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Gliomas represent the most common primary intraparenchymal tumors of the central nervous system in
adults and children and are a genetic and phenotypic heterogeneous group. Large multi-institutional
studies and The Cancer Genome Atlas have provided firm insights into the basic genetic drivers in gliomas.
The main molecular biomarkers routinely applied to evaluate diffuse gliomas include MGMT promoter
methylation, EGFR alterations (eg, EGFRvIII), IDH1 or IDH2 mutations, and 1p19q co-deletion. Many of
these markers have become standard of care for molecular testing and prerequisites for clinical trial
enrollment. Other recent biomarkers include TERT promoter and ATRX mutations, alterations that identify
specific molecular subgroups of diffuse gliomas with biological and clinical relevance. It has also become
apparent that distinctive patterns of molecular genetic evolution develop in the context of current ther-
apeutic regimens. Important insights have also been uncovered in the field of pediatric glioma, including
the identification of recurrent mutation, fusion, and/or duplication events of the BRAF, FGFR1, MYB, and
MYBL1 genes in pediatric low-grade gliomas, mutations affecting histone components (H3F3A p.K27M or
p.G34) in pediatric high-grade gliomas, and aggressive subsets developing in midline central nervous
system structures. Here, we summarize current concepts in molecular testing for glial tumors, including
recent findings by large-scale discovery efforts and technologic advances that are affecting routine diag-
nostic work. (J Mol Diagn 2016, 18: 620e634; http://dx.doi.org/10.1016/j.jmoldx.2016.05.005)
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Molecular Pathology of Glial Neoplasms:
General Concepts

Glial neoplasms encompass a heterogeneous group charac-
terized predominantly by an astrocytic or oligodendroglial
morphology. The group of diffusely infiltrating astrocy-
tomas is the most frequent and includes diffuse astrocytoma
(World Health Organization grade II), recognized by
cytologic atypia and low-moderate cellularity; anaplastic
astrocytoma (World Health Organization grade III), char-
acterized by moderate-high cellularity and obvious mitotic
stigative Pathology and the Association for M
activity; and, at the end of the spectrum, glioblastoma
(World Health Organization grade IV), containing necrosis
or microvascular proliferation. Glioblastoma is also a
morphologically heterogeneous neoplasm, with several
olecular Pathology. Published by Elsevier Inc. All rights reserved.
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Molecular Pathology of Gliomas
variants and patterns.1 For example, the small cell astrocy-
toma pattern demonstrates minimal pleomorphism, but it
tends to affect older age groups, has an aggressive course
and frequent epidermal growth factor receptor (EGFR)
(amplification in 70%), and phosphatase and tensin homo-
log (PTEN )/10q (approximately 100%) alterations.
Conversely, giant cell glioblastoma is characterized by
voluminous cell size and frequent TP53 mutations (83%)
and aurora kinase B (AURKB) overexpression. Epithelioid
glioblastoma may resemble a variety of non-central nervous
system (CNS) tumor types, and of relevance has B-Raf
proto-oncogene, serine/threonine kinase (BRAF ) p.V600E
mutations in approximately 50% of the cases. Gliosarcoma
is characterized by neoplastic glial and mesenchymal com-
ponents and a molecular profile similar to conventional
glioblastoma but a lower frequency of EGFR amplification
(<8%). Glioblastoma may be further subdivided on a clin-
ical basis into primary and secondary subtypes, the latter
evolving from documented or putative lower grade astro-
cytoma precursors and sharing with them early genetic
driver events, for example, NADPþ-dependent isocitrate
dehydrogenase 1 or 2 (IDH1 or IDH2) gene mutations.2

Oligodendroglial tumors include low-grade oligoden-
droglioma (World Health Organization grade II) and
anaplastic oligodendroglioma (World Health Organization
grade III). The hallmark of oligodendroglial tumors is the
presence of cellular monotony, including round nuclei with
Figure 1 Signaling pathways relevant to glial neoplasms in adults and child
oncogenes or tumor suppressor genes in diffuse gliomas in adults and children
downstream gene mutations and rearrangements (BRAF, NF1, RAS ) is a universal fe
receptor tyrosine kinase activation and downstream gene mutations (PTEN, PI3K
epigenetic pathways (IDH1, IDH2, H3F3A) and telomere activity and/or maintena
activated in adult and pediatric gliomas, the specific alterations and/or frequenc
kinase; MEK, mitogen-activated protein kinase kinase; PI3K, phosphatidylinosito
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fine chromatin and a small nucleolus. Brisk mitotic activity,
endothelial hypertrophy, and necrosis characterize the
anaplastic oligodendrogliomas. The category of mixed
glioma or oligoastrocytoma has increasingly fallen out of
favor, given its low reproducibility and the lack of a dis-
tinguishing molecular signature from either astrocytic or
oligodendroglial neoplasms in almost all instances.3

The circumscribed glioma group has a predilection for
children and young adults and includes pilocytic astrocytoma
(World Health Organization grade I), subependymal giant
cell astrocytoma (World Health Organization grade I), and
pleomorphic xanthoastrocytoma (World Health Organization
grade II). At the molecular level, these neoplasms have
frequent alterations in components of the mitogen-activated
protein kinase (MAPK) and mammalian target of rapamycin
(mTOR) signaling pathways, often as the single genetic driver.

Although classic histology-based grading schemes have
proven valuable in neuro-oncology practice for decades, it
has been increasingly recognized that molecular genetics-
based classification schemes provide robust prognostic in-
formation. The identification of key driver mutations in glial
tumors, including activating mutations in oncogenes and
inactivation of tumor suppressor genes, has been increasingly
facilitated by the greater availability of high-throughput
molecular assays and the development of immunohisto-
chemical tests that more specifically identify key alterations
in a practical manner.4 Updated diagnostic categories have
ren. A variety of signaling pathways are activated through mutations of
. MAPK pathway activation through receptor tyrosine kinase activation or
ature of glial neoplasms. The PI3K/mTOR pathway is also activated through
CA). Other relevant alterations include mutations affecting metabolic and
nce (TERT, ATRX ). Although there is some overlap regarding the pathways
ies differ in these two broad subgroups. ERK, extracellular signal-regulated
l 3-kinase.
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Table 1 Selected Molecular Markers in Gliomas of Adults

Marker Full name Gene location Tumor type (% altered) Function

MGMT O6-methylguanine-DNA
methyltransferase

10q26 Glioblastoma (48.5%), lower grade
glioma (85%e100% IDH mutants)

Removes alkyl adducts from the O6
position of guanine

EGFR Epidermal growth factor
receptor

7p12 Glioblastoma (57%) RAS/MAPK and PI3K pathway

PDGFRA Platelet-derived growth
factor receptor

4q12 Glioblastoma (13%) RAS/MAPK and PI3K pathway

PTEN Phosphatase and tensin
homolog

10q23.3 Glioblastoma (25%e35%) Phosphatase (preferentially
dephosphorylates
phosphoinositide substrates)

TP53 Tumor protein p53 17p13.1 Glioblastoma (25%e35%), lower
grade adult glioma (>70%)

Regulates expression of target
genes, inducing cell cycle arrest,
apoptosis, DNA repair, or changes
in metabolism

CDKN2A Cyclin-dependent kinase
inhibitor 2A

9p21 Glioblastoma (61%), lower grade
glioma (11%)

Inhibitors of CDK4 kinase; ARF
stabilizes p53

IDH1 and IDH2 Isocitrate dehydrogenase
(NADP(þ))

2q33.3 (IDH1)
and 15q26.1
(IDH2)

Primary glioblastoma (6%), lower
grade glioma/secondary
glioblastoma (>80%)

Affect citrate metabolism, leading
to 2-hydrodxyglutarate
metabolite

1p19q Multiple genes Near whole arm
deletion

Oligodendrogliomas (>90%) NA

CIC Capicua transcriptional
repressor

19q13.2 1p19q codeleted oligodendroglioma
(62%)

HMG-box transcriptional repressors

FUBP1 Far upstream element
binding protein 1

1p31.1 1p19q codeleted oligodendroglioma
(29%)

DNA-binding protein involved in
MYC regulation

ATRX a-Thalassemia/mental
retardation syndrome
X-linked

Xq21.1 Lower grade astrocytomas (86% of
IDH mutant, 1p19q intact),
pediatric glioblastoma
(approximately 45%)

Chromatin remodeling, leads to
alternative lengthening of
telomeres phenotype

TERT Telomerase reverse
transcriptase

5p15.33 Primary glioblastomas (>80%),
oligodendrogliomas (up to 96%)

Telomere maintenance

(table continues)

Prevalence of specific alterations are obtained predominantly from The Cancer Genome Atlas data sets.
aCGH, array comparative genomic hybridization; ARF, alternative reading frame; CDK4, cyclin-dependent kinase 4; FISH, fluorescence in situ hybridization;

HMG, high mobility group; MAPK, mitogen-activated protein kinase; MS-PCR, methylation-specific PCR; mTOR, mammalian target of rapamycin; NA, not
applicable; PCV, procarbazine, CCNU, and vincristine; PDGFRA, platelet-derived growth factor receptor a polypeptide; PI3K, phosphatidylinositol 3-kinase;
SNP, single nucleotide polymorphism.
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been embodied in the recent International Society of
Neuropathology-Haarlem consensus recommendations that
advocate for an integrated histopathologic and molecular
diagnosis approach in brain tumor classification schemes.5

An updated World Health Organization classification of
brain tumors has also incorporated molecular genetic infor-
mation into relevant entities and variants.1 In addition, it has
been increasingly recognized that brain tumors that demon-
strate similar morphologic features in children and adults
represent distinct biological subgroups with varying pro-
portions of alterations in genetic drivers and signaling path-
ways (Figure 1 and Tables 1 and 2). This is true regarding
both low- and high-grade gliomas.
622
Adult Glioblastoma

Comprehensive molecular profiling of glioblastoma resulting
in well-defined subclasses was facilitated by global gene
expression array studies. Phillips et al6 proposed three different
molecular subtypes, using a group of 76 high-grade diffuse
gliomas (World Health Organization grade III and IV). These
subgroups were labeled proneural, mesenchymal, and prolif-
erative, and they formed the basis of subsequent, more
comprehensive molecular classification efforts. These molec-
ular subgroups were independently validated in a set of glio-
blastomas. The main outcome of these early gene expression
profiling efforts was thatmolecular profilingwas amore robust
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Table 1 (Continued)

Alteration type Molecular Techniques Biomarker Type Therapeutic approaches

DNA methylation
(promoter)

MS-PCR (paraffin), bisulfite
sequencing (gold standard),
pyrosequencing

Predictive Temozolomide

Amplification, exome
deletions (EGFRvIII),
point mutations (rare)

FISH, aCGH, immunohistochemistry
(EGFRvIII), PCR

Predictive (for anti-EGFRvIII
immune therapies)

Tumor vaccines (eg,
rindopepimut)

Amplification, mutations,
exome deletions

FISH, aCGH (amplifications),
sequencing techniques
(mutations)

Diagnostic PDGFRA inhibitors
(eg, Imatinib)

Mutations, deletions Sequencing techniques (mutations),
FISH, aCGH/SNP array (copy
number), immunohistochemistry
(protein loss)

Prognostic mTOR inhibitors
(eg, everolimus)

Mutations Sequencing techniques,
immunohistochemistry (strong
positivity a surrogate for
alterations in the pathway)

Diagnostic/prognostic NA

Mutations, homozygous
deletions

Sequencing techniques, FISH, aCGH/
SNP array

Prognostic NA

Mutations Sequencing techniques,
immunohistochemistry (R132H)

Prognostic, diagnostic AG-120 (small molecule
inhibitor)

Deletions FISH, microsatellite PCR testing
aCGH/SNP array (shows extent of
deletion, more specific)

Diagnostic, prognostic, predictive PCV chemotherapy

Deletion/mutation Sequencing Diagnostic, prognostic, predictive
(but 1p19q more widely used)

PCV chemotherapy

Deletion/mutation Sequencing Diagnostic, prognostic, predictive
(but 1p19q more widely used)

PCV chemotherapy

Mutation Sequencing techniques,
immunohistochemistry (protein
loss)

Diagnostic, prognostic DNA damaging agents

Promoter mutation Sequencing techniques Diagnostic, prognostic NA

Molecular Pathology of Gliomas
prognosticator than histopathologic classification alone and
provide molecular classes with biological relevance.

One of the most important developments in the neuro-
oncology community was the selection of glioblastoma as
the model for The Cancer Genome Atlas (TCGA) first
study. An early report was published in 2008,7 which
included not only gene expression data as previous efforts
but also DNA copy number and gene methylation in 206
glioblastomas. Standard gene sequencing was also per-
formed, focusing on approximately 600 candidates in a
representative group of tumors. This successful effort vali-
dated well-recognized glial oncogenes (EGFR, CDK4,
PDGFRA, MDM4, MET ) and tumor suppressor genes
(CDKN2A/B, PTEN, RB1) that were altered at variable rates.
In addition, a total of three molecular core pathways (ie,
The Journal of Molecular Diagnostics - jmd.amjpathol.org
RB1, TP53, and receptor tyrosine kinase) were elucidated as
aberrant in most tumors studied. PTEN encodes a phos-
phatidylinositol triphosphate phosphatase that negatively
regulates AKT/protein kinase B signaling and is mutated in
25% to 35% of glioblastoma. TP53 encodes one of the most
frequently mutated tumor suppressors in cancer, with
important roles in the cellular response to DNA damage.
The frequency of TP53 mutation in glioblastoma is similar
to that of PTEN mutations (approximately 25% to 35%), but
it is higher in secondary glioblastoma (approximately 70%),
where it frequently co-occurs with IDH and ATRX muta-
tions. The RB1 core pathway is also frequently activated in
glioblastoma as confirmed in the TCGA data, where it
frequently (approximately 60%) occurs through mutations
in the closely placed cyclin-dependent kinase inhibitors 2A
623
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Table 2 Selected Molecular Markers in Gliomas of Children

Marker Full name Gene location Tumor type (% altered) Function

BRAF B-Raf proto-oncogene, serine/
threonine kinase

7q34 Pilocytic astrocytoma (85%),
pleomorphic xanthoastrocytoma
(50%e70%), pediatric diffuse
astrocytoma (23%)

MAPK signaling

H3F3A H3 histone, family 3A 1q42.12 Diffuse midline gliomas (50%e80%) Chromatin structure, gene
transcription

MYB v-myb avian myeloblastosis
viral oncogene homolog

6q23.3 Approximately 100% of angiocentric
gliomas (predominantly through
MYB-QKI fusions)

Transcriptional regulator

MYBL1 v-myb avian myeloblastosis
viral oncogene homolog-like 1

8q13.1 Diffuse pediatric astrocytoma (28%) Transcriptional regulator

FGFR1 Fibroblast growth factor
receptor 1

8p11.23-p11.22 Low-grade neuroepithelial tumors
with oligodendrocyte-like cells
(40%e82%), pilocytic
astrocytoma (6%)

MAPK, PI3K/mTOR signaling
activation

(table continues)

aCGH, array comparative genomic hybridization; FGFR, fibroblast growth factor receptor; FISH, fluorescence in situ hybridization; MAPK, mitogen-activated
protein kinase; MEK, mitogen-activated protein kinase kinase; mTOR, mammalian target of rapamycin; NA, not applicable; PI3K, phosphatidylinositol 3-kinase;
TK, tyrosine kinase.
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and B (CDKN2A/B) genes. An important novel finding in
the tumor suppressor group was that the neurofibromin 1
(NF1) gene, a negative regulator of RAS signaling, was
identified to be mutated in a subset of glioblastoma (14%),
which demonstrated that NF1 was a key tumor suppressor,
not only in neurofibromatosis type 1eassociated gliomas
but in sporadic glioblastomas as well. Concurrently, a major
whole exome sequencing study of glioblastoma identified
IDH1 and IDH2 mutations in another subset of glioblas-
tomas, linking genetic alterations in metabolic enzymes to
gliomagenesis.8

Subsequent multidimensional studies confirmed the power
of the TCGA data in identifying robust molecular subgroups
of glioblastomas defined not only by gene expression
profiling but also by enrichment for specific gene alter-
ations,9e11 including the classic (high-level EGFR amplifi-
cation, chromosome 10 or PTEN loss), mesenchymal (NF1
gene alterations), and proneural (PDGFRA gains, IDH1 and
TP53 mutations) subtypes. Follow-up analysis of 543 glio-
blastomas by the TCGA reinforced prior findings.12 This
analysis also identified several novel mutated genes,
including LZTR1, a putative transcriptional regulator, the
telomerase reverse transcriptase (TERT) promoter, as well as
complex rearrangement of receptor genes, including EGFR
and PDGFRA. TERT promoter mutations have emerged as
one of themore frequent somatic events in adult gliomas, even
more frequent than IDH mutations, because they occur in
most primary glioblastomas and oligodendroglial tumors.13

Historically, concurrent chromosome 7 gain and chro-
mosome 10 loss (Chr 7þ/Chr 10�) has been considered a
cytogenetic hallmark of glioblastoma. In a comprehensive
analysis of TCGA data of 1122 diffuse gliomas, an
important finding by Ceccarelli et al14 was that almost all
IDH wild-type gliomas with Chr 7þ/Chr 10� had TERT
624
promoter mutation or overexpression. Conversely, nearly
one-half of IDH wild-type gliomas lacking Chr 7þ/Chr
10� had TERT promoter mutation or overexpression,
suggesting that TERT alterations may precede and even
play a role in the development of these characteristic
cytogenetic abnormalities.
The application of high-density methylation arrays has

also proven a robust technique for molecular tumor sub-
classification of primary brain neoplasms in multiple
studies.11,15 This attests to the evolving evidence of how
epigenetic states affect many if not all basic cell processes,
including cell signaling, patterns of genetic alterations, and
even the neoplastic microenvironment, which are reflected
in epigenetic signatures and brain tumor cell identity.16 A
popular platform in many molecular subclassification
studies of brain tumors is the illumina Infinium Human-
Methylation450 (450K) array, which also provides concur-
rent copy number analysis (an 850K array has been
validated more recently).17 Methylation profiling using this
platform was successfully applied to a large set of adult and
pediatric glioblastoma, specifying six distinct subgroups
enriched for specific DNA mutations (eg, codon 132 mu-
tations of the IDH1 gene and codons 27 and 34 mutations of
the H3F3A gene), as well as distinct clinical features with
regard to age, anatomic location, and outcome.15 A key
finding in the subsequent study by Ceccarelli et al14 of
diffuse gliomas was also that epigenetic subgroups provide
independent prognostic information from age and tumor
grade. Global methylation profiling in brain tumor analysis
also resulted in the identification of the CpG island meth-
ylator phenotype (CIMP) in glioblastoma by Noushmehr
et al11 through analysis of TCGA data. The CIMP pheno-
type, defined by CpG island methylation in a subgroup of
genes of a subset of tumors, was initially discovered in
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Table 2 (Continued)

Alteration type Molecular techniques Biomarker type Therapeutic approaches

Fusions, point mutations, small
deletions/insertions

FISH, aCGH, RT-PCR (fusion)
Sequencing techniques (mutations)

Diagnostic, prognostic,
Predictive

BRAF inhibitors (dabrafenib,
vemurafenib), MEK inhibitors
(selumetinib and binimetinib)

Mutation Sequencing techniques,
immunohistochemistry (mutant
protein)

Diagnostic, prognostic NA

Rearrangements Sequencing techniques, FISH, aCGH Diagnostic NA

Rearrangements Sequencing techniques, FISH, aCGH Diagnostic NA

Mutations, TK duplications Sequencing techniques Diagnostic, prognostic,
predictive

FGFR inhibitors

Molecular Pathology of Gliomas
colon cancer, but it was later studied in a variety of tumor
types. We now know that the clinical and biological rele-
vance of CIMP is tumor specific. For example, CIMP in
glioblastomas is associated with the proneural molecular
subgroup, a more favorable molecular subgroup of glio-
blastoma, and some studies have concluded that it represents
a direct consequence of mutations in IDH1 or IDH2 genes.18

Primary and Secondary Glioblastoma

From clinical presentation, glioblastomas have been broadly
separated into primary and secondary types. Primary glio-
blastomas are by far the most common (>90%) and are
characterized by a short clinical evolution (arising de novo),
without evidence of a precursor lesion, and in older patients.
Secondary glioblastomas represent a minority of the tumors
(<10%), and by definition develop from a clinical or path-
ologically verified lower grade precursor. Relevant to
molecular diagnostics, IDH mutations have emerged as
robust molecular markers for secondary glioblastoma.2 Other
known alterations in this group include TP53 (approximately
65%) and ATRX mutations (approximately 65%), as well as
19q loss (approximately 50%). Conversely, primary glio-
blastomas have a higher frequency of EGFR amplification
(approximately 35%), PTEN mutation (approximately 25%
to 35%), and whole chromosome 10 loss (>50%).

Post-Treatment Glioblastoma

Comprehensive molecular profiling has also provided new
insights into molecular changes that develop after treatment
in diffuse gliomas and the value of extending molecular
diagnostic testing over time in specimens not only obtained at
first diagnosis but also on progression. TCGA studies
The Journal of Molecular Diagnostics - jmd.amjpathol.org
demonstrated that in the previously treated samples that were
MGMT methylated, there was a predominance of transitions
from G*C to A*T at non-CpG regions, particularly in
mismatch repair genes.7 Subsequent studies using high-
resolution genomic and whole exome sequencing have
documented several important observations in post-treatment
glioblastoma, involving linear or divergent/branched models
of clonal evolution during progression and emergence of
treatment resistance: the emergence of subclonal mutations
associated with TP53 pathway deregulation,19 a hyper-
mutation phenotype in secondary (but not primary) glio-
blastoma,20 and the development of post-treatment genetic
drivers in the RB and AKT/mTOR pathways.21
Adult Lower Grade Glioma

The TCGA effort has also focused on the group of tumors
labeled lower grade glioma. This heterogeneous group in-
cludes grade II and III astrocytomas, oligoastrocytomas, and
oligodendrogliomas, that is, diffuse gliomas other than
glioblastomas. The results on the first set of 293 tumors
were recently published.22 The most consistent molecular
finding in these tumors is the high frequency of TERT
promoter and IDH mutations, as in other studies.13 Lower
grade gliomas cluster in three main molecular subgroups,
which are more strongly associated with prognosis than
traditional histology. These subgroups include i) tumors
with 1p19q codeletion and IDH mutations, a high frequency
of CIC, FUBP1, NOTCH1, and TERT promoter mutations,
associated with oligodendroglial histology and the best
prognosis; ii) tumors with IDH mutations lacking 1p19q co-
deletion, containing a high frequency of TP53 and ATRX
mutations, and associated with astrocytic morphology and
625
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an intermediate prognosis; and iii) tumors with wild-type
IDH, TERT promoter mutations, associated with astrocytic
morphology and a poor prognosis similar to glioblastoma. It
must be emphasized that these molecular groups have
intrinsic importance, not only related to their robust prog-
nostic power but also because they identify biologically
separate disease entities, based on their distinct patterns
of somatic alterations, epigenetic alterations (DNA
methylation), and gene expression. Relevant biomarkers of
adult glioblastoma and lower grade glioma and frequencies
obtained from TCGA data are summarized in Table 1.

Specific Biomarkers and Targeted Therapeutics
in Adult Diffuse Gliomas

MGMT Promoter Methylation

MGMT encodes an enzyme responsible for DNA repair, in
particular for removing alkyl adducts from the O6 position
of guanine, the mechanism through which alkylating
chemotherapeutic agents work. In a study restricted to
glioblastoma patients enrolled in a clinical trial of irradiation
and temozolomide, MGMT gene promoter methylation
emerged as a predictive marker of response.23 MGMT
methylation may also be associated with the phenomenon of
pseudoprogression, in which abnormal magnetic resonance
imaging scans after chemoradiotherapy are secondary to
treatment rather than progression or recurrence of the orig-
inal tumor. Testing for methylation of the MGMT gene
promoter has become routine in neuro-oncology practice.
Currently, in many centers particularly in the United States,
the presence or absence of MGMT methylation is not
required for administration of temozolomide in the setting of
standard care, because a subset of patients with unmethy-
lated tumors may also benefit from temozolomide therapy,
an observation of earlier clinical trials that is still being
actively debated. However, testing for MGMT methylation
may be required for clinical trial enrollment, and some in-
vestigators advocate for triaging patients based on MGMT
methylation, including offering alternatives to temozolo-
mide to patients with MGMT unmethylated tumors.24

Of additional interest, the recent TCGA study found
O6-methylguanine-DNA methyltransferase (MGMT) to be
predictive of treatment response only in the classic molec-
ular subtype of glioblastoma.12

Because the development of the methylation-specific
PCR assay, a variety of qualitative and quantitative molec-
ular assays has been designed and validated to detect pro-
moter methylation of the MGMT gene in brain tumors. The
advantage and limitation of these molecular assays have
been reviewed in detail elsewhere.25 Because the MGMT
promoter contains large CpG islands, establishing repro-
ducing cutoffs for methylation calls has been a challenge
and variable in the literature, with approximately 48.5% of
glioblastomas MGMT methylated in the recent TCGA
study,12 a slightly higher prevalence than that in the study of
626
Hegi et al23 (approximately 45%). The prevalence of
MGMT methylation may be even higher in lower grade
glioma, particularly those with IDH mutations, being pre-
sent in approximately 85% IDH mutant, 1p19q intact
diffuse gliomas and almost 100% of IDH mutant, 1p19q
codeleted diffuse gliomas.14 Testing for the MGMT protein
by immunohistochemistry (IHC), a widely available tech-
nique, has not proven of predictive value by many groups,
which limits its widespread use.26

Activation of EGFR and Other Receptor Tyrosine
Kinases

EGFR is almost always active or overexpressed in high-
grade astrocytomas, particularly glioblastomas, most
commonly through EGFR gene amplification and/or EGFR
variant III deletion mutation (EGFRvIII ). EGFRvIII occurs
in approximately 20% of glioblastomas, leads to a truncated
protein lacking the extracellular domain, and is frequently
associated with amplification.12 Somatic EGFR alterations
leads to constitutive activation of several signaling pathways
critical for gliomagenesis, including MAPK and PI3K/AKT,
ultimately promoting tumor growth. Recent studies have
confirmed that EGFR is in fact one of the most frequently
altered genes in glioblastoma (approximately 57% of
tumors),12 with approximately 50% of tumors demon-
strating amplification. In addition to EGFRvIII, a variety of
other noncanonical recurrent EGFR mutations may be
identified in glioblastoma, including C-terminal deletions
and alternative intragenic alterations.
Regarding practical molecular diagnostics, EGFR ampli-

fication is frequently identified by fluorescence in situ hy-
bridization (FISH) (Figure 2), whereas EGFRvIII expression
may be tested by IHC or reverse-transcription PCR. It is
important to note that there are some caveats in testing for
EGFRvIII, because EGFRvIII is typically present in only a
subpopulation of tumor cells, where it may drive tumori-
genicity through paracrine effects on adjacent cells con-
taining wild-type EGFR.27 Prior studies have specified at
least focal moderate-to-strong staining with IHC for tumors
to be considered positive for EGFRvIII, whereas a cutoff of
at least 10% positive cells has been used in recent trials.28

Ongoing clinical trials should be able to assess the utility of
EGFRvIII as a target more specifically. Encouraging recent
results have demonstrated efficacy in preclinical animal
models targeting EGFRvIII, as well as phase II trials of the
rindopepimut vaccine (chemically conjugated to keyhole
limpet hemocyanin).28 Therefore, increased testing of EGFR-
vIII in the clinical laboratory enables enrollment into trials
using monoclonal antibodies and tumor vaccine strategies.
Amplification of other receptor tyrosine kinases is also

relevant to glioblastoma biology, in addition to EGFR. For
example, platelet-derived growth factor a (PDGFRA) is
amplified in approximately 13% of glioblastomas, erb-b2
receptor tyrosine kinase 2 (ERBB2) in 8%, and MET
proto-oncogene, receptor tyrosine kinase (MET ) in 4%.
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 2 Molecular pathology of adult diffuse astrocytomas.A:Histologically, glioblastoma is characterized by hypercellularity, mitotic activity, and necrosis.
Amplification of receptor tyrosine kinases, particularly EGFR, is a frequent event in glioblastoma. B: FISH illustration of dual-color probe from Vysis, Abbott,
targeting EGFR (red) and CEP7 (green). Other alterations frequently present in glioblastoma identifiable by FISH includemonosomy10/PTEN deletion. C:Dual-color
probe targeting PTEN (red) and CEP10 (green), a single red and green signal on most cells is compatible with monosomy 10. D: Lower grade astrocytomas (diffuse
and anaplastic astrocytomas) are characterized by infiltrating neoplastic astrocytes but lack the necrosis andmicrovascular proliferation typical of glioblastoma. E:
These tumors have a high frequency of ATRX loss which is recognized by immunohistochemistry as negative staining in neoplastic cells but preserved expression in
non-neoplastic elements. ATRX alterations lead to the ALT phenotype, which may be recognized by ultrabright signals in telomere-specific FISH in a subset of
neoplastic cells. F and G: Increased TP53 levels by immunohistochemistry (F) are also frequent in these tumors and are consistent with mutation/pathway
deregulation (G). H: A feature of most lower grade astrocytomas (grade II to III) and secondary glioblastomas (grade IV) is expression of mutant IDH1 protein
which may be recognized through immunohistochemistry. I: Next-generation sequencing (AmpliSeq Cancer Hotspot Panel) is useful in identifying a variety of
mutations in gliomas, including less common IDH1 R132 substitutions not recognizable by immunohistochemistry.Arrows demonstrate vessels as normal internal
controls, including nonaltered cells in FISH and negative or positive vessels by immunohistochemistry. Telomere FISH image (F) published with permission of Dr.
Christopher Heaphy. Original magnification:�200 (A); �1000 (B and C); �600 (DeH). ALT, alternative lengthening of telomeres; ATRX, a thalassemia/mental
retardation syndrome X-linked; FISH, fluorescence in situ hybridization; IDH1, isocitrate dehydrogenase 1.

Molecular Pathology of Gliomas
Interestingly, multiple oncogenes (eg, EGFR, PDGFRA) can
be amplified at the single-cell level within the same tumor in a
mutually exclusive fashion, a reflection of intratumoral het-
erogeneity and an important current paradigm in cancer.29

IDH1 and IDH2 Mutations

Mutations in the IDH1 and IDH2 genes are uncommon
in cancers in general but are restricted to specific relatively
rare subtypes, including acute myeloid leukemia,
The Journal of Molecular Diagnostics - jmd.amjpathol.org
cholangiocarcinoma, chondroid tumors, and particularly
lower grade gliomas and the secondary glioblastomas
(>80%) as described in the above section. IDH1 (residing in
the cytosol) and IDH2 (residing in the mitochondria) are
involved in the metabolism of citrate. The mutations are
gain-of-function and essentially always involve the same
codons, resulting in single amino acid substitutions in
arginine at position 132 of IDH1 or the analogous hotspots
R172 and R140 of IDH2. These mutations result in the
production of increased levels of the 2-hydrodxyglutarate
627
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metabolite. Testing for these mutations is relatively
straightforward at the present time. These mutations may be
identified by various methods, including Sanger sequencing,
melting-curve analysis, pyrosequencing, and next-
generation sequencing platforms30,31 (Figure 2). Of inter-
est to routine pathologic diagnosis, IHC using a mutation-
specific antibody against the predominant IDH1 p.R132H
mutation works well in formalin-fixed, paraffin-embedded
tissues and is widely available. Various algorithms using
IDH1 and ATRX IHC may obviate the need for further
molecular testing in a subset of cases (Figure 2). Of even
greater relevance for therapeutic purposes is that IDH in-
hibitors and even vaccines have been developed, and mo-
lecular testing for these mutations is increasing because a
prerequisite for specific clinical trials targeting these unique
alterations. Specifically, a phase I clinical trial of AG-120, a
small molecule inhibitor for IDH1 mutant solid tumors,
including gliomas, is open (NCT02073994).

TERT Promoter Mutations, ATRX Mutations, and ALT
Phenotype

Cell survival and proliferation requires activation of a
mechanism that maintains telomeres which get shortened
with each division cycle. This requirement is also relevant
to cancer cells. In gliomas, there are two main mechanisms
that mediate this process: first, an increase in telomerase
expression, and, second, through the less common alterna-
tive lengthening of telomeres (ALT) phenotype.

In diffuse gliomas, the two mechanisms of telomere
maintenance are facilitated at the genetic level by activating
TERT promoter mutations,32 which lead to an increase in
telomerase expression, and inactivating mutations in the a
thalassemia/mental retardation syndrome X-linked (ATRX )
gene, which are strongly associated with the ALT pheno-
type.33 With rare exceptions, these alterations are mutually
exclusive,13 and are associated with different molecular
tumor subclasses. These include the essentially 100% co-
occurrence of TERT promoter and IDH mutations with
1p19q co-deletion in oligodendrogliomas; ATRX, IDH, and
TP53 mutations in astrocytomas grades II to III and sec-
ondary glioblastomas; and TERT promoter mutations with
wild-type IDH in primary glioblastomas.

Testing for TERT promoter mutations is relatively
straightforward because they also occur at specific hotspots
(p.C228T or p.C250T). Conversely, inactivating mutations
in the large ATRX gene may occur at multiple sites. IHC has
emerged as a more practical technique to identify loss of
ATRX expression, which is limited to neoplastic cells and is
relatively preserved in the non-neoplastic cells as a normal
internal control. Loss of ATRX expression is strongly
correlated with the ALT phenotype and may serve as a
useful surrogate. The ALT phenotype may also be tested by
using telomere-specific FISH, where ultrabright signals even
in a small proportion of neoplastic cells is diagnostic
(Figure 2).34
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Adult Oligodendroglial Tumors, 1p19q Co-Deletions,
and CIC/FUBP1 Mutations

Testing for 1p19q co-deletion is one of the most widely used
tests available for prognostication in the molecular pathology
of brain tumors. Initial conventional cytogenetic studies
identified a high frequency of 1p and 19q co-deletion in
diffuse gliomas with oligodendroglial features, which has
become almost definitional of oligodendroglioma in the right
context.1 This was further reinforced by the correlation of
procarbazine, CCNU, and vincristine chemosensitivity of
oligodendroglial tumors to be even more correlated with this
alteration,35 findings confirmed prospectively by two large
clinical trials (RTOG 9402 and EORTC 26951).36,37 These
codeletions almost always involve the whole 1p and 19q
chromosomal arms in tumors satisfying morphologic criteria
for oligodendroglioma, which is not unexpected given that
this cytogenetic alteration is mediated by an unbalanced
t(1;19) translocation.38,39 Specific mutations involve the far
upstream element binding protein 1 (FUBP1) gene (chro-
mosome 1p), which encodes a DNA-binding protein
involved in MYC regulation, and the capicua transcriptional
repressor (CIC ) gene (chromosome 19q), encoding a protein
member of the high-mobility group-box transcriptional re-
pressors, in 1p19q codeleted, IDH mutant tumors (29% and
62%, respectively).40,41 As described earlier, 1p19q code-
leted oligodendrogliomas almost universally have IDH and
TERT promoter mutations.22

At the current time, 1p19q testing is recommended for all
anaplastic oligodendroglial tumors and also low-grade oli-
godendrogliomas to predict chemosensitivity and prog-
nosis. A variety of methods are available for 1p19q testing,
which most frequently is performed by FISH. However,
SNP/comparative genomic hybridization arrays and PCR-
based microsatellite analysis are also performed in many
laboratories (Figure 3). Regarding specific advantages and
disadvantages, FISH has minimal tissue requirements and
may identify the abnormality when present even in a small
focus of a formalin-fixed, paraffin-embedded section.
However, SNP/comparative genomic hybridization arrays
may be preferable in other instances because they identify
whole-arm deletions (in contrast to FISH), a more specific
molecular property of oligodendrogliomas.42 The distinc-
tion of small deletions from whole-arm deletions may not
be possible with other techniques (eg, FISH), which is
relevant because presumably smaller deletions identifiable
by FISH or microsatellite studies may occur in glioblas-
tomas, for example, where they lack prognostic
significance.43
Pediatric High-Grade Glioma

High-grade gliomas in children are also classified histo-
logically as high-grade gliomas of adults, including
anaplastic astrocytomas (World Health Organization grade
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 3 Molecular testing for 1p19q alter-
ations in oligodendroglial tumors. A: Classic oligo-
dendrogliomas typically demonstrate whole arm
1p19q codeletions that are best identified by SNP
arrays. Conversely, partial deletions are rare in oli-
godendrogliomas. B: In this case, partial deletions
of 1p and 19q involving the FUBP1 and CIC genes
were present in a neoplasm with features of classic
oligodendroglioma. Partial deletions are more
typical of astrocytic neoplasms. CeE: This example
shows a distal partial deletion of 1p and monosomy
19 sparing the FUBP1 gene locus (C) in an astrocy-
toma (D) which predicted FISH patterns that may
be interpreted as those for oligodendroglioma,
particularly 1p loss (Vysis/Abbott probe set) (E).
Original magnification: �600 (D); �1000 (E).
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III) and glioblastomas (World Health Organization grade
IV), and they are not necessarily separated in the World
Health Organization classification.1 The number of muta-
tions in coding genes is higher than lower grade examples,
but interestingly much lower than high-grade adult coun-
terparts in some data sets, with an average of 24 mutations
per tumor in pediatric glioblastoma, and some tumors con-
taining as few as four mutations, compared with an average
of 47 mutations in adult glioblastoma.44 Integrated molec-
ular profiling of pediatric glioblastomas have generated
distinct subgroups with prognostic relevance, with tumors
containing oncogene amplifications and/or H3F3A p.K27M
mutations, in particular, having the worse outcome. Of in-
terest, H3F3A p.K27M mutations have a predilection for
diffuse astrocytomas involving midline structures, including
diffuse intrinsic pontine gliomas (DIPGs) in children
described in the section below, as well as high-grade as-
trocytomas occurring in the spinal cord in both children and
adults.45 Other pediatric high-grade gliomas occurring
outside of the pons/midline may contain alternative H3F3A
The Journal of Molecular Diagnostics - jmd.amjpathol.org
mutations (p.G34R or p.G34V).15,46,47 Tumors with H3F3A
p.G34 mutations appear to be histologically heterogeneous
with some neoplasms corresponding to glioblastoma and
others to embryonal neoplasms. They appear to represent a
distinct entity, with uniform epigenetic signatures, frequent
TP53 (88%) and ATRX (95%) alterations, as well as
PDGFRA amplification (approximately 27%), 2q loss
(67%), and 4q loss (70%).47 Other histone component mu-
tations (eg, HIST1H3B, encoding for histone H3.1) occur at
a lesser frequency. In the H3F3A p.K27M missense muta-
tion, lysine at position 27 is changed to methionine in the
N-terminal end of histone 3.3.46 Post-translational changes
at this histone site alter a variety of cellular processes,
including gene expression, DNA repair, and centromeres/
telomere maintenance.48 This mutation was also associated
with a variety of epigenetic changes, including a decrease in
H3K27 trimethylation and global DNA hypo-
methylation.15,48,49 In addition to sequencing techniques, a
mutation-specific antibody is applicable for routine IHC to
detect the H3F3A p.K27M mutation (Figure 4).50
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Figure 4 Molecular alterations of pediatric gli-
omas. A: Pilocytic astrocytoma is the most frequent
PLGA subtype. B and C: Most of these tumors are
characterized by a duplication involving the BRAF
kinase domain (array comparative genomic hybrid-
ization) (B), which leads most frequently to a novel
KIAA1549-BRAF fusion (C).The black bar in B rep-
resents an approximately 2 megabase duplicated
segment. D: Additional alterations that may be
found in PLGAs include a BRAF p.V600E mutation,
which may be detected by mutation-specific anti-
bodies (negative non-neoplastic elements, arrows).
E: A particular devastating subset of pediatric high-
grade gliomas is DIPG, which diffusely expands the
pons and may be diagnosed on clinical grounds
(arrow). F: Histologically it overlaps with other
diffuse gliomas (grades II to IV), but it is uniformly
fatal. G and H: Epigenetic alterations typical of this
tumor include global hypomethylation whichmay be
tested with antibodies against 5mC (G) and loss of
H3K27me3 (preserved labeling in vessels, arrows)
(H). I: Most DIPGs have a H3F3A (H3K27M) muta-
tion which is also associated with poor prognosis
and may be detected by mutation-specific anti-
bodies. Original magnification: �400 (A and GeI);
�600 (D and F); DIPG, diffuse intrinsic pontine
glioma; H3K27M, methionine 27 mutation in his-
tone 3 variant; H3K27me3, histone 3 K27 trime-
thylation; PLGA, pediatric low-grade astrocytoma;
5mC, 5-methylcytosine.
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DIPGs represent a distinct clinicopathologic variant of
pediatric high-grade glioma, comprising approximately 10%
of pediatric brain tumors, and are extremely aggressive. A
variety of molecular studies have identified the genetic
landscape of DIPGs, including oncogene amplifications
(PDGFRA, MET ) and PDGFRA mutations51 which they
share in common with other pediatric glioblastomas. How-
ever, global molecular profiling studies have also separated
distinct DIPG subgroups based predominantly on hedgehog
(SHH) and MYCN pathway activation.52 Approximately
80% of DIPGs contain a p.K27M mutation of the H3F3A
gene.53 More recently, ACVR1 mutations, encoding the
transforming growth factor b superfamily member activin,
have been reported in approximately 20% of DIPGs.54,55
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Pediatric Low-Grade Glioma

Major advances have been made recently in pediatric low-
grade glioma (PLGA). BRAF kinase domain duplications
frequently lead to aBRAF-KIAA1549 fusion, which is themost
frequent recurrent alteration in pilocytic astrocytoma, the main
PLGA subtype (Figure 4), occurring in >70% of tumors,56,57

with the highest frequency occurring in the cerebellum. This
and other genetic rearrangements and mutations lead to
constitutive downstream oncogenic pathway activation,
particularly the MAPK pathway.58 Comprehensive
sequencing studies have uncovered genetic hits in MAPK
components in essentially 100% of tumors.56 The relevance of
this pathway to PLGA biology is also highlighted by the
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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consistent inactivation of the NF1 gene in syndrome-
associated cases. The mTOR pathway is also frequently
active in these tumors,59,60 and mTOR activation is the mo-
lecular hallmark of subependymal giant cell astrocytoma, a
tumor frequently developing in the setting of tuberous scle-
rosis, and therefore containing alterations in the tumor scle-
rosis complex 1 or 2 (TSC1 or TSC2) tumor suppressor genes.
A variety of other genetic alterations have been described in
other PLGA subsets, including partial duplication of the
transcription factor v-myb avian myeloblastosis viral onco-
gene homolog-like 1 (MYBL1) with truncated transcript as
well as mutually exclusive intragenic duplication of the tyro-
sine kinase domain in the fibroblast growth factor receptor 1
(FGFR1) gene and rearrangement of the v-myb avian mye-
loblastosis viral oncogene homolog (MYB) gene in up to 68%
diffuse PLGAs.57,61 Of interest,MYB-QKI rearrangements are
specific for angiocentric gliomas.62

On occasion, neoplasms resembling in all respects adult
oligodendrogliomas affect pediatric patients. However, they
frequently lack 1p19q codeletion and IDH1 or IDH2 muta-
tions.63,64 Interestingly, Zhang et al57 found FGFR1 tyrosine
kinase domain duplications in three cases of pediatric oligo-
dendrogliomas, and more recently rare subsets of pediatric
low-grade tumors composed of oligodendrocyte-like cells
had a high frequency of FGFR1 alterations, including 82% of
dysembryoplastic neuroepithelial tumors and 40% pediatric
oligodendrogliomas.44 Interestingly, a low-grade pediatric
neoplasm with oligodendroglioma-like morphology but
characterized at the clinical level by extensive superficial
parenchymal and leptomeningeal dissemination has been
increasingly characterized recently.65,66 Several designations
have been applied to these tumors, including disseminated
oligodendroglioma-like leptomeningeal neoplasms and
diffuse leptomeningeal glioneuronal tumor which has been
incorporated in the recent World Health Organization clas-
sification update. Recent studies have demonstrated a high
frequency of 1p deletion (59%) and BRAF:KIAA1549 fusion
(72%) in67 a molecular signature distinct from adult and
pediatric oligodendrogliomas.
BRAF Mutations and Targeted Therapeutics in
Pediatric Glioma

BRAF is one of the three members of the RAF family
proteins (ARAF, BRAF, and CRAF), all of them with
serine-threonine kinase activity and directly regulated by
RAS. The BRAF protein is an important element of the
MAPK pathway, which in turn affects transcription factors
involved in cell differentiation, proliferation, apoptosis, and
senescence. More than 90% of all BRAF mutations in
human cancers comprise a single amino acid substitution of
valine by glutamic acid at codon 600 (p.V600E), as a result
of c.1799T>A base variant. The BRAF p.V600E mutation
was detected in 50% to 70% of pleomorphic xanthoas-
trocytomas (PXAs),57,68 18% to 33% of gangliogliomas,68
The Journal of Molecular Diagnostics - jmd.amjpathol.org
and more recently in approximately one-third of non-
pleomorphic xanthoastrocytomas, non-ganglioglioma
PLGAs involving the diencephalon.69 It has also been
described at lower frequencies in other low-grade glioma
subtypes, such as pilocytic astrocytoma (9%), particularly
noncerebellar pilocytic astrocytoma, and pediatric diffuse
astrocytoma (23%),57,68 as well as in variable subsets of
high-grade astrocytomas, particularly the epithelioid glio-
blastoma subtype (50%).70 Furthermore, BRAF p.V600E
combined with loss of CDKN2A leads to high-grade astro-
cytomas71 and may constitute a clinically distinct subtype of
secondary high-grade gliomas arising from PLGAs.72 In
contrast to BRAF p.V600E, a tandem duplication at 7q34
resulting in fusion of KIAA1549 and BRAF genes is the
predominant oncogenic event in pilocytic astrocytoma.

Clinical detection of the BRAF p.V600E mutation has
become the standard of care for patients with metastatic mel-
anoma. BRAF inhibitors are also promising as targeted ther-
apies for brain tumors with BRAF mutations. Early-phase
clinical trials are testing the feasibility of BRAF inhibitors such
as dabrafenib (clinicaltrials.gov; last accessed May 06, 2016;
NCT01677741) and MAPK kinase inhibitors such as selu-
metinib and binimetinib (NCT01386450, NCT01089101,
NCT02285439). A variety of molecular assays have been
validated for clinical detection of BRAF mutations, including
Sanger sequencing, pyrosequencing, allele-specific PCR, real-
time PCR-based assays (such as the cobas 4800 BRAF V600
Mutation Test, the first companion BRAF test approved by the
Food and Drug Administration), high-resolution melting
analysis, primer extension-based assays, and next-generation
sequencing assays.73 Next-generation sequencing assays pro-
vide not only a high analytic sensitivity but also a broad
reportable range for clinical detection of BRAF p.V600E and
non-p.V600E mutations. A p.V600E-specific mouse mono-
clonal antibody (VE1) has been applied to formalin-fixed,
paraffin-embedded tissues, including brain tumors. Although
VE1 IHC can only detect the p.V600E mutation, it may allow
the identification of mutant tumors in small biopsy or fine-
needle aspiration specimens or specimens with scattered
tumor cells intermingled with abundant non-neoplastic cells.74

Conclusions

Our understanding of the biology of glial neoplasms has
significantly increased in the past few years, with major
scientific advances accomplished in both pediatric and adult
glial tumors. The current status of this field is of particular
relevance to molecular diagnostics, which will continue to
evolve into a major player in the evaluation and treatment of
adult and pediatric glial tumors.
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