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Abstract

Purpose of Review: H3K27M is a frequent histone mutation within diffuse midline gliomas 

and is associated with a dismal prognosis, so much so that the 2016 CNS WHO classification 

system created a specific category of “Diffuse Midline Glioma, H3K27M-mutant”. Here we 

outline the latest pre-clinical data and ongoing current clinical trials that target H3K27M, as well 

as explore diagnosis and treatment monitoring by serial liquid biopsy.

Recent Findings: Multiple epigenetic compounds have demonstrated efficacy and on-target 

effects in pre-clinical models. The imipridone ONC201 and the IDO1 inhibitor indoximod have 

demonstrated early clinical activity against H3K27M-mutant gliomas. Liquid biopsy of 

cerebrospinal fluid has shown promise for clinical use in H3K27M-mutant tumors for diagnosis 

and monitoring treatment response.

Summary: While H3K27M has elicited a widespread platform of pre-clinical therapies with 

promise, much progress still needs to be made to improve outcomes for diffuse midline glioma 

patients. We present current treatment and monitoring techniques as well as novel approaches in 

identifying and targeting H3K27M-mutant gliomas.
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Introduction

Mutant gliomas and diffuse intrinsic pontine gliomas

In 2016, the World Health Organization (WHO) released a new histological diagnosis in the 

classification of central nervous system (CNS) malignancies: diffuse midline glioma 

(DMG), H3K27M-mutant [1]. These WHO grade IV tumors are found in the spinal cord, 
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brainstem, pineal region, and thalamus and exhibit aggressive clinical behavior [1]. Their 

distinct classification is the result of a missense mutation caused by a lysine-to-methionine 

substitution at amino acid position 27 in either histone variant HIST1H3B (H3.1) or H3F3A 
(H3.3) [1]. This mutation results in a unique relatively homogenous phenotype with 

important genetic, epigenetic, and clinical implications that differ from wildtype DMG and 

other non-midline high-grade gliomas (HGG) [2, 3]. Both H3.3 and H3.1 variants can be 

detected with either a CLIA-certified DNA sequencing test or an immune-histochemistry 

(IHC) stain [1–3].

Diffuse intrinsic pontine glioma (DIPG), a subset of DMG, is a clinical diagnosis made by 

the radiographic presence of a diffuse tumor comprising at least 50% of the pons, often in 

tandem with clinical symptoms, such as cranial neuropathies, necrosis of tissue, and ataxia 

[4, 5]. DIPGs that are biopsied are now increasingly referred to by their pathological 

diagnosis, “diffuse midline glioma +/− H3K27M mutation”, as H3K27M status has 

important therapeutic and prognostic implications within this clinical sub-group [5–7]. 

Similarly, pediatric and adult non-thalamic high-grade gliomas that were previously referred 

to by their grade only “anaplastic astrocytoma” or “glioblastoma (GBM)”, are now 

increasingly referred to clinically by this new pathologic diagnosis (“diffuse midline glioma 

+/− H3K27M mutation”).

Epidemiology: age, location, and survival

H3K27M-mutant DMGs have a bleak prognosis with an overall survival rate of 

approximately 12 months [4, 8]. Mackay et al. conducted a meta-analysis of 1067 pediatric 

HGGs and DIPGs and found 63% of DIPGs and 59.7% of DMGs to have a positive 

H3K27M status [8]. Further, H3.3K27M-mutant tumors were found to have a significantly 

shorter survival time with a median survival of 11.0 months in comparison to the wild type 

(WT) group with a median survival of 13.5 months; H3.1K27M tumors had a significantly 

longer median survival of 15.0 months, although multivariate analysis incorporating a 

variety of clinical factors demonstrated that both H3.1 and H3.3 mutations are independently 

associated with shorter overall survival [8]. Hoffman et al. focused on H3K27M-mutant 

tumors specifically within the pons and found a minimal difference in overall median 

survival between the mutant group (n=36) and WT group (n=26)−10.4 months and 10.5 

months, respectively [4]. It is generally understood that H3K27M is a poor prognostic 

variable with very few patients with long term survival.

The majority of H3K27M-mutant tumors are located in the pons, spinal cord, or thalamus 

and are diagnosed primarily in children and young adults [1]. Recent studies have suggested 

that the location of these tumors can impact prognosis [2, 9, 10]. Karremann et al. found 

thalamic H3K27M-mutant DMG patients (n=24) to have a longer median survival than those 

with H3K27M-mutant DMG located in the spinal cord (n=6), with averages of 13.32 months 

and 4 months, respectively [2]. Larger studies will need to be done to confirm these findings, 

as well as determine whether the difference is anatomic/micro-environmental or related to 

co-occurring mutations.

Historically, H3K27M-mutant DMGs have been diagnosed primarily in children, although 

these tumors do manifest in adult gliomas. Meyronet et al. analyzed 21 adult H3K27M-
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mutant DMGs, with a median age of diagnosis of 32 years, and found the group to have a 

median survival of 19.6 months while the WT group of 135 adults, with a median age of 

diagnosis of 64, had a shorter median survival of 17 months [11]. A recent study in Beijing 

by Jiang et al. compared radiological, clinical, and molecular characteristics of H3K27M-

mutant DMGs in a cohort of 57 adults and 59 children [12]. The mean age was 35.1 years 

for the adult group and 8.9 years for the pediatric group. The adult cohort had tumors 

located primarily in the thalamus whereas the pediatric cohort’s tumors were predominantly 

in the brainstem. The median overall survival was 16 months for the adult population and 10 

months for the pediatric population [12]. These studies suggest a noticeable difference in 

clinical behavior of H3K27M-mutant DMGs between adult and pediatric patients, possibly 

attributed to anatomic/regional difference.

Standard of care for H3K27M-mutant diffuse midline glioma

In H3K27M-mutant tumors, as in other high-grade gliomas, maximal safe resection is 

performed when possible. However, this is rarely an option in some midline locations, so 

small partial resection is attempted when feasible. Following surgical resection, adjuvant 

radiotherapy using a standard dose of approximately 57 Gy is administered to patients, with 

the exception of infants [5, 6, 13]. There is no chemotherapy that has been shown to clearly 

impact the outcome of patients with H3K27M-mutant DMG. While temozolomide is used 

concurrently with radiation and adjuvantly at some centers, there are no studies that have 

demonstrated its clear role in this setting, and it is increasingly understood that O6-

methylguanine DNA methyltransferase (MGMT) expression is high in H3K27M-mutant 

tumors, contributing to temozolomide resistance in H3K27M-mutant DMG [13, 14].

Other than the greater utility of temozolomide in some H3K27M-WT tumors, there is 

currently no significant difference between the standard of care for H3K27M-mutant and -

WT tumors. However, there has been an increase in experimental therapies and clinical trials 

focused on developing stratified treatments. The growing desire for a histological diagnosis 

of H3K27M in DMGs has resulted in more stereotactic biopsies being performed. These 

biopsies have been shown to have a high diagnostic yield with minimal effect on patient 

mortality, contrary to previous beliefs [15, 16].

Genetic and epigenetic landscape of H3K27M-mutant DMG

Among the histone post-translational modifications, the H3 tail lysine 27 residue plays a 

pivotal role in the overall functional properties of DNA, and acetylation and methylation 

results in significant downstream impacts. It is perhaps not surprising that the H3K27M 

mutation results in significant dysfunction of normal epigenetic signaling and programming 

at the H3K27 locus [7, 17]. Heterozygous (gain of function) H3K27M mutations in either 

the H3F3A or HIST1H3B gene have been shown to suppress EZH2, a catalytic subunit of 

polycomb repressive complex 2 (PRC2) which trimethylates the histone H3 at lysine 27. 

H3K27M inhibition of PRC2 causes a global reduction in total chromatin H3 dimethylation 

(K27me2) and trimethylation (K27me3) [7, 18]. This global loss of H3K27 methylation 

results in both increased cell proliferation potential and decreased differentiation ability (Fig 

1A).
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Spatially and temporally, DIPG and H3K27M DIPGs are felt to be relatively homogenous in 

terms of primary genetic drivers [19–21]. However, a recent study employing single-cell 

RNA sequencing (scRNA-seq) on thousands of individual cells from six H3K27M primary 

gliomas has given us new insight into the cellular and transcriptional architecture of 

H3K27M tumors [22]. H3K27M gliomas contain a majority of oligodendrocyte precursor 

cells (OPC) which remain in a state of rapid proliferation, fueling tumor growth and 

sustained by PDGFRA signaling [23]. The analysis of tumor cells and control normal brain 

cells showed that PRC2 targets were highly expressed by OPC but were low in 

oligodendrocyte cells (OC), indicating that for differentiation, OPCs require the PRC2 

complex to be functional. Most differentially expressed genes were upregulated in H3K27M 

gliomas, but some were downregulated [22].

Pre-clinical research and therapeutic vulnerabilities of H3K27M-mutant 

models

Evaluation of epigenetic therapies in the context of H3K27M-mutant DIPG tumors

Global modulation of the methylation/acetylation balance have been considered as new 

therapeutic approaches to revert the cascade effects generated by the H3K27M mutation as 

precursor events of tumorigenesis. The most prominent of these attempts is the use of 

panobinostat, a pan-histone deacetylase inhibitor, which displays inhibition of cellular 

proliferation and induction of apoptosis in multiple myeloma [23–25]. In H3K27M-mutant 

tumors, the histone tail poly-acetylation caused by panobinostat can partially rescue 

H3K27M-induced global hypomethylation by counteracting PRC2 inhibition [25–27].

An alternative approach to restoration of H3K27me3 is to inhibit the H3K27 demethylase 

KMD6 (Fig 1A). The experimental demethylase inhibitor GSK-J4 was developed to inhibit 

JMJD3, a member of the KMD6 gene family, and was found to be a potent inhibitor of 

cellular proliferation and promoter of apoptosis in K27M-expressing tumor cells in vitro and 

in orthotopic brain tumor models [28]. Importantly, GSK-J4 synergized with panobinostat in 

H3.3K27M mutant DIPG cells [28].

While PRC2 function and H3K27me3 is globally reduced, other models have established the 

significance of retained PRC2 activity (and H3K27me3) at focal, but critical, sites which can 

contribute to proliferative potential in H3K27M-mutant cells by repressing neuronal 

differentiation and function (Fig 1A) [14]. Indeed, the seemingly paradoxical targeting of 

EZH2 was efficacious in H3K27M-mutant cells in vitro, by displacing CDKN2A-dependent 

growth [13].

Finally, bromodomain and extra-terminal (BET) protein inhibitors have also been explored 

in the epigenetic targeting of H3K27M cells. BET inhibitors work through significant target 

reduction of H3K27 acetylation (H3K27ac) levels and accompanying upregulation of 

differentiation markers (Fig 1A). This approach substantially extended survival of mice 

harboring orthotopic K27M tumors, even surpassing the effects of GSK-J4 in vivo [29]. Of 

note, this study provided an alternate explanation of PRC2 inhibition by H3K27M, stating 
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that the binding of PRC2 to chromatin is excluded by aberrant locus-specific formation and 

enrichment in H3K27M-K27ac heterotypic nucleosomes [29].

In the scRNA-seq study by Filbin et al, the PRC1 subunit BMI1, a known oncogene, was 

found to be one of the few consistently upregulated genes in H3K27M-tumor cells. 

Suppression of BMI1 in patient-derived cells harboring the H3K27M mutation by means of 

CRISPR knockout or by pharmacological inhibition reduced the viability of these cells as 

compared to the control cells [13]. It was also shown that when PDGFRA was knocked out, 

H3K27M-mutant cells from two of the cell lines showed significant reduced viability, and a 

combination of both BMI1 inhibition and PDGFRA knockout showed a further reduction in 

cell viability [13].

Altogether, the wide scope of potentially opposing epigenetic agents with efficacy in 

H3K27M cells reinforces both the promise and the challenge of targeting the intricate, 

dynamic balance of gene expression in epigenetically-driven cancers, such as H3K27M-

DMG.

CAR-T based therapy for H3K27M-mutant DIPG

Recent work has explored an alternate approach to targeting H3K27M-mutant DMG, 

through the use of chimeric antigen receptor (CAR) T cells (Fig 1C). CAR T-cell therapy 

involves the ex vivo genetic modification of patient’s autologous T cells to express a 

chimeric antigen receptor directed towards a tumor-specific antigen, followed by ex vivo 

CAR T-cell expansion and re-infusion back into the patient. Anti-CD19 CAR T cells have 

been FDA-approved based on their efficacy in refractory pediatric acute lymphoblastic 

leukemia (ALL). The efficacy of CAR T-cell therapy beyond ALL depends upon finding an 

optimal antigen specific to the individual tumor. In adult glioblastoma, CAR T cells 

engineered against human epidermal growth factor receptor 2 (EGFR2), which is highly 

expressed on the surface of a subset of glioblastomas, have shown early anecdotal efficacy in 

adult GBM [30].

To identify possible antigens for CAR T-cell therapy in DIPG tumors, a recent study 

observed that patient-derived H3K27M-mutant glioma cell cultures and human tumor tissue 

had very high expression of the disialoganglioside GD2 (a group of galactose-containing 

complex-lipid structures found on membranes of cells) which was not observed in non-

tumor cells [31]. In cultured cells, anti-GD2-CAR T cells showed significant antigen-

dependent cytokine production and killing of H3K27M-mutant DIPG cells, which was not 

seen in a H3K27-WT cell culture. Anti-GD2-CAR T cells were efficacious in orthotopically 

engrafted H3K27M tumors (brainstem, thalamic, and spinal cord tumors), except a residual 

GD2-low expressing cells. Importantly, their model demonstrated significant toxicity in 

CAR T-treated mice, which is a potential concern with the translation of immune-based 

therapies for human patients with midline brain tumors [31].

Clinical trials: current and future concepts

An active area of clinical research in patients with HGGs is in the use of histone deacetylase 

(HDAC) inhibitors. The HDAC inhibitors vorinostat and panobinostat have been clinically 
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tested with favorable safety profiles in children, to date. While there have been some 

concerns as to the penetration of panobinostat across the blood-brain barrier (BBB) [32], our 

group has recently obtained murine data demonstrating clinically-significant concentrations 

of panobinostat within brain tissue (unpublished). Based on its efficacy in pre-clinical 

H3K27M models, there is currently a phase 1 trial evaluating the safety of panobinostat 

administration in children and young adults with DIPG through the Pediatric Brain Tumor 

Consortium [33]. Other phase 1 trials include a recently-opened trial of fimepinostat, a 

combined HDAC and phosphoinositide 3 kinase (PI3k) inhibitor in children and young 

adults with DIPG, HGG, or medulloblastoma [34]. A phase 1 trial of combination therapy 

with vorinostat and the mTOR inhibitor temsirolimus, with and without radiotherapy, in 

children and young adults with DIPG is ongoing [35].

ONC201 is an investigational molecule that antagonizes dopamine receptor D2 (DRD2) and 

was first identified in a screen for compounds that induce the cytokine TNF-related 

apoptosis-inducing ligand (TRAIL) [36, 37]. ONC201 was reported to inactivate kinases Akt 

and ERK which leads to Foxo3a-driven upregulation of TRAIL in the nucleus and promotes 

cancer cell death through activation of the integrated stress response [37, 38]. ONC201 has 

shown promise in the clinical setting as an anti-tumor agent with high CNS penetration and 

is currently being investigated in clinical trials for adult and pediatric H3K27M glioma, 

including one expanded access protocol [39–42].

In a patient-derived cell viability panel, ONC201 potency was highest against H3K27M-

mutant glioma with reduced activity against wildtype glioma cell lines [43]. ONC201 

clinical efficacy in adult H3K27M-mutant glioma was first demonstrated in a 22-year-old 

patient who experienced durable 96% objective response [44, 45]. Furthermore, significant 

clinical and radiographic response has been reported in a DIPG patient treated with ONC201 

[46]. Based on this early promising data, Oncoceutics (the manufacturer of ONC201), is 

applying for accelerated FDA approval, which if granted, would be the first agent with that 

status for H3K27M-mutant glioma. Multiple phase 2 trials with ONC201 are being 

developed for H3K27M-mutant glioma through the Children’s Oncology Group (COG) and 

the Pacific Neuro-Oncology Consortium (PNOC).

Indoleamine-2,3-dioxygenase 1 (IDO1) is an enzyme that catabolizes tryptophan to 

kynurenine, leading to an immunosuppressive tumor microenvironment [47]. As a result, 

clinical trial focus has been on the combination of immune checkpoint inhibition with IDO1 

inhibition [48]. IDO1 expression was found to be high in tumor samples from pediatric 

patients with HGG, and pre-clinical work demonstrated potent inhibition of IDO1 with the 

BBB-penetrating IDO1 inhibitor BGB-5777 [49]. In a murine glioma model, IDO1 

inhibition in combination with temozolomide demonstrated synergistic anti-tumor activity, 

and the combination of the IDO1 inhibitor indoximod and temozolomide combined with 

radiation therapy is currently being studied in children with newly-diagnosed DIPG, with 

promising early clinical results [6, 50, 51].

As mentioned, there has been a significant amount of interest in the development of CAR T 

cells as a treatment for solid tumors. Previous work on the immune microenvironment of 

DIPG tumors has been found to be rather neutral, with low chemokine and cytokine 
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expression and lack of macrophage or T cell infiltration, yet they lack highly 

immunosuppressive signatures as seen in other tumors [52, 53]. Preclinical work with CAR 

T cells targeting B7-H3, an immune checkpoint regulator, or GD2 in HGGs is promising 

[54–56]. A clinical trial with these GD2-CAR T cells is in development at Stanford 

University, and the upcoming Brainchild-03 trial (Seattle Children’s Hospital) will utilize 

B7-H3 targeted CAR T cells with infusion of CAR T cells via an intratumoral catheter.

Overcoming the BBB and achieving therapeutic levels of medication in the tumor continues 

to be a challenge in DIPG treatment. Though limited by the ability to place catheters into 

tumors and keep proper positioning, convection enhanced delivery (CED) has been explored 

as a promising method of directly delivering therapeutic levels of medication while limiting 

systemic side effects (Fig 1B) [57, 58]. Currently open phase 1/2 trials utilizing CED in 

DIPG include a study of a panobinostat nanoparticle formulation along with gadoteridol in 

newly diagnosed DIPG patients, as well as a trial delivering nanoliposomal irinotecan 

following radiotherapy [59, 60]. A study open since 2011 has utilized CED to deliver a 

radionucleotide-antibody complex that targets the B7-H3 antigen commonly expressed by 

DIPG [61]. While promising, many issues remain in wider use of CED in DMG. In order to 

employ CED, the drug itself has to be soluble, and many promising targeted drugs (e.g. 

tyrosine kinase inhibitors), don’t have an aqueous/IV formulation. As well, the logistics and 

legal issues involved with scaling such a technically complicated therapy have limited its 

widespread use. Nevertheless, investigators continue to pursue this option, possibly with 

future use for “local control” of DMG, alongside systemic therapy, in order to reduce risk of 

re-growth outside of the CED field.

Therapeutic monitoring and the utility of liquid biopsies

Selection of appropriate treatment plans and palliative care options for HGGs are heavily 

dependent on therapeutic monitoring to infer response to therapy and burden of disease. 

Contrast-enhanced MRI is routinely considered the gold standard approach, providing a 

non-invasive method to image and track tumor progression. Despite advanced imaging 

techniques, such as proton magnetic resonance spectroscopy or dynamic susceptibility 

contrast MRI which allow for important metabolic and tumor tissue perfusion analysis, 

significant limitations still exist [62]. Radiological changes during or after treatment, such as 

volume expansion or increase in FLAIR signal or contrast enhancement, may be from a 

variety of causes, including pseudoprogression, pseudoregression, and radionecrosis [62, 

63]. This contributes to a lack of sensitivity and specificity in regard to MR imaging. As 

therapeutic decisions are guided by changes in tumor growth, it is of paramount importance 

that an accurate and minimally-invasive method be developed to monitor treatment response. 

Current research is being done to assess whether liquid biopsy for H3K27M is a feasible 

means by which to do so.

Brain tumor cells release circulating tumor DNA (ctDNA) into surrounding cerebrospinal 

fluid (CSF) and can cross the BBB into plasma [64]. This cellular mechanism has important 

clinical utility for diagnostic tests, genetic profiling of tumors, and therapeutic monitoring. 

ctDNA has already been used to track disease progression in adult cancers including liver, 
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lung, and breast cancers; the application of this tool to the pediatric CNS population is 

presently underway [65–67].

Digital droplet PCR (ddPCR) is an ultrasensitive PCR method allowing for detection and 

quantification of ctDNA at extremely low concentrations. PCR reactions are partitioned into 

thousands of droplets, allowing for highly sensitive and rapid quantification of low mutant 

allele frequencies (MAF) [68]. As H3K27M is the most frequent mutation in pediatric 

brainstem gliomas and is closely associated with clinical outcomes, it has been the subject of 

much ddPCR experimentation [2, 69, 70].

Sequencing of ctDNA in CSF also allows investigators to detect tumor mutations [70]. The 

advantage that sequencing has over ddPCR is the ability to detect innumerable mutations at 

once, including but not limited to H3K27M, with high sensitivity and specificity. The use of 

sequencing to diagnose and monitor treatment response of tumor genetics in CSF is ongoing 

and holds great promise.

ctDNA can be correlated to standard brain imaging measurements to track, and potentially 

even predict, changes in tumor growth. Mutant H3K27M copies from CSF of pediatric 

DIPG patients is positively correlated with contrast-enhancing cross-sectional tumor area on 

MRI [71]. Further, a decrease of H3K27M MAF by both ddPCR analysis and sequencing 

was observed following radiotherapy treatment. The ddPCR and sequencing results 

correlated with a decrease in tumor burden as measured by MRI tumor volume [63]. These 

novel findings emphasize the therapeutic monitoring value of ctDNA and the utility of the 

ddPCR platform. The specificity and sensitivity of ddPCR and sequencing of tumor 

mutations in CSF elicit the possibility of leveraging ctDNA as an early biomarker for disease 

progression, preceding visible tumor response by MRI [67, 72, 73]. This could allow for 

earlier and more effective therapeutic decision-making to occur in the clinical setting.

These preliminary data demonstrate the feasibility and promise of liquid biopsies to monitor 

treatment response in pediatric DMG patients. Current barriers to wider spread use include 

adoption of serial lumbar puncture as standard of care for surveillance of DMG and the 

expansion of CLIA-certified labs offering liquid ctDNA analysis [74].

Conclusion

The histone mutation H3K27M has served as a catalyst within the field of neuro-oncology, 

providing a vulnerable mechanism of which new therapeutic techniques have taken 

advantage. Though clinical trials are still in their early phases and have yet to produce 

definitive data, there is nonetheless an exciting amount of anticipation regarding these 

recently translated concepts. H3K27M ctDNA has also provided a means by which to 

accurately and sensitively monitor and quantify disease burden, potentially supplementing or 

substituting conventional imaging and surgical procedures. DMGs pose a lethal prognosis 

due to the lack of surgical intervention and ineffectiveness of current drug and radiation 

therapies. However, with the advent of a further understanding of the biology of H3K27M, 

the future landscape of precision medicine and outlook for DMG patients appears hopeful.
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Fig 1. 
Novel therapies targeting H3K27M-mutant gliomas. (A)* Epigenetic therapies modify 

transcriptional activity at the level of chromatin. Competitive inhibition of BET family 

proteins reduce recognition of acetylated histones and subsequent transcription initiation. 

Additionally, inhibitors of EZH2 activity prevent formation of heterochromatin by 

inactivating the catalytic subunit of the PRC2 methyltransferase complex. Moreover, non-

specific HDAC inhibitors reduce heterochromatin formation. Finally, prodrug GSK-J4/J1 

increases H3K27 methylation by inhibition of K27-demethylases JMJD3 and UTX. (B) 
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Therapeutic agents delivered by CED include omburtamab, a radioactive iodine isotope 

conjugated to the anti-glioma monoclonal antibody 8H9 (124I-8H9), which has undergone 

phase I evaluation [58]. Additionally, delivery of panobinostat nanoparticle formulation 

MTX110 via CED is ongoing (Phase I/II, PNOC015). (C) Emerging immune therapies 

include CAR T-cells against GD2, a disialoganglioside highly expressed in H3K27M 

gliomas. PD1/PDL1 immune checkpoint inhibitors prevent T-cell suppression, while IDO 

inhibitors increase T-cell activation at the site of tumors cells. Molecular therapies include 

small-molecule DRD2-antagonist ONC201, as well as inhibitors of EGFR to reduce tumor 

growth and proliferation [59].

Figure created with BioRender.com. *Figure 1A adapted from Hashizume (2017) [25].
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