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Summary

• Classical examples of epigenetic regulations

• Chromatin 

• Epigenetic inheritance

• Epigenetic changes in cancer 

• Methods to detect epigenetic changes



Epigenetics

• Coined by Waddington in 1942 to explain 

differentiation of cells from one state to another  

• Epigenetics: heritable changes in gene 

expression without changes in DNA sequences.



Epigenetic regulation of gene expression 

during development 



Position effect variegation in Drosophila



Telomere position effect  (TPE): a form of 

epigenetic silencing



Colors of flowers, animal furs…..

Morita and Hoshino, Breeding Science, 2018



One genome and many epigenomes



Chromatin encodes epigenetic information

• Chromatin is a complex of 

DNA and proteins

• Genetic information refers to 

DNA sequences

• Epigenetic information is 

“stored” in and regulated by 

chromatin structures



Euchromatin and heterochromatin

• Regions “rich” in genes

• Regions active in transcription

• Hyperacetylated histones

• Replicate early in S phase of 
the cell cycle

• Regions “poor” in genes

• Regions that silence 
transcription

• Hypoacetylated histones

• Replicate late S phase

Euchromatin Heterochromatin

At molecular levels, chromatin domains can be classified based on modifications

 on histones as well as chromatin binding proteins



DNA is packaged into chromatin in eukaryotes

Genome

Epigenome

Modified from Baylin and Schuebel, Nature (2007)

DNA 

modifications



Nucleosome



“Tetranucleosome” is the structural unit of 

chromatin fiber

Tetranucleosome

Left-handed

twist of 

tetrnucleosomal 

unit



Epigenetic Marks

• DNA methylation, hydroxylmethylation

• Histone modifications

• Non-coding RNAs?



Post-transcriptional modifications of core 

histones

Adopted from Zhang and Reinberg, Genes & Dev (2001)

Not all histone modifications are epigenetically inherited.



Post-transcriptional modifications of core 

histones

Cavalieri et al Genes 2021



Acetylation  of Lysine residue is reversible
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(CH2)4

NH+

H H

C

COO-
+
NH3

Lys

HMT

HMT: histone methyltransferase contains SET domain

HDM: JmjC domains

 

(CH2)4

NH+

H

C

COO-
+
NH3

CH3

(CH2)4

NH+

C

COO-
+
NH3

CH3 CH3

HMT
(CH2)4

N+

C

COO-
+
NH3

CH3 CH3

HMT

CH3

HDM

Lysine methylation is reversible



What are the function of histone modifications?



• Writers: enzymes that add a mark

• Readers: proteins that bind to and “interpret” the 

mark

• Erasers: enzymes that remove a mark

Tarakhovsky, A., Nature Immunology, 2010.

Three classes of proteins working on histone 

modifications  



Examples of enzymes (writers) modifying the H3 

tails

Set1

Suv39h1/h2

PRC2

Set2

Most histone modifying enzymes 

have non-histone substrates



Writers and Erasers for methylation of commonly 

studies lysine residues 

Most histone modifying enzymes 

have non-histone substrates



Proteins that read modifications on H3 and H4 

tails



Proteins that read modifications on H3 and H4 tails
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have only begun to explore. Clearly, the spatial and temporal modula-

tion of, and cross-talk between, histone PTMs has a very important 

role in defining the chromatin landscape.

The first reader of histone PTMs was discovered in 1999, when the 

bromodomain of the HAT PCAF was found to recognize acetylated 

lysine15. It was also the first example supporting the hypothesis that 

bromodomains contribute to “acetylation by tethering transcriptional 

HATs to specific chromosomal sites”15. Since then, a large number 

of histone effectors have been identified and characterized, includ-

ing readers of methylated lysine and arginine and phosphorylated 

serine and threonine16. Moreover, many readers can distinguish a 

particular sequence surrounding a PTM, affording specific chromatin 

targeting ability to their host proteins. Here we outline the known 

protein effectors and the molecular mechanisms of their interaction 

with target PTMs.

Methylation readers

Methylation is perhaps the most versatile of all histone PTMs. Two 

residues—lysine and arginine—can be methylated, and each has three 

possible methylation states. Unlike other modifications, methylation 

does not change the overall charge, although it does alter the hydro-

phobic character and size of the modified residue.

Lysine methylation. Lysine is methylated on its e-amino group and 

can be mono-, di- and trimethylated. The canonical sites for methyla-

tion comprise six lysine residues of histone H3 (K4, K9, K26, K27, K36 

and K79), K20 of histone H4 and K26 of histone H1. With the excep-

tion of H3K79, these are all located in the N-terminal tails of the his-

tone proteins. To date, readers of methyllysine are the most thoroughly 

characterized group and include ADD (ATRX-DNMT3-DNMT3L), 

ankyrin, bromo-adjacent homology (BAH), chromo-barrel,  

chromodomain, double chromodomain (DCD), MBT (malignant 

brain tumor), PHD (plant homeodomain), PWWP (Pro-Trp-Trp-

Pro), tandem Tudor domain (TTD), Tudor, WD40 and the zinc finger 

CW (zf-CW) (Table 1 and Fig. 2a).

The foremost trait of the methyllysine-specific readers is that they 

bind this PTM through an aromatic cage, typically formed by two to 

four aromatic residues (Fig. 2b). In many complexes the aromatic 

rings are positioned perpendicular to each other, surrounding the 

fully extended side chain of the methylated lysine. The complex  

formation is driven by cation-p interactions between the methylam-

monium group and the aromatic rings as well as hydrophobic and 

van der Waals contacts. The mono-, di- or trimethylated state of 

lysine is selected for by the exact composition and size of the pocket.  

A reader prefers mono- or dimethylated lysine over trimethylated 

lysine if one of the walls of the cage is replaced by a negatively charged 

aspartate or glutamate residue, the carboxylate group of which makes 

additional favorable hydrogen bonding and electrostatic contacts with 

the methylammonium moiety (Fig. 2c). A small pocket size can also 

preclude interaction with a higher methylation state owing to steric 

hindrance, whereas a larger pocket selects for a higher methylation 

state, as the necessary contacts are possible only with the bulkier 

methylammonium group.

Specificity for a particular methylated lysine is imparted by inter-

action with surrounding residues. Some histone readers show high 

degrees of specificity, whereas others are selective for only a certain 

methylation state and otherwise bind very promiscuously. Beyond 

caging of the methyllysine, the mechanism of recognition of sur-

rounding residues varies among readers.

The structurally related chromodomain, chromo-barrel, MBT, 

PWWP, Tudor and TTD modules possess a characteristic b-barrel 

topology and comprise the Royal superfamily. The chromodomain 

is the smallest member, consisting of four curved b-strands and an  

a-helix. The chromodomains of HP1 and Polycomb were found 

to recognize histone H3 trimethylated at K9 (H3K9me3) and 

H3K27me3, respectively, and these proteins were the first examples 

of readers specific for methyllysine17–21. Chromodomains gener-

ally prefer trimethylated lysine, though some have been shown to 

bind dimethylated species. The aromatic cage of the chromodo-

main of mouse and fly HP1 contains an aspartate or glutamate 

residue, accounting for its ability to interact well with H3K9me3 

Tudor

WD40

DCD

MBT

PHD

TTD

zf-CW

ADD

Ankyrin

CD

MBT

PHD

TTD

WD40

me

me

me

me

me
me

Tudor
CD

WD40

Chromo-

barrel

PWWP

Tudor

Nucleosome

H3
ph

ph

ac

ac

BIR BD

ac

BD

ac

BD

ac

BD
ac

BD14-3-3

Ph

14-3-3
BD

DPF

A1 R2 T3 K4
K9-S10

K14 R17-K18 K23 K27 S28 K36

Figure 1 Readers of histone PTMs. Recognition of the methylated 

(me) lysine, methylated (me) arginine, acetylated (ac) lysine and 

phosphorylated (ph) serine and threonine residues of the N-terminal 

histone H3 tail by indicated readers.

Table 1 Histone readers and their target PTMs

Recognition of Reader Histone PTM

Methyllysine ADD H3K9me3

Ankyrin H3K9me2, H3K9me1

BAH H4K20me2

Chromo-barrel H3K36me3, H3K36me2, H4K20me1, 

H3K4me1

Chromodomain H3K9me3, H3K9me2, H3K27me3, 

H3K27me2

DCD H3K4me3, H3K4me2, H3K4me1

MBT H3Kme1, H3Kme2, H4Kme1, H4Kme2

PHD H3K4me3, H3K4me2, H3K9me3

PWWP H3K36me3, H4K20me1, H4K20me3, 

H3K79me3

TTD H3K4me3, H3K9me3, H4K20me2

Tudor H3K36me3

WD40 H3K27me3, H3K9me3

zf-CW H3K4me3

Methylarginine ADD H4R3me2s

Tudor H3Rme2, H4Rme2

WD40 H3R2me2

Acetyllysine Bromodomain H3Kac, H4Kac, H2AKac, H2BKac

DBD H3KacKac, H4KacKac

DPF H3Kac

Double PH H3K56ac

Phosphoserine or  

 phosphothreonine

14-3-3  

BIR

H3S10ph, H3S28ph  

H3T3ph

Tandem BRCT H2AXS139ph

Unmodified histone ADD H3un

PHD H3un

WD40 H3un
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Musselman et al, Nature structural and Molecular Biology, 2012 



Enormous complexity and intricacy could be 

generated to regulate human epigenomes



Transcription

Repair

TSS

Replisome
Pol

53BP1

Histone modifications impact processes linking to 

DNA transactions

Heterochromatin 

formation



Active and inactive histone marks based on 

association with gene activity

1) Active marks: histone marks associated with 

active gene transcription (H3K4me1, H3K4me2, 

H3K4me3, H3K36me3, H3K9ac, H3K27ac, 

H4K16ac)

2) Inactive/silent marks (H3K9me2 or H3K9me3, 

H3K27me3)

3) Bivalent chromatin domains (H3K4me3 and 

H3K27me3) at developmentally regulated genes



Histone modifications during DNA damage 

response

Corpet and Almouzni EMBOJ



Epigenetic inheritance



Epigenome duplication is also a daunting task

DNA replication and Cell division

Silent mark
(H3K27me3, H3K9me3, or..)

Active mark
(H3K4me3, H3K27ac, or..)

DNA

Histone variants 
(CenH3, MacroH2A,or..)

Euchromatin HeterochromatinChromatin with histone variants

Mother cell

How are epigenetic states inherited during mitotic cell 
divisions 

?
• Histone and histone variants are assembled at the same places

• Histone modification patterns at different chromatin domains are 

transmitted into daughter cells

• Readers for histone marks are recruited to the same places

• (Many others…)



DNA replication-coupled nucleosome assembly 

and the read and write mechanism for the 

restoration of histone marks 

Fork movement H3K27me3

Nucleosomes with 

parental H3-H4

Nucleosomes with 

new H3-H4

How are nucleosomes formed using newly synthesized H3-H4?

How are nucleosomes formed using parental H3-H4?

Du et al, Sci China Life Sci, 2022

Escobar al, Nature Review Genetics, 2021



Many factors regulate the deposition of new H3-

H4

Serra-Cardona and Zhang, TIBS, 2018



Parental H3-H4 tetramers are transferred to 

replicating DNA strands via distinct mechanisms 

• Parental H3-H4 are transferred almost equally to 

leading and lagging strand of the DNA replication 

fork.

• Dpb3-Dpb4, two subunits of leading strand DNA 

polymerase, facilitates the transfer of parental 

H3-H4 tetramers to leading strand.

• The Mcm2-Ctf4-Pol facilitates the transfer of 

parental H3-H4 to lagging strand.

• These pathways are conserved from yeast to 

mammalian cells.

Yu et al, Science 2018

Gan et al, Molecular Cell, 2018

Petryk et al (Groth), Science, 2018

Pol α

Ctf4

Dpb3/4

Dpb3/4=POLE3/POLE4 in mammals



A simplified history of nucleosome assembly 

1986

eSPAN

2018

Mcm2-Ctf4-Pol1

Dpb3-Dpb4 (POLE3-POLE4)

2014

CAF-1

New H3-H4 deposition Parental H3-H4 transfer

year



eSPAN can measure the relative amount of proteins at  

leading or lagging strands of DNA replication forks

Yu et al Molecular Cell 2014, PMCID: PMC436266 

enrichment and 

Sequencing of Protein 

Associated Nascent DNA

Origin

Pol

Pol
Pol

Pol

Bias pattern: leading vs lagging bias

Bias ratio: relative amount of a protein at leading/lagging 

Bias = (W-C)/(W+C)

BrdU

Pursell et al (Kunkel), Science 2007

McElhinny et al (Kunkel), Mol Cell, 2008

Pol eSPAN

Pol  eSPAN

Pol eSPAN

Pol  eSPAN



H3K4me3 eSPAN in mcm2-3A and dpb3∆ mutant cells exhibit 

a strong leading and lagging strand bias, respectively 

H3K4me3 eSPAN

WT

dpb3

∆

mcm2-3A

WT
mcm2-3A
dpb3∆

Bias=(W-C)/(W+C)

Dpb3 is a subunit of Pol .
Yu et al, Science 2018, PMCID: PMC6597248 

Gan et al, Molecular Cell, 2018, PMCID: PMC6193272 



Parental 

H3:H3K4me3

New H3: 

H3K56ac

WT

Leading

LaggingPol δ

mcm2-3A

Leading

LaggingPol δ

dpb3∆

Leading

LaggingPol δ



Multiple replisome components likely work in 
relay fashion to transfer parental histones to 

replicating DNA strands

Yu et al, Science, 2018

Gan et al, Molecular Cell, 2018

Li et al, Science Advances, 2019

Serra-Cardona et al, Science Advances, 2022

Xu et al, eLife 2022

Xu et al, Nature Communications, 2022

Li et al, Nature 2023

Fang et al, Genes Dev, 2024

Serra-Cardona et al, Science Advances, 2024

Petryk et al, Science, 2018

Dolce et al, Genes Dev, 2022

Wang et al, NAR 2023

Wen et al, Nature genetics, 2023

Weger et al, Nature Genetics, 2023

Yu et al, Cell, 2024

Toda et al, Mol Cell, 2024

Li et al, Nature, 2024

Charlton et al, Cell, 2024

Tian et al, PNAS, 2024

Shi et al, Science Advances, 2024

Karri et al, NAR, 2024



Replisome components are responsible for 
faithful duplication of both genetic and 

epigenetic information 



1 2 5 63 4

1 3 41 2 5 6

Nucleosomes 

with parental 

H3-H4

Nucleosomes with 

new H3-H4

1 2 3 4 5 61



Epigenetics and Cancer

• Cancer is a disease caused by both genetic and 

epigenetic changes 



Chromatin regulators are altered in a variety of 

tumors 

Rodríguez-Paredes and Esteller, Nature Med. 2011





Histone modifications and cancer

Many chromatin regulators are frequently mutated 

in cancer cells

Mutations at gene regulatory elements (enhancers, 

promoters) are detected in a variety of cancers

A global change in histone modifications has been 

detected in cancer cells

Expression of histone modifying enzymes is altered 

in cancer cells



How to probe chromatin and histone 

modifications?



Analysis of nucleosome positioning by Mnas-seq

(Furuyama and Biggins ,PNAS)

Mono Di- Mono- Mono

Nucleosome positioning

Basic repeating structure  can be probed 

(protect and seq method)

 - Digestion enzyme cuts accessible 

regions of DNA



Gene regulatory elements such as promoters and 

enhancers are at “nucleosome free”

Whitehouse et al., 2007 Nature 450, 

1031-1035  



Analysis of nucleosome free region/open 

chromatin  by ATAC-seq



Analysis of histone modification by Western 

blot and ChIP-seq



• arises from the epiphysis of the long bones

• Characterized by high cellularity and 

undifferentiated tissues

• over 90% cases contain H3.3K36M mutation

• The molecular mechanism of tumorigenesis is 

unknown 

Chondroblastoma



H3K36me2/me3 levels are low in chondroblastoma 

samples compared to normal tissue samples

Fang et al Science 2016



Map histone modifications to a DNA 

specific sequence by ChIP-seq



Effect of H3.3K36M mutation on H3K36me2 and 

H3K36me3 on chromatin in cell lines

chr5 

70 
0 

114,000 kb 115,000 kb 

10 
0 

WT 

K36M #2 

K36M #1 

WT 

K36M #2 
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H3K36me2 

H3K36me3 
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Cleavage Under Targets and Tagmentation 

(CUT&tag): a new method for epigenomic profiling 

Advantages compared to ChIP-seq

• Fast and efficient

• Low background and therefore less 

sequence reads 

• A dramatic reduction of sequencing 

cost

• Low cell number

Potential issues: 

• complication of ATAC-seq signals 

Kaya-Okur et al Nature Communications 2019

Carter et al Nature Communications 2019



Cleavage Under Targets and Tagmentation 

(CUT&tag) (ACT-seq): a new way for epigenomic 

profiling 



Cleavage Under Targets and Release Using 

Nuclease (CUT&RUN): a method for epigenomic 

profiling 

Advantages compared to CUT&tag

• No potential ATAC-seq signals

• Detect transcription factors

Disadvantages compared to CUT&tag

• Need a library preparation kits

• Maybe better more cells



Fiber-seq: analysis of chromatin accessibility at 

single molecule levels

Stergachi et al, Science 2020



Take home messages 

• Epigenetic phenomenon occurs in our daily life.

• Mechanisms of epigenetic regulations are complex 

and evolving.

• Basic principles of epigenetic regulations have been 

defined. 

• Tools to probe histone modifications and chromatin 

structures are evolving at single cell and single 

molecule levels.
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