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Abstract

The broad diversity of cell types within vertebrates arises from a unique genetic blueprint by 

combining intrinsic cellular information with developmental and other extrinsic signals. Lying at 

the interface between cellular signals and the DNA is chromatin, a dynamic nucleoprotein 

complex that helps mediate gene regulation. The most basic subunit of chromatin, the nucleosome, 

consists of DNA wrapped around histones, a set of proteins that play critical roles as scaffolding 

molecules and regulators of gene expression. Growing evidence indicates that canonical histones 

are commonly replaced by protein variants prior to and during cellular transitions. Here we 

highlight exciting new results suggesting that histone variants are essential players in the control of 

cellular plasticity during development and in the adult nervous system.
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Since the groundbreaking discovery of a distinct isoform of histone H3 in calf thymus [1], 

numerous histone variants have been discovered in eukaryotes [2, 3]. Histone variants are 

non-allelic isoforms of the canonical histone proteins H1, H2A, H2B, H3, and H4 [3] (see 

Glossary). Whereas canonical histones are generally produced in coordination with DNA 

replication from mRNAs containing short 3’- stem loop tails [4], many variants are 

translated from mRNAs with conventional poly-A tails outside of S-phase and incorporated 

into the chromatin, often with help of special chaperones [5]. The synthesis of histone 

variants outside of S-phase and in specific tissues enables them to perform specialized 

functions, such as DNA repair (H2A.X) [6], conversion of chromatin to nucleoprotamine 

during spermatogenesis (TSH2B) [7], and kinetochore assembly (CENP-A) [8]. Moreover, 

exciting new studies have revealed prominent roles for a subset of histone variants in 

regulating cellular plasticity, broadly defined as a cell’s capacity to undergo changes in its 

structural or functional properties.
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Biochemical and structural alterations to chromatin are associated with an everexpanding 

array of histone post-translational modifications (PTMs; Box 1) [9, 10]. One might therefore 

wonder what additional features can be provided by the replacement of canonical histones 

with histone variants. Clearly, canonical histones are insufficient to sustain life in metazoans, 

perhaps due to the evolution of specific developmental and physiological processes in these 

organisms, which may require unique chromatin landscapes for specialized gene expression 

programs. At a biochemical level, some variants, such as macroH2A and H2A.Z, have 

highly divergent polypeptide sequences, which enable major changes in chromatin structure 

and function [11]. Other variants, such as H3.3, provide more subtle differences that can 

nevertheless cause critical changes in post-translational modifiability [12] and in interactions 

with chaperones [13] and chromatin ‘readers’ [14]. In addition to increasing functional 

diversity, histone variants also offer a means to reduce it. For example, the transient removal 

of H3.3 from the maternal genome following fertilization may enable the global resetting of 

pre-existing PTMs to create a totipotent embryo [15]. Whether histone variants provide 

additional yet uncovered functions is an exciting question.

Despite decades of study, the functions and expression patterns of many vertebrate histone 

variants remain poorly defined due to high levels of sequence identity between histone 

species. Major advances in high-resolution and quantitative chromatin analysis [16, 17], 

combined with loss of function analysis [18, 19], have expanded inroads for the study of 

chromatin. In particular, advances have revealed that a set of vertebrate histone variants play 

critical roles in developmental transitions [20], when cells lose plasticity and acquire defined 

and stable identities [21]. In addition, critical roles have emerged for histone variants during 

cellular transitions that occur throughout life, particularly in the nervous system, where the 

modulation of gene expression drives experience-dependent cellular changes [22, 23]. Here 

we review recent studies of the roles played by histone variants in regulating cellular 

plasticity during early development and within the nervous system.

Histone variants are key regulators of developmental plasticity

Programmed differentiation, which begins at the earliest stages of development in the 

totipotent zygote and pluripotent embryonic stem cells (ESCs) [24] and continues 

throughout development and into adulthood [25], involves the coordinated activation of 

lineage-specific genes and the stable repression of genes underlying developmental 

multipotency. The balance between stem cell self-renewal and differentiation, as well as the 

process of differentiation itself, are tightly controlled at the level of chromatin [26]. 

Investigations of these processes have historically focused on the functions of transcription 

factors and PTMs. However, intriguing recent evidence indicates that critical aspects of 

developmental plasticity in the early embryo may be regulated by histone variants.

TH2A and TH2B help establish developmental plasticity in the early embryo

Histone variants TH2A and TH2B, which differ from canonical H2A and H2B by 15 and 16 

amino acids, respectively [2], were first identified in testis tissue [27, 28]. Unexpectedly, 

high levels of these variants were also recently found in oocytes and zygotes, with 

decreasing levels observed as differentiation proceeds to the blastocyst stage [29] (Fig. 1). 
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Interestingly, oocytes derived from TH2A/TH2B knockout mice showed a significantly 

reduced ability to reach the blastocyst stage following fertilization compared to wild type 

counterparts as well as defects in paternal genome activation [29]. These observations, 

together with findings that endogenous levels of TH2A and TH2B increase dramatically 

during ‘reprogramming’ of somatic cells to a pluripotent state, suggest that TH2A and 

TH2B might play a role in the induction of pluripotency [29]. Indeed, coexpression of TH2A 

and TH2B, together with the oocyte-specific histone chaperone NPM, enhanced the 

efficiency of reprogramming mouse embryonic fibroblasts (MEFs) 18-fold [29]. Moreover, 

reprogramming efficiency was reduced six-fold in MEFs obtained from TH2A/TH2B 

knockout mice, further evidence that endogenous TH2A and TH2B facilitate the induction 

of pluripotency [29].

How do TH2A and TH2B facilitate reprogramming? DNaseI sensitivity assays revealed that 

expression of the variants during reprogramming promotes an open chromatin structure [29], 

a hallmark of pluripotency [30]. Further, chromatin localization experiments showed that the 

variants are distributed widely throughout the genome of MEFs undergoing reprogramming, 

suggesting that their effects are genome-wide [29]. Future experiments will be needed to 

understand the mechanism by which amino acid differences within TH2A and TH2B 

promote an open chromatin structure and the role of this structure in establishing 

pluripotency.

H2A.Z is an essential facilitator of developmental plasticity

First identified in the ciliate Tetrahymena thermophila [31], H2A.Z is highly conserved 

among eukaryotes [32]. Early studies of H2A.Z function in mice showed that it is strictly 

required during embryogenesis, as H2A.Z-knockout embryos fail to proceed past ~E4.5. 

These observations, together with recent findings that H2A.Z expression peaks in ESCs and 

decreases upon differentiation [33](Fig. 1), suggest that the developmental failure of H2A.Z 

knockouts may be due in part to an inability of ESCs to self-renew. Indeed, depletion of 

H2A.Z in cultured ESCs has been shown to cause aberrant down-regulation of genes 

involved in pluripotency [34] and upregulation of genes involved in differentiation [34–36], 

and impaired colony morphology [34]. Consistent with these findings, H2A.Z-depleted 

ESCs showed an impaired ability to differentiate in vitro [34–36], to form normal embryos 

in a tetraploid complementation assay, and to contribute to chimeras following blastocyst 

injection [35]. Thus, H2A.Z appears to play a critical role both in establishing pluripotency 

and in facilitating differentiation.

How does H2A.Z participate in establishing ESC pluripotency? Genomic localization 

studies in ESCs have shown that H2A.Z is enriched within the promoter regions of genes 

displaying the ‘active’ H3K4me3 mark [34, 37], including a subset that also contain the 

‘silent’ H3K27me3 mark [34, 35, 37] and are thus ‘bivalent,’ meaning silent but poised for 

activation [38] (Box 1; Fig. 2A). In support of the hypothesis that H2A.Z is required to 

create or maintain these domains, H2A.Z-depleted ESCs exhibited reduced levels of the 

H3K27me3 and H3K4me3 modifications and their respective deposition machinery [34, 35]. 

Interestingly, H2A.Z-depleted ESCs also exhibited a reduced genome-wide occupancy of 

Oct4 [34], a transcription factor that plays a crucial role in ESC pluripotency [39], an effect 
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that may contribute to the ensuing impairment of ESC self-renewal [34, 35]. Thus, H2A.Z 

appears to play a critical role in organizing the chromatin in a manner compatible with 

pluripotency.

In turn, how does H2A.Z facilitate ESC differentiation? Studies of the retinoic acid (RA)-

induced differentiation of ESCs into neural progenitors showed that H2A.Z occupies the 

regulatory regions of RA-responsive genes prior to differentiation and is removed upon RA 

activation [40]. Furthermore, depletion of H2A.Z was found to impair RA-induced binding 

of RA-receptor-alpha within RA-responsive genes [34]. Similar analyses of growth factor-

induced differentiation of ESCs to the endoderm/hepatic lineage demonstrated that, prior to 

differentiation, H2A.Z is enriched within gene regulatory regions that, upon differentiation, 

become bound by the transcription factor Foxa2 and depleted of nucleosomes [36]. The 

reductions in H2A.Z levels observed upon ESC differentiation [33] correlate with dramatic 

reductions in chromatin openness [30], suggesting a possible causal relationship. In support 

of this hypothesis, chromatin nuclease accessibility analyses have revealed a strong 

association between H2A.Z occupancy and chromatin openness in ESCs [34, 36]. Moreover, 

the depletion of H2A.Z in ESCs results in chromatin changes similar to those observed upon 

ESC differentiation [34, 36], including increased global nucleosome occupancy and reduced 

chromatin accessibility [34].

Much attention has been devoted to the mechanism by which H2A.Z affects chromatin 

structure [41]. Early structural studies indicated that H2A.Z’s more extensive ‘acidic patch,’ 

a domain on the surface of the histone octamer, may strengthen intra-fiber interactions, 

thereby enhancing local compaction, but weaken inter-fiber interactions, thereby reducing 

global compaction [42, 43]. Indeed, substitution of H2A.Z’s acidic patch with an H2A-like 

counterpart in ESCs was found to cause increased nucleosome turnover and defects in the 

silencing of bivalent genes, indicating that this domain is important for maintaining a 

specialized chromatin structure [44]. H2A.Z also appears to affect nucleosome stability, but 

in a highly context-dependent manner. In ‘homotypic’ nucleosomes, which contain two 

copies of H2A.Z, the variant’s distinct L1 loop was anticipated to enhance nucleosome 

stability [42, 45], a prediction supported by some in vitro chromatin reconstitution studies 

[46]. However, recent studies in Drosophila cells indicate that H2A.Z homotypic 

nucleosomes may actually enhance transcriptional elongation via weakened docking 

interactions between H2A.Z and (H3/H4)2 tetramers [47, 48]. Interestingly, ‘heterotypic’ 

nucleosomes, in which L1 loop clashes between H2A.Z and H2A were predicted to 

destabilize nucleosomes, are nevertheless enriched in gene regulatory regions of mouse 

trophoblast stem cells [49], where they are thought to enhance chromatin accessibility [45]. 

Moreover, unstable ‘hybrid’ nucleosomes, containing both H2A.Z and variant H3.3, have 

been found in similar regions in human cells [50], leading to the suggestion that heterotypic 

and hybrid nucleosomes may be one and the same [49]. Aside from nucleosome context, 

H2A.Z appears to affects chromatin structure via its PTMs. Consistent with their opposing 

effects on chromatin accessibility [43, 51], acetylation on the N-terminal tail [34, 37] and 

ubiquitination on the C-terminal tail [37] have been found within active and silent genes, 

respectively, both in ESCs and differentiated cells (Box 1). Intriguingly, bivalent chromatin 

is reportedly enriched with H2A.Z containing both modifications [37]. Considering the 

importance of chromatin context, it is perhaps unsurprising that studies have reached 
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differing conclusions regarding H2A.Z’s affects on chromatin structure [43, 45, 48]. 

Nevertheless, a consensus appears to be emerging that H2A.Z facilitates specialized 

chromatin environments that are critical for cellular plasticity.

Histone variant H3.3 is a key facilitator of developmental plasticity

H3.3, first characterized in mammalian tissues nearly four decades ago [52], remains 

intensively studied today. H3.3 differs from the canonical H3 histones by four or five amino 

acids and is expressed throughout the cell cycle [53]. Like TH2A and TH2B, H3.3 is 

expressed in oocytes from maternal transcripts and from zygotic transcripts after the two-cell 

stage [54] (Fig. 1), when it appears to play a critical role in development. In Xenopus, 

depletion of H3.3 or its chaperone HIRA caused developmental arrest and the misexpression 

of mesodermal differentiation genes at gastrulation, which follows a peak expression of 

H3.3 (Fig. 1) [55]. In mice, inactivation of both H3.3-encoding genes, H3f3a and H3f3b, 

uncovered a strict requirement for the variant in gametogenesis [19]. Less severe phenotypes 

were observed upon inactivation of a subset of the four alleles encoding H3.3, including 

reduced viability, delayed growth, infertility, and impaired chromosome segregation [19, 56, 

57]. Providing further insights into the role of the variant in development, H3.3 depletion in 

fertilized mouse zygotes resulted in developmental arrest at the morula stage, along with 

chromosome over-condensation and dramatically reduced levels of the H4K16Ac and 

H3K36me2 PTMs [58], which together appear to inhibit chromatin compaction [59, 60].

Genomic localization studies in ESCs have found that H3.3 is enriched at active genes, such 

as those encoding the pluripotency factors Nanog and Oct4, and the promoters of bivalent 

genes [61] (Fig. 2A). Upon cellular differentiation, H3.3 appears within the bodies of 

bivalent genes that become activated, but disappears from pluripotency genes and regulatory 

regions of bivalent genes that become silenced [61]. This raises the question of whether 

H3.3 is an important component of active and/or bivalent domains. Indeed, H3.3-depleted 

ESCs were found to have ~50% fewer bivalent promoters due to lower levels of H3K27me3, 

as well as reduced nucleosome turnover at active and bivalent promoters [62]. Interestingly, 

H3.3-depleted ESCs were recently found to exhibit reduced silencing of endogenous 

retroviral elements, underscoring the complexity of H3.3 function in pluripotent cells [63].

Does H3.3 help to establish pluripotency? A study involving reprogramming of 

differentiated cells to pluripotency by somatic cell nuclear transfer (SCNT) to Xenopus 
oocytes found that the H3.3 chaperone HIRA is necessary for changes in transcription that 

are associated with reprogramming [64]. Moreover, SCNT into enucleated, H3.3-depleted 

mouse oocytes resulted in developmental arrest at the late morula or early blastocyst stage 

following parthenogenetic activation, and impaired activation of pluripotency-associated 

genes [54]. These findings indicate that H3.3 is an important facilitator of cellular plasticity.

The similarities of H3.3 and H2A.Z function in establishing and/or maintaining chromatin 

domains that facilitate developmental plasticity are striking and, as mentioned above, may 

reflect the formation of hybrid H3.3/H2A.Z nucleosomes [49, 50]. How these histone 

variants may otherwise influence or be influenced by each other or other variants is an 

exciting area of ongoing research.
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H2A.X and H3.3 inhibit extraembryonic plasticity in ESCs

To maintain proper developmental potential, ESCs must be strictly prevented from giving 

rise to extraembryonic tissues, through molecular mechanisms that are not well understood. 

Recent studies have found that, surprisingly, a key component of this process is H2A.X, a 

histone variant best known for its role in the response to DNA damage [6, 65]. Within ESCs, 

H2A.X has been found specifically targeted to genes expressed in extraembryonic tissues 

[66] (Fig. 2B). Similar H2A.X localization patterns were found in reprogrammed pluripotent 

stem cells that were capable of fully supporting embryonic development in vivo [66, 67], but 

not in trophoblast stem cells, which give rise to extraembryonic tissues, or MEFs [66]. 

Moreover, ESCspecific H2A.X localization sites were found to overlap strongly with 

binding sites for CDX2 [66], a key transcription factor in extraembryonic lineage 

specification. Deletion of the gene encoding H2A.X in ESCs was found to cause the aberrant 

upregulation of genes controlled by extraembryonic lineage specification factors, 

concomitant with reduced levels of H3K9me3, a PTM associated with constitutive 

heterochromatin, at the binding sites of these factors. Remarkably, tetraploid 

complementation experiments found that H2A.X-knockout ESCs contribute aberrantly to the 

trophectoderm layer of blastocysts at a significantly greater frequency than control ESCs 

[66]. These results suggest that H2A.X plays a key role in restricting access to 

extraembryonic lineages by ESCs.

Strikingly similar results have been observed in H3.3-depleted ESCs, which likewise have 

been found to exhibit an aberrant upregulation of transcripts specific to trophectoderm and 

an enhanced propensity to form trophectoderm tissue in teratoma xenograft and embryoid 

body formation experiments [62]. Thus, like H2A.X, H3.3 appears necessary for 

establishing and/or maintaining a chromatin organization that restricts the developmental 

potential of ESCs to embryonic lineages. The molecular mechanisms by which these 

variants function in this capacity represent a fascinating area of future research.

MacroH2A is a key inhibitor of developmental plasticity

The loss of plasticity that accompanies embryogenesis must be stable in order to maintain 

proper tissue differentiation and function. Mechanisms that lock cells into a differentiated 

state have long been known to be controlled at the level of chromatin [26] and recent studies 

have implicated the histone variant macroH2A as an important component of this process. 

First identified in rat liver [68], vertebrate macroH2A consists of two ~80% identical 

isoforms, macroH2A.1 and macroH2A.2 [68, 69]. MacroH2A contains an N-terminal 

domain that is similar to canonical H2A and a large C-terminal “macrodomain” that 

protrudes from the nucleosome [11] and is thought to bind ligands, compact chromatin, and 

inhibit transcription [43]. Studies of macroH2A in zebrafish versus mice have come to 

disparate conclusions regarding its importance during development. While profound 

morphological defects were found in macroH2A.2-depleted zebrafish embryos, particularly 

within the brain [70], mice lacking both macroH2A isoforms appear to have only slight 

reductions in body size, perinatal survival, and fertility [18]. These differences may reflect 

distinct roles for macroH2A in fish and mice or may be due to the fact that defects in mice 

are masked by compensatory mechanisms [71].
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Recent immunofluorescence analysis of macroH2A’s expression in mouse embryos revealed 

that the variant is expressed with a temporal pattern nearly opposite to that of H2A.Z [72] 

(Fig. 1). While low and undetectable levels of macroH2A.1 were observed in pluripotent 

stem cells at E4.5 and E6.5, respectively, high levels were observed throughout all 

differentiated cells by E9.5 [72]. Similarly, levels of macroH2A have been observed to rise 

markedly upon differentiation of cultured pluripotent cells [33, 71, 73–75], as well as adult 

neural stem cells [73]. Moreover, high levels of macroH2A appear to be a general feature of 

differentiated cells [33, 71, 73, 74].

Does the accumulation of macroH2A during differentiation contribute to the various 

chromatin modifications that prevent the reversion of somatic cells back to pluripotency [26, 

76]? Supporting this hypothesis, strong down-regulation of the variant has been observed 

upon nuclear reprogramming [33, 72, 73](Fig. 1). Moreover, a screen for factors predictive 

of incomplete X-chromosome reactivation following SCNT into Xenopus oocytes identified 

macroH2A as the most critical [77]. Consistent with these results, depletion of macroH2A in 

neural stem cells [72], dermal fibroblasts [33], and keratinocytes [73] significantly enhanced 

reprogramming efficiency via the overexpression of pluripotency factors. Moreover, 

embryoid bodies derived from reprogrammed macroH2A-deficient cells showed an aberrant 

propensity to revert back to pluripotency [33]. Complementing these results, overexpression 

of macroH2A was found to strongly inhibit reprogramming [33, 72, 73].

MacroH2A’s identified function as a barrier to cellular plasticity might predict a possible 

role in preventing cancer, which can be characterized as a state of dedifferentiation [78]. 

Indeed, the levels of both macroH2A.1 and macroH2A.2 have been found to be strongly 

predictive of survival from numerous cancer types [79–82]. Moreover, macroH2A-depleted 

low-malignancy melanoma cells exhibited enhanced tumor growth, cell motility, and 

metastasis, whereas overexpression of macroH2A in highly malignant cells had the opposite 

effects [80].

How does macroH2A block cellular plasticity? Building on earlier findings that showed 

macroH2A’s selective localization to heterochromatic regions [83], recent high-resolution 

analyses have found that the variant is enriched at silent loci containing the H3K27me3 

PTM [33, 73] and depleted at actively-transcribed loci containing H3K27Ac [33], 

H3K36me3, H3K4me3, and RNAPII [73]. Consistent with these findings are observations 

that macroH2A occupancy correlates inversely with gene expression [70, 73, 84, 85]. In 

differentiated cells, macroH2A has been localized to bivalent [73] and pluripotency 

promoting genes (e.g. Oct4 and Nanog) [33, 73]. Thus, macroH2A appears to function via 

the occupancy of silent chromatin domains (Fig. 2A).

Histone variants are regulators of neuronal plasticity

Cellular plasticity is most conspicuous during early development, but it is not restricted to 

this period. Indeed, life-long cellular plasticity enables multipotent stem cells to differentiate 

and integrate into mature tissues [25] and permits post-mitotic cells to functionally adapt 

based on changing environments. Such cellular plasticity is particularly salient to neuronal 

function. Early insights into the importance of neuronal plasticity for proper brain function 
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came from seminal experiments demonstrating the critical role of visual stimulation of the 

two eyes during perinatal development for the proper organization of ocular dominance 

columns in the visual cortex [86]. Subsequently, a number of experience-dependent changes 

in cellular composition and connectivity have been identified throughout the vertebrate 

nervous systems, both in early life [87] and adulthood [88]. These changes entail stimulus-

dependent transcriptional modulation [22, 23], mediated largely at the level of chromatin 

[89, 90]. Intriguingly, several histone variants, including H3.3, H2A.Z, macroH2A, and 

H2A.X, have been shown to accumulate in post-mitotic neurons [91]. Here we review recent 

evidence suggesting that histone variants, including several yet poorly characterized [2] may 

play important roles in experience-dependent neuronal plasticity.

H3.3 facilitates activity-dependent neuronal gene expression and plasticity

The mechanisms by which stimuli regulate neuronal gene expression, although known to 

involve changes in chromatin, are incompletely understood [89, 90]. A potential role for 

H3.3 in this process was recently investigated indirectly via the activity-dependent 

modulation of its incorporation by DAXX [92]. DAXX is an H3.3 chaperone [93, 94] found 

in abundance within neuronal nuclei and enriched near regulatory regions of activity-

responsive genes [92]. Comparison of the chromatin occupancy of H3.3 in neurons either 

lacking or expressing DAXX suggested that the chaperone is required for the activity-

dependent loading of H3.3 within regulatory regions of the immediate early genes Bdnf and 

Fos, which play diverse and critical roles in activity-dependent neuronal plasticity [23], as 

well as for the proper expression of these genes [92].

A direct investigation of H3.3’s role in neuronal plasticity was recently made through 

analysis and manipulation of the variant’s dynamics in cultured neurons and in living mice 

(Maze et al., 2015). In the neurons of adult mice, H3.3 was found to remain highly dynamic, 

with >30% of the total H3.3 pool replaced over a period of four weeks, despite its 

accumulation to near saturating levels (Maze et al., 2015). Interestingly, the turnover of H3.3 

was found to depend upon neuronal activity, transcription of the H3f3b (but not H3f3a) 

gene, and incorporation by the euchromatic chaperone HIRA (Maze et al., 2015). 

Remarkably, H3.3 dynamics were found to be highly correlated with late-responsive 

activity-dependent gene expression in embryonic neurons (Maze et al., 2015). Moreover, 

nascent-H3.3 knockdown experiments revealed that turnover of the variant plays a crucial 

role in regulating activity-dependent gene expression, synaptic connectivity, and experience-

dependent changes in behavior (Maze et al., 2015). The precise mechanism by which H3.3 

turnover facilitates neuronal gene expression and plasticity, as well as the multitude of other 

factors that are likely involved in these processes remain to be determined. Nevertheless, 

H3.3 incorporation and turnover appear to represent key components of activity-dependent 

neuronal plasticity.

Underscoring the prominent role of H3.3 in brain development and function, mutations of 

Lys27 and Gly34 within the N-terminal tail of H3.3 (and, less frequently, H3.1) have 

recently been implicated in a large fraction of human pediatric high-grade astrocytomas, 

which are particularly aggressive and lethal brain tumors [95, 96]. Mechanistic studies of 

one identified mutant of H3.3, Lys27 to methionine, have uncovered a remarkable 
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mechanism in which the mutation dramatically inhibits Polycomb Repressive Complex 2 

(PRC2) activity and, consequently, the methylation of Lys27 residues within non-mutated 

H3 histones [97]. These and related recent findings will undoubtedly lead to new approaches 

for treating this deadly cancer.

H2A.Z regulates fear memory

Neuronal plasticity associated with the formation and storage of memories is a hallmark of 

vertebrate nervous systems [88, 98]. A potential role for H2A.Z in this process was recently 

investigated following initial observations that levels of the variant are strongly reduced in 

the pyramidal cell layer of the CA1 region of the hippocampus 30 minutes after mice 

received a foot-shock while exploring a novel test chamber [99]. Remarkably, short-hairpin 

RNA mediated H2A.Z depletion within the hippocampus was shown to cause significantly 

enhanced fear memory, both 24 hours and 30 days following fear conditioning [99]. 

Moreover, similar long-term memory enhancements were observed when H2A.Z was 

depleted in the prefrontal cortex, an area involved in long-term memory storage [99]. 

Although the precise mechanism by which H2A.Z enhances the consolidation of fear 

memory (or inhibits fear extinction) remains to be determined, this study opens a fascinating 

window onto a role for this variant in learning and memory.

H2B.E shapes the olfactory sensory neuron population based on activity

In addition to connectivity and function, plasticity of the nervous system can occur through 

changes in the composition of neuronal populations that undergo turnover in adults [100]. In 

mammals, these populations include olfactory sensory neurons (OSNs) [101], whose 

longevities are regulated in part by olfactory activity [102] (Box 2). Initial indications that a 

histone variant might participate in this regulation came from the discovery in the mouse of 

an olfactory-specific H2B variant called H2B.E that is expressed in an activity-dependent 

manner [103]. Levels of H2B.E appear heterogeneous among OSNs of the olfactory 

epithelium, but stereotyped according to the identity of the olfactory receptor (OR) gene 

expressed by a given OSN. Remarkably, olfactory deprivation by unilateral naris occlusion 

caused the widespread elevation of H2B.E in OSNs deprived of activity (Fig. 3A), while 

odor stimulation reduced H2B.E levels in OSNs expressing the corresponding OR genes 

[103]. These results indicate that the level of H2B.E within a given OSN is inversely tied to 

its level of neuronal activity (Fig. 3B). Analyses of H2B.E-knockout and - overexpressing 

mice found the average OSN life span to be significantly longer in H2B.E-knockouts and 

shorter in H2B.E-overexpressing mice, providing direct evidence that the H2B.E variant 

regulates OSN longevity [103]. Gene expression analysis further revealed significant and 

opposing changes in OR expression frequencies in each mutant, indicating that changes in 

neuronal longevity alter the representation of OSN subtypes [103]. Thus, a lack of OR 

stimulation appears to drive the incorporation of H2B.E, shortening the life span and 

reducing the abundance of inactive OSNs (Fig. 3B).

Although H2B.E differs from canonical H2B at only five amino acid positions, studies of 

H3.3 demonstrate that subtle differences can profoundly affect a histone’s functional 

properties. A possible clue to the functional significance of H2B.E’s differences came from 

the discovery of dramatically reduced modifiability at H2B.E lysine 5 [103], a position in 
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canonical H2B whose monomethylation and acetylation are strongly associated with 

transcriptional activity [104] (Box 1). Thus, H2B.E accumulation may function to dampen 

transcription (Fig. 3C), a hypothesis supported by gene expression analyses of H2B.E-

knockout and -overexpressing mice [103].

What is the physiological function of H2B.E? Experience-dependent and H2B.E-mediated 

changes in the OSN population may facilitate adaptation of an individual’s OR repertoire to 

its specific olfactory environment and thus enhance the performance of tasks that are crucial 

for survival, such as finding food and avoiding predators. This type of adaptation may be 

uniquely important in the olfactory system, which, unlike other sensory systems, must 

process information from a near limitless array of complex odors [105] that can vary 

dramatically from one environment to the next.

Concluding remarks

Cellular changes require enhanced plasticity during periods of transition, followed by 

reduced plasticity to stabilize cellular changes. The involvement of histone variants in 

regulating cellular plasticity suggests that their functional properties may be particularly 

well suited to this purpose. The high evolutionary conservation of variants such as H2A.Z 

may reflect that their functional properties cannot be readily achieved by other means, while 

rapidly evolving variants such as H2A.B and H2A.L, which are involved in spermatogenesis 

[3], may reflect a need for rapid changes in chromatin functionality in systems that are under 

intense evolutionary pressure. The newly-discovered primate-specific variants H3.X and 

H3.Y may represent additional examples of the importance of rapidly generating new 

functionality [106]. The prospect of discovering additional variants with specialized 

functions seems likely considering the large number that remain to be characterized [2]. 

Understanding the function of these variants will require detailed analyses of the cell types 

and conditions under which they are expressed. Such efforts will benefit from advances in 

technologies that enable the detection of subtle sequence differences at the single cell level, 

including high-throughput sequencing [107], quantitative proteomics [16], and in situ 

hybridization [108]. In addition, the development and application of methods that enable 

analyses of histone localization and dynamics as well as the isolation of genetically-defined 

populations of nuclei [17] will greatly facilitate future discoveries of the functions of histone 

variants in cellular plasticity and beyond. Many open questions still remain (Box 3).
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Abbreviations

Bivalent chromatin
region of chromatin that contains both activating and repressive modifications and is thus 

silent but poised for potential future activation

Embryonic stem cell (ESC)
cell derived from the inner cell mass of a blastocyst (an early-stage embryo) that is 

pluripotent and can be grown indefinitely in culture

Heterotypic nucleosome
nucleosome that contains one copy of a particular histone variant and one copy of a 

canonical histone from the same family

Histone post-translational modification (PTM)
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covalent chemical modification of a histone protein that affects its structure and function

Histones
five families of positively charged proteins (H1, H2A, H2B, H3, and H4) that package DNA 

into nucleosomes within eukaryotic cell nuclei and play central roles in regulating gene 

expression

Histone variant
non-allelic isoform of a canonical histone protein

Homotypic nucleosome
nucleosome that contains two copies of a particular histone variant

Hybrid nucleosome
nucleosome that contains multiple distinct histone variants

Multipotency
the ability of a cell to divide and produce more than one differentiated cell type

Neuronal activity
electrical and chemical signaling that occurs upon activation of neuronal receptors

Nuclear reprogramming
process in which a differentiated cell is converted to pluripotency

Nucleosome
the basic unit of chromatin in eukaryotes, consisting of DNA wrapped around an octamer of 

histone proteins (two subunits from each of the H2A, H2B, H3, and H4 families)

Pluripotency
the ability of a cell to divide and produce all of the differentiated cell types in an organism

S-phase
phase of the cell cycle in which DNA is replicated and packaged largely with canonical 

histones

Somatic cell nuclear transfer (SCNT)
process in which the nucleus from a differentiated cell is reprogrammed following transfer to 

an oocyte
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Highlights

• Canonical histone proteins are replaced with specific variants prior to 

and during periods of cellular transition

• Histone variants regulate cellular plasticity during development and in 

the adult nervous system

• Variants TH2A, TH2B, H2A.Z, and H3.3 facilitate cellular plasticity in 

early development

• Variants H2A.X, H3.3, and macroH2A inhibit developmental plasticity 

following cellular differentiation

• Variants H3.3, H2A.Z, and H2B.E regulate cellular plasticity in the 

adult nervous system

Santoro and Dulac Page 17

Trends Genet. Author manuscript; available in PMC 2016 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Box 1. Histone post-translational modifications (PTMs)

Histones are subject to a wide array of PTMs (Table I) that are generated and removed by 

specific modifiers, which are precisely regulated in their genomic localization and 

activity (reviewed in [10, 109]. To date, only a fraction of known PTMs have been 

analyzed with respect to their genomic localization and fewer still are understood on a 

functional level. Of the PTMs that have been analyzed extensively, most appear to be 

enriched within specific gene regions. Moreover, PTM enrichment is strongly correlated 

with the transcriptional status of a gene. In some cases, PTMs are known to influence 

chromatin structure directly and/or through recruitment of effector molecules, and 

knockout of PTM modifiers or effectors have revealed severe developmental defects. 

Despite our incomplete understanding of PTMs, it is clear that they play pivotal roles in 

organizing chromatin and regulating gene expression during development and throughout 

life.

Santoro and Dulac Page 18

Trends Genet. Author manuscript; available in PMC 2016 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Box 2. Mammalian olfactory sensory neurons (OSNs)

OSNs, which reside in the main olfactory epithelium (MOE), are the primary 

chemosensory detectors of volatile odorants in mammals. Detection of olfactory 

information by OSNs mediates behavioral processes that are critical for life, including the 

avoidance of predators, identification of food, and mating. The following are properties 

of mammalian OSNs that are relevant to this review (for further review of the mammalian 

main olfactory system, see [112]):

• Olfactory receptor (OR) gene expression. In mammals, each OSN 

expresses a single OR protein from ~1000 different OR genes (in mice; 

~400 in humans) that are located in clusters within the genome. The 

identity of the OR that an OSN expresses is controlled through a 

remarkable process known as “OR choice,” which results in the 

selection and stable expression of a single OR allele for the lifetime of 

the neuron [113]. The identity of the chosen OR protein determines the 

odorants to which the OSN responds as well as the precise position 

within the olfactory bulb to which its axon projects (see below).

• OSN turnover and organization in the MOE. The MOE is organized in 

a laminar structure, with neural stem cells located on the basal aspect of 

the epithelium and mature sensory neurons located near the apical 

aspect. Immature neurons, which are derived from stem cells, undergo 

OR choice and then migrate apically as they mature. Mature OSNs live 

for finite and non-uniform periods of time that have been reported to 

depend in part on levels of olfactory stimulation [102, 103]. 

Neurogenesis within the MOE occurs throughout adulthood to maintain 

an approximately constant number of OSNs [101].

• Olfactory activity-dependent gene expression. Binding of odorants to 

OR proteins results in a signal transduction cascade that entails the 

sequential production of cyclic adenosine-monophosphate (cAMP), 

influx of calcium, and neuronal depolarization. In addition to their roles 

in mediating neuronal depolarization, OR-stimulated cAMP and 

calcium signals control gene expression programs, which are critical 

for axon guidance, refinement, and cell survival. Importantly, OR-

derived cAMP signaling appears to occur in the absence of odorant 

stimulation due to spontaneous OR activation, and vary according to 

OR identity.
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Box 3. Outstanding Questions

• What are the expression patterns and functions of the many histone 

variants encoded within mammalian genomes that have yet to be 

characterized?

• Will uncharacterized histone variants be associated with new functions, 

particularly during development and in the nervous system?

• Will unique chromatin structural features provided by histone variants 

remain to be discovered?

• To what extent do phenotypes resulting from the loss of histone 

variants reflect a requirement for functionality provided by the variants 

versus a generic need for histone incorporation outside of S-phase, 

when canonical histones are not available?

• What are the mechanisms by which chaperones establish distinct 

genomic distribution patterns of histone variants in different cell types 

and at different developmental stages?

• To what extent does the facilitation of cellular plasticity by H2A.Z and 

H3.3 depend on their co-participation in hybrid nucleosomes? Is the 

formation of hybrid nucleosomes important for the functions of other 

histone variants?

• Does H2A.Z affect fear memory by enhancing its formation or, rather, 

by inhibiting its extinction? Do histone variants play other roles in 

neural plasticity associated with memory and cognition?

• How are neuronal H2B.E levels controlled by activity? What are the 

molecular mechanisms and physiological functions of H2B.E-mediated 

modulation of olfactory sensory neuron life span? Do histone variants 

play similar roles in other neurogenic regions of the adult nervous 

system?

• How are histone variant incorporation patterns maintained, in some 

cases for months or a lifetime? What are the turnover rates of these 

variants and do they self-perpetuate?
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Figure 1. 
Expression of histone variants in embryonic cells during early development. ESCs within the 

inner cell mass of the early blastocyst have high levels of TH2A, TH2B, H2A.Z, and H3.3, 

and low levels of macroH2A. By contrast, differentiated cells have relatively low levels of 

TH2A, TH2B, H2A.Z, and H3.3, and high levels of macroH2A. Intermediate expression of 

both variants is extrapolated for epiblast stem cells of the late blastocyst, as depicted. 

Schematic depiction of histone variant expression levels are based on [33, 54, 55, 72].
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Figure 2. 
Models for histone variant and PTM dynamics in ESC differentiation and repression of 

extraembryonic genes. A. In ESCs, lineage specific differentiation genes are frequently 

marked by H2A.Z and bivalent chromatin PTMs, and are therefore silent but poised for 

future activation or stable repression, depending on the differentiation pathway. Evidence 

indicates that stable gene repression entails the replacement of H2A and H2A.Z with 

macroH2A and H3.3 with H3, and the removal of active PTMs (e.g., H3K4me3 and 

acH2A.Z). Gene activation entails the replacement of canonical H3 with H3.3 in gene bodies 
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and the removal of repressive PTMs (e.g., H3K27me3 and H2A.Zub1). B. The inhibition of 

extraembryonic gene expression in ESCs appears to require the deposition of histone 

variants H2A.X and H3.3, which in turn enable the repressive PTMs H3K9me3 and 

H3K27me3, respectively. Recent evidence suggests that these pathways are altered in 

trophoblast stem cells, thus enabling the activation of extraembryonic genes.
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Figure 3. 
The role of histone variant H2B.E in the activity-dependent plasticity of the olfactory 

sensory neuron population. A. H2B.E levels are regulated by olfactory activity, as 

demonstrated by the effects of unilateral naris occlusion for 10 days on H2B.E levels in 

MOE sections. Colocalization of Olfr733+ neurons (green cells) allows comparison of 

H2B.E levels in specific neuron subtypes (adapted from [103]). B. Model for the effects of 

neuronal activity on H2B.E level, lifespan, and neuronal representation in the MOE. 

Neurons that are active (orange) incorporate low levels of H2B.E and have longer lifespans, 
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on average, compared to neuron types that are inactive (blue). Over time, active neurons 

increase in abundance within the MOE, while inactive decrease. C. H2B.E replacement of 

canonical H2B over time. The PTMs shown were found to be absent or substantially reduced 

on H2B.E [103]. The consequences of H2B.E replacement on cellular transcription are 

unknown, but the strong association of H2BK5me1 and H2BK5ac with active transcription 

suggests that H2B.E may negatively affect transcription through replacement of canonical 

H2B and altered post-translational modifiability.
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Table I

PTMs discussed in this review

H3K4me3 Promoter regions of active and poised genes Transcriptional activation or poising in active or bivalent domains, 
respectively; catalyzed by enzymes of the Trithorax group: MLL1–4, 
SETD1A, and SETD1B

H3K27me3 Promoter regions of silent and poised genes; large 
heterochromatin blocks

Transcriptional repression or poising in silent or bivalent domains, 
respectively; catalyzed by the Polycomb Repressive Complex 2 
(PRC2), which contains EZH2 (or EZH1), SUZ12, and EED

H3K9me3 Constitutive heterochromatin Transcriptional repression

acH2A.Z Promoter regions of active and poised genes a Transcriptional activation or poising in active or bivalent domains, 
respectively

H2A.Zub1 Promoter regions of poised genes a Transcriptional repression or poising in silent or bivalent domains, 
respectively; modified by the Ring1B component of Polycomb 
Repressive Complex 1 (PRC1) [37, 110]

H2BK5me1 Bodies of active genes, especially those with 

metabolic roles; enhancers; telomeres b
Transcriptional elongation

H2BK5ac Promoter regions of active genes b Transcriptional activation

a
Based on analysis of ESCs and neural progenitor cells [37]

b
Based on analysis of CD4+ T-cells [104, 111]
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