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Outline
• Broad histone domains
• ChIP-seq signal detection: SICER and RECOGNICER
• Power law and “scale free”
• Hi-C
• Fractals
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Felsenfeld & Groudine Nature 2003



Compartments

Functional genomic/epigenomic elements range across scales
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Raw sequence reads (fastq)

Mapped reads (sam/bam/bed)

Non-redundant reads (sam/bam/bed)

Peaks (bed)

Pile-up for visualization 
(bedGraph, wig, bigwig)
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alignment (bowtie2/BWA)

redundancy assessment

peak calling

macs/
SICER

downstream analysis,
data integration
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Transcription Factors vs. Histone Marks
DNA-binding proteins 
(Transcription factors)

Histone Marks (Histone 
modifications, histone variants, 
chromatin regulators*)

Cell type specificity Both factor and profile Profile
Signal width (“peak size”) Narrow Narrow or broad
Chromatin accessibility High High or low
DNA sequence motif Yes No
Resolution Up to 1-10bp Nucleosome (200bp)
Peak calling tool MACS SICER
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Peak calling: Scale matters

• Sharp peaks (<1kb)
transcription factor binding, DNase/ATAC-seq

MACS (Zhang et al, Genome Bio 2008)
dynamic background
Poisson model
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• Broad peaks (>1kb)
 Histone modifications,
 “super-enhancers”
 Diffuse signal
 

SICER (Zang et al, Bioinformatics 2009)
Spatial clustering of localized weak 
signal and integrative Poisson model

Wang, Zang et al. 2014

NOTCH1

H3K27ac



Histone modification patterns are intrinsically diffuse 

• Noisy
• Hard to see “peaks”
• Enriched regions are spread out
• Lack saturation

• Why?
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Domain 
formation 
model for 
repressive 
marks 

• HP1    
H3K9me3

• PRC1/PRC2 
H3K27me3

Histone modification tends to spread out

Nucleation

Propagation



Functional annotation of common histone marks
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survey DNA enrichment at !500 representative loci using the
nCounter probe system. High-quality antibodies are distinct
from IgG patterns and the occupancy distribution correlates
with a logical set of chromatin states. Validating antibody re-
agents for enrichment specificity and robustness ensures good
quality ChIP-seq data sets with high signal to noise ratios.

Given that ChIP-seq is a mature technology, the technical
restrictions of the technique are well defined by its users. These
restrictions include the need for large amounts of starting mate-
rial, limited resolution, and the dependence on antibodies.
Improvements to ChIP-seq have been developed to address
these limitations and expand the possibilities of its use. Collect-
ing enough starting material for ChIP-seq can be challenging
because experiments typically require 1 million (histone modifi-
cations) to 5million (TFs and chromatinmodifiers) cells. Although
this is feasible when studying fast dividing cell lines, the chal-
lenge arises when studying primary cells and rare populations
such as cancer stem cells or progenitor cells. ChIP-seq samples
of 50,000 cells or less are possible with the ChIP-nano protocol
(Adli and Bernstein, 2011). Key method modifications achieve
effective chromatin fragmentation in small volumes, ensure
minimal sample handling and loss by washing samples in col-
umns, and reduce background signal. Another procedure, called
ChIP-exo, improves the limited resolution from fragmentation
heterogeneity after chromatin is prepared by sonication (Rhee
and Pugh, 2011). As its name suggests, sonicated and immuno-
precipitated DNA is treated with a 50-to-30 exonuclease to digest
DNA to the footprint of the crosslinked protein such that
sequencing results are nucleotide resolution. This type of high-
resolution protein-binding data is most beneficial for uncovering
motifs of specific binding proteins and the effect of sequence
variants on protein-binding affinity. Profiling genome-wide
DNA-protein interactions with ChIP-seq is technically chal-
lenging when studying novel proteins or protein isoforms, such
as a histone variant, that lacks a robust or specific antibody.
In this case, an obvious approach is to transiently or stably ex-
press a protein of interest (POI) with a tag or epitope that can
be readily ChIP’ed. Controls are necessary to ensure the fusion
protein’s localization is not altered by nonendogenous expres-
sion levels, protein instability, steric inherence, or other effects
of the tag itself.

A ChIP step can be added to other genomic profiling ap-
proaches for integrated epigenomic profiling. First, two ChIP

steps in a row, or Sequential-ChIP-seq, can uncover histone
PTMs on the same molecule or chromatin-associated proteins
in the same complex. Several groups combined bisulfite
sequencing with ChIP giving rise to BisChIP-seq and ChIP-BS-
seq (Brinkman et al., 2012; Statham et al., 2012). Long-distance
DNA interactions mediated by a specific protein can be profiled
using chromatin interaction analysis by paired-end-tag
sequencing, or ChIA-PET (Fullwood et al., 2009). We anticipate
other inventive uses of ChIP technology to continue to uncover
undiscovered roles of histone modifications and histone variants
in transcriptional regulation.

Mapping of Chromatin Structures
Nucleosome Positioning
Moving up the hierarchy of genomic organization, we now look
beyond the DNA and histone modifications to the positioning
of nucleosomes along the genome. Our epigenome at its
most basic level is repeating units of 147 base pairs wrapped
1.7 times around each nucleosome with varying distances of
linker DNA between each unit. Even this extremely simplistic
model is complex because nucleosome positioning can both
inhibit and promote factor binding (Bell et al., 2011). First,
nucleosomes can be positioned to obstruct or reveal specific
DNA sequences. Second, becausemodifications on histone tails
serve as binding platforms for transcriptional regulators, nucleo-
some positioning regulates factor recruitment. And finally,
nucleosomes are suggested to inhibit transcription by slowing
progression of RNA polymerase II as it transcribes through a
gene body. From a medical perspective, it will be important to
determine the possible role of aberrant nucleosome positioning
as caused by disease-associated SNPs, insertions, deletions,
and translocations.
Our understanding of the regulation of nucleosome positioning

came from studies of smaller genomes, such as those in yeast
and fly (Jiang and Pugh, 2009). Nucleosome positioning along
DNA is influenced by favorable DNA sequence composition,
the actions of ATP-dependent nucleosome remodelers, and
strongly positioned nucleosomes (Mavrich et al., 2008; Narlikar
et al., 2013; Yuan et al., 2005). Although we understand the
main determinants of nucleosome positioning, the exact contri-
bution of each is unclear and currently under debate.
The most common method for profiling genome-wide

nucleosome positioning is microcococal nuclease digestion of

Table 3. Distinctive Chromatin Features of Genomic Elements

Functional Annotation Histone Marks References

Promoters H3K4me3 Bernstein et al., 2005; Kim et al., 2005; Pokholok

et al., 2005

Bivalent/Poised Promoter H3K4me3/H3K27me3 Bernstein et al., 2006

Transcribed Gene Body H3K36me3 Barski et al., 2007

Enhancer (both active and poised) H3K4me1 Heintzman et al., 2007

Poised Developmental Enhancer H3K4me1/H3K27me3 Creyghton et al., 2010; Rada-Iglesias et al., 2011

Active Enhancer H3K4me1/H3K27ac Creyghton et al., 2010; Heintzman et al., 2009;

Rada-Iglesias et al., 2011

Polycomb Repressed Regions H3K27me3 Bernstein et al., 2006; Lee et al., 2006

Heterochromatin H3K9me3 Mikkelsen et al., 2007
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SICER
• Spatial-clustering Identification of ChIP-seq Enriched Regions

12Zang et al. Bioinformatics 2009

10kb

5kb



Other approaches for chromatin domains

• ChromHMM: Hidden Markov Models (Ernst & Kellis)

• Recognicer: Coarse-graining (Zang, et al. 2020)
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RECOGNICER: calling ultra-broad ChIP-seq peaks using 
coarse-graining
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• Recursive Coarse-Graining approach for Identification of ChIP-seq Enriched Regions 

Zang et al. Quantitative Biology 2020https://zanglab.github.io/SICER2/ 

• Block transformation under 
a majority rule

• Approach:
– Recursive block 

transformation
– Trace back to identify 

candidate enriched regions
– Significance determination
– Scale-free

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


RECOGNICER: calling ultra-broad peaks from ChIP-seq data
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• Recursive Coarse-Graining approach for Identification of ChIP-seq Enriched Regions 

Zang et al. Quantitative Biology 2020https://zanglab.github.io/SICER2/ 

RSEG: Song & Smith 2011
MUSIC: Harmanci et al 2014

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


Compartments

Functional genomic/epigenomic elements range across scales
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Compartments

Functional genomic/epigenomic elements range across scales
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Scale-free property of chromatin domains
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Scale-free: Power-law distribution

• Scale-free network
– Fraction of nodes in 

the network having 
k connections 
follows power-law
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Adomas & Wade 2013



Hi-C
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Lieberman-Aiden et al. Science 2009



Hi-C contact heatmap for 3D genome interactions
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Rao et al. Cell 2014



Hi-C contact heatmap for 3D genome interactions
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Rao et al. Cell 2014



Hi-C analysis
• Chromatin compartments • Topologically Associating 

Domains (TADs)
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Essential elements in a Hi-C contact heatmap

• Scale, scale, scale
• Resolution
• Normalization
• Blocks, stripes, loops (2d peaks)
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Scale-free property of Hi-C maps
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Rowley & Corces, Nat Rev Genet (2018)



Hi-C: Power-law property of contact probability distribution 
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Lieberman-Aiden et al. Science 2009



Fractal Structures
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Koch Snowflake

Sierpinski Gasket



Fractal Dimension
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How many (N) unit elements can 
fill in the space of scale-up by I



Fractal Dimension: Koch Snowflake
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log4/log3 ~ 1.26



Hilbert Curve
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Fig S13. Hilbert CurveFig�S13.�Hilbert�Curve

Lieberman-Aiden et al. Science 2009

log5/log3 ~1.465



Peano Curve
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Fig S14. Peano CurveFig�S14.�Peano�Curve

Lieberman-Aiden et al. Science 2009



3D Peano Curve
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Fig S18. 3D Peano CurveFig�S18.�3D�Peano�Curve

Lieberman-Aiden et al. Science 2009



Fractal Structure of Genome Organization
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Lieberman-Aiden et al. Science 2009



Summary
• Genomic elements range across scales
• Effective/meaningful computational analysis should 

consider scales
• Genome structure is complex
• Fractal and scale-free properties
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Scales of histone mark islands and chromatin domains

• Narrow: a few nucleosomes, 0.5kb ~ 5kb
– H3K4me3, H2A.Z, etc.

• Broad: 5kb~100kb
– Gene loci, chromatin domains, super-enhancers
– H3K4me1, H3K27ac, H3K36me3, H3K27me3, etc.

• Very broad: >100kb
– Large chromatin domains, chromatin compartments
– H3K9me3, H3K27me3
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