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Abstract

BRAF is the most frequently altered gene in pediatric low grade glioma (pLGG), 
primarily in the most common pLGG – the pilocytic astrocytoma (PA) harboring a 
tandem duplication on chromosome 7q34 which results in the KIAA1549 – BRAF fusion 
gene. The rates of BRAF fusion are depending on tumor location in the CNS and the 
prognostic effects of this fusion are variable. BRAF fusion proteins result in aberrant 
activation of the MAP-Kinase (MAPK) pathway, downstream of which the p90 Ribosomal 
S6 kinase (RSK) is located, known to be important for regulation of gene expression 
and protein synthesis. However, RSK genes activity, and their relation to the major 
molecular event in PA pathogenesis – the KIAA1549-BRAF genes fusion has never been 
investigated. Fifty patients with a total number of 73 tumor samples were included in 
the study: 52 formalin-fixed paraffin-embedded (FFPE) and 21 corresponding fresh 
frozen (FF) tumor samples of various pLGG and high-grade glioma (HGG). q-PCR and 
RT-PCR were performed in order to quantify RSK expression and the presence of BRAF 
fusion gene, respectively. PCR products were subjected to gel electrophoresis and 
Sanger sequencing. Immunohistochemistry and Western Blotting were performed for 
RSK proteins investigation. Interestingly, RSK1 expression was 3.485 times increased 
in PAs compared to normal tissue. The change in RSK1 expression had no correlation 
with the status of KIAA1549-BRAF fusion presence. 

ABBREVIATIONS
PA: Pilocytic Astrocytoma; MAPK: Mitogen Activated Protein 

Kinase; RSK: Ribosomal S6 protein Kinase; BRAF: B-Raf proto 
oncogene, serine/threonine kinase; LGG: Low-Grade Glioma

INTRODUCTION
Pilocytic astrocytoma (PA) is the most common pediatric 

low-grade glioma (pLGG), constituting 23% of all central nervous 
system (CNS) tumors in children [1]. According to World Health 
Organization (WHO) classification, PA is a grade I tumor [2]. It 
has no gender preponderance and mainly occurs in children from 
5 to 19 years old with a peak incidence in the 5 to 9 years old 
range [3]. Even though PA is a well- circumscribed tumor, with a 
10-year survival of 96% after tumor resection, recurrence occurs 
in 19% of cases, often when the tumor is not completely rejected 
[4]. Pontine and optic pathway’s PAs are the most complicated 
and difficult to reset, thus children may experience significant 

morbidity due to tumor’s location and/or the side effects of 
adjuvant therapies. PA is morphological a heterogeneous tumor 
with the classical histological features being elongated bipolar 
tumor cells, Rosenthal fibers, and eosinophilic granular bodies 
(Figure 1) [5]. However, the diagnosis can be challenging when 
necrosis and vascular proliferation is present, which do not 
always imply an unfavorable prognosis [6,7].

The MAPK pathway is composed of the Ras/Raf/MEK/ERK 
kinases. It is critical for normal development and is deregulated 
in a multitude of cancers and neurodegenerative diseases e.g. 
Alzheimer’s and Parkinson’s disease [8]. The BRAF gene is one of 
the genes most frequently affected by cancerous mutations, and 
the most common mutation is the BRAF V600E substitution in 
the tyrosine kinase domain of the protein [9]. In up to 80% of 
PAs tandem duplication of chromosome 7q34 occurs, resulting 
in the formation of a fusion gene between the kinase domain 
of BRAF and KIAA1549 (KIAA1549-BRAF fusion gene), leading 



Central
Bringing Excellence in Open Access





Broholm et al. (2016)
Email: 

Ann Clin Pathol 4(2): 1064 (2016) 2/8

to constitutively active MAPK pathway [10,11]. There are 
different fusion variants, which are distinguished according to 
the fusion sites. The most common KIAA1549-BRAF fusions in 
PA are between the KIAA1549 exon 16 and BRAF exon 9 (16-9) 
in up to 77% of PAs, KIAA1549 exon 15 and BRAF exon 9 (15-9) 
- 28%, and KIAA1549 exon 16 and BRAF exon 11 (16-11) - 5%. 
[7,12]. However, as growing evidence suggest, MAPK pathway 
is aberrantly activated in all PA regardless of 7q34 duplication 
and a number of less frequent somatic mutations in BRAF, KRAS, 
NF1, FGFR1 as well as other BRAF or NTRK2 fusions [13,14]. 
This indicates that several different genes could be involved in 
the MAPK pathway´s proteins production, and that they may 
influence PA pathogenesis. 

The 90 kDa ribosomal S6 protein kinases (RSKs), are a family 
of Ser/Thr kinases that are activated by the MAPK pathway 
(Figure 2) [15]. The RSK kinase family consists of four isoforms 
(RSK1-4) which are highly homologous with up to 90% amino 
acid identity among the protein sequences [16]. RSK family 
members phosphorylate many substrates that are in charge of 
cell growth, proliferation, cell cycle progression, and motility [17]. 
RSKs are recognized as influential proteins in various cancers 
and neurodegenerative diseases, e.g. mutations in RSK2, which 
lead to aberrant protein activity, are associated with Coffin-
Lowry syndrome, an X-linked disorder with severe psychomotor 
retardation [18]. However, little is known about RSK function, 
cellular distribution and role in human brain tumors [19]. 

The best characterized RSK isoforms in other diseases - 
RSK1 and RSK2 - are of special interest, and to our knowledge, 
their activity in PA has not been studied before. Therefore, we 
hypothesized that RSK genes expression would be abnormal and 
that RSK proteins, which are BRAF downstream effectors, would 
be aberrantly regulated in PA. 

MATERIALS AND METHODS

Material

All patients included in this study were diagnosed and treated 
at Rigshospitalet, Copenhagen University Hospital. The material 

includes 73 tumor samples from 50 patients (24 males) with a 
median age of 10years (range 0 to 17). Fifty-two formalin-fixed 
paraffin-embedded (FFPE) and 21 corresponding fresh frozen 
(FF) tumor samples of various pLGG and HGG were collected 
from the archives of the Department of Neuropathology, 
Rigshospitalet, Denmark (Table 1). Of the 21 FF samples, 16 were 
pilocytic astrocytomas, 7 males and 9 females, with age median of 
10 years at diagnosis. As KIAA1549-BRAF 15-9 fusion is associated 
with tumor location [20], the distribution of the 16 PAs is listed 
in (Table 2).  The tumors were located in fossa posterior – (9 PA), 
pontine (3PA), supratentorial above 3rd ventricle (1PA), basal 
ganglia (1PA), in the medulla oblongata (1PA) and in infra- and 
supratentorial region (1PA) (Table 2). All tissue samples were 
collected from patients in accordance with the Declaration of 
Helsinki and with approval by the Medical Ethics Committees of 
the Capital Region, Denmark (approval no. H-3-2013-195). All 
tumors were classified according to the 2007 WHO classification 
[2]. 

Figure 1 Pilocytic astrocytoma - biphasic tumor tissue with uniform 
tumor cells with clear cytoplasm (dotted arrow) and hyperplastic 
vessels (black arrow) - H&E staining (x200).

Figure 2 Schematic MAPK pathway - RSK place in the MAPK pathway 
and its function in the cell.

Table 1: The number of FF and FFPE samples in the study.
FF

Diagnose WHO grade Samples
Pilocytic astrocytoma I 16

Ependymoma II 2
Oligodendroglioma II 1
Diffuse astrocytoma II 2

FFPE
Pilocytic astrocytoma I 27

Ependymoma II 4
Oligodendroglioma II 4
Diffuse astrocytoma II 3

Anaplastic ependymoma III 3
Ana plastic oligodendroglioma III 1

Glioblastoma IV 10
Abbreviations: FF: Fresh Frozen; FFPE: Formalin-Fixed and Paraffin 
Embedded; WHO: World Health Organization
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METHODS

Polymerase chain reaction (PCR)

For RSK1 and RSK2 expression, RNA was purified from 
approximately 30 mg of all FF tissues by the use of the All Prep 
DNA/RNA/Protein Mini Kit (Cat.No.80004 Qiagen, Hilden, 
Germany) according to manufacturer’s recommendations. RNA 
was also isolated from FFPE tissues (RNeasy FFPE Kit (Cat.
No.73504 Qiagen, Hilden, Germany), however, the quality of this 
RNA was not good enough for further molecular investigation. 
FF brain tissues from epileptic surgery operations with no 
histopathological changes were obtained from 7 patients and 
used as normal controls. By quantitative real-time PCR (q-PCR) 
the expression of RSK1, RSK2 and the housekeeping gene GAPDH 
was evaluated. RNA from the 21 FF tumors was converted to 
cDNA by using the SABiosciences® RT2 First Strand Kit (Cat.
No.330401, Qiagen) and Quantitect® First Strand Kit, Reverse 
Transcription Kit (Cat.No.205311, Qiagen). RNA and cDNA 
concentrations were measured by using NanoDrop 2000 
spectrophotometer (Thermo Science). TaqMan® Universal 
Master Mix II with UNG (Part.No.4440038) and Gene expression 
assays (Hs01546665_m1 RPS6KA1, Hs00177936_m1 RPS6KA3, 
and Hs02758991_g1 GAPDH, LifeTechnologies) were used for 
cDNA amplification. The volume for each amplification reaction 
was totally 20 μL, which consisted of 10 μL of TaqMan® Universal 
Master Mix II, with UNG; 1 μL of TaqMan® Gene Expression 
Assay, 4 μL of cDNA template and 5μL of RNase-free water. Three 
assays were performed at least 3 times for each sample. q-PCR 
was performed using a Rotor-Gene Q (Qiagen) real-time PCR 
instrument. Samples were first incubated at 50oC for 2 min, then 
at 95oC for 10 min, followed by 40 cycles of 95oC for 15 s and 60oC 
for 1 min. Fluorescence was recorded and cycles to thresholds 
(Ct) were calculated using Rotor-Gene Q Series Software version 

2.1.0. (Qiagen). The REST-384-beta software (Pfaffl and Horgan, 
2006) was used to calculate the relative expression ratio of a 
target gene versus reference gene - GAPDH [21]. The calculation 
is based on ΔΔ Ct method, where the target genes amplification 
efficiency was 1.7 per one PCR cycle as reported by Rotor-Gene 
Comparative Quantification software after PCR performance. 
Agarose gel electrophoresis with q-PCR products was performed 
to validate RNA presence and its amplification (Figure 3).

To study whether RSK expression in PA was influenced by 
the presence of KIAA1549-BRAF fusion, RT-PCR was performed 
with 15/16 FF PA samples. cDNA was synthesized using the 
Affinity Script QPCR Synthesis Kit (Cat.No.600559) from Agilent 
Technologies and the Bio-Rad S1000TH Thermal Cycler machine. 
Forward and reverse primers’ sequences, as well as the protocol 
for KIAA1549-BRAF fusion detection described by Jones and 
Hasselblatt (Table 3) were used with minor adjustments in 
the number of PCR cycles (increased to 45) and temperature 
(decreased in 2oC in step 3) [7,22]. As a positive control 215 
base pairs fragment of the endogenous BRAF was used. FF tissue 
from breast, brain, colon, lymph node and thyroid were used 
for reduction of the background noise and as a negative control 
for KIAA1549-BRAF detection. PCR products were subjected to 
Qiaxcell’s Gel Electrophoresis to detect fusions by measuring 
band sizes of the amplified fragments. In concordance, Sanger 
sequencing was performed on 8 PCR product samples, from 2 of 
each: positive endogenous controls, positive 16-9, 15-9 and 16-11 
fusions. The sequencing indicated the presence of the expected 
BRAF alleles, and thereby validated the respective fragment sizes 
as BRAF fusions. 

Immunohistochemistry(IHC)

In order to identify the presence and location of the RSK 
proteins within the tumor tissue, immunohistochemistry 

Table 2: PA patient’s gender, age, tumor location, KIAA1549-BRAF gene fusion site - if any, and RSKs expression presented as the number of cycles 
required for the fluorescent signal to cross the threshold.

Gender Age PA location KIAA1549-BRAF fusion site RSK1 Ct (n=2) RSK2 Ct (n=2)

1. M 8 Supra-cellular above 3rd ventricle 16-11 32.36 31.74

2. F 13 Pontine 16-11 31.53 27.67

3. F 10 Fossa posterior 16-9/15-9 33.43 34.54

4. F 14 Fossa posterior negative 30.79 30.44

5. F 4 Right  basal ganglia unknown 31.22 30.32

6. M 8 Fossa posterior unknown 31.05 28.98

7. F 16 Fossa posterior negative 29.38 28.18

8. F 9 Fossa posterior 15-9 33.36 31.95

9. F 17 Fossa posterior 16-9 30.05 30.45

10. F 1 Medulla oblongata 16-11 30.75 30.41

11. M 10 Fossa posterior 16-11 29.55 28.95

12. M 9 Fossa posterior unknown 29.14 28.83

13. M 14 Pontine 16-9 31.73 32.05

14. M 7 Pontine 16-11/16-9 27.09* 26.41*

15. M 13 Infra- and supratentorial 16-9 29.74 28.28

16. F 12 Fossa posterior 16-9 28.67 28.75

Abbreviations: M: Male; F: Female; Ct: Cycle threshold; n=2: average of two q-PCR runs data; *n=1: one q-PCR run data.
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Figure 3 Agarose gel electrophoresis with q-PCR amplification products of RSK1, RSK2 and GAPDH primers from FF (left) and FFPE (right) tissues: 
epileptic brain (control); PA: Pilocytic Astrocytoma; EP: Ependymoma; GBM: Glioblastoma; OLIG: Oligodendroglioma;  M: Marker.

Table 3: KIAA1549 and BRAF fusion genes primer sequences.

Primer name RT-PCR
BRAF_9_F 
BRAF_11_F
KIAA1549 _16_R 
KIAA1549_15_R

5´-AAACAGCACCCCTTCCCAGG-3´ 
5´-CGGAAACACCAGGTCAACGG-3´
5´-CTCCATCACCACGAAATCCTTG-3´
5´-GTTCCAAATGATCCAGATCCAATTC-3´

Positive control
BRAF 
KIAA1549

5´-TTGTGACTTTTGTCGAAAGCTGC-3´
5´-AAGGGGATGATCCAGATGTTAGG- 3´

Abbreviations: Primers nucleotide sequences of the 3 most common KIAA1549-BRAF fusion exon sites, and the positive control – endogenous BRAF.

was performed on 4 µm sections on all 52 FFPE tumors. After 
deparaffinization in xylene, the sections were hydrated in 100, 90, 
70% ethanol and pretreated with Tris buffer pH 8.5 for antigen 
retrieval. The primary and secondary antibody combinations used 
were Anti-RSK1 p90 rabit-monoclonal antibody ([E4]ab32114, 
Lot: GR41669-7) (1:25 dilution)  and Anti-Rsk2/ MAPKAP Kinase 
1b rabit-monoclonal antibody ([Y83]ab32133, Lot: GR20999-5) 
(1:50 dilution) (both  from Abcam) and  Optiview (Roche). DAB 
(3,3’-Diaminobenzidine, Roche) was applied for visualization. 
All reactions were run on a Benchmark IHC staining module 
(Ventana Medical System, Tuscon, AZ, USA) and were evaluated 
by a senior neuropathologist (HB). 

Western Blot (WB)

WB was performed with the same RSK antibodies that were 
used for IHC, in order to validate their specificity. FF tissues from 
epileptic brain (E), normal colon tissue (C), glioblastoma (GMB), 
and colon cancer (CC), were placed in Eppendorf tubes with 
extraction buffer and homogenized manually. Epileptic brain 
tissue was expected to contain smaller amount of RSK proteins 
compared to colon cancer tissue. The weight of the tissue and 
volume of extraction buffer were equalized to 1:1. Protein 
concentration was measured by using the Qubit® Protein Assay 
Kit (cat#Q33211, LifeTechnologies) on a Qubit® 2.0 Fluorometer 
(LifeTechnologies) according to the manufacturer’s manuals. 
Samples, which protein concentration was >26 µg/µL, were 
diluted in the extraction buffer to 1:5, 1:10 and 1:100. Before 
loading samples into the gel, they were mixed with sample loading 
buffer and sample reducing agent, and heated at 99oC for 10 min. 
SeeBlue visual marker and MagicMark XP marker (Invitrogen) 
were used as a standard protein ladder. Gel electrophoresis was 
run for 1.5 h at 100 V. Proteins from the gel were transferred 
to nitrocellulose membrane in Transfer buffer at 30 V for 1.5 h. 

Final blots were immunoblotted with the Anti-RSK1 p90 (1:700 
and 1:1000 dilution) and Anti-Rsk2/ MAPKAP Kinase 1b (1:1500 
dilution) primary antibodies (Abcam). Stabilized Goat Anti-
Rabbit antibody (HRP) (1:50 dilution) was used as secondary 
antibody (Pierce®). Pierce® ECL Western Blotting Substrate 
(1:1 dilution) was used to enhance chemiluminescence of the 
secondary antibody. Proteins were detected with Versa Doc 
imaging system using Quantity One software (Bio-Rad).

Statistics

The REST-384-beta software (Pfaffl and Horgan, 2006) was 
used for calculation of RSK relative expression ratio significance 
(p value). RSK expression changes in relation to KIAA1459-
BRAF positive, negative, unknown status was evaluated with 
the analysis of variance (ANOVA) using SAS statistical software 
version 9.1 (SAS Institute, Cary, NC)).

RESULTS AND DISCUSSION
Results

RSK1 and RSK2 expression: RSK1 measured by q-PCR was 
significantly over expressed by the factor 3.485 (SE±1.68) in 
all 16 PA tumors compared to 7 controls (p=0.001). RSK2 also 
tended to be over expressed, but the difference, compared to 
control group, was not significant (Figure 4). 

The other 5 FF gliomas, which were tested for RSKs 
expression, were 2 diffuse astrocytomas, 2 ependymomas, and 1 
oligodendroglioma – all WHO grade II. No significant difference 
in RSKs expression in diffuse astrocytoma and ependymoma 
samples compared to control group was found, however RSK1 
and RSK2 tended to be over expressed in diffuse astrocytomas, 
and under expressed in the ependymoma. One oligodendroglioma 
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showed significant 2.8 fold RSK1 over expression compared to 
control group (p=0.011) (data not shown). 

KIAA1549-BRAF fusion & RSK expression: Fifteen FF PAs 
were tested for KIAA1549-BRAF gene fusions, of which 11were 
KIAA1549-BRAF fusion positive, 2 negative, and 3 unknown 
(including 1 PA that was not tested for the fusion) (Table 2). 
ANOVA was performed to evaluate if RSK1 and RSK2 gene 
expression in 15 PAs differ significantly depending on whether 
KIAA1549-BRAF gene fusion is positive, negative or unknown. 
The p values for RSK1 (p=0.77) and RSK2 (p=0.87) indicated that 
level of RSK expression does not vary according to KIAA1549-
BRAF gene fusion positive, negative and unknown groups (Figure 
5). 

RSK proteins in pilocytic astrocytoma: Despite great 
optimization effort and specific IHC staining in normal colon 
tissue, used as control for RSK1 antibody, and lymph node 
for RSK2 antibody, it was impossible to prevent background 
staining in tissues from CNS: neither in controls (glioblastoma), 
nor the tumors tested, especially regarding the RSK1 staining. 
In all sections a granular RSK1 staining was found clearly in the 
cytoplasm of endothelial cells and RSK2 staining in the cytoplasm 
of microglia and macrophages, both perivascular and more 
diffusely distributed. Because of background staining with the 
RSK1 antibody, and a more often negative staining with the RSK2 
antibody (Figure 6) the results were difficult to judge as reliable 
and therefore not further explored. In accordance with the IHC 
observation, WB resulted in multiple binding of different size 
proteins for RSK1 (1:700 and 1:1000 dilution) and RSK2 (1:1500 
dilution) antibodies (Abcam) (strongest to 55 kDa) in positive 
control tissues as well as LGG (Figure 7). However, both RSK1 
and RSK2 proteins naturally are of 84 kDa size.

Discussion

The data presented in this study demonstrate that in all 
investigated PAs (16), RSK1 expression is found significantly 
increased (3.485 times) compared to control. The data also 
suggest that RSK1 might be regulated in a KIAA1549-BRAF-
fusion-independent manner, because no correlation between 
fusion status and RSK expression was found, even though BRAF 

Figure 4 Relative RSK1 and RSK2 expression ratio plot [mean ± S.E.], 
PAs compared to control group, log2 scale..

Figure 5 RSK1 and RSK2 expression variation in KIAA1549-BRAF gene 
fusion negative, positive and unknown groups.

Figure 6 (A) - Background staining, but clearly visible RSK1 antibody 
positive endothelial cells around the vessels in PA (arrows) (x400); 
(B) - RSK1 antibody validation on colon tissue (x200); (C) - RSK2 
positive microglial cells and macrophages in PA (arrows) (x400); (D) 
- RSK2 antibody validation on lymphnode tissue (x100).

fusion genes are recognized as the key oncogenic mechanism. 
Nevertheless, it is known that MAPK pathway is also constantly 
active in PAs that have no BRAF, KRAS, NF1, FGFR1 or NTRK2 
fusions and/or mutations. Therefore, we propose that RSK1 
over expression in PA might be triggered by other factors than 
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BRAF fusion gene induced constitutive MAPK pathway activation. 
However, which other genes, proteins and their overlapping 
pathways cause RSK1 over expression remains to be elucidated. 

Not much is known about RSK expression in human CNS 
tumors, but similar observation regarding to RSK independent 
activity was made by Clark et al., who provide evidence of MAPK-
independent RSK activity in prostate cancer. They demonstrates 
that RSK2 activity in response to epithelial growth factor (EGF) is 
35-fold greater in PC-3 than LNCaP cells, even though active MAPK 
and 3-Phosphoinositide-dependent protein kinase-1 (PDK1) 
levels are lower in PC-3 cells, meaning  that increased RSK levels 
are not a reflection of major regulatory inputs such as MAPK and 
PDK1 [23]. 

Extracellular-signal regulated kinases of the MAPK 
pathway, such as Ras, Raf1, MEK and ERK, are being intensively 
investigated as growing evidence indicate their over expression 
and activation being an important part of human colorectal 
and prostate cancer pathogenesis, progression, and oncogenic 
behavior [23-25]. Regarding PA, the identification of novel BRAF 
fusion partners, such as FAM131B and SRGAP3, has provided 
evidence of RAF kinase fusion genes playing a key role in the 
constitutive activation of the MAPK pathway’s [26]. 

To understand the MAPK-RSK signal-transduction pathways, 
most of the studies are conducted in melanoma, pancreatic, 
breast, prostate and small cell lung cancer lines, confirming that 
the abnormal RSK1 and RSK2 expression is crucial for tumor 
cells proliferation and invasion [27-29]. Expression of other RSK 
family members is found to be aberrant and significant for tumor 
development and/or suppression as well: RSK3 is reduced or 
absent in ovarian cancer cell lines, and RSK4 is over expressed in 

the human breast cancer cell line MDA-MB-231 [29]. Meanwhile 
the biological implication of RSK over expression in CNS tumors 
remains to be clarified, especially when specific inhibitors of 
RSK (SLO101, BI-D1870)  have been identified and new ones are 
under development (bis-phenol pyrazole, LJI308) [30- 33]. In 
2013 a research group in Canada (Pambid et al.) identified RSK 
as a crucial target for pediatric Sonic Hedgehog meduloblastoma 
(SHH MB), as they found MB cell lines (Daoy, ONS76, UW228, 
UW426) being resistant to SHH pathways’ smoothened (SMO) 
inhibitors. RSK inhibition with BI-D1870 resulted in prevention 
of Daoy colony formation by ~100%. They also found that RSK2-4 
are correlated with SHH genes, and were consistently expressed 
higher in MB patients compared to normal cerebellum [34]. 
However, this was not the case for RSK1, which might be rather 
associated with LGG as our study suggests.

CONCLUSION
The finding of increased RSK1 expression in PA is promising 

and opens door for further investigations of genetic and epigenetic 
factors considering KIAA1549-BRAF-independent RSK1 upstream 
components, causing its increased expression without changing 
its genetic code. The molecular genetic changes in pediatric CNS 
tumors differ from that in adults, so RSK expression should be 
investigated in a large cohort of gliomas of different grades and 
in different age group for better understanding of the MAPK-
RSK pathway, its function in tumorigenesis and novel targets 
for biomarker and treatment options. A range of promising 
RSK inhibitors, such as luteolin, dibenzyl trisulfide (DTS), small 
molecule inhibitor SLO101 and BI-D1870 in combination with 
other cancer agents are adapted and applied for different types 
of cancer treatment and opens the possibility for PA personalized 
therapy in the future [35,36]. 

Figure 7 RSK1 and RSK2 antibody optimization for Western Blot analysis. Positive control specimens: C: colon; CC: Colon Cancer; E: Epileptic 
brain tissue without pathological changes; GBM: Glioblastoma. Pathological specimens: 1 – diffuse astrocytoma, 2, 3 – pilocytic astrocytoma, 4 – 
ependymoma. M – Marker. 
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