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in their clinical behavior. We designated these subtypes 
‘pedGBM_MYCN’ (enriched for MYCN amplification), 
‘pedGBM_RTK1’ (enriched for PDGFRA amplification) 
and ‘pedGBM_RTK2’ (enriched for EGFR amplifica-
tion). These molecular subtypes were associated with sig-
nificantly different outcomes, i.e. pedGBM_RTK2 tumors 
show a significantly longer survival time (median OS 
44  months), pedGBM_MYCN display extremely poor 
outcomes (median OS 14  months), and pedGBM_RTK1 
tumors harbor an intermediate prognosis. In addition, the 
various molecular subtypes of H3-/IDH-wt pedGBM were 
clearly distinguishable from their adult counterparts, under-
lining their biological distinctiveness. In conclusion, our 
study demonstrates significant molecular heterogeneity of 
H3-/IDH-wt pedGBM in terms of DNA methylation and 

Abstract  Pediatric glioblastoma (pedGBM) is an 
extremely aggressive pediatric brain tumor, accounting 
for  ~6% of all central nervous system neoplasms in chil-
dren. Approximately half of pedGBM harbor recurrent 
somatic mutations in histone 3 variants or, infrequently, 
IDH1/2. The remaining subset of pedGBM is highly heter-
ogeneous, and displays a variety of genomic and epigenetic 
features. In the current study, we aimed to further stratify 
an H3-/IDH-wild type (wt) pedGBM cohort assessed 
through genome-wide molecular profiling. As a result, we 
identified three molecular subtypes of these tumors, differ-
ing in their genomic and epigenetic signatures as well as 
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cytogenetic alterations. The recognition of three molecu-
lar subtypes of H3-/IDH-wt pedGBM further revealed 
close correlations with biological parameters and clinical 
outcomes and may therefore, be predictive of response to 
standard treatment protocols, but could also be useful for 
stratification for novel, molecularly based therapies.

Keywords  Glioblastoma · Pediatric · Brain tumor · 
Methylation · Prognostic · Subgroup · Survival · MYCN · 
PDGFRA · EGFR · RTK

Introduction

Pediatric glioblastoma (pedGBM) accounts for ~6% of all 
brain tumors in children aged 0–18 years (or ~15% when 
considering all high-grade gliomas together) [17, 19]. 
These aggressive malignancies remain incurable with cur-
rent treatment strategies, which are similar to those applied 
for treatment of adult GBM and typically consist of surgi-
cal tumor removal followed by radiotherapy in combination 
with concurrent and maintenance temozolomide (TMZ) [6, 
7]. Recently, however, it has become apparent that child-
hood and adult GBM represent molecularly distinct enti-
ties with differing biological backgrounds which, in turn, 
require different treatment strategies [11, 18, 21, 27]. 
Moreover, molecular studies conducted over the past few 
years have transformed our understanding of the extensive 
heterogeneity of pedGBM, with distinct subgroups corre-
lating with specific genetic and epigenetic alterations and 
clinical patterns [4, 5, 10, 16, 27, 29].

Approximately, half of pedGBM harbor recurrent 
somatic mutations in H3F3A (encoding the histone vari-
ant H3.3) or H3.1/H3.2-encoding genes (HIST1H3B, 
HIST1H3C, HIST2H3C). In addition, IDH1 and IDH2 
mutations, which are frequent in adult gliomas, are found 
in a handful of their pediatric counterparts [4, 5, 8, 26, 
30, 33, 34]. The remaining pedGBM, lacking H3 or IDH 
mutations, can thus be termed H3-/IDH-wild type (wt) 
tumors. It is clear that this remaining subset of pedGBM is 
also heterogeneous, and includes molecularly distinct sub-
groups with a variety of genomic and epigenetic profiles, 
and perhaps, different clinical behavior. As an example, 
we recently identified a set of H3-/IDH-wt tumors origi-
nally diagnosed as “GBM” upon histological evaluation, 
but which disclosed the molecular signatures and more 
favorable clinical course of either pleomorphic xanthoas-
trocytomas (PXA) or low-grade gliomas (LGG) [16]. In 
the current study, we aimed to further stratify H3-/IDH-
wt pedGBM through genome-wide molecular profiling, a 
strategy which has recently proved fruitful in other pedi-
atric brain tumors, such as medulloblastoma [9], epend-
ymoma [20], and tumors previously grouped under the term 

‘CNS-PNET’ [28]. As a result, we identified three molecu-
lar subtypes of these tumors, differing in their genomic and 
epigenetic signatures, as well as in their associated clinical 
characteristics.

Materials and methods

Patient population

Tissue samples (77 formalin-fixed paraffin-embedded 
(FFPE), 10 frozen) were obtained from 87 pediatric patients 
(age 2–18 years; only two cases <3 years) with a histologi-
cal diagnosis of “glioblastoma, WHO grade IV” and meth-
ylome signatures corresponding to the molecular diagnosis 
“glioblastoma”. Tumors with a histological appearance of 
pedGBM but clearly displaying molecular signatures of 
other tumor types, e.g. PXA or LGG, were excluded [10]. 
Thirty-nine of the 87 cases were previously reported [16]. 
Histological diagnosis was based on the current WHO cri-
teria for GBM—an astrocytic glioma with brisk mitotic 
activity, microvascular proliferation and/or necrosis [17]. 
Details of the cohort are given in Supplementary Table 1. 
All tumors were considered H3-/IDH-wt pedGBM because 
they showed no mutations of genes encoding histone 3 
variants (H3F3A, HIST1H3A, HIST1H3B, HIST1H3C, 
HIST2H3C) or IDH1, which were screened by direct 
sequencing. The majority of samples were collected from 
the NN Burdenko Neurosurgical Institute in Moscow, and 
the H3-/IDH-wt samples represented about one third of all 
pediatric cases histologically diagnosed as high-grade gli-
oma during the period of collection.

Molecular analysis

DNA was extracted from tumors and analyzed for genome-
wide DNA methylation patterns using the Illumina 
HumanMethylation450 BeadChip (450  k) array. Process-
ing of DNA methylation data was performed with custom 
approaches as previously described [9, 29], and copy num-
ber profiles were generated using the ‘conumee’ package 
for R (https://www.bioconductor.org/packages/release/
bioc/html/conumee.html). Clustering was performed using 
the beta values of the 10,000 most variably methylated 
probes as measured by standard deviation. Samples were 
clustered using Pearson correlation coefficient as the dis-
tance measure and average linkage (x-axis). Methylation 
probes were reordered by hierarchical clustering using 
Euclidean distance and average linkage (y-axis). Addi-
tional analysis of tumor subgroups was performed using a 
t-distributed stochastic neighbor embedding (t-SNE)-based 
approach [31]. None of the samples showed any signatures 
resembling H3 or IDH mutant groups, further supporting 
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that they are wildtype for these genes and not harbor-
ing mutations at allele frequencies below the detection of 
Sanger sequencing.

Gene expression data for selected genes from the Affy-
metrix Human Genome U133 Plus2.0 array were collated 
from previously published sources [3, 29, 32].

To evaluate the methylation status of the MGMT pro-
moter region, we used the MGMT_STP27 logistic regres-
sion model [2]. In addition, mutational analysis for TP53 
gene and the TERT promoter region was performed using 
targeted Sanger sequencing. FISH analyses with com-
mercially available probes to human oncogenes for con-
firmation of selected copy number aberrations (CNAs), as 
well as immunohistochemical analysis for ATRX protein 
expression, were performed as previously described [15, 
25]. Scoring of amplifications for PDGFRA, EGFR and 
MYCN was consistent between FISH and array-based anal-
ysis for all cases.

Statistics

The distribution of overall survival (OS) was calculated 
according to the Kaplan–Meier method. OS was calculated 
from the date of diagnosis until death of patient from dis-
ease or last contact for patients who were still alive. Cox 
proportional hazards regression models were used to esti-
mate hazard ratios, which are provided with 95% confi-
dence intervals and a p value from the Wald test. Tests with 
a p value below 0.05 were considered significant. The mul-
tivariate analysis considered all variables showing signifi-
cance on a univariate level.

Results

Hierarchical clustering of genome-wide DNA methylation 
data from 87 H3-/IDH-wt tumors (excluding those with 
PXA- or LGG-like patterns) showed three clearly demar-
cated clusters (Fig. 1a). These clusters were robustly repro-
ducible when using various numbers of differentially meth-
ylated CpG sites (5000 or 2500; not shown). This grouping 
was also supported by multiple additional analysis using 
t-SNE (Fig.  1b). Although additional epigenetic sub-clus-
ters could potentially be inferred from the clustering data, 
combined assessment of clustering and t-SNE supported 
three major subtypes, as described below.

Tumors within these three clusters disclosed significant 
differences in their cytogenetic profiles (Fig.  1a; Table  1) 
and we thus designated these pedGBM subtypes further 
according to an enrichment for specific oncogene amplifi-
cations (representative copy number plots shown in Fig. 2). 
The largest pedGBM subtype, termed ‘pedGBM_MYCN’ 
(n = 36), disclosed a high frequency of MYCN amplification 

(50%; p < 0.0001; Fisher’s exact test), often together with 
co-amplification of the nearby ID2 gene on 2p (seen in 12/18 
MYCN amplified tumors, 66%). Three further tumors with-
out MYCN amplification displayed an amplification of MYC 
on Chr8q. Other recurrent amplifications in this subgroup 
included CDK4/6 (22%). The second largest subtype, desig-
nated as ‘pedGBM_RTK1’ (n = 33), showed an enrichment 
for PDGFRA amplification (33%; p < 0.005; Fisher’s exact 
test), whereas other high-level CNAs were rarer. The third, 
comparably smaller tumor subtype (n = 18) was designated 
‘pedGBM_RTK2’, and showed frequent amplification of 
EGFR (50%; p  <  0.0001; Fisher’s exact test). This group 
also displayed some other CNAs that are prototypic of adult 
GBM, most notably CDKN2A/B homozygous deletions 
(72%), and also losses involving Chr10q (50%) and gain of 
chromosome 7 (28%). Examination of gene expression data 
for a subset of independent cases with discernible subgroup 
affiliation confirmed high expression of EGFR, PDGFRA 
and MYCN in the respective subgroups (as well as partially 
across subgroups), including samples without an obvious 
amplification event (Supplementary Fig.  2), supporting a 
wider oncogenic role for these candidates.

Subtype-specific differences of H3-/IDH-wt pedGBM 
were also supported by integration of additional molecular 
data. In contrast to IDH- and H3-mutant pedGBM, ATRX 
alterations (as measured by loss of immunopositivity) were 
found in only 7% of these tumors. In contrast, TP53 muta-
tions were common (56% of the total samples analyzed), but 
displayed differences in subtype-specific frequency—being 
most frequent in pedGBM_MYCN tumors (67%) but rarer 
in the PDGFRA and EGFR groups (48 and 50%, respec-
tively). Hotspot mutations in the TERT promoter, previously 
described as a rare event in pediatric GBM as a whole [14], 
were also assessed. Interestingly, while no pedGBM_RTK1 
samples displayed this alteration and a relatively low propor-
tion of pedGBM_MYCN tumors carried a mutation (26%), 
it was a highly recurrent event in the pedGBM_RTK2 sub-
group (64%; approaching the rate observed in adult GBM 
[13]). MGMT promoter methylation was found in only 10/87 
H3-/IDH-wt pedGBM (11%), and also displayed variabil-
ity amongst the molecular subtypes, being found in 18% of 
pedGBM_RTK1 cases but only occasionally in the MYCN 
and pedGBM_RTK2 groups (11 and 0%, respectively). Pair-
wise comparisons showed no significant differences in the 
age distribution of each subtype (not shown).

To compare the biological nature of our newly outlined 
H3-/IDH-wt pedGBM subtypes with adult GBM also lack-
ing these hotspot mutations, we additionally performed a 
combined unsupervised clustering and t-SNE analysis with 
a cohort of H3-/IDH-wt adult GBM (adGBM, n = 75) dis-
playing previously described molecular signatures (RTKI, 
RTKII and Mesenchymal) [27, 29]. The pedGBM and 
adGBM samples clustered separately, and the pedGBM 
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molecular subtypes remained apparent in this larger 
extended analysis (Fig.  3 and Supplementary Fig.  1). We 
therefore, did not observe any close relationship between the 
molecular subtypes of H3-/IDH-wt adGBM and pedGBM. 
Furthermore, comparison with MYC/MYCN associated 
medulloblastoma (Group 3 and Group 4, respectively) and 
other malignant pediatric brain tumors such as the four new 
entities previously subsumed under ‘CNS-PNET’ [28] con-
firmed the distinct nature of the GBM subgroups (Supple-
mentary Fig.  3). The MYCN tumors with GBM histology 
were, however, similar to a group of MYCN tumors with 
more PNET-like histology [28], suggesting that this is one 
biological group with varying histological features.

Correlation of pedGBM subtypes and other clinical and/
or molecular parameters with patient outcomes revealed 
additional notable associations. The three subtypes showed 
specific patterns of tumor location in the CNS; 14 and 18% 
of pedGBM_MYCN and pedGBM_RTK1 tumors, respec-
tively, were located infratentorially (pedGBM_MYCN all 

in the brain stem; pedGBM_RTK1—three brain stem and 
three cerebellar tumors) whereas only 1/18 pedRTK2 tumor 
(6%) was located in the cerebellum. No tumors displayed 
neuroradiological patterns of tumor dissemination at initial 
presentation, although a subset presented with dissemi-
nated relapsed disease. Treatment details were available for 
80/87 patients (92%), with most (n =  75) being managed 
in the Burdenko Neurosurgical Institute (Moscow; Russia) 
between 2000 and 2014. All these patients were treated on 
standard therapeutic protocols according to the histopatho-
logical diagnosis “glioblastoma, WHO grade IV” including 
surgery (gross total or subtotal tumor resection) followed 
by radiotherapy (limited field fractionated external beam 
radiotherapy with a dose 54–59.4 Gy on the tumor bed) and 
adjuvant chemotherapy with TMZ. Follow-up data were 
available for 74 patients, demonstrating that 62% of patients 
died within the follow-up period (median overall survival 
(OS) of 22  months). Tumors from the pedGBM_RTK2 
group were associated with a significantly longer overall 
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survival time (median OS 44  months); pedGBM_MYCN 
tumors displayed extremely poor outcomes (median OS 
14  months), and pedGBM_RTK1 tumors were associated 
with an intermediate prognosis (median OS 21  months; 
survival differences are statistically significant; log rank 
test, p < 0.0001; Fig. 4). In contrast, there was no survival 
difference when only comparing tumors with or without 
PDGFRA or EGFR amplification (p = 0.265 and p = 0.136, 
respectively). The presence of a MYCN amplification is a 
poor prognostic marker, but does not show as significant 
a difference in survival curves as the three-group structure 
(p = 0.003). Univariate OS analysis for various clinical and 
molecular parameters across the cohort revealed that pres-
ence of homozygous CDKN2A/B deletion was also signifi-
cantly associated with poor outcome, whereas other param-
eters were not. Multivariate analysis identified molecular 
tumor subtype as the only independent significant prog-
nostic marker for clinical outcome across the H3-/IDH-wt 
pedGBM cohort (p  <  0.0001), highlighting the prognostic 
impact of our proposed molecular subtypes in comparison 
with other variables (Table 2).

Discussion

Changing the current paradigm of pediatric high-grade 
glioma treatment will require a better understanding of the 
key molecular mechanisms driving these lethal neoplasms. 

Given that pedGBMs are clinically and biologically hetero-
geneous, with distinct subtypes driven by various molecular 
events, any attempts at improving therapy will require patient 
stratification based upon molecular hallmarks. In contrast to 
well-established subgroups with known driving events such 
as H3 mutation, which have recently become a major focus 
of international research efforts, the remaining H3-/IDH1-wt 
tumors have not yet received the same attention.

Applying an integrated approach using genome-wide 
DNA methylation profiling and other targeted methods 
for mutation detection and verification of copy number 
changes, we delineated three biological subtypes of H3-/
IDH1-wt pedGBM based on their global DNA methyla-
tion patterns. The absence of any clear overlap with their 
adult counterparts suggests a marked age-related differ-
ence between not just histone-mutant, but also H3-/IDH-wt 
adult and pediatric GBM subgroups. The spectra of GBM 
in these different age groups, therefore, truly appear to be 
rather ‘distant cousins’ than ‘close relatives’ [11]. Further 
evaluation of features such as gene expression patterns and 
mutational spectrum is now warranted to verify the true 
extent of this separation and the distinct nosologic classes 
within the wide-spectrum of GBM. A distinct origin of 
pedGBM is also further suggested by the low-frequency 
of MGMT promoter methylation across all H3-/IDH-wt 
pedGBM subtypes, implying a likely low efficacy of TMZ-
based therapy (or other alkylating agents) and thus a need 
for alternative treatment strategies.

Table 1   Clinical and molecular variables in a set of 87 H3-/IDH-wt pediatric GBM

Bold text highlights the most prominent oncogene amplification in each subgroup, with a statistically significant enrichment in the respective 
group (p < 0.01, Fisher’s exact test)

* Percentages based on 72 tumors with available data

pedGBM_MYCN (n = 36) pedGBM_RTK1 (n = 33) pedGBM_RTK2 (n = 18)

Median age (years) 8 11 10

Age range (years) 2–18 2–18 3–16

Gender male/female 56/44% 48/52% 61/39%

Supra- vs. infratentorial 86/14% 82/18% 94/6%

Median OS 14 months 21 months 44 months

TP53 mutation* 67% 48% 50%

ATRX loss* 3% 15% 0

TERT promoter mut* 26% 0 64%

Any amplification 86% 42% 67%

MYCN 50% 6% 6%

PDGFRA 6% 33% 6%

EGFR 25% 0 50%

CDK4/6 22% 9% 17%

9p homozygous del. 6% 27% 72%

7 gain 47% 12% 28%

10q loss 42% 12% 50%

MGMT methylation 11% 18% 0
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Fig. 2   Cytogenetic patterns of H3-/IDH-wt pediatric GBM. Amplifications (arrows) of MYCN/ID2 (a), PDGFRA (b), and EGFR (c) were 
detected by 450 k analysis as prototypic aberrations for each of three tumor variants

a

b

c
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Our study revealed pedGBM_MYCN tumors as the most 
biologically aggressive molecular subtype of H3-/IDH-wt 
pedGBM, with an average OS comparable with that of the 
extremely unfavorable K27-mutant diffuse midline high-
grade gliomas [12, 16, 29]. This “MYCN group” has previ-
ously been identified as a distinct molecular variant of dif-
fuse intrinsic pontine glioma (DIPG) [4]. Here, we find that 
many of these tumors are located outside of the brainstem. 
These tumors disclosed recurrent high-level amplifications 

of the MYCN oncogene, frequently co-amplified with 
the nearby ID2, and recurrent cooperating TP53 muta-
tion. In addition, a tangible proportion of tumors diag-
nosed as “CNS-PNET” were recently found to share the 
same pedGBM_MYCN epigenetic signature as described 
here [28], making a broader biologically defined group of 
supratentorial tumors with GBM and/or PNET-like histopa-
thology (Supplementary Fig. 3). The molecular background 
of their biological aggressiveness is still unclear, although 
most display various oncogene amplifications. Targeted 
therapy matched to the particular genetic aberrations may 
therefore, represent an alternative to standard TMZ-based 
protocols in pedGBM_MYCN tumors [18]. For example, 
patients from this pedGBM subgroup with MYCN amplifi-
cation may benefit from therapies targeting MYCN, such as 
indirect inhibition of MYCN by BRD4 inhibitors [24].

The pedGBM_RTK1 subgroup was characterized by 
a high frequency of PDGFRA amplifications and scarcity 
of other typical GBM-associated cytogenetic aberrations. 
These tumors occupy an intermediate prognostic niche. 
PDGFRA amplification has previously been identified as 
a frequent feature of pedGBM/DIPG, and was recently 
characterized by GEP analysis as being associated with a 
“proneuronal” expression pattern [21, 22], which in DIPG 
was associated with resistance to therapy and dismal prog-
nosis [22, 23]. It is interesting to note that H3 K27-mutant 
diffuse midline gliomas also show a high frequency of 
PDGFRA amplification and an enrichment of genes from 
the “proneuronal” expression signature [27, 29]. PDGFRA 
amplification may represent an attractive treatment target 
given the availability of several inhibitors acting against 
this receptor tyrosine kinase [1]. Although there have not 
yet been convincing reports of efficacy of these drugs in 
high-grade glioma, it could be proposed that stratification 
based on true genetic PDGFRA alteration (and possibly 
excluding K27-mutant tumors) may provide a rationale for 
further attempts at such targeted therapy.

The third molecular subgroup, pedGBM_RTK2, dis-
closed a cytogenetic similarity to adult GBM, but unex-
pectedly showed relatively favorable outcomes—5-year OS 
was close to 50%, and over 80% of patients survived more 
than 2  years. Consistent with this, the epigenetic profile 
of pedGBM_RTK2 was clearly different from all known 
adGBM variants, stressing their biological distinctiveness 
and a necessity of further molecular clarification in future 
studies. In particular, the relatively favorable outcomes may 
suggest responsiveness of pedGBM_RTK2 to the standard 
treatment protocols applied, although MGMT methylation 
(a marker for response to TMZ in adult GBM) was absent 
in this group. On the other hand, targeted use of RTK/
MAPK inhibitors as an alternative or in addition to TMZ-
based therapy may be a logical option for this pedGBM 
subtype.
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In conclusion, this study demonstrates the significant 
molecular heterogeneity of H3-/IDH-wt pedGBM on a 
global DNA methylation level and in terms of cytoge-
netic aberrations. Whilst the true extent of this hetero-
geneity will likely continue to evolve with increasing 
cohort sizes and improved understanding (i.e. further rare 
subsets), our delineation of three molecular subtypes of 
H3-/IDH-wt pedGBM revealed correlations with clinical 
outcomes, which may be predictive of response to stand-
ard treatment protocols and could provide a rationale for 
molecularly informed therapeutic strategies. Practical and 
reliable prognostication of pedGBM through global DNA 
methylation assessment will be essential for rational 
stratification in future clinical trials for these aggressive, 
treatment-resistant tumors.
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