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Abstract

Tumors of central nervous system (CNS) account for a small portion of tumors 
of human body, which include tumors occurring in the parenchyma of brain and 
spinal cord as well as their coverings. The following chapter covers some new devel-
opment in some major brain tumors in both pediatric and adult populations, as well 
as some uncommon but diagnostic and management challenging tumors.

Keywords: gliomas, astrocytomas, oligodendrogliomas, mixed oligoastrocytomas, 
WHO (World Health Organization), WHO grades, medulloblastomas (MBs), 
midline diffuse astrocytoma, diffuse intrinsic pontine gliomas (DIPG), 
hemangioblastomas (HMBs), metastatic renal cell carcinoma (RCC), formalin-fixed, 
paraffin-embedded (FFPE), H3 K27M mutation, immunohistochemical (IHC) stain, 
fluorescence in situ hybridization (FISH)

1. Introduction

Tumors of central nervous system (CNS) include the tumors of the brain and 
spinal cord, as well as their covers. Those tumors are uncommon tumors, account-
ing for approximately 1% of all human body tumors. They can be divided into 
primary or secondary/metastatic tumors, benign or malignant tumors, based on 
the WHO classification; brain tumors are assigned into four grades, from Grade 1 
very benign tumor to Grade IV highly malignant tumors (see below). By location, 
those tumors can be divided into extra-axial tumors (outside brain/spinal cord 
parenchyma), such as meningiomas, and intra-axial tumors (inside brain/spinal 
cord parenchyma), such as gliomas. Diagnosis of brain tumors is primarily based 
on the WHO Classification of Tumors of CNS; this expert consensus scheme was 
first completed in 1979 and then revised in 1993, 2000, and 2016. This scheme is 
currently the most widely utilized by neuropathologists worldwide for typing and 
grading the CNS tumors [1]. Neoplasms, especially those malignant ones, are bio-
logically characterized by noncontrolled tumor cell proliferation; this uncontrolled 
growth is best explained by recently discovered EGFR (epidermal growth factor 
receptor) mutations, which mutations result in uncontrolled signal transduction 
downward to nuclei without ligand binding to the receptor and led to unlimited cell 
proliferation.
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During the last two decades, a lot of gene mutations are identified, especially 
in the oncology field, which has been helpful for the development of new genera-
tion of antitumor medication focusing on the mutated gene products. As a matter 
of fact, those target treatments have already archived tremendous successes in 
the oncology field. For example, gefitinib, erlotinib, and afatinib are the current 
targeted medications against EGFR-mutated non-small-cell lung cancers, which 
already show great clinical success.

The following chapter is going to review some development in brain tumors, 
especially the recent understanding of adult gliomas and pediatric medulloblas-
tomas, as well as some other uncommon tumors for their molecular diagnosis and 
genetic subgrouping.

2. Molecular diagnosis of adult gliomas

Glial tumors comprise approximately 25–30% of primary CNS tumors [1] and 
represent a spectrum ranging from low-grade, benign to the highly aggressive, 
malignant tumors. They are broadly classified by glial cell type of origin and deter-
mined by histology with or without the use of immunohistochemistry (IHC), which 
is then used to provide a WHO grade (see Table 1) [1]; however, histology has not 
been able to accurately predict response to treatment or clinical outcomes, and it is 
not uncommon for many of these tumors with nearly identical histologic features 
to have very different outcomes. As a result of these observations, and like many 
malignancies (lung and colorectal carcinoma for example), there has been increas-
ing interest in attempting to further classify these tumors based on their molecular 
expression. With that interest there is an increase in available published data 
regarding these molecular alterations and a subsequent increase in the availability 
of myriad testing modalities; some of which are now considered well established, 
while others are not. In an era of test utilization awareness and rising healthcare 
costs, this phenomenon frequently leads to confusion regarding which tests should 
be utilized, how those tests should be interpreted, and how they should be reported, 
in order to best guide treatment and predict outcomes in this patient population [2]. 

Table 1. 
Molecular genetic map for the development of adult gliomas.
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We will discuss here the well-established molecular concepts, touch briefly on the 
evolving molecular discoveries, and provide a testing algorithm (see Table 1).

Glioblastoma (GBM) is the most aggressive primary CNS malignancy, WHO 
Grade IV [1]. Despite decades of research and multiple new treatment modalities, 
little progress has been made in terms of substantial improvements of patients’ 
outcomes, with the average long-term survival being measured in months rather 
than years [3]. However, this research has illuminated a complex series of molecular 
pathways and events that is improving our understanding of the pathophysiology of 
this aggressive entity.

2.1 LOH 10q

Loss of heterozygosity (LOH) at chromosome 10q occurs with high frequency 
in both primary and secondary GBMs, occurring in both in approximately 60–80% 
of cases [4]. Although this is an interesting primary event in the development of 
GBM of either type, because of its high frequency, it is not useful in distinguishing 
one from the other. Instead, GBM is currently subclassified by its molecular altera-
tions into primary and secondary GBM, based on the presence or absence of IDH1/
IDH2 and/or TP53 mutations [4]. EGFR status is also being increasingly used in this 
context.

2.2 IDH1/IDH2

Isocitrate dehydrogenase-1 (IDH1) is an NADP-dependent enzyme found 
in the cytoplasm responsible for the conversion of isocitrate to α-ketoglutarate 
and thereby producing NADPH, which reduces reactive oxygen species. IDH2 
is similarly present in mitochondria. Their exact role in tumorigenesis is poorly 
understood; however, it is thought that mutations in this enzyme result in increased 
oxidative stress and subsequent carcinogenesis. It is therefore not surprising that 
this mutation is not found in primary GBMs, rather secondary GBMs that have 
progressed from a less aggressive tumor, and diffuse and anaplastic astrocytomas 
(WHO Grade II and III, respectively). IDH mutations are found with high fre-
quency in the majority of astrocytomas, oligodendrogliomas, mixed gliomas, and 
secondary GBMs but not in pilocytic astrocytomas or primary GBMs. The most 
common mutation in IDH1 is a point mutation (arginine to histidine at codon 132), 
termed IDH1-R132H. IDH2 mutations (IDH2 172) represent only 3–5% of IDH 
mutations and are more commonly found in oligodendrogliomas. IDH mutations 
have also shown an association with hypoxia-inducible factor 1 alpha (HIF1), 
associated with upregulation of vascular endothelial growth factor (VEGF). Recent 
study indicates that low-grade astrocytomas with wild-type IDH1 behavior as 
glioblastoma clinically, suggesting again the importance of IDH1 mutation status in 
gliomas. IDH1 mutation can be detected by IHC, and commercially available mouse 
antihuman monoclonal antibody by Dianova with clone name H09 is a favored 
antibody to IDH1 R132H by most neuropathologists.

Secondary glioblastomas confer a significantly better prognosis than those arising 
de novo (primary GBM), and occur in a younger age group with a history of pervious 
low grade gliomas [4]. Because primary and secondary GBMs cannot be distinguished 
morphologically, IDH1/2 mutation testing can be utilized for this task, allowing for 
better prognostication. IDH1/2 is commercially available as a reverse transcriptase 
PCR (RT-PCR) test. Although an IHC stain is available, it is not as sensitive to the less 
common variants of IDH1/2 mutation; however, it can be highly useful in the detec-
tion of single tumor cells in diffuse gliomas [5–7]. It is important to note that the role 
of IDH1/2 mutations in predicting response to therapy is still debated. It appears that 
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the mutation confers an increased response to radiation therapy, while others show an 
increased response with chemotherapy as well. Response appears to be multifactorial, 
dependent not only on the type of therapy, but also on the time of that therapy in rela-
tion to surgical resection [8]. Importantly, IDH mutations serve as a surrogate marker 
for secondary GBMs [9]. This testing should be performed in conjunction with TP53 
and Ki67 on all GBMs, and considered standard of care.

2.3 P53

P53 is a cyclin-dependent kinase responsible for tumor suppression through 
prevention of cell replication. Mutations in p53 in malignant tumors are well 
established in the literature, with greater than 50% of cancers showing p53 loss of 
function mutations [10]. P53 is more commonly a missense mutation that results in 
accumulation of the protein in the cytoplasm, resulting in diffuse, strong nuclear 
staining by IHC; however, alternate mutations in p53 can show complete absence of 
staining or cytoplasmic staining only, whereas the wild type (unmutated) p53 will 
show weak to moderate, patchy positivity [11].

Most tumors that express p53 mutations typically have a more aggressive course 
than those that do not; however, this relationship has not been established in GBMs. 
Currently, no statistically significant difference has been established that GBMs 
with p53 mutations have a worse prognosis than those that do not [12]. The utility 
of p53 in GBMs, similar to IDH1/2 mutation status, is as additional evidence of a 
secondary GBM, rather than a primary GBM, as p53 mutations are far less frequent 
in primary GBMs, and, when present, likely represent secondary or late events 
associated with increasing genetic instability [4].

2.4 Epidermal growth factor receptor (EGFR)

EGFR is a member of the transmembrane tyrosine kinase receptor family that 
activates MAPK and PIK3 pathways resulting in cell proliferation. EGFR testing 
started to gain particular popularity due in part to the development of tyrosine 
kinase inhibitors (TKIs) and after a 2010 study by Verhaak et al. that attempted to 
further subclassify GBMs based on multiple molecular markers [15]. EGFR amplifi-
cation confers more aggressive behavior and poorer outcomes, autophosphorylating 
the PIK3 pathway, leading to increased growth, angiogenesis, metastatic potential, 
and reduced apoptosis [16]. In contrast to secondary GBMs, epidermal growth 
factor receptor (EGFR) overexpression has been demonstrated in 36% of primary 
GBMs, with 70% of those showing amplification. It exists most commonly as the 
mutation EGFR variant 3 (EGFRvIII), which has deletion of exons 2 and 7 [17]. 
EFGRvIII mutation testing is performed with RT-PCR [17]. Unlike other malignan-
cies where tyrosine kinase inhibitor (TKI) immunotherapy has shown wide suc-
cesses, GBMs frequently do not respond, showed only a partial response, or develop 
rapid resistance to TKIs. This most often attributed to PTEN loss earlier in the 
EGFR pathway [4]. EGFR amplification or mutation in this context can be utilized, 
when present, as further support of a primary GBM over a secondary GBM.

In addition to the discovery of multiple molecular alterations in MET, PDGFRA, 
NF1, PTEN, PIK3 and CDKN2A/B, and several others, studies have discovered alter-
ations of several microRNAs, which are also a field of current study. Importantly, 
none of these have been well established in terms of either their prognostic sig-
nificance or their impact on treatment response, and several studies have shown 
contradictory results. This likely can be attributed to the marked heterogeneity of 
glial tumors, particularly GBMs. It is not currently recommended to add these mark-
ers to a broader profile until their clinical significance can be better established.
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2.5 1p/19q co-deletion

Chromosome arms 1p and 19q deletions are the most characterized genetic aber-
rations of oligodendrogliomas, with up to 80% of classical oligodendrogliomas (WHO 
Grade II) and 60% of anaplastic oligodendrogliomas (WHO Grade III) [18, 19].  
Although it seems unclear what impact these deletions have on cellular function, 
there are two identified roles for testing these deletions: the first is as a diagnostic 
marker for oligodendroglial tumors and the other as an indicator of response to 
treatment. One study demonstrated that the presence of complete or partial co-
deletion of 1p and 19q conferred a significantly increased response to chemother-
apy, and prolonged disease-free survival time, compared with those tumors with 
deletion of only one or the other chromosomal arm, regardless of histologic subtype 
[20], consistent with other studies, including mixed tumors. Due to the significant 
clinical implications for the presence of this gene, 1p/19q co-deletion testing should 
be performed on all glial tumors with or without oligodendroglial features since a 
small percentage (5%) of morphological astrocytomas are with 1p/19q co-deletion, 
which may confer a slightly better prognosis for the patients. Testing is available by 
both FISH and for LOH by real-time PCR. Evaluation of both chromosomal arms in 
their entirety is recommended due to molecular variability.

2.6 MGMT methylation

O6-methylguanine-DNA methyltransferase (MGMT) codes for MGMT repair 
protein, and methylation of this gene, which results in suppression and decreased 
expression of the MGMT protein, confers a significant survival benefit in patient 
treated with combined radiation and temozolomide therapy. MGMT methylation 
occurs in all types of gliomas and with frequency in primary and secondary GBMs 
and oligodendrogliomas (60–93%). In predicting a positive response to treatment, 
MGMT methylation also predicts an increased survival benefit. In lower-grade glio-
mas, MGMT methylation confers an increased response to radiation monotherapy, 
which is not well understood [9].

Methylation-specific PCR is the testing modality of choice and is widely avail-
able. An alternative is pyrosequencing, which shows high sensitivity, but is now less 
frequently used. Other testing modalities, such as western blot and IHC, have fallen 
into disuse due to issues with false-positive results.

Table 1 summarizes the current understanding of tumorigenesis for adult 
gliomas.

3.  Molecular diagnosis of diffuse midline gliomas with H3 K27M 
mutation

It has been recognized for almost 20 years among pediatric neuro-oncologists 
that neuroimaging study defined diffuse intrinsic pontine gliomas (DIPG) had a 
very poor prognosis independent of histological grade (if biopsied). In that case, 
biopsy is most of the time considered unnecessary until recent identification of 
potential drug targets for individualized therapy has led to reevaluation of this 
approach [22]. Recent genomic analysis has demonstrated that specific genetic 
alterations drive distinct subsets of glial neoplasm of the central nervous system, 
dependent not only on tumor-type but also on the site of origin and patient age. 
Like this diffuse midline gliomas, with somatic mutations of the H3F3A and 
HIST1H3B gene encoding the histone H3 variants, H3.3 and H3.1, were recently 
identified in high-grade gliomas arising in the thalamus, pons, and spinal cord of 
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children and young adults; those tumors are named as diffuse midline gliomas with 
H3 K27M mutation [23].

Brainstem tumors affect primarily children and young adults. Each year, around 
300–400 cases of brainstem tumors are diagnosed in the United States, and diffuse 
intrinsic pontine glioma (DIPG) accounts approximately 80% of these tumors [24]. 
DIPG has been recently categorized by WHO classification as high-grade (Grade 
IV) diffuse midline gliomas with H3 K27M mutation. It carries a poor prognosis, 
and only 1% of the patients live 5 years after diagnosis.

Clinically, diffuse midline gliomas result in brainstem dysfunction and the 
obstruction of cerebrospinal fluid (CSF) flow. The patients suffer from difficulty 
in ocular movements, weakness of facial muscles, sudden hearing problem, swal-
lowing difficulty, muscle spasticity, clonus, and bladder dysfunction, along with 
multiple cranial neuropathies and ataxia.

Diagnosis of diffuse midline gliomas is initiated through imaging primarily by 
MRI scans indicating hypointense (T1) or hyperintense (T2) lesions, enhancing 
or non-enhancing after administration of contract agents. Biopsy is a standard 
procedure for establishing the molecular and histopathological diagnoses. This 
tumor shows many histopathological features of glioblastoma such as pseudopali-
sading necrosis and microvascular proliferation, in addition to H3 K27M positive by 
immunohistochemical (IHC) stain (Figure 1).

Unlike many other adult gliomas, debunking surgery, with gross total resection 
(GTR) of the tumor, is not a treatment of choice for diffuse midline gliomas, mainly 
due to the location of the tumors. The brainstem regulates critical bodily functions, 
and therefore surgical resection without damaging the vital area of the brainstem 
is almost impossible. Surgery is indicated only for biopsy of the tumor and to 
relieve the hydrocephalus that may happen in a small fraction of cases. Currently, 
patients are treated primarily with radiation and adjuvant chemotherapy with 
temozolomide.

In diffuse midline gliomas with H3 K27 mutation, lysine in 27th position of 
tail of Histone 3.3 is replaced by methionine. Histones are the alkaline protein 
that provides a scaffold, around which DNA wraps. Solomon and colleague have 
observed that H3K37M mutation in pontine gliomas occurred at a much younger 
age (median 7 years of age) than gliomas of the thalamus (median age, 24 years) 
or spinal cord (median age, 25 years) [23]. The H3 K27M-positive gliomas have 
also been reported in adult in the brainstem [25]. High-grade gliomas with H3 
K27M mutation may have additional mutations (WHO, 2016). These mutations are 
observed to occur in the critical genes, regulating cell divisions including cell cycle 
checkpoints and chromatin remodeling. The most frequent additional mutation 
noted is tumor suppressor p53, which is noted in an estimated half of the H3 K27M 

Figure 1. 
(A) Grade IV midline glioblastoma and (B) IHC + for H3 K27M mutation.
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midline gliomas. Amplification of platelet-derived growth factor alpha (PDGFRA), 
critical for cell survival and proliferation, is observed in about 30% of the H3 K27M 
tumors. Cyclin-dependent kinases 4 and 6 are reported to be amplified in 20% of 
the tumors, and homozygous deletion of cyclin-dependent kinase inhibitor 2A/2B 
is noted in 5% of the H3 K27M gliomas. Mutation of activin A receptor type-1 
(AVCR1) is noted in 20% of H3 K27M gliomas. A mutation of protein phosphatase 
1D (PPM1D) and amplification of MYC/PVT1 may present separately, in 15% of 
the H3 K27M gliomas [1]. In addition, histone H3 K27M mutation is found mutually 
exclusive with IDH1 mutation and EGFR amplification, rarely co-occurred with 
BRAF-V600E mutation, and was commonly associated with p53 overexpression, 
ATRX loss (except in pontine gliomas), and monosomy 10 [23].

These mutations could provide us with a better understanding of the disease 
process and could potentially lead to the development of a better treatment strategy 
for this deadly disease. As a matter of fact, at least two clinical trials are underway 
with small molecule inhibitor of the histone demethylase, which showed some 
promising result [23].

4. Molecular subgroups of medulloblastomas

Medulloblastoma is the most common malignant brain tumor of cerebellum in 
childhood, although it rarely happens in adult patients, too. It is an embryonal neuro-
epithelial tumor arising in the cerebellum or dorsal brainstem, which is a major cause 
of morbidity and mortality in pediatric brain tumor patients [27, 28], and was designed 
as WHO Grade IV neoplasm [1]. Histologically, medulloblastoma is a prototypical 
embryonal tumor, consisting of densely packed small round undifferentiated blue 
tumor cells with mild to moderate nuclear pleomorphism and a high mitotic count, 
mostly with Homer-Wright rosettes, and shows different morphological variants, such 
as desmoplastic/nodular, large cell, and anaplastic, etc., with predominantly neuronal 
differentiation and tendency to metastasize via CSF pathways [1] (Figures 2 and 3).

4.1 Morphologic features of medulloblastomas

Several morphological variants of MBs are recognized, alongside the classic 
tumor: desmoplastic/nodular MB, MB with extensive nodularity, and large-cell/
anaplastic MB. A dominant population of undifferentiated cells with a high 
nuclear-to-cytoplasmic ratio and active mitotic figures is a common feature [1] 
(Figures 2 and 3). Classic MB composed of sheets of undifferentiated small blue 

Figure 2. 
Histopathology of MBs. (A) Classic type, 70%; (B) nodular, 10%; (C) extensive nodularity, 3%; and (D) large 
cell/anaplastic, 15% (arrow nuclear molding, blue; wrapping, red).
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tumor cells with Homer-Wright rosette formations and/or palisading tumor cells 
forming a pseudoglandular feature, easily found mitoses and apoptosis. Other 
histological variants include desmoplastic MB, which contains abundant reticulin 
and collagen, characterized with nodular reticulin-free zones (pale islands). The 
nodules have reduced cellularity, a rarified fibrillar matrix and marked nuclear 
uniformity. A rare histologic type of MB is the so-called large-cell MB, which is 
composed completely or partially of cells with large, round nuclei and prominent 
nucleoli, commonly with large areas of necrosis. The large-cell MB sometimes 
resembles the rhabdoid/atypical teratoid (RT/AT) tumors of cerebellum, but its 
cytoplasm lacks globular hyaline inclusions and is diffusely reactive for synapto-
physin, neurofilament protein, and vimentin and negative for epithelial membrane 
antigen, cytokeratins, and smooth-muscle actin by immunohistochemical (IHC) 
stains [1]. Most often associated with large-cell MB is anaplastic MB, which is 
characterized by angular, crowded, pleomorphic nuclei in large cells, sometimes 
with nuclear molding and wrapping (Figure 3), mitosis, and apoptosis, as well as 
prominent nucleoli. It has been noted for a long time that morphology of MBs was 
related to patient’s prognosis and that those MBs with extensive nodularity are with 
better prognosis, while the large-cell/anaplastic MBs are usually associated with 
worse clinical outcomes (Figure 1).

Additional study indicates that poor survival outcome was significantly associ-
ated with chromosome 17p loss (loss of tumor suppressor) and high expression of 
oncogenes c-myc (MYCC) or N-myc (MYCN) [1].

Due to the highly heterogeneous nature of the MB, and complication caused by 
aggressive treatments, a more specific subgrouping of this tumor is becoming more 
and more important for clinical judgment.

Molecular studies from multiple groups around the world found that medullo-
blastoma is not a single disease but comprises a collection of clinically and molecu-
larly diverse subgroups. Current consensus made in a 2010 meeting at Boston agrees 
that there are four principal subgroups of medulloblastomas [27, 28] termed as 
WNT, SHH, Group 3, and Group 4.

Two of these subgroups, characterized by either activated WNT or SHH 
signaling pathway, are thought to play prominent roles in the pathogenesis. Two 
other non-WNT/non-SHH groups are more closely related to each other and even 
produced additional different numbers of subgroups within these groups of MBs, 
pending additional evidence to further classify them [27, 28].

Figure 3. 
Histopathology of MBs. (A) Homer Wright rosettes and (B) nuclear wrapping (hugging), arrow, in large-cell/
anaplastic MBs.
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4.1.1 MB, WNT subgroup

The best known subgroup of the medulloblastoma is the WNT subgroup due to 
its very good long-term prognosis, compared to other subgroups. WNT indicates 
the wingless signaling pathway.

WNT medulloblastomas are characterized by upregulation of the canonical 
WNT signaling pathway, which results in translocation of β-catenin to the nucleus. 
About two-thirds harbor a CTNNB1 mutation. Mutations in other pathways, such 
as APC and AXIN1, have been reported in the absence of a CTNNB1 mutation but 
are much less frequent [27]. The extent of β-catenin nuclear immunoreactivity in 
these WNT pathway MBs always amounts to more than a third of the total tumor 
area and is clearly different from the situation where very few scattered β-catenin 
nucleopositive cells, representing less than 2% of tumor cells, are evident. Assays 
for CTNNB1 mutation and monosomy 6, which occurs in nearly all WNT pathway 
MBs, have helped to establish the status of tumors in these immunohistochemical 
categories [27]. There is a close association between a WNT pathway immunophe-
notype and CTNNB1 mutation or monosomy 6, predicting a good outcome for 
medulloblastomas with these genetic abnormalities [27].

More than 90% of WNT subgroup medulloblastoma patients achieved long-term 
survival, with those patients whose death is due to more complications of therapy or 
secondary tumors rather than due to recurrent WNT medulloblastomas. Germline 
mutations of the WNT pathway inhibit APC predispose to Turcot syndrome, 
which includes a proclivity to medulloblastoma; in addition, somatic mutations of 
CTNNB1 encoding  β -catinin have been found in sporadic medulloblastomas [27]. 
These strong germline and somatic genetic data support an etiological role for 
canonical WNT signaling in the pathogenesis of this group of tumors and lead to 
the nomenclature of “WNT subgroup of medulloblastomas.”

Almost all WNT medulloblastomas have classic histology, which often 
described as having CTNNB1 mutations, with nuclear labeling for β-catenin by 
immunohistochemical stain, and monosomy 6 (deletion of one copy of chromo-
some 6 in tumor cells). Medulloblastomas with large-cell/anaplastic features have 
also been reported in the WNT subgroup, although they appear to maintain the 
excellent prognosis associated with the WNT subgroup. Which of monosomy 6,  
nuclear staining for β-catenin, mutation of CTNNB1, immunohistochemical 
staining for DKK1, or a transcriptional signature that clusters with other WNT 
tumors should be used as a gold standard for the diagnosis of WNT medul-
loblastomas awaits further validation on large cohorts of well-characterized 
medulloblastomas.

WNT-activated MBs account for approximately 10% of all MBs, most of them 
present in children aged between 7 and 14 years, but they can also occur in young 
adults. Genetically, besides CTNNB1, genes that are recurrently mutated in WNT-
activated MBs include TP53, SMARCA4, and DDX3X [1].

4.1.2 MB, SHH subgroup with TP53 mutant

The SHH group of MBs are named after the sonic hedgehog signaling pathway. In 
large series of tumors, SHH-activated MBs tend to have similar transcriptome, meth-
ylome, and microRNA profiles. SHH pathway activation in TP53-mutant tumors is 
associated with amplification of GLI2, MYCN, or SHH. Mutations in PTCH1, SUFU, 
and SMO are genetically absent. Large-cell/anaplastic morphology and chromosome 
17p loss are also common in SHH-activated and TP53-mutant tumors. Patterns of 
chromosome shattering known as chromothripsis are often present.
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SHH-activated tumors account for approximately 30% of all MBs and originate 
from rhombic lip-derived cerebellar granule neuron precursors. SHH-activated and 
TP53-mutant MBs are rare and generally found in children aged 4–17 years. Clinical 
outcomes in patients with SHH-activated and TP53-mutant tumors are very poor [1].

4.1.3 MB, SHH subgroup, with TP53 wild type

SHH pathway activation in TP53 wild-type tumors can be associated with 
germline or somatic mutation in the negative regulations PTCH1 or SUFU, as 
well as activating somatic mutations in SMO or (rarely) amplification of GLI2. 
Desmoplastic/nodular MBs and MBs with extensive nodularity are always included 
in the SHH-activated group, but tumors with a SHH signaling pathway can also 
have a classic or large-cell/anaplastic morphology, particularly in older children. 
Patients with SHH-activated and TP53 wild-type MBs are generally children aged 
<4 years, adolescents, or young adults. In addition to genetic changes activating 
SHH signaling, mutations in DDX3X or KMT2D and amplification of MYCN or 
MYCL are sometimes seen, as are deletions of chromosomal arms 9q, 10q, and 14q. 
Clinical outcomes in patients with SHH-activated tumors are variable [1].

4.2 Epidemiology

Research data from 1973 to 2007 suggested MB incidence rates of 0.6 cases per 
1 million children aged 1–9 years and 0.6 cases per 1 million adults aged >19 years. 
SHH-activated MBs in general show a bimodal age distribution, being most com-
mon in infants and young adults, with a male-female ratio of approximately 1.5:1. 
In contrast, SHH-activated and TP53-mutant tumors are generally found in chil-
dren aged 4–17 years. In one study including 133 SHH-activated MBs, 28 patients 
(21%) had a TP53 mutation, and the median age of these patients was approxi-
mately 15 years [1].

4.2.1 Groups 3 and 4/non-WNT and non-SHH groups

Groups 3 and 4 MBs are usually called “the non-WNT/non-SHH groups.” They 
share some of the similarities in both clinical presentation and molecular profiling. 
Most tumors in these groups display classical histology. The large-cell/anaplastic 
and desmoplastic histologies are present but at a lower frequency. The age of onset 
is distributed in both groups with most patients are children; they are relatively 
uncommon in infants and adults. Although both groups have similar frequency 
of metastasis, Group 3 shows poor prognosis, while Group 4 shows intermediate 
prognosis. Non-WNT and non-SHH tumors account for approximately 60% of all 
MBs and typically have classic histopathological features [1].

One characteristic similarity between Groups 3 and 4 is both subgroups are 
enriched for expression of genes involved in photoreceptor differentiation, 
and they express high level of OTX2 and FOXG1B, well-known oncogenes of 
MB. However, Group 3 is distinguished by its enriched gene signatures function-
ing in cell cycle, protein biosynthesis, glutamate receptor signaling, and p38 
mitogen-activated protein kinase (MMAPK) pathway, while Group 4 is overrep-
resented by genes involved in neuronal differentiation, development, cytoskel-
eton organization, etc.

In addition, isochromosome 17q (I17q) represents the most common structural 
abnormality in Groups 3 and 4. Other chromosomal alteration identified in these 
subgroups includes gain of 7 and 18q and loss of 8 and 11q. The major difference 
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between these two groups is the enrichment of MYC amplification in Group 3, 
which is very rarely observed in Group 4, as well as in WNT and SHH. Another dif-
ference is the enrichment of chromosome X loss in Group 4, found in 80% female 
MBs in Group 4.

The signaling pathway or biological programs driving the tumorigenesis of 
Groups 3 and 4 still remain largely unknown, although some reports suggest that 
disruption of chromatin genes associated with histone methylation may be a critical 
event driving Groups 3 and 4 tumor developments.

4.3  Medulloblastoma molecular subgroups: immunophenotypes and 
histopathological associations

After multigroup extensive researches, the development and validation 
of immunohistochemical stains to define molecular subgroups of MBs finally 
archived, with 4 immunohistochemical staining marker identified in order to MBs 
subgrouping, which can be used in FFPE tissue and greatly improve the routine 
pathological diagnosis process for these types of tumors. Four immunostaining 
markers were selected for pathological subgrouping of MBs: they are β-catenin, 
GAB1, filamin A, and YAP1 [27].

4.3.1 SHH pathway MBs

Combined immunoreactivities for GAB1, filamin A, and YAP1, indicating a SHH 
profile, were found in 31% of MBs, including all desmoplastic tumors. Desmoplastic 
MBs constituted 54% of SHH pathway tumors, and classic and large-cell/anaplastic 
tumors contributed 29 and 17%, respectively. While non-desmoplastic SHH tumor 
generally showed widespread and strong immunoreactivities for GAB1, YAP1, and 
filamin A, all three types of desmoplastic tumors displayed stronger staining for 
these proteins within internodular regions. Immunoreactivities for filamin A and 
YAP1 in SHH tumors were always strong and generally widespread. This was not 
always the situation for GAB1 immunoreactivity; no more than weak cytoplasmic 
staining for GAB1 was seen in a few non-desmoplastic SHH tumors (n = 6). These 
tumors were all strongly immunopositive for filamin A and YAP1, which acted to 
confirm the SHH phenotype [27].

4.3.2 WNT pathway MBs

Antibodies to β-catenin for identifying WNT tumors effective on formalin-fixed 
and paraffin-embedded (FFPE) tissue are well established in the diagnostic labora-
tory [27]. Widespread intermediate or strong cytoplasmic β-catenin immunore-
activity was a feature of nearly all MBs in the series; very few showed only patchy 
weak cytoplasmic staining for this antigen. WNT pathway MBs were identified by 
nuclear, as well as cytoplasmic, immunoreactivity for β-catenin (Figure 4). WNT 
pathway MBs defined by these types of nuclear β-catenin immunoreactivity also 
express filamin A. Typically, this was patchy staining and less intense than that seen 
in SHH tumors. Strong and widespread nuclear immunoreactivity for YAP1 was 
also a feature of WNT pathway tumors. This distinctive combination of β-catenin, 
filamin A, and YAP1 immunoreactivities robustly confirmed the status of MBs in 
this molecular subgroup. WNT tumors contributed 14% of all MBs in this study. 
Nearly all WNT pathway MBs were classic tumors. Large-cell/anaplastic tumor 
(n = 2, 6%) was exceptional among WNT tumors, while desmoplastic MBs were not 
represented [27].
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4.3.3 Non-SHH/WNT MBs

MBs (N = 130, 55%) falling outside the SHH and WNT categories displayed 
cytoplasmic, but not nuclear, immunoreactivity for β-catenin. Tumor cells were 
negative for GAB1 and YAP1. In general, tumors in this category were also immu-
nonegative for filamin A, though very weak and patch immunoreactivity for this 
antigen was evident in rare non-SHH/WNT MBs (n = 9), which were classified as 
such on the basis of the panel of immunoreactivities. Intrinsic vascular elements 
were immunopositive for YAP1 and filamin A, providing an internal control. This 
subgroup of MBs was dominated by classic tumors (92%), including all non- 
desmoplastic nodular tumors and all but one MB that contained small clusters of 
densely packed neurocytic cells, the exception being a WNT tumor. Large-cell/
anaplastic tumors made up the remainder (n = 11) [27].

4.3.4 Metastatic MBs

Despite four subgroups, metastatic MBs exist among all subgroups although the 
incidence of metastatic dissemination is higher in Group 3 and 4 than WNT and 

Figure 4. 
β-Catenin IHC stain with both nuclear and cytoplasmic positive (A and C), GAB1 stain positive (B), YAP1 
(D), and filamin A (E).
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SHH [33]. Metastatic MBs occur in approximately 40% of all MBs at diagnosis and 
are associated with poorer prognosis [34]. In 2001, McDonald et al. [35] identi-
fied potential therapeutic targets, e.g., PDGFRα PDGFR for metastatic MBs using 
expression array analysis. However, Gilbertson and Clifford [36] found that the 
probe McDonald used for PDGFRα was PDGFRβ. They further demonstrated that 
PDGFRβ is overexpressed in metastatic MB. Then, Kohane and his co-workers did 
an interesting experiment and found that genomically, human MBs were closest 
to mouse P (postnatal) 1-P10 cerebella, and normal human cerebella were closest 
to mouse P30-P60. Metastatic human MBs were highly associated with mouse P5 
cerebella (non-metastatic human MB with mouse P7 cerebella). PDGFRα is highly 
expressed in P5; PDGFRβ in P7 [37]. However, which isoform of PDGFRs plays a role 
in metastatic MBs kept controversial. Ten years later, we demonstrated that PDGFRα 
inhibits while PDGFRβ promotes MB cell proliferation and cell survival as well as cell 
invasion [38], highlighting that PDGFRβ may serve as a potential therapeutic target 
for metastatic MBs and warrants further investigation, including clinical studies.

Table 2 summarizes the IHC staining for subgroups of MBs.

5.  Hemangioblastoma, metastatic renal cell carcinoma, and von Hippel-
Lindau disease

Hemangioblastoma (HMB) is a benign, slow-growing, WHO grade I tumor, 
most likely occurs in cerebellum, brainstem, and spinal cord. Most hemangio-
blastomas are cystic on neuroimaging with intramural nodule. Histologically, the 
tumor has two major components, one is tightly packed capillary small vessels, and 
another is so-called stromal cells with low-grade nuclei, foamy cytoplasm, and no 
prominent nucleoli. Mitosis and necrosis are absent. But some degenerative features 
are often present [1].

On the other hand, cerebellum is a favorite location for metastatic renal cell 
carcinoma (RCC). Histologically, most RCC has clear cytoplasm with rich vascular 
supply, but slightly higher-grade nuclei mostly have small nucleoli.

Due to the similarity in histology and the same preference location, 70% of 
HMBs occur in sporadic forms, while approximately 30% of HMBs are associated 
with the inherited von Hippel-Lindau disease. The VHL tumor suppressor gene is 
inactivated both in VHL-associated cases and in most sporadic cases [1].

Von Hippel-Lindau disease (VHL) is a familial disorder predisposing patients 
to cysts and hypervascular neoplasm of multiple organs, including the CNS, eye, 
kidneys, adrenal medulla, pancreas, inner ear/temporal bone, and epididymis.

VHL is an autosomal dominant disorder, with roughly 20% of patients present-
ing as sporadic cases with no family history. The VHL tumor suppressor gene maps 
to chromosome 3p25 and includes three highly conserved exons [31].

IHC marker IHC stain for MBs MBs subgrouping

WNT SHH Non-WNT/non-SHH

β-Catenin N+, C+, ¼ focal C+ C+

GAB1 Neg C+ Neg

Filamin A C+ C+ Neg

YAP1 N+, C+ N+, C+ Neg

N+, nuclear staining positive; C+, cytoplasmic staining positive; SHH, Sonic Hedgehog.

Table 2. 
Subgrouping MBs by immunohistochemical stains.
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VHL-associated disease includes [31] the following:

• Retinal hemangioblastomas (40–60%)

• CNS hemangioblastomas (60–80%)

• Endolymphatic sac tumor (2–11%)

• Pheochromocytomas (10–25%)

• Pancreatic cysts or islet tumors (60–80%)

• Renal cysts and RCCs (30–60%)

• Papillary cystadenomas of the epididymis (20–60%)

Solitary and especially multiple HMBs are diagnostic hallmarks of VHL. Roughly 
75% are infratentorial, mainly involving the cerebellum. The rest of them are found 

Figure 5. 
Hemangioblastoma, H&E stain ×200, with low-grade nuclei and foamy stromal cells (A); metastatic RCC 
with clear cytoplasm, larger nuclei, and prominent nucleoli H&E stain ×400 (B); and RCC is immunoreactive 
for CD10 (C) and cytokeratin (D).
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in the spinal cord, brainstem, and lumbosacral nerve roots. Supratentorial HMBs 
are extremely rare. Of interest, only about 25–30% of cerebellar HMBs are seen in 
VHL patients, whereas this fraction rises to 80% in the spinal cord [1].

It is may be those two tumors share the same chromosome locus of 3p25; they 
have some histological overlapping as well as the same preference of anatomic 
location (cerebellum); HMB and metastatic RCC are two tumors almost always 
request differentiation diagnosis, since one is benign and another is malignant, 
both carry different prognoses, and this two tumors become “forever differential 
diagnosis” for most diagnostic neuropathologists. Luckily, a simple small panel of 
immunohistochemical (IHC) stain would easily resolve this puzzle. HMB is nega-
tive for cytokeratin but positive for inhibin and 2D40, while RCC will be positive for 
cytokeratin, CD10, and PAX-8 and negative for inhibin [31] (Figure 5).

6. Summary

Research work in the last two decades discovered lots of genetic alterations in 
human brain tumors. More work will be done to further facilitate the diagnosis 
and classification. A recent proposal is suggested by using the epigenomics, like 
methylation status, to enhance brain tumor classification [32]. A new clinical trial 
with medication focusing on the IDH1 mutation is underway now; as more and 
more research data collected, we believe more effective treatment options will be 
developed in the near future. For a more detailed review on the molecular neuropa-
thology of brain tumors, please refer to Ref. [39].



Primary Intracranial Tumors

16

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Author details

Frank Y. Shan1,2*, E. Castro1, Amelia Sybenga1, Sanjib Mukherjee3, Erxi Wu2, 
Karming Fung4, The Li5, Ekokobe Fonkem2, Jason H. Huang2 and A. Rao1

1 Department of Anatomic Pathology, Scott & White Medical Center, College of 
Medicine, Texas A&M University, Temple, TX, USA

2 Department of Neurosurgery, Scott & White Medical Center, College of 
Medicine, Texas A&M University, Temple, TX, USA

3 Vasicek Cancer Center, Scott & White Medical Center, College of Medicine, Texas 
A&M University, Temple, TX, USA

4 Department of Pathology, Oklahoma University Medical Center,  
Oklahoma City, OK, USA

5 Department of Pathology, Guangdong General Hospital, Guangzhou,  
Guangdong, China

*Address all correspondence to: yshan918@gmail.com



17

Molecular Diagnostics and Pathology of Major Brain Tumors
DOI: http://dx.doi.org/10.5772/intechopen.80856

References

[1] Louis DN, Ohgaki H, Wiestler OD, 
Cavenee WK. WHO Classification 
of Tumours of the Central Nervous 
System. Revised 4th ed. Lyon: 
International Agency for Research on 
Cancer; 2016

[2] Ballester LY, Huse JT, Tang G, 
et al. Molecular classification of adult 
diffuse gliomas: Conflicting IDH1/
IDH2, ATRX, and 1p/19q results. 
Human Pathology. 2017;69:15-22. DOI: 
10.1016/j.humpath.2017.05.005

[3] Lieberman F. Glioblastoma 
update: Molecular biology, diagnosis, 
treatment, response assessment, and 
translational clinical trials. F1000 
Research. 2017;6:1892. DOI: 10.12688/
f1000research.11493.1

[4] Ohgaki H, Kleihues P. Genetic 
pathways to primary and secondary 
glioblastoma. The American Journal of 
Pathology. 2007;170:1445-1453. DOI: 
10.2353/ajpath.2007.070011

[5] Capper D, Zentgraf H, Balss J, 
et al. Monoclonal antibody specific 
for IDH1 R132H mutation. Acta 
Neuropathologica. 2009;118:599-601. 
DOI: 10.1007/s00401-009-0595-z

[6] Capper D, Weissert S, Balss J, et al. 
Characterization of R132H mutation-
specific IDH1 antibody binding in 
brain tumors. Brain Pathology (Zurich, 
Switzerland). 2010;20:245-254. DOI: 
10.1111/j.1750-3639.2009.00352.x

[7] Kato Y, Jin G, Kuan C-T, et al. 
A monoclonal antibody IMab-1 
specifically recognizes IDH1R132H, the 
most common glioma-derived mutation. 
Biochemical and Biophysical Research 
Communications. 2009;390:547-551. 
DOI: 10.1016/j.bbrc.2009.10.001

[8] Cohen AL, Holmen SL, Colman 
H. IDH1 and IDH2 mutations in 
gliomas. Current Neurology and 

Neuroscience Reports. 2013;13:345. 
DOI: 10.1007/s11910-013-0345-4

[9] van den Bent MJ, Dubbink HJ, Marie 
Y, et al. IDH1 and IDH2 mutations 
are prognostic but not predictive for 
outcome in anaplastic oligodendroglial 
tumors: A report of the European 
Organization for Research and 
Treatment of Cancer Brain Tumor 
Group. Clinical Cancer Research: 
An Official Journal of the American 
Association for Cancer Research. 
2010;16:1597-1604. DOI: 10.1158/1078-
0432.CCR-09-2902

[10] Ozaki T, Nakagawara A. Role of 
p53 in cell death and human cancers. 
Cancers. 2011;3:994-1013. DOI: 10.3390/
cancers3010994

[11] Yemelyanova A, Vang R, Kshirsagar 
M, et al. Immunohistochemical staining 
patterns of p53 can serve as a surrogate 
marker for TP53 mutations in ovarian 
carcinoma: An immunohistochemical 
and nucleotide sequencing analysis. 
Modern Pathology: An Official 
Journal of the United States and 
Canadian Academy of Pathology, Inc. 
2011;24:1248-1253. DOI: 10.1038/
modpathol.2011.85

[12] England B, Huang T, Karsy M. 
Current understanding of the role and 
targeting of tumor suppressor p53 in 
glioblastoma multiforme. Tumour 
Biology: The Journal of theInternational 
Society for Oncodevelopmental Biology 
and Medicine. 2013;34:2063-2074. DOI: 
10.1007/s13277-013-0871-3

[13] Gielen GH, Gessi M, Hammes J, 
et al. H3F3A K27M mutation in pediatric 
CNS tumors: A marker for diffuse high-
grade astrocytomas. American Journal 
of Clinical Pathology. 2013;139:345-349. 
DOI: 10.1309/AJCPABOHBC33FVMO

[14] Venneti S, Santi M, Felicella MM,  
et al. A sensitive and specific 



Primary Intracranial Tumors

18

histopathologic prognostic marker 
for H3F3A K27M mutant pediatric 
glioblastomas. Acta Neuropathologica. 
2014;128:743-753. DOI: 10.1007/
s00401-014-1338-3

[15] Verhaak RGW, Hoadley KA, 
Purdom E, et al. Integrated genomic 
analysis identifies clinically relevant 
subtypes of glioblastoma characterized 
by abnormalities in PDGFRA, 
IDH1, EGFR, and NF1. Cancer Cell. 
2010;17:98-110. DOI: 10.1016/j.
ccr.2009.12.020

[16] Taylor TE, Furnari FB, Cavenee 
WK. Targeting EGFR for treatment 
of glioblastoma: Molecular basis to 
overcome resistance. Current Cancer 
Drug Targets. 2012;12:197-209

[17] Mansouri A, Karamchandani J, 
Das S. Molecular genetics of secondary 
glioblastoma. In: De Vleeschouwer S, 
editor. Glioblastoma. Brisbane (AU): 
Codon Publications; 2017. Available 
from: http://www.ncbi.nlm.nih.gov/
books/NBK469981/ [Accessed: June 1, 
2018]

[18] Jeuken JWM, von Deimling A, 
Wesseling P. Molecular pathogenesis 
of oligodendroglial tumors. Journal of 
Neuro-Oncology. 2004;70:161-181. DOI: 
10.1007/s11060-004-2748-1

[19] Chaturbedi A, Yu L, Linskey ME, 
et al. Detection of 1p19q deletion by 
real-time comparative quantitative 
PCR. Biomarker Insights. 2012;7:9-17. 
DOI: 10.4137/BMI.S9003

[20] McNamara MG, Jiang H, Lim-Fat 
MJ, et al. Treatment outcomes in 1p19q 
co-deleted/partially deleted gliomas. 
Canadian Journal of Neurological 
Sciences. 2017;44:288-294. DOI: 
10.1017/cjn.2016.420

[21] Scheie D, Cvancarova M, Mørk S, 
et al. Can morphology predict 1p/19q 
loss in oligodendroglial tumours? 
Histopathology. 2008;53:578-587. DOI: 
10.1111/j.1365-2559.2008.03160.x

[22] Von Burern AO, Karremann M, 
Gielen GH, Benesch M, Fouladi M, 
van Vuurden DG, et al. A suggestion 
to introduce the diagnosis of “diffuse 
midline glioma of the pons, H3 K27 
wildtype (WHO grade IV)”. Acta 
Neuropathologica. 2018

[23] Solomon DA, Wood MD, Tihan 
T, Bollen AW, Gupta N, Phillips JJJ, 
et al. Diffuse midline gliomas with 
histone H3-K27M mutation: A series 
of 47 cases assessing the spectrum of 
morphologic variation and associated 
genetic alterations. Brain Pathology. 
2016;26(5):569-580

[24] Warren KE. Diffuse intrinsic 
pontine glioma: Poised for progress. 
Frontiers in Oncology. 2012;2:205

[25] Daoud EV, Rajaram V, Cai C, Oberle 
RJ, Martin GR, Raisanen JM, et al. 
Adult brainstem gliomas with H3K27 M 
mutation: Radiology, pathology, and 
prognosis. Journal of Neuropathology and 
Experimental Neurology. 2018;77(4):302-
311. DOI: 10.1093/jnen/nly006

[26] Hofman LM, Veldhuijzen van 
Zanten SEM, Colditz N, Baugh J, 
Chaney B, Hofmann M, et al. Clinical, 
radiologic, pathologic, and molecular 
characteristics of long-term survivors 
of diffuse intrinsic pontine glioma 
(DIPG): A collaborative report from 
the international and European society 
for pediatric oncology DIPG registries. 
Journal of Clinical Oncology. 2018

[27] Ellison DW, Dalton J, Kocak M, 
Nicholson SL, Fraga C, Neale G, et al. 
Medulloblastoma: Clinicopathological 
correlations of SHH, WNT, and non-
SHH/WNT molecular subgroups. Acta 
Neuropathologica. 2011;121(3):381-396

[28] Taylor MD, Northcott PA, 
Korshunov A, Remke M, Cho YJ, 
Clifford SC, et al. Molecular subgroups 
of medulloblastoma: The current 
consensus. Acta Neuropathologica. 
2012;123:465-472



19

Molecular Diagnostics and Pathology of Major Brain Tumors
DOI: http://dx.doi.org/10.5772/intechopen.80856

[29] Ellison DW, Onilude OE, Lindsey 
JC, Lusher ME, Weston CL, Taylor 
RE, et al. β-Catenin status predicts 
a favorable outcome in childhood 
medulloblastoma. Journal of Clinical 
Oncology. 2005;23:7951-7957

[30] Thompson MC, Fuller C, Hogg TL, 
Dalton J, Finklestein D, Lau CC, et al. 
Genomic identifies medulloblastoma 
subgroups that are enriched for specific 
genetic alterations. Journal of Clinical 
Oncology. 2006;24:1924-1931

[31] Perry A, Brat DJ. Practical Surgical 
Neuropathology. Philadelphia, PA, USA: 
Churchill Livingston/Elsevier; 2010. 
ISBN: 978-0-443-06982-6

[32] Capper D, Jones DTW, Still M, et al. 
DNA methylation-based classification 
of central nervous system tumors. 
Nature. 2018, 2018;555:469-474. DOI: 
10.1038/nature26000

[33] Zapotocky M, Mata-Mbemba 
D, Sumerauer D, Liby P, Lassaletta 
A, Zamecnik J, et al. Differential 
patterns of metastatic dissemination 
across medulloblastoma subgroups. 
Journal of Neurosurgery. Pediatrics. 
2018;21(2):145-152. DOI: 
10.3171/2017.8.PEDS17264. Epub: 
December 8, 2017

[34] Miranda Kuzan-Fischer 
C, Juraschka K, Taylor MD. 
Medulloblastoma in the Molecular 
Era. Journal of Korean Neurosurgical 
Association. 2018;61(3):292-301. DOI: 
10.3340/jkns.2018.0028. Epub: May 1, 
2018

[35] MacDonald TJ, Brown KM, 
LaFleur B, Peterson K, Lawlor C, 
Chen Y, et al. Expression profiling of 
medulloblastoma: PDGFRA and the 
RAS/MAPK pathway as therapeutic 
targets for metastatic disease. Nat 
Genet. 2001;29(2):143-52. Erratum. 
Nature Genetics. 2003;35(3):287

[36] Gilbertson RJ, Clifford SC. PDGFRB 
is overexpressed in metastatic 
medulloblastoma. Nature Genetics. 
2003;35(3):197-198

[37] Kho AT, Zhao Q , Cai Z, Butte AJ, 
Kim JY, Pomeroy SL, et al. Conserved 
mechanisms across development and 
tumorigenesis revealed by a mouse 
development perspective of human 
cancers. Genes & Development. 
2004;18(6):629-640

[38] Wang F, Remke M, Bhat K, Wong 
ET, Zhou S, Ramaswamy V, et al. 
A microRNA-1280/JAG2 network 
comprises a novel biological target in 
high-risk medulloblastoma. Oncotarget. 
2015;6(5):2709-2724

[39] Velazquez VJE, Brat DJ. 
Incorporating advances in molecular 
pathology into brain tumor diagnostics. 
Advances in Anatomic Pathology. 
2018;25(3):143-171


