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Abstract

Recurrent, clonal somatic mutations in histone H3 are molecular hallmarks that distinguish the
genetic mechanisms underlying pediatric and adult high-grade glioma (HGG), define biological
subgroups of diffuse glioma, and highlight connections between cancer, development, and
epigenetics. These oncogenic mutations in histones, now termed “oncohistones”, were discovered
through genome-wide sequencing of pediatric diffuse high-grade glioma. Up to 80% of diffuse
midline glioma (DMG), including diffuse intrinsic pontine glioma (DIPG) and diffuse glioma
arising in other midline structures including thalamus or spinal cord, contain histone H3 lysine

27 to methionine (K27M) mutations or, rarely, other alterations that result in a depletion of
H3K27me3 similar to that induced by H3 K27M. This subgroup of glioma is now defined as
diffuse midline glioma, H3K27-altered. In contrast, histone H3 Gly34Arg/Val (G34R/V) mutations
are found in approximately 30% of diffuse glioma arising in the cerebral hemispheres of older
adolescents and young adults, now classified as diffuse hemispheric glioma, H3G34-mutant.
Here, we review how oncohistones modulate the epigenome and discuss the mutational landscape
and invasive properties of histone mutant HGGs of childhood. The distinct mechanisms through
which oncohistones and other mutations rewrite the epigenetic landscape provide novel insights
into development and tumorigenesis and may present unique vulnerabilities for pHGGs. Lessons
learned from these rare incurable brain tumors of childhood may have broader implications for
cancer, as additional high- and low-frequency oncohistone mutations have been identified in other
tumor types.
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Introduction

Diffusely infiltrative pediatric high-grade gliomas (pHGGs) are among childhood’s most
devasting central nervous system (CNS) malignancies. Despite accounting for only 15—
20% of all childhood brain tumors, pHGGs are the leading cause of cancer-related
morbidity and mortality in children [1, 2]. To improve the therapeutic outlook for these
devastating tumors, researchers mapped the molecular and genomic landscape of pHGGs.
Independent sequencing efforts of primary patient samples converged on a remarkable
finding: high frequency recurrent missense mutations in histone H3 at amino acid 27 (lysine
to methionine; H3 K27M) in diffuse intrinsic pontine glioma (DIPG) and other diffuse
midline gliomas (DMG) and at amino acid 34 (glycine to arginine/valine; H3 G34R/V) in
gliomas arising in the cerebral hemispheres [3-5]. Alterations in histone H3 K27 or G34,
with mutually exclusive mutational patterns, were identified in more than 50% of pHGGs
and are now considered a defining molecular feature of subgroups of childhood glioma. In
contrast to HGGs in children, less than 1% of adult HGGsharbor these mutations [6, 7].

These “oncohistones” were the first histone mutations identified in human cancer. A wide
range of cancer mutations had been identified previously in enzymes that added, removed, or
selectively bound to post-translational modifications on histones; however, it was unclear if
these mutations only influenced modifications or binding to other cellular proteins unrelated
to chromatin. Mutation of histone H3 itself, a core component of the nucleosome, provided
incontrovertible genetic evidence for a central role of disrupted epigenetic regulation in
cancer and demonstrated distinct selective pressures and etiology driving childhood and
adult high-grade glioma.

There are three isoforms of histone H3 that are encoded by a multigene family of

15 genes. H3.1 and H3.2 are the “canonical histones” with replication-dependent peak
expression during S-phase to generate the necessary increase in nucleosomes to package
newly replicated DNA [8]. The “non-canonical” or replication-independent histone H3.3 is
expressed and incorporated into nucleosomes independent of the cell cycle and is involved
in regulation and maintenance of chromatin environments [9]. Only five amino acid residues
differentiate histones H3.1 and H3.2 from histone H3.3, and it is believed that three of
those residues (87, 89 and 90) are responsible for conferring chaperone specificity to each
of these closely related proteins (Fig. 1a) [9, 10]. H3.1 and H3.2 are deposited during S
phase via the CAF1 complex (Fig. 1b) [10], while H3.3 is incorporated selectively into
“open” chromatin, such as transcriptionally active regions, via the HIRA complex and into
heterochromatic regions by DAXX-ATRX (Fig. 1c) [11]. Additionally, H3.3 and ATRX
contribute to telomere maintenance in embryonic stem and differentiated cells [11-13].
These differences in nucleosome assembly at specific points during development result

in distinct deposition patterns with broad expression of H3.1/2 across the genome and
enrichment of H3.3 at specific loci (Fig. 1d) [8].

H3 K27M mutation is found in up to 80% of diffuse midline glioma (DMG), arising

in midline brain structures of children, including the brainstem, pons (diffuse intrinsic
pontine glioma; DIPG), thalamus, and more rarely, the cerebellum and spinal cord [3-5,
14]. Despite the high level of redundancy in the genes encoding histone H3, approximately
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75% of K27M mutations occur in H3F3A, one of two genes encoding H3.3. The remaining
one-quarter of mutations occur in one of ten genes encoding the replication-dependent H3.1
variant, most commonly H/ST1H3B, and rarely in other genes encoding H3.1 or H3.2 [7].
Despite being broadly expressed throughout the brain [15], tumors driven by H3.1/2 or H3.3
arise at slightly different ages and locations. H3.1 K27M tumors almost exclusively occur

in the pons in the youngest DMG patients, with a median age of approximately 5 years old
and no difference in sex stratification, while H3.3 K27M tumors span a broader range of
midline structures and ages with a median age of onset of approximately 8 years old [3,

5, 14, 16-18]. Tumors driven by K27M mutations are almost universally fatal, with most
patients succumbing to their disease within 3 years of diagnosis (Fig. 2) [7, 19].

In contrast, H3 G34R/V mutations have been identified exclusively in H3.3 encoded by
H3F3A. H3 G34R/V mutations are found in diffusely infiltrative tumors, almost always
arising in the cerebral hemispheres, predominantly in the parietal or temporal lobes of
adolescents and young adults, with a median age of 15-19 years and a male predominance
(M:F ratio of 1.4:1). Despite a paucity of literature characterizing this tumor entity, reports
estimate that more than 30% of hemispheric pHGGs bear H3.3 G34R/V mutations [3-5, 7,
20, 21]. While patients with H3 G34 mutations exhibit prolonged survival when compared to
patients with H3 K27M mutations, overall survival remains limited to 5 years after diagnosis
[7]. In contrast, IDH-mutant astrocytoma, which overlaps in age with G34-mutant glioma,
presents mainly in forebrain and exhibits a median overall survival of approximately 38
months after diagnosis (Fig. 2) [4, 7, 22].

H3- and IDH-wildtype diffuse pHGGs and infant-type hemispheric gliomas (IHG) lack

the characteristic oncohistone mutations found in other diffuse midline and hemispheric
gliomas. IHGs occur in the youngest patients, with a median age of 2.8 months at time

of presentation [23, 24]. Up to 80% of these tumors harbor gene fusions in which one of
the fusion partners is a receptor tyrosine kinase (RTK) such as N7TRK, ALK, ROS1, or
MET[16, 23, 24]. H3- and IDH-WT diffuse pHGGs have a broader distribution across
ages, occurring in children, adolescents, and young adults [25]. These tumors are mostly
supratentorial but have also been reported in midline structures [7, 16], and they typically
harbor amplifications or mutations in PDGFRA, TP53, NF1, EGFRor MYCN (Fig. 2) [26].

The intriguing spatiotemporal incidence of oncohistone mutations suggests that specific
mutations confer unique selective advantages in distinct developmental settings. Thus,
pHGG affords a physiologically relevant opportunity to study the intricate relationship
between epigenetic dysregulation, disrupted development, and tumorigenesis.

Epigenetic consequences of oncohistone mutations

Dominant negative effect of H3 K27M on PRC2

Oncohistone mutations like H3 K27M likely prime cells for oncogenic transformation
through genome-wide epigenetic changes. Although H3 K27M comprises only 5-17%

of the total H3 expressed, it exerts a potent dominant negative effect through multiple
mechanisms to inhibit polycomb repressive complex 2 (PRC2), which deposits methyl
marks on histone H3 at lysine 27. This effect of the H3 K27M mutation in the minority of
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cellular H3 results in a dramatic global loss of the repressive H3K27 tri-methyl (H3K27me3)
mark on the large cellular pool of wild-type H3(Fig. 3a) [27-30]. Studies performed in
immortalized HEK 293T cells were among the first to show that the K27M mutation

in histone H3 specifically represents a gain-of-function mutation, potentially reducing di-
and tri-methylation at H3K27 by targeting the active site in the SET domain-containing
methyltransferase EZH2, the catalytic component of PRC2 [30]. H3 K27M also exhibits

a higher binding affinity to PRC2 than wildtype H3 K27 and thus may preferentially

bind and sequester PRC2, limiting the availability of functional PRC2 [30-32]. ChIP-seq
analyses from K27M mutant glioma cells showed that PRC2 components did not colocalize
with H3.3 K27M occupancy, arguing against a long-lived sequestration as the primary
mechanism of PRC2 inhibition [33]. Interestingly, upon release from H3 K27M, PRC2
loses histone methyltransferase activity, potentially through an H3 K27M-driven lasting
conformational change [34-36]. H3 K27M expression also reduces EZH2 automethylation,
impairing PRC2 activity [37-39], and resulting in loss of H3K27me3 spreading along

the genome [40]. Together, these studies indicate that H3 K27M oncohistones impair the
intrinsic activity of PRC2 to prevent H3K27 methylation.

Of note, PRC2 loss of function, through inactivating mutation in essential components such
as EZH2, EED, or SUZ12, is found in other cancers like early T-progenitor ALL, and

leads to a more complete loss of H3K27me3 than H3 K27M-mediated PRC2 dysfunction
[41]. Genomic aberrations leading to PRC2 loss of function are not observed in DMG,
however, which suggests H3 K27M-mediated epigenetic dysregulation generates a uniquely
permissive and advantageous epigenetic environment for gliomagenesis involving significant
but not complete loss of PRC2.

Retention of H3K27me3

While H3 K27M causes a global loss of H3K27me3, some regions, especially in strong
PRC2 targets, retain or gain this repressive mark (Fig. 4a). These regions include genes that
are involved in developmental regulation, including patterning, Hox genes (developmental
identity), CaknZa (tumor suppressor), and neurogenesis with the specific targets of
repression varying depending on cell states and spatial origin [33, 38, 40, 42-44]. However,
there were also examples in which enhancers showed H3 K27M occupancy accompanied
by increased PRC2 binding and H3K27me3 deposition, and decreased expression of
neurodevelopmental genes [32, 42]. Focal H3K27me3 retention may thus serve multiple
purposes. For example, H3 K27M may reinforce cellular states or identities by repressing
loci related to cellular origins while also inhibiting tumor suppressor and alternative
differentiation mechanisms. This indicates that H3K27me3-retained genes may represent
genes imperative for tumorigenic function and explain why more complete PRC2 loss of
function mutations are not found in DMG. In fact, EZH2 inhibition or loss of function

can selectively restore expression of genes aberrantly silenced by H3 K27M and decrease
survival of H3 K27M DMG cells [33, 42, 44].

Although the primary epigenetic consequence of H3 K27M is widespread loss of
H3K27me3, H3 K27M also affects H3K36 methylation. H3K36 trimethylation (H3K36me3)
is an epigenetic mark associated with actively expressed genes and transcriptional elongation
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[45]. H3K36 di- and trimethylation (H3K36me2/me3) appears to antagonize H3K27me3 and
may function as a boundary to prevent the spread of H3K27me3 across the genome [46, 47].
H3 K27M results in spreading of H3K36me2/me3 to occupy regions previously associated
with H3K27me3 (Fig. 4a) [36, 40, 48], but does not induce a significant change in the global
levels of H3K36me2/me3 as measured by quantitative mass spectrometry [30].

The regulation of H3K27me3 is particularly important for ‘bivalent’ genes, which play
key roles in development. Bivalent genes harbor both the repressive H3K27me3 mark
and the active H3K4me3 mark at their promoter. Bivalent genes are said to be “poised”
as they are transcriptionally silent but ready to be rapidly switched on. Such genes are
“released” during development and cell-state transitions when H3K27me3 is lost. The
global loss of H3K27me3 in K27M-mutant tumors causes dysregulation of genes with
bivalent promoters [43, 49, 50]. Transcriptionally upregulated genes in a mouse model

of H3 K27M DMG compared to WT DMG were significantly enriched for genes with
bivalent promoters [43]. Additionally, in DMG patient-derived xenografts (PDXs), H3
K27M promoted tumor growth by maintaining cells in a progenitor-like epigenetic state
through the reduction of H3K27me3 at bivalent promoters, increasing the expression of
factors associated with cycling and stem-like cells [50]. Together, these studies show H3
K27M can release bivalent promoters through the loss of H3K27me3. H3 K27M can also
directly recruit MLL1, the histone methyltransferase responsible for H3K4 methylation,
to influence aberrant distribution of H3K4me3 deposition. This occurs primarily at distal
regions, altering H3K4me3 distribution and leading to unbalanced bivalent chromatin [51].
These studies provide a mechanism by which H3 K27M perturbs gene expression by
disrupting bivalent chromatin states (Fig. 4b).

Altered active chromatin landscape

The global loss of H3K27me3 coincides with a reciprocal global increase in H3K27
acetylation (H3K27ac) [30, 43, 50, 52]. While this increase is modest, it may have

relevant biological impact. Expression of H3 K27M in patient-derived HGG cell lines
causes aberrant deposition of H3K27ac, which is enriched at endogenous retroviral elements
(ERVs), correlates with increased expression, and may play a role in cancer through

viral mimicry (Fig. 4c¢) [52, 53]. H3K27ac also appears to be enriched in H3 K27M-
containing nucleosomes which colocalize with bromodomain-containing proteins BRD2/4,
key regulators of RNA Polymerase |1, at actively transcribed genes [33]. This suggests that
increased H3K27ac may promote aberrant transcriptional activation through recruitment of
transcriptional activators. BRD inhibition with JQ1 was sufficient to induce growth arrest
and increase expression of neuronal signatures in patient-derived H3 K27M DMG cell lines
[33], illustrating a functional role for aberrant transcriptional activation in proliferation and
inhibition of differentiation.

Super-enhancers (SEs), large groups of enhancers heavily bound by multiple regulatory TFs,
have been strongly linked to oncogenic transformation and maintenance of tumor cell states
[54]. H3 K27M HGGs exhibit distinct SE signatures when compared to H3 WT HGGs

and other pediatric brain tumors. Genes regulated by these unique SE landscapes include
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distinct H3 K27M signature genes such as L/N28B, genes related to regional identity
including PAX3and /RXZ, the stemness factor SOX2, and oligodendrocyte precursor cell
(OPC)/ oligodendrocyte (OL)-lineage regulators such as PDGFRA, OLIGZ, and MYRF.
Signal transduction pathways, like Notch, EGFR, and p38 MAPK are also enriched in SE-
associated genes and contribute to oncogenic function in H3 K27M DMG by increasing cell
viability, migration, and invasion [55]. Therefore, genes associated with SEs may represent a
core set of transcriptional programs important for DMG identity and malignant state.

In patient tumors, oncohistone H3.1 K27M and H3.3 K27M deposition mirrors the pattern
of their wildtype counterparts that is shown in Figure 1 [38, 56]. Because H3.1 K27M is
broadly deposited across the genome, it is clear that K27M-induced transcriptional changes
are not simply regulated by the location of oncohistone deposition. Expression of H3.3
K27M or H3.1 K27M in human induced oligodendrocyte progenitor cells establishes distinct
enhancer landscapes resembling DMG with the respective mutations, while expression in
induced neural stem cells resulted in enhancer landscapes that were less similar to DMG
[56]. This illustrates that the overall landscape and similarity to patient tumors is influenced
by both the H3 variant of K27M and by the cell state in which they are expressed, reflecting
the critical interplay between oncohistones, transformation, and developmental context.

Epigenetic dysregulation in H3.3 G34R/V

Despite the genetic evidence from patient tumors that only one H3.3 G34R/V mutant allele
is needed in the genesis of gliomas bearing this mutation, mechanistic data demonstrating
a dominant functional mechanism of action of H3.3 G34R/V is lacking. H3.3 G34R/V
mutations disrupt di- and trimethylation of the adjacent H3K36 (H3K36me2/3) due to
steric hindrance of SETD2, a lysine 36 methyltransferase [32, 57, 58]. This is reminiscent
of a subset of hemispheric gliomas in which SETD2 loss of function mutations confer

a global loss of H3K36me3 [59, 60]. However, H3.3 G34R/V mutations only induce a

loss of H3K36me2/3 in cis on those histones harboring the H3 G34R/V mutation, and an
accompanying increase in PRC2 activity that may play a role in enhancer dysfunction (Fig.
3b) [30, 61].

Significant efforts have been made toward characterizing the impact of the H3.3 G34R/V
mutation on the epigenome. Of particular interest is how this mutation may cooperate with
other factors and lineage of origin spatiotemporal gene regulatory programs to promote
gliomagenesis [21, 30, 58, 62—66]. In a single patient-derived cell line with an H3.3 G34V
mutation, MYCN was found to be highly upregulated and was the most differentially
bound gene by H3K36me3. These findings suggest that the proto-oncogene MYCN could
potentially drive gliomagenesis in H3 G34-mutant tumors [67]. However, further validation
using additional models is critically needed. Apart from patient-derived models, studies
using mouse embryonic stem cells engineered to express the H3.3 G34R mutation exhibited
increased levels of H3K9me3 and H3K36me3 at loci enriched for binding by the H3K9/
H3K36 demethylase, KDM4 [66]. This may support a mechanism similar to that of SETD2
mutations by which the H3.3 G34R mutation inhibits KDM4 activity by impairing access to
K36. Lastly, genomic instability resulting from impaired DNA repair mechanisms has also
been implicated as a potential contributor to H3.3 G34R/V tumorigenesis [57, 63].
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Epigenetic alterations in H3 WT HGGs

While IHGs appear to lack mutations driving epigenetic dysregulation characteristic of

H3 K27-altered and H3 G34-mutant pHGGs, altered epigenetic landscapes have been
observed in H3- and IDH-WT diffuse pHGGs. These include amplification of the lysine
demethylase KDMG6A, deletions or truncations in the transcriptional co-repressors BCOR
and BCORL 1, truncation of the histone acetyltransferase CREBBP, and truncation of the
transcriptional regulator LZ7R1 [68]. Truncating alterations in the H3K36 trimethylase,
SETD?Z, are of particular interest as they rarely co-occur with oncohistone mutations and
have been observed almost exclusively in hemispheric tumors in older pediatric patients
[60, 69]. SETDZ mutations result in decreased H3K36me3, similarly to H3.3 G34R/V
mutations [30, 60, 69], but demonstrate epigenetic signatures more closely resembling those
found in IDH mutant tumors [60]. Somatic mutations in other histone writers or erasers
and chromatin remodeling genes are common in pHGG and occur in H3 WT and histone
mutant HGGs. Although specific individual genes were not mutated at high frequency,
collectively 22% of DMGs and 48% of cortical pHGGs contained mutations in epigenetic
regulators other than histone mutations [16]. In a large cohort of adult glioblastoma,
concomitant mutation of /HD1 and ATRX were recurrent among this subgroup of tumors.
More broadly, mutually exclusive mutations in genes involved in chromatin modification
including MLL family members and other histone methyltransferases, histone deacetylases,
histone demethylases, and SWI/SNF complex members, were identified in 46% of patients
suggesting contributions of chromatin deregulation in glioma pathobiology across different
age groups [59].

Thus, genetic and epigenetic dysregulation, whether through the expression of oncohistones
or other mutations, may prime cells during development for oncogenic transformation. IHG
may arise from more primitive progenitor cells in which mutations are not required to
establish a permissive epigenetic state.

Oncohistones define new glioma classifications

Concerted efforts focusing on mutational status, tumor location, histological findings, age
of onset, and DNA methylation signatures have refined brain tumor classifications and
prompted the World Health Organization to establish new glioma subtype classifications.
Histone mutations represent defining molecular hallmarks and demonstrate striking
anatomic and age-dependent selectivity resulting in the new classifications of diffuse
midline glioma, H3 K27-altered and diffuse hemispheric glioma, H3 G34-mutant [70].

DNA methylation signatures of brain tumor subgroups

DNA methylation profiling may reflect cell state, anatomic location, and tumor-specific
signatures, and has become a powerful approach for refined epigenetic classification of
brain tumors with heterogeneous histopathological features. Somatic mutations in the genes
encoding isocitrate dehydrogenase (IDH; /DH1 and /DH2) are associated with improved
prognosis [22, 71, 72] and have been observed in adolescent and younger adult patients with
astrocytoma grades 2—4, or oligodendroglioma [73, 74]. /DH mutations induce a dramatic
CpG island methylator phenotype (G-CIMP) [75]. This DNA hypermethylation signature
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is easily distinguished from other glioma subtypes and may contribute to differences in
cellular plasticity between IDH WT and IDH mutant adult gliomas [76]. However, other
glioma subgroups, even those arising in similar locations, can also be readily distinguished
by genome-wide DNA methylation signatures. H3 G34-mutant diffuse hemispheric glioma
clusters distinctly from IHG or H3- and IDH1-wildtype diffuse pediatric-type HGG arising
in the cerebral hemispheres. IHG, meanwhile, bears a striking resemblance to low-grade
gliomas when profiled in methylation arrays [23, 24]. H3 K27-altered DMG harboring
K27M substitutions or other epigenetic alterations have distinguishing DNA methylation
signatures and cluster separately from other pHGGs (Fig. 5a, b) [7, 70, 77, 78]. H3.1/2
K27M and H3.3 K27M DMG can be further subdivided by distinguishable chromatin
states, gene expression profiles, and DNA methylation profiles [78], consistent with distinct
developmental origins and/or biological processes driving growth in these tumor types,
which may be further compounded by the specific oncohistone and associated secondary
mutations.

Diffuse midline glioma, H3 K27-altered

Interestingly, a subset of DMGs were recently identified that lack the characteristic H3
K27M mutations, despite exhibiting DNA methylation patterns that closely resemble

H3 K27M-mutant DMGs. To recognize that multiple mechanisms may contribute to
gliomagenesis by depleting H3K27me3, the 2021 World Health Organization revision
updated the subgroup nomenclature to “diffuse midline glioma, H3 K27-altered”. In
posterior fossa subgroup A (PFA) ependymomas, overexpression, sometimes accompanied
by mutation, of EZH/P (Ezh2-Interacting Protein, or CXorf67) drives a dramatic decrease
in levels and spreading of H3K27me3, increases H3K27ac and is correlated with poorer
survival as in H3 K27M-mutant gliomas [2, 79, 80]. Although ependymoma and DMG
are distinct tumor entities, a rare subgroup of PFA ependymoma contain H3 K27M
mutations instead of EZHIP overexpression, and rare DMG tumors with low H3K27me3
contain EZHIP overexpression rather than H3 K27M mutation [2, 81-83]. This suggests
that different alterations leading to depletion of H3K27me3 contribute similarly to
tumorigenesis.

A third subgroup of DMGs with H3K27me3 loss contain amplification, missense mutations,
or small in-frame insertions of EGFR arising with unilateral or bilateral thalamic patterns, or
in other midline locations. A subset of these DMGs contain H3 K27M mutation while others
overexpress EZHIP. This subgroup contributes to the new classification of H3 K27-altered
DMG and are distinguishable from an additional group of pediatric bithalamic gliomas with
EGFR exon 20 in-frame insertions or exon 7 missense mutations that have distinct DNA
methylation profiles [68, 84].

Cooperating mutations in pHGGs

In pediatric HGGs, hypermethylation of five CpG sites upstream of the 7ERT transcription
start site has been linked with increased TERT expression, tumor progression, and poor
survival [85, 86], likely driven by increased telomerase activity and telomere lengthening
as in other cancers [87, 88]. ATRX mutations are mutually exclusive with TERT promoter
mutations in adult gliomas and have frequently been observed in pHGGs [89, 90]. Such
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mutations provide an alternative method of telomere lengthening (ALT), which can prevent
growth arrest in immortalized cells [91]. Together, these mutations indicate an important role
for telomere maintenance during gliomagenesis and tumor growth.

The unique and highly subgroup-selective oncohistone mutations cooperate with more
traditional cancer pathways to drive gliomagenesis. H3 K27 or G34 oncohistone

mutations frequently co-occur with mutations found across glioma subgroups including
mutations in the 7P53, CyclinD/CKDA4/6, receptor tyrosine kinase (RTK), and PI3-kinase
(PI3K) pathways [3, 7, 16-18, 92]. However, there are several distinctive combinations
that demonstrate selective cooperativity with specific oncohistone mutations and/or the
developmental context of glioma subtypes. For example, H3.1 K27M frequently co-occurs
with mutations in the bone morphogenetic protein (BMP) receptor ALK2 (ACVR1; 80%)
and members of the PI3K signaling pathway, such as PIK3CA or PIK3R1 (~40%) (Fig.
6a) [7, 16-18, 92]. Some RTK mutations show regional selectivity, such as PDGFRA
amplification in approximately 20-30% of brainstem H3.3 K27M DMGs, sometimes in
association with activating point mutations [7, 16, 93, 94], while FGFRI mutations are
associated with thalamic H3.3 K27M DMG [7, 17]. MYCand MYCN amplifications

have also been identified in H3.3 K27M DMGs, and both epigenetic activation of MYC
and spontaneous MYC genomic amplification have been shown in a mouse model of

H3.3 K27M-driven tumorigenesis and patient-derived H3.3 K27M cell lines [18, 95]. In
contrast to H3 K27M DMG, H3 G34-mutant diffuse hemispheric glioma almost invariably
exhibits concomitant loss of function mutations in 7253 and the histone H3.3 chaperone
protein, ATRX[3, 7, 16, 67, 70]. Moreover, activating mutations in PDGFRA are found in
almost half of all H3.3 G34-mutant diffuse gliomas at diagnosis. Intriguingly, this frequency
increases to 81% in the setting of recurrent H3 G34-mutant tumors [21], indicating a strong
selective pressure for PDGFRA activation in therapy-resistant tumor cells and a potential
therapeutic target (Fig. 6C).

Invasive phenotype of DMG, H3 K27M-altered

HGGs often exhibit intraparenchymal restriction, unlike other malignancies, and rarely
present with extra-neural metastases [96, 97]. Rather, neoplastic cells infiltrate the
perivascular space and brain parenchyma, becoming diffusely intertwined within the
complex network of neuronal, glial, and vascular architecture [98]. In the most extreme
manifestation of HGG infiltration, gliomatosis cerebri, tumor cells display a diffuse
spreading pattern involving multiple brain regions. While histologically indistinguishable
from adult tumors, pediatric HGGs harboring distinct histone mutations demonstrate
clinicopathologic and radiologic features correlating with prognosis. For instance, H3K27-
altered DMGs are uniformly aggressive entities irrespective of histology. Moreover, their
anatomical location precludes surgical resection resulting in radiation therapy becoming the
mainstay of care [99].

In contrast, H3 G34-mutant diffuse hemispheric gliomas are often amenable to maximally-
safe gross total resection (GTR) by radiographic standards. This is particularly critical as
the degree of surgical resection is the most important prognostic indicator of progression-
free survival in children with supratentorial HGG independent of other prognostic factors.
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Nevertheless, in the context of diffusely infiltrative hemispheric HGGs, the presence of
microscopic tumor cells interwoven throughout healthy brain tissue prohibits the most
experienced neurosurgeons from removing all of the cancer cells [100]. While the standard
of care for children with midline and hemispheric gliomas remains radiation therapy and
maximally-safe GTR, respectively, the widespread tumor infiltration allows cancer cells to
evade current treatment approaches contributing to significant morbidity and mortality.

The diffusely infiltrative nature of H3 K27-altered DMG has allowed for the evolutionary
reconstruction of driver mutations through spatial genomic studies of DIPG autopsy
samples. Multiple postmortem tumor samples per individual were collected from varying
locations within the pons as well as in contiguous or distal extrapontine brain regions.
Whole exome sequencing showed examples with evidence of distal tumor invasion to
regions as far as the frontal lobe. In all cases, when H3 K27M mutation was present in

any of the samples from an individual, it appeared to be a founding mutation, present in

all locations with evidence of tumor, demonstrating an early clonal H3 K27M mutation.
Secondary mutations in 7P53, ACVRI, the PI3K pathway, A7TR.X or amplification of
PDGFRA were recurrently detected, although these were more variable between tumor
locations from an individual, consistent with subclonal populations and tumor evolution.
Interestingly, there were multiple examples of convergent evolution, with distinct somatic
variants in the catalytic or regulatory subunits of PI3K arising independently, revealing
strong selective pressure for PI3K mutations later in tumor evolution [101-104]. 50% of
tumor regions examined contained mixed subclones reflecting multiple lineages and waves
of tumor invasion [101]. Isolation and analysis of single cell-derived subclones cultured
alone or in combination indicated enhanced growth, migration, and invasion properties of
mixed populations, suggesting a selective advantage for maintaining subclonal diversity
[104]. Taken together, these studies support the conclusion that H3 K27M mutation is an
early founding clonal event in DMG, with no other specific secondary mutation consistently
required to drive extrapontine invasion. The highly invasive properties of these tumors pose
a major therapeutic challenge and are consistent with the devastating prognosis for this
disease.

Developmental origins of histone-mutant glioma

Many pediatric cancers are diseases of development gone awry due to dysregulation of
developmental genes involved in stem cell maintenance, proliferation, differentiation, and
cell fate [105, 106]. Mammalian brain development is a complex process occurring in a
highly coordinated spatiotemporal manner. Neural stem cells divide to self-renew or produce
cells that transition through fate or lineage-committed progenitor cell states and further
differentiate into specialized mature neurons and glia in an elegant stepwise fashion to
produce the right cell type with the right function in the right place and at the right time.
This process is regulated through intricate crosstalk of extrinsic and intrinsic signaling.
Chromatin structure and epigenetic regulation are highly involved in regulation of cellular
states and differentiation. Spatial and single-cell omics methods have made great strides
in uncovering regional and age-dependent epigenetic differences across distinct cell types
[107-109], providing detailed illustrations of the role of epigenetic regulation during
development.
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Transcriptome comparisons of tumors and developing normal cells in the human and mouse
brain suggest that oncohistones may transform precursor cells in specific developmental
contexts [110]. The expression signatures of H3.1 and H3.3 K27M tumors, for example,
mirror distinct stages of oligodendroglial maturation [111, 112] despite exhibiting oncogenic
transformation potential in early pluripotent progenitors [30, 43, 49, 113]. /n vitro models of
forebrain or hindbrain human embryonic stem cell (hESC) spheroids and neural stem cells
(NSC) showed differential effects of H3.3 K27M and H3.3 G34R mutations depending

on the context of regional identity [62, 64]. H3.3 K27M increased proliferation and
clonogenicity and reduced senescence selectively in human brainstem NSCs while H3.3
G34R did the opposite [62]. Overexpression of WT H3.3 and H3.3 G34R in combination
with ATRX knockout and p53 loss in human induced ventral forebrain spheroids increased
SOX2+ positive progenitor cells and proliferation but had no effect in ventral hindbrain
spheroids [64]. These findings suggest that some developmentally-regulated epigenetic
signatures become, in essence, ‘frozen’ in time upon oncohistone-driven oncogenic
transformation. Tumors induced in mouse models from H3 K27M-expressing progenitor
cells similarly retained epigenetic [43] and transcriptomic [110-112] signatures related to
region-specific developmentally-regulated genes. In addition, DNA methylation patterns in
human gliomas correlate strongly with epigenetic and transcriptomic profiles related to
tumor location [77].

Most gliomas, including H3 K27-altered DMG, exhibit high expression of OL/GZ, an
essential transcription factor for the specification of oligodendrocyte precursor cells (OPCs)
in the developing brain [114, 115]. The postnatal human pons undergoes significant
volumetric growth within the first 7 years of life that is driven by an increase in proliferative
OLIG2+ glial precursor cells[116]. The murine pons undergoes a similar phase of early
postnatal growth, coinciding with a massive expansion of glial progenitors, not myelination
or neurogenesis [117]. The childhood onset and glial-like signatures of H3 K27-altered
DMG suggests that an early postnatal wave of gliogenesis may provide a window of
susceptibility for oncogenic transformation of glial progenitor cells during childhood.

The cellular state from which K27M-altered DMG originates is hypothesized to be a neural
stem/progenitor cell (NSPC) or OPC. Single-cell transcriptomic characterization of patient
H3 K27M DIPG samples recapitulates an abnormal version of a developmental hierarchy,
with the majority of DIPG cells expressing OPC-like transcriptional signatures, and other
subpopulations of tumor cells with more differentiated expression signatures resembling
either oligodendrocytes or astrocytes [118, 119]. Another single-cell multi-omics study
identified distinct OPC-like states in DMGs arising in different brain regions. In pontine
DMG, OPC-like cells were enriched for pre-OPC and HOX gene signatures while thalamic
DMG OPC-like cells were enriched for OPC, committed OPC, and thalamic patterning
signatures. Interestingly, a distinct boundary of HOXA&was expressed in H3.1 but not H3.3
K27-altered DMGs, suggesting a unique and specific domain of origin for H3.1 K27-altered
tumors. H3.1 K27-altered DMGs were also enriched for first-wave ventral sonic hedgehog
(SHH)-specified NKX6.1 expression while H3.3 K27-altered DMGs were enriched for
second-wave BMP/WNT-specified 2PAX3[119]. Earlier studies identified Pax3+ progenitor
cells, which co-expressed the neural stem and progenitor cell markers Nestin and Sox2,
exclusively in brainstem and midline locations in the early postnatal mouse [120, 121]. H3.3
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K27M expression combined with PDGFB overexpression and p53 loss in Pax3-expressing
cells drives brainstem and midline gliomagenesis in mice, providing evidence that Pax3-
expressing brainstem and midline progenitors are competent for tumorigenesis [121]. These
data support the presence of distinct developmental origins of DMG likely determined

by location, developmental state and histone variant context and suggest that oncohistone
mutant gliomas carry molecular signatures that both reflect developmental origins and alter
transcriptomic profiles to promote or sustain growth.

Despite the predominantly OPC-like signatures associated with H3 K27M DMG, various
mouse models have shown that the introduction of H3 K27M with cooperating glioma
mutations into Nestin+ neural progenitor cells (NPCs) is sufficient to induce high-grade
gliomas [43, 44, 113, 122, 123]. Indeed, H3 K27M can induce gliomagenesis when
expressed in either Nestin+ NPCs or Olig2+ OPCs [124]. Interestingly, a human induced
pluripotent stem cell (iPSC)-derived model in which the H3.3 K27M mutation was
engineered into the endogenous H3F3A allele suggests K27M, with 7P53 knockdown,
may confer tumorigenicity in the iINSC-state but not the-iOPC state, conflicting with

the OPC origin hypothesis [49]. However, this /in vitro model of neurodevelopment may
lack important biological mechanisms related to cell-intrinsic regional identity that likely
play a role in K27M-mediated tumorigenesis. These studies suggest that oncohistone
mutations like H3 K27M may arise at early stages during cellular development but

may only become growth permissive during transition states along the oligodendrocyte
lineage. Significant intertumoral heterogeneity may also reflect variations in the precise
cell state at transformation. Detailed understanding of the mechanistic connections between
oncohistones and developmental origins of DMG will require further experimentation to
elucidate the combinatorial effects of cellular states, unique origins, and developmental
dynamics in brainstem and other midline structures.

With transcriptional signatures reminiscent of the developing forebrain, H3 G34-mutant
diffuse hemispheric gliomas are characterized by a developmental program distinct from H3
K27-altered DMGs [67]. Analysis of a large multi-institutional cohort of patient tumors
revealed differential enrichment for genes involved in the specification of interneuron
lineage expression programs in H3 G34-mutant diffuse hemispheric gliomas [21].
Consistent with this, models of H3 G34R combined with cooperating mutations in human
ES-cell induced or fetal progenitor cells showed the greatest oncogenic activity in cells with
expression signatures resembling interneuron progenitor cells [62, 64], and expression of
H3.3 G34R decreased proliferation and induced a senescence-like phenotype in brainstem
NSCs [62], recapitulating a regional-specific selective advantage for H3 G34 mutations.
These studies indicate that oncohistones may require the unique developmental contexts and
genomic landscapes provided by specific progenitor cells to promote tumorigenesis (Fig. 7)
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Oncohistones: Epigenetic dysregulation, disrupted development, and

tumorigenesis in pHGG

H3 K27M alters differentiation

The incidence of oncohistone mutations in pediatric tumors suggests that these mutations
may contribute to tumorigenesis by dysregulating cell differentiation and promoting
proliferation during early development. H3 K27M alone has been shown to increase
proliferation and self-renewal in mouse NSCs, hESC-derived NPCs, and iPSC-derived NSCs
and OPCs [43, 49, 113], possibly through upregulation of PDGFRA [49]. Interestingly,

H3 K27M reduces proliferation when expressed in hESC-derived astrocytes, primary
human astrocytes, fibroblasts, or iPSCs [49, 113], suggesting pro-tumorigenic effects of H3
K27M may be permissive only in specific cellular states. In combination with PDGFRA
overexpression and p53 loss, H3 K27M reduces oligodendrocyte differentiation and
completely blocks astrocytic differentiation [113]. Interestingly, H3.3 K27M preferentially
increases growth in brainstem NSCs [62] and results in focal epigenetic alterations at
specific PRC1/2-bound neurodevelopmental genes [42].

Notably, depletion of H3 K27M in PDXs reduced proliferation and decreased neural and
glial progenitor signatures and increased oligodendrocyte differentiation signatures [50],
suggesting that H3 K27M may be promoting, restricting, and maintaining the OPC-like
state while inhibiting differentiation. These experiments additionally showed that much of
the transcriptomic variation between xenograft models remained after H3 K27M depletion,
illustrating that inter-tumoral heterogeneity is likely influenced by developmental origins
and contributing genetic mutations. Conversely, CRISPR-based knockout of H3 K27M in
PDX enhanced astrocytic differentiation when subjected to astrocytic differentiation media
conditions [110]. Disrupting the BAF chromatin remodeling complex revealed an epigenetic
dependency for H3 K27M DMG and showed that BRG1 both maintains the OPC-like

state and prevents tumor cell differentiation [125, 126]. Together, these studies indicate that
promotion of progenitor state maintenance and inhibition of DMG cell differentiation may
be essential oncogenic activities of H3 K27M.

H3 K27M in tumorigenesis

Although H3 K27M is an early or initiating event in DMG based on clonal mutations,

no model thus far has generated tumors by introduction of H3 K27M as the sole driving
event. This suggests that K27M may occur as an initiating event that provides a relatively
small selective advantage while poising cells in a state where additional mutations will
have a greater impact in inducing tumorigenesis. Alternatively, it is possible that existing
model systems do not recapitulate the ideal cellular state for DMG initiation. Incorporation
of H3 K27M-associated genetic mutations in model systems have been used to faithfully
recreate and study the role of H3 K27M in gliomagenesis. H3.3 K27M cooperates with
p53 loss and overexpression of PDGFRA, ATRX knockdown, or PDGFB overexpression
to accelerate tumorigenesis when introduced exogenously into NPCs in vivo or in vitro
[44, 113,121, 122, 124, 127]. Conditional knock-in of H3.3 K27M combined with
p53knockout and PDGFRA activation in neonatal neural stem and progenitor cells
selectively drove gliomagenesis at higher frequency in brainstem and hindbrain regions
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when compared to H3 WT tumors, displaying increased expression of genes associated with
early neurodevelopmental signatures. Such models emphasize the region and age-selective
effect of H3 K27M [43].

Similarly, H3.1 K27M, while not necessary for tumor growth, significantly accelerated
tumorigenesis when combined with cooperating mutations Acvr1G528V and Pik3ca1047R
in Olig2+ progenitors and may play a role in blocking differentiation [128]. H3 K27M
depletion in H3K27-altered DMG xenografts reduced tumor growth and prevented cells
from implanting into host tissue, illustrating a role or dependency for H3 K27M expression
in tumor initiation and growth [40, 50, 52].

H3 G34R/V and oncogenesis

Although H3 G34 mutations lack the clear dominant epigenetic consequences associated
with H3 K27M mutation, model systems have demonstrated some potential oncogenic
contributions. Expression of cooperating mutations, A7RXand 7P53, along with H3.3
G34R promoted proliferation and blocked differentiation in ventral forebrain progenitors,
potentially through the expression of NOTCHZNL and suppression of intron retention

[62, 64]. The importance of NOTCH signaling in H3 G34 and H3 K27-altered tumors

was further corroborated using patient-derived cell lines edited with CRISPR-Cas9, where
H3.3 K27M and H3.3 G34R induced genome-wide changes that induced expression of
neurogenesis and NOTCH pathway genes to promote growth and survival [129]. A potential
mechanism for reinforcing forebrain interneuron progenitor transcriptional circuitries is
through a G34R-dependent disruption of H3.3 and ZMYND11 protein-protein interactions.
ZMYND11 is a specific reader of H3.3 K36me3 and represses transcription by modulating
the elongation and splicing of highly expressed genes. In H3 G34R-mutant patient-derived
and engineered forebrain neural stem cell models, H3.3 K36me3 was preferentially lost

at the promoters and genic regions of forebrain-associated genes with increased H3.3-
G34R occupancy, possibly preventing ZMYND11-mediated repression and resulting in the
maintenance of a forebrain progenitor state [62].

H3 G34-mutant gliomas are unusual among gliomas because expression of OL/GZ2is largely
absent [4]. However, PDGFRA, a regulator of proliferation and maintenance of the OPC-
state, is expressed and frequently activated by mutation in these tumors (Fig. 2C). H3
G34-mutant glioma also exhibits aberrant H3K27ac deposition at the PDGFRA promoter
and at a cis-regulatory element adjacent to the interneuron defining gene, GSX2. Enhancer
hijacking results in H3.3 G34-mutant interneuron progenitors commandeering PDGFRA
expression [21], which may contribute to the oncogenic potential of H3 G34 mutations.
PDGFRA has been shown to be a dependency in glioblastoma and DIPG models [93, 118]
and additionally appears to be a shared oncogenic mechanism in H3 G34-mutated glioma.

Therapeutic vulnerabilities of oncohistone mutant glioma

The discovery of oncohistone mutations in diffuse glioma raised the exciting possibility
that these incurable brain tumors may have previously unexplored and potent sensitivities to
drugs related to epigenetic reprogramming. The development of /n vitroand /n vivo models
that faithfully represent the developmental context and mutation spectrum that uniquely
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define oncohistone-driven glioma has been crucial to understanding epigenetic dysregulation
in these tumors and investigating more effective therapies for patients. Concerted efforts
from multiple labs produced patient-derived tumor cell lines that recapitulate key genomic
and epigenomic features of patient tumors and can be grown adherently in serum-free
media or as neurospheres [104, 130-132]. Patient-derived orthotopic xenograft models
grown in immunodeficient mouse hosts provide critical human tumor models for /n vivo
preclinical testing of brain tumor therapies, and allograft models of mouse tumor cells
engineered to express hallmark mutations of histone mutant glioma provide useful models
to further interrogate therapeutic response of tumor cells within an intact and complex
inflammatory microenvironment [130, 131, 133]. Together, these /n vitro and in vivo model
systems provide unique and complementary avenues to uncover the mechanisms underlying
oncohistone-driven tumor growth and discover new therapeutic vulnerabilities.

Epigenetic writers and erasers have been explored as therapeutic targets for oncohistone
mutant tumors. High-throughput /n vitro screening of H3 K27M DMG cell lines identified
histone deacetylase inhibitors (HDACI) as promising candidates for the treatment of H3
K27-altered DMG [134, 135]. This sensitivity may relate, in part, to the aberrant increase

in H3K27ac and associated upregulation of ERV expression observed in H3 K27M DMG
[52]. However, a phase | trial testing dose-limiting toxicities of the HDACI panobinostat
following radiation did not show significant improvement in progression-free or overall
survival within the cohort enrolled on the phase I trial [136]. Combination therapies may

be required to achieve greater efficacy. Indeed, combination of HDAC inhibition with lysine-
specific demethylase 1 (LSD1) inhibition or simultaneous HDAC and proteosome inhibition
can produce a synergistic effect to more effectively block tumor growth /n vitro and /in vivo
[137]. Interestingly, combined HDAC and PI3K inhibition can also induce a DNA damage
response that sensitizes pHGGs to radiation [138]. Expression of H3.1 and H3.3 K27M
mutations sensitize cells to in vitro replication stress and may cause genomic instability

due to impaired non-homologous end-join (NHEJ) and double-stranded break (DSB) repair
[139], providing another potential vulnerability.

Targeting the polycomb repressive complex 1 (PRC1) protein BMI1, which may be
upregulated by H3 K27M, similarly reduced tumor growth in xenograft models [140,

141]. Therapeutic targeting of EZH2 to deplete residual PRC2 activity in H3 K27M

mutant glioma inhibited tumor cell growth in a mouse H3 K27M glioma model and in
patient-derived DMG cell lines [33, 44]. The consequence of EZH2 inhibition may vary
significantly, as it failed to inhibit tumor cell growth of some human pediatric DMG and
HGG cells with or without H3 K27M mutation, and genetic deletion of £zA42in a mouse
DMG model with wild-type H3 actually increased tumor grade and proliferation rates [142,
143]. In addition to limited success in treating DMG cells by targeting epigenetic writers and
erasers directly, targeting downstream aberrant transcriptional activation through inhibition
of CDK7 or CDKO9, which regulate transcriptional initiation or elongation, respectively,
induced cell death and inhibited proliferation of DMG cells [55, 130]. Combination of BET
bromodomain protein inhibitors with panobinostat or inhibitors targeting other epigenetic
writers such as CBP demonstrated enhanced cytotoxicity compared to single agent use [33,
144]. Targeting aberrant transcriptional activation through inhibition of HDACs, BRDs, and
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CDKZ7 or CDK9 is not only a promising therapeutic avenue but a useful tool to study the H3
K27M oncogenic programs contributing to DMG [33, 55, 130].

Metabolic studies showed that H3.3 K27M induced increased glycolysis, glutaminolysis,
and tricarboxylic acid cycle metabolism leading to elevated levels of alpha-ketoglutarate
that contributed to maintaining the low H3K27me3 levels associated with H3.3 K7M.
Disrupting this interplay between epigenetic and metabolic dysregulation by inhibiting
these metabolic pathways created a therapeutic vulnerability and inhibited growth of H3.3
K27M tumor cells [145]. DMG is also dependent on adequate levels of nicotinamide
adenine dinucleotide (NAD+) and is sensitive to NAMPT inhibition [130, 135, 146]. Other
metabolic vulnerabilities of pHGG include tumor cell death induced by redirecting glucose
metabolism from glycolysis to mitochondrial oxidation through treatment with AICAR
(5-aminoimidazole-4-carboxamide ribonucleotide) or the pyruvate dehydrogenase kinase
inhibitor dichloroacetate (DCA) [147].

Efforts are underway to directly target novel neoantigens generated by the H3.3 K27M
mutation through T-cell therapy or targeted vaccines [148, 149]. Additional approaches
that employ immunotherapy, although they do not directly target the oncohistone mutation,
are showing exciting promise. Adoptive T-cell therapies have risen to the forefront as a
novel approach to leverage immune cells to target antigens on the surface of tumor cells.
Preclinical studies using engineered CAR T-cells to target GD2-expressing tumor cells have
demonstrated strong anti-tumorigenic potential [150]. Despite causing neuroinflammation
and edema in preclinical xenograft models and in some patients treated with CAR T-cell
therapy, the preliminary results from ongoing clinical trials remain promising, with all 4
reported DMG patients exhibiting radiographic and clinical improvement [151]. B7-H3 has
also been identified as a promising target for CAR T-cell therapy in preclinical studies

with H3 K27M DMG as well as H3 G34R mutant and H3 WT pediatric diffuse glioma

and other pediatric brain tumors [152]. Recent studies have highlighted how tumor cells
cooperate with the surrounding microenvironment to promote tumor growth [153-155].
EZHZ2 inhibition in microglia, for example, has been shown to decrease tumor growth and
migration in H3 K27M patient-derived pHGG cell lines, indicating a potential for growth-
promoting crosstalk between immune cells and tumors within the tumor microenvironment
[156].

Earlier discovery of dopamine receptor signaling as a potential therapeutic target for

adult glioblastoma [157, 158] led to clinical trials for glioma. ONC201, a postulated
DRD?2 antagonist, reduced H3 K27M-mutant DMG tumor growth [159] and demonstrated
efficacy against H3 K27M-mutant tumors in clinical trials [160]. While these preliminary
findings are exciting, the mechanism of action for ONC201 in H3 K7M mutant DMG
therapy remains unclear. ONC201 has been described as a TNF-related apoptosis-inducing
ligand (TRAIL)-inducing compound, DRD?2 inhibitor, and, in some studies, an inhibitor of
AKT/ERK signaling. ONC201 is also an allosteric agonist of the mitochondrial protease
caseinolytic protease P (CIpP) [159, 161-163]. ONC201 and related compounds, their
mechanisms of action, and sources of selectivity and resistance are active areas of
investigation in ongoing clinical trials and laboratory studies by multiple investigators.

Cancer Metastasis Rev. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ocasio et al.

Page 17

Novel therapeutic approaches for H3.3 G34 mutant glioma have been much less extensively
studied relative to H3 K27M DMG. Epigenetic analyses of H3.3 G34R glioma cells showed
redistribution of H3K27me3 to intergenic regions associated with enhanced leukemia
inhibitory factor (LIF) expression. Elevated LIF drove an autocrine/paracrine stimulation

of STAT3 activation, and STAT3 inhibition suppressed growth of H3.3 G34 diffuse glioma /n
vitroand in vivo [65].

High-throughput and focused screening studies showed encouraging consistency for many
of the targets discussed above and a larger collection that have yet to be explored
individually in detailed studies [55, 130, 134, 135]. It is noteworthy that despite the
profound and unique consequence of the H3 K27M mutation on the epigenome, in a high-
throughput screening study that included H3 K27, H3 G34R, and H3 WT pHGG cell lines,
the oncohistone mutations did not confer unique vulnerabilities. Potent drugs displayed
effects across all pHGG, and variability associated as much with intertumoral heterogeneity
as with oncohistone mutation status [130]. Despite this, the encouraging preliminary results
in this realm are driving new mechanistic studies, focused preclinical studies to identify
synergistic therapeutic combinations, and the development of new clinical trials.

Additional histone mutations in diverse tumor types

In addition to the highly recurrent oncohistone mutations found in H3 K27M-altered DMG
and H3 G34-mutant diffuse hemispheric glioma, a growing number of related and novel
histone mutations have been identified in diverse tumor types.

Much like the disruption of H3K36 methylation status exhibited in H3 G34-mutant diffuse
hemispheric gliomas, complementary mechanisms are employed as oncogenic drivers in
other forms of cancer. Glycine to tryptophan/leucine substitutions at amino acid 34 in
histone H3.3 (H3 G34W/L) molecularly define giant cell tumors of bone, where they occur
with 92% frequency, but are rarely observed in osteosarcoma [164]. Unlike H3 G34R/V and
H3 G34WI/L substitutions which occur near the K36 amino acid, missense mutations have
also been found directly at H3K36 in other malignancies. Lysine to methionine/isoleucine
substitutions at amino acid 36 in histone H3 (H3 K36M/I) occur in 95% chondroblastoma
and less commonly in histiocytic tumors of the skull, infantile soft tissue sarcomas,
melanoma, head and neck squamous cell carcinomas, colorectal, and bladder cancer [164—
166].

Given the importance of chromatin remodeling on cellular state, it is not surprising that

H3 K36M/I-mediated epigenomic reprogramming disrupts downstream biological processes
important for oncogenesis. In contrast to H3 G34-mutations that confer a loss of H3K36me3
only on those histones harboring the substitution, H3 K36M/I mutations decrease the

global abundance of H3K36me1/2/3 across the epigenome analogous to the dominant-
negative effect exerted by H3 K27M [167, 168]. In response, H3K27me3 levels are
reciprocally increased at intergenic regions promoting the recruitment of PRC1 away from
gene-associated H3K27me3. This leads to the aberrant restriction of chromatin architecture,
thereby blocking the expression of genes important for cellular differentiation [167]. For
example, in mouse allograft models of H3 K36-mutant sarcoma-like tumors, the atypical
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recruitment of PRCL1 to intergenic regions disrupts transcriptional programs associated with
mesenchymal progenitor cell differentiation to promote sarcomagenesis [167, 168].

Very rare H3.3 mutations encoded by H3F3B K27/ substitutions that also cause global loss
of H3K27me3 were found in DMG [169]. Subclonal H3 K27M/I mutations are also rarely
observed in acute myeloid leukemia. Studies investigating the oncogenic mechanisms of H3
K27M in the context of leukemia show that H3 K27M increases proliferation, expansion,
and self-renewal of hematopoietic stem and progenitor cells and inhibits differentiation.
Interestingly, H3 K27M accelerates leukemia progression in an AML model but not MLL
[170, 171], illustrating a context-dependent advantage similar to the cell-type specific effects
of H3 K27M in neural cells.

In addition to recurrent hotspot mutations in the N-terminal tail of histone H3, lower
frequency mutations have been identified in the globular folding domains of all four core
histone families [172, 173]. Although a small number of residues within the globular
domain of histones undergo post-translational modification, mutations at these sites do not
alter epigenetic marks. Instead, these mutations disrupt the histone-histone interface and
destabilize nucleosome structure. This structural disturbance alters histone dimer exchange
dynamics, nucleosome sliding, and chromatin remodeling processes [174]. Unlike H3
K27, H3 G34, and H3 K36 mutations which disrupt the deposition and maintenance of
post-translational marks associated with transcriptional regulation, the correlation between
mutational status and downstream effects on transcription is less clear for mutations
within globular domains. While there is a strong association of H3K27ac, H3K36me3,
and H3K27me3 with epigenetic-mediated transcriptional control, predicting the impact of
destabilized nucleosome structure on the transcriptome represents an emerging challenge.

Importantly, histone globular domain mutations have been shown to inhibit cellular
differentiation by altering the expression of lineage-defining transcription factors and
increasing chromatin accessibility at the promoter of a known developmentally associated
gene, HOXBG6[172, 174]. Despite blocking differentiation in murine mesenchymal
progenitor cells, these mutations do not exhibit clear selection pressures for a particular
developmental context or specific cellular state based on their mutational patterns across
human cancer types. Unlike the different H3 mutations which occur at a high frequency and
show striking specificity for subgroups of diffuse glioma, chondroblastoma, and giant cell
tumors of bone in children and adolescents, globular domain mutations occur in a variety of
adult cancers. Indeed, understanding why mutations in globular domains exhibit less tumor
type specificity compared to conventional oncohistones (H3 K27, H3 G34, and H3 K36)
may yield important insights. With somatic mutations in histones occurring in approximately
4% of diverse tumor types spanning a developmental continuum, understanding the broader
role of these mutations in oncogenesis will undoubtedly inform epigenetic-based cancer
therapies and provide a deeper understanding of the unique developmental associations with
certain alterations [173].
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Concluding remarks

From the discovery of a DNA hypomethylation phenotype in carcinoma in the early 1980s
[175] to the more recent identification of oncohistones in pediatric HGGs in the last decade
[3, 5], epigenetic reprogramming has now been recognized as one of the hallmarks of
cancer [176]. Histone H3 mutations disrupt the strict spatial and temporal control of specific
developmental cellular states by modifying chromatin structure and causing widespread
gene expression changes. Oncohistones generate unique epigenetic and transcriptomic
landscapes, which cooperate with other acquired mutations to promote tumorigenesis under
specific contexts. Analyses of these mutations and the tumors in which they arise led to

a significant change in the way that brain tumors are classified worldwide. Functional
demonstrations of the requirement for high-frequency oncohistone mutations in tumor
maintenance also support the growing evidence that low-frequency mutations in histones
across multiple tumor types may contribute to tumorigenesis.

Despite the dramatic progress in understanding consequences of oncohistones on the
epigenome and transcriptome, many unanswered questions regarding the mechanisms
driving oncohistone effects in cancer remain. Fundamental effects of H3 K27M and H3
G34R/V mutations on the levels and spreading of H3K27me2/me3 and H3K36me2/me3
connect the two mutations with each inducing different shifts in the balance of these

two posttranslational marks. However, selective changes in gene expression downstream of
these mutations are still incompletely understood. Genes with bivalent promoters are more
susceptible to expression changes induced by H3 K27M mutations, but what determines
which specific genes are most dramatically impacted? Are other expression changes indirect
effects, or selectively regulated by mechanisms not yet understood? H3 G34R/V mutations
are less well understood, without the clear dominant impact on the epigenome exerted by H3
K27M. How might oncohistone mutations impact other aspects of genome dynamics outside
of transcription that are important in cancer such as replication, telomere maintenance and
DNA repair?

The spatiotemporal incidence of oncohistone mutations shows an intriguing selective
advantage connected to unique developmental states and oncohistone-regulated genes are
highly enriched for those impacting neurodevelopmental processes. The use of current and
emerging approaches to evaluate the epigenome at the single-cell level to probe questions
related to intratumoral heterogeneity and oncohistone deposition, chromatin dysregulation,
and tumor cell states may yield new insights into the contribution of oncohistones to cell
state as well therapeutic resistance.

Studying rare tumor types may have much broader implications for understanding epigenetic
misregulation as a driving force in cancer, particularly in common cancer types in which
only rare histone mutations are observed. What proportion of the changes induced by
oncohistones are essential contributors to their oncogenic activity? Most importantly, how
can histone misregulation be leveraged as a potent therapeutic vulnerability for cancers

with and without oncohistone mutation? While detailed molecular studies have highlighted
likely developmental origins for histone mutant glioma, it remains unclear why these
contexts constitute uniquely permissive or selective conditions for oncohistone-mediated
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transformation. A complete understanding of the developmental regulation of epigenetic
states and how oncohistones co-opt these states to permit tumorigenesis and tumor growth
will be instrumental to determine precision therapeutic approaches and improve outcomes
for patients with these incurable diseases.
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Fig. 1. Canonical and non-canonical histone H3 are differentially regulated during development.
a) Schematic illustrating the five amino acids that differ between histones H3.1, H3.2 and

H3.3 (white font in red squares). Frequently mutated sites are denoted with asterisks.
Histones b) H3.1/2 and c) H3.3 are deposited into nucleosomes at different genomic
locations and at different points in the cell cycle through distinct chaperones. d) Schematic
distribution of histones H3.1/2 (light green) and H3.3 (dark green) across chromosomes
demonstrate enrichment at specific genomic sites and DNA processes (figure adapted from
[177]). H3.1 is broadly deposited throughout the chromosome while H3.3 deposition is
enriched at telomeres, centromeres, regulatory elements, actively transcribed regions, and in
regions that have undergone DNA repair.
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Fig. 2: Overview of pediatric high-grade gliomas.
a) Graphs depicting the age of onset in years across pediatric high-grade glioma subgroups
with the median age for each sex denoted above the graph and the percentage of
patients of each sex denoted below the graph. The dotted horizontal line represents the
threshold for pediatric classification at 21 years old. The asterisks indicate significant sex
differences. b) Cartoon brains illustrate common tumor locations (marked in shades of
red) within each subgroup. The darker shades indicate regions with higher incidence for
the associated subgroup. ¢) Graphs depicting the most common nonsynonymous genetic
mutations associated with each tumor subgroup, excluding amplifications and losses. d)
Kaplan-Meier curves depicting overall survival rates across subgroups with the median
survival indicated in months in the top right corner of each graph. Graphs and survival
curves generated with published data [4, 6, 7, 17, 21, 24, 25, 178].
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Fig. 3: Oncohistones dysregulate histone methylation patterns.

a) PRC2 deposits methyl groups (red circles) at H3K27 in wild-type cells. H3 K27M causes
global loss of H3K27me3 while H3 G34R/V increases H3K27me3 at active enhancers. b)

SETD2 and SETD5 deposit the third methyl group at H3K36 (dark red ¢

ircles), which can

be removed by KDM4 (KDM4A, KDM4B, and KDM4D). H3K36me3 is unaffected in H3
K27-altered tumors while H3 G34R/V causes a loss of H3K36me3 in cis.
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Fig. 4: Oncohistones produce widespread epigenetic consequences.
H3 K27-altered tumors exhibit a) altered deposition of specific epigenetic marks, b)

activation of bivalent genes and c) reactivation of endogenous retroviral elements. a) H3
K27-altered tumors demonstrate global loss of H3K27me3 (left) but focally retain the mark
at specific loci. Conversely, H3 K27-altered tumors exhibit spreading of H3K36me2 (right)
across the genome. b) Bivalent promoters are characterized by the combined presence of

the activating mark H3K4me3 (blue diamond) and the repressive mark H3K27me3 (red
circle) and are poised for induced gene expression. The global loss of H3K27me3 in

H3 K27-altered tumors releases bivalency and activates gene expression. H3 K27M may
also recruit MLL1 to deposit H3K4me3 at distal regions. c) Repeat elements, such as
endogenous retroviral elements (ERVs) normally retain H3K27me3 and are not expressed.
H3 K27-altered tumors promote CBP/P300 recruitment at ERVS, resulting in H3K27ac (dark
blue circle) deposition and priming ERVs for expression.
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Fig. 5: DNA methylation classification of common childhood and adult brain tumors.
tSNE projections of tumor methylation classes from published brain malignancy methylation

datasets. a) tSNE projection of full reference cohort (n = 2751) with high grade gliomas

encircled. b) tSNE projection of high-grade gliomas (n=1259). Samples are shaped based
on the study from which they originated [23, 68, 77]. The methylation classes are grouped
by tumor type and color-coded (pHGG: pediatric high-grade glioma; GBM: glioblastoma
multiforme; LGG: low grade glioma; EPN: ependymoma; ATRT: atypical teratoid rhabdoid
tumors; MB: medulloblastoma). tSNE projections were generated from 1-variance weighted
Pearson correlation between samples, which were calculated from normalized methylation

beta values for the 35000 most variable probes.
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Fig. 6: Cooperating mutations differ between oncohistone-driven tumors.
Although many cooperating mutations are shared across oncohistone-driven tumors, some

occur at much higher frequency in combination with specific oncohistones. Cooperating
mutations with selective high frequency associations with histones a) H3.1/2 and b and c)
H3.3 are denoted with asterisks. (TF: transcription factor)
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Fig. 7: Cdll statesduring development may be uniquely susceptible to oncohistone-driven
transformation into tumors.
Radial glial cells give rise to transit amplifying neural progenitor cells (NPCs) and glial

progenitors. Neurogenesis driven by rapid NPC proliferation and differentiation into mature
neurons precedes gliogenesis, where glial progenitors like intermediate glial cells (iGCs)
and oligodendrocyte precursor cells (OPCs) differentiate into astrocyte or oligodendrocyte
lineages respectively. The introduction of oncohistones at specific points in development,
such as H3 G34R/V in interneuron progenitors or H3 K27M at different stages of early glial
development, can cooperate with other acquired mutations to transform cells into tumors.
Solid arrows show normal development. Dotted arrows show where specific mutations can
lead to tumorigenesis.
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