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Simple Summary: Diffuse gliomas are a type of brain tumour afflicting adults and children, often
with a fatal outcome. An accurate diagnosis is required to give patients correct treatment and for
the allocation of homogeneous diagnoses into clinical trials. Diagnosis is historically based upon the
visual appearance of the tumour in a microscope, but is nowadays also complemented by molecular
analyses of how the tumour cells’ DNA has altered. One aspect that has gained considerable interest
is the so-called DNA methylation pattern of the tumour. The pattern is a sort of bar code for the
tumour, and this bar code differs for various tumour types. As such, the methylation pattern can be
used for the diagnosis of tumours and stratification into methylation subclasses. Here, we review the
utility of DNA methylation as a diagnostic tool in diffuse gliomas and considerations for its use.

Abstract: Diffuse gliomas cause significant morbidity across all age groups, despite decades of
intensive research efforts. Here, we review the differences in diffuse gliomas in adults and children,
as well as the World Health Organisation (WHO) 2021 classification of these tumours. We explain
how DNA methylation-based classification works and list the methylation-based tumour types and
subclasses for adult and paediatric diffuse gliomas. The benefits and utility of methylation-based
classification in diffuse gliomas demonstrated to date are described. This entails the identification of
novel tumour types/subclasses, patient stratification and targeted treatment/clinical management,
and alterations in the clinical diagnosis in favour of the methylation-based over the histopathological
diagnosis. Finally, we address several considerations regarding the use of DNA methylation profiling
as a diagnostic tool, e.g., the threshold of the classifier, the calibrated score, tumour cell content and
intratumour heterogeneity.

Keywords: methylation; classification; diffuse gliomas; glioblastoma; intratumour; heterogeneity;
calibrated score; MGMT

1. Introduction

Diffuse gliomas are of glial (astrocytes, ependymal cells, and oligodendrocytes) origin
and, as the name implies, characterized by a diffuse tumour growth pattern in the brain.
The diffuse and infiltrative nature of the tumour poses significant challenges, as it severely
compromises complete tumour resection. Further, tumour heterogeneity in terms of treat-
ment response, genetic alterations and subclones with varying sensitivity to chemo- and
radiotherapy are also considered to be factors in treatment failure and tumour relapse [1-3],
in many cases leading to the death of the patient. Despite decades of intense research,
diffuse gliomas still cause significant morbidity in adults and children [4]. While diffuse
gliomas were previously thought to be the same disease regardless of age, it has become
obvious in recent years that they differ significantly in childhood vs. adulthood [5-7].
Gliomas in adults often have mutations in genes encoding isocitrate dehydrogenases (IDH),
and these mutations are rare in children [5]. Similarly, histone 3 (H3) mutations frequently
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occur in children, and are less common in adults [6,8,9]. These differences were recog-
nized in the newest edition (2021) of the CNS (central nervous system) tumours World
Health Organisation (WHO) classification, where they are now divided into adult-type and
paediatric-type gliomas [9].

The classification of brain tumours has historically been solely based on histopatholog-
ical features of the tumours [10], whereas the latest editions incorporate molecular markers
(e.g., IDH mutation, 1p/19q codeletion etcetera) and DNA methylation profiles [9,11,12].
Methylation mainly occur on so-called CpG sites (cytosine DNA base followed by a guanine
base), of which we have around 30 million in the human genome [13]. The methylation
status of these CpG sites make up the methylation profile, a “barcode” of the tumour
and, importantly, this profile is altered in tumours compared to healthy tissue [14-16].
Further, the methylation profile differs between various kinds of brain tumours, and
multiple classifiers have been created for tumour classification purposes [12,17,18] and
implemented in clinical practice for certain tumours/age groups in several countries. This
review article will: (1) provide an overview of the differences between adult and paediatric
gliomas, (2) examine the utility of DNA methylation as a novel diagnostic tool, (3) examine
the considerations for its use, and (4) study how it is affected by the heterogeneity in
diffuse gliomas.

2. Adult vs. Paediatric Gliomas

The frequency of cancer drastically increases with age, from 18 cases per 100,000 in
children (0-18 years) to 2000 cases per 100,000 in adults over 65 years of age [19]. At
each cell division, 2-10 random mutations are generated [20] and a longer life thus leads
to more accumulated mutations and a higher risk that one mutation will affect genes
involved in tumour development (e.g., activate oncogenes/inactivate tumour suppressor
genes). Accordingly, tumours in adults have many more mutations and chromosomal
copy-number alterations (CNA) than childhood tumours [7,21]. Some childhood tumours,
such as pilocytic astrocytoma (a circumscribed astrocytic glioma), have a “silent” genome
with few or even no CNA [21]. The mutations in childhood tumours generally vary
from adulthood cancer as they are frequently targeting epigenetic and developmental
regulation [6,22,23]. Consequently, the most common types of cancer differ between adults
and children. Breast, prostate and lung cancer are the three leading types in adults whereas
the most common in children are leukaemia, CNS tumours and lymphoma [24].

CNS tumours in children constitute 27% of all cancer cases whereas in adults only
1% [4,24]. The most common types of gliomas also differ between the age groups; glioblas-
toma is most common in adults whereas it is quite rare in children [4] (note that the
diagnosis glioblastoma is not present for children in the CNS WHO 2021 [9] edition). Un-
fortunately, the prognosis is dismal in all age groups [4]. Another separator between the
adult and paediatric gliomas are the type of mutations; IDH mutations are, e.g., rare in
children while common in adults [5]. H3 mutations were originally thought to be unique
to paediatric tumours [6,25], but have subsequently been detected in adults as well, albeit
at a low frequency [8].

3. CNS WHO Classification of Diffuse Gliomas

The sequencing efforts over the last decades have revealed major differences between
adult and paediatric tumours and the current CNS WHO 2021 classification of gliomas re-
flects this, as tumours are separated into adult-type and paediatric-type [9]. We will here fo-
cus on the categories adult-type diffuse gliomas, paediatric-type diffuse low-grade gliomas,
and paediatric-type diffuse high-grade gliomas, while circumscribed astrocytic gliomas,
glioneuronal and neuronal tumours, and ependymal tumours are described elsewhere.

Adult-type diffuse gliomas are mainly diagnosed based on IDH mutation, which is
more frequent in lower-grade gliomas [26]. An IDH wildtype adult-type diffuse glioma
is diagnosed as a glioblastoma (CNS WHO grade 4), and they frequently have telomerase
reverse transcriptase (TERT) promoter mutations, chr7 gain and chr10 loss and/or EGFR
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(epidermal growth factor receptor) amplification [9,27]. One of these alterations in a diffuse
astrocytoma IDH wildtype is enough to classify it as a glioblastoma even if histological
high-grade features are lacking [9]. This criterion is new for the 2021 classification and it
was established as several studies reported that diffuse astrocytoma IDH wildtype with
the histological grade II-III (according to CNS WHO 2016) had the clinical behavior of
glioblastoma when they had one or more of these alterations [28,29]. Diffuse astrocytoma
IDH wildtype without these molecular features are rare and are not included as a tumour
type in CNS WHO 2021 [9,30]. Paediatric-type gliomas (described below) should instead
be considered as a diagnosis for these tumours, especially in younger adults.

The IDH mutant diffuse gliomas are separated based on 1p/19q codeletion [9], in
which case they are diagnosed as oligodendrogliomas (grade 2-3), and otherwise as as-
trocytomas (grade 2—4). The astrocytomas commonly have loss of x-thalassemia mental
retardation X-linked (ATRX), which is retained in oligodendrogliomas, and astrocytomas
frequently have TERT promoter mutations. The grading is carried out on a scale of 1 to 4
and is based on an integrated assessment of histological features and biomarkers [9]. For
instance, a homozygous deletion of CDKN2A /B in an IDH mutant diffuse astrocytoma
automatically yields a grade 4 (the highest/most malignant grade), even if the histology
is indicative of a low-grade tumour. It is important to note that the CNS grading is based
on the aggressiveness of the tumour, and does not necessarily reflect the prognosis after
treatment, e.g., a grade 4 tumour, such as a wingless (WNT)-activated medulloblastoma,
can have effective treatment and a good prognosis; however, left untreated, the survival
is poor [31]. A new addition to the CNS WHO 2021 classification is that the CNS grading
is performed within types instead of between types. Previously, a grade 3 CNS tumour,
regardless of the type, was expected to have a similar clinical behavior. In addition, the
type of tumour automatically decided the grade of the tumour and there was no way to
assign various grades to indicate different malignancies within tumour types. That is now
possible with the CNS WHO 2021, as tumours are graded in relation to other tumours of
the same type (within types) rather than other types.

Paediatric-type diffuse high-grade gliomas include four types: two of them are defined
by different mutations in histone 3; diffuse midline glioma H3K27-altered, and diffuse
hemispheric glioma H3 G34 mutant [9]. The third category consists of tumours that are both
H3 wildtype and IDH wildtype (diffuse paediatric-type high-grade glioma, H3-wildtype
and IDH-wildtype), whereas the fourth type occurs in infants and newborn babies (infant-
type hemispheric glioma). It is notable that the diagnosis glioblastoma is no longer used
for children, and the high-grade diffuse intrinsic pontine glioma (DIPG; frequently, but not
always, with H3 mutations) included in earlier CNS WHO editions has also been omitted
in favour of clear groups defined by the presence or lack of H3 mutations.

Paediatric-type diffuse low-grade gliomas contain four diagnoses [9] with similar
histological appearances and they are, therefore, characterized by clear molecular features
instead. The categories are; (1) diffuse astrocytoma MYB (MYB proto-oncogene, tran-
scription factor)- or MYB proto-oncogene-like 1 (MYBL1)-altered, (2) angiocentric glioma
(characterised by MYB alterations), (3) polymorphous low-grade neuroepithelial tumour
of the young (PLNTY; abnormalities in BRAF (B-Raf, proto-oncogene, serine/threonine
kinase) and fibroblast growth factor receptor (FGFR) family), and (4) diffuse low-grade
glioma, mitogen-activated protein kinase (MAPK) pathway-altered (FGFR1, BRAF). PLNTY
is a novel tumour type in children and young adults with an oligodendroglioma-like com-
ponent (but lacking the characteristic 1p/19q codeletion and IDH mutation), delineated by
its methylation pattern [32]. The tumour is also associated with a history of epilepsy [32].

4. DNA Methylation and How Methylation-Based Classification Works

DNA methylation is, in essence, the addition of a methyl group (CHj3) to a cytosine,
almost exclusively occurring on a CpG site [33,34]. It is a stable epigenetic mark that plays a
crucial role in embryogenesis, development, X-chromosome inactivation, aging, cell growth
and cell differentiation [35-37]. Methylation regulates gene expression where a methylated
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promoter region silences gene expression, whereas an unmethylated promoter allows for
gene transcription [13,38]. This mechanism is involved in cancer development, where key
tumour-suppressor genes are hypermethylated (silenced) and oncogenes hypomethylated
(activated) [38,39]. A global hypomethylation is also common in many cancer types, and
leads to chromosomal instability and an increase in mutations [40—42]. Another example of
alterations in the methylation pattern in cancer is found in adult-type lower-grade gliomas
with IDH mutations [43]. The IDH mutation leads to the production of the oncometabolite
2-hydroxyglutarate (2HG) and subsequent alterations in metabolic activity and genome-
wide hypermethylation of CpG islands [5,43]. This was previously detected in colorectal
cancer and dubbed the CpG island methylator phenotype (CIMP) [44], and this phenotype
in lower-grade gliomas was thus called glioma-CIMP (G-CIMP) [45].

The cancer alterations described above, in combination with the methylation pattern
reflecting the cell of origin [46], allows for tumour classification and subtyping. Sev-
eral methylation-based classifiers for CNS tumours have been developed [12,17,18 47].
In this review, we will focus on the Molecular Neuropathology classifier (MNP; https:
/ /www.molecularneuropathology.org/mnp/classifiers/11; accessed on 11 November
2022) [12], which is the most common and has been integrated in clinical routine in several
countries [8,48-51]. The MNP classifier used a reference cohort of almost 3000 samples of
various kinds of CNS tumours to define tumour types with distinct methylation profiles.
The most informative CpG sites for each type was selected and used to train the classifier
through a random-forest algorithm, which uses multiple decision trees (“classification
trees”) of the selected CpG sites to classify unknown samples into a tumour type. The
combined score from the decision trees were recalibrated to span between zero and one
and were intended to reflect the probability of an accurate classification. This score was
referred to as the calibrated score, where the optimal trade-off between specificity and
sensitivity (so-called Youden index) was reached at 0.84, while maximum specificity was
reached at 0.96. The threshold was, therefore, set in the middle at 0.9 for tumour classes.
Subclasses received a threshold of 0.5. Since the MNP classifier was published in 2018 [12],
there have been updated versions of the classifier containing novel tumour types, more
classification levels and different thresholds. Here, we focus on the newest 12.5 version
of the classifier, which is currently unpublished. Compared to earlier versions, it has four
classification levels and uses a 0.9 threshold on all levels. The levels are; a superfamily, a
family, a class, and a subclass (Table 1). The methylation level most similar to the CNS
WHO 2021 classification [9] varies; e.g., the methylation family glioblastoma IDH-wildtype
is the best match to the CNS WHO classification in case 1, whereas the methylation subclass
is most similar to the CNS WHO oligodendroglioma type in case 2. Note that multiple
subclasses are not available for all classes (e.g., case 1), whereas the RTK1 subtype (class in
case 3) has three subclasses (A, B and C).

Table 1. The four levels of hierarchy according to v12.5 of the MNP classifier for three cases with
different types of diffuse gliomas. RTK—receptor tyrosine kinase, wt—wildtype.

Hierarchy Case 1 Case 2 Case 3
Superfamil Adult-type diffuse gliomas Adult-type diffuse gliomas Paediatric-type diffuse
P y yp & yp & high-grade gliomas
. . ; . . Diffuse paediatric-type high-grade
Family Glioblastoma, IDH-wt Diffuse glioma, IDH mutant glioma, H3-wt and IDF-wt
Glioblastoma, IDH-wt, Diffuse glioma, IDH-mutant and Diffuse paediatric-type high-grade
Class RTK1 type 1p19q codeleted lioma, RTK1 subtype
YP [oligodendroglial type] & ’ M
Subclass Glioblastoma, IDH-wt, Oligodendroglioma, IDH-mutant Diffuse paediatric-type high-grade

RTK1 subtype

and 1p/19g-codeleted

glioma, RTK1 subtype, subclass A
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5. Methylation-Based Classification in Diffuse Gliomas and Its Value

The benefits of methylation profiling in diffuse gliomas are summarized in the fol-
lowing sections and Table 2. One of the first tumours advanced by methylation-based
classification was the paediatric brain tumour medulloblastoma. Methylation profiling
identified four novel molecular subgroups (WNT, SHH (sonic hedgehog), Group 3 and
Group 4), which differ in prognosis and, hence, receive treatment based on their sub-
group [4,31,52-54]. The value of methylation profiling as a complement to histology has
subsequently been demonstrated in several studies. Jaunmuktane et al. evaluated methy-
lation profiling in adult brain tumours (including diffuse gliomas) and found that the
diagnosis was changed in 25%, refined in 48% and confirmed in 25% of cases [8]. They
also specifically examined 44 IDH wildtype diffuse gliomas of low-grade morphology with
methylation profiling, and 41% were classified as tumours with high-grade behaviors such
as glioblastoma, while the remaining 59% received a classification of various low-grade
glial or glioneuronal types. It is important to note that methylation-based classification is
user-independent, whereas inter- and intra-observer variability exists for histopathological
evaluations [55]. In a separate study, methylation-based classification revealed that 16 of
166 (10%) of diffuse lower-grade gliomas (CNS WHO 2016) were classified as glioblastoma
IDH wildtype [56]. Studies including paediatric patients in CNS tumour cohorts (all types,
not only diffuse gliomas) also reported that the diagnosis was confirmed in around 40%, re-
fined in 13-25%, and led to a change in diagnosis in 6-10% of patients, resulting in changed
clinical management in 5% of the children [49-51]. These studies highlight the impact of
methylation profiling in clinical routine for the diagnosis and treatment of paediatric CNS
patients and have also been incorporated in the clinic in several countries.

Table 2. A summary of the benefits of methylation-based classification in diffuse gliomas. FFPE—
formalin-fixed paraffin-embedded.

Benefits of DNA Methylation Profiling

Provide accurate/correct user-independent diagnosis.

Detect diagnostic chromosomal aberrations (e.g., 1p/19q codeletion) with CNA plots.
Detect diagnostic mutation status (e.g., IDH) through altered methylation profiles.
Predict methylation status of therapy predictive biomarkers (e.g., MGMT).

Targeted treatment/management according to subclass.

Identify novel tumour types and subclasses.

Can be used with FFPE tissue and low amounts of DNA /tissue.

NG ®N =

Although glioblastoma methylation subclasses are not used clinically, a recent study
reported that a survival benefit was seen in glioblastomas with maximised extent of re-
section in receptor tyrosine kinase (RTK) 1 and RTK2 methylation subclasses, but not in
the mesenchymal subclass [57]. This questions the use of maximal resection in the mes-
enchymal subclass, requiring that the methylation subclass is known beforehand, and
might be particularly useful at recurrence based on a mesenchymal subclass of the primary
glioblastoma (assuming that the dominating methylation subclass remains at relapse).
Another study similarly reported that patients with the RTK2 subclass of glioblastoma were
more prone to developing seizures, thus providing information for postoperative control
measures [58].

Another benefit of methylation profiling is that it can be used to generate CNA
plots [48,59], which can be used to detect amplifications/deletions of diagnostic value, e.g.,
the 1p/19q codeletion in oligodendrogliomas. While methylation profiling cannot detect
mutations per se, it detects the widespread methylation alterations occurring because
of the mutation, and can thus classify tumours as IDH or H3 mutated/wildtype. The
O6-methylguanine-DNA methyltransferase (MGMT) methylation status can also be predicted
from methylation arrays, as described previously [60,61]. Further, methylation profiling can
be carried out on DNA extracted from formalin-fixed paraffin-embedded (FFPE) tumours,
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which is the gold standard in clinical routine [48,54,62]. In addition, a low amount of DNA
is required, making it a cost-effective analysis yielding the methylation profile and CNA
from, e.g., tissue biopsies with limited material.

The methylation-based classification of diffuse gliomas, as expected, does not com-
pletely correlate with the CNS WHO classification. There are, however, many similarities,
and the methylation superfamilies are termed similarly to the CNS WHO 2021 classification
(adult-type diffuse gliomas, paediatric-type diffuse high-grade gliomas, etc.; Table 1). One
of the main differences is that methylation-based classification further stratifies samples
into multiple classes/subclasses, delineated by their methylation profile, as described
below (Figure 1).

CNS WHO 2021 Methylation subclass
MNP v12.5

Glioblastoma, IDH wt, RTK1 subtype [J]
( Glioblastonsa, IDH wt, RTK2 subtype ||

Chd DHwt, feymal subtype

Glioblzstoma IDH wt
Glioblastoma, IDH wi, mesenchymal subtyps subelass B
Adult-type . _

diffuse gliomas Glioblastoma, IDH wt, subtype posterior fossa [J]

Oligosarcoma [DH-mutant
Oligodendroglioma, [DH-mutant and 1p19g-codelated
Oligodendroglioma, IDH-mutant and 1p19q-codeleted
Astrocytoma IDH-mutant; lower grade
Astrocytoma [DH-mutant; high grade [J]
Diffase midline ghoma, H3 K27-altered, subtype EGFR-altersd

Diffuse midline glioma, H3 K27-altered, subtype H3 K27-mutant or EZHIP expressms. l

k Astrocytoms, IDH-mutant

( Dhffiuse mudlme glioma H3 K27-altered

Diffsse hemispheric glioma H3 G34-mutant Diffisse hemispheric glioma, H3 G34-mutant
Diffuse pasdiatric-type HGG, H3 wt and IDH wt, subtype A [J]

Diffiuss pasdiatric-type HGG, H3 wt and IDH wt, subtype B [JJ

Diffuse pasdiatric-type HGG, MYCN subtype [J]

Diffuse pasdiatric-typs HGG, RTKI subtype, subclass A ]

Diffuse pasdiatric-type HGG, Hi-wt and IDH-wt
Diffuse pasdiatric-typs HGG, RTK] subtyps, subclass B [JJ

Paediatric-type

: - Diffuse pasdiatric-typs HGG, RTE] subtype, subclass C [J]
diffuse gliomas

Diffuse paediatne-type HGG, RTE2 subtype, subclass A

Diffise pacdiztric-type HGG, RTK2 siblype, subclass B

[t type hemispheric glionsa Infint type bemsispheric glioma [J]

Diffuse astrocytoma, MYB or MYBL-altered, subtype B [J]

Im:mqmm«mﬂl-ﬂmd Diffuse astrocytoma, MYB or MYBL1-altered, subtype C [
Diffuse astrocytoma, MYB or MYBL1-altered, subtype D

B Angiccentric glioma Angiocentric glioma, MYB/MYBL1-altered [

PLNTY PINTY [

Figure 1. CNS WHO 2021 vs. methylation-based classification. Sankey plot illustrating the rela-
tionship between CNS WHO 2021 classification (left) of diffuse gliomas with the MNP methylation
subclasses (classifier v12.5; right) based on the description and naming of the methylation subclasses
(https:/ /www.molecularneuropathology.org/mnp/classifiers /11; accessed on 11 November 2022).
Note that adult-type gliomas (blue colours for the different tumour types) are most common in
adults, but may occur less frequently in children and, likewise, that paediatric-type gliomas (shown
in green colours for the various types) may occur in adults. There is no methylation subclass directly
corresponding to the CNS WHO diffuse low-grade glioma, MAPK pathway-altered category and
this is, therefore, not included in the plot. Abbreviations: wt—wildtype, HGG—high-grade glioma.
PLNTY—polymorphous low-grade neuroepithelial tumour of the young, EZHIP—enhancer of zest
homologs inhibitory protein, MYCN—MYCN proto-oncogene, bHLH transcription factor.
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Glioblastoma in adults is, according to CNS WHO 2021 [9], “only” a glioblastoma,
whereas the MNP classifier [12] v12.5 suggests six subclasses with distinct methylation
profiles; RTK1, RTK2, mesenchymal subtype, mesenchymal subtype subclass B, primitive
neuronal compartment, and subtype posterior fossa. The paediatric-type high-grade
gliomas also have more methylation subclasses (1 = 12) compared to the four types (H3
K27, H3 G34-mutant, H3 wt and IDH wt, infantile hemispheric glioma) included in the
CNS WHO 2021 classification (Figure 1). Adult-type IDH mutant gliomas, on the other
hand, have methylation subclasses corresponding to the types in CNS WHO 2021. The
exception is the novel methylation subclass Oligosarcoma IDH mutant, which contains
a mix of oligodendroglial and sarcomatous features [63]. Paediatric-type, diffuse, low-
grade gliomas have four types in CNS WHO 2021 [9], and angiocentric glioma has a
corresponding methylation subclass, as does PLNTY. Then, there are three subclasses of
diffuse astrocytoma, MYB or MYBL1-altered, whose methylation profiles are most similar
to paediatric MYB/MYBL1-altered diffuse astrocytomas and angiocentric gliomas [64].

The higher number of methylation subclasses compared to CNS WHO diagnoses
highlights the potential of methylation classification for further patient/tumour stratifica-
tion. On several occasions, subclasses identified by methylation profiling have later been
introduced into the CNS WHO classification (e.g., for medulloblastoma [52,65] and ependy-
moma [66,67]). The methylation subclasses also provide an opportunity for treatment
to be targeted to specific subclasses. The RTK subclasses of glioblastoma and paediatric-
type high-grade gliomas are examples of this, as several RTK inhibitors exist [68,69], but
the glioblastoma methylation subclass is currently not used for treatment decisions. The
methylation subclasses will hopefully be further integrated into the CNS WHO diagnostic
categories, as well as being used to inform treatment in the upcoming years. If not, we
must ask whether the methylation subclasses are meaningful to the clinic, and if additional
subclasses and further subtypes within the subclasses provide any value.

6. Considerations Regarding Methylation-Based Classification

Methylation-based classification, as a diagnostic tool, is relatively new and we will
cover some limitations, challenges and considerations regarding its interpretation and
clinical use. One of the main considerations is the calibrated score and the threshold used.
As mentioned above, previous versions of the MNP classifier [12] had a 0.5 threshold for
subclasses and an official 0.9 threshold for the class, although the alternative threshold of
0.84 (Youden index) was frequently employed in studies with clinical samples [8,48,49,56].
It should be noted that the MNP classifier was designed as a research tool, not for diagnostic
purposes, but is increasingly implemented as such, given the demonstrated benefits of its
use (as discussed above).

The new classifier version 12.5 also has an official 0.9 threshold, which begs the
question of whether a 0.84 threshold can be employed here as well. Until the data behind the
new version and the accompanying specificity and sensitivity scores have been published,
we do not know the answer. The threshold, whether 0.9 or 0.84, can in itself be viewed as
problematic, as it implies that anything below the threshold is of no use (Table 3). Biology
is rarely black and white and, just like a carton of milk is usually good after its expiration
date; in our experience, classifications with calibrated scores slightly below the threshold
are usually fine. However, the milk will slowly go bad and one day be unusable. The
question is, therefore, how low the calibrated score can go and remain usable. Scores below
0.3 are considered “not classified” and the CNS WHO 2021 [9] states that scores below 0.5
“should probably be discarded”. Where between 0.5 and 0.9 the “unusability” score lies
is unclear, and may even vary for different tumour types. What we do know is that these
scores can be useful, but should be integrated with the histological features of the tumour
for the final diagnosis.
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Table 3. Three examples of histopathological and methylation-based classification. Case 1 is success-
fully classified by methylation above the threshold (0.9) with the same type as the histopathological
diagnosis. Case 2, on the other hand, has a calibrated score just below the threshold. However, as
the methylation-based diagnosis is the same as the histopathological diagnosis and supported by
the 1p/19q codeletion in the CNA plot, the results are still useful and most likely true. Case 3 is a
glioblastoma by histopathology (and a large tumour visible by radiological imaging), but is weakly
indicated (calibrated score 0.35) as control tissue (i.e., non-tumour tissue) by methylation classification.
Given the low calibrated score, low tumour purity and lack of CNA, the tissue sample used for DNA
extraction is not representative of the tumour and, consequently, neither is the methylation-based

classification.
Case 1 Case 2 Case 3
Oligodendroglioma, Oligodendroglioma, .
Histopathological diagnosis IDH-mutant and IDH-mutant and IDHC‘;AIIIi(fgiaStOHE’ de 4
1p/19q-codeleted grade 3 1p/19q-codeleted grade 3 ype grade
Oligodendroglioma, Oligodendroglioma, Control i
Methylation-based subclass IDH-mutant and IDH-mutant and . bOraI}(: msisu;, ,
1p/19q-codeleted 1p/19q-codeleted cere emisphere
Calibrated score 0.91 0.82 0.35
Tumour cell content (%) 72 65 17
Copy-number 1p/19q codeletion 1p/19q codeletion No discernable CNA

alterations (CNA)

Several factors, such as lower tumour cell content, poor DNA quality and tumour
heterogeneity (discussed further below), can lead to lower calibrated scores [48,49]. A low
tumour cell content, which is a risk in infiltrative tumours such as diffuse gliomas, may
even lead to an incorrect classification of “control tissue” by the MNP classifier (Table 3).
The tumour cell content can often be improved through fluorescence-guided surgery (e.g.,
5-aminolevulinic acid), or by macrodissection of specific areas for the methylation profiling.
“Control tissue” classifications are not frequent and more commonly, the methylation-based
classification is in line with the histopathological diagnosis, but with a calibrated score
below 0.9, as the methylation pattern is skewed by the contribution of non-cancer tissue.
Alternatively, the methylation-based classification is non-contributory. We experienced
e.g., a paediatric glioblastoma [70] by histopathological analysis (CNS WHO 2016), which
was similarly classified by methylation (paediatric-type diffuse high-grade glioma) for the
primary tumour. The relapse tumour did not match a methylation superfamily, but was
weakly assigned (calibrated score 0.36) as a low-grade glioma, which was surprising. How-
ever, the relapse tumour was evaluated by histology to 10% tumour cell content and had
no CNA, whereas the primary had several. In this case, there was a high degree of normal
tissue in the relapse sample, which contributed to the methylation-based classification.

A tumour cell content of >70% was recommended for the MNP classifier [48], but
we found that diffuse gliomas with a tumour cell content as low as 40-50% could still be
successfully classified (calibrated score > 0.9) [49,70]. Further, certain diffuse low-grade
gliomas have a relatively low innate tumour cell content and cannot be profiled by methy-
lation if adhering to the >70% recommendation. We therefore advise that samples below
<70% tumour cell content can be run with the MNP classifier, but that the classification,
calibrated score and CNA need to be evaluated for feasibility in the context of the tumour
cell content and the histological analysis.

7. Heterogeneity in Diffuse Gliomas

Diffuse gliomas are a heterogeneous group with large differences between patients
and within individual tumours. Cancer stem cells (CSC), also called tumour-initiating
cells or glioma stem cells, have been shown in adult glioblastoma and paediatric-type
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high-grade gliomas [71-76]. These cells are believed to initiate tumourigenesis and lead
to tumour relapse, as they are more resistant to radiotherapy and chemotherapy [74,75].
This is, in part, due to their slower cycling rate, plasticity and ability to enter a quiescent
state [77,78]. These qualities allow them to escape therapies targeting dividing cells (e.g.,
chemotherapy) or certain cell states. According to the CSC model, CSC are able to self-
renew and produce progeny of various differentiation states in a hierarchical manner [79,80].
The stochastic model of tumour heterogeneity, on the other hand, states that a normal cell
will acquire tumourigenic properties through genetic/epigenetic alterations, leading to
a growth advantage [81]. This cell will subsequently gain further alterations and the
clone that is best equipped to grow will dominate the population until another clone with
additional alterations/growth advantages takes over, and so forth (survival of the fittest).

Intratumour heterogeneity has been demonstrated in paediatric-type high-grade
gliomas in terms of mutations, CNA, histopathology, gene expression and multitude
of subclones [82,83]. Similarly, adult glioblastoma are heterogeneous on a regional as well
as single-cell level regarding genetic alterations and transcriptional expression [84-86]. The
treatment response also varies due to multiple subclones and differentiation states [2,3].
Here, we will discuss methylation patterns and methylation-based classification in spa-
tially separated regions of adult-type and paediatric-type diffuse gliomas, starting with
adult glioblastoma.

Several studies have sampled specimen from different regions of the same glioblas-
toma tumour and profiled them using methylation-based classification [87-90]. We showed
that 5 of 12 (42%) glioblastoma tumours had different methylation subclasses within their
tumours [87]. This subclass heterogeneity was determined with the newest version of the
MNP classifier at the time and its suggested threshold (v11.b4; subclass threshold = 0.5) [12].
A subsequent study by Verburg et al. used the same version of the MNP classifier and found
subclass heterogeneity in 5 of 11 (45%) glioblastoma tumours [88]. A recent study in 2022
used the methylation-based glioma classifier by Ceccarelli et al. [18], and detected subclass
heterogeneity in 22 of 56 (39%) glioblastoma patients [90]. All three individual studies,
using two types of classifiers, report subclass heterogeneity in around 40% of glioblastoma
patients, suggesting a relatively high intratumour methylation heterogeneity in glioblas-
toma. While the glioblastoma methylation subclasses are not in clinical use, it is possible
that they will be in the future, either in refined and more distinct subclasses or in their
current form. For the latter scenario, the subclass heterogeneity needs to be considered.

We and others have noted that the glioblastoma subclasses RTK2 and mesenchymal are
often seen in the same tumours [12,87], suggesting either a frequent co-occurrence of these
subclasses, or a similar biology and the potential need for refinement. The mesenchymal
subclass occasionally coincided with the lowest tumour cell content [87], indicating that
this subclass potentially represents tumours with a lower tumour cell content. We analysed
a cohort of glioblastoma tumours using the newest v12.5 of the MNP classifier and found
subclass heterogeneity in 3 out of 10 patients (30%) using the same threshold (0.5) as the
older version [89]. Applying the 0.9 threshold recommended for the 12.5 version yielded
no patients with subclass heterogeneity. Further studies with larger cohorts are required to
determine if subclass heterogeneity in glioblastoma also occurs using the new version, and
which threshold that can be applied.

The number of CpG sites with differing methylation values within glioblastoma
tumours have also been investigated in two of the studies referenced above [87,88]. These
sites are frequently referred to as differentially methylated positions (DMP; a position is
one CpG site on the methylation array). The impact of methylation alterations at single
CpG sites may seem trivial, but they have the potential to alter the methylation state of
biomarkers (see description of MGMT below) and switch the methylation subclass, as
relatively few CpG sites define the subclasses. The studies used different thresholds for
DMP calling, but both showed that a relatively low number of CpG sites are responsible
for the observed intratumour heterogeneity [87,88]. Verburg et al. also showed that the
number of DMP increased with increasing physical distance of samples within the same
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tumour [88]. The DMP were rarely shared between patients, suggesting that they occur
randomly, but were shown to preferentially occur within so-called OpenSea regions [87].
This could potentially be because alterations more easily occur in these regions compared
to the more evolutionary conserved CpG islands.

IDH mutant diffuse gliomas have been reported as homogeneous in terms of intratu-
mour subclasses by us with v12.5 (7 patients) [89], whereas Verburg et al. demonstrated
that 3 of 16 (19%) patients had subclass heterogeneity with the v11.b4 classifier [88]. In
all cases, the subclass switch was between “IDH glioma astrocytoma” and “IDH glioma
high-grade astrocytoma”. The low subclass heterogeneity could be explained by the fact
that relatively few methylation subclasses exist for these tumours; in addition to the two as-
trocytoma subclasses, there are only oligodendrogliomas and oligosarcomas. Furthermore,
the subclasses are clearly defined, e.g., the oligodendrogliomas have 1p/19q codeletion,
whereas the astrocytomas do not. DMP were demonstrated in IDH mutant diffuse gliomas
as well, but there were fewer than in grade 4 glioblastomas [87-89]. This suggests that the
number of methylation alterations within a tumour increases in more high-grade tumours.

Studies on intratumour methylation heterogeneity in paediatric-type diffuse gliomas
are, unfortunately, rare. We performed a study with several types of CNS tumours in
children, where a few diffuse gliomas were included (no high-grade) [70]. The results
showed that all tumour types had homogeneous intratumoural subclasses (MNP clas-
sifier v12.5, threshold 0.9) [70], which is promising for clinical diagnostics. There were,
however, indications of subclass heterogeneity (calibrated score below 0.9). The DMP
showed a similar pattern to the adult glioblastoma with alterations randomly located in
less conserved regions.

In addition to methylation-based classifiers, there are also methylation-based biomark-
ers, with the most well-known arguably being MGMT. MGMT is a DNA repair enzyme, and
it counteracts the damage in the DNA caused by the alkylating agent temozolomide [91],
the standard chemotherapy used for glioblastoma [92]. A methylated MGMT promoter
silences the MGMT expression [93] and patients with methylated MGMT, therefore, have a
better prognosis compared to those with an unmethylated MGMT promoter [94]. MGMT
methylation is clinically used for treatment decision in elderly glioblastoma patients [95].
Patients with methylated MGMT receive temozolomide and radiation, whereas patients
with an unmethylated MGMT receive radiation only and are thus spared the harsh temo-
zolomide treatment, as there is little added benefit when MGMT is active. We [87], and
others [90,96,97], have demonstrated that the MGMT methylation status differs spatially
within glioblastoma tumours. It means that patients could receive a different treatment
depending on the region of the tumour that was sampled. This raises concerns about the
use of MGMT as a biomarker and warrants further studies. Similarly, we have also shown
that the proposed biomarker methylation age [96-100] differs spatially within glioblastoma,
oligodendrogliomas and astrocytomas [87,89].

8. Conclusions and Future Directions

DNA methylation profiling is undoubtedly a powerful diagnostic tool in diffuse
gliomas and has already influenced the CNS WHO classification. As it is incorporated
further into clinical practice, clinical studies and research studies, it is important to take into
account the considerations reviewed here; e.g., calibrated scores below the official threshold
can be used (incorporated with histopathological analysis), but how low scores can be
trusted? How many methylation subclasses are needed and meaningful for patient stratifi-
cation regarding prognosis, treatment and clinical management? In the extreme scenario,
one could say that every patient represents their own methylation subclass, but there is, of
course, no point in endlessly creating further subclasses if they eventually do not benefit
the patient (targeted treatment/management) or provide biologically relevant subclasses.

Heterogeneous methylation subclasses within the same tumour, as addressed here,
also need to be addressed if the subclasses are to be used for treatment decision. MGMT is
already in clinical use for elderly glioblastoma patients, despite several reports of intratu-
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mour heterogeneity [87,90,96,97] and uncertainty regarding the optimal threshold [101-103].
Methylation profiling, as a diagnostic tool, will likely extend to other tumour types as
well. There is, e.g., a methylation-based sarcoma classifier available [104]. As methyla-
tion classification develops, novel diffuse glioma types and subclasses will be identified
and subsequently validated for their utility through clinical use and by the large brain-
tumour research community. This will result in an even more accurate and robust classifier,
benefitting adults and children with diffuse gliomas.

Author Contributions: A.W. prepared the first draft of the manuscript with input from H.C., AW.
and H.C. reviewed and edited the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: A.W. was funded by the Wenner-Gren Foundations (WGF2022-0018), and H.C. by the
Swedish Research Council (2021-01483), the Swedish Childhood Cancer Foundation (PR2019-0058),
the Swedish Cancer Society (20 0176 F, 19 0356 Pj) and the Swedish state under the agreement between
the Swedish government and the county councils, the ALF-agreement (ALFGBG-965828).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.
13.
14.
15.

16.

Lan, X,; Jorg, D.J.; Cavalli, EM.G.; Richards, L.M.; Nguyen, L.V.; Vanner, R.J.; Guilhamon, P; Lee, L.; Kushida, M.M.; Pellacani,
D.; et al. Fate mapping of human glioblastoma reveals an invariant stem cell hierarchy. Nature 2017, 549, 227-232. [CrossRef]
[PubMed]

Lee, ] K.; Wang, J.; Sa, ] K.; Ladewig, E.; Lee, H.O.; Lee, 1.H.; Kang, H.].; Rosenbloom, D.S.; Camara, P.G.; Liu, Z; et al.
Spatiotemporal genomic architecture informs precision oncology in glioblastoma. Nat. Genet. 2017, 49, 594-599. [CrossRef]
[PubMed]

Segerman, A.; Niklasson, M.; Haglund, C.; Bergstrom, T.; Jarvius, M.; Xie, Y.; Westermark, A.; Sonmez, D.; Hermansson, A.;
Kastemar, M.; et al. Clonal Variation in Drug and Radiation Response among Glioma-Initiating Cells Is Linked to Proneural-
Mesenchymal Transition. Cell Rep. 2016, 17, 2994-3009. [CrossRef] [PubMed]

Ostrom, Q.T.; Cioffi, G.; Waite, K.; Kruchko, C.; Barnholtz-Sloan, ].S. CBTRUS Statistical Report: Primary Brain and Other Central
Nervous System Tumors Diagnosed in the United States in 2014-2018. Neuro-Oncology 2021, 23, iii1-iiil05. [CrossRef] [PubMed]
Sturm, D.; Witt, H.; Hovestadt, V.; Khuong-Quang, D.A ; Jones, D.T.; Konermann, C.; Pfaff, E.; Tonjes, M.; Sill, M.; Bender, S.; et al.
Hotspot mutations in H3F3A and IDH1 define distinct epigenetic and biological subgroups of glioblastoma. Cancer Cell 2012, 22,
425-437. [CrossRef]

Schwartzentruber, J.; Korshunov, A ; Liu, X.Y.; Jones, D.T.; Pfaff, E.; Jacob, K.; Sturm, D.; Fontebasso, A.M.; Quang, D.A; Tonjes,
M.; et al. Driver mutations in histone H3.3 and chromatin remodelling genes in paediatric glioblastoma. Nature 2012, 482, 226-231.
[CrossRef]

Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Aparicio, S.A.; Behjati, S.; Biankin, A.V.; Bignell, G.R.; Bolli, N.; Borg, A.;
Borresen-Dale, A.L.; et al. Signatures of mutational processes in human cancer. Nature 2013, 500, 415-421. [CrossRef]
Jaunmuktane, Z.; Capper, D.; Jones, D.T.W.; Schrimpf, D.; Sill, M.; Dutt, M.; Suraweera, N.; Pfister, S.M.; von Deimling, A.;
Brandner, S. Methylation array profiling of adult brain tumours: Diagnostic outcomes in a large, single centre. Acta Neuropathol.
Commun. 2019, 7, 24. [CrossRef]

Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A ; Figarella-Branger, D.; Hawkins, C.; Ng, HK.; Pfister, 5.M.; Reifenberger,
G.; etal. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro-Oncology 2021, 23, 1231-1251.
[CrossRef]

Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K,; Burger, P.C.; Jouvet, A.; Scheithauer, B.W.; Kleihues, P. The 2007 WHO
classification of tumours of the central nervous system. Acta Neuropathol. 2007, 114, 97-109. [CrossRef]

Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;
Kleihues, P; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
summary. Acta Neuropathol. 2016, 131, 803-820. [CrossRef]

Capper, D.; Jones, D.T.W.; Sill, M.; Hovestadt, V.; Schrimpf, D.; Sturm, D.; Koelsche, C.; Sahm, F,; Chavez, L.; Reuss, D.E.; et al.
DNA methylation-based classification of central nervous system tumours. Nature 2018, 555, 469-474. [CrossRef]

Bird, A. DNA methylation patterns and epigenetic memory. Genes Dev. 2002, 16, 6-21. [CrossRef]

Sharma, S.; Kelly, TK.; Jones, P.A. Epigenetics in cancer. Carcinogenesis 2010, 31, 27-36. [CrossRef]

Cedar, H.; Bergman, Y. Linking DNA methylation and histone modification: Patterns and paradigms. Nat. Rev. Genet. 2009, 10,
295-304. [CrossRef]

Ooi, S.K; Qiu, C.; Bernstein, E.; Li, K; Jia, D.; Yang, Z.; Erdjument-Bromage, H.; Tempst, P,; Lin, S.P.; Allis, C.D.; et al. DNMT3L
connects unmethylated lysine 4 of histone H3 to de novo methylation of DNA. Nature 2007, 448, 714-717. [CrossRef]


http://doi.org/10.1038/nature23666
http://www.ncbi.nlm.nih.gov/pubmed/28854171
http://doi.org/10.1038/ng.3806
http://www.ncbi.nlm.nih.gov/pubmed/28263318
http://doi.org/10.1016/j.celrep.2016.11.056
http://www.ncbi.nlm.nih.gov/pubmed/27974212
http://doi.org/10.1093/neuonc/noab200
http://www.ncbi.nlm.nih.gov/pubmed/34608945
http://doi.org/10.1016/j.ccr.2012.08.024
http://doi.org/10.1038/nature10833
http://doi.org/10.1038/nature12477
http://doi.org/10.1186/s40478-019-0668-8
http://doi.org/10.1093/neuonc/noab106
http://doi.org/10.1007/s00401-007-0243-4
http://doi.org/10.1007/s00401-016-1545-1
http://doi.org/10.1038/nature26000
http://doi.org/10.1101/gad.947102
http://doi.org/10.1093/carcin/bgp220
http://doi.org/10.1038/nrg2540
http://doi.org/10.1038/nature05987

Cancers 2022, 14, 5679 12 of 15

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

Danielsson, A.; Nemes, S.; Tisell, M.; Lannering, B.; Nordborg, C.; Sabel, M.; Caren, H. MethPed: A DNA methylation classifier
tool for the identification of pediatric brain tumor subtypes. Clin. Epigenetics 2015, 7, 62. [CrossRef]

Ceccarelli, M.; Barthel, EP; Malta, T.M.; Sabedot, T.S.; Salama, S.R.; Murray, B.A.; Morozova, O.; Newton, Y.; Radenbaugh, A.;
Pagnotta, S.M.; et al. Molecular Profiling Reveals Biologically Discrete Subsets and Pathways of Progression in Diffuse Glioma.
Cell 2016, 164, 550-563. [CrossRef]

Surveillance Research Program, N.C.I. SEER*Explorer: An Interactive Website for SEER Cancer Statistics. Available online:
https:/ /seer.cancer.gov/explorer/ (accessed on 29 March 2022).

Behjati, S.; Huch, M.; van Boxtel, R.; Karthaus, W.; Wedge, D.C.; Tamuri, A.U.; Martincorena, I.; Petljak, M.; Alexandrov, L.B.;
Gundem, G,; et al. Genome sequencing of normal cells reveals developmental lineages and mutational processes. Nature 2014,
513, 422-425. [CrossRef]

Grobner, S.N.; Worst, B.C.; Weischenfeldt, J.; Buchhalter, I.; Kleinheinz, K.; Rudneva, V.A.; Johann, P.D.; Balasubramanian, G.P,;
Segura-Wang, M.; Brabetz, S.; et al. The landscape of genomic alterations across childhood cancers. Nature 2018, 555, 321-327.
[CrossRef]

Huether, R.; Dong, L.; Chen, X.; Wu, G.; Parker, M.; Wei, L.; Ma, J.; Edmonson, M.N.; Hedlund, E.K.; Rusch, M.C.; et al. The
landscape of somatic mutations in epigenetic regulators across 1,000 paediatric cancer genomes. Nat. Commun. 2014, 5, 3630.
[CrossRef] [PubMed]

Ma, X.; Liu, Y,; Liu, Y.; Alexandrov, L.B.; Edmonson, M.N.; Gawad, C.; Zhou, X.; Li, Y.; Rusch, M.C.; Easton, J.; et al. Pan-cancer
genome and transcriptome analyses of 1,699 paediatric leukaemias and solid tumours. Nature 2018, 555, 371-376. [CrossRef]
Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA A Cancer ]. Clin. 2021, 71, 7-33. [CrossRef] [PubMed]
Ryall, S.; Tabori, U.; Hawkins, C. Pediatric low-grade glioma in the era of molecular diagnostics. Acta Neuropathol. Commun. 2020,
8, 30. [CrossRef] [PubMed]

Yan, H.; Parsons, D.W.; Jin, G.; McLendon, R.; Rasheed, B.A.; Yuan, W.; Kos, I.; Batinic-Haberle, I.; Jones, S.; Riggins, G.J.; et al.
IDH1 and IDH2 mutations in gliomas. New Engl. J. Med. 2009, 360, 765-773. [CrossRef] [PubMed]

Stichel, D.; Ebrahimi, A.; Reuss, D.; Schrimpf, D.; Ono, T.; Shirahata, M.; Reifenberger, G.; Weller, M.; Hanggi, D.; Wick, W,;
et al. Distribution of EGFR amplification, combined chromosome 7 gain and chromosome 10 loss, and TERT promoter mutation
in brain tumors and their potential for the reclassification of IDHwt astrocytoma to glioblastoma. Acta Neuropathol. 2018, 136,
793-803. [CrossRef]

Brat, D.J.; Aldape, K.; Colman, H.; Holland, E.C.; Louis, D.N.; Jenkins, R.B.; Kleinschmidt-DeMasters, B.K.; Perry, A.; Reifenberger,
G.; Stupp, R.; et al. IMPACT-NOW update 3: Recommended diagnostic criteria for “Diffuse astrocytic glioma, IDH-wildtype,
with molecular features of glioblastoma, WHO grade IV”. Acta Neuropathol. 2018, 136, 805-810. [CrossRef]

Tesileanu, C.M.S,; Dirven, L.; Wijnenga, M.M.].; Koekkoek, ].A.F,; Vincent, A.; Dubbink, H.J.; Atmodimedjo, PN.; Kros, ]. M.; van
Duinen, S.G.; Smits, M.; et al. Survival of diffuse astrocytic glioma, IDH1/2 wildtype, with molecular features of glioblastoma,
WHO grade IV: A confirmation of the cIMPACT-NOW criteria. Neuro-Oncology 2020, 22, 515-523. [CrossRef]

Gritsch, S.; Batchelor, T.T.; Gonzalez Castro, L.N. Diagnostic, therapeutic, and prognostic implications of the 2021 World Health
Organization classification of tumors of the central nervous system. Cancer 2022, 128, 47-58. [CrossRef]

Ramaswamy, V.; Remke, M.; Bouffet, E.; Bailey, S.; Clifford, S.C.; Doz, F,; Kool, M.; Dufour, C.; Vassal, G.; Milde, T.; et al. Risk
stratification of childhood medulloblastoma in the molecular era: The current consensus. Acta Neuropathol. 2016, 131, 821-831.
[CrossRef]

Huse, ].T.; Snuderl, M.; Jones, D.T.; Brathwaite, C.D.; Altman, N.; Lavi, E.; Saffery, R.; Sexton-Oates, A.; Blumcke, I.; Capper, D,;
et al. Polymorphous low-grade neuroepithelial tumor of the young (PLNTY): An epileptogenic neoplasm with oligodendroglioma-
like components, aberrant CD34 expression, and genetic alterations involving the MAP kinase pathway. Acta Neuropathol. 2017,
133, 417-429. [CrossRef]

Avery, O.T.; Macleod, C.M.; McCarty, M. Studies on the Chemical Nature of the Substance Inducing Transformation of Pneumo-
coccal Types: Induction of Transformation by a Desoxyribonucleic Acid Fraction Isolated from Pneumococcus Type IIL. J. Exp.
Med. 1944, 79, 137-158. [CrossRef]

Jaenisch, R.; Bird, A. Epigenetic regulation of gene expression: How the genome integrates intrinsic and environmental signals.
Nat. Genet. 2003, 33, 245-254. [CrossRef]

Moore, L.D.; Le, T; Fan, G. DNA methylation and its basic function. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychophar-
macol. 2013, 38, 23-38. [CrossRef]

Wutz, A.; Smrzka, O.W,; Schweifer, N.; Schellander, K.; Wagner, E.F.; Barlow, D.P. Imprinted expression of the Igf2r gene depends
on an intronic CpG island. Nature 1997, 389, 745-749. [CrossRef]

Fouse, S.D.; Shen, Y.; Pellegrini, M.; Cole, S.; Meissner, A.; Van Neste, L.; Jaenisch, R.; Fan, G. Promoter CpG methylation
contributes to ES cell gene regulation in parallel with Oct4/Nanog, PcG complex, and histone H3 K4 /K27 trimethylation. Cell
Stem Cell 2008, 2, 160-169. [CrossRef]

Herman, J.G.; Baylin, S.B. Gene silencing in cancer in association with promoter hypermethylation. N. Engl. ]. Med. 2003, 349,
2042-2054. [CrossRef]

Esteller, M. Epigenetic gene silencing in cancer: The DNA hypermethylome. Hum. Mol. Genet. 2007, 16, R50-R59. [CrossRef]
Eden, A.; Gaudet, F; Waghmare, A.; Jaenisch, R. Chromosomal instability and tumors promoted by DNA hypomethylation.
Science (N.Y.) 2003, 300, 455. [CrossRef]


http://doi.org/10.1186/s13148-015-0103-3
http://doi.org/10.1016/j.cell.2015.12.028
https://seer.cancer.gov/explorer/
http://doi.org/10.1038/nature13448
http://doi.org/10.1038/nature25480
http://doi.org/10.1038/ncomms4630
http://www.ncbi.nlm.nih.gov/pubmed/24710217
http://doi.org/10.1038/nature25795
http://doi.org/10.3322/caac.21654
http://www.ncbi.nlm.nih.gov/pubmed/33433946
http://doi.org/10.1186/s40478-020-00902-z
http://www.ncbi.nlm.nih.gov/pubmed/32164789
http://doi.org/10.1056/NEJMoa0808710
http://www.ncbi.nlm.nih.gov/pubmed/19228619
http://doi.org/10.1007/s00401-018-1905-0
http://doi.org/10.1007/s00401-018-1913-0
http://doi.org/10.1093/neuonc/noz200
http://doi.org/10.1002/cncr.33918
http://doi.org/10.1007/s00401-016-1569-6
http://doi.org/10.1007/s00401-016-1639-9
http://doi.org/10.1084/jem.79.2.137
http://doi.org/10.1038/ng1089
http://doi.org/10.1038/npp.2012.112
http://doi.org/10.1038/39631
http://doi.org/10.1016/j.stem.2007.12.011
http://doi.org/10.1056/NEJMra023075
http://doi.org/10.1093/hmg/ddm018
http://doi.org/10.1126/science.1083557

Cancers 2022, 14, 5679 13 of 15

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Rodriguez, J.; Frigola, J.; Vendrell, E.; Risques, R.A.; Fraga, M.E; Morales, C.; Moreno, V.; Esteller, M.; Capella, G.; Ribas, M.; et al.
Chromosomal instability correlates with genome-wide DNA demethylation in human primary colorectal cancers. Cancer Res.
2006, 66, 8462-9468. [CrossRef]

Timp, W.; Bravo, H.C.; McDonald, O.G.; Goggins, M.; Umbricht, C.; Zeiger, M.; Feinberg, A P; Irizarry, R.A. Large hypomethylated
blocks as a universal defining epigenetic alteration in human solid tumors. Genome Med. 2014, 6, 61. [CrossRef]

Turcan, S.; Rohle, D.; Goenka, A.; Walsh, L.A,; Fang, F.; Yilmaz, E.; Campos, C.; Fabius, AW.; Lu, C.; Ward, PS; et al. IDH1
mutation is sufficient to establish the glioma hypermethylator phenotype. Nature 2012, 483, 479-483. [CrossRef] [PubMed]
Toyota, M.; Ahuja, N.; Ohe-Toyota, M.; Herman, ].G.; Baylin, S.B.; Issa, ].P. CpG island methylator phenotype in colorectal cancer.
Proc. Natl. Acad. Sci. USA 1999, 96, 8681-8686. [CrossRef] [PubMed]

Noushmehr, H.; Weisenberger, D.J.; Diefes, K.; Phillips, H.S.; Pujara, K.; Berman, B.P; Pan, F.; Pelloski, C.E.; Sulman, E.P.; Bhat,
K.P; et al. Identification of a CpG island methylator phenotype that defines a distinct subgroup of glioma. Cancer Cell 2010, 17,
510-522. [CrossRef] [PubMed]

Fernandez, A.F.; Assenov, Y.; Martin-Subero, ].I.; Balint, B.; Siebert, R.; Taniguchi, H.; Yamamoto, H.; Hidalgo, M.; Tan, A.C.; Galm,
O.; et al. A DNA methylation fingerprint of 1628 human samples. Genome Res. 2012, 22, 407-419. [CrossRef]

Moran, S.; Martinez-Cardus, A.; Sayols, S.; Musulén, E.; Balafia, C.; Estival-Gonzalez, A.; Moutinho, C.; Heyn, H.; Diaz-Lagares,
A.; de Moura, M.C,; et al. Epigenetic profiling to classify cancer of unknown primary: A multicentre, retrospective analysis.
Lancet Oncol. 2016, 17, 1386—1395. [CrossRef]

Capper, D.; Stichel, D.; Sahm, F.; Jones, D.T.W.; Schrimpf, D.; Sill, M.; Schmid, S.; Hovestadt, V.; Reuss, D.E.; Koelsche, C.; et al.
Practical implementation of DNA methylation and copy-number-based CNS tumor diagnostics: The Heidelberg experience. Acta
Neuropathol. 2018, 136, 181-210. [CrossRef] [PubMed]

Schepke, E.; Lofgren, M.; Pietsch, T.; Olsson Bontell, T.; Kling, T.; Wenger, A.; Ferreyra Vega, S.; Danielsson, A.; Dosa, S.; Holm,
S.; et al. DNA methylation profiling improves routine diagnosis of paediatric central nervous system tumours: A prospective
population-based study. Neuropathol. Appl. Neurobiol. 2022, 48, €12838. [CrossRef] [PubMed]

Priesterbach-Ackley, L.P; Boldt, H.B.; Petersen, ].K.; Bervoets, N.; Scheie, D.; Ulhei, B.P,; Gardberg, M.; Brannstrom, T.; Torp, S.H.;
Aronica, E.; et al. Brain tumour diagnostics using a DNA methylation-based classifier as a diagnostic support tool. Neuropathol.
Appl. Neurobiol. 2020, 46, 478-492. [CrossRef] [PubMed]

Pickles, J.C.; Fairchild, A.R; Stone, T.J.; Brownlee, L.; Merve, A.; Yasin, S.A.; Avery, A.; Ahmed, S.W.; Ogunbiyi, O.; Gonzalez
Zapata, ].; et al. DNA methylation-based profiling for paediatric CNS tumour diagnosis and treatment: A population-based
study. Lancet Child Adolesc. Health 2020, 4, 121-130. [CrossRef]

Taylor, M.D.; Northcott, P.A.; Korshunov, A.; Remke, M.; Cho, Y.J.; Clifford, S.C.; Eberhart, C.G.; Parsons, D.W.; Rutkowski,
S.; Gajjar, A.; et al. Molecular subgroups of medulloblastoma: The current consensus. Acta Neuropathol. 2012, 123, 465-472.
[CrossRef]

Sharma, T.; Schwalbe, E.C.; Williamson, D.; Sill, M.; Hovestadt, V.; Mynarek, M.; Rutkowski, S.; Robinson, G.W.; Gajjar, A.; Cavalli,
F; et al. Second-generation molecular subgrouping of medulloblastoma: An international meta-analysis of Group 3 and Group 4
subtypes. Acta Neuropathol. 2019, 138, 309-326. [CrossRef]

Hovestadt, V.; Remke, M.; Kool, M.; Pietsch, T.; Northcott, P.A.; Fischer, R.; Cavalli, EM.; Ramaswamy, V.; Zapatka, M.;
Reifenberger, G.; et al. Robust molecular subgrouping and copy-number profiling of medulloblastoma from small amounts of
archival tumour material using high-density DNA methylation arrays. Acta Neuropathol. 2013, 125, 913-916. [CrossRef]

Van den Bent, M.]. Interobserver variation of the histopathological diagnosis in clinical trials on glioma: A clinician’s perspective.
Acta Neuropathol. 2010, 120, 297-304. [CrossRef]

Ferreyra Vega, S.; Olsson Bontell, T.; Corell, A.; Smits, A.; Jakola, A.S.; Carén, H. DNA methylation profiling for molecular
classification of adult diffuse lower-grade gliomas. Clin. Epigenetics 2021, 13, 102. [CrossRef]

Drexler, R.; Schiiller, U.; Eckhardt, A.; Filipski, K.; Hartung, T.I.; Harter, PN.; Divé, L; Forster, M.T.; Czabanka, M.; Jelgersma, C.;
et al. DNA methylation subclasses predict the benefit from gross total tumor resection in IDH-wildtype glioblastoma patients.
Neuro-Oncology 2022. [CrossRef]

Ricklefs, F.L.; Drexler, R.; Wollmann, K.; Eckhardt, A.; Heiland, D.H.; Sauvigny, T.; Maire, C.; Lamszus, K.; Westphal, M.; Schiiller,
U.; et al. DNA Methylation subclass Receptor Tyrosine Kinase II (RTK II) is predictive for seizure development in glioblastoma
patients. Neuro-Oncology 2022, 24, 1886-1897. [CrossRef]

Hovestadt, V.; Zapatka, M. Conumee: Enhanced Copy-Number Variation Analysis Using Illumina DNA Methylation Arrays. R
Package Version 1.9.0. Available online: http://bioconductor.org/packages/conumee/ (accessed on 20 October 2022).

Bady, P; Sciuscio, D.; Diserens, A.C.; Bloch, J.; van den Bent, M.].; Marosi, C.; Dietrich, P.Y.; Weller, M.; Mariani, L.; Heppner, EL.;
et al. MGMT methylation analysis of glioblastoma on the Infinium methylation BeadChip identifies two distinct CpG regions
associated with gene silencing and outcome, yielding a prediction model for comparisons across datasets, tumor grades, and
CIMP-status. Acta Neuropathol. 2012, 124, 547-560. [CrossRef]

Bady, P,; Delorenzi, M.; Hegi, M.E. Sensitivity Analysis of the MGMT-STP27 Model and Impact of Genetic and Epigenetic Context
to Predict the MGMT Methylation Status in Gliomas and Other Tumors. J. Mol. Diagn. JMD 2016, 18, 350-361. [CrossRef]
Kling, T.; Wenger, A.; Beck, S.; Caren, H. Validation of the MethylationEPIC BeadChip for fresh-frozen and formalin-fixed
paraffin-embedded tumours. Clin. Epigenetics 2017, 9, 33. [CrossRef]


http://doi.org/10.1158/0008-5472.CAN-06-0293
http://doi.org/10.1186/s13073-014-0061-y
http://doi.org/10.1038/nature10866
http://www.ncbi.nlm.nih.gov/pubmed/22343889
http://doi.org/10.1073/pnas.96.15.8681
http://www.ncbi.nlm.nih.gov/pubmed/10411935
http://doi.org/10.1016/j.ccr.2010.03.017
http://www.ncbi.nlm.nih.gov/pubmed/20399149
http://doi.org/10.1101/gr.119867.110
http://doi.org/10.1016/S1470-2045(16)30297-2
http://doi.org/10.1007/s00401-018-1879-y
http://www.ncbi.nlm.nih.gov/pubmed/29967940
http://doi.org/10.1111/nan.12838
http://www.ncbi.nlm.nih.gov/pubmed/35892159
http://doi.org/10.1111/nan.12610
http://www.ncbi.nlm.nih.gov/pubmed/32072658
http://doi.org/10.1016/S2352-4642(19)30342-6
http://doi.org/10.1007/s00401-011-0922-z
http://doi.org/10.1007/s00401-019-02020-0
http://doi.org/10.1007/s00401-013-1126-5
http://doi.org/10.1007/s00401-010-0725-7
http://doi.org/10.1186/s13148-021-01085-7
http://doi.org/10.1093/neuonc/noac177
http://doi.org/10.1093/neuonc/noac108
http://bioconductor.org/packages/conumee/
http://doi.org/10.1007/s00401-012-1016-2
http://doi.org/10.1016/j.jmoldx.2015.11.009
http://doi.org/10.1186/s13148-017-0333-7

Cancers 2022, 14, 5679 14 of 15

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.
82.

83.

84.

85.

86.

Suwala, A.K.; Felix, M.; Friedel, D.; Stichel, D.; Schrimpf, D.; Hinz, E.; Hewer, E.; Schweizer, L.; Dohmen, H.; Pohl, U.; et al.
Oligosarcomas, IDH-mutant are distinct and aggressive. Acta Neuropathol. 2022, 143, 263-281. [CrossRef] [PubMed]

Wefers, A.K,; Stichel, D.; Schrimpf, D.; Coras, R.; Pages, M.; Tauziede-Espariat, A.; Varlet, P.; Schwarz, D.; Soylemezoglu, F.; Pohl,
U.; et al. Isomorphic diffuse glioma is a morphologically and molecularly distinct tumour entity with recurrent gene fusions of
MYBL1 or MYB and a benign disease course. Acta Neuropathol. 2020, 139, 193-209. [CrossRef] [PubMed]

Northcott, P.A.; Korshunov, A.; Witt, H.; Hielscher, T.; Eberhart, C.G.; Mack, S.; Bouffet, E.; Clifford, S.C.; Hawkins, C.E.; French, P;
et al. Medulloblastoma comprises four distinct molecular variants. J. Clin. Oncol. Off. ]. Am. Soc. Clin. Oncol. 2011, 29, 1408-1414.
[CrossRef] [PubMed]

Pajtler, K.W.; Witt, H.; Sill, M.; Jones, D.T.; Hovestadt, V.; Kratochwil, E.; Wani, K.; Tatevossian, R.; Punchihewa, C.; Johann, P;
et al. Molecular Classification of Ependymal Tumors across All CNS Compartments, Histopathological Grades, and Age Groups.
Cancer Cell 2015, 27, 728-743. [CrossRef] [PubMed]

Ellison, D.W.; Aldape, K.D.; Capper, D.; Fouladi, M.; Gilbert, M.R.; Gilbertson, R.].; Hawkins, C.; Merchant, T.E.; Pajtler, K,;
Venneti, S.; et al. IMPACT-NOW update 7: Advancing the molecular classification of ependymal tumors. Brain Pathol. (Zusr.
Switz.) 2020, 30, 863-866. [CrossRef]

Martinho, O.; Silva-Oliveira, R.; Miranda-Gongalves, V.; Clara, C.; Almeida, J.R.; Carvalho, A.L.; Barata, ].T.; Reis, R.M. In Vitro
and In Vivo Analysis of RTK Inhibitor Efficacy and Identification of Its Novel Targets in Glioblastomas. Transl. Oncol. 2013, 6,
187-196. [CrossRef]

Qin, A.; Musket, A.; Musich, P.R.; Schweitzer, ].B.; Xie, Q. Receptor tyrosine kinases as druggable targets in glioblastoma: Do
signaling pathways matter? Neuro-Oncol. Adv. 2021, 3, vdab133. [CrossRef]

Wenger, A.; Ferreyra Vega, S.; Schepke, E.; Lofgren, M.; Olsson Bontell, T.; Tisell, M.; Nilsson, D.; Kling, T.; Carén, H. DNA
methylation alterations across time and space in paediatric brain tumours. Acta Neuropathol. Commun. 2022, 10, 105. [CrossRef]

Singh, S.K.; Hawkins, C.; Clarke, I.D.; Squire, J.A.; Bayani, ].; Hide, T.; Henkelman, R.M.; Cusimano, M.D.; Dirks, P.B. Identification
of human brain tumour initiating cells. Nature 2004, 432, 396—401. [CrossRef]

Hemmati, H.D.; Nakano, I.; Lazareff, ].A.; Masterman-Smith, M.; Geschwind, D.H.; Bronner-Fraser, M.; Kornblum, H.I. Cancerous
stem cells can arise from pediatric brain tumors. Proc. Natl. Acad. Sci. USA 2003, 100, 15178-15183. [CrossRef]

Monje, M.; Mitra, S.S.; Freret, M.E.; Raveh, T.B.; Kim, J.; Masek, M.; Attema, J.L.; Li, G.; Haddix, T.; Edwards, M.S.; et al.
Hedgehog-responsive candidate cell of origin for diffuse intrinsic pontine glioma. Proc. Natl. Acad. Sci. USA 2011, 108, 4453—4458.
[CrossRef]

Bao, S.; Wu, Q.; McLendon, R.E.; Hao, Y.; Shi, Q.; Hjelmeland, A.B.; Dewhirst, M.W.; Bigner, D.D.; Rich, ].N. Glioma stem cells
promote radioresistance by preferential activation of the DNA damage response. Nature 2006, 444, 756-760. [CrossRef]

Chen, J.; Li, Y;; Yu, T.S.; McKay, RM.; Burns, D.K,; Kernie, S.G.; Parada, L.F. A restricted cell population propagates glioblastoma
growth after chemotherapy. Nature 2012, 488, 522-526. [CrossRef]

Wenger, A.; Larsson, S.; Danielsson, A.; Elbaek, K.J.; Kettunen, P.; Tisell, M.; Sabel, M.; Lannering, B.; Nordborg, C.; Schepke,
E.; et al. Stem cell cultures derived from pediatric brain tumors accurately model the originating tumors. Oncotarget 2017, 8,
18626-18639. [CrossRef]

Lathia, J.D.; Mack, S.C.; Mulkearns-Hubert, E.E.; Valentim, C.L.; Rich, ].N. Cancer stem cells in glioblastoma. Genes Dev. 2015, 29,
1203-1217. [CrossRef]

Paul, R.; Dorsey, J.E.; Fan, Y. Cell plasticity, senescence, and quiescence in cancer stem cells: Biological and therapeutic implications.
Pharmacol. Ther. 2022, 231, 107985. [CrossRef]

Bonnet, D.; Dick, J.E. Human acute myeloid leukemia is organized as a hierarchy that originates from a primitive hematopoietic
cell. Nat. Med. 1997, 3, 730-737. [CrossRef]

Reya, T.; Morrison, S.J.; Clarke, M.E,; Weissman, I.L. Stem cells, cancer, and cancer stem cells. Nature 2001, 414, 105-111. [CrossRef]
Nowell, P.C. The clonal evolution of tumor cell populations. Science (N.Y.) 1976, 194, 23-28. [CrossRef]

Vinci, M.; Burford, A.; Molinari, V.; Kessler, K.; Popov, S.; Clarke, M.; Taylor, K.R.; Pemberton, H.N.; Lord, C.J.; Gutteridge,
A.; et al. Functional diversity and cooperativity between subclonal populations of pediatric glioblastoma and diffuse intrinsic
pontine glioma cells. Nat. Med. 2018, 24, 1204-1215. [CrossRef]

Hoffman, L.M.; DeWire, M.; Ryall, S.; Buczkowicz, P; Leach, ].; Miles, L.; Ramani, A.; Brudno, M.; Kumar, S.S.; Drissi, R.; et al.
Spatial genomic heterogeneity in diffuse intrinsic pontine and midline high-grade glioma: Implications for diagnostic biopsy and
targeted therapeutics. Acta Neuropathol. Commun. 2016, 4, 1. [CrossRef] [PubMed]

Verhaak, R.G.; Hoadley, K.A.; Purdom, E.; Wang, V.; Qi, Y.; Wilkerson, M.D.; Miller, C.R.; Ding, L.; Golub, T.; Mesirov, ].P.; et al.
Integrated genomic analysis identifies clinically relevant subtypes of glioblastoma characterized by abnormalities in PDGFRA,
IDH1, EGFR, and NF1. Cancer Cell 2010, 17, 98-110. [CrossRef] [PubMed]

Sottoriva, A.; Spiteri, I.; Piccirillo, S.G.; Touloumis, A.; Collins, V.P.; Marioni, J.C.; Curtis, C.; Watts, C.; Tavare, S. Intratumor
heterogeneity in human glioblastoma reflects cancer evolutionary dynamics. Proc. Natl. Acad. Sci. USA 2013, 110, 4009-4014.
[CrossRef] [PubMed]

Patel, A.P; Tirosh, I.; Trombetta, J.J.; Shalek, A.K.; Gillespie, S.M.; Wakimoto, H.; Cahill, D.P,; Nahed, B.V.; Curry, W.T.; Martuza,
R.L.; et al. Single-cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma. Science (N.Y.) 2014, 344, 1396-1401.
[CrossRef] [PubMed]


http://doi.org/10.1007/s00401-021-02395-z
http://www.ncbi.nlm.nih.gov/pubmed/34967922
http://doi.org/10.1007/s00401-019-02078-w
http://www.ncbi.nlm.nih.gov/pubmed/31563982
http://doi.org/10.1200/JCO.2009.27.4324
http://www.ncbi.nlm.nih.gov/pubmed/20823417
http://doi.org/10.1016/j.ccell.2015.04.002
http://www.ncbi.nlm.nih.gov/pubmed/25965575
http://doi.org/10.1111/bpa.12866
http://doi.org/10.1593/tlo.12400
http://doi.org/10.1093/noajnl/vdab133
http://doi.org/10.1186/s40478-022-01406-8
http://doi.org/10.1038/nature03128
http://doi.org/10.1073/pnas.2036535100
http://doi.org/10.1073/pnas.1101657108
http://doi.org/10.1038/nature05236
http://doi.org/10.1038/nature11287
http://doi.org/10.18632/oncotarget.14826
http://doi.org/10.1101/gad.261982.115
http://doi.org/10.1016/j.pharmthera.2021.107985
http://doi.org/10.1038/nm0797-730
http://doi.org/10.1038/35102167
http://doi.org/10.1126/science.959840
http://doi.org/10.1038/s41591-018-0086-7
http://doi.org/10.1186/s40478-015-0269-0
http://www.ncbi.nlm.nih.gov/pubmed/26727948
http://doi.org/10.1016/j.ccr.2009.12.020
http://www.ncbi.nlm.nih.gov/pubmed/20129251
http://doi.org/10.1073/pnas.1219747110
http://www.ncbi.nlm.nih.gov/pubmed/23412337
http://doi.org/10.1126/science.1254257
http://www.ncbi.nlm.nih.gov/pubmed/24925914

Cancers 2022, 14, 5679 15 of 15

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

Wenger, A.; Ferreyra Vega, S.; Kling, T.; Bontell, T.O.; Jakola, A.S.; Caren, H. Intratumor DNA methylation heterogeneity in
glioblastoma: Implications for DNA methylation-based classification. Neuro-Oncology 2019, 21, 616-627. [CrossRef]

Verburg, N.; Barthel, F.P.; Anderson, K.J.; Johnson, K.C.; Koopman, T.; Yaqub, M.M.; Hoekstra, O.S.; Lammertsma, A.A.; Barkhof,
F.; Pouwels, PJ.W.,; et al. Spatial concordance of DNA methylation classification in diffuse glioma. Neuro-Oncology 2021, 23,
2054-2065. [CrossRef]

Ferreyra Vega, S.; Wenger, A.; Kling, T.; Olsson Bontell, T.; Jakola, A.S.; Carén, H. Spatial heterogeneity in DNA methylation and
chromosomal alterations in diffuse gliomas and meningiomas. Mod. Pathol. 2022, 35, 1551-1561. [CrossRef]

Gempt, J.; Withake, E; Aftahy, A.K.; Meyer, H.S.; Barz, M.; Delbridge, C.; Liesche-Starnecker, F.; Prokop, G.; Pfarr, N.; Schlegel,
J.; et al. Methylation subgroup and molecular heterogeneity is a hallmark of glioblastoma: Implications for biopsy targeting,
classification and therapy. ESMO Open 2022, 7, 100566. [CrossRef]

Gerson, S.L. MGMT: Its role in cancer aetiology and cancer therapeutics. Nat. Rev. Cancer 2004, 4, 296-307. [CrossRef]

Stupp, R.; Mason, W.P,; van den Bent, M.].; Weller, M.; Fisher, B.; Taphoorn, M.].; Belanger, K.; Brandes, A.A.; Marosi, C.; Bogdahn,
U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. ]. Med. 2005, 352, 987-996.
[CrossRef]

Esteller, M.; Hamilton, S.R.; Burger, P.C.; Baylin, S.B.; Herman, ].G. Inactivation of the DNA repair gene O6-methylguanine-DNA
methyltransferase by promoter hypermethylation is a common event in primary human neoplasia. Cancer Res. 1999, 59, 793-797.
Hegi, M.E.; Diserens, A.C.; Gorlia, T.; Hamou, M.E; de Tribolet, N.; Weller, M.; Kros, ] M.; Hainfellner, ].A.; Mason, W.; Mariani,
L.; et al. MGMT gene silencing and benefit from temozolomide in glioblastoma. N. Engl. J. Med. 2005, 352, 997-1003. [CrossRef]
Malmstrom, A.; Gronberg, B.H.; Marosi, C.; Stupp, R.; Frappaz, D.; Schultz, H.; Abacioglu, U.; Tavelin, B.; Lhermitte, B.; Hegi,
M.E.; et al. Temozolomide versus standard 6-week radiotherapy versus hypofractionated radiotherapy in patients older than 60
years with glioblastoma: The Nordic randomised, phase 3 trial. Lancet Oncol. 2012, 13, 916-926. [CrossRef]

Parker, N.R.; Hudson, A.L.; Khong, P; Parkinson, J.E; Dwight, T.; Ikin, R].; Zhu, Y.; Cheng, Z].; Vafaee, E; Chen, J.; et al.
Intratumoral heterogeneity identified at the epigenetic, genetic and transcriptional level in glioblastoma. Sci. Rep. 2016, 6, 22477.
[CrossRef]

Parkinson, J.F.; Wheeler, H.R.; Clarkson, A.; McKenzie, C.A.; Biggs, M.T,; Little, N.S.; Cook, R.J.; Messina, M.; Robinson, B.G.;
McDonald, K.L. Variation of O(6)-methylguanine-DNA methyltransferase (MGMT) promoter methylation in serial samples in
glioblastoma. J. Neuro-Oncol. 2008, 87, 71-78. [CrossRef]

Horvath, S. DNA methylation age of human tissues and cell types. Genome Biol. 2013, 14, R115. [CrossRef]

Bell, C.G.; Lowe, R.; Adams, P.D.; Baccarelli, A.A.; Beck, S.; Bell, ].T.; Christensen, B.C.; Gladyshev, V.N.; Heijmans, B.T.; Horvath,
S.; et al. DNA methylation aging clocks: Challenges and recommendations. Genome Biol. 2019, 20, 249. [CrossRef]

Kling, T.; Wenger, A.; Carén, H. DNA methylation-based age estimation in pediatric healthy tissues and brain tumors. Aging
2020, 12, 21037-21056. [CrossRef]

Brandner, S.; McAleenan, A.; Kelly, C.; Spiga, F.; Cheng, H.Y.; Dawson, S.; Schmidt, L.; Faulkner, C.L.; Wragg, C.; Jefferies, S.;
et al. MGMT promoter methylation testing to predict overall survival in people with glioblastoma treated with temozolomide: A
comprehensive meta-analysis based on a Cochrane Systematic Review. Neuro-Oncology 2021, 23, 1457-1469. [CrossRef]
Nguyen, N.; Redfield, ].; Ballo, M.; Michael, M.; Sorenson, J.; Dibaba, D.; Wan, J.; Ramos, G.D.; Pandey, M. Identifying the optimal
cutoff point for MGMT promoter methylation status in glioblastoma. CNS Oncol. 2021, 10, Cns74. [CrossRef]

Radke, J.; Koch, A.; Pritsch, F; Schumann, E.; Misch, M.; Hempt, C.; Lenz, K.; Lobel, F; Paschereit, F.; Heppner, EL.; et al.
Predictive MGMT status in a homogeneous cohort of IDH wildtype glioblastoma patients. Acta Neuropathol. Commun. 2019, 7, 89.
[CrossRef] [PubMed]

Koelsche, C.; Schrimpf, D.; Stichel, D.; Sill, M.; Sahm, F.; Reuss, D.E.; Blattner, M.; Worst, B.; Heilig, C.E.; Beck, K.; et al. Sarcoma
classification by DNA methylation profiling. Nat. Commun. 2021, 12, 498. [CrossRef] [PubMed]


http://doi.org/10.1093/neuonc/noz011
http://doi.org/10.1093/neuonc/noab134
http://doi.org/10.1038/s41379-022-01113-8
http://doi.org/10.1016/j.esmoop.2022.100566
http://doi.org/10.1038/nrc1319
http://doi.org/10.1056/NEJMoa043330
http://doi.org/10.1056/NEJMoa043331
http://doi.org/10.1016/S1470-2045(12)70265-6
http://doi.org/10.1038/srep22477
http://doi.org/10.1007/s11060-007-9486-0
http://doi.org/10.1186/gb-2013-14-10-r115
http://doi.org/10.1186/s13059-019-1824-y
http://doi.org/10.18632/aging.202145
http://doi.org/10.1093/neuonc/noab105
http://doi.org/10.2217/cns-2021-0002
http://doi.org/10.1186/s40478-019-0745-z
http://www.ncbi.nlm.nih.gov/pubmed/31167648
http://doi.org/10.1038/s41467-020-20603-4
http://www.ncbi.nlm.nih.gov/pubmed/33479225

	Introduction 
	Adult vs. Paediatric Gliomas 
	CNS WHO Classification of Diffuse Gliomas 
	DNA Methylation and How Methylation-Based Classification Works 
	Methylation-Based Classification in Diffuse Gliomas and Its Value 
	Considerations Regarding Methylation-Based Classification 
	Heterogeneity in Diffuse Gliomas 
	Conclusions and Future Directions 
	References

