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Diffuse glioneuronal tumour with oligodendroglioma-like features and nuclear clusters (DGONC) - a
molecularly defined glioneuronal CNS tumour class displaying recurrent monosomy 14

Aims: DNA methylation-based central nervous system
(CNS) tumour classification has identified numerous molec-
ularly distinct tumour types, and clinically relevant sub-
groups among known CNS tumour entities that were
previously thought to represent homogeneous diseases.
Our study aimed at characterizing a novel, molecularly
defined variant of glioneuronal CNS tumour. Patients and
methods: DNA methylation profiling was performed
using the Infinium MethylationEPIC or 450 k BeadChip
arrays (Illumina) and analysed using the ‘conumee’
package in R computing environment. Additional gene
panel sequencing was also performed. Tumour samples
were collected at the German Cancer Research Centre
(DKFZ) and provided by multinational collaborators. His-
tological sections were also collected and independently
reviewed. Results: Genome-wide DNA methylation data
from >25 000 CNS tumours were screened for clusters
separated from established DNA methylation classes,

revealing a novel group comprising 31 tumours, mainly
found in paediatric patients. This DNA methylation-de-
fined variant of low-grade CNS tumours with glioneu-
ronal differentiation displays recurrent monosomy 14,
nuclear clusters within a morphology that is otherwise
reminiscent of oligodendroglioma and other established
entities with clear cell histology, and a lack of genetic
alterations commonly observed in other (paediatric)
glioneuronal entities. Conclusions: DNA methylation-
based tumour classification is an objective method of
assessing tumour origins, which may aid in diagnosis,
especially for atypical cases. With increasing sample size,
methylation analysis allows for the identification of rare,
putative new tumour entities, which are currently not
recognized by the WHO classification. Our study revealed
the existence of a DNA methylation-defined class of low-
grade glioneuronal tumours with recurrent monosomy
14, oligodendroglioma-like features and nuclear clusters.

Keywords: brain tumour, DNA methylation classification, glioneuronal tumour, monosomy 14, paediatric
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Introduction

For optimal management of patients suffering from the
central nervous system (CNS) tumours, accurate diagno-
sis is crucial to predicting clinical course and to the
rational selection of the appropriate therapy for each
individual patient. However, the extensive diversity of
CNS tumours — exceeding currently recognized histologi-
cally defined tumour entities — poses a challenge for the
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standardization of diagnostic processes [1,2]. Extensive
DNA methylation profiling of brain tumours — represent-
ing a combination of somatic, tumour-specific DNA
methylation changes together with a presumed ‘molecu-
lar memory’ of the specific cell of origin for a given
tumour type — has revealed the existence of novel, molec-
ularly defined CNS tumour entities and provided insight
into clinically relevant molecular subgroups among
known CNS tumour types, which were previously
thought to represent a homogenous disease [3—11].

In the WHO 2016 classification, glioneuronal CNS
tumours (GNTs) were represented by a diverse spectrum
of tumour entities, including gangliogliomas (WHO
grade I), anaplastic ganglioglioma (WHO grade III),
desmoplastic infantile astrocytoma and ganglioglioma
(WHO grade 1), papillary glioneuronal tumour (papil-
lary GNT) (WHO grade I), rosette-forming GNT (WHO
grade I) and diffuse leptomeningeal GNT (DLGNT). The
aforementioned tumour entities were associated with
underlying, characteristic genetic alterations, including
BRAF V600E mutations in gangliogliomas, KIAA1549-
BRAF fusions in DLGNT, SLC44A1-PRKCA fusion in
papillary GNT and mutation of PIK3CA and FGFR1 in
rosette-forming GNT [1,12,13].

Recent studies have shown that based on DNA
methylation classification, most histopathological GNT
entities cluster into corresponding methylation classes.
Furthermore, GNT entities such as DLGNT could be fur-
ther stratified into clinically relevant, molecularly dis-
tinct subgroups [5].

Here, we introduce a novel, molecularly defined CNS
tumour type with glioneuronal features, nuclear clusters
and recurrent monosomy 14, for which we provisionally
propose the term ‘diffuse glioneuronal tumour with
oligodendroglioma-like features and nuclear clusters’, or
DGONC. To elucidate the underlying molecular mecha-
nisms, we performed molecular characterization of this
entity based on DNA methylation and copy number pro-
filing, RNA and targeted DNA sequencing together with
clinical and neuropathological re-evaluation.

Materials and methods

Tumour samples and patient population

Tumour samples and clinical patient data were collected
from the archives of the Dept. of Neuropathology, Neu-
rosurgery, Medical Oncology or Paediatric Oncology at

Heidelberg, Berlin, Bonn, Cologne, Essen, Freiburg,
Hamburg, Hannover, Tiibingen, Freiburg, Liibeck (Ger-
many), Vienna (Austria), Marseille (France), Amster-
dam (The Netherlands), Rome (Italy), Memphis, New
York (USA), Montreal (Canada) and Perth (Australia).
Tumour tissue and clinical data were analysed in accor-
dance with the local ethical regulations. Informed con-
sent was obtained from all patients and/or their legal
representative according to local guidelines. Additional
clinical details are listed in the Table S1.

DNA and RNA extraction, RNA and targeted gene
panel sequencing, and DNA methylation profiling

DNA and/or RNA from tumour tissue with tumour cell
content over 80% by histopathological evaluation were
extracted from FFPE tissue (Maxwell 16 FFPE Plus LEV
DNA Purification Kit and Maxwell 16 LEV RNA FFPE Kit,
Promega, Madison, WI, USA). RNA and targeted gene
panel sequencing were performed as previously described
[14,15]. DNA methylation profiling was conducted using
the Infinium MethylationEPIC (850k) BeadChip (Illu-
mina, San Diego, CA, USA) or Infinium HumanMethyla-
tion450 (450k) BeadChip (Illumina) array, as previously
described [4,8]. Further processing and genome-wide
analyses were performed using the ‘conumee’ package in
R (http://www.bioconductor.org) [3,9].

Patient cohort selection

Genome-wide DNA methylation data from >25 000
CNS tumours in the extended Heidelberg cohort were
screened for clusters of tumours separated from estab-
lished DNA methylation classes by t-SNE analysis (t-Dis-
tributed Stochastic Neighbor Embedding) as previously
described [3,5,16], revealing a novel group comprising
31 tumours. A further targeted t-SNE analysis was per-
formed based on the 10 000 most variably methylated
probes, confirming the existence of a distinct methyla-
tion class when compared with 160 well-characterized
reference samples representing CNS tumours of defined
histological and/or molecular subgroups, confirming
the distinct nature of DGONC (as described below).
Unsupervised hierarchical clustering was performed
using the 10 000 probes with the highest standard
deviation. The Euclidean distance between samples was
calculated and followed by applying Wards linkage
method for sample clustering. In the heat map, probes

© 2019 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
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were reordered by complete linkage hierarchical cluster-
ing of the Euclidean distance between the probes.

In order to substantiate the robustness of the novel
cluster, a more comprehensive t-SNE analysis was per-
formed, using variance weighted 1-Pearson correlation
distance (perplexity = 10) (Figure S2a), comprising all
cases from Capper, Jones, Sill, Hovestadt et al. Nature
2018 [3] (https://media.nature.com/original/nature-
assets/nature/journal/v555/n7697/extref/nature
26000-s3.xIsx) and Deng et al. Acta Neuropathologica
2018 [5], representing the selected reference entities,
as shown in Figure 1la. Both t-SNE analyses, the initial
one with 160 reference samples and the larger subse-
quent analysis show that the DGONCs remain a distinct
and robust tumour group. In addition, HDBSCAN anal-
ysis  with minPts = 8  (https://arxiv.org/pdf/1602.
03730.pdf) was performed with the subsequent larger
reference cohort (Figure S2b). This was repeated 500
times on a random subset of 80% of the data, showing
a high degree of stability in the number of detected
clusters over 500 resampling iterations (Figure S2c),
indicating a stable and distinct methylation group of
DGONCs. Furthermore, cluster stability (Figure S2d)
indicates the proportion of times when two samples are
assigned to the same cluster averaged over all samples

in the clustering of the complete data set. The heat
map representing the consensus matrix (Figure S2e)
shows how often two samples are assigned to the same
cluster over 500 resampling iterations. Hence, the DNA
methylation classification represents a robust tool in
separating the different samples, while DGONCs display
a distinct genome-wide DNA methylation profile when
compared to other reference brain tumour entities.

Histopathology and immunohistochemistry

Where possible (13/31), haematoxylin and eosin
(H&E)-stained formalin-fixed paraffin-embedded (FFPE)
sections from tumours in the DGONC methylation class
were reviewed by experienced neuropathologists (FS,
AK) according to WHO 2016 guidelines.

Statistics

Overall survival (OS) and progression-free survival (PFS)
were evaluated by Kaplan—Meier analysis and log-rank
test. Binary and categorical patient characteristics between
subgroups were analysed using two-sided Fisher's exact
test. P-values <0.05 were considered significant. All analy-
ses were performed using RStudio Version 1.2.1335.
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Figure 1. DNA methylation profiling of DGONC. t-SNE (a) and unsupervised hierarchical clustering (b) analyses were performed based
on the 10 000 most variably methylated probes, revealing the existence of a distinct DGONC methylation class. DGONC samples (n = 31)
were compared with 160 well-characterized reference samples representing CNS tumours of defined histological and/or molecular
subgroups, confirming the distinct nature of the DGONC entity. Reference cohorts: CNCYT, central neurocytoma; CNS HGNET-BCOR,
CNS high-grade neuroepithelial tumour with BCOR alteration; CNS EFT-CIC, CNS Ewing sarcoma family tumour with CIC alteration; CNS
HGNET-MN1, CNS high-grade neuroepithelial tumour with MN1 alteration; CNS NB-FOXR2, CNS neuroblastoma with FOXR2 activation;
DLGNT, MC-1 and 2, diffuse leptomeningeal glioneuronal tumour, methylation classes 1 and 2; DNET, dysembryoplastic neuroepithelial
tumour; EVNCYT, extraventricular neurocytoma; GBM_K27, Histone 3 K27M-mutant glioblastoma; GBM_PDGFRA, H3/IDH-wild-type
glioblastoma RTK I group; LGG_MYB, low-grade glioma, MYB/MYB-L1; O_IDH, IDH glioma, subclass 1p/19q co-deleted

oligodendroglioma; PA_CORT, hemispheric pilocytic astrocytoma.
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Results

DNA methylation profiling identifies a novel
glioneuronal CNS tumour entity

Genome-wide DNA methylation data from >25 000
CNS tumours (generated via Illumina DNA methylation
array) in the extended Heidelberg cohort were screened
for clusters of tumours separated from established DNA
methylation classes by t-SNE as previously described
[5], revealing a novel group comprising 31 tumours.
The distinct nature of this class was confirmed through
a focused, t-SNE and unsupervised hierarchical cluster-
ing analysis of DNA methylation patterns comparing
the 31 tumours with 160 well-characterized reference
samples representing CNS tumours of known histologi-
cal and/or molecular entities that were thought to be
possible morphological mimics (Figure 1). There is also
a hint of possible further substructure within this group
based on the t-SNE analysis, but the numbers are too
small to confirm this (or not) at present.

Initial diagnoses of DGONC

Initial histological diagnoses were available for 29 of the
31 DGONC tumours, and included primitive neuroectoder-
mal tumours WHO grade IV (9/29, 31%), atypical extra-
ventricular neurocytoma WHO grade II (5/29, 17%),
glioblastoma WHO grade IV (4/29, 14%), anaplastic
oligodendroglioma WHO grade III (IDH and 1p/19q status
not assessed for diagnosis, 4/29, 14%), low-grade glioma
(3/29, 10%), as well as single cases originally diagnosed
as central neurocytoma WHO grade II, complex dysem-
bryoplastic neuroepithelial tumour WHO grade T (DNET)
and ependymoma WHO grade II.

DGONCs
(n=13; F.S. and A.K.) were characterized as clear cell

available for neuropathological review
neoplasms with diffuse infiltrative growth. The strong
MAP2-positivity of DGONC tumours, in combination
with predominant GFAP-negativity and mainly strong
synaptophysin-positivity, suggests the glioneuronal nat-
ure of this tumour class (Figure 2).
Histological reports and personal
regarding the remainder were compatible with these find-
ings, except for three which had features qualifying for the
diagnosis of CNS neuroblastoma. Thus, a distinctive com-
bination of oligodendroglioma-like perinuclear haloes,
clear cell appearance, vascular proliferation and nuclear

communication

clusters represented the hallmark morphology of most
DGONC (Figure S1). Nuclear clusters in DGONCs were
generally narrowly arranged with scarce surrounding
cytoplasm, partly resembling ‘pennies on a plate’ [17].
Neuropil-like islands in the perivascular region and the
presence of focal lymphocytic infiltrations and macro-
phages were encountered in a subset of cases. Giant cells,
perivascular pseudorosettes or calcifications were observed
in single cases.

These findings also explain the spectrum of initial
diagnoses: The diagnosis of oligodendroglioma, neuro-
cytoma and DNET is in line with the clear cell histol-
ogy of DGONC. In particular, positivity for MAP2 and
lack of pronounced GFAP expression may trigger the
diagnosis of oligodendroglioma, especially in absence of
testing for 1p/19q and IDH status. In turn, with detec-
tion of strong synaptophysin expression and weak
GFAP staining, provided a proven wild-type status of
IDH and 1p/19q, the differential diagnoses of neurocy-
toma and DNET can be raised. With the impression of
pleomorphism resulting from the nuclear clusters, and
the diffuse infiltration, higher grade neuroepithelial
tumours, including glioblastoma and primitive neuroec-
todermal tumours could also be considered.

Recurrent monosomy 14 represents a hallmark in
DGNOC

Monosomy 14 represented a unifying molecular feature
among DGONCs, encountered in 30 of 31 cases (97%)
on copy number profiles derived from DNA methylation
arrays. Further recurrent large-scale chromosomal
alterations included gain of chromosomal arm 1q (8/
31, 26%) and 17q (18/31, 58%), and loss of 19q (11/
31, 35%) (Figure 3). While monosomy 14 is not exclu-
sively found in DGONC, no other entity in the reference
set showed a frequency of this alteration anywhere
close to ~100% (Figure S3).

Absence of characteristic genetic alterations
compared with other glioneuronal CNS tumour
entities

RNA (n = 8) and gene panel DNA (n = 13) sequencing
were performed for a subset of cases with material
available [15]. None of the tumours harboured somatic
hotspot mutations in genes encoding histone 3 vari-
ants, IDH1/2 or the TERT promoter region. Mutations

© 2019 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
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Scale = 100 pm

Figure 2. Histopathological features of molecularly defined DGONC. DGONCs display clear cell features with moderate- to high-cellularity
and diffuse infiltration. Tumour cells exhibit isomorphic, round nuclei with oligodendroglioma-like perinuclear haloes (a—e). Vascular
proliferation (a—b) and neuropil-like islands (b) were encountered in a subset of cases. Nuclear clusters (arrow) represent a hallmark
feature in DGONCs (a, ¢, d). Giant cells were encountered in one case (f, DGNOC-22). DGONCs were preponderantly characterized by
GFAP-negativity (g), strong MAP2- (h) and synaptophysin-positivity (i), and focal NeuN-positivity (j, not clearly discernible from residual
cells). Scale bars represent 100 pum.

© 2019 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
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affecting BRAF V600 were also absent, in contrast to
various other glioneuronal CNS entities such as gangli-
ogliomas. Copy changes
KIAA1549:BRAF fusions, as seen in pilocytic astrocy-
toma and diffuse leptomeningeal GNTSs, were missing in
DGONCs [18-20]. One case (DGONC-30) demonstrated
a gain of FGFR1 on copy number profile, while RNA
sequencing remained inconspicuous for FGFR1 fusions.

number indicative  of

Clinical characteristics and survival outcome

DGONCs were found to predominantly occur in paedi-
atric patients (median: 9 years) with individual cases
exhibiting a notably higher age at diagnosis (range 2—
75 years). No gender predilection was observed in our
series (M:F, 1:1). DGONCs were located in the cerebral
hemispheres, preferentially emerging from the temporal
lobes, and did not display tumour dissemination at ini-
tial
DGONC patients indicated a relatively favourable clini-

presentation. Available follow-up data of 12

cal course despite the fact that many of the original
histological diagnoses were of high-grade lesions, with
disease progression in 3 of 12 patients (5-year PFS:
79%). Two patients eventually died 25 and 96 months
after the initial diagnosis (5-year OS: 86%; Figure 4).

Discussion

In recent years, large-scale genomic and epigenomic
analyses have shown that DNA methylation-based CNS
tumour classification utilizing machine learning repre-
sents a valuable tool, identifying clinically relevant sub-
groups in various CNS tumour entities, which were

previously considered a homogenous disease [1,3—
5,7-,11]. BEspecially in contrast to conventional
(@ *
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pathology, methylation-based tumour classification is
not subjected to the pressure of assigning all tumours to
established entities even for atypical cases. With increas-
ing sample size, the methylation classifier allows and
facilitates the identification of exceptionally rare, puta-
tive new tumour entities, which are currently not recog-
nized by the WHO classification due to their rarity and/
or histological overlap with existing entities [3,4,9].
Here, our study led to the identification of a novel,
methylation-defined glioneuronal CNS tumour class,
provisionally designated ‘diffuse glioneuronal CNS
tumour with oligodendroglioma-like features and
nuclear clusters (DGONC)'. The histological profile of
the DGONC tumour class exhibited a substantial over-
lap with other CNS tumour entities, including the pres-
ence of a clear cell morphology, vascular proliferation
and GFAP-negativity, which are commonly seen in
oligodendroglioma,
droglioma’ or neurocytic tumours. Furthermore,
DGONC tumours partly resemble ‘CNS-PNET’ based on
their high, isomorphic cellularity in combination with

(anaplastic) ‘paediatric oligoden-

the expression of synaptophysin, explaining the previ-
ous other designations of the tumours of this type in
the light of the WHO classification criteria.

While oncogenic events, which are characteristic in
other glioneuronal CNS tumour entities (e.g. BRAF or
FGFR alterations), were absent in our series, further
analyses with larger cohorts are required to elucidate
the underlying mechanisms leading to the occurrence
of this enigmatic DNA methylation-defined CNS tumour
class. Implementation of this class into novel versions
of the brain tumour classifier (molecularneuropathol-
ogy.org) will also assist in identifying additional cases.
Based on the as-yet limited survival analysis, this CNS
tumour class may best correspond to WHO grade II,
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Figure 3. Copy number profiles reveal recurrent monosomy 14 in DGNOC. Summary of large-scale chromosomal gains and losses are
shown in (a) for all cases. Copy number profiles derived from DNA methylation arrays (b) revealed monosomy 14 in 30 of the 31 cases.
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Figure 4. Clinical patient information and survival analysis in DGONC. Patient age at diagnosis, gender distribution and tumour locations are
shown in (a). Kaplan—-Meier curves for progression-free and overall survival (b) are illustrated with numbers at risk at each time point.

although this hypothesis will require confirmation in
larger series of uniformly treated patients.

Our findings illustrate the existence of a DNA methyla-
tion-defined class of low-grade GNTs with recurrent
monosomy 14, nuclear clusters within a morphology that
mimics various previously established entities, and a lack
of oncogenic alterations commonly observed in other
(paediatric) glioneuronal entities, representing a distinct
molecular variant within a spectrum of low-grade GNTs.
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