
EPIGENETICS (J DAVIE AND C NELSON, SECTION EDITORS)

Chemical “Diversity” of Chromatin Through Histone Variants
and Histone Modifications

Cindy Law & Peter Cheung & Keyur Adhvaryu

Published online: 11 February 2015
# Springer International Publishing AG 2015

Abstract The eukaryotic genome is highly complex and
compartmentalized into distinct physical and functional do-
mains. Although the majority of genomic DNA is wrapped
around histone proteins in the same manner to form repeating
units of nucleosomes, the use of distinct histone variants and
the myriad of posttranslational modifications (PTMs) on dif-
ferent histones and amino acid residues create great diversity
among these nucleosomes. In this review, we summarize some
of the most recent findings in the histone variant and PTM
fields and update the readers on our current understanding of
various histone-related pathways. Furthermore, we discuss
how homotypic or heterotypic deposition of histone variants
as well as symmetric or asymmetric histone PTMs within the
nucleosome context can further expand the diversity and func-
tionality of chromatin. Altogether, this review highlights the
complexity of chromatin composition and organization and
their regulatory functions within the eukaryotic genome.
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Introduction: Chromatin Organization and Diversity

In eukaryotic organisms, the genome is organized through the
interaction of DNA and histone proteins to form chromatin.

This organization not only allows efficient compaction of the
genetic material, but also enables compartmentalization of the
genome into distinct structural and functional domains. For
example, differential compaction of chromatin results in the
formation of euchromatic (more accessible) and heterochro-
matic (less accessible) states. In general, euchromatin has an
open and decondensed structure and is enriched for actively
transcribed genes. In contrast, heterochromatin refers to con-
densed regions of the genome associated with nontranscribed
or silenced genes. Heterochromatin can be further divided into
constitutive or facultative forms with the former associated
with stably silenced DNA regions such as short repetitive
sequences, and the latter associated with inducible genes that
are in the repressed state. In addition to these functional do-
mains, the eukaryotic genome also has defined structures such
as the nucleoli, centromeres, and telomeres. Altogether, the
eukaryotic genome is highly organized and compartmental-
ized based on structurally and chemically distinct types of
chromatin.

The basic repeating unit of chromatin is the nucleosome,
each of which comprises 147 bp of DNAwrapped around two
copies each of the four core histones, H2A, H2B, H3, and H4
[1]. Given that all nucleosomes have the same architecture,
how are the various types of chromatin generated? The answer
lies in two general methods of modifying the basic nucleo-
some. First, eukaryotic cells express a collection of nonallelic
isoforms of the core histones referred to as histone variants
that replace their canonical counterparts at specific locations
within the genome. These replacement histones have individ-
ual or stretches of unique amino acids that differ from the
canonical histones, and therefore, incorporation of these vari-
ants will generate physically and compositionally distinct nu-
cleosomes. Second, histones are subjected to a variety of post-
translational modifications (PTMs) that are added to specific
residues on different histones. The myriad of possible combi-
nations of these site-specific PTMs on both core and histone
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variants further create a wide range of chemically and func-
tionally distinct nucleosomes and chromatin.

Chromatin and histone biology have been intensely studied
over the past 15–20 years, and a wealth of knowledge on those
subjects has accumulated over that time. Many of those stud-
ies help define how these chromatin modifications correlate
with or molecularly determine the types of genomic domains
mentioned earlier. Interested readers can read some of the
many excellent reviews written over the years on these topics
(see [2–7]). For this review, we will focus on some of the
recent papers (published in the last 3–5 years) on both histone
variants and PTMs. Moreover, along the theme of chromatin
diversity, we further highlight how additional diversity can be
generated through homotypic versus heterotypic incorpora-
tion of histone variants and also symmetric versus asymmetric
deposition of histone PTMs. Altogether, these mechanisms
generate highly complex and diverse varieties of chromatin
found within the eukaryotic genome.

Histone Variants

As the gatekeepers of the genome, histone proteins are among
the most conserved proteins in all eukaryotes. Core or canon-
ical histones are encoded by multiple copies of genes that do
not contain introns and are transcribed into messenger RNAs
(mRNAs) that contain special 3′ stemloops instead of the usu-
al poly-A tails. The conserved stemloop structure at the 3′
ends of core histone mRNAs restricts their expression to S
phase and, thus, ensures a supply of new histones for
partnering with the newly synthesized DNA [8].

In addition to specific amino acid differences, histone var-
iants also differ from core histones in that they are encoded by
intron-containing single-copy genes, and their mRNAs are
polyadenylated at the 3′ ends. These variant forms of histones
are expressed throughout the cell cycle and incorporated at
defined genomic locations. All core histones have variant iso-
forms, with some specifically expressed in certain cell types or
organisms. Histone variants provide physical and functional
diversity to the nucleosome, and they are involved in many
cellular processes such as transcriptional regulation, RNA
splicing, DNA replication, recombination, and repair [3].

The Diverse Roles of Histone Variants

Among the histone variants, the H3 and H2A families are
ubiquitously expressed and most abundant in eukaryotic cells.
For the H3 family, there are four replacement H3 variants in
addition to the canonical H3.1 and H3.2. This group includes
the centromere-specific variant, CENP-A; two testis-specific
variants, H3t and H3.5; and H3.3. CENP-A is found at cen-
tromeres and is essential for kinetochore formation and

chromosome segregation. H3t and H3.5 are specifically found
in the testes; the former has four additional amino acids com-
pared to H3.1 and the latter has a ~96 % sequence identity
with H3.3. Finally, among all the H3 replacement variants,
H3.3 is the most studied and best known for its association
with active transcription (reviewed in [8]). More recently,
species-specific H3 variants, such as H3.X and H3.Y, have
also been found in some primates, but their functional roles
are currently unclear [9]. Histone H2A has the largest family
of variants including H2A.X, H2A.Z, macroH2A, and H2A.B
(previously known as H2A.Bbd). Whereas H2A.Z and
H2A.X are conserved throughout evolution, the other two
members, macroH2A and H2A.B, are only found in verte-
brates and mammals, respectively (reviewed in [8]). Given
that these two histone variant families are the most studied,
this review will focus on some of the newest findings on H3.3
and other H2A variants.

H3.3—the Transcription-Associated Variant

H3.3 is the predominant form of H3 expressed outside of S
phase. Although this variant differs from H3.2 and H3.1 by
four and five amino acids, respectively, it has specialized func-
tions compared to the canonical H3. The difference in se-
quence at residues 87–90 between canonical H3 and H3.3 is
responsible for the replication-independent deposition of
H3.3. In mammals, there are two separate genes (H3.3A and
H3.3B) that encode identical H3.3 proteins [10].

Genome-wide analyses found that H3.3 is mostly enriched
at actively transcribed genes marked by K4-methylated H3
and RNA Pol II. In addition, knockdown of H3.3 or HIRA,
the main H3.3 chaperone, inhibited induction of H3.3-target
genes, indicating that H3.3 is required for gene activation [11,
12]. More recent studies have found H3.3 at silent chromatin
loci as well, including heterochromatic regions such as ribo-
somal DNA (rDNA) repeats inDrosophila, and telomeres and
pericentric heterochromatin in mouse embryonic stem cells
(ESCs) and mouse embryonic fibroblasts (MEFs), respective-
ly [10]. Functional studies further suggested that H3.3 depo-
sition is required for gene repression at telomeres [13]. Apart
from transcriptional regulation, deposition of H3.3 also affects
chromatin accessibility. For example, H3.3 and the chromatin
remodeling complex FACT were found to be enriched at
V(D)J regions of the genome in B cells, and H3.3 was sug-
gested to contribute to the somatic hypermutation (SHM) pro-
cess that generates the variety of antibodies in the immune
system [14]. In this process, H3.3 may be mediating the rapid
histone exchange required for transcription of SHM target
genes and also for regulating accessibility of DNA by the
cleavage enzymes. H3.3 also has a role in maintaining chro-
matin accessibility at enhancers by creating an open chromatin
structure, and H3.3 nucleosomes undergo rapid turnover at
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enhancers as well as promoters [15, 16•]. H3.3 has been found
at the chromatin boundary elements in Drosophila cells and
implicated to maintain heterochromatin-euchromatin bound-
aries and to prevent spreading of heterochromatin silencing
[17]. Finally, H3.3 has been found to function as a placeholder
for CENP-A at centromeres during S phase [18]. Altogether,
while H3.3 deposition at gene bodies is coupled to transcrip-
tion, H3.3 incorporation can also be found at other active or
silent regions in the genome.

H3.3 Deposition

The deposition of H3.3 at different genomic regions is medi-
ated by distinct chaperones and remodeling complexes. Pre-
vious studies have already established that H3.3 is deposited
into euchromatin by the chaperone HIRA, whereas H3.3 in-
corporation at telomeric and pericentric heterochromatin is
mediated by the DAXX-ATRX complex. In spite of the small
amino acid differences, these H3.3 chaperones are able to
distinguish between canonical and variant H3s. For example,
recent crystallography studies revealed that the histone-
binding domain of DAXX contains a small hydrophobic
pocket that accommodates hydrophobic Ala87 in H3.3 and
also a polar binding environment that prefers Gly90 in H3.3,
but disfavors the hydrophobic Met90 residue in H3.1 [19, 20•,
21]. Another study found that DEK, another H3.3-associated
protein, is required for proper loading of ATRX and H3.3 at
telomeres, and functions to regulate differential HIRA- and
DAXX/ATRX-dependent deposition of H3.3 [22]. Finally,
additional studies have shown that H3.3 is targeted to
PML bodies in a DAXX-dependent manner [23, 24]. Taken
together, these studies show the importance of histone
chaperones in regulating targeted deposition of H3.3 and
determining the steady-state levels of this variant at various
regions of the genome.

H3.3’s Roles in Epigenome Reprogramming
and Embryonic Development

H3.3 was first proposed to be a key player in epigenome
reprogramming during somatic cell nuclear transfer (SCNT)
by Ng and Gurdon [25]. The authors found that expression of
some lineage-specific genes persists when donor nuclei were
transplanted into enucleated Xenopus ooctyes during SCNT
reprogramming. They called this phenomenon epigenetic
memory and found that it can persist for over 24 mitotic divi-
sions in the absence of transcription and even after two rounds
of nuclear transfer. The persistence of this epigenetic memory
correlated with the presence of H3.3 at the lineage-specific
genes, and alterations of the overall H3.3 levels affected the
epigenetic memory of those genes. Since that study, the role of

H3.3 in epigenetic reprogramming has been an area of great
interest (reviewed in [26]). For example, studies in Xenopus
showed that HIRA-dependent H3.3 deposition is required for
the transition of a somatic cell-type transcription to an oocyte-
type transcription profile in SCNT [27]. Using small interfer-
ing RNA (siRNA) to knockdown H3.3 expression in mouse
SCNT experiments, Wen et al. found that maternal H3.3, but
not the H3.3 in the donor nuclei, was critical for successful
reprogramming and reactivation of pluripotent genes in the
reprogrammed nuclei [28•]. Finally, they found that the orig-
inal H3.3 on the donor genome was gradually replaced by
maternal H3.3 present in the recipient oocyte and that eviction
of donor H3.3 is dependent on the incorporation of maternal
H3.3 into the donor cell chromatin.

In the context of embryonic development, recent discover-
ies showed that H3.3 is involved in multiple steps of this
process, including fertilization, preimplantation of embryos,
and the regulation of developmental genes [28•, 29–33]. Loss
of H3.3 through genetic disruption resulted in infertility and
defects in spermatogenesis in mice [34, 35]. During normal
spermatogenesis, histones are replaced by protamines in the
mature sperm, but small amounts of H3.3 are retained at re-
gions of the genome important for zygotic development. Mice
that harbor targeted disruption of the H3f3b gene not only
have disrupted expression of spermatogenesis-related genes,
but also have defects in the histone-to-protamine replacement
during spermatogenesis [35]. H3.3 also has a role in maintain-
ing proper chromatin structure during the initial stages of em-
bryonic development, and loss of H3.3 often leads to
missegregation of chromosomes [33, 34]. In mouse ESCs,
H3.3 is required for proper establishment of H3K27me3 at
the promoters of developmentally regulated genes. It is also
thought to be responsible for the chromatin conformation
changes during embryo development, as well as for the
establishment/maintenance of PTMs involved in the regula-
tion of developmental genes [33, 34, 36]. These and other
studies showed that H3.3 is an essential component of devel-
opment and important for establishing chromatin structures
and epigenetic states in this process [37, 38].

H3.3 Mutations and Oncogenesis

Recently, the first histone mutation directly linked to cancer
development was discovered in the H3.3-codingH3F3A gene.
Mutations of this gene were found in high frequencies in pe-
diatric glioblastomas, and the mutations specifically map to
single codon changes that lead to H3.3 K27M or G34R/V
substitutions [39, 40]. Gliomas harboring H3.3 mutations also
exhibited a lower overall amount of H3K27me3 in those cells.
Biochemical analyses showed that K27M nucleosomes
inhibited methylation of K27 on the same and nearby nucleo-
somes and caused an increase in K27Ac [41•, 42]. Finally,
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Lewis et al. found that a K27M peptide was able to inhibit the
methyltransferase activity of Ezh2, and thus provided a plau-
sible mechanism of how H3.3 K27M mutation could alter
global H3K27me3 levels through the inhibition of the
Ezh2/PRC2 histone methyltransferase activity. The mecha-
nism through which the H3.3G34R/V mutations contribute
to gliomagenesis is less clear, but preliminary studies found
that this mutation may alter overall H3K36me3 levels in
glioma cells [39].

H2A.Z—the Essential H2AVariant

Another well-studied histone variant is H2A.Z, a variant that
shares ~60 % sequence identity with the canonical H2A.
H2A.Z is an essential histone variant in complex eukaryotes
and has been implicated in a variety of biological processes
(reviewed in [8]). Similar to H3.3, H2A.Z is also encoded by
two different genes (H2A.Z.1 and H2A.Z.2) that make distinct
isoforms that differ by three amino acids. In addition, the
H2A.Z.2 transcript can be alternatively spliced to produce an
additional isoform, H2A.Z.2.2, which lacks the C-terminal
docking domain and forms nucleosomes that are highly un-
stable [43, 44•]. H2A.Z has long been associated with tran-
scriptional regulation [45], and ChIP-chip and ChIP-
sequencing data support this notion as they showed that
H2A.Z is enriched at the transcription start sites of many
genes. In this context, the incorporation of H2A.Z maintains
chromatin at a poised (open but transcriptionally silenced)
state that can be further modified by different PTMs to facil-
itate transcriptional activation or repression (reviewed in [46]).
In addition to transcriptional regulation, H2A.Z has also been
linked to diverse functions such as antagonizing heterochro-
matin spreading [47], centromeric functions during mitosis
[48, 49], sister chromatid cohesion [50], as well as DNA dam-
age repair [51, 52]. Although at first glance these diverse
functions may seem unrelated, theymay be connected through
H2A.Z’s effect on chromatin architecture and stability.

H2A.Z Localization and Deposition

Early studies found that genomic deposition of H2A.Z is me-
diated by either the Swr1 or p400 complexes in yeast and
mammalian cells. More recently, ANP32E was identified as
another H2A.Z-specific chaperone that removes H2A.Z from
enhancer regions in mammalian cells [53, 54•]. The Swr1 com-
plex binds to acetylated histones in general to preferentially
deposit H2A.Z at acetylated regions of the genome [55]. How-
ever, recent studies by Ranjan et al. showed that recognition of
a nucleosome-free region by the Swr1 complex was more effi-
cient for its targeting to DNA than recognition of acetylated
chromatin [56]. The link between histone acetylation and

SWR1 targeting may also depend on the site of acetylation
since hyperacetylation of H3K56 was found to antagonize
binding of Swr1 complex and prevent H2A.Z deposition in
yeast [57]. Finally, the acetylation status of H2A.Z itself may
also be important for its retention since the chromatin remod-
eling complex Ino80 in yeast actively removes unacetylated
H2A.Z from chromatin [58]. Therefore, the PTMs on H2A.Z
as well as on other histones within the chromatin domain can
affect the deposition and maintenance of this variant.

One main physical difference between H2A and H2A.Z is
the presence of an extended acidic patch in the variant’s C-
terminal domain, which is thought to facilitate interactions
between neighboring nucleosomes. The precise effect of
H2A.Z’s incorporation on nucleosome stability has been con-
troversial with contrasting findings reported in the literature
(reviewed in [8]). Part of the issue may be that the overall
stability of H2A.Z-containing nucleosomes is also dependent
on which other histone isoform, such as H3.1 or H3.3, is
partnered with H2A.Z (further discussed later in this review).
In addition, whether H2A.Z is present in a homotypic or het-
erotypic fashion also affects the overall stability of the H2A.Z-
containing nucleosome (see “Conclusions and Perspectives”
section for more details). Although H2A.Z may physically
stabilize the structure of mononucleosomes, it is also found
to resist higher order chromatin structures, which is consistent
with a role for H2A.Z in poising genes for activation and
resisting permanent silencing (reviewed in [59]). In yeast,
H2A.Z is enriched at the transcription start site (TSS) of in-
ducible genes and acetylation of H2A.Z correlates with gene
activation [60, 61]. Acetylation of H2A.Z may in turn recruit
specific transcription factors [62] and/or histone-modifying
enzymes. Finally, consistent with H2A.Z functioning to poise
the underlying chromatin structure for downstream regulatory
steps, Yang et al. found that gene reactivation by DNA de-
methylation requires SRCAP-mediated deposition of H2A.Z
[63]. Therefore, incorporation of H2A.Z may be a prerequisite
for the activation as well as derepression of specific genes.

H2A.Z’s Involvement in Cellular Differentiation
and Development

Recent studies have shown that not only is H2A.Z involved in
the transcriptional activation of genes, but it may also have an
essential role in maintaining the epigenetic state of ESCs. For
example, H2A.Z has been shown to be required for the differ-
entiation of ESCs as well as other cell types [64, 65•, 66].
H2A.Z is also critical for the development of various
organisms including mice, Xenopus, Tetrahymena,
Drosophila, and Caenorhabditis elegans [8], and it is respon-
sible for the maintenance of cell fate in C. elegans [67]. The
mechanistic details of how H2A.Z regulates repression of de-
velopmental genes in ESCs and their subsequent activation
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upon differentiation are still unclear. However, the PTMs of
H2A.Z may be important in these processes since acetylation
of this variant is linked to transcriptional activation, whereas
monoubiquitylation of H2A.Z is linked to silenced genes [46].
More recently, dually modified H2A.Z (both acetylated and
ubiquitylated) has been found and shown to be associatedwith
bivalent genes in mouse ESCs [68•]. While the specific sig-
nificance of this dually modified H2A.Z is still unclear,
H2A.Z is found to work in combination with other transcrip-
tion factors to mediate nucleosome depletion during ESC dif-
ferentiation [69]. Therefore, these findings are again consis-
tent with H2A.Z having a chromatin poising function, and that
it may engage both transcriptional activating and silencing
mechanisms at the same time to allow for controlled and rapid
activation when induced.

Partnering of H2A.Z and H3.3 at DNA Regulatory
Regions

Many studies have drawn parallels between H2A.Z and H3.3.
Both variants are localized to promoters and enhancers, and
both are linked to transcriptional activation. In vitro studies
showed that the combination of these two variant produces
labile and unstable nucleosomes [70]. In vivo, this combina-
tion is thought to mark “nucleosome-free” regions at pro-
moters [71]. Studies by Chen et al. have provided a clearer
mechanistic picture of the interplay between these two vari-
ants during gene activation [16•]. They proposed that the main
role of H2A.Z is for chromatin compaction and poising genes
for activation, whereas H3.3 incorporation prevents higher
order chromatin folding and promotes gene activation. More-
over, they delineated a sequential H3.3-dependent recruitment
of H2A.Z mechanism to maintain chromatin compaction and
poising of transcription at the same time. This example sug-
gests how two different variants can work together to provide
further functional diversity to nucleosomes.

In addition to the mechanistic studies that connect H2A.Z to
transcriptional regulation, other recent studies have implicated
H2A.Z in cancer biology, in part through its role in regulating
expression of cell cycle-related genes [72–74]. H2A.Z has been
shown to be upregulated in different cancer types, whereas the
knockdown of H2A.Z expression results in a decrease in pro-
liferation of cancer cells [72, 75]. These discoveries underscore
the importance of H2A.Z in transcriptional regulation and other
chromatin-regulated processes, and that dysregulation of
H2A.Z expression could lead to disease-causing consequences.

H2A.B Localization and Impact on Chromatin Structure

H2A.B, previously known as H2A.Bbd (see [76]), is the
smallest and most divergent H2Avariant [77, 78]. This variant

was initially found to be excluded from the Barr body (the
inactive X chromosome in female cells) and, thus, was named
as Barr body-deficient (Bbd). The X chromosome inactivation
process is part of the dosage compensation mechanism that
balances the expression of X-linked genes inmales and female
cells. Given its exclusion from the silenced inactive X chro-
mosome, H2A.B is thought to be involved in transcriptional
activation [8].

Structural analysis supports the predicted positive role of
H2A.B in transcription regulation. H2A.B nucleosomal arrays
resist chromatin compaction and are more accessible to DN-
ases [8]. This is likely due to the missing acidic patch on
H2A.B, which on the other H2A family members is important
for the folding of chromatin into the 30-nm fiber. H2A.B
nucleosomes are unstable and are wrapped around by a shorter
than normal amount of DNA per nucleosome (~130 bp com-
pared to the normal 147 bp). It is of interest to note that H2A.B
only contains one lysine compared to the 14 lysine residues in
H2A, which means that H2A.B lacks most of the potentially
modified residues on H2A. Previous structural analysis on
H2A.B nucleosomes has shown that the DNA segments at
the entry and exit sites are flexible and detached [79]. Recent
X-ray scattering analysis has also supported a more open
H2A.B nucleosomal structure, whereby the H2A.B octasome
is more extended as compared to the H2A octasome [80•]. In
addition, small-angle neutron scattering analysis comparing
the H2A.B nucleosome structure with canonical H2A re-
vealed that while the DNA is more loosely attached in the
H2A.B nucleosome, the histone tails are more tightly associ-
ated with the histone core within the nucleosome [81]. Alto-
gether, these data showed that H2A.B incorporation results in
a distinct nucleosome structure whereby the interactions with
DNA segments are weaker and, thus, result in a less stable
nucleosome.

H2A.B’s Cellular Functions

Given the unstable nature of H2A.B nucleosomes, a recent
study proposed that H2A.B may function to form “intermedi-
ate” nucleosomes that represent a transitional state during the
chromatin changes associated with different cellular processes
[80•]. In vitro analyses showed that H2A.B form either
octasomes or hexasomes with shorter DNA fragments, such
as 124 bp of DNA, whereas H2A can only form hexasomes
with the same length of DNA. Having found that H2A.B
nucleosomes can form rapidly and transiently over shorter
DNA fragments, Arimura et al. proposed that H2A.B can act
as a histone placeholder to transiently associate with and sta-
bilize the DNA exposed during processes such as DNA repli-
cation, repair, and transcription. H2A.B has recently been
found at sites of DNA replication and repair as well as at the
TSS of genes activated at specific stages of spermatogenesis
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in mice [82–84]. Also supporting H2A.B having a role in
transcriptional activation, a recent study that examined the
transcriptome of H2A.B knockdown cells found a widespread
downregulation of gene transcription in those cells [83].
Moreover, their data also showed disruption of mRNA splic-
ing in the H2A.B knockdown cells, suggesting that this vari-
ant is required for proper mRNA processing. Indeed, H2A.B
enriched chromatin is associated with splicing factors and
replisome [82]; however, whether H2A.B has a direct function
in RNA splicing and transcriptional activation or whether it
has an indirect effect on this process due to its effect on chro-
matin stability is currently unknown.

MacroH2A: a Repressive Histone Variant

MacroH2A is a histone H2Avariant best known for its role in
gene repression. Whereas H2A.B is absent on the inactive X
chromosome, macroH2A is enriched on this chromosome and
found at regions of silenced heterochromatin. Two separate
genes encode macroH2A1 and macroH2A2, respectively,
and the macroH2A1 transcript can also be alternatively
spliced to produce the macroH2A1.1 and macroH2A1.2
isoforms [85]. While macroH2A1.1 can physically bind
to poly-ADP-ribosylation (PAR-) moiety, the domain that
mediates this binding is not present on macroH2A1.2 due
to alternative splicing of the transcript. Most studies to
date have focused on the more abundant macroH2A1 iso-
form, and so the macroH2A terminology is often used
synonymously as macroH2A1.

MacroH2A is significantly divergent from canonical H2A
with only a 64 % sequence identity between this variant and
its core counterpart. MacroH2A also contains an extended 25-
kDa nonhistone region at the C-terminus that comprises two
thirds of the protein’s molecular mass (reviewed in [8]). Initial
observations that macroH2A is enriched on the inactive X
chromosome led to the hypothesis that this variant is involved
in the formation of heterochromatin. Further studies have
shown that this variant has repressive functions at other geno-
mic regions such as imprinted genes, senescence-associated
heterochromatic foci, and autosomal genes. Therefore,
macroH2A may be involved in gene silencing throughout
the genome and not just at the inactive X chromosome. Re-
cently, the genomic distribution of macroH2Awas analyzed,
and this variant was found at closed chromatin that contained
repressed tissue-specific genes [86]. This repressive function
may be mediated by the closed and compact nucleosome and
chromatin structure that results frommacroH2A incorporation
[87]. Additionally, macroH2A has also been shown to
recruit HDACs to promote transcriptional repression
through the deacetylation of neighboring histones [88].
Most recently, Pehrson et al. have succeeded in generating
macroH2A1/macroH2A2 double knockout mice [89•]. These

mice developed normally but some defects were observed in
growth and reproduction of the mice. Consistent with
macroH2A’s function in transcriptional regulation, aberrant
gene expression was detected in the livers of these knockout
mice.

Roles of MacroH2A in Differentiation
and Reprogramming

Previous studies have suggested that macroH2A may play a
role in differentiation through the regulation of developmental
genes [90] and in the maintenance of epigenetic state of dif-
ferentiated cells [91, 92, 93•]. Recent interests in cellular
reprogramming led to the discovery that macroH2A is a bar-
rier to the reprogramming of cells using the induced pluripo-
tent stem cell (iPS) strategy [94]. Removal of macroH2A ac-
celerates the induced pluripotency of cells while the overex-
pression of this variant restricts this process [93•]. MacroH2A
may be repressing the genes responsible for pluripotency in
the normal cellular differentiation context. MacroH2A has
also been shown to play an important role in the development
of zebrafish [90]. How macroH2A is involved in the develop-
mental process and whether this variant is involved in the
regulation of the “stemness” of a cell remains to be elucidated.
Finally, recent studies have also shown that macroH2A may
have a prominent role in cancer development, and its links to
oncogenesis are actively being investigated [88, 95].

H2A.X and DNA Damage Repair

H2A.X is the histone H2A variant most commonly linked to
DNA double strand break (DSB) repair signaling. It makes up
approximately ~10 % of total H2A molecules in human fibro-
blasts [96]. H2A.X is important for the homologous recombi-
nation (HR) as well as the nonhomologous end joining
(NHEJ) DSB repair mechanisms [97, 98]. The synthesis of
H2A.X is partially linked to DNA synthesis, and this ensures
that there are enough H2A.X in proliferating as well as quies-
cent cells if DNA repair is required [99].

H2A.X is rapidly phosphorylated at S139 at the C-terminal
tail in response to DSBs. This phosphorylated form of H2A.X,
called γH2A.X, is one of the first chromatin responses in the
DNA damage repair pathway. It is required for signal ampli-
fication and subsequent recruitment of DNA damage repair
proteins to the DNA damage foci [100]. H2A.X can recruit
chromatin remodeling and histone-modifying complexes, in-
cluding the Ino80 complex, to participate in the DNA repair
process. H2A.X phosphorylation by ATM protein or DNA-
dependent protein kinases is triggered by DSBs induced by
ionizing radiation (IR), while phosphorylation by ATR occurs
in response to DNA damage at stalled replication forks [96].
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H2A.X phosphorylation also plays additional roles during ap-
optosis and necrosis. In addition to S139, H2A.X is also phos-
phorylated at Y142. This residue is ubiquitously phosphory-
lated and its dephosphorylation is associated with DNA dam-
age repair [101, 102]. A recent study showed that MCPH1, a
protein associated with DNA damage response, interacts with
di-phosphorylated (S139/Y142ph) H2A.X [103]. Finally, re-
cent data showed that H2A.X S16 can also be phosphorylated,
and this modification results in decreased H2A.X
ubiquitylation and cell transformation [104].

H2A.X and Programmed Cell Death

H2A.X has previously been linked to apoptosis based on the
increase of γH2A.X upon TNF-related apoptosis-inducing
ligand (TRAIL)-induced apoptosis. TRAIL is a well-
characterized proapoptotic agonist that activates a chain of
caspases involved in apoptosis [105, 106]. During apoptosis,
γH2A.X staining initially localizes to a ring formation,
followed by pan-nuclear staining at later times. The initial ring
marked by γH2A.X coincides with the peripheral heterochro-
matic nuclear region and colocalizes with broken DNA ends
labeled by TUNEL staining. These findings suggest that, dur-
ing apoptosis, DNA breaks begin at the nuclear periphery
before spreading throughout the genome. In this context,
DNA-PK is the primary kinase responsible for phosphoryla-
tion of H2A.X. Further analyses showed that the proteins re-
cruited to apoptosis-induced γH2A.X sites were different than
those enriched at DNA damage sites. Since DNA repair pro-
teins were not fully recruited to the apoptotic ring, this sug-
gested that normal DNA repair mechanisms are not activated
during apoptosis. Also, it has been shown that caspases inac-
tivate DNA repair proteins and dampen the DNA damage
repair process. Although H2A.X is primarily recognized for
its role in DNA damage signaling, these new data suggest that
it has additional functions in the apoptotic pathway.

Histone Modifications

In addition to incorporation of histone variants, the myriad of
PTMs on different histones and sites also generate great di-
versity within the chromatin fibers. Common modifications
include methylation, acetylation, and ubiquitylation of ly-
sines; methylation of arginines; and phosphorylation of ser-
ines, threonines, and tyrosines. These PTMs have different
effects on chromatin structure and contribute to distinct down-
stream functions. For example, histone acetylation in general
opens up chromatin and is often linked to transcriptional acti-
vation, whereas deacetylation leads to chromatin condensa-
tion and transcriptional repression. Accordingly, euchromatin
is enriched with acetylated histones, whereas heterochromatin

contains mostly deacetylated or hypoacetylated histones. The
functions of other modifications, such as phosphorylation,
methylation, and ubiquitylation, are less easily generalized.
These other modifications have been linked to both transcrip-
tional activation and repression, and their associated functions
depend on the specific sites and histones modified.

Histone modifications are proposed to form a “histone
code” that influences chromatin-mediated processes [107,
108]. Although at times questioned [109–111], the histone
code hypothesis nevertheless has sparked great interests in
identifying site-specific modifications and characterizing their
biological functions. Enzymes that establish the various mod-
ifications are often simplistically described as “writers,”
whereas those that remove the modifications are termed
“erasers” of the histone code. Moreover, some of the site-
specific modifications act as docking sites for structurally con-
served binding domains, and the proteins recruited in such
modification-dependent manners are termed “readers” of the
histone marks [112, 113]. It is thought that these writers,
erasers, and readers work in concert to establish and regulate
histone PTM-mediated functions. Finally, histone modifica-
tions can further act in combinations to recruit or repel differ-
ent binding proteins, or cross-regulate one another through
complex pathways [114–116]. In this review, we will focus
on some of the most recent advances in both well-known and
newly discovered histone PTMs (Table 1). Given the broad
and complex scope of this field and due to limited space for
this review, we refer interested readers to additional reviews
for further reading [114–116, 137–139].

Histone Acetylation

Histone acetylation is one of the first reported covalent histone
modifications [140, 141]. In the early days, the transcription-
linked histone acetyltransferases (HATs) identified biochemi-
cally often turned out to be known transcriptional coactivators
discovered by genetics studies [142–144]. The addition of
acetyl groups to lysines is thought to neutralize the overall
positive charge of histones and open chromatin through de-
creased interactions with the negatively charged DNA
[145–147]. The discovery that bromodomains bind acetylated
lysines further elucidated how acetylated chromatin functions
to recruit transcription-associated protein through this physi-
cal interaction [148].

While most PTMs are found on the more exposed histone
tails, histone core domains can also be modified. In fact, mod-
ifications on the lateral (i.e., outer) surface of nucleosomes can
directly alter their interaction with DNA and affect chromatin
stability [149]. Histone H3 lysine 56 is located at the edge of
the lateral surface of a nucleosome and where the DNA enters
and exits the nucleosome. H3K56 acetylation (H3K56ac) was
first found to be essential for chromatin assembly and then
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later demonstrated to be required for transcription [150]. It is
also now known that H3K56ac regulates chromatin assembly,
DNA replication, and repair [130, 151–154]. More recently,
acetylation of H3 on lysine 122 (H3K122ac), another residue
on the lateral surface of the nucleosome, by p300/CBP was
found to be essential for hormone-induced transcriptional ac-
tivation in mammals [122•]. Similarly, acetylation of lysine 64
(H3K64ac) by p300/CBP destabilizes the nucleosome and
promotes nucleosome eviction to facilitate transcription [121].

Being a central mechanism for regulating transcription in
eukaryotes, histone acetylation has been targeted by infecting
pathogens for their survival and propagation. For example, the
levels of H3K18ac in mammalian cells was recently found to
be modulated upon certain types of bacterial infection [117•].
Listeria monocytogenes infection causes translocation of the
host’s cytoplasmic SIRT2 into the nucleus, which specifically
deacetylates H3K18ac at various target genes. This in turn up-
or downregulated the expression of a number of target genes
that help the pathogen survive in mammalian cells [117•].
Indeed, inhibition of cellular SIRT2 using specific inhibitors
or knockdown by siRNA interferes with Listeria infection
[117•]. The exact mechanism of how this bacterium induces
SIRT2 translocation is currently unknown, but it does require
the cell surface Met receptor as well as the PI3K/AKT path-
way. Nevertheless, this example shows how bacterial patho-
gens have evolved to modify the host’s epigenome as part of
their replication strategies.

Some of the most intriguing findings in recent years
pertain to new insights linking histone acetylation and
cellular metabolism. Acetyl-CoA is the universal acetyl-
group donor for HATs. A major source of this cofactor
comes from metabolism of fatty acids and oxidation of

pyruvate in the mitochondria. In particular, the pyruvate
dehydrogenase complex (PDC) is the main enzyme com-
plex responsible for generating the mitochondrial pool of
acetyl-CoA [155, 156]. Since acetyl-CoA is highly
charged and difficult to transport through membranes, the
nuclear pool of this cofactor is thought to be generated by
other enzymes independent of the mitochondrial metabolic
pathways. In lower eukaryotes, nuclear acetyl-CoA is gener-
ated by the acetyl-CoA synthetase [157], whereas in meta-
zoans, this process is mediated by the nuclear pool of ATP-
citrate lyase (ACL) [158]. While PDC was original thought to
be specifically localized in the mitochondria, recent studies
found that there is also a nuclear pool of this enzyme that
contributes to the acetyl-CoA used for histone acetylation
[159•]. Mitochondrial PDC replenishes the nuclear PDC pool
at S phase of cell cycle and in response to serum, growth
factors, or mitochondrial stress [159•]. The connections be-
tween cellular metabolism and chromatin/epigenetic mecha-
nisms are of high interests especially given recently discov-
ered links between metabolism and cancer [160, 161].

Histone Phosphorylation

Histone phosphorylation has been linked to diverse biological
functions, including chromosome condensation (H1 and H3
phosphorylation; reviewed in [162, 163]), transcriptional reg-
ulation (H3 phosphorylation; reviewed in [164, 165]), DNA
damage repair (H2A.X phosphorylation; [97, 166, 167]), and
even apoptosis (H2B phosphorylation; [168–171]). Phosphor-
ylation adds negative charges to the modified protein, and
similar to histone acetylation, phosphorylation can decrease

Table 1 Novel sites for conventional histone modifications

Modification Sites Organism Function References

Acetylation H3K18 Mammals Resistance to pathogens [117•]

H3K56 Mammals and yeast Transcription, repair [118–120]

H3K64 Mammals Transcription [121]

H3K112 Mammals Transcription [122•]

Phosphorylation H3T3 Mammals and yeast Chromosome segregation [123, 124]

H3T6 Mammals Heterochromatin [125•, 126]

H3T11 Mammals Heterochromatin [125•]

H3T80 Mammals Chromosome condensation [127]

H2BS32 Mammals Transcription [128]

H2BS36 Mammals Transcription [129]

Methylation H3K56 Mammals Heterochromatin [130]

H3K64 Mammals Heterochromatin [131]

Ubiquitylation H2AK15 Mammals DNA repair [132•]

H2BK34 Mammals Heterochromatin [133, 134]

H3K23 Mammals Transcription [135•]

H4K31 Mammals Transcription [136]
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the association of the modified histones with DNA. Given this
property, it has always been puzzling that H1 and H3 phos-
phorylation are associated with chromosome compaction dur-
ing mitosis and meiosis [162, 163]. One hypothesis is that H1
phosphorylation may in fact open up chromatin to allow bind-
ing of proteins that drive chromatin condensation [172]. The
phosphorylated residues on histones themselves can directly
recruit binding proteins as in the cases of H3S10 and H2A.X
S139 phosphorylation (reviewed in [173]). These two exam-
ples showed that histones act as receivers of upstream signal-
ing pathways, and the phosphorylated sites in turn recruit
binding factors to translate the upstream signal to downstream
chromatin functions [164, 173, 174].

H3 serine 10 phosphorylation was first associated with
chromosome condensation during mitosis, and later also with
transcriptional activation [164, 165]. The mechanistic details
of the former function have not been fully elucidated, but
recent studies suggested that H3S10ph mediates chromosome
condensation by regulating histone H4K16 acetylation
(H4K16ac) [175•]. During mitosis in yeast, H3S10ph directly
recruits the deacetylase Hst2p to reduce the overall H4K16ac
levels and to allow chromosome condensation [175•]. This is
consistent with other studies that showed that H4K16ac is a
key acetylation mark that regulates chromatin compaction
[176–179].

Other recent studies have identified new sites of histone
phosphorylation that correlate with mitosis. For example,
phosphorylation of H3 threonine 3 (H3T3ph) by the haspin
kinase creates a binding site that is recognized by survivin, a
subunit of the chromosomal passenger complex (CPC). This
recruitment step is essential for the CPC localization to the
inner centromeres for proper chromosome segregation during
mitosis [123]. Similarly, phosphorylation of H2AS21
(H2AS121ph) by Bub1 is read by the centromeric CPC adap-
tor protein shughosin [180]. Both of these phosphorylation
marks, H3T3ph and H2AS121ph, often coexist and are essen-
tial for proper chromosome segregation during mitosis in fis-
sion yeast and mammals [180]. Finally, phosphorylation of
H3 threonine 80 (H3T80ph) is also enriched on chromatin
during mitosis; however, the significance and the enzymes
involved are currently not known [127].

The role of histone phosphorylation in gene activation is
exemplified by phosphorylation of H3S10 and H3S28 in re-
sponse to signal transduction cascades (reviewed in [164, 165,
181, 182]). Earlier studies have shown functional connections
between phosphorylation of these sites and subsequent acety-
lation on H3 or H4 [183–186]. Recent studies have now iden-
tified new connections between other signal transduction
pathways and histone phosphorylation. For example, PKC-β1

phosphorylates H3 threonine 6, which then opposes demeth-
ylation of H3K4 by LSD1 during androgen stimulation [126].
This mark is elevated in prostate carcinomas, and inhibition of
PKC-β1 interferes with AR-induced cell proliferation in cell

culture and cancer progression of tumor xenografts [126].
More recently, H3S10ph was also shown to interfere H3T6
phosphorylation by PKC and H3T11 phosphorylation by
Chk1 [125•]. H2BS32 phosphorylation by RSK2 is important
for EGF-dependent signal transduction pathway, and levels of
H2BS32ph are found to be elevated in skin cancer cells [128].
Finally, in response to metabolic stress, the activated AMP
kinase phosphorylates H2BS36 in promoters and transcribed
regions of genes to enhance transcription of target genes, such
as p21 and Cpt1, that help the cells survive under stress con-
ditions [129]. Histone tyrosine phosphorylation has also been
linked to gene activation and transcription. H3 tyrosine 41
phosphorylation (H3Y41ph) is enriched on active promoters,
distal regulatory elements, and transcribed regions of tissue-
specific hematopoietic genes [187]. The JAK2 kinase-
mediated phosphorylation of this site causes eviction of het-
erochromatin protein HP1α to activate transcription [188].
Similarly, H2A tyrosine 57 phosphorylation (H2AY57ph) by
casein kinase 2 (CK2) enhances transcriptional elongation in-
directly by limiting the H2B deubiquitylation activity of SA-
GA complex to support H3K4me3 and H3K79me3 [189].

In addition to the connections with signal transduction
pathways that regulate cell proliferation, histone phosphory-
lation also plays important roles in DNA replication and repair
(reviewed in [190]). Although yeast Mec1 and Tel1 are known
to phosphorylate H2AS129 to direct DSB repair, these en-
zymes have now been found to also phosphorylate
H2BT129, and both these phosphorylation marks are essential
for the recruitment of downstream factors to DSBs [191•].
Another novel mark, H3T45ph in yeast, is catalyzed by the
Cdc7 during S phase, and this phosphorylation site is linked to
DNA replication [192]. Supporting this conclusion, loss of
H3T45ph causes defects in DNA replication; however, the
specific function of this modification in DNA replication re-
mains unclear. It is noteworthy that in mammals, H3T45ph
appears to be associated with varied outcomes such as apo-
ptosis as well as cell proliferation and differentiation.
H3T45ph by protein kinase C-δ is associated with apoptosis
and believed to alter nucleosomal structure to facilitate DNA
nicking and/or fragmentation [193]. In contrast, H3T45 is
phosphorylated by a different kinase, the SK6 kinase 2, in
response to mitogens or induction of differentiation by TPA
[194]. It remains unclear how the same modification achieves
these contrasting outcomes.

Phosphorylation has also been found to affect the expres-
sion and stability of histones. For example, phosphorylation of
H2B tyrosine 37 (H2BY37ph) in the upstream region of his-
tone cluster 1 by WEE1 kinase during late S phase excludes
binding of RNA pol II and the transcriptional coactivator
NPAT and inhibits the expression of this histone gene cluster
[195]. This in turn helps restrict expression of replication-
coupled histones to S phase. Another event, H3 tyrosine 99
phosphorylation (H3Y99ph) triggers the ubiquitylation and
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proteasome-mediated degradation of nonnucleosomal and ex-
cessive histone H3 [196].

Phosphorylation is a dynamic process, and the overall
levels of different site-specific histone phosphorylation are
maintained by the balance of various kinase and phosphatase
activities. Phospho-histone-binding proteins are also impor-
tant for coupling histone phosphorylation to downstream
functions such as transcriptional regulation or initiation of
DNA repair. Compared to histone kinases, histone phospha-
tases and phospho-histone-binding domains are less well stud-
ied and understood. Nevertheless, in addition to the previously
identified H3S10 dephosphorylation by PP1 [197] and PP2A
[198], more recent studies have identified phosphatases for
H4S47ph (PP1 and Wip), H3T3ph/S10ph (mitogen activated
protein kinase phosphatase 2), and H3T3ph (Repoman/PP1)
[199–205]. Similarly, while earlier studies have identified
several phospho-histone binders, such as specific isoforms
of 14-3-3 for H3S10ph/S28ph and MDC1 for
H2A.XS129ph, more recent studies have identified survivin
(H3T3ph), WDR5 (H3T11ph), and shughosin (H2AS120ph)
as phospho-histone readers [173, 206–208].

Histone Methylation

Core histones are methylated at multiple lysine and arginine
residues. Some of the well-studied methylation sites, includ-
ing H3K4me, H3K36me, and HK79me, are enriched in eu-
chromatin and associated with transcriptional activity. In con-
trast, H3K9me, H3K27me, and H4K20me are enriched in
heterochromatin and associated with transcriptional repres-
sion. Methylation of arginines includes symmetric or asym-
metric methylation of H3R2, H3R8, H3R17, H3R26, H4R3,
and H2AR3. Whereas asymmetric methylation is often asso-
ciated with active transcription, symmetric methylation can
drive repression and silencing. Histone methylation has been
extensively studied and covered by many excellent reviews
[209–214].

Studies involving histone methylation have also enhanced
our understanding of histone PTM “crosstalks,” the phenom-
enon whereby one modification affects the establishment and/
or functional outcome of other histone modifications. For ex-
ample, the “phospho/methyl switch” was first proposed to
explain the functional relationship between H3K9me and
H3S10ph [215, 216]. During mitosis, H3S10 phosphorylation
by Aurora B on tails bearing H3K9me3 generates a dual
H3K9me3/S10ph mark and displaces any HP1 bound to the
single H3K9me3 mark [215, 216]. More recently, a similar
functional relationship was discovered between modifications
on H3K27 and H3S28. Studies by others, as well as from our
lab, showed that the mitogen- and stress-activated MSK-1
kinase not only directly phosphorylates H3S28, but the phos-
phorylated H3 antagonizes H3K27me3-mediated polycomb

silencing. Gehani et al. found that during differentiation, phos-
phorylation of H3S28 at promoters of polycomb target genes
establishes a H3K27me3/S28ph dual mark that displaces
binding of PRC2 and results in activation of the polycomb-
silenced genes [217•]. Using a different approach, we directly
targeted constitutively active MSK1 to the α-globin gene and
demonstrated that H3 phosphorylation was sufficient to reac-
tivate this polycomb-silenced gene in nonerythroid cells
[218•]. We further found that MSK1 not only directly phos-
phorylates H3S28, but it also induces acetylation of the adja-
cent K27 residue, leading to a H3K27ac/S28ph dual mark that
promotes transcription [218•]. The mechanism that directly
links H3K28ph and H3K27ac is still not known, but the con-
nection between H3 phosphorylation and acetylation on H3
and H4 has been documented in different studies and multiple
contexts, underscoring the importance of the phospho-
acetylation link in chromatin regulation [165, 183–186, 218•].

Similar to phosphorylation of H3S10 and S28, phosphory-
lation of H3T3 also influences binding of proteins that recog-
nize H3K4me3. H3T3ph during mitosis by haspin kinase in-
terrupts binding of the TFIID complex subunit TAF3 to
H3K4me3 and reduces transcription and gene expression dur-
ingmitosis [124]. Therefore, H3T3 phosphorylation by haspin
kinase accomplishes two functions in mitosis: to reduce tran-
scription by interfering with recognition of H3K4me3 and
also to generate a binding site for survivin of CPC to facilitate
chromosome segregation [123].

Similar to acetylation, some lysines on the lateral surface of
the nucleosome are also methylated. While acetylation facili-
tates transcription, methylation of the lysines in that region is
associated with repression. For example, in mammals, meth-
ylation of H3 lysine 64 is enriched in the regions of hetero-
chromatin and required for gene silencing during development
[131]. Similarly, H3 lysine 56 methylation mediated by G9a/
KMT1C is associated with DNA replication through its inter-
action with proliferating cell nuclear antigen (PCNA) [130].
Though PCNA directly binds H3K56me1 peptides, the mo-
lecular and structural details of this interaction remain to be
determined.

Histone Ubiquitylation

Covalent attachment of ubiquitin onto proteins regulates their
stability, localization, and function [219–221]. While the ad-
dition of ubiquitin chains (polyubiquitylation) directs proteins
to the proteasome for degradation, the addition of a single
ubiquitin (monoubiquitylation) usually alters the localization
and function of target proteins [222, 223]. In some cases,
protein ubiquitylation can recruit proteins that contain
ubiquitin-binding motifs (UBMs) that in turn mediate down-
stream cellular functions [224].
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Histones are primarily subjected to monoubiquitylation,
and in fact, ubiquitylated H2Awas the first ubiquitylated pro-
tein identified [225]. Unlike other histone modifications that
are chemical modifications (such as acetyl, phospho, and
methyl groups), ubiquitin is a 76 amino acid protein, and the
addition of such a bulky moiety has been predicted to affect
ch roma t i n compac t i on [226 ] . H i s t one H2B i s
monoubiquitylated at its C-terminal K120 or K123 in mam-
mals and yeast, respectively, and as mentioned before,
H2BK120ub/123ub is required for H3K4 and K79 methyla-
tion [227–229]. H2Bub reduces chromatin compaction [230•]
and recruits specific binding of proteins [231]. More recently,
an in vitro study using chromatin assembled with chemically
ubiquitylated H2B demonstrated that H2Bub directly stimu-
lates Dot1L-mediated H3K79 methylation on the same nucle-
osome, probably by modulating the activity of Dot1L in an
allosteric manner [232]. Similarly, other in vitro studies using
purified yeast Set1 complex and reconstituted chromatin tem-
plate have shown that H2Bub alters the nucleosome to facil-
itate recognition of H3K4 by the n-SET domain of Set1 [233].
Recently, H2B was found to be ubiquitylated at K34, and
similar to K120/123ub, this modification enhances transcrip-
tion [133, 134]. Additional ubiquitylation sites have also been
found on H3 and H4, and these modifications are often asso-
ciated with opening of chromatin in the context of replication
and transcription. For example, ubiquitylation of H3 lysine 23
by Uhrf1 directs replication-coupled DNA methylation
[135•], whereas ubiquitylation of histone H4 on lysine 31 by
Cul4A enhances transcription [136].

Compared to ubiquitylated H2B, H3, and H4,
monoubiquitylated H2A is much more abundant in mamma-
lian cells, and this modification is critical for DNA damage
repair as well as transcriptional silencing via the polycomb
pathway. For example, a number of proteins, including
CUL-4B, RNF8, RNF168, and BRCA1, have been found to
ubiquitylate mammalian H2AK119 at sites of DNA damage,
which serves to open chromatin and initiate assembly of repair
complexes [234–238, 239•]. Recently, H2A was found to be
also monoubiquitylated at either K13 or K15 in association
with DNA repair [132•]. The E3 ligase RNF168 is responsible
for these ubiquitylation events at sites of DSBs, and these
marks are then read by 53BP1 to direct repair by NHEJ
[240•]. The direct impact of H2AK13/15ub on nucleosome
structure is not yet determined.

In addition to DNAdamage repair, H2A ubiquitylation also
functions in transcriptional repression. For example, a recent
study suggested that BRCA1-mediated H2AK119ub facili-
tates heterochromatin formation and contributes to BRCA1’s
tumor suppression function [241]. In addition, H2AK119ub is
also well known for its link to H3K27me3 and being part of
the polycomb-silencing pathway. Traditionally, this silencing
pathway is thought to start with H3K27 methylation of the
polycomb target genes by EZH2 of the PRC2 complex. This

histone methylation mark is recognized by the chromodomain
of the polycomb protein and recruits the PRC1 complex that
includes the RING1b E3 ligase. RING1b in turn ubiquitylates
H2AK119, which ultimately leads to facultative heterochro-
matin formation and silencing of the polycomb-regulated
genes [242–246, 247•]. The H2AK119 ubiquitylation step is
thought to be critical for the silencing of developmental genes
important for the maintenance of stem cell identity [247•].
Recent studies have added further nuances to this accepted
sequence of events in polycomb silencing. For example, it
was found that PCR1-mediated H2AK119ub can by itself
generate a binding site that is recognized by Jarid2-Aebp2
containing PRC2, which when recruited, methylates H3K27
[248•]. The novel implication is that H2AK119ub can also
initiate polycomb silencing, or it may have a role in setting
up a self-enforcing loop to maintain the continued coexistence
of these two covalent modifications on nucleosomes and to
sustain silencing of the polycomb target genes [248•, 249•,
250•, 251•]. These and other recent findings demonstrate that
ubiquitylation influences chromatin-mediated processes in
multiple ways, including opening chromatin and improving
accessibility to chromatin-modifying complexes or generating
binding sites for other downstream factors and complexes that
drive gene repression and heterochromatin silencing.

Novel Modifications

Mass spectrometry has become a vital tool for the characteri-
zation of histones and their posttranslational modifications
[252]. Advances in this technology not only helped identify
new or low abundance PTMs on histones, but the develop-
ment of new methods and data analysis approaches also
allowed characterization of combinations of histone modifica-
tions found within the histone code [253, 254]. Some of the
recently identified new modifications include proline isomer-
ization, lysine crotonylation, lysine-5-hydroxylation, and glu-
tamine methylation, and some newly identified sites of mod-
ifications are listed in Table 2 (see table for references). These
and future new modifications discovered by proteomics stud-
ies will definitely expand the growing repertoire of chemically
distinct histones and nucleosomes in eukaryotes.

Conclusions and Perspectives

As highlighted in this review, although all nucleosomes follow
the same basic architectural design, selective incorporation of
histone variants as well as deposition of different PTMs on
distinct histone sites provides great diversity to chromatin
found within the genome. Adding to the already complex
combinatorial uses of variants and PTMs, it is also now rec-
ognized that even though each nucleosome contains two
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copies each of the four main histone types, these pairs of
histones need not be identical. More specifically, histone var-
iants can be found within nucleosomes in either a homotypic

or heterotypic fashion, and PTMs on the pairs of histones
within a nucleosome can exist in either symmetric or asym-
metric manner (see Fig. 1). As an example, the variant H2A.Z

Table 2 Novel modifications, structural variations, and asymmetric nucleosomes

Modification System Writer/enzyme Genomic distribution Function References

Lysine crotonylation Mouse ? Active promoters or
potential enhancers

Transcription of active X
chromosome-linked genes

[255]

Lysyl-5-hydroxylation Mouse Jmjd6 ? Opposes histone N-acetylation/
N-methylation

[256]

Glutamine methylation
(H2AQ105)

Human
Yeast

Fibrillarin
Nop1

rDNA Transcription by RNA Pol I [257]

Asymmetric methylation ESCs, fibroblasts,
cancer cells

PRC-2 complex Promoters Bivalent mark poises genes for
rapid activation or repression

[258•, 259•]

Proline isomerization Yeast—H3P38 Fpr4 Genes Delays transcription by inhibiting
H3K36me3

[260, 261]

Human-H1 Pin1 Nucleosome linker Promotes H1 retention on chromatin [262]

Histone tail clipping Embryonic stem cells Cathepsin-L ? Differentiation? [263]

Yeast Prb-1? ? Expression [264, 265]

Fig. 1 Three additional ways to
expand the diversity of
nucleosomes. Beyond the
chemical diversity of histones
based on different histone variants
and PTMs, the way that they are
added to the nucleosome can
further expand the functional
diversity of chromatin. For
example, (1) the mixing and
matching of variants from
different histone families, such as
H2A.Z and H3.3, within the
nucleosome can generate
structurally and functionally
distinct nucleosomes. (2) Given
that each nucleosome has two
copies of each of the histone
family members, histone variants
can be incorporated in a
homotypic (e.g., H2A.Z:H2A.Z)
or heterotypic (e.g., H2A:H2A.Z)
fashion, which will result in
functionally distinct
nucleosomes. (3) Histone PTMs
can be deposited in a symmetrical
or asymmetrical fashion within
the nucleosome. As indicated in
the text, a recent study showed
that the bivalent H3K4me3/
H3K27me3 marks found in ES
cells are found together within a
nucleosome context, but the
individual methylation marks are
actually on separate H3molecules
within the nucleosome
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was originally thought to only be able to partner with itself
within the nucleosome due to potential structural clashes be-
tween the L1 loops of H2A.Z and H2A [266]; however, it was
soon discovered that H2A.Z-H2A-containing nucleosomes do
exist in vitro and in vivo. The stepwise generation of these
heterotypic and homotypic H2A.Z nucleosomes in yeast has
been elucidated by Carl Wu’s lab several years ago, and more
recently, genome-wide mapping studies further showed that
homotypic and heterotypic H2A.Z nucleosomes are found at
different locations within the genome. In Drosophila,
homotypic H2A.Z nucleosomes are enriched at regions imme-
diately downstream of the TSS of active genes, whereas het-
erotypic nucleosomes are broadly distributed throughout the
genome [267•]. In mouse trophoblast stem cells, homotypic
H2A.Z nucleosomes are found at gene bodies, and the overall
abundance of homotypic versus heterotypic H2A.Z nucleo-
somes changes during the cell cycle with the latter increasing
from 5 to 40 % abundance when cells transition from G1 to S
phase [268]. While there appears to be some organism/cell
type-specific differences in the distribution of homotypic ver-
sus heterotypic H2A.Z nucleosomes, there is consensus that
heterotypic H2A.Z nucleosomes are thought to be less stable
compared to their homotypic counterparts. Therefore, the
choice of these homotypic or heterotypic H2A.Z nucleosomes
offers the cell the ability to fine-tune nucleosomal stability at
different genomic locations to better regulate transcription and
genome stability.

In the context of PTMs, the majority of the studies to date
only focus on the histone and site of modification, but almost
never address whether both copies of the target histone within
the nucleosome are modified the same way or not. Using
epitope-tagged histones bearing mutations at some of the
well-knownmethylation sites and purifying heterotypic nucle-
osomes that contain one mutant and one wild-type H3 or H4,
Chen et al. showed that loss of specific methylatable lysines
on one half of the nucleosome does not affect methylation of
the corresponding site on the wild-type copy of H3 or H4
within the nucleosome [258•, 259•]. This study essentially
demonstrated that asymmetrically modified nucleosomes can
exist in vivo and presumably are functional in their normal
cellular context. More recently, Voigt et al. combined
mononucleosome purification with quantitative MS analyses
and proved that both symmetrically and asymmetrically meth-
ylated H3 (H3K27me2/3) and H4 (H4K20me1) exist natural-
ly in embryonic stem (ES), MEFs, and HeLa cells [258•,
259•]. They also found that in ES cells, the well-accepted
bivalent H3K4me3/H3K27me3 mark exists within the same
individual nucleosome. More interestingly, their data sug-
gested that these methylation marks are not found on the same
histone H3, but on the separate H3 copies within the same
nucleosome instead. Finally, using in vitro methylation assays,
the authors found that PRC2 can methylate H3K27 when the
nucleosome substrate is asymmetrically methylated at H3K4

or H3K36, but not when those sites are symmetrically meth-
ylated within the nucleosome. Together, these findings indi-
cate that the symmetric versus asymmetric status of a histone
PTM can impact the downstream modification pattern of an-
other histone site within the same nucleosome. In other words,
not only can individual nucleosomes be modified symmetri-
cally or asymmetrically, but these distinct states have real bi-
ological significances and consequences. Referring back to
the theme of chemical diversity of chromatin, we now know
that the mix and match of histone variants as well as the many
different histone PTMs can generate innumerable combina-
tions of physically and functionally distinct nucleosomes
within the cell. With the recent recognition that histones and
histone variants can be incorporated in homotypic or hetero-
typic fashion and that PTMs can exist in a symmetrical or
asymmetrical manner (see Fig. 1), these available options
can generate even more complex combinations of chromatin
modifications within the nucleosome framework and extend
the possible repertoire of the histone code [269].
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