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Embryonic development is regulated by both genetic and epigenetic mechanisms, with nearly all DNA-tem-
plated processes influenced by chromatin architecture. Sequence variations in histone proteins, core
components of chromatin, provide a means to generate diversity in the chromatin structure, resulting in
distinct and profound biological outcomes in the developing embryo. Emerging literature suggests that
epigenetic contributions from histone variants play key roles in a number of developmental processes
such as the initiation and maintenance of pericentric heterochromatin, X-inactivation, and germ cell differen-
tiation. Here, we review the role of histone variants in the embryo with particular emphasis on early mamma-

lian development.

Introduction

Mammalian development requires the specification of over 200
unique cell types from a single totipotent cell. This challenge is
all the more impressive considering that each of these cell types
carries the same genetic information and yet is able to establish
and maintain the unique gene expression profile that gives rise to
its cellular identity. These heritable changes in cellular pheno-
type or gene expression caused by mechanisms other than the
underlying DNA sequence are referred to as epigenetic
phenomena. Differentiated cells rely on an epigenetic memory
in order to transmit and maintain gene expression patterns that
distinguish the differentiated state through multiple cell divisions
(Hemberger et al., 2009). The molecular basis of this epigenetic
memory is currently an intense area of research.

Tissue and lineage-specific transcription factors play critical
roles in regulating and defining cellular identity, but they are
not its sole determinants. For instance, somatic nuclei that
have undergone reprogramming by transfer to anucleated
eggs exhibit molecular signs of their tissue of origin, expressing
genes characteristic of their previous differentiated state (Ng and
Gurdon, 2005). Similar results are seen in differentiated cells re-
programmed to earlier developmental states by the expression
of a small number of transcription factors (Kim et al., 2010;
Polo et al., 2010). In addition to sequence-specific transcription
factors, epigenetic memory is transmitted through trans-acting
factors such as Polycomb and Trithorax proteins, DNA methyla-
tion, noncoding RNAs, histone modifications, and histone vari-
ants (Guttman et al., 2009; Henikoff, 2008; Klose and Bird,
2006; Rando and Chang, 2009). Of these, histones, the core
component of chromatin, provide a particularly attractive candi-
date for shaping the features of a cell’s epigenetic landscape.

The highly conserved H2A, H2B, H3, and H4 histones
compose the proteinaceous core of the nucleosome, the funda-
mental repeating unit of chromatin. In all metazoans, the majority
of histones in dividing cells are transcribed and translated in
a cell-cycle-dependent manner from large, multicopy, intronless
clusters (Albig and Doenecke, 1997). These canonical histones
are deposited into nucleosomes in a replication-coupled manner
to ensure proper packaging of genomic DNA. In addition to their
structural role in genome organization, histones are subject to
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a variety of posttranslational modifications that are associated
with nearly all DNA-templated processes, with far reaching
consequences for cell-fate decisions (Taverna et al., 2007).
While research on the mechanism of epigenetic inheritance
has focused primarily on histone modifications, an alternative
means to encode and transmit information is through the incor-
poration of histone variant proteins into chromatin. With the
exception of H4, all core histone proteins in mammals have
several sequence variants. These variants can contain minor
sequence differences (e.g., the canonical H3.1 and H3.2, and
the variant H3.3) or significant structural dissimilarities (e.g.,
macroH2A, the centromere-specific protein CENP-A), and may
exhibit different cell-type specific expression levels (Rogakou
and Sekeri-Pataryas, 1999). Histone variants can be classified
into replication dependent, replication independent, and tissue
specific based on their temporal and developmental expression
profiles.

Why has the cell evolved histone variants, some of which are
highly conserved across the phylogenetic tree? Chromatin is,
by necessity, a dynamic structure subject to factors that contin-
uously disrupt and remodel nucleosomes in order to access the
underlying DNA (Ho and Crabtree, 2010). The reestablishment of
nucleosomes at these sites of activity is required to maintain
genomic stability and often occurs through replication-indepen-
dent pathways when newly synthesized canonical histones are
unavailable. Instead, the cell has access to replication-indepen-
dent histone variants, usually represented by one or two genes
synthesized throughout the cell cycle, in addition to being ex-
pressed in terminally differentiated cells that no longer undergo
DNA replication (Frank et al., 2003). As well as providing the
cell with a continuous source of histones for nucleosome
replacement outside of S phase, these histone variants allow
the cell to generate biochemically unique nucleosomes for the
regulation of chromatin metabolism. The major histone variants
in metazoans belong to the replication-independent class of
histone genes. Temporal and tissue-specific expression,
coupled with exclusive deposition machinery, give histone vari-
ants a unique ability to regulate key developmental processes.
Here, we will review the known functions for histone variants
and their deposition machinery in mammalian development,
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with studies performed in mouse model systems unless other-
wise noted, focusing specifically on the roles of histone variants
in the initiation and maintenance of epigenetic memory.

H3.3 and the Developing Embryo

Upon fertilization, the genomes of two highly specialized cells,
the oocyte and the sperm cell, undergo a tightly regulated
sequence of reprogramming events that produce a totipotent
zygote (Figure 1). Before fertilization, the oocyte is arrested in
metaphase of its second meiotic division. Entry of the sperm
into the oocyte cytoplasm leads to completion of maternal
meiosis, resulting in formation of the polar body and the haploid
maternal pronucleus. At the same time, the paternal genome of
the sperm cell is stripped of sperm-specific proteins called prot-
amines and repackaged with maternally stored histones, result-
ing in nucleosomal chromatin and formation of the haploid
paternal pronucleus. The parental pronuclei remain physically
separate in the zygote cytoplasm, undergoing one round of
DNA replication before the parental genomes finally align at
a common metaphase plate.

Immediately following fertilization, the maternal and paternal
pronuclei exhibit asymmetric epigenetic profiles, including
differential DNA methylation, posttranslational modification
(PTM) of histone proteins, and incorporation of histone variants
(Surani et al., 2007). The first reprogramming event of develop-
ment is the establishment of nucleosomal chromatin on the
paternal genome. This remodeling event occurs independently
of DNA replication, with the replication-independent histone
variant H3.3 preferentially incorporated into the paternal genome
concomitant with formation of the paternal pronucleus (Torres-
Padilla et al., 2006). The variant H3.3 differs from canonical
H3.1 by just four amino acid changes in the core of the histone
fold—an AAIG motif from residues 87-90 in place of the SAVM
motif found in H3.1 and a C to S mutation at amino acid 96. An
additional mutation of A to S is found at amino acid 31, and
this residue is known to be phosphorylated in H3.3 (Hake and
Allis, 2006). Unlike h3.7, an intronless gene repeated in multiple
gene clusters whose transcript is regulated by stem-loop binding
proteins (Pandey and Marzluff, 1987), H3.3 is encoded by two
intron-containing genes, h3.3A and h3.3B, whose transcripts
are regulated through polyadenylation and whose translation
results in identical protein products (Wellman et al., 1987).
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Figure 1. Chronology of Mouse Oocyte
Fertilization and Associated Chromatin-
Related Events

Upon fertilization, the oocyte resumes meiosis,
resulting in formation of the maternal pronucleus
and eviction of histones H3.3 and macroH2A
from the maternal chromatin. Concurrent with
sperm decondensation and formation of the
paternal pronucleus, protamines are exchanged
for histones resulting in nucleosomal chromatin.
At this time, histone H3.3 is preferentially depos-
ited into the male pronucleus before the onset of
transcriptional activation. H3.3 incorporation in
the maternal genome is not observed until nearly
an hour after formation of the pronucleus. By the
late pronuclear stage, after the onset of transcrip-
tion and the first DNA replication, H3.3 levels in the
parental pronuclei appear equivalent. MacroH2A,
however, is not observed again in chromatin until
later developmental stages.

2-cell
Embryo

Consistent with the asymmetrical incorporation of H3.3 into the
paternal genome, the presence of the H3.3-specific chaperone
HIRA (Tagami et al., 2004) has been reported specifically in the
male pronucleus during this developmental time frame (van der
Heijden et al., 2005), and both HIRA and the ATP-dependent
chromatin remodeling factor CHD1 were shown to be necessary
for protamine replacement by histone H3.3 in the Drosophila
melanogaster embryo (Jayaramaiah Raja and Renkawitz-Pohl,
2005; Konev et al., 2007; Loppin et al., 2005). H3.3 is not
observed in the maternal pronucleus until nearly an hour after it
has been deposited into the paternal genome (Torres-Padilla
et al., 2006), corresponding to the differential onset of zygotic
genome activation with transcripts first observed from the
paternal genome (Aoki et al., 1997). Histone H3.3 has tradition-
ally been associated with gene activation, but several observa-
tions suggest an additional or alternative role for the variant in
the early embryo. For example, while H3.3 is asymmetrically
present in the male pronucleus, paternal chromatin at this stage
is devoid of trimethylation of histone H3 at lysine 4 (H3K4me3),
a modification associated with gene activation. Furthermore,
H3.3 incorporation is observed before the onset of transcription
in both the paternal and maternal pronuclei (Torres-Padilla et al.,
2006). Instead, recent studies discussed below suggest that
H3.3 in the paternal pronucleus is necessary for the establish-
ment of highly specialized chromatin structures in the early
embryo.

To ensure proper chromosome segregation during the first
mitosis, the pronuclei of the zygote must establish chromatin
structures consisting of the centromeric heterochromatin
responsible for kinetochore formation and the pericentric hetero-
chromatin that facilitates chromatid cohesion. Heterochromatin
Protein 1 (HP1) is a fundamental component of pericentric
heterochromatin in all metazoans. Interaction between the
chromodomain of HP1 and H3K9me3, a histone modification
enriched in pericentric heterochromatin, is important for recruit-
ment of HP1 and maintenance of pericentric heterochromatin
(Jacobs and Khorasanizadeh, 2002; Nakayama et al., 2001).
Therefore, the establishment of H3K9me3 is a critical, early
step in the formation of pericentric heterochromatin. Studies
performed in Schizosaccharomyces pombe have uncovered
a direct role for the RNAi pathway in the formation of pericentric
heterochromatin that functions in part through HP1 and
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Table 1. Known Functions for Histone Variants and Their Deposition Machinery in Mouse Development

Histone Variant Chaperone Location

Variant Phenotype

Chaperone Phenotype References

H3.3 HIRA euchromatin, N.D. embryonic lethality Roberts et al., 2002
gene bodies, promoter (6.5-10.5 dpc)
H3.3 Daxx-ATRX telomeres, N.D. embryonic lethality Michaelson et al., 1999;
pericentric repeats (9.5 dpc) Garrick et al., 2006
H3T sNASP testes N.D. N.D. Franklin and Zweidler, 1977;
Witt et al., 1996
CENP-A HJURP centromere embryonic lethality N.D. Howman et al., 2000
(3.5-8.5 dpc)
H2A.Z Chz1, SWR1 regulatory elements, embryonic lethality lethality Faast et al., 2001;
promoter, pericentric repeats (4.5-7.5 dpc) (C. elegans) Updike and Mango, 2006
H2AX N.D. XY Body, sites of male sterility, reduced N.D. Bassing et al., 2003
double-strand DNA breaks  fecundity in females
MacroH2A N.D. inactive X, promoters severe malformations N.D. Costanzi et al., 2000;
in the brain (zebrafish) Buschbeck et al., 2009
H2AL N.D. percentric repeats N.D. N.D. van Roijen et al., 1998
H2A.Bbd N.D. N.D. N.D. N.D. Chadwick and Willard, 2001
TH2A N.D. testes N.D. N.D. Trostle-Weige et al., 1982
TH2B N.D. testes N.D. N.D. Brock et al., 1980
N.D., not determined
H3K9me3 (Grewal, 2010). Additionally, heterochromatic the RNAi pathway (Grewal, 2010). However, the exact role of

silencing in Drosophila is also dependent upon the RNAI
machinery, suggesting involvement of this pathway is conserved
in metazoan heterochromatin formation (Kavi and Birchler, 2009;
Pal-Bhadra et al., 2004).

In the zygote, unique heterochromatic structures are formed
consisting of pericentric and centromeric chromatin from
different chromosomes arranged in rings surrounding the nucle-
olar-like bodies (NLBs) (Probst et al., 2007). Intriguingly, similar
structures are formed in both the maternal and paternal pronu-
clear bodies despite their epigenetic asymmetries. While female
pronuclear pericentric heterochromatin is enriched in H3K9me3
(Probst et al., 2007; Santos et al., 2005), the paternal pronuclear
pericentric heterochromatin shows enrichment of H3K27me3
(Puschendorf et al., 2008) and the histone variant H3.3 (Torres-
Padilla et al., 2006). Recent studies suggest that deposition
of H3.3 into the paternal genome plays a key role in the establish-
ment of pericentric heterochromatin before the first mitosis
(Santenard et al., 2010). Specifically, mutation of lysine 27 to
arginine on histone H3.3 (H3.3K27R), but not H3.1, resulted in
decreased developmental progression from zygote to blastocyst
stage. These embryos displayed defects in chromosome
segregation, mislocalization of HP1f, and ineffective hetero-
chromatinization of pericentric repeat regions at the 2-cell stage.
Intriguingly, this phenotype was mimicked by deletion of HP1f’s
hinge region, a domain essential for pericentric enrichment of
HP1B and for the interaction of HP1B with RNA (Muchardt
et al.,, 2002). Injection of pericentric double-stranded RNA
(dsRNA) into zygotes expressing H3.3K27R rescued these
developmental phenotypes, allowing embryos to progress to
the blastocyst stage (Santenard et al., 2010). These results
suggest that the inability to posttranslationally modify H3.3K27
in the zygote leads to defects in the initiation of pericentric
transcription during the first S phase, a process that may be
required for the initiation of heterochromatin formation through
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posttranslational modification of H3.3K27 in this process
remains to be determined.

Consistent with the deposition of H3.3 into the paternal
genome, the H3.3-specific chaperone HIRA is present in the
paternal pronucleus (van der Heijden et al., 2005). Additionally,
mutations in the Drosophila HIRA homolog, sesame, prevent
male pronucleus formation (Bonnefoy et al., 2007; Loppin
et al., 2005). However, recent studies demonstrate that multiple
independent pathways are required for H3.3 deposition and that
these pathways are highly specific for deposition at particular
genomic regions (Table 1). A study in mouse embryonic stem
cells demonstrated that HIRA is mainly responsible for deposi-
tion of H3.3 into protein-coding regions, specifically at the
transcription start sites of genes with high CpG content
promoters regardless of gene activity and in the gene body of
active genes (Goldberg et al., 2010). Intriguingly, H3.3 enrich-
ment is also highly correlated with intergenic regulatory elements
that contain occupied transcription factor binding sites and at
regions typically associated with heterochromatin, specifically
at telomeres and other transcribed repeat regions including
pericentric satellites (Figure 2). Deposition of H3.3 at these
repeat regions is independent of HIRA and is mediated by
specific interaction of H3.3 with Daxx, a protein previously
associated with apoptosis, and ATRX, a SNF2 family chromatin
remodeling protein (Drane et al., 2010; Goldberg et al., 2010;
Lewis et al.,, 2010; Wong et al., 2010). Interestingly, ATRX is
found at preicentric heterochromatin in mammalian oocytes
and is important for proper chromosome alignment and segre-
gation during meiosis (Baumann et al., 2010; De La Fuente
et al., 2004). It is tempting to speculate that ATRX in the oocyte
is associated with the maternal pool of H3.3 found in the germinal
vesicle (this pool of H3.3 is excluded from the maternal chro-
matin during resumption of meiosis following fertilization)
(Torres-Padilla et al., 2006). In addition, it will be important to
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Figure 2. Known Genomic Locations of
Histone Variants

Immunofluorescence and genome-wide ChIP
studies have identified the chromosomal locations
for some histone variants. The deposition of H3.3
at telomeres and pericentric heterochromatin
occurs via the Daxx-ATRX complex, whereas the
HIRA mediates H3.3 chromatin assembly in the
bodies of actively transcribed and high CpG
content promoter genes. An unknown deposition
pathway is used to assemble H3.3 nucleosomes
at enhancer elements and gene promoters.
Similar to H3.3, H2A.Z is also associated with

gene-specific enhancers and promoters, in addition to pericentric heterochromatin. H2AL is found in pericentric heterochromatin during the later stages of
spermatogenesis. In addition to the XY body and inactive X chromosome, macroH2A is also associated with the promoter of some genes. The centromere-

specific H3 variant, CENP-A, is deposited at centromeric chromatin.

analyze the maternal and paternal pronuclei for the presence of
ATRX and Daxx to determine whether these pathways are
instrumental for H3.3 deposition in the zygote or if they represent
a deposition pathway only active in more differentiated cells. Of
note, insects infected by the parasitic bacterium Wolbachia may
provide a useful model system for discovering additional factors
and pathways required for H3.3 deposition in early development,
as it was recently shown that the progeny from a cross between
uninfected females and bacteria-infected males exhibit early
embryonic lethality, in part due to delays in H3.3 deposition
following protamine removal from the male pronucleus (Land-
mann et al., 2009). These studies reinforce the hypothesis that
H3.3 deposition plays an important role in the early developing
embryo.

Multiple independent pathways are required for H3.3 deposi-
tion at specific genomic regions, but why these distinct
chaperone systems have evolved and how they are targeted to
specific locations remain outstanding questions. In the absence
of HIRA in embryonic stem cells, a subset of transcription factor
binding sites show enhanced enrichment of H3.3 with respect to
wild-type cells (Goldberg et al., 2010), suggesting that these
chaperones may be competing for limited pools of H3.3. Asf1
is an H3-H4 histone chaperone that is thought to bind newly
synthesized histones, facilitating their genomic deposition
though either replication-coupled (for H3.1) or replication-
independent (for H3.3) mechanisms via chaperone-chaperone
interactions with CAF-1 and HIRA respectively. Is it possible
that Asf1 also facilitates the molecular hand-off of H3.3 to its
multiple deposition pathways? It is likely that allocation of H3.3
to these distinct pathways is controlled by a number of factors,
including intracellular concentrations and binding affinities of
the various complexes for H3.3, as well as kinetics of deposition,
with genomic localization possibly dictated by the chaperone
systems themselves.

H2A Variants and X-Inactivation

Fertilized zygotes maintain epigenetic asymmetry until the 8-cell
stage, at which time parent-specific differences in histone post-
translational modification are resolved (Puschendorf et al.,
2008). Until about this stage, the early blastomeres are consid-
ered to be totipotent and identical in their developmental
potential. Although the exact stage at which blastomeres in the
cleavage stage embryo become unequal remains controversial,
it is clear that the first differentiation event in mammalian devel-
opment has occurred by the time the embryo reaches the 16-cell

morula stage. The morula consists of a small group of internal
cells called the inner cell mass (ICM) that will give rise to the
embryo, surrounded by a group of external cells that will become
the trophoblast, contributing to the extraembryonic tissues that
combine with the maternal endometrium to form the placenta.
By the time the embryo has undergone compaction and reached
the blastocyst stage, these two lineages are developmentally
distinct, with cell identity reinforced through lineage-specific
gene expression profiles. For a schematic of this stage of
development, see Figure 3.

The histone variant H2A.Z plays an important role in the very
early embryo as mice lacking this histone variant die shortly
after implantation (Faast et al., 2001). Histone H2A.Z was first
identified as a histone variant that was specifically enriched in
the transcriptionally active chromatin of the ciliate Tetrahymena
thermophila (Allis et al., 1980). Nucleosomes containing H2A.Z
can make up 10% of mammalian genomes (louzalen et al,,
1996), and genome-wide chromatin immunoprecipitation (ChIP)
studies in Saccharomyces cerevisiae show that H2A.Z (Htz1)
localizes primarily to promoter regions (Figure 2) (Zhang et al.,
2005a). H2A.Z is deposited via the histone chaperone, Chz1,
and the SWR1 chromatin-remodeling complex (Luk et al., 2007;
Mizuguchi et al., 2004). Surprisingly, the role for H2A.Z in early
development may be in the establishment of heterochromatin.
At the blastocyst stage of development, cells found in the ICM
appear to lack H2A.Z. As cells located at the outer edge of the
ICM differentiate, H2A.Z accumulates at sites of pericentric
heterochromatin and other nuclear sites (Figure 2) (Rangasamy
et al., 2003). While H2A.Z is enriched in constitutive pericentric
heterochromatin, another genomic region of constitutive hetero-
chromatin, the inactive X chromosome, is depleted of H2A.Z
(Rangasamy et al., 2003). The localization of H2A.Z nucleosomes
to some, but not all, sites of constitutive heterochromatin
suggests that these nucleosomes have an unknown specialized
function in the establishment or maintenance of heterochromatin.
In support of a specialized function in heterochromatin, cells lack-
ing H2A.Z exhibited poor HP1a binding to heterochromatin and
defects in chromosome segregation (Rangasamy et al., 2004)
despite the presence of H3K9me3 (Greaves et al., 2007). In
fact, in vitro binding studies found that nucleosomes containing
H2A.Z bind HP1a more efficiently than those containing H2A
(Fan et al., 2004). Together, these data indicate that H2A.Z plays
a direct role in HP1a localization to heterochromatin.

Zygotic genome activation is a hallmark of the maternal-to-zy-
gotic transition. To equalize expression of genes encoded on the
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sex-determining X chromosome, female embryos initiate
dosage compensation by transcriptionally silencing one X
chromosome, a process termed X-inactivation (Lyon, 1961).
Imprinted inactivation of the paternal X chromosome occurs first
at the 4-cell stage and is maintained in the trophectoderm and
primitive endoderm of the blastocyst, whereas random inactiva-
tion of either maternal or paternal X chromosome occurs later in
the epiblast. Both forms of X-inactivation are initiated by Xist,
a long non-coding RNA that coats the X chromosome in cis
(Marahrens et al., 1997; Penny et al., 1996). Xist coating is
followed by a series of epigenetic events, including differential
posttranslational modification of histones on the active and
inactive X chromosomes (Heard et al., 2001; Mak et al., 2002;
Plath et al., 20083; Silva et al., 2003) and changes in chromatin
composition (Costanzi et al., 2000).

Upon inactivation, the X chromosome undergoes changes in
chromatin structure that are thought to facilitate transcriptional
silencing. One such change is the incorporation of an H2A variant
called macroH2A. This variant represents about 5% of the total
H2A protein in mammalian genomes (Timinszky et al., 2009)
and is unusually large for a histone protein. Its core region shares
more than 60% identity with canonical H2A, but it also contains
a large (>210 amino acids) C-terminal extension composed of
a nonhistone domain called the macro domain (Pehrson and
Fried, 1992), which is part of a family of highly conserved ligand
binding domains found in all organisms. Mammals have three
different macroH2A isoforms: macroH2A.2 and splice variants
macroH2A1.1 and macroH2A1.2, with the latter two subtypes
found enriched on the inactive X chromosome (Chadwick
et al., 2001; Costanzi and Pehrson, 1998). A transient asymmetry
of macroH2A exists in the parental pronuclei of the zygote, with
macroH2A enriched in the maternal pronucleus, representing a
maternal store of the H2A variant likely deposited during oocyte
maturation (Chang et al., 2005). Upon fertilization, macroH2A is
evicted from maternal chromatin (Chang et al., 2005) and is
then undetectable in the early cleavage stage embryos until after
the 8-cell stage (Chang et al., 2005; Costanzi et al., 2000).
Embryonic macroH2A is found in both cells of the inner cell
mass and of the trophectoderm in the preimplantation embryo
and is associated with the inactive X chromosome. As Xist
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Figure 3. Developmental Transitions and
Changes in Histone Variant Incorporation
from the Early Embryo to the Blastocyst
Stage

At the 8-cell stage, after the initiation of X-inactiva-
tion, macroH2A is deposited specifically on the
silenced paternal X chromosome. MacroH2A
remains present and associated with the inactive
X throughout development. In the extraembryonic
trophoblast, where imprinted X-inactivation is
maintained, macroH2A remains associated with
the paternal X chromosome. The cells of the inner

Blastocyst

cell mass (ICM) undergo transient reactivation
followed by random inactivation of the X chromo-
some; here, macroH2A is enriched on the silenced

Random X
inactivation (ICM)

X chromosome. H2A.Z incorporation in the early
embryo is also associated with gene silencing,
with enrichment observed at regions of pericentric
heterochromatin as the outer cells of the ICM
begin to differentiate. While present at pericentric
heterochromatin, H2A.Z is absent from the inac-
tive X chromosome.

accumulation and imprinted paternal X inactivation occur as
early as the 4-cell stage, it is unlikely that macroH2A plays
a role in the initiation of X inactivation. Interestingly, macroH2A
appears to accumulate at times of transcriptional repression
(e.g., the mature oocyte, the onset of X inactivation), leading to
the hypothesis that macroH2A might be involved in this process.

Additional observations suggest a more general role for
macroH2A in transcriptional repression beyond X inactivation.
Indeed, macroH2A is conserved not only in mammals but also
in heterogametic (ZW) female and homogametic (ZZ) male birds
that likely do not achieve dosage compensation through
silencing of a male Z chromosome (Mank, 2009). Moreover, in
both developing embryos and more differentiated cell types,
macroH2A has been shown to be associated with regions of
heterochromatin (Costanzi et al., 2000; Grigoryev et al., 2004;
Zhang et al., 2005b) and the inactive alleles of imprinting control
regions associated with DNA methylation (Choo et al., 2006,
2007). Interestingly, the presence of the macro domain in
chromatin inhibits transcription initiation in vitro, perhaps by
rendering nucleosomes resistant to SWI/SNF-mediated chro-
matin remodeling (Angelov et al., 2003; Doyen et al., 2006;
Perche et al., 2000). Further supporting a putative transcriptional
repression role for macroH2A, the histone variant inactivates
heat-shock-responsive genes through a repressive interaction
with the poly (ADP-ribose) polymerase-1 (PARP1), with PARP1
repression relieved upon release of macroH2A from the
promoter region of these genes (Ouararhni et al., 2006). Inhibition
of PARP1 by macroH2A also appears to play a role in X-inactiva-
tion (Menissier de Murcia et al., 2003; Nusinow et al., 2007).
Interestingly, the macro domain binds to ADP-ribose, the
product of PARP1 activity, and some of its derivatives, suggest-
ing that macroH2A responds to these enzymatic activities
(Kustatscher et al., 2005; Timinszky et al., 2009). However, the
consequences of metabolite binding by macroH2A remain
unclear.

Two recent studies have attempted to shed light on the role of
macroH2A incorporation into autosomal chromosomes (Busch-
beck et al., 2009; Gamble et al., 2010). Using ChIP and genomic
tiling microarrays, these studies have shown a general negative
correlation between macroH2A occupancy and gene expression
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levels, in agreement with the hypothesis that macroH2A plays
arole in transcriptional repression. However, not all genes occu-
pied by macroH2A are repressed (Figure 2). Indeed, about 12%
of active genes profiled show macroH2A enrichment, suggesting
a more complicated role for macroH2A in gene regulation
(Gamble et al., 2010). MacroH2A’s role in transcriptional repres-
sion is further challenged by studies showing that the presence
of the variant at the inactive X chromosome is not required for
the maintenance of X-inactivation in differentiated cells (Csan-
kovszki et al., 1999). Of course, it is worth noting that multiple
and redundant mechanisms likely exist to maintain X-inactiva-
tion in adult organisms. For example, while Xist is required for
the initiation of X-inactivation, maintenance of the inactive X
persists even in the absence of Xist (Csankovszki et al., 1999;
Ng et al., 2007). While a mechanistic understanding of macro-
H2A’s function on chromatin remains elusive, it is clearly of
some importance, as macroH2A-deficient zebrafish show
severe developmental defects, including deformation of the
body structure and malformations in the brain (Buschbeck
et al., 2009).

Recent work has extended our knowledge of the variants
involved in X-inactivation beyond those of H2A. The enrichment
of ATRX (a chaperone required for H3.3 deposition at DNA
repeat regions) on the inactive X chromosome during random
X-inactivation in differentiating stem cells suggest that H3.3
may also play a role in the process (Baumann and De La Fuente,
2009). In addition, ATRX was found to be associated with the
imprinted inactive X chromosome in trophoblast stem cells and
maintained its association upon differentiation (Baumann and
De La Fuente, 2009). Interestingly, conditional inactivation of
ATRX at the 8- to 16-cell stage of development leads to defects
in formation of the extraembryonic trophoblast, resulting in male
embryonic lethality at 9.5 dpc (Garrick et al., 2006). atrx is
located on the X chromosome, so females harboring a maternal
null allele should also be affected. However, some carriers of the
allele are able to escape imprinted X inactivation of the wild-type
atrx allele and are able to establish a normal placenta. These
results show a clear dependence on atrx for maintenance of
extraembryonic tissues, but it remains to be seen whether this
is due to the involvement of ATRX in X-inactivation, a more
general requirement of ATRX for the establishment of hetero-
chromatin, or an as yet unknown function of ATRX. Due to the
recently established role of ATRX in H3.3 deposition as dis-
cussed above, it will be interesting to see whether H3.3 is
deposited specifically on the inactive X during development,
similar to recent observations of H3.3 enrichment at telomeres
and pericentric heterochromatin (Drane et al., 2010; Goldberg
et al., 2010; Lewis et al., 2010; Wong et al., 2009).

Unlike the macroH2A, which coats the inactive X chromo-
some, the H2A.Bbd (H2A Barr body-deficient) histone variant
is excluded from the inactive X chromosome (Chadwick and
Willard, 2001). H2A.Bbd is a highly divergent H2A variant (48%
identity to H2A) and is only found in vertebrates. Chromatin
containing H2A.Bbd colocalizes with hyperacetylated H4,
suggesting a link to active chromatin (Chadwick and Willard,
2001). GFP-tagged H2A.Bbd is exchanged in chromatin at
a faster rate than GFP-H2A (Gautier et al., 2004), suggesting
that H2A.Bbd nucleosomes may be inherently unstable or that
H2A.Bbd is deposited at sites of active chromatin where

nucleosome eviction is common. Also consistent with a role in
active chromatin, reconstituted H2A.Bbd nucleosomes exhibit
an altered MNase DNA protection pattern where only between
118-130 bp of DNA are protected (as compared with the
~150 bp protected fragments observed from MNase digest of
chromatin containing canonical histones) (Angelov et al., 2004;
Bao et al., 2004; Doyen et al., 2006). H2A.Bbd lacks a C-terminal
alpha helix that makes contacts with H3 within the nucleosome
and also has a smaller acidic patch than canonical H2A
(Chadwick and Willard, 2001). These sequence differences are
responsible for H2A.Bbd’s ability to inhibit internucleosomal
interactions and chromatin compaction, thereby promoting
transcription in vitro. These findings suggest a direct link
between a specific chromatin structure and the transcriptional
state (Zhou et al., 2007).

Histone Variants and Gametogenesis
Once the embryo has reached the late blastocyst stage, the cells
of the epiblast continue to differentiate into the somatic lineages
that give rise to the adult organism. At this time, around 7.5 dpc,
the specification of primordial germ cells (PGCs) occurs in a small
number of cells located in the proximal epiblast (Lawson and
Hage, 1994; McLaren, 2003). These cells constitute the founder
population of the germ cell lineage that is the source of the next
generation. By 8.5 dpc, transcriptional repression of the somatic
program is established and the germ cells begin their migration
to the developing gonads (Blackwell, 2004; Seki et al., 2007;
Surani et al., 2004). Following PGC specification, extensive
epigenetic reprogramming occurs in the germ cell lineage,
including genome-wide erasure of DNA methylation, changes
in histone modification status, and reactivation of the inactive
X chromosome in female embryos (de Napoles et al., 2007;
Hajkova et al., 2002; Sasaki and Matsui, 2008; Seki et al., 2005,
2007; Sugimoto and Abe, 2007; Surani et al., 2007). Once in the
gonad, PGCs divide mitotically to produce potential gamete
precursors and then undergo meiosis to form haploid gametes.
For a more detailed discussion of this process, please see the
accompanying review by Kota and Feil (2010) in this issue.
During mammalian spermatogeneis, global changes in chro-
matin structure and composition accompany other dramatic
changes in cell morphology, including cytoplasm elimination
and nuclear reshaping (Figure 4). As male PGCs differentiate to
spermatognia and enter meiosis, the X and Y chromosomes
condense together to form the XY body (Handel, 2004). This
body is transcriptionally repressed through a process called
meiotic sex chromosome inactivation (MSCI) and is recombi-
nantly inactive, thus protecting the sex chromosomes from the
homologous recombination event that is a hallmark of meiosis.
The transcriptionally and recombinantly repressed XY body is
enriched in both macroH2A (Hoyer-Fender et al., 2000) and
another H2A variant called H2AX (Mahadevaiah et al., 2001).
The sequence of the first 120 amino acids of H2AX is nearly
identical to that of mammalian H2A (Mannironi et al., 1989).
However, the C terminus of the H2AX variant shows significant
homology with the form of H2A found in lower eukaryotes,
including a conserved SQE motif that is a target of ATM and
ATR kinase activity (Burma et al., 2001; Wang et al., 2005).
Reversible phosphorylation of this conserved serine at position
139in H2AX, known as y-H2AX, is a hallmark of double-stranded
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Figure 4. Global Changes in Histone
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Germ cell development involves a number of
epigenetic changes, involving differential incorpo-
ration of histone variants into chromatin. After
reaching the gonad, male primordial germ cells
(PGCs) divide to form spermatogonia. These cells
divide to form spermatocytes, which then enter
meiosis. In zygotene, homologous chromosomes
synapse, leading to genetic recombination of
nonsister chromatids in the pachytene stage. At
this time, the X and Y chromosomes condense
together to form the recombinantly inactive XY
body. The sex determining chromosomes are
transcriptionally inactivated at pachytene through
a process called meiotic sex chromosome inacti-
vation (MSCI). After diakinesis and completion of
meiosis |, the secondary spermatocyte begins
meiosis Il, resulting in four haploid spermatid.

Spermatid Sperm Cell

» » > 7

Histone-
protamine
exchange

At this stage, nucleosomal histones are exchanged for the sperm-specific protamines, allowing for highly condensed packaging of DNA in the mature sperm
cell. The presence of histone variants at each stage is indicated, with each variant subtype represented with a different color for clarity.

DNA break and the physiologically regulated events of DNA
damage repair, including homologous recombination. h2ax™'~
mice are viable but are subject to pleiotropic phenotypes, one
of which is the loss of male fertility, for which h2ax is essential.
While h2ax™~ female mice are fertile, their litter size is smaller
than those produced by wild-type mice (Celeste et al., 2002).
Continued female fertility in the absence of H2AX (albeit reduced),
along with y-H2AX localization to the XY body in the male germ
line independent of double-strand break (Mahadevaiah et al.,
2001), led to the suggestion that y-H2AX is not required for
homologous recombination during meiosis. However, further
studies showed that h2ax deficiency in the male germ line results
in an inability to form the XY body and failure to undergo MSCI
(Fernandez-Capetillo et al., 2003). Interestingly, in the absence
of H2AX, macroH2A fails to localize to the sex chromosomes,
resulting in the failure of MSCI (Fernandez-Capetillo et al.,
2003). This further suggests that H2AX may play a role in tran-
scriptional silencing. Additional studies are required to more
fully understand the role of these variants in meiosis and possible
sex-specific mechanisms of germ line maintenance.

Other H2A variants are also involved in the meiotic transition of
spermatogonia to the more differentiated spermatozoa. The
variant H2A.Z first becomes apparent in primary spermatocytes
during pachytene but is excluded from the XY body. Instead,
H2A.Z is localized to a facultative heterochromatic domain
immediately adjacent to the large heterochromatin chromo-
center that forms in postmeiotic late round spermatids (Greaves
et al., 2006). Strikingly, this H2A.Z-enriched structure comprises
the sex chromosome (either X or Y) of the haploid spermatid. As it
has been shown that the sex chromosome silencing established
at pachytene (MSCI) continues into the round spermatid stage
(postmeiotic sex chromatin inactivation or PMSC) (Namekawa
et al., 2006), it becomes intriguing to speculate that H2A.Z plays
a role in sex chromosome inactivation, with perhaps important
implications for the origins of imprinted paternal X-inactivation.
Interestingly, macroH2A1.2 is associated with constitutive
heterochromatin on the Y-chromosome in mouse spermatids,
but not on the X chromosome (Turner et al., 2001), allowing
for discrimination of the sex-determining chromosome with
possible developmental consequences.
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The H3.3 variant also appears to play a critical role in sexual
reproduction in multiple organisms (Cui et al., 2006; H6dl and
Basler, 2009; Ooi et al., 2006; Sakai et al., 2009; van der Heijden
et al., 2005). H3.3 is present in germ cells prior to meiosis, and its
expression and deposition increases dramatically during the first
meiotic prophase when much of the nuclear H3 is replaced by
H3.3 (Akhmanova et al., 1995). Patterns of h3.3 gene expression
coincide with the reported incorporation of H3.3 protein at the XY
body during MSCI (Bramlage et al., 1997; van der Heijden et al.,
2007). However, the function of this widespread exchange of
canonical H3 for H3.3 during pachytene is not clear. The H3.3
chaperone HIRA is localized to the XY body (van der Heijden
et al., 2007) and a previous study demonstrated another H3.3
chaperone Daxx localizing to the XY body in mid- to late-stage
pachytene (Rogers et al., 2004). Thus, it is possible that either
chaperones or both could mediate this H3.3 deposition, though
it is tempting to speculate that Daxx plays a more significant role
due to the recent evidence of its association with H3.3 deposition
at pericentric heterochromatin and telomeres (Drané et al., 2010;
Lewis et al., 2010).

After the completion of meiosis at the spermatid stage, nearly
all nucleosomes in the sperm genome are exchanged for transi-
tion proteins and protamines to form the highly condensed and
transcriptionally inactive sperm genome. The replacement of
nucleosomes by two zinc metalloproteins, TP1 and TP2, occurs
first, and these transition proteins are subsequently replaced by
the highly basic, low molecular weight protamines Prm1 and
Prm2 (Ammer et al., 1986; Wouters-Tyrou et al., 1998). Prot-
amines are essential for sperm function because mice that lack
either Prm1 or Prm2 produce sperm with damaged DNA and
reduced chromatin compaction (Cho et al., 2001; Craig et al.,
2003). Whereas older studies had estimated that between
10%-15% of histones are retained in the sperm nucleus (Gate-
wood et al., 1987), recent genome-wide ChlIP analysis indicates
that only about 4% of the haploid genome of mature human
sperm is actually packaged in nucleosomes (Hammoud et al.,
2009). Even more interestingly, the nucleosomes in sperm chro-
matin are focused at sites of developmentally regulated genes,
indicating that their presence is not likely the mere consequence
of inefficient histone-replacement by protamines during
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spermatogenesis. For example, the Hox cluster, known im-
printed genes, loci encoding non-coding RNAs, and other
developmentally regulated genes all contain nucleosomes rather
than protamines (Hammoud et al., 2009). Consistent with these
nucleosomes playing a functional role, H3K4me3, a mark of
gene promoters poised or activated for transcription, has been
detected at the promoters of several important transcription
factors and signaling proteins involved in early development. In
addition, sperm chromatin were found to contain “bivalent
domains” of histone modifications (Brykczynska et al., 2010;
Hammoud et al., 2009), first identified in ESCs as unique
repressed genes containing both activating H3K4me3 and
repressive H3K27me3 marks (Mikkelsen et al., 2007). These
bivalent domains are usually found on developmentally regu-
lated genes and are speculated to represent genes poised for
activation. The presence of these domains in sperm chromatin
suggests that the origin of bivalency may trace to specific path-
ways in spermatogenesis. While the identity of the H3 protein
present in these domains remains unclear, other studies have
found H3.3 in human sperm (Gatewood et al., 1990), as well as
enrichment of H3.3 at bivalent domains in ESCs (Goldberg
et al., 2010). Mature sperm in Caenorhabditis elegans also are
enriched for H3.3, suggesting that H3.3 retention on sperm chro-
matin may be conserved (Ooi et al., 2006). It will be important to
directly determine whether H3.3 is indeed deposited in sperm
chromatin at these developmentally regulated regions.

In Drosophila, loss of both copies of H3.3 (h3.3A and h3.3B)
leads to partial but incomplete lethality (~42% viability), com-
plete sterility, and transcriptional defects, particularly at highly
expressed genes (H6dl and Basler, 2009; Sakai et al., 2009).
The absolute requirement of H3.3 for fertility appears to be due
to its role in chromosome segregation during spermatogenesis,
as h3.3 double null flies fail to properly condense and segregate
chromosomes during male meiosis (Sakai et al., 2009). In addi-
tion, male H3.3 double null flies show an abnormal arrangement
of chromatin in postmeiotic nuclei, suggesting that H3.3 is crit-
ical for the remodeling of germline chromatin. Mice harboring
a hypomorphic h3.3A allele (produced by retroviral gene trap
insertion into the histone h3.3A gene) exhibited partial neonatal
lethality and significant defects in adult fertility (Couldrey et al.,
1999). In fact, only 6% of mating events between mice homozy-
gous for the h3.3A hypomorphic allele resulted in pregnancy, in
comparison to 74% in wild-type mice. However, the precise
function of mammalian H3.3 in reproduction is not clear, as no
true knockout studies have been performed. In addition to
H3.3, a testis-specific H3 protein is synthesized during pachy-
tene and is found in developing spermatogonia (Witt et al,,
1996). While this H3 protein (H3T) is most similar to canonical
H3.1, it differs at several residues throughout the histone-fold
domains. During spermatogenesis, H3T appears to be depos-
ited into chromatin through its interaction with a testis-specific
version of the Nuclear Autoantigenic Sperm Protein (NASP)
(Osakabe et al., 2010). A somatic form of NASP is expressed
during S phase in all cell types and functions as both an H1
and H3/H4 chaperone in vitro (Richardson et al., 2000; Wang
et al., 2008). In vitro studies have found that nucleosomes con-
taining H3T are less stable than conventional H3 nucleosomes
(Osakabe et al., 2010), suggesting that H3T may be actively
involved in gene expression or histone exchange during meiosis.

Recently, it was shown that H2A.Bbd is expressed in testes
during spermatogenesis and is found in the chromatin of mature
sperm (Ishibashi et al., 2010), possibly in the small nucleosome-
containing compartment that exists within protamine-packaged
sperm DNA. This leads to the intriguing hypothesis that the
proposed role of H2A.Bbd in gene activation (Angelov et al.,
2004) may facilitate early gene transcription from the male
pronucleus after fertilization, in support of a significant role in
early development for this histone variant. Intriguingly, the
H2AL family of H2A.Bbd-like histones was recently identified in
mouse spermatids, specifically marking pericentric regions (Fer-
guson et al., 2009; Govin et al., 2007). Like H2A.Bbd, all known
members of the H2AL family have truncated C-terminal regions
that may affect genome packaging. Indeed, H2AL ectopically
expressed in somatic cells has been shown to interact with the
testis-specific H2B variant TH2B (van Roijen et al., 1998;
Zalensky et al., 2002), forming more labile nucleosomes than
canonical H2A/H2B dimers (Govin et al., 2007). The presence
of these histone variants in sperm chromatin leads again to the
hypothesis that novel organization of sperm chromatin might
have developmental consequences for fertilization. An additional
H2A variant, TH2A, is also expressed during pachytene (Trostle-
Weige et al., 1982), though the localization and function of this
variant are unknown.

Histone Variants and Neurobiology

Thus far, we have focused on developmental pathways involved
directly with reproduction. In addition, histone variants also likely
play a role in a neurodevelopment, as it is known that alterations
of chromatin structure play important roles in neuronal physi-
ology and development (Borrelli et al., 2008). Both histone modi-
fications and proteins involved in chromatin remodeling have
been linked with behavioral memory and synaptic plasticity
(Fagiolini et al., 2009; Levenson and Sweatt, 2005). Furthermore,
multiple neurological disorders involve mutations in genes that
encode chromatin-binding or chromatin-modifying enzymes
(Urdinguio et al., 2009). A common theme of these disorders is
that mutations in epigenetic regulators can alter chromatin struc-
ture and composition and induce a broad spectrum of neurode-
velopmental defects.

The maintenance of chromatin structure in postmitotic cells
relies on the deposition of replication-independent histone vari-
ants. Neurons in the mammalian central nervous system are
postmitotic, and several lines of evidence suggest that mac-
roH2A, H3.3, and H2AX are likely to play important roles in
neuronal biology. h3.3A RNA and protein levels are observed
to increase in multiple models of cell differentiation (Krimer
et al., 1993; Lord et al., 1990; Wu et al., 1982; Wunsch and
Lough, 1987). High levels of H3.3 protein have been found in
differentiating rat neurons, and H3.3 has been shown to be the
dominant H3 protein in rat cortical neurons (Bosch and Suau,
1995; Pina and Suau, 1987; Scaturro et al., 1995). In addition
to embryonic lethality and reduced fertility, the previously
described mice expressing the hypomorphic h3.3A mutant allele
mice also exhibit neuromuscular deficits (Couldrey et al., 1999).
This observation suggests that H3.3 may play a critical role in
postmitotic cells, such as neurons, where replication-indepen-
dent chromatin assembly is the only means to regulate nucleo-
some composition. Indeed, studies have found that H3.3
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deposition in rat cortical neurons begins to increase immediately
after birth, accumulating with age until this variant becomes the
dominant histone H3 found in neuronal chromatin (Pina and
Suau, 1987). The functional role for H3.3 in neurodevelopment
remains unclear, but the ATRX component of the ATRX-Daxx
deposition complex has been implicated in an X-linked mental
retardation syndrome (ATR-X) (Picketts et al., 1996). We specu-
late that the neurodevelopmental defects observed in ATR-X
patients may result in part from altered H3.3 deposition in
neurons. In addition to H3.3, the histone variant H2AX also accu-
mulates in cortical neurons (Bosch and Suau, 1995; Pina and
Suau, 1987). Other histone variants, such as MacroH2A and
H2A.Z, are also highly expressed in cortical neurons, though
their levels do not change throughout development (Akbarian
et al., 2001; Bosch and Suau, 1995). Beyond steady-state levels,
little is known about the function of these histone variants in
neurons. Future studies will need to address the function of
histone variants in neurodevelopment.

Future Outlook

In this review, we have discussed the role of chromatin and
histone variants during mammalian development, focusing on
the known involvement of histone variants in fertilization, X chro-
mosome inactivation, gametogenesis, and neurodevelopment.
Histone variants are structural components of chromatin that
allow for meaningful diversity in the chromatin polymer, ensuring
dynamic regulation of the genome. This parsing of genetic infor-
mation is essential as the embryo differentiates from the totipo-
tent zygote into the hundreds of specialized cells that constitute
the adult organism.

Decoupling histone synthesis from the cell-cycle cues
provides the cell with a constant level of new histones for incor-
poration into chromatin. Since histone variants are expressed
throughout the cell cycle, it has been postulated that some
histone variants simply play a replacement role, providing struc-
ture for nucleosome remodeling events that occur independently
of DNA synthesis. Indeed, it is entirely possible that histone vari-
ants evolved specifically as replacement histones. However,
several observations discussed herein suggest that more
specialized functions may have evolved to make use of the struc-
tural diversity that histone variants provide (much the same way
that histone proteins themselves may have evolved first as
scaffolds to organize our vast genetic material and second as
signaling platforms to interpret cellular context). First, several
studies suggest that the presence of a variant itself is related
to the observed phenotype. For example, the ectopic expression
of h3.3 point mutants in oocytes results in defects in pericentric
heterochromatin formation, inhibiting progression to the blasto-
cyst stage (Santenard et al., 2010). However, the same point
mutations in canonical H3 have no effect on cellular differentia-
tion during embryonic development (Santenard et al., 2010).
Studies in Drosophila also show that the infertility observed in
H3.3 null animals can be rescued by exogenous h3.3, but not
exogenous canonical h3.7 (Hédl and Basler, 2009). Second,
while some variants are quite similar to their canonical counter-
parts (H3.3, for example), others contain highly divergent
sequences or structural domains. All known H2A variants fall
into the latter category, as does the centromere-specific H3
variant CENP-A. Many lines of evidence suggest that these
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variants can alter the biochemical properties of the nucleosome,
either directly be destabilizing the protein-DNA interactions (e.g.,
H2A.Bbd-containing nucleosomes) or indirectly through variant-
specific post-translational modifications that then recruit chro-
matin-related proteins to bring about remodeling events (e.g.,
v-H2AX). Finally, these variants are escorted to chromatin by
dedicated chaperones (e.g., HIRA/Daxx/ATRX for H3.3, Chz1/
SWR1 for H2A.Z), suggesting that their deposition into chromatin
is highly regulated in a context-dependent manner and dictated
by the availability of the variant-specific chaperones.

Intriguingly, many of the known variants appear to play arole in
the establishment or maintenance of heterochromatic regions.
This is an especially surprising finding for the variant H3.3, as it
was first found to be a marker of gene activity associated with
euchromatin. However, recent studies both in developing
embryos and in vitro embryonic culture systems suggest a
more complicated role for this variant, with its genomic deposi-
tion patterns likely regulated by a number of independent and
highly specific chaperone systems. Another interesting aspect
of histone variant biology is that several of the variants (e.g.,
H3.3, H2AX) appear not to be required for survival, yet are essen-
tial for fertility (h3.3 null Drosophila are viable, though the corre-
sponding studies in mouse have yet to be performed; H2AX, as
discussed above, is essential for male, but not female, fertility in
mice). These observations suggest that variant histones may
have evolutionarily conserved roles in sexual reproduction. Inter-
estingly, the only version of histone H3 in S. cerevisiae harbors
the AAIG motif found in mammalian H3.3. The SQE motif found
in mammalian H2AX is also conserved in the S. cerevisiae H2A
protein. In addition to the variants discussed in this review,
new histone variants no doubt remain to be discovered. Indeed,
two additional primate-specific H3 variants were recently re-
ported (Wiedemann et al., 2010). Future studies will certainly
shed further mechanistic insight into the complicated use of
these histone variants in a developmental setting.
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