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Abstract

Dysembryoplastic neuroepithelial tumors (DNET) are considered
to be rare, benign, and associated with chronic epilepsy. We present
the case of a 28-year-old man with a history of epilepsy since age 12.
Surgery of an occipital cortical lesion in 2009 revealed a DNET.
Five years later, a recurrent tumor at the edge of the resection cavity
was removed, and the tissue underwent an intensive diagnostic workup.
The first tumor was unequivocally characterized as a DNET, but neu-
ropathological diagnostics of the recurrent tumor revealed a glioblas-
toma. After 6 months, another recurrent tumor was detected next to the
location of the original tumor, and this was also resected. An Illumina
450 K beadchip methylation array was performed to characterize all of
the tumors. The methylation profile of these tumors significantly dif-
fered from other glioblastoma and epilepsy-associated tumor profiles
and revealed a DNET-like methylation profile. Thus, molecular char-
acterization of these recurrent tumors suggests malignant transforma-
tion of a previously benign DNET. We found increased copy number
changes in the recurrent DNET tumors after malignant transformation.
Modern high-throughput analysis adds essential molecular information
in addition to standard histopathology for proper identification of rare
brain tumors that present with an unusual clinical course.

Key Words: Copy number changes, Dysembryoplastic neuroepithe-
lial tumor (DNET), Epigenetic alteration, Illumina 450 K beadchip
methylation array, Malignant DNET, Methylation.
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INTRODUCTION

Dysembryoplastic neuroepithelial tumors (DNETSs) are
classified as low-grade (World Health Organization [WHO] I)
tumors with a good prognosis. If they are symptomatic, they
can be treated successfully by surgery alone. Daumas-Duport
et al first described DNETSs as curable tumors of young pa-
tients; they are cortical lesions with multinodular architecture
containing loci resembling diffuse oligodendroglioma, oligoas-
trocytoma, and astrocytoma elements with “floating neurons”
(1). Kleihues et al described DNETs as slow-growing tumors
that typically do not undergo malignant transformation to
high-grade tumors (2). Moreover, 11 cases of suspected recur-
rent DNET were recently reanalyzed and reclassified as low-
or high-grade astrocytoma or oligoastrocytoma based on histo-
pathological and immunohistochemical features (3). Malignant
transformation of DNET is not considered in the current ver-
sion of the WHO classification of CNS tumors, and no infor-
mation exists whether or not these tumors maintain their
DNET characteristics upon malignant transformation. We re-
port the case of a recurrent DNET with secondary malignant
transformation mimicking histopathological features of a glio-
blastoma (GBM). Methylation analysis by Illumina 450 K
beadchip methylation array and comparison with methylation
patterns of glial tumors in The Cancer Genome Atlas and the
German Cancer Research Center (DKFZ) databases allowed
identification of the recurrent tumor as a DNET that had under-
gone malignant transformation with a methylation pattern dis-
tinct from that of malignant gliomas.

MATERIALS AND METHODS

Patient

A 28-year-old man suffered from a seizure disorder
since the age of 12. His disorder was described as structural
epilepsy with visual aura followed by secondary bilateral
tonic-clonic seizures. In 2009, an MRI brain scan revealed a
cortical and subcortical occipital lesion localized next to the
optical fiber tracts with low signal in T1-weighted images,
high signal in T2-weighted images, and no contrast enhance-
ment or mass effect (Fig. 1A). The tumor was identified as
the epileptogenic focus by presurgical epilepsy diagnostics.
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The patient underwent surgery, and the tumor was subtotally
resected due to the proximity to the optic tract, which was
successfully preserved. Histopathologically, the tumor was
characterized as a DNET WHO grade I (Fig. 2). Yearly post-
operative follow-up scans were performed (Fig. 1B, C). Five

years later, the patient developed deterioration of his overall
clinical condition and an increase in the frequency of the epi-
leptic seizures. An MRI brain scan revealed a new contrast-
enhancing lesion with slight mass effect but without exten-
sive brain edema next to the cortical left occipital resection

A April 2009 B First Follow-up August 2009 C Follow-up 2010-2014

D Visual Fiber
tracking May 2014

- Follow-up August 2015

FIGURE 1. (A, B) Pre- and postoperative MRIs from 2009; T1-weighted images with contrast enhancement and T2-weighted
images. (C) Follow-up MRIs from 2010 until tumor progression in 2014. (D) Preoperative tractography of the visual tracts. The
tractography is superimposed on the MRI using white dots and marked with an arrow. (E) Preoperative T1-weighted images
with contrast enhancement and T2-weighted images. (F) T1- and T2-weighted images of the first follow-up in 2014. (G) Preoperative
T1-weighted images with contrast enhancement (arrow) and T2-weighted and diffusion images, May 2015 (arrowheads). (H)
Postoperative MRIs from 2015: T1-weighted images with contrast enhancement and T2-weighted images.
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A DNET 2009 B Malignant DNET 2014 C Malignant DNET 2015

FIGURE 2. Histopathology and immunostaining of samples in 2009, 2014, and 2015. (A) In 2009, hematoxylin and eosin (H&E)
staining shows loss of oligodendroglia-like cells. The tumor of 2009 shows typical dysembryoplastic neuroepithelial tumor
(DNET) morphology. (B) In the recurrent tumor (2014), microtubule-associated protein 2 (Map2) immunohistochemistry stains
some tumor cells with prominent cellular processes; no neurons are stained. Ki67 immunostaining reveals a strongly increased
proliferative activity with about 10% of cells staining positively in 2014 compared with <1% in 2009 (A). The histological and
immunohistochemical findings of the recurrent tumor bear all hallmarks of a glioblastoma (WHO IV). (€) The histological and
immunohistochemical findings of the recurrent malignant DNET show parts of GBM morphology but also DNET features. GFAP,
glial fibrillary acidic protein.
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cavity. A preoperative MRI scan with tractography of the vi-
sual tracts was obtained for intraoperative navigation (Fig.
1D, E). The tumor was removed, and a comprehensive diag-
nostic and molecular analysis was performed. The patient
underwent postoperative adjuvant radiotherapy. The 3-month
follow-up scan showed no tumor progression (Fig. 1F). Six
months after the surgery, new contrast enhancing lesions
were detected around the resection cavity (Fig. 1G). Again, the
tumor was removed, and intensive comprehensive diagnostic
and molecular analysis was performed. The most recent 3-
month follow-up in August 2015 showed no tumor progression
(Fig. 1H).

Histopathological and Immunohistochemical
Analyses

Standard histology was performed on paraffin-embedded
tumor tissue after written informed consent of the patient.
Retrieval and scientific analysis of patient-derived tissue was ap-
proved by the local ethics committee under protocol 100020/09.

Tissue samples were fixed using 4% phosphate-buffered
formaldehyde and paraffin embedded with standard proce-
dures. Hematoxylin and eosin stains were performed on 4-pm
paraffin sections using standard protocols. Immunohistochem-
istry was performed using an autostainer (Dako, Glostrup,
Denmark) after heat-induced epitope retrieval in citrate buffer.
Primary antibodies used were to glial fibrillary acidic protein
([GFAP] 1:1000, Zytomed Systems, Berlin, Germany), NeuN
(1:500, Millipore, Billerica, MA), Ki-67 (Mibl, 1:50, Dako),
microtubule-associated protein 2 ([Map2] 1:10,000, Sigma-Al-
drich, St Louis, MO), and synaptophysin (1:50, Dako). Diami-
nobenzidine DAB staining was performed using the Envision
Flex High pH Kit (Dako). Isocitrate dehydrogenase IDH1 mu-
tation was assessed by immunohistochemistry using an anti-
IDH1-R123 antibody (1:20, Dianova, Hamburg, Germany).

Methylation Analysis

DNA was extracted from tumor tissue and underwent
methylation analysis using the Infinium HumanMethylation450
BeadChip array (www.illumina.com) at the DKFZ core facility
(Heidelberg, Germany). All raw data of the Illumina 450 K
beadchip methylation array were analyzed with R-software and
available packages (www.biocoductor.com). Data were im-
ported and analyzed using the RnBeads pipeline (http//
:rnbeads.mpi-inf.mpg.de). Quality control was done by major
quality-control algorithms, including sample-independent con-
trols. In a preprocessing Greedycut, 4713 CpG sites were re-
moved because they overlap with single nucleotide polymor-
phisms and cause unreliable measurements. The background
subtraction was performed using the methylumi package. We
used the Beta-Mixture Quantile Normalization (BMIQ) method
to normalize B-methylation values. In addition, we removed
sex chromosomal probes (n=11,497). Methylation profiles
were computed for the specific gene region types as whole
gene regions, promoter region, and individual CpG islands. Dif-
ferential methylation on gene regions was computed by 7-test-
based statistics (paired ¢ test with false discovery rate (FDR)-ad-
justed p value) in the limma r-tool. Data visualization was done

in ggplot2 (r-based). Methylation data of the DNET and malig-
nant DNETSs were added to the DKFZ database and clustered by
average-based unsupervised hierarchical cluster (Euclidean dis-
tance, complete linkage).

Analysis of DKFZ Tumor Samples

Tumor samples (n=116) from the DKFZ tumor data-
base were used as reference samples. For further cluster anal-
ysis, we included 44 patients with a GBM. Fifteen out of 44
were classified as an H3.3 K27-mutated GBM; 14 patients
had a G34 mutation. Methylation profiling grouped 15 pa-
tients into the receptor tyrosine kinase (RTK) I subgroup and
14 patients into the GBM classic (RTK II) subgroup. Fifteen
patients had a R132H-mutated astrocytoma with a glioma
CpG methylated phenotype (G-CIMP)-positive methylation
pattern. In addition, typical epilepsy-associated tumors, in-
cluding ganglioglioma (n=13), DNET (n=14), and pleo-
morphic xanthoastrocytoma (PXA) (n=15), were included
in the cluster analysis. Raw data were processed as described
above including agglomerative hierarchical clustering (me-
dian based). The clustering was performed at the DKFZ (Hei-
delberg, Germany).

Copy Number Profile

A copy number profile was done by R-software included
in the conumee package (4) (www.biocoductor.com). This tool
allows performing copy number variation analysis on Infinium
HumanMethylation450 BeadChip data. This function of de-
tecting copy number alterations in HumanMethylation450 data
was first described by Feber et al (5). Sturm et al used this tool
to detect specific chromosomal aberrations in cancer samples
(6). Copy number variation analysis was performed in a 2-step
approach by combining methylated and unmethylated intensity
values of each CpG probe and normalizing them with normal
brain controls. In the next step, neighboring probes were com-
bined by hybridization method. Finally, segmentation was per-
formed by circular binary segmentation algorithm imple-
mented in the DNAcopy package (5). Visualization included
in the conumee package was performed at the DKFZ (Heidel-
berg, Germany).

RESULTS

Histopathology and Immunohistochemistry
Hematoxylin-and-eosin-stained tissue sections obtained
from the primary tumor in 2009 showed CNS tissue with
sheaths and isolated nodules of monomorphic cells within a rel-
atively sparse microcystic matrix. The tumor cells exhibited oli-
godendroglia-like morphology with monomorphic, small, round
nuclei and optically clear perinuclear halos (Fig. 2A). Scattered
isolated neurons were detected in NeuN immunostains. Synap-
tophysin immunohistochemistry showed a positively stained tu-
mor matrix. Immunohistochemical staining for GFAP revealed
weak GFAP-positive staining of the matrix with some activated
astrocytes interspersed between the tumor cells; the tumor cells
showed no GFAP expression. The scattered neurons were also
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stained positively for Map2. The proliferation, marked by Ki-
67, was below 1% (Fig. 2A).

In contrast to the primary lesion resected in 2009, the
recurrent tumor in 2014 exhibited glial appearance with a
lack of perinuclear halos and comparatively pleomorphic nu-
clei (Fig. 2B). The cell density was increased with areas of
necrosis and microvascular proliferation. GFAP and Map2
immunostaining revealed fibrillary staining for GFAP in
some tumor cells and strong staining for Map2. Notably, neu-
ronal structures were absent, and NeuN and synaptophysin
staining were negative. In the Ki67 immunostaining, positive
staining of approximately 10% of the cells indicated in-
creased tumor-cell proliferation. The histological and immu-
nohistochemical findings of the recurrent tumor bear all hall-
marks of GBM, WHO IV with an astroglial (GFAP-positive)
component, necrosis, and microvascular proliferation. In ad-
dition, R123H-IDH1 mutation could be not detected in the
original and recurrent DNET by immunostaining or Illumina
450 K beadchip methylation array (data not shown). The Illu-
mina 450 K beadchip methylation array is a powerful tool
to identify the IDH mutation by its epigenetic changes (G-
CIMP) (7). Therefore, additional IDH-1 or IDH-2 sequencing
was not necessary. The histological specimens were sent to 2
neuropathological reference centers (Heidelberg and Bonn,
Germany) to obtain second opinions; both confirmed the his-
tological features of a malignant glioma. The 1p19g-codele-
tion status was assessed by Illumina 450 K beadchip methyla-
tion array and additional copy number variation analysis.
There were no typical gain and loss of 1p or 19q detected in
the primary or recurrent tumors.

The second recurrent malignant DNET showed a simi-
lar histological appearance as the first malignant DNET (Fig.
2C). Scattered neuronal structures were detected by NeuN
staining, showing isolated neurons, and antisynaptophysin
staining, showing positive reaction in parts of the tumor ma-
trix. Increases of necrotic regions and nuclear pleomorphism
were detected in the tumor. The second tumor—recurrence tu-
mor showed monomorphic cells within a relatively sparse
microcystic matrix and areas of necrosis and microvascular
proliferation. GFAP and Map2 immunostainings revealed
strong fibrillary staining for GFAP and expression of Map2
in some of the tumor cells (Fig. 2C). In addition, the second
recurrent malignant DNET was partly heterogeneous with
parts of typical GBM morphology but also some areas of
DNET morphology.

Methylation Analysis Identifies Different
Methylation Patterns

Methylation data of the DNET samples (primary and 2
recurrences), GBM from the The Cancer Genome Atlas data-
base (subgrouped in GBM-K27, GBM-G34, GBM-RTK-I,
and GBM-RTK-II-Classical), and other epilepsy-associated
tumors (ie, PXA and ganglioglioma) were clustered by Eucli-
dean distance. The cluster analysis clearly showed distinct
methylation patterns of the DNET WHO grade I and the ma-
lignant DNETs compared with GBM samples or other epi-
lepsy-associated tumor types (Fig. 3A). Analysis of the origi-
nal and the malignant DNET tumor revealed several genes
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with methylation changes: 865 hypomethylated (> 0.2 meth-
ylation difference) and 76 hypermethylated genes in the ma-
lignant DNET (> 0.2 methylation difference) (Fig. 3B).
Genes that are strongly demethylated in the malignant DNET
included TRDD2 and TRDJ1, 2 genes that play a role in T-
cell receptor binding, and /GHVIII-44, which is associated
with the immune system. On the other hand, we found a loss
of gene promoter methylation of oncogenes such as HULC,
which is linked to hepatocellular cancer (8). Further analysis
showed a genome-wide distribution of the methylation differ-
ences (Fig. 3C, D). These methylation patterns are only par-
tially associated with copy number changes. In summary,
there was a loss of methylation after malignant transforma-
tion resulting in a methylation pattern distinct from the typi-
cal pattern of the GBM samples (Fig. 3A). Most of the meth-
ylation changes were on chromosomes 1, 6, and 15. A
detailed analysis of methylation changes in specific gene re-
gions could not be performed (n= 1).

Multiple chromosomal aberrations were seen after ma-
lignant transformation. As shown in Fig. 4A, typical DNETs
do not have any chromosomal aberrations. As expected, the
copy number profile of the original DNET did not reveal any
chromosomal aberrations. After malignant transformation,
losses on chromosome 10, 14-19, and 22 were detected
(Fig. 4B). Only chromosome 21 revealed a slight gain. In the
recurrent malignant DNET, the chromosomal aberrations
increased (Fig. 4C). Copy number changes were detected
with a gain on chromosomes 5-7 and 21. A chromosomal
loss was found on chromosomes 2, 9—11, 13-14, 16, 19, and
22 (Fig. 40).

DISCUSSION

Here, we describe for the first time the malignant trans-
formation of an initially benign DNET (confirmed by modern
high-throughput analysis), the recurrence of which was ini-
tially classified as a malignant glioma based on standard neu-
ropathological diagnostics. We introduce an Illumina 450 K
beadchip methylation array as a diagnostic tool to characterize
brain tumors and identify differences in their methylation pro-
files. The Illumina 450 K beadchip methylation array is widely
used in research to analyze genome-wide methylation changes,
for example, in IDH-mutated gliomas (9). A recent study
showed different GBM subtypes that could be identified by
methylation array (6). By unsupervised clustering of these
GBM subtypes and other epilepsy-associated tumors, we iden-
tified individually clustered subgroups. Specific methylation
profiles were representative for each tumor entity. This tech-
nique is new and not well established but adds valuable addi-
tional information to classic histopathological findings.

Malignant transformation of a DNET is a rare phenomenon
with few cases described in the literature; at this time, this is not
considered in the WHO classification of tumors of the CNS (10).
A recent literature review of malignant DNET cases identified 11
cases of malignant transformation of tumors primarily categorized
as WHO grade I DNET. The recurrent tumors were most often
classified as oligo- or astrocytomas ranging from grades II to
IV or pilocytic astrocytomas. We report the transformation of a
DNET WHO grade I into a “high-grade DNET.” Its methylation
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Copy Number Profile Based on Infinium HumanMethylation 450 BeadChip
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pattern clearly differs from typical glioma methylation patterns
that have been described (6, 11, 12). In particular, all specific
GBM methylation subgroups were clearly distinct from the
DNET and malignant DNET methylation patterns. Therefore, de-
spite histological criteria of a malignant glioma (ie, staining for
glial markers, high proliferation, necrosis, and angiogenesis), the
recurrent tumor should be categorized as a malignant DNET with
reference to its tumor of origin and the methylation pattern in-
compatible with established methylation patterns of GBM sub-
types. Comparison of the methylation patterns of the original and
recurrent malignant DNET indicates a loss of methylation of a va-
riety of promoter regions after malignant transformation. These
methylation changes lead to the massive chromosomal aberra-
tions shown in Fig. 4. We performed differential methylation
analysis to identify genes that potentially could play a role in the
malignant transformation. On the basis of an individual case, fur-
ther specific methylation and pathway analysis is not possible.
Because of the low sample number of DNETSs (n = 13) and ma-
lignant DNETs (n=2 [of the same patient]), the results of this
analysis are of interest but have low explanatory power. We
found increased methylation in genes associated with the T-cell
response and the immune system, whereas oncogenes such as
HULC were demethylated (8). Another demethylated gene was
VPS72, a gene that plays a role in hematopoietic stem cell devel-
opment (13). These findings must be verified in a larger sample
of malignant DNETS. In addition, we saw a gain on chromo-
some 21 and several chromosomal losses. These chromosomal
aberrations are common in a variety of leukemias and thyroid
cancers (14) and require further analysis of their biological rele-
vance. Interestingly, chromosomal aberrations and instability
were never described in DNET, whereas malignant gliomas
show massive instabilities (15, 16). The recurrence of the malig-
nant DNET emphasized its aggressive phenotype. We detected
an increased number of chromosomal aberrations in the second
recurrent malignant DNET, which represent an ongoing malig-
nant transformation.

Although our analysis includes 1 case of primary and
malignant transformed DNET, it clearly points to the increas-
ing importance of high-throughput molecular analysis of CNS
tumors for proper identification of rare tumors with distinct
marker profiles and unusual clinical courses. These results
have to be reevaluated with more matched tumor samples of
transformed tumors.

This study describes for the first time the molecular
subtype of a malignant DNET identified by Illumina 450 K
beadchip methylation array. Adding molecular data to stan-
dard neuropathological analysis allows proper identification

of rare CNS tumors and identification of specific subtypes
based on the pattern of molecular markers and may help de-
livering the adequate treatment to the affected patients.
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