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Abstract

Histone proteins wrap around DNA to form nucleosomes, which further compact into higher order
structure of chromatin. In addition to the canonical histones, there are also variant histones that
often have pivotal roles in regulating chromatin dynamics and the accessibility of the underlying
DNA. H3.3 is the most common non-centromeric variant of histone H3 that differs from the
canonical H3 by just 4-5 amino acids. Here we discuss the current knowledge of H3.3 in
transcriptional regulation and the recent discoveries and molecular mechanisms of H3.3 mutations
in human cancer.
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Introduction

In eukaryotes, DNA is wrapped around histones to form nucleosomes, the fundamental unit
of chromatin. The nucleosome is composed of two copies each of four core histones, H2A,
H2B, H3 and H4, which form a histone octamer that is wrapped nearly twice by an average
of 147 bp of DNA [1]. Compelling evidence has demonstrated that histones play a
fundamental role in regulating virtually all DNA-templated processes and that many of these
processes are modulated through the dynamic post-translational modification (PTM) of
histones. Histone PTMs include methylation and acetylation, which occur mainly on the N-
terminal unstructured regions of histones called “histone tails” [2]. In addition to the
canonical histones H2A, H2B, H3 and H4, metazoans also have histone variants, such as
H3.3, H2A.Z and H2A. X that are distinguished from their canonical counterparts by just a
few amino acids or a large polypeptide fragment [3]. Increasing numbers of researchers have
demonstrated that these histone variants also have pivotal roles in modulating chromatin
dynamics and the activities of the underlying DNA [4, 5]. There are three main histone H3
variants in metazoans: H3.1 and H3.2 that are known as the “canonical” histone H3, the
replacement variant H3.3, and the centromere-specific variant CENP-A. Other variants
include the testis-specific H3 variant H3t, and primate-specific variants H3.X and H3.Y. In
this review, we focus on the histone H3.3 variant, especially recent discoveries of H3.3-
specific regulators as well as genetic mutations of H3.3 and their correlation with the
development of human cancers.

1. Properties of H3.3 genes and proteins

Genes encoding the canonical histone H3 are organized into clusters containing multiple
gene copies. In humans, three copies of genes encoding H3.2 are located within a histone
cluster on chromosome 1, and 10 copies of genes encoding H3.1 are clustered in the
chromosome 6p22 region that also contains 39 clustered genes encoding other core histones.
These canonical H3-encoding genes have no introns, and their corresponding transcripts are
not polyadenylated [6]. The tandem organization of these genes allows their simultaneous
expression, which facilitates production of the massive amount of histone protein required
for genome duplication during S phase.

In contrast to the canonical histone H3, histone variant H3.3 genes, namely H3F3A and
H3F3Bin humans, lie outside the histone gene clusters. They are similar to most other
eukaryotic genes in that they contain introns and their mRNAs have poly(A) tails. In general,
canonical H3 is expressed and incorporated into chromatin at S phase in a replication-
dependent manner [7-10]. In contrast, variant H3.3 is expressed throughout the cell cycle.
Consequently, H3.3 can be incorporated into chromatin through either a replication-coupled
pathway during S phase or a replication-independent manner outside of S phase [9, 11, 12].
Interestingly, a subset of histone genes are expressed as polyadenylated mRNAs in
terminally differentiated tissues, indicating that these genes may also provide replication-
independent replacement histones in long-lived non-dividing cells [13]. In yeast, there is
only one non-centromeric H3 gene, which encodes an H3.3-like protein, suggesting that
H3.3 is more conserved than its canonical counterparts.
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At the protein level, H3.3 differs from the canonical histone H3 at only 4 or 5 amino acids,
with minor variations among organisms. In humans, the differences between H3.3 and H3
are defined by residues 87, 89, 90 and 96 in the histone fold domain and residue 31 in the N-
terminal tail. Although the changes in amino acid sequence are subtle, these specific
residues contribute to the distinct properties of variant H3.3. Amino acid residues 87-90 in
H3.1 (SAVM) are replaced by AAIG in H3.3. Ala 87 and Gly 90 are important for the
recognition of H3.3 by the variant-specific chaperone death domain-associated protein
(DAXX) [14, 15], and G90 is also recognized by ubinuclein-1 (UBN1), a subunit of the
HIRA histone chaperone complex [16]. At the N-terminus, Ala 31 in H3.1 is replaced by Ser
in H3.3, which undergoes phosphorylation in the pericentromeric region during mitosis [17-
19].

2. H3.3-specific chaperones

Histone chaperones help assemble histones and DNA into nucleosomes and also
disassemble nucleosomes into their subcomponents without being part of the final products.
They are essential for the precise control of each step during the assembly and disassembly
processes. Without chaperones, simply mixing histones and DNA in vitro at physiological
salt concentration can not form nucleosomes, and instead only form aggregates due to the
strong, non-specific electrostatic interaction between histones and DNA [20]. Previous
studies have identified both canonical histone H3 chaperones, such as anti-silencing factor 1
(ASF1) and nuclear autoantigenic sperm protein (NASP), and variant-specific chaperones,
discussed below. These chaperones bind to H3 in the form of H3/H4 dimers. During
replication, NASP transfers newly synthesized histone H3 to ASF1, which in turn transfers
the histone proteins to their specific chaperones: canonical H3 to chromatin assembly factor
1 (CAF-1) [21, 22] and H3.3 to either histone cell cycle regulation defective homolog A
(HIRA) or DAXX. Notably, both HIRA and DAXX deposit H3.3 onto chromatin in a
replication independent manner.

The HIRA complex—HIRA was first described as a protein interacting with histones H2B
and H4 in a yeast two-hybrid screen and an /n vitro GST pull-down assay, respectively [23].
Isolation of the predeposition protein complexes with different H3 variants in cells later
revealed that HIRA is an H3.3-specific chaperone [24]. HIRA forms a stable complex with
cabinl and ubinuclein (UBN1/2) proteins. Although the actual functions of cabinl and
UBN1/2 in H3.3 deposition are not clear, the protein-protein interaction between UBN1 and
HIRA is required for maintaining complex integrity [25]. The HIRA complex is conserved
across species. In S. cerevisiae, HIRA (Hirlp and Hir2p) forms a histone regulatory (HIR)
complex with Hir3 and Hpc2, which are orthologs of human cabinl and UBN, respectively
[26]. A similar complex also exists in other species, such as S. pombe [27, 28], Drosophila
[29, 30], and Arabidopsis [31], suggesting an evolutionally conserved function of the
complex. HIRA mediates the deposition of H3.3 into euchromatic regions. Depletion of
HIRA leads to impaired genome-wide enrichment of H3.3 at promoters, the gene bodies of
actively transcribed genes, and at specific regulatory elements, thus implying a critical role
for HIRA in promoting H3.3 occupancy in these regions [32, 33]. HIRA binds to naked
DNA /n vitro and to nucleosome-depleted regions in cells, indicating that deposition of H3.3
in transiently accessible, non-nucleosomal DNA (gap filling) is HIRA-dependent [33]. This
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could be a salvage pathway to maintain chromatin integrity when CAF-1 mediated H3.1
deposition is impaired during replication. In mouse embryonic stem cells (ESCs), Hira
directly interacts with the PRC2 complex, facilitating PRC2 recruitment and proper
establishment of H3K27me3 at the promoters of developmentally regulated genes [34].
HIRA also deposits newly synthesized H3.3 to damaged DNA sites in response to UV
irradiation, suggesting that HIRA-dependent histone deposition serves as a chromatin
bookmarking system to facilitate transcriptional recovery after genotoxic stress [35]. HIRA
dependent H3.3 deposition is also essential for paternal chromatin assembly in both
Drosophila and mouse zygotes [36, 37]. Hira mutant mouse zygotes display a loss of H3.3
incorporation in both oocyte and sperm genomes, as well as impaired DNA replication and
rRNA transcription [38, 39]. Specific deletion of Hira in developing mouse oocytes results in
altered chromatin homeostasis including decreased DNA methylation, increased DNase |
sensitivity and accumulation of DNA damage, along with a severe fertility phenotype [40].
Hira is essential for mouse embryonic development. Hira knockout mice are embryonically
lethal and display gastrulation defects and patterning abnormalities [41]. Drosophila HIRA
mutants are viable, but all females are infertile [42].

The DAXX-ATRX complex—DAXX was initially identified as a protein associated with
the FAS cell surface receptor that enhances FAS dependent cell death [43]. Several
subsequent studies showed that DAXX is an H3.3-specific histone chaperone unique to
metazoans [32, 44, 45]. DAXX forms an H3.3 preassembly complex with the a-thalassemia/
mental retardation syndrome protein (ATRX), a SNF2-like ATP-dependent chromatin
remodeling factor. Distinct from HIRA that deposits H3.3 in euchromatin, DAXX deposits
H3.3 into telomeres and pericentric heterochromatin [32, 44, 45]. In mouse ESCs, H3K9Ac
is enriched in purified HIRA-associated H3.3 complexes, but not DAXX-associated H3.3
complexes [46]. In contrast, the DAXX-ATRX complex, but not the HIRA complex, is
required for the deposition of H3.3 at pericentromeric heterochromatin, telomeres and
endogenous retroviral elements that are enriched for H3K9me3 [32, 45-50]. The deposition
of H3.3 by DAXX is unhindered by the absence of HIRA, and vice versa[46]. Therefore,
the HIRA complex and the DAXX-ATRX complex control H3.3 deposition at distinct sites
within the genome and the H3.3 each deposits may have distinct PTMs and consequently,
unique functions.

DAXX distinguishes between histone H3.3 and H3 via direct interaction with the H3.3-
specific amino acid residues 87-90 (AAIG) present in the H3.3 histone fold domain [45].
Crystal structure analysis revealed that DAXX binds to H3.3 via an extensive hydrogen bond
network between its histone binding domain (HBD) and the AAIG segment, among which
Gly90 and Ala87 are the principal determinants of H3.3 specificity [14, 15].

A large pool of nuclear DAXX does not co-fractionate with ATRX in biochemical
fractionations of nuclear extracts, suggesting that DAXX may function independently of
ATRX [45]. Indeed in cells, DAXX is essential for H3.3 deposition at both telomeres and in
pericentromeric heterochromatin, whereas ATRX is only required for H3.3 enrichment at
telomeres [32]. DAXX function is further distinguished from ATRX function as DAXX can
also contribute to H3.3 deposition at some transcription factor binding sites without ATRX,
and can recruit a pool of non-nucleosomal H3.3 to promyelocytic leukemia (PML) nuclear
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bodies prior to depositing H3.3 in chromatin independently of ATRX [51]. These findings
raise the question of whether another protein or proteins interact with DAXX to deposit
H3.3 in genic and intergenic regions. Notably, Daxx is required for mouse viability [52], yet
in DAXX-depleted mouse embryonic fibroblasts, a fraction of H3.3 associates with the
replication-dependent histone deposition machinery [44], suggesting that cells might adapt
to the loss of DAXX by using alternate chaperones to deposit H3.3.

DEK—The proto-oncoprotein DEK interacts with DAXX and the histone deacetylase
HDAC2 and is involved in transcriptional repression [53]. In both Drosophila and human
cells, DEK is phosphorylated by casein kinase 2 and serves as a histone H3.3 chaperone
[54]. DEK regulates both the balance between free and nucleosomal H3.3 and proper
distribution of H3.3 in chromatin [55]. As already mentioned, newly synthesized H3.3 is
enriched in PML bodies together with DAXX before deposition into pericentromeric
heterochromatin [44, 51, 56]. This process requires DEK but is independent of ATRX.
Depletion of DEK in ESCs re-routes non-nucleosomal H3.3 to chromatin instead of PML
bodies, resulting in not only HIRA-dependent widespread loading of H3.3 onto chromatin,
but also DAXX/ATRX-dependent redistribution of H3.3 from telomeres to both
chromosome arms and pericentric heterochromatin leading to the formation of fragile
telomeres. These results suggest that DEK safeguards chromatin integrity by limiting histone
access and specifically controlling H3.3 deposition into specific genomic regions [55].

3. Chromatin remodelers that regulate H3.3

Some chromatin remodeling factors have been shown to play a role in depositing H3.3 into
specific genomic regions, although they don’t directly interact with H3.3. Chromodomain
helicase DNA-binding domain 1 (CHD1), a SNF2 family member, is a chromatin-
remodeling factor that together with the histone chaperone NAP-1, can assemble
nucleosome arrays from DNA and histones /n vitro [57]. In Drosophila, CHD1 interacts with
HIRA, and this interaction is required for incorporation of histones into decondensing sperm
chromatin in the male pronucleus as well as during the late stages of embryonic
development [58]. Depletion of CHD1 in embryos disrupts HIRA-dependent incorporation
of H3.3 into the male pronucleus, and consequently, the paternal genome is unable to
participate in zygotic mitosis [58]. CHD2, another SNF2 chromatin remodeling enzyme
family member, interacts with the MyoD protein to facilitate deposition of H3.3 to loci
containing myogenic gene regulatory sequences prior to cell differentiation [59].
Knockdown of CHD2 specifically decreases H3.3 deposition at differentiation-dependent
genes and inhibits the activation of myogenic genes, whereas housekeeping genes are only
modestly affected [59]. The sequence-specific DNA-binding protein GAGA factor directs
the replacement of histone H3 with H3.3 through association with HIRA, and counteracts
the spreading of silent chromatin in Drosophila [60, 61]. GAGA recruits FACT and the
Polybromo-associated Brm (PBAP) remodeling complex to chromatin boundaries; both
complexes are required for boundary maintenance and H3.3 replacement at the boundaries
[62]. In addition, EP400, a SWR1-class ATP-dependent chromatin remodeling protein that
deposits H2A.Z variant in the Tip60-P400 complex, can also exchange H3.3 into canonical
chromatin both /n vitro and in cells, promoting gene activation [63]. Given the close
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correlation of H2A.Z with H3.3 in the genome, it awaits to see if other H2A.Z remodelers
also have a role in regulating H3.3 deposition.

4. H3.3-specific readers

In addition to the H3.3 specific chaperones and remodelers, two recent studies have
identified the first H3.3-specific reader, ZMYND11 (Zinc finger MYND-domain containing
protein 11, also known as BS69) [64, 65]. ZMYND11 is a candidate tumor suppressor that
interacts with adenovirus E1A protein and a number of transcription factors to suppress their
transactivating activities [66—-68]. ZMYND11 contains tandem “reader” modules of histone
modifications. These include an N-terminal plant homeodomain (PHD) zinc finger,
bromodomain and PWWP domain, and a C-terminal zinc finger MYND motif that mediates
protein-protein interactions with ELA and many other factors [69]. Work from our laboratory
and Yang Shi’s group at Harvard revealed that the tandem PHD-bromo-PWWP domains
recognize histone H3K36 trimethylation (H3K36me3) and importantly, this recognition is
specific to the histone variant H3.3 [64, 70]. Of the three modules, the PWWP domain is
predominantly responsible for recognition of the trimethyl moiety. The PWWP domain
belongs to the “Royal Family” of protein domains that has been shown to recognize
methylation on histone residues H3K36 and H4K20 [71]. Notably, ZMYND11 distinguishes
itself from other PWWP proteins in that it is a histone variant H3.3-specific reader of
K36me3. A second composite pocket at the junction of the bromodomain, PWWP domain,
and an embedded zinc finger motif recognizes the “Serine 31-Threonine 32 (S31-T32)”
segment, thus accounting for the H3.3 specificity [70].

H3.3 differs from canonical histone H3 by only 4-5 amino acids, depending on organism.
Within the N-terminal unstructured histone tail, Serine 31 is the only residue unique to H3.3.
A study from the Allis group showed that H3.3 S31 is phosphorylated in late prometaphase
and metaphase during mitosis, and this phosphorylation event specifically occurs in the
chromosomal regions immediately adjacent to centromeres [72]. However, neither the role
of this modification nor S31 itself in transcriptional regulation is known. Our studies suggest
that S31 plays a critical role in substrate recognition by epigenetic readers such as
ZMYND11 [64, 70]. Substitution of H3.3 S31 with Alanine (A31), as is present in canonical
H3.1, severely diminishes the binding of ZMYND11 to both an H3K36me3 peptide in vitro
and histones in cells [70]. Further, phosphorylation of S31 also abolishes the ZMYND11-
H3.3 interaction (Guo et al., 2014) underscoring the importance of this residue.

ChiIP-seq analyses reveal that ZMYND11 is strongly co-localized with H3.3 in actively
transcribed genes, especially in gene bodies that are also enriched with H3K36me3 [64, 70].
The combination of H3K36me3 and H3.3 establishes a unique epigenetic state that defines
the genomic distribution of ZMYND11 and provides a means for spatiotemporal control of
gene expression in both normal and neoplastic growth. Interestingly, ZMYND11 associates
with H3.3K36me3 and is involved in regulation of both transcriptional elongation and
MRNA splicing. Knockdown of ZMYND11 in U20S cells leads to increased RNA Pol Il
occupancy in gene bodies and consequently, increased transcription, suggesting that
ZMYND11, although associated with active genes, exerts a repressive role in controlling
transcription elongation [70]. In an independent study, Guo et al. found that knockdown of
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ZMYND11 in HeLa cells results in reduced intron retention events for hundreds of genes,
suggesting that ZMYND11 functions to connect H3.3K36me3 to pre-mRNA splicing (Guo
et al., 2014). It is not clear how ZMYND11 regulates these two events, whether they are two
independent events, or are somewhat interconnected. Indeed, it has been documented that
transcription elongation-associated H3K36me3 positively modulates splicing activities, and
similarly, active splicing also promotes transcription elongation [73-75]. As ZMYND11
does not have any intrinsic enzymatic activities, it likely exerts these functions through
recruiting different proteins. Biochemical purifications have identified a number of proteins
with distinct functions that interact with ZMYND11. For example, chromatin remodelers
such as SWI/SNF, histone-modifying enzymes like HDAC1/2, KDM3B, NSD1, and splicing
factors such as EFTUD2 [64, 70]. It will be of great interest to determine how ZMYND11
recruits distinct factors in different processes. Furthermore, the H3.3 K36M and G34V/R
mutations identified in human cancers (discussed below) abrogate ZMYND11 binding to
H3.3K36me3 /n vitro [70], suggesting that these cancer related mutations may disrupt the
recognition of histone modifications by this H3.3-specific reader. Further study of this
potential mechanism in H3.3 mutated tumors is warranted.

5. H3.3 in chromatin dynamics and transcriptional regulation

The incorporation of variant histones into chromatin provides an important means of
modulating chromatin dynamics. Because H3.3 differs from canonical H3 at only 4-5 amino
acids, it is unlikely that the replacement of H3 by H3.3 changes the overall structure and
stability of the nucleosome [76, 77]. Instead, incorporation of H3.3 likely modulates higher-
ordered chromatin folding, resulting in an open chromatin conformation [76]. Alteration of
inter-fiber interactions by H3.3 is likely through, at least in part, counteracting the
incorporation of the linker histone H1. In Drosophila cells, H3.3-enriched regions are
generally depleted of H1, and knockdown of H3.3 causes H1 levels to increase at these
regions accompanied by a concomitant increase in nucleosome repeat length [78]. H3.3
maintains the balance between open and condensed chromatin states, which is critical for
mouse preimplantation development. Loss of H3.3 leads to over-condensation and mis-
segregation of chromosomes as early as the two-cell stage, with corresponding high levels of
aneuploidy [79]. Although incorporation of H3.3 or the H2A variant H2A.Z into the
nucleosome alone does not alter the overall structure of the nucleosome [76, 80],
nucleosome core particles containing both H3.3 and H2A.Z seem less stable than
nucleosomes containing their canonical counterparts [81]. /n7 vivo, the H3.3/H2A.Z double-
variant nucleosomes are found in the ‘nucleosome-free region’ of active chromosomal
regions [82]. These nucleosomes are unstable and prone to disassembly. This instability
seems to facilitate access of transcription factors or other chromatin-associated factors to
these regulatory sites in human cells [82].

H3.3 is enriched at dynamic regions such as promoters, gene bodies and cis-regulatory
elements; thus serving as a mark of transcriptionally activated genes. This distribution
pattern is conserved from yeast to humans [33, 83-88]. H3.3 was first described as a variant
linked to actively transcribed regions in Drosophila by its deposition at active rDNA arrays
[89]. Loss of H3.3 genes in Drosophila leads to widespread transcriptional defects, with
genes being both up- and down-regulated. The evidence that down-regulated genes were
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predominantly highly expressed genes supports the idea that H3.3 is required for proper
transcription of active genes. Indeed, the turnover rate of H3.3 in promoters and coding
regions is correlated with polymerase density and level of transcription [82, 90]. However,
loss of H3.3 or its chaperone Hira in mouse ESCs does not affect global transcriptional
output, and ESCs lacking H3.3 are still functionally pluripotent [34]. These results argue
that H3.3 is not required for maintaining active transcription. Moreover, in Drosophila, the
transcriptional defects due to H3.3 depletion can be rescued by the expression of canonical
H3, suggesting that expression changes are likely due to nucleosome depletion, not the lack
of a particular histone variant [89].

The incorporation of H3.3 at promoter regions is not limited to active genes, it also occurs at
inactive genes, possibly due to being in a poised state or the memory of a previous activation
[91, 92]. In mouse ESCs, H3.3 is required for proper establishment of H3K27me3 at the
promoters of developmentally regulated genes. H3.3 depletion leads to reduced PRC2
occupancy and H3K27me3 levels, whereas the chromatin landscape of actively transcribed
regions such as those marked with H3K4me3 are not affected [34]. In chicken erythroid cell
lines, H3.3 is enriched in the upstream regulatory region of the folate receptor whether or
not the gene is transcriptionally active [93]. In Arabidopsis, promoters with GA motifs are
enriched for H3.3 with RNA Pol Il occupancies regardless of the transcriptional status of the
genes [86]. In Xenopus, as an early and necessary step in the direct reprogramming of
somatic cell nuclei by oocytes, HIRA-dependent H3.3 deposition is required for the
transcriptional memory of active genes following nuclear transfer [94, 95]. Additionally,
overexpression of H3.3 can enhance epigenetic memory in transplanted nuclei [94].
Although little is known about the mechanism of transcriptional memory, it is possible that
incorporation of H3.3 may facilitate transcription factor binding to gene promoters. Overall,
although H3.3 incorporation in euchromatin is largely associated with actively transcribed
genes, the precise role of H3.3 in transcription remains unclear. For example, in addition to
its incorporation into regions of active transcription, H3.3 is also deposited in largely
transcriptionally inactive regions, including telomeres, pericentric heterochromatin and
silent retroviral elements [32, 44, 45]. All of these studies suggest a complex role for H3.3 in
the regulation of both activation and repression of gene expression as well as higher order
chromatin conformation and integrity, likely in a context-dependent manner.

6. H3.3 mutations in human cancers

In addition to a myriad of known frequent mutations of epigenetic regulators in human
cancers, recent exome-sequencing studies revealed that histone H3 is also mutated at high
frequency in specific cancer types, including pediatric high-grade glioblastoma (HGG) and
certain types of bone tumors. All histone mutations are missense mutations that affect only
three amino acids on the N-terminus, K27, G34 and K36. These mutations preferentially
occur in H3F3A and H3F3B, which encode H3.3, and to a lesser extent in genes encoding
H3.1 [96-98].

In one study that sequenced the exomes of 48 pediatric glioblastoma (GBM) samples, 31%
of the tumors were found to have recurrent mutations in the H3F3A gene resulting in K27M
or G34R/G34V substitutions in the H3.3 protein [99]. An independent whole genome
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sequencing study in pediatric diffuse intrinsic pontine glioma (DIPG) patients identified
similar mutations in both the H3F3A genes and the related H3.1-encoding H/ST1H3B gene.
Targeted sequencing of 43 DIPG and 36 non-brainstem pediatric glioblastoma (non-BS-PG)
patients further revealed a high frequency of these mutations [100]. Additional sequencing
analyses with more patient samples revealed that these two types of mutations have distinct
features. K27M mutations occur in younger patients (5-29 years), whereas G34R/V
mutations appear in slightly older patients (9—42 years) [101-103]. The majority of tumors
associated with H3K27M mutation are restricted to midline locations such as thalamus,
pons, brainstem and the spinal cord [102]. Compared to non-BS-PG (<25%), DIPG has a
very high incidence (>70%) of K27M mutations [100]. G34R and G34V mutations are
primarily localized to the cerebral hemispheres. In contrast, in non-BS-PGs patient samples
~14% had G34R or G34V mutations but the frequency of these mutations was much lower
in pediatric GBM patients and non-existent in DIPG patients [99, 100]. Both wild-type and
K27M or G34R/V mutant proteins are expressed in heterozygotes, suggesting that the
mutant proteins might play a gain-of-function role in tumor cells. Mutations of other genes
also co-occurred with H3.3 mutations, including inactivating mutations of the A7/RX and
DAXX genes [99-101], which is frequently associated with abnormal telomeres in tumors
[104, 105], and activating mutations of the activin receptor type 1 (ACVRI) gene, which
functions in the BMP signaling pathway [106-109]. Strikingly, >60% of K27M patient
samples and nearly 100% of G34V/R samples also display p53 mutations, indicating that the
H3.3 mutations alone are not sufficient for neoplastic transformation [99, 101].

Mutations in histone H3.3 have also been found in certain types of bone tumors, including
chondroblastoma and giant cell tumors of the bone (GCTB) [110, 111]. In a study of 77
cases of chondroblastoma, 95% of tumors contained the K36M alteration and interestingly,
these mutations predominantly occurred in the H3F3B gene, not the H3F3A gene. In
contrast, K27M mutations in H3F3A were more common in HGG samples [110]. In a study
of 53 GCTB tumors, >90% had G34 mutations in the H3F3A gene. Distinct from the H3.3
mutations in HGGs where G34 is mutated to Arg or Val, mutations in GCTBs tended to be
either G34W or G34L alterations [110]. Interestingly, although G34 mutations occur in both
HGG and bone tumors, K27M and K36M mutations are restricted to only HGG or
chondroblastoma, respectively, suggesting that these mutations may function through
distinct mechanisms in different types of tumors.

Several recent exciting studies have begun to uncover the molecular mechanisms by which
these H3.3 mutations alter chromatin dynamics and contribute to tumorigenesis. H3K27 is
subjected to methylation mediated by the Polycomb repressive complex 2 (PRC2), which is
a well-known repressive mark normally associated with gene repression. In HGGs that
contain H3K27M mutations, although the mutant proteins comprise <5% of total histone H3
proteins, the global level of H3K27me3 is reduced, suggesting H3K27M acts as a gain-of-
function mutant [112, 113]. Elegant biochemical studies revealed that the H3K27M mutant
has a higher affinity for EZH2 than its wild-type counterpart, thus the lysine to methionine
alteration on H3K27 competes for binding with the wild type histone and when the mutant
protein binds, it inhibits the enzymatic activity of EZH2, the enzymatic subunit of the PRC2
complex [112]. Crystal structures of the PRC2-H3K27M complex suggest that the K27M
alteration increases the overall strength of the PRC2-nucleosome interaction, thus effectively
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sequestering PRC2 to prevent it from further propagating the repressive H3K27 methylation
mark [114, 115]. Indeed, the “hijacking” of the PRC2 complex by H3K27M results in a
global loss of H3K27me3 in K27M HGGs [112, 116], and a reduction in H3K27me3 on
large chromatin regions concomitant with DNA hypomethylation [113, 117]. It is worth
noting that in K27M cells there are also a number or regions that gain H3K27me3,
suggesting that loss of H3K27me3 might not be the only functional consequence of K27M.
Nevertheless, as these cells have concomitantly higher levels of H3K27ac, the oncogenic
potential of K27M mutation is likely due to overall mismanagement of chromatin.

Interestingly, exogenous expression of mutants containing K-to-M substitutions at other
known methylated lysine residues, such as H3K9 and H3K36, are also sufficient to cause a
specific reduction in methylation through inhibition of their cognate SET-domain enzymes
[112, 116]. Similar phenotypes were also observed in chondroblastoma cells that contain
K36M mutations. Similar to K27M that sequesters EZH2, the K36M mutant inhibits H3K36
methyltransferases, including NSD1, NSD2 and SETD?2 /n vitro[118], and reduces global
H3K36 methylation /n vivo[119, 120]. Loss of H3K36 methylation leads to increased
H3K27me3 in the intergenic regions, redistribution of the PRC1 complex from its target
genes, and consequently, upregulation of PRC1-repressed target genes known to block
mesenchymal differentiation [119]. All together, these results suggest that lysine-to-
methionine mutations share a common mechanism of inhibiting methylation pathways to
promote tumorigenesis.

Unlike the K27M and K36M mutations, the mechanism underlying the cellular changes due
to H3G34 alterations is not clear. H3G34 itself is not post-translationally modified; however,
G34 lies in close proximity to K36, which undergoes methylation during transcriptional
elongation [121, 122]. Therefore, it is conceivable that G34 mutations may impact the
accessibility of K36 to its methyl-transferases, thus altering H3K36 methylation on the same
histone tail. Indeed, G34R and G34V-containing nucleosomes show reduced methylation of
H3K36 by SETD2 jn vitro[112, 113], suggesting that the G34R/V mutation may inhibit
gene expression by attenuating SETD2 function in transcriptional elongation. Surprisingly,
in contrast to the /n vitro data, G34 mutations lead to increased H3K36me3 levels and RNA
Pol Il occupancy on several key oncogenes including MYCN, thus resulting in an elevated
expression of these potent tumorigenic initiators in the G34R/V HGG cells [123]. It is worth
noting that almost all the tumors harboring a H3.3 G34R or G34V mutation in one study,
exhibited mutations in ATRX and DAXX as well as alternative lengthening of telomeres
[99]. Considering the role of ATRX and DAXX in mediating the deposition of H3.3 in both
telomeres and pericentric heterochromatin [32], it is possible that G34R/V mutations
promote tumorigenesis by impairing higher order chromatin structure rather than by
influencing specific gene expression. More in-depth studies are needed to address the details
on their relationships.

Conclusions and future directions

H3.3 is incorporated into regions associated with actively transcribed genes in euchromatin
as well as regions that are relatively inactive, such as telomeres and pericentric
heterochromatin. These genomic distribution patterns suggest that H3.3 plays a role in both
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gene activation and silencing in a context dependent manner. Although depletion of H3.3 in
some systems (such as mouse ESCs) does not have obvious phonotypes, H3.3 and its
chaperones are essential for development, as either H3.3 or ATRX/DAXX knockout mice
are embryonic lethal. Recent discoveries of H3.3 mutations in human cancers further reveal
the important role of H3.3 in pathological processes. Nevertheless, it is still unclear how
H3.3 is precisely regulated during both normal and neoplastic development. As both K27M
and K36M directly affect histone PTMs that are associated with gene activity, it is likely
these mutations contribute to tumor development through either activation of oncogenes or
repression of essential tumor suppressor genes. Given that the heterochromatin-specific H3.3
chaperones ATRX and DAXX are also frequently mutated in human cancers, including the
types in which H3.3 is mutated, it is also possible that mutations in H3.3 genes lead to
destruction of higher order chromatin conformation and loss of chromosome integrity. Since
the first discovery of histone mutations in cancer just a few years ago, much progress has
been made in our understanding of the molecular mechanisms of histone mutations in the
regulation of chromatin and gene expression. Future studies will soon unravel new insights
into this old histone variant in human health and disease.
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Research highlight

Here we discuss the current knowledge of H3.3 in transcriptional regulation and the
recent discoveries and molecular mechanisms of H3.3 mutations in human cancer.
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Figure 1. Protein sequence, genomic distributions, and cancer mutations of H3.3
Amino acids in H3.3 that are distinct from canonical H3 are shown in blue squares and

highlighted with residue numbers. G90 is an essential amino acid recognized by UBNL1 in
the HIRA complex or DAXX in the DAXX/ATRX, the two known variant-specific
chaperones that deposit H3.3 into distinct chromosomal regions that is highlighted in
different colors in the schematic representation of chromosome. Amino acids that are
mutated in human cancers are shown in red squares and highlighted with residue numbers.
Mutation of K27M or K36M inhibits the enzymatic activity of EZH2 or SETD?2,
respectively, leading to global loss of H3K27 methylation in DIPG or H3K36 methylation in
chondroblastoma. The mechanism of G34 mutations to various amino acids is current not
clear. Abbreviations: A: alanine; G: glycine; I: isoleucine; K: lysine; L: leucine; M:
methionine; R: arginine; S: serine; DIPG: diffuse intrinsic pontine glioma; GCTB: giant cell
tumors of the bone; GBM: glioblastoma.
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