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Dynamic regulation of chromatin structure is an important
mechanism for balancing the pluripotency and cell fate
decision in embryonic stem cells (ESCs). Indeed ESCs are
characterized by unusual chromatin packaging, and a wide
variety of chromatin regulators have been implicated in
control of pluripotency and differentiation. Genome-wide
maps of epigenetic factors have revealed a unique epigenetic
signature in pluripotent ESCs and have contributed models to
explain their plasticity. In addition to the well known
epigenetic regulation through DNA methylation, histone
posttranslational modifications, chromatin remodeling, and
non-coding RNA, histone variants are emerging as important
regulators of ESC identity. In this review, we summarize and
discuss the recent progress that has highlighted the central
role of histone variants in ESC pluripotency and ESC fate,
focusing, in particular, on H1 variants, H2A variants H2A.X,
H2A.Z and macroH2A and H3 variant H3.3.

Introduction

DNA is wrapped around histone octamers to form nucleo-
some core particles, which are the basic repeating units of chro-
matin. A single nucleosome is composed of approximately 2
turns of DNA wrapped around an octamer of core histone pro-
teins formed from a pair of H2A-H2B dimers and an H3-H4 tet-
ramer." Although the packaging of DNA into chromatin allows
for compaction of large genomes, it also renders the underlying
DNA sequence inaccessible to many processes, including tran-
scription  factor binding. Consequently, mechanisms have
evolved to control chromatin packaging in order to modulate
DNA accessibility. Such variations in chromatin states are vital in
aiding the differing gene expression patterns that define the hun-
dreds of cell types that form an organism, from the pluripotent
stem cell through to the terminally differentiated cell, all of which
contain the same DNA sequence.
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Dynamic regulation of chromatin structure is an important
mechanism for balancing the pluripotency and cell fate decision
in embryonic stem cells (ESCs). ESCs are characterized by
unusual chromatin packaging,” and a wide variety of chromatin
regulators have been implicated in control of pluripotency and
differentiation, as summarized in detail in Christophersen et al?
Differences in global chromatin configuration can be readily
detected by ultrastructural examination of ESC chromatin as
well as chromatin from terminally differentiated cells: chromatin
of undifferentiated ESCs appears decondensed and highly
dynamic in structure, whereas differentiated cells display distinct
foci of heterochromatin.* Opverall, ESC differentiation is accom-
panied by an increase in heterochromatic foci and a decrease in
mobility and turnover of chromatin-associated proteins.*®

An open chromatin configuration may merely be a reflection
of the hyper-transcriptional activity found in ESCs. However,
the identification of an unique histone modification pattern at
the regulatory regions of developmental genes, called ‘bivalent
domains’ and consisting of the simultaneous presence of histone
H3K27me3 and H3K4me2/me3, led to the idea that develop-
mental genes are bivalently marked and, thus, primed for activa-
tion prior to ESC differentiation.”® Therefore,
chromatin configuration and abundance of active histone marks
are not only a reflection of high transcriptional activity but also

an open

of cell plasticity.

Recent technical advances, particularly in next-generation
sequencing technologies, have provided a genome-scale view of
epigenetic marks and chromatin modifiers leading to a compre-
hensive characterization of the ESC epigenome. Genome-wide
maps of epigenetic factors have revealed a unique epigenetic sig-
nature in pluripotent ESCs and have contributed to explain their
plasticity. Also, comparisons of ESCs with cells differentiated
from ESCs have proven powerful in understanding the dynamics
of epigenetic marks during development. Thus, each specific cell
type has not only its own specific expression profile or
‘transcriptome’ but is also featured by its own epigenetic signa-
ture or ‘epigenome’ that is transmitted as heritable information
through cell divisions.” "

Epigenetic regulation, including DNA methylation, post-
translational modification of histones, chromatin remodeling,
and non-coding RNA, can alter the properties or interacting
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partners of the nucleosome (for a review seel?). Notably, histone
variants are emerging as important regulators of ESC identity."?
Variant forms of histones H1, H2A, H2B, and H3, with the
exception of H4, have been described. Variants of any one his-
tone type may differ in only a few amino acids (e.g., H3 variants)
or may contain significant dissimilarities (e.g., H2 variants) as
further discussed in references 14 and 15. Non-canonical or
‘replacement’ histones are expressed throughout the cell cycle and
their incorporation is tightly regulated by histone chaperones.

In this review, we summarize and discuss the recent progress
that has highlighted the central role of histone variants in ESC
pluripotency and ESC fate. We provide a detailed and compre-
hensive discussion of genome-wide studies that are pertinent to
our understanding of mammalian development, focusing on data
regarding mouse embryogenesis and mouse ESCs (mESCs) and
providing references to other species, when relevant.

H1 Variants

HI1 linker histones are abundant chromatin binding proteins
that facilitate the formation of higher order chromatin structures.
Histone H1 binding to the nucleosomal dyad and the linker
DNA entering and exiting the core particle form the chromato-
some, which influences chromatin arrangement and compac-
tion."® In addition to this well-established function of H1 as a
chromatin architectural protein, increasing evidence has accumu-
lated indicating that linker histones also act by interacting with
many different non-histone nuclear and cytosolic proteins,'”
thus functioning both as primary chromatin architectural pro-
teins and simultaneously as recruitment hubs for proteins
involved in accessing and modifying the chromatin fiber. The
HI1 histone family is the most divergent group among the highly

conserved histone proteins. Eleven different H1 variants have
been characterized in mammals, including somatic H1 variants
(H1.1 to HL.5), the replacement H1 (H1.0), germ cell specific
His (Hlt, H1T2, HILS1, and Hloo), as well as the recently
characterized variant H1x."® Deletion of 3 major somatic H1 var-
fants (H1.2, H1.3, and H1.4) together leads to a 50% reduction
of the total H1 level and embryonic lethality at midgestation,

demonstrating that H1 level is
9

critical for mammalian
development. !

H1.3 and H1.2 are among the most abundant linker histones
in mESCs, accounting respectively for 32.6% and 16.4% of total
HI1, whereas the differentiation associated H1, H1.0, accounts
for 2% of H1 in undifferentiated ESCs.***! These three variants
differ significantly in terms of their residence time on chromatin
and their ability to promote chromatin condensation in
vitro.”>** They also display different expression patterns during
mammalian development.”*?> At present, the mechanisms by
which H1 variants modulate chromatin structure and gene
expression remain under-explored.

A recent study achieved high resolution mapping of H1.3,
H1.2, and H1.0 in mESCs establishing a knock-in system to
stringently test the function of tagged Hls and to facilitate
the generation of high resolution maps of HI1 variants in
ESCs by chromatin immunoprecipitation followed by massive
parallel sequencing (ChIP—seq).26 On the H1 genome-wide
maps they have generated, H1.3 and H1.2 are highly corre-
lated and display similar binding patterns in the ESC
genome: both variants are enriched at AT-rich regions, gene
deserts, and major satellites, but are depleted at GC-rich,
gene-rich regions, and, especially, at active promoters. Thus,
H1.3 and HI1.2 are quite similar in overall distribution in
the genome (Fig. 1). Nevertheless, analyses of the regions
that are uniquely enriched for H1.3 or H1.2 reveal some dif-

ferences in sequence features: H1.2
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Figure 1. A schematic representation of H1 variants distribution in pluripotent and differentiated

effects of H1 depletion on chromocenter
clustering in WT and H1 KO ESCs
were evaluated.?® The dramatic decrease
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of total H1 levels led to a decrease in chromocenter numbers, yet
having a bigger size, associated with increased expression levels of
major satellites. The increase in expression levels at major satel-
lites may be due to an effect of local chromatin decondensation
caused by H1 depletion in H1 KO ESCs. Pervasive transcription
of repetitive sequences contributes to genome regulation, and
aberrant regulation of the expression of satellite sequences inter-
feres with heterochromatin assembly and chromosome segrega-
tion.?®3! Thus, these results revealed novel functions of H1 in
mammalian genome organization.

Further, Cao et al. recently suggested that the effects of H1
on pericentric major satellites are not restricted to chromatin
structure and heterochromatin formation. Loss of H1.3, H1.4,
and H1.5 causes a dramatic increase in transcripts from major
satellites, but does not change the levels of the repressive epi-
genetic marks, H3K9me3, H4K20me3, H3K27me3, or DNA
methylation at these sequences.”® This suggests that the
increase in expression of major satellites in H1 KO ESCs is
not mediated by loss of these repressive epigenetic marks, but
rather caused by reduced binding of H1 per se or the potential
decondensation of local chromatin structure. This study high-
lights the important role of H1 in driving transcription repres-
sion at repetitive DNA, possibly independent of other histone
methylation pathway.

The importance of H1 in pluripotent cell renewal has been
addressed by Zhang et al., who investigated the role of H1 and
chromatin compaction in stem cell pluripotency and differentia-
tion.”> They examined the differentiation of embryonic stem
cells that are depleted of multiple H1 subtypes and found that
H1.3/H1.4/H1.5 triple null ESCs were more resistant to sponta-
neous differentiation in adherent monolayer culture upon
removal of leukemia inhibitory factor. Further, using an unbiased
proteomic approach, Christophorou et al. identified linker his-
tone H1 variants, which are involved in the generation of com-
pact chromatin, as novel PADI4 substrates.”” Citrullination of a
single arginine residue within the DNA-binding site of Hl
resulted in its displacement from chromatin and global chroma-
tin decondensation. Together, these results uncover a role for cit-
rullination in the regulation of pluripotency and provide new
mechanistic insights into how citrullination regulates chromatin
compaction.33

In accordance with the mouse model, also hESCs were
reported to highly express specific H1 variants, in particular
H1.3 and H1.5.°* The authors hypothesized that H1.3 and
HI1.5 could have a role in maintaining pluripotency/self-
renewal, either by producing a more relaxed chromatin struc-
ture or by specifically contributing to the regulation of a sub-
set of genes.

Overall, data presented for both mESCs and hESCs reveal
that specific H1 variants are involved in heterochromatin
assembly; additional genome-wide distribution studies of
other H1 variants in pluripotent cells (as well as in differen-
tiated cell types) will likely lead to a better understanding of
the role of H1 histone family in higher order chromatin
folding, gene expression, and chromatin function in these
cells.

www.tandfonline.com
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H2A.X

H2A.X constitutes about 2.5-25% of total H2A in the mam-
malian genome®” and is characterized by an extended C-terminal
tail containing an evolutionarily conserved serine-glutamine
(SQ) motif. In response to DNA double-strand breaks, H2A X is
phosphorylated by ATM and/or DNA-PK®® on a serine residue
at position 139 of the SQ motif, yielding a phosphorylated form
of the protein known as vH2A X% yH2A X interacts with sev-
eral DNA repair proteins, indicating that it is involved in DNA
repair processes.”’ Recent research has described potentially new
and specialized roles for YH2A X, in addition to the canonical
DNA double-strand break response (for a review see ref 38,

A comprehensive histone variant gene expression profiling
revealed that H2A.X is among the highest expressed histone var-
jants in undifferentiated mESCs and in preimplantation
embryos, from zigotene to blastocyst stage.”” Parallel studies on
H2A species incorporation highlighted significant H2A X incor-
poration during the early pre-implantation stage. H2A.X signal
was detected after fertilization in both male and female pronuclei,
the signal intensity remained high at the 2- and 4-cell stages, then
it decreased.*® Although Ser139 phosphorylation appeared to be
dispensable for H2A.X incorporation,*® H2A.X is highly phos-
phorylated throughout preimplantation development without
any induced DNA damage.*! To support a role of H2A.X in
embryogenesis, H2A.X presence during embryonic development
was also documented in other species, including Xenopus laevis,*
porcine embryos* and different human ESC lines.**

In addition to these works describing H2A X abundance and
distribution in ESCs, recent research has described potentially
new and specialized roles for YH2A.X mESCs, focusing on spe-
cialized functions aimed at the embryonic state maintenance.
Banath et al. associated high basal YH2A.X levels in ESCs with
global chromatin decondensation rather than pre-existing DNA
damage.”> They described that mESCs express about 100 large
YH2A X foci per cell, which decrease during ESC differentiation
and are not associated with any DDR factors, such as 53BP1 and
RPA.® High levels of yH2A.X have also been associated with
the single-strand breaks occurring in S-phase, and ESC popula-
tions, as rapidly dividing cells, have an increased proportion of
cells in S-phase, compared to many somatic cells.*® Our group
has recently demonstrated that YH2A.X epigenetic modification
contributes to sustain the self-renewal ability of ESCs and
induced pluripotent stem cells (iPSCs).*” We confirmed previous
evidence that YH2A X levels decrease during ESC differentia-
tion®> and demonstrated, for the first time, that iPSCs behave in
the same way.”” We showed that an H2A. X'~ ESC line has a
reduced capacity for self-renewal, and demonstrated that its self-
renewal ability can be restored through reconstitution with WT
H2A.X but not with a mutant form of H2A.X in which the S139
phosphorylation site is abolished.*”

Recenty, Wu and colleagues explored the new functions of
H2AX in pluripotent stem cells through a ChIP-seq approach
aimed at analyzing the genome-wide deposition pattern of H2A.X
in mESCs.*® Strikingly, they found that ESC-specific H2A.X depo-
sition regions correlate with the silenced extraembryonic genes
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targeted by CDX2 in mESCs (Fig. 2). They found that H2A.X
deficiency leads to upregulation of some extraembryonic genes, but
not of pluripotency genes or germ layer markers. H2A. X deposition
thus seems critical in maintaining H3K9me3 level, but not
H3K27me3, at extraembryonic gene enhancers. The authors also
analyzed the H2A.X deposition pattern in different iPSC lines and
determined their developmental potential by tetraploid comple-
mentation. Interestingly, the iPSC lines that were capable of tetra-
ploid complementation and the ones that failed were classified into
2 distinct groups with an unsupervised hierarchical cluster analysis
of H2A X deposition.*®

In line with these observations, Buganim et al. defined the
deposition pattern of histone variant H2A.X as a functional epi-
genetic marker for defining iPSCs quality,* potentially applica-
ble also to human. Because histones regulate transcription, it is
tempting to speculate that the aberrant deposition of H2A.X in
poor quality iPSC lines might explain the mild difference in the
gene expression between poor- and high-quality iPSCs.

Demonstration that high yYH2A X levels sustain self-renewal
and proliferation quality together with developmental potential
of ESCs and iPSCs suggests this minor histone modification as
another important epigenetic element involved in maintaining
the chromatin architecture that contributes to the unique proper-
ties of pluripotent stem cells (Fig. 2).

H2A.Z

Histone H2A.Z is an almost universal variant, which evolved
early and only once in evolution.”® H2A.Z is only about 60%
identical to canonical H2A within the same species,5 U but is

strikingly more conserved between different species (about 80%
identity between most organisms).

A study in Drosophila demonstrated that the essential regions
for H2A.Z function are located in its C-terminus (M6 and M7
regions).”> H2A.Z can be post-translationally modified by acety-
lation, sumoylation and ubiquitination with different functional
outcomes (for a review see ref’>>%).

Although H2A.Z gene was reported to be expressed during all
stages of embryogenesis (zygote, 2-cell, morula, blastocyst, and
hatching blastocyst),? analysis of its nuclear deposition revealed
that H2A.Z protein is mainly detected at the blastocyst stage.*’

H2A.Z has been implicated in many DNA-mediated pro-
cesses including gene regulation, with an ability to influence both
gene activation and repression.”” " Recently, several works
investigated the essential role of H2A.Z during mammalian
development, through genome-wide analysis on mESCs and
their differentiated counterparts.

Chreyghton et al. demonstrated that H2A.Z predominantly
occupies promoter regions at a defined set of genes in mESCs;
in particular, their analysis revealed a striking enrichment for
genes connected to the developmental and transcription hierar-
chies; notably, many of these genes are transcription factors
with important roles in a variety of developmental processes.®’
These data suggest that H2A.Z predominantly occupies the pro-
moters of genes in ESCs that when expressed, would promote
developmental progression and differentiation. They also com-
pared the set of H2A.Z-enriched genes with Polycomb group
(PcG) protein binding targets, evaluating in particular the PcG
protein Suzl2. Their results demonstrated that most of the
H2A.Z enriched regions, were also occupied by Suzl2. Consid-
ering that PcG proteins have been shown to globally maintain
their target genes in a silent state”*% they concluded that
H2A.Z occupies the promoter regions
of a defined set of genes in ESCs that
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Figure 2. A schematic representation of H2A.X distribution in pluripotent and differentiated cells,

ferentiation. Its developmental or stage-
specific localization and function likely

depend on additional modifiers (Fig. 3).
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To investigate the functional role of
H2A.Z, analysis of H2A.Z depleted
ESCs was performed and suggests that
H2A.Z-depletion per se does not affect
maintenance of the ESC state. Differ-
ently, H2A.Z is required for lineage speci-

ESC maintenance
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fication: embryoid body (EB) analysis
showed that H2A.Z-depleted EBs failed
to give rise to typical structures represent-
ing differentiated cell types and were
defective in the correct induction of early
differentiation markers such as Bra-
chyury, Pax3 and Wnt3A. These data
demonstrates a requirement for H2A.Z
to initiate developmental programs, sug-
gesting an important role for H2A.Z in
mediating cell fate transitions.®’ Hu et al.
confirmed the critical H2A.Z contribu-
tion in ESC differentiation; however,
they also suggested a role of H2A.Z in
mediating self-renewal and pluripotency
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Figure 3. A schematic representation of H2A.Z distribution in pluripotent and differentiated cells,
with the most relevant functions described.

of the ESC lines used in the studies and
the different methods used to deplete H2A.Z.

A more recent work defined the mechanism by which H2A.Z
may mediate ESC differentiation.®> Considering that Foxal/2
acts in chromatin remodeling during early development®®®? and
H2A.Z has been suggested to be critical for ESCs differentia-
tion,*"*7%7! the authors investigated their possible role in con-
trolling global nucleosome dynamics during ESC differentiation,
determining the genome-wide localization of H2A.Z and Foxa
during ESC differentiation into endoderm/hepatic progenitor
(EHP) cells. They found strong nucleosome depletion near
Foxa2 binding sites during ESC differentiation. Nucleosome
depletion regions were enriched near H2A.Z binding sites in
ESCs and Foxa2 binding sites in EHP cells, which suggests that
nucleosomes containing H2A.Z in ESCs were preferentially lost
during differentiation as compared to non-H2A.Z nucleosomes.
Next, they identified the nucleosome disassembly/assembly chap-
erone protein Naplll (the mouse homolog of NAP1), the SW1/
SNF complex component Smarca4, and the SWR1 component
Kat5 as the major chromatin remodeling complexes and chaper-
ones that might mediate the Foxa2/H2A.Z-dependent nucleo-
some depletion process. They support a 3-step model for ESC
differentiation into EHP cells: (1) growth factor-induced cell dif-
ferentiation initiates Foxa2 expression; (2) Foxa2 binds to nucle-
osomal DNA on H2A.Z-containing nucleosomes; (3) Foxa2 and
H2A.Z recruit nucleosome disassembly complexes (Naplll/
SWI/SNF/INOS8O0), enabling nucleosome depletion and cell dif-
ferentiation (Fig. 3).

H2A.Z role in destabilizing the local nucleosome structure
and facilitating nucleosome removal was confirmed by Hu
et al.®* They provided data showing differential roles of H2A.Z
at active genes and repressed genes in the self-renewal and

www.tandfonline.com

differentiation of ESCs. H2A.Z facilitates expression of many
pluripotency genes and also the repression of differentiation
genes by generating chromatin accessibility and thereby facilitat-
ing the efficient targeting of activating and repressive complexes,
respectively. During differentiation of ESCs, optimal induction
of differentiation genes and the complete silencing of pluripo-
tency genes also requires H2A.Z to facilitate access of the appro-
priate complexes. Another recent paper identified the H2A.Z C-
terminal acidic patch as the critical domain that couples control
of chromatin dynamics to the regulation of developmental gene
expression patterns during lineage commitment.””

There are several possibilities to explain how H2A.Z can
mediate seemingly opposing functions, such as repressing genes
in ESCs and activating genes in differentiated cells: H2A.Z can
be post-translationally modified and its incorporation correlates
with particular histone modification patterns; post-translational
modification of H2A.Z may underlay its differential distribution
in ESCs compared to differentiated cells; the function of H2A.Z
may depend on the nucleosome into which it is incorporated.

In conclusion, H2A.Z is an important player in regulating
ESC fate, whose localization and functions change dramatically
during development and differentiation; it may be defined as a
‘general facilitator’ that generates access for a wide variety of acti-
vating and repressive complexes (Fig. 3).

MacroH2A Variants

The histone variant macroH2A plays a key role in cell state
stabilization in mammals. Mammals encode 3 macroH2A var-
iants, macroH2A.1.1 and macroH2A.1.2, which are alternatively
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spliced isoforms of a single gene, and the distinct gene product
macroH2A.2.”> All three macroH2A variants are distinguished
by the presence of the unusual ‘macro’ domain fused to their rela-
tively well-conserved H2A cores. This domain protrudes from
the compact structure of the nucleosome and is likely to affect
the function and organization of the surrounding chromatin.”*
MacroH2A occupancy generally correlates with gene repression
and low transcriptional activity.””® Accordingly, inhibiting
macroH2A increased the transcription levels, or facilitated the
activation, of target genes.74’77’78 The view of macroH2A as a
pure repressor was challenged by numerous examples where
macro incorporation is associated with increased gene expres-
sion,”*”? including during early lincage specification after
embryoid body formation from ESCs.*’

All the 3 macroH2A isoforms are expressed in mESCs and at
the blastocyst stage of embryogenesis*®**#! and studies that have
analyzed macroH2A.1 and macroH2A.2 in parallel found no dif-
ference in the pattern of distribution.?? At the protein level, mac-
roH2A.1 is expressed to a greater extent than macroH2A.2 and
quantifying the relative abundance of mRNAs, mESCs turned
out to contain 7 times more messenger for macroH2A.1 than
macroH2A.2.%°

Creppe et al. performed ChIP-seq analysis on macroH2A.1
distribution in ESCs and evaluated its role in mESC self renewal
and differentiation.*® Their study revealed that macroH2A.1
occupies the promoter regions of differentation genes with a
minimum occupancy at the immediate transcription start sites
(TSS); genes with increasing expression levels were progressively
underrepresented among macroH2A.1 target genes. They
reported that in mESCs macroH2A deficiency did not affect cell
proliferation, viability, and self-renewal capability. Differently,
during EB formation, macroH2A.1 loss resulted in reduced or
delayed activation of differentiation genes, many of which were

shown to be direct target genes of macroH2A.1, together with an
incomplete inactivation of the pluripotency genes that encode
the key regulatory transcription factors Sox2, Nanog, and Oct4.
Overall their data provide evidence for the physiological rele-
vance of the still poorly recognized proactivating function of
macroH2A in ESC differentiation, showing that the presence of
macroH2A.1 on differentiation genes is required for their ade-
quate induction (Fig. 4).

A recent work described a pulse chase system for studying his-
tone dynamics in mESCs, and reported on the dynamics of sev-
eral histone variants, including macroH2A.2, in both pluripotent
ESCs and committed mouse embryonic fibroblasts (MEFs).%?
They observed extensive differences in the dynamics and localiza-
tion of this variant between mESCs and MEFs. Notably, mac-
roH2A.2 is highly dynamic in ESCs, with rapid exchange
occurring over gene promoters, alongside much more stably
bound domains that cover large blocks of the genome. Upon dif-
ferentiation to MEFs macroH2A.2 becomes much more stably-
bound to the genome, consistent with the idea that this histone
variant plays a role in ‘locking down’ repressed regions of the
genome (Fig. 4). In ESCs they observed widespread localization
of macroH2A.2 across gene rich domains, along with a strong
TSS-proximal peak of macroH2A.2. They also documented
much more stably bound domains that cover large blocks of the
genome. Upon differentiation to MEFs, macroH2A.2 is gener-
ally lost from those promoters where it is most dynamic in ESCs
and is broadly gained over gene poor domains and at genes asso-
ciated with alternative cell fates, such as neural or immune cell
differentiation. Their results are broadly consistent with the idea
that pluripotent cells are characterized by ‘hyperdynamic’ chro-
matin,”* observing local, rather than global, dynamic mac-
roH2A.2 behavior at a small fraction of loci-promoters of highly
expressed genes. Their data on macroH2A.2 association with
active promoters in mESCs further argue
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Figure 4. A schematic representation of macroH2A variants distribution in pluripotent and differenti-

In mammals, 5 H3 variants have
been identified: 2 canonical variants,
H3.1 and H3.2 (also referred to as H3)
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and 3 replacement variants, H3.3, the centromere-specific variant
CenH3® and the testis-specific histone H3t.®® In addition,
recently other 2 primate-specific H3 variants, H3.X and H3.Y,
were characterized.%® They are expressed throughout the cell
cycle, in quiescence, and are enriched in various stages of differ-
entiation compared with their canonical counterparts.””*® H3.3
has only 4 amino acid differences with H3.2 (at positions 31, 87,
89 and 90) and 5 with H3.1 (with an additional difference at
amino acid 96). Histone H3.3 presents a unique genetic para-
digm in that 2 conventional intron-containing genes (H3f3a and
H3f3b) encode the identical protein. In spite of the high
sequence similarity between H3.3 and H3, these specific residues
have been proposed to account for particular properties of his-
tone H3.3; specifically, H3.3 has been associated with active tran-
scription in somatic cells.**® More recently, its role in
undifferentiated cells has been investigated.

Almost 10 y ago, histone variant H3.3 expression and localiza-
tion in early mouse embryogenesis were examined.”® This work
highlighted that H3.3 is present in the oocyte as a maternal factor
and is then incorporated preferentially into the male pronucleus
before genome activation. Then H3.3 can be detected in the
nuclei of mouse embryos in all of the stages analyzed, from the
zygote to the blastocyst stage, suggesting that the H3.3 replace-
ment is among the epigenetic mechanisms involved in the early
embryogenesis. A more recent paper investigated which particu-
lar role H3.3 can execute during embryogenesis.”’ To address
the contribution of specific residues within the histone H3.3 to
the establishment and subsequent reprogramming of chromatin
after fertilization, authors expressed this variant harboring point
mutations in zygotes and assessed the embryo development abil-
ity. Of the residues analyzed on H3.3, only K27 seemed to be
important for early embryonic development and indeed, embryos
expressing H3.3 K27R exhibited a reduced rate of development.
Additionally, authors analyzed whether embryos overexpressing
H3.3 K27R showed defects in epigenetic marks and observed
altered distribution and reduced global levels of both
H3K27me3 and H3K27mel in embryos expressing H3.3 K27R,
in comparison to H3.3 WT. Further, they observed that in
zygotes H3.3 localizes to the heterochromatic DAPI-intense rings
surrounding the nucleolar-like bodies (NLBs) in the male pronu-
cleus but not in the female one.

These dense ring-like structures around NLBs in the zygote
are formed by the chromocenters that contain pericentromeric
and centromeric chromatin. Expression of H3.3 K27R mutant
induces a spatial relocalization of chromocenters at the 2-cell
stage. Because the association of chromocenters to NLBs has
been suggested to reflect their heterochromatic nature,”” their
mislocalization in H3.3 K27R-mutant embryos suggests defects
in heterochromatin. Functionally, they observed that mutation
of H3.3 K27 results in the accumulation of major satellite tran-
scripts after the zygote first mitotic division, supporting the idea
that the mutation of H3.3 K27 led to derepression, or lack of
silencing, of these repeats. It is possible that H3.3 K27R leads to
inefficient production of major satellite dsRNA, which in turn
would lead to an inability to initiate effective heterochromatini-
zation of the repeats, suggesting defects in silencing and/or
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paternal heterochromatin formation. Thus, this work uncovered
a novel function for H3.3 in the initial establishment of hetero-
chromatin in the mouse embryo.

Several other works evaluated H3.3 localization and roles in
mESC model. Allis group reported genome-wide profiles of H3
variants in mESCs cells.”” They found that H3.3 was enriched
around TSS of bivalent genes, while mutation of H3.3 toward
H3.2 or H3.1 abolished this enrichment. After differentiation,
the profile of H3.3 changed with resolution of bivalent domains
and, in bivalent ES genes that resolved to H3K4me3 thus becom-
ing transcriptionally active, H3.3 was maintained around the
TSS and also incorporated into the gene body, in correlation
with H3K36me3 and H3K4mel. In contrast, for bivalent genes
that remained transcriptionally repressed and resolved to either
H3K27me3 or no mark, H3.3 enrichment was reduced at the
TSS wupon differentiation. Additionally H3.3 was localized
around the TSS of both active and repressed high CpG content
promoters, and both H3.3 and phosphorylated RNA polymerase
IT were significantly enriched beyond the transcriptional end sites
of highly expressed genes Their data also highlighted that H3.3
enrichment in the gene body correlates with markers of transcrip-
tion, including Ser-5 phosphorylated RNA polymerase 1I,
H3K4me3, H3K36me3, and H3K4mel. Then they determined
whether this pattern was dependent on the specific H3.3 chap-
eron Hira and demonstrated that the vast majority of H3.3
enrichment at both active and repressed genes in ES cells is Hira-
dependent.

Requirement of H3.3 incorporation to fully maintain the plu-
ripotent nature of ESCs was highlighted in the work of Meshorer
et al.”* Consistent with a globally highly transcriptionally active
genome in ESCs, they found that the only structural chromatin
protein without an increased hyperdynamic pool was H3.3,
which preferendally associates with transcriptionally active
regions. This finding was also consistent with the observed accel-
erated differentiation of Hira null cells, since, in those cells, less
H3.3 was incorporated into the open chromatin regions, thus
facilitating the formation of heterochromatin regions and pro-
moting differentiation.

Differently, H3.3 presence at most known regulatory ele-
ments (i.e., genic and intergenic transcription factor binding
sites) is Hira-independent (Fig. 5) and will be mediated by other
factors. Among these, the chromatin remodeler Chd1° is a H3.3
depositing molecule reported to be required for ESC self-renewal
and maintenance of Oct4 expression, and depletion of Chd1 led
to the loss of open chromatin,”®

A requirement for H3.3 chaperones other that Hira
also emerged from the recent work of Tang etal.”” They
found that an important requirement for H3.3 during the
early phase of oocyte growth was seen in the developmental
failure of H3f3a, H3f3b double-mutant primary oocytes.
However, given that Hira-deficient oogonia could develop and
be ovulated, their result clearly demonstrated a requirement
for other H3.3 chaperones, possibly DAXX and ATRX, in reg-
ulating folliculogenesis.

Choo group contributed to clarify H3.3 function in regulat-
ing telomeric chromatin structure in mESCs.”® They examined
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the epigenetic factors that regulate telo-
mere chromatin in mESCs and changes
in telomere chromatin properties during
cellular differentiation. They reported
the enrichment of Ser31-phosphorylated
H3.3 at metaphase telomeres and locali-
zation of H3.3 at interphase telomeres
in ESCs. They also studied the func-
tional role of H3.3 at the telomeres by
H3.3 RNAi knockdown experiments
and highlighted that H3.3 RNAi knock-
down ESCs present an increased num-
ber of telomere dysfunctional-induced
foci (TIFs, cytological telomeric foci
containing DNA damage response fac-
tors, such as ’yHZA.X),99 suggesting that
H3.3 contributes to the functional
integrity of telomere chromatin in ESCs
(Fig. 5). In accordance with this work
H3.3 presence at telomeric regions was
described in the previously cited
paper,”® demonstrating that H3.3 pres-
ence at telomeres is Hira-independent
and Atrx is the specific chaperon
required for H3.3 enrichment at telo-
meres and repression of telomeric
repeat-containing RNA. Upon ESC dif-
ferentiation, Ser31 phosphorylated H3.3
signals are greatly reduced at the telo-
meres without any observable telomere-
length shortening; in parallel, the telo-
mere chromatin concomitantly becomes
more ‘repressed/closed’, as indicated by
increased association of H3K9me3 and
H4K20me3 and decreased MNase sensi-
tivity following differentiation.”® Blasco
suggested that the assembly of hetero-
chromatin at the telomeres forms a
‘closed’ conformation that results in less
accessibility  to
machinery/telomerase activity.'” A rela-

telomere-elongating

tively more ‘open’ telomeric chromatin
structure in ESCs compared with their
differentiating counterparts should favor
a greater accessibility to telomere-elon-
gating activities. The loading and
unloading of the chromatin-remodeling
histone H3.3 variant at the telomeres
may potentially serve as a primary epige-
netic reprogramming cue operating at
the nucleosomal level that controls telo-
mere-length  homeostatic  equilibrium
and structural organization in pluripo-
tent ESCs.

In conclusion, the dynamic presence

of H3.3 in both genic and intergenic
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regions, in active and inactive genes, suggests that its function in
regulating chromatin structure may depend on the different
post-transcriptionally modifications and/or may act in concert
with other epigenetic modifications.

Conclusions

We have presented the complex scenario linking histone var-
iants, chromatin regulation and ESC maintenance/differentia-
tion. This overview on H1 variants, the H2A variants H2A.X,
H2A.Z and macroH2A, and the H3 variant H3.3 highlights that
histone variants can be involved in a multitude of functions,
sometimes seemingly opposite, ranging from chromatin conden-
sation to decondensation, from transcription activation to repres-
sion, chromatin dynamic and locked maintenance, genomic
telomere maintenance, self renewal and differentiation regula-
tion. Whenever possible, we have taken into account the knowl-
edge about expression levels in self-renewing ESCs and
differentiating cells of all mentioned histone variants (Fig. 6).

There are several possibilities to explain this complex scenario:
many of these variants can be post-translationally modified and
their incorporation and function may correlate with particular
histone modification patterns; both ESCs and differentiated cells

may involve different chaperons that regulate histone incorpo-
ration; and finally, the differential histone distribution and/or
function may depend on other epigenetic factors. Advanced tech-
nology has recently helped clarifying how do extrinsic signals,
transcription factors, and chromatin modifications collaborate
and become integrated into a fine-tuned network to maintain
ESC identity. Yet, other fundamental questions remain open,
like how precisely do transcriptional machineries and chromatin-
binding proteins find histone modification marks at specific loci.
Future work will need to better understand the dynamic nature
of nucleosomes in ESCs, how this is used to regulate the accessi-
bility of the underlying DNA and how the described histone vari-
ant functions can be modulated by the complex ESC epigenetic
landscape.
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