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NContext.—Gliomas are the most common primary brain
tumors of adults and include a variety of histologic types
and morphologies. Histologic evaluation remains the gold
standard for glioma diagnosis; however, diagnostic diffi-
culty may arise from tumor heterogeneity, overlapping
morphologic features, and tumor sampling. Recently, our
knowledge about the genetics of these tumors has
expanded, and new molecular markers have been devel-
oped. Some of these markers have shown diagnostic value,
whereas others are useful prognosticators for patient
survival and therapeutic response.

Objective.—To review the most clinically useful molec-
ular markers and their detection techniques in gliomas.

Data Sources.—Review of the pertinent literature and
personal experience with the molecular testing in gliomas.

Conclusions.—This article provides an overview of the
most common molecular markers in neurooncology,
including 1p/19q codeletion in oligodendroglial tumors,
mutations in the isocitrate dehydrogenase 1 and 2 genes in
diffuse gliomas, hypermethylation of the O6-methylgua-
nine-DNA methyltransferase gene promoter in glioblasto-
mas and anaplastic gliomas, alterations in the epidermal
growth factor receptor and phosphatase and tensin
homolog genes in high-grade gliomas, as well as BRAF
alterations in pilocytic astrocytomas. Molecular testing of
gliomas is increasingly used in routine clinical practice and
requires that neuropathologists be familiar with these
genetic markers and the molecular diagnostic techniques
for their detection.

(Arch Pathol Lab Med. 2011;135:558–568)

Gliomas in adults are the most common primary brain
tumors and include a variety of histologic types.

Currently, the histologic identification is based on the
morphologic resemblance of the tumor cells to nonneo-
plastic glial cells (ie, astrocytes, oligodendrocytes, and
ependymal cells), and, therefore, most malignant gliomas
of adults are classified into astrocytic, oligodendroglial,
mixed oligoastrocytic, and ependymal tumors, according
to the 2007 World Health Organization (WHO) classifica-
tion.1 Molecular testing of ependymomas is of limited
value and will not be discussed in this review. In adults,
the most important types of gliomas are those that
diffusely infiltrate the surrounding brain tissue, making
these ‘‘diffuse gliomas’’ resistant to surgical resection. An
exception is the pilocytic astrocytoma (WHO grade I), the
most common pediatric glioma, which is relatively well
demarcated from the surrounding tissues and can be
resected. Diffuse gliomas are categorized into low-grade
gliomas (WHO grade II), which usually demonstrate
relatively slow growth, and high-grade gliomas (WHO
grades III and IV), which grow more rapidly. The most
malignant (and most common) of the high-grade gliomas
is glioblastoma multiforme (GBM). Primary GBMs arise
de novo in older patients and have a short duration of
clinical symptoms (,3 months). On the other hand,
secondary GBMs develop from preceding grade II or III

gliomas, have a longer duration of symptoms, and
frequently develop in patients younger than 40 years.
During the past decade, understanding of gliomagenesis
has expanded significantly. Current evidence suggests
that the initiation and progression of gliomas may involve
the accumulation of multiple genetic alterations. For
example, isocitrate dehydrogenase (IDH) 1 and IDH2
mutations are identified in most low-grade gliomas,
suggesting that IDH mutations are an early event in
gliomagenesis. Other genetic abnormalities may accumu-
late during tumor progression and include 1p/19q
codeletion in oligodendroglial tumors and TP53 mutation
or 17p13 loss in astrocytic tumors. Oligoastrocytomas may
exhibit any of these genetic abnormalities (Figure 1).2

Anaplastic gliomas are characterized by loss of 9p and
homozygous deletion of the CDKN2A/B gene (p16/p15),
and the progression of an anaplastic astrocytoma to a
secondary GBM is frequently associated with 10q loss.
Primary and secondary GBMs have a different subset of
genetic abnormalities. In particular, primary glioblasto-
mas demonstrate frequent epidermal growth factor
receptor (EGFR) amplification, 10q loss, and mutations
in the phosphatase and tensin homolog (PTEN) gene, but
rarely have IDH mutations. On the other hand, secondary
glioblastomas lack EGFR amplification but show muta-
tions in the TP53 and IDH genes (Figure 1). Most of
pilocytic astrocytomas are characterized by BRAF fusion
(BRAF/KIAA1549) but rarely have other genetic abnor-
malities (Figure 1).

Although histologic evaluation remains the gold stan-
dard for glioma diagnosis, diagnostic difficulty may arise
from tumor heterogeneity, overlapping morphologic
features, and tumor sampling. Malignant gliomas are
incurable, and most patients die despite aggressive
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therapy. Advances in neurosurgery, radiation, and che-
motherapy during the past decade have provided only
small improvements in clinical outcome. As with many
other tumors, the development of new molecular markers
is expected to lead to improved diagnosis and prognosis
and to aid in the clinical management of gliomas.
Currently, the most common molecular markers in
neurooncology are 1p/19q codeletion in oligodendroglial
tumors, mutations in the IDH1/2 genes in diffuse gliomas,
hypermethylation of the O6-methylguanine-DNA methyl-
transferase (MGMT) gene promoter in glioblastomas and
anaplastic gliomas, alterations in the EGFR and PTEN
genes, and 10q deletions in GBMs, as well as BRAF
alterations in pilocytic astrocytomas. Some of these
markers can be used diagnostically to help the neuropa-
thologist in glioma classification and grading, especially
for tumors with ambiguous histologic features. Alterna-
tively, some of them can be used to estimate prognosis for
patients and to predict response to certain therapies.

1p AND 19q CODELETION

Loss of the short arm of chromosome 1 (1p), along with
the long arm of chromosome 19 (19q), is an established

genetic marker of oligodendroglial tumors.3 The frequen-
cy of 1p and 19q codeletion has been reported to be 80% to
90% in oligodendrogliomas (WHO grade II), 60% in
anaplastic oligodendrogliomas (WHO grade III), and
30% to 50% in oligoastrocytomas (Table 1).3,4 There is a
strong association between 1p/19q codeletion and the
classic histologic features of an oligodendroglioma (eg,
round, uniform nuclei with perinuclear halos and a
‘‘chicken-wire’’ vascular pattern). However, not all oligo-
dendroglial tumors reveal such correlation, and morphol-
ogy alone cannot predict the 1p/19q status.5 Most 1p and
19q deletions appear to involve the loss of the entire 1p
and 19q chromosomal arms. The mechanism of this
codeletion was recently explained by the unbalanced
centromeric translocation t(1;19)(q10;p10) found in these
tumors, which mediates the loss of a 1p/19q derivative
chromosome and the preservation of a 1q/19p derivative
chromosome.6,7 Almost all oligodendrogliomas with a 1p/
19q codeletion are positive for IDH1 or IDH2 mutations8

but rarely have the TP53 mutation, a 10q deletion, or
amplification of the EGFR gene.9,10

The 1p and 19q codeletion is found to be a useful marker
for prognostication about patient survival and chemosen-

Figure 1. Molecular pathways and common genetic alterations in astrocytic, oligodendroglial, and oligoastrocytic neoplasms. Abbreviations:
ampl., amplification; BRAF, v-raf murine sarcoma viral oncogene homolog B1 gene; CDKN2A/B, cyclin-dependent kinase inhibitors 2A and 2B
genes; EGFR, epidermal growth factor receptor gene; GBM, glioblastoma multiforme; IDH, isocitrate dehydrogenase gene; mut., mutation; PTEN,
phosphatase and tensin homolog gene; TP53, tumor protein p53 gene; WHO, World Health Organization.

Average Prevalence of Genetic Abnormalities in Gliomas and Their Clinical Utility

Tumor Type
WHO
Grade

BRAF
Fusion, %

1p/19q
Deletion, %

IDH Mutations,
%

MGMT
Methylation, %

10q LOH/PTEN
Mutation, %

EGFR/EGFRvIII,
%

PA I 60–80 ,20
O II 80–90 80–94 60–93
AO III 50–70 90 50–75 ,10
DA II 70–90 40–45
AA III 70 50 35–60
Secondary GBM IV 80–85 40–60 60–70/,5
Primary GBM IV ,5 40 80/15–40 <40

Clinical utility of molecular test Diagnostic Diagnostic Diagnostic
Prognostic Prognostic

Diagnostic
Prognostic Prognostic

Predictive Predictive?Predictive

Abbreviations: AA, anaplastic astrocytoma; AO, anaplastic oligodendroglioma; BRAF, v-raf murine sarcoma viral oncogene homolog B1 gene; DA,
diffuse astrocytoma; EGFR, epidermal growth factor receptor gene; GBM, glioblastoma multiforme; IDH, isocitrate dehydrogenase gene; LOH, loss
of heterozygosity; MGMT, O6-methylguanine-DNA methyltransferase gene; O, oligodendroglioma; PA, pilocytic astrocytoma; PTEN, phosphatase
and tensin homolog gene; WHO, World Health Organization; ?, clinical utility is not defined yet.
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sitivity. In 1998, Cairncross and colleagues4 reported that
loss of 1p (and combined loss of 1p and 19q) predicts a
better response to procarbazine-lomustine-vincristine
chemotherapy and a longer survival in patients with
anaplastic oligodendroglioma. Since the first report, these
findings have been reproduced in subsequent studies,
including prospective, randomized phase 3 trials, which
confirmed the prognostic and predictive utility of 1p/19q
codeletion.11,12 Moreover, oligodendroglial tumors with
loss of 1p/19q showed a response to treatment with the
alkylating drug temozolomide and radiotherapy, indicat-
ing its predictive value for a broader spectrum of
therapeutic regimens.13–15 As a result, 1p/19q codeletion
has become a useful diagnostic, prognostic, and predictive
marker and is widely used in neurooncology practice.

One of the limitations of this marker is its inability to
guide the choice of a specific treatment regimen (chemo-
therapy versus radiotherapy). Also, the concurrent pres-
ence of prognostically unfavorable genomic alterations (ie,
9p or 10q loss) may lead to poor outcome independent of
the 1p/19q status.16 Therefore, molecular testing for a
wider spectrum of genetic abnormalities is needed for a
more accurate prognostic assessment. Furthermore, the
prognostic significance of the 1p/19q deletion might be
affected by the deletion size. The typical 1p/19q codele-
tion in oligodendrogliomas shows complete loss of 1p and
19q chromosomal arms, in contrast with the partial
deletions frequently observed in astrocytic tumors (mostly
in GBMs).17 Partial loss of chromosome 1p in oligoden-
drogliomas has an opposite prognostic significance when
compared with tumors that have a complete 1p/19q loss.17

Evaluation of the whole 1p arm is needed to discriminate
between a partial and complete loss of 1p and to
appreciate the real clinical significance of this marker.

Assessment of the 1p/19q deletion in oligodendroglio-
mas is most frequently performed by fluorescent in situ
hybridization (FISH) and loss of heterozygosity (LOH)
analysis (Figure 2, A, C, and D); however, newer
techniques, such as array comparative genomic hybrid-
ization and single nucleotide polymorphism array, are
becoming available for clinical use. The choice of
technique depends on laboratory expertise, equipment
available for testing, and the pathologist’s preferences.

The FISH technique uses fluorescently labeled DNA
probes to provide a targeted approach for detecting
(directly on a tissue slide) chromosomal abnormalities in
interphase nuclei. The FISH approach does not require
corresponding normal tissue or blood as a control and
allows for the preservation of tissue architecture. It can be
used for assessment of polysomy, which was recently
shown to be a predictor of earlier recurrence in anaplastic
oligodendrogliomas with 1p/19q loss.18 For accurate FISH
diagnostics, appropriate controls and scoring criteria have
to be used, especially for testing in formalin-fixed,
paraffin-embedded (FFPE) tissue specimens. The thresh-
old level for positive results has to be established to avoid
overinterpretation of small cell populations, where signals
are lost because of the truncation of nuclei.19 However,
FISH may produce a false-negative result if there is
uniparental disomy, that is, when cancer cells have lost
one chromosome in the presence of duplication of another
chromosomal allele. Also, FISH does not allow testing for
multiple chromosomal loci. An example of FISH for
chromosome 1p is illustrated in Figure 2, C. Commercially
available kits consist of one probe complementary to the

chromosomal region on 1p36.32 and a differently labeled
control probe that targets the 1q25 region on the long art of
chromosome 1. When the 1p deletion is present, there will
be only one 1p36 signal but 2 signals corresponding to the
control probes.

An alternative to FISH is a polymerase chain reaction
(PCR)–based approach that uses the amplification of
microsatellite repeats located in the area of the deletion
(Figure 2, B). For LOH detection, primers are designed to
flank the microsatellite region. The PCR amplification of
tumor DNA and normal tissue DNA is performed, and
PCR products are subjected to capillary gel electrophoresis
(Figure 2, D). The PCR products from normal tissue
(usually blood) are used to determine whether a given
patient is heterozygous for that locus (ie, has 2 alleles of
different size) and is, therefore, informative for LOH
analysis. If the locus is informative, the LOH can be
determined as either a complete absence or a significant
decrease in amplification of 1 of the 2 alleles and calculated
based on the difference in ratios of 2 allelic peaks in normal
tissue compared with the same peaks in tumor tissue. In
most cases, an allele ratio within the range of less than 0.5
and greater than 2.0 is considered evidence of LOH. For 1p
and 19q LOH analysis, several microsatellite loci are used
to assess the deleted region. Use of multiple markers in the
1p and 19q arms helps avoid false-positive cases that have
only partial deletion of 1p or 19q. However, there are
limitations to this technique: LOH analysis requires a
control (blood or normal tissue), it may produce a ‘‘pseudo-
LOH’’ pattern because of chromosomal copy number gain
rather than loss, and it has limited use in the detection of
homozygous deletions.

Newer techniques, such as comparative genomic
hybridization array and single nucleotide polymorphism
array, enable evaluation of the whole genome for
chromosomal gains, losses, and polysomy in a single
run. Currently, they are not yet widely used in clinical
testing because of the high cost of equipment and
reagents, difficulties in array data analysis, and limitations
in the processing of small FFPE tissue samples (these
techniques require a large amount of DNA for the
analysis, which is difficult to obtain from small brain
biopsies). However, with the increased availability of
these techniques, decreased costs of testing, and optimi-
zation of methodology, they might replace FISH and LOH
studies in the future.

IDH1 AND IDH2 MUTATIONS

Mutations in the IDH1 gene were discovered in 2008
during a genome-wide analysis of 22 glioblastomas as a
part of the Cancer Genome Atlas Project.20 It was shown
that the presence of the mutation is associated with young
age, a secondary-type GBM, and increased overall
survival. Follow-up studies identified IDH1 mutations in
60% to 90% of WHO grades II and III diffuse gliomas, as
well as in the secondary glioblastomas that developed
from these lower-grade tumors8,21–30 (Table 1). In contrast,
IDH1 mutations are rare in primary GBMs and are
completely absent in pilocytic astrocytomas.8 Mutations
in the IDH2 gene were detected in a smaller proportion of
gliomas, mostly in oligodendroglial tumors.8,30 The fact
that IDH mutations were identified in both oligodendrog-
lial and astrocytic tumors suggests they may have a
common cell of origin (Figure 1). IDH mutations in
oligodendrogliomas frequently coexist with 1p/19q dele-
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mias.36 In addition to their diagnostic value, IDH1/2
mutations have been associated with a better outcome in
patients with low-grade diffuse gliomas, anaplastic
astrocytomas, and GBMs and have been shown to be a
powerful independent prognostic factor for prolonged
survival.8,20,37 Together, these features make IDH1 and
IDH2 mutational testing important for both diagnostic
and prognostic purposes.

The role of mutant IDH in glioma carcinogenesis is
complex, and there are several proposed mechanisms.
IDH1/2 genes encode for the cytosolic and mitochondrial
nicotinamide adenine dinucleotide phosphate (NADPH)-
dependent isocitrate dehydrogenase enzymes that play an
important role in the citric acid cycle. Wild-type IDH1/2
isozymes catalyze the oxidative carboxylation of isocitrate
to a-ketoglutarate and reduce NADP+ to NADPH during
this process (Figure 3, A).38,39 Both the a-ketoglutarate and
the released NADPH are known cell defenders against
oxidative damage. All the IDH1/2 mutations are restricted
to a highly conserved arginine residue, R132, in the IDH1
gene and R172 in the IDH2 gene. These heterozygous
mutations alter the normal enzyme activity in a way that
results in either loss of function or gain of function
(Figure 3, B).8,39,40 Heterozygous mutation in the IDH gene
decreases the ability of the IDH enzyme to catalyze the
conversion of isocitrate to a-ketoglutarate and leads to a
decreased quantity of a-ketoglutarate and NADPH,
making the cell more susceptible to oxidative stress
(Figure 3, B). Furthermore, mutated IDH gains a new
enzyme activity that promotes the reduction of a-ketoglu-
tarate to R(2)-2-hydroxyglutarate (2HG) (Figure 3, B).
Accumulation of 2HG was reported to lead to an elevated
risk of malignant brain tumors in patients with inborn
errors of 2HG metabolism.41 In addition, the process of
conversion to 2HG requires consumption of a-ketogluta-
rate and NADPH, thus further decreasing the protection
from oxidative stress provided by these 2 compounds.
Finally, mutant IDH is associated with an increased level of
hypoxia-inducible factor-1a, which is a transcription factor
that modulates processes important in carcinogenesis,

including angiogenesis and apoptosis (Figure 3, B).39 The
most common mutation type for the IDH1 gene is R132H
(approximately 90%) followed by R132C (4%). Other, less-
common IDH1 mutations (R132S, R132G, and R132L) are
found in approximately 6% of tumors. IDH2 mutations are
encountered in roughly 5% of gliomas.42

Sanger sequencing analysis is the most commonly used
method for detection of IDH1 and IDH2 mutations
(Figure 4, A). It allows for detection of all mutational
variants and can be performed on FFPE tissue, but its
sensitivity is relatively low (approximately 20% of mutant
alleles or 40% of tumor cells with heterozygous muta-
tion).30 Tissue microdissection before molecular analysis is
recommended to enrich the tumor cell population and to
increase the sensitivity of this assay. Another sequencing
strategy is pyrosequencing.43 It has better sensitivity than
Sanger sequencing and allows for the detection of 5% to
10% of mutant alleles or 10% to 20% of tumor cells with
heterozygous mutations.44 Real-time PCR amplification
and melting curve analysis was recently reported as
another approach for diagnosis of IDH1 and IDH2
mutations (Figure 4, B).30 LightCycler (Roche Diagnostics
Corporation, Indianapolis, Indiana) real-time reverse
transcription-PCR uses fluorescence resonance energy
transfer probes, which bind to the PCR product in a
head-to-tail fashion. Post-PCR fluorescence melting curve
analysis exploits the fact that even a single base-pair
mismatch between the labeled probe and the sequence of
interest will significantly reduce the specific melting
temperature. For example, if there is no IDH1 or IDH2
mutation present in the sample DNA, the probes will bind
perfectly and melt at a higher temperature (64uC),
showing a single peak on post-PCR fluorescence melting
curve analysis (Figure 4, B). In contrast, if a heterozygous
point mutation is present, probes will bind to the mutant
amplicon imperfectly and will melt (dissociate) at a lower
temperature, producing 2 melting peaks. Therefore, IDH1
R132H mutation has a Tm of 56uC, IDH1 R132S Tm of 58uC,
IDH1 R132L Tm of 55uC, and IDH2 R172M Tm of 55uC. This
method is fast, less laborious, and more sensitive than

Figure 3. Putative mechanisms of isocitrate
dehydrogenase (IDH) mutation in glioma
tumorigenesis. A, Normal (wild-type) IDH
activity. B, Mutant IDH activity. Abbrevia-
tions: HIF1, hypoxia inducible factor 1;
NADP, reduced nicotinamide adenine dinu-
cleotide phosphate; NADPH, nicotinamide
adenine dinucleotide phosphate; wt, wild type.
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prognostic and predictive marker.11,48–52 Hegi and col-
leagues48 reported that 49% of patients with glioblastoma
and methylated MGMT were alive at 2 years after
treatment with temozolomide and radiotherapy, as
compared with 15% of patients with unmethylated
MGMT. Correlation with prognosis was also reported in
pediatric glioblastomas, low-grade gliomas, and more
recently, in anaplastic gliomas (WHO grade III).11,50,51,53,54

Although the methylation status of MGMT may change
with disease progression, the prognostic significance can
only be applied to primary diagnosed tumors.55 The study
by Brandes and colleagues55 reported that recurrent
tumors with MGMT methylation did not show prognostic
benefits. In addition to prognostic benefit, several stud-
ies25,48,49,52,56,57 have demonstrated the predictive value of
methylated MGMT in response to temozolomide chemo-
therapy in patients with glioblastoma. However, for
anaplastic gliomas only the prognostic benefit, and not
the predictive value of MGMT methylation, was report-
ed.11,54 Interestingly, Rivera and colleagues58 found that
methylated MGMT may predict response to radiotherapy
alone even in the absence of adjuvant alkylating chemo-
therapy.

Most of the methods for MGMT analysis are based on
evaluation of the methylation status of the CpG island of
the MGMT gene. The CpG island is a region of DNA that
contains a high frequency of CG nucleotides and is located
at the gene promoter region. The CpG island of the MGMT

gene has 97 CpGs, which are usually unmethylated in
normal brain tissue.59 In tumors, a cytosine residue is
frequently methylated, leading to changes in chromatin
structure and transcriptional silencing of the gene. It is
technically difficult to evaluate the methylation status of
the whole CpG island, and each method focuses on only
several CpGs, assuming that their methylation status
reflects methylation of the whole promoter region.
However, methylation of some CpGs correlates better
with MGMT expression than others, which should be
taken into consideration in designing a molecular assay.60

Currently, the 3 most commonly used methods are
methylation-specific PCR (MSP), real-time PCR or Methy-
Light PCR, and methylation-specific pyrosequencing
(Figure 5). Each can be used for the analysis of either
FFPE tissue samples or snap-frozen tissue. All of these
methods require initial treatment of the DNA with
bisulfite to convert unmethylated cytosine to uracil. The
MSP is the most commonly used method and allows
evaluation of methylation status at 6 to 9 CpGs. It is
typically performed with 2 primer sets: one pair for
amplification of sequences with converted cytosine, which
detects an unmethylated gene, and a second pair for
amplification of sequences with unconverted cytosine and
detection of a methylated gene. The PCR products are
visualized by agarose gel electrophoresis (Figure 5). This
method does not require expensive equipment and can be
easily incorporated into the workflow of the molecular

Figure 5. MGMT promoter methylation
analysis by methylation-specific polymerase
chain reaction (PCR) (MSP) and real-time PCR
(MethyLight). Initially, tumor DNA is treated
with bisulfite to convert unmethylated cytosine
to uracil. The MSP (left) is performed with 2
primer sets: 1 for detection of unmethylated
MGMT and a second pair for detection of
methylated MGMT followed by post-PCR gel
electrophoresis (bottom left). MethyLight PCR is
performed using one set of primers and
fluorescently labeled probe complementary to
the methylated MGMT sequence. Both meth-
ods demonstrate absence of methylation in
tumor 1 (only unmethylated band is present in
the gel and only housekeeping control COL2A1
is amplified by real-time PCR) and presence of
methylation in tumor 2 (strong methylated band
is present in the gel and MGMT is amplified
by real-time PCR). Abbreviations: COL2A1,
collagen type II a 1 gene; M, methylated;
MGMT, O6-methylguanine-DNA methyltrans-
ferase gene; U, unmethylated.
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laboratory. However, MSP does not allow quantitative
assessment of MGMT methylation; is frequently used with
an increased number of PCR cycles, which may lead to
false-positive amplification; and analyzes a relatively
small number of CpGs. An improved version of MSP is
real-time PCR or MethyLight PCR (Figure 5).61,62 This
technique uses one set of primers and a fluorescently
labeled probe complementary to the methylated MGMT
sequence. In addition, a second pair of primers and probes
is used for amplification of a housekeeping gene, such as
collagen or actin. The addition of a housekeeping gene for
analysis allows evaluation of the quality of the DNA
sample after bisulfite treatment, and the quantitation of
MGMT methylation. This assay is more specific than MSP
because of the addition of an oligonucleotide probe and
the increased numbers of studied CpGs (12 to 14 CpGs).
Real-time PCR is performed with a regular number of
cycles of amplification and, therefore, rarely produces
false-positive results. However, use of fluorescently
labeled probes makes the assay more susceptible to PCR
inhibition that might be due to inadequate DNA purifi-
cation after bisulfite treatment or some other factors.

Another method used for MGMT methylation analysis
is methylation-specific pyrosequencing.63 This method is
based on PCR amplification, followed by pyrosequencing
of short DNA fragments, and allows for detection
(depending on the assay) of 4 to 12 CpGs. The advantage
of pyrosequencing is an ability to quantitate methylation
at each CpG site within the amplicon. Recently, the extent
of MGMT methylation was proposed as a prognostic
factor in patients with glioblastoma treated with temozo-
lomide and radiotherapy.64 A low level of methylation
could signify the presence of only a few methylated CpGs
and might not necessarily reflect the dense methylation
that is required for silencing of the gene.

Because hypermethylation of the promoter region leads
to silencing of gene transcription and inhibition of protein
synthesis, an immunohistochemical approach for detec-

tion of MGMT protein expression would seem to be the
most convenient way to perform MGMT analysis. How-
ever, the clinical value of immunohistochemical detection
of MGMT methylation remains controversial. First of all,
assessment of MGMT methylation by IHC has failed to
correlate with disease outcome.65,66 This lack of correlation
is likely due to a number of factors, including interob-
server variability, heterogeneity of the glioma sample,
contamination with nonneoplastic cells that express
MGMT, and differences in tumor immunoreactivity.65,66

In addition, many studies have failed to identify a
correlation between IHC results and MGMT methylation
status detected by MSP.65,67–69 Therefore, at present, IHC is
not the method of choice for the detection of MGMT
methylation.

BRAF/KIAA1549 FUSION

BRAF, which is a part of the mitogen-activated protein
kinase (MARK) pathway, is usually activated by the point
mutation BRAF V600E. A different mechanism of BRAF
activation was first reported in papillary thyroid carcino-
mas, where an AKAP9/BRAF fusion was described.70 In
gliomas, BRAF activation by gene duplication, which
leads to fusion between the KIAA1549 and BRAF genes, or
by point mutation has been identified in 60% to 80% of
pilocytic astrocytomas.71–74 These genetic abnormalities are
rare in diffuse astrocytic gliomas and, therefore, may
allow the differentiation of pilocytic astrocytomas from
low-grade astrocytomas, especially if combined with IDH
mutational analysis. The IDH mutations are almost never
found in pilocytic astrocytomas, in contrast with their high
prevalence in low-grade diffuse astrocytomas (Table 1).75

Several BRAF/KIAA1549 fusion variants have been
reported, making analysis by the reverse transcription-
PCR method difficult. Interphase FISH is currently the
best method for testing for this fusion and is performed
using fluorescently labeled probes corresponding to the
KIAA1549 and BRAF genes. The BRAF/KIAA1549 fusion

Figure 6. Detection of 10q (PTEN) deletion and EGFR amplification in high-grade gliomas by loss of heterozygosity (LOH) and fluorescent in situ
hybridization (FISH) analysis. Glioblastoma multiforme (GBM) (World Health Organization [WHO] grade 4) (A) is positive for 10q deletion by LOH
analysis (B) and by EGFR amplification by FISH (C). B, The LOH analysis of chromosome 10q at the PTEN gene region was detected with
microsatellite markers D10S520 and D10S1171. Arrow indicates loss of 10q allele in GBM as compared with normal tissue. C, The FISH analysis
demonstrates multiple red signals for EGFR (LSI 7p12 EGFR SpectrumOrange probe counterstained with DAPI) and 2 normal green signals
(chromosome 7 centromeric probes [CEP7 SpectrumGreen probe counterstained with DAPI]). Abbreviations: N, normal tissue; T, tumor tissue;
EGFR, epidermal growth factor receptor gene; PTEN, phosphatase and tensin homolog gene (original magnifications 340 [A] and 3400 [C]).
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is diagnosed when one fused signal (red/green or yellow)
and one normal pair of red and green signals are found in
the interphase nuclei. Similar to any FISH assay, appro-
priate cutoff levels for fusion detection should be
established, especially when analysis is performed in
FFPE tissue.

EGFR AND PTEN ALTERATIONS

EGFR affects cell proliferation and growth through the
activation of downstream effector molecules in the MARK
and PI3K-Akt pathways. The EGFR gene is located on
chromosome 7p12. Activation of EGFR signaling through
gene amplification or mutations is found in about 30% to
40% of primary glioblastomas (Table 1).1,76 In addition,
approximately one-half of GBMs with EGFR amplifica-
tions contain a mutant variant of EGFR (EGFRvIII).77 This
unique genetic variant is characterized by an in-frame
deletion of 267 amino acids in the extracellular domain of
the EGFR gene (exons 2–7) that leads to a truncated
protein. Therefore, EGFRvIII receptor is lacking an
extracellular domain and is unable to bind a ligand;
however, it remains constitutively active.77 Detection of
either EGFR amplification or EGFRvIII is indicative of
high-grade glioma and can be used diagnostically. In
neuropathology practice, identification of EGFR amplifi-
cation in neoplastic astrocytes strongly supports diagnosis
of GBM even if the histologic criteria are not met (Figure 6,
A and C). The prognostic role of EGFR/EGFRvIII in the
glioblastoma setting is not clear. Some studies showed no
effect of EGFR amplification on patient survival, and some
studies have reported a poor prognosis in younger
patients and in those with anaplastic gliomas.78,79

The EGFR signaling pathway is an attractive target for
new therapies in gliomas. Initial studies failed to
document therapeutic benefits of anti-EGFR tyrosine
kinase inhibitors in patients with glioblastoma.80 Howev-
er, subsequent studies suggest that EGFR amplification or
EGFRvIII expression can predict responsiveness to tyro-
sine kinase inhibitors, especially when PTEN expression is
preserved.81,82 Recently, results of a new treatment with an
anti-EGFRvIII vaccine were reported. The addition of a
vaccine to radiation and chemotherapy resulted in
increased overall survival in patients with glioblastoma
carrying the EGFRvIII variant.83 Therefore, the predictive
role of EGFR/EGFRvIII abnormalities in treatment re-
sponse is not fully understood and remains to be
elucidated in upcoming clinical trials. EGFR amplification
can be easily detected by FISH (Figure 6, C), and EGFRvIII
analysis can be performed by reverse transcription-PCR
amplification using primers flanking the deletion region.84

Phosphatase and tensin homolog (PTEN) is a tumor-
suppressor gene located on the long arm of chromosome 10
at 10q23. PTEN is counteracting one of the most critical
cancer-promoting pathways, the PI3K-Akt signaling path-
way. Genetic alterations of the PTEN gene at the level of
mutations or chromosomal deletions are frequently found
in high-grade gliomas (Table 1). The LOH at 10q is
common in primary and secondary GBMs and anaplastic
astrocytomas and is found at lower rates in anaplastic
oligodendrogliomas (Table 1).85 Mutations at the PTEN
gene are found in 15% to 40% of primary glioblastomas, but
they are practically absent in secondary glioblastomas and
other gliomas.85 The LOH is most frequently detected at
10q23-24 (PTEN), at 10q25-pter, or the entire long arm of
chromosome 10 is lost. Most studies to date have identified

10q LOH and PTEN mutations as poor prognostic markers
for anaplastic astrocytomas and glioblastomas, and the loss
of 10q is associated with tumor progression (Figure 1).86,87

Loss at chromosome 10q can be reliably detected in
FFPE tissue by LOH analysis or FISH (Figure 6, B). At least
3 markers located at the most commonly deleted regions
of 10q should be used for LOH analysis to provide reliable
evaluation of the 10q region and to avoid noninformative
results.

In conclusion, recent years have been characterized by a
rapid expansion of our knowledge about the biology and
genetics of gliomas and by the development of new
molecular markers. Some of these markers have shown
diagnostic value, whereas others are useful for patient
prognostication and predicting response to therapies.
Genetic testing of gliomas is increasingly used in routine
clinical practice and requires neuropathologists to be
familiar with all aspects of molecular analysis.
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