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Abstract

Despite a conserved role for histones as general DNA packaging agents, it is now clear that
another key function of these proteins is to confer variations in chromatin structure to ensure
dynamic patterns of transcriptional regulation in eukaryotes. The incorporation of histone variants
is particularly important to this process. Recent knockdown and knockout studies in various
cellular systems, as well as direct mutational evidence from human cancers, now suggest a crucial
role for histone variant regulation in processes as diverse as differentiation and proliferation,
meiosis and nuclear reprogramming. In this Review, we provide an overview of histone variants in
the context of their unique functions during mammalian germ cell and embryonic development,
and examine the consequences of aberrant histone variant regulation in human disease.

Since their discovery, the existence of histone variants has suggested an alternative
mechanism for introducing small variations into the eukaryotic epigenome (FIG. 1), which
is now known to govern fundamental aspects of chromatin structural organization,
nucleosomal dynamics and transcription (see REFS 1-3 for recent reviews on histone
variants). An emerging finding is that mutations in specific histone variants and their
associated chaperone machinery contribute to human disease, which suggests an essential
function for regulation of histone variants during crucial periods of cellular development
(TABLES 1,2). For decades, hucleosomal histones were considered to be highly stable
proteins that have predicted half-lives of several months to years in non-dividing cells.
Recent analyses of histone H3 and H4 dynamics in living cells have challenged this notion
by showing that newly synthesized histone variants are rapidly incorporated at promoters,
enhancers, regulatory elements and coding regions of highly transcribed genes, in most
cases, independent of DNA replication. With recent progress in identifying genome-wide
enrichment profiles and functions for distinct histone variants, these proteins are now
gaining increased attention in chromatin biology, partly because of the disease links that are
discussed here.
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In this Review, we provide a brief overview of histone variants in the context of their
evolutionary history, followed by more detailed discussions of our current understanding of
the roles of these proteins during germ cell and embryonic development in mammals. We
further discuss potentially distinct roles for histone variants in post-replicative cells. Finally,
we end with a general summary of data that indicate important contributions of histone
variants to human disease, with an emphasis on recent evidence that histones themselves are
mutated in specific forms of cancer, and provide thoughts on the future of this ever-
expanding field.

An overview of histone variants

Four types of histones make up the nucleosome particle and are referred to as core histones.
Dimerized pairs of core histone proteins (that is, H2A-H2B and H3-H4) seem to have
evolved together to allow exquisite specificity in their partnerships. Only one H4 isoform
(that is, canonical H4) has so far been identified, and H3 variants are generally less diverse
than those arising from the H2A and H2B families. This is probably due to the role of H3
and H4 in the formation of core histone tetramers, which ultimately dictate nucleosomal
assembly#. H2A variants are generally the most diverse family of the core histone proteins
and are accompanied by substantial variation in their amino- and carboxy-terminal tail
regions. H2A variants are also divergent both throughout regions that are typically engaged
in intranucleosomal histone-histone contacts and at surface residues, which can markedly
affect chromatin structure and nucleosomal stability. More minor sequence differences are
observed in the H3 and H2B variants, which typically involve only a few amino acid
substitutions. However, many of these substitutions occur in the globular core of these
proteins, thereby influencing histone—histone interactions in a similar way to that of the H2A
variants. The fifth histone type binds to DNA that is positioned between nucleosomes and is
termed the linker histone H1. It is the most diverse of all histones and is represented by at
least 11 isoforms in mice and 10 isoforms in humans, including 7 somatic variants and 3
germline-specific variants. Recent studies indicate that histone variants confer unique
properties on chromatin structure by promoting differential interactions with various
associated complex proteins such as chaperones (for example, association between H3.3 and
death domain-associated protein 6 (DAXX)®) (FIG. 2), as well as through alterations in the
activity of chromatin binders such as ATP-dependent chromatin remodelling complexes (for
example, association between H2A.Z and SWR complex (SWR-C; also known as SWR1
(REFS 6,7)), which act in conjunction with histone variants to mediate nucleosomal
dynamics and gene expression.

Crucial roles in mammalian germ cells

Mammalian histone variants are classified into two major categories: those enriched in
somatic cells, which can be further divided into replication-dependent and replication-
independent histones; and another group of testis-specific histones that are generally
enriched in developing spermatocytes8. During spermatogenesis (that is, when
spermatogonia are initially converted into spermatocytes and subsequently into spermatids
through meiosis), canonical histones undergo rapid exchange with their variant counterparts,
which suggests a role for histone variants during important periods of sperm development.
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Once sperm cells have reached a mature haploid state, protamines (that is, small, arginine-
rich nuclear proteins) replace most, but not all, of the histones in male germ cells. However,
before protamine replacement, most somatic histones will probably have been replaced with
testis-specific variants, including linker histones H1t® and H1t2 (also known as HIFNT)10,
and core histones H2A.Bbd!l, H2AL1, H2AL2 (REF. 12), TSH2B13, H3.4 (also known as
H3.1t and H3t)14 and H3.5 (also known as H3.3C).

Incorporation of testis-specific histone variants generally leads to decreased stability of
DNA-protein interactions, which allows global transitions in chromosomal architecture and
ultimately facilitates protamine replacement during sperm maturation. For example,
incorporation of H2ABbd, H2A.Lap1 (that is, the mouse H2A.Bbd-like protein) and
H2AL2, all of which are enriched in testis, is associated with reduced nucleosomal
stability16-18, as all three variants express truncated carboxyl termini and lack sufficient
acidic surfaces that are required for tethering H2A-H2B dimers to the core H3-H4
heterotetramer. Similarly, histone octamers that contain TSH2B and H3.4 exhibit low
stabilities® and have reduced H2A-H2B nucleosomal associations20. Therefore, enhanced
dynamicity of nucleosomes that contain testis-specific histone variants may be required for
appropriate chromatin reorganization during spermatogenesis. With the exception of recent
evidence?! that shows a specific role for the H2B variant TSH2B in chromatin-to-
nucleoprotamine transitions, functional roles for most variants during mammalian
spermatogenesis beyond those of their biophysical properties remain unknown. However, an
increasing amount of evidence indicates that active incorporation of these variants might
directly affect transcription. For example, depletion of H2A.Bbd results in widespread
reduction in basal gene expression and disruptions to alternative splicing?2. Furthermore,
human cells in which H2A.Bbd has been ectopically expressed show an enrichment for this
variant throughout active regions of the genome2223, which collectively indicates a putative
role for this testis-specific variant in the regulation of gene expression.

In addition to testis-specific variants, somatic histone variants have been shown to be
involved in meiosis when the X and Y chromosomes condense together to form XY bodies.
These XY bodies are transcriptionally silenced through a process known as meiotic sex
chromosome inactivation (MSCI) and are considered to be recombinantly inactive, thus
protecting sex chromosomes from illicit recombination events, which are hallmarks of active
meiosis. The XY body is enriched in specific H2A variants (including macroH2A (mH2A)24
and H2A.X%?) and H3.3 (REF. 26). The phosphorylated form of H2A.X (yH2A.X) also has
a crucial role in male germ cells, as H2A.X-null and transgenic mice fail to properly form
XY bodies and undergo MSCI, which results in male sterility?”. Another variant, H2A.Z, is
also enriched at heterochromatin domains of postmeiotic haploid spermatids, including at
the sex chromosomes?8, although its functional role during spermatogenesis remains
unknown.

On the basis of recent studies that use genome-wide sequencing, following protamine
replacement a small proportion of the sperm genome (~4% in humans2® and ~1% in mice30)
retains nucleosomes, most of which are clustered at specific developmental gene promoters
and at imprinted loci. Large blocks of these remaining nucleosomes carry the ‘active mark’
of histone H3 trimethylated at lysine 4 (H3K4me3), including those at various
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developmental promoters, HOX gene clusters, microRNA- encoding genes and paternally
expressed imprinted loci. Sperm nucleosomes that contain the repressive H3K27me3
modification are also highly enriched at developmental promoters, many of which are
repressed in early embryos, including at various bivalent promoters that have been identified
in embryonic stem cells (ESCs)2%:31. A recent study in sperm has now provided direct
evidence for associations between these active H3K4me3-enriched loci and the histone
variant H3.3; loci with H3K27me3 are found to be generally occupied by canonical H3.1
and/or H3.2 (REF. 30). However, it remains to be determined whether nucleosomes that
originate from sperm have functional roles following fertilization (for example, the
transmission of specific chromatin states to preserve transcriptional and cellular
‘memories’), as well as which other histone variants constitute these nucleosomes at specific
gene promoters and/or imprinted loci to convey instructive epigenetic information to the
zygote. Although the clinical relevance of such findings remains unknown, studies of testis-
specific histone variants in the context of human infertility32 give rise to future avenues for
chromatin-based diagnostics.

In contrast to various testis-specific variants, only one oocyte-specific histone variant,
histone H100, is known, and it is the most divergent of all linker histones. Although the
specific role of H1oo in oogenesis remains unknown, its high conservation throughout the
animal kingdom suggests a vital function during oogenesis and early embryonic
development33. In addition, numerous somatic histone variants are abundant in oocytes. For
example, H3.3 is highly expressed in ovaries, which suggests a role for this variant during
female gametogenesis4. H3.3 is a well-established replication-independent H3 variant,
which evolved partly in order to participate in active transcription. Oocytes also express
mH2A, which has been implicated in transcriptional repression and is eliminated from the
zygote shortly after fertilization. During mouse oogenesis, H3.3 and mH2A are incorporated
into euchromatin and heterochromatin, respectively, and are maintained throughout
meiosis3®:36, Little is known about the genome-wide profiles and functional roles of these
variants during mammalian oogenesis. However, recent studies indicate that extensive
histone variant dynamics (for example, those of H3.3) are crucial for the establishment of
the de novo chromatin landscape after fertilization, which provides a possible mechanism to
‘reset’ chromatin states during the transition from highly specialized gametes to totipotent
zygotes.

Roles in the zygote

In mice, immediately following fertilization, sperm nuclear decondensation and the
formation of the paternal pronucleus begin when protamines are globally exchanged by
H3.3-containing nucleosomes3”. As shown in Drosophila melanogaster, with the exception
of previously deposited sperm nucleosomes, H3.3 is exclusively contributed by the pre-
fertilized oocyte, in the absence of transcriptional activity, by the H3.3-specific chaperone
HIRA38:39, Functionally, the paternal deposition of H3.3 seems to be important for the
establishment of normal heterochromatin and therefore embryonic development3’. Mutating
H3.3K27, but not H3.1K27, to arginine decreases levels of both H3K27me3 and
H3K27mel, and leads to the induction of aberrant pericentromeric transcription, abnormal
chromosomal segregation and developmental arrest in the mouse embryo.
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In contrast to paternal deposition of H3.3, fertilization also triggers the removal of
accumulated maternal H3.3 and mH2A from the female pronucleus. Such global histone
removal is restored during late pronuclear stages, during which H3.2 and H3.3 (but not H3.1
or mH2A) are incorporated into chromatin3®. mH2A (specifically mH2A1) is later
incorporated in pre-implanted embryos at the eight-cell stage and ultimately associates with
the inactive X chromosome in females36:40, which suggests a role in transcriptional
repression. Although currently unclear, such data call into question whether a small
proportion of the H3.3 or H3.2 pools remain in the early female pronucleus following initial
nucleosomal removal to act as transmitted ‘memories’ of prior chromatin states in a similar
way to that hypothesized with sperm nucleosomes. It also remains unknown whether
specific histone modifications in the female pronucleus are linked to H3 variant turnover.
Nevertheless, removal of epigenetic information harboured by prior histone variants in the
maternal genome might participate in the initiation of new patterns of gene expression in the
totipotent zygote.

Roles in embryonic development

Studies of early embryonic development, especially those using somatic-cell nuclear transfer
(SCNT) (BOX 1), imply that much of the molecular basis of tissue-specific gene expression
profiles and developmental potential might be deeply rooted in the intricacies of chromatin
structure, as determined by alterations in histone variant deposition and function. Genetic
approaches to define the functional importance of histone variants have been used, and such
approaches are made possible by the unique properties of histone variants, which are often
encoded as single or double gene copies throughout the genome (TABLES 1,2). This is in
contrast to canonical histones, which are often expressed from numerous clustered genes,
and their functions are therefore more difficult to study using genetic approaches.

Box 1
Roles in somatic-cell nuclear transfer embryos

In both mice and humans, the genomes of differentiated somatic nuclei are remodelled to
a totipotent state upon somatic-cell nuclear transfer (SCNT; that is, transplantation into
enucleated oocytes). During this remodelling, both linker!46 and core histones!4” are
rapidly turned over and replaced by a new set of histones that are stored in the oocytes.
Such events are consistent with the hypothesis that removal of the previous epigenetic
information is necessary for proper embryonic development. Whereas H3.2 and H3.3 are
incorporated into chromatin following both fertilization and SCNT, H3.1 is only
incorporated after SCNT147 which highlights a fundamental difference between these
two processes. Although a functional role for these differential deposition patterns
remains elusive, it seems that such a phenomenon might contribute to the lower success
of somatic nuclear reprogramming. In addition, with regards to H2A variants, canonical
H2A, H2A.Z and macroH2A (mH2A) are all removed from chromatin following SCNT,
but H2A. X is maintained and actively incorporated during this process47148. The
selective incorporation (H2A.X and H3.2 or H3.3) and elimination (H2A.Z and mH2A)
of particular histone variants are believed to contribute to unique chromatin structures
that are observed in the nucleus following SCNT, thereby facilitating chromosomal
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remodelling to promote phenotypic outcomes that are associated with reprogramming.
Similarly, studies in <italic>Xenopus laevis</italic> have shown that the homologue of
the linker histone H1oo is required for pluripotency gene reactivation during SCNT146,
Interestingly, a highly divergent linker histone variant dBigH1, which has recently been
identified in <italic>Drosophila melanogaster</italic>, seems to function as a cell-type-
specific timer for zygotic genome activation in early embryogenesis!4®. Currently, a
considerable challenge to the research field is to completely characterize the molecular
basis of histone variant dynamics following SCNT and during zygotic development in
humans. However, studies of such processes during periods of <italic>in vitro</italic>
cellular reprogramming, as observed with human induced pluripotent stem cells (iPSCs),
provide hope that mechanistic functionalities of such phenomena during early embryonic
development will soon be revealed. In fact, recent studies of mH2A in both human1°0
and mouse!®1.152 jpSCs show that, during lineage differentiation, mH2A provides
perpetual repression at pluripotency genes in association with specific changes in histone
modification (for example, increased trimethylation at histone H3 lysine 27 (H3K27me3)
and reduced H3K4me?2 levels), thereby acting as an epigenetic barrier to reprogramming.

Although phenotypes that are associated with complete knockout of genes encoding both
H3.3 variants (H3f3a and H3f3b) have not yet been described*?, mice with a hypomorphic
mutation in H3.3A (which was produced by a retroviral gene trap insertion into H3f3a)*2
and H3f3b-knockout mice 43 were both shown to result in the postnatal death of ~50% of
homozygous mice and significant defects in fertility in surviving animals. Viable H3.3A
mutants showed reduced growth rates, and H3f3a mutants also exhibited neuromuscular
deficits. Although disruptions of either H3f3a or H3f3b seem to result in similar phenotypes,
mouse embryonic fibroblasts from H3f3b-knockout animals show unique characteristics of
pericentric heterochromatin spreading and abnormal karyotypes, which suggest a functional
role for H3.3 in the maintenance of genomic integrity. Such a function is further supported
by knockdown studies in fertilized mouse zygotes, in which reduced H3.3 accumulation
resulted in chromosomal over-condensation and mis-segregation, and subsequently
developmental arrest during early embryogenesis®*. This phenotype was fully rescued by
exogenous expression of H3.3 (but not H3.1); however, replacement with H3.3 harbouring a
mutation at K36 (H3.3-K36R) was unable to compensate for H3.3 knockdown. Our group
recently showed that H3.3 is required for the proper establishment of H3K27me3 at
promoters of developmentally regulated genes in ESCs. H3.3 depletion by both knockdown
and knockout was shown to disrupt nucleosomal turnover and binding of the Polycomb
repressive complex PRC2 at bivalent promoters. Knockdown of H3.3 in ESCs promoted
abnormal differentiation towards the typically restricted trophectoderm lineage, which
indicates a crucial role for H3.3 in maintaining proper patterns of embryonic germ layer
development#®. These data show an essential combinatorial role for histone variant
exchange and the subsequent accumulation of necessary histone post-translational
modifications during early developmental processes.
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Notably, in D. melanogaster, knockout of both H3.3-encoding genes (His3.3A and His3.3B)
does not result in lethality but induces male infertility*6:47. However, a more recent study
has challenged the notion that H3.3 has intrinsic and specific functions in comparison with
its canonical counterparts, which showed that replacement of H3.3 with H3.2 at the
endogenous His3.3 locus in D. melanogaster results in normal fertility*8. These results
argue that, at least in the case of D. melanogaster, H3.2 and H3.3 can functionally
compensate for one another and are seemingly redundant as long as their expression patterns
remain consistent. However, these findings have yet to be verified in a mammalian system.

Two protein isoforms exist for H2A.Z, which have been re-named H2A.Z.1 and H2A.Z.2 to
avoid ambiguity caused by their previous names H2A.Z and H2A.V. The isoforms are
encoded by two independent genes H2A.Z.1 (also known as H2AFZ) and H2A.Z.2 (also
known as H2AFV), respectively, and they differ only by three amino acids*®. H2A.Z.1 has
been shown to be essential for animal survival; in mice, knockout of H2AFZ results in early
embryonic lethality, indicating that H2A.Z.2 cannot compensate for the loss of H2A.Z.1
(REF. 50). Development of the blastocyst from embryonic day 4.5 (E4.5) requires active cell
proliferation, complex differentiation and reorganization of the inner cell mass to form an
epithelial monolayer (that is, the primitive ectoderm) followed by gastrulation. During this
period, development of H2A.Z.1-null embryos begin to fail; at E6.5, they are significantly
underrepresented and show obvious patterns of degeneration®0. Similarly, H2A.Z.1-
knockout ESCs are unable establish in culture, and knockdown studies further indicate that
H2A.Z is required for efficient self-renewal and optimal differentiation of ESCs®1:52,
Specifically, binding of the core transcription factor octamer-binding protein 4 (OCT4; also
known as POU5F1) to genomic target sites is decreased in H2A.Z-knockdown ESCs, which
leads to reduced recruitment of mixed-lineage leukaemia (MLL) complexes, decreased
H3K4 methylation and concomitant repression of genes that are involved in ESC
differentiation. Knockdown of H2A.Z also disrupts appropriate targeting of PRC2 to
Polycomb-associated genes, which results in reduced H3K27me3 levels, subsequent
activation of normally repressed genes in ESCs and premature differentiation. These data
indicate that H2A.Z acts as a critical factor that mediates the activation of differentiation-
associated genes and the repression of ESC-specific genes during differentiation.

A growing body of evidence indicates further genetic variation of H2A.Z and H3.3. As
described above, two non-allelic H2A.Z-encoding genes have been identified in mice and
humans. Genetic variations of H3 variants have been identified in humans and close
evolutionary relatives, and all of these variants originate primarily from H3.3 pseudogenes
(for example, H3.X, H3.Y and H3.5)153, As H2A.Z and H3.3 are enriched at specific
genomic loci, which ultimately dictate their distinct functions, future studies will need to
independently tag or develop specific antibodies against these newly defined variants to
better distinguish between their unique localizations throughout the genome and any
differential functions that may exist.

A recent study has indicated that dual incorporation of H2A.Z and H3.3 into nucleosomes
results in unstable chromatin environments both in chromatin arrays and in vivo, but not at
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the level of mononucleosomes®*. Both H2A.Z and H3.3 have been found in association with
various transcription factor complexes at active transcription start sites (TSSs), bivalent
TSSs and enhancers. H2A.Z and H3.3 seem to facilitate active transcription in combination
with a variety of other functional factors and associated transcriptional complexes. A wide
range of studies has now emphasized a role for H3.3 during early metazoan development
and in the maintenance of stem cell pluripotency, but much more remains to be understood
regarding its functions during later stages of development, as well as in fully differentiated
postmitotic cells. With this in mind, it will be important to consider how H3.3 cooperates
with other histone variants, such as H2A.Z, some of which are already known to associate
with H3.3-containing nucleosomes throughout highly dynamic regulatory regions of the
genome>5:56,

mH2A and H2A.X

H1 variants

Although mH2A has long been known to associate with the inactive X chromosome in
female mammals®”, relatively recent studies have indicated roles for mH2A when
incorporated in autosomes®859, Chromatin immunoprecipitation (ChIP) and genomic tiling
microarrays have demonstrated negative correlations between mH2A occupancy and gene
expression, which suggests a role for mH2A in transcriptional repression that is similar to its
function during X chromosomal inactivation. Interestingly, however, ~12% of active genes
are enriched for mH2A, which indicates a potentially more diverse role for mH2A in the
regulation of active gene expression?2:59, Although complete mammalian knockout of the
two mH2A-encoding genes has not yet been reported, mH2A-deficient zebrafish show
severe developmental defects, including deformed body structures and malformations in
brain anatomy?®8,

In mice, knockout of H2A. X results in growth retardation, male-specific infertility and
meiotic arrest89. Although DNA damage responses can be elicited in the absence of H2A. X,
H2A.X-knockout ESCs and mutant mouse embryonic fibroblasts (H2A.XS136A/S136A)
which are deficient in H2A.X phosphorylation) show alterations in the efficiency of DNA
repair by non-homologous end joining and homologous recombination®1-63. As a result of
such deficits in DNA damage repair, these cells are more sensitive to DNA damage and
have reduced proliferation capacity. As far as we are aware, these groundbreaking studies
that link H2A.X and its phosphorylation to genomic instability and cancer were among the
first to connect histone variants directly to disease in mouse models and probably humans
(see below).

Although the canonical models suggest that H1 incorporation promotes chromatin
condensation and thus facilitates the formation of repressive chromatin environments, recent
studies show that H1 variants may have more specific nuclear functions. Genome-wide
mapping of somatic H1 variants revealed non-uniform genomic distribution and
incorporation at both active and repressed loci®4. Studies in mouse and D. melanogaster
models have identified a role for H1 in the maintenance of repeat regions and global
chromosomal architecture8>:66, Furthermore, high frequencies of missense mutations have
recently been identified in various linker histones across several haematological

Nat Rev Genet. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Maze et al.

Challenges

Page 9

malignancies®7-68, One such mutation was identified in follicular lymphoma and was shown
to reduce H1 affinity and residency time on chromatin®®. Together, these results indicate a
previously unrecognized role for histone H1 variants in human disease.

As evidenced from previous discussions, gene targeting is a useful tool for examining
unique functions of histone variants in vivo; however, such approaches have been slow to
provide compelling biological information about these variants because simultaneous
targeting of multiple gene copies is required to achieve complete knockout of any given
variant. Various novel bioengineered tools have recently been developed to allow systematic
characterization of gene function by means of deletion, alteration or overexpression. These
tools include engineered DNA-binding proteins, such as targeted zinc-finger nucleases,
transcription activator-like effector nucleases (TALENS) and the clustered regularly
interspaced palindromic repeat (CRISPR) system, all of which can efficiently target multiple
genes at once. We expect that these new genomic tools will greatly advance future studies of
histone variant function in living cells.

Roles in post-replicative cells

It is becoming increasingly clear that functional alterations in histone variant biology —
regardless of whether they are due to aberrant expression patterns, disrupted or enhanced
interactions with associated enzymatic complexes, or altered genomic deposition — result in
devastating phenotypic outcomes that lead to human disease. One particularly important
question is whether histone variants, which are expressed and deposited into chromatin
throughout the cell cycle, function differently in post-replicative cells in comparison with
dividing cells. In postmitotic cells, canonical histones can no longer actively incorporate into
chromatin, which results in a “shift’ in the balance between histone variants and non-variant
ones in chromatin.

One example of this is H3.3, which has been observed to progressively accumulate over the
course of 150 days in the rodent brain, with concomitant reductions in levels of canonical
H3.1 and H3.2 (REF. 70). Interestingly, however, embryonically derived canonical H3.1
was recently shown to persist for up to a year in rodent brain neurons, which indicates a
potential role for such stability in adult neuronal function’. Given the dynamic nature of
H3.3, such a phenomenon raises the question of the specific roles of H3.3 in the developing
and adult central nervous systems in comparison to its canonical counterparts. Previous
biochemical studies in proliferating cells have suggested that H3.3 is preferentially marked
by post-translational modification ‘signatures’ that are typically associated with active
transcription’2, thereby contributing to a genomic ‘barcode’ (REF. 73) or nucleosomal
code’ that might result in distinct chromosomal territories or domains, which then influence
chromatin states during cellular differentiation and development. However, the mechanisms
of such modification enrichment are poorly understood and are unlikely to be reflected in
cellular systems, such as postmitotic neurons, that exclusively rely on a single histone H3
for global replacement during development. Although it is currently unclear whether H3.3
indeed accumulates in the brain throughout development and into adulthood, one might
expect this variant to become more globally distributed throughout the epigenome and
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become subsequently marked by post-translational modifications that are previously
‘reserved’ for canonical H3 proteins. If this is true, then such phenomena would directly
challenge the notion of histone barcoding in non-dividing cells. One recent study provided
evidence to support a role for calcium-dependent DAXX dephosphorylation in mediating
H3.3 deposition into chromatin in response to neuronal activity, particularly at regulatory
elements that are associated with the expression of immediate early genes’ (FIG. 3).
Although such data indicate an extraordinarily dynamic nature for H3.3 in the central
nervous system during periods of cellular activity, much more work is needed to fully
understand the role of H3 variant exchange and accumulation in the brain during periods of
neural development and plasticity.

Although it is tempting to assign specific functionalities to H3.3 owing to its ‘behaviour’ in
proliferating cells, one must proceed with caution and instead frame questions of histone
variant biology within the context of the specific cellular systems examined. Perhaps more
appropriate questions should revolve around the consequence of not having options for
histone replacement and the effect of exclusively introducing a histone that is thought to be
thermodynamically less stable and more dynamic than its canonical counterparts. Analogous
to recent discoveries in diffuse intrinsic pontine gliomas (DIPGs) that mutations in histones
themselves can result in human disease, mutations in genes that encode H4 (K9fs, where fs
denotes frameshift) and H3 (R130C) have been reported’S, suggesting direct links between
histone protein mutations and mental retardation and intellectual disabilities. Furthermore,
following a mutational screen in zebrafish, H3.3 was recently implicated in the process of
neuronal differentiation, in which a missense mutation (D123N) was shown to result in the
abnormal expression of cranial neural crest specific markers and, eventually, impairments in
ectomesenchyme formation’”.

Similarly, numerous histone variants of the H2A and H2B families have now been found to
be differentially expressed in post-replicative neurons compared with mitotic cells, in both
normal and diseased individuals, which suggests unique functions in non-dividing cells. For
example, H2A.Z.2.2 (which is the spliced isoform of H2A.Z.2) was recently shown to be
enriched in the brain, and was shown to severely destabilize nucleosomes owing partly to its
unique carboxyl terminus’8. Although the function of H2A.Z.2.2 in postmitotic neurons is
unknown, it is probably involved in mediating the dynamic nature of neuronal transcription
in response to cellular activity, which is necessary for establishing and maintaining various
aspects of synaptic development and plasticity. Interestingly, unlike canonical histones —
many of which are encoded by gene clusters and lack both functional promoters and 3’
untranslated regions — most histone variants are encoded by one or two genes and have
upstream promoter regulatory elements, which indicate a potential for activity-dependent
regulation. Recent data from olfactory chemosensory neurons showed the existence of an
exclusively expressed variant of the H2B family, H2BE, the expression of which was shown
to be negatively regulated by sensory activity to prevent neuronal cell death during periods
of heightened olfactory-mediated sensory experiences’® (FIG. 3). Although such findings
represent the first demonstration of an activity-dependent mechanism for histone variant
exchange in post-replicative neurons, this is likely to represent a common regulatory
phenomenon for these proteins and is sure to gain substantial attention in the future.
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Roles in human disease

H3.3: direct mutational evidence that ‘every amino acid matters’
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An emerging body of literature has identified increasing numbers of mutations that directly
affect chromatin-modifying enzymes in human cancer, which suggests that aberrant
regulation of the chromatin modification landscape can lead to oncogenesis (see REF. 80 for
a recent review on histone variants and cancer). In particular, genes that affect post-
translational modifications of H3 are frequently mutated. Furthermore, the H3.3 variant and
its associated chaperones have recently been implicated in cancer. Although H3.3 has
previously been reported to be overexpressed in subsets of human tumours®l, recent exome
sequencing of paediatric gliomas identified missense mutations at K27 and G34 of H3F3A-
encoded H3.3 (REFS 82-84) that directly affect post-translational modifications of K27
(REFS 85,86) and K36, respectively®®. Both of these residues have vital roles in the
regulation of various essential gene expression programmes in mammalian cells. The
discovery of H3K27 and H3G34 mutations in paediatric gliomas represents ‘game-
changing’ evidence that genetic alterations of histones themselves at or near important and
differentially modified residues can lead to cancer in mouse models and humans. It remains
unclear how these mutations in histone proteins lead to oncogenesis with such remarkable
age and anatomical precision, and the underlying timing and cell-of-origin issues will merit
future investigation.

Paradoxically, H3.3 is genomically localized both to euchromatin and to pericentric and
telomeric hetero-chromatin8”. The histone chaperone HIRA mediates H3.3 deposition at
gene bodies and promoters through transcriptionally linked histone replacement®8. It is
important to note that HIRA-mediated H3.3 deposition is directly linked to cellular
signalling mechanisms and is partly regulated by the activity of serine/threonine-protein
kinase PAK2 (REF. 89). At heterochromatin, the ATRX-DAXX chaperone complex
mediates H3.3 deposition®%:91, Recently, mutually exclusive inactivating mutations of both
DAXX and ATRX were discovered in pancreatic neuroendocrine tumours (PanNETS),
myelodysplastic syndromes, relapsed acute myeloid leukaemia, neuroblastomas and
glioblastomas®2-24, ATRX and DAXX are required for proper heterochromatin formation and
telomere function, and their loss results in aneuploidy and telomere dysfunction>-9, In
PanNETSs and neuroblastomas, mutations in both ATRX and DAXX correlate with altered
telomeres®?. Histone H3 mutations have now been identified in paediatric gliomas’®,
insulinomas9, chondroblastomas and giant cell tumours of bone!01, and the co-occurrence
of these fairly rare mutational events in malignancy provides strong evidence of a critical
role for H3.3 function in the maintenance of cellular proliferation and in cancer progression.

High-grade paediatric gliomas are among the leading causes of terminal cancer in children.
Adult glioblastomas (GBMs) are supratentorial and are often found in the cerebral cortex,
whereas DIPGs occur in the paediatric brainstem02 and harbour distinct molecular lesions
in comparison with adult GBMs193-106_Our group and others recently revealed novel
mutations in H3.3A (for example, K27M, G34R and G34V) and canonical H3.1B
(K27M)82-85 jn both GBMs and DIPGs. Concurrently, inactivating mutations in ATRX and
DAXX were also identified in DIPGs82:84, These point mutations in H3.3 map at or close to
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well-known sites of post-translational modifications, and proteins that are known to ‘write’
or ‘read’ these modifications are also commonly mutated in a wide variety of
malignancies107:108  post-translational modifications of the amino-terminal tail of histone
H3 are crucial for multiple chromatin-templated processes. Notably, H3K27 is the target of
methylation by Polycomb proteins, which are generally regarded as transcriptional
repressors. H3K36 methylation can mediate transcriptional elongation, splicing and DNA
damage repair depending on the context. Multiple genes encoding proteins that regulate
these modifications are frequently mutated in cancer. Importantly, disruptions of chromatin
regulators are highly specific to tumour type; for example, the H3K27 methyltransferase
EZH2 is overexpressed in various epithelial malignancies and is lost or mutated in subsets of
leukaemia and lymphomas!®. These observations suggest that mis-regulation of H3K27 and
H3K36 modifications are common in tumorigenesis but that such mis-regulation only occurs
in specific cell lineages and developmental contexts.

We and others recently investigated the functional outcome of mutations that affect H3
methylation at K27 (for example, H3-K27M) in human tumours in order to better
understand the molecular and biochemical consequences of this substitution, which is found
in nearly 80% of human DIPGs. In accordance with results obtained from exome
sequencing, quantitative mass spectrometry confirmed that H3.1-K27M and H3.3-K27M
constituted up to ~18% of total H3 in DIPG samples regardless of tumour genotype82:83,
Furthermore, using a platelet-derived growth factor-induced brain stem glioma mouse
model, transgenic H3.3-K27M expression was found to be sufficient to reduce global levels
of H3K27me3 with concomitant induction of abnormal proliferating ectopic cell clusters in
vivo. Further biochemical characterization of this mutation in cell lines suggests that H3.3-
K27M imparts unique gain-of-function properties both to the mutant histone itself and to
wild-type H3 in heterotypic oligonucleosomal configurations. Interestingly, converting K27
to all other amino acids, with the modest exception of isoleucine, had little effect on global
levels of H3K27me3. H3.3-K27M mutations were later found to directly inhibit allosteric
interactions, both in cisand in trans, between PRC2 and endogenous H3 in heterotypic
nucleosomal substrates, and this has not been observed with mononucleosomes that contain
K27A, K27R or K27Q, which indicates that H3.3-K27M might directly interfere with PRC2
activity that is normally stimulated by H3K27me3. This interference of PRC2 activity was
shown to result from direct interactions between K27M and the EZH2 active site, thereby
inhibiting its H3K27me3 methyltransferase activity®! (FIG. 4).

Supporting this notion, a more recent analysis of genome-wide patterns of H3K27me3
distribution between neural stem cells and H3.3-K27M-expressing DIPG cell lines revealed
global reductions in H3K27me3 peak distribution; however, levels of both H3K27me3 and
EZH2 were also found to be markedly increased locally at hundreds of loci in H3.3-K27M-
expressing cells from patients®. These data suggest that alterations of H3K27me2 and
H3K27me3 in chromatin, in terms of the loss and gain of these marks by the H3.3-K27M
mutation, are likely to contribute to formation of paediatric DIPGs through altered
expression of genes that are associated with tumorigenesis.

Although not directly linked to cancer, recent work has shown a novel role for the H3.3-
specific chaperone HIRA in promoting transcriptional ‘restart” following ultraviolet C
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(UVC) radiation-mediated DNA damage (a form of genotoxic stress that results in reduced
chromosomal integrity and possibly cancer)119. HIRA was found to accumulate before
repair at genomic UV C radiation sites to deposit newly synthesized H3.3 histones, thereby
priming chromatin for later reactivation of transcription following DNA repairl10. It is
therefore possible that specific H3.3 mutations identified in cancer (for example, H3.3-
G34R and H3.3-G34V) might affect such processes by dampening the ability of H3.3 to
promote transcription reactivation following instances of genomic insult.

CENP-A and genomic stability

Recently, histone H3-like centromeric protein A (CENP-A) has also been implicated in
cancer. Although CENP-A is present in lower abundance than canonical H3, it is essential
for mitosis and cell survival, and is thought to propagate and maintain centromere identity
during cell division11:112. CENP-A-null mice fail to survive beyond 6.5 days post-
conception and show severe mitotic deficits, nuclear blebbing and bridging, and chromatin
hypercondensation and fragmentation!13. Altered CENP-A expression results in disrupted
stoichiometries between CENP-A and its chaperone Holliday junction recognition protein
(HJURP)114 which leads to CENP-A mis-targeting, chromosomal instability and cancerl1®,
CENP-A is upregulated in numerous cancers, including breast cancer, lung adenocarcinoma,
colorectal cancers and hepatocellular carcinomal!5-119, |n addition, overexpression of
CENP-A has been demonstrated to result in apoptotic inhibition and cellular proliferation
through direct modulation of both cell cycle-associated genes and apoptosis-associated
genes!20, Such overexpression was suggested to promote instances of CENP-A mis-
localization and lead to alterations in chromosomal dynamics and/or gene expression
profiles.

H2A variants and cancer

Similar to CENP-A, H2A.Z has been shown to be overexpressed in various human cancers,
including breast, lung, colorectal and bladder cancers'?1-124, The molecular consequences
of such overexpression have been elucidated and collectively suggest H2A.Z as a bona fide
oncoprotein8?. Upregulation of H2A.Z leads to alterations in its incorporation in chromatin,
which might be directly regulated by changes in the expression and/or activity of its
deposition machinery. H2A.Z, similarly to H3.3 with which it associates within the
nucleosome, localizes to active regions of the genome and has been suggested to ‘fine-tune’
gene expression patterns and modulate other non-coding or regulatory regions of the
genome that are involved in cancer progression. Additionally, H2A.Z has been implicated in
cellular senescence and DNA double-strand break (DSB) repairl2, thereby coordinating the
maintenance of telomere integrity, chromosomal segregation and genomic stability126-128,
all of which are candidate mechanisms that underlie cancer progression.

H2A.X (encoded by H2AFX) is best known for its heavily studied role in the DNA damage
response and has been coined the “histone guardian’ of the genome129.130, H2A X is subject
to numerous post-translational modifications, including rapid phosphorylation of S139 upon
DNA damage. yH2A.X localizes to nuclear foci that are associated with DNA DSBs and is
regulated by several phosphoinositide 3-kinase-related protein kinases, such as ATM (ataxia
telangiectasia mutated), ATR (ATM and Rad3-related) and DNA-dependent protein kinases,
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many of which are mutated in human disease. H2A.X can also be phosphorylated (for
example, at S16, T136 and Y 142), acetylated and ubiquitylated at numerous other residues,
all of which confer differential effects on nucleosomal structure and function31-133, Owing
to its role in repairing DNA DSBs, both deficiencies in H2A.X and H2A. X
haploinsufficiency lead to genomic instability and increased cancer incidence when coupled
with p53 disruptions®2:63, Furthermore, chromosomal deletions of band 1123 (REFS 134-
136), where H2AFX maps, and alterations in H2AFX copy number37:138 have been reported
at high frequencies in various human haematological malignancies and solid tumours, which
indicates that aberrant regulation of H2A.X might contribute to cancer initiation and
progression.

mH2A, which is the most structurally distinct of the H2A variants, has also been implicated
in cancer initiation and progression, and particular isoforms of mH2A have reduced
expression in several tumour types (for example, melanoma, and lung, testicular, bladder,
colon and ovarian cancers)139-143 which suggests an integral role for mH2A as a tumour
suppressor. For example, it was recently reported that transcriptional loss of both mH2A.1
and mH2A.2 isoforms in melanoma promotes progressive malignancy through deregulation
of cyclin-dependent kinase 8 (CDK8)41, which has previously been implicated as an
oncoprotein in colorectal carcinoma. Similar to H2A.Z, mH2A has also been described as a
marker of senescencel#4, and its loss potentially contributes to malignant transformation.
Finally, although a direct link has yet to be established, the H3.3 chaperone ATRX has
recently been reported to be a negative regulator of mH2A deposition in chromatinl45,
Given recent findings that connect gain- and loss-of-function H3 mutations with deletions in
ATRX in a range of tumours, it is possible that deregulated mH2A deposition may lead to
tumorigenesis.

Conclusions and future perspectives

It is now clear that histone variants represent an important component of the nuclear
transcriptional machinery in terms of their distinct deposition profiles as well as structural
and biophysical properties. The replication-independent expression and deposition of
histone variants differ from those of canonical histones and are important for maintaining
various aspects of chromatin integrity following turnover of nucleosomes. Besides simply
buffering nucleosomal density, such specialized characteristics of histone variants provide
additional complexity to the mammalian epigenome to allow tighter transcriptional control
and enhanced heterochromatic maintenance through intrinsic structural differences,
differential recruitment of trans-associated factors and, in some cases, altered post-
translational modification landscapes.

The introduction of these minor sequence variants into chromatin is physiologically relevant
and fundamental to eukaryotic cellular plasticity. However, with the exception of
substitutions towards modification-permissive amino acids (for example, both H3.1A31 and
H3.2A31 to H3.3S31, which can be phosphorylated), it remains unclear how histone
variants acquire and/or differentially enrich for specific chemical modifications that are
distinct from their canonical counterparts. For example, given that all lysine residues are
conserved across the three H3 species, it seems remarkable that the variant H3.3 is
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preferentially marked in many cell types by “active’ post-translational modifications,
whereas canonical H3.1 and H3.2 are more repressively modified. The underlying
mechanisms that control such differences have not been fully elucidated; however,
differences in deposition machinery are likely to contribute to this phenomenon.

Although recent structural data have uncovered some of the biophysical interactions that
control specific variant— chaperone interactions, the molecular mechanisms that target these
complexes to distinct epigenomic loci have not been completely characterized. As
mentioned above, such targeting mechanisms are probably different in post-replicative cells,
such as neurons, in which choices for histone incorporation are limited. Perhaps alternative
chaperone complexes and deposition strategies exist in these non-dividing cells to
accommodate such limitations, but little is currently known. Given the dynamic nature of
histone variants and their ability to be regulated at the level of transcription through
upstream signalling, it is likely that the incorporation of these proteins, often
intranucleosomally with variants of other histone families (for example, H3.3 and H2A.Z),
represents a central mechanism of transcriptional plasticity in eukaryotic cells. Identification
of the upstream mediators of such regulation, as well as the consequences of combinatorial
variant deposition throughout the genome, will require further study.

Finally, it will be essential to gain a better understanding of the processes that control cell-
type-specific expression and deposition of histone variants in future studies of histone
variant function. As discussed throughout this Review, numerous histone variants seem to
be restricted to specific cell lineages or tissue types, yet it remains unclear how such
expression patterns are maintained and what the consequences are of increasing or reducing
combinatorial variant deposition across cell types. Aberrations in these processes result in
detrimental phenotypic outcomes across humerous mammalian systems, including humans.
Although we are clearly still in the infancy of this ever-expanding and diverse field, we
imagine that future endeavours related to histone variant biology will hold great promise for
human health and disease.
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Glossary
Nucleosomal Pertaining to the nucleosome, which is the basic unit of
chromatin that contains ~147 bp of DNA wrapped around a
histone octamer (which is composed of two copies each of
histone H3, H4, H2A and H2B, or variants thereof)
Canonical histones Archetypical histones of a given family to which all other histone

proteins of that same family are compared
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Imprinted loci

Bivalent promoters

Totipotent

Pronucleus

Hypomorphic

Polycomb repressive
complex

Trophectoderm

Blastocyst

Inner cell mass

Gastrulation

Core transcription

factor

Aneuploidy
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Genes that are expressed from only one of the two parental
copies, the choice of which is dependent on the sex of the parent
from which the gene was derived

Regions of chromatin that have co-occurrence of histone H3
trimethylated at lysine 27 (H3K27me3) and H3K4me2 or
H3K4me3 during embryonic development

Pertaining to the capacity of an undifferentiated cell to develop
into any type of cell

The haploid nucleus from a gamete

Pertaining to a mutant allele that does not completely eliminate
the wild-type function of a gene and that gives a less severe
phenotype than a loss-of-function mutant

(PRC). An epigenetic regulator of gene expression that silences
target genes by establishing a repressive chromatin state. PRC2
trimethylates histone H3 at lysine 27. This repressive histone
modification is recognized by PRC1, which has ubiquitylating
activity. As PRCs can maintain states of gene expression, they
have key roles in cell fate maintenance and transitions during
development

The outer layer of the blastocyst-stage embryo that gives rise to
the trophoblast after implantation and that will provide the bulk
of the extra-embryonic lineages of the placenta

A pre-implantation embryonic stage that is characterized by the
first definitive lineages. It contains a fluid-filled cavity (that is,
the blastocoel), a focal cluster of cells from which the embryo
develops (that is, the inner cell mass) and peripheral trophoblast
cells (which form the placenta)

A cluster of undifferentiated cells in the blastocyst, which give
rise to the entire fetus and to some of its extra-embryonic (that is,
placental) tissues

The process by which the three primitive germ layers are formed
in the early embryo; it is one of the first major differentiation
events in development

A transcription factor that controls the expression of key
pluripotency-related genes. Pluripotent cells are highly
responsive to levels of these transcriptional regulators

The presence of an abnormal number of chromosomes
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Blebbing Formation of protrusions from a membrane. Nuclear blebs are
caused by localized separation of fibres from the lamin
meshwork
Bridging Formation of abnormal connections between two nuclei, in
which the nuclear membrane extends across two poorly
separated or non-separated chromatin masses. Nuclear bridges
are associated with failed and regressed cytokinesis
Haploinsufficiency A genetic condition in a diploid organism in which a single
functional copy of a gene fails to generate sufficient gene
product, leading to an abnormal or diseased state
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Figure 1. Human core and linker histone variants
a | Variants of the core histones H2A (yellow), H2B (red), H3 (blue) and H4 (green) are

shown. Unstructured amino- terminal tails are shown as black lines. Specific amino acid
residues are depicted at key differences among variants of a common histone protein family
(for example, H2A. X, H2BE and H3.3). Different shades of colour are used to indicate
protein sequences that are highly divergent between canonical histones (which are listed
first) and their variants (for example, H2A.Bbd, histone H2B type W-T (H2BFWT) and
histone H3-like centromeric protein A (CENP-A)). b | Human linker histone variants are

shown. Owing to high sequence divergence between variants, specific amino acid
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differences are not shown. Unstructured amino- and carboxy-terminal domains are shown in
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light grey. Globular domains are shown in brown. Canonical serine/threonine PXK
phosphorylation sites that are targeted by cyclin-dependent kinases are indicated in magenta.
Alternative names of variants are given in parentheses. aa, amino acid; mH2A1,
macroH2AL. Part a is adapted, with permission, from REF. 74 © (2006) Canadian Science
Publishing and has been updated to reflect current data on histone variant structures.
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Figure 2. Structural characterization of H3.3 in complex with DAXX: implications for
chaperone- specific histone variant deposition
a | Amino acid sequence substitutions of the histone variant H3.3 relative to the canonical

replication-dependent histones H3.1 and H3.2 are shown. H3.3 differs from H3.1 and H3.2
at five and four amino acid positions, respectively. b | The crystal structures of the histone-
binding domain of death domain-associated protein 6 (DAXX) in complex with a histone
H3.3-H4 dimer have recently been solved®, which elucidates the principles that underlie the
specificity of DAXX-mediated H3.3 recognition. Further functional studies indicated a
crucial role for G90 in H3.3 (which forms part of the substituted H3.3 core AAIG motif
(FIG. 1)) in DAXX-mediated H3.3 recognition®. Data from REF. 5.
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Figure 3. Histone variant exchange in post-replicative cells
Recent findings have suggested distinct mechanisms of histone variant regulation in

postmitotic neurons during periods of heightened or reduced cellular activity. In the
presence of a stimulus, calcium-dependent dephosphorylation of death domain-associated
protein 6 (DAXX) in embryonic cortical neurons leads to an increase in H3.3 deposition at
regulatory elements that are associated with activity-dependent immediate early gene
responses. Conversely, during periods of reduced sensory experience, expression of H2BE
(which is enriched exclusively in olfactory chemosensory neurons) is enhanced, which
results in cell death.
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Figure 4. H3.3 variant mutations in brain gliomas: direct evidence that ‘every amino acid

matters’

The wild-type histone H3 recruits Polycomb repressive complex 2 (PRC2) and stimulates
methyltransferase activity of its catalytic subunit EZH2 (green box),which trimethylates
histone H3 at lysine 27 (H3K27me3). The replication-independent histone variant H3.3
mutant that contains the K27M substitution (red box) was recently identified in many diffuse
intrinsic pontine gliomas (red circle, bottom left) and supratentorial glioblastomas (red
circle, top left). This mutation leads to dominant inhibition of EZH2 in both cisand trans
and to concomitant global loss of H3K27me3. These data provide the first direct evidence
that mutations in histone variants themselves contribute to human disease.
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