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Abstract

Recent years have witnessed a shift to more objective and biologically-driven methods for central nervous system
(CNS) tumor classification. The 2016 world health organization (WHO) classification update (“blue book”) intro-
duced molecular diagnostic criteria into the definitions of specific entities as a response to the plethora of evidence
that key molecular alterations define distinct tumor types and are clinically meaningful. While in the past such di-
agnostic alterations included specific mutations, copy number changes, or gene fusions, the emergence of DNA
methylation arrays in recent years has similarly resulted in improved diagnostic precision, increased reliability, and
has provided an effective framework for the discovery of new tumor types. In many instances, there is an intimate
relationship between these mutations/fusions and DNA methylation signatures. The adoption of methylation data
into neuro-oncology nosology has been greatly aided by the availability of technology compatible with clinical
diagnostics, along with the development of a freely accessible machine learning-based classifier. In this review,
we highlight the utility of DNA methylation profiling in CNS tumor classification with a focus on recently described

novel and rare tumor types, as well as its contribution to refining existing types.

Keywords

Current paradigms of cancer revolve around the shaping
and fitness of neoplastic cells through an interrelated
series of genetic alterations and epigenetic modifica-
tions." Cancer epigenetics involves a disruption in gene
expression that is not mediated through primary DNA
sequence alterations and often results in dysregulation
of cell signaling pathways and changes in cellular pheno-
type. Cancer cells primarily achieve this epigenetic aber-
rancy through DNA methylation, histone modifications,
remodeling and repositioning of nucleosomes, and non-
coding RNA (e.g. microRNA)." Within this epigenetic land-
scape, DNA methylation is among the most characterized.

In mammals, DNA methylation primarily occurs
at the carbon-5 position of CpG cytosines (termed

5-methylcytosine, or 5-mC). This covalent transfer is
achieved via DNA methyltransferases (DNMT) and is
largely conserved through cell division.? The location and
methylation state of CpG-rich sites, called CpG islands or
CGl, influences gene expression: transcriptional repres-
sion is frequently associated with promoter and enhancer
CGI methylation, whereas CGIl methylation of gene bodies
often correlates with increased expression.® In cancer, a
global reduction of CpG methylation is observed, often
coupled with CGI hypermethylation and subsequent tran-
scriptional silencing of tumor suppressor genes. Beyond
facilitating oncogenesis, there is also a cell type-specific
pattern of CpG methylation that may persist in tumor de-
velopment and progression.*This combination of aberrant
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methylation and cell-of-origin patterns lends itself to being
particularly useful for tumor classification and potentially
identifying clinically relevant subtypes.

In this review, we discuss the increasing role and impact
of DNA methylation profiling in the classification of central
nervous system (CNS) tumors with a focus on the discovery
of novel and rare tumor types, as well as its contribution to
refining established types from the revised 4th edition of
the WHO Classification of Central Nervous System Tumors.®
We briefly introduce the most commonly used array-based
platform for measuring CpG methylation and the bioinfor-
matic methods that are often employed for its interpreta-
tion. It is anticipated that >50% of the diagnostic entries in
the upcoming 5th edition of the WHO Classification of CNS
Tumors will include DNA methylation profiles as an essential
or recommended diagnostic feature. Consequently, the fol-
lowing discussion will highlight possible changes in nomen-
clature based on novel molecular findings, with an emphasis
on types where methylation profiling has demonstrated a
significant clinical and/or biologic impact on classification.
Finally, we have structured the review around the traditional
histogenic classification of CNS tumors in an effort to bridge
current and future directions of nosology in neuro-oncology.

Measuring CpG Methylation

A variety of methods exist to quantify DNA methyla-
tion, each with various applications in clinical oncology.
Restriction endonuclease digestion, affinity enrichment
methods such as methylated DNA immunoprecipitation
(MeDIP), and electrochemical assays are examples used
to interrogate genome-wide methylation (see Laird, 20108
for a comprehensive review). Bisulfite sequencing of ge-
nomic DNA, the most commonly used method, converts
unmethylated cytosine to uracil after exposure to so-
dium bisulfite.” Methylated cytosine (5-mC), however, is
resistant to this reaction and can be detected in subse-
quent sequencing steps. This method provides single base
resolution of CpG methylation and, when applied at a
genome-wide scale (whole-genome bisulfite sequencing,
or WGBS), can quantify the methylation state of the ap-
proximately 29 million CpGs in the human genome.8 While
WGBS provides an unprecedented scale and resolution of
the human methylome, it is currently prohibitively expen-
sive and computationally intensive. Of the approximately
11,000 cancer samples catalogued in The Cancer Genome
Atlas (TCGA), only 39 have been profiled with WGBS.®
Acomprehensive and cost-effective alternativeisthecom-
plementary use of bisulfite-converted DNA and microarray
technology. lllumina microarrays for CpG methylation are
based on the hybridization of fragmented whole-genome
amplification products to oligonucleotide bead arrays
which contain oligomers linked to specific CpGs."%" This
approach is based on their Infinium genotyping assay
and, when first introduced in 2008, provided coverage of
over 27,000 CpG sites (HumanMethylation27 DNA Analysis
BeadChip, or HM27). This has since been followed by the
HumanMethylation450'? (HM450, >450,000 CpGs, “450k")
and HumanMethylationEPIC (EPIC, >850,000 CpGs,
“850k"”) arrays released in 2011 and 2016, respectively. The
HMA450 array, of which EPIC covers >90%, contains probes

pre-selected for biologically meaningful regions of the ge-
nome including RefSeq genes (98.9%), CpG islands (96%)
and adjacent regions (e.g. shores, shelves), FANTOM4 pro-
moters, predicted enhancers, MHC regions, and DNase
hypersensitivity sites.’? Thus, while the Infinium BeadChip
arrays (HM450, EPIC) cover only ~1-3% of the human DNA
methylome, it provides comprehensive coverage of cancer-
relevant CpG sites at a comparatively lower cost and
higher throughput than WGBS, as well as being compat-
ible with formalin-fixed tissue and demonstrating robust-
ness to pre-analytic factors. Figure 1 provides an overview
of the current diagnostic applications of DNA methylation
profiling and its role in surgical neuropathology.

Recently, a novel adaption of long-read DNA sequencing
using the Oxford Nanopore MinlON sequencer has enabled
accurate profiling of DNA modifications such as CpG meth-
ylation."3The technique infers the methylation status using
a modified hidden Markov model (HMM) to learn ionic cur-
rent distributions and can achieve an accuracy up to 95% in
identifying 5-mC."®"¥The method does not require bisulfite
treatment and can be performed in a significantly shorter
amount of time (~hours) compared to methylation-based
assays (~days). A recent study'® successfully extended this
technology to classifying CNS tumors using the Heidelberg
brain tumor classifier (classifier details discussed later).
Notably, the relatively quick turnaround time may also
allow for intraoperative tumor classification.

Bioinformatic Methods

To translate methylation array data into practical use, a
variety of analytic and computational steps need to be
performed. The proprietary Illumina file format (*.IDAT)
contains the raw signal intensities which can be processed
using the R programming language'® (with or without
R Studio, an easy-to-use graphical user interface for R);
a popular R package to process methylation array data is
Minfi."? After parsing the.IDAT files, intensities are typically
normalized to correct for unwanted signal variation, and
probes that are unreliable or map to polymorphic regions
of the genome’® are removed. The most informative probes
are then selected for further analysis (feature selection)
based on variability in the dataset (e.g., choosing the top
10,000 most variable probes based on standard deviation).

A frequently used and practical approach for delineating
tumor types with methylation data is dimensionality reduc-
tion. Similar to principal component analysis (PCA), these
unsupervised algorithms reduce high-dimensional data
(e.g. thousands of brain tumor samples, each with ~20-30k
of data points) to a lower dimension (2 or 3) for visuali-
zation. The most widely used techniques are t-Distributed
Stochastic Neighbor Embedding (t-SNE)"™ and Uniform
Manifold Approximation and Projection (UMAP).2°The un-
derlying mathematics is beyond the scope of this review,
suffice it to say both techniques produce similar visual in-
formation when clustering bulk CNS tumor samples (Figure
2). However, a few details are worth mentioning.The scala-
bility of t-SNE is limited and, thus, PCA is performed before
embedding. It is also thought that UMAP preserves the
global structure of the data better than t-SNE. Finally, as a
general rule, the distances between the observed clusters
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DNA methylation profiling in surgical neuropathology
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Fig. 1 Workflow and applications of DNA methylation profiling in surgical neuropathology. The Illumina 450k and HumanMethylationEPIC (EPIC)
arrays are compatible with both fresh/frozen tissue and Formalin-Fixed Paraffin-Embedded (FFPE) material (A). Following extraction, DNA is bisulfite-
converted and hybridized to the BeadChip. The fluorescent signals are then processed with the iScan or NextSeq 550 readers and two separate
data files (*.idat) are produced, one for each color channel (i.e. red and green). Following various preprocessing steps, methylation data (often rep-
resented as beta values) can then be used as input for clustering or data visualization (B). In addition to hierarchical clustering, dimensionality
reduction with t-Distributed Stochastic Neighbor Embedding (t-SNE) or Uniform Manifold Approximation and Projection (UMAP) provides a novel
technique for confirming and identifying new tumor types. The basis for this method of tumor diagnostics relies on epigenetically (and often genet-
ically) similar tumor types grouping together in the two- or three-dimensional space; subtypes can also be identified within these macro-clusters.
Machine learning algorithms, such as random forest, can be used to train a classifier based on pre-defined cluster labels using these dimension-
ality reduction techniques. The combined intensities of the signals from the methylated and unmethylated channels may be used to infer focal and
broad copy number changes (C). Diagnostic markers in central nervous system (CNS) tumors, such as whole-arm 1p/19q codeletion and the +7/-10
signature (with or without EGFR amplification) can be reliably detected with this method; furthermore, copy number breakpoints are useful to infer
fusion events in the correct diagnostic context. A two-CpG methylation signature can be used to assess 0-6-methylguanine-DNA methyltransferase
(MGMT) promoter methylation status and has been independently associated with response to alkylating therapy in isocitrate dehydrogenase (IDH)-
wildtype glioblastoma (GBM) (D). Finally, as with any diagnostic assay in surgical pathology, methylation profiling should be interpreted in conjunction
with all available clinical data, including history, imaging, histology, and other ancillary molecular techniques such as sequencing (E).
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Fig. 2 Dimensionality reduction techniques for the visual assessment of central nervous system (CNS) tumor clustering. Two frequently used
methods for visualizing tumor types are Uniform Manifold Approximation and Projection (UMAP) (A) and t-distributed stochastic neighbor
embedding (t-SNE) (B). lllustrated are selected novel and rare CNS tumor types that are discussed in this review (not included: diffuse
glioneuronal tumor with oligodendroglioma-like features and nuclear clusters (DGONC) and cribriform neuroepithelial tumor (CRINET), and those
presented in “epigenetic subtyping”). As a rule of thumb, the distance between the groups is less meaningful than the relationship within the
groups. UMAP is thought to preserve global structure better than t-SNE, but both produce comparable results for classifying CNS tumor types.
Abbreviation: AT/RT, atypical teratoid/rhabdoid tumor (TYR, SHH, MYC subtypes); DMT, desmoplastic myxoid tumor; PDC, poorly differentiated
chordoma; ETMR, embryonal tumor with multilayered rosettes; BCOR, CNS tumor with BCOR with internal tandem duplication; SARC, DICER1,
primary intracranial sarcoma, DICER1-mutant; CIC, C/C-rearranged sarcoma; RGNT, rosette-forming glioneuronal tumor; HGAP, high-grade
astrocytoma with piloid features; MYB/L, diffuse astrocytoma, MYB or MYBL 1-altered; IHG, infant-type hemispheric glioma; FOXR2, CNS neu-

roblastoma, FOXR2-activated.

are not as meaningful as the distances within the clusters.
For example, points that cluster together are more similar
than points in other clusters; however, the distances be-
tween clusters are not as informative.

Itis also important to mention other diagnostically useful
information that can be derived from methylation array
data. It was recognized early on that the sum of methylated
and unmethylated signal intensities can be used to infer
genome-wide copy number.2'The segmented copy number
data can then be used to detect diagnostically useful alter-
ations such as whole chromosome (+7/-10 signature) and
arm-level (1p/19q codeletion) changes, as well as gene-
level alterations (e.g. EGFR amplification, CDKN2A/B ho-
mozygous deletion) (Figure 1C). Furthermore, analysis of
copy number breakpoints can also be used to infer pos-
sible fusion events resulting from unbalanced transloca-
tions (e.g. BRAF, FGFR fusions). The diagnostic impact of
integrating methylation and copy number data in neuro-
pathology practice was recently reviewed.?? Finally, both
0-6-methylguanine-DNA methyltransferase (MGMT)?3 and
mutL homologue 1 (MLH1)?* promoter methylation can be
quantified with the array-based platform (Figure 1D). While
discrepancies with pyrosequencing-based methods have
been noted, DNA methylation-based MGMT promoter
methylation status has been shown to provide clinically
relevant prognostic information.?>2¢ Both copy number
and MGMT promoter methylation status are included in
the report generated from the “Classifier” (see below).

Diagnostic Accuracy and Impact on
Clinical Outcome

Since its adaptation as an investigative diagnostic tool in
2018,% Infinium methylation arrays have led to the iden-
tification of new CNS tumor types and subtypes, many
of which harbor meaningful associations with clinical
course and outcome. One of the most important contri-
butions from this study is the implementation of a ma-
chine learning-based classifier to prospectively evaluate
new samples (the Heidelberg “Classifier,” https:/www.
molecularneuropathology.org/mnp). Benchmarking of the
Classifier with a routine diagnostic work-up (e.g. histology,
IHC) revealed high concordance (838/1104, 76%) with a
correspondingly low number of cases with profiles that
were discordant with clinical, pathologic, and molecular
features (“misleading” profile). Notably, methylation re-
sults led to diagnostic revisions in a significant proportion
(129/139 or 12% of the entire cohort) of cases. This finding
was confirmed in five external centers (50/401, 12%), with
reclassification rates in 6%-25% of cases.

A recent study independently applied the Classifier to a
large cohort of samples in the work-up of routine and chal-
lenging cases.?® The authors included 502 samples from
480 pediatric and adult primary and recurrent tumors. To
assess its diagnostic impact, they adopted similar outcome
categories for the Classifier results, including confirmation/
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refinement of diagnosis, establishment of a new diagnosis,
misleading profile, discrepant but non-contributory, and
“no match.” The results extended those reported by Capper
et al.?’: 54.4% of cases were concordant with histopathology,
with a precise match achieved in 41% of samples and 13.3%
receiving a refined diagnosis. Classifier performance was
comparable between primary and recurrent tumors (66.1%
vs. 65.5% matching a class, respectively). A new diagnosis
was established in favor of the methylation class in 9.8% of
cases (vs. 12%?7). The majority of cases in which a new di-
agnosis was rendered (49/502) also resulted in a change in
WHO grade: 22.5% (11/49, vs. 30%?’) were downgraded and
48.9% (24/49, vs. 41%%’) were upgraded. A similar propor-
tion of cases had a misleading profile (5/502 vs. 10/1104%7).
Interestingly, there was a demonstrated benefit in cases not
meeting the cutoff for a class match (calibrated score <0.9).
In unmatched cases with a calibrated score between 0.3 and
0.9 (130/502), the histopathologic diagnosis could be con-
firmed or refined in 50.7%, and a new diagnosis rendered
in 7.7% of cases. These results provide independent con-
firmation of the diagnostic and prognostic impact of DNA
methylation-based classification.

Finally, differences in clinical outcome based on methyla-
tion data were recently demonstrated in tumors previously
classified as primitive neuroectodermal tumors, or CNS-
PNET, which are now known to resolve into biologically dis-
tinct tumor types with specific alterations.?® These include
embryonal tumor with multilayered rosettes (ETMR) with a
high frequency of C19MC alterations, CNS neuroblastoma
with FOXR2-activation (CNS-NB-FOXR2), CNS tumors with
BCOR internal tandem duplication (CNS-BCOR-ITD), CIC-
rearranged sarcomas (EFT-CIC), CNS tumors with MNT al-
teration, and a subset of high-grade gliomas (HGG). While
detection of these alterations can be done through targeted
sequencing or cytogenetic techniques, methylation array
profiling can resolve CNS-PNET types independent of the
underlying alteration,???® some of which have disparate
clinical outcomes. A retrospective survival analysis of CNS-
PNET types showed prolonged 5-year progression-free
(5y-PFS) and overall survival (5y-OS) in CNS-NB-FOXR2
(562%, 96%, respectively) compared with HGG (12%, 12%)
and ETMR (12%, 18%).%° Although MN17-altered tumors typ-
ically contain an astroblastoma-like histology,?*?' a subset
may present with PNET-like features. Distinction from other
embryonal tumors is thus important as MN7-altered tu-
mors have a comparatively favorable overall survival.?%31-33
Collectively, distinctions based on unsupervised analysis
of DNA methylation data among CNS-PNET subtypes have
important clinical implications.

Novel and Rare Tumor Types

In addition to its utility in recognizing common CNS tumor
types, an emerging advantage of methylation profiling is its
ability to discover novel types and provide confirmation/re-
finement of existing types. For example, IDH1/2 mutations
define a broad subtype of diffuse gliomas that are clinically
and molecularly distinct from isocitrate dehydrogenase
(IDH)-wildtype diffuse gliomas.3* This genetic distinction
was confirmed with DNA methylation profiling and has re-
cently been refined to identify a clinically-distinct subtype

(e.g. mismatch repair-deficient®®). For many of the newly-
described tumor types, however, methylation profiling has
largely served as a tool for discovery. Below, we outline
selected new and anticipated tumor types where methyla-
tion profiling has significantly contributed to its discovery
or refinement. In the majority of cases, this method repre-
sents a highly sensitive assay that captures a wide range of
histology and genetic alterations (e.g. mutations, CNVs, fu-
sions) that converge on a common epigenetic signature.

Gliomas

High-grade astrocytoma with piloid features (HGAP) is a
recently described tumor type that comprises a distinct
methylation group and harbors a variable combination of
alterations in telomere maintenance (ATRX, TERT promoter
mutations), the cell cycle pathway (CDKN2A/B deletion/
mutation, CDK4 amplification), and the MAPK pathway?3;
the latter can include NF17 deletion/mutations (somatic or
germline), BRAF fusions (e.g. KIAA1549:BRAF), FGFR1
fusion/mutations, or, rarely, KRAS or BRAF p.V600E mu-
tations. The histologic findings largely overlap with other
gliomas and can include features of pilocytic astrocytoma
(PA) and pleomorphic xanthoastrocytoma (PXA), but can
also mimic prototypic glioblastoma (GBM) with increased
mitotic activity, microvascular proliferation, and ne-
crosis.?3” HGAP are most commonly seen in young adults
(median 40 years) and are found predominantly in the pos-
terior fossa but can be seen in the supratentorial region.
Notably, HGAP is thought to be rare in children (age 0-16),
with the majority of morphologically-diagnosed “pilocytic
astrocytoma with anaplasia” in this age group clus-
tering with other methylation classes, including pilocytic
astrocytoma and IDH-wildtype GBM.38

HGAP forms a distinct group on t-SNE or UMAP
embedding of DNA methylation array data (Figure 2). The
methylation class “anaplastic pilocytic astrocytoma” (ANA
PA, not to be confused with the aforementioned “pilocytic
astrocytoma with anaplasia”) is included in the current ver-
sion of the Classifier (v11b4),?” and is anticipated to be in-
cluded in an upcoming expanded iteration as HGAP (v12).
This change in designation is intended to underline the
aggressiveness and wider morphological spectrum com-
pared to pilocytic astrocytoma. Presently, methylation pro-
filing is the only method to diagnose this tumor type. The
genetic alterations found in HGAP (e.g., CDKN2A/B homo-
zygous deletion, ATRX mutation, BRAF fusion) are, in isola-
tion, not specific and can be seen in other CNS tumor types.
However, the combination of these genetic alterations, or
even the presence of ATRX loss by immunohistochemistry
in a pilocytic-like IDH- and H3-wildtype astrocytoma, should
raise the suspicion of HGAP. Clinically, distinction from
other high-grade gliomas is important as HGAP has a more
aggressive outcome than PA and PXA, but significantly
better overall survival than IDH-wildtype GBM.36The impor-
tance of an accurate diagnosis is underscored by the fact
that HGAP is not infrequently misdiagnosed as GBM.%” As
highlighted in our review, resolving histologically-similar
tumor types into biologically and clinically relevant types
is among the significant advantages of DNA methylation-
based classification (Figure 3).
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Infant-type (infantile) hemispheric glioma (IHG) is a
genetically heterogeneous group of high-grade gliomas
that are primarily seen in children less than one year
of age (median age 2.8 months).?® The histopathology
of IHG is not specific and may include gemistocytic,
gangliocytic, ependymal, and primitive features, in addi-
tion to the typical appearance of a high-grade glioma.404!
IHG tend to involve the leptomeninges and can dissem-
inate within the neuraxis.*® A common genetic feature
in this group is the presence of receptor tyrosine kinase
(RTK) alterations consisting of fusions in the ALK, ROS1,
NTRK1/2/3, and MET genes present in 61-83% of re-
ported cases.394

Despite the range of histopathology and the variety
of fusion genes, a common DNA methylation signature
helps define IHG. However, identifying the specific fusion
can provide valuable options for therapeutic targeting.
In the US, two drugs are currently FDA-approved for
use in any solid tumor harboring an NTRK fusion or
TRK oncoprotein (“tumor-agnostic”): entrectinib and
larotrectinib.*>4®  Importantly, entrectinib  recently
showed in vitro efficacy and sustained CNS exposure
in an intracranial tumor model.** While ALK and ROS1
fusions are relatively specific to IHG among gliomas,
NTRK fusions have also been observed in adult-type
glioblastoma subtypes,*' pilocytic astrocytoma,*® pleo-
morphic xanthoastrocytoma,*® and H3K27M-mutant dif-
fuse midline glioma.*” Methylation profiling thus serves
as a sensitive diagnostic assay for IHG and can direct
therapeutically-relevant sequencing.

There are currently two CNS tumor types harboring an
MYB or MYBL alteration: diffuse astrocytoma, MYB or
MYBL-altered (DA-MYB/L), and angiocentric glioma (AG).

Collectively, these are IDH/H3-wildtype diffuse gliomas
with low-grade histologic features that harbor structural
alterations in the MYB or MYBL genes.These tumors com-
monly arise in the cerebral hemispheres but can rarely
present in the infratentorial region.*®4° DA-MYBI/L are fre-
quently associated with seizures due to their cortical loca-
tion in many cases and belong to a group of developmental
CNS neoplasms called long-term epilepsy-associated
tumors (LEAT).5® There are often overlapping histologic
features between DA-MYB/L and AG. The monomorphic
appearance of DA-MYB/L, fine fibrillary matrix, and dif-
fuse infiltration led to its initial description as “isomorphic
diffuse astrocytoma” in 2004.5" AG frequently consists of
bipolar spindle tumor cells oriented radially in a rosette-
like pattern around vessels. In 22 sequenced cases, eight
DA-MYB/L contained an MYBL1 fusion and three contained
an MYB fusion. In contrast, the majority of AG harbor an
MYB-QKlfusion (found in up to 99% of cases).

The methylation class in the current version of the
Classifier, “"LGG, MYB/MYBL-altered,” contains both iso-
morphic diffuse glioma and angiocentric glioma. However,
unsupervised analysis of these tumors with other high-
and low-grade gliomas has demonstrated a clear distinc-
tion between the two on both dimensionality reduction
and hierarchical clustering.*® While the MYB-QKI fusion
is present in the vast majority of AG, non-QKI/ partners
have also been detected.%? Interestingly, t-SNE embedding
also suggests a separation between these tumors and the
previously reported “pediatric-type MYB/MYBL diffuse
astrocytoma’*®% |t is likely that diffuse gliomas harboring
an MYB or MYBL alteration (fusion or CNV) comprise mul-
tiple methylation classes with distinct clinicopathologic
features.
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Glioneuronal Tumors

Diffuse glioneuronal tumor with oligodendroglioma-
like features and nuclear clusters (DGONC) is a recently
proposed, methylation-defined tumor type discovered
through unsupervised clustering of >25,000 CNS tu-
mors.5*This represents true class discovery as a result of
the increasing use of the Classifier. The existence of this
class was further supported through iterative resampling
and cluster stability analysis, as well as the identification
of copy number changes involving chromosome 14 in
almost all cases. This was independently confirmed in a
separate series that also noted chromosome 1p and 3p
loss.%® The histologic appearance of DGONC may have
significant overlap with other tumor types, including
oligodendroglioma and CNS-PNET.5>* Genetic alterations
typically seen in low-grade glial or glioneuronal tumors,
such as FGFR1 and BRAF, have not been identified in
sequenced cases.?5% As genetic drivers have yet to be
elucidated in this tumor type, DNA methylation profiling
remains the only method for its detection.

Rosette-forming glioneuronal tumor (RGNT) is a
low-grade (WHO grade 1) glioneuronal tumor with hy-
brid histologic features including neurocytic rosettes/
pseudorosettes and a glial component most frequently
resembling pilocytic astrocytoma. A subset of RGNT may
lack this biphasic appearance and contain a predominantly
oligodendroglioma-like or PA-like histology.*®%” Indeed, 3
of 10 methylation-defined RGNT in a recent report were in-
itially characterized as “low-grade oligodendroglial tumor
NOS (not otherwise specified)” and lacked the character-
istic neurocytic rosettes.%” Genetically, RGNT are among
the FGFRT-altrered spectrum of LGG/LGNT and harbor
either an FGFR1 p.N546 or p.K656 mutation, identified
in 40 of 40 methylation-defined cases to date.?®%” There
is also a high frequency of co-occurring PIK3CA/PIK3R1
and NF1 mutations detected in 28/40 and 14/40 cases, re-
spectively.’®5” The combination of hotspot FGFR71 and
PIK3CA/PIK3R1 or NF1 mutations is reasonably specific for
RGNT with compatible histology.

RGNT forms a distinct cluster on both dimension-
ality reduction (t-SNE, UMAP) and hierarchical clus-
tering.?’5657 When faced with incomplete histologic
features, RGNT may closely resemble PA. Furthermore,
FGFR1 p.N546K or p.K656 hotspot mutations have been
detected in methylation-defined PA.%” Conversely, tu-
mors epigenetically aligned with PA may contain RGNT-
like histology with neurocytic rosettes.’” Therefore, a
subset of tumors clustering with RGNT may contain
overlapping genetic and histologic features of PA, and
vice versa. Further studies are required to determine the
clinical and/or biologic significance of these discrepan-
cies. Nevertheless, methylation profiling serves as a sen-
sitive method for the diagnosis of RGNT without the need
for hotspot detection of FGFR1 mutations. Confirmation
of FGFR1 mutations as a ubiquitous finding in RGNT may
also support methylation profiling as a useful surrogate
for this alteration and for directing targeted therapy (e.g.
FGFR1 inhibition®8),

Embryonal Tumors

Embryonal tumor with multilayered rosettes (ETMR)
is a high-grade (WHO grade 4) primitive CNS tumor
with distinct histologic features consisting of foci of
pseudostratified primitive neuroepithelial cells arranged
circumferentially around a lumen (true “ependymoblastic”
rosettes) and containing variable amounts of interspersed
neuropil.® ETMR is now the term given for three morpho-
logic variants: embryonal tumor with abundant neuropil
and true rosettes (ETANTR), ependymoblastoma, and
medulloepithelioma.®® The common molecular alteration
is a structural alteration in the microRNA cluster on chro-
mosome 19g13.42 (C19MC); this mostly frequently mani-
fests as a TTYH1-C19MC fusion with concurrent C19MC
amplification, the latter present in 87.9% (167/190) of pri-
mary ETMR in a recent large series,®' but can also include
DICER1 mutations (germline or somatic) in 11.4% (8/70),
or amplification of the miR-17-92 miRNA cluster on chro-
mosome 13 in 4.2% (3/70). A subset of ETMR do not show
miRNA cluster amplification or DICER1 mutations and can
harbor alternative C19MC partners including MYO9B.8'This
genomic heterogeneity is anticipated to refine the “embry-
onal tumor with multilayered rosettes, C19MC-altered”
nomenclature in the 5th edition of the WHO blue book to
encompass non-amplified and DICER7-mutant cases.

ETMR methylation profiles show clear separation from
other CNS tumor types and form a relative homogenous
group regardless of C19MC amplification or DICERT mu-
tation status.’’ The characteristic histology of multilay-
ered rosettes with admixed regions of neuropil is present
in the vast majority of cases. In combination with LIN28A
immunohistochemistry, the diagnosis can be readily made
at the microscope. However, reports of a glioneuronal-like
appearance®? and divergent differentiation (osteoid, mye-
loid, epithelial)®64 may complicate its recognition, partic-
ularly in relapse specimens.® Despite its high sensitivity,
LIN28A expression is not specific to ETMR and has been
reported in AT/RT,6:67 germ cell tumors,®® and HGG.5¢ DNA
methylation profiling thus serves as a sensitive and spe-
cific method for the diagnosis of ETMR, regardless of the
underlying histopathology or genetic alteration. While out-
come differences between amplified and non-amplified
ETMR have yet to be established, methylation-based copy
number assessment may also serve as a useful feature to
identify potential subtypes.

CNS tumor with BCOR internal tandem duplication (CNS-
BCOR-ITD) is a recently described high-grade tumor of un-
certain differentiation (often termed “neuroepithelial”).
These rare tumors can occur on either side of the tento-
rium cerebelli and are primarily seen in children and young
adults (median age 3.5 years).%® High-grade histology is
typically encountered (increased proliferation, necrosis)
with a conspicuous paucity of microvascular prolifera-
tion in one series.’® A myxoid background is usually seen,
and ependymoma-like (perivascular pseudorosettes) or
embryonal-like (Homer Wright-like rosettes) features may
be encountered.?%7° Currently, the defining genetic altera-
tion for this tumor type is an internal tandem duplication



Pratt et al. DNA methylation profiling in neuro-oncology

(ITD) in exon 15 of the BCOR gene on Xp11.4. Clinical fol-
low-up is limited, but 4/10 patients in one series had ev-
idence of recurrence (range 4-49 months) and combined
survival analysis of 24 patients showed a poor prognosis
(median OS: 1.7 years).®

While specific among CNS tumors, the exon 15 ITD in
BCOR that defines this tumor type is also present in clear
cell sarcoma of the kidney”' and undifferentiated round
cell sarcoma/primitive myxoid mesenchymal tumor of
infancy.”27® The methylation profile of CNS-BCOR-ITD
is distinct?® and the diagnosis can be reliably made with
methylation array profiling.?’ Interestingly, genetic al-
terations other than BCOR ITD may also occur in tumors
related to this methylation class. A recent study reported
two high-grade CNS tumors harboring an EP300:BCOR fu-
sion that clustered with the “CNS high grade neuroepithe-
lial tumor with BCOR alteration” methylation class’; we
independently found a sample from the TCGA harboring
an EP300:BCOR fusion also clustered near tumors of this
methylation class (Figure 3). While the further characteriza-
tion is needed, BCOR-altered CNS tumors may extend be-
yond the exon 15 ITD.

CNS neuroblastoma, FOXR2-activated (CNS-NB-FOXR2)
is a rare embryonal tumor with typical primitive histologic
features (Homer Wright rosettes) accompanied by occa-
sional neurocytic and/or gangliocytic differentiation. The
spectrum of genetic alterations in CNS-NB-FOXR2 is lim-
ited to a single study. In 6/8 sequenced samples, structural
alterations involving the FOXR2 gene on Xp11.21 were
identified, including three samples harboring FOXR2 fu-
sion transcripts mediated through gene translocation or
tandem duplication. A novel mitochondrial-nuclear fusion
was also reported. As discussed previously, the distinction
of CNS-NB-FOXR2 from other tumors manifesting as CNS-
PNET may have clinical relevance, with a reported better
outcome compared to other CNS embryonal tumors. The
utility of methylation profiling for CNS-NB-FOXR2 may en-
compass both diagnosis and surrogate identification of the
underlying alteration with copy number changes. In ~28%
of cases (13/46), 450k-derived copy number demonstrated
FOXR?2 alterations including deletion and breakpoints, of
which three cases that were sequenced harbored a FOXR2
fusion trancript.?®

There are currently four SMARCB1-inactivated (INI-1-
deficient) primary CNS tumor types that are either es-
tablished or provisionally recognized: atypical teratoid/
rhabdoid tumor (AT/RT), desmoplastic myxoid tumor
(DMT), cribriform neuroepithelial tumor (CRINET), and
poorly differentiated chordoma (PDC). Comprehensive
analyses of AT/RT (WHO grade 4) have revealed dis-
tinct methylation subtypes (SHH, TYR, MYC) and their
clinicopathologic significance is discussed in de-
tail elsewhere.”®’® As shown in Figure 2, these tumor
types often cluster in close proximity to each other
(CRINET data not available). Loss of the INI-1 protein by
immunohistochemistry has classically been associated
with AT/RT and is due to inactivation of the SMARCB1 gene
(22911.2) through structural alterations or mutations’”7s;
however, a small subset can harbor an inactivating alter-
ation in the SMARCA4 gene with corresponding loss of
the BRG1 protein.”® DMT are, in contrast, low-grade ap-
pearing tumors restricted to the pineal region and similarly

harbor inactivating alterations in SMARCB1.8° CRINET are
low-grade neuroepithelial tumors that show INI-1 loss pri-
marily through 22q hemizygous deletion with a “second
hit” inactivating mutation/deletion in SMARCB1.8' PDC are
primarily sacrococcygeal tumors with focal rhabdoid his-
tology and INI-1 loss.82 SMARCB1 inactivation in PDC has
only been demonstrated through gene deletion, with no
SMARCB1 mutations reported to date.83-8

The distinction between these tumor types is clinically
important and can be frequently resolved with histopa-
thology and imaging. However, atypical cases may pose
diagnostic difficulty. AT/RT and PDC (spinal) have a mean
OS of 14.4% and 518 months, respectively; however, sur-
vival estimates vary with AT/RT subtype. Survival data
for CRINET and DMT are limited but have been reported
with a mean OS of 125 (vs. 37 for AT/RT-TYR)8' and 36%°
months, respectively. Specific DNA methylation profiles
for AT/RT, PDC, and DMT are evident despite sharing a
common genetic alteration (Figure 2). Limited data on
CRINET has shown that it clusters with the AT/RT-TYR
subtype on methylation profiling.8' The data so far has
shown that DNA methylation profiling can resolve most
SMARCB1-inactivated CNS tumors that may pose diag-
nostic challenges.

Mesenchymal Tumors

CIC-rearranged sarcoma is a rare high-grade mesenchymal
neoplasm that occurs in both CNS and extra-CNS sites.The
extra-CNS counterpart was recently introduced in the 5th
edition of the WHO Classification of Soft Tissue and Bone
Tumors in 2020.87 Histologically, CIC-rearranged sarcomas
are characterized by spindled and/or round tumor cell mor-
phology with high-grade features (increased proliferation,
necrosis) and variable amounts of myxoid matrix.%8 The
characteristic genetic alteration is a translocation involving
CIC with various partner genes resulting in a fusion that
acts as a dominant oncogene.®® In the CNS, this most fre-
quently occurs as a CIC-NUTM1 fusion resulting from a
t(15;19) translocation.®® False negatives with CIC break-
apart FISH were been reported in 14% of CICfusion-positive
cases in one series.®® Additionally, a CIC frameshift muta-
tion had previously been identified in a fusion-negative
case.?® A recent report also noted the occurrence of a non-
CIC fusion gene involving ATXN17 and DUX4.°" Originally
termed a “Ewing-like” sarcoma, survival outcomes of CIC-
rearranged sarcomas are significantly worse than Ewing
sarcoma.% Furthermore, treatment with Ewing sarcoma-
based therapy showed an inferior pathologic response
in 70% of CIC-rearranged sarcomas.’? Thus, distinction
from EWS is clinically and prognostically important. C/C-
rearranged sarcomas cluster in a distinct group on methyl-
ation profiling independent of the underlying fusion gene/
mutation or anatomic site (Figure 2).

DICER1-mutant primary intracranial sarcoma is a newly-
recognized high-grade sarcoma that is defined by ei-
ther somatic and/or germline mutation(s) in the DICERT
gene on chromosome 14q32.13.%3 Tumors that occur in
the context of a germline DICER1 mutation may repre-
sent a hereditary or syndromic association (i.e. DICER1
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syndrome).® Histologic features have been frequently re-
ported with myogenic differentiation and morphologic
and immunophenotypic overlap with embryonal rhabdo-
myosarcoma.®® Consequently, a tentative name “spindle
cell sarcoma with rhabdomyosarcoma-like features,
DICERT mutant” was given. Similar to DICER71-mutant
pineoblastoma,®* a subset of these tumors do not harbor a
germline mutation and may have multiple somatic DICER1
mutations or copy number loss that results in biallelic
inactivation.®®

DICERT mutations are not specific to intracranial
sarcomas in this tumor class. As previously discussed, a
subset of methylation-defined ETMR also harbors somatic
DICER1T mutations in the absence of C19MC alterations.
A recent report also noted a loss of the H3K27me3 epige-
netic mark in DICER7-mutant tumors including intracranial
sarcoma, pineoblastoma, and ETMR, thus expanding the
spectrum of H3K27me3-negative CNS tumors.®® In this
context, morphologic and immunohistochemical distinc-
tion from H3K27me3-negative MPNST may be difficult.
Additionally, the histologic findings of DICER1-mutant in-
tracranial sarcoma are not specific and may overlap those
of other sarcomas such as synovial sarcoma, fibrosarcoma,
and gliosarcoma. DNA methylation profiling readily distin-
guishes DICER1-mutant primary intracranial sarcoma from
its histologic mimics. However, further studies are needed
to assess whether it can be differentiated from metastatic
DICER1-mutant tumors.

Epigenetic Subtyping of Established
CNS Tumors

Here we present examples of the contribution of DNA
methylation profiling to the subtyping of established WHO
CNS tumors. The 5t edition of the WHO classification for
CNS tumors is anticipated to include an increased number
of molecularly-defined subtypes. Methylation array pro-
filing has been shown to effectively identify and, in some
cases, define these subtypes, as outlined below.

Diffuse leptomeningeal glioneuronal tumor (DLGNT)
was recently introduced in the revised 4" edition of the
WHO Classification of CNS Tumors in 2016.5 DLGNT are
rare, predominantly pediatric tumors characterized by glial
and neuronal differentiation, leptomeningeal involvement,
and a monomorphous oligodendroglial-like cellular mor-
phology.®®The histologic features, however, can be variable
and may show substantial overlap with other tumor types
including pilocytic astrocytoma, anaplastic astrocytoma,
primitive neuroectodermal tumor, ganglioglioma, and
atypical neurocytoma.®” While they generally contain low-
grade histologic features, a subset of DLGNT demonstrate
features of anaplasia (mitoses, microvascular proliferation,
necrosis) and have been associated with shorter overall
survival in this context.®® Genetically, there is a high fre-
quency (75%) of the KIAA1549-BRAF fusion,®® chromosome
1p deletion (59-100%),%7%® and, less commonly, 1p/19q
codeletion (18-30%).%%%8 IDH1 or IDH2 mutations were not
detected in sequenced cases (n=10 and n=5, respectively).%’
Importantly, alternative mechanisms of MAPK pathway ac-
tivation may be seen in DLGNT including BRAF p.V600E

mutations,?¥1%° NTRK1/2/3, and RAF1 fusions,® and FGFR1
mutations.’ MAPK alterations are not specific and can
be seen in other glial or glioneuronal tumors. The pres-
ence of the KIAA1549-BRAF fusion, in conjunction with an
oligodendroglial-like low-grade histology, may be difficult
to distinguish from pilocytic astrocytoma; this is further
confounded by the fact that Rosenthal fibers and eosino-
philic granular bodies (EGBs) may also be seen in DLGNT.%’
Thus, there appears to be significant molecular and histo-
logic heterogeneity in DLGNT which can be diagnostically
challenging at both the microscopic and genetic level.

In DLGNT, methylation profiling is useful both as a diag-
nostic and prognostic assay. A recent study analyzing 30
methylation-confirmed cases of DLGNT identified two sub-
classes: MC-1 and MC-2.%7 In this series, methylation array-
based copy number profiling demonstrated chromosome
1p loss as a frequent finding in DLGNT. A focal gain of 7q34
was observed in 20/30 DLGNT cases, indicating the likely
presence of the KIAA1549-BRAF gene fusion. Age at pres-
entation was also significantly different between the two
methylation subclasses, with a median age of 5 for MC-1
and 14 years for MC-2. Most significant, however, was that
the DLGNT MC-2 subclass showed shorter OS and PFS in
this cohort.9” While this finding needs to be confirmed, it
is likely DNA methylation-based DLGNT subtypes will pro-
vide valuable prognostic information going forward.

Posterior fossa ependymomas are a clinically and mo-
lecularly heterogeneous group of ependymal tumors.
They are the prototypic epigenetically-driven CNS tumor
and have been shown to (largely) lack recurrent genetic al-
terations." There are two broad types of posterior fossa
ependymomas supported by clinical, gene expression, and
DNA methylation data: group A (PFA) and group B (PFB).
Morphologic features alone are insufficient to distinguish
the two. At the microscope, loss of the H3K27me3 mark is
currently diagnostic of PFA in the correct histologic and ana-
tomic context,'® and results from PRC2 inhibition via EZHIP
overexpression.'% PFA ependymomas have a significantly
worse overall survival compared to PFB,'® highlighting
the importance of this distinction. Histologic grading is
likely to have little impact on prognosis within molecular
subgroups of ependymomas, including PFA and PFB.104-106
A subset of subependymomas within the fourth ventricle
and posterior fossa (methylation class “subependymoma,
posterior fossa”) may contain mixed histologic features
of ependymoma and subependymoma.’?’'%¢ |In our expe-
rience, features of classic ependymoma may be encoun-
tered in this class even in the total absence of characteristic
subependymoma histology. The clinical significance of
these histologically-confirmed ependymomas that cluster
with posterior fossa subependymoma is unclear.

Methylation array profiling is a powerful diagnostic
tool for posterior fossa ependymomas and may also
provide tumor type-specific prognostic information. In
a study of 675 PFA ependymomas, two subgroups and
nine subtypes were identified.'** Within the PFA-1 sub-
group, poorly prognostic subtypes were identified by
methylation clustering. Currently, distinguishing PFA
from PFB is the most clinically relevant use of methyla-
tion profiling in posterior fossa ependymomas; however,
additional analyses may identify or confirm these clini-
cally aggressive PFA subtypes. PFB ependymomas have
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similarly been shown to harbor molecular heterogeneity.
Five distinct methylation-based subtypes were identified
in a cohort of 212 PFB ependymomas.’® Differences in
patient demographics and copy number (13q loss as a
prognostic marker) were the predominant findings from
subtype analysis.Thus, in addition to the reliable separa-
tion of PF ependymoma types by methylation profiling,
copy number analysis may provide type-specific prog-
nostic information.

Medulloblastomas (MB) are among the most
histologically, molecularly, and clinically characterized
CNS tumors. The revised 4th edition of the WHO blue
book® introduced genetically-defined entries for MB sub-
types that reflect their significant biologic and clinical
heterogeneity. These subtypes include WNT-activated
(wingless signal transduction pathway), SHH (sonic
hedgehog signaling pathway), and non-WNT/non-SHH
(groups 3 and 4). It is clinically important to make this mo-
lecular distinction: WNT-activated MB have a significantly
better prognosis (>95% OS at 5 years in pediatric patients),
while groups 3 and 4 have poor OS and often have met-
astatic disease at presentation. The clinical and genetic
features that comprise these subtypes has been reviewed
elsewhere.”® A recent large-scale combined analysis of
1,501 group 3 and 4 MB revealed eight subtypes using
both methylation and gene expression data.” In addition
to genetic differences among these subtypes, three risk
groups were identified with significantly different survival
outcomes: group 1 (“high-risk”) had a 5-year OS of 50%,
compared to the “standard risk” group with a 5-year OS
of 82%. This refinement of group 3/4 MB by methylation
profiling was also translated into an ancillary random
forest classifier that can be used in conjunction with the
original Heidelberg Classifier. The additional refinement
of medulloblastoma subtypes by methylation profiling is
likely to be translated into the clinic in the future.

Conclusions, Limitations, and Future
Directions

The integration of DNA methylation profiling into the rou-
tine work-up of CNS tumors has demonstrated improved
diagnostic precision and clinically meaningful stratifica-
tion of tumor types. The ability to capture the immense
morphologic and genetic heterogeneity in primary CNS
tumors remains the most robust feature of DNA methyla-
tion profiling. This is particularly valuable in histologically-
ambiguous tumor types that may harbor targetable
alterations (e.g., IHG). The technique has been demon-
strated to be robust in confirming histologic diagnoses and
may soon be adapted to providing useful diagnostic in-
formation even prior to receiving fixed tissue (H&E slides)
for evaluation (e.g. intraoperative long-read sequencing).
A notable limitation of the Infinium BeadChip assay is
the relatively higher amount of DNA that is required for
hybridization (~250 ng). While this is significantly less than
WGBS and RRBS requirements, brain tumor biopsies are
often small and frequently yield a suboptimal amount
of DNA. However, in our practice, we have been able to
achieve meaningful classification results down to 20 ng of

DNA (unpublished data). An inherent limitation to the use
of bulk tissue for analysis is the presence of admixed non-
neoplastic cells that may attenuate or obscure the signal of
interest. These contaminants are particularly prevalent in
brain tumor specimens where infiltration of normal brain
tissue is a defining feature of many CNS tumor types. While
other variables exist (DNA quality, batch effects), DNA yield
and tumor purity are notable challenges in the translation
of DNA methylation arrays to routine clinical practice.

Not infrequently, classification results may be
non-contributory (suboptimal classifier score) or not con-
gruent with the clinical, histopathologic, or molecular
features of the case (“misleading profile”). While this can
be due to the aforementioned pre-analytic factors, inter-
pretation can often be improved with visual inspection of
unsupervised UMAP or t-SNE embedding(s). In our expe-
rience, the power of this approach is largely dependent
on the sample size and distribution of tumor types. In the
setting of a “suggestive” classifier score (e.g. below 0.85),
our experience has shown that concordance of orthogonal
methods to assess methylation class (t-SNE, UMAP) serves
to add confidence in suggesting a specific diagnosis for a
tumor. Alternatively, in the instance where these comple-
mentary methods are discordant, confidence for a specific
tumor class is lower, and often in these cases a purely de-
scriptive diagnosis is rendered. Additionally, appropriate
bioinformatics techniques and quality control should be
carefully employed. As we move forward with machine
learning-based classifier development, real-time unsu-
pervised clustering of tumor samples and employment of
complementary methods of classification will undoubtedly
form a useful adjunct for difficult-to-classify cases.

Finally, the recent implementation of DNA methyla-
tion array-based classification in bone and soft tissue pa-
thology"? may herald a similar paradigm shift for other
subspecialties. Of the 33 cancer types profiled through the
TCGA, comprehensive molecular profiling has revealed bi-
ologically and/or prognostically-meaningful subgroups in
all types based on unsupervised clustering of DNA methyl-
ation data (see references in the Supplementary Material),
further underscoring its potential clinical utility in other
cancers. Given the increasing reliance on methylation pro-
filing in CNS tumor diagnostics and its adoption in clinical
classification criteria, further study and utilization of this
clinically useful platform are warranted in the practice of
diagnostic neuropathology, in particular for uncommon
and rare CNS neoplasms.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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