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Abstract
According to the WHO classification, ependymal tumors are classified as subependymomas, myxopapillary ependymomas, 
classic ependymomas, anaplastic ependymomas, and RELA-fusion-positive ependymomas (RELA-EPN). Among classic 
ependymomas, the WHO defines rare histological variants, i.e., the clear cell, papillary, and tanycytic ependymoma. In paral-
lel, global DNA methylation patterns distinguish nine molecular groups, some of which tightly overlap with histopathological 
subgroups. However, the match of the aforementioned histological variants to DNA methylation classes remains unclear. We 
analyzed histomorphology, clinical parameters, and global DNA methylation of tumors with the initial histological diagnoses 
of tanycytic (n = 12), clear cell (n = 14), or papillary ependymoma (n = 19). Forty percent of these tumors did not match to 
the epigenetic profile of ependymomas, using a previously published DNA methylation-based classifier for brain tumors. 
Instead, they were classified as low-grade glioma (n = 3), plexus tumor (n = 2), CNS high-grade neuroepithelial tumor with 
MN1 alteration (n = 2), papillary tumor of the pineal region (n = 2), neurocytoma (n = 1), or did not match to any known brain 
tumor methylation class (n = 8). Overall, integrated diagnosis had to be changed in 35.6% of cases as compared to the initial 
diagnosis. Among the tumors molecularly classified as ependymoma (27/45 cases), tanycytic ependymomas were mostly 
located in the spine (5/7 cases) and matched to spinal or myxopapillary ependymoma. 6/8 clear cell ependymomas were found 
supratentorially and fell into the methylation class of RELA-EPN. Papillary ependymomas with a positive ependymoma 
match (12/19 cases) showed either a “papillary” (n = 5), a “trabecular” (n = 1), or a “pseudo-papillary” (n = 6) growth pattern. 
The papillary growth pattern was strongly associated with the methylation class B of posterior fossa ependymoma (PFB, 
5/5 cases) and tumors displayed DNA methylation sites that were significantly different when compared to PFB ependymo-
mas without papillary growth. Tumors with pseudo-papillary histology matched to the methylation class of myxopapillary 
ependymoma (4/6 cases), whereas the trabecular case was anatomically and molecularly a spinal ependymoma. Our results 
show that the diagnosis of histological ependymoma variants is challenging and epigenetic profiles may improve diagnostic 
accuracy of these cases. Whereas clear cell and papillary ependymomas display correlations between localization, histology, 
and methylation, tanycytic ependymoma does not represent a molecularly distinct subgroup.
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Introduction

Ependymal tumors are neuroepithelial neoplasms that com-
monly grow attached to ventricles or to the central canal 
of the spinal cord. They predominantly occur in children, 
but may also affect adults. Tumors may metastasize and 
display a decreasing survival rate related to younger age. 
In particular, a large study combining ependymomas with 
choroid plexus tumors (n = 1233) found a survival rate of 
only 42.4% and 55.3% 5 years after diagnosis for patients 
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diagnosed below the age of 1 year or aged 1–4, respectively 
[11]. In a more recent clinical trial, the 10 year overall sur-
vival in children with ependymoma (aged ≤ 3, n = 54) was at 
around 60% [32]. Based on the current WHO classification 
(2016), ependymal tumors can be classified as subepend-
ymomas (WHO°I), myxopapillary ependymomas (WHO°I), 
classic ependymomas (WHO°II), anaplastic ependymo-
mas (WHO°III), and RELA-fusion-positive ependymomas 
(WHO°II/III). Whereas myxopapillary ependymomas typi-
cally occur in the cauda equina and RELA-fusion-positive 
ependymomas grow supratentorially, subependymomas, 
classic ependymomas, and anaplastic ependymomas may 
all arise from supratentorial, infratentorial, and spinal ori-
gins. In addition, the vast majority of ependymomas share 
histological hallmarks, such as perivascular pseudorosettes, 
ependymal linings, and, less frequently, true ependymal 
rosettes, independent of their anatomical localization. 
However, patients of different age groups tend to develop 
ependymomas in different locations. Whereas more than 
90% of the tumors occurring in childhood are located in the 
posterior fossa, ependymomas during adulthood are mostly 
arising in the spinal cord [15].

With the advent of broad molecular analyses, the hypo- 
thesis that ependymomas from different localizations are 
most likely distinct entities was strengthened. For exam-
ple, mutations in NF2 have been detected as an aberration 
of spinal ependymoma [8], whereas C11orf95-RELA gene 
fusions exclusively occur in supratentorial ependymomas 
[24]. In 2015, a landmark paper by Pajtler and colleagues 
used global DNA methylation to distinguish nine clinically 
different molecular groups of ependymoma, three in each of 
the three anatomical compartments [23]. Within this clas-
sification scheme, spinal ependymomas with NF2 mutations 
established a separate methylation class within the nine 
groups. The same was true for supratentorial ependymo-
mas with RELA fusions that were afterwards introduced as 
a novel, distinct entity into the latest update of the WHO 
classification for brain tumors in 2016 [18]. Global DNA 
methylation profiling is not only used to distinguish the nine 
different groups of ependymomas, but also to classify all 
different kinds of brain tumors [3]. The application of this 
technique allows the comparison of a tumor’s DNA methyla-
tion profile to a large reference group of tumor methylation 
profiles and a matching to predefined “methylation classes”, 
therefore, strengthening a suspected histopathological tumor 
diagnosis or suggesting appropriate differential diagnoses.

Among the group of classic ependymomas (WHO°II), the 
WHO classification defines three different histological vari-
ants: papillary ependymoma, tanycytic ependymoma, and 
clear cell ependymoma [18]. Papillary ependymomas are 
described as rare tumors with finger-like projections that are 
lined by a single layer of cuboidal tumor cells. Papillae are 
lacking a basement membrane beneath the neuroepithelial 

cells, which send fibrillary processes down to a vascular 
core similar to the architectural arrangement in a pseudoro-
sette. Tanycytic ependymomas display irregular fascicles of 
variable width and cell density and are reported to occur in 
the spinal cord, but may also grow intracranially [30, 31]. 
Pseudorosettes can be subtle, which is why the tumors may 
be mistaken for astrocytomas. Finally, clear cell ependymo-
mas are described to exhibit perinuclear halos mimicking an 
oligodendroglioma phenotype or resembling central neuro-
cytoma [19].

While most neuropathologists know how these variants 
are supposed to look like, many aspects remain unclear. 
Apart from the sparsely described histology, solid data on 
epidemiology, anatomical distribution, clinical outcome, and 
molecular biology are missing. In addition, although 500 
ependymomas have been analyzed by Pajtler et al. via global 
DNA methylation [23], it remains elusive, which molecular 
subgroups such histological variants belong to.

We have analyzed a series of 45 ependymomas that had 
been diagnosed as papillary, tanycytic, or clear cell epen- 
dymoma. To thoroughly characterize these ependymoma 
variants, we carefully re-evaluated histological features, 
gathered epidemiological and clinical data, and performed 
DNA methylation profiling.

Materials and methods

Human tissue

Biopsy material (FFPE samples) of tumors with a local and/
or central diagnosis of any ependymoma variant within the 
years 1997–2018 was obtained from the tissue archives of 
various neuropathology units in Germany and Switzerland 
including cases that had been collected within the HIT-MED 
study cohort (n = 17). 42/45 cases included the histologic 
term “tanycytic ependymoma”, “papillary ependymoma”, 
or “clear cell ependymoma” in the diagnostic top line. Three 
cases (cases 20, 24, 26) included the descriptive term “clear 
cell histology”. All investigations were performed in accord-
ance with local and national ethical rules regarding the use 
of patients’ material and have, therefore, been performed 
in accordance with the ethical standards laid down in an 
appropriate version of the 1964 Declaration of Helsinki. 
Patients gave their informed consent prior to their inclusion 
in the study.

DNA methylation‑based tumor analysis

DNA methylation data were generated using the Illumina 
HumanMethylation450 (450 k) or MethylationEPIC (850 k) 
array bead chips. Methylation analysis of ependymoma vari-
ants was performed using FFPE samples. To ensure a tumor 
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cell content of at least 80%, suitable tumor areas were micro-
dissected, if necessary. Cases within the HIT-MED study 
cohort were either fresh frozen or FFPE samples. Following 
deparaffinization, DNA was extracted with the  Maxwell® 
16FFPE Plus LEV DNA Kit (Promega, Fitchburg, USA) 
and a Maxwell DNA extractor. About 250 ng of genomic 
DNA per sample were processed using the Illumina starter 
equipment (Illumina, San Diego) and the respective rea-
gents. DNA quantification was performed with the  Qubit® 
dsDNA BR Assay Kit (Thermo Fisher Scientific, Waltham, 
USA). Bisulfite conversion was done with the Zymo EZ 
Methylation Kit (Zymo Research Irvine, USA) followed by 
purification with Zymo DNA Clean Kit (Zymo Research 
Irvine, USA). DNA from FFPE tissue was treated with the 
Infinium HD FFPE Restore Kit prior to hybridization to the 
Infinium BeadChip (Illumina, San Diego). Subsequently, 
the bead chips were scanned by an iScan (Illumina, San 
Diego). The output data (.idat files) from the iScan reader 
were checked for general quality measures as indicated by 
the manufacturer.

DNA methylation‑based classification, t‑SNE 
analysis, and copy number plots

DNA methylation-based classification of brain tumors was 
performed using the publically available “classifier” tool, 
version v11b4 (https ://www.molec ularn europ athol ogy.org/
mnp, [3]), that currently recognizes 82 distinct CNS tumor 
entities. Calibrated methylation classifier scores < 0.5 were 
defined as “no match”. Scores ≥ 0.5 were considered in an 
integrated diagnostic setting, as described previously [4]. 
Raw idat files were loaded into the R environment (v3.5.2), 
and normalized and corrected for batch effects. Differen-
tially methylated probes (DMP) were detected with ChAMP 
(v2.12.4) [20]. Samples from different array types (450 k or 
EPIC) were loaded separately and combined with the com-
bineArrays function from the minfi package (v1.28.4) [1]. 
For visualization, pheatmap (v1.0.12) [16] was employed. 
t-distributed stochastic neighbor embedding (t-SNE) analy-
sis was done as previously described [5]. For t-SNE plots, 
publicly available data from 82 defined brain tumor entities 
(n = 2801, [3], GEO accession number GSE90496) and from 
posterior fossa group B ependymomas (n = 212, [5], GEO 
accession number GSE117130) were included. Within the 
Cavalli data set [5], the cases GSM3271672, GSM3271667, 
GSM3271694, GSM3271693, GSM3271775, GSM3271656, 
GSM3271742, GSM3271688, GSM3271708, GSM3271837, 
and GSM3271672 were also present in the HIT study cohort 
and we analyzed. To avoid double cases, these data were 
excluded from analyses.

To obtain cumulated copy number variations (CNVs) 
per group, each sample was first analyzed separately with 
the ‘conumee’ package for R (v1.9.0) [13]. Afterwards, 

the proportions per group were estimated by DNAcopy 
(1.58.0) [21]. t-SNE and cumulated CNVs were visualized 
by ggplot2 (v3.1.1) [33].

Histology, immunohistochemistry, FISH, and gene 
fusion analyses

After DNA methylation-based tumor analysis, a histopatho-
logical review of all cases was performed by J.N. and U.S. as 
board-certified neuropathologists to find an integrated diag-
nosis. To this end, formalin-fixed and paraffin-embedded 
human tumor samples were H&E-, Astra-, or Alcian-stained 
according to standard protocols. Information on immuno-
histochemistry was taken from local or central reports if 
material was not available or done on an automated Ventana 
system using the following primary antibodies: anti-GFAP 
(DAKO, M0761, 1:200), anti-NFP (DAKO M0762, 1:400), 
anti-Brachyuri (R&D, BAF2085, 1:50), anti-OLIG2 (Milli-
pore AB9610, 1:50), anti-H3K27me3 (Cell Signaling 9733, 
1:50), anti-H3K27 M (Millipore MAB3303, 1:1000), anti-
Synaptophysin (DAKO M7315, 1:500), anti-IDH1(R132H, 
Histonova DAH09, 1:20), anti-Keratin (Immunotech 1918, 
1:400), anti-Vimentin (DAKO 0725, 1:200), rabbit anti-S100 
(DAKO Z0311, 1:8000), anti-EMA (DAKO 0613, 1:200), 
anti-p53 (DAKO M7001, 1:800), anti-MAP2C (Sigma, 
M4403, 1:3000), anti-ATRX (HPA001906, 1:400), anti-
CD34 (DAKO M7165, 1:100), anti-p65 (Cell Signaling 
8242S, 1:2000), and anti-NeuN (Merck, MAB377, 1:25). 
RELA-C11orf95 fusions were investigated using protocols 
and primers published elsewhere [24]. FISH analyses to 
detect alterations within MN1 were performed using stand-
ard protocols and probes by Cytotest (CT-PAC112-10OG).

Results

Tanycytic ependymoma

Histologically diagnosed tanycytic ependymoma cases 
(n = 12) had a median age of 34.5 years (range 10.4–80.7) 
with a female-to-male ratio of 2:1 (Fig. 1). To better charac-
terize these tumors, we performed a global DNA methyla-
tion analysis and classified our cases according to the meth-
ylation classes of central nervous system tumors defined by 
Capper and colleagues (https ://www.molec ularn europ athol 
ogy.org/mnp [3]). Moreover, we performed a t-distributed 
stochastic neighbor embedding (t-SNE) analysis including 
our case series as well as all cases published by Capper and 
colleagues (n = 2801, 82 tumor methylation classes ([3], Fig-
ure S1). Using the above-mentioned classifier, 7/12 tanycytic 
cases (58.3%) matched to one of the nine molecular epend-
ymoma groups (Fig. 1, [23]).

https://www.molecularneuropathology.org/mnp
https://www.molecularneuropathology.org/mnp
https://www.molecularneuropathology.org/mnp
https://www.molecularneuropathology.org/mnp
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Tanycytic ependymoma that matched to one of the nine 
known molecular ependymoma groups (n = 7) had a median 
age of 40.1 years (range 10.4–80.7) and were located spi-
nally (n = 5, cases #2, 4, 5, 6, and 7) or in the posterior 
fossa/pineal region (n = 2, cases #1 and 3). Spinally located 
cases were attributed to the methylation classes of “epend-
ymoma, myxopapillary” (MPE, n = 3) or “ependymoma, 
spinal” (SP-EPN, n = 2), whereas cases #1 and #3 were 
classified as “ependymoma, posterior fossa group B” (PFB) 
and “ependymoma, posterior fossa group A” (PFA), respec-
tively (Fig. 1). The histomorphology of cases #1, 2, 3, and 
7 was characterized by areas of tanycytic morphology and 
classic morphology with characteristic ependymal pseu-
dorosettes (Figs. 1, 2a–d). In case #1, sharply delineated 
islets with classic growth patterns were seen in between the 
predominantly tanycytic-growing tumor (Fig. 2a). Cases 

#4, 5, and 6 were characterized by tanycytic morphology 
only (Fig. 2e–g). In summary, tumors with a histology of 
tanycytic ependymoma and a match to any molecular epend-
ymoma group occurred in pediatric and adult patients were 
located in the spinal cord and posterior fossa, and showed 
diverse molecular methylation patterns.

Among the cases not matching to any molecular epend-
ymoma group (n = 5, 41.6%), case #9 was a supratentorial 
tumor in a 15.6-year-old female and was attributed to the 
methylation class “low grade glioma, MYB/MYBL1”. Upon 
re-evaluation, the histomorphology was indeed compatible 
with a low-grade astrocytoma with angiocentric growth pat-
tern (Fig. 1, Supplementary Fig. 2, online resource). Details 
on the remaining 4/12 cases (33.3%) that did not match to 
any known methylation class based on a classifier score ≥ 0.5 
are described in Fig. 1 and Supplementary Fig. 2 (online 

Fig. 1  Clinical, histopathologi-
cal, and molecular features of 
cases diagnosed as tanycytic 
ependymoma (n = 12). EPN 
ependymoma, Loc. localisa-
tion, ST supratentorial, PF 
posterior fossa, SP spinal, PR 
pineal region, Methyl. Class 
methylation class defined by 
DNA methylation-based clas-
sification of central nervous 
system tumors (https ://www.
molec ularn europ athol ogy.org/
mnp, [3]). PFA ependymoma, 
posterior fossa group A; PFB 
ependymoma, posterior fossa 
group B; MPE ependymoma, 
myxopapillary; SP-EPN epend-
ymoma, spinal; LGG, MYB low-
grade glioma, MYB/MYBL1; 
Myxopap. myxopapillary; n.a. 
not available

https://www.molecularneuropathology.org/mnp
https://www.molecularneuropathology.org/mnp
https://www.molecularneuropathology.org/mnp
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resource). These tumors were localized supratentorially 
(n = 1), in the posterior fossa (n = 1), or in the spinal cord 
(n = 2). The additionally performed t-SNE analysis (Supple-
mentary Fig. 1, online resource) showed that cases #11 and 
#12 clustered closely to different spinal ependymoma groups 
(EPN, SP, and SUBEPN, SP). However, the two other tany-
cytic ependymomas without a classifier match did not cluster 
together or close to ependymomas, arguing against a com-
mon molecular group build by these four tumors without a 
classifier match (Supplementary Fig. 1, online resource).

Clear cell ependymoma

Clear cell ependymomas (n = 14) had a median age of 
12.7 years (range 0.9–56.9) with a female-to-male ratio of 
1.3:1 (Fig. 3). DNA methylation revealed that 8/14 cases 
(57.1%) matched to one of the ependymoma subgroups 
(Fig. 3, [5]), whereas 6/14 (42.8%) did not.

Clear cell ependymomas (75%) with a molecular match 
to ependymoma subgroups were attributed to the methyla-
tion class “ependymoma, RELA fusion” (RELA, 6/8 cases 

Fig. 2  Histomorphology of tanycytic ependymomas. a–g H&E stain-
ings of all cases molecularly classified as ependymoma. Scale bar in 
a: 50 μm for a–g. a–d Cases #1, 2, 3, and 7 showed areas with tany-
cytic morphology (left panels in a–d) and also classic morphology 
(right panels in a–d). The tanycytic parts showed moderate cellularity 
with elongated tumor cells and oval nuclei. Cases #2 and #7 displayed 
tumor cells arranged in interlacing fascicles (b, d, left panels). Areas 
with classic morphology displayed the characteristic ependymal pseu-

dorosettes and tumor cells showed round nuclei with finely dispersed 
chromatin (right panels in a–d). In case 1, sharply delineated islets 
with classic growth patterns were visible in between the predomi-
nantly tanycytic-growing tumor (a). e–g Cases #4, 5, and 6 were char-
acterized by tanycytic morphology only. Tumor cell nuclei in case #4 
displayed also subtle pleomorphism and several tumor cells showed 
abundant eosinophilic or granular cytoplasm (e)
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(#13–18), Fig. 3). Clear cell ependymomas classified as 
RELA were all localized supratentorially, had a median age 
of 12.4 years (range 0.9–51.7) and a female-to-male ratio of 
1:2 (Fig. 3). These cases showed a similar histomorphology 
with quite densely packed, monomorphic tumor cells with 
narrow clear cytoplasm (clear cell appearance) intercepted 
by mostly thin and branching capillaries (Fig. 4a–f). In con-
trast, cases #19 and 20 showed more variable cell density 
and a microcystic appearance (Fig. 4g, h). These tumors 
were localized in the posterior fossa (case #19) or spinal 

cord (case #20) and matched to the “PFA” and “SP-EPN” 
group, respectively. In summary, molecularly confirmed 
ependymomas with typical clear cell appearance all fell into 
the molecular group of RELA-fusion-positive ependymoma.

Next, we asked whether clear cell ependymomas may 
form a distinct molecular cluster within the molecular 
group of RELA-fusion-positive ependymoma. We com-
pared global methylation patterns of RELA-fusion-positive 
clear cell ependymoma (RELA, clear cell morphology 
(CCM), n = 6) with RELA-fusion-positive ependymomas 

Fig. 3  Clinical, histopathologi-
cal, and molecular features of 
cases diagnosed as clear cell 
ependymoma (n = 14). EPN 
ependymoma, Loc. localisation, 
ST supratentorial, PF posterior 
fossa, SP spinal. Methyl. Class 
methylation class defined by 
DNA methylation-based clas-
sification of central nervous 
system tumors (https ://www.
molec ularn europ athol ogy.org/
mnp, [3]). PFA ependymoma, 
posterior fossa group A, RELA 
ependymoma, RELA fusion, 
SP-EPN ependymoma, spinal, 
LGG, DNT low-grade glioma, 
dysembryoplastic neuroepithe-
lial tumor, PLEX, PED B plexus 
tumor, subclass pediatric B, 
neurocytoma central neurocy-
toma, PTPR, A papillary tumor 
of the pineal region group A, 
PTPR, B papillary tumor of the 
pineal region group B, n.a. not 
available, n.d. not done

https://www.molecularneuropathology.org/mnp
https://www.molecularneuropathology.org/mnp
https://www.molecularneuropathology.org/mnp
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that did not display clear cell morphology (RELA, no clear 
cell morphology (NCCM), n = 65, Supplementary Fig. 2, 
online resource). Only 4 significantly differentially methyl-
ated CpG sites were detected (FDR < 0.1) and RELA, CCM 
did not cluster separately based on the most differentially 
methylated CpG sites (Supplementary Fig. 4a, Supplemen-
tary Table 1, online resource). In a t-SNE analysis, RELA, 
CCM cases did not cluster together and located scattered 
among RELA, NCCM cases (Supplementary Fig. 4b, online 
resource). Finally, RELA, CCM and RELA, NCCM cases 
showed similar chromosomal alterations, including losses 
on chromosomes 3 and 9, as published previously ([23, 26], 
Supplementary Fig. 4c, online resource).

We then questioned if RELA, CCM were clinically dis-
tinct from RELA, NCCM cases. We, therefore, compared 
the RELA, CCM and RELA, NCCM cases within the HIT-
MED study cohort. RELA, CCM cases represented 6.9% of 
RELA cases (5/72 cases). Patient age of HIT study cohort 
cases did not significantly differ between RELA, CCM and 
RELA, NCCM cases (median  ageRELA, CCM = 11.5 years 
 (rangeRELA, CCM 0.9–17.8  years, n = 5) and median 
 ageRELA, NCCM = 5.8 years  (rangeRELA, NCCM 0.4–18.6 years, 
n = 67, p = 0.49). The female-to-male ratio was 0.67:1 for 
RELA, CCM cases and 0.58:1 for RELA, NCCM cases. 
Next, we performed a Kaplan–Meier survival analysis of 
RELA ependymomas and included a series of previously 

Fig. 4  Histomorphology and survival of clear cell ependymoma 
cases. a–h H&E stainings of all cases molecularly classified as 
ependymoma. Scale bar in a: 50 μm for a–h. a–f Cases #13, 14, 15, 
16, 17, and 18 showed quite densely packed, monomorphic tumor 
cells with narrow clear cytoplasm intercepted by mostly thin and 
branching capillaries. Arrow in b shows a calcification. Sometimes 
pseudorosettes were implied (arrow in d). g, h Cases #19 and 20 
showed a more variable cell density and a microcystic appearance 

(arrows in g, h). Sometimes, tumor cells with irregular and clumsy 
appearing clear cytoplasm were seen. (i, j) Kaplan–Meier survival 
analyses of RELA ependymomas comparing cases with (n = 26) 
or without clear cell morphology (n = 67). Overall survival (i) and 
progression-free survival (j) did not differ significantly. RELA, CCM 
RELA ependymoma, clear cell morphology, RELA, NCCM RELA-
fusion-positive ependymoma, no clear cell morphology
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published clear cell ependymomas molecularly defined as 
RELA by p65 immunostaining and reverse transcription 
PCR for C11ORF95-RELA fusions (n = 20, [9]). RELA, 
CCM (n = 26) did not differ significantly from RELA, 
NCCM (n = 67) concerning progression-free survival and 
overall survival (p = 0.41 and p = 0.39, respectively, Fig. 4i, 
j). Both groups showed a 10 year survival rate of 72% 
(Fig. 4j). In conclusion, our data indicate that RELA, CCM 
do not significantly differ from RELA, NCCM cases con-
cerning global DNA methylation and clinical parameters.

Among the clear cell cases not matching to any molecular 
ependymoma group, case #21 did not match to any known 
methylation class (classifier score ≤ 0.3). However, this case 
displayed a histomorphology well compatible with clear 
cell ependymoma (Supplementary Fig. 3, online resource), 
showed nuclear p65-positivity and an RELA-fusion tran-
script (Fig. 3). Other cases matched to the methylation 
classes “low grade glioma, dysembryoplastic neuroepithe-
lial tumor” (case #22), “papillary tumor of the pineal region 
group A” (case #24), “papillary tumor of the pineal region 
group B” (case #23), “plexus tumor, subclass pediatric B” 
(case #25), and “central neurocytoma” (case #26). Upon re-
evaluation, histology was well compatible with molecular 
diagnoses in all cases. Details on histomorphology and addi-
tional analyses of all cases are shown in Figs. 3 and 4 and 
Supplementary Fig. 3 (online resource).

Papillary ependymoma

Finally, we analyzed cases with a primary diagnosis of papil-
lary ependymomas (n = 19). These tumors had a median age 
of 36.4 years (range 6.3–78.1) with a female-to-male ratio 
of 0.9:1 (Fig. 5). Classification according to the methylation 
classifier [8] attributed 12/19 cases (63.2%) to one of the 
molecular ependymoma groups (Fig. 5, [23]). These cases 
fell into the PFB group (n = 6), the MPE group (n = 4), the 
RELA group (n = 1), and the SP-EPN group (n = 1, Fig. 5). 
Reanalysis of histomorphology of these cases revealed three 
different growth patterns that we defined as truly “papil-
lary” (finger-like extensions lined by epithelial-like surfaces 
with smooth boundaries), as “pseudo-papillary” (discohe-
sive monomorphic tumor cells lined around vessels) or as 
“trabecular” (trabecular growth pattern with abundant cysts 
lined by a smooth epithelial-like surface, Figs. 5 and 6a–f). 
4/6 pseudo-papillary growing tumors were classified as 
MPE. These cases displayed hyalinized blood vessels and a 
myxoid matrix becoming apparent with Alcian blue staining. 
All tumors displaying a bona fide papillary growth pattern 
matched to the methylation class PFB (cases #27, 28, 30, 31, 
and 32, Figs. 5, 6a–c). All cases were GFAP-positive and 
OLIG2-negative and 4/5 cases displayed sustained nuclear 
H3K27me3 staining. Case #27, a tumor in 33 years with a 
high PFB classifier score, showed a loss of H3K27me3, a 

feature that was reported to be associated with PFA epend-
ymomas typically occurring in children [22]. PFB cases had 
a median age of 33.3 years. Except for one case (#28) that 
was localized supratentorially and had a rather low clas-
sifier score of 0.54, all cases arose in the posterior fossa 
(Fig. 5). Radiological data to reevaluate the location of 
case #28 were not available, but this case showed sustained 
nuclear H3K27me staining and no nuclear p65 accumulation 
in tumor cells, supporting the molecular diagnosis. 4/6 cases 
(67%) with pseudo-papillary growth pattern matched to the 
MPE group (Figs. 5, 6d). These cases had a median age of 
41.4 years and 3/4 cases were localized in the spinal cord. 
Of note, case #33 was located supratentorially, but showed 
a typical myxoid stroma around blood vessels (Fig. 6d). The 
spinally located cases barely displayed a myxoid component. 
Finally, case #38 with trabecular growth pattern was local-
ized in the spinal cord and was classified as “ependymoma, 
spinal” (Fig. 6f). In conclusion, a true papillary growth pat-
tern was strongly associated with the PFB group.

Next, we asked whether PFB cases with papillary growth 
(n = 5) were molecularly distinct from PFB cases with non-
papillary growth (n = 15). We detected 2406 significantly 
differentially methylated CpG sites (FDR < 0.1, Supplemen-
tary Table 1, online resource) when comparing papillary 
PFB cases with non-papillary PFB cases, and papillary PFB 
cases formed a separate cluster in an unsupervised hierarchi-
cal cluster analysis (FDR < 0.1, delta beta value ≥ 0.2 shown, 
Fig. 6g). Within the group of PFB ependymomas, five sub-
types had been previously described [5] and we questioned 
whether these subtypes might be associated with histomor-
phological patterns. We, therefore, re-analyzed the Cavalli 
data set and performed a t-SNE plot including our papillary 
PFB and non-papillary PFB cases (Supplementary Fig. 6a, 
online resource). Papillary PFB (n = 5) and non-papillary 
PFB cases (n = 15) located scattered among PFB cases of the 
five subtypes, indicating no significant association of histo-
morphology and subtypes (Supplementary Fig. 6a, online 
resource). Finally, copy number analyses revealed that non-
papillary PFB had a frequent gain on Chromosome 11 that 
was not seen in papillary PFB cases (Supplementary Fig. 6b, 
online resource). Other chromosomal alterations were com-
mon in both groups, including losses on chromosomes 6, 
10, 16, and 17, consistent with previously published data 
[5]. In conclusion, PFB cases with papillary growth showed 
significant differences concerning DNA methylation when 
compared to PFB cases without papillary growth.

Among the cases not clustering to ependymoma based 
on DNA methylation, cases #39, 44, and 45 were local-
ized in the spine and did not match to any known subgroup 
(classifier score < 0.3). The other tumors were classified as 
“plexus tumor, subclass pediatric B” (case #40), “low grade 
glioma, dysembryoplastic neuroepithelial tumor” (case 
#41), and “CNS high grade neuroepithelial tumor with MN1 
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Fig. 5  Clinical, histopathological, and molecular features of cases 
diagnosed as papillary ependymoma (n = 19). EPN ependymoma, 
Loc. localisation, ST supratentorial, PF posterior fossa, SP spinal, 
Methyl. Class methylation class defined by DNA methylation-based 
classification of central nervous system tumors (https ://www.molec 
ularn europ athol ogy.org/mnp [3]). PFB ependymoma, posterior fossa 

group B, RELA ependymoma, RELA fusion, MPE ependymoma, 
myxopapillary, SP-EPN ependymoma, spinal, PLEX, PED B plexus 
tumor, subclass pediatric B, LGG, DNT low-grade glioma, dysem-
bryoplastic neuroepithelial tumor, HGNET, MN1 CNS high-grade 
neuroepithelial tumor with MN1 alteration, Myxopap. myxopapillary, 
n.a. not available, n.d. not done

https://www.molecularneuropathology.org/mnp
https://www.molecularneuropathology.org/mnp
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alteration” (cases #42 and 43). Histological re-evaluation in 
an integrated setting confirmed the plexus tumor in case #40 
and identified two astroblastomas (cases #42 and 43, Fig. 5, 
Supplementary Fig. 5, online resource). Details on these 
cases and on all other cases not matching to ependymoma 
groups are delineated in Fig. 5 and Supplementary Fig. 5 
(online resource).

Overall, the neuropathological re-evaluation of epend-
ymoma variants, including histological and molecular data, 
confirmed the initial diagnosis in 55.6% of cases. Diagnosis 

or WHO grade was changed in 35.6% of cases, whereas 
8.9% of cases were not classifiable (Table 1).

Discussion

We analyzed a series of 45 ependymoma variants that 
were diagnosed as papillary, tanycytic, or clear cell epend-
ymoma and carefully re-evaluated histological features, 
gathered epidemiological and clinical data, and performed 

Fig. 6  Histomorphology and 
DNA methylation of papil-
lary ependymoma cases. a–f 
Representative H&E stainings 
of cases molecularly classified 
as ependymoma. Scale bar in 
a left panel (low magnifica-
tion): 250 μm for left panels in 
a–f. Scale bar in a right panel 
(high magnification): 50 μm for 
right panels in a–f. a–c Cases 
#27, 28, and 30 as examples 
for ependymomas with a true 
papillary growth pattern. These 
cases showed finger-like exten-
sions lined by epithelial-like 
surfaces with smooth bounda-
ries. This epithelial-like layer 
lacked a basement membrane, 
but showed cuboidal cells with 
fibrillary processes directed 
down to a vascular core. d, e 
Cases #33 and 37 as examples 
for ependymomas with pseudo-
papillary growth pattern. Dis-
cohesive monomorphic tumor 
cells line around vessels. Note 
that boundaries are irregular 
(arrows in d, e). f Case #38 
showed a trabecular growth pat-
tern with abundant cysts lined 
by a smooth epithelial-like sur-
face. g Unsupervised hierarchi-
cal clustering analysis of PFB 
ependymoma, based on 559 
significantly differentially meth-
ylated CpG sites (FDR < 0.1, 
delta beta value ≥ 0.2) compar-
ing papillary morphology with 
non-papillary morphology. 
Details on all 2406 significantly 
differentially methylated CpG 
sites are listed in supplementary 
Table 1 (online resource). PFB 
ependymoma, posterior fossa 
group B
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DNA methylation profiling. Given the rarity of such vari-
ants, a thorough histological description and visualization 
may first of all add to the sparse knowledge of neuropathol-
ogy textbooks on these tumors. Furthermore, the current 
and upcoming integration of molecular data into the WHO 
classification of brain tumors requires a careful correlation 
between molecular features and histomorphology, which we 
have performed here for ependymoma variants. This may not 
only be useful in circumstances, where histology remains the 
only available diagnostic tool for whatever reason. A well-
educated view on the histology of a brain tumor with sup-
posedly tanycytic, clear cell, or papillary features may also 
encourage the neuropathologist to consider a wider spectrum 
of differential diagnoses that have emerged within our series 
45 cases. Of note, based on global DNA methylation, 18/45 
cases did not match to any methylation class of ependymoma 
with some of them showing specific similarities to low-grade 
gliomas, plexus tumors, neurocytomas, pineal tumors, or 
neuroepithelial tumors with MN1 alteration. The majority 
of these cases were localized supratentorial (10/18, 55%). 
Previous studies have reported a high discordance rate of 
histological and molecular diagnosis in up to 23% supraten-
torial ependymomas [10, 27], indicating that supratentorial 
ependymomas in general may be a challenging diagnosis.

In the integrated neuropathological review, diagnosis was 
changed for 35.6% of cases, which clearly exceeds overall 
discordance rates between histology and DNA methylation-
based classification of brain tumors, which were reported 
to be around 12% in general [3]. Our results show that low-
grade gliomas, plexus tumors, neurocytomas, pineal tumors, 
or neuroepithelial tumors with MN1 alteration are important 
differential diagnoses.

Consistent with the previous reports [30, 31], the majority 
of analyzed tanycytic ependymomas that were molecularly 
confirmed to be ependymomas were located in the spinal 
cord (71.4%). They displayed irregular fascicles of variable 
width and cell density, a pattern similar to low-grade astro-
cytic tumors. Some of these cases harbored small areas with 
transition to classic ependymal histology, but most tumors 
showed a distinct morphology with moderate cellularity 
and elongated tumor cells that were arranged in interlac-
ing fascicles. The possible lack of any classic ependymal 

morphology (e.g., perivascular pseudorosettes) remains—
in our opinion—challenging in diagnosing this tumor. This 
was reflected by a huge fraction of cases (41.6%) that were 
not classified as ependymomas using the DKFZ classifier. 
Tanycytic ependymomas that, based on global methylation 
patterns, were classified as ependymomas fell into diverse 
molecular ependymoma groups, arguing against a common 
molecular background and a common cellular origin. Two 
cases were classified as “ependymoma, spinal”, a molecular 
tumor class associated with NF2 mutations [23], and this is 
consistent with single case reports describing NF2 muta-
tions in tanycytic ependymomas [6, 17]. Other tanycytic 
cases were classified as “ependymoma, myxopapillary”, 
which was confirmed upon neuropathological re-evaluation 
in 2/3 cases. MPE cases were all localized within the lum-
bar spine or filum terminale, where single tanycytic cases 
have previously been reported [25]. In summary, tanycytic 
ependymoma does not represent a homogeneous molecular 
group, but is a histological feature observed in molecularly 
diverse ependymomas.

Consistent with the previous reports, clear cell ependymo-
mas showed perinuclear halos mimicking an oligodendro-
glioma phenotype or resembling central neurocytoma. Two 
cases of our series had to be reclassified as DNT and neu-
rocytoma after careful re-evaluation [19]. Two cases turned 
out to be papillary tumors of the pineal region, highlighting 
this entity as another important differential diagnosis. Most 
clear cell ependymomas showed thin branching capillaries 
with sparsely implied pseudorosettes. In our series, clear 
cell ependymomas with typical histomorphology were all 
found supratentorially and fell into the methylation class of 
RELA-EPN. In line with this, a pathological activation of 
nuclear factor-κB signaling has been previously reported 
in clear cell ependymoma cases [9]. Case #21 that did not 
show a match to ependymoma based on DNA methylation 
still showed a histomorphology well compatible with clear 
cell ependymoma. In addition, this case located with RELA 
cases in a t-SNE analysis (Figure S1). The tumor finally 
displayed nuclear p65 accumulation via immunohistochem-
istry and an RELA-fusion, resulting in the integrated diagno-
sis of an RELA-fusion-positive ependymoma (WHO grade 
III). Comparing clear cell and non-clear cell RELA-EPN, no 

Table 1  Reclassification of 
ependymoma variants

Integrated diagnosis Tany-
cytic 
EPN

Clear 
cell 
EPN

Papillary EPN Total number % of cases

Ependymoma—same WHO grade 7 9 9 25 55.6
Ependymoma—change of WHO grade 3 0 4 7 15.6
Other entity 1 4 4 9 20
Not classifiable 1 1 2 4 8.9
Total number of cases 12 14 19 45 100
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significant differences concerning DNA methylation, epide-
miology, and prognosis have been detected, supporting the 
idea that a clear cell ependymoma might clinically behave 
like any other RELA-fusion-positive ependymoma.

Papillary ependymomas are extremely rare tumors and 
only sporadic case reports exist, describing tumors with 
diverse histomorphology and spinal or supratentorial locali-
zation [7, 12, 28]. We describe a set of 19 tumors diagnosed 
as papillary ependymomas. However, seven of these (36.8%) 
were not classified as ependymomas based on DNA methyla-
tion profiling with HGNET, MN1 (n = 2) being a relevant 
differential diagnosis. Those tumors molecularly confirmed 
to be ependymomas displayed diverse growth patterns that 
we defined as “papillary”, “trabecular”, or “pseudo-papil-
lary”. In line with the description in the WHO classification, 
we considered a truly papillary growth pattern only upon 
presence of finger-like extensions lined by a layer of cuboi-
dal epithelial-like cells [18]. This epithelial-like layer shows 
fibrillary processes directed down to a vascular core and 
lacks a basement membrane. The surface presented smooth 
boundaries. One case (#38) displayed the “trabecular” pat-
tern, lacking finger-like projections, but showing abundant 
cysts lined by a smooth epithelial-like surface. Case #44 that 
did not show a match in the methylation classifier displayed 
a trabecular growth pattern similar to case #38. This case 
clustered to SP-EPN in the t-SNE analysis (Figure S1) and 
showed an immunoprofile well compatible with an epend-
ymoma. Finally, the “pseudo-papillary” pattern was more 
variable, but showed discohesive monomorphic tumor cells 
lined around vessels. Boundaries of pseudopapillae were 
irregular. Applying the strict rule to only consider a true pap-
illary growth pattern as a papillary ependymoma did result 
in a very clear association of papillary ependymomas with 
the PFB methylation class. This is in line with the relatively 
old age of respective patients and may indicate that papillary 
ependymomas go along with a better prognosis compared to 
the majority of posterior fossa ependymoma accounting for 
the PFA methylation group [23].

Of note, 7/45 cases in our cohort were reclassified as 
myxopapillary ependymomas in an integrated diagnostic set-
ting, which resulted in a change of WHO grading. Except for 
case #33, all these cases were localized in the lumbar spine. 
3/12 tanycytic ependymomas were reclassified as myxopap-
illary ependymomas, and this is well in line with the fibril-
lary tanycytic pattern that was described in myxopapillary 
ependymomas [2]. Four myxopapillary ependymomas had 
initially been diagnosed as papillary ependymoma, but all 
displayed a pseudo-papillary growth pattern. Myxopapillary 
ependymomas initially diagnosed as tanycytic or papillary 
ependymomas shared the lack of classic ependymal pseu-
dorosettes, had characteristic hyalinized vessels and a—
sometimes only focally present—myxoid matrix that was 
detected with Alcian blue or Astra staining. These results 

highlight the histopathological diversity of myxopapillary 
ependymomas and indicate that the differential diagnosis of 
a myxopapillary ependymoma should be considered—even 
in the absence of an apparent myxoid stroma—in any pos-
sible ependymoma case arising in the lumbar spine.

For the eight cases that did not match to any of the brain 
tumor classes known by the DKFZ classifier, multiple sce-
narios appear possible. First, technical reasons might have 
hampered a specific match, although we included only cases 
with sufficiently high tumor cell content in the analyzed 
tissue as well as a good DNA quality and sufficient quan-
tity. Second, molecularly uncommon tumors can occur in 
patients harboring tumor predisposing germline mutations. 
In this context, it is worth mentioning that case #10 had a 
Gorlin–Goltz syndrome and harbored a PTCH1 germline 
mutation. The quite old age of many other affected patients 
in our cohort argues against possible additional underlying 
tumor predisposition syndromes. Finally, some tumors with 
uncommon histology that were diagnosed as histological 
ependymoma variants might belong to rare, so far undefined, 
molecularly distinct tumor classes that are not represented in 
the reference data set. Nevertheless, our integrated diagnosis 
of cases with no match resulted in RELA-fusion-positive 
ependymoma, WHO °III (n = 1), ependymoma, WHO °II 
(n = 3), and myxopapillary ependymoma (n = 1), whereas 
four tumors were not classifiable.

Of the cases that, based on DNA methylation, were 
reclassified into other tumor entities (n = 10), a thorough 
neuropathological workup confirmed the molecular diag-
nosis in eight cases. This is in line with reported reclassi-
fications after careful molecular workup [14, 29] underlin-
ing the value of DNA-methylation-based classification as a 
helpful tool in neuropathology. For two cases (#25, 41), the 
result of DNA methylation-based classification could not 
be confirmed. The latter cases showed a low classifier score 
(< 0.54) albeit high tumor content was assured. Case #25 
showed a histopathology that could not be classified into any 
of the known WHO defined entities, whereas case #41 was 
rediagnosed as a papillary glioneuronal tumor.

Taken together, our analyses contribute to the knowledge 
on histological ependymoma variants by showing data about 
epidemiology, localization, and histology of such cases. 
Furthermore, we provide global DNA methylation data and 
correlate these data with clinical, histological, and genetic 
findings. Finally, we increase the awareness for differential 
diagnoses that need to be considered when assuming epend-
ymoma. Although we did not detect a distinct DNA methyla-
tion pattern associated with tanycytic ependymomas, it is 
important to be aware of the tanycytic variant as a possible 
feature of posterior fossa or spinal ependymomas. Here, the 
differential diagnosis of an ependymoma should be consid-
ered in cases resembling low-grade astrocytoma-like tumors 
that lack typical ependymal pseudorosettes. Furthermore, 
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we confirmed that the histomorphological pattern of clear 
cell ependymoma is tightly related to the molecular group 
of RELA-fusion-positive ependymoma. Finally, a true papil-
lary growth pattern was associated with the molecular group 
of posterior fossa B ependymoma.
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