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Abstract

Two distinct genetically defined entities of ependymoma arising in the supratentorial compartment are characterized by the
presence of either a C11orf95-RELA or a YAP-MAMLD] fusion, respectively. There is growing evidence that supratentorial
ependymomas without these genetic features exist. In this study, we report on 18 pediatric non-RELA/non-YAP supratentorial
ependymomas that were systematically characterized by means of their histology, immunophenotype, genetics, and epig-
enomics. Comprehensive molecular analyses included high-resolution copy number analysis, methylation profiling, analysis
of fusion transcripts by Nanostring technology, and RNA sequencing. Based upon histological and immunohistochemical
features two main patterns were identified—RELA-like (n=9) and tanycytic ependymomas (n=06). In the RELA-like group
histologically assigned to WHO grade III and resembling RELA-fused ependymomas, tumors lacked nuclear expression
of p65-RelA as a surrogate marker for a pathological activation of the NF-kB pathway. Three tumors showed alternative
Cl11orf95 fusions to MAML2 or NCOAI. A methylation-based brain tumor classifier assigned two RELA-like tumors to the
methylation class “EP, RELA-fusion”; the others demonstrated no significant similarity score. Of the tanycytic group, 5/6
tumors were assigned a WHO grade II. No gene fusions were detected. Methylation profiling did not show any association
with an established methylation class. We additionally identified two astroblastoma-like tumors that both presented with
chromothripsis of chromosome 22 but lacked MNI breaks according to FISH analysis. They revealed novel fusion events
involving genes in chromosome 22. One further tumor with polyploid cytogenetics was interpreted as PFB ependymoma by
the brain tumor methylation classifier but had no relation to the posterior fossa. Clinical follow-up was available for 16/18
patients. Patients with tanycytic and astroblastoma-like tumors had no relapse, while 2 patients with RELA-like ependymomas
died. Our data indicate that in addition to ependymomas discovered so far, at least two more supratentorial ependymoma
types (RELA-like and tanycytic) exist.
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Tanycytic

Introduction

Ependymomas represent the second most common malig-
nant intracranial neoplasms in children and young adults
Felipe Andreiuolo and Torsten Pietsch shared senior authors. [15]. In childhood, ependymomas occur across all com-
partments of the central nervous system (CNS); the
most frequent location is the posterior fossa followed by
supratentorial and spinal sites [13]. Based on histological
resemblance, ependymomas across different sites had been
D4 Torsten Pietsch considered as one entity in the past. Various underlying

t.pietsch@uni-bonn.de genetic changes in ependymomas were incorporated in the
Extended author information available on the last page of the article

Valentina Zschernack and Stephanie T. Jiinger shared first authors.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s0040
1-020-02260-5.

@ Springer


http://orcid.org/0000-0003-0763-6506
http://crossmark.crossref.org/dialog/?doi=10.1007/s00401-020-02260-5&domain=pdf
https://doi.org/10.1007/s00401-020-02260-5
https://doi.org/10.1007/s00401-020-02260-5

456

Acta Neuropathologica (2021) 141:455-466

2016 WHO-classification of brain tumors [12]. Based on
publications by Parker, Pietsch, and Pajtler the supratento-
rial ependymoma with RELA fusion was introduced as a
distinct entity [17—19]. Seven different RELA-fusion variants
have been identified [18]. These tumors represent approxi-
mately 70% of supratentorial ependymomas of childhood
[19]. Besides ependymomas with RELA fusion, tumors
with YAPI-MAMLD] fusion were described as a second
entity emerging in the supratentorial compartment of pedi-
atric patients [1, 17, 18]. In contrast to RELA-fused tumors
associated with adverse outcomes [12, 17], YAPI-MAMLD]
fused ependymomas show an excellent prognosis [1, 17].

According to the methylation-based classification by
Pajtler et al., apart from ependymoma with RELA and
YAP fusions, only subependymomas are to be found in the
supratentorial compartment [17]. Opposed to this model,
recent publications described supratentorial ependymomas
lacking RELA or YAP] fusions [5, 16].

In this study, we identified a cohort of non-RELA-non-
YAP (NRNY) ependymomas and systematically analyzed
their clinical, histological, genetic, and epigenomic features.

Materials and methods
Patients and tumor material

Between 2003 and 2017 eighteen pediatric NRNY epend-
ymomas with supratentorial location were reviewed at the
Brain Tumor Reference Center of the German Society of
Neuropathology and Neuroanatomy (DGNN) at the Insti-
tute of Neuropathology, University of Bonn Medical Center,
Germany. Formalin-fixed, paraffin-embedded (FFPE) mate-
rial was available from all patients. All examinations were
carried out on the basis of and according to the legal require-
ments of the revised Declaration of Helsinki of the World
Medical Association in 1983. Eight patients had also par-
ticipated in the HIT2000 Ependymoma trial.

Neuropathological evaluation

Central neuropathological evaluation was performed at
the time of diagnosis at the DGNN Brain Tumor Refer-
ence Center. The tumors were re-evaluated and classified
according to the WHO classification of tumors of the CNS
by at least two experienced neuropathologists (TP, FA) after
evaluation of HE and immunohistochemically stained slides
(GFAP, EMA, p65-RelA, Olig2, MAP2, phosphohistone-
H3, p-16, Ki-67) [12]. In this study, specific cytological
and histological features were examined in all cases. Immu-
nohistochemical staining—performed on an automated
immunostaining system (BenchMark XT, Ventana-Roche,
Mannheim, Germany)—included glial fibrillary acidic
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protein (GFAP; rabbit polyclonal, Agilent/Dako, Glostrup,
Denmark), microtubule-associated protein 2 [Map2; mouse
monoclonal (HM-2), Sigma, St. Louis, MO, USA], epithe-
lial membrane antigen [mouse monoclonal (E-29), Agilent/
Dako, Glostrup, Denmark], Olig2 (goat polyclonal, R&D
Systems, Abingdon, UK), Ki-67 (MAb MIB-1; Dako,
Glostrup, Denmark), phosphohistone-H3 (Biocare, Concord,
USA), p16 protein (MAb E6H4, Ventana-Roche, Darmstadt,
Germany), and p65-RelA (rabbit antibody D14E12, Cell
Signaling, Danvers, USA) [8, 9].

DNA extraction and genome-wide copy number
analysis

DNA was extracted from FFPE material using the QIAmp
DNA FFPE Tissue Kit (Qiagen, Hilden, Germany). Molecu-
lar inversion probe analysis (MIP; Oncoscan, ThermoFisher,
Waltham, MA, USA) and/or human SNP-6 array (Ther-
moFisher) and data-mining utilizing Nexus Copy Number
7-0 Discovery Edition software (BioDiscovery, El Segundo,
CA, USA) was performed as previously described [10].

RNA extraction and analysis for RELA and YAP fusion
transcripts

RNA was isolated from FFPE tumor probes using the All-
Prep DNA/RNA FFPE kit (Qiagen, Venlo, The Nether-
lands). The tumors were further tested for the presence of
Cllorf95-RELA and YAPI-MAMLDI] fusions by RT-PCR,
as published previously [1, 4, 9, 19]. In addition, Nanostring
analysis was performed. The Nanostring fusion panel cov-
ers 88 recurrent fusions present in brain tumors, including
the four most frequent C110rf95-RELA fusions (C11orf95-
RELA, exon 2—exon 2; exon 2—exon 3; exon 3—exon 2; exon
3—exon 3) as well as a YAPI-MAMLD] fusion (exon 5—exon
3) and a YAPI-FAM118B (exon 7—exon 3) fusion.

mRNA NGS fusion panel

Targeted RNA sequencing was performed using the TruSight
RNA Fusion Panel (Illumina, San Diego, CA, USA) accord-
ing to the manufacturer’s protocol. In brief, 100 ng RNA was
used for library preparation. Libraries were then hybridized
to biotin-labeled probes specific for targeted RNA regions.
By adding streptavidin beads targets are captured and then
magnetically enriched. Cluster generation and sequencing
were then performed on the MiSeq System (Illumina). Sub-
sequently, bcl files were processed into fastq files and analy-
sis was performed on the Illumina platform BaseSpace using
the RNA-Seq Alignment v2.0.1.
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mRNA expression of lineage-related genes

Expression of specific gene transcripts was analyzed using
a custom-made panel with the nCounter Elements technol-
ogy (Nanostring Technologies, Seattle, WA, USA) following
the manufacturer’s protocol. Data analysis was performed
with the nSolver analysis software (Nanostring Technolo-
gies). The assay includes probes for the quantification of
mRNA species characteristically expressed in brain tumors
including MUC1 (EMA), OLIG2, RELA, TNC, and BEND2
(associated to MNI-related tumors).

DNA methylation analysis

250-500 ng of tumor DNA was converted by bisulfite
treatment and analyzed on the Infinium Human Methyla-
tion EPIC (850 k) or 450 (450 k) BeadChip (Illumina, San
Diego, CA, USA) according to the manufacturer’s protocol.
Methylation data obtained from the array was analyzed with
the Heidelberg methylation brain tumor classifier, version
v11b4 (www.molecularneuropathology.org), which is built
upon supervised machine learning [3]. In parallel, the meth-
ylation array data were compared to > 15.500 methylome
datasets across the entire spectrum of human neoplasias and
control tissues by unsupervised machine learning in the form
of dimension reduction with UMAP plots (www.epidip.org,
v. 4.2 GPU, 25,000 top differentially methylated CpGs) [20].

Fluorescence in situ hybridization

Break-apart probe fluorescence in situ hybridization (FISH)
of the MNI locus was performed in two cases on paraffin
sections using the MN1 break-apart FISH probe (Cytotest,
Rockville, MD, USA). When analyzed cells showed a split
of at least one set of red and green signals or an isolated (red
or green) signal, FISH was considered positive.

Radiologic evaluation

Initial MR-imaging studies of a subset of ependymomas
were retrieved from the database of the National Reference
Center for Neuroradiology (Department for Neuroradiology;
Wiirzburg University Hospital, Germany) and reviewed by
an experienced neuroradiologist (AS). Features evaluated
were supratentorial localization (intracerebral vs. intra-
ventricular); homogeneity/heterogeneity on T2-weighted
images; perifocal tumor edema (yes/no); restriction on dif-
fusion-weighted images (yes/no); intratumoral blood deg-
radation products on T2- or T2*-weighted images (yes/no);
cystic/necrotic components (< 50% vs.>50% of the tumor
volume). Contrast agent uptake of the tumor was compared
to strong enhancing tissue like nasal mucosa and rated as
mild, moderate or strong.

Statistics and survival analysis

Progression-free and overall survival (PFS/OS) was defined
as the time from surgery to the first event (progression/
relapse/death) or the date of the last follow-up. We con-
structed Kaplan—Meier curves and compared patient groups
with log-rank tests. A two-sample ¢ test allowing unequal
variance (Welch’s ¢ test) was performed to detect significant
age differences between two groups; a p value <0.05 was
considered significant.

Results
Patient demographics and histological findings

Of all supratentorial ependymomas in children diagnosed
between 2003 and 2017 at the DGNN brain tumor reference
center, approximately 15% harbored neither a RELA nor a
YAP fusion.

All 18 tumors of this cohort were localized in the
supratentorial compartment. The median age at the time of
diagnosis was 8.3 years ranging from 0.5-17.8 years. Gen-
der distribution was equal with nine female and nine male
patients; both patients with astroblastoma-like tumors were
female; for detailed information refer to Table 1 and Fig. 1.
One female patient was diagnosed with neurofibromatosis
type II and developed three additional meningiomas as well
as a neurinoma (case 15).

According to their histological features, three different
characteristic histological patterns were identified: RELA-
like (n=9), tanycytic (n=6), and astroblastoma-like (n=2)
histology (Figs. 1, 2). One ependymoma did not show a spe-
cific histological pattern. Patients in the RELA-like group
were significantly younger at the time of diagnosis com-
pared to those in the tanycytic group (mean age 6.33 years
and 13.09 years, respectively, Welch’s ¢ test, two-sided
p=0.015). Thirteen patients were treated according to
HIT-ependymoma standard protocols (ClinicalTrials.gov
NCT00303810); two patients received radiotherapy only
and one patient received chemotherapy and radiotherapy,
and was later treated according to the UKCCSG/SIOP pro-
tocol [7].

The ependymomas with RELA-like histology often pre-
sented with densely packed small cells with round nuclei,
frequent clear cell morphology and branching capillaries
reminiscent of the typical morphology of RELA fusion-
positive ependymomas. Microcystic components were
observed in cases 2 and 8. Case 4 displayed foci of cal-
cification and single giant tumor cells. Areas of necrosis
were observed in cases 3 and 6. Cases 6 and 7 also demon-
strated notable endothelial proliferation. In five tumors, the
samples contained areas from the border zone of the tumor

@ Springer


http://www.molecularneuropathology.org
http://www.epidip.org

Acta Neuropathologica (2021) 141:455-466

458

ewowdpuads g.1d se payIsse[d A[[eonoudn
yuoned ZAN,

g dnoi3 ‘ewowApuads essoj Jor11s0d g.74 ‘oprueydsoydoohd opisodole ‘ounsuouia DFA ‘g 2dA3 sisorewoIqyoIndu ZyN

ddN-LIH-T RELto) AV 0L'L palosua) 0L'T 8¢°6 11 9[OLIUA pIg W q81
000¢-1LIH I[-BWOlSE[qONSY AAIY 198 palosual) 198 Y49 111 orRydsToH d Ll
000¢-1LIH I[-BWOlSE[qONSY AV 8L9 palosual) 8L9 0s¢l 111 orRydsTo d 91
A[uo uonerperry onkofueg, IAIY 069 palosudp) 069 0€01 1I uor3ar [eduld 4 ST
Aquo uonerperry onkofueg, QAIY 08C palosue) 08¢C 08°LI I oraydsTuroy W 4!
eu onkokue], eu eu eu eu 06’9 I orreydsruey d €1
ddIN-LIH-T onkofueg, QA 8¢'¢ palosue) 8¢'¢ 06'¥1 I oroydsTuroy W 4!
AdIN-LIH-T onkofueg, QAN 86°¢ palosua) 86°¢ y9°€l I oroydsTuroy d 11
000¢-LIH onkofueg, QAN 001 palosua) 001 00°S1 I S[OLIUSA PIg W 01
LA M-VIH4Y vl vl Bl LA (454 I otoydsTurey W 6
000¢-LIH M-VIHY QALY 8¥'L palosua) 8¥'L 6s9 I otoydsTurey W 8
000¢-LIH M-VIHY QAIY 61'S palosua) 6¥'S 0Ty I S[OLIUSA [eIo)e] d L
dOIS/OSIIN

‘derooway)-DHaA MNI-VTHY peaq 09°'S osderoy 06'% 750 Il 9[LIUdA [EIdE] N 9
¥00¢ LIH-4/000C-LIH AM-VIHY AAIY €L Ppalosus) eC’L 0¢'LI 111 orpydsTureq A\ S
000¢-1IH AM-VIHY AAIY £6'8 Ppalosua) €68 8I°L 111 uorgar [eautd 4 ¥
000¢-1IH MN-VIHY AV 89°L palosusa) 89°L 061 111 orpydsTe 4 €
000¢-1I1H AM-VTAY AAIY 8911 palosue) 8911 vy 11 oLRydsToH d C
000¢-1I1H AM-VTIAY pead oL Joumn) puod9ag ev'L 08CI 111 9[OLIUA pIg W [

(s1eak) uon
juowjean 2aneIadolsoq dnoi3qng woanO (s1eak) SO juorg (seok) S{H  -vledo je a8y opei3 OHM uones0| I19puan) ‘ON

UOTJEULIOJUT JUSUIEI} PUB ‘BJEP [BAIAINS ‘SONSLID)ORIRYD Judned | d|qel

pringer

Qs



Acta Neuropathologica (2021) 141:455-466

459

Case| #1 #3 #5 #6

Histological Group

WHO Grade

Gender

Location

Progression/Death

#8 #9 | #10 | #11 | #12 | #13 | #14 | #15 | #16 | #17 | #18

EMA Protein

p16 Protein

Olig2 Protein

Nuclear p65-RelA

Loss Chr 22

Loss Chr1p

Chromothripsis Chr 16

Chromothripsis Chr 20

Chromothripsis Chr 22

Polyploidy

Break C110rf95 (MIP)

Break MAML2 (MIP)

Fusion Transcript (RNA)

C110rf95-MAML2

H

C110rf95-NCOA1

RTN3-NCOA1

PLAGL1-EWSR1

PATZ1-MN1

MYH9-SEC14L2

MTMR3-NCOA3

Methylation Class

WHO Grade
1
1l

Histology
RELA-like
Tanycytic
Astroblastoma like
No class

Immunohistoc

Absent
n.a.

Location
Ventricle
Hemisphere
Pineal

Genetic Altera
Presen
Absent
n.a.

Gender

Fig. 1 Clinical, histological, and genetic features of NRNY tumors.
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«Fig. 2 Histological and genetic characteristics of RELA-like, tany-
cytic, and astroblastoma-like tumors. a Haematoxylin/eosin (HE)
staining of case 3 (RELA-like group). b RelA immunohistochemistry
displaying no nuclear accumulation of the p65-RelA protein. ¢ EMA
positivity in some tumor cells. d genomic copy number profile of
case 3 showing gains of chromosomes 17 and 19 but an otherwise
balanced genome. e, f HE staining of a tanycytic ependymoma (case
14) with typical elongated cell processes highlighted in the GFAP
immunohistochemistry (g). h copy number profile of this case show-
ing copy number losses of 1p and 3p as well as chromosomes 13, 14,
and 22, and chromothripsis of chromosome 16. i, j HE of case 17
illustrating the astroblastoma-like appearance, strongly highlighted in
the GFAP immunohistochemistry (k). 1 copy number profile of case
17 showing structural alterations of chromosomes 20 and 22 (chro-
mothripsis) (scale bars in a, e, i: 50 pm; scale bars in b, ¢, f, g, j, k:
20 pm)

to the adjacent brain. Only two of the RELA-like tumors
(cases 4 and 8) displayed small clusters of cells infiltrating
the brain tissue, the other three showed a clear demarcation
(cases 5, 14 and 15). Thirteen samples only contained solid
tumor areas; there was no indication of a diffusely infiltra-
tive growth pattern. Preexisting neurons or axonal structures
could not be identified within the tumors.

Dot-like EMA expression was found in all RELA-like
tumors. All tumors were anaplastic (WHO grade III). None
of the tumors showed nuclear p65-RelA protein accumula-
tion (Fig. 1). p16 protein was retained in all cases that were
examined by immunohistochemistry. In summary, there was
no obvious histological difference of these tumors compared
to RELA-fused ependymomas with the exception of the
absence of nuclear p65-RelA accumulation.

Ependymomas with tanycytic histology displayed round
to oval, mostly isomorphic cell nuclei and elongated cell
processes, particularly highlighted by GFAP immunostain-
ing. Some perivascular pseudorosettes were observed but
did not represent a major histological feature. One tanycytic
tumor (case 10) presented with fiber-rich areas and protein
droplets, and case 11 exhibited a prominent microcystic
component (Fig. 2). Five out of 6 tanycytic tumors were
assigned a WHO grade II according to the 2016 WHO clas-
sification of brain tumors [12]. All five cases tested showed
a dot-like EMA expression, p16 protein expression, and a
lack of nuclear p65-RelA accumulation.

The two tumors with astroblastoma-like histology (Fig. 2)
presented with perivascular architectures resembling astro-
blastic pseudorosettes with long, stamp-like processes
directed towards the vessel walls. One case (case 16) showed
foci of hyalinized vessels. Both astroblastoma-like tumors
were graded as anaplastic and exhibited areas of necrosis. In
contrast to the other cases, subpopulations (approximately
20%) of tumor cells expressed Olig2. One case showed an
EMA expression (Fig. 1).

The remaining tumor could not be assigned to any of
these histological patterns and corresponded to WHO grade

III. It exhibited perivascular pseudorosettes, prominent
ependymal lining, and dot-like EMA expression (Supple-
mentary Fig. 1, online resource).

Genomic analysis

High resolution, genome-wide chromosomal copy number
analysis by MIP was available for all 18 cases and displayed
chromosomal gains and losses, predominantly involving
whole chromosomes or chromosomal arms. The most fre-
quent events were loss of chromosome 22 (n=4; 22%) and
loss of the short arm of chromosome 1p (n=4; 22%). These
occurred in RELA-like and tanycytic tumors. Cases 1 and
8 of the RELA-like group presented with multiple chromo-
somal gains and losses (among others, losses of chromo-
somes 13 and 22; gains of chromosome 21). Chromothripsis
of chromosome 11 or focal copy number alterations of the
RELA locus was not present in any of these cases. In con-
trast, a chromosomal break in the MAML?2 locus was found
in three cases of the RELA-like group. Of note, both astro-
blastoma-like tumors harbored a severe structural alteration
(chromothripsis) of chromosome 22 (Figs. 1, 2). The two
astroblastoma-like tumors were additionally analyzed by
FISH; no split signals were detected with a MNI break-apart
probe. Three tanycytic tumors showed balanced cytogenetic
profiles, one harbored only a loss of the short arm of chro-
mosome 1. Case 14 of the tanycytic group displayed multi-
ple chromosomal losses including the short arm of chromo-
somes 1 and 3, copy number losses of chromosomes 13, 14,
and 22, and chromothripsis of chromosome 16. The remain-
ing tanycytic case 15 and case 18 of the group without his-
tological class showed a polyploid phenotype.

Analysis of fusion transcripts

By Nanostring technology, we searched for recurrent fusion
transcripts including the most frequent fusions of C11orf95-
RELA and YAPI-MAMLDI. None of the examined tumors
showed a signal for these fusions. Targeted RNA next-gener-
ation sequencing was performed for 13 (7 RELA-like, 4 tany-
cytic, 2 astroblastoma-like) tumors (Fig. 1). Two RELA-like
ependymomas harbored a gene fusion involving C11orf95
with breakpoints in exon 5 and the NCOAI gene, breakpoints
in exon 14 (case 4) or exon 15 (case 5). An additional RTN3
(exon 5) - NCOAI (exon 15) fusion transcript was found
in case 5. Sequencing data revealed a CIIorf95 (exon
5)-MAML2 (exon 2) fusion in case 9 (Fig. 1). A PLAGLI
(exon 4) - ESWRI (exon 8) gene fusion was detected in
case 8. Cases 1, 2, and 6 (RELA-like) as well as cases 12,
13, 14, and 15 (tanycytic) did not show any relevant fusion
transcripts in RNA sequencing. Both astroblastoma-like
tumors displayed novel gene fusions with case 16 harboring
aunique PATZ] (exonl)-MNI (exonl) gene fusion and case
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17 carrying MYH9 (exon 3)-SECI14L2 (exon 2) and MTMR3
(exon 2)-NCOA3 (exon 10) fusion transcripts.

mRNA expression of lineage markers

Furthermore, both astroblastoma-like tumors did not show
BEND? expression characteristic of HGNET-MN1. OLIG2
mRNA was absent from cases of the RELA-like and tany-
cytic ependymomas but expressed in the two astroblastoma-
like tumors.

Methylation-based classification

For two tumors of the RELA-like group methylation-based
classification (v11b4) yielded a significant similarity
with the methylation class ‘ependymoma, RELA-fusion’
(calibrated-score > 0.9); one additional case showed a cal-
ibrated-score of 0.89 (case 2) and one further RELA-like
case showed a low, non-significant, calibrated score of 0.62
for this methylation group. Case 18, located solely in the
third ventricle with no relation to the posterior fossa, scored
high (0.97) for the methylation class ‘ependymoma, poste-
rior fossa group B’. All tanycytic ependymomas, the two
astroblastoma-like tumors as well as all remaining RELA-
like cases scored ‘no match’. In dimension reduction (Www.
epidip.org; v. 2.4), 7/8 RELA-like ependymomas clustered
with RELA-fused ependymomas. One tumor (case 4) did not
cluster with them, but showed typical histology with some
clear cell-like areas and branching capillaries. This case also
carried an alternative C11orf95 fusion. Five of six tanycytic
ependymomas did not group with any of the molecularly
distinct ependymoma entities but showed a certain similarity
to other low-grade gliomas (Supplementary Fig. 2, online
resource). Three of the tanycytic cases showing a stable
genome clustered together in the UMAP plot.

Imaging characteristics

Initial MRIs of RELA-like ependymoma were available for
six patients but neuroradiological reevaluation could only
be performed in four cases only due to an incomplete imag-
ing protocols and/or defective storage medium. Predominant
cystic/necrotic morphology, heterogeneous T2-weighted
signal-intensity, and perifocal tumor edema were present in
3/4 cases. Localization of these three tumors was the pari-
etal lobe. Solely one tumor showed only one small cyst, no
edema, homogeneous T2-weighted signal-intensity and was
located in the ventricle. The tumor’s contrast-agent uptake
in each case was mainly strong in nearly 100% of the tumor
volume. In two cases signs of calcification and/or intratu-
moral hemorrhage were found, in the other two cases, these
features could not be determined. In two patients diffu-
sion-weighted images were available, both tumors showed
restricted diffusion.

Event-free and overall survival

The mean follow-up period was 6.73 years (SE 0.79); two
patients were lost to follow-up. Of the remaining sixteen
patients, at the time of analysis, one had relapsed 4.9 years
from diagnosis, and one patient developed a second tumor
(astrocytic glioma); these patients, both male, died after
5.6 and 7.6 years, respectively. Five-year EFS, PFS, and
OS comprised 75%, 75%, and 81%, respectively. Regard-
ing histological subgroups, in the RELA-like group one of
eight patients relapsed, one developed a second neoplasm
and both died (no survival data available for one patient)
while no patient in the tanycytic group experienced relapse
nor died (follow-up data missing for one patient) (Table 1).
The same applied for the two patients with astroblastoma-
like tumors of whom neither one relapsed nor died (Fig. 3).
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Fig. 3 Survival analysis (Kaplan—-Meier plots)
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Discussion

As the molecular era of brain tumor classification
advances, new tumor entities are defined according to
genetic alterations. The current concept implies supraten-
torial ependymomas comprising C1/orf-RELA-fused or
YAPI-MAMLD1-fused ependymoma as well as subepend-
ymoma [17]. However, growing evidence suggests that
supratentorial ependymomas carrying alternative gene
fusions exist [5, 16]. To further examine this issue, we
studied 18 supratentorial pediatric ependymoma diag-
nosed between 2003 and 2017 at our institution identified
as Cllorf95-RELA and YAPI-MAMLD] fusion-negative.
To our knowledge, this study represents the largest cohort
of pediatric supratentorial ependymomas lacking RELA
and YAP fusions. A summary of the non-RELA / non-
YAP1 supratentorial tumors published so far and the cases
of this series is provided in Supplementary Table 1 (online
resource).

First, we confirmed the diagnosis by histopathological
review including immunohistochemistry for EMA as well
as Olig2, with the latter being partly positive only in both
astroblastoma-like cases. In all cases, immunohistochem-
istry for p65-RelA was performed, a potent diagnostic tool
to identify RELA-positive ependymoma, independent of
the underlying fusion transcript [6]. None of the cases
showed positive nuclear staining in line with the absence
of Cllorf95-RELA fusion transcripts. YAPI-MAMLD1
fusions were not found in any case. After confirmation
of the absence of these fusions, we identified histological
characteristics of the 18 NRNY tumors and were able to
assign most tumors to three groups based upon common
histological features: the RELA-like, the tanycytic, and the
astroblastoma-like. Only one case did not fit into any of
these groups. None of the tumors displayed features of
subependymoma. Thirteen out of 18 (72%) NRNY epend-
ymoma displayed anaplastic features with brisk mitotic
activity and graded according to WHO grade III, only five
cases qualified for WHO grade II. Interestingly, all five
WHO grade II ependymoma presented with a tanycytic
phenotype, whereas all RELA-like as well as the astroblas-
toma-like tumors were classified WHO grade II1. Refer-
ring to survival data—in line with the more favorable
grading—tanycytic ependymoma may comprise a favora-
ble subgroup of supratentorial ependymoma.

RELA-like ependymoma
All nine RELA-like ependymomas were classified as

WHO grade III. Tumors were localized throughout the
supratentorial compartment. They exhibited histological

similarities with the RELA-fusion positive ependymoma
and EMA immunohistochemistry was positive in all cases.
With the exception of the lack of nuclear p65-RelA accu-
mulation, there were no differences between RELA-like
and RELA-fused ependymomas regarding histological or
immunophenotypical features.

Two cases harbored loss of chromosome 22 and of the
short arm of chromosome 1 each; chromothripsis of chromo-
some 16 was present in two cases, whereas such alteration
was not found in chromosome 11, as it would be typical for
RELA-fusion positive ependymoma. Beyond that, breaks in
the MAML?2 and the C110rf95 locus in three and one cases,
respectively, were detected, but no breaks within the RELA
locus. Such breaks were not found in any of the tumors
assigned to the other groups, possibly representing a distinct
characteristic feature of RELA-like ependymoma.

In addition to the histopathological and genetic analyses,
we added methylation-based classification [17]. However,
using the (supervised) Heidelberg brain tumor methylation
classifier v11b4, only four histologically RELA-like tumors
were attributed to the methylation class “RELA-Fusion EP”
(two with a non-diagnostic score of <0.9). Of these, three
showed an alternative C11orf95 fusion confirmed by RNA-
sequencing. It can be hypothesized that C170orf95 fusion
events with alternative partners (MAML?2 and NCOAI) may
be associated with a methylation profile similar to cases in
which RELA is part of the fusion transcript. In fact when
we applied unsupervised machine learning in the form of
dimension reduction to the methylation data along with a
larger spectrum of methylation reference data [20] all but
one case of the RELA-like ependymomas located within
the cluster of RELA-fused ependymomas (Supplementary
Fig. 2, online resource). This finding may indicate a common
cell of origin of RELA-fused and RELA-like ependymomas.

However, RELA-like ependymoma did not show the path-
ological NF-kB pathway activation characteristic of RELA-
fused ependymomas and therefore may represent a different
biologic entity with distinct clinical behavior.

Zhu et al. recently demonstrated that the C110rf95 por-
tion of the Cl1lorf-RelA fusion protein binds to specific
DNA motifs and regulates expression of a set of genes by
hijacking the activation domain of RelA [23]. They postu-
lated that C110rf95 may play a driving role in the develop-
ment of these supratentorial ependymomas because it was
found to be fused to other transcription factors such as Yapl
[18] leading to activation of alternative pathways other than
NF-«B. Interestingly, other fusion partners of C11orf95
encode coactivators such as NCOAI1, that is known to
enhance transcription activation by nuclear hormone recep-
tors [22] or MAML?2 that enhances Notch-mediated acti-
vation of transcription [11]. These coactivators may be
hijacked by C110orf95 and located to other DNA domains
leading to activation of an oncogenic transcriptional
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program. On the other hand, some RELA-like tumors car-
ried different alternative fusion transcripts neither harboring
RELA nor Cl1orf95 as well; with a fusion between RTN3-
and NCOAI in case 5 and one PLAGLI-EWSRI fusion in
case 8. Although we found such alternative fusion transcripts
in supratentorial NRNY ependymoma, we did not detect
the previously published ones: FOXO1-STK24 [5], MAML2-
ASCL2, or MARK2-ADCY3 [16].

Furthermore, several RELA-like tumors were found by
Pages et al. and in this series which lacked any detectable
fusions (case 23 in the Pages et al. series [16], cases 1, 2, 6,
9 in this series) indicating that C110rf95 may play an impor-
tant role in some RELA-like tumors but not in all (for details,
see Supplementary Table 1, online resource).

On MRI, RELA-fused ependymomas were described as
heterogeneous masses with predominantly cystic or necrotic
morphology, showing mainly strong contrast-agent uptake
and diffusion restriction (reflecting high cellularity), and in
more than half of the cases intratumoral hemorrhages and
calcifications were found [14]. The radiological findings of
the limited number of RELA-like ependymoma in our cohort
do not seem to differ substantially compared to the features
reported by Nowak et al. [14].

Tanycytic ependymoma

All but one tumor in this group (83%) were classified as
WHO grade II. Four tumors were localized in the hemi-
spheres. Genetically, there were no distinct alterations, only
present in tanycytic ependymoma; however, 50% of cases
revealed a completely balanced genomic phenotype. No gene
fusion transcripts were detected in four tanycytic tumors
examined by RNA-NGS. Regarding clinical outcome, all
patients of whom follow-up was valid were alive without
progression, including the patient suffering from the tumor
classified as WHO grade III (Fig. 3). This finding may indi-
cate a favorable clinical behavior, however, the number of
cases in this cohort is too small to draw any definitive con-
clusions. The identification of such cases in other cohorts
will allow a better understanding of the clinical behavior of
this group of tumors.

Interestingly, none of the tumors could be assigned to
a methylation class defined in the Heidelberg classifier
(v11b4), indicating that tanycytic ependymoma may not
resemble a “pattern” of ependymoma but rather represent
one or more biological entity/entities not yet represented
in the v11b4 reference tumor set. In a dimension reduction
plot, five of six cases did not cluster to any defined class
of ependymomas (Supplementary Fig. 2, online resource).
These findings suggest that tanycytic ependymomas repre-
sent distinct supratentorial ependymomas featuring a charac-
teristic histomorphology and whose methylation signatures
differ from other currently recognized ependymoma entities.

@ Springer

Astroblastoma-like tumors

Both astroblastoma-like cases arose in female patients, were
located in the hemispheres and interpreted as WHO grade
III. Histological hallmarks of these tumors were astroblas-
tic pseudorosettes; one case even presented with hyalinized
blood vessels. Of note, these were the only tumors showing
a partial positivity for the glial transcription factor Olig2.
Furthermore, both tumors showed chromothripsis of chro-
mosome 22 and could not be assigned to any established
methylation class, in particular not to the methylation class
HGNET-MNI. Genetic distinction from astroblastoma was
further supported by a negative break-apart-FISH analysis
for MN1, and no elevation of BEND?2 [21]. One case of this
group harbored a unique PATZI-MNI1 gene fusion that has
been recently described for the first time in a malignant brain
tumor [2]. The second astroblastoma-like tumor harbored
two novel gene fusions (MYH9-SECI4L2 and MTMR3-
NCOA3). Interestingly all but one gene fusion partner in
both astroblastoma-like tumors were located on chromosome
22, thus leading to the assumption that these fusions might
be due to the observed structural alteration of chromosome
22 (chromothripsis).

Both astroblastoma-like tumors differed from the other
NRNY supratentorial ependymomas. In contrast to these,
the astroblastoma-like tumors expressed OLIG?2 transcripts
and Olig2 protein in a fraction of cells. Whether these
tumors should be classified as an ependymoma subgroup or
may represent a novel entity remains to be defined.

Supratentorial ependymoma without annotation
to a distinct histological class

Even though the supratentorial location was radiologically
confirmed, one case without annotation to a distinct histo-
logical class was classified as “PFB” ependymoma by meth-
ylation profiling. In concordance with the methylation class,
MIP revealed a polyploid chromosomal genotype, suggest-
ing that rare supratentorial variants of PFB due to aberrant
cell migration might exist.

In conclusion, we identified a cohort of 18 pediatric
supratentorial NRNY ependymomas and further allocated
these tumors to three groups according to their predomi-
nant histological features. They seem to represent differ-
ent biological entities. In our cohort they corresponded to
approximately 15% of pediatric supratentorial ependymo-
mas, similar to reports by other groups [5, 16]. It is surpris-
ing that these tumors had not been identified in the large
cohort of more than one-hundred supratentorial ependymo-
mas described by Pajtler et al. [17]. Currently, the exclusive
use of methylation-based classification seems insufficient
to distinguish these NRNY ependymomas. We suggest an
integrated histopathological and genetic diagnostic work-up
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of supratentorial ependymomas to precisely identify these
tumors to enable their further characterization, eventually
leading to adequate risk-stratification in the future.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Andreiuolo F, Varlet P, Tauziede-Espariat A, Jiinger ST, Dorner E,
Dreschmann V et al (2019) Childhood supratentorial ependymo-
mas with YAPI-MAMLDI fusion: an entity with characteristic
clinical, radiological, cytogenetic and histopathological features.
Brain Pathol 29:205-216. https://doi.org/10.1111/bpa.12659

2. Burel-Vandenbos F, Pierron G, Thomas C, Reynaud S, Gregoire V,
Duhil de Benaze G et al (2020) A polyphenotypic malignant pae-
diatric brain tumour presenting a MN1-PATZ1 fusion, no epige-
netic similarities with CNS High-Grade Neuroepithelial Tumour
with MN1 Alteration (CNS HGNET-MN1) and related to PATZ1-
fused sarcomas. Neuropathol Appl Neurobiol 46:506-509. https
://doi.org/10.1111/nan.12626

3. Capper D, Jones DTW, Sill M, Hovestadt V, Schrimpf D, Sturm D
et al (2018) DNA methylation-based classification of central nerv-
ous system tumours. Nature 555:469-474. https://doi.org/10.1038/
nature26000

4. Figarella-Branger D, Lechapt-Zalcman E, Tabouret E, Jiinger S,
de Paula AM, Bouvier C et al (2016) Supratentorial clear cell
ependymomas with branching capillaries demonstrate character-
istic clinicopathological features and pathological activation of
nuclear factor-kappaB signaling. Neuro Oncol 18:919-927. https
://doi.org/10.1093/neuonc/now025

5. Fukuoka K, Kanemura Y, Shofuda T, Fukushima S, Yamashita S,
Narushima D et al (2018) Significance of molecular classification
of ependymomas: C11orf95-RELA fusion-negative supratento-
rial ependymomas are a heterogeneous group of tumors. Acta
Neuropathol Commun 6:134. https://doi.org/10.1186/s4047
8-018-0630-1

6. Gessi M, Giagnacovo M, Modena P, Elefante G, Gianno F, But-
tarelli FR et al (2019) Role of immunohistochemistry in the iden-
tification of supratentorial C1 10RF95-RELA fused ependymoma
in routine neuropathology. Am J Surg Pathol 43:56-63. https://
doi.org/10.1097/PAS.0000000000000979

7. Grundy RG, Wilne SA, Weston CL, Robinson K, Lashford LS,
Ironside J et al (2007) Primary postoperative chemotherapy
without radiotherapy for intracranial ependymoma in children:
the UKCCSG/SIOP prospective study. Lancet Oncol 8:696-705.
https://doi.org/10.1016/S1470-2045(07)70208-5

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Jinger ST, Andreiuolo F, Mynarek M, Dérner E, Zur Miihlen A,
Rutkowski S et al (2020) Ependymomas in infancy: underlying
genetic alterations, histological features, and clinical outcome.
Childs Nerv Syst 36:2693-2700. https://doi.org/10.1007/s0038
1-020-04655-x

Jiinger ST, Andreiuolo F, Mynarek M, Wohlers I, Rahmann S,
Klein-Hitpass L et al (2020) CDKN2A deletion in supratentorial
ependymoma with RELA alteration indicates a dismal prognosis:
a retrospective analysis of the HIT ependymoma trial cohort. Acta
Neuropathol 140:405-407. https://doi.org/10.1007/s00401-020-
02169-z

Jinger ST, Mynarek M, Wohlers I, Dorner E, Miihlen AZ, Velez-
Char N et al (2019) Improved risk-stratification for posterior fossa
ependymoma of childhood considering clinical, histological and
genetic features—a retrospective analysis of the HIT epend-
ymoma trial cohort. Acta Neuropathol Commun 7:181. https://
doi.org/10.1186/s40478-019-0820-5

Lin SE, Oyama T, Nagase T, Harigaya K, Kitagawa M (2002)
Identification of new human mastermind proteins defines a fam-
ily that consists of positive regulators for notch signaling. J Biol
Chem 277(52):50612-50620. https://doi.org/10.1074/jbc.M2095
29200

Louis DN, Ohgaki H, Wiestler OD, Cavenee WK (eds) (2016)
WHO classification of tumours of the central nervous system,
Revised, 4th edn. International Agency for Research on Cancer,
Lyon

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

Nowak J, Jiinger ST, Huflage H, Seidel C, Hohm A, Vanderg-
rift LA et al (2019) MRI phenotype of RELA-fused pediatric
supratentorial ependymoma. Clin Neuroradiol 29:595-604. https
://doi.org/10.1007/s00062-018-0704-2

Ostrom QT, Cioffi G, Gittleman H, Patil N, Waite K, Kruchko
C (2019) CBTRUS statistical report: primary brain and other
central nervous system tumors diagnosed in the United States in
2012-2016. Neuro Oncol 21:v1-v100. https://doi.org/10.1093/
neuonc/noz150

Pageés M, Pajtler KW, Puget S, Castel D, Boddaert N, Tauziéde-
Espariat A et al (2019) Diagnostics of pediatric supratentorial
RELA ependymomas: integration of information from histopa-
thology, genetics, DNA methylation and imaging. Brain Pathol
29:325-335. https://doi.org/10.1111/bpa.12664

Pajtler KW, Witt H, Sill M, Jones DTW, Hovestadt V, Kratoch-
wil F et al (2015) Molecular classification of ependymal tumors
across all CNS compartments, histopathological grades, and age
groups. Cancer Cell 27:728—-743. https://doi.org/10.1016/j.ccell
.2015.04.002

Parker M, Mohankumar KM, Punchihewa C, Weinlich R, Dalton
JD, Li Y et al (2014) C110rf95-RELA fusions drive oncogenic
NF-xB signalling in ependymoma. Nature 506:451-455. https://
doi.org/10.1038/nature13109

Pietsch T, Wohlers I, Goschzik T, Dreschmann V, Denkhaus D,
Dorner E et al (2014) Supratentorial ependymomas of childhood
carry C11orf95-RELA fusions leading to pathological activation
of the NF-kB signaling pathway. Acta Neuropathol 127:609-611.
https://doi.org/10.1007/s00401-014-1264-4

Saleh C, Jaszczuk P, Hund-Georgiadis M, Frank S, Cordier D,
Bratic Hench I et al (2021) Differentiation of rare brain tumors
through unsupervised machine learning: Clinical significance
of in-depth methylation and copy number profiling illustrated
through an unusual case of IDH wildtype glioblastoma. Clin
Neuropathol 40:17-24. https://doi.org/10.5414/NP301305

. Sturm D, Orr BA, Toprak UH, Hovestadt V, Jones DTW, Capper

D et al (2016) New brain tumor entities emerge from molecular

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/bpa.12659
https://doi.org/10.1111/nan.12626
https://doi.org/10.1111/nan.12626
https://doi.org/10.1038/nature26000
https://doi.org/10.1038/nature26000
https://doi.org/10.1093/neuonc/now025
https://doi.org/10.1093/neuonc/now025
https://doi.org/10.1186/s40478-018-0630-1
https://doi.org/10.1186/s40478-018-0630-1
https://doi.org/10.1097/PAS.0000000000000979
https://doi.org/10.1097/PAS.0000000000000979
https://doi.org/10.1016/S1470-2045(07)70208-5
https://doi.org/10.1007/s00381-020-04655-x
https://doi.org/10.1007/s00381-020-04655-x
https://doi.org/10.1007/s00401-020-02169-z
https://doi.org/10.1007/s00401-020-02169-z
https://doi.org/10.1186/s40478-019-0820-5
https://doi.org/10.1186/s40478-019-0820-5
https://doi.org/10.1074/jbc.M209529200
https://doi.org/10.1074/jbc.M209529200
https://doi.org/10.3171/2008.9.JNS08117
https://doi.org/10.3171/2008.9.JNS08117
https://doi.org/10.1007/s00062-018-0704-2
https://doi.org/10.1007/s00062-018-0704-2
https://doi.org/10.1093/neuonc/noz150
https://doi.org/10.1093/neuonc/noz150
https://doi.org/10.1111/bpa.12664
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/nature13109
https://doi.org/10.1038/nature13109
https://doi.org/10.1007/s00401-014-1264-4
https://doi.org/10.5414/NP301305

466

Acta Neuropathologica (2021) 141:455-466

22.

23.

classification of CNS-PNETSs. Cell 164:1060-1072. https://doi.
org/10.1016/j.cell.2016.01.015

Takeshita A, Yen PM, Misiti S, Cardona GR, Liu Y, Chin WW
(1996) Molecular cloning and properties of a full-length puta-
tive thyroid hormone receptor coactivator. Endocrinology
137(8):3594-3597. https://doi.org/10.1210/endo.137.8.8754792
Zhu JJ, Jillette N, Li XN, Cheng AW, Lau CC (2020) C110rf95-
RELA reprograms 3D epigenome in supratentorial ependymoma.

Authors and Affiliations

Acta Neuropathol 140(6):951-960. https://doi.org/10.1007/s0040
1-020-02225-8

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

Valentina Zschernack' - Stephanie T. Jiinger''* . Martin Mynarek? - Stefan Rutkowski? - Maria Luisa Garre3 -
Martin Ebinger® - Marie Neu® - Jorg Faber® - Bernhard Erdlenbruch® - Alexander Claviez’ - Stefan Bielack® -
Triantafyllia Brozou® - Michael C. Friihwald'® - Evelyn Dérner’ - Verena Dreschmann’ - Annika Stock'” -

Laszlo Solymosi'! - Jiirgen Hench'? - Stephan Frank'2 - Christian Vokuhl'® - Andreas Waha' - Felipe Andreiuolo™'> -
Torsten Pietsch'

Department of Neuropathology, DGNN Brain Tumor
Reference Center, University of Bonn Medical Center,
Venusberg-Campus 1, 53127 Bonn, Germany

Department of Pediatric Oncology and Hematology,
University Medical Center Hamburg-Eppendorf, Hamburg,
Germany

Neuro-Oncology Unit, IRCCS Istituto Giannina Gaslini,
Genoa, Italy

Department of Pediatric Hematology and Oncology,
University Hospital Tiibingen, Tiibingen, Germany

Department of Pediatric Hematology/Oncology, Center

for Pediatric and Adolescent Medicine, University Medical
Center of the Johannes Gutenberg-University Mainz, Mainz,
Germany

Johannes Wesling Klinikum Minden, University Hospital
for Children and Adolescents, Ruhr University Hospital,
Bochum, Germany

Department of Pediatric and Adolescent Medicine, Pediatric
Hematology and Oncology, University Hospital Schleswig
Holstein, Kiel, Germany

Department of Pediatric Oncology, Hematology
and Immunology, Center for Pediatric, Adolescent

@ Springer

and Women’s Medicine, Stuttgart Cancer Center, Klinikum
Stuttgart-Olgahospital, Stuttgart, Germany

Department of Pediatric Oncology, Hematology and Clinical
Immunology, University Children’s Hospital Medical
Faculty, Heinrich-Heine-University, Diisseldorf, Germany

University Medical Center Augsburg, Swabian Children’s
Cancer Center, Augsburg, Germany

Department of Neuroradiology, University Hospital
Wiirzburg, Wiirzburg, Germany

Division of Neuropathology, Department of Medical
Genetics and Pathology, University Hospital Basel, Basel,
Switzerland

Pediatric Pathology, Department of Pathology, University
of Bonn Medical Center, Bonn, Germany

Present Address: Department of Neurosurgery, University
of Cologne Medical Center, Cologne, Germany

Present Address: Instituto Estadual Do Cérebro Paulo
Niemeyer and the IDOR Institute, Rio de Janeiro, Brazil


https://doi.org/10.1016/j.cell.2016.01.015
https://doi.org/10.1016/j.cell.2016.01.015
https://doi.org/10.1210/endo.137.8.8754792
https://doi.org/10.1007/s00401-020-02225-8
https://doi.org/10.1007/s00401-020-02225-8
http://orcid.org/0000-0003-0763-6506

	Supratentorial ependymoma in childhood: more than just RELA or YAP
	Abstract
	Introduction
	Materials and methods
	Patients and tumor material
	Neuropathological evaluation
	DNA extraction and genome-wide copy number analysis
	RNA extraction and analysis for RELA and YAP fusion transcripts
	mRNA NGS fusion panel
	mRNA expression of lineage-related genes
	DNA methylation analysis
	Fluorescence in situ hybridization
	Radiologic evaluation
	Statistics and survival analysis

	Results
	Patient demographics and histological findings
	Genomic analysis
	Analysis of fusion transcripts
	mRNA expression of lineage markers
	Methylation-based classification
	Imaging characteristics
	Event-free and overall survival

	Discussion
	RELA-like ependymoma
	Tanycytic ependymoma
	Astroblastoma-like tumors
	Supratentorial ependymoma without annotation to a distinct histological class

	References




