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Identification of mutations in histones in a number of human neoplasms and developmental syndromes represents the most
compelling evidence to date for a causal role of epigenetic perturbations in human disease. In most cases, these mutations have
gain of function properties that cause deviation from normal developmental processes leading to embryo defects and/or neoplastic
transformation. These exciting discoveries represent a step-change in our understanding of the role of chromatin (dys)regulation in
development and disease. However, the mechanisms of action of oncogenic histone mutations (oncohistones) remain only partially
understood. Here, we critically assess existing literature on oncohistones focussing mainly on bone neoplasms. We show how it is
possible to draw parallels with some of the cell-autonomous mechanisms of action described in paediatric brain cancer, although
the functions of oncohistones in bone tumours remain under-investigated. In this respect, it is becoming clear that histone
mutations targeting the same residues display, at least in part, tissue-specific oncogenic mechanisms. Furthermore, it is emerging
that cancer cells carrying oncohistones can modify the surrounding microenvironment to support growth and/or alter
differentiation trajectories. A better understanding of oncohistone function in different neoplasms provide potential for
identification of signalling that could be targeted therapeutically. Finally, we discuss some of the main concepts and future
directions in this research area, while also drawing possible connections and parallels with other cancer epigenetic mechanisms.
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FACTS

● Oncohistones are the most compelling evidence for a
causative role of epigenetic alterations in cancer.

● H3.3-G34 and H3.3-K36 mutations drive bone cancer by
altering cell intrinsic (differentiation trajectories) and extrinsic
(interaction with the tumour microenvironment) mechanisms.

● Oncohistones action in the bone shares mechanisms with
brain-restricted oncohistones and other metabolic epigenetic
alterations but also show unique features.

● A growing number of genetic alterations targeting epigenetic
players have been implicated in other bone cancers and
sarcomas and might inform on how oncohistones drive bone
tumours.

OPEN QUESTIONS

● Investigation into mechanisms of action of oncohistones in
the bone is warranted as it could be exploited for therapeutic
interventions.

● Cooperation of oncohistones with other oncogenic signals has
been suggested but requires full assessment.

● Mechanisms such as alterations of telomere biology, de-
repression of retrotransposable elements, metabolic imbalance

and induction of phase separation identified in other
epigenetically-driven cancer may also contribute to
oncohistone-driven tumourigenesis in the bone.

THE ROLE OF HISTONE MUTATIONS IN GENOME
ORGANISATION IN HEALTH AND DISEASE
Epigenetic perturbations in cancer
Chromatin, the nucleoproteic complex composed of DNA,
histones and non-histone proteins, plays a fundamental role in
the regulation of DNA- and RNA-based processes ranging from
DNA replication, DNA repair, maintenance of genomic stability
and control of gene expression. Dynamic changes in chromatin
structure and function ultimately orchestrate key biological
functions such as cell cycle and cell fate determination, which
have been covered previously in other reviews [1–3].
As a result of the increasing cancer sequencing studies,

accumulating evidence in the past two decades has shown that
virtually all classes of chromatin-associated epigenetic enzymes
are frequently altered in cancer [4], suggesting that they play a
driving role [5]. Compelling examples are mutations affecting the
DNA methylation machineries, the chromatin remodelling com-
plex Switch/Sucrose Nonfermenting (SWI/SNF) and the Polycomb
Repressive Complex 2 (PRC2) complex (Box 1). The PRC2 complex
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can be targeted by both Loss of Function (LoF) and Gain of
Function (GoF) mutations and more research is needed in this area
to dissect their mechanisms of action and their consequences on
cell and tissue physiological processes to define their causal
relationship with cancer development.

Mutations in histone coding genes in cancer
The discovery of prevalent somatic mutations in specific paediatric
brain cancer subtypes of histones, the highly conserved proteins
that wrap ~147 bp of DNA around the nucleosome, the basic unit
of chromatin (see Box 2), has provided key evidence for a causal
role of epigenetic alterations in cancer. Seminal papers [6–9]
reported recurrent driver mutations in the histone variant H3.3
and chromatin remodelling genes, paving the way to research in
this area and leading to the identification of more histone
mutations in several other cancer types [10] (expanded below).
We and others refer to these mutations as ‘oncohistones’ to
highlight their role in driving oncogenesis [11–13].
Non-synonymous substitutions in position 34 in histone H3.3,

where a Glycine is changed for an Arginine or a Valine (G34R/V),
were found in cortical paediatric high grade glioma (HGG),
whereas Lysine to Methionine missense mutations at position 27
(K27M) in histones H3.3 (but also canonical H3.1/3.2 at a lower
frequency) define paediatric diffuse intrinsic pontine gliomas
(DIPGs)/diffuse midline gliomas (DMGs) [6–8].
A year after the reporting of brain cancer-associated H3.3

mutations, we identified recurrent somatic histone mutations in
two rare benign bone tumours (covered in Section “Mechanisms
of action of oncohistones in bone cancer”): Lysine 36-to
Methionine or Isoleucine (H3.3-K36M or K36I) in chondroblastoma
(CB) and Glycine 34-to Tryptophane or Leucine (H3.3-G34W or
G34L) in giant cell tumour of the bone (GCT) [14], two locally
aggressive benign cartilage and bone tumours, respectively.
Besides mutations in histone H3.3, several studies have highlighted

that mutations in all core histones, including their globular domains,
are found in various cancer types (covered in Box 3).

MECHANISMS OF ACTION OF ONCOHISTONES IN BONE
CANCER
The mechanism of actions of oncohistones are mutation- and
tumour type-dependent. A plethora of evidence have contributed

to the identification of the molecular events that drive oncogen-
esis in brain cancer (see Section “Oncohistones in brain and bone
cancer: similarities and differences” and covered by ref. [15]). Most
studies investigated post-translational modifications (PTMs) in the
histone tails of both mutated and unmutated histones, but cancer-
associated mutations in the globular domains were also shown to
modulate chromatin remodelling events, histone exchange and
nucleosome sliding, leading to cell lethality in yeast models [16].
Significantly less is understood of how oncohistones drive bone
cancer: in this chapter, we will survey our current understanding
of oncohistone’s mechanisms of action in the bone (Fig. 1).

Oncohistone-driven chondroblastoma and giant cell tumour
of the bone
Bone tumours and soft tissue malignant tumours form a class of
tumours of mesenchymal origin called sarcomas that represent
less than 2% of all human cancers. Mesenchymal neoplasms

Box 1. Common genetic alterations of the epigenetic machinery in
cancer

Mutations in the DNA methylation machineries were described at high frequency in
clonal haematopoiesis [116] and haematological malignancies [117] and the identifica-
tion of a role for Histone Acetyl transferases (HATs)/Histone Deacetylases (HDACs) in solid
tumours has led to the first epigenetic drugs being tested in clinical trials [118].
The finding of deletions in the SWI/SNF Related Matrix Associated Actin

Dependent Regulator Of Chromatin, Subfamily B, Member 1 (SMARCB1) gene in
paediatric rhabdoid tumours has paved the way to the discovery that various
components of SWI/SNF chromatin remodelling complexes, including Protein
Polybromo-1 (PBRM1) and AT-Rich Interaction Domain 1 A (ARID1A), are among the
most common mutations in human cancers [119, 120].
The SET domain methyltransferase Enhancer of Zeste Homologue 2 (EZH2), the

core catalytic component of the PRC2 is frequently altered in cancer [121].
Activating GoF cancer-associated hotspot mutations and amplifications in EZH2
have been reported in solid tumours and lymphomas in which histone
hypermethylation has been linked to altered gene expression and transformation
[122]. In contrast, LoF mutations are frequently seen in myeloid malignancies and
leukaemias where they mediate neoplastic transformation [123]. The dual function
of EZH2 in different tissues and cancers exemplifies the complexity of the role of
epigenetic alterations in cancer. Some of these concepts have been discussed in a
review by Bernstein and collaborators [124], whereby opening of chromatin
following LoF of PRC2 could lower the epigenetic barrier to increase cell plasticity
and aid the process of neoplastic transformation. In contrast, PRC2 GoF could
increase the epigenetic barrier and lock transformed cells in a proliferative state
and/or pro-survival mode. One could speculate that these mutations may occur at
different stages of differentiation/development, where requirement for restrictive or
permissive chromatin states for neoplastic transformation differs.

Box 2. Histones in chromatin regulation

In the nucleosomes, the DNA is wrapped around an octamer consisting of two
copies of histone core proteins (H2A, H2B, H3 and H4). These histones, referred to
as canonical histones, are the most abundant components of the nucleosome and
are synthesised in a replication-dependent fashion. However, a number of non-
canonical histone variants, which differ by only a few amino acids from their
canonical counterpart, are synthesised and incorporated into chromatin in a
replication-independent manner, thus adding complexity to regulation of
chromatin structure and function [125–128]. Furthermore, chemical groups are
added as post-translational modifications (PTMs) to specific residues of the
histones, more frequently at the N-terminal free tails: the type of chemical group
together with the specific localisation represent a complex system devoted to
decoding the epigenetic information into cellular processes, the ‘histone code’
[3].
Histone H3 variants, in particular, have come to the fore as important players in

regulation of chromatin dynamics. The H3.3 variant (encoded by H3-3A and H3-3B
genes) replaces the more common H3.1 (H3C1) and H3.2 (H3C15) both encoded by
large gene clusters [126]. H3.3 marks enhancers of developmentally regulated
genes where it is deposited by the Histone Regulator A (HIRA) complex. H3.3
incorporation into these genomic regions has been linked to recruitment of the
PRC2 for trimethylation of Lysine 27 of the H3 tail (H3K27me3), a key repressive
mark modulating gene repression during development [129]. In contrast, H3.3 is
incorporated by the Death domain-associated protein (Daxx)–Alpha-thalassaemia
X-linked mental retardation (Atrx) complex at centromeres, telomeres, retro-
transposable elements (RTEs) and imprinted genes, where it mediates hetero-
chromatin maintenance [130–134]. Daxx-dependent repression of RTEs has been
reported as Atrx-dependent or -independent, and to rely on H3.3 incorporation or
on Daxx/H3.3 interaction [132, 135]. Our work has shown that loss of Daxx leads to
RTE de-repression and a marked myeloid bias during haematopoiesis, which
ultimately results in induction of inflammation [72]. H3.3 incorporation and its PTMs
have been linked to various nucleic acid-based processes including transcriptional
regulation after DNA damage and in response to stimuli [136, 137] as well as
activity-dependent regulation of transcription in neurons and neuronal plasticity
with implications for behaviour [138–140]. Finally, H3.3 increases on chromatin
during aging and has been implicated in regulation of the lifespan in nematodes
[141, 142].

Box 3. Mutations in tails and globular domains of core histones

Several mutations in all four core histones as well as in the linker histone (Histone
1, encoded by H1-1 gene) [143] have been identified, some of which have been
associated with specific cancer subtypes and their mechanisms of action at least
partially elucidated [9, 10]. However, for most mutations, there is still no conclusive
evidence for their role in tumourigenesis.
Cancer-associated mutations of histones H2B, H3.1 and H2A.Z.1 have been shown

to alter the structure and the stability of nucleosomes [144]. H2B-E76K mutations
are found in bladder and head and neck cancers, destabilise the core histone and
deregulate chromatin structure and gene expression [144, 145]. Similarly, H2A-E57Q
alterations (HIST1H2AB gene) are enriched in carcinomas of the female tract and
increase the expression of EMT genes, migratory and invasive properties of cancer
cells [146]. H2B-G53D is associated with pancreatic ductal carcinoma where it has
been shown to increase gap closure ability and cell migration [147].
Besides mutations in the histone tail, a range of alterations in the globular

domain have also been recently uncovered [9]. These affect transcription,
dysregulate cell-signalling and cancer-associated gene pathways as well as
impairing cellular differentiation in vitro [16].
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include at least 100 entities with diverse biological and clinical
characteristics ranging from benign, locally aggressive, low-grade
to highly aggressive tumours [17]. These display a variety of
genomic alterations encompassing single point mutations,
fusions, structural rearrangements and there are subsets particu-
larly enriched in epigenetic aberrations [18].
Bone tumours, which account for about 13% of all sarcomas,

arise in cells of bone or cartilage tissues, although the specific cell
of origin is not known for most [19]. The remaining sarcomas arise
in other tissues of mesenchymal origin such as muscle, fat and
vascular structures [17]. Bone tumours can occur at any age but
they are prevalent in children and young adults, and the most
aggressive subtypes (high grade chondrosarcoma, Ewing sarcoma
and osteosarcoma) are difficult to treat and generally have a poor
prognosis [20].
GCT and CB are two benign but locally aggressive entities

accounting for about 20% and 5% of all benign bone tumours,
respectively, presenting with debilitating symptoms and with the
potential to transform into high grade disease and metastasise in
rare cases (see Table 1). GCT and CB are both characterised by
highly recurrent and mutually exclusive single point mutations in
histone genes, in the absence of other genetic alterations,
supporting the idea that histone mutations play a major role in
their oncogenesis [14, 21]. In GCTs, H3.3-G34 mutations are found
only in the H3-3A gene and the vast majority are H3.3-G34W,
although infrequently alternate H3.3-G34L/V/R/L alterations are
detected in a subset of cases [14, 22, 23]. CBs harbour H3.3-K36M
mutations in H3-3A/B, and more rarely K36I mutations restricted to
the H3-3B gene [14, 24], suggesting that different expression
pattern of H3.3 genes in specific cell types may impact the
oncogenic role of these mutations (see Table 1).
It is intriguing that both tumours present in the epiphysis of

bones in contrast to the metaphysis where most other bone
tumours occur, and therefore interesting to speculate that both
tumour types arise in the growth plate in the immature skeleton
where the histone genes play a physiological role in bone
development [25, 26].

Mechanisms of action of K36 mutations in chondroblastoma
Most of the evidence around the mechanobiology of H3.3-K36M
mutations comes from work performed by Lu et al. [27] and Fang

et al. [28] who independently confirmed the oncogenic role of this
mutation using in-vitro models. Mechanistically, K36M acts as a
dominant negative inhibitor of SET Domain Containing 2 Histone
Lysine Methyltransferase (SETD2), an enzyme that uniquely tri-
methylates Lysine 36, and other nuclear receptor–binding SET
Domain (NSD) family proteins due to an usual conformational
structure of the histone interacting with the catalytic domain of
SETD2 [29]. Expression of K36M-mutant histone in cellular models
leads to widespread reduction of demethylation and trimethyla-
tion of Lysine 36 of the H3 tail (H3K36me2, H3K36me3) [30] but
also affects the distribution of H3K27me3, a key repressive mark
modulating gene repression during development [30, 31]. This is
similar to how the K27M mutation acts, as it also impairs the
deposition of opposing chromatin marks H3K27me3/2 and
H3K36me3/2 [31].
How H3.3-K36M mutations promote their downstream effects in

the specific context of cartilage, the tissue in which CB develop,
has been explored in two seminal papers published in 2016. Here,
the authors analysed K36M in disease-relevant models such as
murine mesenchymal progenitors cells or immortalised human
chondrocytes and found oncohistone-mediated global changes in
gene expression, compromised differentiation, enhanced colony
formation and impaired homologous recombination [27, 28].
Moreover, when transplanted in immunocompromised mice, only
mesenchymal progenitors expressing the H3.3-K36M, but not the
wild type (WT) counterpart, were able to develop into undiffer-
entiated sarcomas [27], strongly making the case for this
oncohistone being a driver for this disease.
The H3.3-K36M mutation also appears to modulate chondro-

blast biology via perturbation of cell differentiation trajectories:
altering the H3K36me2/me3 landscape, the oncohistone increases
the expression of genes linked to oncogenesis and augments
colony formation capacity. This study also revealed that SRY-Box
Transcription Factor 9 (SOX9) and Bone Morphogenetic Protein 2
(BMP2), critical regulators of chondrocyte differentiation, were
among the downregulated genes [28].

Mechanisms of action of G34 mutations in giant cell tumour of
bone
Although most of the evidence behind our first understanding of
how H3.3-G34 mutations impact cellular function comes from

Fig. 1 Overview of current understanding of the mechanisms of action of oncohistones in bone cancer. Causality of epigenetic aberrations
in bone cancer initiation and progression including oncohistones and how the mechanobiology of histone mutations (left) correlates with the
oncogenic functional outcome (right) is still an open area of exploration. Left: H3.3-K36M has a dominant negative inhibitory effect on the
activity of SETD2, the histone methyltransferase responsible for H3K36 methylation, which is known to antagonize PRC2. H3.3-G34W/L
mutants are suggested to block SETD2 binding, thus reducing its activity on neighbouring H3K36 methylation with consequent alterations of
H3K27me and H3K27ac distribution: the evidence to support this model is mainly obtained from studies in brain cancer and it is conflicting in
the literature. Mutations are orange (H3.3-G34W/L) and green (H3.3-K36M) circles; methyl groups (Me) are red circles.
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studies in brain cancer [15], recent work from us and others has
started to clarify how they specifically work in the context of
bone cells.
In contrast to K27 and K36 residues, position 34 of the H3.3 tail

has to date not been reported as a PTM site, suggesting that G34
mutations exert their effects indirectly. Structural studies proposed
that H3.3-G34 mutants inhibit SETD2 binding, thus reducing its
activity on the neighbouring residue H3K36 methylation [29, 32].
H3.3-G34R/V/D activity in cis is associated with a significant
decrease in H3K36me2/me3 on the mutant H3 tail and affects the
function of SETD2 and Nuclear receptor binding SET Domain
protein 1/2 (NSD1/NSD2), together with a reduced interaction with
the mismatch-repair complex MutSα leading to a mutator
phenotype [30, 32]. Jain et al. have confirmed, using mesenchymal
stem cells as model, that the presence of G34 mutations directly
alters the chromatin landscape at enhancers by obstructing
methylation of H3K36 by SETD2 but not by the NSD1/2 enzymes.
Consequently, this leads to aberrant gain of PRC2-deposited
H3K27me2/3 and loss of lysine K27 acetylation (H3K27ac) at active
sites, thus disrupting gene expression towards oncogenic
programmes [33]. Furthermore, K36 mediates its effect differently
to G34R/V/W mutants, which were found to reduce H3K36
methylation on the same histone (in cis) but not on neighbouring
histones (in trans) showing that unlike K36 and K27, G34
oncohistones do not have a direct dominant-negative effect
[29, 30, 34].
Lim et al. showed that the H3.3-G34W mutation promotes

colony formation, infiltration and proliferation in primary GCT cell
lines compared to GCTs that lack the mutations, as also
recapitulated by H3.3-G34W knocked-in osteosarcoma MG63 cell
line [35]. However, the effect of this mutation in the context of
primary or at least immortalised cell lines remains to be
investigated. Khazaei et al. used GCT patient-derived engineered
cancer cells and patient-derived xenograft models to demonstrate
that H3.3-G34W is necessary for tumour formation: reverting H3.3-
G43W to WT significantly decreased proliferation, colony-forming
ability in vitro as well as reduced growth when implanted in tibial
orthotopic and subcutaneous models [36].
Overall, the mechanism(s) of action of G34 appears signifi-

cantly more complex compared to other oncohistones and have
not yet been completely elucidated. The evidence reached so far
points to broadly two major cellular programmes which are
among the hallmarks of cancer [37]: control of cellular
differentiation/fate and control of cancer cells interaction with
the tumour microenvironment (TME) (Fig. 2). These are covered
in the following paragraphs.

Effect on cellular differentiation. Oncohistones perturb the
chromatin landscape, therefore, inducing cell intrinsic alterations
in key cellular pathways [38]. Together with data showing that
G34W mutations promote proliferation at least in some in-vitro
and in-vivo models [35, 36, 39], multiple lines of evidence support
the notion that H3.3-G34W also act by interfering with transcrip-
tional programmes that control differentiation. When looking at
H3.3-G34W mutant GCT-derived primary cells, Lutsik et al.
identified impaired osteogenic differentiation concomitant with
global epigenetic alterations particularly at heterochromatic and
bivalent sites [40]. Lim et al. also highlighted that the mutant
histone interacts specifically with RNA components related to
splicing and alters splicing events leading to aberrant transcription
in GCT-derived primary cell lines [35]. Moreover, immortalised
GCT cells engineered to lose and re-gain H3.3-G34W mutant were
found to downregulate genes involved in muscle functions,
suggesting that the mutations impair differentiation in a
mesenchymal progenitor committed to myogenesis rendering
mutant stromal cells as osteoblast progenitors [36]. In further
support of this notion, we have recently demonstrated, using a
human osteoblastic cell line, that overexpression of H3.3-G34WTa
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strongly impaired osteogenic differentiation but did not alter
proliferation, migration or survival [41].

Effects on the tumour microenvironment. Thanks to the seminal
discoveries in the last two decades, it is now clear that together
with cell intrinsic, also cell extrinsic mechanisms in which cancer
cells cooperate with components of the TME, such as stromal and
immune cells, are critical for tumourigenesis [42]. Importantly, it
has emerged that the TME can be exploited for cancer treatment,
in particular with immunotherapy [43]. Tumour initiation and
progression can also be sustained in a paracrine manner, as
exemplified by the rare tumour craniopharyngioma in which Beta-
Catenin-mutant cells form clusters of senescent cells that release
Senescence Associated Secretory Phenotype (SASP) factors to
stimulate neighbouring unmutated cells to proliferate as a
potential non-cell autonomous cancer mechanism [44].
Our recent work and that of others support the notion that GCT

should be considered a disease of aberrant paracrine signalling
between mutant osteoprogenitors and the TME. GCT comprises
mutant osteoblasts/osteoprogenitors, which are interspersed with
multinucleated osteoclasts (derived from myeloid precursors)
characterised by an abnormally elevated number of nuclei [45].
Osteoclast formation is dependent on Receptor activator of
nuclear factor kappa-Β ligand (RANKL) and the most compelling
evidence for a role of the TME in GCT pathogenesis is the clinical
observation that Denosumab, a humanised antibody to RANKL,
which blocks osteoclast formation, controls tumour growth by
reducing mutant osteoblast proliferation and increasing matura-
tion resulting in more bone formation [41, 46]. Recent work has
shown that knock down of H3.3-G34W induces a reduction of
RANKL mRNA expression by 57% [39] and that increased
expression of RANKL in mutant GCT primary cells is associated

with the presence of active histone marks at the gene regulatory
sites [40]. However, mechanistic evidence for a role of RANKL in
GCT pathogenesis is still lacking [47]. Furthermore, RANKL is not
the only secreted factor altered in bone by oncohistones, as
recently shown by Khazaei et al. [36]. Profiling of the secretome of
isogenic immortalised GCT cell lines revealed that extracellular
matrix (ECM) ligands such as collagens (Collagen Type VI Alpha
chain 1/3, COL6A1/3 and Collagen Type V Alpha chain 2, COL5A2)
and proteoglycans (Biglycan, BGN), which are predicted to interact
with integrin receptors on monocyte/macrophages (Integrin
Subunit Beta 2, ITGB2) and osteoclasts (Integrin Subunit Alpha V,
ITGAV) respectively, were differentially secreted by H3.3-G34
mutant cells.
Our recent work showed that H3.3-G34W reduced transcription

of several osteoblast-derived secreted factors including Signal
peptide CUB Domain and EGF-like domain containing 3 (SCUBE3),
a Transforming Growth Factor (TGF)-beta family member which
physiologically constrains formation of osteoclasts via monocytes
fusion. Proliferation of mutant cancer cells is sustained primarily
by their cross-talk with giant osteoclasts which secrete unregu-
lated amount of Semaphorin D providing a growth advantage
[41]. Similarly to SCUBE3, the proteoglycan Serglycin has been
shown to be secreted by neoplastic GCT osteoblasts to promote
osteoclast differentiation, contributing to a self-sustaining loop for
tumour growth [48].

ONCOHISTONES IN BRAIN AND BONE CANCER: SIMILARITIES
AND DIFFERENCES
A great deal of the research on oncohistones has been conducted
to identify their role in brain tumourigenesis, and the findings of
their role in bone cancer has highlighted how the same mutations

Fig. 2 H3.3-G34W oncohistone drives GCT via multiple complex and multifaceted mechanisms of actions. A H3.3-G34W mutant
osteoprogenitors in GCTs are in close proximity to and interact with giant multinucleated osteoclasts in the bone tumour microenvironment
(TME). H3.3-G34W act via cell intrinsic mechanisms (B) and cell extrinsic mechanisms (C). B Mutant H3.3-G34W osteoprogenitors harbour
an altered chromatin landscape that leads to activation of oncogenic programmes resulting in altered proliferation as well as modulation of
cellular differentiation/fate pathways leading to aberrant cell fate/differentiation decisions. C Mutant H3.3-G34W osteoprogenitors show
alterations in chromatin landscape leading to dysregulation of the progenitor’s secretome (RANKL, SCUBE3, SERGLYCIN, proteoglicans/
collagens) with modified release of proteins. These secreted proteins interact with monocytes and osteoclasts in the TME, controlling their
differentiation. Osteoclasts, in turn, secrete factors which support the growth of mutant osteoprogenitors.
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in different tissue types share some mechanisms of action but also
show unique features. In this chapter, we highlight the similarities
and differences between oncohistone-driven mechanisms of
actions in brain and bone cancer.
One of the first studies which investigated how H3.3-G34V drive

HGG identified differential binding of H3K36me3 at regulatory
regions of transcriptional regulators involved in neuronal differ-
entiation and cellular proliferation including MYCN [49]. G34R/V
were also shown to alter H3K36me2 as they reduce access of the
Lysine (K)-Specific Demethylase 2 (KDM2A) [50]. Voon et al.
modelled H3.3-G34R targeting in mouse embryonic stem cells
and demonstrated that it causes widespread changes not only in
H3K36me3 but also in H3K9me3 as it interferes with the KDM4
family, lysine demethylases of lysines K9/K36 [51]. Similarly to
the effect in the brain, H3K36me2/3 distribution is also affected
by H3.3-G34W mutants in GCT [36, 41] (see Section “Mechanisms
of action of G34 mutations in giant cell tumour of bone”). H3.3-
G34W mutations have been shown to lead to alteration in global
DNA methylation in GCT [40], similarly to HGG where G34W
mutant tumours also show widespread DNA hypomethylation
particularly at subtelomeric regions [52]. G34R also restricts the
deposition of DNA methyltransferase 3 A (DNMT3A) and causes
DNA hypomethylation, together with H3K36me2 alterations and
epigenetic reprogramming, in the context of H3.3-G34R/V/W-
associated neurodevelopmental disorders [53] (see also Section
“Final remarks and future directions”). The mode of action of
G34R and G34W has also, however, been suggested to be
different, as they may diversely affect H3K36 modifications,
subtelomeric silencing and genomic stability, as suggested in
model yeast [54].
A significantly different mechanism compared to the H3.3-G34

mutations is described for the H3-K27M mutation, which is found
in the brain where it acts as GoF to inhibit EZH2. While EZH2 is a
frequent site of LoF and GoF mutations (see Box 1), H3-K27M in
DIPG inhibits EZH2 enzymatic activity, leading to global reduction
of H3K27me3 levels and affecting other major chromatin marks
[7, 30, 52]. The model of PRC2 regulation by H3-K27M is not fully
clear and multiple mechanisms of action have been proposed e.g.,
see ref. [55]. Moreover, inhibition of H3K27me3 is achieved in
several cancers by interfering with multiple pathways upstream of
this histone mark. Recently, Jain et al. demonstrated that
molecular mimicry is used by EZH Inhibitory Protein (EZHIP), a
molecule normally expressed in the placenta and uniquely
upregulated in posterior fossa type A ependymomas where,
similarly to H3-K27M, impedes spreading of H3K27me3 by
interacting with allosterically activated PRC2 [56].
The mechanisms of action of the brain-restricted H3-K27M

mutations also contrasts with the CB-restricted H3-K36 mutations,
as these mutations affect the distribution and localisation of the
opposing H3K27me3/2 and H3K36me3/2 chromatin marks (see
Section “Mechanisms of action of K36 mutations in
chondroblastoma”).

Effects on cellular differentiation
With respect to the effect on cellular differentiation, significant
overlap exists between bone and brain tumours (see also
Chapter 2.3.1). In HGG H3.3-K27M/L regulate the expression of
genes involved in neuronal differentiation in normal embryonic
stem cells, and this appears to occur in a PRC2-independent
manner [57]. Similarly, H3.3-G34R/V-bearing gliomas were shown
to be neuronal malignancies in which interneuron progenitors are
stalled in their differentiation trajectory by the oncohistone, and
co-option of platelet-derived growth factor-alpha receptor
(PDGFRA) signalling further promotes malignant transformation
which is associated with astrocytic features [58]. It is presently
unknown whether the signalling of PDGFRA, which was reported
to be expressed but not mutated in GCT [59], is involved also in
pathogenesis of this disease.

Interestingly, H3.3-K27M and H3.3-G34R show a strong pre-
dilection for occurring in tumours at distinct anatomical sites, due
to mechanisms not entirely clarified. Bressan et al. recently
demonstrated that cell-intrinsic regional identity provides differ-
ential responsiveness to different oncohistones [60]. Moreover,
H3.1- or H3.3-K27M mutations occur in distinct oligodendroglial
cell lineages in brain midline gliomas [61]. This ties together with
the evidence that stalling of developmental programmes seems to
be a feature shared by several paediatric gliomas [62].
The action on cellular differentiation extends also to globular

mutations. Recent evidence by Bagert et al. have shown that
cancer-associated histone mutations in the globular domain affect
nucleosome stability (H2B-E71K/Q and H2B-E76K/Q) and nucleo-
some sliding (H2B-E113K/Q) and profoundly affects cell fate
decision and differentiation of murine mesenchymal progenitor
cells by altering gene expression of pathways involved in cell
adhesion and pluripotency [16]. It remains to be determined
whether the same mechanism applies to other less common
histone core mutations.

Effects on interaction with the tumour microenvironment
Work by Haase et al. has also uncovered that G34 mutations may
contribute to HGG by altering interaction with the immune system
(see also Section “Effects on the tumour microenvironment”).
Using a syngeneic genetically engineered mouse model of H3.3-
G34R-driven HGG the authors demonstrate that this oncohistone
induces down-regulation of DNA repair pathway. In turn, this
causes genetic instability and accumulation of extrachromosomal
DNA. Ultimately, the latter activates the cyclic GMP–AMP
synthase/stimulator of IFN genes (cGAS/STING) pathway, inducing
the release of immune-stimulatory cytokines [63].

Possible parallels: H3.3 chaperones and telomere
maintenance
One possible secondary effect of the presence of oncohistones
that has emerged from studies on HGG, revolves around the role
of Histone H3.3 at telomeric regions. H3.3 is incorporated at
telomeric regions coupled to histone H4 in nucleosomes
exquisitely by Alpha-thalassaemia X-linked mental retardation
(Atrx); Death domain-associated protein (Daxx) can also contribute
to H3.3 deposition at telomeres recruiting a pool of non-
nucleosomal H3.3 to Promyelocytic Leukaemia nuclear bodies
prior to deposition [64]. H3.3-G34R/V mutations found in cortical
HGG (H3.3-G34R found in 20% of cases, H3.3-G34V less commonly)
are frequently coupled to alterations in ATRX/DAXX and Tumour
Protein 53 (TP53) genes [6] leading to induction of the alternative
lengthening of telomeres (ALT) phenotype, whereas this associa-
tion is never found in GCT samples [14, 21].
There is some evidence that G34R might trigger ALT

irrespective of the Atrx status in the brain [6, 65], making it
tempting to speculate that also H3.3-G34W might influence
telomere lengthening in the absence of Atrx mutations [14]. Lutsik
et al. showed that H3.3-G34W GCT primary cells display non-
recurrent centromeric fusions, which could be a potential
consequence of heterochromatin defects induced by the onco-
histone and could potentially contribute to genomic instability
[40]. Telomere dysfunction has been implicated in malignant
transformation of benign GCT to malignancy: malignant H3.3-
mutated tumours are enriched for a variety of alterations in
Telomerase Reverse Transcriptase (TERT) [21]. Forsyth had
previously shown that TERT-dependent telomere maintenance,
and not ALT, is possibly playing a major role in GCT [66]. It is worth
noting that Atrx loss associated with ALT activation are frequent
events in multiple sarcomas [67]. Interestingly, most high grade
osteosarcomas activate ALT either in the absence of Atrx, with a
more aggressive tumour cell phenotype and ECM remodelling
[68], or in the presence of Atrx in conjuction with an amplification
of the ALT-regulator TOP3A [69]. Finally, mutations inhibiting
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KDM4B drive ALT activation in Atrx-mutated glioblastomas,
suggesting cooperation between these genetic alterations in
promoting ALT [70].
More work needs to be put into dissecting if and how

alterations in telomere maintenance play a role in the pathogen-
esis on bone tumours, including GCT where Atrx alterations are
not found genetically coupled with H3.3-G34W. In this respect, it is
possible that additional mechanisms for ALT activation are
implicated in GCT and should be further explored.

Possible parallels: linking retrotransposable elements and
oncohistones?
The transcriptional consequences of oncohistones are overall still
incompletely understood, and the changes observed in the model
systems studies might be the result of compensatory mechanisms
more than direct effects of the mutations. In support of this
hypothesis, it has emerged that the effect of K-to-M mutations in
the brain might be explained by far more complex epigenetic
mechanisms, such as the pervasive global re-distribution of
H3K27ac marks resulting in the baseline increased expression of
silent repetitive regions including retrotrasposable elements (for
instance, endogenous retroviruses, ERVs). This observation is
relevant to treatment of HGG, as H3-K27M cells are vulnerable
to treatment with epigenetic inhibitors (DNA methylation and
HDAC inhibitors) that further enhance the expression of repetitive
elements and selectively stimulate an endogenous antiviral
response [71]. Recently, de-repression of ERVs has been demon-
strated also in models of Drosophila Melanogaster by K27M and
K36M mutations, which induce developmental defects caused by
redistribution of antagonistic marks H3K27me3 and H3K36me2:
H3K36me2 is lost in pericentric heterochromatin leading to de-
repression of ERVs [31]. Interestingly, loss of Daxx or Atrx (covered
also above), which is found in multiple human cancers from
paediatric HGG to osteosarcoma to myeloid malignancies, has
been reported by us and others to lead to de-repression of ERVs
[72–75]. Whether deregulation of ERVs is a consequence of other

bone-restricted oncohistones such as G34W/L and whether it
plays a role in sarcomagenesis is still an open question.

EPIGENETIC ROOTS OF BONE CANCER AND SARCOMAS
BEYOND ONCOHISTONES
Besides oncohistones, a plethora of genetic alterations targeting
several other epigenetic players have been implicated in bone
cancers and sarcomas more generally (see also [18] and Fig. 3).
This chapter will review some of the most recent findings on the
epigenetic roots of bone cancer.

Metabolic reprogramming and the epigenome in IDH-driven
tumours
The majority of chondrosarcomas, the most common primary
malignant bone tumour of adults, harbour single point mutations
in the cytosolic isocitrate dehydrogenase type 1 (IDH1; 60% cases)
and in the mitochondrial isocitrate dehydrogenase type 2 (IDH2)
(10% cases) [76, 77], key enzymes in the tricarboxylic acid cycle
[78]. Mutant IDH1/IDH2 acquire a neomorphic enzymatic function
leading to the accumulation of the 2-D-hydroxyglutarate meta-
bolite (2-HG) metabolite. 2-HG leads to global DNA hypermethyla-
tion, as also shown in astrocytomas and haematopoietic
malignancies carrying IDH mutations [79, 80]. IDH mutations are
also prevalent in more than 20 other tumour types including a
subset of HGG (80% for low-grade and secondary glioblastoma),
acute myeloid leukaemia (20%) and cholangiocarcinoma (20%)
[79].
A plethora of work has reported that IDH mutations promote

metabolic adaptations [81–83], altered cellular differentiation
[84, 85] and metabolic reprogramming of the immune cells
infiltrating the tumour [86, 87]. How much these mechanisms
overlap with those at the basis of oncohistones action has not
been determined yet. Similarly to the action of oncohistones,
alterations of cellular differentiation appear to be the mode of
action of IDH mutations, which impair histone and DNA

Fig. 3 Common intrinsic and extrinsic epigenetic dysregulations that have been uncovered so far at the root of bone cancer. Histone
post-translational modifications (PTMs) landscape and chromatin remodelling (common to all epigenetically driven sarcomas); proliferation
(i.e., oncohistone- and IDH-driven tumours); cell fate decision/differentiation of the cell of origin (i.e., osteoblasts and chondroblasts by
oncohistone, chondroblasts by IDH); metabolism (2-HG in IDH mutated tumours); interaction with the TME (i.e., osteoblast-osteoclasts
interaction in oncohistone-driven GCT); phase separation (i.e., fusion proteins in various sarcomas); retrotransposable elements (possibly at
the basis of bone cancer, still to be uncovered); telomere maintenance (i.e., possible atrx/daxx-independent telomere lengthening in GCT).
Created with BioRender.com.

P. Salomoni et al.

7

Cell Death & Differentiation



methylation preventing lineage-specific progenitors to terminally
differentiate [84, 85, 88]. IDH1 R132C and IDH2 R172K are
associated with increased global histone methylation leading to
increased dysregulation of glial differentiation [85], increased
chondrogenic differentiation of human mesenchymal stem cells
(IDH1 R132C, [84]) and reduced adipogenic differentiation
respectively (IDH2 R172K, [85]).
Furthermore, the importance of the interaction with the TME

has been demonstrated also for IDH-mutated tumours, where IDH-
mutant cancer cells instruct macrophages to develop along an
immunosuppressive phenotype by modulating tryptophan meta-
bolism [87].
Interestingly, a recent study has reported that IDH mutations

and H3.3-K27M modulate the Krebs cycle in an opposite fashion to
sustain hypermethylation and hypomethylation, respectively [89].
What remains to be investigated is whether the widespread
chromatin opening in K27M tumours is followed by compensatory
mechanisms for chromatin closing that could rely on metabolic
changes promoting an increase in repressive histone marks. In this
respect, it is known that certain loci become repressed via
H3K27me3 in DIPG despite the presence of H3.3-K27M [90].

Epigenetic alterations identified at low frequency in bone
cancers
Besides IDH mutations, a significant number of alterations in
epigenetic regulators are identified in bone cancers at lower
frequencies, making it difficult to establish a causative link in
cancer pathogenesis.
Osteosarcoma, the most common bone cancer in children, is

characterised by a highly disrupted genome with alterations of
several tumour suppressor genes (mainly TP53, Retinoblastoma,
RB1) and oncogenes. A proportion of osteosarcoma harbours
alterations in Atrx (see above), associated with a more aggressive
behaviour with increased growth and migration [68]. Loss-of-
function of PRC2 is also frequently found in osteosarcoma cell
lines but it is rarer in tumour samples [91]. Moreover, the H3.3-
G34R/V substitutions, which do not occur in GCT, are instead
found in osteosarcomas at low frequency (1–14%) [6, 7, 14].
Although at the genetic level GCTs are characterised exclusively

by histone mutations, their malignant counterparts show the
acquisition of further aberrations including the biallelic loss of
KDM4B or KDM5A, two epigenetic enzymes that demethylate
lysines of both active and repressive marks, suggesting an
epigenetic rewiring of cancer cells during malignant transforma-
tion [21]. Similarly, a subtype of chordomas (poorly differentiated
subtype), a rare tumour of the spine and base of skull, is
associated with loss/inactivation of SWI/SNF Related Matrix
Associated Actin Dependent Regulator Of Chromatin, Subfamily
B, Member 1 (SMARCB1) [92]. Hotspot mutations in H3-3A have
been reported in a proportion of high grade bone tumours, some
with complex copy number aberrations and a DNA methylation
profile more similar to that of osteosarcomas; these may represent
transformation of GCT to high grade disease [93] and these
findings reflect the difficulty in tumour classification.

Further epigenetic players altered in sarcomas
Alterations in histones and other epigenetic modifiers are also
described with various degree of frequency in a wide variety of
sarcomas: understanding their mechanisms of actions may also
inform on oncohistone biology, making this an exciting area of
research.
The H3.3 variant is overexpressed in alveolar rhabdomyosar-

coma, one of the most common sarcomas in children, where it
increases the migratory and metastatic potential of cancer cells in
a Melanoma Cell Adhesion Molecule (MCAM)-dependent manner
[94]. K36M alterations are also found rarely in paediatric soft tissue
sarcomas although they preferentially target H3.1 [23]. Some
undifferentiated round cell sarcomas, a group of highly aggressive

mesenchymal tumours that affect children and young adults,
harbour mutations in the histone H1 (HIST1H) family members and
show loss of SMARCB1 [95].
The histone ‘writers’ Suppressor of Zeste 12 (SUZ12) and

Embryonic Ectoderm Development (EED), components of PRC, are
frequently and mutually exclusively altered by LoF in sporadic
cases of malignant peripheral nerve sheath tumour (MPNST), a
rare sarcoma arising within peripheral nerves, generally in the
presence of driver mutation in Neurofibromatosis type 1 (NF1)
[96]. Members of the SWI/SNF remodelling complex are also
altered in MPNST as well as in other sarcomas such as poorly
differentiated chordoma, malignant rhabdoid tumours and
epithelioid sarcoma [18].
Many sarcomas are driven by fusion proteins, which most

commonly include FUsion in malignant lypoSarcoma (FUS), EWS
RNA Binding Protein 1 (EWSR1) and TATA-box binding protein
Associated Factor 15 (TAF15) as partners. FUS, EWSR1 and TAF15
are major drivers of a novel recently described mechanism of
epigenetic regulation at the level of chromatin 3D structure, called
phase separation. Phase separation refers to the phenomenon in
which a supersaturated solution of components, as it is the case of
biomolecules in chromatin, separates in two distinct independent
and stable phases leading to membraneless compartimentalisa-
tion of biological processes, also called condensates [97]. There is
supporting evidence that several transcription factors, such as the
30 members of the FUS family [98], use liquid-liquid phase
separation and that formation of condensates may affect
pathogenesis of neurodegenerative diseases and cancer [97, 99].
In Ewing sarcoma, the second most common bone cancer
affecting children and young adults, the fusion involves EWSR1
and friend leukaemia virus integration 1 gene (EWSR1:FLI1) in
nearly 85% of cases, alongside EWSR1:ERG in 10% of cases and
rarer fusions with other members of the E-twenty-six (ETS) family
of transcription factors). EWSR1:FLI1 targets critical chromatin
regulatory complexes such as the SWI/SNF remodelling complexes
via phase separation to establish and maintain oncogenic gene
expression programmes at high levels to drive cancer [100–102].
Other epigenetic components that are involved in sarcomagenesis
and other cancers may do so by causing phase separation [103].
PRC2 deposits H3K27me3, which in turn attracts PRC1 containing
Chromobox (CBX) proteins: CBX2 undergoes phase separation to
form condensates and organise polycomb-bound chromatin
[104, 105]. One could speculate that oncohistones could cause
aberrant partitioning of epigenetic enzymes similarly to how
fusion proteins generate multimeric associations via their intrinsi-
cally disordered prion-like regions [18], and that phase separation
might be one of their mechanisms of action.
Finally, an oncogenic fusion has been reported in Endometrial

Stromal Sarcoma (ESS), where the oncohistone-mimic EZHIP is
fused to the member of remodelling complex MBT Domain
containing 1 (MBTD1) (MBTD1:EZHIP) [106]: it is therefore
intriguing to speculate that impaired K27me3 spreading is also
at the basis of this sarcoma. Intriguingly, Ragazzini et al. have
shown that while the EZHIP transcript is undetectable in most
osteosarcoma cell lines, it is expressed in the cell line U2OS
leading to the possibility that EZHIP may play a role also in this
bone cancer [107].

FINAL REMARKS AND FUTURE DIRECTIONS
The discovery of oncohistones have revolutionised the field of
cancer epigenetics but their functions and mechanisms of action
remain still an area of active exploration. Their roles in modifying
the TME for supporting tumour growth and/or blocking of
differentiation warrant urgent investigation, as they could be
exploited for therapeutic intervention [108].
Another question is the degree of overlap with respect to

downstream effectors of oncohistones compared to other
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epigenetic regulators, such as IDH. Oncohistones could co-operate
with other oncogenic events like structural variants, as recently
shown for paediatric high grade gliomas [109], or whole genome
genomic aberrations in specific driver combinations during bone
cancer progression.
Moreover, not only the location and cell of origin but also the

timing at which these epigenetic alterations occur is likely critical
for their mode of action. In this respect, mutations arising during
development or postnatally may lead to unique behaviours
although the downstream effectors might be common.
It has recently emerged that dysregulation of histones and their

modifications leads not only to cancer, but it has also been
associated with neurodevelopmental syndromes, psychiatric
disorders and cardiovascular disease. Germline mutations in
epigenetic modifiers cause neurodevelopmental syndromes with
a wide spectrum of phenotypes, raising the possibility that the cell
types in which such mutations occur and/or mutated gene dosage
and timing may play key roles [110, 111]. Mouse models of H3.3
knock outs implicate also histone genes in developmental
dysregulation [112]. Bryant et al have recently screened a large
cohort of families bearing de-novo germline alterations in H3-3A
and H3-3B genes and displaying neurodegenerative disorders
without malignancies [113]. Moreover, germline H3.3-G34R/V
mutations cause severe neurodevelopmental defects by decreas-
ing H3K36me3 on H3.3 mutant tail, similarly to its cancer-
associated counterpart, impairing recruitment and distribution of
DNMT3A and ultimately silencing neuronal genes and activating
neuroinflammatory pathways [53] (see also Section “Oncohistones
in brain and bone cancer: similarities and differences”). Germline
alterations are also found in the histone H4 and have been shown
to induce genome instability and modulating cell cycle during
early development resulting in neurodevelopmental phenotypes
[114]. Interestingly, these syndromes are not associated with
susceptibility to cancer, suggesting that their impact on early
development is different from the one on more subsequent
stages, where it leads to neoplastic transformation. Based on the
identification of histone mutations in neurogenerative develop-
mental disorders, it is tempting to speculate that selected orphan
bone syndromes could also be caused by histone mutations or
other epigenetic alterations, such as Ollier disease/Maffucci
Syndrome caused by IDH1/2 mutations [78]. Supporting this idea,
H3.3-G34W mutations have been detected also in a newly
described cancer syndrome, where the mutation is thought to
arise postzygotically, involving pheochromocytomas and para-
gangliomas together with GCT [115]. Understanding how histone
mutations cause disease will provide the key to understanding
further how epigenetic alterations in the downstream networks
lead to neoplastic and non neoplastic disease and how they can
be targeted for patients’ benefit.

REFERENCES
1. Jenuwein T, Allis CD. Translating the histone code. Science. 2001;293:1074–80.
2. Allis CD, Jenuwein T. The molecular hallmarks of epigenetic control. Nat Rev

Genet. 2016;17:487–500.
3. Talbert PB, Meers MP, Henikoff S. Old cogs, new tricks: the evolution of gene

expression in a chromatin context. Nat Rev Genet. 2019;20:283–97.
4. Feinberg AP, Koldobskiy MA, Göndör A. Epigenetic modulators, modifiers and

mediators in cancer aetiology and progression. Nat Rev Genet. 2016;17:284–99.
5. Suvà ML, Riggi N, Bernstein BE. Epigenetic reprogramming in cancer. Science.

2013;340:1567–70.
6. Schwartzentruber J, Korshunov A, Liu X-Y, Jones DTW, Pfaff E, Jacob K, et al.

Driver mutations in histone H3.3 and chromatin remodelling genes in paediatric
glioblastoma. Nature. 2012;482:226–31.

7. Wu G, Broniscer A, McEachron TA, Lu C, Paugh BS, Becksfort J, et al. Somatic
histone H3 alterations in pediatric diffuse intrinsic pontine gliomas and non-
brainstem glioblastomas. Nat Genet. 2012;44:251–3.

8. Khuong-Quang DA, Buczkowicz P, Rakopoulos P, Liu XY, Fontebasso AM, Bouffet
E, et al. K27M mutation in histone H3.3 defines clinically and biologically distinct

subgroups of pediatric diffuse intrinsic pontine gliomas. Acta Neuropathol.
2012;124:439–47.

9. Nacev BA, Feng L, Bagert JD, Lemiesz AE, Gao JJ, Soshnev AA, et al. The
expanding landscape of ‘oncohistone’ mutations in human cancers. Nature.
2019;567:473–8.

10. Amatori S, Tavolaro S, Gambardella S, Fanelli M. The dark side of histones:
genomic organization and role of oncohistones in cancer. Clin Epigenetics.
2021;13:1–21.

11. Mohammad F, Helin K. Oncohistones: drivers of pediatric cancers. Genes Dev.
2017;31:2313–24.

12. Funato K, Tabar V. Histone mutations in cancer. Annu Rev Cancer Biol.
2018;2:337–51.

13. Pathania M, De Jay N, Maestro N, Harutyunyan AS, Nitarska J, Pahlavan P, et al.
H3.3 K27M cooperates with Trp53 loss and PDGFRA gain in mouse embryonic
neural progenitor cells to induce invasive high-grade gliomas. Cancer Cell.
2017;32:684–700.

14. Behjati S, Tarpey PS, Presneau N, Scheipl S, Pillay N, Van Loo P, et al. Distinct
H3F3A and H3F3B driver mutations define chondroblastoma and giant cell
tumor of bone. Nat Genet. 2013;45:1479–82.

15. Andrade AF, Chen CCL, Jabado N. Oncohistones in brain tumors: the soil and
seed. Trends Cancer. 2023;9:444–55.

16. Bagert JD, Mitchener MM, Patriotis AL, Dul BE, Wojcik F, Nacev BA, et al.
Oncohistone mutations enhance chromatin remodeling and alter cell fates. Nat
Chem Biol. 2021;17:403–11.

17. Grünewald TG, Alonso M, Avnet S, Banito A, Burdach S, Cidre‐Aranaz F, et al.
Sarcoma treatment in the era of molecular medicine. EMBO Mol Med.
2020;12:1–33.

18. Nacev BA, Jones KB, Intlekofer AM, Yu JSE, Allis CD, Tap WD, et al. The epige-
nomics of sarcoma. Nat Rev Cancer. 2020;20:608–23.

19. Baumhoer D, Amary F, Flanagan AM. An update of molecular pathology of bone
tumors. Lessons learned from investigating samples by next generation
sequencing. Genes Chromosom Cancer. 2019;58:88–99.

20. Editorial Board. WHO classification of soft tissue and bone tumours. France:
IARC, Lyon; 2020.

21. Fittall MW, Lyskjær I, Ellery P, Lombard P, Ijaz J, Strobl AC, et al. Drivers
underpinning the malignant transformation of giant cell tumour of bone. J
Pathol. 2020;252:433–40.

22. Cleven AHG, Höcker S, Briaire-De Bruijn I, Szuhai K, Cleton-Jansen AM, Bovée
JVMG. Mutation analysis of H3F3A and H3F3B as a diagnostic tool for giant cell
tumor of bone and chondroblastoma. Am J Surg Pathol. 2015;39:1576–83.

23. Kervarrec T, Collin C, Larousserie F, Bouvier C, Aubert S, Gomez-Brouchet A, et al.
H3F3 mutation status of giant cell tumors of the bone, chondroblastomas and
their mimics: a combined high resolution melting and pyrosequencing
approach. Mod Pathol. 2017;30:393–406.

24. Presneau N, Baumhoer D, Behjati S, Pillay N, Tarpey P, Campbell PJ, et al.
Diagnostic value of H3F3A mutations in giant cell tumour of bone compared to
osteoclast-rich mimics. J Pathol Clin Res. 2015;1:113–23.

25. Frank D, Doenecke D, Albig W. Differential expression of human replacement
and cell cycle dependent H3 histone genes. Gene. 2003;312:135–43.

26. López-Fernández LA, López-Alañón DM, Castañeda V, Krimer DB, Del Mazo J.
Developmental expression of H3.3A variant histone mRNA in mouse. Int J Dev
Biol. 1997;41:699–703.

27. Lu C, Jain SU, Hoelper D, Bechet D, Molden RC, Ran L, et al. Histone H3K36
mutations promote sarcomagenesis through altered histone methylation
landscape. Science. 2016;352:844–9.

28. Fang D, Gan H, Lee JH, Han J, Wang Z, Riester SM, et al. The histone H3.3K36M
mutation reprograms the epigenome of chondroblastomas. Science.
2016;352:1344–8.

29. Yang S, Zheng X, Lu C, Li GM, Allis CD, Li H. Molecular basis for oncohistone H3
recognition by SETD2 methyltransferase. Genes Dev. 2016;30:1611–6.

30. Lewis PW, Müller MM, Koletsky MS, Cordero F, Lin S, Banaszynski LA, et al.
Inhibition of PRC2 activity by a gain-of-function H3 mutation found in pediatric
glioblastoma. Science. 2013;340:857–61.

31. Chaouch A, Berlandi J, Chen CCL, Frey F, Badini S, Harutyunyan AS, et al. Histone
H3.3 K27M and K36M mutations de-repress transposable elements through
perturbation of antagonistic chromatin marks. Mol Cell. 2021;81:4876–4890.e7.

32. Fang J, Huang Y, Mao G, Yang S, Rennert G, Gu L, et al. Cancer-driving H3G34V/
R/D mutations block H3K36 methylation and H3K36me3-MutSα interaction.
Proc Natl Acad Sci USA. 2018;115:9598–603.

33. Jain SU, Khazaei S, Marchione DM, Lundgren SM, Wang X, Weinberg DN, et al.
Histone H3.3 G34 mutations promote aberrant PRC2 activity and drive tumor
progression. Proc Natl Acad Sci USA. 2020;117:27354–64.

34. Shi L, Shi J, Shi X, Li W, Wen H. Histone H3.3 G34 mutations alter histone H3K36
and H3K27 methylation in cis. J Mol Biol. 2018;430:1562–5.

P. Salomoni et al.

9

Cell Death & Differentiation



35. Lim J, Park JH, Baude A, Yoo Y, Lee YK, Schmidt CR, et al. The histone variant
H3.3 G34W substitution in giant cell tumor of the bone link chromatin and RNA
processing. Sci Rep. 2017;7:1–14.

36. Khazaei S, De Jay N, Deshmukh S, Hendrikse LD, Jawhar W, Chen CCL, et al. H3.3
G34W promotes growth and impedes differentiation of osteoblast-like
mesenchymal progenitors in giant cell tumor of bone. Cancer Discov.
2020;10:1968–87.

37. Hanahan D. Hallmarks of cancer: new dimensions. Cancer Discov.
2022;12:31–46.

38. Deshmukh S, Ptack A, Krug B, Jabado N. Oncohistones: a roadmap to stalled
development. FEBS J. 2022;289:1315–28.

39. Fellenberg J, Sähr H, Mancarella D, Plass C, Lindroth AM, Westhauser F, et al.
Knock-down of oncohistone H3F3A-G34W counteracts the neoplastic pheno-
type of giant cell tumor of bone derived stromal cells. Cancer Lett.
2019;448:61–9.

40. Lutsik P, Baude A, Mancarella D, Öz S, Kühn A, Toth R, et al. Globally altered
epigenetic landscape and delayed osteogenic differentiation in H3.3-G34W-
mutant giant cell tumor of bone. Nat Commun. 2020;11:1–37.

41. Cottone L, Ligammari L, Lee HM, Knowles HJ, Henderson S, Bianco S, et al.
Aberrant paracrine signalling for bone remodelling underlies the mutant
histone-driven giant cell tumour of bone. Cell Death Differ. 2022;29:2459–71.

42. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144:646–74.

43. Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the tumor immune microenvironment (TIME) for effective
therapy. Nat Med. 2018;24:541–50.

44. Gonzalez-Meljem JM, Martinez-Barbera JP. Adamantinomatous craniophar-
yngioma as a model to understand paracrine and senescence-induced
tumourigenesis. Cell Mol Life Sci. 2021;78:4521–44.

45. Forsyth RG, Krenács T, Athanasou N, Hogendoorn PCW. Cell biology of giant cell
tumour of bone: Crosstalk between m/wt nucleosome H3.3, telomeres and
osteoclastogenesis. Cancers (Basel). 2021;13:1–18.

46. Thomas D, Henshaw R, Skubitz K, Chawla S, Staddon A, Blay JY, et al. Denosu-
mab in patients with giant-cell tumour of bone: an open-label, phase 2 study.
Lancet Oncol. 2010;11:275–80.

47. Wu PF, Tang JY, Li KH. RANK pathway in giant cell tumor of bone: pathogenesis
and therapeutic aspects. Tumor Biol. 2015;36:495–501.

48. He Y, Cheng D, Lian C, Liu Y, Luo W, Wang Y, et al. Serglycin induces osteo-
clastogenesis and promotes tumor growth in giant cell tumor of bone. Cell
Death Dis. 2021;12:1–10.

49. Bjerke L, Mackay A, Nandhabalan M, Burford A, Jury A, Popov S, et al. Histone
H3.3 mutations drive pediatric glioblastoma through upregulation of MYCN.
Cancer Discov. 2013;3:512–9.

50. Cheng Z, Cheung P, Kuo AJ, Yukl ET, Wilmot CM, Gozani O, et al. A molecular
threading mechanism underlies Jumonji lysine demethylase KDM2A regulation
of methylated H3K36. Genes Dev. 2014;28:1758–71.

51. Voon HPJ, Udugama M, Lin W, Hii L, Law RHP, Steer DL, et al. Inhibition of a K9/
K36 demethylase by an H3.3 point mutation found in paediatric glioblastoma.
Nat Commun. 2018;9:3142.

52. Sturm D, Witt H, Hovestadt V, Khuong-Quang D-A, Jones DTW, Konermann C,
et al. Hotspot mutations in H3F3A and IDH1 define distinct epigenetic and
biological subgroups of glioblastoma. Cancer Cell. 2012;22:425–37.

53. Khazaei S, Chen CCL, Andrade AF, Kabir N, Azarafshar P, Morcos SM, et al. Single
substitution in H3.3G34 alters DNMT3A recruitment to cause progressive neu-
rodegeneration. Cell. 2023;186:1162–1178.e20.

54. Lowe BR, Yadav RK, Henry RA, Schreiner P, Matsuda A, Fernandez AG, et al.
Surprising phenotypic diversity of cancer-associated mutations of gly 34 in the
histone h3 tail. Elife. 2021;10:1–30.

55. Stafford JM, Lee CH, Voigt P, Descostes N, Saldana-Meyer R, Yu JR, et al. Multiple
modes of PRC2 inhibition elicit global chromatin alterations in H3K27M pedia-
tric glioma. Sci Adv. 2018;4:eaau5935.

56. Jain SU, Rashoff AQ, Krabbenhoft SD, Hoelper D, Do TJ, Gibson TJ, et al. H3 K27M
and EZHIP impede H3K27-methylation spreading by inhibiting allosterically
stimulated PRC2. Mol Cell. 2020;80:726–735.e7.

57. Cohen LRZ, Kaffe B, Deri E, Leibson C, Nissim-Rafinia M, Maman M, et al. PRC2-
independent actions of H3.3K27M in embryonic stem cell differentiation.
Nucleic Acids Res. 2022;51:1662–73.

58. Chen CCL, Deshmukh S, Jessa S, Hadjadj D, Lisi V, Andrade AF, et al. Histone
H3.3G34-mutant interneuron progenitors co-opt PDGFRA for gliomagenesis.
Cell. 2020;183:1617–1633.e22.

59. Sulzbacher I, Dominkus M, Pichlhofer B, Mazal PR. Expression of platelet-derived
growth factor-alpha receptor and c-kit in giant cell tumours of bone. Pathology.
2009;41:630–3.

60. Bressan RB, Southgate B, Ferguson KM, Blin C, Grant V, Alfazema N, et al.
Regional identity of human neural stem cells determines oncogenic responses
to histone H3.3 mutants. Cell Stem Cell. 2021;28:877–893.e9.

61. Jessa S, Mohammadnia A, Harutyunyan AS, Hulswit M, Varadharajan S, Lakkis H,
et al. K27M in canonical and noncanonical H3 variants occurs in distinct oli-
godendroglial cell lineages in brain midline gliomas. Nat Genet.
2022;54:1865–80.

62. Jessa S, Blanchet-Cohen A, Krug B, Vladoiu M, Coutelier M, Faury D, et al. Stalled
developmental programs at the root of pediatric brain tumors. Nat Genet.
2019;51:1702–13.

63. Haase S, Banerjee K, Mujeeb AA, Hartlage CS, Núñez FM, Núñez FJ, et al. H3.3-
G34 mutations impair DNA repair and promote cGAS/STING-mediated immune
responses in pediatric high-grade glioma models. J Clin Invest.
2022;132:e154229.

64. Shi L, Wen H, Shi X. The histone variant H3.3 in transcriptional regulation and
human disease. J Mol Biol. 2017;429:1934–45.

65. Minasi S, Baldi C, Gianno F, Antonelli M, Pietsch T, Massimino M, et al. Alternative
lengthening of telomeres in molecular subgroups of paediatric high-grade
glioma. Childs Nerv Syst. 2021;37:809–18.

66. Forsyth R, De Boeck G, Bekaert S, De Meyer T, Taminiau A, Uyttendaele D, et al.
Telomere biology in giant cell tumour of bone. J Pathol. 2008;214:555–63.

67. Ren X, Tu C, Tang Z, Ma R, Li Z. Alternative lengthening of telomeres phenotype
and loss of ATRX expression in sarcomas. Oncol Lett. 2018;15:7489–96.

68. DeWitt SB, Plumlee SH, Brighton HE, Sivaraj D, Martz EJ, Zand M, et al. Loss of
ATRX promotes aggressive features of osteosarcoma with increased NF-κB
signaling and integrin binding. JCI Insight. 2022;7:1–19.

69. Nonneville, De A, Guille A, Finetti P, Noble JR, Churikov D, et al. TOP 3 A
amplification and ATRX inactivation are mutually exclusive events in pediatric
osteosarcomas using ALT. EMBO Mol Med. 2022;14:1–22.

70. Udugama M, Hii L, Garvie A, Cervini M, Vinod B, Chan FL, et al. Mutations
inhibiting KDM4B drive ALT activation in ATRX-mutated glioblastomas. Nat
Commun. 2021;12:1–11.

71. Krug B, De Jay N, Harutyunyan AS, Deshmukh S, Marchione DM, Guilhamon P,
et al. Pervasive H3K27 acetylation leads to ERV expression and a therapeutic
vulnerability in H3K27M gliomas. Cancer Cell. 2019;35:782–97.

72. Gerber JP, Russ J, Chandrasekar V, Offermann N, Lee H, Spear S, et al. Aberrant
chromatin landscape following loss of the H3.3 chaperone Daxx in haemato-
poietic precursors leads to Pu.1-mediated neutrophilia and inflammation. Nat
Cell Biol. 2021;23:1224–39.

73. He Q, Kim H, Huang R, Lu W, Tang M, Shi F, et al. The Daxx/Atrx complex
protects tandem repetitive elements during DNA hypomethylation by pro-
moting H3K9 trimethylation. Cell Stem Cell. 2015;17:273–86.

74. Mahmud I, Liao D. DAXX in cancer: phenomena, processes, mechanisms and
regulation. Nucleic Acids Res. 2019;47:7734–52.

75. Clynes D, Higgs DR, Gibbons RJ. The chromatin remodeller ATRX: a repeat
offender in human disease. Trends Biochem Sci. 2013;38:461–6.

76. Amary MF, Bacsi K, Maggiani F, Damato S, Halai D, Berisha F, et al. IDH1 and
IDH2 mutations are frequent events in central chondrosarcoma and central and
periosteal chondromas but not in other mesenchymal tumours. J Pathol.
2011;224:334–43.

77. Cross W, Lyskjær I, Lesluyes T, Hargreaves S, Strobl AC, Davies C, et al. A genetic
model for central chondrosarcoma evolution correlates with patient outcome.
Genome Med. 2022;14:1–12.

78. Amary MF, Damato S, Halai D, Eskandarpour M, Berisha F, Bonar F, et al. Ollier
disease and Maffucci syndrome are caused by somatic mosaic mutations of
IDH1 and IDH2. Nat Genet. 2011;43:1262–5.

79. Pirozzi CJ, Yan H. The implications of IDH mutations for cancer development
and therapy. Nat Rev Clin Oncol. 2021;18:645–61.

80. Waitkus MS, Diplas BH, Yan H. Biological role and therapeutic potential of IDH
mutations in cancer. Cancer Cell. 2018;34:186–95.

81. Hvinden IC, Cadoux-Hudson T, Schofield CJ, McCullagh JSO. Metabolic adap-
tations in cancers expressing isocitrate dehydrogenase mutations. Cell Rep.
Med. 2021;2:100469.

82. Stuani L, Sabatier M, Saland E, Cognet G, Poupin N, Bosc C, et al. Mitochondrial
metabolism supports resistance to IDH mutant inhibitors in acute myeloid
leukemia. J Exp Med. 2021;218:e20200924.

83. Pathmanapan S, Ilkayeva O, Martin JT, Loe AKH, Zhang H, Zhang G, et al. Mutant
IDH and non-mutant chondrosarcomas display distinct cellular metabolomes.
Cancer Metab. 2021;9:1–14.

84. Jin Y, Elalaf H, Watanabe M, Tamaki S, Hineno S, Matsunaga K, et al. Mutant idh1
dysregulates the differentiation of mesenchymal stem cells in association with
gene-specific histone modifications to cartilage- and bone-related genes. PLoS
One. 2015;10:1–15.

P. Salomoni et al.

10

Cell Death & Differentiation



85. Lu C, Ward PS, Kapoor GS, Rohle D, Turcan S, Abdel-Wahab O, et al. IDH
mutation impairs histone demethylation and results in a block to cell differ-
entiation. Nature. 2012;483:474–8.

86. Alghamri MS, McClellan BL, Avvari RP, Thalla R, Carney S, Hartlage MS, et al.
G-CSF secreted by mutant IDH1 glioma stem cells abolishes myeloid cell
immunosuppression and enhances the efficacy of immunotherapy. Sci Adv.
2021;7:eabh3243.

87. Friedrich M, Sankowski R, Bunse L, Kilian M, Green E, Ramallo Guevara C, et al.
Tryptophan metabolism drives dynamic immunosuppressive myeloid states in
IDH-mutant gliomas. Nat Cancer. 2021;2:723–40.

88. Wei Y, Li G, Feng J, Wu F, Zhao Z, Bao Z, et al. Stalled oligodendrocyte differ-
entiation in IDH-mutant gliomas. Genome Med. 2023;15:24.

89. Chung C, Sweha SR, Pratt D, Tamrazi B, Panwalkar P, Banda A, et al. Integrated
metabolic and epigenomic reprograming by H3K27M mutations in diffuse
intrinsic pontine gliomas. Cancer Cell. 2020;38:334–349.e9.

90. Mohammad F, Weissmann S, Leblanc B, Pandey DP, Højfeldt JW, Comet I, et al.
EZH2 is a potential therapeutic target for H3K27M-mutant pediatric gliomas. Nat
Med. 2017;23:483–92.

91. Feng H, Tillman H, Wu G, Davidoff AM, Yang J. Frequent epigenetic alterations in
polycomb repressive complex 2 in osteosarcoma cell lines. Oncotarget.
2018;9:27087–91.

92. Mobley BC, McKenney JK, Bangs CD, Callahan K, Yeom KW, Schneppenheim R,
et al. Loss of SMARCB1/INI1 expression in poorly differentiated chordomas. Acta
Neuropathol. 2010;120:745–53.

93. Koelsche C, Schrimpf D, Tharun L, Roth E, Sturm D, Jones DTW, et al. Histone 3.3
hotspot mutations in conventional osteosarcomas: a comprehensive clinical and
molecular characterization of six H3F3A mutated cases. Clin Sarcoma Res.
2017;7:9.

94. Karthik N, Lee JJH, Soon JLJ, Chiu HY, Loh AHP, Ong DST, et al. Histone variant H3.3
promotes metastasis in alveolar rhabdomyosarcoma. J Pathol. 2023;259:342–56.

95. Cidre-Aranaz F, Watson S, Amatruda JF, Nakamura T, Delattre O, de Alava E, et al.
Small round cell sarcomas. Nat Rev Dis Prim. 2022;8:66.

96. Cortes-Ciriano I, Steele CD, Piculell K, Al-Ibraheemi A, Eulo V, Bui MM, et al.
Genomic patterns of malignant peripheral nerve sheath tumor (MPNST) evo-
lution correlate with clinical outcome and are detectable in cell-free DNA.
Cancer Discov. 2023;13:654–71.

97. Alberti S, Dormann D. Liquid-liquid phase separation in disease. Annu Rev
Genet. 2019;53:171–94.

98. Wang J, Choi JM, Holehouse AS, Lee HO, Zhang X, Jahnel M, et al. A molecular
grammar governing the driving forces for phase separation of prion-like RNA
binding proteins. Cell. 2018;174:688–699.e16.

99. Sawyer IA, Bartek J, Dundr M. Phase separated microenvironments inside the
cell nucleus are linked to disease and regulate epigenetic state, transcription
and RNA processing. Semin Cell Dev Biol. 2019;90:94–103.

100. Tomazou EM, Sheffield NC, Schmidl C, Schuster M, Schönegger A, Datlinger P,
et al. Epigenome mapping reveals distinct modes of gene regulation and
widespread enhancer reprogramming by the oncogenic fusion protein EWS-
FLI1. Cell Rep. 2015;10:1082–95.

101. Zuo L, Zhang G, Massett M, Cheng J, Guo Z, Wang L, et al. Loci-specific phase
separation of FET fusion oncoproteins promotes gene transcription. Nat Com-
mun. 2021;12:1491.

102. Boulay G, Sandoval GJ, Riggi N, Iyer S, Buisson R, Naigles B, et al. Cancer-specific
retargeting of BAF complexes by a prion-like domain. Cell.
2017;171:163–178.e19.

103. Reed H, Kegui W, Yingxiao W, Qin P. Phase separation and histone epigenetics
in genome regulation. Curr Opin Solid State Mater Sci. 2021;25:100892.

104. Ren X, Vincenz C, Kerppola TK. Changes in the distributions and dynamics of
polycomb repressive complexes during embryonic stem cell differentiation. Mol
Cell Biol. 2008;28:2884–95.

105. Tatavosian R, Kent S, Brown K, Yao T, Duc HN, Huynh TN, et al. Nuclear con-
densates of the Polycomb protein chromobox 2 (CBX2) assemble through phase
separation. J Biol Chem. 2019;294:1451–63.

106. Dewaele B, Przybyl J, Quattrone A, Finalet Ferreiro J, Vanspauwen V, Geerdens E,
et al. Identification of a novel, recurrent MBTD1-CXorf67 fusion in low-grade
endometrial stromal sarcoma. Int J Cancer. 2014;134:1112–22.

107. Ragazzini R, Pérez-Palacios R, Baymaz IH, Diop S, Ancelin K, Zielinski D, et al.
EZHIP constrains Polycomb Repressive Complex 2 activity in germ cells. Nat
Commun. 2019;10:1–18.

108. Bates SE. Epigenetic therapies for cancer. N Engl J Med. 2020;383:650–63.
109. Dubois FPB, Shapira O, Greenwald NF, Zack T, Wala J, Tsai JW, et al. Structural

variants shape driver combinations and outcomes in pediatric high-grade
glioma. Nat Cancer. 2022;3:994–1011.

110. Ronan JL, Wu W, Crabtree GR. From neural development to cognition: Unex-
pected roles for chromatin. Nat Rev Genet. 2013;14:347–59.

111. Bjornsson HT. The Mendelian disorders of the epigenetic machinery. Genome
Res. 2015;25:1473–81.

112. Bush K, Cervantes V, Yee JQ, Klein RH, Knoepfler PS. A knockout-first model of
H3f3a gene targeting leads to developmental lethality. Genesis. 2023;61:1–10.

113. Bryant L, Li D, Cox SG, Marchione D, Joiner EF, Wilson K, et al. Histone H3.3
beyond cancer: germline mutations in Histone 3 Family 3A and 3B cause a
previously unidentified neurodegenerative disorder in 46 patients. Sci Adv.
2020;6:1–12.

114. Tessadori F, Giltay JC, Hurst JA, Massink MP, Duran K, Vos HR, et al. Germline
mutations affecting the histone H4 core cause a developmental syndrome by
altering DNA damage response and cell cycle control. Nat Genet.
2017;49:1642–6.

115. Toledo RA, Qin Y, Cheng ZM, Gao Q, Iwata S, Silva GM, et al. Recurrent mutations
of chromatin-remodeling genes and kinase receptors in pheochromocytomas
and paragangliomas. Clin Cancer Res. 2016;22:2301–10.

116. Koeffler HP, Leong G. Preleukemia: one name, many meanings. Leukemia.
2017;31:534–42.

117. Ley TJ, Ding L, Walter MJ, McLellan MD, Lamprecht T, Larson DE, et al. DNMT3A
mutations in acute myeloid leukemia. N Engl J Med. 2010;363:2424–33.

118. Marks PA. Discovery and development of SAHA as an anticancer agent. Onco-
gene. 2007;26:1351–6.

119. Kadoch C, Hargreaves DC, Hodges C, Elias L, Ho L, Ranish J, et al. Proteomic and
bioinformatic analysis of mammalian SWI/SNF complexes identifies extensive
roles in human malignancy. Nat Genet. 2013;45:592–601.

120. Wanior M, Krämer A, Knapp S, Joerger AC. Exploiting vulnerabilities of SWI/SNF
chromatin remodelling complexes for cancer therapy. Oncogene.
2021;40:3637–54.

121. Gan L, Yang Y, Li Q, Feng Y, Liu T, Guo W. Epigenetic regulation of cancer
progression by EZH2: From biological insights to therapeutic potential. Biomark
Res. 2018;6:1–10.

122. Yap DB, Chu J, Berg T, Schapira M, Cheng SWG, Moradian A, et al. Somatic
mutations at EZH2 Y641 act dominantly through a mechanism of selectively
altered PRC2 catalytic activity, to increase H3K27 trimethylation. Blood.
2011;117:2451–9.

123. Simon C, Chagraoui J, Krosl J, Gendron P, Wilhelm B, Lemieux S, et al. A key role
for EZH2 and associated genes in mouse and human adult T-cell acute leuke-
mia. Genes Dev. 2012;26:651–6.

124. Flavahan WA, Gaskell E, Bernstein BE. Epigenetic plasticity and the hallmarks of
cancer. Science. 2017;357:eaal2380.

125. Buschbeck M, Hake SB. Variants of core histones and their roles in cell fate
decisions, development and cancer. Nat Rev Mol Cell Biol. 2017;18:299–314.

126. Talbert PB, Henikoff S. Histone variants on the move: substrates for chromatin
dynamics. Nat Rev Mol Cell Biol. 2017;18:115–26.

127. Maze I, Noh KM, Soshnev AA, Allis CD. Every amino acid matters: essential
contributions of histone variants to mammalian development and disease. Nat
Rev Genet. 2014;15:259–71.

128. Grover P, Asa JS, Campos EI. H3–H4 histone chaperone pathways. Annu Rev
Genet. 2018;52:109–30.

129. Banaszynski LA, Wen D, Dewell S, Whitcomb SJ, Lin M, Diaz N, et al. Hira-
dependent histone H3.3 deposition facilitates PRC2 recruitment at develop-
mental loci in ES cells. Cell. 2013;155:107–20.

130. Elsaesser SJ, Allis CD. HIRA and Daxx constitute two independent histone H3.3-
containing predeposition complexes. Cold Spring Harb Symp Quant Biol.
2010;75:27–34.

131. Lewis PW, Elsaesser SJ, Noh KM, Stadler SC, Allis CD. Daxx is an H3.3-specific
histone chaperone and cooperates with ATRX in replication-independent
chromatin assembly at telomeres. Proc Natl Acad Sci USA. 2010;107:14075–80.

132. Hoelper D, Huang H, Jain AY, Patel DJ, Lewis PW. Structural and mechanistic
insights into ATRX-dependent and -independent functions of the histone cha-
perone DAXX. Nat Commun. 2017;8:1193.

133. Goldberg AD, Banaszynski LA, Noh K, Lewis PW, Elsaesser SJ, Stadler S, et al.
Distinct factors control histone at specific genomic regions. Cell.
2010;140:678–91.

134. Voon HPJ, Hughes JR, Rode C, DeLaRosa-Velázquez IA, Jenuwein T, Feil R, et al.
ATRX plays a key role in maintaining silencing at interstitial heterochromatic loci
and imprinted genes. Cell Rep. 2015;11:405–18.

135. Elsässer SJ, Noh KM, Diaz N, Allis CD, Banaszynski LA. Histone H3.3 is required for
endogenous retroviral element silencing in embryonic stem cells. Nature.
2015;522:240–4.

136. Adam S, Polo SE, Almouzni G. Transcription recovery after DNA damage requires
chromatin priming by the H3.3 histone chaperone HIRA. Cell. 2013;155:94.

137. Armache A, Yang S, Martínez de Paz A, Robbins LE, Durmaz C, Cheong JQ, et al.
Histone H3.3 phosphorylation amplifies stimulation-induced transcription. Nat-
ure. 2020;583:852–7.

P. Salomoni et al.

11

Cell Death & Differentiation



138. Lepack AE, Bagot RC, Peña CJ, Loh YE, Farrelly LA, Lu Y. Aberrant H3.3 dynamics
in NAc promote vulnerability to depressive-like behavior. Proc Natl Acad Sci
USA. 2016;113:12562–7.

139. Maze I, Wenderski W, Noh KM, Bagot RC, Tzavaras N, Purushothaman I, et al.
Critical role of histone turnover in neuronal transcription and plasticity. Neuron.
2015;87:77–94.

140. Michod D, Bartesaghi S, Khelifi A, Bellodi C, Berliocchi L, Nicotera P, et al.
Calcium-dependent dephosphorylation of the histone chaperone DAXX reg-
ulates H3.3 loading and transcription upon neuronal activation. Neuron.
2012;74:122–35.

141. Bano D, Piazzesi A, Salomoni P, Nicotera P. The histone variant H3.3 claims its
place in the crowded scene of epigenetics. Aging (Albany NY). 2017;9:602–14.

142. Piazzesi A, Papić D, Bertan F, Salomoni P, Nicotera P, Bano D. Replication-
independent histone variant H3.3 controls animal lifespan through the reg-
ulation of pro-longevity transcriptional programs. Cell Rep. 2016;17:987–96.

143. Scaffidi P. Histone H1 alterations in cancer. Biochim Biophys Acta.
2016;1859:533–9.

144. Arimura Y, Ikura M, Fujita R, Noda M, Kobayashi W, Horikoshi N, et al. Cancer-
associated mutations of histones H2B, H3.1 and H2A.Z.1 affect the structure and
stability of the nucleosome. Nucleic Acids Res. 2018;46:10007–18.

145. Bennett RL, Bele A, Small EC, Will CM, Nabet B, Oyer JA, et al. A mutation in
histone H2B represents a new class of oncogenic driver. Cancer Discov.
2019;9:1438–51.

146. Zhao S, Bellone S, Lopez S, Thakral D, Schwab C, English DP, et al. Mutational
landscape of uterine and ovarian carcinosarcomas implicates histone genes in
epithelial-mesenchymal transition. Proc Natl Acad Sci USA. 2016;113:12238–43.

147. Wan YCE, Leung TCS, Ding D, Sun X, Liu J, Zhu L, et al. Cancer-associated histone
mutation H2BG53D disrupts DNA–histone octamer interaction and promotes
oncogenic phenotypes. Signal Transduct Target Ther. 2020;5:27.

ACKNOWLEDGEMENTS
PS thanks members of his group as well as Daniele Bano, Pierluigi Nicotera and
Melania Capasso (DZNE) for support and discussion. PS is recipient of an Honorary
Professorship at UCL (2023-2027).

AUTHOR CONTRIBUTIONS
Writing: LC and PS with input from AMF.

FUNDING
AMF, LC and PS were supported by the Medical Research Council, National Institute
for Health Research, the University College London Hospitals Biomedical Research
Centre, and the Cancer Research UK University College London (CRUK-

UCL) Experimental Cancer Medicine Centre and the CRUK-UCL Centre Award
[C416/A25145]. LC a Bone Cancer Research Trust (BCRT) Early Career Fellow, was
previously supported by The Tom Prince Cancer Trust. PS is being and has been
supported by the following funding bodies: the DZNE, the ERC (Consolidator Award
H3.3Cancer, number 616744), the Wilhelm Sander Stiftung, the Worldwide Cancer
Research Fund (WCRF), the Helmholtz-Gemeinschaft Aging and Metabolic Program-
ming (AMPro) Consortium, and the Ministry of Culture and Science of the State of
Northrhine Westphalia (CANcer TARgeting, CANTAR programme as part of Netzwerke
2021) along with other funding bodies.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41418-023-01227-9.

Correspondence and requests for materials should be addressed to Paolo Salomoni
or Lucia Cottone.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

P. Salomoni et al.

12

Cell Death & Differentiation

https://doi.org/10.1038/s41418-023-01227-9
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	(B)On(e)-cohistones and the epigenetic alterations at the root of bone cancer
	Facts
	Open questions
	The role of histone mutations in genome organisation in health and disease
	Epigenetic perturbations in cancer
	Mutations in histone coding genes in cancer

	Mechanisms of action of oncohistones in bone cancer
	Oncohistone-driven chondroblastoma and giant cell tumour of the bone
	Mechanisms of action of K36 mutations in chondroblastoma
	Mechanisms of action of G34 mutations in giant cell tumour of bone
	Effect on cellular differentiation
	Effects on the tumour microenvironment


	Oncohistones in brain and bone cancer: similarities and differences
	Effects on cellular differentiation
	Effects on interaction with the tumour microenvironment
	Possible parallels: H3.3 chaperones and telomere maintenance
	Possible parallels: linking retrotransposable elements and oncohistones?

	Epigenetic roots of bone cancer and sarcomas beyond oncohistones
	Metabolic reprogramming and the epigenome in IDH-driven tumours
	Epigenetic alterations identified at low frequency in bone cancers
	Further epigenetic players altered in sarcomas

	Final remarks and future directions
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




