
Vol.:(0123456789)

Acta Neuropathologica          (2024) 147:23  
https://doi.org/10.1007/s00401-023-02682-x

ORIGINAL PAPER

Clinically relevant molecular hallmarks of PFA ependymomas display 
intratumoral heterogeneity and correlate with tumor morphology

Swenja Gödicke1,2 · Catena Kresbach1,2,3 · Max Ehlert1,2 · Denise Obrecht1 · Lea Altendorf1,2 · Karoline Hack1,2 · 
Katja von Hoff4,5 · Helena Carén6 · Viktoria Melcher7 · Kornelius Kerl7 · Bernhard Englinger8,9,10,11 · Mariella Filbin8,9 · 
Kristian W. Pajtler12,13,14 · Johannes Gojo15 · Torsten Pietsch16 · Stefan Rutkowski1 · Ulrich Schüller1,2,3 

Received: 13 September 2023 / Revised: 5 December 2023 / Accepted: 30 December 2023 
© The Author(s) 2024

Abstract
Posterior fossa type A (PF-EPN-A, PFA) ependymoma are aggressive tumors that mainly affect children and have a poor 
prognosis. Histopathology shows significant intratumoral heterogeneity, ranging from loose tissue to often sharply demar-
cated, extremely cell-dense tumor areas. To determine molecular differences in morphologically different areas and to 
understand their clinical significance, we analyzed 113 PF-EPN-A samples, including 40 corresponding relapse samples. 
Cell-dense areas ranged from 0 to 100% of the tumor area and displayed a higher proportion of proliferating tumor cells 
(p < 0.01). Clinically, cell density was associated with poor progression-free and overall survival (pPFS = 0.0026, pOS < 0.01). 
Molecularly, tumor areas with low and high cell density showed diverging DNA methylation profiles regarding their simi-
larity to distinct previously discovered PF-EPN-A subtypes in 9/21 cases. Prognostically relevant chromosomal changes 
at 1q and 6q showed spatial heterogeneity within single tumors and were significantly enriched in cell-dense tumor areas 
as shown by single-cell RNA (scRNA)-sequencing as well as copy number profiling and fluorescence in situ hybridization 
(FISH) analyses of different tumor areas. Finally, spatial transcriptomics revealed cell-dense areas of different tumors to be 
more similar than various different areas of the same tumor. High-density areas distinctly overexpressed genes encoding 
histone proteins, WNT5A, TGFB1, or IGF2. Relapsing tumors displayed a higher proportion of cell-dense areas (p = 0.036), 
a change in PF-EPN-A methylation subtypes (13/32 patients), and novel chromosome 1q gains and 6q losses (12/32 cases) 
compared to corresponding primary tumors. Our data suggest that PF-EPN-A ependymomas habor a previously unrecognized 
intratumoral heterogeneity with clinical implications, which has to be accounted for when selecting diagnostic material, inter 
alia, by histological evaluation of the proportion of cell-dense areas.
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Introduction

Ependymomas are well-circumscribed tumors of the cen-
tral nervous system (CNS) that originate from ependymal 
cells. Histopathology reveals glial neoplasms that can arise 
in the supratentorium, the posterior fossa, and along the 
spinal cord [25]. Ependymomas of the different locations 
are further divided into ten molecular types with distinct 
molecular and clinical characteristics, based on their DNA 
methylation profiles [25, 35, 36]. Ependymomas can occur 
at all ages but predominantly arise in pediatric patients 
where they constitute the third most common primary 
brain tumor. In pediatric patients, 90% of ependymomas 

are located intracranially, with two-thirds occurring in the 
posterior fossa. The posterior fossa ependymomas of the 
molecular subgroup A (PF-EPN-A) mainly affect infants 
and young children and have a dismal prognosis [36]. PF-
EPN-A requires intensive multimodal therapy comprising 
maximum safe surgical resection, postoperative radiother-
apy and in some cases chemotherapy. The aggressiveness 
of this regime, while improving survival, is associated with 
severe treatment-related morbidity including reduced neu-
rocognitive outcomes [47]. For improved overall outcomes 
and quality of life, better risk stratification of PF-EPN-
A patients and innovative additional therapy options are 
urgently needed. Up to date, the strongest clinical prognos-
tic factor remains the extent of resection [41]. While the 
genome of PF-EPN-A is generally considered relatively 
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stable, approximately 19% of tumors show chromosome 
1q gain and 9% 6q loss as the most frequent copy num-
ber variations (CNV) [36]. Both CNV were shown to be 
strong independent negative prognostic factors. More over, 
patients, whose tumors harbor combined chromosome 

1q gain and 6q loss have a significantly worse prognosis 
than those with chromosome 1q gain or 6q loss only [3, 
20]. RNA-, whole genome, and whole exome sequenc-
ing of PF-EPN-A revealed no frequent fusion transcripts 
or somatic single-nucleotide variants (SNV) and a low 
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general mutation rate with only a few tumors harboring 
mutations in genes encoding H3, ACVR1, or EZHIP [37, 
39]. Thus, PF-EPN-A are generally assumed to be epige-
netically driven. PF-EPN-A tumor cells are characterized 
by a global loss of the repressive histone 3 lysine 27 tri-
methylation (H3K27me3) that is not found in the prognos-
tically more favorable PF-EPN-Bs. An aberrant expres-
sion of the enhancer of EZHIP or, mutually exclusive, 
rare H3K27M mutations were identified as the cause for 
this loss of H3K27me3 in PF-EPN-A cases. Both mecha-
nisms inhibit EZH2, the functional enzymatic component 
of polycomb repressive complex 2 (PRC2) that normally 
catalyzes H3K27 trimethylation. Since in the CNS and 
its tumors EZHIP expression is almost exclusive to PF-
EPN-A, it is considered as a reliable immunohistochemical 
(IHC) marker. These markers may also constitute a pos-
sible therapeutic target, as the respective mechanisms are 
considered to be drivers of PF-EPN-A tumorigenesis [2, 
4, 15, 16, 34, 35, 42].

PFA ependymomas have been described to form two 
robust methylation subgroups, PF EPN-A1 and 2. More 
recently, a further subdivision in nine subtypes 1a-f, 2a-c 
was proposed, describing them as distinct in DNA-methyl-
ation, clinical characteristics, WHO-grading, and prognosis 
[35]. However, in the present study we show that heteroge-
neity is not restricted to intertumoral differences in methy-
lation. Histopathologically, PF-EPN-A show a striking 
range of cell density, not only between different patients and 
tumors but also within one tumor, often as sharply demar-
cated areas of higher and lower cell density. We combined 
histomorphological, immunohistochemical, and molecular 
approaches to objectify and further characterize this hetero-
geneity concerning cell density and revealed possible clini-
cal implications.

Material and methods

Samples and clinical data

Inclusion criterion for this study was a formal diagnosis 
as an ependymoma type PF-EPN-A attained in routine 
diagnostics, as well as available FFPE tumor tissue. 74 
PF-EPN-A cases were included in our initial cohort. For 
58/74 cases clinical data were available, 51 of these were 
included in different clinical trials (HIT2000 n = 30, SIOP-
Ependymoma II Version 3.0 n = 20, SKK92 n = 1) and 
seven were additional patients of the University Hospital 
Hamburg-Eppendorf. Detailed clinical and patient charac-
teristics are shown in Fig. 1 and in Suppl. Table 1. As vali-
dation cohort, H&E slides and survival data of a total of 68 
additional PF-EPN-A cases from the HIT2000 trial were 
analysed. The respective data are listed in Suppl. Table 2, 
online resource. The use of clinical data and tumor mate-
rial for research was always in accordance with ethical 
standards and regulations at the University Medical Center 
Hamburg-Eppendorf. The respective clinical trials were 
approved by the responsible ethics committee. For trial 
patients, informed consent was obtained in accordance 
with the Declaration of Helsinki.

Histomorphological and immunohistochemical 
evaluation

Paraffin sections of 2 µm were stained in hematoxylin and 
eosin (H&E) according to standard protocols. Stained 
slides were scanned on a NanoZoomer Digital Slide Scan-
ner (Hamamatsu, Japan). Scanned slides were analyzed 
digitally after defining the total area and proportion of 
cell-dense and less cell-dense areas using QuPath digi-
tal image analysis (version 0.2.3). For the QuPath proto-
col, after the normalization of the stain vectors across all 
samples, a threshold that distinguished areas with more 
and less than 8.5 cells per 1,000 µm2 with a resolution of 
28.88 µm/px, was created. This cut-off used for all sam-
ples was chosen based on the evaluation of ten randomly 
chosen cases and constitutes the cut-off that best depicted 
the visually determined sharp demarcation lines in these 
samples. We analysed one slide per tumor. In tumors with 
more material available, we examined multiple slides, at 
least one per available FFPE block of the respective tumor.

Immunohistochemical staining of paraffin sections was 
performed on an automated Ventana staining instrument 
using the following antibodies: H3K27me3 (cell signal-
ing, 9733, 1:50), EZHIP (Sigma-Aldrich, #HPA004003, 
1:50), and Ki67 (Abcam, ab15580, 1:100). In eleven cases, 
the percentage of Ki67-positive cells of all cells in the 

Fig. 1  Histological and clinical characterization of primary PF-EPN-
A tumors harboring varying extents of high- and low-cellularity 
areas. a–c H&E staining of one PF-EPN-A tumor with areas with low 
(b) and high (c) cell density. d–i H3K28me, EZHIP, and Ki67 stain-
ing of the corresponding areas. j Proportion of Ki67-positive cells in 
cell-dense and less cell-dense areas in 11 PFA ependymomas. In all 
tumors the entirety of all areas with low and high cell density within 
the tumor was analyzed for one data point, respectively. k Percent-
age of areas with low and high cell density in 74 PFA ependymomas, 
clinical data, and methylation subgroups. (Scale bars correspond to 
1.5 mm in a and to 125 µm in b–i). l–o Kaplan–Meier-Curves of the 
progression-free and overall survival in 58 tumors (all tumors of the 
cohort in (k) with available clinical data). l, n Comparison of the 29 
tumors with a lower proportion of cell-dense areas to the 29 tumors 
with a higher proportion of cell-dense areas, groups classified as 
below and above the median and m, o comparison of the six tumors 
with the highest proportion of cell-dense areas (#66, #68, #69, #70, 
#71, and #73) to the rest of the cohort. Here, group allocation rep-
resents the cut-off with the highest resulting significance for both 
analyses and equals the comparison between all tumors with ≥ 70% to 
those with < 70% cell-dense areas

◂
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cell-dense and less cell-dense areas was determined using 
the “positive cell detection” feature in QuPath digital 
image analysis. One of the eleven tumors analysed con-
sisted of low cell density areas only. Undetected positive 
cells were added to the calculation manually.

Fluorescent in situ hybridization (FISH)

Dual colour interphase FISH was performed on FFPE sec-
tions using commercial probe sets. For the evaluation of a 
potential chromosome 1q gain, a spectrum green labeled 
probe was used for test locus 1q25.3 and a spectrum orange 
labelled probe for control locus 1p36.31 (ZytoLight). For the 
evaluation of a potential chromosome 6q loss, a spectrum 
green labelled probe was used for test locus ESR1 at 6q25.1 
and a spectrum orange labelled probe for the alpha satellite 
centromeric region of chromosome 6 (D6Z1) (ZytoLight). 
Signals were scored under a fluorescence microscope in 
100 non-overlapping, intact nuclei under oil-immersion. If 
a cell showed three or more signals of the 1q test probe or 
the ratio of test probe-control probe inside one nucleus was 
more than one, signals were scored as chromosome 1q gain. 
If a cell showed one or less signals of the 6q test probe and/
or the ratio of test probe-control probe inside one nucleus 
was ≤ 0.5, signals were scored as chromosome 6q loss. 
Tumor signals were scored as gains or losses for the whole 
area when at least 10% of the cells showed the gain or loss, 
as previously described [22, 28].

Survival analysis

All statistical analyses and data visualizations were per-
formed using the R programming language. (R version 
4.2.2). Survival analysis was performed using the sur-
vminer package (version 0.4.9). Overall survival (OS) and 
progression-free survival (PFS) curves were plotted using 
the Kaplan–Meier method. PFS was measured from the date 
of surgery to the date of relapse. OS was calculated from the 
date of surgery to the date of death. Patients without docu-
mented progression for PFS and without confirmed death for 
OS were censored at their last follow-up visit. The p-value 
was calculated using the log-rank test, p < 0.05 was con-
sidered significant. Groups for survival analysis were split 
at the median for the first, and best cut-off for the second 
analysis. Best cut-off was defined as the group allocation 
that includes all cases and results in the highest significance 
(the smallest p-value). It was determined using a brute-force 
search approach/exhaustive algorithm in R.

DNA methylation profiling

DNA methylation profiling of in-house samples was 
performed using “MethylationEPIC” BeadChip arrays 

(Illumina). Reference cohort methylation data were derived 
from the CNS tumor reference cohort (514 ependymoma 
cases, 240 of which were PF-EPN-A cases) established by 
Capper et al. in 2018 (GEO accession GSE109381) [7]. In 
addition, we integrated data of the subtype SP-EPN-MYCN 
from Ghasemi et al. 2019 (6 cases, EPIC) and Raffeld et al. 
2020 (9 cases, 450 K) [11, 40]. Concerning the pairs of pri-
mary and first relapse tumors evaluated, we included patients 
of the University Hospital Hamburg-Eppendorf, cases from 
the Capper et al. cohort [7], and two primary relapse pairs 
(R13 and R14) originally published by Wenger et al. in 2022 
(GEO accession GSE247880) [46]. Detailed information on 
the analysed primary relapse pairs is presented in Suppl. 
Table 3. Type and subtype classification and copy number 
profile analysis were undertaken on the Heidelberger Brain 
Tumor Classifier, version 12.5, available via www. molec 
ularn europ athol ogy. org [7]. For methylation-derived copy 
number variations (CNV), the individual copy number pro-
files were manually examined. The cut-off for a chromosome 
1q gain and/or 6q loss was 0.25 and − 0.25, respectively.

Uniform manifold approximation and projection 
(UMAP), t-distributed stochastic neighbor embedding (t-
SNE), and unsupervised heatmap transformation and plot-
ting were performed using the R packages minfi (version 
1.44.0), umap (version 0.2.9.0), ggplot2 (version 3.4.0) and 
ComplexHeatmap (version 2.14.0). The 10,000 most vari-
ably methylated CpG sites were selected by standard devia-
tion. Probes on sex chromosomes, probes with a detection 
p-value of or above 0.01, probes with SNPs at the CpG site, 
cross-reactive probes, and probes, that were not represented 
in both the EPIC and the 450 k array were excluded from the 
analysis. Adjustment for batch effects between array types 
was performed. T-SNE plots were generated using Rtsne 
with max_iter = 100,000, theta = 0, perplexity = 20. Unsu-
pervised hierarchical clustering was performed with Pearson 
distancing and average linkage. The amount of tumor-infil-
trating lymphocytes was estimated using the DIMEimmune 
method [43].

Single‑cell RNA sequencing (ScRNASeq)

ScRNASeq data were obtained from Gene Expression 
Omnibus (GEO) accession GSE141460 [13]. The count 
matrix provided was processed according to the stand-
ardized Seurat workflow [14] using the R package Seurat 
(version 4.3.0). Cell barcodes were filtered out if they had 
less than 200 and more than 2500 genes as well as cells 
with more than 5% of UMIs derived from mitochondrial 
genes. After normalization und dimensional reduction via 
Principal Component Analysis (PCA) and UMAP, we used 
Harmony alignment using the R package harmony (ver-
sion 0.1.1) [23] to further integrate the given data. For 
visualization, we chose t-SNE. Subsequently, cell types 
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were assigned depending on differential expression and 
marker genes per cluster. CNV were projected by map-
ping gene expression alterations on a single cell level via 
the R package inferCNV (version 3.17). Results were then 
added back to the Seurat object to visualize potential chro-
mosome gains and losses in t-SNE plots as well as violin 
plots.

Spatial transcriptomics

For Nanostring GeoMx Digital Spatial Profiling (DSP), 
areas with both high and low cell density areas were 
selected on H&E-stained slides from FFPE tissues. Tissue 
Sects. (5 µm) of the corresponding areas were processed 
according to published protocols. [29] RNA-preserving 
antigen retrieval was performed, followed by RNA target 
exposure with proteinase K. In situ hybridization of all 
targets (n = 18,677) on the tissue sections was performed 
overnight at 37 °C, followed by stringent washes to remove 
off-target probes. Subsequently, antibodies against GFAP 
(Novus, NBP2-33184DL594, 5  µg/ml), Ki-67 (CST, 
9027S, 6 µg/ml), and OLIG2 (Millipore, AB9610, 1:200) 
were used to visualize target areas as well as DAPI for 
nuclei counterstains. Three areas of low and high cell den-
sity each were selected with the custom polygon region 
of interest (ROI) tool for each case. These selected areas 
were illuminated individually via UV light on a GeoMx 
DSP, resulting in photocleavage of oligonucleotides pre-
sent within each ROI. Each aspirate contained photo-
cleaved DNA oligos comprising an analyte identifier, a 
unique molecular identifier (UMI) barcode, and a primer 
binding site. Illumina adapter sequences and unique dual-
sample indices were added when PCR was performed 
on the aspirates. Sequencing was performed using Illu-
mina's NovaSeq 6000 with the S4 Reagent Kit v1.5 35 
cycles flowcell, and paired-end reads. Signals were then 
scaled to nuclei count using the geometric mean method 
for each ROI and normalized for each probe against the 
75th percentile of the cumulative signal of the respective 
ROI. Background correction was performed by geometric 
mean method against the average background calculated 
by signal-to-noise ratio using the negative probe counts. 
For #28 low, #41 high, #54 high and #59 high each, one 
out of the three samples had to be excluded after run-
ning quality control (QC) due to a too low percentage of 
stitched and aligned reads and/or a too low negative probe 
count. For subsequent transcriptome analysis, gene expres-
sion in all remaining low cell density probes was com-
pared to all remaining high cell density probes using the 
DESeq2 package (version 1.38.1) within R. Unsupervised 
clustering was performed using the ConsensusClusterPlus 

package (version 1.62.0) and ComplexHeatmap (version 
2.14.0).

Results

PF‑EPN‑A harbor a great histological heterogeneity 
with a higher proportion of cell‑dense areas 
correlating with poorer outcomes

PFA ependymomas show a pronounced histomorphological 
variability and heterogeneity, inter- as well as intratumorally. 
Tumor cell density may vary within a tumor and sometimes 
shows well-demarcated nodules of densely packed tumor 
cells surrounded by loose glial tissue composed of diffusely 
distributed tumor cells (Fig. 1a–c). To ensure that the cells 
in high and low cell density areas are indeed PF-EPN-A 
tumor cells, we evaluated H3K27me3- and EZHIP-stained 
sections (Fig. 1d–g). The great majority of cells in the ana-
lyzed sections were H3K27me3-negative and EZHIP-pos-
itive in both cell-dense and less cell-dense areas, the only 
exceptions being endothelial cells and occasional immune 
cells. Ki67 staining showed a significantly higher percentage 
of proliferating tumor cells in the cell-dense areas (n = 10) 
compared the lower cell-density areas (n = 11, Fig. 1h–j, 
p < 0.001). We next aimed to quantify the observation of 
variable cell-density and distinct cell-density areas within 
PF-EPN-A tumors using a digital threshold. The propor-
tion of cell-dense (> 8.5 cells/1000 µm2) areas of the total 
analyzed tumor area was highly variable on a continuum 
ranging from 0 to 100% of the analyzed sections (n = 83, 
Fig. 1k). Next, we investigated possible correlations between 
histomorphology and clinical characteristics of the tumors. 
The clinical characteristics of our cohort are summarized in 
Suppl. Table 1. There was no obvious correlation of either 
sex, WHO grade at diagnosis, PFA1/2 subtype affiliation, 
extent of resection, relapse, death, or chromosome 1q gain 
or 6q loss with the proportion of cell-dense areas. Separat-
ing our cohort into two groups at the median cut-off for cell 
density showed no significant difference in either PFS or OS 
(pPFS = 0.35; pOS = 0.4, Fig. 1l, n). However, separating the 
groups at the best cut-off, resulting in a comparison of six 
predominantly high-cellularity cases vs. 50 (PFS) or 52 (OS) 
predominantly low-cellularity cases, indicated significantly 
worse PFS (pPFS = 0.0026) and OS (pOS < 0.001) of predomi-
nantly cell-dense cases (Fig. 1m, o). We deemed reviewing 
and verifying the results in an independent validation cohort 
prudent and established a second cohort, consisting of 68 
gross totally resected PF-EPN-A for which we repeated the 
analyses. Survival data and proportions of cell-dense areas 
of this validation cohort are summarized in Suppl. Table 2, 
online resource. Survival analysis confirmed a significantly 
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worse overall and progression-free survival for cases with 
a high proportion of cell-dense areas, both when separating 
the groups at the median (pPFS = 0.00021; pOS = 0.00085), 
and the best cut-off (pPFS < 0.0001; pOS = 0.00085) (Suppl. 
Figure 1, online resource).

High and low cell density areas show differences 
in DNA methylation and may be assigned 
to different molecular subtypes

Next, we assessed possible differences in global DNA meth-
ylation between morphologically different tumor areas in 21 
cases of our initial cohort. Methylation data of cell-dense 
and less cell-dense samples of 21 PF-EPN-A tumors (66 
samples) were plotted together with a reference cohort of 
514 ependymomas and, in a separate second analysis, with 

Fig. 2  Methylation subtype changes depending on the localization of 
sample collection within the 15 examined PFA-cases. a Unsupervised 
t-SNE analysis of low and high cell density areas of 21 heterogene-
ous PFA ependymomas together with a reference cohort consisting of 
515 samples compromising 10 distinct molecular ependymoma and 
subependymoma entities. b Separate t-SNE analysis of the same het-
erogeneous PFA ependymoma samples and PFA ependymomas of 
the reference cohort as in a. c Subtype changes depending on where 
in the 15 examined PFA-cases the sample for the methylation analy-

sis was taken. Scores according to v12.5 of the DKFZ brain tumor 
methylation classifier (www. molec ularn europ athol ogy. org). Scores 
listed equal the best match. Multiple scores for one case each equal 
the score of one of multiple independently taken samples from the 
same area from different parts of the same tumor. Brackets ([) indi-
cate samples from the same tumor and area that scored highest for 
different subtypes. Marked scores (*) are based on methylation inten-
sities below 5,000

http://www.molecularneuropathology.org
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240 PF-EPN-A using t-SNE (Fig. 2a, b), UMAP, and unsu-
pervised hierarchical clustering analysis (Suppl. Figure 2a, 
b, online resource). Overall, the methylation signature of the 
low and high cell density areas within one tumor was simi-
lar, but not identical. For some tumors, the samples plotted 
clearly apart, suggesting distinct DNA methylation profiles 
in low and high cell density areas within PF-EPN-A ependy-
momas (see double-headed arrows in Fig. 2b). We then 
investigated for potential methylation subtype changes from 
low to high cell density areas of the same tumors according 
to the subtypes defined by Pajtler et al. [35]. In 9/21 cases, 
cell-dense and less cell-dense areas scored best for different 
subtypes in at least one sample according to the DKFZ brain 
tumor methylation classifier (Fig. 2c). Subtype classifica-
tion of FFPE tumor material obtained for routine diagnostics 
without paying regards to cellularity (available for n = 13 
out of the 21 cases), coalesced that of the lower cell den-
sity area in all but two cases (#46, #60). Taken together, we 
found that high and low-density areas in morphologically 
heterogeneous PF-EPN-A both reliably receive the highest 
scores for PF-EPN-A but might differ in the assigned PF-
EPN-A subtype.

The tumor microenvironment, including tumor-infiltrating 
lymphocytes (TIL) contributes significantly to genesis and 
progression of CNS tumors [5, 27]. Additionally, differences 
in the amount of immune infiltration might possibly alter 
the DNA methylation profiles and account for ambiguous 
classification results. As an approach to evaluate immune 
infiltration and search for possible differences between dif-
ferent cell density areas, we used the DIMEimmune (Dif-
ferential Methylation Analysis for Immune Cell Estimation) 
method implemented by Safaei et al. [43]. We estimated and 
compared the CD4 + and CD8 + T cell abundance as well as 
tumor-infiltrating lymphocytes (TILs) scores in high and low 
cell density areas of the 21 heterogenous PF-EPN-A with 
available DNA methylation data. There was no significant 
difference in immune infiltration between high and low cell 
density areas in our analysis (DIME-TIL (p = 0.56), DIME-
CD4 + (p = 0.63) and DIMECD8 + score (p = 0.81)) (Suppl. 
Figure 3, online resource).

Prognostically relevant CNV show a high 
intratumoral heterogeneity with enrichment in high 
cell density areas

Next, we investigated possible differences in the chromo-
some 1q and 6q status of cell-dense and less cell-dense 
areas. First, we analyzed copy number variation profiles 
inferred from DNA methylation data for 18 cases from our 
initial cohort. In the low cell density areas, 3/18 cases had a 
1q gain and 0/18 cases had a 6q loss. In the higher cell den-
sity area, 10/18 displayed a chromosome 1q gain and 3/18 
a 6q loss. Two-tailed Fisher’s exact test yielded a p = 0.035 

for chromosome 1q gain and a p = 0.2286 for chromosome 
6q loss. In total, in 8/18 cases, a 1q gain (n = 6) and/or a 6q 
loss (n = 3) was found in the cell-dense areas that were not 
detected in the lower cell density areas of the same tumor 
(Fig. 3a, b, g). FISH analysis confirmed these findings in 20 
(1q) and 10 (6q) exemplarily analyzed cases, 13 (1q) and 8 
(6q) of which were not already part of the performed DNA 
methylation analysis (Fig. 3c-f, h–k).

We re-analyzed publicly available scRNA Seq data of 
eleven PF-EPN-A cases to further investigate the expres-
sion profiles of possible tumor subclones and the distribution 
of copy number changes. In a t-SNE analysis, the cells of 
each tumor were predominantly plotted together (Fig. 4a), 
indicating a patient-specific gene expression pattern. The 
samples included only very few non-neoplastic cells that 
could influence and potentially distort the results (Fig. 4b). 
CNV inferred from gene expression alterations on a single 
cell level indicated 1q gain in 3/11 cases and 6q loss in 3/11 
cases. (Fig. 4c). Both, chromosome 1q gain and 6q loss were 
distributed very heterogeneously not only between differ-
ent PF-EPN-A tumors but also intratumorally (Fig. 4d, e). 
Sample-wise plotting of the chromosome 1q gain and 6q 
loss levels more specifically revealed the intratumoral het-
erogeneity (Fig. 4f, g). For both chromosome 1q gain and 6q 
loss, there were tumors displaying a relatively similar level 
of the respective CNV in all tumor cells (e.g., MUV021, 
BT1334). In others, the level of the CNV ranged from 0 to 
1.00, with varying distribution patterns (sometimes evenly 
distributed, like in MUV038 for chromosome 1q gain and 
MUV053 for 6q loss, sometimes accentuated on one level, 
like in MUV071).

High and low cell density areas in PF‑EPN‑A have 
a distinct transcriptome

Since both, DNA methylation and CNV, greatly influence 
gene expression, our next step was to investigate possi-
ble differences in the transcriptome of high and low cell 
density areas. We performed spatial transcriptomics of 
six PF-EPN-A tumors, analyzing three ROIs per cell den-
sity category in each tumor (exemplary fluorescence scan 
with the respective ROIs in Fig. 5a–g). Both UMAP visu-
alization and unsupervised hierarchical clustering of the 
whole gene set confirmed that high and low cell density 
samples formed distinct transcriptional groups (Fig. 5h, 
i). All samples clustered according to cell density irre-
spective of case identity, PF-EPN-A subtype, or sex of 
the patient (Fig. 5i). Differential gene expression analy-
sis revealed distinct gene expression in high compared to 
low cell density areas (Fig. 5j). Upregulated genes in the 
high cell density areas compared to low cell density areas 
most prominently included a large number of members of 
the histone and ribosomal protein families. Further genes 
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significantly upregulated in the high cell density areas 
have previously been described as being associated with 
tumorigenesis, -progression, resistance to chemotherapy, 
and radiation sensitivity in malignancies, including CNS 
tumor entities like ependymomas and glioblastomas. Some 
of the most noteworthy were IGF2 [21, 31], MDK [10, 18, 
19, 32], TBFBI [8, 38], WNT5A [6], LDHA [21, 30, 45] 

and CCND1 [24]. Gene set enrichment analysis (GSEA) 
revealed a multitude of upregulated pathways in the cell-
dense areas (Fig. 5k), suggesting that high cell density 
areas in PF-EPN-A are generally more transcription-
ally active and might play a more active role in tumor 
propagation.

Fig. 3  Prognostically relevant copy number variations are enriched in 
high cell density areas. a, b, g CNV profiles derived from microdis-
sected tumor areas with low and high cell density in 3 heterogenous 
PFA ependymomas. Pie charts represent how many of the cases 
showed the indicated CNV in the respective area (n = 18). Scale bars 

correspond to 100  µm. c–f, h–k Fluorescence in-situ hybridization 
analysis on the (c–f) 1q status (green) and (h–k) 6q status (green) in 
the less cell-dense (c, d, h, i) and cell-dense (e, f, j, k) area of one 
tumor each. Scale bars correspond to approximately 2 µm in c, f, h, 
and k and to 10 µm in d, e, i, and j 
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Primary tumors and their relapses differ in respect 
to cell density, DNA methylation and frequency 
of chromosome 1q gains and 6q losses

CNS tumor relapses tend to acquire more aggressive biol-
ogy upon relapse in many cases, one example being atypi-
cal teratoid/rhabdoid tumors, as recently described by 
Johann, Altendorf et al. [17]. To understand possible prog-
nostic implications of cell density in primary PF-EPN-A, 
we quantified the proportion of cell-dense areas in nine 
primary ependymomas and their corresponding relapses, 
which revealed a mean increase of cell-density in progres-
sive disease (> fourfold increase of the proportion of cell-
dense areas in the respective primary). In 8/9 cases, relapses 
showed a greater proportion of cell-dense areas than the 
corresponding primaries (Fig. 6a–c). In DNA methylation 
subtype analysis, 13/32 primary relapse pairings differed in 
their best-matching subtype. PF-EPN-A1 and 2 subgroup 
allocation remained constant (Fig. 6d). In t-SNE representa-
tion with a reference cohort of 337 PF-EPN-A, differences 
in methylation signature appeared as primaries plotting in 
a variable distance from their respective relapses. All pairs 
plotted within the same group of PF-EPN-A1 or 2 reference 
cases (Fig. 6e). CNV analysis based on DNA methylation 
data (Fig. 6f) revealed novel chromosome 1q gains and or 
6q losses in 16/32 relapses (50%) when compared to the 
corresponding primary tumors, although such changes did 
not correlate with the time to recurrence (Suppl. Figure 4, 
online resource).

Discussion

Inter- and intratumoral heterogeneity constitutes a research 
field that has been on the rise in the past years translation-
ally across many tumor entities, delivering new insights in 
tumor biology and innovative concepts of tumor etiology 
and progression. Intratumoral heterogeneity is widely rec-
ognized as one of the main factors in treatment failure [27], 
especially in entities with a poor prognosis like glioblastoma 
[34] and, once understood, holds significant potential for the 
development of new diagnostic and therapeutic strategies.

PF-EPN-As typically display distinct and often very 
clearly demarcated high-cell density areas next to areas that 
consist of more loosely packed tumor cells. Based on this 
observation, we dissected the intratumoral heterogeneity in 
a large cohort of PF-EPN-A on an epigenetic, chromosomal, 
and transcriptomic level and contributed to understand-
ing the different cellularity regions’ biology and clinical 
implications.

In our histological analysis, we were able to confirm and 
objectify the impression of high inter- and intratumoral vari-
ability in cell density between often neatly demarcated areas 

in PF-EPN-A. This phenomenon can rarely be found in other 
pediatric tumor entities of the posterior fossa, especially 
not in their PF-EPN-B counterparts with otherwise alike 
histology. However, discrete anaplastic foci of hypercellular-
ity within otherwise low-grade lesions have been described 
for a number of other CNS tumor entities like oligodendro-
glioma [1].

Concerning the clinical implications of the spatially dif-
fering cellularity, higher proliferative indices in the cell-
dense than in the less cell-dense areas suggested a higher 
biological aggressiveness of these areas. Survival analysis 
then revealed a significant correlation between the propor-
tion of cell-dense areas of a tumor and decreased overall and 
progression-free survival, clearly indicating a role in tumor 
progression and recurrence. Fitting this hypothesis, we also 
found a higher proportion of cell-dense areas in relapses 
compared to their primary tumors. The observation of an 
upward trend in cell density in relapsing tumors is in line 
with and adds to previous research executed by Yang et al., 
who described an increasing cell density and proliferation 
in ependymoma relapses in a relatively small cohort, not 
differentiating between ependymoma subgroups [47]. Our 
data confirm this finding in a precise and nuanced measuring 
approach in a large cohort of PF-EPN-A.

One possible interpretation of the distinct high and low 
cellularity areas in PF-EPN-A is, that they may represent 
distinct subpopulations of neoplastic cells. The distinct 
subpopulations may have arisen throughout tumor progres-
sion through the acquisition of additional mutational and 
epigenetic changes while sharing a common cell of origin. 
This mechanism has already been suggested for a subset of 
ependymomas arising from subependymomas of the poste-
rior fossa through subclones with ependymal morphology 
that eventually supersede the areas of subependymal dif-
ferentiation [44]. DNA methylation profiles of high and low 
cell density areas in our cohort were similar, but not identi-
cal, suggesting a close relation and therefore suiting the the-
ory of a common cell of origin. However, DNA methylation 
profiles can also be altered by non-neoplastic cells. Since 
areas with a low density of tumor cells are likely to have an 
overall greater fraction of non-neoplastic cells within their 
samples, it seems important to keep the overall great tumor 
purity of PF-EPN-A in mind, that applies to high as well as 
low cell density areas, when interpreting the results. Bulk 
scRNAseq, H3K27me3-staining and EHZIP-staining have 
all shown only a very low overall number of other non-neo-
plastic cells in PF-EPN-A sample that is unlikely to have a 
significant influence on overall DNA methylation profiles. 
Consequently, the observed differences in DNA methyla-
tion appear hardly explicable solely by different proportions 
of non-neoplastic cell populations. Thus, we propose that 
the described differences in DNA-methylation between dif-
ferent cellularity areas are indeed a reflection of epigenetic 
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alterations that accompany the more proliferative cell phe-
notype in more aggressive areas of the tumor and the distinct 
transcriptome of these regions.

Indeed, this observation is well in line with a growing 
body of evidence suggesting that the nine minor subtypes 
within PF-EPN-A1 and 2 introduced by Pajtler et al. [35] 
might reflect biological states and plastic changes within 
ependymomas [9], rather than being well-defined consistent 
classes. Gillen et al. described PF-EPN-A as usually com-
prising two or more out of six major scRNA-seq subpopula-
tions, each one with heterogeneous intratumoral localization 
and a correlation with PF-EPN-A1 and 2 subgroup alloca-
tion as well as subtype classification and outcome. They pro-
posed a theory of no-matches on DNA methylation subtype 
level being mainly the result of this heterogeneity [12]. A 
similar concept has previously been introduced for glioblas-
toma. Based on scRNA-seq analyses, four main plastic cel-
lular states of tumor cells in adult and pediatric glioblastoma 
cases have been described, each resembling a distinct neural 
cell type. In the respective study, the frequency of states 
showed inter- and intratumoral heterogeneity, and the pre-
ponderance of certain states correlated with the respective 
subtype determined by the cancer gene atlas (TCGA) [34].

Our results concerning DNA methylation subtype 
changes between primary tumors and relapses and the 
observed increase in the prevalence of chromosome 1q gains 
and 6q losses in PF-EPN-A relapses are consistent with and 
further support recently published findings by Donson et al. 
in a partly overlapping cohort. Donson et al. furthermore 
related the proportion of the subpopulations described by 
Gillen et al. to ependymoma recurrence and a present chro-
mosome 1q gain and/or 6q loss in the respective samples. 
In their work, a chromosome 1q gain and/or 6q loss was 
correlated with a higher abundance of subpopulations of 
proliferative neuroepithelial progenitors, and a balanced 
genome with more differentiated subpopulations in their 
research [9]. Our research complements their findings by 
being not only based on already relapsed PF-EPN-A but 
equally including primary tumors without recurrences, as 
well as by an opposite “top-down” approach from morpho-
logy to molecular characteristics. We found an overall higher 
prevalence of the prognostically unfavourable chromosome 

1q gains and 6q losses in the more cell-dense areas. We also 
observed intratumorally highly variable levels of chromo-
some 1q gain and 6q loss on a single-cell basis. While we 
did not explicitly analyze our samples on the proportions of 
the subpopulations described by Gillen et al., spatial tran-
scriptomic analysis of high and low cell density areas did 
not show significant differences in the respective marker 
genes. Nevertheless, given the highlighted interdependen-
cies between Gillen et al.’s, Donson et al.’s and our work, 
mapping the postulated subpopulations to the different cel-
lularity regions in future work appears to be a promising 
option to shed further light on the complex biology of PF-
EPN-A heterogeneity.

Our data have some important implications for future 
ependymoma research and diagnostics. To date, histopa-
thology of PF-EPN-A is only taken into account in routine 
diagnostics to assign WHO grade 2 or 3 with limited prog-
nostic value [25]. The molecular subgroups PF-EPN-A, PF-
EPN-B, and PF-SE and further subtypes can only be reliably 
distinguished by DNA methylation analysis, which today is 
an essential part of routine diagnostics. So far, methylation 
analysis is usually performed as a bulk analysis of available 
tumor material without paying further attention to tumor 
heterogeneity when sampling.

Our findings strongly suggest histological evaluation of 
the proportion of cell-dense areas as a potential approach 
for improving risk stratification in PF-EPN-A. Although it 
must be borne in mind that assessing the cellularity of the 
tumors based on a single slide of every available FFPE block 
may have led to inaccuracies, our results clearly indicate a 
high proportion of cell-dense areas as a negative prognostic 
factor in PF-EPN-A. Upon validation of our findings in a 
larger series, cohorts of patients with PF-EPN-A with more 
favorable and highly adverse outcomes may be identified 
better. This might improve the selection of patients who ben-
efit from novel therapy approaches in the future.

Furthermore, our findings indicate that careful sampling 
of tumor material for subsequent molecular analysis is of 
utmost importance given the significant differences in DNA 
methylation, the prevalence of chromosome 1q gain and 6q 
loss as well as the distinct transcriptome of high and low 
cell density areas outlined in this research. Judging from 
our data, the results of a bulk analysis can be assumed to 
be highly influenced by the areas from which the respective 
samples are taken. Sampling irrespective of intratumoral 
heterogeneity may lead to unreliable subtype assignation 
and possibly to missing important and prognostically rel-
evant information. Although the extent of the effects of 
different sampling approaches on results and their clinical 
implications remains subject to future research, routinely 
taking and analyzing multiple samples from different tumor 
regions separately instead of bulk analyses seems advisable. 

Fig. 4  ScRNAseq analysis of 12 PFA ependymoma samples reveals 
inter- and intratumoral heterogeneity regarding CNV. a Clustering 
of 12 PFA samples (n = 3,069 cells). b Visualization of different bio-
logical cell populations in 12 PFA samples. c Inferred copy number 
alterations in 12 PFA samples. d Visualization of 1q gain levels in 
12 PFA samples clustered according to their global gene expression. 
e Visualization of 6q loss levels in 12 PFA samples clustered accord-
ing to their global gene expression. f Sample-wise comparison of 1q 
gain levels in PFA tumor cells. g Sample-wise comparison of 6q loss 
levels in PFA tumor cells

◂



 Acta Neuropathologica          (2024) 147:23    23  Page 12 of 16

Fig. 5  Spatial Transcriptomics reveal distinct transcriptomes of 
high and low cell density areas. a–g Fluorescence histology images 
of one out of six cases (#55) for which spatial transcriptomics were 
performed. Overview (a) and the analyzed regions of interest (ROIs) 
of low (b–d) and high (e–g) cell density, three each. Scale bars cor-
respond to approximately 1 mm in a and to 250 µm in b–g. h Unsu-
pervised UMAP analysis of gene expression in low and high cell 
density areas of 6 heterogeneous PFA ependymoma (2–3 samples per 

case and cell density). i Unsupervised heatmap of the same samples 
as in a considering the whole gene set. j Volcano Plot of differential 
gene expression between high and low cell density areas of the same 
6 heterogenous PFA ependymoma as in a, b. k Network Plot of the 
top 9 enriched pathways in a GSEA low vs. high cell-density areas of 
the same samples as in a–c, pathways shown are enriched in the cell-
dense areas
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Fig. 6  Cell density, DNA methylation and CNVs change at recur-
rence. a Progression of cell density in 9 PFA-ependymoma relapses. 
b, c Representative picture sections from H&E stainings of a pri-
mary tumor (b) and its relapse (c). Scale bars correspond to 1.5 mm 
in b and c. d Subtype changes in 31 PFA-ependymoma relapses in 
comparison to the primary tumors. Scores according to V12.5 of the 

DKFZ brain tumor methylation classifier (www. molec ularn europ 
athol ogy. org). e Unsupervised t-SNE analysis of 31 primary tumors 
and their relapses together with a reference cohort consisting of 337 
PFA samples. f 1q gain and 6q loss in 32 primary tumors and their 
relapses. Alluvial plot shows the change in 1q and 6q status taken 
together per case from the primary tumor to the first relapse

Moreover, an approach with a risk stratification based on the 
most malignant area of a tumor seems reasonable, similar 
to how it is already done in other tumor entities. Given the 
higher proliferation and higher prevalence of characteristics 
that have been shown to be linked to a more unfavorable 
prognosis, we suggest considering taking samples for diag-
nostics from the areas with the highest cell density in (sus-
pected) PF-EPN-A [26, 33].

Our research confirms striking inter- and intratumoral 
heterogeneity within PF-EPN-A and illustrates new insights 
into significant interdependencies between tumor morphol-
ogy and clinically relevant molecular hallmarks that should 
be accounted for when selecting material for routine diagnos-
tics and may prove valuable starting points for future research 
projects.

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