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This study presents a unique series ofmalignant supratentorial gliomas in children previously cured fromnon-CNS primary cancer.
On neuroimaging these tumors were not specific, so the patients were suspected of cerebral recurrence of their primary neoplasm:
leukemia in four children and sarcoma in one child. Histologically, the group contained four glioblastomas and one anaplastic
astrocytoma.Three patients underwent neurosurgical resection, while the other two underwent stereotactic diagnostic biopsy only.
Despite combined oncological treatment, four children died during 20months, and only one glioblastoma patient continued to live
for another twelve years. Microscopically, the neoplasms consisted of small cells with some morphologic features of astrocytic
lineage, having scanty or prominent processes. Microvascular proliferation and focal or diffuse necrosis were encountered in four
cases.TheGFAP reactivity in neoplastic cells was low or nil, together with the expression ofOlig2, vimentin, and nestin. In two cases
a subpopulation of synaptophysin-positive cells was present. Molecular immunohistochemical profiling revealed the expression of
phosphorylated forms of PI3Kp110 and AKT, in parallel to a strong PTEN and p53 positivity. The tumors were of IDH1R132H-
wild type and immunoreactive for ATRX, HER3, and EGFR. Secondary malignant gliomas in pediatric cancer survivors pose
a diagnostic challenge. The present study shows that these tumors are of IDH wild type, PI3K/AKT-activated, having no PTEN
and EGFR mutations. Therefore, the biopsy of brain tumors in such patients is crucial both for accurate diagnosis and material
preservation for molecular typing.

1. Introduction

The survival rate of the childhood cancer patients has
significantly improved because of the progress in treatment
methods. However, the intensification of therapy at young
age causes many long-term complications. One of the serious
problems in pediatric oncology is a several-fold increase
of secondary cancer risk, in comparison to the general

population [1–3]. The most common childhood malignancy
is acute lymphoblastic leukemia (ALL), followed by solid
tumors such as brain neoplasms, neuroblastoma, nephrob-
lastoma, and rhabdomyosarcoma. Conversely, the secondary
malignancies in children are represented mainly by acute
nonlymphoblastic leukemias, brain tumors, and thyroid can-
cer. Multiple factors may increase the risk of developing these
secondary malignancies in childhood cancer survivors with
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both intrinsic and environmental aspects [2–4]. They are
probably caused by the fact that ionizing radiation, multi-
modal chemotherapy, and immunosuppression interferewith
the ongoing developmental and maturation processes. Some
children can develop metachronic neoplasms either due to
genetic syndromes such as neurofibromatosis, Li-Fraumeni,
and Beckwith-Wiedemann syndromes or through unsettled,
most probably genetic, susceptibility [1–3, 5].

The relation between the child’s age, tumor histology, and
the latent period for the secondary neoplasm development
has been confirmed [1, 5]. Radiation therapy of the CNS
region is associated with an increased risk of any subse-
quent brain tumor, especially gliomas (secondary malignant
glioma, SMG) [4, 6, 7]. Primary pediatric brain tumors
show age and site dependency, arising from topographically
discrete progenitor cells. High grade pediatric gliomas are
rather infrequent in general population; they comprise his-
tological categories such as glioblastoma, anaplastic astrocy-
tomas, anaplastic oligodendrogliomas, and diffuse intrinsic
pontine glioma.Their gene expression and DNAmethylation
signatures are distinctive, often reflecting a developmental
context [8–10]. SMGs arise as a late side effect of ALL or pri-
mary brain tumors treatment, usually developing within the
irradiation field in subsequent 10 years. ALL patients typically
receive chemotherapy and craniospinal radiotherapy and
achieve up to 90% cure rate, but with a significant risk of a
secondary cancer [11, 12]. The clinical presentation of SMG is
not specific, and also radiologically it can be suggestive of a
primary cancer recurrence, metastasis, inflammatory lesion,
or radionecrosis. Despite significant advances in neuroimag-
ing, a precise differential diagnosis of these lesions requires
histopathological evaluation [10, 13, 14]. Secondary high
grade gliomas, as an unusual subgroup of pediatric brain
tumors, have been seldom elaborated neuropathologically.
Themolecular data on these neoplasms is scanty.They are not
well characterized due to their low incidence and poor
availability of tissue material for the analyses.

2. Material and Methods

The study was performed on archival tissuematerial obtained
from the patients treated in the Department of Pediatrics,
Hematology & Oncology, Medical University of Gdańsk
between 1994 and 2010. Within this period, five patients with
brain tumors as the secondary primary malignancy were
diagnosed. The written permission for medical research was
obtained from their parents at themoment of treatment initi-
ation. Archival, routinely processed (formalin-fixed, paraffin-
embedded) tumor tissue samples were used in the study.
Neuropathological reexamination of all available tumor sec-
tions was also performed. The analyzed tissue material came
from four stereotactic biopsies and four tumor resections and
was mostly scant and in one case eligible for only a few
immunostains.

The selected tumor sections were immunophenotyped
with standard procedures according to the manufacturer’s
recommendations. Phosphospecific antibodies protocols
were carried out specifically with an overnight incubation at
4∘C. Dako EnVision Systems served for visualization, with

diaminobenzidine used as the chromogen. Appropriate
positive and negative controls were carried out in parallel.
The following detecting antibodies were used: alpha smooth
muscle actin (1A4), CD34 (QBEnd 10), CD56 (123C3), CD99
(12E7), chromogranin (pab), cytokeratin (AE1\AE3), desmin
(D33), MyoD1, EMA (E29), GFAP (pab), vimentin (V9),
LCA (M0701), Ki67 (MIB1), synaptophysin (S38), p53
protein (clone 318-6-11), TdT, OCT3/4, and bcl2 (all by
DAKO, Denmark, ready-to-use). Other antibodies were also
employed, with their specific protocols, against nestin (10c2:
sc-23927) and Olig2 (C-17) (both by Santa Cruz Biotech-
nology, USA); EGFR (clone EGFR.113), HER3, and PTEN
(NCL-PTEN) (all three by Novocastra, GB); IDH1 (R132H)
by Dianova; ATRX (0537) and MGMT (MT3.1) by Abcam.
Moreover, phosphospecific antibodies against p-PI3Kp110
(pab, 1 : 100 Santa Cruz Biotechnology CA, USA), pAKT
(Ser473, 1 : 25, 736E11), p-mTOR (Ser 2448, 1 : 50 clone 49F9),
and p-70S6K (Thr 389, mAb, 1 : 100) by Cell Signaling Tech-
nology, MA, USA, were also applied. The pattern of protein
expression (membranous, cytoplasmic, nuclear) and its in-
tensity (negative, low, strong) within the neoplastic cells were
microscopically assessed individually for every antibody
(microscope Olympus BX53). Assessment of PI3K/AKT/
mTOR pathway, as well as EGFR and HER3, was carried out
with our own scale [15]. The Ki67 index was counted in 500
neoplastic cells in “hot spots.” MGMT expression was scored
as low or high, based on the percentage of positive cells (30%
as a cut-off point) [16]. P53 was interpreted as positive when
more than 20% cells showed strong nuclear staining.

For DNA extraction, 5-𝜇m sections were cut from par-
affin blocks of three available tumor samples, and genomic
DNA was isolated using the standard protocol with pro-
teinase K digestion, phenol-chloroform extraction, and eth-
anol precipitation.The somatic status ofEGFR (exons 2–7 and
18–21) was analyzed using a polymerase chain reaction (PCR)
and direct sequencing. Specific primers were designed using
the Primer3 web tool (http://frodo.wi.mit.edu/primer3), and
their sequences and PCR cycling parameters are available
on request. The obtained sequences were compared with
reference transcript sequences available online (http://www
.ensembl.org, EGFR: ENST00000275493), using Sequencer
v.4.7 (Gene Codes Corporation, USA).

3. Results

The examined group consisted of five patients, whose clinical
characteristics are summarized inTable 1. Four children at the
age of 2.5–9 years (three boys and one girl, P1–P4) were pri-
marily diagnosed with ALL, two low-risk and two high-risk
cases. The children underwent a full three-year-long hema-
tologic treatment including chemotherapy with BFM-90 reg-
imen. The applied CNS irradiation dose was prophylactic in
three children and therapeutic in one, achieving complete
remission of the disease. In the ALL children, the secondary
brain tumor developed 3–6.5 years after the conclusion of
leukemia therapy. They showed acute neurologic symptoms:
seizures and/or rapidly progressing paresis. A detailed clinical
description of the three patients mentioned above has been
previously published [11]. Radiologically, all of these brain

http://www.ensembl.org
http://www.ensembl.org
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(a) (b)

Figure 1: Magnetic resonance imaging of chosen gliomas. (a) Contrast-enhancing heterogenous diffuse infiltrating tumor involving two
lobes with diffuse edema (P4, coronary, postcontrast T2), (b) recurrent well-demarcated glioblastoma surrounded with irregular edema (P5,
sagittal, postcontrast T2).

tumors were supratentorial and contrast-enhancing. Three
were diffusely infiltrating with the involvement of at least two
cerebral lobes, and only one was well demarcated (Figures
1(a) and 1(b)). One tumor contained prominent hemorrhagic
fraction. In three children diagnostic stereotactic biopsy was
performed first, followed by a subtotal surgical resection in
one child and total in another one. One patient underwent a
partial tumor resection without a prior biopsy. Histologically,
three glioblastomas and one anaplastic astrocytoma were
diagnosed. The differential diagnosis in all cases included a
cerebral relapse of primary cancer, malignant gliomas, and
other pediatric tumors. At the intraoperative examination
from clotty material, case P1 was erroneously recognized as
leukemic infiltration. After the final histopathological diag-
nosis the child was reoperated on. Despite the intro-
duced complex neurooncological treatment for high grade
gliomas, all post-ALL children did not achieve remission
and succumbed to the tumor progression within 5 to 19
months.

The fifth patient (case P5) was a boy diagnosed with a
right maxillary rhabdomyosarcoma (RMS) at the age of
11. He completed treatment with the CWS-96 protocol of
chemotherapywith localmaxillary region irradiation (48Gy)
and remained in complete remission for two years. A con-
trol brain CT in this asymptomatic boy detected a well-
demarcated contrast-enhancing 2 cm tumor in the left tem-
poral lobe. This case was initially diagnosed as an RMS
metastasis, based on scanty biopsymaterial (phenotypingwas
infeasible). That discrepancy caused a two-month delay in
proper treatment and led to a repeated biopsy before the
resection of glioblastoma. The gross total excision was fol-
lowed by a local radiotherapy and temozolomide regimen.
The patient experienced a complete remission lasting 6.5

years till the local glioma recurrence, consequently com-
pletely excised. After a consecutive second line chemother-
apy, a complete remission lasting 3.5 years was achieved.
However, the next local chemoresistant progression caused
the patient’s death in the twelfth year of glioblastoma
course.

Histologically, four tumors (P1, 2, 4, 5) were cellular rich,
composed of small cells with short processes and round
blue cells. The neoplastic cells focally formed perivascular
pseudorosettes. P3 tumor had a loose structure with stel-
late cells. Recurrent P5 glioblastoma showed a prominent
increase of cellular anaplasia and proliferation. It had a
lobular arrangement of neoplastic tissue underlined with
pathological vessels. Mitotic and apoptotic activity were
visible in all gliomas with a necrosis including a pseudopal-
isading type in four of them. Microvascular proliferation
with vascular wall thickening and multiluminal structure
formation characterized three cases (Figures 2(a)–2(f)).
Thrombosis and hemorrhages were also present in two
tumors.

Immunohistochemistry (Figures 3(a)–3(f)) disclosed
positivity of neoplastic cells for GFAP in four gliomas.
However, reactivity in three tumors was low and unevenly
distributed. The neoplastic cells showed strong vimentin,
moderate nestin, and low Olig2 reactivity. Proliferative index
(Ki-67) ranged from 15 to 50% in the analyzed hot spots. In
addition, a local expression of synaptophysin was observed in
perivascular cells in case P2 and in recurrent glioblastoma P5.
P5 regrowing tumor revealed almost complete loss of GFAP,
diffuse nestin staining, and de novo focal EMA reactivity in
a dot-like pattern, compared to the primary one. In all of the
examined tumors, other neural, myogenic, epithelial, and
hemato-lymphocytic markers were negative.



BioMed Research International 5

(a) (b) (c)

(d) (e) (f)

Figure 2:Histopathological pictures of examined tumors, showingmalignant small cell glial neoplasmswith focal necrosis andmicrovascular
proliferation. (a) Case P1, tumor resection (HE, 200x), (b) case P2, biopsy (HE, 200x), (c) case P3, partial tumor resection (HE, 100x), (d) case
P4, biopsy (HE, 100x), (e) case P5, repeated biopsy (HE, 200x), (f) case P5, tumor resection at recurrence (HE, 200x).

(a) (b) (c)

(d) (e) (f)

Figure 3: Details of neoplastic immunophenotype: (a) GFAP-negative tumor cells and immunopositive reactive astrocytes (P3, GFAP, 400x),
(b) moderate GFAP staining in neoplastic cells (P1, GFAP, 200x), (c) high proliferative index in glioblastoma (P3, Ki-67, 200x), (d) strong
nestin expression in recurrent tumor (P5r, nestin, 200x), (e) perivascular subpopulation of synaptophysin-reactive cells (P2, synaptophysin,
400x), (f) intense vimentin staining in recurrent GFAP-negative glioblastoma (P5r, vimentin, 200x).
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Table 2: Immunophenotype and molecular profiling of analyzed tumors.

P1 P2 P3 P4 P5 P5 rec
GFAP ++ + Focal + Focal + Focal + Focal +
Vimentin +++ +++ ++ ++ ++ +++
Synaptophysin - Focal + - - - Focal +
EMA - NA - NA - Focal +
Nestin + - + Focal + Focal + +++
Olig2 + + + + - +
P53 + + + NA + +
EGFR ++ + ++ NA ++ ++
HER3 ++ ++ ++ NA NA ++
PTEN +++ +++ +++ NA +++ +++
PI3Kp110 ++ ++ ++ NA ++ +++
pAKT ++ - ++ NA + +++
p-mTOR - - - NA + ++
P70S6K - - - NA + ++
MGMT High High High NA Low Low
IDH1 - - - NA - -
ATRX + + + NA + +
Ki67 25% 50% 15% NA 20% 40%
Abbreviations. GFAP: glial fibrillary acidic protein, EMA: epithelial membrane protein, EGFR: epidermal growth factor, rec: recurrent, NA: not available.

Molecular pathology profiling revealed PI3K/AKT/
mTOR signaling pathway molecules expression in four cases
suitable for examination. Strong nuclear PTEN characterized
all of the analyzed gliomas. Strong cytoplasmic expression of
a phosphorylated form of PI3Kp110 and cytoplasmic and nu-
clear phospho-AKT were also detected. Moderate cytoplas-
mic phospho-mTOR and pS70K staining occurred only
in primary and recurrent glioblastoma P5. A cytoplasmic/
membranous moderate to strong immunoreactivity for
EGFR and HER3 was also found in neoplastic cells of all
four tumors. Mutational analysis did not reveal any EGFR
mutations in the three available cases. Furthermore, the
examined cases revealed p53 positivity (from 30 to 80% of
cells) and retained nuclear ATRX staining. IDH-1 R132H
negativity characterized all four analyzed cases. HighMGMT
staining intensity was observed in three tumors and low
intensity in glioblastoma with a prolonged course (Table 2,
Figures 4(a)–4(h)).

4. Discussion

The development of secondary neoplasms creates a serious
adverse event in children cured of cancer. The clinical and
epidemiological analysis of 642 secondary cancers in the
patients previously treated for ALL showed that the most
common are hematologic malignancies (about 54%), brain
tumors (21%), and thyroid cancers [3, 5, 17]. Secondary
malignant gliomas, usually of glioblastoma type, occur in
about 2% of different cancer patients 10–15 years after
radiotherapy. The second most frequent are meningiomas
associated with low radiation doses and long latency, up to 20
years; secondary low-grade gliomas, embryonal tumors, and
sarcomas [4–7] are rarely seen. The main postulated cause of

SMG is the irradiation influence on the viability and function
of neural stem cells [7, 18]. Irradiation induces DNA damage,
genetic alterations, and karyotypic instability and affects
cell signaling and gene expression [5]. In recent years CNS
radiotherapy has been modified in order to minimize its
cancerogenic effect and delayed cognitive deficits in young
patients [1]. It is worth mentioning that in the most extensive
review summarizing clinical aspects of 176 cases published in
the years 1960–2013 the relation between irradiation and
brain tumors as secondarymalignancywas not unequivocally
confirmed [13]. It seems that chemotherapy with alkylating
agents such as nitrosourea, temozolomide, and methotrexate
acts as a cocancerogenic factor [3, 12].

Pediatric SMGs are clinically quite well characterized,
while neuropathological data on them is sparse as only few
tissue and molecular studies have been carried out [17, 19–
21]. It happens that SMGs are diagnosed solely radiologically,
without tumor sampling, or undergo only a small stereotactic
biopsy. The most extensive study by Romeike et al. analyzed
nine pediatric SMG cases, Brat et al. [17] examined four
pediatric and five adult secondary gliomas. Donson et al.
[20] with his 5 cases supported the previous reports, and
furthermore there are few single case reports available. Our
study was carried out on five pediatric hemispheric SMGs,
including four cases which concurred with the definition of
radiation-induced gliomas [11, 13]. They arose after a latent
period after CNS radiation during leukemia treatment, with
the average interval of 8-9 years, similarly to the previous
observations [5, 7, 13]. Radiologically, three tumors of our
series showed diffuse infiltration and occupiedmore than two
cerebral lobes. Only an initially asymptomatic glioblastoma
in an RMS survivor developed outside the irradiation field.
Very poor prognosis in SMGs is caused by the difficulty of
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(d) (e) (f)

(g) (h)

Figure 4: Molecular findings assessed immunohistochemically: (a) strong nuclear PTEN reactivity (P1, PTEN, 200x), (b) strong PI3K
expression (P5rec, PI3K, 200x), (c) cytoplasmic/nuclear pAKT immunoreactivity (P1, pAKT, 400x) (d) p-mTOR cytoplasmic/nuclear
expressionwithin the neoplastic cells (P5rec, p-mTOR, 200x), (e) nuclear p53 stainingwithin 60% of glioma cells (P2, p53, 200x), (f)moderate
cytoplasmic/membranous EGFR expression (P3, EGFR, 400x), (g) strong cytoplasmic HER3 reactivity (P1, HER3, 400x), (h) high level
MGMT staining (P3, MGMT, 200x).

an adequate and sufficient resection and a reduced reuse of
radiotherapy. Only single reports of durable survival of SMG
patientswere published [5, 22, 23].One of our patients experi-
enced a uniquely long follow-up, being totally resected twice,
and treated with temozolomide. In this case we should also
consider a possibility that this late local recurrence (after 6.5
years) was a radiotherapy-induced secondary glioblastoma
after the primary glioma therapy.The rest of the childrenwith
incomplete resection or biopsy only died due to a glioma
progression, up to 20 months since the diagnosis, despite
multimodal therapy. Accordingly, in children, gross and
radiological total tumorectomy constitutes the strongest pre-
dictor of survival [14, 23].

Histologically, the presented tumors were composed of
small undifferentiated, fusiform, or stellate cells and con-
tained focal necroses and microvascular proliferation. SMGs
described in the literature confirm the features described
above, reminiscent of small cell glioblastoma with high
proliferation index, ranging up to 67% [19]. In one glioma
with recurrences, progress of cellular atypia occurred in its
regrowth. Immunophenotype of our series, except for one
case, showed low positivity for GFAP, evident nestin expres-
sion, and focal synaptophysin staining in two tumors.
Descriptions of dedifferentiated SMGs, even GFAP-negative
or gliomas with neural phenotype, are noted in the literature
[19].These findings correspond to glioblastomaheterogeneity
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proven with cDNA and gene expression studies, dividing
them into subgroups (neural, proneural, mesenchymal, and
classic) differing also at the level of protein expression.

Glioblastoma, typically affecting older adults, can develop
de novo, and less frequently (up to 10%) as a secondary tumor
progressing from lower grade astrocytomas.The latest WHO
classification recognizes two basic types of glioblastomas:
IDH wild type (primary, 90% of cases) and IDH-mutant
(secondary) type [24, 25]. In primary glioblastoma, the most
common genetic disorder is the loss of heterozygosity on
chromosome 10q (70%), amplification of the EGFR (36%),
PTEN mutations, and deletion of p16. In secondary glioblas-
tomas with IDH1 mutations, TP53 mutation is a dominant
(65%) feature, accompanied by 19q loss [24, 26–28]. In
general, EGFR alterations occur in 50% of adult tumors com-
prising gene amplification, mutation, overexpression, and
intragenic deletion resulting in EGFR vIII [24, 25, 29]. How-
ever, pediatric high grade gliomas constitute a heterogenous
group of tumors with distinctive gene expression and DNA
methylation signatures different from those seen in adults [8–
10]. Recently, integrated molecular analysis revealed biolog-
ical subsets of pediatric malignant gliomas with associated
prognostic markers. In general, they can be divided intomid-
line and hemispheric neoplasms, but other subclasses are also
discernible [24, 30, 31]. Diffuse midline gliomas show histone
mutations H3F3A K27, since hemispheric-G34 alterations
are accompanied by ATRX mutations with loss of its tissue
expression [21, 27, 30, 31]. IDH1 and IDH2mutations are very
rare in pediatric astrocytomas. In children,H3/IDHwild type
seems to be quite frequent (with emerging molecular sub-
types), as well as a group with either low-grade or PXA-like
molecular features [10, 32, 33]. Molecular genetic profiling
of pediatric high grade gliomas shows frequent alteration as
a gain of chromosome 1q (30%) and lower frequency of a
gain of chromosome 7 and 10q loss [21, 34]. Alterations in
PI3K, EGFR, and PTEN are less frequent in pediatric than in
adult gliomas. However, overexpression of AKT is observed
together withmore often altered PDGFRA and p53 pathways.
Epigenetically, almost half of pediatric HGGs show pro-
moter methylation of MGMT gene, and in these cases, with
the absence of other mutations, a 5-year survival reaches
even 42% [9, 14]. Available data demonstrate that secondary,
radiation-induced tumors seem to be more homogenous
genetically than spontaneous pediatric glioblastomas [7, 20,
34].

The assessment of several molecular changes, status of
methylation, or signaling pathways, as well as prognostic
and predictive biomarkers, may be tested successfully with
specific antibodies [25, 27–29]. In our SMG series, all tumors
revealed IDH-1 R132H immunonegativity pointing to a lack
of corresponding gene point mutation. All of the SMGs
disclosed p53 positivity with strong nuclear staining within
30–80% of the cells, suggesting a TP53mutation. In addition,
ATRX nuclear staining excluded corresponding gene muta-
tion andmost probably H3mutations, sinceATRXmutations
tightly accompany H3 alterations [10, 30, 31]. The tumors
showed moderate to strong expression of EGFR and HER3,
but no EGFR mutations in genetic analysis. Moreover, they
revealed immunoreactivity for PI3K/AKT signaling pathway

proteins, suggesting its activation in the face of strong PTEN
staining. PI3K and phospho-AKT expression characterized
all tumors, while p-mTOR and pS70K staining occurred only
in one glioblastoma with prolonged survival. Three of our
post-ALL cases revealed highMGMT; however, its estimation
standardization is limited [16]. In the previous studies on
SMGs, Donson et al. [20] examined their series with FISH
for EGFR and PTEN and performed immunohistochemistry
and gene expression microarrays. They found no EGFR
amplification, but PTEN loss, as well as elevated expression
in PDGFRA and SOX10.They observed, just like in our study,
widespread HER3 reactivity. PDGFRA amplification and 1q
loss at a significantly higher frequency are also described
[7, 20, 21]. In the cases published by Brat et al. [17] there was
neither EGFR amplification nor overexpression. Moreover,
they detected diffuse p53 staining, with TP53 mutation in
one, and no p16 and PTEN changes. The series described by
Romeike et al. showed lack of EGFR expression and variable
p53 reactivity in glioma cells [19]. Our analysis supports
new data on molecular SMG features, complementary to the
previous studies.

5. Conclusions

Secondary high grade gliomas in pediatric cancer survivors
pose a great challenge both for the clinicians and patholo-
gists. Biopsy of these rare tumors is required for accurate
histopathological diagnoses and molecular profiling. Molec-
ular and immunohistochemical signatures classified our
series as IDH1-wild type glioblastomas. They showed altered
p53 and AKT activation, but neither EGFR mutations nor
ATRX and PTEN inactivation, so their exact subtyping is
not clear. The proper characterization of SMGs is essential
for identification of new effective therapeutic strategies for
patients.
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[15] E. Iżycka-Świeszewska, E. Drożyńska, R. Rzepko et al., “Analysis
of PI3K/AKT/mTOR signaling pathway in high risk neuroblas-
tic tumours,” Polish Journal of Pathology: Official Journal of the
Polish Society of Pathologists, vol. 61, no. 4, p. pp, 2010.

[16] S. Lalezari, A. P. Chou, A. Tran et al., “Combined analysis of
O6-methylguanine-DNA methyltransferase protein expression
and promoter methylation provides optimized prognostication
of glioblastoma outcome,” Neuro-Oncology, vol. 15, no. 3, pp.
370–381, 2013.

[17] D. J. Brat, C. D. James, A. E. Jedlicka et al., “Molecular genetic
alterations in radiation-induced astrocytomas,” The American
Journal of Pathology, vol. 154, no. 5, pp. 1431–1438, 1999.

[18] V. N. Ivanov and T. K. Hei, “Radiation-induced glioblastoma
signaling cascade regulates viability, apoptosis and differenti-
ation of neural stem cells (NSC),” Apoptosis: An International
Journal on ProgrammedCell Death, vol. 19, no. 12, pp. 1736–1754,
2014.

[19] B. F. M. Romeike, Y.-J. Kim, W.-I. Steudel, and N. Graf,
“Diffuse high-grade gliomas as second malignant neoplasms
after radio-chemotherapy for pediatric malignancies,” Child’s
Nervous System: ChNS: Official Journal of the International
Society for Pediatric Neurosurgery, vol. 23, no. 2, pp. 185–193,
2007.

[20] A. M. Donson, N. S. Erwin, B. K. Kleinschmidt-DeMasters, J.
R. Madden, S. O. Addo-Yobo, and N. K. Foreman, “Unique
molecular characteristics of radiation-induced glioblastoma,”
Journal of Neuropathology & Experimental Neurology, vol. 66,
no. 8, pp. 740–749, 2007.

[21] B. S. Paugh, X. Zhu, C. Qu et al., “Novel oncogenic PDGFRA
mutations in pediatric high-grade gliomas,” Cancer Research,
vol. 73, no. 20, pp. 6219–6229, 2013.

[22] M. L. Monje, N. R. Ramakrishna, G. Young et al., “Durable
response of a radiation-induced, high-grade cerebellar glioma
to temozolomide,” Journal of Neuro-Oncology, vol. 84, no. 2, pp.
179–183, 2007.

[23] K. S. Song, J. H. Phi, B.-K. Cho et al., “Long-term outcomes in
children with glioblastoma: Clinical article,” Journal of Neuro-
surgery: Pediatrics, vol. 6, no. 2, pp. 145–149, 2010.

[24] D. N. Louis, A. Perry, G. Reifenberger et al., “The 2016 world
health organization classification of tumors of the central
nervous system: a summary,” Acta Neuropathologica, vol. 131,
no. 6, pp. 803–820, 2016.

[25] D. E. Reuss, F. Sahm, D. Schrimpf et al., “ATRX and IDH1-
R132H immunohistochemistry with subsequent copy number
analysis and IDH sequencing as a basis for an “integrated”
diagnostic approach for adult astrocytoma, oligodendroglioma
and glioblastoma,” Acta Neuropathologica, vol. 129, no. 1, pp.
133–146, 2015.

[26] K. Aldape, G. Zadeh, S. Mansouri, G. Reifenberger, and A. von
Deimling, “Glioblastoma: pathology, molecular mechanisms
and markers,” Acta Neuropathologica, vol. 129, no. 6, pp. 829–
848, 2015.

[27] J. Tanboon, E. A.Williams, andD. N. Louis, “The diagnostic use
of immunohistochemical surrogates for signature molecular
genetic alterations in gliomas,” Journal of Neuropathology &
Experimental Neurology, vol. 75, no. 1, pp. 4–18, 2016.

[28] K. S. Lee, G. Choe, K. H. Nam et al., “Immunohistochemical
classification of primary and secondary glioblastomas,” The
Korean Journal of Pathology, vol. 47, no. 6, pp. 541–548, 2013.

[29] M.Weller, J. Felsberg, C. Hartmann et al., “Molecular predictors
of progression-free and overall survival in patients with newly
diagnosed glioblastoma: a prospective translational study of the
GermanGliomaNetwork,” Journal of Clinical Oncology: Official
Journal of the American Society of Clinical Oncology, vol. 27, no.
34, pp. 5743–5750, 2009.

[30] G. Wu, A. K. Diaz, B. S. Paugh et al., “The genomic landscape
of diffuse intrinsic pontine glioma and pediatric non-brainstem
high-grade glioma,”Nature Genetics, vol. 46, no. 5, pp. 444–450,
2014.

[31] P. Pathak, P. Jha, S. Purkait et al., “Altered global histone-
trimethylation code and H3F3A-ATRX mutation in pediatric
GBM,” Journal of Neuro-Oncology, vol. 121, no. 3, pp. 489–497,
2015.

[32] A. Korshunov, M. Ryzhova, V. Hovestadt et al., “Integrated
analysis of pediatric glioblastoma reveals a subset of biologically
favorable tumors with associated molecular prognostic mark-
ers,” Acta Neuropathologica, vol. 129, no. 5, pp. 669–678, 2015.



10 BioMed Research International

[33] A. Korshunov, D. Schrimpf, M. Ryzhova et al., “H3-/IDH-
wild type pediatric glioblastoma is comprised of molecularly
and prognostically distinct subtypes with associated oncogenic
drivers,”ActaNeuropathologica, vol. 134, no. 3, pp. 507–516, 2017.

[34] S. Braunstein, D. Raleigh, R. Bindra, S. Mueller, and D. Haas-
Kogan, “Pediatric high-grade glioma: current molecular land-
scape and therapeutic approaches,” Journal of Neuro-Oncology,
vol. 134, no. 3, pp. 541–549, 2017.



Stem Cells 
International

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

MEDIATORS
INFLAMMATION

of

Endocrinology
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Disease Markers

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Oncology
Journal of

Hindawi
www.hindawi.com Volume 2013

Hindawi
www.hindawi.com Volume 2018

Oxidative Medicine and 
Cellular Longevity

Hindawi
www.hindawi.com Volume 2018

PPAR Research

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Immunology Research
Hindawi
www.hindawi.com Volume 2018

Journal of

Obesity
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Computational and  
Mathematical Methods 
in Medicine

Hindawi
www.hindawi.com Volume 2018

Behavioural 
Neurology

Ophthalmology
Journal of

Hindawi
www.hindawi.com Volume 2018

Diabetes Research
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Research and Treatment
AIDS

Hindawi
www.hindawi.com Volume 2018

Gastroenterology 
Research and Practice

Hindawi
www.hindawi.com Volume 2018

Parkinson’s 
Disease

Evidence-Based 
Complementary and
Alternative Medicine

Volume 2018
Hindawi
www.hindawi.com

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/
https://www.hindawi.com/

