231:KK:3:1:1573:940 1:Y:0:
NNNGGGGTGCGCCTTTAGTCCCAGCTACTCAGGAAC
####################################



ChIP-seq data analysis overview

• Where in the genome do these sequence reads come from? - Sequence 
alignment and quality control 

• What does the enrichment of sequences mean?  - Peak calling
• What can we learn from these data? – Downstream analysis and integration 
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Raw sequence data

• fastq data file:
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@SRR3728822.1 97ZZTR1:422:C57C3ACXX:7:1101:1249:1883/1
NCAAGACCAGTGTCATGAAGCTTTCTCCCTCTTCTAGGAGTTTTACAGCTC
+
#11ADDFFFBFDHGGIJIJJJIEIIJJGHGJFIIHCEHHE?DFHGFHIIJE
@SRR3728822.2 97ZZTR1:422:C57C3ACXX:7:1101:1461:1902/1
NGATTCATAGCTGAATTCTACCAGATGTACAAAGAAGAGCTAGTACCATTA
+
#1=BDFFFHHHHHJJJJIJJJJJJJJJJJJJJJIJJJJJGIIJHGIIJIJC
@SRR3728822.3 97ZZTR1:422:C57C3ACXX:7:1101:1479:1943/1
TGAAGATGGCTGAGAACTCCTTAACAGGCAAAATAGGTTTTGTTGGCCGGG
+
C@@FFFFFGHHGGJJJIJJJJJIJJJJIGJFGIJIJJFGHIIIJJIJJIIG
@SRR3728822.4 97ZZTR1:422:C57C3ACXX:7:1101:1287:1958/1
ATATGAACAAACCTTACCTCAGTGGATTCTCAGAACAACCTCTTGAGGTAT
+
CCCFFFFFGHGHHJJIJJJJJJHJJJIJJJIJGIJJJIGHGIJJJGIJEFE
@SRR3728822.5 97ZZTR1:422:C57C3ACXX:7:1101:1515:1796/1
NATTGTGTTTTAGTCTGAAATATCATTTCATGTGGAGAATTCCTTACTGTC
+
#1=DDDFDHHHDHHIIJIIIIJJIHHGHIIGIIIIGIIGIJJIJJIIJJFF
@SRR3728822.6 97ZZTR1:422:C57C3ACXX:7:1101:1585:1807/1
NATAGTTAAAACGGTCTTTCTTTTTGAGATGGAATTTTGCTCTTGTTGCCC
+
#4=DFFFFHHHHHJGIIJJJJJJJJJIIHIJJJIJJJJJJJJJJJJJJJJJ



Sequencing quality assessment: fastqc

18



Sequencing quality assessment: fastqc
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Burrows-Wheeler transform

20
Langmead et al. Genome Bio 2009

Reversible permutation of the characters in a string, originally used for data compression

a c a a c g $
c a a c g $ a
a a c g $ a c
a c g $ a c a
c g $ a c a a
g $ a c a a c
$ a c a a c g

All rotations Sort 1st column Last column

BW matrix

bowtie, BWA



Sequence read mapping: bowtie2/BWA

• alignment of each sequence read: bowtie2 or BWA 

• redundancy assessment:

21

cannot map to the reference genome
can map to multiple loci in the genome
can map to a unique location in the genome

✗
✗
✔

✔ Langmead et al. 2009, 
Zang et al. 2009

or    Quality score 



Redundancy Control

• Non-redundant rate: 

• PBC (PCR Bottleneck Coefficient):

22

✔

4           3            1

# non-redundant reads
# mapped reads

# mapped reads:         12
# non-redundant reads: 8
# locations w/ reads: 8
# locations w/ 1 read:  7

# locations w/ 1 read
# locations w/ reads

8/12 = 66.7%

7/8 = 87.5%



DNA fragment size estimation
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Original algorithm of MACS 
v1
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Pile up: visualization
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• bedGraph:

chr4 10344200 10344250 5
chr4 10344250 10344300 10
chr4 10344300 10344350 25
chr4 10344350 10344400 15
chr4 10344400 10344450 8

• wiggle:
track type=wiggle_0
variableStep chrom=chr4 span=50
10344200 5
10344250 10
10344300 25
10344350 15
10344400 8

• bigWig: indexed binary format 



ChIP-seq: Peak calling

• Goal: Identify regions in the 
genome enriched for 
sequence reads:
– Compared to genomic 

background
– Compared to input control

25



MACS: model
• Model-based Analysis for ChIP-Seq
• Read distribution along the genome ~ Poisson distribution 

(λBG= total tag / genome size)
• ChIP-seq show local biases in the genome

– Chromatin and sequencing bias
– 200-300bp control windows have to few tags
– But can look further

Dynamic λlocal = 
max(λBG, [λctrl, λ1k,] λ5k, λ10k)

• B-H adjustment to correct for FDR
– p-value → q-value

Zhang et al, Genome Bio, 2008

26

ChIP
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MACS: Critical input parameters
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macs2 callpeak [-h] -t TFILE [TFILE ...] [-c [CFILE]] [-g GSIZE] [-q QVALUE | -p PVALUE] [--
outdir OUTDIR] [-n NAME] [-B]

-g GSIZE                Effective genome size. It can be 1.0e+9 or 1000000000,
or shortcuts:'hs' for human (2.7e9), 'mm' for mouse
(1.87e9), 'ce' for C. elegans (9e7) and 'dm' for
fruitfly (1.2e8), Default:hs

-q QVALUE
Minimum FDR (q-value) cutoff for peak detection.
DEFAULT: 0.05. -q, and -p are mutually exclusive.

--outdir OUTDIR       If specified all output files will be written to that
directory. Default: the current working directory

-n NAME Experiment name, which will be used to generate output
file names. DEFAULT: "NA"

-B, --bdg Whether or not to save extended fragment pileup, and
local lambda tracks (two files) at every bp into a
bedGraph file. DEFAULT: False



MACS: Output interpretation

# This file is generated by MACS version 2.1.2
# Command line: callpeak -t ../bowtie2/AR.sam -g hs -n AR --bdg
# ARGUMENTS LIST:
# name = AR
# format = AUTO
# ChIP-seq file = ['../bowtie2/AR.sam']
# control file = None
# effective genome size = 2.70e+09
# band width = 300
# model fold = [5, 50]
# qvalue cutoff = 5.00e-02
# The maximum gap between significant sites is assigned as the read length/tag size.
# The minimum length of peaks is assigned as the predicted fragment length "d".
# Larger dataset will be scaled towards smaller dataset.
# Range for calculating regional lambda is: 10000 bps
# Broad region calling is off
# Paired-End mode is off

28



MACS: Output interpretation

# tag size is determined as 51 bps

# total tags in treatment: 19442622
# tags after filtering in treatment: 17218335
# maximum duplicate tags at the same position in treatment = 1
# Redundant rate in treatment: 0.11
# d = 141
# alternative fragment length(s) may be 141 bps
chr start end length abs_summit pileup -log10(pvalue) fold_enrichment -
log10(qvalue) name
chr1 2603 2989 387 2870 18.00 6.68596 3.52825 3.66748 AR_peak_1
chr1 138179 138371 193 138281 18.00 14.90779 7.93021 11.47829 AR_peak_2
chr1 36515 36714 200 36609 16.00 12.59143 7.05394 9.25447 AR_peak_3
chr1 201091 201231 141 201114 10.00 7.58293 5.23859 4.50002 AR_peak_4
chr1 69373 69558 186 69452 18.00 9.61904 4.93737 6.41821 AR_peak_5

29

Original algorithm of MACS 
v1
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MACS: Output interpretation

• Excel

chr start end length abs_summit pileup -log10(pvalue) fold_enrichment -
log10(qvalue) name
chr1 2603 2989 387 2870 18.00 6.68596 3.52825 3.66748 AR_peak_1
chr1 138179 138371 193 138281 18.00 14.90779 7.93021 11.47829 AR_peak_2
chr1 36515 36714 200 36609 16.00 12.59143 7.05394 9.25447 AR_peak_3
chr1 201091 201231 141 201114 10.00 7.58293 5.23859 4.50002 AR_peak_4
chr1 69373 69558 186 69452 18.00 9.61904 4.93737 6.41821 AR_peak_5

• narrowPeak
score fold p q sm

chr1 591170 591325 AR_peak_290 82 . 6.63900 11.50806 8.21785 25
chr1 629218 629993 AR_peak_291 295 . 3.42374 33.50185 29.54851 636
chr1 630286 630453 AR_peak_292 106 . 2.39458 14.04047 10.64496 81
chr1 630765 631382 AR_peak_293 239 . 3.14283 27.79379 23.97848 480
chr1 631877 632366 AR_peak_294 224 . 3.06645 26.24850 22.47273 380

30



Call broad peaks: SICER
• Spatial-clustering Identification of ChIP-Enriched Regions

31

Zang et al. Bioinformatics 2009

10kb

5kb



Quality Control
• FRiP (Fraction of Reads in Peaks) score

– 1-10% for TF is normal

• Number of peaks
– Number of peaks with high fold-enrichment, e.g, 5, 10, …
– 2000

• Sequence conservation

• Fraction of peaks within regulatory regions
– 80%

32



Data formats
• BED:

chr11 10344210 10344260 255 0 -
chr4 76649430 76649480 255 0 +
chr3 77858754 77858804 255 0 +
chr16 62688333 62688383 255 0 +
chr22 33031123 33031173 255 0 -

• SAM/BAM: aligned sequencing reads

• bedGraph, Wig, bigWig: pile-up profiles for browser 
visualization

33



Data visualization

34
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ChIP-seq Data flow and QC summary

35

Raw
sequence

reads
• fastq

Aligned 
reads • BAM/BED

Profile;
Peaks

• bedGraph/Wig/bigWig

• BED
MACS2 / 
SICER

Bowtie2
Reference genome

QC measures

• Sequence quality (fastqc)

• Mapping quality (uniquely mapped ratio)

• Library complexity (PBC)

• Fold enrichment, peaks

• Signal/Noise (FRIP score)

• Regulatory annotation
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Break
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Outline
• 1st Half:

– NGS introduction
– NGS data analysis strategy
– ChIP-seq data analysis

• 2nd Half:
– Other NGS data analysis
– Downstream analysis and data integration
– Online resources

38



Other epigenetics NGS data

• RNA-seq
• BS-seq
• Hi-C
• Single-cell techniques (scRNA-seq, scATAC-seq, etc.)

39



RNA-seq
• Detect gene expression (transcription)

– Readout of epigenetic changes (especially transcriptional regulation)

Griffith et al., PLoS Comput Biol. 2015

• Protocols
– mRNA (polyA)
– Total RNA (rRNA depletion)
– … 



RNA-seq
• QC

– Exon (gene body) coverage
• %reads located on exon (genebody) regions

– Splicing junctions
– Strand specificity
– Software

• RseQC: http://rseqc.sourceforge.net

Wang et al., Bioinformatics. 2012

http://rseqc.sourceforge.net/


RNA-seq
• Analysis 

– Mapping 
• Hisat2: Kim et al., Nat Biotechnol. 2019 

– Gene expression index / reads count
• Stringtie (novel transcript / splicing events): Pertea et al., Nat Biotechnol. 2015
• HT-seq: Anders et al., Bioinformatics 2015

– Differential expression
• DESeq2: Love et al., Genome Biol. 2014

– Visualization
• Pile up the aligned reads (bedtools / ucsc tools)
• IGV / genome browser view (UCSC genome browser, epigenome browser)



BS-seq
• Detect genome-wide DNA-methylation profiles
• Quantitatively detect DNA-methylation level at CpG sites
• Require higher reads coverage
• Similar to whole genome sequencing (WGS)
• Many variants developed with different advantages

– RRBS-seq
– WGBS-seq



BS-seq
• QC 

– Methylation level of lambda DNA
• Naked DNA with no methylation
• (whether the BS treatment works)

– Global CpG methylation status distribution
• Bi-modal 
• Reads coverage 
• Number of CpG sites with enough reads
• (whether the detection is reliable)

– Software:
• BseQC, MOABS



BS-seq
• Analysis

– Mapping: bsmap
– Methylation status calling: MOABS

• Sun et al., Genome Biol. 2014
– Differential methylated region (DMR): MOABS

• Output
– CpG level methylation table

• Cutoff on reads coverage (5/10)
– Region level methylation table

• Cutoff on qualified CpG (5/10)
– Bigwig track for genome browser visualization
– Differential methylated region (DMR)



Hi-C
• Chromatin interaction: 3D genome organization
• ChIA-PET
• HiChIP/PLAC-seq



Hi-C
• QC

– % “Bad” reads pair (invalid ligation product)
• Self-circle
• Dangling-end
• Inter-chromosomal contact 

(not necessarily bad)
– % short range / long ranges interaction 

• Analysis
– Interaction matrix
– Heatmap visualization

• Software:
– HiC-pro (QC + process)
– Juicer (visualization)

Akdemir et al., Genome Biol. 2015



Single-cell data analysis (scRNA-seq or scATAC-seq)

• QC: 
– Sequencing quality, sequencing depth, unique UMI, cells with 

enough read count etc.

• Analysis:
– Cell – feature count matrix
– Dimensionality reduction
– Clustering vs. t-SNE/UMAP visualization
– Downstream analysis

48



Clustering vs. Visualization

49



Downstream analysis and integration

1. DNA sequences at the peaks: motif discovery
2. Annotation of the peaks
3. Integration with other omics data/information for 

functional analyses

50



Position weight matrix (PWM) representation of DNA sequence motifs
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GAGGTAAAC
TCCGTAAGT
CAGGTTGGA
ACAGTCAGT
TAGGTCATT
TAGGTACTG
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CAGGTATAC
TGTGTGAGT
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MEME  ( meme-suite.org )

52



HOMER  ( homer.ucsd.edu ) 

53



GREAT ( great.stanford.edu )

54



ChIPseeker: an R/Bioconductor package

55



ChIP-seq: Downstream analyses

• Data visualization
– UCSC genome browser: http://genome.ucsc.edu/
– WashU epigenome browser: http://epigenomegateway.wustl.edu/
– IGV: http://software.broadinstitute.org/software/igv/

• Integration with gene expression
– BETA: http://cistrome.org/BETA/

• Integration with other epigenomic data
– BART: http://bartweb.org/
– MARGE: http://cistrome.org/MARGE/
– GREAT: http://great.stanford.edu
– ENCODE SCREEN: http://screen.umassmed.edu/

56

http://genome.ucsc.edu/
http://epigenomegateway.wustl.edu/
http://software.broadinstitute.org/software/igv/
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Data Visualization

• bedGraph to bigWig
• macs2 output data
• IGV, UCSC, etc.

57



BETA
• Binding Expression Target Analysis (Wang et al. Nat Protoc. 2013)
• defines Regulatory Potential on each gene

58

Pi =

∑

|j|<105

WjZj

Wj =
2 exp(−α|j|)

1 + exp(−α|j|)

Wang, et al. Nat Protoc 2013
Wang, Zang et al. Genome Res 2016
Qin et al. Genome Bio 2020

α =
log 3

104

Gene TSS
200kb



Galaxy: web-interface analysis platform
• https://usegalaxy.org/
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https://usegalaxy.org/


Run MACS on Cistrome, a Galaxy-based platform
• http://cistrome.org/ap/

60

http://cistrome.org/ap/


SICER2
• https://zanglab.github.io/SICER2/

61

Jin Yong (Jeffrey) Yoo 2020

http://services.cbib.u-bordeaux.fr/galaxy/


ENCODE
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https://www.encodeproject.org/

https://www.encodeproject.org/


Cistrome Data Browser
http://cistrome.org/db/

63

Mei et al. Nucleic Acids Res. 2017
Zheng et al. Nucleic Acids Res. 2018

http://cistrome.org/db/


BART web: inferring transcriptional regulators from 
a variety of inputs

Gene list

ChIP-seq

Hi-C

>13,000 TF ChIP-seq datasets

Cis-regulatory profile

Adaptive Lasso regression

BART: Binding Analysis for Regulation of Transcription

Mapping

differential 
interaction

ROC associations

Statistical tests,
Background adjustment,
Irwin-Hall rank integration Cis-regulatory element repertoire

(2.7 million in the human genome, 
1.5 million in the mouse genome)

>1000 H3K27ac ChIP-seq

User input
Output prediction

Wang et al., Bioinformatics 2018
Wang et al., Bioinformatics 2021
Ma, Wang et al., NAR Genomics & Bioinformatics 2021

Gene list

ChIP-seq

Region set

Hi-C maps

http://bartweb.org 64

http://bartweb.org/


Limitations of NGS for epigenetics research

• Dependent on assays (e.g., antibody availability and quality for 
ChIP-seq)

• Semi-quantitative: does not detect global change
• Needs many cells – difficult for clinical samples
• Cellular heterogeneity

65



Take-home messages

• Why am I learning these if I am not a bioinformatician?
• Help improve experimental design
• Quality control
• Better interpret the experimental data
• Take advantage of existing tools and data resources
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Thank you very much! 

zang@virginia.edu
zanglab.org
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