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Introduction to the study of epigenetics/ 

Uvod v epigenetiko 











Brief history of epigenetics 



DNA packaging and chromatin architecture/ 

Pakiranje DNA in kromatinska arhitektura 



Organizational network of chromatin in the 

cell  
Chromatin is DNA that is complexed to histone and 

nonhistone nuclear proteins and condenses to form a 

chromosome (approximately 1,400 nm in width). The 

condensed chromatin (approximately 700 nm in 

diameter) is composed of much finer chromatin (300 

nm in diameter) and also nucleosomes (30 nm in 

diameter) that are used to package the genome into the 

cell nucleus. The core particle of the nucleosomes is 

composed of 147 bp of genomic DNA (2 nm in 

diameter) wrapped around a histone octamer that 

consists of two copies of the major types of histones 

(H2A, H2B, H3 and H4), which have varying 

functions.  



Histone variants 

Several variant histones are deposited independently of 

replication at particular regions of chromosomes. Such 

histone variants include cenH3, which forms the 

nucleosomal foundation for the centromere, and H3.3, 

which replaces histones that are lost during dynamic 

processes that disrupt nucleosomes. Furthermore, various 

H2A variants participate in DNA repair, gene regulation 

and other processes. 

 

The incorporation of histone variants is particularly 

important to confer variations in chromatin structure to 

ensure dynamic patterns of transcriptional regulation in 

eukaryotes. Recent knockdown and knockout studies in 

various cellular systems, as well as direct mutational 

evidence from human cancers, now suggest a crucial role 

for histone variant regulation in processes as diverse as 

differentiation and proliferation, meiosis and nuclear 

reprogramming. 



Nucleosome with histone posttranslational modifications 



The epigenome and chromatin organization  
(a) Chromosomes are organized into domains of loose 

(euchromatin) or highly condensed (heterochromatin) 

chromatin and other loosely defined higher-order 

structures (such as ‘globules’), some of which are 

tethered to the nuclear membrane. An 11-nanometer 

‘beads-on-a-string’ chromatin fiber is comprised of 

nucleosomal arrays connected by linker DNA and linker 

histones, which function as major regulators of 

nucleosomal repeat length. Me, methyl group.  

(b) The distribution of DNA methylation and a small 

subset of ~130 post-translational histone markings, 

linker histones and core histone variants represents 

different regulation at active promoters, gene bodies 

and enhancers (top) as compared to silenced and 

repressed chromatin (bottom). 



Layers of chromatin organization in the 

mammalian cell nucleus  

Broadly, features at different levels of chromatin 

organization are generally associated with inactive (off) 

or active (on) transcription. From the top, genomic 

DNA is methylated (Me) on cytosine bases in specific 

contexts and is packaged into nucleosomes, which vary 

in histone composition and histone modifications (for 

example, histone H3 lysine 9 trimethylation 

(H3K9me3)); these features constitute the primary 

layer of chromatin structure. Here, different histone 

modifications are indicated by coloured dots and histone 

variants such as H2A.Z are brown. DNA in chromatin 

may remain accessible to DNA-binding proteins such 

as transcription factors (TFs) and RNA polymerase II 

(RNAPII) or may be further compacted. Chromatin 

can also organize into higher-order structures such as 

nuclear lamina-associated domains and transcription 

factories. Each layer of organization reflects aspects of 

gene and genome regulation. 



Chromatin structure and DNA accessibility at 

genes 

a| Schematic view of primary chromatin features at a hypothetical 

transcribed gene. Heat maps (high = red, low = beige) indicate the 

density and location of the chromatin features listed on the left. Active 

genes are typically characterized by regions of low nucleosome 

occupancy (nucleosome depleted regions (NDRs)), which coincide with 

DNase I hypersensitive sites and are located upstream and downstream 

of the transcription unit (boxed area). Flanking the NDR at the 

promoter (which is indicated by the right-angled arrow, labelled TSS for 

'transcription start site') are two highly positioned nucleosomes, which 

exhibit histone H4 acetylation (H4ac) and H3 trimethylation at lysine 4 

(H3K4me3) and frequently contain histone variants H3.3 and H2A.Z. 

H3.3 is also deposited downstream in the gene body. H3K36me3 

accumulates in the gene body towards the 3′ end.  

b| Nucleosome occupancy at a hypothetical constitutively active 

promoter. An A/T-rich tract disfavours stable nucleosome formation and 

enhances exposure of the binding site to facilitate transcription-factor 

interaction within the NDR.  

c| Nucleosome occupancy at a hypothetical repressed promoter. 

Transcription-factor binding sites are typically embedded within 

nucleosomes that occlude interaction. Nucleosome mobilization is 

required for transcriptional activation and involves initial binding of the 

pioneering transcription factor within the nucleosome linker region, 

which, in turn, recruits histone modifiers and ATP-dependent chromatin 

remodellers to expose additional binding sites for a secondary 

transcription factor. 



Epigenetic markers of open and condensed 

chromatin 

Specific epigenetic modifications are characteristic of 

different chromatin structures. Transcriptionally inert 

chromatin consists of tightly condensed, methylated 

DNA coiled around histone octamers that are 

deacetylated and methylated at particular lysine 

residues. Conversely, expanded chromatin is 

characterized by nonmethylated DNA loosely coiled 

around acetylated nucleosome complexes. This 

structure makes gene promoters accessible to the 

transcriptional apparatus.  

Abbreviations: DM, demethylase; DNMT, DNA 

methyltransferase; HAT, histone acetyl transferase; 

HDAC, histone deacetylase; HMT, histone 

methyltransferase. 



Chemical modifications of DNA and histones and their association with chromatin and 

transcription states 



Chromatin state definition and 

functional interpretation 
(a) Chromatin mark combinations 

associated with each state. Each row 

shows the specific combination of marks 

associated with each chromatin state and 

the frequencies between 0 and 1 with 

which they occur (color scale). These 

correspond to the emission probability 

parameters of the Hidden Markov Model 

(HMM) learned across the genome during 

model training.  

(b) Genomic and functional enrichments 

of chromatin states. %, percentage; xF, 

fold enrichment. 

(c) Brief description of biological state 

function and interpretation (chr, 

chromatin; enh, enhancer).  

Chromatin state maps 
Genome-wide maps of chromatin state can 

now be readily acquired using microarrays or 

next generation sequencing technologies. 

These datasets reveal local and long range 

chromatin patterns that offer insight into the 

locations and functions of underlying 

regulatory elements and genes. These 

patterns are dynamic across developmental 

stages and lineages.  



Modifying the structure of chromatin/ 

Modifikacije kromatinske strukture 





The different outcomes of chromatin 

remodeling  

Remodelers (green) can assist in chromatin 

assembly by moving already deposited histone 

octamers, generating room for additional 

deposition  

(a). Remodeler action on a nucleosome array 

results in various products that can be classified 

in two categories:  

(b) site exposure, in which a site (red ) for a 

DNA-binding protein (DBP), initially occluded 

by the histone octamer, becomes accessible by 

nucleosomal sliding (repositioning), or 

nucleosomal eviction (ejection), or localized 

unwrapping, and  

(c) altered composition, in which the 

nucleosome content is modified by dimer 

replacement [exchange of H2A-H2B dimer with 

an alternative dimer containing a histone variant 

(blue)] or through dimer ejection. 



ATP-dependent chromatin remodeling 

complexes and their function in chromatin 

organization  
The remodeler complexes are classified into four groups 

based on their specific ATPase catalytic subunits. 

Chromatin remodeling is associated with both 

chromatin activation and repression.  

SWI/SNF: switching defective/sucrose nonfermenting; 

BRM: Brahma; BRG1: Brahma-related gene 1; NURF: 

nucleosome remodeling factor; ISWI: imitation switch; 

NuRD: nucleosome remodeling and deacetylase; INO80: 

inositol requiring 80. 



Schematic illustration of the 

regulation of chromatin structure  
The assembly of epigenetic modulating 

enzymes controls chromatin structure. 

Heterochromatin prevents the access of 

transcription factors (TF), whereas 

euchromatin is accessible for transcriptional 

activation. These structures are controlled by 

histone modifications and chromatin 

remodelling factors.  

K, Lysine; Me, Methyl group; Ace, 

Acetylation; PRC, Polycomb repressor 

complex. 



The eukaryotic chromatin structure can be remodeled by at least five mechanisms:  

(1) the nucleosome formation, entailing tendency of nucleosome formation, nuclesome occupation levels, 

and arrangement of nucleosomes;  

(2) adding covalent modifications to histones;  

(3) replacing histones with histone variants;  

(4) methylations at DNA cytosine; and  

(5) small and long non-coding RNAs.  

All of these chromatin remodeling processes change constituent, condensation, accessibility, and 

interacting proteins of the chromatin structures. Therefore, chromatin remodeling marks reflecting chromatin 

structural modification status include DNA methylations, nucleosome formation, proportion of nucleosomes 

containing histone variants, and histone modifications such as histone methylations, acetylations, 

ubiquitylations, and phosphorylations. By the action of ATP-dependent chromatin remodelers, the 

combination of specific chromatin modification marks are arranged and interact with specific proteins 

involved in transcription, DNA replications, and DNA repair. Therefore, distinct arrangement of chromatin 

remodeling marks may play roles as chromatin remodeling code. 



Model of the overall structure of the epigenome in normal 

human cells  
This diagram shows the balanced state of chromatin, nucleosome 

positioning and DNA methylation, which maintains the normal 

packaging state of DNA. A silenced gene (indicated by a red X over the 

transcription start site designated by the arrow) at the top of the figure has 

its promoter CpG island occupied by a Polycomb group (PcG) complex 

(indicated by a red shaded area) that mediates chromatin changes that 

include the repressive histone modification trimethylation of lysine 27 on 

histone 3 (H3K27me3). There is no CpG DNA methylation within the 

gene promoter CpG island (shown by pale blue circles) and nucleosomes 

are positioned over the transcription start site. Sites upstream from the 

promoter are heavily DNA methylated (shown by red circles). The gene 

promoter illustrated below the silenced gene has been signalled to adopt a 

fully active transcription state and retains the active H3K4me3 marks at 

the promoter. It also has acetylation of key H3 and H4 lysines, the 

presence of the variant histone, H2A.Z (not shown) and H3K36me3 in the 

gene body to facilitate transcriptional elongation. The transcription start 

region (indicated by an arrow) is not occupied by nucleosomes. Just 

below, a distal enhancer is shown for this gene with an active nucleosome 

configuration, and the signature histone modification for enhancers, 

H3K4me1, is present. Finally, towards the bottom of the figure, the 

packaging of the majority of the cellular DNA into a transcriptionally 

repressed configuration is depicted, with compacted nucleosomes, the 

presence of H3K9me2 and H2K9me3, which are signature repressive 

marks for constitutive heterochromatin, the presence of heterochromatin 

protein 1 (HP1; also known as CBX5) and extensive DNA methylation. 

The folding of the heterochromatin into chromosomal locations in the 

nucleus is shown.  



Nucleosome positioning patterns 
Nucleosome positioning plays an important role in transcriptional regulation. Transcriptionally active 

gene promoters possess a nucleosome-free region at the 5′ and 3′ untranslated region, providing space for 

the assembly and disassembly of the transcription machinery. The loss of a nucleosome directly upstream 

of the TSS is also necessary for gene activation, whereas the occlusion of this position leads to 

transcription repression. DNA methylation regulates transcription, and thus interferes with nucleosome 

positioning. Methylated DNA seems to be associated with 'closed' chromatin domains, where DNA is 

condensed into strictly positioned nucleosomes, thereby impeding transcription. Conversely, unmethylated 

DNA is associated with 'opened' chromatin domains, which allow transcription. 



Mechanisms involved in chromatin modifications 
Five broad and interrelated mechanisms are known to affect chromatin structure: DNA methylation, histone modification, remodelling by 

chromatin-remodelling complexes, insertion of histone variants, and the effects of non-coding RNAs (ncRNAs). All five have been shown 

to be essential contributors to the development and cell-fate determination of tissues.  

Ac, acetyl; Me, methyl; P, phosphate. 



DNA methylation/ 

DNA metilacija 



DNA methylation patterns 
DNA methylation can occur in different regions of 

the genome. The alteration of these patterns leads to 

disease in the cells. The normal scenario is depicted 

in the left column and alterations of this pattern are 

shown on the right.  

(a) CpG islands at promoters of genes are normally 

unmethylated, allowing transcription. Aberrant 

hypermethylation leads to transcriptional 

inactivation. (b) The same pattern is observed when 

studying island shores, which are located up to 2 kb 

upstream of the CpG island.  

(c) However, when methylation occurs at the gene 

body, it facilitates transcription, preventing spurious 

transcription initiations. In disease, the gene body 

tends to demethylate, allowing transcription to be 

initiated at several incorrect sites.  

(d) Finally, repetitive sequences appear to be 

hypermethylated, preventing chromosomal 

instability, translocations and gene disruption 

through the reactivation of endoparasitic sequences. 

This pattern is also altered in disease. 



DNA methylation and demethylation  
A majority of mammalian gene promoters contain dense 

clusters of cytosine-guanine dinucleotides called CpG 

islands, at which methylation can occur to dramatically 

influence gene transcription. In this example, the CpG 

island (green bar) overlaps the transcription start site. At 

CpG dinucleotides, methylation is catalyzed by DNA 

methyltransferases (DNMTs). De novo DNMTs direct 

the methylation of unmethylated CpGs, whereas 

maintenance DNMTs recognize hemi-methylated DNA 

and methylate the complementary strand. The existence 

of a direct demethylase is controversial, but a number of 

different mechanisms have been proposed to regulate 

removal of the methyl moiety, including excision and 

replacement of the entire base pair. DNA methylation 

marks are read by a family of proteins with methyl 

binding domains (MBD proteins), which includes 

MeCP2. Each of these targets may represent 

candidates for therapeutic treatments of disorders 

characterized by aberrant DNA methylation. 



Post-translational modifications of histones/ 

Posttranslacijske modifikacije histonov 



Histone modifications 
All histones are subject to post-

transcriptional modifications, which 

mainly occur in histone tails. The main 

post-transcriptional modifications are 

depicted in this figure: acetylation (blue), 

methylation (red), phosphorylation 

(yellow) and ubiquitination (green). The 

number in gray under each amino acid 

represents its position in the sequence. 



Post-translational modification of 

histone N-terminal tails  

Six types of modifications to histone tails 

(wavy lines) known to play a role in gene 

regulation are depicted: acetylation, 

methylation, ubiquitinylation, phosphorylation, 

ADP-ribosylation, and sumoylation. 



Schematic overview of histone modifications  

(A) Active chromatin marks. Nucleosomes encompassing the transcribed 

region of a gene—a promoter, enhancer, and insulator, respectively—are 

shown (structure of gene and regulatory elements are represented below). 

The N-terminal “tails” of histone H3 are shown in dark gray, and the tails of 

H4 are in light gray. H3/K4 methylation and H3/K9 monomethylation are 

enriched at the enhancer, the promoter, and the 5‘end of the active gene. 

H3/K27 and H4/K20 monomethylation is enriched over the transcribed 

region, whereas H3/K36 trimethylation peaks at the 5‘ of the active gene. 

Note that active genes are also enriched in H3, H4, and H2A acetylation.  

(B) Poised chromatin marks. Four nucleosomes encompassing the 

transcribed region of a gene poised for transcription and one nucleosome 

each on a promoter element, an enhancer element, and an insulator are 

shown. The promoter and the transcribed region are enriched in the 

repressive mark H3/K27 trimethylation, whereas the region around the 

transcription start is also enriched in the active mark H3/K4 trimethylation. 

This combination of active and repressive marks can poise genes for 

activation and forms a so-called “bivalent domain”. 

(C) Inactive chromatin marks. Modifications of histones H3 and H4 in 

nucleosomes encompassing a repressed or silenced gene are shown. The 

coding sequence and promoter of the inactive gene are enriched in H3/K9 

and H3/K27 di- and trimethylation. The 5‘end of the gene and the promoter 

region are marked by H3/K79 trimethylation, whereas the insulator element 

carries activating marks.  

(D) Scheme of a protein-coding gene with exons shown as light-gray boxes 

and introns as white boxes. Cis-acting regulatory sequences (enhancer, 

promoter, and insulator) are represented by black and dark-gray boxes. 



The nucleosome and the histone code  

a| Each nucleosome comprises an octamer of histone molecules, 

which consists of an H32–H42 tetramer and two H2A–H2B 

dimers. The amino (N) termini of histones project out of the 

nucleosome core and interact with DNA. These histone tails can be 

epigenetically modified, and function as signal integration 

platforms.  

b| Crystal structure of the nucleosome depicting the interaction of 

DNA with histones.  

c| The first 30 amino acids in the N terminus of the human 

histone H3 are illustrated. Many sites in the N terminus can be 

targets for epigenetic tagging by, for example, acetylation, 

phosphorylation and methylation. Regulation of each site is 

independent, and the integration of epigenetic tags elicits a finely 

tuned transcriptional response. The integration of signalling at the 

level of epigenetics is commonly referred to as the histone code. 

Based on the combinatorial nature of these tail modifications, it has 

been suggested that they constitute a code. This code is thought to 

dictate dynamic transitions between transcriptionally active and 

transcriptionally silent chromatin states by creating binding platforms 

for specific chromatin remodelling factors, while preventing others 

from binding. However, although it is well established that covalent 

histone modifications, alone or in combination, can influence nucleosome 

mobility and function as a scaffold for the recruitment of regulatory 

proteins, the universality of the histone code remains controversial. 



Deciphering the histone code  
a| Histone codes can control DNA accessibility and 

the ability of DNA-binding factors (DBFs; purple 

oval) to target their cognate sites on nucleosomes 

(coloured rectangles on DNA ribbon).  

b| Histone codes can also provide interaction 

interfaces for protein modules (chromo- and 

bromodomains) that are present in functionally 

diverse chromatin-regulating factors and 

environments. Chromatin codes and interacting 

factors in heterochromatin and euchromatin are colour 

coded (orange and green) to distinguish between the 

two environments. Constitutive interactions between 

chromatin code and nuclear factors have been shown to 

exist.  

c| There might be instances in which these 

interactions are regulated by cell-cycle or 

developmental stage (highlighted interaction 

modules). This hypothetical model enables a chromatin 

code to act at a point in development that is distinct to 

that of its generation.  

Ac, acetylation; Me, methylation.  



Histone modification machinery/ 

Proteini, ki so vključeni v modifikacije DNA in histonov 



Epigenetic machinery and interplay 

among epigenetic factors  

Epigenetic marks are catalyzed by different 

epigenetic complexes, whose principal 

families are illustrated here. (a–c) Epigenetic 

regulation depends on the interplay among the 

different players: DNA methylation (a), 

histone marks (b) and nucleosome positioning 

(c). The interaction among the different 

factors brings about the final outcome. This 

figure illustrates selected examples of the 

possible interrelations among the various 

epigenetic players. 





Enzymes involved in DNA and histone 

modification pathways  

Enzymes that establish a mark on either DNA or the 

histone tail are termed 'writers'. These modifications 

can be removed or modified by 'editing' enzymes. The 

third class of enzymes includes the 'readers' of an 

epigenetic mark, which mediate the interaction of the 

mark with a protein complex to exert effects on 

transcription. The top panel depicts DNA modifications, 

such as DNA methylation and demethylation, and the 

enzymes involved; the bottom panel shows histone 

modifications and the enzymes involved. Examples for 

each class of enzyme are given.  

5hmC, 5-hydroxymethylcytosine; 5mC, 5-methylcytosine; 

BAZ1B, tyrosine protein kinase BAZ1B; BRCT, BRCT 

domain-containing protein; CHD, chromodomain helicase 

DNA-binding protein; DIDO1, death-inducer obliterator 1; 

DNMT, DNA methyltransferase; HAT, histone 

acetyltransferase; HDAC, histone deacetylase; HMT, 

histone methyltransferase; KDM, lysine-specific histone 

demethylase; MECP2, methyl-CpG-binding protein 2; PPP, 

serine/threonine protein phosphatase; RPS6K, ribosomal 

protein S6 kinase; SAM, S-adenosyl-L-methionine, TAF3, 

transcription initiation factor TFIID subunit 3; TET, TET 

5mC hydroxylase. 



Writers, Erasers, and Readers of 

Major Enhancers Marks 

Proteins capable of adding (writers), 

removing (erasers), and recognizing (readers) 

major enhancer-associated chromatin 

modifications, including H3K4me1, H3K9ac, 

H3K27ac, and 5hmC, are shown.  

'Writers' introduce histone marks 

(circles), 'erasers' take them out and 

'readers' can recognize a particular 

form of histone modification. 



Examples of reading histones in which 

particular domains occurring in many of the 

non-histone-associated proteins are known to 

bind specific modifications of chromatin. 

Combinatorial readout of PTMs  

(a–c) Recognition of a target PTM is influenced by adjacent PTMs on the same histone tail (a) and the combined action of 

multiple readers within the same protein (b,c). (d) Multivalent engagement of readers within individual subunits of the complex. 

The reader-harboring proteins can also contain the catalytic domains (which act as writers and erasers) or scaffolding 

domains that bridge their host proteins with other subunits of the complex. Readers can recognize PTMs on a single 

histone tail (cis mechanism) or different histone tails (trans mechanism). 



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. 





KMTs and KDMs Are Dynamically Regulated through Multiple 

Mechanisms 
KMTs and KDMs are subject to inhibition or activation through the regulatory 

mechanisms that are indicated. 

KMTs: lysine methyltransferases; KDMs: lysine demethylases 



Summary of well-understood histone 

modifications and histone-modifying enzymes  
(a) Histone acetylation at numerous lysine residues on 

histone tails is catalyzed by histone acetyltransferases 

(HATs) and removed by histone deacetlyases (HDACs). 

Histone acetylation is generally a transcriptionally 

permissive mark. Different HAT and HDAC enzymes are 

listed below. Importantly, specific HDACs isoforms are 

differentially expressed across brain structures and appear 

to uniquely regulate different aspects of cognition.  

(b) Histone methylation at lysine and arginine residues 

on histone tails is catalyzed by histone 

methyltransferases (HMTs) and removed by histone 

demethylases (HDMs). Histone methylation at different 

amino acid residues has been linked to both 

transcriptional activation and transcriptional repression. 

Methylation can occur in mono-, di-, or even tri-

methylated states. Many HDMs and HMTs are specific for 

modifications at individual amino acids on histone tails or 

even a specific number of methyl groups.  

(c) Histone phosphorylation at serine residues is 

catalyzed by protein kinases (PKs) such as mitogen- 

and stress-activated protein kinase 1 (MSK1), whereas 

phosphorylation marks are removed by protein 

phosphatases such as protein phosphatase 1 (PP1). 

Histone phosphorylation is generally linked to 

transcriptional activation. 





Compilation of 150 representative human 

genes involved in epigenetic regulation  

The genes were identified, selected, and classified 

according to their function based on published 

literature and database searches. In a further step, the 

genes related to histone modifications were sub-

classified as writers (coding for modifying enzymes 

such as methyltransferases), as erasers (coding for de-

modifying enzymes such as histone deacetylases) and 

as readers (coding for proteins that bind to the 

respective modification). 





DNA methylation and post-translational 

modifications of histones link metabolites and 

transcription 
Changes in nutrition or fluctuations in metabolism 

induce homeostatic transcriptional responses. Several 

intermediary metabolism products change enzymatic 

activity of chromatin-associated proteins in a dose-

dependent manner. 'Writer' enzymes that attach 

marks covalently to chromatin or DNA and 'erasers' 

that remove these modifications act as metabolic 

sensors. Chromatin modifications remodel DNA–histone 

interactions and help to regulate the recruitment of 

transcriptional complexes to genes that control cellular 

function and survival.  

DNMT, DNA methyltransferases; FAD, flavin adenine 

dinucleotide; HDACs, histone deacetylases; HMTs, 

histone methyltransferases; KATs, lysine 

acetyltransferases; KDMs, lysine demethylases; O-

GlcNAc, O-linked N-acetylglucosamine; OGT, O-

GlcNAc transferase; OGA, O-GlcNAcase; β-OHB, β-

hydroxybutyrate; SAM, S-adenosylmethionine; TET, ten-

eleven translocation protein. 



Interplay between reprogramming factors 

and molecules influencing chromatin state  

Different transcription factors that have been 

shown to trigger induced pluripotency, with the 

most broadly used combination (Oct4, Klf4, Sox2, 

c-Myc) highlighted. Some molecules have been 

shown to facilitate (black) or inhibit (red) 

reprogramming. Bone morphogenetic proteins 

(BMPs) and Wnts have stage-dependent enhancing or 

suppressive roles during iPSC formation.  

RBPs: RNA binding proteins; iPSC: induced 

pluripotent stem cell. 



Epigenetic control of cellular differentiation/ 

Epigenetska kontrola celične diferenciacije 



Epigenetic control of stem cell differentiation 
Appropriate differentiation requires a differential regulation of pluripotency genes and lineage-committed 

genes.  

(A) Pluripotency genes are silenced during differentiation.  

(B) Lineage-committed genes often show bivalent modification in embryonic stem cells. Upon differentiation 

the lineage-committed gene needs to be derepressed, whereas other lineages need to be suppressed. However, 

some genes that are required during later time points may remain in a bivalent state, allowing activation at the 

appropriate time point. 



Switching epigenetic states with PcG/trxG 

regulatory system  
Accumulated evidence suggests that the PcG/Trx regulatory system 

is better viewed as a pair of interdependent, gradually adjustable 

regulators (shown here as sliders) rather then a binary ON/OFF 

switch. Although we expect that PcG/Trx regulation can assume a 

continuum of states characterized by different relative levels of PcG 

and Trx function exerted upon a target gene (displayed as a position of 

corresponding sliders between ‘High’ and ‘Low’ settings) the figure 

illustrates four basic states defined as ‘Balanced’, ‘Repressed’, 

‘Active’ and ‘Mute’. In the ‘balanced’ state the target gene is 

embedded in broad domain of H3K27me3 (indicated in blue), yet its 

promoter region is marked at the same time with H3K4me3 (yellow 

rectangle) and binds RNA pol II (black cap). This state results from 

the balanced action of PcG/Trx complexes bound at the PRE/TRE as 

well as an input from other repressor (RE) and enhancer (En) 

elements. Upon differentiation, the ‘Balanced’ state frequently 

transits into fully repressed or fully active states. Later, this transition 

can be reversed and the states re-programed. The ‘Repressed’ state is 

characterized by broad H3K27 trimethylation of target genes and 

absence of RNA pol II, COMPASS, and H3K4me3 from the promoter. 

Note that in this state, Trx can still bind at the PRE/TRE. The ‘Active’ 

state is marked by the presence of abundant activators, strong 

transcriptional activity, and binding of the COMPASS complex with 

H3 K4 trimethylation in the promoter region. In the ‘Mute’ state 

neither regulators nor RNA pol II associate with the gene, which 

correlates with the absence of both H3K27me3 and H3K4me3. How 

this state is achieved is not known. 

PcG: Polycomb; trxG: Trithorax 

Occurrence of TF binding sites can determine chromatin dynamics 

 

Sequence-specific DNA-binding proteins including transcription 

factors (TFs) are key determinants of gene regulation and chromatin 

architecture. 



Epigenetic Reprogramming 

in Animal Development 





Contribution of various chromatin-

remodelling events throughout the life of 

an organism  

Chromatin modifications occurring at different time 

points during the life of an organism have been 

associated with various short- to long-lasting 

regulatory events that affect the development and the 

function of the brain and other tissues. 



Depiction of potential cell signaling in 

Waddington's model of epigenetic 

determination of development  

Colored marbles correspond to differentiation 

states. Arrows represent the directionality of 

factor influence for development with '+' 

indicating addition and '–' indicating removal of a 

given factor or signal. The downward blue arrow 

at the top left of the 'hill' reflects direction of 

normal development, whereas the upward blue 

arrow at the bottom right of the hill depicts the 

direction of cellular reprogramming during 

generation of iPSCs. Coloring of text for names of 

factors and signaling pathways correspond to their 

function within the given developmental stage. Waddington's epigenetic landscape is a metaphor for how gene 

regulation determines development.  



Epigenetske spremembe in bolezni 









Genes can be miss-regulated by several 

pathways  
Histone PTMs can be changed by for example 

genetic mutation, overexpression, chemical 

inhibition or activation of an epigenetic 

regulator (readers/writers). The consequence is 

that the ‘histone code’ at specific genomic 

regions (such as promoters) is altered and the 

appropriate reader cannot bind anymore (1), or a 

wrong reader is recruited, both resulting in 

disturbance of chromatin structure (e.g. 

establishment of heterochromatin causing e.g. 

alterations of mutation rate in the affected 

regions) or misregulation of genes (2). 

Additionally mutations of reader itself could 

result in a wrong interpretation of the ‘histone 

code’ and misregulation of gene expression (3). 

These mechanisms can, as depicted here, silence 

gene (e.g. tumour suppressors) but also lead to 

gene activation (e.g. oncogenes). 





DNA methylation patterns in normal and 

cancer cells 
DNA methylation takes place along the whole 

genome, and its disruption is a typical hallmark of 

cancer.  

(a) In normal cells (top), CpG islands and CpG 

island shores usually remain unmethylated, 

allowing gene transcription. Additionally, DNA 

methylation within the gene bodies avoids spurious 

transcription initiations. In cancer cells (bottom), by 

contrast, although both CpG islands and CpG 

island shores may be strongly methylated, gene 

bodies lack this modification. As a result, 

transcription of many genes gets blocked, and 

aberrant transcription may occur from incorrect 

transcription start sites (TSSs).  

(b) In normal cells (top), methylation of repetitive 

sequences prevents genomic instability and, again, 

spurious transcription initiations. Moreover, 

transposable elements cannot be activated in a 

methylated environment. In cancer cells (bottom), 

global hypomethylation triggers genomic 

instability and aberrant transcription initiations. 

Concomitant activation of transposons may lead to 

gene disruption. 



Histone modification patterns in normal 

and cancer cells 
Mainly along their protruding N-terminal tails, 

but also within their C-terminal regions, histones 

can undergo diverse post-translational 

modifications. In the right combination and 

translated by the appropriate effectors, these 

modifications contribute to establishing the 

global and local condensed or decondensed 

chromatin states that eventually determine gene 

expression. This figure depicts the main 

modifications of the four core histones in 

normal cells (type and position in the amino acid 

sequence). Furthermore, and because disruption 

of their normal patterns is related to cancer, 

histone modifications typically associated with 

the disease have also been highlighted.  

Ac, acetylation; Me, methylation; P, 

phosphorylation; Ub, ubiquitination. 

Disruption of normal patterns of covalent histone modifications is another hallmark of 

cancer. One of the most characteristic examples is the global reduction of the 

trimethylation of H4K20 (H4K20me3) and acetylation of H4K16 (H4K16Ac), along 

with DNA hypomethylation, at repeat sequences in many primary tumors 



Selection of epigenetic genes disrupted in 

human tumors 
Mutation, deletion and/or altered expression of 

genes encoding components of the various 

epigenetic machineries are typically observed 

in human tumors. The figure shows a selection 

of genes encoding enzymes that add, remove 

and recognize histone modifications, as well as 

members of the DNA methylation machinery, 

whose deregulation is connected to cancer.  

CRCs, chromatin remodeling complexes; Ac, 

acetylation; Me, methylation. 



Genes Encoding Epigenetic and 

Chromatin Regulators Are Frequent 

Targets of Mutations in Cancer 
The enzymes DNMT3A and TET2 regulate 5-

methylcytosine and 5-hydroxymethylcytosine 

production in genomic DNA; the genes encoding 

these enzymes are frequently mutated in leukemias. 

The histone H3 component of the nucleosome 

undergoes extensive modifications involving its 

lysine (K)-rich tail. Genes encoding enzymes that 

read, produce, or interpret these modifications are 

frequently mutated in cancer. Examples include 

histone lysine methyltransferases (KMTs), histone 

lysine demethylases (KDMs), and histone 

acetyltransferases (HATs). Genes encoding 

components of the SWI/SNF chromatin-remodeling 

complex are also recurrently mutated in cancer. 

Novel therapeutics targeting chromatin and 

epigenetic mechanisms have entered clinical use or 

are in development (boxed). 





Mutations in regulators of the epigenome identified 

in cancer 

a| Using several data browsers, ~709 epigenetic enzymes that 

were identified can be grouped into three major categories: 

histone modification, chromatin remodelling and DNA 

modification. Each group is divided into subgroups based on 

their functions. The total number of genes in each subgroup is 

given in brackets. Each pie chart lists the number of genes that 

were found to be mutated in at least two tumour samples 

(indicated in blue, green or orange) and the number of 

unmutated genes (black) for each group of epigenetic enzymes.  

b| Examples of mutated genes in the groups of DNA 

modification, histone modification and chromatin remodelling 

enzymes, based on data as of January 2013 in the International 

Cancer Genome Consortium (ICGC) data set. The number of 

analysed tumour tissues is given. Several tumour entities have 

high frequencies of mutations in epigenetic enzymes. Note that 

these data are not adjusted for chromosomal instability or 

mutator phenotypes, hence the frequencies reflect a 

combination of probable driver mutations in epigenetic 

regulators, in addition to the background mutation rate for the 

tumour type.  

5caC, 5-carboxylcytosine; 5fC, 5-formylcytosine; 5hmC, 5-

hydroxymethylcytosine; 5mC, 5-methylcytosine. 



The cancer epigenome and relevant gene 

mutations 
The cancer epigenome is characterized by 

simultaneous global losses in DNA methylation 

(indicated by pale blue circles) with hundreds of genes 

that have abnormal gains of DNA methylation 

(indicated by red circles) and repressive histone 

modifications (indicated by red flags) in promoter 

region CpG islands. The hypomethylated regions have 

an abnormally open nucleosome configuration and 

abnormally acetylated histone lysines (indicated by green 

flags). Conversely, abnormal DNA hypermethylation in 

promoter CpG islands is associated with nucleosomes 

positioned over the transcription start sites of the 

associated silenced genes (indicated by an arrow with a 

red X). Recent whole-exon sequencing of human cancers 

has shown a high proportion of mutations in genes in 

leukaemias, lymphomas, and ovarian, renal and 

pancreatic cancers, and rhabdomyosarcoma (indicated in 

yellow boxes), which are depicted as helping to mediate 

either abnormal DNA methylation, histone modifications 

and/or nucleosome remodelling.  

ARID1A, AT-rich interactive domain-containing protein 

1A; DNMT3A, DNA methyltransferase 3A; EZH2, 

ehancer of zeste 2; IDH1, isocitrate dehydrogenase 1; 

MLL, mixed lineage leukaemia; PBRM1, protein 

polybromo 1; SNF5, SWI/SNF-related, matrix associated, 

actin-dependent regulator of chromatin, subfamily B, 

member 1; VHL, Von Hippel–Lindau. 



Collaboration of epigenetic modification and 

mutation in the hallmarks of cancer  

The epigenome sits at the intersection of the 

environment, genetic mutation and tumour cell growth. 

Environmental factors, such as carcinogens or diet, as 

well as injury and inflammation, cause epigenetic 

reprogramming. The epigenome also accumulates 

damage stochastically and through ageing. The 

machinery for maintaining epigenetic integrity can be 

stably disrupted in either of two ways: by mutation or by 

epigenetic change itself with positive feedback.  

Some epigenetic modifications, such as shifting 

methylation boundaries at CpG islands and shores, lead 

to metabolic change and enhanced proliferation. 

Instability of CpG island methylation boundaries also 

contributes to epigenetic dysregulation, allowing for 

selection in response to the cellular environment for 

cellular growth advantage at the expense of the host. 

ARID1A, AT-rich interactive domain-containing protein 

1A; KLF4, Krüppel-like factor 4; MLL, mixed lineage 

leukaemia; TET2, tet methylcytosine dioxygenase 2. 



Histone-modification maps for a typical 

chromosome in normal and cancer cells  

Nucleosomal arrays are shown in the context of chromosomal 

location and transcriptional activity. Octamers consisting of 

histones H2A, H2B, H3 and H4 are represented as grey 

cylinders. Histone acetylation and methylation (di- and tri-) 

are shown. In 'normal' cells, genomic regions that include the 

promoters of tumour-suppressor genes are enriched in histone- 

modification marks associated with active transcription, such 

as acetylation of H3 and H4 lysine residues (for instance K5, 

K8, K9, K12 and K16) and trimethylation of K4 of H3. In the 

same cells, DNA repeats and other heterochromatic regions 

are characterized by trimethylation of K27 and dimethylation 

of K9 of H3, and trimethylation of K20 of H4, which function 

as repressive marks. In transformed cells, this scenario is 

disrupted by the loss of the 'active' histone-marks on 

tumour-suppressor gene promoters, and by the loss of 

repressive marks such as the trimethylation of K20 of H4 

or trimethylation of K27 of histone H3 at subtelomeric 

DNA and other DNA repeats. This leads to a more 

'relaxed' chromatin conformation in these regions. 



Epigenetic drugs for cancer therapy 
Numerous compounds have been reported 

to be effective against cancer cells by 

inhibiting components of the epigenetic 

machineries. This figure shows the most 

important epigenetic drugs classified 

depending on their particular epigenetic 

targets. 





Selected List of Psychiatric Disorders and 

Syndromes with Epigenetic Origins or 

Treatments 



Epigenetic alterations in aging 
Alterations in the methylation of DNA or acetylation and methylation of histones, as well as of other chromatin-

associated proteins, can induce epigenetic changes that contribute to the aging process. 



Epigenetic drift and transgenerational inheritance 

of disease risks  

DNA methylation and histone marks are established 

during embryonic development to maintain cell lineage 

commitment. After birth the chromatin landscape retains 

a dynamic configuration throughout life. Changes of 

chromatin marks within a gene locus, termed epigenetic 

drift, occur in response to nutritional, metabolic, 

environmental or pathological signals and are part of 

homeostatic adaptations. When adverse epigenetic drift 

compromises a cell's capacity to adequately respond to 

challenges, disease susceptibility increases stochastically. 

Under some circumstances epigenetic marks may escape 

epigenetic reprogramming during gametogenesis and be 

inherited by subsequent generations. Transgenerational 

inheritance of epigenetic regulation would contribute to 

disease susceptibility by transmitting an acquired epigenetic 

predisposition to the next generation independently of 

genetically inherited risk factors. 



Histone modification: cause or cog? 

Steven Henikoff & Ali Shilatifard 

Trends Genet. 2011 27(10):389-396. 

 

Describing histone modifications in terms of information or language suggests overwhelming complexity and leaves 

mechanistic questions unaddressed. By contrast, DNA accessibility provides a simple testable paradigm for 

understanding the role of nucleosomes in gene regulatory processes. The view that emerges is that dynamic 

processes affecting nucleosomes result in patterns of histone modifications, which in turn affect the physical 

properties of nucleosomes and help to maintain the active or silent state of chromatin. Such dynamic processes 

include not only transcription factor binding, RNA polymerase elongation and nucleosome remodeling, but 

also the targeting action of long non-coding RNAs. A fuller understanding of how these dynamic processes result 

in histone modification patterns will be needed to evaluate the functional significance of histone modifications in 

gene expression and other chromatin-associated processes. 

 

Key histone modifications are better understood as cogs in the machinery that regulates transcriptional 

elongation, heterochromatic silencing and other processes. We find that the considerably older DNA 

accessibility paradigm [H. Weintraub, M. Groudine. Chromosomal subunits in active genes have an altered 

conformation. Science, 193 (1976), pp. 848–856] provides a more useful description of the dynamic chromatin 

landscape and is supported by recent findings. 

 



Histone modifications as consequences of 

dynamic chromatin processes. 
(a) During transcription, Set1 interacts with 

initiating, Ser5-phosphorylated (S5P) Pol II and 

methylates H3K4 proximal to promoters (top). With 

the onset of transcriptional elongation, Pol II is 

predominantly Ser2/7-phosphorylated (S2/7P), leading 

to dissociation of Set1 (middle). Set2 associates with 

Ser2/7-phosphorylated Pol II, which then deposits 

H3K36me throughout the gene body concurrent to 

transcriptional elongation (bottom schematic). Below 

the schematics is a diagram of the distributions of 

H3K4me and H3K36me in genes.  

(b) In siRNA-dependent targeting, Pol II transcribes 

centromeric repeats, which are transcribed by RNA-

dependent RNA polymerase and processed by Dicer to 

generate siRNAs, which target the Clr4 

methyltransferase complex to sites of future 

heterochromatin to establish H3K9me.  

(c) In lincRNA-dependent targeting, Pol II 

transcribes a lincRNA (HOTAIR), which associates 

with components of the PRC2 H3K27 

trimethyltransferase complex (EZH2) and the 

CoREST H3K4 demethylase complex (LSD1). 

HOTAIR then targets these complexes to promoters to 

remove H3K4me3 and establish H3K27me3, 

contributing to a repressive chromatin state. 

Histone modifications are cogs in dynamic chromatin processes, 

wherein histone modifications reinforce changes in nucleosome 

occupancy, positioning or composition mediated by processes such 

as transcriptional elongation, chromatin remodeling and the 

targeting actions of noncoding RNAs. 




