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REVIEW ARTICLE OPEN

Pharmaco-proteogenomic profiling of pediatric diffuse midline
glioma to inform future treatment strategies
Izac J. Findlay 1,2, Geoffry N. De Iuliis 3, Ryan J. Duchatel 1,2, Evangeline R. Jackson1,2, Nicholas A. Vitanza 4,5, Jason E. Cain 6,7,
Sebastian M. Waszak8,9 and Matthew D. Dun 1,2✉

© The Author(s) 2021

Diffuse midline glioma (DMG) is a deadly pediatric and adolescent central nervous system (CNS) tumor localized along the midline
structures of the brain atop the spinal cord. With a median overall survival (OS) of just 9–11-months, DMG is characterized by global
hypomethylation of histone H3 at lysine 27 (H3K27me3), driven by recurring somatic mutations in H3 genes including, HIST1H3B/C
(H3.1K27M) or H3F3A (H3.3K27M), or through overexpression of EZHIP in patients harboring wildtype H3. The recent World Health
Organization’s 5th Classification of CNS Tumors now designates DMG as, ‘H3 K27-altered’, suggesting that global H3K27me3
hypomethylation is a ubiquitous feature of DMG and drives devastating transcriptional programs for which there are no treatments.
H3-alterations co-segregate with various other somatic driver mutations, highlighting the high-level of intertumoral heterogeneity
of DMG. Furthermore, DMG is also characterized by very high-level intratumoral diversity with tumors harboring multiple subclones
within each primary tumor. Each subclone contains their own combinations of driver and passenger lesions that continually evolve,
making precision-based medicine challenging to successful execute. Whilst the intertumoral heterogeneity of DMG has been
extensively investigated, this is yet to translate to an increase in patient survival. Conversely, our understanding of the non-genomic
factors that drive the rapid growth and fatal nature of DMG, including endogenous and exogenous microenvironmental influences,
neurological cues, and the posttranscriptional and posttranslational architecture of DMG remains enigmatic or at best, immature.
However, these factors are likely to play a significant role in the complex biological sequelae that drives the disease. Here we
summarize the heterogeneity of DMG and emphasize how analysis of the posttranslational architecture may improve treatment
paradigms. We describe factors that contribute to treatment response and disease progression, as well as highlight the potential for
pharmaco-proteogenomics (i.e., the integration of genomics, proteomics and pharmacology) in the management of this uniformly
fatal cancer.

Oncogene (2022) 41:461–475; https://doi.org/10.1038/s41388-021-02102-y

INTRODUCTION
Diffuse midline glioma
Diffuse midline glioma (DMG) is a devastating high-grade glioma
(HGG) responsible for 50% of all childhood HGGs [1]. DMG is most
frequently diagnosed in the brainstem (especially the pons, where
it has historically been called diffuse intrinsic pontine glioma -
DIPG), and less frequently in the midbrain, thalamus, and spine
with patients presenting neurological symptoms such as cranial
nerve deficits (facial asymmetry and diplopia), cerebellar signs
(ataxia and dysarthria) and long tract signs (hyperreflexia and
decreased strength) [2]. DMG patients face a very poor median
overall survival (OS) of just 9–11-months, with <10% of patients
with pontine tumors surviving two years post-diagnosis [3]. Due to
the location within the critical structures of the brain or spine, and
the diffuse and infiltrative growth characteristics of the tumor,

significant surgical resection is extremely challenging to execute
and most often impossible. This leaves radiotherapy as the only
standard treatment; however, benefits are temporary for those
who respond [4].
Investigations into the multitude of complex biological seque-

lae that underpin tumor formation and disease progression are
key priorities in DMG. Landmark molecular profiling studies have
identified numerous key genetic and epigenetic alterations, many
co-segregating with age of onset, anatomical location, clinical
outcome, histopathological and radiological features [1, 5, 6].
Investigations into the molecular pathogenesis of DMG has led to
the classification of several molecular subtypes [1, 7]. The World
Health Organization’s (WHO) 5th Classification of Central Nervous
System (CNS) Tumors, designates DMG as “diffuse midline glioma,
H3 K27-altered” representing the majority of DIPGs as well as
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tumors found along the midline (e.g., brainstem, midbrain,
thalamus, and spine). This classification encompasses molecular
subtypes categorized according to alterations to lysine 27 in
histone H3 (H3 K27-altered) [8], as well as patients harboring
wildtype H3 and concomitant overexpression of the EZH
inhibitory protein (EZHIP) [9].

DMG histone H3 modifications
The devastating transcriptional programs influenced by H3-
alterations in DMG are fundamentally controlled by posttransla-
tional modification (PTMs) of the 59 amino acid long N-terminal
tail of H3, in both histone 3 isoform 1 (H3.1) and histone 3 isoform
3 (H3.3). These PTMs include acetylation, methylation, phosphor-
ylation and ubiquitination and dictate protein structure, stability
and accessibility, hence promotes or represses the activation of
the transcriptional machinery complexes [10]. H3.1 variants are
encoded by a cluster of intronless genes (HIST1 cluster), expressed
in a replication dependent manner during the S-phase of the cell
cycle [11]. Comparatively, H3.3 variants are independently
encoded by two, intron-possessing genes (H3F3A and H3F3B)
and are expressed throughout the cell cycle, however, are
enriched at various stages of differentiation [12]. Of the genes
encoding H3 histone variants, HIST1H3B (H3.1) and H3F3A (H3.3)
harbor recurring mutations in DMG leading to the establishment
of the molecular subtypes [9]. Between these two histone H3
genes, there are significant structural differences in both the
presence of exon and introns, and nucleotide length (Fig. 1A, B),
with only 3.4% genomic homogeny. However, the resultant
histone proteins show 98.5% homogeny (pairwise sequence
alignment using the EMBOSS needle alignment tool [13]). Key
lysine residues such as K27 and K36 are conserved and play
pivotal roles in the epigenetic regulation of transcription.

DIFFUSE MIDLINE GLIOMA, H3 K27-ALTERED
H3.1K27M- and H3.3K27M- DMG
Histone 3 lysine 27 to methionine (H3K27M) mutations occur in
both H3.1 and H3.3 histone variants and are mutually exclusive.
H3.1K27M is identified in 12–19% of DMG cases, with a median OS
rate of 15months, while H3.3K27M is identified in 65% of cases,
with a median OS of 9 months [14]. H3K27M mutations are only
translated into 3–17% of the total H3 protein pool [15], however,
cause global loss of histone 3 lysine 27 trimethylation (H3K27me3)
in the remaining wildtype H3 protein, leading to gene silencing
normally regulated by the polycomb repressive complex 2 (PRC2)
complex [16]. In healthy cells, the PRC2 complex auto-methylates
its core subunits including the Suppressor of zeste 12 protein
homolog (SUZ12) and two mutually exclusive and interchange-
able catalytic subunits, Enhancer of zeste homolog 1/2 (EZH1/

EZH2). Auto-methylation of PRC2 subunits increase histone
methyltransferase activity by promoting accessibility to H3 tails
where the catalytic pocket of PRC2 can methylate H3K27.
Importantly, auto-methylation of EZH2 at K514me3 is reduced in
cells transduced with H3K27M with a concomitant reduction in
H3K27me2/me3 [17]. DMG harbor even more of a profound loss of
EZH2-K514me3 and H3K27me2/me3, indicative of the reduced
intrinsic activity of PRC2 [17]. Although the mechanistic basis for
the loss of EZH2 methylation and hence PRC methyltransferase
activity is not unequivocally resolved, structural studies indicate
that the H3K27M mutant peptide shows affinity for EZH2 which
may sequester or alter the conformation of the complex [18, 19].
Alternatively, H3K27M may impair the spread of repressive marks,
that are preferentially retained at unmethylated CpG islands,
affecting lowly-expressed genes influencing neurogenesis [15].
Nevertheless, global hypomethylation of H3K27 inhibits gene
silencing and cell differentiation while promoting proliferation and
is accompanied by synchronous co-enrichment in elevated
H3K36me2, methylated by the Nuclear receptor binding SET
domain protein 1/2 (NSD1/2) [20].
As the dominant molecular feature, treatment strategies

targeting H3K27M are a priority, however, it has remained
undruggable to-date. Given the associated loss of trimethylation
and hence increased H3K27 acetylation (H3K27ac), it is of some
surprise that most research has focused on the use of histone
deacetylase (HDAC) inhibitors (HDACis), such as panobinostat,
rather than inhibitors of histone acetyltransferases (HATs). Never-
theless, HDACis show low nanomolar cytotoxicity against DMG cell
cultures and are effective in DMG patient-derived xenograft (PDX)
mouse models [21, 22]. The HDACis, valproic acid, panobinostat,
quisinostat and romidepsin, induce a dose-dependent global
increase in H3K27ac and H3K27me3 [21–23], suggestive of a
partial rescue of global H3K27 hypomethylation. This is consistent
with findings that polyacetylation at residues both proximal and
distal to K27M can greatly diminish PRC2 inhibition. Unfortunately,
HDACi-induced partial rescue of global hypomethylation is
transient [24], encouraging exploration into chemicals that
synergize with HDACi. One promising candidate that is in
preclinical development is the proteasome inhibitor marizomib
which invokes acute toxicity through uncoupling of respiration
and inhibition of glycolysis leading to metabolic catastrophe in
DMG cells [25].

Wildtype H3 K27 EZHIP-DMG
DMG cases harboring wildtype H3 is seen in approximately
10–15% of cases, with a median OS of 15 months, similar to
H3.1K27M DMG [5]. Characterized by the overexpression of the
CXorf67 gene which encodes EZHIP [26], EZHIP-overexpressing
DMG are a recent addition to the new WHO DMG subtype
classification system [27]. EZHIP overexpression occurs in most
wildtype H3 DMG cases [26], showing the ubiquitous nature of
global H3K27me3 hypomethylation in DMG. A C-terminal peptide
in EZHIP mimics the amino acid sequence of H3K27M, sequester-
ing or altering the conformation of PRC2, reducing its histone
methyltransferase activity [28]. Inhibition of PRC2 activity leads to
an aberrant enrichment of H3K27ac marks and transcriptional
programs remarkably analogous to H3K27M [19]. While direct
inhibitors of EZHIP are yet to be developed, HDACis, such as
panobinostat and quisinostat, show preclinical activity in wildtype
H3 DMG, specifically those found in the pontine regions of the
brain and that harbor a high mutational burden [22].

DMG SOMATIC AND CLONAL HETEROGENEITY
We are gaining a greater understanding of the somatic hetero-
geneity of DMG [1], however, what is less understood is the impact
of distinct genomic subclonal populations [6], potentially under-
pinning the lack of effective treatments. While recurring genetic

Fig. 1 Gene-RNA-protein alignments of the mutant histone H3
genes that give rise to diffuse midline glioma. A The HIST1H3B
(H3.1) gene is a short (511 nt) intronless gene, translated into a 136
amino acid, 15,404 (Da) protein. B Comparatively, the H3F3A gene is
a long (10,189 nt), intron-containing gene, translated into a 136
amino acid, 15,328 (Da) protein.
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H3-alterations are hallmark features of DMG, multiple co-
segregating mutations are patient-specific, conferring their own
varying level of poor prognoses and midline localization (Table 1,
Fig. 2). The genomic landscapes of DMG have been comprehen-
sively characterized [1], and in most cases, highlight the
alterations that harbor potential for therapeutic targeting [29].
Even though we are yet to translate these discoveries into
improved outcomes, these sophisticated real-time studies are
providing us with increased knowledge of the co-occurring
somatic events that underpin the genomic heterogeneity of
DMG, critical information for the design of effective combination
treatment strategies. To aid in the development of such
combination strategies, in the following sections we summarize
recurring somatic mutations linked with each DMG a subtype, list
the recurrent midline localizations of these driver gene alterations
(Fig. 2), and highlight potential therapies and research priorities
that we hope will help to increase the durability and effectiveness
of strategies targeting these mutations.

Cellular tumor antigen p53 (TP53)
Cellular tumor antigen p53 (TP53) is the second most recurring
lesion in H3.3K27M DMG (60-80%) [30] (Table 1, Fig. 2B). TP53
mutations are also seen in H3.1K27M and EZHIP DMG, however,
considerably less frequently (13.3% and 11.1% respectively) [1, 27].
TP53 is a tumor suppressor, encoding the p53 protein which
transmits a variety of stress-inducing signals to different
antiproliferative cellular responses including apoptosis, senes-
cence, and cell-cycle arrest [31]. Mutations in the TP53 gene are
known to lead to tumor immortality through epigenetic dysregu-
lation and elimination of H3K27me3-driven oncogene repression
[32]. These mutations are also the main driver of increased
radiotherapy-resistance in DMG, both in patients and correspond-
ing cellular models [33]. The introduction of loss of function (LoF)
mutations in the TP53 gene and knock-in of H3.3K27M mutations
are enough to induce neural stem cell self-renewal in mice. This
occurs via transcriptional and epigenetic control of the prolif-
erative genes necessary to drive DMG formation in vivo and are
further exacerbated by knock-in of activating mutations in platelet
derived growth factor receptor alpha (PDGFRA, discussed in
“Platelet derived growth factor receptor alpha (PDGFRA)”) [34].
The recurrent nature of TP53 mutations highlight the impor-

tance of therapies that act as surrogate regulators of apoptosis
and cell cycle arrest; however, this has been notoriously difficult to
achieve. Examining the functional outcomes of TP53 mutations
which result in either a partial or full distortion to the DNA-binding
domain, has led to the development of the prodrug, APR-246.
Upon activation, APR-246 binds to and stabilizes mutant p53,
reactivating the protein and driving tumor suppression in
preclinical models [35]. In addition to p53 reactivation, APR-246
also elevates reactive oxygen species (ROS) production through
dysregulation of redox systems. This propels apoptotic elements
and drives oxidative DNA damage, increasing genotoxic stress
[36]. The efficacy of APR-246 is further enhanced by radiotherapy
(~50%), and when combined with the Jumonji demethylase
inhibitor GSK-J4 [30], increased survival of preclinical models
[37, 38].
As TP53 LoF mutations are challenging to treat, targeting cell

proliferation/survival signaling pathways activated uniquely in
response to TP53 mutations, may be an alternative therapeutic
approach. Tyrosine phosphoproteomic profiling of TP53-mutant
mouse tumor models, revealed unique up-regulation of the proto-
oncogene, receptor tyrosine kinase (RTK) Mesenchymal–epithelial
transition factor (MET) [39]. Treatment of cultured p53-null cells
exhibiting MET amplification with a selective MET tyrosine kinase
inhibitor (TKI) (PHA-665752) abrogated aberrant tyrosine phos-
phorylation and blocked cell proliferation. MET inhibition has also
shown preclinical efficacy in TP53 mutant glioblastoma (GBM) cell
lines and patient-derived GBM cells, particularly when combined

with inhibitors of epidermal growth factor receptor (EGFR) [40].
These observations highlight a possible treatment option for TP53
mutant DMG.

Platelet derived growth factor receptor alpha (PDGFRA)
Activation of PDGFRA accelerates DMG formation in mice, with
recurring mutations seen in 14.4% of DMG patients [41] and gene
amplification in 30% of DMG, primarily H3.3K27M tumors [42]
(Table 1, Fig. 2B). Platelet derived growth factor receptors
(PDGFRs) influence cell migration, proliferation and survival with
ligand induced receptor dimerization driving auto-
phosphorylation and activation [43]. Transduction of downstream
signals is regulated by a multitude of pathways, but predomi-
nately PI3K/Akt/mTOR [41, 43] (discussed in “Phosphatidylinositol-
4,5-bisphosphate 3-kinase signaling cascade (PIK3CA/PIK3R1/
PTEN/MTOR)”). Co-segregating with H3.3K27M, amplified PDGFRA
strongly promotes glioma formation in vivo, resulting in a clinically
aggressive form of DMG [41] (Fig. 2B). Tyrosine kinase inhibitors
(TKIs) approved by the US Food and Drug Administration (FDA),
such as dasatinib and crenolanib, target PDGFRA, however are
cytostatic, not cytotoxic, and hence do not extend the survival of
DMG patients [44] (Table 2). Deep proteomic, phosphoproteomic
and transcriptomic profiling of PDGFRA-mutant HGG mouse
models identified PI3K/Akt signaling as responsible for driving
MYC (discussed in “MYC proto-oncogene protein (MYC)/ MYCN
proto-oncogene protein (MYCN)”) and JUN (Transcription factor
AP-1) activity [45], to create a positive-feedback loop increasing
expression of multiple other RTKs leading to oncogene addiction.
Importantly, the activity of oncogenic signaling pathways
activated downstream of PDGFRA mutations were only visible
via assessment of the phosphoproteome, highlighting the
importance of the evaluation of the posttranslational architecture
of DMG in the design effective treatment strategies.

Activin receptor type-1 (ACVR1)
Activin receptor type I (ACVR1) is mutated in approximately 32% of all
DMG [32], 87% of H3.1K27M [1] and 72% (13/18 cases) of EZHIP [27]
(Table 1, Fig. 2A–C). ACVR1 encodes the serine/threonine protein
kinase, activin receptor-like kinase-2 (ALK2), belonging to bone
morphogenetic protein (BMP) signaling pathway, transforming
growth factor-beta (TGF-β) superfamily. Activation of ALK2 regulates
morphogenesis, differentiation, proliferation, and apoptosis during
embryonic development [43]. ALK2 phosphorylation activates BMP
signaling and leads to the phosphorylation and activation of the
SMAD (mothers against decapentaplegic family) transcription factors
[43]. ACVR1mutations lead to constitutive activation of BMP signaling,
thus, activation of SMAD, driving expression of DNA-binding protein
inhibitors, ID1 and ID2. This expression promotes tumor initiation and
accelerates gliomagenesis whilst repressing differentiation [43, 46].
Somatic mutations in ACVR1 are unique to DMG, with analogous
germline mutations seen in fibrodysplasia ossificans progressiva
(FOP). Currently, there are no curative treatments for ACVR1mutations
in FOP, thus treatments have instead focused on the inhibition of
BMP [43]. Preclinical compounds such as LDN-212184, have been
developed to inhibit ALK2 and hence phosphorylation of SMAD, with
pharmacokinetic (PK) studies showing sufficient brain penetration
[46]. Although LDN-212184 extends survival of orthotopic DMG PDX
mouse models, ALK2 inhibitors, with improved specificity and
potency, are necessary if these treatments are to translate to better
outcomes for DMG patients.
Given that the intracellular activity of SMADs is reliant on their

phosphorylation, numerous protein phosphatases are known to
downregulate their activity and may serve as targets for therapies to
enhance ALK2 inhibition [47]. The serine/threonine protein phospha-
tase, PP2A is a SMAD-associated phosphatase frequently showing
reduced activity in cancer, with activity increased using fingolimod
(FTY720), an FDA approved drug used in the treatment of multiple
sclerosis, and hence has excellent brain penetration [48]. This
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encourages preclinical assessment of FTY720 in combination with
therapies targeting ALK2 for ACVR1 mutant DMG.

Phosphatidylinositol-4,5-bisphosphate 3-kinase signaling
cascade (PIK3CA/PIK3R1/PTEN/MTOR)
Mutations in the components of the Phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3K) signaling axis are recognized drivers
of gliomagenesis in DMG [43]. Mutations in the PI3K catalytic
subunit alpha (PIK3CA) are seen in 12% of DMG (Fig. 2), while PI3K
regulatory subunit 1 (PIK3R1) mutations are present in 18%, most
commonly in H3.3K27M and EZHIP subtypes [43, 49] (Table 1, Figs.
2B, C). PIK3CA mutations lead to constitutive lipid kinase activity
thereby driving cellular transformation [50], while PIK3R1 muta-
tions activate wildtype PIK3CA or PI3K signaling [51]. Phosphatase
and tensin homolog (PTEN) is the well-established negative
regulator of this signaling cascade, and an important tyrosine
kinase tumor suppressor [52]. PTEN is mutated in 4% of H3.1K27M
[53], 6% of H3.3K27M [49], and 6% of EZHIP DMG [27] (Table 1, Fig.
2). Loss of PTEN can occur through a chromosomal deletion of 10q
and is determined to be an early event in DMG development [52].
Paxalisib is an FDA approved, PI3K/Akt inhibitor developed to

penetrate the brain and decrease activity of signaling cascades
[54]. Recently, paxalisib was shown to reduce growth and
proliferation in PI3K-mutant and wildtype DMG cell lines [54]
and has recently entered combination clinical trials for DMG
(NCT05009992). Fimepinostat (CUDC-907), is a dual PI3K/HDAC
inhibitor (Table 2), that inhibits radiation-induced DNA repair
pathways including homologous recombination and nonhomolo-
gous end-joining, leading to G1 cell-cycle arrest and apoptosis [55]
and is also in DMG clinical trials (NCT03893487). Despite PI3K

alterations being some of the common events in DMG and other
cancers, pharmacological inhibition of PI3K has resulted in variable
clinical responses. This raises the possibility of an inherent
mechanism of resistance. Indeed, mouse tumor models show
insulin feedback is induced by PI3K inhibitors, reactivating PI3K
signaling, thus compromising their efficacy [56]. Insulin-feedback
is effectively controlled using anti-glycemic approaches, which
greatly enhances the therapeutic effectiveness of PI3K inhibitors,
an approach that warrants rigorous testing in DMG.

MYC proto-oncogene protein (MYC) / MYCN proto-oncogene
protein (MYCN)
The MYC proto-oncogene transcription factor family, including
MYCL proto-oncogene (MYCL), Cellular myelocytomatosis onco-
gene (c-MYC) and MYCN proto-oncogene (MYCN), are important
mediators of many growth-promoting signal transduction path-
ways. MYC alterations are common in human cancers including
DMG, reported in 20% of the H3.3K27M subtypes [57] (Table 1, Fig.
2B). Interestingly, the MYCN gene has been used to define a subset
of DMG characterized by CpG hypermethylation, high-grade
histology, and chromothripsis on chromosome 2p in tumors,
leading to recurrent amplification of MYCN [7]. This subtype is
seen in 8% of DMG, and predominately associated with EZHIP [7].
High MYC activity is correlated with poor outcomes, but it is very
difficult to target owing to its ‘undruggable’ protein structure [57].
To overcome this, Omomyc, a peptide-based dominant negative
inhibitor, was developed to outcompete MYC/MAX dimers for
binding to E-box DNA sequences. MYC dimerizes with MAX to
activate transcription and promote cell proliferation. Omomyc
binds to MAX, blocking MYC binding, repressing MYC-mediated

Fig. 2 H3-altered diffuse midline glioma recurrent somatic mutations associated with each midline localization. AMost frequently, diffuse
midline glioma (DMG) is localized in the pons (green), midbrain (pink) and thalamus (orange). B Venn diagram of recurrent somatic mutations
seen in each H3-altered subtype, H3.1K27M (purple), H3.3K27M (light blue) and EZHIP (sky blue). Identity of recurrent somatic mutations in
C H3.1K27M, D H3.3K27M and E EZHIP DMG H3-altered. Genomic information obtained by examining the comprehensive data published by
whole-exome and whole-genome studies, references are including in Table 1.
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gene expression profiles in H3.3K27M DMG preclinical models
[57, 58].
Hyperacetylation of H3K27 in DMG is driven by the activity of acetyl-

binding, bromodomain and extraterminal (BET) proteins, particularly
bromodomain-containing protein 4 (BRD4) which are implicated in
tumor progression and aggressiveness [59]. MYC is highly occupied by
H3.3K27M and H3K27ac super-enhancers and hence highly expressed
in DMG. This is slightly at odds with what has been previously shown,
where MYC/MYCN amplification was only observed in EZHIP DMG [7].
Panobinostat decreased oncogenic MYC target gene expression
causing cell death in DMG preclinical models [21].
Targeting BRD4-driven MYC activity, using the BBB-penetrant

bromodomain inhibitor, JQ1, is effective as a monotherapy in
EZHIP DMG models when used at high-doses, however, H3K27M
DMG are less sensitive [23]. Combinations of JQ1 and MRK003, a
gamma-secretase inhibitor that reduces NOTCH1 expression,
reduced H3K27M DMG growth and survival [60], highlighting this
as a potential strategy for DMG.

G1/S-specific cyclin-D2 (CCND2) / cyclin-dependent kinases 4
and 6 (CDK4, CDK6)
G1/S-specific cyclin-D2 (CCND2) functions as a regulator of Cyclin-
dependent kinase 4 and 6 (CDK4/CDK6) which contributes to the
temporal coordination of the cell cycle [61], and typically altered in
H3.3K27M DMG (Table 1, Fig. 2B). Activation of the cyclin/CDK
complex leads to the hyperphosphorylation of the Retinoblastoma
(RB) tumor suppressor protein and dissociation from the
transcription factor E2F1. The recruitment of HATs and subsequent
transcription of E2F1 target genes advance mitotic progression
through the G1/S phase [61]. Modulation of cyclins such as CCND2
(G1/S-specific cyclin-D2) occurs in nearly all tumors with the
amplification of CCND2 being a frequent genomic event in DMG
and predominates in tumors of the pontine region [1]. CDK4/6
mutations are also common in DMG, highlighting the potential of
targeting the cyclin signaling axis. In melanoma, activating
mutations in CDK4 abolish interactions with the tumor suppressor
Cyclin dependent kinase inhibitor 2 A’s (CDKN2A) / p16INK4A,
rendering the protein constitutively active, leading to uncon-
trolled cell cycling [62].
Given the importance of cyclin proteins in mitosis, several

CDK4/6 inhibitors have been developed and are under clinical
evaluation in DMG [63] (Table 2). Palbociclib has completed dose
escalation studies, while two other trials are testing ribociclib.
Abemaciclib is suggested to be the most effective CCND2-CDK4/6
inhibitor due to higher CDK4/6 affinity/potency compared to
palbociclib and ribociclib [63]. While these CDK4/6 inhibitors have
shown some efficacy in tumors with deregulated cell-cycle control,
resistance to these therapies is common. Phosphoproteomic
profiling of cancer models resistant to CDK4/6 inhibitors revealed
enhanced Mitogen-activated protein kinase (MAPK) signaling,
therapeutically exposed using the FDA approved MEK inhibitor,
trametinib [64] (Table 2). Targeting MEK is a treatment paradigm
that has recently come into clinical thinking particularly for HGGs
and DIPGs harboring germline or somatic mutations in Neurofi-
bromatosis type 1 (NF1) [65, 66]. Furthermore, the combination of
MEK1/2 and CDK4/6 inhibition showed therapeutic synergy across
a broad panel of high-risk neuroblastoma preclinical models [67], a
treatment paradigm that warrants exploration in DMG.

Protein phosphatase, Mg2+/Mn2+ dependent 1D (PPM1D)
Activating mutations in the Protein phosphatase, Mg2+/Mn2+

dependent 1D (PPM1D) are seen in 15% of H3.3K27M [68], 3.8% of
H3.1K27M [68], and 11.1% of EZHIP [27] DMG (Table 1, Fig. 2).
PPM1D mutations inactivate ATM- (Ataxia telangiectasia mutated
protein) and ATR- (Ataxia telangiectasia and Rad3-related protein)
mediated DNA damage response (DDR) and dephosphorylate
H2A.X and p53 in response to radiation [69]. Knockdown of PPM1D
is almost curative in DMG PDX models [70]. Hence an allosteric,

non-competitive inhibitor of PPM1D, GSK2830371, has been
developed, which drives p53-dependent inhibition of DMG tumor
growth [70]. Additionally, GSK2830371 sensitized PPM1D-mutant
DMG to PARP inhibition using olaparib (Table 2). Although
olaparib showed no brain penetration against intact BBB, tumor
penetration was detected in orthotopic GBM xenografts, pene-
trating both tumor core and tumor margins of GBM patients with
recurrent tumors [71]. Whether GBM’s tumor vasculature char-
acteristics (leaky vasculature) translate to olaparib uptake in DMG
is yet to be reported.

Intertumoral and intratumoral heterogeneity
The somatic alterations summarized above offer some biological
insight into the roles these recurring mutations play in DMG and
present us with a suite of therapeutic vulnerabilities. Despite the
number of currently used targeted therapies developed to combat
the various co-occurring mutations in DMG, most are still
undergoing early-stage clinical trials to establish toxicity profiles.
More recent studies are now using them in combination, however,
the maximum tolerated doses for these combinations are yet to
be determined, and efficacy signals are unknown (Table 2).
The complexity of these clonal cancer genomes emphasizes why

a one-drug-fits-all model has unequivocally failed patients.
Furthermore, tumors typically have multiple mutations of unknown
significance, making it challenging to ascertain which of these
genetic lesions are primary oncogenic drivers. Investigation into
the effectiveness of drug combinations as means to combat the
somatic heterogeneity of DMG has been performed in multiple
DMG models using high-throughput drug screening, and compre-
hensive molecular analysis to correlate drug sensitivities with
genomic influences [21, 25]. While the intertumoral heterogeneity
of DMG is well established and exploited to develop treatments
(Table 1, Table 2), the intratumoral diversity of this cancer
represents a relatively novel field in which to better understand
DMG. Analysis of nonsilent mutations in DMG revealed high
intratumor (clonal) heterogeneity as a proportion of nonslient
mutations [53], the extent of which is greater than or equal to all
other cancers [72]. In both DMG and pediatric GBMs, multiple
somatic subclones co-exist, both spatially and temporally [6, 44].
These co-existing tumor subclones are suspected to play important
tumorigenic roles in response to CNS active therapies and may
enhance proliferative, tissue invasion and oncogenic signaling, to
promote tumor cell dissemination. Indeed, DMG subclones co-
cultured or transplanted together, enhanced the invasion into
surrounding tissues of less-mobile colonies [44]. These tumor
subclones, populated by varying co-segregating driver and
passenger mutations, continually evolve alongside tumor burden
during a patient’s clinical journey (Fig. 3). Targeting of one of these
subclonal driver mutations may show success in combating that
oncogenic colony, however, genomic diversity between subclones
encourages their spread and indeed diversification, ultimately
leading to resistance. Hence targeted therapies provide limited
therapeutic benefits [73]. The growth and diversification of these
subclones influence, and are influenced by, non-genomic factors
including the tumor microenvironment (TME), concurrent corticos-
teroid therapy, growth factors, stress hormones and electrical
signals [74] that increase invasiveness and provide a survival
advantage, as well as potentiate intratumoral heterogeneity [75]
(discussed further in “Phosphoproteomic and tumor microenviron-
mental influences”).

MOVING TOWARDS SYSTEMS BIOLOGICAL APPROACH
Germline analysis
To progress treatment and improve outcomes we need to take a
systems-wide view of DMG and employ multi-omics approaches
to develop treatments, starting with the analysis of both the
somatic and germline mutations. Characterization of a patient’s
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germline and somatic variants, coupled with understanding of the
systems-wide response to therapies, will potentiate the persona-
lization of drug-dose and -timing, as well as the selection of the
most appropriate therapy for each patient. Germline DNA analysis
is increasingly becoming as important as somatic evaluation. Not
only does it aid in distinguishing key somatic events, but also
identifies any potential inherited influences that may play an
important role in drug PK and pharmacodynamic (PD) disposition.
For example, patients carrying Uridine 5’-diphospho-glucurono-
syltransferase (UGT) polymorphisms have impaired ability to
inactivate 7-ethyl-10-hydroxycamptothecin (SN-38), the active
metabolite of irinotecan, and hence face significant toxicities. If
polymorphisms are known, patients receive reduced dose [76]
which may affect response. This may be an important considera-
tion in the case of DMG response to radiotherapy, as common
TP53 germline mutations may influence response [33].
It is important to consider that gene expression profiles rarely

correlate with the abundance of the corresponding protein,
influenced by a range of post -transcriptional / -translational effects.
These effects include amino acid composition which impacts the
rate of translation elongation [77], miRNA expression, and the

battery of posttranslational modification (>200) that characterize the
mammalian proteome [78]. This may provide us with some insight
into why genomically-targeted, precision therapies are yet to
provide a therapeutic benefit for DMG patients. A quantitative trait
loci (QTL) is a region of DNA associated with a particular phenotypic
trait that varies dependent on polygenic effects such as expression
of multiple genes, and the environment in which they are expressed;
while protein quantitative trait loci (pQTLs) provide a functional
readout to identify how genetic variants regulate protein expression;
necessary to reveal the proteome’s role in disease causation [79].
QTL mapping using somatic mutations, germline variants and
sensitivity to 265 drugs, in 993 cancer cell lines, identified 78 drugs
with at least one significant genetic association (drug response QTL).
Remarkably, nine of these genetic associations involved germline
variants, comparable with effects related to somatic variants,
highlighting that germline variants contribute to protein abundance,
a key factor in modeling drug sensitivity and response [80]. Given
germline mutations in cancer-predisposing genes are seen in 9% of
non-DMG pediatric cancers [81], it is likely that these mutations have
a yet-to-be-determined role in the gliomagenesis and treatment
resistant characteristics of DMG. While genomic sequencing
provides a static snapshot of the cellular environment, these studies
are limited in their ability to interpret the contribution of genetic
features to the biology of patient’s tumor, leaving clinicians with
therapies that offer little hope of efficacy. The cancer proteome,
however, can narrow the gap between genotype and phenotype,
providing a more appropriate platform for studying the kinetics of
drug response, as it accounts for the plasticity and dynamic nature
of cancer cells and, when assessed using tumors treated in vivo, can
help to reveal the important contribution of the TME [82].

Phosphoproteomic and tumor microenvironmental influences
Global assessment of the PTMs that influence the activity of
oncoproteins that ultimately drive gliomagenesis in DMG is now
necessary. Coupled with molecular and pharmacological informa-
tion, assessment of the proteome and posttranslational architec-
ture of DMG reveal the proteomic heterogeneity of DMG in
response to treatment. While some DMG harbor constitutively
activated RAS/MAPK pathways [57], not all cells within the tumor
will show this signal-type. Proteomic heterogeneity is not always a
simple consequence of the heterogeneity of the genome and is
always affected by endogenous factors, including metabolic and
neurological cues, and exogenous stressors such as steroids,
experimental treatments and radiotherapy [57]. The TME itself is a
complex network of cells, organelles and structures such as blood
vessels, neurons, astrocytes, microglia, and oligodendrocytes and
filled with endogenous factors, including catecholamines such as
dopamine, insulin, growth hormones, factors likely to influence
tumor development and progression [57] (Fig. 4).
Interestingly, but perhaps not surprisingly, another microenvir-

onmental influence on DMG tumor progression is neuronal
activity. Electrochemical communications occur between gliomas
and neurons through synapses and drive proliferation, differentia-
tion, and survival (Fig. 4). Neuronal excitability and thus the release
of growth factors promote glioma propagation [74]. A common
characteristic of the TME is the infiltration of immune cells which
influence the behavior of tumor cells. In adult GBMs, infiltrating
immune cells stimulate tumor proliferation and invasion. Tumor-
associated macrophages originate from microglia and/or bone
marrow-derived monocytes to drive cellular migration and
metastasis and release pro-inflammatory cytokines to promote a
glioma stem-like state [83]. However, primary DMG display little
immune cell infiltration when compared to GBM and other low-
grade gliomas (LGG). These findings reveal minimal immune
activation in the DMG TME, the impact of which is currently
unclear [44]. These microenvironmental influences are vital to
tumor development and, when acting in conjunction proteomic
heterogeneity, aids in the natural selection of aggressive tumor

Fig. 3 Clonal evolution, tumor burden and non-genomic con-
tributions to diffuse midline gliomas development and progres-
sion. A Diffuse midline glioma (DMG) tumor burden continually
increases following diagnosis. Similarly, the clonal heterogeneity of
DMG evolves throughout a patient’s disease, potentially influenced
by endogenous and exogeneous factors, including microsatellite
instability, treatment, and steroids. B Representation of tumor
evolution beginning with a single tumor cell harboring a HIST1H3B
mutation, cell outlined in pink. As the tumor grows and diversifies, it
gains new driver and passenger mutations. Driver mutations in this
example include ACVR1 in light blue, TGFBR2 in purple, TP53 in dark
blue, PIK3CA in green, NCOR1 in yellow and BCOR in red. C In addition
to the increased clonal heterogeneity and tumor burden, non-
genomic factors fluctuate throughout disease progression and likely
contribute to growth and survival. The patient’s degree of motor
function, represented by a blue line, is inversely proportional to
tumor burden, whereas corticosteroids anti-inflammatory medica-
tions (dexamethasone), represent by a green line, is relatively
proportional to tumor burden beginning with a sharp increase at
diagnosis, sustained then decreased during radiotherapy, and
adjusted to meet the patient’s symptoms [100]. D Representative
magnetic resonance imaging (MRI) of tumor development and
progression throughout a DMG patient’s journey.
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subclones [72] (Fig. 4). For instance, this can occur by changing the
milieu of certain conditions and/or growth factors following
therapy. The hypoxic microenvironment that remains following
radiotherapy typically favors tumor cells harboring activated
HIF1α, aiding survival and poor outcomes [84].
While these microenvironmental factors likely influence tumor

progression and the effectiveness of treatments, systems-wide
analysis can be used to predict drug efficacy. Indeed, proteomics
has been acknowledged as one of the most effective predictors of
drug cytotoxicity compared to gene copy number, mutations, and
methylation analysis, which provide poor predictors of the
sensitivity of human cancer cell lines to an extensive list of
oncology and non-oncology drugs [85].

Pharmaco-proteogenomics
There are clear benefits to integrating complementary pharma-
cogenomic and pharmacoproteomic research when investigat-
ing new treatment paradigms for patients. Techniques such as
single nucleotide polymorphism (SNP) arrays, whole genome
sequencing (WGS) and RNA-sequencing (RNA-seq) should be
implemented in conjunction with high-throughput quantitative
proteomics [86, 87], validated via high-throughput multiplex

immunohistochemical imaging and TME analysis using limited
tissue from biopsy. This will provide us with a more effective
target prediction platform, and lead to more durable responses
[88].
Large-scale, comprehensive proteogenomic analysis in pediatric

brain cancers has recently been performed using 218 tumors
across 7 histological types with thousands of proteins and
phosphoproteins, correlated with mutations and copy number
variations (CNVs). Of these pediatric CNS tumors, 25 were HGGs,
10 of which were localized to the midline [89]. Proteomic and
phosphoproteomic profiling analyzed by consensus clustering
revealed eight distinct subtypes, used to predict survival out-
comes, proliferation indices and pathway activation, that spanned
histological boundaries. Of the 10 HGG localized to midline
structures, 7 subtyped within the HGG-rich cluster, while 3 were
grouped in LGG BRAFFusion-rich, Ganglioglioma-rich and Ependy-
moma clusters. Kinase enrichment analysis using HGG phospho-
proteomes, revealed an elevated abundance of phosphorylated
substrates of CDK1 and CDK2. CDK2 shared kinase-substrate
association with Minichromosome maintenance complex compo-
nent 2 (MCM2) at Ser 139 and Nucleophosmin (NPM1) at Ser 70,
with MCM2 and NPM1 vital for the regulation of cell proliferation,

Fig. 4 Non-genomic contributions to diffuse midline glioma growth and progression. Diffuse midline gliomas (DMG) are vastly complex
tumors localized in the midline structures of the brain. At diagnosis (primary tumor) DMG harbor numerous driver mutations, (highlighted by
tumor cells of varying color), that contribute to drive the evolution of the cancer. Surrounding cells and structures of the midline of the brain
such as blood vessels, neurons, astrocytes, microglia, and oligodendrocytes contribute to the gliomagenesis of DMG, whether through direct
physical connections or by more indirect mechanisms, such as electrical signals (yellow lightening blots) between glioma and normal cells or
the contribution of growth hormones, NGF, VEGF, TGF-β, and prolactin, or even, endogenous factors, such as hypoxia, dopamine, insulin,
catecholamines. The extracellular cues drive posttranslational modifications (PTMs) that influence the activity of oncoproteins that contribute
to the aggressive nature of the disease. It is likely that exogenous factors, such as radiotherapy (radioactive symbol) and corticosteroids
(dexamethasone), also contribute to the disease, the impact on tumor growth and treatment resistance yet to be fully understood. The diffuse
and infiltrative growth of this cancer also leads to dissemination throughout the brain. Disseminated subclones, however, can differ in
genomic and proteomic characteristics to that of the primary tumor, influenced by clonal selection supported by non-genomic factors from
each different region of the brain, and lead to distinct survival and proliferative advantages, highlighting the challenge we face in developing
treatment strategies that will lead to long-term survival for patients diagnosed with DMG.
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suggesting CDK2 plays a dominant role in promoting DMG cell
proliferation, and hence a target of worthy pursuit. An indepen-
dent signaling node in HGG was the Calcium/calmodulin
dependent protein kinase II alpha (CAMK2A) also shown to be
the most abundant protein in gangliogliomas; but in HGG a higher
correlation between kinase activity and protein abundance was
evident [89], highlighting the importance of simultaneous analysis
of the transcriptome/proteome and the phosphoproteome.
CAMK2A in association with Gap junction protein alpha 1 (GJA1)
phosphorylated at Ser 325 and Ser 314, plays an important role in
metastatic invasion, promoting gap junction assembly between
glioma cells and surrounding astrocytes [90] as well as increasing
synaptic transmission through the phosphorylation of Synapsin-1
(SYN1) at Ser 605 by CAMK2A [89]. Given the limited number of
DMG samples profiled in this study, it is currently unknown
whether these two mutually exclusive HGG proliferation (CKD2-
MCM2-NPM1) and invasion (CAMK2A-GJA1-SYN1) oncogenic
signaling pathways are associated with specific DMG H3-subtypes,
highlighting the necessity for similar studies assessing the
phospho-proteogenomic characteristics of DMG, studies that are
ongoing in our laboratory. Nevertheless, the observation that the
phosphorylation status of these pathways dictates their oncogenic
function, which remains invisible to genomic approaches, high-
lights the importance of a systems-wide view to aid in the
development of effective treatment strategies for DMG patients.
Importantly, not only can pharmaco-proteogenomics offer a

functional molecular readout of the potential of therapeutic targets
but can also be used to refine molecular subtypes based on drug
response. Quantitative proteomics coupled with RNA sequencing led
to the development of a distinct binary classification system for
Isocitrate dehydrogenase 1/2 (IDH) wildtype GBM. These tumors were
clustered based on elevated protein expression of either FKBP9 (Prolyl
isomerase 9), or PHGDH (Phosphoglycerate dehydrogenase) and
RFTN2 (Raftlin family member 2) [91]. Tumors with high expression of
FKBP9 correlated with poorer prognosis IDH wildtype GBMs, while
high expression of PHGDH and RFTN2 provided a more favorable
prognosis. Integration of these proteomic subtypes with pharmaco-
logical profiles using matched patient-derived GBM cells showed
mTORC1/2 inhibition (AZD2014) as an efficient strategy for patients
harboring poor prognostic biomarkers. This highlights the power of
pharmaco-proteogenomics to uncover treatment targets that guide
therapeutic interventions that could possibly be used to provide more
of a functional readout than simply subtyping DMG based on H3 K27-
alterations [8].
Naturally, there are challenges associated with employing ‘multi-

omics’ techniques in DMG. Genomics is challenged by poor drug
responses, defining candidate genes, reproducibility, statistical
analysis and the requirement to interrogate large datasets of
polymorphisms in large numbers of patients [87], while proteomics
is challenged by the need for large amounts of starting material,
which is almost impossible to obtain at biopsy, complex protocols
and study design, with clinical sites needing appropriate infrastruc-
ture, expertise and robust analytical tools to ensure successful
execution [88].
It is now a key challenge to try and integrate CNS pharmacokinetics

into chemotherapeutics and pharmaco-proteogenomics to design
regimens that will benefit patients. Treatments based solely on
genomic prediction are limited due to the posttranscriptional and
posttranslational architecture of DMG, which are yet to be fully
elucidated. Genomics has become an essential element of sophisti-
cated clinical trials [29] with genome data from tumor biopsies and/or
blood plasma being used to assign the tumor to a molecular subtype
and to detect genetically-distinct tumor subclones. Despite this,
genomic data alone does not always provide the required insights
into a patient prognosis or treatment options that deliver improved
patient outcomes. Coupling phosphoproteomic approaches with in-
depth genomic analyses will help to identify recurrent genetic
alterations and their associated protein-controlled functional

outcomes, the therapeutic potential of which can be furthered by
the integration of pharmacological studies to accelerate novel clinical
trials with biomarkers of prognostic and predictive value. In summary,
sophisticated imaging and nuclear medicine should guide resection
of multiple biopsy samples from representative regions of the tumor
to help overcome regional clonal heterogeneity which will aid in the
prediction of beneficial therapies, particularly when genomics is
coupled with proteomics which will additionally aid in the assessment
of regional contributions of the TME and immune system.

CONCLUSION
Despite extensive developments in novel targeted therapies and
precision medicines, the prognosis and outcomes of patients
diagnosed with DMG remain unacceptably poor. The recent 5th
Edition of the WHO Classification of Tumors of the CNS, subtypes
DMG based on H3 K27-alterations and facilitates the categoriza-
tion of patients according to distinct clinicopathological and
molecular features. It is important to note that the hallmark H3-
alterations that give rise to DMG are somewhat unique to these
tumors; therefore, novel modalities targeting these alterations
herald our greatest chance to improve treatment. However,
long-term successful outcomes will require treatments that take
into appreciation the yet-to-be-characterized proteomic hetero-
geneity of DMG, including the assessment of the posttransla-
tional architecture. Furthermore, future studies focused on
regional contributions to tumor growth and survival are also
needed as are studies to determine the mechanisms that
influence immune system avoidance. Until genomics-based
treatment target identification is integrated with pharmacoge-
nomics and pharmacoproteomics research, the success of trials
will remain low, with little hope of patients achieving long-term
survival. Coupled evaluation of the DMG genome with the
respective proteome, will enhance treatment selection/devel-
opment, refine the evaluation of patient prognosis, and lead to
the development, we hope, of approaches that improve
outcomes for those diagnosed with the most aggressive, and
poorly survived pediatric cancer.
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