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Abstract

High-grade glioma (HGG) is the most common cause of cancer death in children, and the most common
primary central nervous system (CNS) tumor in adults. While pediatric HGG was once thought to be
biologically similar to the adult form of disease, research has shown these malignancies to be significantly
molecularly distinct, necessitating distinct approaches to their clinical management. However, emerging
data have shown shared molecular events in pediatric and adult HGG including the histone H3K27M
mutation. This somatic missense mutation occurs in genes encoding one of two isoforms of the Histone H3
protein, H3F3A4 (H3.3) or HISTIH3B (H3.1), and is detected in up to 80% of pediatric diffuse midline
gliomas and in up to 60% of adult diffuse gliomas. Importantly, the H3K27M mutation is associated with
poorer overall survival and response to therapy compared to patients with H3 wild-type tumors. Here, we
review the clinical features and biological underpinnings of pediatric and adult H3K27M mutant glioma,
offering a groundwork for understanding cutrent research and clinical approaches for the care of patients

suffering with this challenging disease:
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Key Points

Shared molecular events in pediatric and adult HGG include the histone H3K27M mutation
The H3K27M mutation is associated with distinct tumor molecular biology and clinical outcomes
The H3K27M mutation results in an altered 3D chromatin structure and transcription regulation

H3K27M mutant glioma cell lineages gather additional mutations
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Text

H3K27M Mutation in Glioma

Historically, intracranial diffuse midline gliomas (DMGs) arising in the brainstem were diagnosed
radiographically alone, given their pathognomonic appearance on MRI scans and the relative risk of
surgical biopsy for histologic analysis (Figure 1).! This led to a paucity of tumor tissue for molecular
testing, impeding progress in understanding disease biology, and hence in identifying effective therapies.
As aresult, DMGs persist as the number one cause of pediatric cancer death. Unfortunately, pediatric high-
grade gliomas (HGGs) in the brainstem represent approximately 10% of all pediatric brain tumors, with
80% of these located in the pons, and are associated with a dismal prognosis: median survival is just nine
months, while virtually all patients die within two years of diagnosis.>* Standard clinical management for
pontine glioma consists of radiation therapy, which results in a brief period of symptom relief (2-4 months),
however, does not increase the overall survival of these patients. Fortunately, recent advancements in
neurosurgical techniques, including the widespread application of image-guided stereotactic biopsy
capability, has led to increased access to tumor tissue for molecular analysis. Indeed, biopsy of thalamic
and brainstem lesions can now be performed with a less than 5% risk of transient neurologic deficit, and a

less than 1% risk of permanent disability.*>

Analysis of these newfound tumor tissues led to the discovery of the H3K27M mutation, first reported in
DMGs in 2012 in two independent publications.®’ This somatic missense mutation results in a Lys27 to
Met substitution on the N-terminal tail of the Histone H3 protein. The H3K27 residue plays a central and
important role in cellular epigenomic regulation. The H3K27 residue is typically acetylated (Ac) or
trimethylated (me3), which is generally associated with transcription expression and repression,
respectively. Further, the H3K27M mutant histone functions as a dominant negative inhibitor of the
polychrome repressor complex 2 (PRC2) which deposits methylation marks on the H3K27 residue. PRC2

inhibition results in a global loss of H3K27me3 and corresponding upregulation of many genes that may
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be responsible for activation of oncogenic pathways.® ' Subsequent research over the past ten years has
revealed that H3K27M mutant glioma is clinically and molecularly distinct from the H3K27 wild-type
(H3K27WT) gliomas. For example, multiple reports demonstrate distinct protein, gene and DNA
methylation profiles, as well as unique epigenetic characteristics and chromatin 3D structure in the presence
of the H3K27M mutation.'"!? In addition, H3K27M mutant tumors tend to harbor additional somatic

mutations and exhibit a unique immunologic phenotype, as detailed in the sections below.

As with the pediatric disease, adults with H3K27M mutant glioma exhibit higher mortality than those
harboring H3K27WT tumors. Further, while the majority of H3K27M mutant gliomas are diffuse midline
lesions, the H3.{Z 7V mutation is occasionaliy tvund in circumseribed gliomas and in tumors in non-midline
locations (i.e. cerebral hemispheres, Figure 2). As in diffuse and midline gliomas, the H3K27M mutation
in hemispheric and circumscribed gliomas is associated with a poorer prognosis; however, circumscribed
glioma patients exhibit longer overall survival relative to those with diffuse lesions, likely due to feasibility
(i.e. extent) of surgical resection.!® The presence of H3K27M mutation in both adult and pediatric glioma
is associated with an inferior prognosis, regardless of the histological grade of the lesion.'* As a result,
H3K27M mutant tumors are now conferred a Grade IV assignment in the 2021 World Health Organization
Classification of CNS tumors, irrespective of tissue histological features.!>!® In turn, clinical H3K27me3
testing via tissue immunohistochemistry, or next generation sequencing for H3K27M, has become routine
for diffuse and histologically high-grade gliomas at advanced medical centers across the world.
Additionally, H3K27WT gliomas frequently overexpress enhancer of zeste interacting protein (EZHIP), a
PRC2 inhibitor, to recapitulate the loss of H3K27me3 and gain of H3K27ac observed in H3K27M mutant
tumors.t’ 2! Together, these are defined as “H3K27-altered” gliomas. Here, however, we focus on the
epigenetic, immunological, and genetic features specifically observed in H3K27M mutant gliomas,
introducing their downstream mechanisms to contextualize emerging findings in this more common disease

entity.
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Epigenetic Features of H3K27M Mutant Glioma

H3K27M mutant gliomas are characterized by several distinct epigenetic features, including decreased
H3K27me3 and increased H3K27ac, which facilitate a unique transcriptional profile (Figure 3). The
mechanisms by which this effect is mediated underscores the complex effects of the H3K27M mutation on
chromatin structure and function. For example, polycomb repressor complex 2 (PRC2), a principal writer
of facultative heterochromatin, is responsible for catalyzation of H3K27 methylation and transcription
repression. PRC2 is comprised of enhancer of zeste 1/2 (EZH1/2), embryonic ectoderm development,
suppressor of zeste 12 (SUZ12), and retinoblastoma-binding protein p48.22 PRC2 is recruited to CpG
islands in both healthy and H3K27M mutant cells, but fails to spread H3K27me3 in the presence of the
H3K27M mutant protein, potentially defined by boundaries of elevated H3K36me?2 deposition.?**’ EZH1/2
is the catalytic domain of PRC2, blocked by the methionine of H3K27M oncohistones, and likely remains

inhibited even after dissociation with H3K27M.2+26:28

As mentioned, global loss of H3K27me3 in H3K27M mutant glioma is associated with an increase in
H3K27ac, a transcriptional activating mark.”* Genomic enrichment with H3K27ac further increases
chromatin accessibility to transcriptional machinery, including RNA Polymerase II (RNAPII) via formation
of H3K27M-K27ac heterotypic nucleosomes, which recruit the histone acetyl group readers bromodomain-
containing proteins 2 and 4 (BRD2/4).%323* Further, H3K27M and BRD2/4 are preferentially colocalized
into super-enhancer and promoter regions, facilitating transcription.*> One H3K27M-driven promoter is
that of AFF4, the scaffolding subunit of the super-enhancer complex which employs cyclin-dependent
kinase 9 (CDK9) to catalyze RNAPII phosphorylation.** This releases RNAPII from promoter-proximal
pausing to increase transcription of several oncogenes, including MYC and MCL-1.%

While global de-repression of PRC2 target loci is observed in H3K27M mutant glioma to both directly and
indirectly promote transcription, there are notable exceptions to this rule, with certain pre-existing

polycomb target sites actually receiving more PRC2-mediated transcription repression.?”*¢ For example,
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the CDKN2A4 locus is a likely target of this residual PRC2 activity, with observed increased H3K27me3
enrichment and decreased transcription.’” This is similarly true for many neuronal differentiation genes,

thereby promoting a de-differentiated tumor phenotype in the presence of the H3K27M mutant protein. 3240

42

Indeed, DMGs are thought to arise from the oligodendrocyte precursor cell (OPC), most commonly during
the ventral pontine expansion characteristic of middle childhood (Figure 3).* 8 Specifically, the presence
of the H3K27M mutant protein promotes a neurodevelopmentally-defined transcriptional profile that
arrests OPCs’ differentiation into oligodendrocytes (OLs).!'* OLs are the mature, myelinating, post-
mitotic, and post-migratory cells of the central nervous system (CNS).° This offers an important
explanation into the cycling and migratory capacities of the DMG lineage as well as a potential modality
of differentiation therapy. Indeed, agents that re-initiate differentiation reprogram this tumor lineage’s
transcriptional profile toward one more characteristic of oligodendrocytes or astrocytes, and it remains an

exciting avenue for further investigation,323451-57

Partner mutations then arise that are secondary to this founding histone mutation and augment these
transcriptional changes to accelerate gliomagenesis (Figure 3).2-%% For examples, an H3.1K27M co-
segregating gain-of-function mutation in ACVRI drives SMAD-mediated transcription to enhance
proliferation and migration; similarly, an H3.3K27M co-segregating amplification in PDGFRA drives
ERK-mediated transcription for the same phenotypic outcome.®>® In addition to these epi(genetic)
alterations observed in H3K27M mutant glioma, notable efforts have been recently made to further stratify
OPC-like DMG cells based on tumor location, with less differentiated lineages observed more frequently
in pontine tumors and more differentiated lineages observed in thalamic tumors.* This important finding

encourages an evaluation of both molecular and spatial characteristics in the diagnostic workflow.
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Immunological Features of H3K27M Mutant Glioma

Oncoimmunology is an expanding field that promises a novel therapeutic strategy for achieving more
effective clinical outcomes in cancer by utilizing the body’s innate immune response to target
tumorigenesis. Meanwhile, advances in multiple sclerosis (MS) research have driven discoveries on
immune modulation of the OL lineage, suggesting an applicability of this modality to OL-derived HGGs
such as DMG.% Along with multiple other solid tumors, HGGs, including those harboring the H3K27M
mutation, exhibit a unique inflammatory expression profile that researchers have characterized in recent
years and is the basis for a multitude of clinical trials. H3K27M mutant gliomas are characterized by distinct
immunological features, including decreased natural killer (NK) cells and potentially increased macrophage
2 (M2) polarization, which engender a principally ‘immunocold’ state, though tumor location appears to
play a role in their oncoimmunologic profile (Figure 3). In general, diffuse midline H3K27M mutant
gliomas, including diffuse intrinsic pontine gliomas (DIPGs), have a less inflammatory expression profile

than hemispheric HGGs, due to low immune infiltration and immune checkpoint molecule expression. %

Myelin-associated CD4+ T cells harboring NK receptors target OLs in vitro.” Indeed, NK cells lyse DIPG
cell cultures but are decreased in patients with DIPG.”""> Although hemispheric HGGs have increased
macrophage infiltration, DIPGs do not.”"’* H3K27M mutant glioma cells do not show repolarization of
macrophages, which is-observed in H3K27WT HGG.”' In addition, only one-quarter of H3K27M mutant
glioma cells express programmed death-ligand 1 (PD-L1), a checkpoint immunosuppressor expressed in
OLs that serves as a biomarker of immunotherapeutic efficacy.’*”> Another study corroborated with this
finding, concluding that DIPG cells do not show overexpression of PD-L1 nor transforming growth factor-
B1(TGF-B1), another regulator of inflammatory responses.’! Moreover, the CD45+ leukocyte compartment
of DIPGs contains more CD11b+ macrophages than CD3+ T-lymphocytes, an anti-inflammatory M2
phenotypic signature which could lead to immune suppression and tumor progression.®®’%”7 Therapeutic
strategies targeting these characteristics are now the basis of multiple clinical trials. However, M2-derived

activin-A drives OPC differentiation in CNS remyelination, potentially offering a vulnerability of the tumor
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to an immunologically-based differentiation therapy.”® Looking into the future, there may be a non-
synergistic relationship between immune-activating immunotherapies and this new differentiation therapy,
cautioning their combination or at least necessitating their carefully timed application through the clinical

course.

Genetic Features in H3K27M Mutant Glioma

Although H3K27M mutations are common in DMG and have a critical role in regulating gene expression
and maintaining chromosomal stability, additional associated mutations unique to each patient contribute
to tumor development, resulting in varying degrees of poor prognosis.””*° The mutation patterns associated
with H3.3K27M and H3.1K27M tumors differ. For example, 7P53 gene mutations are more commonly
observed in H3.3K27M tumors, and they are believed to promote tumor development and progression by
disrupting p53 protein function.’! In contrast, H3.1K27M tumors frequently partner with ACVRI gene
mutations, characterized by a substitution of arginine for glycine at position 34 (G34R) in the ACVR1
protein. These mutations are associated with enhanced activation of the bone morphogenic protein (BMP)

signaling pathway and increased tumor growth.

To develop effective treatments for H3K27M mutant glioma, it is crucial to understand the genetic
landscape of the disease, including recurring somatic mutations and related pathways, as well as the
influence of subclonal populations on tumor biology and response to therapy. Advanced technologies, such
as single-cell sequencing and spatial transcriptomics, are being used to study somatic heterogeneity at a
higher resolution, potentially leading to the discovery of new therapeutic targets.

1. Tumor protein p53

The p53 protein encoded by the 7P53 gene is a key tumor suppressor protein that helps to maintain the
genomic stability of cells.®? Mutations in several phosphorylation sites of p53 can lead to loss of both DNA-
binding capacity and protein stability. The loss of p53 function due to mutations in the 7P53 gene can lead

to genomic instability uncontrolled cell and division decreased apoptosis. This can result in the
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accumulation of mutant p53 protein and a decrease in the activity of WT p53, leading to tumorigenesis and
cancer progression. Moreover, p53 is a necessary mediator of OPC differentiation in healthy systems and
exerts a tumor-suppressive effect in glioma by inhibiting OPC proliferation, a principle step in
differentiation.’3%° TP53 mutations are prevalent in DMG, with rates ranging from 60-80%, making it the
most common mutation after H3 mutations (Figure 3).%° These mutations co-occur with both the
H3.3K27M and H3K27WT subgroups of DMG, and to a lesser extent with the H3.1K27M subgroup (less
than 15%). The mutations are often found alongside amplification of PDGFRA. Patients with both
H3.3K27M mutation and 7P53 mutations tend to have increased radiation therapy resistance, more
aggressive tumors, and a poorer prognosis.>’® These data suggest that loss of TP53 might allow for
continued cell cycling and, in collaboration with developmental gene transcriptional dysregulation
engendered by the H3K27M mutation, subsequently arrest OPC differentiation to drive DMG formation

(Figure 3).

2. Cyclin-dependent kinases

Other alterations in genes controlling the cell cycle have been implicated in DMG, including amplifications
of cyclin D family members, such as CCND1, CCND2, and CCND3, as well as CDK4 and CDK6 (Figure
3).8086 These factors specifically regulate the G1-to-S-phase transition, a period during which temporal
regulatory processes of the OL lineage, including p27 accumulation, cause cell cycle exit to initiate
differentiation.®”*® The CDK4/CDK6 complex with cyclins CCND1, CCND2, or CCND3 phosphorylates
and inactivates Retinoblastoma-associated protein, a tumor suppressor protein expressed in G1-phase.®
This interaction allows for the activation of E2F1 target genes, inducing transcription of cell cycle genes to
facilitate progression through the G1-to-S-phase transition. These data further suggest defects in cell-cycle

regulation underly a cycling OPC state that resists differentiation to promote DMG.
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3. Receptor tyrosine kinases

Receptor tyrosine kinases (RTKSs) are receptors located on cell membranes that have an important role in
various signaling pathways related to cell growth, differentiation, and survival. Pertinent RTKs include
EGFR and PDGFRA. EGFR characterizes pre-OPCs as they are specified from outer radial glial cells, and
later, PDGFRA marks early OPCs before they begin exhibiting morphological features of more mature
OPC derivatives.””%! Amplifications and mutations in PDGF and PDGFRA are commonly observed in
DMG, play a crucial role in facilitating phosphorylation at different phosphotyrosine domains, which
ultimately activate PI3K/AKT/mTOR and Ras/Rat/MEK/ERK downstream signaling pathways (Figure
3).9 Amplification of PDGFRA is observed in approximately 30% of DMG tumors, and PDGFRA mutation
is seen in almost 15% of DMG patients.** PDGFRA alterations are found primarily with the H3.3K27M
mutation and exhibit an proneural gene expression profile, which is linked with clinical aggressiveness
irrespective of histological categorization. Alongside retinoic acid treatment, withdrawal of PDGFA
induces OPC differentiation in vitro; moreover, suppression of PDFRA expression is observed in healthy
OPC differentiation.®>* Therefore, it is likely that PDFRA signaling maintains OPCs in a cycling state.
Indeed, activation of PDGFRA triggers dimerization and autophosphorylation of'its tyrosine kinase domain,
which attracts downstream effectors and phosphorylates downstream targets such as MYC and JUN, both
of which are members of the PI3K pathway.* In turn, this drives the activity of MYC and JUN, creating a
positive-feedback loop that increases the expression of multiple other RTKs, leading to oncogene addiction.
Unfortunately, PDGFRA heterogeneity and co-occurring amplifications in other RTKs limit the therapeutic
value of targeting PDGFRA.% Amplification of PDGFRA plays a significant role in the initiation of
gliomagenesis in vivo, indicating that it is an early event in tumorigenesis. This leads to the development

of a clinically aggressive glioma that is unresponsive to tyrosine kinase inhibitors.*
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4. Activin A receptor type 1

ACVRI, which encodes ALK2, is a receptor in the BMP signaling pathway of the TGF-f superfamily.5>-
The BMP pathway is tumor-suppressive and promotes maturity in H3.3K27M DMG; yet it has an opposing
function in H3.1K27M mutant DMG, resulting instead in OPC differentiation arrest and population
expansion in one valuable murine model.*** Indeed, although activating mutations in ACVRI are observed
in over 30% of DMG tumors, almost 90% co-occur with the H3.1K27M mutation (Figure 3).

These mutations are clustered around the serine/threonine kinase domain of ACVRI at arginine 258
(R258G), glycine 328 and 356 (G328E, G328V, G328W, G356D), and in the glycine-serine (GS) rich
domain (R206H), causing a conformational change in the kinase and leading to the constitutive activation
of the BMP pathway.®>% ALK2 phosphorylates SMAD transcription factors, which drive expression of
DNA-binding protein inhibitors /DI and /D2, promoting tumor initiation, angiogenesis, and repressing
differentiation. ACVR1 mutations are more frequent in younger children, but have been linked to improved
median overall survival.

5. Intracellular kinases

The PI3K/Akt signaling pathway drives OPC differentiation and OL myelination, but activating mutations
in its components, such as PIK3CA and PIK3R 1, have been observed in DMGs (Figure 3).°% Surprisingly,
these mutations result in cellular immaturity, requiring further investigation; nonetheless, they contribute
to tumor growth and progression. Mutations in PIK3CA are found in approximately 12% of DMG cases,
while those in PIK3RI are present in 18% of cases.’® PIK3RI mutations are an obligatory partner to
H3.3K27M and are found in clonal populations of DIPGs, while PIK3CA mutations are considered

accessory drivers and have been observed in subclonal populations.

The inactivation of PTEN, a tumor suppressor and negative regulator of the PI3K pathway, occurs in a

smaller percentage of H3K27M mutant glioma cases, with 4% of H3.1K27M and 6% of H3.3K27M cases

showing this mutation (Figure 3).6>8
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6. Transcriptional regulators

MYC alterations are present in 20% of H3.3K27M mutant gliomas, while MYCN alterations are observed
in 8% of overall DMGs (Figure 3).% These factors regulate growth signal transduction pathways, metabolic
processes, and cell maturity. For example, c-Myc (Myc) drives expression of LIN28B, an oncofetal RNA-
binding protein which increases proto-oncogene expression to suppress differentiation across
developmental lineages and promotes H3K27M mutant glioma proliferation and migration.’” Meanwhile,
loss of H3K27me3 at Myc target genes results in their increased transcription.®® The H3K27M mutation
also activates the RAS pathway, and in turn, the RAS pathway component ERKS5 stabilizes Myc to increase
its activity.*1® Altogether, MYC alterations have been demonstrated to boost gene expression in DMG,
leading to the activation of key oncogenic pathways that drive tumor growth and progression.®
Amplification and overexpression of the transcription factor MYCN and its protein target PVT1 are also
linked to tumor initiation, progression, and recurrence, with the MYCN molecular subtype of DMG notable
for hypermethylation and chromosomal rearrangement, including aneuploidy, leading to recurrent MYCN
amplification and increased histological grade.”

Conclusion

H3K27M mutant glioma is-a high-grade central nervous system tumor with distinct molecular biology and
poor clinical outcomes. While much has been learned about H3K27M mutant glioma in recent years,
ongoing work is needed in order to translate this increased understanding of tumor biology to improved
clinical outcomes. Indeed, exciting lines of inquiry into the biological underpinnings of this disease have
increasingly revealed an inextricable relationship between the biology of H3K27M mutant glioma and that
of its cell of origin, the OPC. Here we have introduced several epigenetic, immunological, and genetic
aspects of H3K27M mutant gliomas that in part explain its ontogeny as a disease of OPC differentiation.
These insights are now laying the groundwork for novel therapeutic approaches, including differentiation

therapy, with the promise for improved clinical care for patients with this devastating disease.
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Figure Legends

Graphical Abstract. The oligodendrocyte precursor cell lineage differentiation is arrested due to a
founding mutation in a histone H3-encoding gene, which leads to a loss of transcriptionally repressive
H3K27me3 deposition and dysregulated developmental gene expression. This linecage then gathers
secondary genomic alterations, including loss of 7P53, to result in uncontrolled cell cycling. Finally, an
immunocold microenvironment is established in the tumor bed to maintain tumorigenesis, with the cells’

innate morphology enabling diffuse invasion. Created with BioRender.com.

Figure 1. T2 Sagittal (left) and axial (right) MR images of the brain, revealing a diffuse midline glioma

(DMG) in the pons, also known as diffuse intrinsic pontine glioma (DIPG, white arrows).

Figure 2. Post-contrast T1 axial (right) and coronal (left) MR images of the brain, revealing a circumscribed

high grade glioma spanning bilateral cerebral hemispheres (white arrows).

Figure 3. Major biological underpinnings and cell of origin in H3K27M mutant diffuse midline glioma.
Unique epigenetic, immunological, and genetic alterations are observed in this disease entity, with their
cumulative effect being an arrest of oligodendrocyte precursor cell differentiation to facilitate tumor cell

formation, maintenance, and progression. Created with BioRender.com.

31

€202 1890100 /| uo 1senb Aq 6590E /179 L peOU/OUONau/e60 L 0 L/10p/alo1le-aoueape/ABoj0ouo-0inau/wod dno-olwapede//:sdiy woiy papeojumoq



Figure 1

Downloaded from https://academic.oup.com/neuro-oncology/advance-article/doi/10.1093/neuonc/noad164/7306459 by guest on 17 October 2023
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Figure 2

Downloaded from https://academic.oup.com/neuro-oncology/advance-article/doi/10.1093/neuonc/noad164/7306459 by guest on 17 October 2023
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