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Abstract

Histones serve to both package and organize DNA within the nucleus. In addition to histone post-
translational modification and chromatin remodelling complexes, histone variants contribute to the
complexity of epigenetic regulation of the genome. Histone variants are characterized by a distinct
protein sequence and a selection of designated chaperone systems and chromatin remodelling
complexes that regulate their localization in the genome. In addition, histone variants can be
enriched with specific post-translational modifications, which in turn can provide a scaffold for
recruitment of variant-specific interacting proteins to chromatin. Thus, through these properties,
histone variants have the capacity to endow specific regions of chromatin with unique character
and function in a regulated manner. In this Review, we provide an overview of recent advances in
our understanding of the contribution of histone variants to chromatin function in mammalian
systems. First, we discuss new molecular insights into chaperone-mediated histone variant
deposition. Next, we discuss mechanisms by which histone variants influence chromatin properties
such as nucleosome stability and the local chromatin environment both through histone variant
sequence-specific effects and through their role in recruiting different chromatin-associated
complexes. Finally, we focus on histone variant function in the context of both embryonic
development and human disease, specifically developmental syndromes and cancer.

Organisms have evolved complex and elegant mechanisms of chromatin regulation to
support cell function and specialization. The basic unit of chromatin — the nucleosome core
particle — is composed of approximately 146 base pairs of DNA wrapped around a histone
octamer, which contains two copies of each of the core histones H2A, H2B, H3 and H4
(REF.1). Wrapping of chromatin on nucleosomes is further stabilized by linker H1 histones
bound at the entry and exit sites of DNA from each nucleosome, which is thought to
contribute to chromatin compaction?.
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Most histones present in chromatin are replication coupled: they are synthesized only during
S phase and are deposited onto newly replicated DNA by dedicated histone chaperones that
work in concert with the DNA polymerase3. Their genes are present as multiple, intronless
copies in histone clusters within the genome, and their expression is tightly regulated at both
the transcription level and the translation level. However, several histones are encoded by
genes outside these canonical histone clusters. These genes are generally present in one or
two copies within the genome and exhibit a more typical gene structure, with introns that
can result in different splice isoforms in some cases. Their expression and chromatin
incorporation at specific genomic regions is not coupled to cell cycle regulation. These
histone variants are subject to dynamic exchange, and both their deposition and their
selective eviction and/or recycling are regulated by specific chaperones or chromatin
remodelling complexes (generally quite large in size) that recognize amino acid differences
between these variants and their replication-coupled counterparts. Some histone variants are
uniformly expressed, while others are tissue specific, with selective expression demonstrated
in the male germ line (testes) and the brain. Some variants are highly conserved and appear
to have arisen only once in evolution, while other variants seem to have diverged repeatedly
in different lineages®. Histone variants also have highly similar isoforms called ‘subvariants’
(encoded mainly by pseudogenes), which are not conserved among species and might play a
role in regulating tissue-specific gene expression®. All core histones in mammals exist as
one or more such replication-independent variant counterparts, including the newly
discovered Hominidae-specific histone H4 variant H4G®’ (FIG. 1; TABLE 1).

Besides the widely appreciated mechanisms such as histone and DNA modification,
chromatin remodelling and topological higher-order chromatin organization®, the
incorporation of histone variants into chromatin contributes to the diversity of nucleosome
structure and function®10. The changes to chromatin associated with histone variant
incorporation can be profound, resulting in nucleosomes that contain vastly different histone
sequences and domains compared with their replicative counterparts, or relatively modest,
with variant-containing nucleosomes differing by just a few amino acids yet displaying
distinct genomic enrichment profiles and properties. Histone variants function in virtually all
known DNA-templated processes. For example, the centromere-specific variant centromeric
protein A (CENP-A) epigenetically marks the centromeric region of chromosomes, and
H3.3 is highly associated with chromatin dynamics and nucleosome turnover. Furthermore, a
number of distinct H2A variants influence DNA organization through participation in DNA
repair, gene regulation and other processes, which are discussed in detail later. Accordingly,
deregulation of histone variant expression and deposition has been implicated in both
developmental syndromes and cancer (TABLE 1). As such, histone variants have been
intensely studied, with many important insights having been made in recent years.

In this Review, we provide an overview of the core histone variants, describe recent insights
into the molecular mechanisms that drive their deposition and discuss our current
understanding of how they affect chromatin function. We further discuss the role that core
histone variants play during mammalian development and end with recent advances in our
understanding of the contribution of histone variants to developmental disorders and cancer.
Of note, in addition to core histones, the linker histone H1 family consists of a large number
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of both somatic and germline-specific variants, which will not be covered here in detail (see
REF.2 for a review).

Histone variants and their chaperones

H3 variants

The expression of histone variants throughout the cell cycle allows them to participate in
genome regulation outside of replication, and their deposition is often referred to as
replication independent, although some histone variants positively contribute to
replication11-13, Studies of replication-coupled histones and their chaperones have provided
important theoretical frameworks for our understanding of histone variant—chaperone
interactions!4. In the following subsections, we summarize our knowledge of the best-
characterized H3 and H2A variants and their deposition complexes and provide a brief
description of H2B and H4 variants, with a focus on histone variants found in mammals
(FIG. 1).

The H3 variants demonstrate that small sequence differences can dramatically influence
molecular outcomes of their incorporation into chromatin. In mammals, there are three main
classes of H3 with tissue-wide expression: (1) replication-coupled H3.1 and H3.2, which
differ by one Cys96-to-Ser96 amino acid substitution, whose significance is unknown; (2)
the replacement variant H3.3 (described as such because of its role in histone replacement at
active genes and promoters); and (3) CENP-A.

In mammals, H3.3 is encoded by two distinct genes, H3F3A and H3F3B (also known as
H3-3A and H3-3B), whose translation results in an identical protein product that differs
from H3.1 and H3.2 by only four or five amino acids (FIG. 1). Histone chaperones are able
to distinguish between H3.1/H3.2 and H3.3 variants using an amino acid motif at the base of
a-helix 2 in the core of the protein, wherein the Ser-Ala-Val-Met motif from amino acids
87-90 in H3.1 and H3.2 is replaced by the Ala-Ala-lle-Gly motif in H3.3. Another
difference between H3.1/H3.2 and H3.3 occurs in the highly post-translationally modified
N-terminal tail with Ala at position 31 in H3.1 and H3.2 that is replaced in H3.3 by a highly
conserved Ser. Phosphorylation of Ser31 of H3.3 has been implicated in several biological
processes that are discussed in more detail below!5-19,

Despite the observation that H3.3 nucleosomes are essentially structurally identical to H3.1
nucleosomes20, H3.3 deposition is generally an indication of dynamic chromatin, with
enriched regions exhibiting high turnover rates on a genome-wide level?1:22, Accordingly,
H3.3 deposition is characteristic of euchromatin and specifically associated with active
regulatory elements, including enhancers and promoters as well as gene bodies. H3.3
deposition is mediated by the histone regulator A (HIRA) chaperone complex, composed of
HIRA, ubinuclein 1 or ubinuclein 2 (UBN1 or UBN2) and calcineurin-binding protein
CABIN123-25 (FIG. 1). HIRA associates with RNA polymerase 11 and associated
machinery26.27  transcription factors28 and replication protein A (RPA)-bound regions of
nucleosome-free DNAZ29, all of which are proposed to be involved in recruitment of HIRA
and subsequent H3.3 deposition at genes. HIRA does not make contacts with H3.3 and
rather enhances interaction between H3.3 and its direct chaperone, UBN1 (REFS30:31), H3.3
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incorporation at transcriptionally active regions can result either from de novo deposition of
newly synthesized H3.3 or from recycling of H3.3 from existing nucleosomes. Recent
biochemical and crystallographic analyses show that the HIRA subunit forms a homotrimer
that binds two subunits of CABIN1, and that this stoichiometry and interaction with UBN1
are required for deposition of de novo synthesized H3.3 (REF.32). By contrast, transcription-
mediated recycling of existing H3.3 (due to RNA polymerase 11 displacement of
nucleosomes during elongation) does not require UBN1 and relies only on HIRA and the
general H3 and H4 chaperone anti-silencing factor 1 (ASF1)33. This H3.3 recycling is linked
to maintenance of histone H3 Lys36 trimethylation (H3K36me3)33 — a histone post-
translational modification (PTM) found in gene bodies and associated with active
transcription — suggesting that an important function of H3.3 recycling is to maintain
chromatin PTM states at actively transcribed regions. Although it was initially surprising, it
is well established that H3.3 is also deposited at repetitive heterochromatic regions such as
telomeres and pericentromeric chromatin by a complex comprising a-thalassaemia mental
retardation syndrome X-linked (ATRX) and death domain-associated protein
(DAXX)23:34-36 (FIG. 1). Additionally, H3.3 is enriched at endogenous retroviral elements
and imprinted regions in mouse embryonic stem cells (ES cells) in a DAXX-dependent
manner3’:38, although the contribution of ATRX at these regions is unclear, with studies
providing evidence both for and against a role for ATRX37-40, Structural comparisons of
DAXX and UBN1 bound to the H3.3—H4 dimer reveal striking similarities and suggest that,
despite their lack of sequence conservation, these two chaperones have evolutionarily
converged on recognizing the Ala-Ala-lle-Gly motif as a mechanism to allow discrimination
among H3 histones304142, protein folding of DAXX is coupled to H3.3—-H4 substrate
recognition and binding in vitro*3, and loss of H3.3 results in reduced levels of nuclear
DAXX3740  suggesting a paradigm in which the substrate is required for chaperone stability.
As such, DAXX and also HIRA** require H3.3 to allow their recruitment to chromatin.
While understanding the actual deposition process remains a major challenge, the presence
of histone variant chaperones on chromatin provides support for the idea that one function of
histone variants is to participate in the nucleation of chromatin-associated complexes at
distinct regions of the genome.

In addition to H3.3, a number of additional replication-independent H3 variants exist. These
variants may be expressed only in specific tissues, for example the testis-specific H3.4 (also
known as H3T)* and H3.5 (REF.46), and may be species specific, such as the primate-
specific H3.Y.1 and H3.Y.2 (previously referred to as H3.Y and H3.X, respectively)*’ and
H3.5, which is specific to the hominid lineage (REF.#6). Despite containing the Ala-Ala-1le-
Gly motif, H3.Y.1 interacts only with the HIRA complex and not with ATRX-DAXX, which
was found to be dependent on a \Val46-to-Leu46 substitution from H3.3 to H3.Y.1 (REF.48).
This observation demonstrates the power of natural mutations in dissecting H3 variant—
chaperone interactions and leaves open the question as to why higher organisms evolved an
H3 variant that is a substrate for only one H3.3 deposition pathway. H3.Y.1-H3.3
heterotypic nucleosomes appear to be less compact (displaying higher susceptibility to
micrococcal nuclease) than H3.3—H3.3 nucleosomes*®. Furthermore, unpublished data
demonstrate that DAXX-mediated H3.3 deposition actually helps to maintain a closed
chromatin state at endogenous retroviral elements and ATRX-bound regions enriched with
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G-quadruplex DNA structures (personal communication with S. Elsésser and our own data),
suggesting that H3.Y.1 deposition and nucleosome destabilization could be disruptive to the
heterochromatin state found at these regions.

Evolution has also provided a highly specialized centromeric H3 variant, referred to as
CenH3 or CENP-A in mammals, that is a key determinant of centromere identity and is
required for genome stability (recently reviewed®%) (FIG. 1). Given the critical importance
of the centromere in chromosome segregation, one might expect CENP-A to be highly
conserved. However, there is evidence that centromeric H3 variants are rapidly evolving and
they are far less conserved than other H3 variants®. CENP-A exhibits 50-60% sequence
similarity with most other H3 variants in the histone-fold domain and possesses a unique N-
terminal tail. CENP-A-containing nucleosomes show transient unwrapping at the DNA
entry—exit site, which may influence nucleosome assembly and stability. This has been
attributed to the amino acid at position 49 in the protein sequence, which makes contacts
with DNA: CENP-A contains a Lys residue at this position, whereas other H3 variants
harbour an Arg residue52. CENP-A is chaperoned to the centromere by Holliday junction
recognition protein (HJURP) and associates with at least 16 known centromere-associated
network (CCAN) proteins®3-56. The CCAN both recruits CENP-A to establish the
kinetochore and serves as a structural core to directly recruit kinetochore proteins®’. Despite
divergent evolution, the structure of CENP-A with HJURP was used prospectively to aid
determination of the H3.3-DAXX structure?, and there are many striking similarities
between the two complexes*1:58. Variations in stoichiometry of the CCAN complex
components alter the physical properties of the nucleosome and the mode by which
downstream CCAN and kinetochore components interact with CENP-A nucleosomes®. As
with variations in the HIRA complex, these observations suggest that variant-specific
chaperone complexes are flexible and allow distinct molecular outcomes based on the
composition of the complex formed.

H2A variants

To date, the H2A family contains the greatest sequence diversity of identified variants. In
humans, four classes of replication-independent H2A variants have been reported: H2A.X,
H2A.Z, macroH2A and testis-specific short H2A variants (H2A.B, H2A.L, H2A.P and
H2A.Q) (reviewed in REF.59) (FIG. 1). These variants span the spectrum of relatively
modest amino acid differences — for example, the H2A.X variant contains an additional C-
terminal Ser-GIn-Glu-Tyr motif, which is critical to its function — to large changes in
protein composition — for instance, macroH2A contains an additional large C-terminal
macro domain, whereas H2A.B lacks both the acidic patch (see further later) as well as the
C-terminal a-helix and tail, both of which are fundamental for histone—histone interactions
and nucleosome stabilization. While some H2A variants are known to partner with dedicated
chaperones and ATP-dependent chromatin remodellers, the mechanisms that regulate
localization of many H2A variants at specific genomic regions have been enigmatic. It is
possible that general chaperone proteins such as nucleosome assembly protein 1 (NAP1) and
facilitates chromatin transcription (FACT) perform this function6%:61, In support of this
notion, structural studies show that the FACT complex directly interfaces with H2B and is
likely insensitive to the identity of H2A within the H2A-H2B dimer2:63, However, a
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general H2A-H2B chaperone cannot explain specificity of variant deposition, and thus
additional undiscovered mechanisms must be at play to restrict H2A variants to specific
regions of chromatin.

Histone H2A.Z is present in almost all organisms and is thought to have evolved early and
only onceb4. H2A.Z shares extensive homology and structure with the core H2A in the
histone-fold domainl:65, yet differs greatly in the sequence of its C-terminal tail (FIG. 1). In
mammals, H2A.Z is encoded by two distinct paralogues, HZAFZ (also known as HZAZ1)
and H2AFV (also known as H2AZ2), resulting in two different isoforms, H2A.Z.1 and
H2A.Z.2, that differ by only three amino acids®¢-68. Additionally, #2AFV transcript can be
alternatively spliced to give rise to two isoforms, H2A.Z.2.1 and H2A.Z.2.2, that differ in
their C-terminal tails®. These three proteins are often collectively referred to as H2A.Z,
although recent publications suggest that chromatin remodellers can distinguish among
them, and these small differences have biological importance, which is discussed later’0-72,
Vertebrates contain two ATP-dependent chromatin remodellers responsible for incorporation
of H2A.Z, p400 and Snf2-related CREBBP activator protein (SRCAP), both homologues of
the Swi2/Snf2-related chromatin remodelling 1 (SWR1) complex’374, The SWR1 complex
mediates deposition of H2A.Z at regulatory elements and gene promoters in a stepwise
fashion, generating first heterotypic H2A-H2A.Z nucleosomes and then homotypic H2A.Z
nucleosomes’>-77. Cells use distinct mechanisms to evict H2A.Z from nucleosomes, and the
INO80 remodeller’® and acidic leucine-rich nuclear phosphoprotein 32 family member E
(ANP32E) have been identified as H2A.Z-specific chaperones that are able to perform this
function’9:80, H2A Z has been associated with both gene activation and gene silencing,
potentially through regulating access of transcription factors and other chromatin-associated
proteins to the underlying DNA8481-83 H2A 7 is also necessary for the function of
centromeres, and its loss leads to improper heterochromatin formation, loss of centromere
cohesion, structural changes in pericentromeric heterochromatin and chromosome
segregation defects84-87.

To date, no dedicated chaperones have been discovered for macroH2A, H2A.B or H2A. X,
although FACT was recently identified as a factor promoting the ‘pruning’ of regions of
macroH2A2 enrichment at transcribed chromatin®8. Incorporation of macroH2A results in
perhaps the most dramatic alteration to the nucleosome of any histone variant, as its C-
terminal macro domain is roughly twice the size of its histone-fold domain8® (FIG. 1). In
mammals, two non-allelic genes, HZAFY and HZAFY?2, code for the two isoforms,
macroH2A.1 and macroH2A.2. Additionally, HZAFY transcript can produce two splice
variants, macroH2A.1.1 and macroH2A.1.2 (REF.99). The macro domain of macroH2A.1.1
is able to bind to ADP-ribose and poly(ADP-ribose)?0-92, which is illustrative of the many
links between chromatin regulation and metabolism3 (poly(ADP-ribose) is generated from
the metabolite NAD™). The general view of macroH2A is as an epigenetic repressor of gene
transcription due to its colocalization with Polycomb repressive complex 2 (PRC2)-mediated
facultative heterochromatin, its relative depletion from active genes and its association with
chromatin condensation®4-%. The function of macroH2A in chromatin compaction was
recently attributed not to the presence of the macro domain but to the short, unstructured
linker region that separates this domain from the histone fold®6, perhaps by promoting
liquid-liquid phase separation of the protein and the formation of nuclear condensates. Of
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note, the plant histone variant H2A.W shows similarities in conserved motifs with
macroH2A, suggesting that plants and animals share common mechanisms for
heterochromatin condensation®’ (see8 for a complete review of histone variants in plants).
In contrast to macroH2A, H2A.B is the smallest H2A variant yet identified (FIG. 1). In
mammals H2A.B is encoded by three intronless non-allelic genes, HZAFB1 (also known as
HZABI) HZAFBZ2 (also known as HZAB2) and HZAFB3 (also known as HZAB?3), is
strongly expressed in the testis and is thought to promote transcription through its
destabilization of the nucleosome and through its ability to bind splicing factors and regulate
mRNA processing®®-101, Three additional short H2A variants exist in mammals (H2A.L,
H2A.P and H2A.Q), although at least one type has been lost from all mammalian species1%2,
For example, H2A.L is present in mammals, but not in humans, and its incorporation into
chromatin impacts nucleosome structure and its remodelling®?:100.103_ Finally, H2A.X and
its unique phosphorylation at Ser139 (resulting in yH2A.X; FIG. 1) has been historically
associated with the DNA damage response, with deposition dependent on FACT and
coupled to repair-associated DNA synthesis® (seel% for a review of the role of histone
variants in DNA damage).

H2B and H4 variants

Both H3 and H2A make homodimeric contacts in the octamer, whereas H4 and H2B contact
only other histones®. Thus, probably, the different positions of the core histones within the
nucleosome particle have subjected them to different evolutionary forces, leading to
important diversifications of H2A and H3 but not as much for H2B and H4 (REF.%).
Nevertheless, recently a new H4 variant, H4G, was found in a variety of human cell lines
with localization primarily to the nucleoli®”. Finally, minor sequence differences are
observed in the four H2B variants identified so far (H2B, H2BE, TSH2B and H2B.W),
which typically involve only a few amino acid substitutions (FIG. 1; TABLE 1). However,
many of these substitutions occur in the histone-fold domain of these proteins, thereby
destabilizing histone—histone interactions in a similar way to that of the H2A variants08,

The basis of histone variant functions

There are at least three important concepts when one is considering the functional role of
histone variant deposition into chromatin. First, given the sequence differences between
replication-coupled and histone variants, variants could endow nucleosomes with different
inherent physical properties (FIG. 2). Second, through interaction with their unique domains
and chaperone systems, histone variants can support the formation of distinct chromatin-
associated complexes at specific regions of the genome (FIG. 3). Third, on the basis of both
their specific genomic localization (that is, colocalization with specific chromatin-modifying
enzymes) and their unique sequence, non-replicative histone variants are often enriched with
specific PTMs or even can carry unique PTMs compared with their respective replication-
deposited counterparts, which in turn can provide a scaffold for recruitment of variant-
specific interacting proteins to chromatin (FIGS 1,3).
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Nucleosome structure and dynamics

One aspect of incorporation of histone variants into nucleosomes is changes to their
structure and stability. For example, H2A.B and the related short H2A variants have
truncated C termini and lack an acidic patch, which on other H2A family members is
important for stabilizing histone-histone contacts with H4 in the nucleosome!0’. H2A.B
nucleosomes accommaodate a shorter stretch of ~118-130 bp of DNA compared with the
normal 147 bp%%:198 which inhibits chromatin folding1%9. Functionally, H2A.B deposition is
correlated with active transcription and splicing both in vitro and in vivol0l,

As another example, H2A.Z nucleosomes can be either homotypic (containing two H2A.Z
molecules) or heterotypic (containing one H2A.Z molecule and one H2A molecule), and this
composition translates to nucleosome stability: homotypic H2A.Z nucleosomes are more
stable!10 owing to their extended acidic patch!! and, because of their more stable state,
stimulate PRC2 (REF.112) (FIG. 2). H2A.Z also contributes to heterochromatin formation by
enhancing interaction between heterochromatin protein 1a and the nucleosome core in
pericentromeric regions, which was required to promote kinetochore-driven microtubule
formation and unperturbed chromosome segregation13-115, Heterotypic H2A.Z-H2A
nucleosomes are reported to have reduced stability because of steric hindrance between their
divergent L1 loops, sequences in the C-terminal tail that facilitate interaction between the
two H2A proteins in the nucleosome®®. Furthermore, primate-specific H2A.Z.2.2 results in
nucleosome instability owing to changes in its C-terminal docking domain that reduce
intranucleosomal contacts with H3 (REF.69). The observation that H2A.Z can destabilize the
nucleosome is in agreement with the deposition profile of H2A.Z at enhancers and
promoters, almost exclusively at the +1 nucleosome position16. These regions are more
likely to be nucleosome-free than other regions of the genome” and are further destabilized
by the presence of nucleosomes containing both H2A.Z and H3.3 (see further later)118.119,
perhaps allowing greater opportunity for transcription-factor binding to the underlying
DNAB82.111.120 ‘while it is perhaps puzzling that H2A.Z can play both activating and
inhibitory roles in transcription, we propose that, in general, H2A.Z is associated with
dynamic regions undergoing changes in chromatin state, as seen for both hormone-induced
gene activation and developmental formation of heterochromatin.

H3.3 is highly enriched in euchromatin, which is characterized by high levels of histone
acetylation and is strongly correlated with active transcription. Studies have suggested that
H3.3-containing nucleosomes are less stable than nucleosomes containing the replicative H3
(REF.118), which is consistent with an active role in transcription. However, ES cells lacking
H3.3 do not show changes in the open state of chromatin at regulatory elements!®,
suggesting that H3.3 may not be causative in promoting nucleosome turnover at these
regions. As such, the observation that H3.3-containing nucleosomes have physical stability
properties different from those of H3-containing nucleosomes in cells might be attributed to
phenomena such as the PTM state or the nature of chromatin-associated complexes
established at sites of H3.3 enrichment. For example, loss of H3.3 results in reduced
recruitment of the nucleosome remodelling deacetylase (NURD) chromatin remodelling
complex to active promoters?1, A recently described subvariant of H3.3 called ‘H3mm7’,
expressed in skeletal muscle stem cells (satellite cells), contains an amino acid substitution
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that destabilizes its contacts with H4 (REF.122), showing that H2A and H3 variants have
both co-opted similar strategies to destabilize the nucleosome to promote access to
underlying DNA. In addition to euchromatin, H3.3 has been shown to be deposited on
centromeric regions in S phase, and it has been suggested that it acts as a placeholder for
CENP-A on newly replicated chromatin, which is not deposited until much later in the cell
cycle — telophase/G1 phase. In this case, the high turnover rates of H3.3 (REFS?1:22) could
support an efficient exchange of H3.3 for CENP-A after mitosis123.

CENP-A deposition also affects nucleosome structure and dynamics. Ectopic expression of
CENP-A results in aberrant DAXX-dependent CENP-A deposition owing to disrupted
stoichiometry between CENP-A and its chaperone, HJURP, and the formation of stabilized
nucleosomes at regulatory elements of chromatinl24. CENP-A influences nucleosome
stability through the presence of two extra amino acid residues (Arg80 and Gly81) in the
loop 1 region, which is solvent exposed and could potentially provide a binding site for
trans-acting factors12> and confer a more rigid subnucleosomal structure when associated
with H4 and centromeric proteins!28. Findings from exogenous CENP-A expression perhaps
become more relevant considering that CENP-A is amplified in a variety of cancers,
including bladder, liver, lung and various gynaecological cancers!2’, and that heterotypic
CENP-A-H3.3 nucleosomes have been observed in cancer cells'24 (see also later). In these
cases, increased deposition of CENP-A could impact chromatin structure outside
centromeres (for example, in transcriptionally active regions). Ectopic CENP-A expression
does not greatly influence gene expression in the steady state, but rather protects cells from
DNA damage through unknown mechanisms24 and as such might play a role in
mutagenesis and chemotherapy resistance.

Variant-specific chromatin states

Gene regulation by H3.3-specific Ser31 phosphorylation.—Generally, the PTMs
that histone variants carry can be considered a product of their localization to specific
regions, and it can be difficult to decouple this effect from functions that can be directly
attributed to the histone variant itself. However, on the basis of sequence differences from
replicative histones, it is possible for histone variant-specific PTMs to occur, and several
striking examples demonstrate that such modifications can have profound impacts on the
local chromatin environment (FIG. 3a-c).

Proteomics studies have shown that H3.3 is enriched with modifications associated with
genome activation, such as H3K4me3, H3K36me3 and H3K27ac128. Although the residues
modified are also found on H3.1 and H3.2, several recent studies show that expression of
H3.3 mutants carrying substitutions at the site of modification alter global levels of that
modification129130, While it can be difficult to discriminate the importance of a
modification being on a histone variant from its presence owing to genomic localization,
there are cases in which the identity of the variant is critical. For example, in plants, the
H3K27 methyltransferases ATXR5 and ATXR6 favour H3.1 over H3.3, which relies on
Ala31 in H3.1 (FIG. 3a). Thereby, the repressive H3K27mel mark is preferentially placed
on H3.1, potentially protecting transcriptionally active, H3.3-enriched regions from
H3K27mel and Polycomb-mediated repression during DNA replication131:132,
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Although most PTMs on histones are not restricted to particular variants, one example of a
histone variant-specific PTM is the phosphorylation of a unique Ser31 on the H3.3 N-
terminal tail (FIGS 1,3a). This phosphorylation was originally reported as a mitotic mark?’,
but several studies suggest that this serine and/or its phosphorylation are important
developmentally and are linked to gene regulation. For example, a recent study demonstrated
that a phosphomimetic H3.3 (with Asp31) but not a phosphomutant H3.3 (with Ala31) was
able to rescue developmental defects caused by H3.3 deletion during Xenopus laevis
gastrulation®. This dataset also identified factors that are either recruited (for example,
members of the B-catenin signalling pathway during interphase) or repelled (for example,
factors implicated in splicing such as small nuclear ribonucleoproteins during mitosis) by
the phosphomimetic H3.3, suggesting that H3.3 phosphorylation at position 31 influences
formation of chromatin effector complexes. Furthermore, the study found that
phosphomimetic H3.3 promotes active chromatin states such as H3K27ac. In agreement, our
work demonstrated that H3.3 Ser31 is required for activation of new transcriptional
programmes through the acetylation of enhancers and promoters at developmental genes in
differentiating ES cells, and that phosphorylated H3.3 stimulates p300 histone
acetyltransferase activity, augmenting H3K27ac levels in vitrol® (FIG. 3b). Another recent
study showed that in lipopolysaccharide-stimulated macrophages, H3.3 Ser31
phosphorylation recruits histone methyltransferase SET domain-containing 2 (SETD2) — a
component of the active transcription machinery — to stimulation-responsive genes,
resulting in H3.3 Lys36 trimethylation and rapid gene induction®. At the same time, there is
evidence that H3.3 Lys36 trimethylation is read by a transcription repressor and tumour
suppressor, zinc-finger MYND-type-containing 11 (ZMYND11)133.134 (F|G. 3c). As
biochemical analysis shows that ZMYND11 binding is greatly reduced by H3.3 Ser31
phosphorylation®33, it will be important to determine how the kinetics of H3.3 Ser31
phosphorylation influence both SETD?2 activity and ZMYNDZ11 function on chromatin. Of
note, many studies show that H3.3 is not required to maintain ongoing
transcription1®23.44.135 From the findings taken together, we suggest that H3.3 plays a more
important role in rapid, signal-mediated gene activation than in the maintenance of existing
gene expression programmes.

Histone variant-specific phosphorylation has also been observed at high-repeat genomic
regions, and the presence of H3.3 Ser31 phosphorylation was reported during mitosis both at
telomeres in ES cells and at centromeres in non-pluripotent cells1”:136, In cancer cell lines
that activate the alternative lengthening of telomeres (ALT) pathway (ALT cancers; see also
the section entitled Relevance to human disease), loss of ATRX results in spreading of H3.3
Ser31 phosphorylation — which was attributed to the activity of checkpoint kinase 1
(CHK1) — from telomeres and centromeres to chromosome arms18. This result suggests
that in the absence of ATRX, H3.3 may be more available to its other chaperone, the HIRA
complex, for ectopic deposition. Notably, the appearance of H3.3 Ser31 phosphorylation at
the centromere in non-pluripotent cells occurs in late prometaphase and metaphasel’,
suggesting that, unlike global histone phosphorylation at this stage!3’, H3.3 Ser31
phosphorylation does not play a role in early chromatin condensation. Perhaps it is
important to limit heterochromatic states from spreading and/or it could serve as a mitotic
bookmark for resuming euchromatin functions during G1/S phase. It will be important to
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Functions

test these ideas in future studies. The centromere-specific variant CENP-A is also subject to
variant-specific modification, and phosphorylation, acetylation, methylation and
ubiquitylation have all been connected to different roles in mitosis which are currently under
investigation138,

Indirect effects of histone variant deposition on local chromatin states.—
Histone variants can also influence chromatin state through a number of additional
mechanisms (FIG. 3d-f). First, their chaperones can interact with other chromatin-associated
proteins to promote distinct chromatin states at regions of deposition. For example, H3.3
contributes to H3K9me3 in ES cells through interaction of its chaperone, DAXX, with the
histone methyltransferase SET domain bifurcated 1 (SETDB1) and the Kriippel-associated
box (KRAB)-associated protein 1 (KAP1) co-repressor complex. Loss of H3.3 reduces
KAP1 recruitment, and vice versa, suggesting positive feedback in maintenance of this
complex on chromatin37-38:40.139 (F|G, 3d). Furthermore, variant-specific chaperones can
influence the composition of the nucleosome; for example, ATRX prevents the deposition of
macroH2A in a mechanism that is independent of ATRX association with DAXX140,

In addition to variant-specific PTMs discussed in the preceding subsection, universal PTMs
can also contribute to functional diversification of variant histones. For instance, H4
acetylation in combination with incorporation of H2A.Z.1 into the nucleosome promotes the
binding of bromodomain-containing protein 2 (BRD2) and transcription activation,
indicating combinatorial readout of histone PTM and histone variant composition of the
nucleosome’2141 (FIG. 3e). Histone variants can also be modified in accordance with their
site of deposition and thus modulate transcription. For example, H2A.Z can be extensively
acetylated at regulatory elements — which positively correlates with transcriptional output
— favouring an open conformation that is more permissive to the transcription
machinery’2:81.82142 (F|G, 3d). By contrast, H2A.Z at repressed regions promotes PRC2-
mediated H3K27me3 deposition112 — a mark of facultative heterochromatin.
Concomitantly, in regions of facultative heterochromatin, H2A.Z was shown to be
monoubiquitylated by PRC1, and active deubiquitylation was required to activate expression
of androgen receptor-regulated genes in prostate cancer cells43144 (FIG. 3).

in mammalian development

Given the high degree of sequence similarity of histone variants across phyla and their
regulated developmental expression profiles (FIG. 4), it is not surprising that many histone
variants are required for development13%.145-147 Genetic analyses of the contributions of
histone variants to development are possible because of their unique gene structure and
position outside the histone clusters, and many of these knockout studies have been
conducted in mouse models and other model systems over the past 20 years. In the following
subsections, we describe our current understanding of histone variants in both the germline
and during early development.

Roles in mammalian germ cells

The vast majority of known tissue-specific histone variants are specific to the germ line, of
which the best studied are the testis-specific variants48. The eutherian testis-specific H2A
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variants fall into four clades, H2A.B, H2A.L, H2A.P and H2A.Q, and they all are subject to
accelerated rates of protein evolution compared with other H2A proteins4. During
spermatogenesis, haploid spermatids undergo extensive morphological changes, including
compaction of their chromatin through the replacement of histones with protamines. Without
exception, the testis-specific variants contain amino acid substitutions that destabilize the
nucleosomel92, facilitating the replacement of histones by protamines (histone-to-protamine
transition) during sperm maturation150.151, For example, all short H2A.B variants have lost
or contain a weakened acidic patch that would stabilize histone-histone interactions in the
nucleosome (the original protein name for H2A.B was H2A.Lap1 for lack of acidic
patch)190, The testis-specific H2B protein TH2B also contributes to nucleosome
instability152, and the testis-specific human H3 protein H3T and mouse H3T both contain
one or more amino acid substitutions that destabilize core histone contacts in the
nucleosome or weaken interactions between H3 and DNA at the entry—exit region on the
nucleosomel53.154, Both mouse and human studies have revealed that a small percentage of
H3.3-containing nucleosomes located at key regulatory regions are retained in the chromatin
of mature spermatozoa®®156 and are removed rapidly on fertilization when the paternal
genome is chromatinized using maternal stores of H3.3 (REFS57-159) |t remains to be seen
whether these paternal H3.3 nucleosomes dictate any function after fertilization. Much less
is known about oocyte-specific core histone variants, although oocytes are known to express
a cell-type specific H1 variant called H10069, and several of the variants already discussed
have critical function in oocytes and fertilized embryos, as described in more detail next.

Roles in embryonic development

As for many chromatin-associated proteins, loss of H3.3, H2A.Z.1 and CENP-A results in
embryonic lethality in mouse models before or around the time of gastrulation14>-147 These
variants have all been associated with formation and function of embryonic-specific
pericentromeric heterochromatin and maintenance of genome stability, perhaps explaining
their requirement for development. By contrast, macroH2A, H2A.X and H2A.B are
dispensable for mammalian development161-163 aithough knockout of the genes encoding
these variants in mice has been attributed to various phenotypes in adult mice. Until recently,
technologies did not exist to allow genomic studies from pre-implantation embryos. Because
of this, many laboratories have used ES cells and somatic cell reprogramming to infer the
role in histone variants in cell fate transitions (BOX 1). Given that technologies such as low-
input and single-cell genomics are now being developed, we expect that many concepts from
these models will be tested in the context of early development in the coming years.

A developmental requirement for H3.3 is perhaps not surprising given the highly conserved
nature of its two genes. Deletion of both genes encoding H3.3 in the mouse results in
embryonic lethality around embryonic day 6.5 (E.6.5)13% (although it must be noted that
flies lacking H3.3 develop normally and show only fertility defects, suggesting that, in some
cases, H3 can compensate for loss of H3.3 (REFS164.165)). H3F34 and H3F3B can likely
compensate for each other developmentally, although studies with individual gene deletion
yielded contradictory phenotypes147:166-168 (probably owing to the use of different mouse
strains and different targeting approaches that may affect not only protein translation but
also, perhaps, transcription of non-coding regions such as the 3" untranslated regions, which
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vastly differ between H3F3A and H3F3B). Because H3.3 is deposited at both euchromatic
and heterochromatic regions23 (FIG. 1), it is difficult to attribute embryonic lethality to a
particular function of H3.3. Assessment of chaperone gene knockouts does not provide
further clarity, as deletion of HIRA, ATRX or DAXX results in embryonic lethality around
the same time as H3.3 deletion or slightly after (as late as E11)169-171 and it is likely that
each chaperone has a function outside of its role in H3.3 deposition. Relatively modest
changes in transcription were reported in embryos lacking H3.3, and the embryonic lethality
was attributed instead to chromosomal segregation defects3%. In support of this notion, H3.3
is required to form pericentromeric heterochromatin in the paternal pronucleus after
fertilization172-174 suggesting that an important function of H3.3 in early development is in
heterochromatin formation, centromere definition and chromosome segregation. It is
therefore tempting to speculate that H3.3 deposition at euchromatin is not important for
regulating developmental transcription programmes. However, the pre-implantation embryo
has access to maternal stores of H3.3 mMRNA and protein that may provide sufficient levels
of H3.3 to facilitate transcription required for early embryonic development!”®. Indeed,
maternal H3.3 is necessary for activation of transcription from the paternal genome during
zygotic genome activation%9, Additionally, several studies suggest important roles for
HIRA and H3.3 deposition in transcription during oogenesis and in the zygote, and for
nascent transcription both in the steady state and during nuclear reprogramming?9.176.177,
While the mechanisms are likely many and varied, it will be important to determine exactly
how H3.3 contributes to chromatin regulation of the early embryo in future studies.

Unlike H3.3 and H2A.Z, macroH2A is not essential for embryonic development, as both
MacrohZ2a.1-knockout mice and MacrohZa.1 and MacrohZa.2-double-knockout mice are
viable, although they do display defects in prenatal and postnatal growth and metabolism,
increased perinatal death and defects in adult stem cell function161.178.179 ' Nevertheless,
macroH2A.2 has been found to be essential in other developmental model systems such as
zebrafish, and both macroH2A.1 and macroH2A.2 are required for unperturbed ES cell
differentiation®>180, Several studies suggest that macroH2A may be a tumour suppressor
(with the capacity to suppress cell proliferation and enforce/sustain a differentiated state),
and in line with this function, macroH2A levels are generally low in the early embryo and in
ES cells and increase during differentiation as cells specify their lineagel8 (FIG. 4).
Maternal macroH2A is excluded from the maternal genome shortly after fertilization at the
late pronucleus stage and is not apparent again until the eight-cell stage'81, incidentally
around the point at which blastomeres become functionally distinct. While there is some
disagreement in the field, many studies associate macroH2A with PRC2-mediated gene
silencing82. Accordingly, macroH2A was originally implicated developmentally in X
chromosome inactivation, although it is not required for the initiation of this process®°.
Overall, these data support a model in which macroH2A plays a role in maintaining
differentiated cell states by stabilizing heterochromatin at silenced genes.

Relevance to human disease

As histone variants have such ubiquitous expression and pleiotropic roles, it is not surprising
that they are involved in normal physiology as well as many diseases. For example, as
histone variants presumably become the only source of new histone in postmitotic terminally

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Martire and Banaszynski Page 14

differentiated tissues, such as the brain, it is possible that histone variants may critically
contribute to brain-related diseases such as neurodevelopmental and neurodegenerative
diseases. Indeed several studies suggest that H3.3 and H2A.Z variants critically contribute to
brain function!83-188 Moreover, considering that many histones variants are testis
specificl®1:189 it follows that either the replacement or the modification of testis-specific
histone variants might result in male infertility (recently reviewed!®0). Finally, many cancers
and developmental syndromes are known to carry recurrent mutations in genes encoding
chromatin-associated proteins, including histone variants and their deposition
machineries'2’. In the following subsections we discuss important findings and recent
advances pertaining to the involvement of histone variants in cancer and developmental
diseases (TABLE 1, FIG. 5).

Histone variants in cancer

Histone variant genes and their expression in cancer.—Many enzymes that
modify chromatin are lost or rendered enzymatically inactive in cancers, but it can be
difficult to attribute function to these mutations in part owing to the high mutational burden
found in most adult cancers'91. By contrast, paediatric tumours contain relatively few
mutations, which are more likely to drive oncogenesis given the timing of disease
progression relative to mutation load of the tumour. Mutations in H3.3 are highly recurrent
in paediatric gliomas and chondroblastomas. These mutations tend to be at or near sites of
post-translational histone modifications — including substitution of Met for Lys27 and
substitution of Arg or Val for Gly34 (which lies in the vicinity of Lys36 and affects its
methylation) in glioblastoma, and substitution of Met for Lys36 in chondroblastomal92:193
— and have been shown to function as endogenous inhibitors of Lys methylation194-196,
These mutations have been the subject of intense study and have been extensively reviewed
elsewherel®7. We note two interesting observations in the context of this Review. First, the
Lys27-to-Met substitution found on H3.3 in paediatric brain tumours is also found, albeit
with lower frequency, on H3.1, and the two histone mutations co-occur with mutations in
different tumour suppressors. As such, both the timing and the localization of deposition of
each mutant results in distinct modes of oncogenic transformation198, Second, the Gly34
mutation occurs exclusively on H3.3 with high co-occurrence with ATRX mutation192,
suggesting that amplification of HIRA-mediated H3.3 Gly34 mutant deposition at
euchromatin may contribute to oncogenesis. In addition to neomorphic mutations, H3.3 is
commonly amplified in a number of tumours, and a recent study found that HIRA-dependent
H3.3 deposition is essential for tumour progression through response to extracellular signal-
regulated kinase (ERK) activityl®. It is tantalizing to hypothesize that H3.3 itself is
phosphorylated at its unique serine (Ser31) by ERK or a downstream kinase to facilitate
either enhancer activation or SETD2-mediated gene activity (FIG. 3a-c) required for tumour
progression.

Given the role of macroH2A in preventing changes in cell state during reprogramming (see
earlier and BOX 1), it is not surprising that macroH2A is considered to act as a tumour
suppressor in several cancers2%0, Transcriptional repression of macroH2A in melanoma
contributes to upregulation of oncoproteins that drive cell proliferation, such as cyclin-
dependent kinase 8 (CDKS), and results in altered metabolism291:202, Splicing defects in
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macroH2A that result in reduced protein levels are also associated with tumour growth and
invasion properties, including epithelial-mesenchymal transition2%3. Despite these
observations, there are a number of cancers in which either macroH2A.1 or macroH2A.2 is
upregulated rather than mutated or truncated. Specifically, macroH2A.1 is amplified in ~5%
of clear renal cell carcinomas, and both macroH2A.1 and macroH2A.2 are amplified in
cholangiocarcinomal?’. These patient data demonstrate a complex and cell type-specific
response to altered macroH2A levels that requires additional study.

The expression of H2A.Z is commonly upregulated in a host of tumours, ranging from
breast and prostate cancer to lung cancer and metastatic melanoma2%. H2A.Z and its
acetylation are linked to active transcription and cell proliferation in hormone-dependent
cancers, and high expression levels are indicative of poor prognosis42204. H2A.Z has been
both positively and negatively implicated in epithelial-mesenchymal transition, with one
study reporting negative effects through activation of epithelial genes and repression of
mesenchymal genes29%, while another study reported a role for H2A.Z in activating
mesenchymal genes during the transition state206. Functionally, knockdown of H2A.Z in
various cancer cell lines reduces the proliferative capacity of those cells, and overexpression
promotes growth2097.208 Assessment of both genes encoding H2A.Z (H2AFZ and H2AFV)
as well as their remodellers, SRCAPand EP400, shows that amplification of any one gene
tends to be mutually exclusive of the other three, suggesting similar phenotypic outcomes
for each genel2’. The relationship between H2A.Z expression and tumorigenesis is not
entirely clear and unidirectional, as many cancers carry missense mutations of unknown
function (although one, resulting in H2A.Z.1 Arg80-to-Cys substitution, has been shown to
disrupt nucleosome stability29%) and p400, the remodeller responsible for H2A.Z deposition,
has tumour suppressor function in lymphomas, carcinomas and colon cancer?10.211 The
patient data above imply that H2A.Z.1 and H2A.Z.2 might have redundant functions in
promoting oncogenesis; however, several pieces of evidence suggest a more complicated
scenario. First, while both H2A.Z.1 and H2A.Z.2 are upregulated in metastatic melanoma,
only depletion of H2A.Z.2 reduced cell growth!41, Furthermore, of the two genes,
amplification of H2AFV/is far more common across cancer types!?’.

Dysregulation of CENP-A is thought to be oncogenic in several cancers, and overexpression
of centromere and kinetochore components (including both CENP-A and its chaperone
HJURP) is associated with chromosome instability owing to chromosome missegregation
and poor patient prognosis?12213, Finally, perhaps unsurprisingly, given its prominent role in
DNA damage repair, H2A. X primarily acts as a tumour suppressor. Mutation or deletion of
its encoding gene is observed in a number of cancers and is associated with genomic
instability and oncogenic translocations!62214.215 The involvement of all the histone
variants (and their chaperones) in tumour biology point to them as potentially important
contributors to the establishment of tumour-specific gene programmes, and therefore finding
ways to target them has great potential to be of therapeutic value.

ATRX deregulation in cancer.—Tumours rely on the extension of their telomeres for
their growth, and some (10-15%) do so via a telomerase-independent mechanism known as
ALT. Tumorigenic activation of ALT is strongly associated with inactivating mutations in
ATRX and, less so, in DAXX216, although it is important to note that loss of ATRX is not
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sufficient to induce ALT. Approximately 80% of tumours with ALT harbour mutations in
ATRX or DAXX (although mutations in ATRX and DAXX show a surprisingly high degree
of tumour type specificity), and conversely 70-80% of cancers with A7RX mutations show
ALT2Y7, The oncogenic effect of A7/RX mutation in tumours is generally attributed to
telomere dysfunction (FIG. 5), with a number of groups demonstrating molecular
phenotypes ranging from aberrant transcription of telomeric DNA to abnormal homologous
recombination of telomeres that results in chromosomal rearrangements and genomic
instability in the absence of ATRX. Mechanistically, ATRX was shown to bind G-rich
repetitive elements characteristic of telomeres and pericentromeric regions23218 (FIG. 5A).
These elements are susceptible to the formation of G-quadruplexes, which has been widely
implicated in replication stress, DNA damage and genome instability?®. ATRX deficiency
was shown to induce replication stress at telomeres220-222 (F1G, 5B), suggesting a role for
ATRX in resolving G-quadruplexes. The role of ATRX in preventing replication stress in
response to G-quadruplexes could be attributed to its function as an H3.3 chaperone, as
ATRX-mediated suppression of ALT in U20S cells was shown to depend on DAXX and
H3.3 deposition at telomeres. In this context, telomeric H3.3 deposition could assist
replication through G-quadruplexes223. Alternatively, loss of ATRX promotes deposition of
the splice variants macroH2A1.1 and macroH2A1.2 at telomeres (FIG. 5A). Deposition of
macroH2A1.1 prevents poly(ADP-ribosyl)ated tankyrase from localizing to telomeres and
resolving cohesion, while macroH2A1.2 deposition facilitates homology-directed repair of
damaged telomeres. Both result in increased homologous recombination-dependent telomere
sister chromatid exchange, which may promote ALT140:224.225 (F|G, 5B). A recent report
demonstrated that A7/R.X mutations found in chronic neuroblastoma result in production of
truncated versions of ATRX (in-frame fusions) that lack the ADD domain — which interacts
with the H3 tail and is responsible for its targeting to heterochromatin by binding to
H3K9me3 (REFS226:227) _ yltimately resulting in its redistribution from heterochromatin
to active promoters (FIG. 5B). One of the targets of in-frame fusion ATRX was the
transcription repressor REST, which was upregulated, leading to repression of genes
involved in neuronal differentiation, concomitant activation of neurogenesis programmes
and increased cell proliferation?28, This study also showed that truncated ATRX can carry
out its atypical function in the absence of its interaction with DAXX.

Implications for developmental diseases

Compared with cancer, histone variants and their chaperones have been implicated in
relatively few developmental human syndromes, typically characterized by alterations in a
variant-specific chaperone or chromatin remodeller and not the histone variant itself —
perhaps unsurprising given the essential developmental roles of histone variants as discussed
earlier?29, For example, ATRX is named for its role in a-thalassaemia X-linked mental
retardation syndrome, hallmarks of which are, as the name implies, mental retardation and
a-thalassaemia — a loss of a-globin gene production230. Several studies link ATRX
mutation to dysregulation of gene expression from the a.-globin cluster (FIG. 5C). One study
showed that ATRX promotes a-globin gene expression by protecting this region from the
repressive effects of macroH2A deposition, mediated by DAXX-independent interaction
between ATRX and macroH2A40, Additional studies demonstrated that a.-thalassaemia X-
linked mental retardation syndrome-relevant mutations could compromise its role in
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supporting replication at G-rich regions (of note, here the involvement of H3.3 downstream
of ATRX mutations is unclear)12:218, | oss of ATRX specifically in the forebrain in mice led
to increased replicative damage, cell death and physiological phenotypes such as reduced
growth and decreased lifespan?3l. As shown in neural progenitor cells, DNA damage
associated with the loss of ATRX was further exacerbated by the increase in the formation of
G-quadruplexes. Altogether, these data suggest that ATRX protects neural progenitors from
DNA damage by supporting replication through G-quadruplexes and preventing replication
stress. In extension, this important role of ATRX in neural progenitors could explain the
mental retardation associated with a-thalassaemia X-linked mental retardation syndrome.
Given the high prevalence of acquired A7RX mutations in the broad spectrum of tumours
that undergo ALT (see earlier), patients with a-thalassaemia X-linked mental retardation
syndrome do not generally have an increased incidence of cancer (although limited cases of
osteosarcomas were noted?32). Mutations in patients with a-thalassaemia X-linked mental
retardation syndrome tend to be missense mutations affecting the ADD domain (involved in
targeting ATRX to heterochromatin) and the ATPase (SNF2)-helicase domain233 (which is
important for translocation of ATRX on DNA) that may have rather subtle effects on ATRX
function, whereas tumour mutations are less centred on these domains and are either
missense or truncating alterations that are presumably loss-of-function mutations12’.
Additionally, loss of ATRX is not sufficient to induce ALT (see earlier)?17, so it is likely that
additional mutations are required for cancer progression. Coupled with the observation that,
to our knowledge, DAXX mutations have not been reported in a-thalassaemia X-linked
mental retardation syndrome and the fact that A7TRX and DAXX mutations show a high
degree of cancer-type specificity in tumours!2?, these observations add to the accumulating
evidence that ATRX and DAXX have distinct biological roles in development and disease.

A recent study of the developmental disorder Floating-Harbor syndrome (FHS) implicated
disease-associated deregulation of H2A.Z and provided new biological insight into the
differences between H2A.Z.1 and H2A.Z.2 (REF.79). This rare disorder is characterized by
heterozygous mutations in the H2A.Z remodeller gene SRCAPthat result in reduced
enrichment of H2A.Z.2 compared with H2A.Z.1 at enhancers and subsequent perturbations
in the activation of neural crest gene programmes leading to craniofacial defects. With X.
laevis as a developmental model system, the FHS could be phenocopied by knocking down
H2A.Z.2 but not H2A.Z.1. The most surprising finding from this study was that the
pathology could be attributed to one of the three amino acids that differ between H2A.Z.1
and H2A.Z.2. Specifically, H2A.Z.1 carrying an H2A.Z.2 substitution (Ser38 to Thr38) was
able to rescue FHS developmental phenotypes. Studies suggest that this amino acid
contributes to the conformation of the L1 loop in H2A.Z to influence nucleosome dynamics,
with Thr38 nucleosomes displaying lower mobility234. These data imply that this single
amino acid confers nucleosome properties required for regulating craniofacial development.

Conclusions and perspective

Over the past decade, considerable progress has been made in understanding the
mechanisms by which histone variants are chaperoned to chromatin, the effect of their
deposition on local chromatin landscapes and the function of histone variant and chaperone
misexpression and mutations on human disease (TABLE 1). In our view, a crucial concept
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emerging from the past few years of study of histone variants is that a very small change in
the amino acid sequence of the histone can drive comparatively large effects genome-wide
on its incorporation into chromatin (for example, the biological consequences of differences
between H2A.Z.1 and H2A.Z.2) and can allow these proteins to serve as mediators of
signalling pathways that converge on chromatin (for example, H3.3 phosphorylation in gene
activation).

We expect that ever-improving technologies will continue to drive impactful new discoveries
in histone variant biology into the next decade. State-of-the-art quantitative mass
spectrometry approaches will no doubt continue to elucidate undiscovered features of the
histone variant interactome, consisting of nuclear and chromatin-bound proteins, which will
be important to address the mechanisms by which histone variant chaperones are recruited to
and promote deposition of histone variants at specific regions of chromatin. Improvements
in structural biology approaches such as cryo-electron microscopy will provide
unprecedented views of the relatively large complexes formed by the deposition machinery,
as well as interactions with the nucleosome that allow both de novo deposition and histone
exchange. New concepts such as that of the cellular roles of biomolecular condensates
driven by liquid-liquid phase separation may provide new theoretical frameworks for our
understanding of chaperone-mediated protein interactions, given that many of these proteins
contain regions that are predicted to be unstructured (and hence have high propensity for
phase separation) or have already been implicated in condensate biology (for example,
DAXX and its association with promyelocytic leukaemia nuclear bodies). The ability to
profile chromatin states and transcription programmes at the level of a single cell will allow
us to determine how histone variants influence fertility and pre-implantation development,
providing critical insights into cell fate decisions in a biologically relevant setting. From a
biological perspective, we predict that one area ripe for discovery is that of ageing and
neurodegenerative disorders. As histone variants presumably become the only source of new
histone in postmitotic terminally differentiated tissues, it is possible that histone variants
may take on many, so far unexplored functions in addition to those described herein, and it
will be important to determine the effects of their loss on both healthy and diseased aged
states. Combined, such novel approaches and concepts will ensure that the field of histone
variant biology will continue to provide important contributions to studies of chromatin-
mediated regulation of both development and disease for years to come.
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Box 11
Histone variants in embryonic stem cell biology

Embryonic stem cells (ES cells) and induced pluripotent stem cells are popular model
systems for studying the role of histone variants in both self-renewal and transitions
between pluripotency and more differentiated states. Different histone variants have been
implicated in different aspects of these processes. For example, ES cells lacking either
histone H2A.Z or histone H3.3 maintain their self-renewal properties yet show defects in
differentiation capacityl®#4.7582 While also associated with active genes, both H3.3 and
H2A.Z have been associated with Polycomb repressive complex 2 (PRC2) activity,
including at developmentally regulated promoters in ES cells and subsequent
transcription of lineage-specific genes during differentiation1®:44.75.112.248,249 143 3 jg
also required for cell state transitions during reprogramming, where it is proposed to play
a role in both erasing the transcription programme associated with terminal (in the
reported case, fibroblast) differentiation, perhaps through histone exchange and removal
of existing chromatin modification states, and in activating enhancers and gene
expression to establish the pluripotency programme?29. MacroH2A is also associated
with PRC2-mediated heterochromatin formation®495, While several studies show
differentiation defects in ES cells lacking macroH2A, it has been reported that
macroH2A-depleted ES cells are able to exit pluripotency180.251.252 However, there is
consensus that macroH2A serves as a barrier to reprogramming towards induced
pluripotent stem cells owing to its capacity to stabilize heterochromatin, thus preventing
efficient reactivation of the pluripotency transcription programme2°3.254, One interesting
observation from ES cell studies is that depletion of several variants, specifically H3.3 or
H2A.X, leads to upregulation of genes that are transcribed specifically in the trophoblast,
a developmental lineage from which ES cells are restricted, suggesting that histone
variants may play a role in maintaining cell states once they are established*4:255, of note,
pluripotent chromatin is characterized by certain unique features, including high rates of
histone exchange with relatively little traditional heterochromatin. It is therefore
interesting to speculate that histone variants contribute to unique mechanisms of
chromatin regulation that are specific to key developmental processes.
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Endogenous retroviral elements

Subset of transposable elements (up to 8% of the total genome) with long terminal
repeats, which can act as transcriptional elements.
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manner.

Imprinted regions

Regions of the genome that harbour genes that are expressed in a parental origin-specific
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nucleosomal DNA.

Micrococcal nuclease

Non-specific DNA and RNA endo—-exonuclease that preferentially digests non-
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G-quadruplex

Guanine-rich DNA sequence that can fold into four-stranded, non-canonical secondary
structures and is involved in genome functions such as replication and genome stability.
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Centromere-associated network (CCAN) proteins

Subcomplex in the kinetochore that binds centromeric chromatin and functions as a
foundation for kinetochore formation.

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2021 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Martire and Banaszynski

Page 37

Poly(ADP-ribose)

Reversible post-translational modification resulting in the covalent attachment of
polymers of ADP-ribose units on target proteins.
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Polycomb repressive complex

Repressor family of protein complexes important for developmental gene regulation and
embryo patterning through enzymatic activity on histone proteins.
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protein activity.

Facultative heterochromatin

Type of heterochromatin that has the ability to become transcriptionally active again (that
is, the inactive X chromosome in mammals), typically marked by Polycomb group
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Liquid-liquid phase separation

Physical process by which cells create non-membrane-bound compartments
(biomolecular condensates) that have been implicated in various cellular processes from
signalling to gene regulation.
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Heterochromatin protein 1

Family of chromodomain proteins that bind to H3K9me3 and are required for the
formation of transcriptionally inactive heterochromatin.
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+ 1 nucleosome

The first (+1) nucleosome positioned after a promoter-associated nucleosome-free region.
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Alternative lengthening of telomeres (ALT) pathway

Telomerase-independent mechanism (homologous recombination-mediated DNA
replication based) by which a number of human tumours maintain their telomeres.
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Mitotic bookmark

Binding by transcription and chromatin regulators at regulatory elements during mitosis
to convey gene regulatory information to daughter cells.
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Protamines

Small proteins that replace histones during spermatogenesis, allowing denser packaging
of DNA in the sperm than would be achieved with histones.
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Pronucleus

Cell nucleus characterized by a haploid set of chromosomes resulting from meiosis
(female pronucleus) or just before fertilization (male pronucleus).
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Zygotic genome activation

Also known as maternal-to-zygotic transition, refers to the process that enables zygotic
gene products to replace the maternal supply that initiated development.
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Trophoblast

Part of the outer trophectoderm layer. These cells contribute to extraembryonic tissues
such as fetal placenta and to processes of early development.
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XY males.

X chromosome inactivation

Transcriptional silencing of a random X chromosome in female mammalian cells that
equalizes the dosage of gene products from the X chromosome between XX females and
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Epithelial-mesenchymal transition

Process that occurs during both development and cancer progression in which epithelial
cells lose their adhesive properties to become invasive mesenchymal cells.
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Homologous recombination-dependent telomere sister chromatid
exchange

Telomere extension events with crossover formation between sister chromatids, which are
used as a template to repair homology-directed damaged telomeres.
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a-Thalassaemia X-linked mental retardation syndrome

Rare X-linked recessive syndrome caused by mutations in the A7RX gene, characterized
by intellectual disability and reduced production of haemoglobin.
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Floating-Harbor syndrome

(FHS). Rare autosomal dominant disease caused by mutations in the SRCAP gene,
characterized by a distinctive facial appearance, various skeletal malformations, delayed
bone age and expressive and receptive language delays.
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nervous system.

Neural crest

Transient developmental structure unique to vertebrates that gives rise to diverse lineages,
including melanocytes, craniofacial cartilage and bone, and most of the peripheral
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Promyelocytic leukaemia nuclear bodies

Nuclear matrix-associated structures with characteristics of biomolecular condensates
that contain promyelocytic leukaemia proteins, which are required for the assembly of a
number of nuclear structures.
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distribution and functional output are shown. Specific amino acid residues are illustrated at
either key differences among members of a common histone protein family (for example,
histone H3.3 Ser31 vs H3.1 Ala31) or at well-established histone variant-specific post-
translational modifications (for example, centromeric protein A (CENP-A) Ser7). Different

shades of colour in the histone’s structures are used to indicate differences within the

domains compared with the replication-coupled histone. See the text and TABLE 1 for
additional details and references. ANP32E, acidic leucine-rich nuclear phosphoprotein 32
family member E; ATRX, a-thalassaemia mental retardation syndrome X-linked; CABIN1,
calcineurin-binding protein cabin 1; CAF1, chromatin assembly factor 1; DAXX, death
domain-associated protein; ERV, endogenous retroviral element; FACT, facilitates chromatin
transcription; HIRA, histone regulator A; HJURP, Holliday junction recognition protein;
NAP, nucleosome assembly protein; NPM1, nucleophosmin; rDNA, ribosomal DNA; UBN,
ubinuclein; SRCAP, Snf2-related CREBBP CBP activator protein.
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Fig. 21. _Variant-contaj ning nucleosomes influence nucleosome stability and chromatin
properties.

The sequence-specific histone variant properties together with selective incorporation of
multiple histone variants into chromatin can influence (positively or negatively) nucleosome
stability and result in different functional output on chromatin organization and function.
Histone H2A.B lacks the acidic patch and leads to decreased nucleosome stability. By
contrast, H2A.Z contains an extended acidic patch that contributes to increased nucleosome
stability in homotypic H2A.Z nucleosomes. MacroH2A contains an extra domain and is also
associated with increased nucleosome stability. Centromeric protein A (CENP-A) confers a
much more rigid subnucleosomal structure through the presence of two extra amino acid
residues (Arg80 (R80) and Gly81 (G81)) in the loop 1 (L1) region, which provide the
connection between two major helices in H3 and CENP-A. Incorporation of histone H3.3
together with H2A.Z at promoters and enhancers results in the loosening of histone—histone
and histone-DNA interactions, leading to chromatin opening, transcription factor (TF)
recruitment and promotion of transcription. H2A.Z nucleosomes also contribute to
chromatin compaction. In this case, H2A.Z nucleosomes together with heterochromatin-
associated H3K9me3 promote chromatin recruitment and stabilization of heterochromatin
protein 1a (HPa), which coordinates chromatin compaction and transcriptional gene
silencing. Furthermore, H2A.Z and macroH2A nucleosomes are both involved in the
recruitment of Polycomb repressive complex 2 (PRC2), thus contributing to H3K27me3 and
facultative heterochromatin establishment. Finally, incorporation of H3.3 into heterotypic
CENP-A-H3.3 nucleosomes at centromeres during DNA replication can act as a placeholder
for later replacement by CENP-A in G1 phase. RNAPII, RNA polymerase Il.
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Fig. 3 1. Variant-containing nucleosomes influence chromatin through various mechanisms.
a—c | Histone variants can harbour post-translational modifications (PTMs) that have direct

effects on chromatin structure and function through the recruitment of specific readers.
Arabidopsis thaliana trithorax-related protein 5/6 (ATXR5/6) methylates only histone H3.1
and not H3.3 owing to steric hindrance by H3.3 Ser31 (part a). Variant-specific modification
can promote chromatin-associated enzyme activity, specifically H3.3 Ser31 phosphorylation
(ph) increases activity of the histone acetyltransferase p300 (part b). Additionally,
H3.3S31ph promotes the histone methyltransferase SET domain-containing 2 (SETD2),
resulting in H3.3K36me3 deposition — a mark of transcriptionally active chromatin. In turn,
H3.3K36me3 is specifically recognized by zinc-finger MYND-type-containing 11
(ZMYND11), a reported repressor of transcription elongation, hence the role of H3.3S31ph
in transcription regulation is likely multifaceted (part c). d | Histone variants can also
influence chromatin state through chaperone interaction with other chromatin-associated
proteins to promote distinct chromatin states at regions of deposition. In the example shown,
H3.3 incorporation leads to death domain-associated protein (DAXX)-dependent
recruitment of Kriippel-associated box (KRAB)-associated protein 1 (KAP1) co-repressor
and histone methyltransferase SET domain bifurcated 1 (SETDBL1), all of which appear
stabilized at chromatin in the presence of H3.3. e | Another mechanism is combinatorial
readout, such as the presence of acetylated histone H4 (H4ac) coupled with histone H2A.Z.1
which promotes bromodomain-containing 2 (BRD2) binding and transcription activation. f |
Histone variants can be modified in accordance with their site of deposition and thus
modulate transcription. For example, H2A.Z can be acetylated at euchromatin or methylated
and ubiquitylated at heterochromatin, contributing to gene activation or silencing,
respectively. See TABLE 1 for additional details and references. PRC, Polycomb repressive
complex.
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Fig. 4 1. Expression of histone variants during embryonic development.
a | The expression levels of histone variants change during the early stages of embryonic

development. Each dot represents the level of the histone variant at the specific
developmental stage. Histones H3.3 and H2A. X are expressed already in the zygote and
importantly contribute to all stages of development. H2A.Z is expressed only later in the
blastocyst. MacroH2A is present in the oocyte but is excluded after fertilization, and its
levels do not increase until the eight-cell stage, b | Requirement of histone variants and
associated chaperones169.170.243-245 for embryonic development in knockout mouse models.
See the text for additional details and references. ANP32E, acidic leucine-rich nuclear
phosphoprotein 32 family member E; ATRX, a-thalassaemia mental retardation syndrome
X-linked; CENP-A, centromeric protein A; DAXX, death domain-associated protein; HIRA,
histone regulator A; HJURP, Holliday junction recognition protein; SRCAP, Snf2-related
CREBBP activator protein.
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Fig. 51. ATRX-dependent mechanismsin physiology, cancer and human genetic disease.
Aa | a-Thalassaemia mental retardation syndrome X-linked (ATRX) is recruited to

heterochromatin regions marked by H3K9me3, where it deposits H3.3 (together with death
domain-associated protein (DAXX))and contributes to chromatin compaction by binding to
heterochromatin protein 1a (HP1a), promoting its stabilization on chromatin. Ab | ATRX
has also DAXX-independent function, whereby it antagonizes deposition of macroH2A1.1
and macroH2A1.2. Ac | These activities are particularly important at telomeres, where
ATRX functions to resolve G-quadruplex (G4) DNA during replication and is also important
for the maintenance of telomeric heterochromatin (maintenance of high levels of
H3K9me3). Ba | ATRXis commonly mutated in cancers that activate a telomerase-
independent mechanism of telomere maintenance via the alternative lengthening of
telomeres (ALT) pathway. ATRX mutations in cancer are both missense and truncation
mutations and are observed along the length of the gene246:247 These mutations in ATRX
can cause loss of function of the protein and lead to the loss of telomeric heterochromatin,
replication stress caused by G4 stabilization (see parts Aa and Ac) and subsequent DNA
damage at telomeres as well as increased homologous recombination-dependent telomere
sister chromatid exchange (T-SCE) downstream of macroH2A1 accumulation (see part Ab).
Bb | Large deletions of ATRX around the coding region are associated with in-frame fusion
of the protein, which leads to the generation of truncated protein products that are
redistributed to sites of active transcription — marked by H3K27ac — and display
neomorphic function in activating gene expression. One of the targets of in-frame fusion
ATRX is the transcription repressor REST, which on activation leads to repression of genes
involved in neuronal differentiation, concomitant activation of neurogenesis programmes
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and increased cell proliferationZ28, This function was found to be DAXX independent. C |
ATRX mutations associated with a-thalassaemia X-linked mental retardation syndrome are
generally missense mutations affecting key functional regions of the protein233, a.-
Thalassaemia X-linked mental retardation syndrome-related loss of ATRX activity was
linked to increased deposition of macroH2A1 variants (see part Ab) at the a-globin locus,
leading to heterochromatinization and silencing of the gene, thereby driving a-thalassaemia
pathology. ATRX loss in the brain is linked to increased replicative damage and subsequent
cell death, which was attributed to the role of ATRX in supporting replication through G4
(see part Ac). Of note, whether replication stress associated with a-thalassaemia X-linked
mental retardation syndrome-causing mutations relies on aberrant H3.3 deposition is not
clear. RNAPII RNA polymerase II.
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