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Simple Summary: Diffuse midline glioma (DMG), especially diffuse intrinsic pontine glioma (DIPG),
is a deadly pediatric brain tumor that is difficult to diagnose and lacks any real treatment. These
tumors often affect deep midline brain structures in young children, suggesting a connection to
early brain development and differentiation. The H3K27M mutation triggers DIPG, impacting gene
expression and brain development. Despite targeted drug interventions for gene mutations, the grim
prognosis of the disease remains unaltered. DIPG patients typically succumb to the illness within 12
to 18 months post-diagnosis. Our review found over 85% of DIPG tumors have the K27M mutation in
histone genes, driving abnormal growth. This mutation affects crucial brain processes, including the
epithelial–mesenchymal transition pathway, potentially explaining differences between gliomas with
and without K27M. The timing of these mutations is not known. One idea is that these mutations
might have started during the early development of the brain before birth.

Abstract: Diffuse intrinsic pontine glioma (DIPG), now referred to as diffuse midline glioma (DMG),
is a highly aggressive pediatric cancer primarily affecting children aged 4 to 9 years old. Despite the
research and clinical trials conducted to identify a possible treatment for DIPG, no effective drug
is currently available. These tumors often affect deep midline brain structures in young children,
suggesting a connection to early brain development’s epigenetic regulation targets, possibly affecting
neural progenitor functions and differentiation. The H3K27M mutation is a known DIPG trigger, but
the exact mechanisms beyond epigenetic regulation remain unclear. After thoroughly examining the
available literature, we found that over 85% of DIPG tumors contain a somatic missense mutation,
K27M, in genes encoding histone H3.3 and H3.1, leading to abnormal gene expression that drives
tumor growth and spread. This mutation impacts crucial brain development processes, including the
epithelial–mesenchymal transition (EMT) pathway, and may explain differences between H3K27M
and non-K27M pediatric gliomas. Effects on stem cells show increased proliferation and disrupted
differentiation. The genomic organization of H3 gene family members in the developing brain has
revealed variations in their expression patterns. All these observations suggest a need for global
efforts to understand developmental origins and potential treatments.

Keywords: diffuse intrinsic pontine glioma (DIPG); H3K27-altered; neonatal; brain development

1. Introduction

Diffuse intrinsic pontine glioma (DIPG), now more commonly referred to as diffuse
midline glioma (DMG), is an aggressive and universally fatal pediatric cancer originating
from glial cells surrounding and safeguarding neurons in the brain [1,2]. This devastating
disease predominantly affects children in age groups 0–4 and 5–9; girls have a worse
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prognosis than boys with DMGs [3,4] (Figure 1). They are typically located in the pons,
which is a brainstem region crucial for breathing, heartbeat, and consciousness. With
approximately 150–400 new cases diagnosed annually in the United States [4] and a similar
number in Europe (Figure 1), common symptoms include coordination problems, limb
weakness, speech difficulties, and vision impairments. DIPG also presents a diagnostic
challenge as it cannot be surgically removed due to its critical location [5].
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The standard treatment for DIPG is focal radiation, which may provide temporary
relief from symptoms but does not impact the overall survival of DIPG patients [6–9]. Unfor-
tunately, despite treatment efforts, the average survival for DIPG patients is twelve months
with a five-year survival rate below 5% [8]. Over more than 40 years of clinical trials,
there has been no improvement in the overall survival rate for DIPG [10]. Fractioned
radiotherapy (59 Gray) alleviates disease symptoms in DIPG cases. Approximately 85%
of DIPG patients exhibit H3K27-altered mutations along with concurrent genetic muta-
tions. Despite targeted drug interventions for gene mutations, the grim prognosis of the
disease remains unaltered. DIPG patients typically succumb to the illness within 12 to
18 months post-diagnosis. The timing of these gene alterations remains unknown, and a
plausible hypothesis suggests that these mutations may have originated during embryonic
brain development.

Understanding DIPG biology was historically limited due to the scarcity of available
tumor tissue for molecular and genetic analysis. Nowadays, tumor biopsy execution has
become an almost widely used protocol due to the increased availability of technology. As
a consequence, recent genomic investigations of pediatric DIPG and thalamic glioma tissue
samples have shown that approximately 85% of DIPG tumors display a distinctive mutation
known as lysine 27 to methionine (K27M) in genes encoding histone H3.3 and H3.1, leading
to abnormal transcription [11–17]. This mutation induces a structural alteration in the
histone protein, disrupting its capacity to interact with DNA and other proteins. As a result,
changes in gene expression facilitate the proliferation and spread of cancer cells [18].

Recognizing the significant impact of this mutation on tumor biology and clinical
outcomes, the tumor was reclassified as “H3K27-altered” in the 2021 WHO Classification
of Tumors of the Central Nervous System, departing from the previous terminology “H3
K27M-mutant, WHO grade IV” [19,20]. It is unknown at what period of the child’s life the
alteration of H3K27 occurs. As a hypothesis, it could happen during neural development.
Hence, besides recovering known data, the main purpose of this review is to stimulate
further worldwide efforts.

2. Material and Methods

A comprehensive search of the literature from 1993 to 2023 was conducted for this nar-
rative review using PubMed database (https://pubmed.ncbi.nlm.nih.gov/) (accessed on
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24 April 2024). Controlled search terms were used to gather relevant articles on various as-
pects related to DIPG and brain development. The search included specific queries such as
“DIPG/H3K27M and brain development” (16 articles), “DIPG/brain development/RNA se-
quencing” (10 articles), “DIPG mutation/neonatal” (9 articles), “DMG mutation/neonatal”
(4 articles), “RNA sequencing/DIPG/children” (7 articles), “DIPG/OPC” (2 articles), and
“DMG/OPC” (3 articles). Studies that appeared in multiple searches were considered only
once. Then, the publications were evaluated for relevance. After careful investigation,
42 studies were deemed appropriate for this narrative review, primarily focusing on the
tumors associated with the pons, as DIPG is a dismal cancer type. Key findings and insights
on associated epigenetic regulations, concurrent mutations, early brain development, and
future perspectives for therapeutic strategies were extracted and synthesized to construct a
coherent narrative.

3. H3K27-Altered DIPG and Brain Development

More than 85% of DIPGs contain a somatic missense mutation in the genes responsible
for encoding Histone 3 (isoforms H3.3 and H3.1), which changes lysine 27 with methionine.
Tumors with H3.1 mutations differ from those with H3.3 mutations because they occur at a
younger age and have distinct clinicopathologic and radiologic features, which include a
slightly longer survival time [21].

However, although the H3K27M mutation predominantly arises in the H3F3A locus
encoding histone variant H3.3, it is found in approximately 20% of DIPG cases in H3.1 or
H3.2 variants, typically within the HIST1H3B gene [16,22–25]. Very often, each type of
H3K27M DIPG acquires distinct secondary mutations. Particularly when the H3.3K27M
mutation occurs in DIPG tumors, it often coincides with mutations in the TP53 pathway.
TP53 is a tumor-suppressor gene involved in regulating cell growth and division.

Therefore, mutations in the TP53 pathway alongside H3.3K27M mutations may in-
dicate a combined effect contributing to the development or progression of DIPG. On
the other hand, when the H3.1K27M mutation is present in DIPG tumors, it frequently
occurs alongside mutations in genes associated with the ACVR1 and phosphatidylinositol
3-kinase (PI3K) pathways. ACVR1 is a gene encoding a receptor involved in cell signaling,
while the PI3K pathway regulates various cellular processes, including cell growth and
survival [16,22–25] (Figure 2).

The human brain experiences rapid growth during pregnancy from 4 to 24 weeks
after conception. Neuronal precursor cells (NPCs), which later become neurons, divide
at an astonishing rate of over 105 divisions per minute, emphasizing the complexity of
brain development during this period [26]. After birth, the subventricular zone in the brain
becomes active, generating new neurons through neurogenesis. These neurons migrate to
the prefrontal cortex, which governs complex cognitive functions like decision making and
social behavior [27]. Additionally, evidence suggests that somatic mutations occur in the
developing human brain alongside the continuous process of neurogenesis [28,29].

3.1. Histone H3 Dynamics

A recent in silico study [30] examined the genomic organization and expression of the
human H3 gene family during brain development using publicly available RNA-seq-based
datasets. The research findings indicated significant transcriptional activity, which is the
process of gene expression through the creation of RNA molecules, from at least 17 genes
encoding histone H3 proteins in the developing brain. These genes produce various forms
of histone H3 proteins, including the traditional (canonical) type known as H3.1 and a
type called replication-independent H3.3. In total, six variations of histone H3 proteins
were identified. One notable finding was that the genes responsible for producing H3.3
proteins, such as H3F3A, showed a gradual decrease in activity as the brain continued to
develop. This suggested that the production of H3.3 histone proteins decreases over time
as the brain matures.
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Conversely, genes encoding H3.1 proteins, like HIST1H3B, demonstrated a different
pattern. They observed significant downregulation, or reduced activity, during the early
stages of prenatal brain development. After this initial decrease, these genes remained
mostly inactive or silent. These results indicated distinct regulatory patterns governing
the production of different histone H3 proteins during brain development. The gradual
decrease in H3.3 production suggests a potential role for these proteins in early develop-
mental processes, while the downregulation of H3.1 genes implies a shift in the types of
histone proteins utilized as brain development progresses.

Additionally, it was observed that some H3 genes contained a mutable codon, K27-
AAG, while others had the alternative codon, AAA, at this position. HIST1H3B, a member
of the H3.1 class, constituted the largest proportion of H3.1 transcripts among H3.1 isoforms
in the early developing human brain. Variations in clinical characteristics and DNA
methylation patterns have been documented in DIPGs with H3.1K27M and H3.3K27M
mutations [21,31,32]. Nonetheless, the impact of H3K27M seems to rely on both the
chromatin surroundings and the oncohistone’s presence in chromatin.
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3.2. Impacts of H3.3K27M and H3.1K27M Oncohistones in DIPG Tumorigenesis

Nagaraja et al. [33] investigated the molecular differences between H3.3K27M and
H3.1K27M oncohistones regarding chromatin dysregulation and tumorigenesis. They
performed H3K27ac chromatin immunoprecipitation sequencing (ChIP-seq) analysis on
twenty-five post-mortem DIPG tumor samples, which included sixteen H3.3K27M DIPGs,
nine H3.1K27M DIPGs and five rare normal pediatric pontine tissue samples from non-
malignant pediatric pons specimens. They found that H3.3K27M DIPG exhibited an
enrichment of transcription factors associated with early neural development. This notably
included the Regulatory Factor binding to the X-box (RFX) family, which plays a pivotal
role in forming midline brain structures [34].

In contrast, H3.1K27M DIPG displayed an enrichment of motifs related to Nuclear
Factor Erythroid 2 (NFE2) signaling, particularly involving NFE2L3, which is recognized
for its involvement in mediating cancer cell resistance to therapy [35]. Furthermore, these
findings highlight differences in the localization patterns of two variants of histone pro-
teins, H3.3K27M and H3.1K27M, within the genome compared to their normal forms and
their potential implications for chromatin structure and gene regulation in DIPG. Specifi-
cally, H3.3K27M is typically found in regions of active chromatin, which are areas of the
genome where gene expression is actively regulated. In contrast, H3.1K27M is distributed
more widely throughout the genome, suggesting it may have a broader impact on gene
regulation [36].

This difference in patterns of localization may have important implications. For in-
stance, it could influence how these variants affect histone modifications (chemical changes
to histone proteins that can influence gene expression), the accessibility of chromatin (how
easily DNA can be accessed and transcribed), and the binding of transcription factors (pro-
teins that regulate gene expression) in different subgroups of DIPG. Despite the H3K27M
mutation representing only a small fraction (3–17%) of the entire histone H3 protein, it
significantly impacts the epigenetic landscape of DIPG [14]. Epigenetic dysregulation
stands out as a significant hallmark of childhood cancers, where malignancy is linked to
the extensive disruption of gene expression. One crucial epigenetic change caused by the
H3K27M mutation is the reduction in H3K27me3 levels, which is a specific histone modi-
fication that plays a vital role in gene regulation through post-translational modification.
The depletion of H3K27me3 is attributed to the disruption of normal polycomb repressive
complex 2 (PRC2) function by H3K27M, although various alternative mechanisms have
been suggested [37–39].

H3K27me3 is a critical player in epigenetic regulation, which controls gene activation
or repression without altering the underlying DNA sequence [14,40,41]. In DIPG, the
extensive perturbation of epigenetic control promotes the development of cancer, and in
certain instances, this is accompanied by secondary mutations in well-established oncogenic
pathways [11,16,42].

3.3. EMT and H3K27me3 Dysregulation in Gliomagenesis

Numerous crucial processes in brain development are controlled by H3K27me3 depo-
sition, and their dysregulation potentially contributes to gliomagenesis. One such biological
process is the epithelial–mesenchymal transition (EMT) pathway, which is vital for several
key developmental events in early embryonic development [43–45] (Figure 2).

Firstly, it plays a crucial role in gastrulation, which is a pivotal stage early in embry-
onic development where the embryo transforms from a simple spherical structure into a
more complex, multi-layered structure with distinct tissue layers. EMT is involved in the
movement and rearrangement of cells during this process, allowing for the formation of
these tissue layers.

Secondly, the EMT pathway is essential for neural crest cell migration. Neural crest
cells are a group of cells that migrate from the developing neural tube (which gives rise
to the brain and spinal cord) to various locations throughout the embryo, where they
differentiate into a diverse array of cell types, including neurons, glial cells, and cells of the
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peripheral nervous system. The EMT pathway facilitates the migration of these cells from
their site of origin to their final destinations.

Lastly, EMT also plays a critical role in neural tube formation. The neural tube is
the precursor to the central nervous system, including the brain and spinal cord. During
embryonic development, the neural tube forms through a complex series of morphogenetic
processes, one of which involves EMT. This pathway helps shape and structure the neural
tube, ensuring proper nervous system development.

Sanders et al. [46] conducted a comprehensive analysis using RNA sequencing datasets
to compare gene expression patterns between pediatric gliomas with H3K27M and those
without this mutation (referred to as non-K27M tumors). Their findings revealed intriguing
insights into the role of the EMT pathway in these tumors. They observed that genes asso-
ciated with EMT were significantly enriched among the genes that displayed differential
expression between H3K27M and non-K27M tumors. Specifically, the tumors with the
H3K27M mutation showed an increased expression of genes associated with the early
stages of EMT (pre-EMT genes) and a decreased expression of genes linked to the later
stages of EMT (post-EMT genes) compared to non-K27 M tumors. Furthermore, the analy-
sis of cerebral organoid data—a model system that mimics the structure and function of
the human brain—supported the idea that H3K27M tumors share similarities with normal
brain cells in the pre-EMT stage. This suggests that the molecular characteristics of H3K27M
tumors may resemble those of normal brain cells undergoing the initial stages of EMT.

Moreover, the researchers examined a dataset generated through single-cell RNA
sequencing, which is a powerful technique that analyzes gene expression in individual
cells. This analysis revealed the presence of different stages of EMT in both H3K27M and
non-K27M gliomas. Interestingly, they found that tumors with a mutation in the H3.1
histone variant (H3.1K27M) appeared to resemble a later stage of EMT compared to tumors
with a mutation in the H3.3 variant (H3.3K27M). In DIPG tumors, there are alterations in the
levels of H3K27me3, which may disrupt its normal suppressive function. This disruption
could lead to the increased expression of genes associated with cancer development.

Consequently, these changes in gene expression could contribute to the initiation
and progression of DIPG, potentially fueling the aggressive nature of this type of brain
cancer [47]. The global loss of H3K27me3 in H3K27M-altered gliomas is thought to deregu-
late gene expression, potentially leading to tumorigenesis. Oncogenesis may occur only
when the mutation occurs within a cell in a susceptible transcriptional state, such as early
neural or glial precursor cells [42,48–51].

The occurrence and distribution of DIPG tumors are not random but rather follow
specific spatial and temporal patterns [1]. This observation suggests that the formation of
these tumors may be influenced by factors related to the surrounding environment and
the timing of cellular events during brain development. Overall, the development of DIPG
tumors may be intricately linked to disruptions in normal neurodevelopmental processes.

3.4. H3K27M and Oligodendroglial Precursor Cells (OPCs)

Tumor cells could potentially originate from a susceptible type of cell (referred to as
the “cell of origin”) within the brainstem, and these cells may be influenced by cues from
their microenvironment that support or promote tumor development.

Furthermore, histological findings have indicated that DIPG tumors often appear in
regions of the brainstem where early oligodendroglial precursor cells are abundant. These
cells are part of the oligodendroglial lineage, which is responsible for producing myelin—a
fatty substance that insulates nerve fibers and facilitates efficient neural communication.
Oligodendroglial precursor cells (OPCs) are crucial for myelin development, particularly
during childhood and adolescence.

The proliferation and viability of OPCs rely on the activation of platelet-derived
growth factor A (PDGF-A) and its corresponding receptor, PDGFRA. However, while
PDGFRA signaling is essential for maintaining OPCs, it acts as a deterrent to their dif-
ferentiation process. Notably, PDGFRA signaling diminishes as OPCs progress toward
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maturation into myelinating oligodendrocytes (OLs) [48]. In contrast, PDGFRA is fre-
quently subject to genetic amplification or mutation in numerous glioma subtypes, includ-
ing DMG [22]. Nonetheless, the specific cellular and molecular alterations triggered within
OPCs in response to dysregulated PDGFRA expression remain poorly understood.

Cardona et al. [49] generated mice harboring a conditional knock-in (KI) of wild-type
human PDGFRA (hPDGFRA), which is selectively upregulated in prenatal Olig2- or GFAP-
expressing progenitors (pivotal brain cell precursors). Their investigation revealed that
the prenatal overexpression of hPDGFRA in glial progenitors results in impaired oligoden-
droglial development and subsequent hypomyelination in the central nervous system.

Emerging evidence posits neonatal brainstem OPCs as likely origins of DIPG [33,50].
This assertion is supported by earlier studies revealing a spatial and temporal correla-
tion between the proliferation of Olig2-expressing precursor cells in human and murine
brainstems and the onset of brainstem gliomas in pediatric patients [51]. These findings
underscore the potential involvement of OPCs in the pathogenesis of this cerebral tumor.

Although the suspected origination of DIPG from OPCs in the brainstem has lacked
experimental validation through a representative mouse model, Tomita et al. [52] addressed
this gap by employing the RCAS/Tv-a avian retroviral system to instigate the formation of
DMGs within two distinct populations of brain progenitor cells, those expressing Olig2 and
those expressing Nestin, within neonatal mouse brainstems. Gliomas were successfully
induced in both cellular models by introducing specific genetic manipulations, including
PDGF-A or PDGF-B overexpression and p53 deletion.

Notably, upon introducing the H3.3K27M mutation, divergent outcomes were ob-
served based on the cellular context. In Nestin-expressing cells, this mutation markedly
expedited tumor progression and enhanced cellular proliferation compared to wild-type
H3.3, whereas its impact was less pronounced in Olig2-expressing cells. Furthermore,
the frequency of H3.3K27M-expressing cells was diminished in tumors originating from
Olig2-expressing cells relative to Nestin-expressing cells, suggesting the varied necessity
for this mutation contingent upon the cell type of origin.

Subsequent RNA-sequencing analysis unveiled distinct transcriptional profiles in
tumors derived from differing cell types and genetic modifications. Through gene set
enrichment analysis (GSEA), cell-of-origin-specific ramifications of H3.3K27M were delin-
eated, promoting EMT and angiogenesis in Olig2-marked tumors while attenuating these
processes in Nestin-marked tumors. These findings underscore the notion that the onco-
genic influence of the H3.3K27M mutation exhibits variability contingent upon the specific
progenitor cell type with Nestin-expressing cells displaying heightened susceptibility to its
effects relative to Olig2-expressing cells.

There is a protein called Tenascin-C (TNC) that plays different roles in the context of
brain development, including guiding neuron migration, maintaining the stem cell niche,
and potentially influencing the behavior of these precursor cells, possibly contributing
to the initiation or progression of DIPG [53]. TNC is described as an extracellular matrix
(ECM) glycoprotein. The ECM is a complex network of proteins and other molecules
that provide structural support and regulate various cellular functions. Glycoproteins are
proteins that have sugar molecules attached to them.

TNC is pivotal in mediating interactions between cells (cell–cell) and between cells
and their surrounding environment (cell–matrix), which is essential for processes like cell
migration, adhesion, and signaling. Additionally, TNC is involved in guiding migrating
neurons during normal brain development, indicating its regulatory function in directing
neurons to appropriate locations to form proper neural circuits and brain architecture.
Moreover, TNC contributes to maintaining a specialized microenvironment known as a
stem cell niche in the developing brain, where it supports the survival and proliferation
of stem cells by modulating the activity of signaling pathways such as Platelet-Derived
Growth Factor (PDGF) and Notch, which regulate cell growth and differentiation.

Qi et al. [54] have analyzed TNC expression patterns, investigating their associations
with clinicopathological features and exploring the biological effects of TNC in pediatric
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gliomas, including DIPG. Firstly, they found significantly increased TNC expression in
DIPG tumor tissue compared to normal brain tissue. They confirmed this result by analyz-
ing a large cohort of pediatric glioma specimens and mouse xenograft tumors. Moreover,
they observed that high TNC expression extent was associated with higher tumor grade
and poorer clinical outcomes, including overall survival and tumor recurrence, suggesting
a potential role for TNC in tumor progression. Further investigations using cell lines
revealed that greater TNC expression was linked to the presence of the H3K27M mutation.
Interestingly, TNC also exhibited differential effects on cell proliferation depending on the
presence of the H3K27M mutation.

DIPG develops during active midline myelin structure formation, but it is unclear
when and in which cell type the H3K27M mutation occurs. Recent genetic mouse model
studies suggest that genetic alterations commonly associated with midline gliomas, in-
cluding the H3K27M mutation, can induce tumor formation in the brainstem during the
postnatal period if introduced into the brain during prenatal brain development. This
highlights the critical role of prenatal events in the development of these types of brain
tumors [55]. Additionally, when the H3K27M mutation is introduced into neural stem
cells (NSCs) cultured in a lab in combination with other genetic changes, such as TP53
gene knockout and/or PDGFRA gene amplification and after their transplantation into
mice brains, surprisingly, the resulting tumors did not resemble the typical appearance
of diffuse midline gliomas when observed under a microscope. The tumors lacked the
expected characteristics seen in patients with diffuse midline gliomas [56].

This finding suggests that while the introduced mutation and other genetic alterations
might have played a role in tumor formation, they alone were not enough to create tumors
resembling diffuse midline gliomas. This implies the involvement of additional factors or
genetic changes required to replicate these brain tumors’ features fully. There is evidence
supporting the idea that brain tumors may develop according to a model where mutations
initially occur in NSCs, leading to the formation of cancer arising from more specialized
neural precursor cells. This model is supported by findings from studies conducted on adult
glioblastoma multiforme (GBM) tumors. They have shown that mutations associated with
this cancer when introduced into NSCs in genetic mouse models lead to tumor formation
only when the stem cell differentiates into a specific precursor cell called OPC [57]. Further
research suggests that GBMs may arise from both NSCs and OPCs. The specific molecular
subtype of GBM that develops may be determined by the type of precursor cell from
which the tumor originates [58]. The NSC model of glioblastoma tumorigenesis is further
supported by single-cell RNA sequencing analysis findings, which revealed that the cells
primarily responsible for driving the disease in patient tumors express gene signatures
similar to OPCs. This finding strengthens the evidence supporting the involvement of NSCs
in tumor initiation and progression [54]. Therefore, in the context of brain development
or in various neurological processes, including tumor formation, possible cell types that
could be involved are neuroepithelial cells (NSCs), radial glia (neural progenitor cells), and
OPCs [44,53,54].

In their study, Silveira et al. [59] investigated the implications of the histone H3K27M
mutation in DIPG tumors. Utilizing DIPG xenograft models—tumors developed in mice
from human DIPG cells—they conducted experiments to suppress the expression of this
mutation. This intervention resulted in the restoration of H3K27me3 levels. Comparative
analysis between DIPG xenografts with and without knockdown of the H3K27M mutation
unveiled mutation-specific effects on both the transcriptome (the complete set of RNA
molecules in a cell) and epigenome (the overall pattern of chemical modifications to DNA
and histone proteins). Specifically, the mutation was found to directly influence the expres-
sion of certain genes by releasing poised promoters, thereby instigating alterations in gene
expression patterns implicated in proliferation and differentiation processes, ultimately
contributing to the tumor’s phenotype and growth.

In a subsequent study, Haag et al. [60] investigated the effects of the H3.3K27M muta-
tion associated with DIPGs using human induced pluripotent stem cells (iPSCs) engineered
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to carry this mutation. Employing an inducible form of the H3.3K27M mutation, they
strategically introduced it into the iPSC genome, allowing precise control over its activation.
The researchers then scrutinized the impact of this mutation on various neural cell types
derived from these iPSCs. Notably, the mutation was found to enhance the expression of
developmental genes, particularly those situated at bivalent promoters—regions of DNA
capable of activating or repressing genes crucial for maintaining cellular identity and func-
tion. Interestingly, the effects of the mutation varied across different neural cell types: iPSCs
bearing the mutation exhibited compromised viability, while NSCs displayed augmented
proliferation upon induction of the mutation with OPCs also exhibiting a moderate increase
in proliferation. Remarkably, when the mutation was coupled with the inactivation of TP53
in NSCs, tumor formation occurred upon transplantation into mice, effectively mirroring
human DIPGs in an orthotopic xenograft model. This underscores the pivotal role of the
H3.3K27M mutation and TP53 in NSCs initiating tumorigenesis. Specifically, in NSCs,
the H3.3K27M mutation sustained the expression of genes associated with stemness and
proliferation while prematurely activating OPC-related genetic programs. These molecu-
lar alterations likely underlie the initiation of tumor formation by fostering aberrant cell
growth and impeding normal cellular differentiation processes.

To evaluate the impact of this mutation on stem cell state and differentiation potential
without the influence of other mutations, Kfoury-Beaumont et al. [61] studied how the
H3K27M mutation affects cellular proliferation and differentiation in human embryonic
stem cell models, creating a human embryonic stem cell (hESC) line by introducing a
single base mutation (A>T) into the H3F3A gene. This mutation led to an amino acid
substitution from K to M at position 27 in the protein, resulting in H3K27M. They found
that H3K27M enhances stem cell proliferation, disrupting differentiation and causing
abnormal gene expression during cell specification. This mutation leads to a partially
differentiated state with increased clonogenicity, potentially creating conditions favorable
for acquiring additional mutations that cooperate in gliomagenesis.

4. Conclusions

In conclusion, mutations in genes encoding histone H3 variants, notably the H3K27M
mutation, are important in driving DIPG development. Despite their prevalence across
most DIPG cases, the disease exhibits considerable clinical and molecular diversity, which
is marked by secondary mutations. Concurrent mutations in key signaling pathways like
TP53, ACVR1, and PI3K emphasize the complex molecular landscape of DIPG tumorige-
nesis. These mutations disrupt histone protein distribution, impacting gene regulation
and chromatin structure. This disruption, coupled with the altered function of epigenetic
regulators like PRC2, leads to aberrant gene expression patterns, promoting cancer devel-
opment. Understanding these molecular dynamics is essential for creating effective DIPG
therapies [62].

Targeting the epigenetic dysregulation caused by H3K27M mutations presents a
promising therapeutic strategy. HDAC inhibitors and other epigenetic-modifying agents
hold the potential for restoring normal histone modifications and gene expression patterns
disrupted by H3K27M mutations. Additionally, exploiting synergistic interactions between
H3K27M mutations and radiotherapy may enhance treatment efficacy. Further research into
the molecular mechanisms underlying DIPG tumorigenesis, including the role of Tenascin-
C in tumor progression and the influence of H3K27M mutations on oligodendroglial
precursor cells, is necessary to identify novel therapeutic targets and improve patient
outcomes. Ultimately, it is really important to understand the genetic and epigenetic
changes that cause DIPG to create treatments that are personalized and specifically target
this fatal pediatric brain cancer.

Author Contributions: M.M. (Manuela Mandorino) and A.M. contributed equally to this review.
Conceptualization, A.S., M.G.P., M.M. (Morena Miciaccia) and A.M.; methodology, A.S., A.M. and
M.M. (Morena Miciaccia); writing—original draft preparation, M.M. (Manuela Mandorino) and
A.M.; writing—review and editing, M.M. (Manuela Mandorino), A.M., D.A., O.M.B., M.M. (Morena



Cancers 2024, 16, 1814 10 of 13

Miciaccia), S.F. and M.G.P.; supervision, A.S. All named authors meet the international criteria for
authorship for this article, take responsibility for the integrity of the work. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This article is based on previous studies and contains no new
studies with human participants or animals performed by authors.

Data Availability Statement: Data sharing does not apply to this article, as no datasets were generated
or analyzed during the current study.

Acknowledgments: Thanks are due to Javad Nazarian (University of Zurich) for helpful scientific
discussion, and to Italian Foundations: Fondazione GAIA (Marche), Heal Foundation (Lazio), Onlus
Mia Neri Foundation (Lazio) and Matibellula Foundation (Piemonte) for their support in the form of
studentship while writing this manuscript.

Conflicts of Interest: The authors declare that they have no competing interests.

References
1. Perrone, M.G.; Ruggiero, A.; Centonze, A.; Carrieri, A.; Ferorelli, S.; Scilimati, A. Diffuse Intrinsic Pontine Glioma (DIPG):

Breakthrough and Clinical Perspective. Curr. Med. Chem. 2021, 28, 3287–3317. [CrossRef]
2. Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;

Kleihues, P.; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
Summary. Acta Neuropathol. 2016, 131, 803–820. [CrossRef] [PubMed]

3. Hoogendijk, R.; Van der Lugt, J.; Kranendonk, M.E.G.; Gatta, G.; Capocaccia, R.; Hoving, E.W.; Wesseling, P.; Visser, O.;
Van Vuurden, D.G.; Karim-Kos, H. Protocol for investigating data quality and reporting outcomes of pediatric gliomas in
population-based cancer registry research. STAR Protoc. 2024, 5, 102905. [CrossRef]

4. Damodharan, S.; Lara-Velazquez, M.; Williamsen, B.C.; Helgager, J.; Dey, M. Diffuse Intrinsic Pontine Glioma: Molecular
Landscape, Evolving Treatment Strategies and Emerging Clinical Trials. J. Pers. Med. 2022, 12, 840. [CrossRef]

5. Vitanza, N.A.; Monje, M. Diffuse Intrinsic Pontine Glioma: From Diagnosis to Next-Generation Clinical Trials. Curr. Treat. Options
Neurol. 2019, 21, 37. [CrossRef]

6. Freeman, C.R.; Krischer, J.P.; Sanford, R.A.; Cohen, M.E.; Burger, P.C.; del Carpio, R.; Halperin, E.C.; Munoz, L.; Friedman, H.S.;
Kun, L.E. Final results of a study of escalating doses of hyperfractionated radiotherapy in brain stem tumors in children: A
Pediatric Oncology Group study. Int. J. Radiat. Oncol. Biol. Phys. 1993, 27, 197–206. [CrossRef] [PubMed]

7. Haas-Kogan, D.A.; Banerjee, A.; Poussaint, T.Y.; Kocak, M.; Prados, M.D.; Geyer, J.R.; Fouladi, M.; Broniscer, A.; Minturn, J.E.;
Pollack, I.F.; et al. Phase II trial of tipifarnib and radiation in children with newly diagnosed diffuse intrinsic pontine gliomas.
Neuro-oncology 2011, 13, 298–306. [CrossRef]

8. Mandell, L.R.; Kadota, R.; Freeman, C.; Douglass, E.C.; Fontanesi, J.; Cohen, M.E.; Kovnar, E.; Burger, P.; Sanford, R.A.;
Kepner, J.; et al. There is no role for hyperfractionated radiotherapy in the management of children with newly diagnosed diffuse
intrinsic brainstem tumors: Results of a Pediatric Oncology Group phase III trial comparing conventional vs. hyperfractionated
radiotherapy. Int. J. Radiat. Oncol. Biol. Phys. 1999, 43, 959–964. [CrossRef] [PubMed]

9. Maitra, A.; Mandorino, M.; Armenise, D.; Baldelli, O.M.; Miciaccia, M.; Ferorelli, S.; Papusha, L.; Druy, A.; Perrone, M.G. Decoding
Gene Expression Changes in Pediatric Cerebral Tumors: Before and After Radiotherapy. Cancers, 2024; submitted for publication.

10. Frazier, J.L.; Lee, J.; Thomale, U.W.; Noggle, J.C.; Cohen, K.J.; Jallo, G.I. Treatment of diffuse intrinsic brainstem gliomas: Failed
approaches and future strategies. J. Neurosurg. Pediatr. 2009, 3, 259–269. [CrossRef]

11. Bender, S.; Tang, Y.; Lindroth, A.M.; Hovestadt, V.; Jones, D.T.; Kool, M.; Zapatka, M.; Northcott, P.A.; Sturm, D.; Wang, W.; et al.
Reduced H3K27me3 and DNA hypomethylation are major drivers of gene expression in K27M mutant pediatric high-grade
gliomas. Cancer Cell 2013, 24, 660–672. [CrossRef]

12. Chan, K.M.; Fang, D.; Gan, H.; Hashizume, R.; Yu, C.; Schroeder, M.; Gupta, N.; Mueller, S.; James, C.D.; Jenkins, R.; et al. The
histone H3.3K27M mutation in pediatric glioma reprograms H3K27 methylation and gene expression. Genes Dev. 2013, 27,
985–990. [CrossRef]

13. Khuong-Quang, D.A.; Buczkowicz, P.; Rakopoulos, P.; Liu, X.Y.; Fontebasso, A.M.; Bouffet, E.; Bartels, U.; Albrecht, S.; Schwartzen-
truber, J.; Letourneau, L.; et al. K27M mutation in histone H3.3 defines clinically and biologically distinct subgroups of pediatric
diffuse intrinsic pontine gliomas. Acta Neuropathol. 2012, 124, 439–447. [CrossRef]

14. Lewis, P.W.; Müller, M.M.; Koletsky, M.S.; Cordero, F.; Lin, S.; Banaszynski, L.A.; Garcia, B.A.; Muir, T.W.; Becher, O.J.; Allis,
C.D. Inhibition of PRC2 activity by a gain-of-function H3 mutation found in pediatric glioblastoma. Science 2013, 340, 857–861.
[CrossRef] [PubMed]

15. Schwartzentruber, J.; Korshunov, A.; Liu, X.Y.; Jones, D.T.; Pfaff, E.; Jacob, K.; Sturm, D.; Fontebasso, A.M.; Quang, D.A.;
Tönjes, M.; et al. Driver mutations in histone H3.3 and chromatin remodelling genes in paediatric glioblastoma. Nature 2012, 482,
226–231. [CrossRef]

https://doi.org/10.2174/0929867327666200806110206
https://doi.org/10.1007/s00401-016-1545-1
https://www.ncbi.nlm.nih.gov/pubmed/27157931
https://doi.org/10.1016/j.xpro.2024.102905
https://doi.org/10.3390/jpm12050840
https://doi.org/10.1007/s11940-019-0577-y
https://doi.org/10.1016/0360-3016(93)90228-n
https://www.ncbi.nlm.nih.gov/pubmed/8407392
https://doi.org/10.1093/neuonc/noq202
https://doi.org/10.1016/s0360-3016(98)00501-x
https://www.ncbi.nlm.nih.gov/pubmed/10192340
https://doi.org/10.3171/2008.11.PEDS08281
https://doi.org/10.1016/j.ccr.2013.10.006
https://doi.org/10.1101/gad.217778.113
https://doi.org/10.1007/s00401-012-0998-0
https://doi.org/10.1126/science.1232245
https://www.ncbi.nlm.nih.gov/pubmed/23539183
https://doi.org/10.1038/nature10833


Cancers 2024, 16, 1814 11 of 13

16. Taylor, K.R.; Mackay, A.; Truffaux, N.; Butterfield, Y.; Morozova, O.; Philippe, C.; Castel, D.; Grasso, C.S.; Vinci, M.;
Carvalho, D.; et al. Recurrent activating ACVR1 mutations in diffuse intrinsic pontine glioma. Nat. Genet. 2014, 46, 457–461.
[CrossRef] [PubMed]

17. Wu, G.; Broniscer, A.; McEachron, T.A.; Lu, C.; Paugh, B.S.; Becksfort, J.; Qu, C.; Ding, L.; Huether, R.; Parker, M.; et al. Somatic
histone H3 alterations in pediatric diffuse intrinsic pontine gliomas and non-brainstem glioblastomas. Nat. Genet. 2012, 44,
251–253. [CrossRef] [PubMed]

18. Audia, J.E.; Campbell, R.M. Histone modifications and cancer. Cold Spring Harb. Perspect. Biol. 2016, 8, a019521. [CrossRef]
[PubMed]

19. Sievers, P.; Sill, M.; Schrimpf, D.; Stichel, D.; Reuss, D.E.; Sturm, D.; Hench, J.; Frank, S.; Krskova, L.; Vicha, A.; et al. A subset
of pediatric-type thalamic gliomas share a distinct DNA methylation profile, H3K27me3 loss and frequent alteration of EGFR.
Neuro-Oncology 2021, 23, 34–43. [CrossRef] [PubMed]

20. Wen, P.Y.; Packer, R.J. The 2021 WHO Classification of Tumors of the Central Nervous System: Clinical implications. Neuro-
Oncology 2021, 23, 1215–1217. [CrossRef] [PubMed]

21. Castel, D.; Philippe, C.; Calmon, R.; Le Dret, L.; Truffaux, N.; Boddaert, N.; Pagès, M.; Taylor, K.R.; Saulnier, P.; Lacroix, L.; et al.
Histone H3F3A and HIST1H3B K27M mutations define two subgroups of diffuse intrinsic pontine gliomas with different
prognosis and phenotypes. Acta Neuropathol. 2015, 130, 815–827. [CrossRef]

22. Buczkowicz, P.; Hoeman, C.; Rakopoulos, P.; Pajovic, S.; Letourneau, L.; Dzamba, M.; Morrison, A.; Lewis, P.; Bouffet, E.;
Bartels, U.; et al. Genomic analysis of diffuse intrinsic pontine gliomas identifies three molecular subgroups and recurrent
activating ACVR1 mutations. Nat. Genet. 2014, 46, 451–456. [CrossRef]

23. Fontebasso, A.M.; Papillon-Cavanagh, S.; Schwartzentruber, J.; Nikbakht, H.; Gerges, N.; Fiset, P.O.; Bechet, D.; Faury, D.; De Jay,
N.; Ramkissoon, L.A.; et al. Recurrent somatic mutations in ACVR1 in pediatric midline high-grade astrocytoma. Nat. Genet.
2014, 46, 462–466. [CrossRef] [PubMed]

24. Wu, G.; Diaz, A.K.; Paugh, B.S.; Rankin, S.L.; Ju, B.; Li, Y.; Zhu, X.; Qu, C.; Chen, X.; Zhang, J.; et al. The genomic landscape of
diffuse intrinsic pontine glioma and pediatric non-brainstem high-grade glioma. Nat. Genet. 2014, 46, 444–450. [CrossRef]

25. Mackay, A.; Burford, A.; Carvalho, D.; Izquierdo, E.; Fazal-Salom, J.; Taylor, K.R.; Bjerke, L.; Clarke, M.; Vinci, M.;
Nandhabalan, M.; et al. Integrated molecular meta-analysis of 1,000 pediatric high-grade and diffuse intrinsic pontine glioma.
Cancer Cell 2017, 32, 520–537.e5. [CrossRef]

26. Insel, T.R. Brain somatic mutations: The dark matter of psychiatric genetics? Mol. Psychiatry 2014, 19, 156–158. [CrossRef]
27. Sanai, N.; Nguyen, T.; Ihrie, R.A.; Mirzadeh, Z.; Tsai, H.H.; Wong, M.; Gupta, N.; Berger, M.S.; Huang, E.; Garcia-Verdugo, J.M.; et al.

Corridors of migrating neurons in the human brain and their decline during infancy. Nature 2011, 478, 382–386. [CrossRef]
[PubMed]

28. Cai, X.; Evrony, G.D.; Lehmann, H.S.; Elhosary, P.C.; Mehta, B.K.; Poduri, A.; Walsh, C.A. Single-cell, genome-wide sequencing
identifies clonal somatic copy-number variation in the human brain. Cell Rep. 2014, 8, 1280–1289. [CrossRef]

29. McConnell, M.J.; Lindberg, M.R.; Brennand, K.J.; Piper, J.C.; Voet, T.; Cowing-Zitron, C.; Shumilina, S.; Lasken, R.S.; Vermeesch,
J.R.; Hall, I.M.; et al. Mosaic copy number variation in human neurons. Science 2013, 342, 632–637. [CrossRef] [PubMed]

30. Ren, M.; van Nocker, S. In silico analysis of histone H3 gene expression during human brain development. Int. J. Dev. Biol. 2016,
60, 167–173. [CrossRef]

31. Sturm, D.; Witt, H.; Hovestadt, V.; Khuong-Quang, D.A.; Jones, D.T.; Konermann, C.; Pfaff, E.; Tönjes, M.; Sill, M.; Bender, S.; et al.
Hotspot mutations in H3F3A and IDH1 define distinct epigenetic and biological subgroups of glioblastoma. Cancer Cell 2012, 22,
425–437. [CrossRef]

32. Castel, D.; Philippe, C.; Kergrohen, T.; Sill, M.; Merlevede, J.; Barret, E.; Puget, S.; Sainte-Rose, C.; Kramm, C.M.; Jones, C.; et al.
Transcriptomic and epigenetic profiling of ‘diffuse midline gliomas, H3 K27M-mutant’ discriminate two subgroups based on the
type of histone H3 mutated and not supratentorial or infratentorial location. Acta Neuropathol. Commun. 2018, 6, 117. [CrossRef]
[PubMed]

33. Nagaraja, S.; Quezada, M.A.; Gillespie, S.M.; Arzt, M.; Lennon, J.J.; Woo, P.J.; Hovestadt, V.; Kambhampati, M.; Filbin, M.G.;
Suva, M.L.; et al. Histone variant and cell context determine H3K27M reprogramming of the enhancer landscape and oncogenic
state. Mol. Cell 2019, 76, 965–980.e12. [CrossRef]

34. Sedykh, I.; Keller, A.N.; Yoon, B.; Roberson, L.; Moskvin, O.V.; Grinblat, Y. Zebrafish Rfx4 controls dorsal and ventral midline
formation in the neural tube. Dev. Dyn. 2018, 247, 650–659. [CrossRef]

35. Rojo de la Vega, M.; Chapman, E.; Zhang, D.D. NRF2 and the hallmarks of cancer. Cancer Cell 2018, 34, 21–43. [CrossRef]
[PubMed]

36. Piunti, A.; Hashizume, R.; Morgan, M.A.; Bartom, E.T.; Horbinski, C.M.; Marshall, S.A.; Rendleman, E.J.; Ma, Q.; Takahashi, Y.H.;
Woodfin, A.R.; et al. Therapeutic targeting of polycomb and BET bromodomain proteins in diffuse intrinsic pontine gliomas. Nat.
Med. 2017, 23, 493–500. [CrossRef] [PubMed]

37. Justin, N.; Zhang, Y.; Tarricone, C.; Martin, S.R.; Chen, S.; Underwood, E.; De Marco, V.; Haire, L.F.; Walker, P.A.; Reinberg, D.; et al.
Structural basis of oncogenic histone H3K27M inhibition of human polycomb repressive complex 2. Nat. Commun. 2016,
mboxemph7, 11316. [CrossRef] [PubMed]

38. Diehl, K.L.; Ge, E.J.; Weinberg, D.N.; Jani, K.S.; Allis, C.D.; Muir, T.W. PRC2 engages a bivalent H3K27M-H3K27me3 dinucleosome
inhibitor. Proc. Natl. Acad. Sci. USA 2019, 116, 22152–22157. [CrossRef] [PubMed]

https://doi.org/10.1038/ng.2925
https://www.ncbi.nlm.nih.gov/pubmed/24705252
https://doi.org/10.1038/ng.1102
https://www.ncbi.nlm.nih.gov/pubmed/22286216
https://doi.org/10.1101/cshperspect.a019521
https://www.ncbi.nlm.nih.gov/pubmed/27037415
https://doi.org/10.1093/neuonc/noaa251
https://www.ncbi.nlm.nih.gov/pubmed/33130881
https://doi.org/10.1093/neuonc/noab120
https://www.ncbi.nlm.nih.gov/pubmed/34185090
https://doi.org/10.1007/s00401-015-1478-0
https://doi.org/10.1038/ng.2936
https://doi.org/10.1038/ng.2950
https://www.ncbi.nlm.nih.gov/pubmed/24705250
https://doi.org/10.1038/ng.2938
https://doi.org/10.1016/j.ccell.2017.08.017
https://doi.org/10.1038/mp.2013.168
https://doi.org/10.1038/nature10487
https://www.ncbi.nlm.nih.gov/pubmed/21964341
https://doi.org/10.1016/j.celrep.2014.07.043
https://doi.org/10.1126/science.1243472
https://www.ncbi.nlm.nih.gov/pubmed/24179226
https://doi.org/10.1387/ijdb.150334sv
https://doi.org/10.1016/j.ccr.2012.08.024
https://doi.org/10.1186/s40478-018-0614-1
https://www.ncbi.nlm.nih.gov/pubmed/30396367
https://doi.org/10.1016/j.molcel.2019.08.030
https://doi.org/10.1002/dvdy.24613
https://doi.org/10.1016/j.ccell.2018.03.022
https://www.ncbi.nlm.nih.gov/pubmed/29731393
https://doi.org/10.1038/nm.4296
https://www.ncbi.nlm.nih.gov/pubmed/28263307
https://doi.org/10.1038/ncomms11316
https://www.ncbi.nlm.nih.gov/pubmed/27121947
https://doi.org/10.1073/pnas.1911775116
https://www.ncbi.nlm.nih.gov/pubmed/31611394


Cancers 2024, 16, 1814 12 of 13

39. Stafford, J.M.; Lee, C.H.; Voigt, P.; Descostes, N.; Saldaña-Meyer, R.; Yu, J.R.; Leroy, G.; Oksuz, O.; Chapman, J.R.; Suarez, F.; et al.
Multiple modes of PRC2 inhibition elicit global chromatin alterations in H3K27M pediatric glioma. Sci. Adv. 2018, 4, eaau5935.
[CrossRef] [PubMed]

40. Harutyunyan, A.S.; Krug, B.; Chen, H.; Papillon-Cavanagh, S.; Zeinieh, M.; De Jay, N.; Deshmukh, S.; Chen CC, L.; Belle, J.;
Mikael, L.G.; et al. H3K27M induces defective chromatin spread of PRC2-mediated repressive H3K27me2/me3 and is essential
for glioma tumorigenesis. Nat. Commun. 2019, 10, 1262. [CrossRef]

41. Venneti, S.; Garimella, M.T.; Sullivan, L.M.; Martinez, D.; Huse, J.T.; Heguy, A.; Santi, M.; Thompson, C.B.; Judkins, A.R.
Evaluation of histone 3 lysine 27 trimethylation (H3K27me3) and enhancer of Zest 2 (EZH2) in pediatric glial and glioneuronal
tumors shows decreased H3K27me3 in H3F3A K27M mutant glioblastomas. Brain Pathol. 2013, 23, 558–564. [CrossRef]

42. Funato, K.; Major, T.; Lewis, P.W.; Allis, C.D.; Tabar, V. Use of human embryonic stem cells to model pediatric gliomas with
H3.3K27M histone mutation. Science 2014, 346, 1529–1533. [CrossRef] [PubMed]

43. Viebahn, C. Epithelio-mesenchymal transformation during formation of the mesoderm in the mammalian embryo. Acta Anat.
1995, 154, 79–97. [CrossRef] [PubMed]

44. Duband, J.L. Diversity in the molecular and cellular strategies of epithelium-to-mesenchyme transitions: Insights from the neural
crest. Cell Adhes. Migr. 2010, 4, 458–482. [CrossRef]

45. Zou, S.; Zhang, D.; Xu, Z.; Wen, X.; Zhang, Y. JMJD3 promotes the epithelial-mesenchymal transition and migration of glioma
cells via the CXCL12/CXCR4 axis. Oncol. Lett. 2019, 18, 5930–5940. [CrossRef]

46. Sanders, L.M.; Cheney, A.; Seninge, L.; van den Bout, A.; Chen, M.; Beale, H.C.; Kephart, E.T.; Pfeil, J.; Learned, K.; Lyle, A.G.; et al.
Identification of a differentiation stall in epithelial mesenchymal transition in histone H3-mutant diffuse midline glioma.
GigaScience 2020, 9, giaa136. [CrossRef] [PubMed]

47. Pun, M.; Pratt, D.; Nano, P.R.; Joshi, P.K.; Jiang, L.; Englinger, B.; Rao, A.; Cieslik, M.; Chinnaiyan, A.M.; Aldape, K.; et al. Common
molecular features of H3K27M DMGs and PFA ependymomas map to hindbrain developmental pathways. Acta Neuropathol.
Commun. 2023, 11, 25. [CrossRef]

48. Calver, A.R.; Hall, A.C.; Yu, W.P.; Walsh, F.S.; Heath, J.K.; Betsholtz, C.; Richardson, W.D. Oligodendrocyte population dynamics
and the role of PDGF in vivo. Neuron 1998, 20, 869–882. [CrossRef]

49. Cardona, H.J.; Somasundaram, A.; Crabtree, D.M.; Gadd, S.L.; Becher, O.J. Prenatal overexpression of platelet-derived growth
factor receptor A results in central nervous system hypomyelination. Brain Behav. 2021, 11, e2332. [CrossRef]

50. Pathania, M.; De Jay, N.; Maestro, N.; Harutyunyan, A.S.; Nitarska, J.; Pahlavan, P.; Henderson, S.; Mikael, L.G.; Richard-Londt,
A.; Zhang, Y.; et al. H3.3K27M Cooperates with Trp53 Loss and PDGFRA Gain in Mouse Embryonic Neural Progenitor Cells to
Induce Invasive High-Grade Gliomas. Cancer Cell 2017, 32, 684–700.e9. [CrossRef]

51. Filbin, M.G.; Tirosh, I.; Hovestadt, V.; Shaw, M.L.; Escalante, L.E.; Mathewson, N.D.; Neftel, C.; Frank, N.; Pelton, K.;
Hebert, C.M.; et al. Developmental and oncogenic programs in H3K27M gliomas dissected by single-cell RNA-seq. Science
2018, 360, 331–335. [CrossRef]

52. Tomita, Y.; Shimazu, Y.; Somasundaram, A.; Tanaka, Y.; Takata, N.; Ishi, Y.; Gadd, S.; Hashizume, R.; Angione, A.; Pinero, G. A
novel mouse model of diffuse midline glioma initiated in neonatal oligodendrocyte progenitor cells highlights cell-of-origin
dependent effects of H3K27M. Glia 2022, 70, 1681–1698. [CrossRef] [PubMed]

53. Monje, M.; Mitra, S.S.; Freret, M.E.; Raveh, T.B.; Kim, J.; Masek, M.; Attema, J.L.; Li, G.; Haddix, T.; Edwards, M.S.; et al.
Hedgehog-responsive candidate cell of origin for diffuse intrinsic pontine glioma. Proc. Natl. Acad. Sci. USA 2011, 108, 4453–4458.
[CrossRef] [PubMed]

54. Qi, J.; Esfahani, D.R.; Huang, T.; Ozark, P.; Bartom, E.; Hashizume, R.; Bonner, E.R.; An, S.; Horbinski, C.M.; James, C.D.; et al.
Tenascin-C expression contributes to pediatric brainstem glioma tumor phenotype and represents a novel biomarker of disease.
Acta Neuropathol. Commun. 2019, 7, 75. [CrossRef]

55. Larson, J.D.; Kasper, L.H.; Paugh, B.S.; Jin, H.; Wu, G.; Kwon, C.H.; Fan, Y.; Shaw, T.I.; Silveira, A.B.; Qu, C.; et al. Histone H3.3
K27M accelerates spontaneous brainstem glioma and drives restricted changes in bivalent gene expression. Cancer Cell 2019, 35,
140–155.e7. [CrossRef] [PubMed]

56. Lange, K.; Kammerer, M.; Saupe, F.; Hegi, M.E.; Grotegut, S.; Fluri, E.; Orend, G. Combined lysophosphatidic acid/platelet-
derived growth factor signaling triggers glioma cell migration in a tenascin-C microenvironment. Cancer Res. 2008, 68, 6942–6952.
[CrossRef] [PubMed]

57. Liu, C.; Sage, J.C.; Miller, M.R.; Verhaak, R.G.; Hippenmeyer, S.; Vogel, H.; Foreman, O.; Bronson, R.T.; Nishiyama, A.; Luo, L.; et al.
Mosaic analysis with double markers reveals tumor cell of origin in glioma. Cell 2011, 146, 209–221. [CrossRef]

58. Alcantara Llaguno, S.R.; Wang, Z.; Sun, D.; Chen, J.; Xu, J.; Kim, E.; Hatanpaa, K.J.; Raisanen, J.M.; Burns, D.K.; Johnson, J.E.; et al.
Adult lineage-restricted CNS progenitors specify distinct glioblastoma subtypes. Cancer Cell 2015, 28, 429–440. [CrossRef]
[PubMed]

59. Silveira, A.B.; Kasper, L.H.; Fan, Y.; Jin, H.; Wu, G.; Shaw, T.I.; Zhu, X.; Larson, J.D.; Easton, J.; Shao, Y.; et al. H3.3 K27M depletion
increases differentiation and extends latency of diffuse intrinsic pontine glioma growth in vivo. Acta Neuropathol. 2019, 137,
637–655. [CrossRef]

60. Haag, D.; Mack, N.; Benites Goncalves da Silva, P.; Statz, B.; Clark, J.; Tanabe, K.; Sharma, T.; Jäger, N.; Jones DT, W.;
Kawauchi, D.; et al. H3.3-K27M drives neural stem cell-specific gliomagenesis in a human iPSC-derived model. Cancer Cell 2021,
39, 407–422.e13. [CrossRef]

https://doi.org/10.1126/sciadv.aau5935
https://www.ncbi.nlm.nih.gov/pubmed/30402543
https://doi.org/10.1038/s41467-019-09140-x
https://doi.org/10.1111/bpa.12042
https://doi.org/10.1126/science.1253799
https://www.ncbi.nlm.nih.gov/pubmed/25525250
https://doi.org/10.1159/000147753
https://www.ncbi.nlm.nih.gov/pubmed/8714291
https://doi.org/10.4161/cam.4.3.12501
https://doi.org/10.3892/ol.2019.10972
https://doi.org/10.1093/gigascience/giaa136
https://www.ncbi.nlm.nih.gov/pubmed/33319914
https://doi.org/10.1186/s40478-023-01514-z
https://doi.org/10.1016/s0896-6273(00)80469-9
https://doi.org/10.1002/brb3.2332
https://doi.org/10.1016/j.ccell.2017.09.014
https://doi.org/10.1126/science.aao4750
https://doi.org/10.1002/glia.24189
https://www.ncbi.nlm.nih.gov/pubmed/35524725
https://doi.org/10.1073/pnas.1101657108
https://www.ncbi.nlm.nih.gov/pubmed/21368213
https://doi.org/10.1186/s40478-019-0727-1
https://doi.org/10.1016/j.ccell.2018.11.015
https://www.ncbi.nlm.nih.gov/pubmed/30595505
https://doi.org/10.1158/0008-5472.CAN-08-0347
https://www.ncbi.nlm.nih.gov/pubmed/18757408
https://doi.org/10.1016/j.cell.2011.06.014
https://doi.org/10.1016/j.ccell.2015.09.007
https://www.ncbi.nlm.nih.gov/pubmed/26461091
https://doi.org/10.1007/s00401-019-01975-4
https://doi.org/10.1016/j.ccell.2021.01.005


Cancers 2024, 16, 1814 13 of 13

61. Kfoury-Beaumont, N.; Prakasam, R.; Pondugula, S.; Lagas, J.S.; Matkovich, S.; Gontarz, P.; Yang, L.; Yano, H.; Kim, A.H.;
Rubin, J.B.; et al. The H3K27M mutation alters stem cell growth, epigenetic regulation, and differentiation potential. BMC Biol.
2022, 20, 124. [CrossRef]

62. Miciaccia, M.; Rizzo, F.; Centonze, A.; Cavallaro, G.; Contino, M.; Armenise, D.; Baldelli, O.M.; Solidoro, R.; Ferorelli, S.;
Scarcia, P.; et al. Harmaline to Human Mitochondrial Caseinolytic Serine Protease Activation for Pediatric Diffuse Intrinsic
Pontine Glioma Treatment. Pharmaceuticals 2024, 17, 135. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/s12915-022-01324-0
https://doi.org/10.3390/ph17010135
https://www.ncbi.nlm.nih.gov/pubmed/38276008

	Introduction 
	Material and Methods 
	H3K27-Altered DIPG and Brain Development 
	Histone H3 Dynamics 
	Impacts of H3.3K27M and H3.1K27M Oncohistones in DIPG Tumorigenesis 
	EMT and H3K27me3 Dysregulation in Gliomagenesis 
	H3K27M and Oligodendroglial Precursor Cells (OPCs) 

	Conclusions 
	References

