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Abstract
Spinal ependymal tumors form a histologically and molecularly heterogeneous group of tumors with generally good prog-
nosis. However, their treatment can be challenging if infiltration of the spinal cord or dissemination throughout the central 
nervous system (CNS) occurs and, in these cases, clinical outcome remains poor. Here, we describe a new and relatively 
rare subgroup of spinal ependymal tumors identified using DNA methylation profiling that is distinct from other molecular 
subgroups of ependymoma. Copy number variation plots derived from DNA methylation arrays showed MYCN amplifica-
tion as a characteristic genetic alteration in all cases of our cohort (n = 13), which was subsequently validated using fluo-
rescence in situ hybridization. The histological diagnosis was anaplastic ependymoma (WHO Grade III) in ten cases and 
classic ependymoma (WHO Grade II) in three cases. Histological re-evaluation in five primary tumors and seven relapses 
showed characteristic histological features of ependymoma, namely pseudorosettes, GFAP- and EMA positivity. Electron 
microscopy revealed cilia, complex intercellular junctions and intermediate filaments in a representative sample. Taking these 
findings into account, we suggest to designate this molecular subgroup spinal ependymoma with MYCN amplification, SP-
EPN-MYCN. SP-EPN-MYCN tumors showed distinct growth patterns with intradural, extramedullary localization mostly 
within the thoracic and cervical spine, diffuse leptomeningeal spread throughout the whole CNS and infiltrative invasion of 
the spinal cord. Dissemination was observed in 100% of cases. Despite high-intensity treatment, SP-EPN-MYCN showed 
significantly worse median progression free survival (PFS) (17 months) and median overall survival (OS) (87 months) 
than all other previously described molecular spinal ependymoma subgroups. OS and PFS were similar to supratentorial 
ependymoma with RELA-fusion (ST-EPN-RELA) and posterior fossa ependymoma A (PF-EPN-A), further highlighting 
the aggressiveness of this distinct new subgroup. We, therefore, propose to establish SP-EPN-MYCN as a new molecular 
subgroup in ependymoma and advocate for testing newly diagnosed spinal ependymal tumors for MYCN amplification.

Keywords  Ependymoma · Intradural extramedullary ependymoma · MYCN · Spinal tumor · DNA methylation · CNS 
malignancies

Introduction

Ependymoma comprises a heterogeneous group of primary 
central nervous system (CNS) tumors in children and adults. 
Based on DNA methylation profiling, ependymomas were 
classified into nine distinct molecular subgroups, with three 
in each anatomic compartment of the CNS (supratento-
rial, posterior fossa, and spine) [30, 31]. Spinal ependymal 
tumors account for 21.5% and 18.3% of all primary spinal 
tumors in pediatric and adult patients, respectively, as well 
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as 3–6% of all CNS malignancies in general [9, 18, 29]. 
The three previously established molecular subgroups, spi-
nal subependymoma (SP-SE), spinal myxopapillary epend-
ymoma (SP-MPE), and spinal ependymoma (SP-EPN), 
show relatively good concordance with the histopathologi-
cal subtypes subependymoma, myxopapillary ependymoma, 
and (classic) ependymoma, respectively [31]. SP-SE and SP-
EPN generally arise intramedullary, while SP-MPE occur 
extramedullary and are almost exclusively located at the 
filum terminale or the conus medullaris [1, 7, 20, 37, 38]. 
Spinal ependymal tumors usually grow slowly and are often 
well demarcated. Clinical outcome is generally better than 
that of intracranial ependymomas, with a 5-year OS ranging 
from 60 to 90% [5, 18, 31]. Poor outcome has been described 
in some series, especially for WHO Grade III ependymoma 
[18, 29, 44] which tend to infiltrate the spinal cord and show 
aggressive biological behavior. Treatment of individuals 
with these tumors remains challenging due to the difficulty 
of achieving gross total resections, the paucity of established 
treatment protocols and the uncertainty regarding the thera-
peutic value of radiotherapy [1, 27, 44, 45]. Although spi-
nal ependymal tumors are characterized by distinct somatic 
copy number variations (CNV), e.g. loss of chromosome 6q 
in SP-SE, 22q in SP-EPN, and general chromosomal insta-
bility in SP-MPE, recurrent oncogenic drivers especially in 
aggressive tumors have not yet been identified. [25, 31, 45]. 
Herein, we describe a novel molecular subgroup of spinal 
ependymal tumors using genome-wide DNA methylation 
analysis. These tumors invariably exhibited an aggressive 
clinical course and were molecularly characterized by focal 
high-level amplification of MYCN.

Materials and methods

Tumor material and clinical data

Tumor tissue and retrospectively collected clinical data from 
13 patients with the local diagnosis of spinal ependymal 
tumors (made between 2003 and 2018) were obtained from 
multiple international collaborating centers and collected at 
the Department of Neuropathology of the University Hos-
pital Heidelberg (Heidelberg, Germany). For all cases, a 
genotype check was performed to exclude the possibility 
that material from the same patient was received from more 
than one center. To this end, the Pearson correlation across 
beta methylation values of 59 rs-loci present on both the 
Illumina Infinium HumanMethylation450 and the Illumina 
Infinium HumanMethylation EPIC array were calculated. 
Samples with a correlation ≥ 0.95 were considered as geno-
type match.

Written consent by all patients or their legal representa-
tive was obtained. Research use of tissues, clinical and 

radiological data were in accordance with local ethical 
approvals.

DNA methylation‑based clustering and copy 
number variation plots (CNVs)

Genome-wide DNA methylation profiling was performed 
using the Illumina Infinium HumanMethylation450 and the 
Illumina Infinium HumanMethylation EPIC Kits as previ-
ously described and according to the manufacturer’s instruc-
tions [31].

All computational analyses were performed in R version 
3.4.4 (R Development Core Team, 2019). Raw signal inten-
sities were obtained from IDAT files using the minfi Biocon-
ductor package version 1.24.0 [2, 15]. Illumina EPIC and 
450k samples were merged to a combined data set by select-
ing the intersection of probes present on both arrays (com-
bineArrays function, minfi). Each sample was individually 
normalized by performing a background correction (shift-
ing of the 5th percentile of negative control probe intensi-
ties to 0) and a dye-bias correction (scaling of the mean of 
normalization control probe intensities to 10,000) for both 
color channels. Subsequently, a correction for the type of 
material tissue (FFPE/frozen) and array (450k/EPIC) was 
performed by fitting univariate, linear models to the log2-
transformed intensity values (removeBatchEffect function, 
limma package version 3.34.5). The methylated and unmeth-
ylated signals were corrected individually. Beta-values were 
calculated from the retransformed intensities using an offset 
of 100 (as recommended by Illumina).

Before further analysis, the following filtering criteria 
were applied: removal of probes targeting the X and Y 
chromosomes (n = 11,551), removal of probes containing 
a single-nucleotide polymorphism (dbSNP132 Common) 
within five base pairs of and including the targeted CpG-site 
(n = 7998), probes not mapping uniquely to the human refer-
ence genome (hg19) allowing for one mismatch (n = 3965), 
and 450k array probes not included on the EPIC array. In 
total, 428,230 probes were kept for downstream analysis.

To perform unsupervised non-linear dimension reduction, 
the remaining probes were used to calculate the 1-variance 
weighted Pearson correlation between samples. The result-
ing distance matrix was used as input for t-Distributed Sto-
chastic Neighbor Embedding analysis (t-SNE; Rtsne package 
version 0.13). The following non-default parameters were 
applied: theta = 0, pca = F, max_iter = 2500 perplexity = 20.

To identify fitting samples for this study, DNA-methyla-
tion profiles of 53,468 samples from different tumor entities 
and experimental data were screened and compared with the 
reference cohort of the Heidelberg brain tumor methylation 
classifier which is based on 2682 CNS tumors representing 
82 distinct tumor methylation classes (https​://www.molec​
ularn​europ​athol​ogy.org) [6].

https://www.molecularneuropathology.org
https://www.molecularneuropathology.org
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CNV analysis from 450k and EPIC methylation array 
data was performed using the conumee Bioconductor pack-
age version 1.12.0 (Hovestadt V, Zapatka M, 2017).

Pathology, histology, electron microscopy, 
and immunohistochemistry

Hematoxylin–eosin (H&E)-stained slides were evaluated 
applying the diagnostic criteria provided by the 2016 WHO 
Classification of Tumors of the Central Nervous System 
[24]. Tumors were assessed histologically for the following 
features: cellularity, perivascular pseudorosettes, microvas-
cular proliferation, necrosis, and mitotic activity.

Immunohistochemistry and fluorescence in situ hybridi-
zation were conducted on 1-μm thick formalin-fixed, paraf-
fin-embedded (FFPE) tissue sections mounted on StarFrost 
Advanced Adhesive slides (Engelbrecht, Kassel, Germany) 
followed by drying at 80 °C for 15 min. Immunohistochem-
istry was performed on a BenchMark Ultra immunostainer 
(Ventana Medical Systems, Tucson, AZ, USA).

Antibody Dilution Pretreatment Signal detec-
tion

GFAP Z0334, 
DAKO

1:1000 None Ultraview

EMA GP1.4, Neo-
Markers

1:1000 95 °C, CC1, 
52 min.

Ultraview

Ki67 MIB-1, 
DAKO

1:100 92 °C, CC1, 
64 min.

Optiview

H3K27me3 07–449, 
Millipore, 
Billercia, 
MA

1:1000 95 °C, CC1, 
92 min.

Ultraview

MYCN D4B2Y, Cell 
signaling

1:100 100 °C, CC1, 
64 min.

Optiview

For Ki67 analysis, tumor areas with the highest Ki67 
labelling indices were evaluated for the fraction of positive 
cell nuclei by counting all cells excluding lymphocytes and 
vascular cells in one 200 × microscopic field.

Tissue for ultrastructural examination in one patient was 
retrieved from a paraffin block, rehydrated, post-fixed in 
2.5% glutaraldehyde, and processed and stained for elec-
tron microscopy as per routine protocol. Thin sections were 
examined on a Zeiss 910 electron-microscope.

Fluorescence in situ hybridization (FISH)

Two-color interphase FISH was performed using a target 
probe for MYCN (2p24; green) and AFF3 probe (red) as 
a reference (Zytovision SPEC MYCN/2q11 Dual Color 
Probe). Samples showing sufficient FISH efficiency (> 90% 
nuclei with signals) were evaluated. Signals were scored in 
at least 200 non-overlapping, intact nuclei. Specimens were 

considered amplified for MYCN locus when more than 10% 
of tumor cells exhibited either more than eight signals of the 
corresponding probe with a reference/control ratio > 4.0 or 
innumerable tight clusters of signals of the reference locus 
probe.

RNA sequencing and gene expression profiling

Gene expression profiling was analyzed using two different 
approaches: RNA sequencing and Affymetrix arrays. RNA 
sequencing from fresh frozen tumor material of two patients 
was performed by the High Throughput Sequencing Unit 
of the Genomics & Proteomics Core Facility at the DKFZ 
using the Illumina HiSeq 2000 platform (V4: 125 bp paired 
end reads) and the TruSeq Stranded mRNA Library Prep 
Kit according to the manufacturer’s instructions. The gen-
eral processing of RNA-sequencing data (reads alignment, 
quality control, and counts computation) was performed as 
previously described [26]. Gene expression profiling on the 
Affymetrix GeneChip U133 Plus 2.0 array was undertaken 
for one patient as previously described [43].

Statistics

Age distribution and median age were calculated using R 
(R Core Team, 2017). Survival analysis was performed 
applying the Kaplan–Meier method using GraphPadPrism 
for Windows (Graphpad Software 8.0.2, La Jolla California 
USA, www.graph​pad.com). P values comparing the survival 
rates of the respective molecular subgroups were calculated 
using log-rank tests and were rounded to three decimal dig-
its. PFS was defined as the time interval in years between 
first diagnosis and progression of a local tumor or detection 
of distant seeding or local recurrence. OS was defined as 
the time interval between first diagnosis and death. Patients 
were censored at the point of death or loss of follow-up. 
For patient 13, no detailed data regarding OS and PFS were 
available.

Results

DNA methylation profiling reveals an epigenetically 
distinct group of spinal ependymal tumors

Using a screening approach based on unsupervised analysis 
of DNA methylation profiling data of a large set of CNS 
tumors, we identified a distinct cohort of thirteen tumors 
histopathologically diagnosed as ependymoma. When these 
samples were clustered with an extensive set of 53,455 DNA 
methylation profiles covering more than 80 molecularly 
defined classes of CNS tumors, malignancies outside the 
CNS, and experimental data (i.e. cell lines, mouse models 

http://www.graphpad.com
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and patient-derived xenograft models) in a t-SNE-analysis, 
tumors from this cohort formed a distinct and stable cluster 
(data not shown) [6]. The highest predicted molecular class 
was posterior fossa ependymoma type A (PFA) (12/13) or 
posterior fossa ependymoma type B (PFB) (1/13); how-
ever, due to low calibrated scores samples were previously 
returned as “no matching methylation class” (calibrated 
score < 0.9, MNP Classifier v11b4). Next, we compared the 
methylation patterns of our cohort with a reference set of 
500 ependymomas from all nine major molecular subgroups 
[31] (Fig. 1a). The new group did not cluster with any of the 
other previously described ependymoma subgroups.

MYCN amplification is a characteristic feature 
of the group

DNA methylation array-based CNV plots revealed focal 
high-level MYCN amplification for all 13 samples of the 
cohort (Fig. 1b, c, Suppl. Figure 1a, online resource) and 
several additional chromosomal aberrations at various fre-
quencies, e.g. loss of chromosome 10 (3/13) or focal losses 
on Chromosome 11q (5/13) (Fig. 2d). Patient 1 addition-
ally showed a BRD4 amplification on chromosome 19p 
which was maintained throughout several relapses (Suppl. 
Figure 1b, online resource) and patient 6 showed an addi-
tional YAP1 amplification on chromosome 11. Since MYCN 
amplification is characteristic for aggressive neuroblastomas 
which are often located close to the spine as well as for a dis-
tinct subset of pediatric glioblastomas [13, 21], we repeated 
DNA methylation-based clustering for the distinct spinal 
ependymoma cohort with two reference sets of 105 neu-
roblastomas and 11 MYCN-amplified pediatric glioblasto-
mas, confirming the distinct methylation class of these cases 
(Suppl. Figure 2, online resource). Additionally, CNV plots 
were generated for six relapses (from patients 1 and 2). The 
MYCN amplification remained stable in all six relapsed cases 
(example given in Suppl. Figure 1b, online resource).

MYCN amplification was validated using fluorescence 
in situ hybridization (FISH) in cases for which FFPE tis-
sue could be obtained (n = 5 primary tumors, n = 7 relapsed 
tumors). High-level MYCN amplification was confirmed in 
all available samples (Fig. 2h; Table 1). A limited set of 
RNA sequencing data (n = 2) and gene expression profiles 
generated on the Affymetrix U133 Plus2.0 array (n = 1) 
allowed comparison of MYCN expression levels with a 
cohort of spinal ependymal tumors (n = 18) comprising 
molecular subgroups SP-MPE (n = 8) and SP-EPN (n = 10) 
as well as to a cohort representing all intracranial molecu-
lar subgroups of ependymoma (n = 32) (Fig. 3a, b). MYCN 
amplified samples showed the highest expression of MYCN 
compared to both other cohorts. RNA sequencing did not 
provide significant evidence for additional genetic drivers, 
such as gene fusions (data not shown).

In conclusion, DNA methylation profiling identified a 
novel molecular group of spinal tumors with focal MYCN 
amplification that separates them from previously defined 
molecular subgroups of spinal ependymal tumors and that is 
also distinct from other tumor entities with MYCN amplifica-
tion that may localize in or close to the spinal cord.

Histopathological evaluation demonstrates 
ependymal differentiation and provides evidence 
for malignant progression

All 13 cases of our cohort were independently diagnosed 
as ependymoma by different neuropathologists at 11 cent-
ers in Europe, Australia, and North America. Cases were 
described as ependymoma, WHO Grade II (n = 3, includ-
ing one tanycytic ependymoma) or anaplastic ependymoma, 
WHO Grade III (n = 10). Histopathological evaluation was 
complemented by electron microscopy for one sample of the 
cohort (patient 11) identifying intermediate filaments, ciliary 
structures and zipper-like tight junctions, which are classic 
ultrastructural features of ependymoma (Suppl. Figure 3, 
online resource) [17, 28].

For tumors where material was available (n = 12, five 
primaries and seven relapses), samples were re-evalu-
ated by an experienced neuropathologist from our center 
(D.E.R.) confirming the initial diagnoses (Table 1). All 
tumors exhibited histological signs of ependymal dif-
ferentiation with perivascular pseudorosettes, perivas-
cular GFAP expression, and dot-like positivity for EMA. 
Microvascular proliferation was also frequently observed. 
(Fig. 2a–d, Table 1). Most tumors showed brisk mitotic 
activity and high Ki67 labelling indices (Fig.  2e and 
g). Tumor necrosis was present in most cases and in all 
late manifestations (Fig.  2e–g). H3K27me3, which is 
consistently lost in PF-EPN-A, was retained in all cases 
(Table 1). All tumors showed widespread expression of 
MYCN (Fig. 2h). One primary tumor did not show his-
tological high-grade features, but its recurrence showed 
brisk mitotic activity and overall histological features of 
anaplasia, i.e. evidence of malignant progression (Suppl. 
Figure 4, online resource). Interestingly, while an MYCN 
amplification was detectable in both tumors, the inten-
sity of the immunohistochemical MYCN expression was 
strongly increased in histological high-grade areas of 
the recurrent tumor while low-grade areas present in the 
same FFPE block still showed an only moderate MYCN 
labelling intensity. Different components with high- and 
low-grade morphology in tumors of the other patients also 
provided evidence for a malignant progression during the 
course of disease. The pattern of differential intensity 
of the immunohistochemical MYCN expression in his-
tological low- and high-grade components in the same 
FFPE block was a consistent feature. A strong association 
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Fig. 1   DNA-methylation based 
clustering and CNV analysis 
in SP-EPN-MYCN a t-SNE 
analysis showing DNA-methyl-
ation clustering of the SP-EPN-
MYCN-cohort (n = 13) with 
500 ependymomas of all nine 
major molecular subgroups. 
SP-EPN-MYCN (purple) shows 
distinct methylation patterns 
compared with other molecular 
ependymal subgroups. (Used 
data set for the reference cohort: 
Pajtler et al, Cancer Cell, 2015). 
b CNV-plot of a representa-
tive case (patient 10) showing 
strong MYCN amplification on 
chromosome 2p. Black circles 
mark amplification. c IGV-rep-
resentation of CNV-profiling of 
chromosome 2p for all 13 cases 
showing MYCN amplification 
detected by DNA methylation 
profiling (red arrow). Green 
and red colors mark ampli-
fied and deleted regions of the 
genome, respectively. d Bar plot 
summarizing the most frequent 
CNAs detected in SP-EPN-
MYCN-cases
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between MYCN staining intensity and Ki67 labelling was 
evident (Table 1; Fig. 2). Taken together, this suggests that 
MYCN amplification is an early event in tumorigenesis 
and that malignant progression is associated with a further 
increase in MYCN protein levels.

Given that all tumors of the cohort showed widespread 
immunohistochemical MYCN expression, we evaluated 
whether immunohistochemical MYCN expression may serve 
as a surrogate marker for MYCN amplification. We stained 
20 spinal ependymomas without MYCN amplification, 10 
of the methylation group SP-EPN and 10 of the methyla-
tion group SP-MPE. None of these tumors showed a strong 
expression of MYCN. While the majority of cases showed 
no immunolabelling at all or only occasional positive cells, 

MYCN-amplified tumors showed a clearly distinct staining 
pattern with widespread and usually strong immunohisto-
chemical MYCN expression (Fig. 4).

Considering these findings as well as the results of the 
molecular analysis, which showed MYCN amplification as 
the characteristic copy number alteration in these tumors, 
we suggest to designate this new subgroup “Spinal Epend-
ymoma with MYCN amplification” (SP-EPN-MYCN).

Demographic and radiological features 
of SP‑EPN‑MYCN

Demographic and basic radiological data were available for 
13/13 and 11/13 of SP-EPN-MYCN tumors, respectively. 

Fig. 2   Histological features of 
SP-EPN-MYCN Highly cellular 
neuroectodermal tumor with a 
perivascular pseudorosettes, b 
microvascular proliferation, c 
perivascular enhanced GFAP 
expression, d dot-like EMA 
positivity, e brisk mitotic activ-
ity, f tumor necrosis, g high 
Ki-67 labelling, and h extensive 
nuclear MYCN expression. 
Inset in h): Results of two- color 
fluorescence in situ hybridiza-
tion demonstrating multiple 
green signals for the MYCN-
locus-probe and 2 red signals 
for the centromeric control 
probe. Scale bar = 300 µm in a, 
100 µm in b, d, g, h, 200 µm in 
c, f and 50 µm in e 
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Information regarding metastatic spread at diagnosis and 
during the course of disease could be obtained for 10/13 
patients, respectively (Figs.  5 and 6, Suppl. Figure  5, 
online resource). Median age of onset was 32 years (range 
12–56 years) and, therefore, lower than in previous stud-
ies on spinal ependymal tumors which reported a median 
age of about 40 years [7, 18] (Fig. 5a). Patient gender was 
evenly distributed across the cohort with seven female and 
six male cases (Fig. 5b). Next we asked whether there is 
a predilection site for SP-EPN-MYCN similar to SP-MPE 
and SP-EPN, which are mostly located at the conus med-
ullaris/filum terminale and in the cervical/thoracic spine, 
respectively [7, 31]. Exact location in relation to the spinal 
meninges could be determined from radiological data of 
seven SP-EPN-MYCN patients. For all of these, the primary 
tumor was located intradurally and extramedullary (Fig. 5c). 
The majority of the cases arose in the cervical or thoracic 
spinal cord (n = 10), with only one case showing lumbar 
localization at initial presentation. Primary lesions were 
large, with only one case being limited to a single spinal 
segment. Nine out of ten cases showed multi-locular, diffuse 
leptomeningeal dissemination at diagnosis, including intrac-
ranial metastases in three cases. Diffuse leptomeningeal 
spread at some point throughout the course of disease was 
reported in all patients (10/10), including the two cases that 
did not show metastatic spread at first presentation. How-
ever, dissemination was not limited to the leptomeninges, 
but included nodular lesions as well. Cystic compartments 
within the malignant lesions were reported in four of the 
seven patients for whom radiological footage was available. 
Representative radiological images of an SP-EPN-MYCN 
tumor in a 46-year-old female patient are given in Fig. 6 
(see also: Suppl. Figure 5, online resource). In conclusion, 
SP-EPN-MYCN tumors were mainly diagnosed in adoles-
cence and early adulthood and showed distinct radiological 
features, including extramedullary location and diffuse lep-
tomeningeal spread, thus differing strongly from previously 
described spinal ependymoma cases [37, 45].

SP‑EPN‑MYCN show dismal outcome despite high 
intensity treatment

Detailed clinical data were collected and subsequently 
analyzed in 12 of 13 cases. The SP-EPN-MYCN cohort 
showed aggressive behavior, including early metastases, 
rapid progression after relapse, dissemination throughout 
the whole CNS, and resistance to common treatment strate-
gies. Successful gross total resection of the primary tumor 
was reported for one patient only (1/12) but could not be 
achieved in others (11/12) due to metastatic spread at diag-
nosis (9/12) or extended lesions that would have resulted 
in non-acceptable side effects from surgery (2/12). In the 
majority of cases, surgery was the initial therapeutic step Ta
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Fig. 3   MYCN expression in 
SP-EPN-MYCN compared to 
other molecular ependymoma 
subgroup. a Relative level of 
MYCN expression in a sample 
from patient 2 was compared to 
MYCN expression in SP-MPE 
(n = 8) and SP-EPN (n = 10) 
(Affymetrix U133 Plus2.0 array 
data). b MYCN expression in 
samples from patient 2 and 3 
determined by RNA-sequencing 
compared to 34 samples repre-
senting all intracranial molecu-
lar subgroups of ependymoma 
(n = 34)

Fig. 4   Immunohistochemical 
MYCN expression in spinal 
ependymomas. a Strong and 
widespread expression of 
MYCN in a SP-EPN-MYCN 
tumor that was diagnosed as 
grade III. b Moderate but wide-
spread expression of MYCN in 
a SP-EPN-MYCN tumor that 
was diagnosed as grade II. c 
SP-EPN with sparse expression 
of MYCN in a few tumor cells. 
d Example of SP-EPN without 
expression of MYCN. Scale 
bar = 100 µm
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(9/12) (Fig. 7). All patients relapsed or progressed, often 
with metastatic spread, at some point during the course of 
disease. Figure 7 and Suppl. Table 1 summarize applied 
treatment strategies for all cases. Despite highly intensive 
treatment regimens, including repeated surgery, radiother-
apy, different chemotherapy protocols, and targeted therapy, 
six patients were deceased and one was at a terminal disease 
stage at time of data collection. Of the remaining six cases, 
two were diagnosed in late 2018; thus, data on follow-up are 
limited. Chemotherapy was applied as single agent or com-
binatorial treatment including temozolomide, carboplatin, 
etoposide/cyclophosphamide, etoposide/carboplatin, vin-
cristine/cyclophosphamide, and trofosfamide. In one patient, 
Imatinib was used due to high c-Kit expression of the tumor 
cells. Figure 8 shows survival of SP-EPN-MYCN (n = 12) 
compared to a reference set of cases of the three other 
molecularly defined spinal ependymal subgroups (Fig. 8a, 

b) as well as ST-EPN-RELA and PF-EPN-A (Fig. 8c, d). 
As reference sets for the subgroups SP-SE (n = 5), SP-EPN 
(n = 9), ST-EPN-RELA (n = 76), and PF-EPN-A (n = 219), 
data published by Pajtler et al. in 2015 [31] were used. 
For myxopapillary ependymoma (n = 19), a histologically 
defined reference set from Kraetzig et al. 2018 [22], was 
used due to a lack of sufficient numbers for molecularly 
defined SP-MPE with clinical data. Notably, a limited set of 
clinical data on molecularly defined SP-MPE that was not 
included showed identical clinical outcomes to histologi-
cally classified myxopapillary ependymoma from Kraetzig 
et al. 2018 [31]. The median PFS for SP-EPN-MYCN was 
17 months and was significantly worse than for SP-SE 
(p = 0.006), SP-EPN (p = 0.001) and SP-MPE (p = 0.008) 
(Fig. 8a). No disease-related death was reported for any of 
the other spinal subgroups, whereas SP-EPN-MYCN showed 
a median OS of 87 months and dismal outcome compared 

Fig. 5   Clinicopathological variables of SP-EPN-MYCN. a Histogram 
depicting age of onset at first diagnosis. Red line marks the median 
(32 years). b Gender distribution was even with six male and seven 
female patients. c Schematic transversal depiction of the spinal cord 
showing extramedullar, intradural localization of tumors as reported 
in seven patients. d Localization of primary tumors and metastases 
throughout the CNS. Information regarding the localization of pri-

mary tumors and metastatic spread was available in 11/13 and 10/13 
patients, respectively. Several patients showed multiple sites of met-
astatic spread. Localization of the primary lesion is shown in red, 
localization of metastases at diagnosis is shown in yellow, metastatic 
spread throughout the course of disease is shown in green. For two 
patients information regarding the localization at diagnosis was only 
given as “spinal” (blue circles)
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with SP-SE (p = 0.166), SP-EPN (p = 0.050), and SP-MPE 
(p = 0.005) (Fig. 8b).

Since spinal ependymal tumors are known to have a rela-
tively benign prognosis in general, we also compared SP-
EPN-MYCN tumors with ST-EPN-RELA, and PF-EPN-A, 
as these two subgroups show the worst prognosis of all so 
far described molecular ependymoma subgroups [31]. There 
was no significant difference in OS between SP-EPN-MYCN 
and ST-EPN-RELA (p = 0.252) or PF-EPN-A (p = 0.353) 
(Fig. 8c). Notably, PFS was significantly worse in SP-EPN-
MYCN compared with PF-EPN-A (p = 0.017), and ST-EPN-
RELA (p = 0.047) (Fig. 8d).

In conclusion, SP-EPN-MYCN showed significantly 
reduced PFS and OS compared to all other spinal epend-
ymoma entities and similar prognosis as unfavorable intrac-
ranial subgroups ST-EPN-RELA and PF-EPN-A, thus con-
firming the highly aggressive nature of this newly defined 
molecular subgroup of spinal ependymal tumors.

Discussion

In this study, we identified and characterized a novel 
molecular subgroup of spinal ependymoma designated as 
SP-EPN-MYCN with histological features of ependymoma 
and a characteristic MYCN amplification. MYCN belongs 
to the family of MYC-oncogenes and is an important regu-
latory gene during neuronal embryogenesis [19]. It plays 
a major role in the formation and proliferation of a wide 
range of malignancies, including neuroblastoma, pediatric 
glioblastoma, medulloblastoma, nephroblastoma, leukemia, 
prostate cancer, and lung cancer, and often correlates with 
poor prognosis [3, 4, 10, 21, 23, 32, 34, 42]. Scheil et al. 
reported on two cases of spinal MYCN-amplified epend-
ymoma staged as WHO Grade II and WHO Grade III, 
respectively [35]. Both tumors showed histopathological 
patterns that were similar to cases described in our study. 
For one of these cases, relapse, metastatic spread into the 
subarachnoid space and intracranially was documented. 
Notably, the WHO Grade II tumor in their study showed the 
same pattern of malignant progression at relapse as those 
in our study [35]. Interestingly, their second case was also 
characterized by multiple schwannomas, indicating a possi-
ble NF2-syndrome in the affected patient. Patients described 
in our study did not show any signs related to NF2 and no 
NF2 mutations were found in both patients for whom RNA-
sequencing was available. One patient was diagnosed with 
an embryonal testicular tumor 2 years before the detection 
of the spinal ependymoma. There is no clear evidence for a 
correlation of SP-EPN-MYCN with a cancer predisposition 
syndrome, although the cohort is too small to finally answer 
this question. Since we could not detect any other major 
genetic aberration apart from a YAP1 amplification and a 

Fig. 6   Radiological scans and intraoperative photograph of patient 
12 a sagittal cervical MRI-T2 scan, red asterisk marks intradural, 
extramedullar tumor (C7) b sagittal cervical contrast enhanced MRI-
T1 scan c sagittal MRI-T2 scan, the spinal canal is filled with widely 
disseminated tumor masses d and e F-18-FDG PET-CT (transversal, 
C7 (d) and sagittal, whole spine (e)) shows raised metabolism corre-
sponding with the tumor at level C7 f intraoperative photograph taken 
during initial biopsy showing intradural mass
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Fig. 7   Visualization of therapy regimens used in individual patients 
of the SP-EPN-MYCN cohort Each box represents one therapeutic 
intervention, boxes connected with a black line were given as com-
bination treatment. The sequence of the boxes represents the chrono-
logical order of therapeutic steps, apart from patient 9 for whom only 

limited data was available and therefore the exact chronological order 
of therapy events could not be reconstructed. The date indicates the 
year of the initial diagnosis. Biopsies were not counted as therapeutic 
interventions and are not listed, but took place in every patient (See 
also: Supp. Table 1)

Fig. 8   PFS and OS of SP-EPN-MYCN (n = 12) analyzed using 
Kaplan–Meier curves. a PFS and b OS of SP-EPN-MYCN were com-
pared with all other molecular spinal ependymal subgroups as well 
as c, d ST-EPN-RELA and PF-EPN-A. P values were calculated 

using log-rank-tests between the molecular subgroups. ns = p  > 0.05, 
* = p < 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. No survival data was 
available for patient 13. (Pajtler et al. 2015; Kraetzig et al. 2018)
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BRD4 amplification each in one case, we strongly assume 
that MYCN amplification is the main driving oncogenic 
event in SP-EPN-MYCNs as is also known for aggressive 
neuroblastoma, in which MYCN amplification is sufficient 
for tumor formation and progression [41]. This hypothesis 
is further supported by the fact that MYCN amplification 
was retained in all relapses and by a recurrent immunohis-
tochemical MYCN expression pattern suggesting malig-
nant progression being associated with a further increase in 
MYCN abundance. Notably, it was previously shown that 
transcription of MYCN in MYCN amplified neuroblastoma 
cells relies on BRD4 expression and that BRD4 inhibition 
by BET-bromodomain inhibitors decreases MYCN expres-
sion [14, 33].

In contrast to SP-EPN that are mostly located in the center 
of the spinal cord [37, 38], all cases for which we were able 
to obtain detailed information were located intradural and 
extramedullary. The distinct methylation patterns of the dif-
ferent spinal ependymoma subgroups may be indicative of 
dissimilar cells of origin. Intradural, extramedullary epend-
ymoma apart from SP-MPE is very rare and only sparse 
information regarding these tumors is available in the lit-
erature. Several case reports describe patients that showed 
similar features as SP-EPN-MYCN, such as multilocular 
disease, diffuse leptomeningeal spreading and characteris-
tic ependymal histological features [11, 16, 36]. Notably, a 
previous study reports on a pediatric case in which nodu-
lar lesions were detectable in an MRI scan 2 years prior 
to onset of disease-related symptoms [36]. Their review of 
the literature revealed 24 cases of intradural, extramedullary 
ependymomas with varying outcome but common epide-
miological and radiological features, i.e. localization within 
the cervical/thoracic spine, occurrence in adulthood and a 
higher prevalence in females. While several of the reported 
cases might represent SP-EPN-MYCN tumors with poor 
prognosis, others showed different characteristics, suggest-
ing that rare cases of intradural extramedullary ependymoma 
with favorable outcome may exist apart from the molecular 
subgroups SP-MPE and SP-EPN-MYCN.

While the majority of spinal ependymomas are relatively 
benign and show favorable outcome, several epidemiological 
studies in the past reported a subset of patients with highly 
aggressive disease and poor survival [7, 18]. These cases 
were often diagnosed as anaplastic ependymoma WHO 
Grade III and it is likely that these represented tumors of 
the SP-EPN-MYCN subgroup. However, in our study three 
cases were initially diagnosed as ependymoma WHO Grade 
II, and all these tumors showed malignant progression his-
tologically and clinically. We, therefore, propose that all 
cases of spinal ependymoma should be analyzed for the 
presence of an MYCN amplification, especially if they show 
disseminated disease at diagnosis. Based on our data, DNA 

methylation analysis is a suitable diagnostic tool which also 
supports unambiguous molecular classification [6]. IHC 
stainings for MYCN might serve as a suitable pre-screening 
method. In case SP-EPN-MYCN is diagnosed, a cranial MRI 
should be performed to exclude intracranial metastases as 
these were seen in three patients of our cohort at initial diag-
nosis. Close radiological monitoring also seems appropriate 
due to the fact that newly emerging metastases tended to 
show rapid growth.

We suggest to establish SP-EPN-MYCN as an additional 
major molecular subgroup of ependymoma. Given its clear 
diagnostic criteria and clinical impact SP-EPN-MYCN 
should also be in included in the next update of the WHO 
classification of tumors of the CNS. Regarding the devas-
tating outcome of SP-EPN-MYCN, there is an urgent need 
for innovative therapeutic concepts for these patients. Due 
to the small patient cohort and the wide range of therapeu-
tic strategies, it is not possible to draw conclusions regard-
ing optimal treatment for SP-EPN-MYCN from our study. 
Although MYCN is currently still seen as an undruggable 
target, several strategies of MYCN-inhibition are currently 
being investigated. Amongst them, HDAC inhibitors, PARP 
inhibitors, Aurora A-kinase inhibitors and BET-bromodo-
main inhibitors are seen as promising candidates for trans-
lation into the therapy for MYCN-amplified tumors [4, 8, 
12, 14, 33, 40]. There is also evidence that MYCN might 
be targetable through immunotherapy [39]. Whether one 
of these strategies is suitable for treating SP-EPN-MYCN 
tumors remains to be seen and should be investigated in 
future clinical trials.

Acknowledgements  We thank the High Throughput Sequencing Unit 
and the Microarray Unit of the Genomics and Proteomics Core Facil-
ity, German Cancer Research Center (DKFZ), for providing excellent 
services regarding DNA methylation- and RNA-sequencing and Maxi-
milian Harkotte (University of Tübingen, Department of Psychology) 
for advice on statistical data interpretation. For excellent histologi-
cal and IHC-stainings we sincerely thank Viktoria Zeller (Institute of 
Pathology, Heidelberg University Hospital). The DNA methylation-
based unsupervised clustering approach used in this study was partly 
based on data generated by the TCGA Research Network: https​://www.
cance​r.gov/about​-nci/organ​izati​on/ccg/resea​rch/struc​tural​-genom​ics/
tcga. This work was supported by fellowships of the Mildred-Scheel 
doctoral program of the German Cancer Aid and the German Academic 
Scholarship Foundation (to D.R.G.), the CERN Research Fellowship 
(to K.W.P.), the Helmholtz Association Research Grant, Germany (to 
A. K.), and the doctoral program of the Cusanuswerk (to J. B.). SB 
is supported by the UK Department of Health’s NIHR Biomedical 
Research Centre’s funding scheme to UCLH.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Acta Neuropathologica	

1 3

References

	 1.	 Abd-El-Barr MM, Huang KT, Moses ZB, Iorgulescu JB, Chi JH 
(2018) Recent advances in intradural spinal tumors. Neuro Oncol 
20:729–742. https​://doi.org/10.1093/neuon​c/nox23​0

	 2.	 Aryee MJ, Jaffe AE, Corrada-Bravo H, Ladd-Acosta C, Feinberg 
AP, Hansen KD et al (2014) Minfi: a flexible and comprehensive 
Bioconductor package for the analysis of Infinium DNA meth-
ylation microarrays. Bioinformatics 30:1363–1369. https​://doi.
org/10.1093/bioin​forma​tics/btu04​9

	 3.	 Astolfi A, Vendemini F, Urbini M, Melchionda F, Masetti R, 
Franzoni M et al (2014) MYCN is a novel oncogenic target 
in pediatric T-cell acute lymphoblastic leukemia. Oncotarget 
5:120–130. https​://doi.org/10.18632​/oncot​arget​.1337

	 4.	 Barone G, Anderson J, Pearson AD, Petrie K, Chesler L (2013) 
New strategies in neuroblastoma: therapeutic targeting of 
MYCN and ALK. Clin Cancer Res 19:5814–5821. https​://doi.
org/10.1158/1078-0432.CCR-13-0680

	 5.	 Bostrom A, von Lehe M, Hartmann W, Pietsch T, Feuss M, Bos-
trom JP et al  (2011) Surgery for spinal cord ependymomas: out-
come and prognostic factors. Neurosurgery 68:302–308. https​
://doi.org/10.1227/neu.0b013​e3182​004c1​e (discussion 309)

	 6.	 Capper D, Jones DTW, Sill M, Hovestadt V, Schrimpf D, Sturm 
D et al (2018) DNA methylation-based classification of central 
nervous system tumours. Nature. https​://doi.org/10.1038/natur​
e2600​0

	 7.	 Celano E, Salehani A, Malcolm JG, Reinertsen E, Hadjipanayis 
CG (2016) Spinal cord ependymoma: a review of the literature 
and case series of ten patients. J Neurooncol 128:377–386. https​
://doi.org/10.1007/s1106​0-016-2135-8

	 8.	 Colicchia V, Petroni M, Guarguaglini G, Sardina F, Sahun-
Roncero M, Carbonari M et al (2017) PARP inhibitors enhance 
replication stress and cause mitotic catastrophe in MYCN-
dependent neuroblastoma. Oncogene 36:4682–4691. https​://
doi.org/10.1038/onc.2017.40

	 9.	 Gilbert MR, Ruda R, Soffietti R (2010) Ependymomas in adults. 
Curr Neurol Neurosci Rep 10:240–247. https​://doi.org/10.1007/
s1191​0-010-0109-3

	10.	 Grobner SN, Worst BC, Weischenfeldt J, Buchhalter I, Klein-
heinz K, Rudneva VA et al (2018) The landscape of genomic 
alterations across childhood cancers. Nature 1:5–9. https​://doi.
org/10.1038/natur​e2548​0

	11.	 Guarnieri G, Tecame M, Izzo R, Zeccolini F, Genovese L, Muto 
M (2014) Multisegmental diffuse intradural extramedullary 
ependymoma. An extremely rare case. Neuroradiol J 27:179–
185. https​://doi.org/10.15274​/NRJ-2014-10018​

	12.	 Gustafson WC, Meyerowitz JG, Nekritz EA, Chen J, Benes C, 
Charron E et al (2014) Drugging MYCN through an allosteric 
transition in Aurora kinase A. Cancer Cell 26:414–427. https​://
doi.org/10.1016/j.ccr.2014.07.015

	13.	 Henrich KO, Bender S, Saadati M, Dreidax D, Gartlgruber M, 
Shao C et al (2016) Integrative genome-scale analysis identi-
fies epigenetic mechanisms of transcriptional deregulation in 
unfavorable neuroblastomas. Cancer Res 76:5523–5537. https​
://doi.org/10.1158/0008-5472.CAN-15-2507

	14.	 Henssen A, Althoff K, Odersky A, Beckers A, Koche R, Spele-
man F et al (2016) Targeting MYCN-driven transcription by 
BET-bromodomain inhibition. Clin Cancer Res 22:2470–2481. 
https​://doi.org/10.1158/1078-0432.CCR-15-1449

	15.	 Huber W, Carey VJ, Gentleman R, Anders S, Carlson M, Car-
valho BS et al (2015) Orchestrating high-throughput genomic 
analysis with Bioconductor. Nat Methods 12:115–121. https​://
doi.org/10.1038/nmeth​.3252

	16.	 Iunes EA, Stavale JN, de Cassia Caldas Pessoa R, Ansai R, 
Onishi FJ, de Paiva Neto MA et al  (2011) Multifocal intradural 

extramedullary ependymoma. Case report. J Neurosurg Spine 
14:65–70. https​://doi.org/10.3171/2010.9.SPINE​09963​

	17.	 Johnson RA, Wright KD, Poppleton H, Mohankumar KM, Finkel-
stein D, Pounds SB et al (2010) Cross-species genomics matches 
driver mutations and cell compartments to model ependymoma. 
Nature 466:632–636. https​://doi.org/10.1038/natur​e0917​3

	18.	 Khalid SI, Adogwa O, Kelly R, Metha A, Bagley C, Cheng J 
et  al (2018) Adult spinal ependymomas: an epidemiologic 
study. World Neurosurg 111:e53–e61. https​://doi.org/10.1016/j.
wneu.2017.11.165

	19.	 Knoepfler PS, Cheng PF, Eisenman RN (2002) N-myc is essential 
during neurogenesis for the rapid expansion of progenitor cell 
populations and the inhibition of neuronal differentiation. Genes 
Dev 16:2699–2712. https​://doi.org/10.1101/gad.10212​02

	20.	 Kobayashi K, Ando K, Kato F, Kanemura T, Sato K, Kamiya M 
et al (2018) MRI Characteristics of Spinal Ependymoma in WHO 
Grade II: A Review of 59 Cases. Spine 43:E525–E530. https​://doi.
org/10.1097/brs.00000​00000​00249​6 (Phila Pa 1976)

	21.	 Korshunov A, Schrimpf D, Ryzhova M, Sturm D, Chavez L, 
Hovestadt V et al (2017) H3-/IDH-wild type pediatric glioblas-
toma is comprised of molecularly and prognostically distinct 
subtypes with associated oncogenic drivers. Acta Neuropathol 
134:507–516. https​://doi.org/10.1007/s0040​1-017-1710-1

	22.	 Kraetzig T, McLaughlin L, Bilsky MH, Laufer I (2018) Metasta-
ses of spinal myxopapillary ependymoma: unique characteristics 
and clinical management. J Neurosurg Spine 28:201–208. https​
://doi.org/10.3171/2017.5.SPINE​16116​4

	23.	 Lee JK, Phillips JW, Smith BA, Park JW, Stoyanova T, McCaf-
frey EF et al (2016) N-Myc drives neuroendocrine prostate can-
cer initiated from human prostate epithelial cells. Cancer Cell 
29:536–547. https​://doi.org/10.1016/j.ccell​.2016.03.001

	24.	 Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-
Branger D, Cavenee WK et al  (2016) The 2016 World Health 
Organization classification of tumors of the central nervous sys-
tem: a summary. Acta Neuropathol 131:803–820. https​://doi.
org/10.1007/s0040​1-016-1545-1

	25.	 Mack SC, Agnihotri S, Bertrand KC, Wang X, Shih DJ, Witt H 
et al (2015) Spinal myxopapillary ependymomas demonstrate a 
warburg phenotype. Clin Cancer Res 21:3750–3758. https​://doi.
org/10.1158/1078-0432.Ccr-14-2650

	26.	 Mack SC, Pajtler KW, Chavez L, Okonechnikov K, Bertrand KC, 
Wang X et al (2018) Therapeutic targeting of ependymoma as 
informed by oncogenic enhancer profiling. Nature 553:101–105. 
https​://doi.org/10.1038/natur​e2516​9

	27.	 McGuire CS, Sainani KL, Fisher PG (2009) Incidence patterns for 
ependymoma: a surveillance, epidemiology, and end results study. 
J Neurosurg 110:725–729. https​://doi.org/10.3171/2008.9.JNS08​
117

	28.	 Milde T, Kleber S, Korshunov A, Witt H, Hielscher T, Koch P 
et al (2011) A novel human high-risk ependymoma stem cell 
model reveals the differentiation-inducing potential of the histone 
deacetylase inhibitor Vorinostat. Acta Neuropathol 122:637–650. 
https​://doi.org/10.1007/s0040​1-011-0866-3

	29.	 Ostrom QT, Gittleman H, Truitt G, Boscia A, Kruchko C, Barn-
holtz-Sloan JS (2018) CBTRUS statistical report: primary brain 
and other central nervous system tumors diagnosed in the United 
States in 2011–2015. Neuro Oncol 20:iv1–iv86. https​://doi.
org/10.1093/neuon​c/noy13​1

	30.	 Pajtler KW, Mack SC, Ramaswamy V, Smith CA, Witt H, Smith 
A et al (2017) The current consensus on the clinical manage-
ment of intracranial ependymoma and its distinct molecular vari-
ants. Acta Neuropathol 133:5–12. https​://doi.org/10.1007/s0040​
1-016-1643-0

	31.	 Pajtler KW, Witt H, Sill M, Jones DT, Hovestadt V, Kratoch-
wil F et al (2015) Molecular classification of ependymal tumors 
across all CNS compartments, histopathological grades, and age 

https://doi.org/10.1093/neuonc/nox230
https://doi.org/10.1093/bioinformatics/btu049
https://doi.org/10.1093/bioinformatics/btu049
https://doi.org/10.18632/oncotarget.1337
https://doi.org/10.1158/1078-0432.CCR-13-0680
https://doi.org/10.1158/1078-0432.CCR-13-0680
https://doi.org/10.1227/neu.0b013e3182004c1e
https://doi.org/10.1227/neu.0b013e3182004c1e
https://doi.org/10.1038/nature26000
https://doi.org/10.1038/nature26000
https://doi.org/10.1007/s11060-016-2135-8
https://doi.org/10.1007/s11060-016-2135-8
https://doi.org/10.1038/onc.2017.40
https://doi.org/10.1038/onc.2017.40
https://doi.org/10.1007/s11910-010-0109-3
https://doi.org/10.1007/s11910-010-0109-3
https://doi.org/10.1038/nature25480
https://doi.org/10.1038/nature25480
https://doi.org/10.15274/NRJ-2014-10018
https://doi.org/10.1016/j.ccr.2014.07.015
https://doi.org/10.1016/j.ccr.2014.07.015
https://doi.org/10.1158/0008-5472.CAN-15-2507
https://doi.org/10.1158/0008-5472.CAN-15-2507
https://doi.org/10.1158/1078-0432.CCR-15-1449
https://doi.org/10.1038/nmeth.3252
https://doi.org/10.1038/nmeth.3252
https://doi.org/10.3171/2010.9.SPINE09963
https://doi.org/10.1038/nature09173
https://doi.org/10.1016/j.wneu.2017.11.165
https://doi.org/10.1016/j.wneu.2017.11.165
https://doi.org/10.1101/gad.1021202
https://doi.org/10.1097/brs.0000000000002496
https://doi.org/10.1097/brs.0000000000002496
https://doi.org/10.1007/s00401-017-1710-1
https://doi.org/10.3171/2017.5.SPINE161164
https://doi.org/10.3171/2017.5.SPINE161164
https://doi.org/10.1016/j.ccell.2016.03.001
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1158/1078-0432.Ccr-14-2650
https://doi.org/10.1158/1078-0432.Ccr-14-2650
https://doi.org/10.1038/nature25169
https://doi.org/10.3171/2008.9.JNS08117
https://doi.org/10.3171/2008.9.JNS08117
https://doi.org/10.1007/s00401-011-0866-3
https://doi.org/10.1093/neuonc/noy131
https://doi.org/10.1093/neuonc/noy131
https://doi.org/10.1007/s00401-016-1643-0
https://doi.org/10.1007/s00401-016-1643-0


	 Acta Neuropathologica

1 3

groups. Cancer Cell 27:728–743. https​://doi.org/10.1016/j.ccell​
.2015.04.002

	32.	 Peifer M, Fernandez-Cuesta L, Sos ML, George J, Seidel D, 
Kasper LH et al (2012) Integrative genome analyses identify key 
somatic driver mutations of small-cell lung cancer. Nat Genet 
44:1104–1110. https​://doi.org/10.1038/ng.2396

	33.	 Puissant A, Frumm SM, Alexe G, Bassil CF, Qi J, Chanthery 
YH et al (2013) Targeting MYCN in neuroblastoma by BET 
bromodomain inhibition. Cancer Discov 3:308–323. https​://doi.
org/10.1158/2159-8290.CD-12-0418

	34.	 Ruiz-Perez MV, Henley AB, Arsenian-Henriksson M (2017) The 
MYCN Protein in Health and Disease. Genes (Basel). https​://doi.
org/10.3390/genes​80401​13

	35.	 Scheil S, Bruderlein S, Eicker M, Herms J, Herold-Mende C, 
Steiner HH et al (2001) Low frequency of chromosomal imbal-
ances in anaplastic ependymomas as detected by comparative 
genomic hybridization. Brain Pathol 11:133–143

	36.	 Severino M, Consales A, Doglio M, Tortora D, Morana G, Barra 
S et al  (2015) Intradural extramedullary ependymoma with lep-
tomeningeal dissemination: the first case report in a child and 
literature review. World Neurosurg 84(865):e813–e869. https​://
doi.org/10.1016/j.wneu.2015.04.002

	37.	 Smith AB, Soderlund KA, Rushing EJ, Smirniotopolous JG 
(2012) Radiologic-pathologic correlation of pediatric and ado-
lescent spinal neoplasms: part 1, intramedullary spinal neo-
plasms. Am J Roentgenol 198:34–43. https​://doi.org/10.2214/
AJR.10.7311

	38.	 Soderlund KA, Smith AB, Rushing EJ, Smirniotopolous JG 
(2012) Radiologic-pathologic correlation of pediatric and ado-
lescent spinal neoplasms: part 2, intradural extramedullary spinal 
neoplasms. Am J Roentgenol 198:44–51. https​://doi.org/10.2214/
AJR.11.7121

	39.	 Stermann A, Huebener N, Seidel D, Fest S, Eschenburg G, 
Stauder M et al (2015) Targeting of MYCN by means of DNA 
vaccination is effective against neuroblastoma in mice. Cancer 

Immunol Immunother 64:1215–1227. https​://doi.org/10.1007/
s0026​2-015-1733-1

	40.	 Waldeck K, Cullinane C, Ardley K, Shortt J, Martin B, Tothill 
RW et al (2016) Long term, continuous exposure to panobinostat 
induces terminal differentiation and long term survival in the TH-
MYCN neuroblastoma mouse model. Int J Cancer 139:194–204. 
https​://doi.org/10.1002/ijc.30056​

	41.	 Weiss WA, Aldape K, Mohapatra G, Feuerstein BG, Bishop JM 
(1997) Targeted expression of MYCN causes neuroblastoma in 
transgenic mice. EMBO J 16:2985–2995. https​://doi.org/10.1093/
emboj​/16.11.2985

	42.	 Williams RD, Chagtai T, Alcaide-German M, Apps J, Wegert J, 
Popov S et al (2015) Multiple mechanisms of MYCN dysregu-
lation in Wilms tumour. Oncotarget 6:7232–7243. https​://doi.
org/10.18632​/oncot​arget​.3377

	43.	 Worst BC, van Tilburg CM, Balasubramanian GP, Fiesel P, Witt 
R, Freitag A et al (2016) Next-generation personalised medi-
cine for high-risk paediatric cancer patients—The INFORM 
pilot study. Eur J Cancer 65:91–101. https​://doi.org/10.1016/j.
ejca.2016.06.009

	44.	 Yeboa DN, Liao KP, Guadagnolo BA, Rao G, Bishop A, Chung C 
et al (2019) National patterns of care in the management of World 
Health Organization grade II and III spinal ependymomas. World 
Neurosurg, NY. https​://doi.org/10.1016/j.wneu.2018.12.159

	45.	 Zadnik PL, Gokaslan ZL, Burger PC, Bettegowda C (2013) Spi-
nal cord tumours: advances in genetics and their implications for 
treatment. Nat Rev Neurol 9:257–266. https​://doi.org/10.1038/
nrneu​rol.2013.48

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Affiliations

David R. Ghasemi1,2   · Martin Sill1,2 · Konstantin Okonechnikov1,2 · Andrey Korshunov3,4 · Stephen Yip5 · 
Peter W. Schutz5 · David Scheie6 · Anders Kruse7 · Patrick N. Harter8,9,10 · Marina Kastelan11,12 · Marlies Wagner13,14 · 
Christian Hartmann15 · Julia Benzel1,2 · Kendra K. Maass1,2,16 · Mustafa Khasraw17 · Ronald Sträter18 · 
Christian Thomas19 · Werner Paulus19 · Christian P. Kratz20 · Hendrik Witt1,2,16 · Daisuke Kawauchi1,2 · 
Christel Herold‑Mende21 · Felix Sahm1,3,4 · Sebastian Brandner22,23 · Marcel Kool1,2 · David T. W. Jones1,24 · 
Andreas von Deimling3,4 · Stefan M. Pfister1,2,16 · David E. Reuss3,4 · Kristian W. Pajtler1,2,16 

1	 Hopp-Children’s Cancer Center Heidelberg (KiTZ), 
Heidelberg, Germany

2	 Division of Pediatric Neurooncology, German Cancer 
Research Center (DKFZ), German Cancer Consortium 
(DKTK), Heidelberg, Germany

3	 Clinical Cooperation Unit Neuropathology, German 
Cancer Research Center (DKFZ), German Consortium 
for Translational Cancer Research (DKTK), Heidelberg, 
Germany

4	 Department of Neuropathology, Institute of Pathology, 
Heidelberg University Hospital, Heidelberg, Germany

5	 Pathology and Laboratory Medicine, University of British 
Columbia, Vancouver, BC, Canada

6	 Department of Pathology, Rigshospitalet, Copenhagen, 
Denmark

7	 Spine Section, Department of Orthopedic Surgery, 
Rigshospitalet, Copenhagen, Denmark

8	 Institute of Neurology (Edinger‑Institute), University 
Hospital Frankfurt, Goethe University, Frankfurt am Main, 
Germany

9	 German Cancer Consortium (DKTK), Partner Site 
Frankfurt/Mainz, German Cancer Research Center (DKFZ), 
Heidelberg, Germany

10	 Frankfurt Cancer Institute (FCI), Frankfurt am Main, 
Germany

11	 Northern Sydney Cancer Centre, Royal North Shore 
Hospital, Sydney, NSW, Australia

12	 The Brain Cancer Group, Sydney, NSW, Australia
13	 LOEWE Center for Personalized Translational Epilepsy 

Research (CePTER), Frankfurt, Germany

https://doi.org/10.1016/j.ccell.2015.04.002
https://doi.org/10.1016/j.ccell.2015.04.002
https://doi.org/10.1038/ng.2396
https://doi.org/10.1158/2159-8290.CD-12-0418
https://doi.org/10.1158/2159-8290.CD-12-0418
https://doi.org/10.3390/genes8040113
https://doi.org/10.3390/genes8040113
https://doi.org/10.1016/j.wneu.2015.04.002
https://doi.org/10.1016/j.wneu.2015.04.002
https://doi.org/10.2214/AJR.10.7311
https://doi.org/10.2214/AJR.10.7311
https://doi.org/10.2214/AJR.11.7121
https://doi.org/10.2214/AJR.11.7121
https://doi.org/10.1007/s00262-015-1733-1
https://doi.org/10.1007/s00262-015-1733-1
https://doi.org/10.1002/ijc.30056
https://doi.org/10.1093/emboj/16.11.2985
https://doi.org/10.1093/emboj/16.11.2985
https://doi.org/10.18632/oncotarget.3377
https://doi.org/10.18632/oncotarget.3377
https://doi.org/10.1016/j.ejca.2016.06.009
https://doi.org/10.1016/j.ejca.2016.06.009
https://doi.org/10.1016/j.wneu.2018.12.159
https://doi.org/10.1038/nrneurol.2013.48
https://doi.org/10.1038/nrneurol.2013.48
http://orcid.org/0000-0002-3844-9933
http://orcid.org/0000-0002-3562-6121


Acta Neuropathologica	

1 3

14	 Institute of Neuroradiology, Goethe University Hospital 
Frankfurt, Frankfurt, Germany

15	 Department of Neuropathology, Hannover Medical School, 
Hannover, Germany

16	 Department of Pediatric Oncology, Hematology, 
and Immunology, University Hospital Heidelberg, 
Heidelberg, Germany

17	 Royal North Shore Hospital, The University of Sydney, 
Sydney, Australia

18	 Department of Pediatric Hematology/Oncology, University 
of Münster, Münster, Germany

19	 Institute of Neuropathology, University Hospital Münster, 
Münster, Germany

20	 Department of Pediatric Hematology and Oncology, 
Hannover Medical School, Hannover, Germany

21	 Department of Neurosurgery, Heidelberg University 
Hospital, Heidelberg, Germany

22	 Division of Neuropathology, National Hospital for Neurology 
and Neurosurgery, University College London Hospitals 
NHS Foundation Trust, London, UK

23	 Department of Neurodegenerative Disease, UCL Queen 
Square Institute of Neurology, Queen Square, London, UK

24	 Pediatric Glioma Research Group, German Cancer Research 
Center (DKFZ), Heidelberg, Germany


	MYCN amplification drives an aggressive form of spinal ependymoma
	Abstract
	Introduction
	Materials and methods
	Tumor material and clinical data
	DNA methylation-based clustering and copy number variation plots (CNVs)
	Pathology, histology, electron microscopy, and immunohistochemistry
	Fluorescence in situ hybridization (FISH)
	RNA sequencing and gene expression profiling
	Statistics

	Results
	DNA methylation profiling reveals an epigenetically distinct group of spinal ependymal tumors
	MYCN amplification is a characteristic feature of the group
	Histopathological evaluation demonstrates ependymal differentiation and provides evidence for malignant progression
	Demographic and radiological features of SP-EPN-MYCN
	SP-EPN-MYCN show dismal outcome despite high intensity treatment

	Discussion
	Acknowledgements 
	References




