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Abstract

Molecular diagnostics currently has a crucial role in neuro-oncological patient care. (Epi)genetic assays testing
for point mutations, copy number variations, gene fusions, translocations, and methylation status are of main
diagnostic interest in neuro-oncology. Multiple assays have been developed for this purpose, ranging from single
gene tests to high-throughput, integrated techniques enabling detection of multiple genetic aberrations in a single
workflow. This review describes the nature of the simpler and more complex assays for molecular diagnostics of

tumors of the central nervous system and briefly discusses their strengths and weaknesses.
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A wide spectrum of genetic aberrations is involved in the
development of tumors of the central nervous system (CNS),
including point mutations, copy number variations (CNVs,
including gains/amplifications as well as losses/deletions),
gene fusions, and translocations (Fig. 1). Integration of histo-
pathologic data and information on such genetic aberrations
allow for a precise and unequivocal diagnosis of many CNS
tumors. Indeed, according to the revised fourth edition of the
World Health Organization (WHO) Classification of Tumours
of the Central Nervous System (published in 2016)," the
diagnosis of especially diffuse gliomas and embryonal CNS
tumors is now ideally based on an integrated “histomolecu-
lar” approach. In some situations, information on epigenetic
characteristics of the tumor is helpful for CNS tumor diagno-
sis and/or for therapeutic decision making.

Diffuse gliomas in adults are by far the most frequent
tumors originating from the brain parenchyma. For this
tumor group, integration of histopathologic and genetic
data has led to recognition of 3 large, clinically rel-
evant molecular subgroups: isocitrate dehydrogenase

(IDH)-wildtype; IDH-mutant and 1p/19g-noncodeleted; IDH-
mutant and 1p/19g-codeleted.? IDH-mutant diffuse gliomas
show a mutation in the IDH1 or IDH2 gene. The “hotspot”
mutations for these genes result in amino acid substitution
at codon R132 in or at codon R172, respectively. Presence
of CNVs in the form of combined loss of the complete
chromosome (chr) arms 1p and 19q in addition to an IDH
mutation is now required for the diagnosis of “canonical”
oligodendroglioma. Also, the therapy of choice for diffuse
gliomas today relies in part on their genetic characteris-
tics. For example, complete 1p/19q codeletion in diffuse
gliomas predicts benefit from PCV (combined procar-
bazine, lomustine (CCNU), vincristine chemotherapy), and
hypermethylation of the promoter of the methyl guanine
methyl transferase gene (MGMT) has predictive value for
response to the alkylating agent temozolomide in patients
with glioblastoma.

Other genetic alterations that may be helpful for the
molecular characterization of diffuse gliomas are the com-
bination of point mutations in tumor protein 53 (TP53)
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Simplified representation of the nature of the most relevant (epi)genetic alterations in (neuro-)oncology. Normal DNA is displayed at the

top, with part of another chromosome to the right. At the bottom, altered DNA is represented. The depicted alterations are examples. The mutation
shows a change from a cytosine (C)-guanine (G) base pair to a thymine (T)-adenosine (A) base pair. A copy number change may involve a loss/
deletion or a gain/amplification, of which the latter is shown here (from 1 to 4 copies of a single gene). The depicted deletion now involves loss of
part of 1 single gene, but a deletion may also concern loss of a partial or whole chromosome arm. A gene fusion, depicted as a fusion between
genes that were already on the same chromosome arm, may also concern fusion between genes originating on different chromosome arms. The
translocation shows the addition of part of 1 arm of a chromosome to the arm of another chromosome.

and o-thalassemia/mental retardation syndrome X-linked
(ATRX), which typically occur in IDH-mutant astrocytomas.
Likewise, the combined gain of a complete chr 7 and loss
of a complete chr 10, as well as amplification of epidermal
growth factor receptor (EGFR), are highly indicative for
IDH-wildtype glioblastoma (cIMPACT-NOW).® Mutation in
the promoter of telomerase reverse transcriptase (TERT)
is very frequent in oligodendroglioma and in IDH-wildtype
glioblastoma, but rare in IDH-mutant diffuse astrocytomas
and glioblastomas. For the differential diagnosis of nondif-
fuse gliomas, molecular markers such as the v-RAF mur-
ine sarcoma viral oncogene homolog B1 (BRAF) V600E
mutation, KIAA-BRAF fusion, and v-rel avian reticuloendo-
theliosis viral oncogene homolog A (RELA) fusion are of
importance. BRAF V600E mutation is frequently present in
gangliogliomas, pleomorphic xanthoastrocytomas, and in
some pilocytic astrocytomas. KIAA-BRAF fusion is frequent
in pilocytic astrocytomas, and a RELA fusion is a defining
feature of a subgroup of supratentorial ependymomas. For
concise overviews of the genetic aberrations found in glial
and other primary and metastatic CNS tumors, see recent
reviews.*”’

Given the poor prognosis of many malignant CNS
tumors, there is an urgent need for new treatment options.
An increasing number of clinical trials are based on
molecularly selected or stratified patient cohorts, including
trials with targeted agents in patients with EGFR-amplified
glioblastoma, or stratification of glioblastoma patients
by MGMT status. Thus, molecular analysis is becoming
increasingly important for diagnostic accuracy and clin-
ical management. Meanwhile, the molecular “toolbox” for
the assessment of the clinically relevant molecular mark-
ers is expanding and becoming highly refined. There are
often several possible molecular methods for the analysis
of 1 potential (epi)genetic change. This review provides an
overview of the mode of operation of the more common
molecular tools for CNS tumor diagnosis today and briefly
summarizes their strengths and limitations.

I
Assessment of Genetic Alterations

Elementary (“Simple”) Molecular Assays

Sanger sequencing

DNA sequencing is the process of determining the order
of nucleotides (A—adenosine; C—cytosine; G—guanine;
T—thymine) in a strand of DNA.The basis of most sequenc-
ing methods is the polymerase chain reaction (PCR), which
is the most widely used method of nucleic acid amplifica-
tion. PCR amplifies copies of a region of interest through the
creation of a reaction mix with template DNA, primers that
target the region of interest, DNA polymerase, dideoxynu-
cleotide triphosphates (dNTPs), and reaction buffer (Fig. 2).
The reaction depends on cyclic temperature changes that
denature DNA, anneal primers, and subsequently duplicate
the DNA. The products of each reaction act as a template in
the next reaction, leading to an exponential increase in the
number of copies of the DNA region of interest.

Sanger sequencing relies on this generation of many
copies of the target DNA region and the incorporation of
chain terminating dNTPs that are labeled with a fluores-
cent dye. After the incorporation of these dideoxynucleo-
tides, no further elongation of the DNA strand is possible,
resulting in termination of the chain. The DNA fragments
are sorted based on their length through capillary electro-
phoresis and the dye at the end of the strand is detected by
a laser, allowing the read out of the DNA sequence.

The first paper describing the Sanger sequencing tech-
nique was published in 19778 Since then, Sanger sequencing
has been the gold standard and indeed represents a robust
method that is still in use for especially “smaller”-scale pro-
jects. Sanger sequencing is primarily suitable for the ana-
lysis of relatively long stretches of DNA (up to 900 base pairs
[bp]) and can be used for the detection of point mutations in
a specific gene. Disadvantages of Sanger sequencing are the
relatively high costs and inefficiency when multiple genes
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Fig.2 A, Simplified diagram showing the basic steps in polymerase chain reaction (PCR). A mixture of DNA, primers, enzymes, and dideoxynu-
cleotide triphosphates is made. Then, a PCR cycle is started in which the temperature regulates the reactions. DNA is denatured (~95°C), primers
anneal (~55°C-60°C), and primers are elongated (~72°C) using the original DNA as a template. Next, PCR cycles are repeated ~35x with the new
PCR products and DNA as a template. Repetition of PCR cycles leads to an exponential increase in DNA fragments with the same sequence. Next,
the fragments can be analyzed. B, A simplified diagram showing the essentials of targeted next-generation sequencing technology. Genomic DNA
is fragmented and adaptors are ligated, which help to anchor the DNA fragments to a solid surface (a plate in bridge PCR or a bead in emulsion
PCR). DNA fragments are amplified through a PCR reaction. DNA polymerase causes elongation of the complementary sequence, and the release
of fluorescence or hydrogen upon the incorporation of a nucleotide is analyzed to find the sequence of each fragment. To identify a mutation, the
sequences of the fragments are digitally aligned to the sequence of reference DNA.

need to be sequenced. Furthermore, especially in samples
with low tumor cell percentage, the relatively low sensitivity
of 15% to 20% variant allele frequency (VAF) can be a limita-
tion.? In this case, the limit of detection is high and mutations
in samples with low tumor cell percentage can be missed.

Fluorescent In Situ Hybridization

First published in 1969, in situ hybridization is a technique to
visualize the presence of a DNA strand (representing a gene
or a [larger part of a] chr). In situ means that the location of
the DNA sequence is identified in its “natural position” within
the chr (Fig. 3). After denaturation of the DNA through heat or
chemicals, a labeled DNA or RNA sequence is used as a probe
to identify and quantify the complementary target sequence.
Generally, fluorescently labelled probes are hybridized
(bound) to the tissue slide, allowing easy visualization, hence
the name “fluorescent in situ hybridization” (FISH). In situ
hybridization was one of the first methods used to measure
gene amplification in malignant gliomas. See, for example,
EGFR amplification as described in 1988 by Bigner et al."”

FISH is especially suitable for the detection of CNVs and
gene fusions or translocations. For example, in case of a
fusion, 2 genes that are normally located at a significant
distance from each another are fused in neighboring loci
on the chr (shown in Fig. 1).To detect such a fusion through
FISH, probes for the 2 fusion partners are used that are
labeled with different fluorescent colors, for example green
and red. In case of a fusion, juxtaposition of the partners
will result in 1 yellow/orange signal instead of a separate
red and green signal. On the same basis, it is possible to
demonstrate translocation by using “break-apart probes,”
which will show separate signals when different parts of
the investigated gene are translocated. In case of amplifi-
cation of a gene, the probe for this gene will show multiple
signals within the contours of a single nucleus.

An advantage of FISH is that single nuclei can be analyzed,
allowing for the identification of subclones within a tumor.
Furthermore, the exact number of copies in case of a gain or
low-level amplification can be determined (though there are
no set cutoff values for gene amplifications, and the clinical
relevance of CNVs differs per gene, on average >2-5 gene
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Fig. 3 A, Simplified diagram showing the essential technique of fluorescent in situ hybridization (FISH). Tissue is mounted on a glass slide and
cells are treated to make cell membranes and nuclei permeable to enzymes and probes. DNA is denatured and fluorescently labeled probes (eg,
complementary to target sequence [red label] and centromere [green label]) are hybridized to the DNA. The fluorescent labels can be visualized
with a fluorescence microscope. Normal signal for EGFR (upper panel) and EGFR amplification (bottom panel) are shown. B, Simplified diagram
showing the basis of STR-based LOH analysis. For a certain gene, allele A carries 5 STRs while allele B carries 7 copies of that STR. Polymerase
chain reaction is performed (see Figure 2), after which the fragments are analyzed based on their length. The ratio between fragments of different
lengths gives information on the presence or absence of the alleles. LOH is declared when the presence of 1 of the alleles is lower than expected
from the matched normal sample, and when the ratio between the signals for fragments of both alleles is disturbed. EGFR indicates epidermal
growth factor receptor; LOH, loss of heterozygosity; STR, short tandem repeat.

copies can be considered gain and at >5-10 copies amplifi-  difficult to determine. FISH can be performed on formalin-
cation can be called). For high copy amplifications (>20-30  fixed, paraffin-embedded (FFPE) of fresh-frozen material.
copies), however, the exact number of gene copies becomes A drawback of FISH is that its labeling intensity can vary
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within an investigated tissue area, and there is often some
nonspecific “background hybridization,” making unequivocal
assessment of the results challenging.'? Also, it is generally
not possible to make a distinction between complete and par-
tial loss of a chr arm, such as in case of a 1p/19q codeletion,
because the probe set consists of a centromere probe and 1
probe located on a specific spot on the chr arm.When this lat-
ter signal is lost, it could still concern partial instead of com-
plete deletion of the chr arm. Because of this limitation, FISH
is not an ideal method for the determination of 1p/19q status.
Lastly, FISH analysis can be more difficult on decalcified tis-
sue™ and, in our experience, also on cytological specimens.

Loss of Heterozygosity Analysis

Except for the X andY chr, for every gene there are 2 alleles
(1 on the chr of maternal origin and 1 on the chr of pater-
nal origin). Loss of heterozygosity (LOH) is a genetic event
in which 1 allele of a gene is lost, leading to, for exam-
ple, haploinsufficiency or the “uncovering” of a recessive
mutated tumor suppressor gene in the remaining allele. It
is important to note that LOH can lead to a decrease in the
number of copies of a gene (from 2 to 1), but also copy
number-neutral LOH can occur if the unaffected gene is
duplicated (before or after the loss of the other allele).

The original method to evaluate LOH events consists
of the analysis of microsatellites or short tandem repeats
(STRs), which can be performed on fresh-frozen or FFPE
samples (Figure 3). STRs are tens to hundreds of sequen-
tial repetitions of a series of 2-13 bases on a DNA strand.
In STR analysis, the exact number of repeating units is
measured and compared at a single locus for both alleles.
LOH is declared when 1 allele is reduced in intensity in the
tumor DNA compared to a matching DNA of nonneoplastic
cells (eg, from leukocytes or oral mucosa) from the same
patient. The requirement of normal DNA from the same
patient is a disadvantage of this technique. Newer meth-
ods to detect LOH tackle this problem by comparing the
allelic ratio to, among others, neighboring markers in the
tumor sample rather than a normal DNA sample.” A draw-
back of this alternative method is the fact that neighbor-
ing markers can also be lost, giving a false impression of a
normal allelic ratio. Furthermore, in case of low tumor cell
percentage in the sample, it can be difficult to recognize
LOH, as the difference between both alleles is minimized
by contamination with normal DNA. When the interrogated
STRs are homozygous in the germline (ie, when the mater-
nal and paternal STRs for the investigated DNA region are
the same), the LOH probe for that region is uninformative.

Complex Molecular Assays

Targeted next-generation sequencing

Next-generation sequencing (NGS) is an umbrella term for
sequencing techniques developed after Sanger sequenc-
ing. The term generally refers to short-read sequencing by
synthesis methods, which means that the DNA sequence is
read out (sequenced) based on the sequential incorporation
of nucleotides during primer extension (synthesis). The
nucleotides are detected while they are incorporated in the
chain and a characteristic fluorescent or pH signal (differ-
ent for each base) is emitted (Fig. 2). This can be performed

using different platforms, such as lllumina or lonTorrent.
Targeted NGS is also based on PCR, and the gene-specific
primers that are used in the reaction determine the targets
of the NGS panel. NGS methods are highly parallel, which
means that many sequencing reactions take place at the
same time. Compared to Sanger sequencing, shorter reads
are generated, usually 100-200 nucleotides per sequence.
Bioinformatics tools are generally used to identify changes
in the order of nucleotides, which are then compared to
known mutations, variants, and single-nucleotide poly-
morphisms (SNPs) as listed in online databases and/or the
databases of the local laboratory, alleviating the need for a
matched normal tissue sample from the same patient.

One of the main advantages of NGS is the amount of infor-
mation that can be obtained in a single workflow, thereby
increasing the chance of finding clinically relevant/actionable
variants of mutant genes in a tumor. It has been reported
that performing 1 NGS assay costs 15 times less compared
to the total costs of older tests assessing all these genetic
modifications separately.’ The option to multiplex several
samples in 1 assay leads to increased throughput and fur-
ther reduction of costs.'® Furthermore, NGS is a very sensi-
tive technique that can find VAFs of 1% to 5%'%' (for Sanger
sequencing the VAF needs to be at least 10% to 20%°%1920).
This makes NGS better suited for samples with low tumor
cell percentage.'® In addition, NGS was found to be reli-
able when performed on FFPE material, which is valuable
when no fresh-frozen material is available.’®?' As routine
CNS diagnostics often have to be performed on material
from small biopsy specimens, it is advantageous that only
a very small amount of DNA (20 ng)'®?'22 may be sufficient
to prepare the NGS library. Furthermore, since NGS panels
are customizable, laboratories have the opportunity to opti-
mize panels (for example, in case of special genes of interest
for specific trials) and to continue updating panels based on
relevant new research findings.

Disadvantages of NGS compared to conventional tech-
niques are the turnaround time of 4 (our experience, Fig. 4)
to 7 days,’®'%22 the need for access to bioinformatics
resources for CNVs and fusion detection, interinstitutional
variability related to the use of laboratory-specific gene sets,
the costs and the influence of the length of the PCR product
on amplicon coverage, especially for FFPE material (ampli-
cons larger than 160 bp are not amplified efficiently).?? In
addition, because NGS allows the analysis of many genes
in 1 assay there is an increased chance of identifying unsoli-
cited findings® or variants of unknown clinical relevance.
Based on coverage it may remain challenging to reliably
detect deletions, for instance the 1p/19q codeletion and more
subtle copy number differences such as CDKNZ2A deletion,
gain of chr 7 and loss of chr 10. Most methods are based on
the quantification of differences in depths of coverage per
amplicon of a tumor sample compared to a matched nor-
mal sample?* or a normal pool dataset.?? In this way, partial
amplification of a gene (such as EGFR in glioblastoma) can
also be detected.?? NGS allows an alternative method to ana-
lyze these subtle differences through SNP analysis.?> SNPs
are variations in nucleotides at a single point in the DNA that
are conserved throughout evolution and within populations.
By including SNPs in the amplicons that are sequenced,
the frequency of the SNPs can be used to analyze potential
imbalances between the presence of both alleles (B-allele
frequency), allowing the detection of subtle CNVs.?
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Fig. 4 Flow diagram providing an indication of turnaround times (in working days) for several of the techniques described in this review art-
icle. These are the usual turnaround times of the authors’ laboratory or institution. Turnaround times may vary from laboratory to laboratory, for
example, depending on the possibility of performing certain steps overnight. FISH indicates fluorescent in situ hybridization; MS-MLPA, methyla-
tion-specific multiplex ligation-dependent probe amplification; MSP, methylation-specific polymerase chain reaction; NaBi, sodium bisulfite; NGS,
next-generation sequencing; PCR, polymerase chain reaction; SNP, single-nucleotide polymorphism.

Single-nucleotide polymorphism array

SNP array analysis is a method that can be used to detect
genomewide LOH and other chromosomal imbalances,
including 1p/19q codeletion. In SNP array analysis, nucleic
acid sequences are immobilized on a solid surface or
bead and each SNP is interrogated by 1 or several labeled
probes. After hybridization of the probe, the probe is elon-
gated at the position of the SNP with fluorescently labeled
nucleotides. Subsequent scanning of the slide reveals the
genotype of the SNP. Heterozygous SNPs provide infor-
mation on potential imbalances in which 1 allele is over-
represented compared to the other. An estimation of the
likelihood of LOH is achieved by comparison of the results
to standards derived from normal reference cases.?® This
is an improvement compared to microarray-based LOH
analysis, as it obviates the need for normal tissue from the
same patient. High-resolution SNP array techniques are
available and are especially suitable for detection of break-
points and of LOH without loss of chr material.?’ The main
benefit compared with traditional LOH analysis is that
high-resolution, genomewide information is obtained and
that a single assay can therefore be used to detect different
CNVs. Also, SNP array analysis provides information on
both single genes as well as chr arms, which is of primary
interest in glioma diagnostics.

Multiplex ligation-dependent probe amplification

Multiplex ligation-dependent probe amplification (MLPA)
is a PCR-based method that uses 2 oligonucleotide probes
that hybridize to the target sequence and are then ligated
to each other. All MLPA probes in the mix have a specific
sequence at the 5" or 3’ end that are compatible with just 1
set of PCR primers. Only when the MLPA probes hybridize
at the target sequences and are ligated will the probes be
amplified with these primers. Because of different lengths

of stuffer sequences incorporated in each probe, each
MLPA probe pair will give rise to an amplification prod-
uct of unique size, allowing multiplex analysis of different
genes and gene fragments.?’

This method is suitable to detect, among others, IDH1/2
mutation status, EGFR amplification, and 1p/19q codele-
tion. CNVs are detectable because it leads to a change in
the relative amount of amplification product, which can be
compared to the amount of amplification product of refer-
ence samples.?® Furthermore, control probes located in
genomically stable regions for the specific tumor type are
provided in the probe mix. Different probe mixes were eval-
uated for the detection of losses of 1p/19q, IDH1/2 mutation
status, EGFR amplification, loss of CDKN2A, and loss of
PTEN (P105) and were found to be robust and reliable.?%3°

One of the main strengths of MLPA is that it allows for
the simultaneous detection of different types of genetic
aberrations in a single, relatively simple workflow that can
provide results within 3 days (Fig. 4) and up to as fast as
24 hours? (depending on the laboratory/workflow possi-
bilities). Also, the method is suitable both for fresh-frozen
and FFPE material, the costs are relatively low, and the
analysis software is free.?® Limitations are that the method
can detect only relative CNVs and will not detect CNVs
when they affect the whole genome (ie, no distinction can
be made among polyploidy, haploidy, and diploidy).?8

|
Assessment of Epigenetic Alterations

Epigenetics concerns the study of functional changes to
the genome with an effect on gene expression that do
not involve changes in the DNA sequence. One example
is DNA methylation, in which methyl groups are bound
to nucleotides, most commonly C. A CpG site is a region
in the DNA where a C nucleotide occurs next to a G
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nucleotide, connected via 1 phosphate molecule. CpG
islands are stretches of DNA (~500-1500 bp) containing
many CpG sites with a CG ratio of >0.6 vs the other nucleo-
tides, which occur in regulatory areas of the genome such
as promoter regions of genes. CpG sites can be methylated
or unmethylated. Hypermethylation of the promoter of a
gene generally results in inactivation of the gene due to
inaccessibility of the DNA for transcription factors.

MGMT promoter methylation status is 1 of the main
epigenetic markers of interest in clinical neuro-oncology.
One of the bottle necks for reliable detection of this marker
is that most techniques rely on sodium bisulfite conver-
sion. During sodium bisulfite treatment, unmethylated
C is changed to uracil (U), while methylated C is main-
tained. Especially when using FFPE material, this sodium
bisulfite conversion process can be inefficient (leaving
some unmethylated C unchanged) and cause unreliable
results.?®8132 |n addition, most techniques interrogate
only a limited number of CpG sites, which can be a prob-
lem as, in the case of hypermethylation, all CpG sites are

not always methylated and there can be variation in CpG
methylation patterns.3® Method-specific difficulties in
determining MGMT status are described below.

(Nested) Methylation-Specific-Polymerase Chain
Reaction

Methylation-specific polymerase chain reaction (MSP,
Fig. 5) is widely used to assess epigenetic silencing of
genes in general, and it is the most commonly used assay
to test for MGMT promoter methylation in gliomas.3
Hegi et al have investigated MGMT promoter methyla-
tion, as assessed by MSP, in patients with newly diag-
nosed glioblastoma. They found that MGMT promoter
hypermethylation is an independent favorable prognostic
factor (irrespective of treatment) and is associated with
the benefit of adding temozolomide chemotherapy to
radiotherapy.%®

Nested MSP is a method in which the primers are
added in 2 rounds (rather than 1 round in “normal”
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Fig.5 Simplified diagrams of 3 techniques that can be used to assess methyl guanine methyl transferase gene (MGMT) promoter methylation
status. A, In MS-MLPA DNA is denatured and gene-specific probes are hybridized to the genomic DNA. The probes contain stuffer sequences of
different length, allowing multiplex analysis. Every reaction consists of 2 routes. One route is incubated with ligase and the other with ligase and
the methylation-specific restriction enzyme Hhal. The first reaction allows for the identification of copy number variations, whereas the second
allows for methylation analysis as the restriction enzyme digests only unmethylated DNA (because unmethylated DNA and methylated DNA are
added). B, The methylation-specific PCR genomic DNA is treated with sodium bisulfite (NaBi). Next, a PCR reaction with specific primers for either
completely methylated or unmethylated DNA is performed. After gel electrophoresis, presence of bands for the methylated primers indicates the
presence of DNA methylation. C, For pyrosequencing DNA is treated with NaBi. Next, a PCR reaction is performed to amplify the region of interest.
Finally, the PCR product is sequenced. Upon incorporation of a nucleotide by DNA polymerase, a pyrophosphate (PPi) molecule is released that
can be converted into light by sulfurylase and luciferase. As single nucleotides are added to the reaction in a specific order, the presence of a light
signal indicates the presence of that nucleotide in the sequence. MS-MLPA indicates methylation-specific multiplex ligation-dependent probe
amplification; PCR, polymerase chain reaction.
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MSP). After an initial amplification of the MGMT pro-
motor, a second round of PCR is performed that allows
a more specific amplification of target sequences that
are located within the products of the first round of PCR.
Through this 2-step method, the likelihood of creating
nonspecific PCR products is decreased.?® Two different
PCRs are performed, 1 specifically for methylated and 1
for unmethylated MGMT promoter. The latter is a control
of the assay as it should always provide a positive result.
The assay creates a binary readout after gel electrophor-
esis: a signal (band) for methylated MGMT promoter is
either present or not.

While MSP is considered a relatively accurate method,”
some studies show suboptimal reliability and reproducibil-
ity of this method.3® Also, the technique is challenging as it
depends highly on the specificity of the selected primers,
the PCR conditions, and the adequacy of the bisulfite con-
version,® illustrated by the observation of Hegi and col-
leagues that the success rate of the MSP on FFPE samples
was highly variable and center dependent (median success
rate 75%, range, 0-100%).%° In addition, MSP interrogates
only a limited number of CpG sites within the promoter,*°
which could affect sensitivity and specificity. The required
amount of template DNA depends greatly on the nature
and quality of the sample (eg, formalin fixation has a nega-
tive effect) and can vary from 75 ng to 150 ng of DNA.4°
Also, it is not known exactly how methylation of only a
subset of the CpG sites within the primer sequence might
affect primer binding and thus the outcome of the MSP
assay.

Quantitative Real-Time Methylation-Specific-
Polymerase Chain Reaction

Quantitative real-time MSP (qMSP) is a PCR-based
method that uses, for example, TagMan (MethyLight) or
Sybr Green?® technologies to allow for the quantification
of methylation percentage. gMSP also relies on bisulfite
modification of DNA, as described above. Primers (spe-
cific for bisulfite-converted DNA) for CpG sites in the
MGMT promoter and a control (housekeeping) gene
are used.*' The primers carry a fluorescent label and a
quencher label. When the DNA is amplified, the quencher
is removed from the primer sequence and the fluores-
cence signal can be detected. The methylation percent-
age is calculated by dividing the MGMT promoter:control
ratio of a sample by the MGMT promoter:control ratio of
CpG Methyltransferase (M.Sssl)-treated human genomic
DNA and multiplying by 100.42The treatment of DNA with
M.Sssl should cause full methylation of cytosine in all CpG
sites.*!

gMSP is reported to be about 10 times more sensitive
than conventional MSP*° although it is not completely clear
what this sensitivity assessment is based on. The primer
set influences the sensitivity of the method. Post-PCR time
of running a gel is eliminated by qMSP, resulting in a more
time-efficient analysis. Because this method can quan-
tify methylation percentages, it is possible to determine
cutoff points for hypermethylation. A possible source of
false-negative results is the fact that 1 of the housekeeping

genes that is frequently used, actin beta (ACTB), is located
on chr 7, which is frequently gained, especially in glio-
blastomas. This problem can be avoided by use of colla-
gen type Il alpha 1 (COL2A1) as the control gene, which is
located on chr 12. Indeed, when COL2A1 instead of ACTB
was used as the reference gene, the reproducibility of the
qMSP results improved.*!

Methylation-specific multiplex ligation-
dependent probe amplification

Methylation-specific multiplex ligation-dependent probe
amplification (MS-MLPA) is a modified version of MLPA that
can be used to assess MGMT promoter methylation status
(Fig. 5).# This test is based on a mix containing 6 MGMT
promoter probes with a methylation-sensitive restriction
site (unmethylated DNA is sensitive to Hhal digestion) and
10 control probes without an Hhal restriction site.The tumor
sample is split and 2 PCR amplifications are performed: 1
with an undigested sample and 1 with an Hhal digested
sample (which leaves only the methylated fraction of the
DNA intact). Subsequently, the ratio between the peak pat-
tern of the digested and the undigested sample gives infor-
mation about the percentage of DNA methylation.*®

A drawback of MS-MLPA is that only CpG sites that are
located within an Hhal restriction site can be analyzed.
However, 1 of the CpG sites that was shown to correlate with
response to temozolomide* is included in the MS-MLPA
probe kit. In addition, there are no clearly defined cutoff
values for clinically significant methylation levels. A major
advantage of MS-MLPA is that no bisulfite treatment is
required. The MS-MLPA assay is suitable for FFPE tissue and
only a small amount of DNA is required (20-100 ng). Also,
MS-MLPA allows for simultaneous analysis of different CpG
sites and the detection of copy numbers of the analyzed loci
as well as IDH1/2 mutations?® (described above).The software
required for MS-MLPA data analysis (Coffalyzer.Net) is openly
available via the website www.mlpa.com. Accessed October
9, 2018.

Pyrosequencing

Pyrosequencing is a method that has been described and
developed since 1993.%° For CNS tumors, pyrosequenc-
ing can be used for the detection of MGMT promoter
hypermethylation but also of point mutations (Fig. 5).
Pyrosequencing is also based on the “sequencing by syn-
thesis” principle and relies on the detection of light that
is emitted when pyrophosphate is released during PCR.
The intensity of the light signal correlates to the num-
ber of nucleotides of a single type that are incorporated.
To use pyrosequencing for MGMT promoter methyla-
tion detection, bisulfite-treated DNA is amplified and a kit
is applied that detects the level of methylation of 5 CpG
sites.*® Subsequent pyrosequencing analysis of the MGMT
promoter methylation status provides statistically highly
significant results that show good correlation with survival
data.*’ Disadvantages are the necessity for bisulfite con-
version, and the requirement for specialized and relatively
costly equipment.#’
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Methylation Profiling

In addition to gene-specific approaches to studying epige-
netics, a (more) genomewide approach is now also avail-
able and is finding its way into the diagnostic workflow.
Genomewide methylation profiling may serve several
purposes: It can be used to assess MGMT promoter meth-
ylation status, but it can also help to classify CNS tumors
through pattern analysis based on methylation profile448
and thus aid the diagnosis. In addition, methylation profil-
ing gives indirect information about copy number altera-
tions, including 1p/19qg codeletion, combination of gain of
chr 7 and loss of chr 10, and EGFR amplification, as well
as loss of heterozygosity. Essentially this tool includes
a SNP array-based data analysis. Methylome data can
be obtained with the Infinium Methylation Beadchip
(Illumina), of which the most recent (“850”) version inter-
rogates >850 000 CpG sites.

For targeted use, Bady et al have previously
shown that methylation profiling through the
HumanMethylation450 Beadchip can be used to assess
MGMT promotor status, as the chip interrogates 176
CpG sites within the MGMT gene, of which 14 are
located in the promoter region.**They describe a model
(MGMT-STP27) that determines a probability of MGMT
promoter methylation based on 2 probes (cg12434587
and ¢g12981137), the first of which is also included in
the MS-MLPA assay described above. The MGMT-SP27
model was shown to have good performance in 2 exter-
nal datasets when comparing the results to pyrose-
quencing data of 47 glioblastoma cases and MS-MLPA
data of 62 WHO grade lll glioma cases.*

One disadvantage of using the MGMT-SP27 model to
predict MGMT promoter hypermethylation is the possible
effect of gene loss on the ratio of methylated to unmethyl-
ated DNA. Of note, while most tumors usually carry both
MGMT alleles, glioblastomas often show loss of chr 10,
on which the MGMT gene is located (10926.3), which may
have consequences for the actual level of MGMT expres-
sion. Indeed, in 2016 Bady and colleagues described that
in low-grade glioma a combination of MGMT promoter
hypermethylation and loss of 10q showed lower MGMT
expression compared to tumors with only MGMT pro-
moter hypermethylation. The authors hypothesized that
this could be because in this latter group only 1 of the 2
MGMT alleles that are present is hypermethylated. The
remaining MGMT allele may cause residual MGMT expres-
sion, which would have a negative impact on the effective-
ness of alkylating agents.*® As the STP-27 model is based
on a set of mainly glioblastoma samples, many of which
can be expected to have only one MGMT allele, using this
model may lead to overestimation of MGMT gene inacti-
vation in nonglioblastoma tumors.** For these tumors,
the optimal threshold for assessment of clinically rele-
vant MGMT promoter hypermethylation would have to
be determined using a reference set with tumors carrying
both MGMT alleles.

Recently, an additional application of methylation pro-
filing in the context of neuro-oncology was published
by Capper et al.*® They describe the use of a classifier
tool that matches the methylation profile of a sample to
a CNS tumor entity. The classifier tool was developed

by feeding the methylation profile, generated with the
Infinium Human Methylation450K BeadChip array, of
at least 8 cases per WHO-defined CNS tumor group as
well as the profiles of nonneoplastic CNS tissue samples
(including samples with inflammatory and other reactive
changes) to a deep learning approach. Next, the methy-
lation profiles were clustered and 91 methylation classes
were identified. The identified classes can be used to inves-
tigate whether the methylation profile of a tumor sample
matches a defined DNA methylation class and if the thresh-
old value (calibrated score) of >0.9 is met. In the study by
Capper et al the DNA methylation profile class matched the
histopathologic diagnosis in 76% of the cases, while in 12%
the DNA methylation profile class was reason to recon-
sider and revise the original histopathologic diagnosis.
Obviously, in some situations such a change in diagnosis
can have important clinical/therapeutic impact.

Advantages of the genomewide methylation profiling
analysis are the large amount of information it provides
and the open availability of the online classifier tool (www.
molecularneuropathology.org Accessed October 9, 2018.).
Current disadvantages of the tool are the relatively high
amount of DNA required (100-200 ng), costs, and limited
experience with interpretation of the results, especially
when the outcome of the classifier tool suggests a diag-
nosis that does not match the histopathologic diagnosis or
clinical presentation of a patient.?° Studies aiming to reveal
how diagnoses based on DNA methylation profiling cor-
relate with survival data are ongoing.

|
Conclusions and Future Perspectives

Current neuro-oncological practice is increasingly depend-
ent on molecular diagnostics of tumor tissue. Molecular
data are essential for an integrated histomolecular diag-
nosis and to inform treatment decisions, including the
indication for targeted therapy. Sanger sequencing, FISH,
and LOH analysis are established techniques that can pro-
vide very valuable molecular information (Table 1). Each
of these methods, however, has its shortcomings, and a
laboratory may need to combine several techniques to get
the complete “package” of the required molecular infor-
mation. Especially when there is a small amount of tissue
available for analysis, it may be preferable to use 1 reliable
high-throughput method that allows for the analysis of
multiple markers in 1 assay.

NGS is a very attractive and sensitive technique for com-
bined assessment of many genetic markers such as som-
atic mutations, CNVs, and fusions in a single workflow,
while inclusion of SNPs in the primer set enables detection
of more subtle CNVs.2® For assessment of MGMT promoter
methylation, a focused method such as MSP, MS-MLPA,
or pyrosequencing may be preferred. MS-MLPA has the
advantage of being a quantitative method that allows for
the determination of a threshold for hypermethylation. As
promoter methylation-mediated gene silencing is strongly
dependent on the location of the methylated CpG sites,®
choosing the primers for the sites that correlate best with
clinical outcome is important. Future research should focus
on identifying probes/CpG sites that correlate best with
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clinical outcome, and give further insight in the most reli-
able way to assess MGMT promoter methylation status.

Methylation profiling is a very powerful platform for
detection of epigenetic changes.*® At present, this tool is
still relatively costly, but has a significant added value as
it can contribute to diagnostic fine-tuning by suggesting
a diagnosis based on the methylation profile, and at the
same time provide information on important diagnostic,
prognostic, and/or predictive markers (especially CNVs
and MGMT promoter methylation status).*® How exactly
methylation profiling performs with respect to prognosti-
cation and to what extent it aids in improving patient care
need further investigation.

We expect that molecular diagnostics for CNS tumors will
increasingly be performed with a combination of NGS and
methylation profiling, providing an almost complete pack-
age of information on mutations, CNVs, fusions, MGMT
promoter methylation status, and overall methylation pat-
tern associated with a specific tumor entity or subgroup.
NGS panels will likely be expanded as novel therapeutic
targets and gene alterations of diagnostic importance are
identified. Meanwhile, immunohistochemistry is a quick,
easy, relatively inexpensive, and very reliable alternative
for demonstration of the mutant protein that is the result
of important molecular markers (eg, IDH1 R132H, BRAF
VB00E, H3K27M)52-54 or of surrogate markers that indicate
a particular molecular makeup of the CNS neoplasm (eg,
p53, ATRX, L1 cell adhesion molecule [L1CAM]).55:56

At the same time, innovative sequencing techniques
such as RNA sequencing, whole-exome sequencing
(WES; in which about 1% to 2% of the whole genome is
sequenced), whole-genome sequencing (WGS), and nano-
pore sequencing may in the near future contribute to an
even more in-depth understanding of the molecular under-
pinnings of CNS tumors. By analyzing RNA through NGS,
it is possible to detect gene translocations/fusions (next to
the somatic mutations and CNVs that can be detected by
analyzing a DNA sample)®” and gene expression levels.%®
There is currently limited application for WES and WGS for
routine diagnostics because of high costs, long turnaround
time, the need for a relatively large amount of high-qual-
ity DNA, the possibility of unsolicited findings (especially
finding germline mutations), and the complicated data
analysis required to sort out the (clinical) relevance of the
findings.”™ Nanopore sequencing has several advantages,
including fast (x0.1x genome coverage in 6 hours) analy-
sis of CNVs, methylation profile(s) as well as point muta-
tions;®® deep amplicon sequencing of specific genes of
importance by fragmenting 200 ng of tumor DNA from
a fresh-frozen sample; and it does not require extensive
laboratory equipment or lab technician expertise.’® The
technique may not yet be ready for routine diagnostic use,
however, because the error rate is still reported to be high
(between ~5% and 40%)®° unless the data can be aligned
to, for example, NGS data.69-62

In conclusion, integration of histopathologic data and
information on genetic aberrations allows for a much more
precise and unequivocal diagnosis of many CNS tumors.
As a consequence, molecular diagnostics is today a cor-
nerstone in neuro-oncological patient care. Relatively sim-
ple tests such as Sanger sequencing, FISH, and LOH may
already provide very helpful information on the clinically

most relevant markers. More complex tools such as NGS,
SNP array, and MLPA, however, allow a more compre-
hensive and robust assessment of relevant markers and
may in the end be more cost effective. Methylation profil-
ing has great potential as a molecular diagnostic tool for
CNS tumors, but further study is needed to assess its opti-
mal role in the clinical diagnostic process. While there is
at present still limited use in this process for innovative
sequencing techniques such as WES, WGS, and nanopore
sequencing, this may change as costs decrease and the
necessary bioinformatics pipelines become more widely
available. For detection of MGMT promoter methylation,
most of the presently used techniques involve a capricious
sodium bisulfite conversion step, and MS-MLPA (in which
this step is not needed) may be an attractive alternative,
but the optimal threshold for clinically relevant MGMT pro-
moter hypermethylation still needs to be determined. To
provide the best patient care possible, and for the assess-
ment of other molecular markers, it is important to care-
fully select the assays used as well as to monitor their
validity and accuracy.
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