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Stepping inside the realm of epigenetic modifiers

Abstract: The ability to regulate gene expression in 
response to environmental alterations is vital for the 
endurance of all cells. However, unlike bacteria and uni-
cellular organisms, cells of multicellular eukaryotes have 
developed this competency in a highly sophisticated man-
ner, which ultimately allows for multiple lineages of differ-
entiated cells. To maintain stability and generate progeny, 
differentiated cells must remain lineage-committed 
through numerous cell generations, and therefore their 
transcriptional modus operandi ought to be memorized 
and transmittable. To preserve the specialized charac-
teristics of differentiated cells, it is crucial that transcrip-
tional alterations that are triggered by specific external 
or intrinsic stimuli can last also after stimuli fading and 
propagate onto daughter cells. The unique composition of 
DNA and histones, and their ability to acquire a variety 
of epigenetic modifications, enables eukaryotic chroma-
tin to assimilate cellular plasticity and molecular memory. 
The most well-studied types of epigenetic modifiers are 
covalently modifying DNA or histones, mostly in a revers-
ible manner. Additional epigenetic mechanisms include 
histone variant replacement, energy-utilizing remod-
eling factors, and noncoding transcripts assembled with 
modifying complexes. Working with multifunctional com-
plexes including transcription factors, epigenetic modifi-
ers have the potential to dictate a variety of transcriptional 
programs underlying all cellular lineages, while utilizing 
in each the same source DNA as their substrates.

Keywords: chromatin; chromatin modifiers; DNA; 
 epigenetics; histone.

DOI 10.1515/bmc-2015-0008
Received March 7, 2015; accepted April 7, 2015

Introduction

One of the greatest enigmas in the field of life sciences 
concerns the fact that in multicellular organisms, the 
zygote – the very first cell formed – can give rise to strik-
ingly diverse cell types that all share an identical genome. 
These specialized somatic cell types, formed by induction 
of pluripotent stem cells through the process of terminal 
differentiation, are characterized by unique transcrip-
tional programs, manifest distinct phenotypes, respond 
to different cellular signals, and fulfill appropriate func-
tions in their specialized niches. In addition, differenti-
ated somatic cells possess heritable cellular memory that 
allows them to stably maintain their cell fate character-
istics and correctly transmit these characteristics to their 
progeny during the organism’s lifespan, thus defining 
cell lineages and cell types (1). Remarkably, these basic 
concepts were all introduced in the late 1930s as part of 
Conrad Waddington’s canalization model of epigenetic 
landscape that conceptualized how genes might interact 
with their surroundings and products for driving pheno-
typic modulation in cells (2). Waddington conceived a 
pluripotent stem cell as a marble placed on top of a hill, 
driven by gravity down through one of multiple potential 
trenches (representing individual developmental path-
ways) to reach a final stop at the bottom (symbolizing a 
distinct differentiated fate). Once the marble reaches its 
ultimate destination, it cannot travel back up hill or roll 
over into an alternative trench (representing a unique 
mature and permanent differentiation stage). Thus, this 
model embodies the competence of pluripotent cells car-
rying identical genomes to give rise to diverse cell types 
via their distinct epigenetic landscape. The more contem-
porary definition of epigenetic trait proposes that it is a 
stable, heritable phenotype resulting from alterations to 
a chromosome without changes in the DNA sequence, 
and it is transmittable during both meiosis and mitosis (3, 
4). Other definitions of the term are broader and include 
transient activity states that can occur in nondividing cells 
as well, thus referring essentially to molecular remod-
eling events that arise over the DNA fiber at any instant. 
In this sense, the self-defining meaning of ‘epigenetics’ 
can be directly interpreted by its Greek prefix, ‘epi’ (over, 
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above). Recently, an alternative term, ‘memigenetics’, was 
proposed for portraying more adequately the inheritance 
aspect of epigenetics and to accentuate its contribution 
to cellular memory (5). Epigenetic memory was further 
classified into three paradigms of heritable epigenetic 
memory [(i) cellular memory, (ii) transcriptional memory, 
and (iii) transgenerational memory] that operate over 
different timescales for establishing stable gene expres-
sion patterns (4). Such memigenetic mechanisms enable 
eukaryotic creatures to adapt to altered environmental 
conditions and to develop long-lasting responses that 
can be displayed through several generations. Among the 
well-recognized examples are X-chromosome inactivation 
(XCI) (6), fetal programming (7), and imprinting (8). Recent 
studies suggest that epigenetic memory plays a crucial 
role in maintaining behavioral memories in the adult 
brain (9). Nevertheless, other adaptive mechanisms that 
act transiently and reversibly to enable cells to respond to 
external stimuli, but do not necessarily possess the ability 
of postmitotic self-propagation, have been established 
(1, 10). These include histone phosphorylation (11), DNA 
repair (12), and transcription (13), in addition to molecular 
complexes that are active at the kinetochore, centromeres 
(14), and telomeres (15). In light of this and due to the criti-
cal roles that specific epigenetic mechanisms play in gene 
regulation, this review will focus on the broader role of 
‘epigenetics’, and designate ‘epigenetic modifiers’ as the 
enzymes and molecular complexes involved in modifica-
tion of chromatin, its spatial conformation, and operation. 
Here, we review the conceptual dual role that epigenetic 
modifiers play within cells as regulators of structure and 
function. We describe four different layers of epigenetic 
regulators that have been proven to function diversely 
within cells to often arrive at a common endpoint, and 
that are being continuously studied. A discussion cover-
ing some of the prominent epigenetic scenarios that are 
currently known allows us to step into the convoluted 
realm of epigenetic modifiers.

The two conceptual arms 
of  epigenetic modifiers: governing 
cellular architecture and cellular 
behavior
In all eukaryotic cells, genomic DNA is bundled into 
chromosomes and confined within the nucleus. Remark-
ably, the accumulated length of uncoiled DNA from a 
single human cell is approximately 2 m, and yet the size 

of the nucleus that harbors it is only 6 μm. To address 
this architectural challenge, eukaryotic chromosomes are 
not constructed of bare DNA strands, but rather consist 
of chromatin, a DNA-protein complex that enables con-
densation of DNA into a highly organized structure (16). 
At its basic structural unit, chromatin is assembled into 
nucleosomes, which are structural units consisting of 
146 bp of DNA that are firmly bundled around a canoni-
cal octamer of evolutionarily conserved histone proteins 
that contain two pairs of histone H2A-H2B dimers and an 
H3-H4 histone tetramer (17). At its first level of condensa-
tion, the chromatin forms a 10-nm linear array of nucle-
osomes, often referred to as ‘beads-on-a-string’, which 
is conducive for transcription and replication due to its 
lower-order DNA organization. As cells progress through 
the cell cycle, transitioning from interphase to metaphase, 
this filament of nucleosome arrays becomes further con-
densed by linker histones H1 and additional nonhistone 
chromosomal proteins, forming a higher-order chromatin 
structure also known as a ‘multinucleosome’ (16). In vitro 
studies have suggested that the nucleosome arrays fold 
into fibers with an approximate size of 30 nm; however, 
the existence of a 30-nm chromatin fiber in vivo is contro-
versial and could be an oversimplification, as more recent 
studies pointed on the dynamic and polymorphic nature 
of chromatin (18). Primarily, the tight morphology of chro-
mosomes is maintained by the formation of ionic bonds 
between the acidic sugar phosphate backbone of the DNA 
and the basic amino acid residues in the histones within a 
nucleosome. However, additional chief mechanisms that 
participate in regulating chromatin condensation in a 
spatial and temporal manner are known: (i) major histone 
subtypes (such as H3 and H2A) can be replaced by histone 
variants (H3.3, H2A.X, and H2A.Z) that affect nucleosome 
properties, chromatin packaging, and genomic stabil-
ity differently compared to canonical histones (19). (ii) 
ATP-dependent chromatin remodeling enzymes unwrap, 
slide, and rewrap nucleosomes, hindering or expos-
ing DNA sequences during the processes of DNA repair 
via replication factors and transcription (20). (iii) DNA 
methylation at the fifth carbon of cytosine residues (5mC) 
present in cytosine-guanine (CpG) dinucleotides by DNA 
methyltransferases (DNMTs) promotes transcriptional 
gene silencing and establishes genome stability via sup-
pression of transposon mobilization (21). (iv) Posttransla-
tional modification (PTM) of the N-terminal tail domains 
of histone proteins, including methylation, acetylation, 
phosphorylation, and ubiquitination, can facilitate or 
negate chromatin condensation (22).

Alongside the hierarchical compaction characteris-
tics of DNA, chromatin can be further categorized based 
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on large-scale morphology that manifests two gross vari-
eties: silent heterochromatin and active euchromatin. 
Heterochromatin represents the portion of chromatin that 
remains in a condensed conformation after progressing 
from metaphase to interphase, and is in general found to 
be transcriptionally inactive, although a few transcribed 
genes and noncoding RNAs (ncRNAs) that reside in this 
transcriptionally repressive environment are exception 
to this rule (23–25). In human and Drosophila, hetero-
chromatin comprises approximately 30% of the genome 
(26). Besides being constitutively silent, heterochromatic 
domains are distinctively characterized by low gene 
density, high abundance of repetitive sequences, and late-
replicating DNA segments. As a basic component of the 
eukaryotic genome, heterochromatin is vital for the sep-
aration of chromosomes in mitosis and for protection of 
chromosome ends. In contrast, euchromatin is defined as 
open chromatin domains in which nucleosomes are less 
compact. Euchromatic DNA contains most of the coding 
genes, is transcriptionally active or permissive for tran-
scription, and replicates early (22).

In addition to the traditional division of chromatin into 
heterochromatin and euchromatin, abundant evidence 
from multiple deep sequencing projects such as ENCODE 
and modENCODE suggested that a finer classification of 
chromatin states could be applied (27–29). For example, a 
recent study in Drosophila cells in which the binding pro-
files of 53 chromatin proteins were mapped to the genome 
has distinguished five major distinctive chromatin classes 
that substantially differ in their domains number, genome 
coverage, numbers of genes, as well as their transcrip-
tional activity, biochemical properties, histone modifica-
tions, and replication timing. Two chromatin classes were 
characterized as known types of classic heterochromatin 
that marked by the presence of heterochromatin protein 1 
(HP1), or by polycomb group (PcG) proteins and methyla-
tion of lysine 27 of histone H3 (H3K27). One chromatin class 
devoid of classic heterochromatin markers was identified 
as repressive chromatin, which covers nearly one-half of the 
genome, whereas two distinct classes of transcriptionally 
active euchromatin were characterized by unique molecu-
lar organization and contrasting levels of H3K36me3 (28).

A striking number of epigenetic modifiers operate to 
facilitate and maintain chromatin conformation within 
these genomic domains during cell cycle progression and 
cellular senescence. These epigenetic factors govern the 
dynamic state of chromatin and control genomic activa-
tion through regulation of DNA accessibility, DNA repair 
machinery, and transcription. Epigenetic modifiers are 
regarded as key regulators of proliferation that enable 
cells to preserve their cellular traits and phenotypic 

identity, while conferring sufficient plasticity to allow 
for adaptation to environmental alterations and devel-
opmental cues. Thus, although chromatin condensation 
represents a fundamental feature controlled by epige-
netic mechanisms, our updated perception of the role of 
epigenetic modifiers has become much more penetrating 
and complex, and we no longer refer to them merely as 
mediators of DNA compaction, but rather perceive them 
as direct regulators of cellular behavior and fate. From 
a systemic point of view, epigenetic modifiers play an 
extremely important role: on the one hand, they address 
the fundamental requirement of DNA compaction, while 
on the other hand they act as crucial modulators of devel-
opment, differentiation, and lineage selection that enable 
cells to preserve their identity.

Four conceptual layers of epigenetic 
modifiers
During recent years, four main layers have emerged to form 
the basis for epigenetic modifications of DNA and chroma-
tin. Two of these layers, namely, DNA methylation and 
histone modifications, are facilitated through mechanisms 
that involve covalent modifications of either DNA (21) or 
histones (30), respectively. The third layer involves direct 
remodeling of nucleosomes and is mediated by multienzy-
matic complexes that employ the energy derived from ATP 
hydrolysis to alter DNA-histone interactions. Importantly, 
these enzymatic complexes often set the groundwork nec-
essary for recruiting complementing factors that support 
the induction of the new chromatin states (31). The fourth 
layer involves ncRNAs, which form RNA-protein com-
plexes that can interact directly with chromatin. Impor-
tantly, chromatin dynamics facilitated by these regulatory 
mechanisms are generally reversible, through the recruit-
ment of antagonistic sets of enzymatic complexes that can 
negate their activity, either by erasing formerly deposited 
modifications or by depositing new marks with nullify-
ing effects. As part of the continuous effort to characterize 
proteins implicated in epigenetic activity, these complexes 
are widely referred to as writers, readers, and erasers (32, 
33). Epigenetic writers contain a catalytic site that allows 
them to directly modify DNA nucleotides or the histones, 
e.g., DNMTs, histone acetyltransferases (HATs), histone 
methyltransferases (HMTs), ubiquitin ligases, and kinases. 
Readers represent proteins that harbor domains capable 
of recognizing and binding to previously deposited epi-
genetic marks. In contrast, epigenetic eraser proteins are 
capable of removing the epigenetic marks introduced by 
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the writers, and include, for instance, lysine demethylases 
(KDMs) and histone deacetylases (HDACs). Unlike writer 
and eraser proteins, epigenetic readers do not alter the 
DNA or histones but rather detect their epigenetic marks. 
For example, chromodomains or PHD fingers recognize 
histone methyl-lysine marks. Together, these epigenome 
constituents fulfill essential roles in establishing operative 
chromatin states.

DNA methylation and demethylation 
enzymes
In many higher eukaryotic cells, DNA methylation, char-
acterized by the addition of a methyl group (-CH3) to the 
C5 position of the cytosine pyrimidine ring, thus forming 
5-methylcystosine (5mC), serves as a highly stable covalent 
modification. This mechanism therefore allows the mam-
malian genome to expand its coding capability by utilizing 
methylated cytosine residues in addition to its four well-
known nucleotide bases (Figure 1). Interestingly, this ‘5th 

base’, generated by a postreplicative modifying mecha-
nism catalyzed by DNMTs, primarily occurs within genomic 
regions rich in CpG dinucleotides. Notably, while both DNA 
strands are uniformly methylated at CpG dinucleotides, 
approximately 30–40% of these regions remain unmethyl-
ated in mammals, and the overall distribution of CpGs is 
not homogeneous (34). Most CpG dinucleotides are methyl-
ated and found within dense heterochromatin and repeti-
tive regions (including centromeric repeats and satellite 
regions), while shorter stretches of CpG-rich DNA regions 
(denoted as ‘CpG islands’) frequently reside within euchro-
matic regions, including gene promoters and first exons 
of housekeeping genes, and normally remain unmethyl-
ated. The overall arrangement of methylated/unmethylated 
genomic regions is accurately preserved during multiple cell 
cycle rounds, and the general concept is that DNA methyla-
tion is required for encoding heritable silencing of target 
genes. Nevertheless, promoters and enhancers with rela-
tively low CpG content, especially within pluripotent and 
lineage-specific genes, manifest a wide spectrum of meth-
ylation levels in different tissues, and their methylation pat-
terns further change during cell differentiation (35, 36).

Figure 1: Basic principles of DNA methylation as an epigenetic mechanism.
(A) The DNA fiber is coiled twice around histone octamers, forming nucleosomes, which are the building blocks of a chromosome. The free 
nucleotide cytosine is incorporated into DNA during replication. DNA methylation occurs at 5-position of cytosine residues in an enzymatic 
reaction catalyzed by DNA methyltransferases (DNMTs). 5-Methylcystosine (5mC) can be further converted by TET1-3 enzymes to 5-hydroxy-
methylcytosine (5hmC), leading to DNA demethylation. (B) Schematic of the reversible alterations in chromatin organization that influence 
gene expression: genes are transcribed when the chromatin is acetylated and active (open state), and they are transcriptionally repressed 
when the DNA is methylated and chromatin is condensed (close state). The complex MBDs-HDAC1/2, bound to methylated, double-stranded 
DNA, suppresses gene transcription and converts chromatin integrity into a condensed state. White hexagons, unmethylated cytosines; 
pink hexagons, methylated cytosines.
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DNMTs are the enzymes that catalyze the transfer 
of a methyl group from S-adenosyl-l-methionine (SAM) 
to cytosine in a reaction that involves base flipping (37). 
In mammals, the DNMT family comprises five members: 
DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L 
(DNMT3-like). DNMT1 has been implicated in heritable 
transmission of DNA methylation over multiple cell divi-
sions; thus, it is often referred to as the ‘maintenance 
methylase’. During semiconservative DNA replication, 
DNMT1 binds proliferating cell nuclear antigen (PCNA) in 
the replication fork and replicates the methylation pattern 
of parental DNA onto the newly synthesized reciprocal 
strand (38, 39). On the other hand, DNMT3a and DNMT3b 
enzymes are responsible for catalyzing de novo DNA 
methylation at unmethylated DNA during development 
(21, 40). DNMT3L lacks most of the C-terminal catalytic 
domain and is therefore enzymatically inactive. Never-
theless, DNMT3L interacts with DNMT3a and DNMT3b 
to stimulate their catalytic activity, which is crucial for 
methylation of retrotransposable elements in the male 
germ line (41), and for establishment of maternal imprints 
(42). As CpG hypermethylation has been generally corre-
lated with gene silencing, it has been proposed that DNA 
methylation promotes transcriptional silencing through 
direct inhibition of transcription factor binding to DNA. 
Indeed, this interpretation has been demonstrated by the 
identification of a number of transcription factors (includ-
ing MLTF, CREB, E2F, NfkB, and c-Myc) that cannot bind 
methylated recognition elements (43–47). Nevertheless, 
multiple transcription factors, such as CTF, YY1, and Sp1, 
were found to be insensitive to DNA methylation status 
(48), and it was further demonstrated that, in some cases, 
DNA methylation is capable of suppressing transcription 
only after chromatin has been assembled (49). In addi-
tion, relatively few transcription factors contain the dinu-
cleotide CpG in their motif-binding site (48). Thus, it was 
suggested that the main mechanism by which methylated 
DNA inhibits transcription is indirect.

DNA methylation represses transcription through an 
indirect mechanism by acting as a recognition site for 
suppressive molecules that bind to methylated CpG sites 
(mCpGs). These mCpG-binding proteins (MBPs) further 
elicit transcriptional silencing by recruiting repressive 
chromatin modifiers and remodeling complexes (21). In 
mammals, three unique types of MBP proteins capable of 
reading the 5-methylcytosine mark have been identified 
to date: the methyl-CpG-binding domain (MBD) family, 
the SRA (SET and Ring finger-associated) family (also 
referred to as ‘UHRF family’), and a family of proteins 
harboring zinc fingers (also denoted as ‘Kaiso protein 
family’) (50). The MBD-containing proteins (MeCP2 and 

MBD1-4) were the first proteins discovered that exhibit 
specific binding to mCpGs. With the exception of MBD3, 
which lacks methyl-CpG-binding activity due to sequence 
divergence in its MBD (51), all other MBD enzymes bind 
DNA in a methylation-dependent manner via their MBD. 
Almost all members of the MBD family are associated with 
transcriptional silencing activity as they form complexes 
with HDACs, and serve as components of the nucleosome 
remodeling deacetylase (NuRD) complex (51). Accordingly, 
nearly all MBD proteins bind DNA in highly methylated 
chromatin regions such as heterochromatin, endopara-
sitic sequences, and imprinted genes, where they induce 
genomic stability and transcriptional silencing (52, 53).

5-Methylcytosine is considered as a major variant 
and a vital epigenetic modification in the genome of 
mammalian cells. It has been implicated in regulation of 
gene transcription, cell development, and disease patho-
genesis (54). Nevertheless, studies from the past decade 
have indicated that besides DNA methylation, the methyl 
mark itself (5mC) can be further processed by the ten-
eleven translocation methylcytosine dioxygenase (TET) 
enzymes into additional cytosine variants, including 
5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), 
and 5-carboxylcytosine (5caC) (55). Therefore, these cyto-
sine derivatives technically represent a few more ‘nucleo-
tides’ that expand the coding potential of mammalians 
genome (56).

DNA demethylation, the reciprocal process of DNA 
methylation, is executed via two separate processes 
known as active and passive demethylation (57). Active 
DNA demethylation is mediated independently of DNA 
replication by either a base excision repair reaction 
catalyzed directly by DNA demethylase, which erases 
DNA methylation, or via an indirect reaction in which 
methyl-cytosine is first chemically converted to thymine 
through deamination prior to DNA glycosylase activ-
ity that removes 5-methylcytosine (58). Studies in plants 
revealed the identity of two DNA demethylases, DME (59) 
and ROS1 (60), and two related proteins (DML2 and DML3) 
as 5-methylcytosine DNA glycosylases that induce a base 
excision reaction for active and direct DNA demethylation 
(58). On the other hand, passive DNA demethylation takes 
place following several rounds of DNA replication when 
methyltransferase DNMT1 is absent or inactive, resulting 
in demethylation of cytosines in the newly synthesized 
strand. A recent study has shown that both paternal and 
maternal genomes undergo widespread passive and active 
demethylation in murine zygotes soon after fertilization 
and before the first mitotic division (61). In addition, 
replication-independent demethylase activity was dem-
onstrated to be involved in other intracellular processes, 
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including dendritic growth of newborn neurons in the 
adult hippocampus and induction of proliferation of 
neural progenitors (62).

Histone-modifying enzymes
Evidence accumulating in recent years has demonstrated 
the outstanding diversity and biological significance 
associated with unique patterning of covalent histone 
marks. The rich plethora of modifications dotting the tail 
domains of histone combined with a variety of reader pro-
teins and modulators has led to the emergence of the con-
ceptual term ‘histone language’ (also denoted as ‘histone 
code’). Extensive studies aimed at the elucidation of the 
histone code has revealed its ability to be written, read, 
and erased by a large collection of epigenetic modulators 
that can induce distinct downstream responses and cel-
lular behaviors (63).

The canonical histones (H1, H2A, H2B, H3, and H4) 
and the variant histones consist of a central globular 
domain and COOH- and NH2-terminal tail regions. While 
interactions with nucleosomes are mediated through 
the histone core domain, interactions with chromatin 
modulators are largely mediated through the extended 
histone tails (especially via the NH2- terminal tail) (64), 
which can potentially adapt  > 100 different PTMs, includ-
ing lysine acetylation; lysine and arginine methylation; 
serine, tyrosine, and threonine phosphorylation; ubiq-
uitination; ADP-ribosylation; and sumoylation (65). In 
addition to these predominant histone tail modifications, 
specific residues within the histone core domain, such as 
H3T45, H3K56, and H4K91, can be subjected to covalent 
modifications as well. Due to their close proximity to the 
globular histone core, these residues effectively affect the 
positioning, mobility, and stability of nucleosomes (66). 
In addition to the canonical histones, humans have five 
ubiquitous somatic variants of the linker histone H1 (H1.1, 
H1.2, H1.3, H1.4, and H1.5), which can carry diverse PTMs 
(67). Adding further to the complexity, the major histone 
subtypes (such as H3 and H2A) can be replaced by histone 
variants (such as H3.3, H2A.X, and H2A.Z) via a replica-
tion-independent nucleosome assembly. These histone 
variants possess their own specific biophysical character-
istics that are suggested to affect nucleosome properties, 
and influence chromatin packaging and genomic stabil-
ity (19), which can ultimately lead to profound effects on 
cellular behavior. For example, the histone variant mac-
roH2A (mH2A) has recently been demonstrated to play a 
role as a tumor suppressor. A decline in mH2A expression 

was shown to be associated with the progression of 
malignant tumors in a variety of cancer types, including 
melanoma, colon, breast, lung, bladder, ovarian, testicu-
lar, and cervical (68). On the other hand, histone variant 
H2A.Z, which is constitutively expressed throughout the 
cell cycle and its deposition on chromatin is inversely cor-
related with DNA methylation, was demonstrated to act 
as an oncogene by promoting cell proliferation. Further-
more, several studies detected elevated levels of H2A.Z in 
bladder, breast, colorectal, and lung cancers (68).

Among the two central types of covalent epigenetic 
modifications, DNA methylation is considered highly 
stable and often acts to ‘lock in’ epigenetic states, while 
histone modifications are regarded as more temporary 
(69). Interestingly, although histone modification and 
DNA methylation are mediated through different enzy-
matic reactions and catalyzed by different epigenetic 
factors, there seems to be a biological crosstalk between 
these two epigenetic mechanisms, which converge to 
modulate gene expression. As discussed further below, 
after DNA replication, DNA methylation may serve as a 
template for depositing specific histone marks, while, 
on the other hand, there are data to suggest that histone 
modifications can influence DNA methylation patterns as 
well (70).

Histone acetyltransferase 
and deacetylases
One of the most widely explored enzymatic activities is 
lysine acetylation, which is implicated in transcriptional 
activity. Histone lysine acetylation adds a negative charge 
to the positive lysine residues of histones and weakens 
the interaction between histone tails and the DNA, which 
leads to an overall relaxation in the chromatin structure 
and improves the accessibility of transcription factor-
binding sites within DNA (Figure 2A). The acetylation of 
various residues, including K9, K14, K18, K23, and K27 on 
histone H3, and K5, K8, K12, and K16 on histone H4, gen-
erally promotes chromatin decompaction and transcrip-
tional activation, whereas deacetylation of these sites is 
widely linked to chromatin condensation and transcrip-
tional suppression (22). Genome-wide localization studies 
revealed that acetylation on distinctive histone residues 
is increased at different genomic regions, suggesting that 
individual acetylation sites are involved in different func-
tions. For example, H3K9ac is highly enriched in promoter 
regions, consistent with a role in transcriptional initia-
tion, whereas H4K12ac and H3K27ac reoccur at high levels 
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in transcribed regions, implying a role in transcriptional 
elongation (71). Importantly, regulatory events that occur 
at distinctive genomic regions known as ‘enhancers’ are 
highly correlative with their activation status and their 
ability to induce transcription at remote promoters (72). 
The presence of histone H3K27ac and H3Kme1 at enhancer 
sites distinguishes active enhancers from inactive/poised 
enhancers that deposited with H3K4me1 alone, therefore 
conferring to this histone mark a central role in regulation 
of various gene expression programs (73).

Histone acetylation is a reversible enzymatic process 
mediated by HATs. By themselves, HATs do not show any 
sequence-specific DNA-binding capability; however, they 
can be targeted to specific DNA domains by binding other 
DNA-binding proteins. HATs are grouped into three major 
families: p300/CBP (CREB-binding protein), GNATs (Gcn5-
related N-acetyltransferases), and MYST proteins, all of 
which form multiprotein enzymatic complexes (74). The 
major difference between these enzymatic families stems 
from HAT module size, histone substrate specificity, and 
biological outcome.

Histone acetylation can be reversed by the activity of 
HDACs. HDACs are generally found in multiprotein enzy-
matic complexes targeted to specific genomic domains 
through their association with binding proteins, includ-
ing hormone receptors and MBPs. HDACs are categorized 
grossly into two distinct families (which are comprised of 
four classes): the Sirtuin family, which depends on nico-
tinamide adenosine dinucleotide (NAD+) as a cofactor 
(also denoted as class III), and the classical HDAC family, 
which is dependent on Zn2+ and comprises classes I, II, 
and IV. Generally speaking, HATs and HDACs have no 
preferential specificity toward a distinct lysine or acetyl-
lysine residue (22).

Histone kinases and phosphatases
Similarly to histone acetylation, phosphorylation of amino 
acids influences the ionic potential of the nucleosome and 
has a direct impact on chromatin condensation and DNA 

Figure 2: Schematic model for the role of methyltransferases/demethylases in transcriptional control of genes.
(A) Histone acetylation affects chromatin structure. The dynamic state of histone acetylation/deacetylation is dictated by reciprocal reac-
tions catalyzed by HAT (e.g., p300/CBP) and HDAC (e.g., HDAC1) enzymes. Acetylation of histones promotes chromatin decondensation, 
enhances accessibility of chromatin, and allows DNA-binding proteins to interact with exposed sites to activate transcription of subset 
of genes. (B) The involvement of demethylases/methyltransferases in transcriptional control of developmental genes. Histone methyl-
transferases and demethylases reside in the same complex, which methylates one mark while demethylating the antagonistic mark. The 
equilibrium between activities of the two opposing complexes, dictating the methylation pattern at a specific gene, is exemplified here by 
the activating MLL2/UTX complex and the polycomb-repressive complexes (PRC2 complex).
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accessibility. Histone phosphorylation is regarded as a 
highly reversible modification controlled by kinases and 
phosphatases that add and remove the phosphate group, 
respectively. The modification is catalyzed by histone 
kinases that transfer a phosphate group from an ATP 
molecule to the hydroxyl group of tyrosines, threonines, 
or serines on the tail regions of histones, resulting in the 
addition of a negative charge to the histone. Similar to 
histone acetylation, phosphorylation has been shown to 
play an important role in induction of transcription (75, 
76), and has been implicated in chromatin dynamics in a 
variety of processes such as mitosis, transcription, apop-
tosis, and DNA repair (77, 78).

In mammals, phosphorylation of the serine at the 
10th amino acid on the tails of histone H3 (H3S10ph) 
represents one of two phosphorylation events that have 
been studied the most. This phosphorylation is catalyzed 
by several kinases, including AKT, Msk1/2, and Aurora, 
whose activity is induced by cytokines, mitogens, or stress 
(79). H3S10ph is induced during cell division in higher 
eukaryotic cells and associated with chromatin conden-
sation. After the completion of DNA replication and upon 
the onset of metaphase, nearly all of nucleic H3 histones 
become phosphorylated at this residue. Phosphoryla-
tion of H3S10 promotes the displacement of the repres-
sive complex containing heterochromatin protein 1 (HP1) 
from heterochromatin and stimulates recruitment of 
ATP-dependent remodeling complexes, coactivators, and 
RNA polymerase II, which initiate transcription (80, 81). 
Moreover, phosphorylated H3S10 induces the recruitment 
of several members of the 14-3-3 phospho-binding protein 
family, which upon their recruitment mediate crosstalk 
between histone phosphorylation and acetylation during 
transcription elongation (82, 83). H3S10ph can be dephos-
phorylated by enzymatic activity of phosphatases such as 
protein phosphatase 1 (PP1), which interact directly with 
histone H3 and create enzymatic complexes with HDACs 
and demethylases (84).

The second well-known phosphorylation event 
is triggered by DNA damage, and mediated by PI3-K-
like kinases, such as ATR, ATM, and DNA-PKcs, which 
induce phosphorylation on H2AX at serine 139, com-
monly known as γ-H2AX. Upon DNA repair, the modi-
fication is reversed by dephosphorylation catalyzed by 
several phosphatases, including PP2A, PP4, PP6, and 
Wip1, which are required for recovery from the DNA 
damage checkpoint (85). In mammalian cells, deregula-
tion of the molecular circuit that controls this modifi-
cation has been reported to be associated with severe 
pathologies such as cancer and neuronal dysfunctions 
(79, 84).

Histone methyltransferases (HMTs)
Unlike histone acetylation and phosphorylation, histone 
methylation has no impact on the positive charge of the 
targeted residues – mainly, lysine or arginine – and there-
fore affects chromatin structure only indirectly through 
the recruitment of remodeling enzymes and transcrip-
tion factors. In addition, in contrast to histone acetyla-
tion and phosphorylation, histone methylation can be 
found at both transcriptionally inactive and active chro-
matin. Thus, for example, H3K9 and H3K27 methylations 
are largely coupled with maintenance of stable hetero-
chromatin and transcriptional suppression, while H3K4, 
H3K36, and H3K79 methylation is generally linked to open 
chromatin configurations at the promoters of active genes 
(22, 86). Furthermore, methylation can occur in multiple 
degrees, with lysine methylation occurring in mono-, di-, 
or trimethylated forms, and arginine methylation occur-
ring in mono- or dimethylated (symmetric or asymmetric) 
forms (87). Depending on the genomic region where it is 
deposited and the functional context, histone methyla-
tion can be displayed in any of its operative degrees. For 
example, while H3K4me3 is a hallmark of actively tran-
scribed gene promoters and closely matches the distri-
bution pattern of RNA polymerase II (RNAPII), H3K4me1 
demarcates transcriptional enhancers (88, 89). As one 
might speculate, DNA and histones can acquire a com-
bination of covalent marks that function synergistically 
or antagonistically. In embryonic stem cells (ESCs) for 
instance, nucleosomes are bivalently marked with both 
H3K27me3 (which is known to be coupled with silenced 
chromatin), and H3K4me3 (which is known to be coupled 
with active chromatin) methylations. In this unique com-
bination, which has been identified primarily in silenced 
key developmental genes, the inducible effect of the active 
mark is nullified by the presence of the suppressive mark 
resulting in gene silencing (90). Studies have shown that 
this combinatorial arrangement of two ‘contradicting’ 
methylation marks primes the marked promoters in a 
temporarily suspended state that lasts throughout early 
developmental stages. These bivalent genes lose their sup-
pressive mark upon receiving differentiation signals that 
lead to their transcriptional induction (91). Furthermore, 
while H3K9 methylation and H3K9 acetylation are typi-
cally found to be mutually exclusive (92, 93), deposition 
of H3K9ac in human ESCs is found to be highly associated 
with methylation of H3K4me3 (94). Interestingly, a linkage 
between histone methylation and DNA methylation has 
also been discovered. In Arabidopsis and Neurospora, 
mutations that disrupt H3K9me3 sites were shown to lead 
to significant reductions in the levels of DNA methylation 
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(95, 96), suggesting that DNA methylation is depend-
ent on histone methylation. In mammalian cells, H3K9 
is frequently methylated at silenced promoters enriched 
with hypermethylated CpG islands. Upon transcriptional 
induction, the H3K9 at these promoters become unmeth-
ylated and acetylated, and accordingly the CpG islands 
are demethylated (97).

HMTs are substrate-specific enzymes that utilize SAM 
as the methyl source to catalyze the addition of methyl 
groups to histone tails. Although this biochemical mecha-
nism is common to all HMTs, this enzymatic family can be 
split into two major categories, as follows.

Histone lysine methyltransferases (HKMTs)

Methylation of lysine residues occurs on several positions 
on histones H3 and H4, whereas a few of these lysines, 
including H3K9, H3K14, H3K23, H3K27, H4K12, H4K20, and 
H4K79, are also substrates for acetylation. Most enzymes 
that catalyze histone lysine methylation share a well-
conserved 140 amino acid catalytic domain, also known 
as SET [Su(var)3-9; Ezh2; Trithorax] domain. The first 
HKMT to be discovered was SUV39H1, which is the major 
methyltransferase that methylates H3K9 (98). Following 
this discovery, many additional SET domain-containing 
enzymes have been revealed, the majority of which were 
found to methylate lysines within the histone N-terminus 
tails. In contrast, methylation of H3K79, a lysine located 
within the histone globular core, is mediated by a unique 
HKMT, Dot1, which lacks the SET domain (99). Distinct 
HKMT enzymes are highly proficient in catalyzing specific 
methylation states. For example, SET7/9 is only capable 
of inducing monomethylation at H3K4 (100), while other 
HKMTs, such as MLL1 and DIM5, can mediate trimethyla-
tion of H3K4 (101) and H3K9 (102), respectively. The enzy-
matic activity of HKMTs is highly specific, and substrate 
affinity is suggested to increase due to the assembly of 
these enzymes into conserved multiprotein complexes 
(103). Such a megacomplex, containing several histone 
HKMTs that possess mono-, di-, or trimethylation activi-
ties (including SUV39H1, G9a, GLP, and SETDB1), was 
recently implicated in the catalysis of H3K9me3 at peri-
centric heterochromatin and silenced genes (104). Inter-
estingly, G9a is capable of trimethylation of H3K27 as 
well as H3K9 (105), whereas enhancer of zeste homolog 
2 (EZH2), the functional enzymatic component of the 
polycomb repressive complex 2 (PRC2), was found to 
predominantly trimethylate H3K27, and to a lesser extent 
H3K9 (106–108). The polycomb group (PcG) genes were 
first identified in Drosophila, where they were implicated 

in the silencing of developmental HOX genes (109), and 
later on as part of a central mechanism of tissue differen-
tiation and organogenesis (110, 111). However, continuing 
studies have pointed out the important role that the PRC2 
complex plays in additional processes such as XCI (112) 
and tumorigenesis (113). In mammalian cells, PcG pro-
teins are classified into two groups of protein complexes 
dubbed PRC1 and PRC2. The PRC2 complex, which cata-
lyzes the di- and trimethylation of H3K27, is composed of 
one catalytic subunit (EZH2), two noncatalytic subunits 
(zinc-finger-containing SUZ12, and WD40-repeat protein 
EED), a histone chaperon subunit (RbAp46/48), a cofac-
tor subunit (AEBP2), an accessory subunit (JARID2), and 
a polycomb-like (PCL) subunit (PCL1, PCL2, or PCL3, also 
known as PHF1, MTF2, or PHF19, respectively). Studies 
in cycling cells revealed that through G1 phase, the PRC2 
complex binds via the carboxy-terminal domain of EED to 
H3K27me3 that is deposited on sites of ongoing DNA repli-
cation (114, 115). This self-reinforcing loop, which enables 
the transmission of the H3K27me3 mark to the next gen-
eration, represents an important mechanism of epigenetic 
propagation across cell divisions. EZH1, the homolog 
protein of EZH2, forms a noncanonical PRC2 complex and 
catalyzes mono-, di-, and trimethylation on H3K27 in the 
absence of EZH2 (116).

The PRC1 complexes (polycomb repressive complex 1) 
contain two core components, namely RING1A/B, and 
BMI1 (which is composed of six members in humans: 
BMI/PCGF4, NSPC1/PCGF1, MEL18/PCGF2, PCGF3, PCGF5, 
and MBLR/PCGF6). Of these two components, RING1A/B, 
which is a catalytic E3 ubiquitin ligase, serves as a writer 
due to its ability to catalyze monoubiquitylation of histone 
H2A. The PRC1 repressive complex harbors additional 
H3K27me3-reader components and has five functional 
homologs (Cbx2/M33, Cbx4/Pc2, Cbx6, Cbx7, and Cbx8/
Pc3) in humans that each possess well-characterized 
methyl-binding chromo-domains that facilitate the inter-
action of the PRC1 with H3K27me3. The chromatin-bound 
complex induces chromatin compaction and catalyzes 
monoubiquitylation of histone H2A, locking chromatin in 
a silenced state and forcing Pol-II to remain in a halted 
state (117).

As mentioned above, deposition of methyl groups 
on histone residues can also be associated with active 
chromatin, and in mammals this biochemical reaction 
is known to be mediated by multiple different HKMTs, 
including MLL1–5, SET1A, SET1B, ASH1, and ASH2 (22). 
The mammalian MLL enzymes are homologous to the 
Drosophila Trithorax enzymes that are responsible for 
the transcriptional regulation of Hox genes through their 
counteractive action to the PcG-mediated silencing (118). 
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SET1 and MLL1–4 are part of the multiprotein COMPASS 
and COMPASS-like complexes catalyzing the deposition of 
mono-, di-, and trimethyl groups on H3K4 (119). MLL1 has 
been shown to be associated with target promoters and 
coding regions of actively transcribed genes, and to inter-
act and colocalize with RNA Pol-II (120). Chromosomal 
translocations at the MLL gene locus have been reported 
in several forms of leukemia, and their frequency in pedi-
atric leukemia is extremely high (121).

A few known reader proteins of histone lysine meth-
ylation have been identified, all of which harbor methyl-
lysine recognition domains (such as Tudor, Chromo, WD 
repeat, and MBT), and upon their binding to the meth-
ylated histone can recruit downstream effector proteins 
(122). For example, chromodomain-containing proteins 
within the PRC1 complex mediate the interaction with 
methylated H3K27 (123). Likewise, the Tudor domain 
within the checkpoint protein Rad9 is necessary for 
binding to methylated H3K79 (124) (Figure 2B).

Similar to histone acetylation, which is modified by 
both acetyltransferases and deacetylases, histone meth-
ylation is a reversible process and methylation levels are 
balanced by the counteractive activity of methyltrans-
ferase writers and histone demethylase erasers. The first 
histone methyl demethylase to be discovered, lysine-spe-
cific demethylase 1 (LSD1), is a well-conserved specific 
H3K4me1/me2 demethylase that mediates transcriptional 
repression via histone demethylation (125). Since then, 
ample additional enzymes implicated in histone demeth-
ylation have been reported, including JHDM1A, JMJD2A/
JHDM3A, JMJD2B, JMJD3/UTX, and JARID1 (22, 126, 127). 
Based on the nature of their catalytic function, the demeth-
ylase enzymes can be split into two clades, with the oxida-
tion-based reactions mediated by LSD1-domain enzymes, 
and the hydroxylation-based reactions mediated by JmjC 
(JumanjiC)-domain enzymes (126). Whereas JmjC-domain-
harboring proteins can mediate the removal of methyl 
groups from mono-, di-, or trimethylated lysines, LSD1 
acts to remove only mono- and dimethyl residues. KDMs 
have been found to act as members of multiprotein com-
plexes, and the distinct outcome of their function is often 
affected by the enzymes they bind to and by the pattern 
of chromatin marks in which they recognize. Strikingly, 
LSD1’s binding partners, CoREST, BHC80, and the andro-
gen receptor (AR), were shown to have a significant effect 
on its enzymatic activity and specificity (128–130). Thus, 
when associated with the AR complex, LSD1 acts as a tran-
scriptional coactivator, demethylating H3K9me2/me1 (130) 
and de-repressing AR target genes, whereas when in a 
complex with the repressive CoREST complex, LSD1 acts as 
a corepressor by demethylating H3K4me2/me1 (125).

Another interesting mechanism that was recently 
shown to be involved in the reversal of histone meth-
ylation is H3 tail cleavage, mediated by the proteolytic 
activity of Cathepsin L (CTSL1) (131). The enrichment of 
the protease on chromatin during senescence of human 
fibroblasts and melanocytes was shown to be associated 
with the cleavage of histone H3.3 tail at two distinct sites, 
namely residue T22 and between K9 and K14, generating 
the cleaved histone products H3cs1 and H3cs2, respec-
tively. In addition, ectopic expression of H3.3, and to an 
even greater extent H3.3cs1, stimulates senescence in the 
absence of oncogenic signals. Importantly, the senescence-
associated H3.3 tail cleaved products were correlated with 
a significant decrease in cell cycle genes transcription, 
and with reduction in H3K4me3 levels during senescence. 
These findings therefore suggest that proteolytic process-
ing of the H3 tail serves as a chief mechanism for reversing 
H3K4 methylation at cell cycle-promoting genes during 
senescence (131).

Histone arginine methyltransferases (RHMT)

The family of protein arginine methyltransferases (PRMTs) 
is composed of 11 members, all of which share a common 
highly conserved catalytic region and are capable of per-
forming mono- and dimethylation of the guanidino group 
of the arginine residues (132, 133). The PRMT family can 
catalyze the production of three different forms of meth-
ylated arginine on nitrogen atoms, namely monomethy-
larginine (MMA), asymmetric dimethylarginine (ADMA), 
and symmetric dimethylarginine (SDMA). Based on their 
methylated arginine products, the enzymatic family can 
be classified into two types: type I PRMTs (PRMT1, 2, 3, 
4/CARM1, 6, and 8), which catalyze the asymmetric reac-
tion by adding two methyl groups to the same nitrogen 
atom to generate ADMA, and type II PRMTs (PRMT5, 7, 
9/FBXO11, 10, and 11/FBXO10), which catalyze the sym-
metric reaction by adding a second methyl group to the 
other terminal nitrogen of arginine generating SDMA. 
Both types of enzymes are capable of mediating the MMA 
reaction (132).

While the downstream cellular implications of 
histone arginine methylation are still poorly understood, 
recent findings indicate that histone arginine methylation 
is associated with gene activation. Methylation of arginine 
residues on histone H4 by PRMT1, and on histone H3 by 
CARM1, was shown to occur within promoters of hormone 
target genes during their transcriptional activation follow-
ing hormone induction (134–136). In addition, chromatin 
immunoprecipitation studies demonstrated the existence 
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of cycles of arginine methylation during activation of 
these genes. These cyclical waves of epigenetic remode-
ling, correlated with transcriptional induction, were pos-
tulated to act as a cellular mechanism for fine-tuning of 
transcription rate upon different inductive stimuli (137). 
To date, only a few effector proteins (‘readers’), includ-
ing Tudor domain-containing protein 3 (TDRD3) (138), 
DNMT3a (139), p300/CBP-associated factor (PCAF) (140), 
and RNA polymerase-associated protein 1 (PAF1) complex 
(141), have been implicated in binding of methylated argi-
nine residues in histone tails. Furthermore, a recent study 
that utilized an unbiased proteomic approach to unravel 
binding proteins of arginine-methylated histones did not 
identify any new targets, but instead revealed that both 
H4R3me2s and H4R3me2a suppressed the binding of two 
nuclear heterodimers that belong to the signal recognition 
particle (SRP): SRP68 and SRP72. Thus, arginine methyla-
tion in histones is likely to be employed in order to repel 
rather than to recruit effector proteins (142). Interestingly, 
several studies have demonstrated the dynamic interplay 
that exists between histone arginine methylation and 
other epigenetic marks. A study that utilized recombinant 
histones as substrates revealed that methylation of H4R3 
by PRMT1 stimulates subsequent p300-induced H4 acety-
lation, whereas acetylation of H4 inhibits H4R3 methyla-
tion (143). Synergy between HATs and protein arginine 
methyltransferases was documented in several studies 
(144, 145), including one study that showed that deple-
tion of PRMT1, which concomitantly led to a significant 
decrease in H4R3 methylation, resulted in reduction in the 
levels of H4ac, H3K9ac, and H3K14a, and to an increase in 
H3K9 and H3K27 methylation (146).

In this regard, it is interesting to note that the CRAM1 
methyltransferase is also known to methylate RNAPII 
at its carboxyl tail domain on a single arginine residue 
(R1810). Upon methylation of this arginine, the Tudor 
domain-containing protein, TDRD3, becomes recruited 
to RNAPII and transcriptionally active promoters (147). 
Although TDRD3 has no catalytic activity of its own, 
recent studies have suggested its function as a scaffolding 
protein that forms tight complexes with RNAPII and DNA 
topoisomerase IIIβ (TOP3B), which promote transcrip-
tion efficiency (148). Importantly, inhibition of RNAPII 
methylation at R1810 results in genome-wide alterations 
of a variety of small nucleolar RNAs and small nuclear 
RNAs, linking arginine methylation directly to regulation 
of selected RNA species (147).

Currently, two biochemical reactions are known to 
contribute to the erasing of methyl groups from arginine 
residues at histone tails: deamination, catalyzed by PADI4, 
and demethylation, mediated by JMJD6. In humans, PADI4 

belongs to a family of five PADI isoforms that are known 
to be involved in diverse cellular roles mediated by cal-
cium-dependent deamination catalysis. Upon treatment 
with calcium ionophores, histones become citrullinated 
by PADI4 in human granulocytes, unveiling citrullination 
as a new form of posttranslational histone modification 
(149). However, as this reaction affects both nonmethyl-
ated and methylated (mono- and asymmetric dimethyl-
ated) arginines, and cannot be subsequently reversed by 
the action of a methyltransferase, it is commonly accepted 
that PADI4 is not a true demethylase. In addition, while 
PADI4 is capable of catalyzing the deamination of mono-
methyl-arginines at histones H3 and H4, it is incapable of 
catalyzing the deamination of arginines (149, 150). Accord-
ingly, upon hormone stimulation, the estrogen-regulated 
pS2 promoter becomes active and through the action of 
the RHMTs CARM1 and PRMT1 becomes methylated on its 
H3R17 residues. Subsequently, and along with the down-
regulation of pS2 transcription, PADI4 is recruited to the 
pS2 promoter and mediates deamination of the histone H3 
N-terminal tail, converting the methylated arginine into 
citrulline. However, as replacement of arginine by citrul-
line prevents further methylation of this residue, it is spec-
ulated that chromatin rearrangement can occur either via 
replication-dependent new histone deposition, or through 
the action of a yet unidentified aminotransferase enzyme 
that can convert citrulline back into arginine (149, 150).

Recently, a family of the Jumonji domain-containing 
enzymes (including JMJD2A, JMJD2B, JMJD2C, and JMJD2D) 
demonstrated methyl type- and site-specific demethylase 
activities toward a variety of lysine residues (127). Among 
this enzyme family, JMJD6 (PSR) is a JmjC-containing 
iron- and 2-oxoglutarate-dependent dioxygenase that is 
capable of specifically removing methyl residues from the 
monomethylated or dimethylated H3R2 and H4R3 (151). 
However, JMJD6 is incapable of demethylating H2A, H3R8, 
H3R17, or H3R26. Importantly, Jmjd6-knockout mice suffer 
numerous developmental abnormalities during embryo-
genesis, suggesting that arginine demethylation fulfills 
an essential role in cellular proliferation and differentia-
tion during development (152, 153). Future studies would 
need to be performed to determine whether additional 
arginine-specific demethylases catalyze the reversal reac-
tion at other sites of arginine methylation.

ATP-dependent remodeling proteins
As described above, a variety of posttranslational modify-
ing reactions can modulate the histone N-terminal tails, 
leading subsequently to profound effects on recognition 
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of nucleosomes by regulatory enzymes and its higher-
order folding. Nevertheless, interconvertible chroma-
tin structures can be modulated in a more transient and 
subtle manner by nucleosome remodeling enzymes 
that perturb DNA-histone interactions. The enzymatic 
catalysis often leads to the establishment of a permis-
sive chromatin state via the sliding of nucleosomes to 
expose genomic sequences that were previously occluded 
(20). Given the large number of weak interactions that 
hold DNA and histones together within nucleosomes, all 
nucleosome-remodeling factors utilize the energy of ATP 
hydrolysis in order to introduce superhelical torsion into 
DNA. The catalytic reaction mobilizes histone proteins 
away from the nucleosome or mediates their replacement 
by histone variants in a noncovalent fashion. Nucleosome 
remodeling proteins are incorporated into enzymatic com-
plexes that are composed of 2–12 subunits that all share a 
common subunit from the Swi2/Snf2 ATPase family (154). 
Based on the resemblance of their sequence motifs that 
lay outside of their ATPase domains, nucleosome-remod-
eling enzymes are classified into a few subfamilies, of 
which only several possess catalytic remodeling capacity, 
including the Swi2/Snf2 bromodomain ATPases, the ISWI/
SNF2L SANT-domain ATPases, and Mi-2/NuRD and INO80 
subfamilies (154). Collectively, the action of chromatin-
remodeling enzymes can lead to different outcomes, 
such as DNA transcription, recombination, replication, or 
repair (155).

Noncoding RNAs (ncRNAs)
Approximately 90% of the mammalian genome is tran-
scribed, whereas only 1–2% of transcripts encode pro-
teins. Accumulating evidence from recent years indicates 
that in addition to controlling gene expression at the 
transcriptional and posttranscriptional levels, ncRNAs 
possess essential regulatory functions in differentia-
tion, development, and disease progression (156). Cell 
type-specific noncoding transcripts were shown to inter-
act with ubiquitously expressed enzymes, and to create 
catalytic RNA-protein complexes that further correspond 
with chromatin-modifying complexes, distinct coding and 
noncoding RNAs, as well as histones, thus stimulating the 
acquisition of specific chromatin configurations.

With the advent of parallel deep sequencing technol-
ogy, molecular scientists are now becoming exposed to the 
massive compendium of ncRNAs, and the accumulation 
of studies supports the involvement of ncRNA species, 
including microRNAs (miRNAs), piwi-interacting RNAs 
(piRNAs), and circular RNAs (circRNAs), in the regulation 

of gene expression. Specifically, the ability of long ncRNAs 
(lncRNAs) to guide and serve as a modular scaffold for dif-
ferent chromatin-modifying complexes thrusts ncRNAs 
into the limelight as potent epigenetic modifiers (156, 157). 
ncRNAs were found to not only be involved in the estab-
lishment of the patterning of various epigenetic markers, 
but also serve as an essential type of epigenetic marker by 
themselves.

Several studies have demonstrated the reciprocal 
dynamic interplay between DNA methylation and ncRNAs. 
In plants, RNA-directed DNA methylation (RdDM) is 
guided by small interfering RNAs (siRNAs) that target DNA 
methyltransferase DRM2 (homolog of DNMT3A/DNMT3B) 
to specific genomic regions, such as repetitive sequences 
or gene promoters, to mediate de novo DNA methylation 
(158). Furthermore, in human cells, short-segment non-
coding transcripts transiently transcribed from a loci 
located upstream of the promoter of elongation factor 1α 
(EF1A) were found to be associated with an increase in 
DNA methylation within the targeted sequence (159).

The cis- or trans- function of various ncRNAs was 
also demonstrated to occur through the interaction with 
specific histone-modifying enzymes that are recruited 
to certain genomic sites, resulting in the formation of a 
distinct histone modification state. For instance, the Hox 
antisense intergenic RNA (HOTAIR) was shown to target 
two specific histone-modifying enzymes to act at the 
HOXD locus: the HMT complex PRC2, which establishes 
the inhibitory H3K27me3 mark, and the LSD1 demethyl-
ase complex, which mediates enzymatic demethylation of 
H3K4me2. Thus, HOTAIR can serve as a modular scaffold 
that links both histone methylase and demethylase activ-
ity to a particular chromatin site (160).

Although the contribution of ncRNAs to the regulation 
and targeting of ATP-dependent chromatin remodeling 
enzymes remains largely unknown, there are a few exam-
ples in which ncRNAs have manifested their influence on 
the activity of chromatin remodeling complexes. Under 
one of these settings, the NoRC remodeling complex (a 
member of the ISWI family of ATP-dependent chromatin 
remodeling complexes) is targeted to the ribosomal gene 
promoter via an RNA-dependent mechanism, leading to 
the formation of heterochromatin and to transcriptional 
silencing of ribosomal DNA (rDNA) repeats (161). Another 
example was discovered in the nucleoplasmic nuclear 
compartment of Drosophila cells where the chromatin 
remodeling activity of the ATPase ISWI was found to be 
controlled by hsrω, a class of functionally conserved, 
developmentally regulated lncRNAs that form the hetero-
geneous nuclear ribonucleoprotein (hnRNP)-containing 
‘omega speckles’ (distinct nuclear domains localized in 
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the nucleus in close proximity to the chromatin that are 
known to play an active role in storage and sequestration 
of diverse hnRNPs and other proteins involved in RNA 
processing and maturation). Observations indicated that 
hsrω ncRNA physically binds to the N-terminus portion 
of ISWI and stimulates its ATPase activity to remodel and 
structurally arrange omega speckles (162).

Summary and outlook
The present-day definition of epigenetics refers to the 
cellular phenomenon that enables phenotypic changes 
in gene expression without evoking alterations in the 
underlying genomic DNA itself. Here, we presented four 
fundamental mechanistic layers that are responsible for 
epigenetic alterations in both genomic DNA and histones. 
Histone proteins entwined within the DNA fiber serve as 
the substrates of a variety of enzymes that inflict PTMs, 
and represent the core target of most known epigenetic 
modifiers. The largest well-studied groups of PTMs are 
histone acetylation and methylation. HATs have been 
implicated in gene transcription, whereas HMTs func-
tion in both silencing and inducing gene expression. In 
general, the fastidious dynamics of histone modifications 
is achieved by counter processes catalyzed by dedicated 
enzymes (such as HDACs and KDMs), which are capable 
of erasing previously deposited patterns, or nullifying 
their biochemical outcome by depositing new epigenetic 
marks that reverse their outcomes. As regulators of both 
chromatin structural dynamics and genomic information 
flow, epigenetic modifiers are vital for homeostasis and 
cellular identity. Undoubtedly, their most essential role is 
in sustaining the integrity of somatic cells throughout the 
lifetime of an individual. An aberrant epigenetic modula-
tion within cells leads to pathological consequences such 
as cancer and neurodegeneration. The advent of parallel 
deep sequencing techniques has greatly advanced our 
understanding of epigenetic regulation; however, many 
aspects remain unknown. Novel regulators playing cur-
rently undefined roles are sure to be discovered and thus 
will join the already highly crowded enzymatic realm of 
epigenetic modifiers. Our knowledge of the extensive 
implications of epigenetic patterns on promotion of chro-
matin folding, looping, and other transcription enhance-
ment activities in specific cell lineages under different 
pathological and physiological conditions (72) is expected 
to continuously grow. A more comprehensive knowledge 
of these molecular epigenetic mechanisms will pave the 
way for the discovery of targets for pharmacological treat-
ment of diseases such as neurologic disorders and cancer.
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PCAF  p300/CBP-associated factor
PcG  polycomb group
PCL  polycomb-like
PCNA  proliferating cell nuclear antigen
piRNAs  piwi-interacting RNAs
PP1  protein phosphatase 1
PRC1  polycomb repressive complex 1
PRC2  polycomb repressive complex 2
PRMT  arginine methyltransferase
PTM  posttranslational modification
RdDM  RNA-directed DNA methylation
rDNA  ribosomal DNA
RHMT  histone arginine methyltransferase
RNAPII  RNA polymerase II
SAM  S-adenosyl-l-methionine
SDMA  symmetric dimethylarginine
SET  Su(var)3-9, Ezh2, Trithorax
siRNAs  interfering RNAs
SRA  SET and Ring finger-associated
SRP  signal recognition particle
TDRD3  Tudor domain-containing protein 3
XCI  chromosome X inactivation
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