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Abstract

This review focuses on adult gliomas, highlighting the most relevant biomarkers in the diagnosis of these tumours and the use
of DNA methylation arrays to complement conventional molecular diagnostic techniques. The discovery and characterisation
of diagnostic and prognostic biomarkers in brain tumours has significantly changed the neuropathological landscape over the
last decade. These include mutations in the IDHI and IDH2 genes in astrocytomas and oligodendrogliomas, histone H3 K27M
mutations in midline gliomas, or BRAF mutations in a range of low-grade and high-grade glial and glioneuronal tumours.
Other biomarkers of relevance are mutations in the TERT promoter, the ATRX gene, and genomic alterations such as 1p/19q
codeletion, EGFR amplification, and chromosome 7 gain and 10 loss. The development of DNA methylation profiling and algo-
rithmic classification of brain tumours has further enhanced the diagnostic abilities of neuropathologists. Methylation profiling
is particularly useful for the diagnostic workup of biopsies with an inconclusive molecular test results, small samples, or samples
with indistinctive low-grade or high-grade histology. This technology has become indispensable for the risk stratification of
ependymal tumours, medulloblastomas and meningiomas. Conclusion. This review highlights the importance of an integrated
approach to brain tumour diagnostics and gives a balanced view of the relevance and choice of conventional and molecular
techniques in the workup of adult gliomas in diagnostic neuropathology practice.
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Methodologies for Integrated such as glial fibrillary acidic protein (GFAP) (11),

Histo-Molecular Diagnosis §100 (12), synaptophysin (13), cytokeratins (14),
or CD (cluster of differentiation) antigens (15)

Immunohistochemical Stainings remain the di- provided helpful guidance to pathologists to de-
agnostic mainstay of histopathology laboratories.  termine the lineage of neoplasms, they have not
Whilst traditionally a range of lineage markers allowed for a refined classification or diagnostic

Figure 1. Histology and Molecular Pathology of IDH-mutant Gliomas. The left part of the panel shows the three malignancy
grades of IDH-mutant astrocytomas (Grades I, IlI, IV) and the right part of the two malignancy grades of oligodendroglio-
mas (Grades Il and Ill). Top row, current nomenclature comprising astrocytoma, anaplastic astrocytoma and glioblastoma,
IDH-mutant, and oligodendroglioma and anaplastic oligodendroglioma IDH-mutant and 1p/19q codeleted. The second
row shows typical histologies representative of the tumour types and grades. The third row shows the most common IDH
mutation (IDH1 R132H) detected by immunostaining. For complete workup however tumours negative for this mutation
should be followed up by sequencing. The other relevant diagnostic marker is the expression of ATRX. In most IDH-mutant
astrocytic tumours, nuclear ATRX expression is lost in tumour cells but retained in endothelial cells, and non-neoplastic
cells of the underlying CNS. The boxes below show the typical molecular profiles. TERT promoter mutation and ATRX muta-
tion are mutually exclusive, thus non-mutant in astrocytomas and mutant in oligodendrogliomas. TERT promoter sequenc-
ing can therefore be useful in a small number of IDH-mutant astrocytomas where ATRX protein is retained in tumour cell
nuclei despite a gene mutation. 1p/19q is by definition intact in astrocytomas and co-deleted in oligodendrogliomas (28).
CDKN2A/B is a prognostically relevant in IDH-mutant astrocytomas (29). Bottom rows: proposed grading and prognostica-
tion of IDH-mutant gliomas, adapted from the proposed grading schemes (28, 29, 86).




stratification of tumours arising from progenitors
of the central nervous system. For example, GFAP
is expressed not only in mature astrocytes but also
in a wide range of neural stem and progenitor cells
(16). GFAP is expressed in multiple types of glial or
glioneuronal tumours (11) and therefore can give
only a first indication of the lineage of a tumour
but does not allow further prognostication. The
discovery of pathogenic and diagnostic point mu-
tations led to the development of mutation-specific
antibodies, for example against IDH1 R132H (17),
BRAF V600E (18, 19), or histone H3 K27M (4), en-
abling rapid and reliable identification of these mu-
tations and subsequent classification, grading and
thus, prognostication (Figure 1, 4). Other immunos-
tainings to detect diagnostically relevant biomarkers
are alpha-thalassemia X-linked mental retardation
(ATRX) in a range of tumours of the CNS (Figure
1, 4) and elsewhere, or INI1/SMARCBI to identify
loss of nuclear expression due to an inactivating
mutation for example in atypical teratoid/rhab-
doid tumour (AT/RT) (20, 21).

Fluorescent or Chromogenic in Situ Hybridi-
sation (FISH, CISH) have been used for several
decades to identify copy number changes (such
as EGFR amplification, 1p/19q codeletion, MYC
amplification) on tissue sections. For that reason,
these techniques are popular with pathologists
as the sample can be analysed microscopically.
Probes are usually expensive and with the decreas-
ing cost of parallel sequencing technologies they
gradually become economically less viable, but
remain important methods in departments where
next generation sequencing is not available.

Sanger Sequencing is an economical and high-
ly informative test for those mutations that cannot
be detected with a mutation-specific antibody. For
example, the TERT promoter mutation (Figure 1),
diagnostically relevant in IDH-mutant oligoden-
drogliomas, IDH-wildtype glioblastomas (Figure
3) and prognostically relevant in meningiomas,
can only be detected by DNA-based methods.
Whilst an antibody can be used to detect the most
common IDH mutation (IDH1 R132H, Figure
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1), the remaining 10% can only be detected with
Sanger sequencing of the IDH1 the IDH2 genes.

Multiplex Ligation -Dependent Probe Amplifi-
cation (MLPA) is a PCR-based technology requir-
ing a thermocycler and capillary electrophoresis
equipment and is thus an economical alternative
to next-generation sequencing but has the disad-
vantage of a lack of flexibility. The disadvantage of
MLPA assays is that they are pre-developed and re-
quire major validation steps following modification.

Next Generation Sequencing (NGS) is based
on the Sanger sequencing technology and results in
single-base readout. It covers millions of fragments
in parallel (thus often referred to as (massive) paral-
lel sequencing). The advantage of this technology is
the generation of a wealth of information on mul-
tiple genes, but it requires infrastructure for data
storage and the knowledge to read and interpret the
substantial datasets. The generation of NGS data re-
quires expensive equipment in core facilities.

Methylation Arrays interrogate methylation on
CpG sites and return datasets that have been used
to develop a methylation-based classification tool.
DNA methylation is a form of an epigenetic change,
which can be considered as surrogate markers for a
combination of a cell of origin (reflecting location
and time) and a mutation. These methylation pro-
files can be interrogated by machine learning algo-
rithms and have led to the definition of methyla-
tion classes. These methylation classes partly over-
lap with histological tumour types defined by the
WHO classification, but for some tumours, entirely
distinct methylation classes have been defined and
novel tumour entities have emerged (7-10). This
approach will significantly influence the upcom-
ing edition of the WHO 2020/2021 classification.
The technology requires commercial micro-array
chips (currently Illumina 850k EPIC arrays), a
laboratory setup to perform bisulfite conversion
of DNA and a relatively expensive chip reader.
A widely used analysis platform is hosted by the
German Cancer Research Centre (DKFZ) www.
molecularneuropathology.org and can currently
be accessed free of charge.
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IDH-Mutant Gliomas: Oligodendrogliomas
and Astrocytic Tumours

Mutations in the IDH1 and IDH2 genes were
discovered in the context of a whole-genome se-
quencing study on glioblastoma (1, 22). Mutations

in the IDH1 gene were identified small subgroup of
what was known at the time as “secondary GBM”,
i.e. arising from lower grade astrocytomas. Subse-
quently, large cohorts of astrocytomas, oligoden-
drogliomas and the now discontinued oligoastro-
cytoma were sequenced for the presence of IDH1

Figure 2. Copy Number Profiles of IDH-mutant Gliomas. A, relatively flat copy number profile of low-grade IDH-mutant
astrocytomas. B, multiple copy number changes with multiple gains and losses, but no CDKN2A/B deletion are indicative
of a higher recurrence risk (29). C, the presence of a CDKN2A/B homozygous deletion indicates a high recurrence risk,
regardless of the presence of microvascular proliferations and necrosis (29). D, Oligodendrogliomas are characterised by
the characteristic 1p/19q codeletion. Additional copy number alterations can occur but there is no established molecular
profile discriminating grade Il from grade IIl. Currently, oligodendrogliomas are distinguished from anaplastic oligodendro-

glioma by morphological criteria.




and IDH2 mutations (9, 23). Importantly, it was
soon established that 1p/19q-codeleted oligoden-
drogliomas were invariably IDH-mutant, leading
to the subsequent definition of the “oligodendro-
glioma, IDH-mutant and 1p/19q-codeleted” as di-
agnostic entity (24) (Figure 1, 2). The remainder of
IDH-mutant gliomas had an astrocytic morphol-
ogy, and it was soon established that the concomi-
tant loss of ATRX expression was a defining fea-
ture of astrocytomas (24) (Figure 1). Importantly,
the previously known group of oligoastrocytoma
could be resolved into either oligodendroglioma
or astrocytoma, and thus the diagnosis of oligoas-
trocytoma has been discontinued (25, 26). As a re-
sult, two major IDH-mutant tumour types exist,
oligodendroglioma with IDH mutation, 1p/19q
codeletion and TERT promoter mutation (27),
and the astrocytoma with IDH mutation, ATRX
mutation and p53 mutation (28) (Figure 1). The
distinction of oligodendroglioma from the ana-
plastic oligodendroglioma still relies on the iden-
tification of morphological features (microvascu-
lar proliferations, brisk mitotic activity, necrosis).
IDH-mutant astrocytomas can be further strati-
fied not only by histological features but also by
the presence of homozygous loss of cyclin-depen-
dent kinase inhibitor 2A/B (CDKN2A/B) (29, 30)
(Figure 2). The presence of this mutation is a better
predictor of survival than the presence of micro-
vascular proliferations or necrosis. This results in
a proposed histo-molecular grading scheme for
IDH-mutant astrocytomas ranging from grade II
to grade IV. It has been recommended to phase out
the term IDH-mutant glioblastoma and to replace
it with astrocytoma grade IV to indicate a distinc-
tive biological class of brain tumours (28). Figure
1 illustrates the diagnostic algorithm and grading
scheme in IDH-mutant gliomas.

IDH-Wildtype Gliomas: The Spectrum of
Glioblastomas and Their Precursors

The glioblastoma multiforme (GBM) is the most
common malignant brain tumour in adults. The
designation as IDH-wildtype glioblastoma was
established in parallel to the distinction of the
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IDH-mutant counterparts (31). Subsequently, it
was discovered that not all glioblastomas present
histologically with high-grade features at the time
of diagnosis (Figure 3). Instead, it was recognised
that many tumours that presented clinically and
histologically as diffuse astrocytomas in fact were
early forms of glioblastoma (32). This recognition
was based on the presence of characteristic diag-
nostic features such as a combination of a TERT
promoter mutation, EGFR amplification, chromo-
some 7 gain, chromosome 10 loss, in the absence
of an IDH mutation (8) (Figure 3). Ultimately,
this recognition has led to a recommendation by
the cIMPACT-NOW consortium to identify all
tumours with some or all of the above features
as glioblastoma, IDH-wild-type, regardless of the
histological appearance (33).

Histone-Mutant Gliomas

These gliomas are defined by specific mutations,
histone H3 K27M or histone H3 G34R. These
two mutations are associated with entirely dis-
tinct clinical, imaging, histological and molecu-
lar features (Figure 4). H3 K27M mutations were
described in two large studies (3, 34), which trig-
gered subsequent research into chromatin modi-
fiers in brain tumour pathogenesis (34) and led to
the identification of potential therapeutic targets
(35, 36). Initially the H3 K27M mutation was iden-
tified in diffuse infantile pontine gliomas (DIPG)
but with the commercial availability of mutation-
specific antibodies (Figure 4A), and the recogni-
tion that these tumours are located in midline
structures of the central nervous system (spinal
cord, pons, thalamus) these tumours were increas-
ingly found also in adults (37). One important rec-
ognition is the association of the K27M mutation
with midline location and poor clinical outcome,
thus mandating a WHO grade IV for H3 K27M
midline gliomas (38). However, rarely also other
intrinsic tumour types, specifically ependymoma,
ganglioglioma or pilocytic astrocytoma can carry
an H3 K27M mutation but are explicitly excluded
from the grading and typing scheme of H3 K27M-
mutant midline gliomas (39-41).
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Figure 3. Histological Presentation of IDH-wildtype Glioblastomas Can Vary Significantly. A, in this example the histological
features are those of a diffuse low-grade glioma and only molecular testing (for example EGFR amplification, TERT pro-
moter mutation, and/or detection of chromosome 7 gain and chromosome 10 loss) can ascertain the diagnosis of a glio-
blastoma, IDH-wildtype (33). B, example of glioblastoma with histological high-grade presentation and characteristic copy
number changes (7p gain, 10q loss). Both glioblastomas show a CDKN2A/B homozygous deletion which however have no
prognostic value in this tumour entity. C, the majority of glioblastomas can be diagnosed by the presence of EGFR ampli-
fication and or TERT promoter mutation. If neither TERT promoter mutation nor EGFR amplification can be identified in an
IDH-wildtype glioma, further diagnostic tests (copy number profile (A, B), methylation array or next-generation sequencing
should be performed in particular for those tumours presenting with histological low-grade features (32).
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Figure 4. Histone Mutant Gliomas Comprise two Biologically, Clinically and Histologically Distinct Entities. A, the H3 K27M-
mutant glioma presents as diffuse astrocytoma, often with no apparent high-grade features. The morphology is that of
diffuse glioma but the use of the antibody against the H3 K27M mutation allows reliable diagnosis of these tumours (38).
A proportion of these tumours show ATRX loss. Resident endothelial and glial cells show retained ATRX expression. B, the
H3 G34R (rarely also G34V) mutant glioma shows a very high cellularity, usually very little or no GFAP expression and a loss
of ATRX expression in tumour cells. The remaining positive nuclei are those of endothelial cells. Ki67 labelling indicates
the extremely high proliferation of these tumours. In contrast to the K27M-mutant tumours, G34R-mutant gliomas are
hemispheric.
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Gliomas with H3 G34R/V mutations have dis-
crete clinical presentations (age, location, survival)
and molecular features (methylation profiles, ex-
pression signatures, and mutational profiles), sug-
gesting that they are arising from a different cell of
origin and are essentially distinct diseases (42, 43)
(Figure 4B). An important clinical difference to H3
K27M-mutant gliomas is the presentation as hemi-
spheric, often well demarcated primitive tumours
(6), but occasionally a diffusely infiltrative hemi-
spheric lesions encompassing multiple lobes, a fea-
ture previously referred to as gliomatosis cerebri.

Glial and Glioneuronal Tumours with
MAP-Kinase and MYB/MYBL Alterations

The recognition of alterations in the MAP kinase
pathway, predominantly through mutations of
BRAF, and other MAP kinase pathway members
has had some diagnostic benefit, but more impor-
tantly also therapeutic implications. The detection
of a BRAF mutation is diagnostically helpful, but
does not define a specific tumour entity (Figure 5).
Approximately 60% of pleomorphic xanthoastro-
cytoma, 30% of ganglioglioma (a range between
10%-60% has been reported, depending on age
and anatomic location of the tumour (44)), and less
than 5% of pilocytic astrocytomas carry a BRAF
V600E mutation, which therefore is diagnostically
neither specific nor is the absence of the mutation
informative (Figure 5). Importantly, the detection
of a BRAF V600E mutation is also not predictive
of the prognosis, as it can occur in a wide range
of tumours with low recurrence risk (ganglio-
gliomas), intermediate recurrence risk (pleomor-
phic xanthoastrocytoma), or high recurrence risk
(anaplastic pleomorphic xanthoastrocytoma with
CDKN2A/B homozygous deletion which may his-
tologically overlap with the epithelioid GBM).
Gangliogliomas (Figure 5A) often present with
a long-standing history of seizures. They grow rel-
atively well demarcated, are occasionally calcified
and are composed of dysplastic neuronal and glial
cells. Gangliogliomas are characterised by altera-
tions of the MAP kinase pathway showing BRAE,
KRAS, RAF1, NF1, FGFR1, or FGFR2 mutations

as pathogenic alterations (44, 45). Ganglioglioma
correspond to WHO grade I. They can show some
morphological overlap with other low-grade glio-
neuronal tumours, for example pleomorphic xan-
thoastrocytoma or DNET (46).

Pleomorphic Xanthoastrocytomas (PXA) (Fig-
ure 5B) most commonly affect children and young
adults, but also can occur in patients in their 40s-
60s. These tumours often grow superficially and
can form a cyst. Histologically, they may show a
highly heterogenous picture with formation of gi-
ant astrocytes which can be lipidised (xanthoma-
tous). PXA express GFAP and often also neuronal
lineage markers such as neurofilaments and occa-
sionally synaptophysin. The homozygous deletion
of CDKN2A/B is a negative prognostic factor as-
sociated with more rapid recurrence (47). The de-
tection of the BRAF mutation in PXA (described
in up to 60% (2)) is essential to provide guidance
to oncologists for treatment options with BRAF
antagonists, such as Vemurafinib or Dabrafenib
(48, 49).

Pilocytic Astrocytomas (Figure 5C) are most
commonly located in the posterior fossa (cerebel-
lum) but hemispheric and midline forms exist.
Morphologically, these forms are indistinguish-
able, but exhibit distinct methylation pattern
which can be determined by methylation array
analysis. For posterior fossa pilocytic astrocytoma,
the most common molecular alteration is the fu-
sion of BRAF with the KIAA 1549 gene (3 com-
mon breakpoints KIAA1549:BRAF exons 15:9,
16:11, 16:9 (50) and rarely 15:11 and 17:10 (51)).
A large molecular study on more than 100 pilo-
cytic astrocytomas showed additional alterations
in other components of the MAP-kinase path-
way , such as FGFR1, NTRK2, NF1, KRAS and
PTPN11 (52). Amongst the group of pilocytic as-
trocytomas, there are three molecularly (mostly
epigenetic) distinct types, with location in the cer-
ebellum, midline and forebrain hemispheric (53).
A separate biological entity with frequent loss of
ATRX expression and CDKN2A/B homozygous
deletion had previously been termed anaplastic
astrocytoma with piloid features (Figure 5E) and
the diagnosis of "High-grade astrocytoma with pi-
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Figure 5. Morphology, Copy Number Profile and Frequently Associated Mutations in a Range of Glial and Glioneuronal
Tumours. Tumour location and their association with certain mutations are helpful in the differential diagnosis of these
tumour classes. A, the ganglioglioma has a characteristic morphology, a flat copy number profile and frequently a BRAF
V600E mutation. B, the pleomorphic xanthoastrocytoma has a characteristic histology but transitional forms with similari-
ties to gangliogliomas exist and can be resolved by methylation array analysis. The copy number profile typically shows
some variability. The majority of PXA has a BRAF V600E mutation. C, the pilocytic astrocytoma has a BRAF duplication (fu-
sion) in more than 70% of cases, which can be detected in the copy number profile or with specific fusion tests (50, 61). The
remainder of the pilocytic astrocytomas have other MAP kinase pathway alterations. D, the rare diffuse leptomeningeal
glioneuronal tumour has a BRAF fusion and a 1p deletion, sometimes also 1p/19q codeletion, but strictly without IDH muta-
tion, which discriminates it from the oligodendroglioma. E, a relatively recently established tumour class is the anaplastic
astrocytoma with piloid features, characterised by BRAF fusion, CDKN2A/B homozygous deletion and frequent ATRX loss
(54). F, The dysembryoplastic neuroepithelial tumour (DNET) has frequent FGFR fusions and otherwise a flat copy number
profile. G, the isomorphic astrocytoma is characterised by mutations of MYB or MYBL which can be detected in copy number
profiles (66). All tumours in this figure were confirmed by methylation profiling and tumours showed the corresponding
copy number profile.
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loid features" has been put forward for the 2021
WHO classification. These tumours are predomi-
nantly located in the cerebellum, and form a dis-
tinct methylation class (54). These tumours have
an unfavourable outcome compared to pilocytic
astrocytomas, but better than glioblastoma.

The Diffuse Leptomeningeal Glioneuronal
Tumour (DLGNT, Figure 5D) is an entity that
is well characterised molecularly but may be less
recognised in neuropathological differential diag-
nosis and thus may be underdiagnosed. Originally
described as mostly in leptomeningeal and thus su-
perficial locations, it has been recognised that they
can also originate from midline structures and
only secondarily spread to hemispheric structures,
and other reports suggest isolated hemispheric
origin (55). Histologically they appear as “neuro-
cytic” tumours, similar to oligodendroglioma or
neurocytoma (56). They can carry microvascular
proliferations. All DLGNT carry a 1p loss, often in
combination with a BRAF fusion and occasionally
with additional 19q loss (57). However, they can be
discriminated from 1p/19q-codeleted oligoden-
drogliomas by their definite absence of IDH muta-
tions. Methylation profiling of a large cohort iden-
tified two distinct methylation profiles, separating
a predominantly paediatric (DLGNT-MC-1) from
an adult subgroup DLGNT-MC-2 (57).

Dysembryoplastic Neuroectodermal Tumours
(DNET) (Figure 5F) grows in nodular forma-
tions close to the cortical surface. A characteris-
tic feature is the glioneuronal element composed
of bundles of glial cells, lined by small neurocytic
tumour cells. These structures surround myxoid
lakes, containing occasional resident neurons,
which are aptly named “floating neurons”. A pro-
portion of DNET carry molecular alterations in
FGFR (point mutations and fusions) (58) but these
are not specific for this tumour entity, as they have
been identified in a wider range of low-grade and
high-grade glial neoplasms (52, 59-61) . Previous
reports of the presence of BRAF V600E mutations
in DNET (62-64) may have been based on a diag-
nostic overlap with gangliogliomas, as discussed in
a recent comparative review (46).

Isomorphic Gliomas (Figure 5G) belong to the
group of neoplasms with MYB/MYBL mutations

and are histogenetically and molecularly unrelated
to tumours with MAP kinase pathway alterations
(61). Histologically, these tumours have a very low
cellular density with a diffuse, compact, fibrillary
matrix and lack a distinctive histological pattern
(Figure 5G). Sometimes they can be difficult to be
discriminated from CNS white matter. Whilst his-
tological features and immunohistochemical pro-
files are indistinctive, isomorphic gliomas carry
diagnostically relevant copy number alteration,
fusion or rearrangement on the MYB or MYBL1
loci (65). The methylation profile of these tumours
is distinct. (66).

Ependymal Tumours

Ependymomas (Figure 6) were for many years
known for their poor correlation between histo-
logical appearance, grading and clinical outcome.
A wealth of studies with genome-wide profiling of
genome, transcriptome and methylome of epen-
dymal tumours have provided a deep insight into
the molecular pathogenesis, and at the same time
resulted in the discovery of useful biomarkers that
can be implemented in standard histological set-
tings. In parallel, the characterisation of methyla-
tion profiles has resulted in the identification of 10
biological subclasses (“3+3+4”) that can be char-
acterised by a combination of location, molecular
profile and to some extent, age of onset (67).

This classification describes 3 supratentorial,
3 infratentorial and 4 spinal forms (Figure 6). In
the supratentorial compartment, the 3 molecular
types are RELA fusion, YAP fusion and subepen-
dymoma. In the infratentorial compartment, the
3 molecular types, ependymoma type A, B, and
subependymoma. The four molecular subtypes in
the spinal compartment are the classical ependy-
moma, subependymoma, myxopapillary ependy-
moma (67) and the recently identified very rare
ependymoma with MYCN amplification (68).

The majority of the subclasses show a 100%
5-year survival (Figure 6). The subclasses with
poor survival are the supratentorial ependymoma
with RELA fusion, the infratentorial ependymoma
type A, and the spinal cord ependymoma with
MYCN amplification (68-71).
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Figure 6. Molecular Classes, Histology and Survival of Ependymomas. 10 distinct molecular groups exist (67, 68, 87). In
the supratentorial space (3 groups, A, B, C) ependymoma with RELA (A) or YAP fusion (B) present histologically as high-
grade ependymoma. Instead, the subependymoma (C) is histologically benign and histologically indistinguishable, but
molecularly distinct between supratentorial (C), infratentorial (F), and spinal (1) locations. In the posterior fossa (3 groups)
the ependymoma type A (D) can be diagnosed by the loss of H3 K27me3 expression in tumour cell nuclei (retained expres-
sion in tumour vessels) whilst type B (E) has a retained expression of this marker. In the spinal compartment (4 groups), the
classic ependymoma (G) appears histologically benign. Instead, the recently identified, rare anaplastic ependymoma with
MYC amplification (68) (H) is highly malignant and does not always show the typical ependymal morphology. |, the subep-
endymoma occurs in the cervical spinal cord, and is histologically and clinically benign. J, the myxopapillary ependymoma
typically occurs in the cauda equina, and is histologically bland in most instances but a recent study indicates increased
recurrence risk (79). The left part of the graph indicates location of the tumour, the centre the molecular class and the as-
sociated typical histology. On the right, 5 year survival in percent.
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Molecular features and methylation profiles
of ependymomas the classification of ependymal
tumours not only relies heavily on, but also can be
accomplished easily with, methylation arrays (72).
The description of methylation classes is formed of
acronyms incorporating the tumour type (EPN=
ependymoma), location (ST, PE, and SP for supra-
tentorial, posterior fossa and spinal, respectively)
and molecular or histological subtype.

In the supratentorial space, the 3 types of epen-
dymoma are the clinically benign subependymo-
mas (EPN_ST_SE) and ependymomas of WHO
grades II and III, with either the RELA fusion
(EPN_ST_RELA) with a poor 5-year survival or
the YAP 1 fusion (EPN_ST_YAP1) with a relative-
ly good 5-year survival (73). Five fusion genes be-
tween YAP1-MAMLD1 and YAP1-FAM118B have
been described, but the pathogenic mechanism
has yet to be determined. More than two-thirds of
supratentorial ependymomas contain oncogenic
fusions between RELA (effector of canonical NF-
kB signalling), and a gene on chromosome 11,
Cllorf95. Cllorf95-RELA fusion proteins trans-
locate to the nucleus and activate NF-kB target
genes (74) and this translocation can be detected
by immunostaining for the p65 protein (75).

In the posterior fossa there is the clinically
benign subependymoma EPN_PF_SE occurring
mostly in middle-aged patients, and the epen-
dymomas subtype A (EPN_PF_A) occurring in
young children with poor prognosis and the ep-
endymoma subtype B (EPN_PF_B) occurring in
older children, teenagers and adults, with a more
favourable prognosis (76, 77). An important dis-
covery was the downregulation of the trimethyl-
ated form of H3 K27M (H3 K27me3) in EPN_
PF_A (H3 K27me3 loss of expression) which en-
ables a diagnostic distinction from EPN_PF_B H3
K27me3 retained expression) (78) (Figure 6 D, E).

Spinal Ependymomas again comprise the be-
nign sub ependymoma (EPN_SP_SE, histologi-
cally identical, but molecularly distinct from su-
pratentorial and infratentorial counterparts). This
tumour usually occurs in the upper spinal cord in
adults. The generally, but not always benign (79)
myxopapillary ependymoma (EPN_SP_MPE) is

usually located in the cauda equina and occurs in
adults. The classical ependymoma (SP_EPN) can
occur along the entire spinal cord and an aggressive
subtype, molecularly distinct from SP_EPN is the
MYCN amplified ependymoma (SP_EPN_MYC).

Despite the significant advances in molecular
profiling and classification of ependymal tumours
(80), the treatment options have so far not devel-
oped at the same pace, and targeted therapies have
yet to be developed. Current guidelines recognise
molecular subgroups but cannot offer options for
personalised treatment (70, 71).

The Use of Methylation Array Profiling in
Diagnostic Neuropathology

The use of methylation array profiling to establish the
histogenesis, molecular profile, and in some instanc-
es prognostication of brain tumours requires a num-
ber of considerations to ensure resources are invested
adequately, and the outcome meet the expectations
of neuropathologists, oncologists, surgeons, and of
course, patients.

In previous publications (7, 9) we established 7
broad reasons for using methylation arrays. Over
the last 5 years we have analysed over 1500 brain
tumour samples with this technology, mostly for
diagnostic, and occasionally also for research and
quality assurance purposes. Table 1 provides ex-
amples for these distinct clinical rationales. Once
the rationale for the use is established, there are
several different outcomes of the molecular tests,
listed in Table 2. The relationship between test ra-
tionale and readout/outcome is shown in Figure
7. An important factor for a successful readout
of this test is the calibrated score, a “probability”
indicator of the match of the profile of a sample
to the reference set. In our practice we are using a
score of 0.84 as a cut off to rely on the computed
methylation class. An important additional infor-
mation derived from the array chips is the copy
number profile that can independently verify cer-
tain diagnoses, such as 1p/19q codeletion in oligo-
dendrogliomas, chromosome 7 gain and chromo-
some 10 loss in IDH-wildtype glioblastoma, BRAF
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Figure 7. Rationale for Methylation Profiling and Test Outcomes in Our Clinical Practice. Over 1500 tumours were tested
between March 2015 and October 2020 for diagnosis, research and quality assurance. Of these, 696 had a calibrated score
of 0.84 and higher and are included in this alluvial diagram. The left side shows the reason for testing, as described in table
1. The right side shows the test outcome, as described in table 2. This diagram illustrates that the majority of tumours
with a unusual location and demographics (2) or with non-specific histology (3) resulted in a refined or newly established
diagnosis. It also shows that the majority of tests performed to establish methylation class of histologically defined enti-
ties (7) had a refinement of the diagnosis, whilst a small proportion of tumours with a presumed firm diagnosis returned
a (usually unexpected) new diagnosis. This graph also includes research samples where the diagnosis was predominantly
confirmed, or refined, but occasionally a new diagnosis was established. The remaining tumours with a calibrated score of
lower than 0.84 were not included in the analysis. With a decreasing calibrated score, the proportion of misleading or non-
contributory profiles increases.

duplication in pilocytic astrocytomas or DLGNT,
SMARCBI loss in AT/RT.

In our practice the combination of biopsy size,
tumour location, treatment options and patient
age are factors that determine our threshold to
perform methylation arrays. In particular small bi-
opsies (usually from delicate brain regions such as
optic tract, pineal gland, brainstem, spinal cord or
thalamus) undergo only very limited testing with

THC (context -dependent, for example H3 K27M,
IDH, ATRX, INI1), and avoiding stereotypically
used stains of often limited diagnostic value such
as Ki67, GFAP, synaptophysin, or vimentin to pre-
serve tissue for the far more informative methyla-
tion array. We recommend to carefully consider
and minimise the use of such markers in particu-
lar in small biopsies and encourage to consider re-
ferral for methylation arrays.
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Table 1. Rationale for the Use of DNA Methylation Profiling for Brain Tumours’

Reason for using
classifier

Examples

1

Small biopsy or
nonrepresentative
sample

Even though it may appear counterintuitive, an important reason for using methylation arrays is a small
biopsy. Typically, biopsies in this category are from difficult locations to establish a clinical diagnosis with
minimal invasiveness and risk, for example, optic pathway, midline location, brain stem, spinal cord). A
minimal number of immunostainings (e.g., IDH R132H, histone K27M, ATRX, SMARCB1) can be performed
to preserve tissue for subsequent array analysis. Nearly all small biopsies with indistinctive histology
undergo methylation profiling in our practice.

Unusual histology,
location,
demographics

Intrinsic tumours with unusual or distinctive histological patterns, in any age group, which are not
diagnostically intuitive. These can turn out to be rare entities (such as hemispheric DLGNT, RELA fusion
ependymoma, spindle cell tumours)

Non-specific
histology

One of the most common indications for the use of methylation arrays: For example, high-grade or low-
grade tumours with no distinctive histology, which are negative for common biomarkers (IDH, BRAF,
histone, TERT, EGFR). The outcome (methylation profile) of many high-grade tumours with indistinctive
histology is however glioblastoma, IDH-wildtype. Typical outcomes in low-grade gliomas are pilocytic
astrocytoma, isomorphic glioma, PXA, DNET, or ganglioglioma, but also the histologically low-grade
appearing GBM, IDH-wildtype (Figure 3).

IHC, sequencing, or
copy number assay
ambiguous

Ambiguous copy number results include inconclusive 1p/19q codeletion tests, failed sequencing results
for IDH, TERT, BRAF, false positive EGFR test results. Methylation arrays provide an independent evaluation
of such tumours. This is sometimes the case with tumours with ATRX loss, and no detection of IDH or
histone mutations.

Confirmation of
rare, unusual or
interesting histo-
molecular results

This is a relatively rare indication, for example a histone K27M-mutant glioma seemingly occurring in a
lateral localisation, IDH mutant gliomas in the posterior fossa, rosette-forming glioneuronal tumour in a
spinal location, chordoid gliomas, etc.

Research sample,
for stratification or
subclassification

This category is used for research samples. Often such tumours have already undergone a stratification by
other means, for example selection of a range of IDH-mutant or IDH-wildtype gliomas in a research study.

Establish
methylation class
for histologically
defined entities.

Tumours falling in this category are usually diagnostically relatively straightforward. Typically, these include
medulloblastomas, ependymomas, and more recently also meningiomas. The methylation profiling is
performed for clinical and treatment stratification. However profiling of such tumours can occasional
reveal an incorrect assumption of a tumour type, resulting in “establishing a new diagnosis” (Figure 7).

“The left column indicates the reason for using the classifier (following the categorisation from previous publications (7, 9)) and the right column gives typical

examples from clinical practice.

Table 2. Categories of Outcomes from the DNA Methylation Classifier, Following the Definitions from Previous

Publications (7, 9)

Outcome

Examples

1 Confirmation
of diagnosis

Confirmation of the differential diagnosis of a histologically diagnosed glioblastoma, pilocytic astrocytoma or
low-grade glial or glioneuronal tumours (ganglioglioma, DNET, rosette-forming glioneuronal tumour, etc.).

2 Refinement
of diagnosis

Typically these include entities which have been correctly diagnosed but require molecular stratification, such
as the molecular subtype of meningioma, ependymoma or medulloblastoma.

3 Establishing
new diagnosis

Most commonly these are biopsies of small size or with non-specific histology which have been diagnosed as
“diffuse glioma, NOS’, classified for example as “ependymoma, RELA fusion’, “pilocytic astrocytoma hemispheric

"

type’, “ganglioglioma’; etc.
4 Misleading Misleading profiles are typically associated with a low calibrated score. They occur in cases which do not
profile correspond to establish methylation classes, or in cases with low DNA content, or poor DNA quality. Figure 7
shows only few such examples as only cases with a calibrated score of 0.84 and higher were included.
5 Non- This can occur in problematic biopsies with low tumour content (classified as CNS tissue), or in samples
contributory with significant reactive changes (tumour inflammation), classified as “reactive tumour micro environment”.
profile A major proportion of tumours with this outcome were associated with the testing rationale of “unusual

histology, location and demographics” (Table 1 and Figure 7). These often result in a low calibrated score due
to a mismatch to any of the currently established methylation classes, i.e. may represent new, uncharacterised
entities.

“The examples are from our clinical practice and reflect typical outcomes. See Figure 7 for the relationship between testing rationale and outcome.




Summary and Conclusion

This review provides an overview of the state-of-
the-art diagnostic approach to gliomas in adults.
In particular, the diagnostic and prognostic cri-
teria of IDH-mutant gliomas, the importance of
the recognition of precursor forms of the IDH-
wildtype glioblastoma and the molecular analyt-
ics of a range of low-grade glial and glioneuronal
tumours has been outlined. An important area is
the molecular stratification of ependymal tumours
which benefit from the availability of methylation
arrays. Guidelines published by the Royal Col-
lege of Pathologists provide diagnostic algorithms
for an evidence-based, practical approach for the
diagnosis of brain tumours https://www.rcpath.
org/profession/guidelines/cancer-datasets-and-
tissue-pathways.html (accessed December 2020)
(81). Further helpful guidance on the use of mo-
lecular biomarkers in brain tumour diagnostics is
regularly published by the International Collabo-
ration on Cancer Reporting ICCR http://www.
iccr-cancer.org/ . Inevitably, this review had to ex-
clude a number of diagnostically important areas
in diagnostic neuropathology such as paediatric
tumours, meningiomas and metastatic lesions. An
excellent review on the application of molecular
diagnostic strategies in clinical diagnostics of pae-
diatric tumours has recently been published (82).
Meningiomas have over the last few years moved
into the focus of advanced molecular diagnostics
and clinical decision making algorithms have been
published (83-85).
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