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Abstract

In the 5th edition of the WHO CNS tumor classification (CNS5, 2021), multiple molecular characteristics became es-
sential diagnostic criteria for many additional CNS tumor types. For those tumors, an integrated, “histomolecular”
diagnosis is required. A variety of approaches exists for determining the status of the underlying molecular markers.
The present guideline focuses on the methods that can be used for assessment of the currently most informative
diagnostic and prognostic molecular markers for the diagnosis of gliomas, glioneuronal and neuronal tumors.
The main characteristics of the molecular methods are systematically discussed, followed by recommendations
and information on available evidence levels for diagnostic measures. The recommendations cover DNA and RNA
next-generation-sequencing, methylome profiling, and select assays for single/limited target analyses, including
immunohistochemistry. Additionally, because of its importance as a predictive marker in IDH-wildtype glioblast-
omas, tools for the analysis of MGMT promoter methylation status are covered. A structured overview of the dif-
ferent assays with their characteristics, especially their advantages and limitations, is provided, and requirements
for input material and reporting of results are clarified. General aspects of molecular diagnostic testing regarding
clinical relevance, accessibility, cost, implementation, regulatory, and ethical aspects are discussed as well. Finally,
we provide an outlook on new developments in the landscape of molecular testing technologies in neuro-oncology.

Keywords

Gliomas, glioneuronal, and neuronal tumors represent the
most frequent and diverse category of tumors originating
from the central nervous system (CNS) parenchyma. Gliomas
are traditionally divided into “diffuse gliomas” (characterized
by very extensive migration of tumor cells within the CNS pa-
renchyma), and tumors demonstrating less invasive growth
properties (eg, more circumscribed astrocytic tumors and

ependymal neoplasms). Diffuse gliomas represent the ma-
jority of tumors diagnosed in adult neuro-oncology practice.’
Up to the revised 4th edition of the World Health Organization
(WHO) Classification of CNS Tumors (published in 2016), def-
initions of CNS tumors were mainly based on histological and
immunohistochemical characteristics and their resemblance to
a supposed cell type of origin.
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However, microscopy-based classification of CNS tu-
mors suffered from considerable inter-observer variation.
In addition, it became increasingly clear that recognition of
clinically relevant subgroups of gliomas and glioneuronal
tumors solely based on their morphological characteristics
was challenging and inevitably imprecise.?® During the
last 2 decades, the rapidly increasing knowledge of mo-
lecular characteristics of these tumors allowed for the in-
troduction of more robust diagnostic markers into clinical
practice.

In the revised 4th edition of the WHO classification of
CNS tumors (2016),8 molecular alterations were for the
first time included in the definition of diffuse gliomas and
certain types of ependymal and embryonal tumors. In the
5th edition of the WHO classification (2021),”® multiple mo-
lecular characteristics became essential diagnostic criteria
for many more CNS tumor types. For these tumors, an in-
tegrated, that is, “histomolecular” diagnosis is required.
Furthermore, in the 2021 classification, diffuse gliomas are
for the first time separated into adult-type and pediatric-
type diffuse gliomas. Adult-type diffuse gliomas include
astrocytoma, isocitrate dehydrogenase (IDH)-mutant,
oligodendroglioma, IDH-mutant and 1p/19g-codeleted, and
glioblastoma, IDH-wildtype. CNS WHO grades are now as-
signed within these types using Arabic (instead of Roman)
numerals. In addition to histological features, particular
genetic parameters are now being used for assigning the
highest malignancy grade to adult-type IDH-wildtype and
IDH-mutant diffuse astrocytic gliomas.®

Since the release of the WHO classification of CNS
tumors in 2021, several comprehensive reviews and
guidelines were published on testing strategies and diag-
nostic algorithms.>' The present guideline highlights the
methods that can be used for assessment of the currently
most informative diagnostic and prognostic molecular
markers. Some of these markers may also have predictive
value, that is, predict the likelihood of a response to a par-
ticular therapy, and assays hence may yield information
on a combination of diagnostic, prognostic, and predic-
tive markers. Since many of these assays are compara-
tively novel, and have both unique and redundant features,
each method is comprehensively reviewed to provide a
common ground and understanding before subsequently
providing recommendations. Covering the entire realm
of available methods in one guideline was considered to
be of importance, especially with the new diagnostic re-
quirements. Likewise, the different technologies may not
be equally available at different sites or may be subject
to different regulatory and reimbursement schemes. This
is also a recurring topic of debate after the release of the
current WHO classification. Thus, we also include consid-
erations on implementation and socioeconomic factors
of diagnostic marker testing. For a recent review on the
most relevant predictive molecular markers in gliomas
and glioneuronal tumors in adults, the reader is referred
to the recent companion European Association of Neuro-
Oncology (EANO) guideline on testing for therapeutic tar-
gets beyond the WHO 2021 diagnosis.™

Table 1 presents the glioma, glioneuronal and neuronal
tumor types listed in the WHO 2021 classification, to-
gether with their most relevant diagnostic and prognostic

molecular markers. Of note, pediatric-type tumors occa-
sionally may occur in adults and adult-type tumors may
rarely be diagnosed in children or adolescents. Also, we
included MGMT promoter methylation as a predictive
marker for the success of alkylating chemotherapy in
patients with IDH-wildtype glioblastoma because of its
importance in clinical diagnostic practice. The main char-
acteristics of the molecular methods that can be used for
the assessment of the markers listed in Table 1 are sys-
tematically discussed in separate paragraphs, followed
by recommendations and where possible information on
evidence.

The value of immunohistochemistry as an alternative
approach for some of these tests is briefly covered as well
(partly in the Supplementary information). In addition,
an overview of the different assays with their characteris-
tics, especially advantages and limitations are provided in
Table 2 and Figure 1. In the last part of this guideline some
more general aspects of molecular diagnostic testing with
respect to clinical relevance, test availability, costs, imple-
mentation, emerging technologies and ethical aspects are
discussed.

Methods

The review and recommendations were conducted
by a task force as nominated by the EANO Guidelines
Committee. The topic and lead author selection was ap-
proved by the EANO Executive Board. The task force was
compiled with the aim to represent experts from both diag-
nostic and clinical disciplines with a demonstrated record
in development and/or diagnostic application and/or clin-
ical interpretation of molecular tools in neuro-oncology.
The guideline was then composed in an iterative process
of virtual meetings and circulated drafts. Subgroups of
authors were responsible for drafting paragraphs of their
specific expertise, with all other authors subsequently re-
viewing the text.

Due to the wide range of methodology covered, it was
decided not to survey the complete literature with specific
search terms, but leave reference selection to the authors.
After completion of paragraphs, the respective author sub-
groups proposed “expert recommendations” summarizing
key messages from the text, based on literature but also
their experience and common practice, assigned levels of
recommendation and, where applicable, evidence. These
were then again reviewed and discussed by the entire au-
thor group, resulting in “consensus recommendations” In
the paragraphs on “Clinical Relevance” and “Availability,
Cost and Implementation’] no recommendations but con-
sensus statements are provided.

Classification of recommendations into classes (C I-IV)
and levels (L A-C) for diagnostic tests followed the guide-
lines published by the European Federation of Neurological
Societies,'? for reference provided in Supplementary Table
1. Of note, common practices that are mandated by several
national guidelines and/or followed in multiple studies,
even if these practices themselves were not the param-
eters tested for, are attributed to “C I, L A” (eg, stating the
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Table 1. Molecular Characteristics of Gliomas, Glioneuronal Tumors and Neuronal Tumors as Listed in the Tables with Essential and Desirable
Diagnostic Criteria of the WHO 2021 Classification

TUMOR FAMILY/tumor type Most relevant diagnostic and prognostic molecular alterations

ADULT-TYPE DIFFUSE GLIOMAS

Astrocytoma, IDH-mutant IDH1 p.R132™ or IDH2 p.R172™; no chr. 1p/19q°; ATRX?3; CDKN2A/B*®;
TP5323; MP

Oligodendroglioma, IDH-mutant and 1p/199- IDH1 p.R132" or IDH2 p.R172#; chr. 1p/19q°; TERT promoter?; MP; IHC:

codeleted retained nuclear ATRX expression

Glioblastoma, IDH-wildtype IDH-wt and H3-wt; TERT promoter?; EGFRS; chr. +7/-107; MP; predictive:

MGMT promoter methylation®
PEDIATRIC-TYPE DIFFUSE LOW-GRADE GLIOMAS

Diffuse astrocytoma, MYB- or MYBL 1-altered MYB8, MYBL18; IDH1-wt and H3-wt; MP

Angiocentric glioma MYBE;, MP

Polymorphous low-grade neuroepithelial tumor of MAPK alteration such as BRAF p.V600', FGFR2%, FGFR3¢, or other;

the young (PLNTY) IDH-wt; no 1p/19g°®

Diffuse low-grade glioma, MAPK pathway-altered MAPK alteration; IDH-wt and H3-wt; no CDKN2A/B* MP: absence of pro-

file of other FGFR- or BRAF-altered tumor
PEDIATRIC-TYPE DIFFUSE HIGH-GRADE GLIOMAS

Diffuse midline glioma, H3K27-altered IHC: loss of H3 p.K28me3 (K27me3) in tumor cell nuclei; p.K28M (K27M)
or pK28l (K271) mutation in H3.3, H3.1, or H3.2 for H3 K27-mutant sub-
types'"; EGFR?%; EZHIP'’; MP

Diffuse hemispheric glioma, H3G34-mutant H3.3 p.G35 (G34)""; MP; loss of ATRX expression, diffuse p53
immunopositivity
Diffuse pediatric-type high-grade glioma, H3- and PDGFRA?5, EGFR*® or MYCI\F; IDH-wt and H3-wt; MP
IDH-wildtype
Infant-type hemispheric glioma RTK alteration such as NTRK family gene®, ROS1, MET 1%, ALK®; MP
CIRCUMSCRIBED ASTROCYTIC GLIOMAS
Pilocytic astrocytoma MAPK alteration, such as in BRAF (mostly KIAA1549::BRAF)
High-grade astrocytoma with piloid features MP; MAPK alteration; CDKN2A/B**; CDK4%; ATRX?
Pleomorphic xanthoastrocytoma BRAF or other MAPK alteration; COKN2A/B*; MP
Subependymal giant cell astrocytoma TSC12 or TSC2%; MP
Chordoid glioma PRKCA p.D463H"; MP
Astroblastoma, MN17-altered MN18; MP
GLIONEURONAL AND NEURONALTUMORS
Ganglioglioma BRAF' or other MAPK alteration; MP
Gangliocytoma -
Desmoplastic infantile ganglioglioma/ MP; BRAF'-28 or RAF1%8, no CDKN2A/B*

desmoplastic infantile astrocytoma
Dysembryoplastic neuroepithelial tumor FGFR1%82; MP

Diffuse glioneuronal tumor with oligodendroglioma-like ~ MP; chr. 143
features and nuclear clusters”

Papillary glioneuronal tumor PRKCA® (mostly SLC44A1::PRKCA); MP
Rosette-forming glioneuronal tumor FGFR1?, with co-occurring PIK3CA? and/or NF12; MP
Myxoid glioneuronal tumor PDGFRA p.K385'; PDGFRA?; MP
Diffuse leptomeningeal glioneuronal tumor 1p3; MAPK alteration, most frequent BRAF®/KIAA1549::BRAF; MP
Multinodular and vacuolating neuronal tumor MAPK alteration
Dysplastic cerebellar gangliocytoma (Lhermitte- PTEN?3
Duclos disease)
Central neurocytoma MP
Extraventricular neurocytoma IDH-wt; MP; FGFR18 (mostly FGFR1::TACC1)
Cerebellar liponeurocytoma MP

EPENDYMALTUMORS
Supratentorial ependymoma, ZFTA fusion positive ZFTA (= C110rf95 (mostly ZFTA::RELA); MP

Supratentorial ependymoma, YAPT fusion positive YAP18; MP
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Table 1. Continued

TUMOR FAMILY/tumor type Most relevant diagnostic and prognostic molecular alterations

Posterior fossa ependymoma, group A (PFA)

Posterior fossa ependymoma, group B (PFB)

MP; IHC: H3 p.K28me3 (K27me3) in tumor cell nuclei reduced
MP; IHC: H3 p.K28me3 (K27me3) in tumor cell nuclei retained; chromo-

somal instability/aneuploidy

Spinal ependymoma

22q5; MP; no MYCN®

Spinal ependymoma, MYCN-amplified MYCNE; MP
Myxopapillary ependyoma MP
Subependymoma MP

Of note, the list of molecular alterations in this table is not exhaustive; for example, MAPK alteration includes alterations in BRAF, NF1, MAP2K1,
MET, or a member of the FGFR or NTRK family. Also, some of the alterations are generally mutually exclusive (eg, IDH1 versus /DH2 mutation),
while others can occur in combination in the same tumor (eg, TERT promoter mutation, EGFR amplification, and + 7/-10). Last but not least, dem-
onstration of the lack of particular alterations (such as absence of complete 1p/19q co-deletion, or IDH-wt and H3-wt status of a tumor) can be
essential for establishing the correct diagnosis as well. The reader should refer to the 2021 WHO CNS tumor classification for more information on
how apply these molecular markers and/or IHC for surrogate markers for the clinical diagnosis of these tumors.

Abbreviations: |HC, immunohistochemistry; MAPK alteration, MAPK pathway driving genetic alteration; wt, wildtype.

Essential diagnostic criteria are written in bold (except those that are listed as “for unresolved lesions” only). Meaning of numbers in superscript
and of symbols: '—hotspot mutation; >—mutation; >—loss; “—homozygous loss; >—combined whole-arm deletion; *—amplification; —combined
whole chromosome gain (+) and whole chromosome loss (-); *—gene fusion; *—tyrosine kinase duplication (TKD)/internal tandem duplication (ITD);

—ogverexpression.
*Rarely, IDH1 p.R100 and /DHZ2 p.R140 variant are described.
@listed in a separate table as criterion for grading.

$Due to its role in neuropathology testing as predictive marker, inclusion of MGMT promoter testing in this guideline was decided.
AAccording to the present Human Genome Organization (HUGO) Gene Nomenclature Committee (HGNC; see https://www.genenames.org) H3.3
corresponds to H3-3A (also known as (a.k.a.) H3F3A), H3.1 to H3C2 (a.k.a. HISTTH3B), and H3.2 to H3C14 (a.k.a. HIST2H3C); rarely, other H3

genes are involved in the oncogenesis of H3K27-mutant gliomas.
“Provisional tumor type.

genes covered in panel sequencing). Consensus state-
ments on socio-political aspects do not have class or level
annotations.

Molecular Diagnostic Techniques
Requirements for Input Material

Not only for biopsies, but also for neurosurgical resections,
a limited tissue sample is often submitted for pathological
analysis, as resection of these tumors is usually performed
using ultrasound aspiration rather than en-bloc resection,
which may limit tissue availability and typically impedes
spatial annotation of the submitted sample. In this con-
text, comprehensive tissue annotation, supplemented by
imaging and intraoperative information, can be helpful for
optimal interpretation of the results of tissue analysis. It is
also recommended that no tissue is discarded, that is, even
ultrasound aspirates should be collected and can be used
for histological and molecular analyses.'®

To obtain adequate molecular diagnostic results, a selec-
tion of representative tissue with sufficient tumor cell con-
tent, and extraction of high-quality DNA/RNA are essential.
In particular in diffuse gliomas, this can be challenging,
for example, due to a high fraction of non-neoplastic cells
admixed with tumor cells, or a low amount of viable ne-
oplastic tissue in largely necrotic areas. For cases where
the tumor cells can be unequivocally labeled (eg, by a

mutation-specific antibody), a visual estimate of tumor
cell fraction can be more reliably established. For other
scenarios, the tumor cell estimate should be made by taking
into account the fraction of non-neoplastic components,
such as stromal cells, immune cells, and by estimating the
tumor cell fraction based on morphological characteristics
such as cellular and nuclear atypia. However, the limita-
tions of a morphological approach should be considered
throughout the diagnostic process, and the output from
the tumor cell purity estimate derived from molecular anal-
ysis (eg, methylation array) may need to be taken into ac-
count when formulating an integrated diagnosis. A higher
variant allele frequency (VAF) of a driver mutation than
expected from histology may indicate a higher fraction of
tumor cells. Other possible events affecting VAF include
copy-number alterations or presence of the variant in the
germline/non-neoplastic tissue. Implications of low tumor
cell content or low DNA/RNA quality are discussed in the
relevant sections below.

Ideally, both snap-frozen and formalin-fixed and paraffin-
embedded (FFPE) tissue samples should be collected for
diagnostic purposes. Also, the use of tissue for clinical di-
agnosis should have priority over biobanking for research.
Frozen tissue has higher analytical quality for certain mo-
lecular procedures, such as for high molecular weight RNA
extraction and increasingly relevant long-read DNA tech-
nology (eg, for Nanopore assays), while formalin-fixation
and paraffin embedding remains the gold standard for op-
timal preservation of tissue morphology and is also suitable
for most immunohistochemistry and DNA-based assays.
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Table 2. Characteristics of Assays Discussed in this Guideline

Method SNVs/

InDels

NGS DNA  Yes

NGS RNA  (Yes)

Methylome No*
profiling
(“850k")

FISH No

CNV

Yes

No

Yes

Yes

Re-
arrange-
ments

Yes

Yes

(Yes)

Yes

Methyl.
class

No

Yes

MGMT

No

Yes

Comment

Sole method for
efficient compre-
hensive variant
detection, up to
10-fold lower
LOD than Sanger
seq, larger target
size and higher
multiplexing than
ddPCR

Most efficient
method for de-
tection of gene
fusions with
unknown partners
or screening for
variety of possible
fusions; may
allow for detection
of activating SNVs
and InDels

Sole method for
DNA methylation-
based classifi-
cation, efficient
genome-wide
CNV analysis (be-
sides DNA-based
NGS)

Efficient assay

for interrogating
suspected single
genomic event
like specific copy-
number alteration,
specific single
rearrangements;
more prone to ar-
tificial false results
in CNV analysis
than 850k

Throughput
samples

High and
flexible,
potentially

scalable > 96

samples

High and
flexible,
potentially
scalable > 96
samples

High, array
design
allows only
multiples of
8 samples

Throughput
markers

High (select
targeted
genes as panel
up to exome/
genome as
target region);
CNV calling
depending on
target region
and unbiased
library gener-
ation

High (select
gene fusions
up to com-
plete coding
RNA or tran-
scriptome)

High: Cov-
erage of meth-
ylation classes
depends on
subsequent
algorithm
(classifier),
not on assay
setup; covers
genome-wide
CNVs with
pre-selection;
suggests (but
not proves

or excludes)
several re-
arrangements
depending

on their exact
configuration
(BRAF, FGFR1,
FGFR3, ZFTA,
YAP1 and
others)

Typically, one
marker (may
consist of two
loci, eg, break
apart FISH)
per test

Duration

Depending
on exact
method and
target size
2-5d from
extracted ana-
lyte to raw re-
sult; pooling
of samples
for cost-effi-
ciency must
be considered

Depending
on exact
method and
target size
2-5d from
extracted ana-
lyte to raw re-
sult; pooling
of samples
for cost-effi-
ciency must
be considered

3d from ana-
lyte to raw re-
sult; pooling
of samples
for cost-effi-
ciency must
be considered
due to chip
design

within 1d

CapEx
$$$
Reagents
$$
Marker

$

Interpr

$$$

CapEx
$$$
Reagents
$$
Marker $
Interpr

$$$

CapEx
$$$
Reagents
$$
Marker $
Interpr.

$$

CapEx
$
Reagents

$3$
Marker

$$$
Interpr

$

1735
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Table 2. Continued

Method SNVs/ CNV

InDels

Sanger Yes No
Pyro-Seq Yes No
(MS-) Yes Yes
MLPA

qPCR No No
RT-PCR No No
MSP No No

MSA (LOH) No Yes

ddPCR Yes No

Re-
arrange-
ments

No

No

No

Yes

Yes

No

(Yes)

Methyl.
class

No

No

No

No

No

No

No

MGMT

No

Yes

Yes

No

Yes

No

Comment

Requires low
amount of DNA;
Very high sensi-
tivity and
allows quantita-
tive analysis

Throughput Throughput
samples markers

Typically,
one marker
(hotspot var-
iant) or small
region with
few markers

(eg, H3-3A K28

and G35) per
test

Typically, one
marker (eg,
hotspot var-
iant) or small

region (MGMT

CpG sites)
with one test

Typically, one
or two com-
bined markers
per test (eg,
1p/19g and
IDH1/IDH2, or
IDH1/IDH2 and
MGMT pro-
moter)

Typically, one
marker per
test

Typically, one
marker per
test

Typically, one
marker per
test

Typically,

one or few
markers

per test (eg,
FGFR1 mu-
tation and
duplication or
BRAFV600E
mutation and
duplication)

Duration

Within 1d

Within 1d

Within 1d

Within 1d

Within 1d

Within 1d

Within 1d

Within 1d

CapEx $
Reagents

$
Marker

$$
Interpr $

CapEx $$
Reagents

$$
Marker

$$
Interpr $

CapEx $
Reagents

Interpr $

CapEx $

Reagents
$

Marker $
Interpr $

CapEx $
Reagents

$$
Marker

$$
Interpr $
CapEx $
Reagents
$$
Marker $$
Interpr $
CapEx $
Reagents

Interpr $

CapEx $$
Reagents $
Marker $
Interpr $

Some methods could potentially be employed for other information as indicated here (eg, RNA-seq could be screened for indication of SNVs), but
these are use cases not typically employed and validated in diagnostic settings.

Bold: essential criterion.

Abbreviations: NGS, next-generation-sequencing; FISH, fluorescence in-situ hybridization; (MS-)MLPA, (methylation-specific) multiplex ligation-
dependent probe amplification; gPCR, quatitative polymerase chain reaction; RT, real time; MSP, methylation-specific PCR; MSA, microsatellite
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Table 2. Continued

analysis; LOH, loss of heterozygosity; dd, droplet digital; $-$8$ rough categorization of cost for the items “CapEx”,

" ou

Reagents”, “Marker”, “Interpr’;

CapEx, Capital Expense for equipment required to run assay; Reagents, reagents for assay; Marker, cost per marker covered per run; Interpr., inter-
pretation cost, from $ (low, marker can be readily evaluated) to $3$ (needs extensive bionformatics pipeline and expertise); LOD, limit of detection.
"850k analysis does not identify SNVs or small insertions/deletions, but the methylation prediction can suggest presence of a certain genomic
alteration, for example, if an astrocytoma, IDH-mutant is predicted. Still, it does not discriminate between the different variants of oncogenic IDH

alterations.

“Duration applies to mere lab workflow from already extracted analyte to raw results; some assays require pooling samples over several days or
even weeks depending on laboratory size, multiplying the duration. In turn, pooling samples in order to streamline lab processes applies for most
assays. However, this aspect is only specifically mentioned for those assays which cannot run efficiently for single/low number of samples.

Consensus recommendations

1. Diagnostic work-up should have
biobanking for research. (C 1V; L C)

2. Information on tumor location and origin of tissue sam-
ples should be provided by the surgeon (or at least be
available from hospital patient information systems) for
optimal diagnostic interpretation, incl. the assessment
of representativeness. (C IV; L C)

3. Selection of tissue area for DNA/RNA extraction should
be done (or supervised) by an experienced (neuro)pa-
thologist. Enrichment of tumor cell fraction by tissue
microdissection should be performed in cases with ap-
parently low tumor cell content to increase analytical
sensitivity. (C1; LA)

4. Whenever feasible, simultaneous submission of snap-
frozen and FFPE tissue, or of fresh tissue that can be
processed into FFPE and the remainder stored frozen,
should be attempted. (C Ill; L B)

5. If tissue volume is limited, the potential value and input
requirements of high-throughput analyses should be
considered early in the diagnostic decision-making
process, taking into account the strengths and weak-
nesses of analytical methods as outlined below, espe-
cially in cases that do not qualify for targeted analyses
(eg, no specific differential diagnoses). (C 1V; L C)

priority over

DNA Sequencing for Mutational Analysis

Among the variety of molecular alterations required for
integrated diagnosis of CNS tumors, single nucleotide
variants (SNVs), small insertions/deletions (InDels, both
widely and herein often still referred to as “mutation’; es-
pecially when of established relevance), and gain or loss
of complete chromosomes/chromosome-arms are the
most common. They are typically interrogated by DNA
sequencing unless mutation-specific antibodies are avail-
able.While DNA methylation analysis can be considered as
a reliable surrogate test for certain mutations (eg, for IDH-
mutant glioma), sequencing may still be required to iden-
tify the exact type of mutation, especially when a specific
mutation is used as predictor for targeted therapy or when
different mutations are associated with distinct outcomes,
for example, H3.3 (H3-3A) vs H3.1 (H3C2) or H3.2 (H3C14)
p.K28M (p.K27M) mutations in H3 K27-altered diffuse mid-
line gliomas (DMGs).

Next-generation-sequencing (NGS) can cover a series of
genes (a “gene panel”) in a single analysis, and “molecular
barcoding” allows for multiplexing and thus processing of
several samples in parallel. Coding sequences and other
genomic regions (eg, TERT promoter) included are referred
to as the “target” or “target regions” Several specific gene
sets have been proposed for neuro-oncology panels.’*6
Technically, regions of interest can either be amplified by
primers (amplicon-based) or enriched by hybridization to
probes designed to bind these regions (hybrid-capture).
Typically, amplicon-based panels are used for smaller
panels, for example, interrogating 20-50 genes, while
hybrid-capture panels can cover several mega-bases and
are also employed for whole exome sequencing (WES).
Sensitivity for the detection of mutations is generally sim-
ilar for both methods. The amplicon-based approach may
be superior for mutations at very low abundance. However,
the amplification steps may obscure subtle copy-number
differences. For both approaches, sensitivity depends not
only on tumor cell content and DNA quality, but also on the
read depth of subsequent sequencing, that is, the unique
sequence coverage.

Apart from the high-throughput, the ability to quantita-
tively determine the variant allele frequency (VAF) is an ad-
vantage over the limited estimation of this parameter by
Sanger sequencing. VAFs must be interpreted in the con-
text of histology and other information on tumor purity
(eg, derived from VAFs of driver mutations in IDH1/IDH2,
H3-3A or the TERT promoter, or from genome-wide copy-
number-profiles from methylation analysis or larger NGS
panels). This may allow to distinguish between clonal and
subclonal alterations, and may also provide hints towards
possible germline alterations. Quantification is also pos-
sible with pyrosequencing and droplet digital polymerase
chain reaction (ddPCR). However, these latter methods
allow only for sequencing of small target regions.

DNA sequencing can also inform about gene fusions in
case the relevant potential genomic breakpoints are cov-
ered in the target region. However, most fusion break-
points are in regions typically not covered by NGS panels
(introns). Also, the sensitivity of the existing bioinfor-
matics tools is so far limited, and interpretation typically
requires additional information like genomic copy-number
variations (CNVs), or confirmation by additional RNA
sequencing, fluorescent in situ hybridization (FISH) or re-
verse transcriptase (RT)-PCR analysis when specific fusion
partners are suspected.
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BioRender.

CNVs can also be inferred from DNA sequencing data
obtained by NGS, either by inferring large variation from
the “average” baseline, presuming that most signals re-
sult from two chromosomal copies, or by assessing the
VAF of SNVs. The latter allows for higher resolution and
can also identify copy-neutral loss of heterozygosity
(LOH). However, a genome-wide CNV profile that reliably
informs on the chromosomal arms and single loci relevant

in neuro-oncology requires either a specific design for that
purpose, that is, beyond the relevant genes for mutational
analysis with a wide distribution of targets across the ge-
nome, or (low coverage) WES or whole genome sequencing
(WGS). New approaches such as nanopore-based long-read
NGS can also provide diagnostic copy-number and muta-
tional profiles, however, these so far require high molecular
weight DNA extracted from frozen tissue."”



Sahm et al.: Molecular diagnostic tools for the World Health Organization

With decreasing sequencing costs, WES or WGS will
be increasingly used. However, high costs are currently
still prohibitive for routine use, especially for samples re-
quiring high read depth because of limited tumor cell con-
tent. Also, the number of SNVs and InDels detected with
these methods results in considerable workload for variant
interpretation. Interpretation of both WES/WGS, but also of
large panels can benefit from concurrent analysis of con-
stitutional DNA of the patients. This supports the detection
of somatic variants and also may identify clinically rele-
vant germline variants. However, informed patient consent
must be obtained for large-scale sequencing of constitu-
tional DNA because of the possible detection of germline
variants, and national laws regarding genetic counseling
and management of unsolicited findings must be con-
sidered (see below). Caution is warranted not to setup a
data analysis pipeline that standardly subtracts all SNVs/
InDels in the constitutional DNA from those in the tumor
DNA, since this may obscure tumor-relevant (germline) al-
terations. In adults, sequencing of non-neoplastic tissue
is not mandatory for the identification of the most rele-
vant somatic changes since subtraction of general pop-
ulation SNVs/InDels is often sufficient, at least in target
sizes <1 Mb. This population data can be derived from
databases like gnomAD (https://gnomad.broadinstitute.
org).

Reporting of NGS data should include the list of the
genes interrogated by the test, or a reference to them, and
to provide unambiguous details of the identified alterations
according to international standards as released by the
Human Genome Variation Society (https://varnomen.hgvs.
org/), including transcript identification or genomic location
with reference genome version, nucleotide and amino acid
exchange, read depth at the respective position, and VAFE
Biological interpretation of the relevance of identified vari-
ants should follow established guidelines, also with respect
to the diagnosis. A consensus across various guidelines on
the reporting of somatic variants is currently lacking and
subject to dynamic development. The Clinical Genome re-
source (ClinGen), the Cancer Genomics Consortium (CGC)
and the Variant Interpretation in Cancer Consortium (VICC)
have recently published a guideline specific for the classifi-
cation of somatic variants in cancer.'® This intends to over-
come the limited applicability of classification guidelines
that were first applied for germline data.

Consensus recommendations

1. The advantages of NGS in covering a variety of alter-
ations, including those of low abundance, within a
single assay and with small input amounts should be
considered when selecting the testing methodology;
this is particularly relevant when the diagnosis is chal-
lenging and thus the spectrum of potentially relevant
genetic variants being broad. (CIV; L B)

2. The target regions covered in the NGS analysis should
be clearly stated in the neuropathology report. (C I; L A).

3. Reporting of specific NGS findings should include the
transcript identification and/or genomic location with
reference genome version, nucleotide and amino acid
exchange, read depth at the respective position, and
VAE (CI; LA).

4. Biological interpretation of the findings should be pro-
vided and follow standards like the ClinGen/CGC/VICC
guidelines. (C[; L:A)

5. Reports putting the NGS results in the context of a
histomolecular diagnosis should be made by an expe-
rienced (neuro)pathologist, including plausibility of the
molecular findings regarding diagnosis and tumor cell
content; the latter is especially of relevance when mor-
phologically estimated tumor cell content and VAFs are
highly divergent. (C lIl; L B).

RNA Sequencing

RNA sequencing has become a valuable tool for the detec-
tion of gene fusions.” Gene fusions can result in a hybrid
protein that is constitutively active (eg, when a dimer-
ization domain is fused to a receptor tyrosine kinase), or
with altered expression (eg, by promoter rearrangement
or enhancer hijacking). Genes that have been identified
as component of driver fusion-genes in glial, neuronal
and glioneuronal tumors include BRAF, ROS1, NTRK1/2/3,
FGFR1/3, EGFR, PDGFRA, and others. Many of these genes
can bind to one of several partners, though some have a
clearly preferred partner (eg, KIAA1549::BRAF in pilocytic
astrocytomas)?%-22 (www.tumorfusions.org)

The two main approaches for detection of gene fusions
by RNA sequencing are targeted and whole transcriptome
RNA sequencing.?® Targeted RNA sequencing can achieve a
higher sensitivity than whole transcriptome sequencing even
at lower sequencing depth. Targeted RNA sequencing also
requires less input material and benefits from simpler bioin-
formatic analyses, making it particularly suitable for routine
diagnostics. Whole transcriptome sequencing allows for the
identification and detailed characterization of fusion partners
of both pre-defined and novel fusion-genes; however, inter-
pretation of the data requires more bioinformatic skills.

RNA degradation, especially in FFPE tissue samples,
presents an important limitation for RNA sequencing in
routine diagnostic practice.?*#?% Also, as RNA sequencing
requires presence of at least one exon of either fusion
partner, it is not suitable to detect genomic rearrange-
ments that involve enhancer hijacking or promoter rear-
rangement. Such events may be rare in CNS tumors but
have been described.?®

Bioinformatics tools have been developed to detect
fusion-genes but with varied detection sensitivities which
are due to intrinsic difficulties (eg, because fusion tran-
scripts cannot be mapped to a standard transcriptome)
and/or sequencing artifacts. Multiple unique sequence
reads directly spanning the breakpoint are indicative but
are not always detected. Novel tools are continuously
being developed and their efficacy can vary depending on
the specific analytical workflow, making it difficult to define
the most effective one. However, STAR-Fusion, Arriba and
STAR-SEQR appeared to be the most accurate in a compar-
ison of 23 tools,?” and pipelines based on a combination of
fusion gene callers may be used for added confidence.?
In some instances, it is possible to identify the genomic
breakpoint using reads derived from unspliced (pre-)RNA
species.?® Multiple studies have reported the efficacy of
RNA sequencing to detect gene fusions in CNS tumors.30-33
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RNA sequencing is also well suited to identify intragenic
rearrangements and deletions such as those in EGFRvVIII
(characterized by an in-frame deletion of exons 2-7).3*
Moreover, if a gene is expressed at sufficiently high levels,
SNVs and InDels may also be detected by RNA sequencing.
However, for detection of SNVs and InDels, DNA sequencing
is preferable. Strong overexpression of a proto-oncogene
may point to gene amplification, but unequivocal criteria for
detecting gene amplification and overexpression by RNA-
seq are still lacking, as are the criteria for overexpression in
absence of gene amplification.* Transcriptome analysis can
also be used for classifying CNS tumors (eg, subtyping of
medulloblastomas),3® but so far this has been mainly used
for research purposes, especially after DNA methylation has
proven to be superior in this task.3”38

Consensus recommendations

1. In case of technical failure due to the extent of RNA
degradation, repeating the assay using a snap-frozen
sample if available should be considered. (C 1V, L C)

2. The report should include the assay type (whole tran-
scriptome versus targeted), covered genes/regions, the
applied bioinformatic pipeline and the number of fusion
reads. (CI; LA)

3. Significance and functional plausibility (eg, retention of
the kinase domain in a tyrosine kinase receptor) should
be checked before reporting the presence of a gene fu-
sion (CIV; LC)

4. DNA sequencing or methylation array should be re-
garded as superior over RNA sequencing to detect
SNVs and gene amplifications, respectively.

Methylome Profiling (850k Array), Including CNV
Profile and MGMT Promoter Methylation Status
Analysis

Genome-wide methylation profiling is a tool to establish,
confirm and/or fine-tune the diagnosis of CNS tumors, and
to help avoiding potential misdiagnoses in up to 25% of
cases.’®*2This diagnostic tool is distinct from other assays
discussed here, as it does not detect a particular molecular
alteration as such, but provides a classification of the spec-
imen based on its DNA methylome “fingerprint” and can be
considered as surrogate marker for some (eg, IDH, histone)
mutations. A dataset derived from over 2800 CNS tumors
was used to build an initial version of a publicly accessible
“Brain Tumor Classifier” (www.molecularneuropathology.
org). In a rapidly increasing number of centers, this tool
is now applied for assigning a specific methylation class
for the diagnosis of CNS tumors and for sub-classifying
tumor types into clinically relevant subtypes.?-5 Data are
currently (as of early 2023) generated by the Methylation
BeadChip (EPIC) 850k array, assessing presence/absence
of a methyl group on 850 000 CpG sites across the entire
human genome. The IDAT file with the raw data can then
be uploaded via the webpage (see above) and will be
matched with a reference cohort consisting of thousands
of CNS tumors. New versions of the array or entirely dif-
ferent technologies to obtain methylation data thus require
updates of this classifier. Subsequently, a report is issued,

containing information to what extent the methylation
profile of the test sample matches the pre-defined meth-
ylation classes in the Brain Tumor Classifier. In this report,
a “calibrated score” is added, indicating the likelihood for
the given sample to match to a specific reference class. A
score > 0.9 represents a “match” and usually indicates a re-
liable indication of the diagnosis.

Subsequently, it has been reported that using the older
v11b4 version of the Brain Tumor Classifier a threshold of
0.84 was non-inferior to the 0.9 threshold.*° However, in
more recent versions of the classifier this may well be dif-
ferent, also because more, and new tumor types and meth-
ylation classes are recognized (eg, in the recently launched
version v12.5 there are 184 classes, including meningioma
and medulloblastoma subclasses). A calibrated score
of < 0.9 (or 0.84 in v11b4) should be interpreted with great
caution; such a result may indicate suboptimal quality and/
or quantity of DNA in the sample, a tumor type that is not
yet well represented in the classifier, and/or atumorin a pa-
tient with a genetic tumor predisposition syndrome which
has a somewhat different molecular oncogenesis. Only
in a small percentage of cases methylome profiling anal-
ysis results with a high calibrated score in an erroneous/
misleading suggestion for the diagnosis. It is therefore of
critical importance that the interpretation of the results is
done in the context of histopathological +/- other molec-
ular information by a (neuro)pathologist familiar with the
potential pitfalls of this diagnostic tool. Reanalyzing data
against another or a new classifier may help in cases of
discrepancy between different layers of molecular and/or
clinical/histological information. Some cases may also be
resolved by applying other classifiers, for example, the sar-
coma classifier could identify mesenchymal tumors that
are not covered in the BrainTumor classifier.5¢

The genome-wide coverage of the EPIC bead chip also
allows for obtaining a CNV profile across all chromosomes,
issued with the report, and thus is useful for assessing
chromosomal alterations that are potentially relevant for
the diagnosis and/or assessment of the WHO grade of CNS
tumors. However, no specific thresholds for the detection
of presence of a homozygous versus hemizygous deletion
(eg, of CDKN2A/B) can currently be given. Furthermore, the
presence of fusions like KIAA1549::BRAF (which is associ-
ated with a tandem duplication on 7q34), TACC1::FGFR1
and others can often also be inferred from the CNV plot,5’
but these indications are neither ultimate proof for their
presence, nor does their absence exclude a fusion. Of
note, only the most relevant genes are annotated in the
report file of the Brain Tumor Classifier, but other focal al-
terations of relevance may be visible in the CNV profile as
well. To inspect these in detail, a file compatible with the
integrated genome viewer (IGV) is provided in the down-
loaded package from the website. As a third “layer” of
information, this diagnostic tool provides information on
the MGMT promoter status including the confidence in-
terval .85 However, the optimal methods and respective
cut-offs for assessment of this molecular marker are de-
bated (see section on MGMT testing below).

DNA methylome profiling can be performed from DNA
extracted from FFPE tissue, as well as from snap-frozen or
fresh tissue (and, currently in experimental settings, also
from liquid biopsies®). Selection of suitable tissue areas
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is of paramount importance to achieve an optimal result.
Furthermore, rather than providing information on single
reads or other allele-specific information, methylation
profiling represents analysis of compound signals and is
thus less sensitive for tissue samples with a low tumor
cell percentage. Bioinformatic approaches for deconvolu-
tion of cellular composition are being developed but have
so far not entered diagnostic routine.®’ For reliable anal-
ysis, 200 ng of high-quality DNA from a sample with > 50%
tumor cells is generally sufficient, but even 20 ng of repre-
sentative DNA from very small biopsies and lower tumor
cell fractions may work.*3

A potential risk of the methylation array technology for
clinical purposes, specifically the diagnosis of tumors, is
the dependence on the products and services of a single
manufacturer. Also, the costs for its implementation and
use can be substantial, and the need to pool samples in
batches of currently eight may pose challenges to in-
stitutions with lower throughput. At the same time, ap-
plication of this tool may be relatively cost-effective in a
situation when it replaces the necessity to perform mul-
tiple other analyses, for example, for assessment of clini-
cally relevant CNVs and/or of the MGMT promoter status,
and if no diagnosis can be established otherwise, or only
with a wider range of other markers, for example, larger
panels of immunohistochemical stains. Of note, none of
the methylome-based classifiers are currently certified as
in vitro diagnostic device (ie, they have no CE-IVD label),
and their use for diagnostic purposes is at present not
endorsed by the institution hosting the classifier (DKFZ,
Heidelberg, Germany). Users must thus take care for ap-
proval and, if required, accreditation of this method at the
own institution for diagnostic purposes.

As the workflow of the analysis itself (from DNA extrac-
tion to reading the chip) already takes about five working
days, clinicians should anticipate that results will gener-
ally become available at least two weeks after the surgery
has been performed. The pathology report should contain
information on (1) estimated tumor cell fraction of the ex-
tracted DNA, (2) amount of DNA input, (3) quality of bisul-
fite conversion, (4) classifier version(s) used, (5) highest
scoring methylation category with the respective calibrated
score(s), (6) sub-classification with score(s) if applicable
and (7) the MGMT promoter methylation status, especially
for adult-type diffuse gliomas. For cases without a sufficient
calibrated score (<0.9 or, alternatively, <0.84 in v11b4), the
reporting of lower scores depends on multiple factors such
as tumor cell content, plausibility of the diagnosis in the
context of other molecular and morphological findings, and
quality of the methylation data (eg, low conversion rate may
reduce or falsely alter scores, and low amplitudes of CNVs
may indicate low tumor cell content or clonal heteroge-
neity). CNVs relevant for the specific case should be stated
in the pathology report as well, taking the overall quality of
the CNV profile and tumor cell content into consideration.

Consensus recommendations

1. Access to DNA methylation analysis, on-site or via re-
ferral, should be made available at any institution in-
volved in the diagnostics of CNS tumors. (C II; L A).

2. The report of methylome profiling analysis should con-
tain information on the estimated tumor cell content/
fraction of the extracted DNA, amount of DNA input,
quality of bisulfite conversion, classifier version(s)
used, the highest scoring methylation category with the
respective calibrated score(s), and sub-classification
with score(s) if applicable. (C IIl; L A).

3. DNA methylome profiling with array-based methods
can identify specific genomic alterations; however, in
particular for tumors with indication of gene fusions
and/or for which therapeutic approaches are con-
sidered, ultimate proof must be provided by orthogonal
methodology (eg, sequencing) (C Il; LA).

4. The classifier score or any other use of methylation
data provides an adjunct in diagnostics, not a diagnosis
itself; thus, it should be incorporated into the inte-
grated diagnosis by an experience (neuro)pathologist.
(CI; LA).

Single/Limited Target Analysis

In this section several more commonly used methods for
single/limited analysis of molecular characteristics are
briefly described. See Supplementary information for
other methods that can be used in this context, including
multiplex ligation-dependent probe amplification (MLPA),
reverse transcription PCR (RT-PCR), quantitative PCR
(gPCR), microsatellite analysis for detection of LOH.These
assays may have advantages in terms of lower cost and in
part also lower input requirements (Table 2). For example,
if only few slides are available that do not allow for suffi-
cient DNA extraction, a FISH analysis for the appropriate
target may be highly informative. Yet, it does not provide
comprehensive information and may waste tissue if that
specific marker turns out to be uninformative. Hence, for
a single marker, one of these assays may be the most
expeditious method for assessment. Yet, limitations on
other information that can be retrieved may outweigh this
advantage.

FISH allows in situ detection of defined chromosomal
aberrations in tissue sections with fluorescently labeled
probes that hybridize to their complementary nuclear DNA
target sequences. FISH can detect diagnostically relevant
low-level copy-number variations, such as gain of chro-
mosome 7 and loss of chromosome 10 (+7/-10), 1p/19q
co-deletion, homozygous deletions (eg, CDKN2A/B) or
gene-amplifications (eg, EGFR, MYC, MYCN, C19MC). FISH
can also detect gene fusions/translocations with dual-color
FISH probes for distinct fusion partners, such as KIAA1549
and BRAF, or by using break-apart probes for individual
target genes. FISH works on high-quality frozen and FFPE
tissue sections, even of tiny biopsies. Standardized evalua-
tion by an experienced assessor is key for optimal interpre-
tation.52-%5 Importantly, the use of FISH probes that are not
representative for the entire chromosome or chromosomal
arm can lead to overcalling chromosomal loss or gain (eg,
partial losses on 1p or 19q, which do not suffice as diag-
nostic marker like complete 1p/19q co-deletion).

Sanger sequencing is one of the oldest and still most
widely available methods for DNA sequencing. It relies on
chain termination using dideoxynucleotide diphosphates,
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often labeled with fluorescent dyes specific for each
deoxynucleotide triphosphate (dNTP). The sequencing re-
action is then size-separated (eg, using capillary electro-
phoresis). Sanger sequencing is ideal for the analysis of
relatively short DNA segments (100-1000 bp). The sensi-
tivity of mutation detection by Sanger sequencing is lower
compared to other sequencing methods.5¢

Pyrosequencing is a technique of direct sequencing but,
unlike Sanger sequencing, the dNTPs are added sequen-
tially, that is, after integration of a dNTP into the newly
synthetized sequence a pyrophosphate is released that
activates luciferase and the resulting light signal is de-
tected by the sequencer. This technique can detect point
mutations and also be used for quantitative detection of
MGMT promoter methylation by targeted sequencing
of selected CpG sites following bisulfite conversion of
DNA. The method works well with DNA extracted from
frozen and FFPE samples. The advantages over Sanger
sequencing are a higher analytical sensitivity and the
quantitative determination of mutant/methylated allele
frequencies.®’

Droplet digital PCR (ddPCR) is a rapid, cost-effective and
highly sensitive method to detect and quantify genetic al-
terations by using very small amounts of template DNA.
The template DNA molecules are distributed across mul-
tiple replicate reactions for quantitative measurement
without the need of an external standard. This technique is
suitable for DNA extracted from snap-frozen or FFPE tissue
specimens as well as from liquid biopsies (CSF, plasma).
It is highly accurate to detect point mutations, such as the
hotspot mutations in IDH1, IDH2, H3-3A, BRAF, PIK3CA,
FGFR1 and the TERT promoter, but can also reliably detect
gene deletions, duplications (such as FGFR1, BRAF dupli-
cation associated with KIAA1549::BRAF fusion) and amp-
lifications. The analytical sensitivity of ddPCR is higher
compared to Sanger sequencing. In comparison to NGS
approaches, ddPCR is limited in the simultaneous detec-
tion of several genetic abnormalities, although multiplex
ddPCR techniques have been developed to detect recur-
rent genetic alterations in diffuse gliomas and glioneuronal
tumors.58-72

Consensus recommendations

1. Pitfalls in the assessment of chromosomal copy-
number variations should be recognized, such as detec-
tion of partial losses on 1p or 19q when analyzing only
single loci on each chromosome arm, for example, by
FISH analysis. (C lll; L C)

2. Mutation detection by pyrosequencing or ddPCR may
be more sensitive than Sanger sequencing in samples
with low tumor cell content. (C II; L C)

MGMT Promoter Methylation Analysis

The methylation status of the promoter of the MGMT gene
is a predictive factor for benefit from alkylating agent
therapy such as temozolomide (TMZ) in IDH-wildtype gli-
oblastoma and prognostic in glioblastoma patients treated
with TMZ.7® Hypermethylation of the CpG island in the
promoter region leads to transcriptional silencing of the

MGMT gene and thereby inactivates the repair capability
of the cells to remove the most toxic adduct induced by
alkylating agents, namely O6-methylguanine. The 5" CpG
island of MGMT comprises 98 CpGs, whereof 2 regions,
DMR1 and DMR2, are highly correlated with loss of ex-
pression when methylated.” Of note, this predictive value
of the MGMT promoter methylation status has only been
established for IDH-wildtype glioblastoma that due to fre-
quent loss of chromosome 10 only needs to inactivate the
remaining MGMT allele at 10926 by promoter methyla-
tion. In a randomized phase 3 study on newly diagnosed
anaplastic gliomas without 1p/19q co-deletion (CATNON/
EORTC study 26053-22054), MGMT promoter methyla-
tion determined by the MGMT-STP27 algorithm was not
predictive for outcome to TMZ in IDH-mutant anaplastic
astrocytomas.”® The clinical value of assessment of the
MGMT promoter methylation status for other glial,
glioneuronal and neuronal tumor types remains to be
determined.

The most commonly used methods for assessment
of MGMT promoter methylation are based on varia-
tions of quantitative methylation-specific PCR (gMSP)
or methylation-specific sequencing-based technology
such as MS-pyrosequencing (PSQ), and more recently,
BeadChip based technology. Different technologies have
distinct pattern recognition features and do not neces-
sarily interrogate the same sets of CpGs. Even with the
same technology, different sets of CpGs are analyzed,
and various definitions for cut-offs are used to discrimi-
nate methylated from unmethylated [eg, based on the
confidence interval versus based on survival (optimal risk
cut-off)].7877 In case of discrepant results of different val-
idated tests on the same DNA sample, it is currently not
known which test or cut-off most precisely predicts re-
sponse to TMZ. Some assays define a “gray zone” refer-
ring to cases that cannot be unequivocally classified as
either methylated or unmethylated.5®7677 Such an equiv-
ocal test result may necessitate further investigation of
the “true” MGMT promoter status, for example, when
the question arises whether to treat with TMZ only, omit-
ting RT, or in trials omitting TMZ in the test arm where
only “truly” unmethylated patients should be enrolled.”®
Thus, the gray zone must be clearly communicated and
put into context of histology and other pathology informa-
tion (eg, tumor cell content) and clinical decisions must
be taken considering the individual patient situation. See
Figure 2 and Supplementary information for some more
information on differences in CpGs interrogated by the
various assays. Immunohistochemistry is not suitable for
determination of the MGMT status for clinical purposes.’®
This may be due to problems with discriminating staining
of non-neoplastic versus neoplastic cells and differences
in MGMT protein levels before and after challenging the
tumor with alkylating agents.

Consensus recommendations

1. The establishment of an MGMT assay for clinical ap-
plication requires intra-laboratory technical validation
and a quality controlled (QC) setup, with a defined cut-
off proper to the assay; for bisulfite-based assays, the
completeness of the bisulfite conversion needs to be
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Figure 2.

CpGs interrogated in commonly used MGMT promoter methylation assays. The physical location of sites in the CpG island (green)

interrogated by commonly used MGMT methylation assays are shown (CpGs, numbered 1-98, genome build GRCh37/hg19). The differentially
methylated regions 1 and 2 (DMR1 and 2) are marked in blue.”* The CpGs from the original MSP assay commonly examined by qualitative and
quantitative MSP assays are marked in red (MSP1, CpGs 76-80 and 84-87);"%777%-8! CpGs analyzed in a quantitative MSP assay (MSP2, CpGs
76-80 and 88-90) used in large clinical trials are marked in yellow.”® Two sets of CpGs used commonly for pyrosequencing, PSQ1 (CpGs 74-78) and
PSQ2 (CpGs 76-79), are marked in purple and pink, respectively.”® The locations of the CpGs (31, 84) selected from the BeadChip array analyzed
by the MGMT-STP27 procedure, are marked in black.?® Figure by Pierre Bady.

controlled; the performance of some assays, including
the limit of detection, may be affected by the type of
input material (frozen vs FFPE) and may require some
technical adaptations. (C IV; L C)

2. For adequate interpretation of the test results (also at
a referral center) it is crucial to cite the assay and CpGs
assessed, report the value of the test, indicate cut-offs
and possible gray zone results, provide information of
corresponding relevance for clinical decision-making.
(CIV;LC)

3. Immunohistochemistry is discouraged for deter-
mination of MGMT status as basis for clinical deci-
sion-making. (Clll; L C)

Immunohistochemistry as an Alternative
Approach

The number of diagnostically relevant antibodies that
may substitute for nuclear acid-based molecular analyses
is steadily increasing and represents a relatively easy,
fast and less expensive method for facilitating integrated
histomolecular classification of CNS tumors according to
WHO 2021 criteria. The most important molecular markers
amenable to immunohistochemical analysis in this con-
text (IDH1 p.R132H, H3 p.K28M and p.G35R/V, BRAF
p.V600E, ATRX, p53 and H3 p.K28me3) are described in the
Supplementary material.

Consensus recommendations

1. To avoid misinterpretation of immunohistochemical
stainings it is critical to choose antibodies that work
well on FFPE material, to optimize and validate tissue
pretreatment and staining protocols stringently, and to
perform tests alongside appropriate negative and pos-
itive controls. For example, ATRX and H3 p.K28me3
immunohistochemistry are sensitive to hypoxia and
crush artifacts; in this setting nuclear staining in

non-neoplastic (eg, endothelial, inflammatory) cells can
serve as a positive internal control. (C lll; L C)

2. Since internal positive controls are lacking for
“mutation-specific” antibodies, use of a separate posi-
tive control, optimally on-slide, is recommended. (C IV,
LC)

3. Alternative  alterations in case of negative
immunohistochemistry must be considered and interro-
gated (eg, non-canonical IDH1 variants by sequencing).
(ClI;LC)

Practical implications
Clinical Relevance

Molecular diagnostics is an essential part for neuropatho-
logical diagnostic practice and for clinical trials since mo-
lecular parameters became part of the WHO CNS tumor
classification in 2016, and in the 2021 edition even more
diagnoses require integration of molecular information.
Integrated histomolecular classification allows for more
accurate counseling and a superior prognostication of
patients in a potentially critical medical situation and for
informing on the choice of optimal post-operative treat-
ment, with IDH-mutations being the most prominent ex-
amples. These mutations separate adult-type diffuse
gliomas into biologically and prognostically distinct groups
and allow for—yet trial-based—mutation-specific treat-
ments.828% Less common and sometimes puzzling tumor
entities are often resolved when more advanced diagnostic
methods are used, and incorrect diagnoses can be rectified
in up to 25% of cases using DNA methylome profiling,3%42
resulting in decreased burden of treatment, initiation of the
appropriate therapy, and better stratification into clinical
(trial) cohorts to evaluate novel therapeutic approaches.
Advanced molecular diagnostics by NGS panels, WES/
WGS or methylation arrays as opposed to single assays
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assessing individual makers will be cost-effective long-
term as they enable the assessment of multiple individual
molecular parameters that are required for classification
according to WHO in a single assay, reduce turnaround
times and reveal information that may otherwise not have
been possible with a stepwise single-assay approach. In
addition, these high-throughput analyses will provide
knowledge supporting further scientific development
in this oncology subdiscipline.®48% With the discovery of
sometimes rare and diverse driving molecular alterations
in CNS tumors, mainly in children but also in adults, and
with molecularly guided treatments for some entities be-
coming available, high-throughput analyses have become
a requirement to identify patients candidable to specific
treatment options, for example, directed at BRAFE, NTRK,
MAPK or PDGFR pathway alterations.8¢-88 Gene fusions ap-
pear to be particularly attractive targets, though thus far
with limited efficacy for CNS tumors."-8 Panel diagnostics
require less tumor material and can at times provide a di-
agnosis in the absence of a clear histopathological tumor
diagnosis, avoiding the need for a repeat biopsy.? This is
very similar to other areas in oncology where the role of
advanced molecular diagnostics is increasing rapidly: op-
timal oncological treatment starts with the right diagnosis
in all cases.

Of note, re-analysis of tissue after recurrence may be
indicated in some settings, for example in cases in which
molecular markers inform about grading, or to distinguish
recurrence from secondary neoplasms. Presence of treat-
ment targets may also change upon recurrence, potentially
even induced by earlier therapy. However, this is outside
the scope of this guideline.

With the pivotal role of molecular diagnostics for both
the routine classification of CNS tumors and to establish
adequate treatment plans for the patients, reimburse-
ment for standard of care pathology including molecular
diagnosis is essential. The weight is most prominent in
patients with no or only first-line therapy guideline sup-
ported medical treatment options. For these patients, in
addition to the eminent role in proper diagnostics, the
mentioned molecular analyses are regarded critical to
develop novel options. Similar to surgery, chemotherapy
and MR imaging being part of the reimbursed day-to-day
care of CNS tumor patients, proper tumor diagnoses built
on molecular analysis is part of standard of care. This re-
quires adequate reimbursement of pathology including
molecular tests to meet the standard of care as detailed
in current international and national guidelines.”’% As a
next step, the relevance of treatment related diagnostics
should be proven and care providers should reimburse
also deducted therapies.

Consensus statements

1. Molecular diagnostics is an essential part of care for pa-
tients with glial, glioneuronal and neuronal tumors.

2. Standard of technical practice tests as mentioned in this
guideline need to be reimbursed in addition to more
traditional (ie, morphological) analysis.

3. Tests should be done as effectively and with the least
burden for patients as possible.

Availability, Cost and Implementation

Availability and access to modern molecular diagnostic
techniques can vary substantially within and between
countries. Advanced molecular techniques and/or bioin-
formatic expertise, tools and algorithms for correct inter-
pretation are available mostly in specialized academic and
tertiary care institutions and are usually not available in
the primary and secondary health care setting. Costs for
integrated histomolecular diagnostic work-up may be sig-
nificant and in many countries currently not or only par-
tially reimbursed by health care providers. Guaranteed
and equal access of patients to state-of-the-art diagnostic
assessment according to the WHO classification 2021 is
a challenge for health care professionals in the field of
neuro-oncology world-wide and its implementation needs
to be recognized as a priority to political decision-makers.

Mutation-specific antibodies, for which costs are compar-
atively low, have been implemented in many institutions
worldwide, enabling pathologists to distinguish between,
for example, IDH-mutant and -wildtype gliomas. The high
feasibility and robustness of NGS panels have also led to
widespread use of commercial panels in routine diagnos-
tics and have increased the use of precision diagnostics in
the clinical pathological setting.Yet, not all markers relevant
for neuro-oncology diagnostics are covered by commer-
cial panels, thus requiring customization, and as a result
some academic centers have established glioma-tailored
panels which cover also rare molecular alterations. DNA
methylation-based tumor classification of CNS tumors
has been implemented in the clinical diagnostic practice in
many academic centers, and their networking efforts have
facilitated implementation of the technique and reduced
turnaround times.* Implementation of NGS and methyla-
tion profiling requires continued efforts to keep up with mo-
lecular neuropathology expertise, for example, methylation
classes of novel subtypes, or variant interpretation in NGS.
Apart from the cost for equipment and reagents, recruitment
and training of qualified personnel remains a challenge.

Importantly, these comprehensive methods have com-
pelling advantages also from economical perspectives:
Assessing a series of markers in a single assay is faster
than consecutive single-assay steps, consumes less tissue,
and may also yield information that the morphological im-
pression would not have been triggered to test for, thus
reducing the risk of testing bias and missing important in-
formation. Over the course of further treatment, an inac-
curate or incomplete initial information of the molecular
characteristics of a neoplasm may eventually result in sub-
stantially higher cost through inadequate treatment than
an initial comprehensive work-up of the tissue.

Consensus statements

1. Equal access to state-of-the-art integrated
histomorphological and molecular diagnostic assess-
ment of CNS tumors according to the most current ver-
sion of the WHO classification should be pursued.

2. Every center should participate in quality assurance
programs, either according to local regulations or inter-
national norms (DIN EN ISO 17020 or 15189) or setup
own inter-institutional quality circles.
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3. Larger centers are called to assist others in
implementing novel technology and provide samples
for validation.

Regulations in Europe and Ethical Aspects
(Including Germline Testing)

In the light of all these technological advances it is impor-
tant to realize that the use of in vitro diagnostics has be-
come more strict in the European Union (EU) under the
new in vitro diagnostics regulation (IVDR, EU directive
2017/746)%% also depicted in Supplementary Figure 1.
Most innovative tests are introduced as lab-developed tests
(LDTs). Although LDTs can be exempt from the IVDR, there
are several conditions that need to be met that are men-
tioned in chapter 2, article 5.5 of the regulation.®®®’ The two
most important thereof are that the laboratory is compliant
with EN ISO 15189 standards or, where applicable, national
provisions (article 5.5¢) and provides a justification for the
use of the LDT, that is, why the specific needs for that test
cannot be met by an equivalent (IVD) device on the market
(article 5.5d). Still, even then the relevant general safety and
performance requirements set out in Annex | of the IVDR
need to be documented for the LDT. These procedures typ-
ically also result in several validation analyses, that may
vary considerably between national legislation and inter-
national standards/norms. Typically, intra- and inter-assay
validation runs are performed, employing samples that rep-
resentatively cover the targets assessed with this method.
This setup easily amounts to dozens of analyses for only
a single assay validation. Laboratories should be aware of
these conditions to make sure technological advances, as
described above, can make it into routine patient care.
With all these innovations there is also an increased
chance of unsolicited findings, that is, findings that are un-
related to the initial clinical question the test was performed
for, but that may still be of medical relevance to the health
of the patient or the family. Prime example are indications
for hereditary disorders (germline findings). Obviously,
when normal DNA of the patient is used as a reference in
the sequencing of tumor DNA there is a high chance of
identifying germline pathogenic variants in patients car-
rying such a variant,% but also tumor DNA-only sequencing
may provide indications for germline involvement. The
same goes for methylation profiling that may identify the
tumor as a tumor entity having a high chance of having a
germline pathogenic variant (eg, in the DICER1 or SMARCB1
genes).The interpretation and communication of these find-
ings need to be handled with caution and may be subject
to specific regulations in individual countries. Depending on
the chances of identifying unsolicited findings these could
be discussed upfront with the patient and may require an
informed consent before initiation of molecular testing.%9:10

Future Perspectives and Conclusions
Emerging Technologies

Technologies are rapidly advancing and are likely to soon
further impact on tumor classification. Implementation

of such novel sequencing capacities and other technolo-
gies in clinical practice is so far hampered by the costs
and by the fact that many (neuro)pathology departments
only store FFPE tissues, thus severely limiting the use of
WES and long-read sequencing technologies. Also, single
cell or single nucleus sequencing technologies at present
generally still require either fresh tissue (single cell) or
snap-frozen (single nucleus) samples as starting mate-
rial, but recent advances now make those methods ap-
plicable on FFPE tissues. Obviously, a change of current
pathology practice would facilitate the implementation of
techniques that (so far) require fresh or snap-frozen tissue
samples.

Spatially resolved transcriptomics has been selected as
method of the year 2020 by Nature Methods.'' Such spa-
tial techniques are of interest as they may identify resistant
or malignant clones within a single tumor even in very
small biopsies.There are several methods that can be used
to perform spatial transcriptomics including (but not lim-
ited to) hybridization-based techniques, cleavable oligo-
nucleotides and multiplexed in situ hybridization. Some
of these techniques are now also suitable for use on FFPE
tissues. The level of detail provided by these techniques
is impressive, but there is still significant development
required until they can be implemented into clinical diag-
nostic settings.

One drawback of sequencing technologies is that they
detect nucleotide entities (DNA/RNA) where proteins are
considered to comprise most active components driving
oncogenesis (MiRNAs, long non-coding RNAs, ncRNAs,
or ribosomes are at present not exploited for diagnostic
purposes, and targeting non-coding RNAs is challenging).
Over the past decades several interesting advances have
been made in proteomics and the technique can now
also be used on FFPE tissues and provide spatial informa-
tion."”2 However, an additional increase in detection sen-
sitivity is likely required for use in a clinical diagnostic
setting. Especially in specialized centers, metabolomics
or MR spectroscopy can be employed to detect D-2HG as
marker for non-invasive assessment of the presence of
IDH-mutations.'%3

Many efforts are made to evaluate the use of liquid biop-
sies, which hold the promise to bypass surgery purely for
diagnostic purposes, and to provide a minimally invasive
approach for active tumor monitoring. At present how-
ever, the detection of CNS tumors using liquid biopsies/
blood seems feasible but with quite limited sensitivity.60.104
Cerebrospinal fluid may be more useful as it appears to
hold more circulating CNS tumor DNA.'% Further (pro-
spective) clinical studies are needed to assess the role of
such liquid biopsy procedures.

We can also expect to see an advance in the use of arti-
ficial intelligence and artificial neural networks for image
recognition. A prime example is ResNet50 (see https:/
viso.ai/deep-learning/resnet-residual-neural-network/).
Such analysis will most likely find its way into image
analysis of histological sections and MRI images to aid
diagnosis and guide treatment decisions. All these devel-
opments are also expected to reduce the turnaround-time
until information about molecular markers is available,
overcoming a critical limitation of current high-throughput
analyses.



http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad100#supplementary-data
https://viso.ai/deep-learning/resnet-residual-neural-network/
https://viso.ai/deep-learning/resnet-residual-neural-network/

Sahm et al.: Molecular Diagnostic Tools for CNS5

Conclusions

Comprehensive molecular diagnostics emerged as an es-
sential part of clinical practice, and is not limited to clinical
trials, since molecular markers became part of the WHO
CNS tumor classification in 2016. This development has
been accelerated with the 2021 edition of the WHO classi-
fication, in which even more diagnoses are based on in-
tegration of molecular information. Thereby, these novel
markers assist in rendering a more precise diagnosis
and reducing the inter-diagnostician variation, which is a
known risk of histopathological assessment. For the clin-
ical setting, this allows improved prognostication and,
consequently, more accurate counseling of patients with
critical clinical conditions on the optimal post-operative
treatment. The availability of a wide spectrum of markers
and the variety of assays poses a challenge to diagnostic
laboratories. Finding the best compromise between cost
of infrastructure, cost per sample, turnaround times and
typical sample submission numbers is crucial for the sus-
tainable provision of comprehensive diagnostics. With the
advances in next- and now third-generation sequencing,
wider analyses like exome- or even genome-wide ana-
lyses, and genome-wide methylation profiling become
more feasible from an operational and economical per-
spective. Most recent developments in the market for
sequencing devices and reagents, triggered by the expiry
of some of the patents held by the de facto monopolist,
may serve as catalysator of this transformation. Carefully
curated data of this comprehensive type in turn is the basis
for further scientific insight into these tumor types and the
discovery of novel diagnostic, and potentially also thera-
peutic markers.

Regardless, the power of molecular data is only lev-
eraged when contextualized with the corresponding
tissue. Thus, reporting of molecular findings should
include characteristics of histopathological features,
the method applied for the analyses, and unequivocal
description of the molecular findings, to derive an in-
tegrated diagnosis. When rendering the integrated di-
agnosis, a comment should be provided as to how the
data were weighted and integrated, unless all layers are
entirely consistent. With the increasing granularity and
extent of neuropathology specimen work-up, mandated
by national and international guidelines, any inadequate
reflection of reimbursement of this decisive step in clin-
ical care needs to be overcome by capturing cost as
precisely as possible and to incorporate them into reim-
bursement schemes.

In conclusion, thanks to the translation of scientific find-
ings on molecular characteristics of gliomas, glioneuronal
and neuronal tumors into diagnostic practice, major im-
provements have been achieved in rendering a more pre-
cise, tissue-based diagnosis of these tumors. Yet, much
work remains to be done to improve the availability of the
diagnostic tools that allow for optimal assessment of the
relevant molecular alterations, and to translate the im-
proved, tissue-based diagnoses of gliomas, glioneuronal
and neuronal tumors into a better outcome for the patients
diagnosed with such tumors.

Supplementary material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).
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