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Abstract  

Histone post-translational modifications play a key role in epigenetic regulation of chromatin 

landscape and various cellular functions. They can directly mediate interactions between DNA 

and histones, but also represent recognition signals for specific reader proteins. A particular type 

of these modifications, lysine methylation, marks a number of specific sites within the terminal as 

well or globular regions of histone proteins and encodes for various instructions for DNA-related 

processes such as gene transcription. The profiles of individual lysine methylations are regulated 

by specific methyltransferases (writers) and antagonizing demethylases (erasers). Their deregula-

tion is often associated with diseases such as developmental abnormalities or cancer. For this rea-

son, a number of histone-modifying enzymes are considered attractive therapeutic targets. This 

review is focused on key players and mechanisms underlying the deposition of the most important 

histone H3 lysine methylations, their genomic distribution and contextual roles in transcriptional 

events. In addition, it highlights the importance of structure-based approaches in exploring the 

molecular details behind the activity of histone methylation writers, readers and erasers, and their 

crosstalk with other histone modifications. 
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Abstrakt 

Post-translačné modifikácie histónov hrajú kľúčové role v epigenetickej regulácii architektúry 

chromatínu a taktiež rôznych bunkových funkcií. Môžu jednak priamo sprostredkúvať interakcie 

medzi DNA a histónmi, ale taktiež fungujú ako chemický signál pre väzbu špecifických „reader“ 

proteínov. Konkrétnym typom týchto modifikácii je metylácia na lyzíne, ktorá značí rozličné po-

zície na terminálnom aj globulárnom regióne histónov a je v nej obsiahnutá informácia pre regu-

láciu procesov súvisiacich s DNA zahŕňajúc transkripciu génov. Distribúcie jednotlivých typov 

lyzínových metylácii sú regulované špecifickými metyltransferázami (writers) a im antagonistic-

kými demetylázami (erasers). Ich deregulácia úzko súvisí s ochoreniami ako sú napríklad vývo-

jové vady či isté typy rakoviny a sú teda populárnymi cieľmi pre vývoj inhibítorov. Táto práca 

zahŕňa popis kľúčových hráčov a taktiež mechanizmov, ktorými sa táto histónová značka depo-

nuje, príslušné genómové distribúcie a vysoko kontextuálnymi rolami pri procesoch súvisiacich 

s transkripciou. Okrem toho vyzdvihuje dôležitosť a potrebu štruktúrnych štúdii, ktoré výrazne 

napomáhajú porozumieť detailom za regulovanou aktivitou proteínov účastných pri modifikácii 

histónov a ich vzájomnej komunikácii.  
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1. Introduction 

The concept of chromatin packaging has been the key architectural feature of how eukaryotes 

store genetic information within the nucleus, since the linear DNA of every cell comes to about 

2 meters in length. The basic unit of chromatin – the nucleosome – consists of an octamer of 

histone proteins (H2A, H2B, H3 and H4, two copies of each) wrapped around by approximately 

147 bp of DNA. Nucleosomes are connected by short segments of linker DNA to interact with 

neighboring nucleosomes and scaffold proteins to form higher-order fiber structures1,2. Although 

it was previously thought to only provide compaction, this organization of the genome impedes 

the accessibility of DNA for protein factors involved in essential cellular processes such as repli-

cation, recombination or coordinated transcription. Therefore, eukaryotic cells have developed the 

necessary mechanism to achieve regulated access to DNA. The unstructured N-terminal tails, as 

well as residues at the globular domain3 of histone proteins are subject to a variety of covalent 

post-translational modifications, which among others include acetylation, phosphorylation, ubiq-

uitination, biotinylation and methylation4. Histone PTMs in concert with nucleosome composition 

and ATP-hydrolyzing chromatin remodelers5, that introduce relative repositioning of DNA and 

histone proteins and histone eviction, ensure a dynamic landscape of chromatin functional states 

from closed to permissive or open6. Rather than the original two state model of cytologically dis-

tinguishable active (euchromatin) and repressed (heterochromatin)7, chromatin accessibility has 

been shown to be better represented as a continuum6.  

Spatial and temporal profiles of histone PTMs help define distinct functional states of chromatin 

and regulate accessibility of DNA for transcription machinery8, but were also proposed to work 

in concert as an epigenetic code (the so-called “histone code”), which guide numerous chromatin-

based processes7, and in a way increase the heritable coding capacity with no alterations in DNA 

sequence itself. The histone code is a product of various signaling pathways that involve enzymes 

catalyzing deposition a specific histone PTM (writers), proteins containing domains with binding 

capacity (readers) and enzymes that catalyze removal of a mark (erasers) (Figure 1). Generally, 

histone PTMs can affect cellular outcomes both directly by influencing nucleosome interactions, 

and indirectly by recruiting/blocking readers9. Several instances of interplay between different 

histone PTMs have been recognized, and in this manner, the histone code within a gene body and 

regulatory elements provides selective transcriptional cues10. Histone methylation provides a va-

riety of histone code patterns given its range of target residues and possible multivalence. These 

patterns are tightly associated with modulation of multiple chromatin-based processes such as 

initiation and elongation phases of transcription, heterochromatin establishment, DNA damage 
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response, X chromosome inactivation and more. This work is supposed to outline long-known 

and recent developments on mechanisms and key players behind writing, reading and erasing 

histone H3 lysine methylation, and demonstrate its essential diversity and instructive roles in the 

context of transcription-related events. 

2. Characteristics of histone methylation 

Biological methylation occurs on a range of biopolymers (DNA, RNA, proteins) within the cell 

and impacts the pipeline of the central dogma of molecular biology11. Protein methylation features 

the transfer of a methyl group to side chain nitrogen atoms of basic amino acids lysine (K) and 

arginine (R). The much less understood arginine methylation catalyzed by protein arginine me-

thyltransferases takes place on the ω- and δ-positioned12 nitrogen atoms of the guanidium group13, 

which provide a great complexity not only in terms of valency, but also symmetry of the dimethyl-

ation state13.  

Figure 1. Overview of histone H3 lysine methylation 

Schematic view of a nucleosome and its highlighted histone H3 component shown in green. Lysine res-

idues that undergo methylation are depicted as green circles with respective numbers (note their presence 

on both the tail and the globular region). Boxes above and beneath individual positions list specific me-

thyltransferases (writers) and demethylases (erasers) (recreated from ref. 25, assembled in BioRender). 
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Even though several histones can be subject to methylation, lysine residues of histone H3 are the 

primary sites and are also the focal point of this review. Lysine of both histone and non-histone 

proteins can be mono-, di- or trimethylated at the ε-amino group (Figure 2A) by enzymes with 

protein methyltransferase activity in an S-adenosyl-L-methionine (AdoMet or SAM) dependent 

SN2 reaction14,15. However, unlike some other histone PTMs, none of the three methylation states 

alter the positive charge of lysine at physiological pH and the overall size of the side chain; though, 

the degree of hydrophobicity is increased and the capacity to form H-bonds is decreased with each 

state16–19. In comparison with other covalent histone PTMs such as phosphorylation and acetyla-

tion, methylation is not as reactive and less susceptible to hydrolysis11, therefore it was long con-

sidered permanent, which is not the case. 

Figure 2. Lysine methylation reaction 

(A) Mono-, di- or trimethylation at the ε-amino group of lysine by histone methyltransferases (HMT). 

The positive charge of the amino group remains unchanged, hydrophobicity increases and the ability 

to from H-bonds decreases (Adapted from ref. 19). (B) Reaction pathway and the role of protein 

lysine methyltransferases (PKMT). PKMT recognizes its substrate and SAM cofactor, The ε-amino 

group is deprotonated, allowing formation of the SN2 transition state. Lastly, methylated lysine and 

SAH byproduct are released (adapted from ref. 15). 
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2.1. Writing histone methylation 

In order to overcome the activation barrier caused by the lysine substrates being weak nucleophiles 

upon protonation at physiological pH, methylation is catalyzed by enzymes with histone methyl-

transferase (HMTase) activity. Right at the beginning of linking methyltransferases to chromatin 

organization the catalytic residues were mapped to the evolutionary conserved SET domain20,21 

named after Drosophila proteins and corresponding phenotypes (Suppressor of variegation 3-9, 

Enhancer of zeste and Trithorax). The family of SET domain-containing HMTases is responsible 

for all histone lysine methylations except for H3K79 (Figure 3), and now has been identified 

across the whole studied eukaryotic domain. The well-characterized mainly-beta domain is around 

140 amino acids long, and in many cases requires adjacent cysteine-rich regions (N-terminal pre-

SET, C-terminal post-SET) for its HMTase activity22. Solved crystal structures (examples of PDB 

codes: 1PEG, 1O9S, 2O8J) of a free SET domain or in complex with substrate peptides and the 

product S-adenosyl-homocysteine (AdoHcy or SAH) revealed an architecture that differs from 

other methyltransferases with SAM as a cofactor. The fold is composed of a set of beta-sheets 

surrounding a knot-like structure with the most conserved sequence important for SAM binding22–

24. Residues within the catalytic site secure the deprotonation of ε-nitrogen on lysine, and an al-

most linear alignment of the methyl group of SAM required for the SN2 transition state stabiliza-

tion15. The backbone of a lysine residue also plays a role in achieving the proper relative orienta-

tion between lysine and SAM17. The state of methylation typically has a distinct cellular mean-

ing25. The product specificity of SET domain-containing HMTases mostly relies on a Phe/Tyr 

switch mechanism. In the catalytic site environment a larger Tyr residue interacts with a water 

molecule and only enables lower methylation states (mono-), whereas the smaller Phe residue sets 

a preference for higher methylation states (di-, tri-)26. The other class includes non-SET domain 

histone methyltransferases, such as DOT1L, which specifically methylates H3K79 despite the 

structural homology with protein arginine methyltransferases27 (Figure 3). Many of these writers 

act as components of large multisubunit complexes that further specify and regulate their function.  
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2.2. Specific readout 

Rather than having a direct effect on chromatin compaction by changing the polarity of a histone 

tail, methylation works as a selective binding platform for other diverse histone modifying en-

zymes and chromatin remodelers. The so-called readers, which contain specific methyllysine-

binding domains (Table 1), further associate with diverse co-factors and effectors to execute the 

plethora of cellular functions discussed throughout this work. Some readers appear to be unspe-

cific, whereas others show a higher degree of specificity towards a certain methylation state. 

Methyllysine readers commonly utilize a hydrophobic pocket lined by aromatic residues, which 

serve as a docking site for perpendicular cation-π interactions with the positively charged ammo-

nium cation. Additionally, desolvation of the pocket and the lysine side chain by the hydrophobic 

effect also contributes to the recognition28,29. Selectivity in terms of methylation state depends on 

the size and composition of the hydrophobic pocket in combination with additional contacts with 

surrounding residues to ensure specific and contextual targeting30. The latter is enhanced by the 

Figure 3. Structures of selected HMTase catalytic domains. (A) Crystal structure of H3K9-specific 

SUV39H2 with the SET domain in magenta and SAM cofactor in yellow (PDB code: 2R3A). (B) Crystal 

structure of H3K9-specific monomer of GLP and its SET domain in magenta and SAH in yellow (PDB 

code: 2IGQ). (C) H3K36-specific SETD2 and its SET domain in magenta and SAH in yellow (PDB 

code: 5JLE). (D) NMR structure of the non-canonical PR domain (magenta) of H3K9-specific RIZ1 

(PRDM2) with low sequence homology, yet structurally similar fold to the canonical SET domain (PDB 

code: 5JV0). (E) Crystal structure of human DOT1L with SAM (yellow), the sole H3K79 HMTase, 

which represents a non-SET HMTase. Instead, it has a Rossman fold-like structure (PDB code: 1NW3) 

(visualized in PyMol).  
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fact that these proteins frequently function in a complex with additional readers. The structural 

and functional studies tend to be limited by the problematic simulation of the physiological context 

of chromatin, which can lead to overlooking the complexity of integrating multiple PTMs30. 

Table 1. Reader domain classes and their histone H3 targets (recreated from ref. 30). 

3. H3K4me 

3.1. Writing and erasing H3K4 methylation 

3.1.1 Writing H3K4me 

This typically activating euchromatic epigenetic mark and its three states in vivo appear to be 

highly conserved, and carry distinct distribution patterns across transcribed regions, with tri-

methylation being the most characteristic and exclusive for actively transcribed genes31. The fam-

ily of methyltransferases that deposit this mark (KMT2) has various distinct genomic targets 

rooted in distinct subunit composition and a wide interaction network. The very first H3K4 me-

thyltransferase that underwent a deeper biochemical characterization was yeast Set1. Formation 

of a multiprotein complex named COMPASS, which stands for Complex of Proteins Associated 

with Set1, is essential for acquiring the active state, and it is able to catalyze all three methylation 

states32. Apart from the SET domain-containing Set1, 4 other subunits comprise the conserved 

heteropentameric core catalytic complex33, and three additional factors are required for the assem-

bly, stability and activity and specificity regulation, as their absence possibly causes defects and 

alteration in methylation patterns34 (Figure 4). A more recent structural analysis of the yeast cat-

alytic module introduced detailed models of how the loop-containing Swd3 subunit regulates the 

Reader domain H3 target Examples 

ADD H3K9me3 DNMT3 

Ankyrin H3K9me1/2 G9a, GLP1 

BAH H3K9me2 ORC1 

Chromo barrel H3K36me2/3 MSL3 

Chromodomain H3K9me2/3, H3K27me2/3 HP1 

MBT H3K9me1/2 L3MBT1 

PHD H3K4me2/3, H3K9me3 TAF3, BPTF, ING2, BHC80 

PWWP H3K36me3, H3K79me3 hMSH6/NSD2 

SAWADEE H3K9me1/2/3 SHH1 

tandem Tudor domain H3K4me3, H3K9me3 53BP1 

Tudor H3K36me3 PHF1 

WD40 H3K27me3, H3K9me3 EED 

zf-CW H3K4me3 ZCWPW1 
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activity of the catalytic subunit Set1, and an interesting doorstop mechanism, that determines the 

substrate specificity in terms of mono-/multimethylation33.  

The mixed lineage leukemia (MLL) protein family of 6 non-redundant human homologs contains 

MLL1-4, SETD1A and SETD1B also has important roles in H3K4me-mediated transcriptional 

regulation of developmental and haemopoietic genes and their mutations have strong associations 

with cancers and developmental diseases35–37. Similar to the previously described yeast homo-

logue, the MLL-family proteins also display optimal activity as Y-shaped38,39 multi-protein com-

plexes, in which the catalytic Set1 homologue also serves as a scaffold for four homologous sub-

units collectively known as WRAD34 (Figure 4). It was speculated, whether the WRAD complex 

could possess HMTase activity devoid of Set1, but a reconstituted complex exhibited barely de-

tectable methylation levels38. The presence of WRAD dictates the substrate specificity: MLL 

alone catalyzes monomethylation in vitro, however, in the presence of WRAD it becomes capable 

of di- and trimethylation40. While WRA (WDR5, RBBP5, and ASH2L) components form the 

complex required for methylation activity, the D (DPY-30) secures specific targeting for histone 

H341,42. Additional recruitment of transcription factors and coactivators via the more divergent N-

terminal region specifies distinct transcriptional events. In such manner, menin, a tumor suppres-

sor, bridges MLL to LEDGF, which is known as a cancer-implicated coactivator43. 

 

H3K4 methylation responds to an interesting crosstalk signal based on deposition of a different 

post-translational modification on the tail of a histone other than H3, therefore, it is also referred 

Figure 4. Comparison of Y-shaped human MLL1 and yeast COMPASS complexes. Homologous 

components are depicted with the same color (adapted from ref. 39). 
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to as a ‘trans-tail’ regulation. This evolutionary conserved crosstalk features ubiquitination of ly-

sine 123 on histone H2B as a precondition for proper H3K4 methylation by Set1/COMPASS. 

Rad6 plays the role of an E2-conjugationg enzyme, and is associated with Bre1, an E3-conjuga-

tiong enzyme34,44,45. Cryo-EM structural study of an extended COMPASS catalytic module pro-

posed the underlying mechanism of H2Bub-dependent activation. Once COMPASS interacts with 

a nucleosome, the interface sandwiches an autoinhibiting motif of Set1, and this autoinhibitive 

packing of other subunits can only be allosterically modulated when ubiquitin is conjugated to 

histone H2B46. This level of modularity and complexity provided by crosstalk points at tunability 

and contextual dependence of H3K4me deposition. 

3.1.2. Erasing H3K4me 

Discovery of H3K4 demethylases indicated that histone methylation is not permanent, and histone 

degradation is not the only way of reversing it, even though the of the N-C bond is relatively 

stable. First identified demethylase was LSD1, a homolog of FAD-dependent monoamine oxidase 

with direct regulation implications in development, but also tumorigenesis when overexpressed47. 

LSD1 catalyzes FAD-dependent oxidative demethylation of H3Kme1/2 first forming an imine 

intermediate, which is subsequently non-catalytically hydrolyzed to generate formaldehyde48. Af-

ter LSD1, its homolog LSD2 was discovered to also specifically demethylate mono- and dimethyl-

ation in the same fashion49, but it displays a slightly dissimilar domain organization (Figure 5). 

The most distinctive could be a missing tower domain, that allows LSD1 to interact with crucial 

binding factors (e.g. a transcriptional co-repressor CoREST50), which define specificity for nucle-

osomal substrate51, but these protein-protein interactions also define distinct repressive effects on 

transcription programs49,52. 

A characteristic Jumonji C domain sets out another class of demethylases, collectively known as 

JmjC-domain-containing histone demethylases (JHDMs), which can in contrast with afore-men-

tioned LSD1 catalyze removal of all three methylation states, and its members cover wide ranges 

of targets spreading as far as lysine substrates other than H3K453 (Figure 1). The JmC domain 

catalyzes hydroxylation of the methyl group to produce an unstable hydroxymethyl intermediate, 

that is spontaneously converted to formaldehyde, as well as it contains particular residues neces-

sary to bind Fe(II) and α-ketoglutarate as cofactors54,55.  

Further studies of these erasers in terms of crosstalk and high-fidelity transitions from one tran-

scriptional program to another will be important for understanding how they may function in cell 

fate determination and epigenetic inheritance in general. In addition, the growing repertoire of 
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these enzymes, and the fact that their defective functions are strongly related to cancer develop-

ment and invasion56 provides new targets for potential drug intervention. 

 

3.2. Cellular effects of H3K4 methylation 

3.2.1. Distribution of H3K4 methylation 

As opposed to a repressive type of methylation and respective heterochromatic interactors, H3K4 

methylation is strictly localized in the surrounding euchromatic regions. Contribution from both 

of these antagonistic marks together with DNA elements is needed for correct heterochromatin/eu-

chromatin domain boundary57. Set1-mediated trimethylation was first observed to be present at 

actively transcribed genes exclusively, whereas dimethylation occurs at both active and inactive 

euchromatic loci31. Active promoters share a conserved marking pattern, namely acetylation of 

various H3/H4 residues and trimethylation of H3K4. High-resolution chip genomic analysis, fol-

lowing algorithm development and its application determined and predicted epigenetic profiles of 

promoters and enhancers. Although both elements share common attributes as nucleosome deple-

tion, histone acetylation and H3K4 dimethylation, promoters appear to be highly enriched with 

H3K4me3 and on the contrary, enhancers are enriched with H3K4me158. H3K4me2 peaks slightly 

downstream from the transcription start at the 5′ end of transcribed genes, and helps recruit acces-

sory factors such as histone deacetylase complexes59 hinting on a sophisticated interplay between 

the two marks.  

Figure 5. Domain compositions and crystal structures of LSD1 a LSD2 demethylases (PDB codes: 

2H94, 4GU0; visualized in PyMol and assembled in BioRender). 
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3.2.2. H3K4me readout and transcription 

The three possible methylation states serve as specific binding platforms for downstream adapters 

and effectors containing structurally conserved reader domains, in particular PHD (plant homeo-

domain), DCD (double chromodomain), zf-CW (zinc finger CW) and Tudor domain30. Initiation 

phase of transcription starts with H3K4me-dependent assembly of the general transcription fac-

tors, as well as factors specific to certain genes at regulation elements such as promoters and 

enhancers to ensure recruitment of RNA Pol II only at the right time. As discussed, H3K4me3 

levels peak at the promoter region. This pattern is a result of COMPASS-family proteins. Not only 

does COMPASS interact with the phosphorylated C-terminal domain of RNA Pol II, but also with 

its essential elongation factor, the Paf1 complex, indicating a connection between histone meth-

ylation and transcriptional initiation and elongation60. Paf1 complex also activates the aforemen-

tioned crosstalk monoubiquitination of histone H2B at promoters needed to promote H3K4 meth-

ylation61. Assembly of the RNA Pol II pre-initiation complex relies on the general transcription 

factor TFIID, which directly and specifically binds to promoter sites marked with H3K4me3 by 

the TAF3 subunit, which contains a PHD finger62. This mechanism of recognition combined with 

the readout of adjacent lysine acetylation58,62 and TATA box binding provides additional selectiv-

ity for general transcription63. 

Other effectors participating in transcriptional regulation by H3K4me-specific recognition are 

various chromatin remodelers. Good example is an ATP-dependent remodeler CHD1 with hel-

icase activity, which binds specifically to H3K4me2/3 by utilizing both of its tandem chromo-

domains, however, it might not be exactly the case for yeast and fruit fly homologs64,65. Binding 

of CHD1 enables RNA Pol II to escape the promoter by overcoming the proximal nucleosomal 

barrier, and in this manner participates in the regulation of cell fate determination66,67. A slightly 

different instance would be PHD finger-containing BPTF subunit of nucleosome remodeling  fac-

tor (NURF), which was proposed to control H3K4me3 defined expression patterns of Hox genes68. 

NURF is recruited to promoter regions by both H3K4me3 tails and gene-specific factors and en-

ables transcription by nucleosome sliding. Both loss of WDR5 (a COMPASS subunit) and BPTF 

in Xenopus results in defective development68, highlighting the importance of this methyl-recog-

nition axis in developmental gene expression regulation.  

Along with chromatin remodeling enzymes, histone-modifying enzymes can also be recruited by 

the H3K4me3 mark. The ability of one histone PTM to affect regulation of other brings the term 

crosstalk into play. Histone acetyltransferases are the most studied histone modifiers responsive 

to H3K4 methylation, and their activity typically makes chromatin more accessible and 
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transcriptionally active. Both human and yeast huge 2.0 MDa SAGA complexes with histone 

acetyltransferase and deubiquitinase activities work as coactivators for RNA Pol II pre-initiation 

complex, as they selectively recognize H3K4me2/3 by the tandem Tudor domains of Sgf29 com-

ponent69,70. Another histone acetyltransferase complex specific for histone H3, NuA3, has the 

ability to interact with major general transcription factors, histone chaperones crucial for elonga-

tion phase71, but moreover PHD finger of its binding module recognizes H3K4me3 leading to 

acetylation of K14. In yeast H3K4me3 is only required for recruitment of the complex, but it does 

not stimulate its activity72. Finally, HBO1, a human histone acetyltransferase with roles in expres-

sion regulation and DNA replication, contains subunits with HAT activity greatly stimulated when 

presented with a H3K4me3 peptides73. Since the ING4 subunit of HBO1 is crucial for growth 

inhibition, apoptosis and at the same time highly H3K4me3-dependant74 it serves as good example 

for crosstalk mechanisms in responsive transcription regulation and tumor suppression. The vari-

ety of readers and respective cellular outcomes truly underlines the capacity of a single histone 

modification. 

4. H3K9me 

4.1. Writing and erasing H3K9 methylation 

The deposition of this typically repressive epigenetic mark is, yet again, catalyzed by a SET do-

main-containing protein family. In fission yeast one lysine methyltransferase Clr4 has the 

HMTase activity exclusive for lysine 9 of histone H3 and is responsible for all three methylation 

states. Clr4 along with an cullin-dependent E3 ubiquitin ligase are required for heterochromatin 

formation in silent loci such as the mating-type genes75.  The mammalian SUV39H1 and 

SUV39H2 homologs of Drosophila SU(VAR)3-9 are selective for K9 trimethylation20, whereas 

the in vivo predominant heterodimeric form of G9a and GLP methyltransferases is selective to-

wards writing and reading mono- and dimethylation76. Both G9a and GLP recognize an already 

methylated H3K9 by their ankyrin repeat domains, and this in cis interaction induces further H3K9 

methylation at neighboring nucleosomes77. Resembling this sequential model, SUV39H1/H2 were 

proposed to spread H3K9me3-marked heterochromatic regions using preceding monomethylation 

of free histone H3 by another methyltransferase, SETDB1, to reestablish pericentric heterochro-

matin after a round of replication78. Other distinct contributors to H3K9 methylation with un-

known methylation state specificity are proteins of the PRDM family, which contain a PR (PRDI-

BF1 and RIZ1 homology) domain. The sequence identity between the PR domain of RIZ1 and 

other canonical SET domains typically does not come to 25 % and other highly conserved residues 
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thought to be crucial for the catalytic activity among the SET domains are not conserved in PR 

domains. However, PR and SET domains share high structural homology79 (Figure 3). 

H3K9me is an impermanent mark, as there have been three classes of mammalian demethylases 

identified: JHDM2, JHDM3 (JMJD2) and PHF8. For instance, a proposed oncogene GASC1 from 

the JHDM3 family was reported to specifically decrease levels of H3K9 di- and trimethylation in 

an iron and α-ketoglutarate-dependent manner80. The importance of strict regulation when it 

comes to erasing this mark could be demonstrated on GASC1. This demethylase is stabilized and 

accumulated in the nucleus by a product of Wnt-regulated genes and promotes epigenetic tran-

scriptional activation of cancer development genes81, which makes it a possible therapeutic target. 

JMJD1A exhibits a different demethylation specificity- for H3K9me2/me1. Elevated levels of this 

enzyme activate expression of a cancer marker (DCK1) potentially responsible for oral squamous 

cell carcinoma proliferation82. In the case of PHF8 demethylase an interesting mechanism of sub-

strate recognition enhancement was described with the role of a nearby methylation mark. PHF8 

has higher demethylase activity for H3K9me2, when H3K4me3 is present at the same histone 

peptide and therefore can be recognized by a plant homeodomain. On the other hand, the related 

demethylase JHDM1D responds to PHD-mediated H3K4me3 recognition in the opposite direc-

tion – by switching off the H3K9me2 demethylase activity83. This illustrates the complexity of 

histone code readout when crosstalk comes into play. 

4.2. Cellular effects of H3K9 methylation 

4.2.1. Distribution of H3K9me 

Di- and trimethylation of H3K9 have been considered conserved marks typical for heterochro-

matic regions, which naturally constitute significant portions of the eukaryotic genomes, and hold 

importance for genome integrity and stability in terms of DNA repair and chromosome rearrange-

ments prevention84, which are commonly impaired in tumorigenesis. Establishment of constitutive 

heterochromatin is most characteristic for repetitive DNA sequences in pericentromeric and telo-

meric regions of chromosomes. Since the DNA sequences under this mark vary widely, hetero-

chromatin formation appeared to be sequence independent. However, discovery of an epigenetic 

mechanism, where transcription factors and their specific DNA binding sequences contribute to 

silenced regions inheritance, hints on the precision needed for epigenetic propagation, and se-

quence dependence may be the key85. Even though the aforementioned methylation states are 

considered to be typically repressive, and were found to be distributed in correlation with silenced 

gene expression, labeling this mark entirely as a repressive one would go against the other sur-

prising findings. Those revealed, that the levels of monomethylated state were higher around the 
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transcriptional start86. This highlights the significance of a seemingly redundant enzymatic ma-

chinery needed for finely tuned differential readout and cellular outcome. 

4.2.2. H3K9me in heterochromatin formation and spreading 

In fission yeast, a multi-step mechanism of pericentromeric heterochromatin establishment re-

quires an interplay between histone deacetylases (HDACs), and methyltransferases, which gener-

ates a recognizable mark for a reader protein. Firstly, sequence specific transcription factor or 

siRNA87 targets the methyltransferase complex to the repetitive pericentric regions. Along with 

deacetylation of H3K9 and H3K14 by the respective histone deacetylase complex88, Clr4 methyl-

transferase in complex with other factors selectively methylates the H3K9 residue, and creates a 

binding platform for the chromodomain-containing protein Swi6, which then spreads heterochro-

matin via multimerization and further recruitment of the introduced machinery89–91 (Figure 6). 

Additionally, FACT histone chaperone supports heterochromatin propagation by lowering histone 

turnover92. 

  

Figure 6. Pericentromeric heter-

ochromatin nucleation and 

spreading in fission yeast. Clr4-

containing complex is targeted to 

repetitions by specific transcription 

factors or siRNA and methylates 

H3K9. H3K9me is recognized by 

Swi6, which also associates with 

SCHREC deacetylase complex and 

additional methyltransferase com-

plexes. Iterative H3K9me deposi-

tion then promotes spreading of 

heterochromatin with the help of 

the FACT histone chaperone com-

plex that inhibits histone turnover 

(recreated in BioRender from refs. 

91 and 92). 
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Mammalian cells display a similar iterative series of events with essential involvement of H3K9 

methylation. In course of DNA replication, a new H3 histone protein undergoes H3K9 monometh-

ylation by SetDB1 methyltransferase in association with a chaperone complex consisting of HP1α 

(one of mammalian HP1 isoforms) and CAF178. This creates a histone substrate for the following 

trimethylation by SUV39H1/H2 generating a platform for selective recognition by the chromo-

domain of HP1 (an equivalent of yeast Swi6)93. In addition to the chromodomain, HP1 family 

proteins also contain a chromoshadow domain, which enables homodimerization94. A self-inhib-

ited state of HP1 is released once a H3K9 methylation is recognized, which leads to oligomeriza-

tion and heterochromatin spreading95, as well as to creating a interaction platform for various 

heterochromatin factors. A proven interaction between SUV39H1 methyltransferase and HP1 

would be consistent with the described mechanism of self-maintained heterochromatin propaga-

tion93.  

Evidently, excessive spreading of heterochromatin could impair the normal function of neighbor-

ing euchromatic genes, therefore, various mechanisms are implemented to define borders between 

the two chromatin domains. This includes DNA elements such as tRNA genes96, creating nucleo-

some-free regions, enhancing histone turnover, previous transcriptionally activating histone PTMs 

or anti-silencing readers recruitment97. To conclude, establishment of important nuclear, tumor 

suppressive heterochromatin domains achieved by both chromatin compaction and more biophys-

ical phase separation98 is directed by H3K9 methylation and its respective writers, readers and 

erasers. 

4.2.3 H3K9 methylation in facultative heterochromatin and transcription 

In contrast with previously discussed constitutive heterochromatin carried out mainly by 

SUV39H1/H2, suppressive euchromatic H3K9 mono- and dimethylation was assigned to the 

aforementioned heterodimer G9a-GLP99. SUV39H1 and G9a might therefore have specific non-

overlapping roles and  individual chromosomal targets100. Transcriptional repression resulting 

from G9a-GLP activity is critical for various mostly developmental and differentiative processes. 

For example, loss of G9a-mediated H3K9 methylation in euchromatic regions caused growth de-

fects and lethality of mice100. Interestingly, G9a/GLP influence tissue-specific expression patterns, 

that ensure correct neuron development and function by silencing nonneuronal genes. Not only is 

the GLP/G9a deficiency linked to mental retardation phenotype and behavioral changes, but it 

could go as far as GLP/G9a-regulated genes being responsive to local oxygen concentrations, 

which could draw a connection between H3K9me2 and individual cognition differences101. 

H3K9me is also responsible for silencing pluripotency genes of fibroblasts, and its removal 
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represents a main reprogramming step towards induced pluripotent stem cell102. This incredible 

diversity in H3K9me distribution and roles shows that methylation patterns could be highly spe-

cific for protein-coding genes, that it will require further search for process-specific downstream 

and upstream interactors to better understand the implications in development and pathology. 

5. H3K27me 

5.1. Writing and erasing H3K27me 

As a typically repressive mark, H3K27 has roles in proper transcriptional regulation of develop-

mental loci and definition of cell identity. Chromatin-associated factors linked with the mainte-

nance of this H3K27-mediated repression belong to the Polycomb group proteins (PcG), which 

together with Trithorax (TrxG) proteins represent a long-studied group of Hox gene epigenetic 

regulators103. PcG proteins can influence expression of their target genes at the level of local chro-

matin structure as well as the level of higher-order chromatin organization, and function in forms 

of big complexes with a high level of modularity, catalytic activities and cellular outcomes103. 

Two main widely conserved subclasses include PRC1 and PRC2 with their distinct histone-mod-

ifying activities: PRC2 facilitates methylation of H3K27me2/3 at genes targeted for silencing, and 

components of PRC1 display H3K27me reading activity and additional monoubiquitination ac-

tivity towards H2AK118/119, all together inducing changes in local chromatin architecture. The 

core of the mammalian PRC2 complex is comprised of 4 subunits (Figure 7) including the con-

served enhancer-of-zeste homolog (EZH) subunit with a SET domain, and therefore an intrinsic 

H3K27 methyltransferase activity104,105. Similarly to other writers, also the methyltransferase ac-

tivity of EZH2 is highly dependent on the presence of other core subunits such as SUZ12106. Even 

though previous models based on SUZ12 and EED histone H3 binding proposed, that pre-existing 

H3K27me3 is essential for a self-propagation mechanism107,108, murine PRC2 is apparently able 

to facilitate de novo H3K27 methylation to fully restore its levels after a round of replication, 

when new histones get incorporated109. The mammalian EZH component of PRC2 underwent a 

duplication event over the course of evolution to produce two copies, EZH1 and EZH2, which 

could potentially have distinct cell-type-specific functions, as they show different expression pro-

files in respect to proliferation110.  The nature of recruitment to specific loci is different in case of 

PRC2, as it is not solely mediated by sequence-specific transcription factors, but it rather relies on 

interactions between its subunits and features such as CpG enrichment, unique DNA confor-

mations, presence of PRC1 and chromatin environment, altogether regulating the residence time 

at CGIs111–113, however, the exact contribution of these biophysical properties on PCR2 targeting 
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needs further investigation. The residence time and catalytic activity alterations are introduced by 

various PRC2 accessory non-core proteins (Figure 6), which communicate with each other, the 

core subunits and other histone PTMs. In humans, corporation of distinct sets of non-core subunits 

define two main subtypes PRC2.1 and PRC2.2114 (Figure 6). For instance, PRC2.2 contains 

JARID2 cofactor, which contains motifs capable of reading H2AK11ub1115 providing insight into 

one mechanism of PRC2 targeting, but also an interplay between PRC2 and a pre-modified histone 

by PRC1 in repressive chromatin formation.  

Consistent with others, methylation of H3K27 is a reversible one as well. The main enzymes 

contributing to gene derepression are UTX (ubiquitously transcribed X chromosome tetratrico-

peptide repeat protein), UTY and JMJD3. All three belong to the aforementioned family of JmjC-

domain-containing histone demethylases (JHDMs)116–118. UTX/JMJD3-mediated decrease in 

H3K27me3 levels is required for activation of Hox genes117. In addition, a crosstalk with 

H3K4me3 via an association with the respective methyltransferase MLL2 also puts together a 

model for transcriptional regulation of cell-fate determination. Because of removing all states of 

H3K27 methylation established by the frequently oncogenic PcG proteins, these demethylases are 

considered tumor suppressors being targeted to cell cycle genes56. An illustrative example would 

be decreased JMJD3 expression that leads to epigenetic silencing of the INK4A-ARF tumor sup-

pressor locus coding crucial senescence regulators119. Mutated UTX is a frequent target of several 

human cancers. In fact, it enforces cell cycle arrest by preventing silencing of  pRb-binding pro-

teins120. Thus, these enzymes deserve attention as potential targets for specific inhibitors in oncol-

ogy.  

5.2. Cellular effects of H3K27 methylation 

5.2.1. PRC2 targeting and H3K27me distribution 

In comparison with other discussed histone methylations the situation with the distribution of 

H3K27me is not as defined and distinctly shaped. The precise mechanisms controlling deposition 

of H3K27me by PRC2 remain somewhat ambiguous, as one proposed mechanism may be the case 

just for a particular model organism, stage of development, cell type or for a specific locus. 

Demonstrated on the example of Drosophila, where the mechanism utilizes transcription factors 

recognizing specific DNA sequences known as Polycomb response elements (PREs)121, as op-

posed to mammals with no general conserved mechanism of such nature. Mammalian PRC2 and 

PRC1 are primarily bound to CpG-rich promoters of genes involved in embryonic develop-

ment111,122, and also recognize distinct DNA conformations, local chromatin environment features 
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such as nucleosome depletion, pre-existing histone modifications and a rather dull role of 

ncRNAs123–125, altogether accounting for a multilayer regulation. 

Genome-wide profiling of PRC2-dependent H3K27me in mouse embryonic stem cells indicated 

that the three individual methylation states form domains. PRC2 deposits H3K27me1 in intragenic 

regions of actively transcribed genes also in correlation with H3K36me3 deposition carried out 

by SETD2. H3K27me2 marks the majority of total H3 histones, mainly at intergenic regions pos-

sibly preventing improper activation of enhancers and promoters. H3K27me3 shows lower levels 

at regions other than those bound by PRC2 meaning inside transcriptionally silent genes109,113,126. 

Distribution of repressive H3K27 generally appears to be highly dynamic and responsive to es-

tablished patterns of other histone marks and current transcriptional state (see Wiles and Selker, 

2017).  

Figure 7. PRC2 core/non-core subunits, recruitment and regulation. At the top is a sche-

matic representation of PRC2 and its core subunits with SUZ12 being the scaffold. In humans, 

combinations of distinct non-core subunit define PRC2.1 and PRC2.2 subtypes. Incorporation 

of non-core subunits, along with other factors such as PRC1, its product H2AK119ub1 and 

chromatin environment affect the residence time of PRC2 at CGIs and thus the distribution of 

H3K27me (Adapted from ref. 113). 
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5.2.2. H3K27me in gene silencing 

As discussed before, PcG proteins maintain silencing of Hox genes crucial for differentiation dur-

ing early development127 by the coordinated action of PRC2 leading to establishment of 

H3K27me3 patterns, which can then be read by a chromo domain containing subunit of 

PRC1128,129. Moreover, spreading of the repressive H3K27me3 influenced by allosteric activation 

of PRC2 by its EED subunit with H3K27me3 reading capacity108. The cell-type-specific targeting 

comes from the modularity of PRC2 and its various non-core subunits130 (Figure 7). The PRC2 

composition changes with cellular differentiation, which makes developmental functions of PRC2 

highly dynamic. During embryonic development only particular lineage-specific genes need to be 

active, whereas other genes need to be strictly repressed, which is achieved by a crosstalk at 

H3K27. It begins with NuRD-mediated deacetylation of H3K27, which enables further repressive 

action of PRC2 at promoters of NuRD target gene131. Another instance of a switch based on 

H3K27 being either acetylated or trimethylated is the case of preadipocytes, where EZH2-medi-

ated H3K27me3 directly represses several Wnt genes during adipogenesis132. Opposingly, the 

UTX demethylase targets muscle-specific coding regions to remove H3K27me3, and therefore 

enables their expression during myogenesis133. Consistent with these repressive roles, H3K27me 

along with other sequentially deposited and removed epigenetic marks play a significant role in 

the inactivation of X-chromosome in mammals. Firstly, an upregulated lncRNA called Xist directs 

repressor complexes to chromatin to remove activating epigenetic marking, and eventually enable 

Xist-mediated recruitment of PRC1, all leading to feedback-loop spreading of H3K27me3 and 

H2AK118ub1 to establish the silent chromatin state134.  

6. H3K36me 

6.1. Writing and erasing H3K36me 

The methylation of H3K36 is most associated with the transcriptionally active euchromatin, but 

its presence has been reported to be significant in a variety of cellular processes. Even though all 

identified methyltransferases specific for this position contain the catalytic SET domain, the spec-

ificity in terms of methylation state tends to differ. Many also contain PWWP domains capable of 

reading H3K36me and PHD fingers for reading and other methylation marks. In yeast, Set2 is 

responsible for all three methylation states, and additionally contains a conserved SRI domain, 

that binds to the phosphorylated C-terminal domain of RNA Pol II linking H3K36me to transcrip-

tional elongation135. In concordance, the human homologue SETD2 also binds to hyperphosphor-

ylated CTD of RNA Pol II and catalyzes the formation H3K36 along actively transcribed 
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regions136,137. Essential in vivo association of SETD2 with heterogenous nuclear ribonucleoprotein 

L (hnRNPL), which is an RNA-binding protein, suggests cofactor-driven enrichment of SETD2 

at certain chromatin regions138. At least 7 other mammalian enzymes with varying in vitro and in 

vivo specificities have been associated with H3K36me deposition139 (Figure 1).  

After a series of disputes regarding specificity of H3K36 methyltransferases, H3K36me1/2 has 

been believed to be generated by a methyltransferase named nuclear receptor SET domain-con-

taining 1 (NSD1) after the originally reported interactions with nuclear receptors140,141. Apart from 

reducing levels of H3K36me, depletion of NSD1 also negatively affected RNA Pol II promoter 

occupancy suggesting its role as a transcriptional coactivator142. Not only has been the specificity 

for mono- and dimethylation blurred by findings that NSD1 methylates H4K20143, but NSD1 has 

the ability to methylate non-nucleosomal lysine substrates such as the transcription factor NF-

κB144. The proposed model considers NSD1-mediated deposition of H3K36me1/2 to be a sub-

strate for further trimethylation by SETD2139. Similarly to NSD1, the major chromatin-modifying 

activity of NSD2 is also gene-activating H3K36 mono- and dimethylation145. The target prefer-

ences of NSD2 appeared to be divergent in respect to nature of provided substrate in vitro, but 

short fragments of dsDNA abolish the activity on H4K44, and switch it to H3K36 only, suggesting 

that DNA may have an allosteric effect on the target of NSD2141. In fact, a more recent structural 

study confirmed the importance of certain DNA- and histone-specific interactions in specificity 

determination for H3K36146. Role of NSD2 is also demonstrated by elevated H3K36me2 levels in 

case of overexpression linked to multiple myeloma-related chromosomal translocations147. A 

shared feature of several H3K36 writers is an auto-inhibitory loop, which is stabilized in a con-

formation accessible for H3K36 once bound to nucleosome148,149.  

Two major classes of H3K36 demethylases are known in mammals: JHDM1 and JHDM3, which 

again belong to the widely conserved family of JmjC domain-containing demethylases with suc-

cinate and formaldehyde as products of the reaction53. JHDM1 specific for H3K36me1/2 was the 

first enzyme with demethylase activity identified53, and since then it has had proposed roles in 

regulation of senescence, proliferation, DNA damage repair150–152, as well as in human cancers 

when abnormally expressed56. Along with other domains contributing to targeting by reading dif-

ferent histone marks it contains a zinc finger CXXC DNA binding domain (zf-CXXC), which 

directly interacts with nonmethylated linker DNA in CpG island chromatin153, suggesting a cross-

talk with DNA methylation. JHDM3 family members have overlapping demethylase specificities, 

mainly with H3K9me54,154, supporting the dynamic nature of erasure to ensure tuned transcrip-

tional regulation that will require further in vivo investigation. 
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6.2. Cellular effects of H3K36 methylation 

6.2.1. H3K36me distribution 

In parallel with H3K4me, H3K36me is predominantly spread across actively transcribed genes. 

However, the spatial distributions along active genes are almost reciprocal, indicating differing 

roles155. H3K4me3 is significantly enriched near the start of transcription, but the levels of 

H3K36me2/3 peak towards the 3ʼ ends of active genes, not spreading beyond the transcribed lo-

cus58,155,156.  Strikingly, it has been recently uncovered that trimethylation mediated by SMYD5, 

which is recruited to chromatin by RNA Pol II, creates a sharp peak at the promoter regions157. 

Whether the monomethylated state has a functional role is not known. 

6.2.2. H3K36me in transcriptional elongation 

As mentioned before, the yeast Set2 methyltransferase is recruited by the CTD of RNA Pol II 

during transcriptional elongation to establish H3K36me marking along transcribed genes135. 

Methylated H3K36 then acts as a signal for nucleosome deacetylation by Rpd3 to ensure a repres-

sive environment behind RNA Pol II and therefore prevent cryptic initiation158,159. In mammals, 

elongation-coupled recruitment of the homolog SETD2 is conserved, as well as the function of 

histone deacetylase137,160. In parallel, a crosstalk between histone and DNA methylation secures a 

barrier for cryptic initiation by RNA Pol II. H3K36me3 catalyzed by SETD2 is read by a DNA 

methyltransferase, DNMT3B, leading to deposition of suppressive DNA methylation across the 

body a gene (Figure 8). Importantly, both cryptic transcripts and intragenic DNA hypomethylation 

occur in cancer161. Another instance of a role in maintaining repressive chromatin during elonga-

tion would relate to LSD2 complex. LSD2 together with G9a and NSD3 HMTases localize to the 

3ʼ end of active genes, where the complex interacts with RNA Pol II and elongation factors to 

possibly coordinate intragenic levels of H3K4, H3K9 and H3K36 methylation, respectively162.  

6.2.3. H3K36me in anti-silencing 

In addition to these sophisticated ways of protecting fidelity of elongation process, H3K36me also 

plays a role in antagonizing silencing effects of PRC2-mediated H3K27me3 independently of 

elongation, supported by their anti-correlating distributions and mutual exclusivity163,164. Enrich-

ment of H3K36me might be one of the repulsive signals for PRC2 recruitment163, and could also 

serve as a border to inhibit H3K27me2/3 spreading into active gene bodies165. As H3K36 meth-

ylation is apparently utilized as a repressive166, activating, and anti-silencing signal, its complex 

cellular readout probably depends on the context created by proximal epigenetic marks and acces-

sory readers.  
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6.2.4. Dosage compensation and H3K36me 

Male flies achieve compensation for having only one copy of X chromosome by upregulating X-

linked genes, which is an opposing strategy to mammals, where dosage compensation utilizes 

silencing of one of the two female copies. Setd2 mediates H3K36 trimethylation, which in turn 

enhances recruitment of MLS (male-specific lethality) ribonucleoprotein complex. MLS binding 

upregulates hundreds of specific genes on the X chromosome by recruiting a histone acetyltrans-

ferase specific for H4K16167, and improves processivity of RNA Pol II through the nucleosomal 

landscape during elongation168. Other cellular processes with implicated roles of H3K36me in-

clude response to DNA damage, exon exclusion during cell-type-specific splicing and diseases, 

but they are out of scope of this review. 

Figure 8. Model for H3K36me3-

mediated prevention of cryptic 

initiation of transcription. Dur-

ing the elongation SETD2 deposits 

H3K36me3 across the gene body 

via an interaction with progressing 

RNA Pol II. H3K36me3 is then 

read by DNMT3B and methylates 

DNA, which has a repressive effect 

(adapted from ref. 161) 
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7. H3K79me 

7.1. Writing and erasing H3K79me 

In contrast with other histone methylations being typically found on the unstructured tail of histone 

H3, H3K79me occurs within the globular domain of H3169. The yeast disruptor of telomere si-

lencing-1 (Dot1) and its mammalian homologue DOT1L possess methyltransferase activity spe-

cific towards H3K79 despite the absence of a SET domain169,170, and are the sole H3K79 methyl-

transferases in vivo, as their knockout leads to global loss of H3K79me and developmental abnor-

malities171,172. Dot1 is responsible for all three methylation states and requires whole nucleosomes 

as substrate169. Although both mammalian and yeast Dot1 proteins structurally resemble arginine 

methyltransferases, members of this family have not shown methyltransferase activity on arginine 

residues172. Combination of the unique position of K79 and Dot1 preference for nucleosomal sub-

strate brought the idea that trans-histone crosstalk may be important for Dot1 activity. Indeed, 

Rad6-mediated ubiquitination of  H2BK120 (K123 in humans) is required for processive H3K79 

methylation also supported by the close proximity of the two lysine residues in the nucleosomal 

setting173–175. Ubiquitinated histone H2B is proposed to provide guidance for human DOT1 to 

acquire a catalytically productive position on a nucleosome176. Apart from confirming the stimu-

lation by H2Bub, cryo-EM structures helped to identify a crucial role for the tail of histone H4, 

which induces a conformational change via DOT1L in the globular core of H3 to make K79 ac-

cessible177. Even more precisely, another structure-based analysis elaborated on the trans-histone 

crosstalk and added that acetylated H4K16 directly stimulates catalytic activity of Dot1178. Both 

structural studies supported the previous findings that yeast DOT1 competes for a short region of 

H4 tail with Sir3, a silencing deacetylase179. Taken together, the discussed findings underline the 

importance of nucleosomal structural features, as well as the complex environment created by 

other histone PTMs in H3K79me deposition.  

Unlike other histone methylations, H3K79 reversibility and identification of specific demethyl-

ases remains somewhat unexplored. Only one quite recent study suggested that KDM2B 

(JHDM1), a well-established H3K36 demethylase, also decreases levels of H3K79me2/3 and pro-

moted SIRT1-mediated chromatin silencing. The methylation patterns are likely shaped and reg-

ulated by collective actions of Dot1, demethylases and nucleosome turnover180, though more bio-

chemical studies on nucleosomal substrates could be crucial for a better understanding of 

H3K79me dynamics.    
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7.2. Cellular effects of H3K79me 

7.2.1. Telomeric silencing 

Dot1 was originally identified among genes that disrupt telomeric silencing in yeast181. Formation 

of telomeric heterochromatin begins at the end of chromosomes where DNA-binding protein Rap1 

helps recruit members of the SIR complex182 including Sir2, a H4K16 deacetylase183. Deacetyla-

tion enables recruitment of the Sir3 component and subsequent SIR-mediated heterochromatin 

spreading183. Methylation of H3K79 by Dot1 prevents Sir3 from binding and vice versa, as they 

both compete for the same basic patch on the tail of histone H4179, therefore the competition of 

the two factors and the mechanisms of Dot1 recruitment regulation described in previous section 

indicate the importance of H3K79me levels for proper heterochromatin establishment.  

7.2.2. H3K79 and transcriptional activity 

All states of H3K79me correlate with active transcription with sharp peaks of di- and trimethyla-

tion located just after the start of transcription, resembling H3K4me. The preferential distribution 

strongly suggested its role in transcriptional elongation184,185. An alternative replication-independ-

ent nucleosome assembly pathway uses histone H3.3 variant, which is known to mark active chro-

matin. On top of that, H3.3 is enriched with activating marks including H3K79me and devoid of 

repressive H3K9me186. Dot1 is linked to transcriptional elongation via the RNA Pol II-interacting 

complexes, which contain various elongation factors60,187,188. However, events that happen down-

stream of H3K79 methylation are not clear enough to assume the global activating nature of this 

modification, because both activating a repressive examples have been presented189. H3K79 could 

participate in transcription by recruiting transcriptional coactivators, as well as opposingly pre-

venting repressors from binding. It has only recently been shown that menin, an interactor of 

MLL1 (H3K4 methyltransferase), selectively reads H3K79me2 when presented with nucleo-

somes, potentially mediating crosstalk with H3K4me190. MLL-fusion proteins mistarget DOT1L 

to developmental genes that induce leukemia in case of ectopic expression, which is potentially 

caused by depositing of H3K79me2, and thereby blocking the conversion to heterochromatin by 

SIRT1 and SUV39H191,192. These observations provide a platform for an ongoing targeted therapy 

development. A combination of high levels of H3K9Ac and low levels of H3K79me promotes 

elongation at universally expressed housekeeping genes important for keeping the status of plu-

ripotency in embryonic stem cells193. Other non-discussed roles of H3K79me are apparent in the 

processes of DNA damage response194,195 and cell cycle regulation196,197. 
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8. Conclusion 

Lysine methylation, a chemically subtle yet powerful PTM, on both tails and globular domains of 

histone proteins truly improves the epigenetically heritable coding capacity and sensitivity to reg-

ulation of chromatin-associated DNA. Histone methylation has little direct effect on the chromatin 

landscape and patterns of gene expression, but it rather indirectly serves as a hub for further re-

cruitment of downstream effectors that establish and maintain specific transcriptional programs. 

The fact that the life cycle of a single mark is affected by writers, readers and erasers provides 

potential for an extensive regulatory network. Moreover, the potential increases with the deposi-

tion of distinct methylation states that can be differentially read, and the precise contextual target-

ing can be also supported by simultaneous readout of different PTMs (both intra- and internucle-

osomal). However, the investigations regarding the combinational readout and its effect on gene 

expression is sometimes limited by how difficult it is to simulate the complexity of a native chro-

matin environment. Despite the important roles being already demonstrated, as in the case of 

H3K79me, further search for readers and downstream effects will be crucial for understanding the 

combinatorial instructions for gene expression. The illustrated significance of histone lysine meth-

ylation in gene expression regulation adheres to the fact that it has been linked to various diseases 

including developmental defects and cancer. This marks players involved in histone lysine meth-

ylation as interesting targets for therapeutic intervention, and it will be important to conduct fur-

ther structure-based experiments to better understand details behind crosstalk and roles in disease 

development and progression.  
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9. List of abbreviations 

Abbreviation Meaning 

ADD domain ATRX-DNMT3-DNMT3L domain 

BAH domain bromo-adjacent homology domain 

BPTF bromodomain PHD finger transcription factor 

CAF1 chromatin assembly factor 1 

CGIs CpG islands 

CHD1 chromodomain-helicase DNA-binding 1  

Clr4 cryptic loci regulator 4 

COMPASS complex of proteins associated with Set1 

CoREST REST corepressor 

Cryo-EM cryogenic electron microscopy  

CTD C-terminal repeat domain 

DCD domain development and cell death domain 

DNMT3B DNA (cytosine-5)-methyltransferase 3B 

Dot1 disruptor of telomeric silencing 1 

DOT1L disruptor of telomeric silencing 1-like 

EED embryonic ectoderm development protein 

EZH2 enhancer of zeste homolog 2 

FACT facilitates chromatin transcription 

FAD flavin adenine dinucleotide 

GLP G9a-like protein 

H2AK118ub1 monoubiquitination of lysine 11 on histone H2A 

H3K4me3 trimethylation of lysine 4 on histone H3 

HDAC histone deacetylase 

HAT histone acetyltransferase 

HBO1 histone acetyltransferase binding to ORC1 

HMT histone methyltransferase 

hnRNPL heterogeneous nuclear ribonucleoproteins L 

HP1 heterochromatin protein 1 

ING4 inhibitor of growth protein 4 

JARID2 Jumonji, AT rich interactive domain 2 

JHDM JmjC domain-containing histone demethylation protein 

JmjC domain Jumonji-C domain 

KMT histone lysine methyltransferase  

LEDGF lens epithelium-derived growth factor 

LSD1 lysine-specific histone demethylase 1 

MBT domain malignant brain tumor domain 

MLL mixed-lineage leukemia protein 1 

ncRNA non-coding RNA 

NSD1 nuclear receptor binding SET Domain Protein 1 

NuRD nucleosome remodeling and deacetylase complex 

NURF nucleosome remodeling factor 

PcG Polycomb-group proteins 

PHD plant homeodomain 

PHF8 PHD finger protein 8 

PR domain PRDF1-RIZ homology domain 

PRC2 Polycomb repressive complex 2 
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Abbreviation Meaning 

PRDM2 PR domain-containing protein 2 

PRE Polycomb group response element 

PTM post-translational modification 

PWWP domain Pro-Trp-Trp-Pro domain 

RNA Pol II RNA polymerase II 

SAGA Spt-Ada-Gcn5 acetyltransferase 

SAH S-adenosyl-homocysteine  

SAM S-adenosyl-L-methionine  

SET domain (Su(var)3-9, Enhancer-of-zeste and Trithorax) domain 

SETD1A SET domain containing protein 1A 

SETD2 SET domain containing protein 2 

SHREC Snf2/HDAC-containing repressor complex 

SIR silent information regulator 

SIRT1 sirtuin1 

SMYD5 SET and MYND domain-containing protein 5 

SRI domain Set2 Rpb1 interacting domain 

SU(VAR)3-9 protein suppressor of variegation 3-9 

SUV39H1 suppressor of variegation 3-9 homolog 1 

SUZ12 Suppressor of zeste 12 homolog 

TFIID transcription factor II D 

tRNA transfer RNA 

TrxG Trithorax-group proteins  

UTX ubiquitously-transcribed TPR protein on the X chromosome 

WRAD  WDR5-RbBP5-ASH2L-DPY30 

zf-CW domain zinc finger-CW domain 

zf-CXXC domain zinc finger-CxxC domain 
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