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Abstract

:

Numerous papers have reported altered expression patterns of Ras and/or ShcA proteins in different types of cancers. Their level can be potentially associated with oncogenic processes. We analyzed samples of pediatric brain tumors reflecting different groups such as choroid plexus tumors, diffuse astrocytic and oligodendroglial tumors, embryonal tumors, ependymal tumors, and other astrocytic tumors as well as tumor malignancy grade, in order to characterize the expression profile of Ras, TrkB, and three isoforms of ShcA, namely, p66Shc, p52Shc, and p46Shc proteins. The main aim of our study was to evaluate the potential correlation between the type of pediatric brain tumors, tumor malignancy grade, and the expression patterns of the investigated proteins.
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1. Introduction


It has been previously demonstrated that Ras activity depends on ShcA recruitment upon tyrosine kinase-associated receptor (Trk) activation [1]. Abnormal action of proteins involved in this pathway may be strictly associated with oncogenic processes [2,3], especially because Ras activation has an impact on downstream oncogenes such as Raf and Rac [4,5,6], which regulate cell proliferation. The role of ShcA proteins in oncogenic processes has been intensively studied in many models, and their functions in tumors of the nervous system have gained much attention. The ShcA transcript has three isoforms, p46Shc, p52Shc, and p66Shc, which have similar structures and adaptor functions [1]. Classically, all ShcA proteins that are located in the cytoplasm and ER are involved in growth factor signaling as they become tyrosine phosphorylated in response to growth factors binding to tyrosine receptor-associated kinases at the plasma membrane [7,8]. The signal is transmitted by the ShcA complex with Grb2, thus recruits the Son of sevenless (Sos) protein, exchanging GDP for GTP in the Ras protein, which leads to its activation. Shorter ShcA isoforms (p46Shc and p52Shc) facilitate Ras activation after Grb2-Sos complex formation and binding [9]. p66Shc, the longest isoform of the Shc adaptor protein 1 subfamily, possesses an amino-terminal extension and collagen homology domain 2 (CH2), which, when phosphorylated, prevents Grb2 and Sos complex formation and therefore Ras activation [1,7,9,10]. The CH2 domain of p66Shc also contains a serine phosphorylation site that undergoes phosphorylation in response to oxidative stimuli [10]. The pro-oxidant p66Shc-associated pathway has been described as an important factor contributing to multiple pathologies by increasing oxidative stress and damage in diabetes [11], cardiovascular disorders [12], neurodegeneration [13], and mitochondrial disorders [14]. p66Shc is also an important determinant of mammalian aging [10,15] and is involved in cancer development and progression [3,16,17,18,19,20]. ShcA participation in the signal transduction pathway regulating proliferation can be potentially associated with the oncogenic process, which relies on the abnormal level or activation of plasma membrane receptors. Therefore, mutations leading to increased level or the activity of certain tyrosine kinase-associated receptors may result in constitutive Ras activation and uncontrolled proliferation [21]. Ras proteins (H-, K-, N-) are small GTPases that regulate multiple signaling pathways across membranes involved in cell adhesion, growth, migration, and survival [22], among other processes. Ras proteins are frequently mutated in different types of cancer, and the oncogenic behavior (both tumor onset and the progression of transformed cells) is given mainly by missense mutations that determine the constitutive activation of RAS downstream players [23,24]. In detail, H-RAS is the least mutated ever with a 4% probability, followed by N-RAS with 13% and finally K-RAS (83%) [25]. These three isoforms tend to have a distinguished expression among tumors; indeed, while K-RAS mutations are frequently detected in colon and pancreatic malignancies, those affecting N-RAS are found in myeloid leukemia and H-RAS in bladder cancer [26]. Interestingly, the studies of Davol et al. (2003), Frackelton et al. (2006), and Grossman (2007) showed that decreased levels of p66Shc as well as increased phosphorylation of ShcA proteins at tyrosine residues can be good markers for the diagnosis and prognosis of breast cancer and IIA colon cancer, respectively [27,28,29]. Moreover, another study showed that an increased level of p66Shc has been found in highly metastatic variants of the human breast cancer cell line MDA-MB-231 [30,31]. In neuronal cells, there are different tyrosine kinase-associated receptors, among which type A, –B, and –C can directly activate kinases such as PLCɣ1 or indirectly transmit the mitogenic signal to downstream effectors such as Ras, Raf, or extracellular regulated mitogen activated kinases (MAPK/ERK) by Shc adaptor coupling [32,33]. In 2017, a comprehensive meta-analysis of 11 studies enrolling a total of 1516 patients by Zhang C. and coworkers collected important information about tyrosine kinase-associated receptor type B (TrkB) expression found in solid tumors including gastric [34,35,36], colorectal [37,38], nonsmall cell lung [39] and ovarian [40] cancers, nasopharyngeal [41], sinonasal and oral squamous cell [42,43], and hepatocellular [40] carcinoma. Immunohistochemistry (IHC) analysis detected TrkB as overexpressed in all tumors, which was significantly associated with poor overall survival and disease-free survival of patients. Interestingly, the level of TrkB was strongly and positively associated with the clinical stage (I–II versus III–IV), classifying the protein as a potential biomarker for poor prognosis in the cohort of cancers above-mentioned [44].



In our studies, we evaluated the expression patterns of TrkB, H-, K-, and N-Ras (namely, pan-Ras) and all three isoforms of ShcA (p66Shc, p52Shc, and p46Shc) proteins in samples of brain tumors belonging to several subgroups (astrocytic, oligodendrioglial, ependymal, choroid plexus, and embryonal tumors) and defined malignancy grades (I, II, III, and IV) based on the 2016 WHO classification [45]. New prognostic markers that can facilitate and predict metastasis risk in patients are still being searched. Hence, we investigated whether the levels of Ras, TrkB, and three isoforms of ShcA, namely, p66Shc, p52Shc, and p46Shc, which may be informative in terms of pediatric brain tumor type or malignancy grade.




2. Materials and Methods


2.1. Ethics


Human studies adhered to the Declaration of Helsinki of the World Medical Association. Tumor examinations have been performed in the range of diagnostic procedures. Analyzed tissues were retrieved from the archives of the Pathology Department of the Children’s Memorial Health Institute, Warsaw, Poland, under the Bioethics Committee at the Children’s Memorial Health Institute’s approved protocol (Approval No. 155/KBE/2014 on 10 September 2014). All patients were treated according to the protocol of the Polish Pediatric Neurooncology Group. Patients gave informed consent for the use of resected samples for scientific purposes. Patient samples were anonymized.




2.2. Tumor Classification


Brain tumors were classified according to the World Health Organization classification of tumors of the central nervous system (CNS). The revised fourth edition of the WHO classification of tumors of the central nervous system 2016 [45] is based on a combination of histologic and molecular features for the definition of several neoplastic entities, particularly among gliomas and embryonal tumors.




2.3. Brain Tumor Histology and Immunohistochemistry


Forty-nine pediatric patients with pediatric brain tumors diagnosed at the Children’s Memorial Health Institute in Warsaw, Poland were included in the analysis. Analysis was performed on formalin-fixed paraffin-embedded (FFPE) and frozen tissue samples collected at diagnosis. All tumors were retrospectively reviewed according to recent WHO 2016 criteria [45].



Hematoxylin & Eosin (HE): Paraffin blocks were cut into 3-µm-thick slices and mounted on SuperFrost microscope slides. After stepwise deparaffinization and rehydration, slides were stained with hematoxylin and eosin according to standard protocols. Immunohistochemistry (IHC) was performed on the Ventana BenchMark ULTRA IHC/ISH autostaining system using mouse monoclonal and rabbit antibodies (see Table 1). After antigen retrieval in CC1 buffer, detection of the signal was followed with the Ultra View HRP system (Roche/Ventana). Whole preparations were scanned in a Hamamatsu NanoZoomer 2.0 RS scanner (Hamamatsu Photonics, Hamamatsu, Japan) at the original magnification of 40×.



The histological diagnosis of each group of brain tumors required usage of specific immunohistochemical markers, different for the individual groups of tumors. In our analysis, we used only the most common ones:




	
Ki67, which is considered to be malignancy marker;



	
GFAP expression allows identification of glial origin of neoplastic cells;



	
Pancytokeratin expression is considered to be a marker of epithelial origin of choroid plexus tumors;



	
Olig2 expression is considered to be a marker of gliomas: pilocytic astrocytoma, diffuse-type astrocytic tumors, and pediatric type of oligodendroglioma;



	
INI-1 is used in the diagnosis of CNS atypical teratoid/rhabdoid tumors. INI-1 expression picture allows to distinguish atypical teratoid/rhabdoid tumor (loss of INI-1) from choroid plexus carcinoma (INI-1+);



	
Synaptophysin expression allows for the identification of the neuronal origin of neoplastic cells;



	
EMA staining might serve as sensitive and specific markers of ependymal differentiation in glial tumors; and



	
S100 is a characteristic marker for glial tumors as well as choroid plexus tumors.








Proliferation activity of neoplastic cells was described as a Ki-67 labeling index (Ki-67 LI). Percentage of nuclear expression of Ki-67 was counted in 300 hot-spot neoplastic cells in high power microscopic fields (400×).



Cytoplasmic expression of glial fibrillary acid protein (GFAP) was assessed semi-quantitatively as negative (−), low (+), moderate (++), and strong (+++), depending on the percentage of positive cells in microscopic examination.




2.4. Western Blot Analysis


Brain tumors after retrieval were stored in liquid nitrogen upon sample preparation. Small fragments of pediatric brain tumors were cut with a scalpel and added to 50 μL of homogenization buffer (75 mM saccharose, 225 mM mannitol, 5 mM Tris HCl) containing protease inhibitor cocktail (1.04 mM AEBSF, 0.8 μM aprotinin, 0.04 mM bestatin, 0.14 mM E-64, 0.02 mM leupeptin, 0.015 mM pepstatin A) and phosphatase inhibitor cocktail 3 (1 mM Na3VO4 and 10 mM NaF) used at a 1:100 dilution. Then, the samples were gently homogenized in a precooled Potter Elvehjem Tissue Homogenizer. Afterward, a double portion of cold lysis buffer (50 mM Tris, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate, protease inhibitor cocktail: 1.04 mM AEBSF, 0.8 μM aprotinin, 0.04 mM bestatin, 0.14 mM E-64, 0.02 mM leupeptin, 0.015 mM pepstatin A and phosphatase inhibitor cocktail 3 used at a 1:100 dilution) was added. After 30 min of incubation on ice, samples were centrifuged at 14,000× g for 20 min at 4 °C to remove insoluble tissue and cellular debris. After centrifugation, the supernatant was collected, and the protein concentration was determined using the Bradford method. Samples dedicated for SDS-PAGE were denatured in reducing Laemmli loading buffer at 95 °C for 5 min. Due to the technical limitations to perform electrophoretic separation of 49 samples contemporary on one acrylamide gel, 49 samples were divided into smaller groups and several western blots preceded contemporarily. Each individual gel (group of samples) contained physically the same internal control sample (reference sample, Ref) that allowed us to later compare and merge the results from the individual blots. Proteins were separated on a 4–15% gradient or 8% gel prior to ShcA and TrkB detection and 12% prior to Ras detection. Proteins were then transferred onto PVDF membranes for 90 min using a 300 mA constant current, after which the membrane was blocked using a Li-Cor dedicated TBS-based blocking buffer (Li-Cor, Odyssey). ShcA proteins p46Shc, p52Shc, and p66Shc were detected using mouse monoclonal antibodies (BD Biosciences) concentrated 1:1000 in Li-Cor blocking buffer in TBS-Tween (TBS-T). For H-, K-, and N-Ras (pan-Ras) and TrkB protein detection, mouse monoclonal antibodies from Merck-Millipore and rabbit polyclonal antibodies from Cell Signaling, respectively, were concentrated at 1:1000 in Li-Cor TBS-T buffer. The membranes were incubated overnight at 4 °C with primary antibodies. Proper anti-mouse or anti-rabbit secondary fluorescent antibodies from Life Technologies were concentrated 1:5000 in Li-Cor TBS-T blocking buffer supplemented with 0.01% SDS. The fluorescence was detected with the use of an Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE, USA) and quantified with Image Studio Lite software from Li-Cor.



Equal protein loading was verified with the use of the Revert™ total protein stain kit from Li-Cor (before incubation with primary antibodies) by whole membrane staining, and the signal was scanned with the use of a Li-Cor Odyssey scanner and quantified with Image Studio Lite software from Li-Cor. In the case of ShcA and Ras proteins, β-actin was used as a loading marker. In the case of the TrkB protein, total protein staining (Revert™ 700 Total Protein Stain, Li-Cor) was used for western blot normalization.




2.5. Statistical Analysis


The data were analyzed to check whether there were significant differences among tumor grades or tumor types. To compare the differences in mean values between grade- or tumor type-based groups according to measured markers, we first standardized the data. For each technical replicate of each marker, the data were first divided by the average value for this replicate. Then, each data point was averaged over all replicates for a marker. Based on this standardization, for each marker separately, we performed one-way ANOVA statistical tests, separately for tumor type and tumor WHO grades. For post-hoc multiple comparisons, we used the t-tests with Bonferroni correction. We considered as significant changes with one-way ANOVA p < 0.05 and post-hoc p < 0.05. Moreover, for directed comparison of each pair of groups for different grades, the nonparametric Wilcoxon rank test was performed. We also performed the Kruskal–Wallis rank sum test, which is the nonparametric analog of one-way ANOVA, followed by Tukey and Kramer (Nemenyi) rank tests as nonparametric post-hoc tests.





3. Results


3.1. Histopathological and Immunohistochemical Studies


To evaluate the potential correlation between the type of pediatric brain tumor (and tumor malignancy grade) and the expression patterns of Ras and ShcA proteins, we analyzed 49 samples of pediatric brain tumors. In our studies, five main groups of investigated tumors were distinguished: choroid plexus tumors, diffuse astrocytic and oligodendroglial tumors, embryonal tumors, ependymal tumors, and other astrocytic tumors. Correct assignment to the individual group was confirmed based on histopathological and immunohistochemical investigations. Supplementary Table S1 contains information about tumor type, WHO grade, localization, age, year of diagnosis, and gender of the pediatric brain tumor donors used in the studies.



Group 1 represents choroid plexus tumors. In this group, based on histopathological investigation, we distinguished two types of choroid plexus tumors: (a) choroid plexus papilloma (CPP) and (b) choroid plexus carcinoma (CPC).



(a) Choroid plexus papilloma (WHO grade I)—a papillary neoplasm arising from choroid plexus epithelium that corresponds to WHO grade I. Histopathology of CPP showed numerous fibrovascular papillary structures covered by a single layer of cuboidal to columnar epithelium. Degenerative changes such as calcifications and hyalinization were seen (Figure 1A).



(b) Choroid plexus carcinoma (WHO grade III)—histopathological analysis revealed solid hypercellular sheets of pleomorphic epithelioid cells with brisk mitoses. In one case, foci of papillary architecture were retained. In all cases, foci of necrosis were present.



Immunohistochemistry showed that neoplastic cells of both CPP and CPC were positive for pancytokeratin and negative for GFAP (Figure 1A,B).



Group 2 represents diffuse astrocytic and oligodendroglial tumors. In this group, based on immunohistochemistry and histopathological investigation, we distinguished three types of diffuse astrocytic and oligodendroglial tumors: (a) glioblastoma (GB), (b) pediatric-type oligodendroglioma, and (c) pediatric-type anaplastic oligodendroglioma (Figure 2).



(a) Glioblastomas, (WHO grade IV)—a diffusely infiltrating high-grade glioma with predominantly astrocytic differentiation were characterized by foci of high cellularity, marked cellular pleomorphism, brisk mitotic activity, and microvascular proliferation. In all cases of GB, foci of ischemic necrosis were present. In one case, the palisading necrosis was seen. Immunohistochemistry of the neoplastic cells showed the expression of GFAP and Olig2. The Ki67 LI was about 50% (Figure 2A).



(b) and (c); Pediatric-type oligodendrogliomas (b) corresponded to WHO grade II and pediatric-type anaplastic oligodendroglioma (c) to WHO grade III. Oligodendrogliomas were composed of monomorphic cells with uniform round nuclei with surrounding perinuclear clearing “haloes”. The network of delicate branching capillaries resembling “chicken wire” were present in all cases. Immunohistochemistry showed that neoplastic cells were positive for Olig2, and in some cases, revealed moderate positivity for GFAP (Figure 2B,C). In anaplastic cases of oligodendroglioma, high mitotic activity and microvascular proliferation were seen. In two cases, foci of necrosis were present.



Group 3 represents CNS embryonal tumors. In this group, we distinguished three types of embryonal tumors: (a) medulloblastoma (MB), (b) embryonal tumors not otherwise specified (NOS), and (c) atypical teratoid/rhabdoid tumors (AT/RT) (Figure 3).



(a) Medulloblastoma—this embryonal tumor arises in the cerebellum or dorsal brain stem mainly in children and corresponds to WHO grade IV. All MBs were classified as classic types. They consisted of densely packed small round undifferentiated cells with high mitotic activity (Figure 3A). In three cases, Homer Wright rosettes were seen. MBs demonstrated immunoreactivity for synaptophysin. The Ki67 LI was about 50% (Figure 3A).



(b) Embryonal tumors not otherwise specified—all tumors in this group are WHO grade IV by definition. Microscopically, CNS embryonal tumors were composed of small cells with little perinuclear cytoplasm and hyperchromatic nuclei. Mitoses were abundant, and necrosis was prominent. Immunohistochemistry showed that these tumor cells were positive for synaptophysin. The Ki67 LI was 70% (Figure 3B).



(c) Atypical teratoid/rhabdoid tumor—AT/RTs were composed of undifferentiated, embryonal-like cells and foci of rhabdoid cells with round eccentric nuclei and prominent nucleoli. High mitotic activity was seen. In all tumors, necrosis was prominent. All AT/RT tumors showed focal immunoreactivity for epithelial membrane antigen (EMA) and synaptophysin. The diagnostic hallmark was the loss of INI-1 protein expression in neoplastic cells (Figure 3C).



Group 4 represents ependymal tumors. In the range of this group, we distinguished two types of ependymal tumors: (a) conventional ependymoma and (b) anaplastic ependymoma (Figure 4).



(a) Conventional ependymomas—on histologic examination, these were well circumscribed, moderately cellular tumors with uniform cells. In two cases, ependymal rosettes were seen. All cases presented pseudorosettes, with perivascular tumor cells extending radial, fibrillary processes toward the vessel wall. Mitoses were rare, while necrosis was observed in two cases (Figure 4A). All samples of conventional ependymoma corresponded to WHO grade II malignancy.



(b) Anaplastic ependymoma—these were characterized by high cellular density, high mitotic activity, and a high nuclear to cytoplasmic ratio. Pseudorosettes were less prominent. Microvascular proliferations were present. Immunohistochemistry showed that ependymal tumors were positive for GFAP (Figure 4A,B). The picture of epithelial membrane antigen (EMA) expression showed a characteristic punctate, dot-like pattern of cytoplasmic positivity in neoplastic cells (Figure 4A,B).



Group 5 represents tumors characterized by the WHO as other astrocytic tumors. In the range of this group, we distinguished four types of tumors: (a) pilocytic astrocytoma, (b) pilomyxoid astrocytoma, (c) pleomorphic xanthoastrocytoma (PXA), and (d) subependymal giant cell astrocytoma (SEGA) (Figure 5).



(a) Pilocytic astrocytoma—on histologic examination, these were characterized by low to moderate cellularity and a biphasic growth pattern, consisting of compact areas with bipolar (piloid) tumor cells and microcystic areas with multipolar tumor cells. Rosenthal fibers and eosinophilic granular bodies were seen. Microvascular proliferation and degenerative cellular pleomorphism were observed. This type of tumor demonstrates strong immunoreactivity for GFAP, S100, and Olig2 (Figure 5A).



(b) Pilomyxoid astrocytoma—on histologic examination, it showed that tumor cells form pseudorosette-like angiocentric architectures. Interestingly, intermediate forms between pilocytic and pilomyxoid astrocytoma have also been reported. Tumor cells are strongly immunoreactive for a glial fibrillary acid protein (GFAP), Olig2, and S100. The Ki67 LI was low, less than 3% (Figure 5B).



(c) Pleomorphic xanthoastrocytoma (PXA)—histologic features of PXA included the presence of pleomorphic, sometimes bizarre, and multinucleated giant cells, lipidized astrocytic tumor cells, eosinophilic granular bodies, often perivascular lymphocytic infiltrates, and a variably dense pericellular/perilobular network of reticulin fibers. A fascicular growth pattern was often observed. GFAP immunoreactivity in neoplastic cells was strong. The Ki67 LI was less than 3% (Figure 5C).



(d) Subependymal giant cell astrocytoma (SEGA)—histopathological examination showed that SEGAs are moderately cellular tumors composed of pleomorphic large astrocytic or ganglioid cells with abundant glassy eosinophilic cytoplasm and round, vesicular nuclei with distinct nucleoli. In some cases, smaller spindle cells arranged in streams were commonly encountered. Multinucleated cells were present in two cases. The formation of perivascular pseudorosettes mimicking ependymal pseudorosettes was also seen. The presence of necrotic areas was observed in single cases. Most SEGA tumor cells presented immunoreactivity for GFAP and S100. The Ki67 LI was about 2% (Figure 5D).



Semiquantitative assessment of cytoplasmic expression of GFAP as negative (−), low (+), moderate (++), and strong (+++) as well as the Ki-67 labeling index (Ki-67 LI) describing the proliferation activity of neoplastic cells are presented in Supplementary Table S2. The expression profile of Ki67 expressed as Ki-67 LI strongly correlates with the grade of brain tumors (Supplementary Table S2).



Next, when the assignment of individual samples to the individual group was confirmed, we evaluated the expression patterns of ShcA isoforms (p66, p52 and p46) as well as Ras and TrkB proteins in all characterized tumors samples. Figure 6 and Figure 7 show representative images of p66Shc, p52Shc, p46Shc, Ras, and TrkB levels in the investigated tumor samples.




3.2. Expression Pattern of ShcA, Ras and TrkB Proteins in Pediatric Brain Tumors and Their Levels in a Function of Tumor Malignancy Grade


Densitometric analysis of the western blot bands allowed us to create an expression pattern of the investigated proteins in the studied pediatric brain tumors samples (Figure 8) and to correlate their levels with the tumor malignancy grade (Figure 9). For each protein (p66Shc, p52Shc, p46Shc, Ras, and TrkB), we performed one-way ANOVA statistical tests and post-hoc t-tests with Bonferroni correction separately for each group of investigated tumors and their malignancy grades. Interestingly, the parametric tests revealed statistically significant differences between CNS embryonal (Group 3) and ependymal (Group 4) tumors for the TrkB protein (Figure 8A). Moreover, we found statistically significant differences (p < 0.05) in the level of p46Shc protein between grade I and other grades of malignancy (Figure 9B). The respective nonparametric tests for the grades confirmed this result.





4. Discussion


To evaluate the potential correlation between tumor type, tumor malignancy grade, and the expression patterns of Ras, TrkB, and ShcA proteins, we analyzed 49 samples of pediatric brain tumors. In our studies, five main groups were distinguished (Figure 10).



Group 1 was represented by two types of choroid plexus tumors: choroid plexus papilloma, (WHO grade I) and choroid plexus carcinoma (WHO grade III).



Group 2 was represented by three types of diffuse astrocytic and oligodendroglial tumors: (a) glioblastoma (WHO grade IV), (b) pediatric-type oligodendroglioma (WHO grade II), and (c) pediatric-type anaplastic oligodendroglioma (WHO grade III).



Group 3 was represented by CNS embryonal tumors. In this group, we distinguished three types of embryonal tumors: (a) medulloblastoma (WHO grade IV), (b) embryonal tumors not otherwise specified (WHO grade IV), and (c) atypical teratoid/rhabdoid tumors (WHO grade IV).



Group 4 was represented by ependymal tumors. In the range of this group, we distinguished two types of ependymal tumors: (a) conventional ependymoma (WHO grade II) and (b) anaplastic ependymoma (WHO grade III).



Group 5 was represented by tumors characterized by the WHO as other astrocytic tumors. In the range of this group, we distinguished four types of tumors: (a) pilocytic astrocytoma (WHO grade I), (b) pilomyxoid astrocytoma (WHO grade II), (c) pleomorphic xanthoastrocytoma (WHO grade II), and (d) subependymal giant cell astrocytoma (WHO grade I).



Correct assignment of individual samples to each group was confirmed based on histopathological and immunohistochemical investigations.



4.1. Expression Pattern of ShcA, Ras, and TrkB Proteins in Studied Pediatric Brain Tumors


Next, we evaluated the expression patterns of ShcA isoforms as well as Ras and TrkB in all characterized tumors represented by the following groups: choroid plexus tumors, diffuse astrocytic and oligodendroglial tumors, embryonal tumors, ependymal tumors, and other astrocytic tumors (see Figure 10 and Supplementary Table S1). It has been previously demonstrated that Ras activity depends on ShcA recruitment upon Trk activation by, for example, neurothrophins [8,46]. Affected functioning of proteins from this pathway may be strictly associated with oncogenic processes, especially because Ras has been described as an oncogene, and its activation may influence the activity of downstream kinases implicated in cell proliferation. Moreover, the Shc upstream molecules such as Trk receptors have been previously correlated with tumor malignancy and have been suggested as a prognostic factor in brain tumors [47,48]. TrkB, in particular, has been reported as a negative prognostic marker in neuroblastoma [48,49].



Analysis of the proteins of interest levels with the use of western blot revealed that the level of Ras protein was comparable in all studied types of brain tumors (Figure 8E). This result may be in line with the actual knowledge about Ras in which the genotype (mutation status) is the main culprit for the different transforming potentials of Ras proteins [50] and tumor aggressiveness. Interestingly, as shown in Figure 8B,C, the levels of two ShcA isoforms (evaluated with the use of specific antibodies) that activate Ras protein, p46Shc and p52Shc, also seem to be equal in all groups. Despite no statistically significant differences, the lowest levels of p46Shc and p52Shc were detected in diffuse astrocytic and oligodendroglial tumors (group 2) and in tumors characterized by the WHO as other astrocytic tumors (group 5) in the case of p52Shc. Similarly, the level of the longest ShcA isoform, p66Shc, did not differ much in the five groups of investigated pediatric brain tumors (Figure 8D). Interestingly, differences in the expression pattern were observed only for the TrkB protein. One-way ANOVA and post-hoc t-tests with Bonferroni correction showed a significant (at the 5% level) difference in the level of TrkB between CNS embryonal tumors (group 3) and ependymal tumors (group 4).




4.2. Pediatric Brain Tumor Malignancy Grade and the Pattern of ShcA, Ras, and TrkB Proteins


Additionally, we analyzed whether the protein patterns of Ras, TrkB, and all three isoforms of ShcA protein (p66Shc, p52Shc, and p46Shc) correlate with malignancy grade of the investigated tumors. Importantly, classifying and grading tumors enables the determination of treatment recommendations and prognosis. The simplest classification discriminates two groups: low grade and high grade neoplasms tumors. Low grade tumors are typically slow-growing and rarely spread via cerebrospinal fluid (CSF). They often have well-defined borders, so surgical removal in these cases can be an effective treatment. In contrast, malignant tumors tend to grow faster, and often relapse. The WHO classification of CNS tumors (2016) traditionally comprises a histologic grading to a four-tiered scheme of malignancy ranging from WHO grade I (benign) to WHO grade IV (malignant) lesions. Childhood brain tumors are the most common pediatric solid tumors and include several histological subtypes [51]. Pilocytic astrocytoma is a slowly growing, well-circumscribed, and frequently cystic astrocytoma of children and young adults corresponding to WHO grade I is the most common pediatric tumors of CNS [52]. The most common malignant brain tumor in children is medulloblastoma (WHO grade IV) [53]. Classic medulloblastoma is the most common variant, accounting for up to 70% of cases [53,54]. Another variant of MB such a desmoplastic/nodular medulloblastoma comprises 10–20% of cases [45,53,54]. Large cell/anaplastic (LCA) medulloblastoma comprises 5% of cases and is characterized by very aggressive course [45]. Medulloblastoma with extensive nodularity (MBEN) occurs in infants and presents an extreme degree of desmoplastic/nodular pattern. It likely has a better prognosis due to the degree of neuronal differentiation [45]. Brain tumors corresponding to grade I lesions are neoplasms with low proliferative potential. Grade II lesions are usually infiltrative and often recur with a tendency to progress to higher grades of malignancy. Grade III brain tumors disclose histological features of malignancy including nuclear atypia and mitotic activity. The grade IV designation is applied to mitotically active, necrosis-prone neoplasms with rapid evolution and fatal outcomes. Glioblastoma and embryonal tumors are examples of grade IV neoplasms [45].



Analysis of the TrkB, Ras, and ShcA isoform levels presented in a function of malignancy grade (Figure 9) revealed that only one isoform of ShcA proteins, p46Shc, was significantly elevated in tumors with grade I malignancy in comparison to the other tumors characterized by grades II, III, and IV of malignancy (Figure 9B). A similar trend was observed for the p52Shc protein and malignancy grade, but here the differences were not statistically significant. In contrast to the studies describing an increased level of p66Shc in highly metastatic variants of the human breast cancer cell line MDA-MB-231 or the studies suggesting that decreased levels of p66Shc can be good markers for the diagnosis and prognosis of breast cancer, here in the case of pediatric brain tumors, we did not see such correlations. The level of p66Shc seemed to be equal in all groups of pediatric brain tumors characterized by different malignancy grade (Figure 9D). The Ras level (Figure 9E) also seemed to be equal in tumors with grades I, II, III, and IV of malignancy, indicating that in tumors of grade I, Ras was expressed to the lowest extent (however, this observation was also not statistically significant). These results may be perceived as contradictory to the studies investigating Ras level in tumors of the adult human central nervous system published by Gutierrez-Erlandsson and colleagues [55]. They demonstrated that R-RAS2 is more strongly expressed in low grade (grades I–II) rather than high grade (grades III–IV) tumors of the adult human central nervous system, suggesting that R-RAS2 is overexpressed in the early stages of malignancy. The contradictory results and opposite conclusion regarding Ras level in tumors of the central nervous system can result from two main reasons: (a) in our studies, expression pattern of proteins of interest (including Ras) as investigated in pediatric brain tumors, which have different molecular characteristics compared to the tumors of the adult human central nervous system described by Gutierrez-Erlandsson et al.; and (b) our data reflect the total Ras isoform pool, and in the case of Gutierrez-Erlandsson et al., the dependency on tumor malignancy was described for R-RAS2 only [55]. Additionally, in the case of TrkB, it was difficult to find any linear correlation between its level and malignancy grade. An opposite conclusion arose from the comprehensive meta-analysis by Zhang and coworkers [44], where the expression level of TrkB was strongly and positively associated with the clinical stage (I–II versus III–IV). Based on their analysis, Zhang and coworkers concluded that TrkB can be a potential biomarker for poor prognosis. It is necessary to highlight that such a conclusion was made based on the analysis of a cohort of cancers including gastric [34,36], colorectal [37,38], non-small cell lung [39], and ovarian [40] cancers, nasopharyngeal [41], sinonasal, and oral squamous cell [42,43], and hepatocellular carcinoma [44]. In contrast to the studies described above, our analysis was performed in a cohort of pediatric brain tumors, which were not taken into consideration by Zhang and coworkers [44]. Our study demonstrates that the reliance between the expression level of TrkB and tumor malignancy, described for other solid tumors, differs from that observed for pediatric brain tumors.





5. Conclusions


Based on the results of our comprehensive and comparative study, we demonstrated that the expression pattern of proteins such as Ras, ShcA (p66Shc, p52Shc, p46Shc) in astrocytic, oligodendrioglial, ependymal, choroid plexus, and embryonal tumors in children seem to be closely similar. In the case of TrkB, significant differences in its level have been found between CNS embryonal and ependymal tumors. Interestingly, a significantly higher level of p46Shc protein was observed in pediatric brain tumors with malignancy grade I in comparison to the tumors with grades II, III, and IV of malignancy. Such observations indicate that p46Shc and TrkB might be considered as useful biomarkers in the diagnosis and for the prognosis of pediatric brain tumors.
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Figure 1. Histological and immunohistochemical staining of group 1 pediatric brain tumors: choroid plexus papilloma and choroid plexus carcinoma. HE staining as well as GFAP, Ki67, and pancytokeratin immunohistochemical staining were performed to visualize typical manifestations in these types of tumor tissue. (A) Choroid plexus papilloma (CPP): papillary pattern of CPP in HE staining (*). Neoplastic cells are positive for pancytokeratin immunostaining (black arrow). Low Ki67 LI in tumor tissue (#). GFAP negative staining in neoplastic cells (white arrow). (B) Choroid plexus carcinoma (CPC): solid pattern of CPC in HE staining (*). Neoplastic cells are positive for pancytokeratin immunostaining (black arrow). High Ki67 LI in tumor tissue (#). GFAP reactivity only in the parenchyma (white arrow). Preparations were scanned at original magnification 40×, and digital magnification presented on the image was 20× for HE and 10× for immunohistochemical preparations. 
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Figure 2. Histological and immunohistochemical staining of group 2 pediatric brain tumors: glioblastoma, pediatric-type oligodendroglioma, and pediatric-type anaplastic oligodendroglioma. HE staining as well as GFAP, Ki67, and Olig2 immunohistochemical staining were performed to visualize typical manifestations in these types of tumor tissue. (A) Glioblastoma: foci of micronecrosis in HE staining (*). GFAP immunoreactivity in neoplastic cells (white arrow). Olig2 immunoreactivity in neoplastic cells (black arrow). High Ki67 LI in tumor tissue (#). (B) Pediatric type oligodendroglioma: round neoplastic cells with a halo pattern in HE staining (*). GFAP immunoreactivity in some neoplastic cells and in parenchyma (white arrow). Olig2 immunoreactivity in neoplastic cells (black arrow). Low Ki67 LI in tumor tissue (#). (C) Pediatric type anaplastic oligodendroglioma: foci of necrosis in HE staining (*). GFAP immunoreactivity in neoplastic cells (white arrow). Olig2 immunoreactivity in neoplastic cells (black arrow). High Ki67 LI in tumor tissue (#). Preparations were scanned at original magnification 40×, and digital magnification presented on the image is 10× for HE and 5× for immunohistochemical preparations. 
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Figure 3. Histological and immunohistochemical staining of group 3 pediatric brain tumors: medulloblastoma classic type, embryonal tumor NOS, and AT/RT. HE staining as well as synaptophysin, Ki67, INI-1, and EMA immunohistochemical staining were performed to visualize typical manifestations in these types of tumor tissue. The picture shows the typical staining of a representative sample from each type of tumor. (A) Medulloblastoma classic type: small round neoplastic cells with scant cytoplasm (*). Neoplastic cells positive for synaptophysin immunostaining (white arrow). Immunoexpression of INI-1 in neoplastic cells (black arrow). High Ki67 LI in tumor tissue (#). (B) Embryonal tumor NOS: primitive neoplastic cells (*). Neoplastic cells with dot-like reaction of EMA (+). INI-1 immunostaining in some neoplastic cells (black arrow). Weak reaction for synaptophysin (white arrow). High Ki67 LI in tumor tissue (#). (C) AT/RT: rhabdoid cells in HE staining (*). Neoplastic cells strong positive for EMA immunostaining (+). Lack of INI-1 immunoexpression in neoplastic cells (black arrow). Weak reaction for synaptophysin (white arrow). High Ki67 LI in tumor tissue (#). Preparations were scanned at original magnification 40×, and digital magnification presented on image is 20× for HE and 5× for immunohistochemical preparations. 
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Figure 4. Histological and immunohistochemical staining of group 4 pediatric brain tumors: ependymoma and anaplastic ependymoma. HE staining as well as GFAP, Ki67, and EMA immunohistochemical staining were performed to visualize typical manifestations in these types of tumor tissue. (A) Ependymoma: pseudorosette structures (*). GFAP immunoreactivity in neoplastic cells (white arrow). EMA dot-like reaction in tumor cells (+). Low Ki67 LI in tumor tissue (#). (B) Anaplastic ependymoma: pseudorosette structures and microvessel proliferation (*). GFAP immunoreactivity in neoplastic cells (white arrow). EMA reaction in single tumor cells (+). High Ki67 LI in tumor tissue (#). Preparations were scanned at original magnification 40×, and digital magnification presented on image is 20× for HE and 5× for immunohistochemical preparations. 
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Figure 5. Histological and immunohistochemical staining of group 5 pediatric brain tumors: pilocytic astrocytoma, pilomyxoid astrocytoma, pleomorphic xanthoastrocytoma (PXA), and subependymal giant cell astrocytoma (SEGA). HE staining as well as GFAP immunohistochemical staining and Ki67 were performed to visualize typical manifestations in these types of tumor tissue. (A) Pilocytic astrocytoma: microcystic pattern (*). GFAP strong positive staining in tumor tissue (white arrow). S100 immunoreactivity in neoplastic cells (+). Low Ki67 LI in tumor tissue (#). Olig2 immunoreactivity in neoplastic cells (black arrow) (B) Pilomyxoid astrocytoma: myxoid changes in stroma and angiocentric pattern (*). GFAP strong positive staining in tumor tissue (white arrow). S100 immunoreactivity in neoplastic cells (+). Low Ki67 LI in tumor tissue (#). Olig2 immunoreactivity in neoplastic cells (black arrow). (C) PXA: pleomorphic cells (*). GFAP-positive staining in tumor tissue (white arrow). Low Ki67 LI in neoplastic cells (#). (D) SEGA: ganglion-like cells (*). GFAP-positive staining in tumor tissue (white arrow). Low Ki67 LI in neoplastic cells (#). Weak of S100 immunoreactivity in neoplastic cells (+). Preparations were scanned at original magnification 40×, and digital magnification presented on image is 20× for HE and 5× for immunohistochemical preparations. 






Figure 5. Histological and immunohistochemical staining of group 5 pediatric brain tumors: pilocytic astrocytoma, pilomyxoid astrocytoma, pleomorphic xanthoastrocytoma (PXA), and subependymal giant cell astrocytoma (SEGA). HE staining as well as GFAP immunohistochemical staining and Ki67 were performed to visualize typical manifestations in these types of tumor tissue. (A) Pilocytic astrocytoma: microcystic pattern (*). GFAP strong positive staining in tumor tissue (white arrow). S100 immunoreactivity in neoplastic cells (+). Low Ki67 LI in tumor tissue (#). Olig2 immunoreactivity in neoplastic cells (black arrow) (B) Pilomyxoid astrocytoma: myxoid changes in stroma and angiocentric pattern (*). GFAP strong positive staining in tumor tissue (white arrow). S100 immunoreactivity in neoplastic cells (+). Low Ki67 LI in tumor tissue (#). Olig2 immunoreactivity in neoplastic cells (black arrow). (C) PXA: pleomorphic cells (*). GFAP-positive staining in tumor tissue (white arrow). Low Ki67 LI in neoplastic cells (#). (D) SEGA: ganglion-like cells (*). GFAP-positive staining in tumor tissue (white arrow). Low Ki67 LI in neoplastic cells (#). Weak of S100 immunoreactivity in neoplastic cells (+). Preparations were scanned at original magnification 40×, and digital magnification presented on image is 20× for HE and 5× for immunohistochemical preparations.
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Figure 6. Western blot analysis of ShcA isoform levels in investigated pediatric brain tumors. The figure shows representative image of p66Shc, p52Shc, and p46Shc levels. The assignment to the tumor type and tumor grade is shown above the individual samples. Group 1—choroid plexus tumors; Group 2—diffuse astrocytic and oligodendroglial tumors; Group 3—embryonal tumors; Group 4—ependymal tumors; Group 5—other astrocytic tumors. Roman numerals (I, II, III, and IV) represent the grade of malignancy based on the WHO grade, representing the severity and prognosis of the condition. Reference sample (Ref). The level of p66Shc, p52Shc, and p46Shc was assessed immunochemically with the use of specific antibodies and subjected to the statistical analysis described in the Materials and Methods section. 
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Figure 7. Western blot analysis of Ras and TrkB proteins levels in investigated pediatric brain tumors. The figure shows a representative image of the Ras and TrkB levels. The assignment to the tumor type and tumor grade is shown above the individual samples. Group 1—choroid plexus tumors; Group 2—diffuse astrocytic and oligodendroglial tumors; Group 3—embryonal tumors; Group 4—ependymal tumors; Group 5—other astrocytic tumors. Roman numerals (I, II, III, and IV) represent the grade of malignancy based on the WHO grade, representing the severity and prognosis of the condition. Reference sample (Ref). The level of Ras and TrkB was assessed immunochemically with the use of specific antibodies and subjected to the statistical analysis described in the Materials and Methods section. 
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Figure 8. Box plot graphs showing the TrkB, Ras, and ShcA isoforms’ western blot quantification in investigated pediatric brain tumors. The presented box plots show the standardized levels of TrkB (A), p66Shc (D), p52Shc (C), p46Shc (B), and Ras (E) proteins in the five groups of tumor samples divided based on the histochemical analysis presented in Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5 and summarized in Supplementary Tables S1 and S2. The position of each dot on the vertical axis indicates values for an individual data point. * p < 0.05. The level of TrkB, p66Shc, p52Shc, p46Shc, and Ras was assessed by the western blot technique with the use of specific antibodies and subjected to the statistical analysis described in the Materials and Methods Section. 
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Figure 9. Box plot graphs showing the TrkB, Ras, and ShcA isoforms’ western blot quantification in the investigated pediatric brain tumors divided by the grade of malignancy. The presented box plots show the standardized levels of TrkB (A), p66Shc (D), p52Shc (C), p46Shc (B), and Ras (E) proteins in the four groups of tumor samples divided based on the WHO grade, representing the severity and prognosis of the condition. The assignment of the grade to the tumor type is shown in the top left corner. The position of each dot on the vertical axis indicates values for an individual data point. * p < 0.05. The level of TrkB, p66Shc, p52Shc, p46Shc, and Ras was assessed by the western blot technique with the use of specific antibodies and subjected to the statistical analysis described in the Materials and Methods section. 
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Figure 10. A diagram showing the division of examined pediatric brain tumor groups. Based on the histochemical staining and histopathological assessment, the tumor samples tested for ShcA, Ras, and TrkB proteins in this study were classified into the groups shown in the presented chart and named according to the newest WHO indications. This picture intends to help analyze the data and interpret the results of the experiments presented in the study. 
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Table 1. The list of antibodies used in the immunohistochemical studies.
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	Antibody
	Clone
	Host
	Supplier





	EMA
	E29
	Mouse
	VENATANA/ROCHE



	Vimentin
	Vim 3B4
	Mouse
	VENATANA/ROCHE



	Pancytokeratin
	AE1/AE3 & PCK26
	Mouse
	VENATANA/ROCHE



	Glial Fibrillary Acidic Protein (GFAP)
	EP672Y
	Rabbit
	CELL MARQUE



	Neurofilament
	2F11
	Mouse
	CELL MARQUE



	Ki67
	30.9
	Rabbit
	VENATANA/ROCHE



	Olig2
	EP356
	Rabbit
	CELL MARQUE



	S-100
	Polyclonal
	Rabbit
	VENATANA/ROCHE



	Synaptophysin
	MRQ-40
	Rabbit
	CELL MARQUE



	INI-1
	MRQ-27
	Mouse
	CELL MARQUE
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