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Abstract
Purpose Pediatric high-grade gliomas (pHGGs) constitute al-
most 15% of all childhood brain tumors. Recurrent mutations
such as H3K27M mutation in H3F3A and HIST1H3B genes
encoding histone H3 and its variants were identified in ap-
proximately 30% of pediatric glioblastomas. This study aimed
to ascertain the morphological and molecular characteristics
of pHGGs with H3K27M mutation.
Methods In total, 61 cases of pHGGs (anaplastic astrocytoma,
12; glioblastomas, 49) from four university hospitals were
studied. The histomorphological features were examined and
immunohistochemistry was performed to evaluate the muta-
tion status of H3K27M, ATRX, IDH1, BRAF V600E, and
p53 genes.
Results The study comprised 25 females and 36 males (age
range, 1–18 years) with a clinical follow-up of up to
108 months. From the total, 31 patients were positive for
H3K27M mutation located in the midline, mostly in the pons
and thalamus. H3K27M mutation was commonly associated
with ATRX loss (32.3%) and p53 (74.2%) immunoreactivity
with a co-expression rate of 25.8%.While IDH1mutation was

not detected in pHGGs with H3K27M mutation,
BRAFV600E mutation was rarely observed. Among the var-
ious histomorphological features, increased number of mito-
sis, increased Ki-67 proliferation index, and palisading and
geographical necrosis along with small cell patterns were sig-
nificantly associated with the H3K27M wild-type tumors.
Focal infarct-like necrosis and pilomyxoid morphology was
significantly associated with these tumors.
Conclusion H3K27Mmutation occurs exclusively in pHGGs
arising from the midline and presents with varied
histomorphological features ranging from low-grade
pilomyxoid astrocytoma to highly pleomorphic glioblastoma
along with ATRX loss and p53 mutations.
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Introduction

Pediatric high-grade gliomas (pHGGs), including anaplastic
astrocytoma (AA), diffuse intrinsic pontine glioma (DIPG),
and glioblastoma (GBM), constitute almost 15% of all child-
hood tumors in the central nervous system (CNS) [1]. pHGGs
are highly aggressive tumors that have led to an increase in
childhood cancer mortality with no effective treatments avail-
able. Despite the similarities in the histopathology of these
childhood and adult tumors, differences in behavior have been
observed between the pediatric and adult patients.
Furthermore, in spite of the poor prognosis of pediatric glio-
blastoma, the survival of pediatric patients is longer than that
of the adults [2]. Integrated molecular genetic profiling
showed significant differences in copy number alterations be-
tween childhood and adult GBM like PDGFRA amplification
[3]. Recently, with the aid of genomic sequencing studies,
recurrent mutations in H3F3A and HIST1H3B genes

* Süheyla Uyar Bozkurt
subozkurt@gmail.com;suheyla@marmara.edu.tr

1 Department of Pathology, Marmara University Training and
Research Hospital, Fevzi Cakmak Mah. Mimar Sinan Cad. No: 41
Ust Kaynarca Pendik, Istanbul, Turkey

2 Department of Neurosurgery, Marmara University, Istanbul, Turkey
3 Department of Neurosurgery, Acibadem University, Istanbul, Turkey
4 Department of Pathology, Cerrahpasa Faculty, Istanbul University,

Istanbul, Turkey
5 Department of Pathology, Ondokuzmayis University,

Samsun, Turkey

Childs Nerv Syst (2018) 34:107–116
https://doi.org/10.1007/s00381-017-3633-5

mailto:subozkurt@gmail.com
mailto:suheyla@marmara.edu.tr
http://crossmark.crossref.org/dialog/?doi=10.1007/s00381-017-3633-5&domain=pdf


encoding histone H3 and variants were identified in approxi-
mately 30% of pediatric GBMs [4, 5] and 78% of DIPG [6].
Mutations in the H3F3A gene were detected at two positions:
the lysine residue is replaced by methionine at position 27
(H3K27M mutation) and the glycine residue is replaced by
arginine or valine at position 34 (H3G34R/V mutation) [4–7].
These mutations play a role in gliomagenesis by altering or
interfering with the post translational modification sites for
histones, which have a significant function in the regulation
of gene expression [8]. Understanding the role of histone mu-
tations in the pathogenesis of gliomas has highlighted the
development of targeted therapies. Recently, reduced tumor
cell viability and extended survival of mice with K27M mu-
tant glioma xenografts were demonstrated via the inhibition of
histone H3K27 demethylase by GSKJ4 [9]. In future, it is
important to determine the occurrence of H3K27M mutations
during treatment planning in high-grade glioma patients.
Genomic studies in pHGGs have demonstrated additional mu-
tations in H3K27 mutant gliomas, which include p53 and
ATRX mutations [4, 7, 10], ACVR1 mutation, and receptor
tyrosine kinase/RAS/PI3K mutations like PDGFR amplifica-
tion and amplifications in cell cycle genes, such as CDK4/6
and CCND1 [11].

While H3K27M mutations have been reported in gliomas
arising from midline locations, H3G34R/V mutations have
been found in gliomas arising from the cerebral hemispheres
[5–8, 12, 13]. Although H3K27M mutations in glial tumors
were detected via sequencing-based studies, in recent years, it
is possible to ascertain these tumors by immunohistochemical
staining for anti-H3K27M antibodies with 100% sensitivity
and specificity [14, 15].

The morphology of H3K27M mutant gliomas is varied;
even in the absence of the histological features of high-grade
glioma they are accepted as WHO grade IV [16]. Only a
limited number of studies have evaluated the morphologic
features of H3K27M-mutated gliomas [13, 17, 18]. One study
reported a broad morphological spectrum in a sample involv-
ing all age groups [13]. In another study, a distinct
histomorphology was reported among the molecular subtypes
of glioblastoma in young patients under 30 years of age [17].
In the present study, we investigated the histomorphological
features of HGGs focusing on the detection of the
histomorphological characteristics and associated molecular
alterations of H3K27M-mutated cases in pediatric patients.

Methods

In this retrospective study, 61 cases diagnosed as AA (n = 12)
and GBM (n = 49) were examined. Formalin-fixed paraffin-
embedded (FFPE) tumor tissues of patients who underwent
stereotaxic biopsy (n = 10) or surgery (n = 51) were retrieved
from the archives of the pathology laboratories of four

university hospitals. Hematoxylin and eosin (H&E) stained
original and newly cut sections were reviewed and the cases
were classified according to the WHO classification of CNS
tumors [16]. To evaluate tumor heterogeneity, each tumor was
examined with at least two H&E sections at different levels.
The study was approved by the ethics committees of the
Marmara University (Protocol # 09.2016.598).

Immunohistochemistry

FFPE tissue sections (4 μm thick) were dried overnight at
37 °C and loaded onto a Ventana Benchmark Ultra
Immunostainer (Roche Ventana Benchmark Ultra,
Germany). The following primary antibodies were used for
the immunohistochemical analyses: H3K27M mutant protein
(1:200, #ABE419, Millipore, Billerica, MA, USA); BRAF
V600E mutant protein (1:100, Clone VE1, #E19294, Spring
Bioscience, Pleasanton, CA, USA); IDH1 R132Hmutant pro-
tein (1:100, #H09, Dianova, Hamburg, Germany); ATRX
(1:300, #sc-55,584, Santa Cruz Biotechnology, Texas,
U.S.A.); Ki67 (1:100, MIB1, #M7240, Dako, Agilent
Technologies, Glostrup, Denmark); and p53 (1:100, D-7,
#MS-186-RQ Thermo Scientific, Fremont, USA). The posi-
tive controls included melanoma for BRAF V600E (known
BRAF V600E mutation positive case), diffuse astrocytoma
for IDH1 (known IDH1 mutation positive case), normal brain
for ATRX, colon carcinoma for p53, and normal tonsil for
ki67 according to manufacturer’s instructions. Negative con-
trols were used without application of the primary antibodies.

Evaluation of histomorphology

Histological features such as necrosis (palisading/geographical/
ischemia-like focal), vascular endothelial cell proliferation, and
microcalcification were considered as positive if observed in
the tissues. The presence of mitosis was counted in 10 high
power fields (hpf). Furthermore, the tissues were considered
as positive for nuclear pleomorphism, epithelioid and small cell
morphology, primitive neuroectodermal tumor (PNET)-like
and microcystic areas, gemistocytic appearance with
perivascular arrangement of the tumor cells when these charac-
teristics were observed in more than 10% of the tumor area.
Piloid and myxoid morphology, multinucleated giant cells and
oligodendroglioma-like morphology were graded as 0 if absent
or present in less than 10% of the tumor area, +1 when present
in 10–30% of the tumor area, and +2when present in more than
30% of the tumor area (Fig. 1a–c, e, h, i, k, l).

Evaluation of immunohistochemistry

Immunostaining for H3K27M was evaluated according to the
nuclear staining of the tumor cells. The presence of nuclear
staining for H3K27Mmutant protein in the tumor cells but not
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in the endothelial cells or normal brain was considered as
evidence of mutation [14, 15]. Due to the difficulty in
distinguishing non-specific cytoplasmic immunoreactivity in
microglial/inflammatory cells, and necrosis, tumors that did
not contain these areas were selected for evaluation by

immunostaining. For ATRX, complete loss of nuclear staining
in tumor cells with retained expression in the non-tumor cells
was considered as loss of nuclear protein expression. For both
IDH1 and BRAF V600E, diffuse cytoplasmic immunoreac-
tivity was considered as evidence of mutation [19, 20]. p53

Fig. 1 Morphological and immunohistochemical features of pHGGs. a
Geographical necrosis (arrows) (H&E, ×200). b Palisading necrosis
(arrows) (H&E, ×200). c VEP (H&E, ×200). d–f H3K27M-mutated
glioma with multinucleated giant cells. d Immunohistochemical
expression of H3K27M mutant protein in tumor cells (arrows indicate
endothelial cells) (H3K27M, ×400). e Pleomorphic and multinucleated
tumor cells (arrows) (H&E, ×400). f Loss of immunohistochemical
expression of ATRX in tumor cells (arrows indicate endothelial cells)
(ATRX, ×400). g–h H3K27M-mutated glioma with pilocytic like mor-
phology g Immunohistochemical expression of H3K27M mutant protein
in tumor cells (arrows indicate endothelial cells) (H3K27M, ×400). h
Pilocytic morphology and focal-ischemia-like necrosis (arrows) in

tumor cells (H&E, ×200). i Myxoid morphology (H&E, ×400). j–k
H3K27M-mutated glioma with oligodendroglioma-like appearance. j
Immunohistochemical expression of H3K27M mutant protein in tumor
cells (arrows indicate endothelial cells) (H3K27M, ×400). k
Oligodendroglioma-like morphology (H&E, ×400). l Small cell
morphology (H&E, ×400). m Immunohistochemical expression of
IDH1 mutant protein in tumor cells (arrows indicate endothelial cells)
(IDH1, ×400). n Immunohistochemical expression of BRAF V600E
mutant protein in tumor cells (BRAF V600E, ×400). o The p53
immunoreactivity (graded as +3) in tumor cells (p53, ×400). Scale bar
represent 200 μm ×200, 100 μm ×400 objectives
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immunoreactivity was determined by approximation of the
number of positively stained tumor cell nuclei in hpf (×400).
p53 immunoreactivity was graded as 0 when no staining of the
nuclei was observed; +1 when less than 10% of the nuclei
were stained; +2 when 10–50% of the nuclei were stained;
and +3 when more than 51% of the tumor cells nuclei were
stained [21]. The Ki-67 proliferative index was expressed in
percentage by determining the number of immunopositive
nuclei calculated bymanually counting 1000 nuclei in the area
of maximal staining for each tumor in hpf (×400) [21] (Fig.
1d, f, g, j, m–o).

Statistical analysis

Statistical analysis was performed using SPSS 2015 Statistical
Software program. Descriptive statistical methods (mean val-
ue, frequency tables, and standard deviation) were used.
Differences between groups were ascertained by Pearson
chi-square tests, T test, and Fisher’s exact test. Cancer-
specific survival outcome was expressed by applying the
Kaplan-Meier method for all patients excluding those lost to
follow-up. Log-rank test was used to compare the prognostic
significance of H3K27M mutation on survival. Differences
with a p value < 0.05 were considered statistically significant.

Results

Patients and follow-up

The present study included 61 patients: 25 females and 36
males. The mean age at diagnosis was 10.1 years (age range,
1–18 years). Of these, 12 (19.7%) patients had AA and 49
(80.3%) had GBMs. We also classified patients into two sub-
groups according to the H3K27M mutation status; 31 were
positive for H3K27M mutation, and 30 were positive for the
wild-type H3K27M mutation. The number of males was
higher in the H3K27M wild-type group (female: male,
1:3.2), whereas in the H3K27M mutant group, females were
more in number (1.3:1; Fisher’s exact tests, p < 0.05). Among
the pHGGs, 25 were located in the cerebral hemispheres, and
36 in the midline. All 25 cases arising from the cerebral hemi-
sphere presented with wild type H3K27M mutation; 31 of the
36 cases arising from midline locations were positive for
H3K27M mutation, while the remaining five presented with
wild-type for H3K27M mutation. Among the HGGs arising
from midline locations, 14 were located in the pons, 12 in the
thalamus, seven in the cerebellum, two in the third ventricle,
and one in the basal ganglia. A total of 43 patients had been
treated with both chemotherapy and radiotherapy, and five
patients had received radiotherapy only. Data from clinical
follow-up of up to 108 months were obtained in 49 patients.
The mean follow-up was 16.56 months (range, 2–

108months). During this period, 20 recurrences were detected
in eight patients with H3K27M mutation and 12 patients with
H3K27M wild-type gliomas. Of the 38 patients who died, 20
had the H3K27M mutant, and 18 had H3K27M wild-type
gliomas. There were no significant differences in the recur-
rence rate and survival status between the patients presenting
with H3K27M mutations and those with H3K27M wild-type
gliomas (Fisher’s exact tests, p > 0.05) (Table 1).

Among the 61 HGG cases, 31 were located in the midline
locations and were positive for H3K27M; none of the cases
located in the cerebral hemispheres was positive for H3K27M.
Statistical analysis demonstrated a significant association be-
tween H3K27M mutations in the midline vs cerebral hemi-
sphere locations (p < 0.001). Furthermore, in the midline sites,
H3K27M mutation was most commonly seen in the pons
(41.9%) and the thalamus (32.3%) (Table 1).

Association between histomorphological features
and H3K27M status

The mean number of mitosis was 4.3 in H3K27M-mutated
and 11.2 in H3K27M wild-type gliomas. Statistical analysis
demonstrated a significant association between the number of
mitosis and H3K27M mutation status (p < 0.01). In addition,
the mean Ki-67 proliferation indexes were 28.9% for
H3K27M-mutated, and 41.5% for H3K27M wild-type glio-
mas (p < 0.05). When types of necrosis were examined,
palisading and geographical necrosis were mostly seen in
H3K27M wild-type gliomas; infarct-like focal necrosis was
frequently observed in the H3K27M-mutated cases
(p < 0.05). Pleomorphism of the tumor cells was the most
commonly encountered morphological feature followed by
multinucleated giant cells in both H3K27M-mutated and
wild-type gliomas. Pilocytic morphology representing elon-
gated tumor cells and myxoid morphology characterized by
mucinous areas between tumor cells were significantly more
common in H3K27M-mutated gliomas (p < 0.01). The
pilomyxoid areas were seen in more than 30% (+2) of the
tumor areas in majority of the H3K27M-mutated gliomas
(51.6% cases). Piloid morphology was most commonly de-
tected in tumors that presented with midline H3K27M-
mutated HGGs located in the pons (12/13 pontine cases;
p < 0.05). Small cell morphology, characterized by monomor-
phic small, round cells, was mostly seen in H3K27M wild-
type gliomas (p < 0.05). In this study, some of the morpho-
logical features such as vascular endothelial cell proliferation,
epithelioid-like appearance in tumor cells, primitive PNET-
like foci, gemistocytic appearance in tumor cells, perivascular
arrangement of tumor cells, and microcalcification were more
frequently noted in the H3K27M wild-type gliomas.
Alternatively, multinucleated giant tumor cells, clear haloes
giving an oligodendroglioma-like appearance to tumor cells,
and microcystic areas were more frequently observed in the
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H3K27M-mutated gliomas. However, no statistical associa-
tion was elucidated among these morphological features and
mutation status (p > 0.05; Table 2).

Association between molecular alterations and H3K27M
status

Table 2 shows the immunohistochemical results of ATRX,
IDH1R132H, BRAF-V600E and p53 staining in H3K27M
mutant and wild-type pHGGs. ATRX loss was revealed in
10 of the H3K27M-mutated (32.3%), and five of the wild-
type gliomas (16.7%) cases. It was mostly seen in tumors
arising from the thalamus 40% (4/10) and pons 23.1%

(3/13) in H3K27M-mutated group. IDH1R132H positivity
was only seen in one H3K27M wild-type glioma case located
in the cerebral hemisphere; this case also showed both ATRX
loss and p53 immunopositivity. BRAF-V600E positivity was
revealed in four cases with three in the H3K27M mutant, and
one in the H3K27Mwild-type gliomas. p53 immunopositivity
was seen in 74.2% of the H3K27M-mutated and 63.3% of the
wild-type gliomas. Majority of these cases expressed p53 pos-
itivity in > 50% of the tumor cells (+3 expression score). No
statistically significant differences in immunohistochemical
results of ATRX, IDH1R132H, BRAF V600E, and p53 was
found between the H3K27M-mutated and wild-type gliomas
(p > 0.05; Table 2).

Table 1 Clinicopathologic
features of pHGGs according to
Histone H3K27Mmutation status

H3K27M positive H3K27M negative Total

Number of patients 31 30 61

Sex

Male 13 23 36

Female 18 7 25

Age

Mean ± SD 9.2 ± 3.8 11.1 ± 4.8

Tumor type

Anaplastic astrocytoma 10 2 12

Glioblastoma 21 28 49

Location

Cerebral hemispheres 0 25 25

Midline location 31 5 36

Pons 13 1 14

Thalamus 10 2 12

Cerebellum 5 2 7

Third ventricle 2 0 2

Basal ganglia 1 0 1

Radiotherapy

Positive 24 24 48

Negative 2 2 4

Unknown 5 4 9

Chemotherapy

Positive 19 24 43

Negative 7 2 9

Unknown 5 4 9

Recurrence status

Positive 8 12 20

Negative 17 13 30

Unknown 6 5 11

Survival status

Alive 5 6 11

Exitus 20 18 38

Unknown 6 6 12

SD standard deviation
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There were overlapping molecular alterations in 25.8%
(8/31) of the H3K27M-mutated cases. Both p53 immunoreac-
tivity and ATRX loss were mostly found in the thalamus (4/8)
and pons (2/8). p53 and ATRX co-expressions were found in

10% (3/30) of the H3K27M wild-type cases, one of which
demonstrated the co-expression of IDH1, p53, and ATRX.
No concomitant IDH1 and H3K27M mutation was found
(Fig. 2).

Table 2 Frequency of molecular
alterations and
histomorphological features of
pHGGs according to H3K27M
mutation status

H3-K27M positive

(n = 31) (%)

H3-K27M negative

(n = 30)(%)

p value

Molecular alterations
ATRX1

Loss 10(32.3) 5(16.7) >0.05
Sustained 21(67.7) 25(83.3)

IDH1-R132H1

Positive 0(0) 1(3.3) >0.05
Negative 31(100) 29(96.7)

BRAF-V600E1

Positive 3(9.7) 1(3.3) >0.05
Negative 28(90.3) 29(96.7)

P53 expression score2

0 8(25.8) 11(36.7) >0.05
+1 1(3.2) 2(6.7)
+2 7(22.6) 5(16.7)
+3 15(48.4) 12(40.0)

Histomorphological features
Mitosis3

Mean ± SD 4.3 ± 4.2 11.2 ± 9.8 0.0014

Ki-67 PI3

Mean ± SD 28.2 ± 18.5 41.4 ± 20.6 0.014

Palisading necrosis1 6(19.4) 14(46.7) <0.054

Geographic necrosis1 5(16.1) 14(46.7) <0.054

Ischemia-like focal necrosis1 11(35.5) 3(10.0) <0.054

Vascular endothelial proliferation (VEP)1 15(48.4) 17(56.7) >0.05
Pleomorphism1 27(87.1) 29(96.7) >0.05
Epithelioid-like morphology1 3(9.7) 6(20.0) >0.05
PNET-like morphology1 0(0) 2(6.7) >0.05
Small cell morphology1 3(9.7) 12(40.0) <0.054

Gemistocytic morphology1 4(12.9) 8(26.7) >0.05
Microcystic morphology1 14(45.2) 6(20.0) >0.05
Perivascular arrangement1 9(29.0) 10(33.3) >0.05
Microcalcification1 3(9.7) 4(13.3) >0.05
Multinucleated giant cell2

0 10(32.3) 14(46.7) >0.05
+1 10(32.3) 4(13.3)
+2 11(35.5) 12(40.0)

Pilocytic morphology2

0 7(22.6) 26(86.7) 0.0014

+1 8(25.8) 3(10.0)
+2 16(51.6) 1(3.3)

Myxoid morphology2

0 8(25.8) 25(83.3) 0.0014

+1 7(22.6) 4(13.3)
+2 16(51.6) 1(3.3)

Oligodendroglioma-like morphology2

0 16(48.4) 20(66.7) >0.05
+1 11(35.5) 7(23.3)
+2 5(16.1) 3(10.0)

SD standard deviation
1 Fisher’s Exact test
2 Pearson chi-square test
3 T-test
4 Significant p value <0.05 (determined separately for mitosis, Ki 67 proliferation indexes, all types of necrosis,
small cell morphology, pilocyticmorphology, myxoid morphology between H3K27Mmutated vsH3K27Mwild-
type of pHGGs)
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Association between H3K27M status and survival

The median overall survival period of HGG patients was
15 months; median overall survival period of H3K27M-
mutated patients was 12 months, and wild-type H3K27M tu-
mor patients was 17 months. Although overall survival was
lower in the H3K27M-mutated group, the difference was not
statistically significant (Log-rank test, p > 0.05).

Discussion

Molecular studies of pHGGs identified recurrent somatic mu-
tations in the H3F3A gene encoding histone H3, and in
HIST1H3B and HIST1H3C genes encoding histone H3.1,
thereby affecting a region of posttranslational modification
[22]. One of these recurrent somatic mutations, H3K27Mmu-
tation, results in the substitution of H3 lysine 27 to methio-
nine, which occurs in 78% of DIPG and almost 30% of pedi-
atric glioblastoma [4, 6, 10, 17, 23, 24]. The present study
revealed the highest number of H3K27M mutations (50.8%)
in pHGGs when compared with previous studies in the liter-
ature [4, 10, 17, 23, 24]. This may be due to a sample bias
because half of the patients in this study presented with tumors
located in the midline. Although H3K27M-mutant pHGGs
have been reported to have no significant sex predilection, in
the present study, a female predominance was observed [16].

H3K27M mutation leads to a decrease in H3 with
trimethylated lysine 27 (H3K27me3) by inhibiting the enzy-
matic activity of the Polycomb repressive complex 2 (PRC2),
which contains the EZH2 (enhancer of zeste) K27 methyl-
transferase, resulting in epigenetic silencing and promotion
of gliomagenesis [25–27]. Additionally, it is reported that
global hypomethylation of DNA induced by K27M mutation
plays a role in the expression of genes in pHGGs [27]. Jha
et al. demonstrated the involvement of pathways regulating
neuron differentiation, neuron fate commitment, and
neurogenesis in H3F3A K27M-mutant tumors [28].

Inhibition of PRC2 also contributes to the progression of neu-
ral precursor cell differentiation due to the disappearance of its
suppressor role in neuronal differentiation [29].

The present study revealed H3K27M mutations exclusive-
ly in midline locations in the thalamus, pons, cerebellum, third
ventricle, and basal ganglia, as reported in the literature [7, 13,
18]. Among the midline sites, this mutation was found mostly
in pons and thalamus in our study. It is suggested that the
location specification of histone mutation is related to the dif-
ferent origins or the developmental stages of the cells in high-
grade gliomas [7]. Gene expression signatures of K27M mu-
tant gliomas were found to be associated with the mid to late
fetal stages of striatal and thalamic development [7].

Currently, WHO has classified infiltrative high-grade glio-
mas with predominantly astrocytic differentiation in midline
locations and harboring K27M mutation in either H3F3A or
HIST1H3B/C genes as diffuse midline glioma, H3K27M mu-
tant [16]. The morphology of these gliomas is varied; even in
the absence of the histological features of high-grade gliomas,
they are accepted as grade IV. Solomon et al. reported a wide
morphological spectrum including giant cells, epithelioid and
rhabdoid cells, PNET-like foci, pilomyxoid features,
ependymal and pleomorphic xanthoastrocytoma-like areas, sar-
comatous transformation, and ganglionic differentiation in
H3K27M-mutated diffuse midline glioma patients aged 2–
65 years old [13]. In the present study, the principal morpho-
logical criteria of HGGs, which include mitosis, necrosis, vas-
cular endothelial cell proliferation, and the various morpholog-
ical patterns seen in glial tumors, were assessed in H3K27M-
mutated and wild-type pHGGs. Nuclear pleomorphism and
multinucleated giant cells were the frequently observed mor-
phologic features in both types of gliomas. Increased numbers
of mitosis, with pronounced palisading and geographical ne-
crosis, and small cell patterns were significantly more common
in the H3K27M wild-type tumors; meanwhile, focal infarct-
like necrosis and pilomyxoid morphology were significantly
associated with the H3K27M-mutated tumors. This low-grade
pilomyxoid morphology can be confusing during differential
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Fig. 2 Schematic presentation of
the overlapping mutations in the
pHGGs
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diagnosis with pilocytic astrocytoma. The distinction is impor-
tant especially in cases of limited tumor sample size obtained
by stereotactic biopsy. Piloid morphology was significantly
more common in tumors located in the pons among the midline
H3K27M-mutated HGGs. The Ki67 proliferation indices were
significantly higher in H3K27M wild-type tumors.
Multinucleated giant cells, oligodendroglioma-like appearance,
and microcyctic areas were also more commonly seen in
H3K27M-mutated tumors, statistical significance notwith-
standing. Neumann et al. reported that K27M-mutated glioblas-
tomas had 28% tumor giant cells [17]. It was also suggested
that, phenotypical features of the K27M-mutated tumors were
correlated with the types of genes involved in themutation [30].
Castel et al. defined the two subgroups of DIPG according to
the genes involved in K27M mutation as H3F3A and
HIST1H3A, which were associated with the proneural/
oligodendroglial phenotype and the mesenchymal/astrocytic
phenotype, respectively [30]. PNET-like areas was the only
histological parameter that was not seen in H3K27M-mutated
pHGGs in the current study. Although, PNET-like foci has been
reported in H3K27M-mutated tumors [13], this morphology
was significantly defined in the H3F3A G34R-mutated glio-
blastomas [17]. Furthermore, when the relationship between
the location and morphological appearance of the tumors was
investigated in all pHGGs, significant associations were found
between pilomyxoid and small cell morphology, which were
significantly more common in the pons and cerebral hemi-
spheres, respectively.

Histone H3.3 acts as a replacement histone and is
expressed throughout the cell cycle [22]. DNA synthesis in-
dependent H3.3 is mainly found in the telomeric and
pericentric heterochromatin, and their incorporation into these
areas is accomplished by the ATRX-DAXX (alpha
thalassemia/mental retardation syndrome X-linked and
death-domain associated protein) chromatin remodeling com-
plex [8, 22, 31]. ATRX loss has been shown to be associated
with the alternative lengthening of telomeres (ALT) in pancre-
atic neuroendocrine tumors, pediatric and adult GBMs [4, 32].
In the present study, approximately one third of the H3K27M-
mutated pHGGs showed ATRX loss, which is consistent with
the literature [4, 10, 17]. Schwartzentruber et al. reported that
the presence of ALT was best explained by the simultaneous
presence of ATRX/H3F3A/TP53 mutations in pediatric
GBMs [4]. In fact, ATRX mutation also has been reported
frequently in H3G34-mutated HGGs [4, 10, 17, 33]. To pre-
vent the possible misinterpretation of H3G34-mutated HGGs
as H3K27M wild-type, it would be worthwhile to investigate
the relationship between the H3G34 mutation and the ATRX
mutation in H3K27M wild-type cases.

The results of the current study showed p53 mutation in
68% of all pHGGs with similar frequencies in the H3K27M-
mutated and wild-type gliomas. Eight of the H3K27M-mutated
patients also showed ATRX loss and p53 immunoreactivity

with predilection to the thalamus. The results of our study sug-
gest that H3K27M mutation in combination with ATRX loss
and p53 mutation play a role in the pathogenesis of pHGGs.

Mutations in genes coding the mitochondrial enzymes
isocitrate dehydrogenase 1 (IDH1) and 2 have been reported
in approximately 80% of adult diffuse and anaplastic gliomas
and secondary glioblastoma [34]. Zhang et al. reported IDH1
mutations in 16.8% of young adult glioblastoma patients with
favorable prognosis [35]. Although these mutations are rarely
seen in pediatric gliomas [3, 34], favorable prognosis was also
reported in IDH1-mutant pediatric glioblastomas [36, 37]. In
the present study, only one pHGG was positive for the IDH1-
R132H-mutant protein. No concomitant mutation of IDH1
and H3K27M was found supporting the suggestion that
H3K27Mmutation is mutually exclusive from IDH1mutation
[7, 13, 17, 35, 36].

The association between BRAF V600E and H3K27Mmu-
tations has recently been reported in midline gliomas [11, 13,
17, 38, 39] . Glioneuronal [38] and pleomorphic
xanthoastrocytoma-like morphology [13] as well as interme-
diate prognosis [38, 39] were noticed in these concomitantly
mutated gliomas. In our study, three patients showed concom-
itant BRAF V600E and H3K27M mutant protein expression.
Although double mutation is rare, its prognostic significance
should be evaluated in larger number of samples.

The prognostic significance of molecular alterations in
pHGGs has been suggested in several studies; in particularly,
the presence of H3K27M mutation has been associated with
poor prognosis when compared with the wild-type variants
[12, 36, 40, 41]. In the present study, although, the median
overall survival was lower in the H3K27M-mutated patients
when compared with those having the wild-type tumors, sta-
tistical significance notwithstanding. Interestingly, although
patients H3K27M-mutated tumors presented with lower mi-
tosis and Ki67 proliferation index and with low-grade
pilomyxoid-like morphology, they had a shorter median over-
all survival period than those with the wild-type tumors,
which is contrary to the better clinical behavior expected.
This may be due to the fact that all H3K27M-mutated tumors
are located in the midline with spreading pathways that pass
through vital areas such as the pons and medulla oblongata;
hence, complete surgical resection is difficult. In this study,
there were no significant differences in recurrence rate and
survival status between H3K27M mutant and wild-type
pHGGs. However, it should be noted that disparate treatment
modalities resulting from the inclusion of cases from different
institutions limit our recurrence and survival analyses.

Conclusion

H3K27Mmutation occurs exclusively in pHGGs arising from
the midline and presenting with varied histomorphological
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findings extending from low-grade pilomyxoid astrocytoma
to highly pleomorphic glioblastoma. Although the steps in-
volved in the gliomagenesis of H3K27M-mutated pHGGs
remains unclear, ATRX loss and p53 mutations may play a
role in the pathogenesis. Being aware of these molecular al-
terations can lead to the development of new targeted thera-
pies in patients with dismal prognosis.
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