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Abstract 

Background: Ependymoma (EPN) posterior fossa group A (PFA) has the highest rate of recurrence and the 

worst prognosis of all EPN molecular groups. At relapse, it is typically incurable even with re-resection and 

re-irradiation. The biology of recurrent PFA remains largely unknown, however, the increasing use of 

surgery at first recurrence has now provided access to clinical samples to facilitate a better understanding 

of this.  

Methods: In this large longitudinal international multicenter study, we examined matched samples of 

primary and recurrent disease from PFA patients to investigate the biology of recurrence.  

Results: DNA methylome derived copy number variants (CNVs) revealed large scale chromosome gains 

and losses at recurrence. CNV changes were dominated by chromosome 1q gain and/or 6q loss, both 

previously identified as high-risk factors in PFA, which were present in 23% at presentation but increased 

to 61% at 1st recurrence. Multivariate survival analyses of this cohort showed that cases with 1q gain or 

6q loss at 1st recurrence were significantly more likely to recur again. Predisposition to 1q+/6q- CNV 

changes at recurrence correlated with hypomethylation of heterochromatin-associated DNA at 

presentation. Cellular and molecular analyses revealed that 1q+/6q- PFA had significantly higher 

proportions of proliferative neuroepithelial undifferentiated progenitors and decreased differentiated 

neoplastic subpopulations.  

Conclusions: This study provides clinically and preclinically-actionable insights into the biology of PFA 

recurrence. The hypomethylation predisposition signature in PFA is a potential risk-classifier for trial 

stratification. We show that the cellular heterogeneity of PFAs evolves largely because of genetic 

evolution of neoplastic cells. 
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Key points 

1. High-risk CNVs are acquired at a significant rate at recurrence in PFA  

2. High-risk CNVs are associated with a proliferative, undifferentiated cellular phenotype in PFA 
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Importance of Study 

We present a large multicenter study of matched presentation and recurrent samples of ependymoma 

(EPN) posterior fossa group A (PFA).  This study provides new information on the development of 1q gain 

and 6q loss at recurrence and the undifferentiated tumor biology associated with these CNVs. Data are 

presented indicating that DNA methylation status of PFA at presentation may predict those tumors which 

will develop 1q+ and/or 6q- at 1st recurrence, a potentially impactful finding that requires validation first 

in independent cohort methylation datasets and then in prospective trials. The dominance of high-risk 

1q+/6q- CNVs at recurrence in PFA mandate that both these abnormalities be routinely tested for in 

clinical care and used for clinical trial stratification.  To better inform such trials, future preclinical testing 

should be performed using available in vitro and in vivo 1q+/6q- PFA models. 
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Introduction  

Childhood ependymoma is characterized by a chemotherapy resistant phenotype, with 

approximately 50% of patients progressing after the current standard treatment of surgery and radiation 

therapy1. Bulk genomic, transcriptomic and methylomic analyses have been used to thoroughly 

investigate primary cases of ependymoma, identifying prognostic copy number variants (CNVs) and 

molecular subgroups2. The commonest and most deadly childhood ependymoma type, posterior fossa 

group A (PFA), has been further characterized by single cell and spatial transcriptomic analyses, identifying 

a high level of cellular heterogeneity3,4. Such heterogeneity includes diverse neuroepithelial and 

mesenchymal neoplastic subpopulations and a variety of infiltrating immune cell types5,6. The most 

established prognostic biological factors in ependymoma are currently group-specific CNV variants, the 

foremost of these being gain of chromosome 1q (1q+) in PFA7,8. Chromosome 6q loss (6q-) has not been 

as extensively studied as 1q+ but has recently been identified as an ultra-high-risk factor in PFA, that often 

co-occurs with 1q gain9.  

An understanding of the evolutionary factors that drive progression is needed to improve the 

treatment strategies for PFA. Although the impact of CNVs and biology on outcome in PFA at initial 

presentation has been extensively studied, large studies on changes in CNVs and other biological 

characteristics at recurrence using matched presentation and recurrent tumor pairs have been lacking, 

often consisting of smaller patient cohorts due to the rarity of these specimens 4,6,10-12. However, over 

recent years, surgery targeting gross total resection is increasingly recognized as an important prognostic 

factor at relapse. This surgical approach, alongside first radiation or reirradiation is now standard of care 

at first recurrence1,13-16. To provide a clearer understanding of the biology of recurrence in PFA, we charted 

genomic and cellular trajectories between presentation and subsequent recurrent tumors using a large 

international multi-institutional cohort.  
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Methods 

 

Cohort details. 

Matched primary and recurrence cohort tumor samples were obtained from multiple 

international institutions (Supplementary Table 1). Colorado and St Jude PFA samples used for 

methylation, bulk RNAseq, single nuclei RNAseq or immunohistochemistry were collected and snap-

frozen in liquid nitrogen or formalin fixed paraffin embedded (FFPE) at the time of surgery with 

institutional consent (see Supplementary Material). Heidelberg methylation data was collected as part of 

a previous study2. Samples from Nottingham, UK, were collected as part of two clinical trials (SIOP 

ependymoma I and SIOP 99-02) alongside ethically approved collection of retrospective ependymoma 

cases. Clinical variables were collected where available. 

Methylomic analysis 

Methylomic analysis of DNA was performed using the Illumina 450K or 850K methylation array 

using DNA extracted from either snap frozen or FFPE samples. PFA molecular subgroups/subtypes and 

chromosomal copy number variants (CNVs) were obtained by uploading methylation data to the 

MolecularNeuropathology.org classifier. CpG methylation beta values were determined using RnBeads 

(http://rnbea ds.mpi-inf.mpg.de/).  

Raw intensity data from Illumina 450K and 850K arrays were extracted using the ChAMP package 

(version 2.18.0) in R (version 4.1.0) for further processing. Quality control was performed on each sample 

using the ChAMP pipeline, and samples were excluded if they had a detection p-value > 0.05 or if they 

showed evidence of technical artifacts such as low signal intensity or high background noise. The raw data 

was then normalized and preprocessed using the functional normalization method implemented in 

ChAMP, which corrects for technical variation between arrays by adjusting for probe-dependent biases in 
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the data. The resulting beta values were then adjusted for batch effects using ComBat to account for any 

systematic variation introduced by processing the arrays in different batches. The final beta values were 

then obtained by calculating the ratio of the methylated probe intensity to the overall intensity, with 

values ranging from 0 (completely unmethylated) to 1 (completely methylated). 

Shared 450K and 850K CpG probes were compiled for downstream analyses and CpG loci were 

annotated for location within open sea, shelf, shore (subdivided into north and south shelf and shore) or 

island regions. Differentially methylated regions in 1q+ and/or 6q- predisposed samples (n=24) versus 

those samples that were 1q/6q wildtype at presentation and 1st recurrence (n=29) were analyzed to 

measure enrichment or reduction of CpG methylation in open sea, shelf, shore or island regions. 

 

Survival analysis  

Univariate and multivariate modeling was used to assess the effect of age at diagnosis (< 5 years), 

gender, WHO grade at presentation and 1st recurrence, extent of resection at presentation and 1st 

recurrence, 1q gain at presentation and 1st recurrence, 6q loss at presentation and 1st recurrence, and 

combined 1q gain and/or 6q loss on progression free survival and overall survival from presentation and 

1st recurrence. For overall survival from presentation, we treated 1q gain/6q loss as time-dependent 

variables to model the effect the effect of CNV changes at recurrence. 

 

Cytogenetics 

Karyotype analysis was performed at the Colorado Genetics Laboratory (Aurora, CO) as described 

previously17. Monolayer cell cultures in log-phase growth were harvested by standard cytogenetics 

methods after mitotic arrest with colcemid (0.05 mg/mL) for 4 hours and enzymatic dispersal with 

trypsin/EDTA. Cell suspensions were spotted onto microscope glass slides, and G-banding metaphase 
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spreads images were acquired and analyzed. At least 20 metaphases were analyzed for each cell line, and 

karyotyping designation followed the International System for Human Cytogenetic Nomenclature18. 

 

Single-nuclei RNA-sequencing 

Single nuclei were isolated from 14 (7 matched primary/recurrent pairs) PFA frozen samples using 

CHAPS-based buffer protocol as previously described by Slyper et al.19 Single-nuclei RNA-sequencing 

(snRNAseq) was performed using the 10xGenomics Chromium platform as described previously3. 

Processing and filtering of sequencing data resulted in 52,020 nuclei across all samples. After 

normalization, these nuclei were clustered using the Seurat workflow. We applied Harmony alignment 

(theta = 2) to correct for inter-sample variation due to experimental or sequencing batch effects20.  Coarse 

nucleus types (tumor, immune, myeloid, and stroma cells) were assigned based on marker gene 

expression and single-nuclei CNV profiling. Single nuclei CNVs were inferred from snRNAseq data based 

on average relative expression in variable genomic windows containing 101 genes using inferCNV. Nuclei 

classified as non-neoplastic based on gene expression were used to define a baseline of normal karyotype 

such that their average copy number value was subtracted from all nuclei. Differential expression and 

marker gene identification was performed using Presto21. 

Neoplastic subpopulations were characterized by direct examination of subpopulation gene lists 

and by comparison with previously defined PFA neoplastic subpopulations5. Overlap between single-

nuclei clusters and existing neoplastic subpopulation marker genelists was measured by hypergeometric 

enrichment analysis.  

 

Bulk RNAseq 
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RNA was isolated from snap frozen PFA samples and sequenced using the Illumina Novaseq6000. 

Sequencing data was aligned using STAR and quantification of RNA expression, as fragments per kilobase 

per million (FPKM), was derived by Cufflinks as described previously5. Differential gene expression analysis 

was performed between samples that were grouped according to CNV status then subjected to gene 

ontology biological process GOterm enrichment analyses using Metascape and Cytoscape22,23. Single 

sample geneset enrichment analysis (ssGSEA) was performed on individual sample RNAseq FPKM data 

using the GenePattern portal24,25.  

 

Immunohistochemistry 

Standard immunohistochemistry was performed for H3K27me3 (Cell Signaling Technology; clone 

C36B11; 1:200), Ki-67 (Neomarkers/Thermo Scientific; clone SP6; 1:500) and COL9A2 (Thermo PA5-63286; 

polyclonal; 1:50) and counterstained with hematoxylin as described previously5,32. COL9A2 antibody was 

previously selected and validated as a UEC-A IHC marker based on differential expression analysis of 

scRNAseq and spatial transcriptomic data, and correlation of staining in FFPE sections with transcript 

levels in a cohort of PFA patient samples3,5. Blinded immunohistochemical scoring of H3K27me3 (R.J.C and 

T.R.R), Ki-67 and COL9A2 (N.W.)was performed using positive/negative staining, positive cell count of the 

highest high-powered field and a subjective scoring scale (range 0-4) respectively. 

 

Statistics 

Statistical analyses were performed using R, Prism (GraphPad), and Excel (Microsoft) software.  
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Results 

 

Incomplete resection and anaplasia at 1st recurrence are significant predictors of shorter survival in 

recurrent PFA 

Ninety-five children with recurrent posterior fossa group A ependymoma (PFA) were included in 

the recurrence cohort. All samples were defined as PFA based on DNA methylation array classification 

(molecularneuropathology.org). A subset of primary/1st recurrence pairs were also assessed for absence 

of H3K27me3 by immunohistochemistry (IHC), a diagnostic marker of PFA26, revealing that the H3K27 

trimethyl mark remained absent at recurrence in the majority of pairs (11/12). Median overall survival 

(OS) from presentation (n=88) was 69 months (Supplementary Table 2). Median progression free survival 

(PFS) from presentation was 24 months (n=87) and from first recurrence was 16.6 months (n=61). 

The prognostic association of clinical variables (Supplementary Table 2) was assessed using 

multivariate analysis that included modeling for the variable effect of factors such as CNV status and 

tumor grades which often changed at recurrence. Consistent with previous findings16, extent of resection 

at 1st recurrence was significantly associated with PFS and OS (Supplementary Table 3). Patients with sub-

totally resected tumors had a 3.1-fold (95% CI: 1.2 to 7.7) higher risk of progression and 4.1-fold (95% CI: 

1.4 to 11.6) higher risk of death than patients with gross total resection (GTR). GTR at presentation was 

paradoxically associated with a shorter PFS and OS from 1st presentation compared to those patients that 

received an initial subtotal resection, suggesting that those patients that relapse after GTR harbor more 

clinically aggressive disease than those that likely recurred due to incomplete resection. PFAs were 

classified as WHO grade 3 in 51% at presentation, which significantly increased to 69% at 1st recurrence 

(Fisher’s exact test p=0.0005). CNS WHO grade 3 tumors at 1st recurrence were significantly associated 

with shorter OS, having a 5.7-fold (95% CI: 1.8 to 18.2) risk of death from 1st recurrence.  
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Chromosome 1q gain and/or 6q loss in PFA show increased prevalence from diagnosis to first recurrence 

and is associated with excess mortality. 

DNA methylation was used to measure individual chromosomal copy number variants (CNVs), 

which were then averaged for each occurrence: presentation (n=76), 1st recurrence (n=72), second 

recurrence (n=15) and combined subsequent recurrences including autopsy material 

(n=13)(Supplementary Table 4). At presentation the study samples had comparable CNV profiles to a 

larger published cohort of PFA from presentation (n=240)2 with no significant difference in number of 

CNVs per sample (Student’s t-test p=0.36)(Figure 1A). Progressively increasing proportions of 

chromosome gains and losses were observed in successive recurrences, increasing from an average of 2.0 

CNVs per sample at presentation to 4.2 CNVs per sample at 1st recurrence (p=0.0042) and 6.7 CNVs per 

sample at 2nd recurrence (p=0.00035). Consequently, samples with balanced chromosomal copy numbers 

reduced from 58% at presentation to 24% at 1st recurrence and <10% at later recurrences (Figure 1A). The 

dominant CNVs in the Pajtler cohort were gain of 1q (1q+) and loss of 6q (6q-), which matched the CNV 

profile of presentation samples in the study cohort.  

Strikingly, both 1q+ and 6q- proportions were particularly altered in matched recurrent samples, 

with 1q+ increasing from 20% at presentation to 50% at 1st recurrence (McNemar’s chi-squared test with 

continuity correction p=1.1x10-5) and 6q- from 12% to 35% (p=3.8x10-8) (Figure 1A,B). Co-occurrence of 

1q+ and 6q- in individual samples was a common event, particularly at recurrence (Figure 1B) for each of 

the 4 institutional cohorts (Supplementary Figure 1), which included cases that had 1q+ at presentation 

losing 6q and vice-versa at recurrence (Figure 1B). The cumulative proportion of 1q+ and/or 6q- was 23% 

at presentation, increasing to 61% at 1st recurrence (likelihood ratio test p=0.0001 with a mixed 

multinomial logic model). Consistent with the general increase in CNVs at recurrence in the entire cohort, 

additional CNVs at 1st recurrence were observed in a subset (11/16) of those cases with 1q+ and/or 6q- at 

presentation. Of these 10q loss was the most frequent CNV (5/11), implicating tumor suppressor PTEN 



Pajtler
P P R1 R2 R3+

1p 0.0 -1.3 -1.4 0.0 -7.7
1q 25.0 19.7 50.0 46.7 30.8
2p 2.9 6.6 5.6 20.0 15.4
2q 2.1 5.3 2.8 20.0 23.1
3p -0.8 0.0 -2.8 -20.0 0.0
3q -0.8 0.0 -2.8 -13.3 0.0
4p 0.4 1.3 -2.8 6.7 7.7
4q -0.8 0.0 -2.8 6.7 7.7
5p 0.4 3.9 5.6 6.7 0.0
5q -1.7 2.6 -4.2 0.0 -7.7
6p -1.7 -2.6 -4.2 0.0 0.0
6q -10.4 -11.8 -34.7 -46.7 -69.2
7p 5.4 6.6 9.7 13.3 23.1
7q 4.6 3.9 9.7 13.3 30.8
8p 6.3 9.2 11.1 26.7 7.7
8q 6.7 9.2 12.5 26.7 7.7
9p 9.2 13.2 12.5 26.7 23.1
9q 8.8 11.8 9.7 26.7 23.1
10p -3.8 -2.6 -8.3 -13.3 0.0
10q -6.3 -5.3 -15.3 -20.0 -7.7
11p 5.0 3.9 2.8 6.7 0.0
11q 4.6 3.9 0.0 -6.7 7.7
12p -0.4 -1.3 0.0 0.0 0.0
12q -0.4 -1.3 0.0 0.0 0.0
13 0.8 2.6 2.8 -6.7 15.4
14 -1.3 1.3 -1.4 0.0 7.7
15 -0.8 0.0 2.8 0.0 -7.7
16p -0.8 0.0 -6.9 -6.7 0.0
16q -5.0 -3.9 -23.6 -13.3 -15.4
17p -1.3 3.9 2.8 -6.7 -15.4
17q 1.7 6.6 6.9 6.7 0.0
18p -0.4 1.3 2.8 13.3 7.7
18q -0.4 1.3 1.4 13.3 7.7
19p 4.6 7.9 12.5 20.0 7.7
19q 4.2 7.9 11.1 20.0 7.7
20p 0.4 2.6 4.2 13.3 0.0
20q 0.4 2.6 4.2 13.3 0.0
21 0.4 1.3 1.4 0.0 -7.7
22 -6.7 -9.2 -19.4 -33.3 -38.5

ave. CNV/sample 1.8 2.0 4.2 6.7 4.8
balanced 52.9 57.9 23.6 6.7 7.7

no. samples 240 76 72 15 13
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loss as an important factor in PFA tumorigenesis. The impact of upfront radiation on development of 1q 

and 6q CNVs was assessed, showing no significant difference in the frequency of these CNVs at recurrence 

in those that received radiation versus those that did not. Karyotype analysis of 1q+/6q- co-occurrence, 

in 2 of 2 assessable cases, was a result of translocation between the long arms of chromosomes 1 and 6, 

resulting in a net gain of 1q and loss of 6q (Figure 1C)17.  

Both 1q+ and 6q- have been established as high-risk markers in PFA ependymoma at 

presentation7-9. As previously reported by Baroni et al.9 1q+ at presentation was associated with a 

significantly higher rate of metastatic recurrence (54%) compared to 1q wildtype (15%)  (Fishers exact test 

(two-sided) p=0.0056), whereas no significantly different rate was seen between 6q- and 6q wildtype. 

Neither 1q+ or 6q- at recurrence was associated with metastasis at recurrence. Multivariate survival 

analysis was used to determine the prognostic impact of 1q+ and 6q- at presentation and 1st recurrence 

in the recurrence cohort using a temporal variable effect model that considers CNV changes at recurrence. 

In some instances, outcome associations for 1q+ and 6q- did not show an impact on outcome 

(Supplementary Table 3; Supplementary Figure 2) possibly due to (i) the poor baseline outcome of the 

recurrence cohort, and (ii) individualization of 1q+ and 6q- outcome associations creating comparisons 

where the 1q wildtype includes high risk 6q- samples and vice versa, thus comparing high-risk factors. 

Despite this, the consistent associations of 1q+ and 6q- with overall survival either individually, and more 

significantly in combination. By multivariate analysis 1q+ and 6q- were associated with a 4.3-fold (95% CI: 

1.8 to 10.4) and 4.2-fold (2.0 to 9.0) increased risk of death, respectively (Figure 1D,E; Supplementary 

Table 3; Supplementary Figure 2). Combined 1q+ and/or 6q- showed a particularly high impact on 

outcome with a 6.1-fold (2.6 to 14.0) greater risk of death (Figure 1F, Supplementary Table 3, 

Supplementary Figure 3) emphasizing the impact of these high-risk CNVs at presentation and in the 

increased instances at recurrence. 

 



op
en

 se
a

S-sh
elf

N-sh
elf

S-sh
ore

N-sh
ore

Isl
an

d
-3

-2

-1

0

1

2

CpG methyation region

lo
g 

2 
m

et
hy

la
tio

n
re

gi
on

 e
nr

ic
hm

en
t

A B

C D

E

presentation 1st recurrence

1a

1b

1c

1d

1e
1f

2a

2b
2c

1a

1b

1c

1d
1e
1f

2a

2b
2c

n=72

Percent 1q+

Percent 6q-
1a 1b 1c 1d 1e 1f 2a 2b 2c

0

20

40

60

80 presentation
1st recurrence

1a 1b 1c 1d 1e 1f 2a 2b 2c
0

20

40

60

80

PFA subtype

presentation
1st recurrence

pe
rc

en
t

pe
rc

en
t

Predisposed to 1q+ and/or 6q- Not predisposed to 1q+ and/or 6q-

**

**
* *

**

**

** p<10-300

* p<10-250
** p<10-300

op
en

 se
a

S-sh
elf

N-sh
elf

S-sh
ore

N-sh
ore

Isl
an

d

-2

-1

0

1

CpG methyation region

lo
g 

2 
m

et
hy

la
tio

n
re

gi
on

 e
nr

ic
hm

en
t

Figure 2



 15 

Presentation PFA samples predisposed to 1q+ and/or 6q- are hypomethylated in heterochromatin-

associated open sea CpG regions 

PFA have been subclassified into two major molecular groups, PFA1 and PFA2, and subtypes 

therein based on methylation profiling27, where subtype PFA1c was shown to harbor the highest 

frequency of 1q+ and 6q- at presentation. We examined changes in PFA subtypes at 1st recurrence, which 

revealed classification changes within, but never between PFA1 and PFA2 methylation group cases (Figure 

2A), suggesting subtypes within PFA1 and PFA2 are impacted by biological changes including CNV changes 

associated with recurrence. While 1q+ and 6q- CNVs are largely restricted to PFA1c at presentation, these 

CNVs became broadly distributed across subtypes at recurrence (Figure 2B), with 1q+ being significantly 

increased from 9% at presentation to 52% at 1st recurrence in PFA2 subtypes (Fisher’s exact test 

p=0.0031). 

Given the high proportion (~40%) of samples that gained 1q and/or lost 6q at recurrence, we 

sought to identify biological markers that predisposed tumors for the chromosomal instability observed 

in this high-risk group. Chromosomal instability has been correlated with aberrant DNA methylation, 

specifically hypomethylation of “open sea” CpGs regions that are associated with heterochromatin 28-30. 

Open sea CpGs are thus named due to their location in the genome outside of CpG islands, shores and 

shelves. The latter CpG regions are defined based on their relationship to genes, where CpG islands 

correspond to gene promotor regions, CpG shores are ~2Kb from CpG islands, and CpG shelves are ~ 4Kb 

from CpG islands. We compared CpG methylation in presentation samples that were predisposed to 1q 

gain and/or 6q loss at 1st recurrence (n=24) to those specimens with wildtype 1q and 6q at both 

presentation and recurrence (n=29). Hypergeometric enrichment analysis of CpGs with higher 

methylation beta values (p<0.05) in 1q+ and/or 6q- predisposed versus the unchanged samples revealed 

a significantly reduced proportion of methylated CpGs located in open sea regions (p<10-300) and 

enrichment of CpGs island site methylation (p<10-300) and (Figure 2C). The converse analysis showed that 
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CpGs with increased methylation in those specimens with no 1q/6q abnormalities at presentation or 

recurrence were enriched for open sea CpG methylation and decreased for CpG island methylation (Figure 

2D). These findings suggest that open sea CpG hypomethylation predisposes PFAs to 1q+ and 6q- CNVs 

(Figure 2E).  

 

 

Single cell analysis of CNVs in matched primary and recurrent PFA show no evidence of rare recurrence-

associated CNV subclones at presentation. 

The increase in copy number aberrations in PFA recurrences might suggest that rare subclones 

containing recurrence associated CNVs may exist at presentation. We addressed this question by 

performing single-nuclei RNAseq CNV analysis of 52,020 cells from 14 matched patient PFA samples from 

presentation and 1st recurrence, each with CNV changes at recurrence. Cell gene-expression matrices 

were projected as 2D uniform manifold approximation and projection (UMAP) plots, revealing multiple 

clusters of cells that were shared between samples (Figure 3A). Cluster gene expression profiles 

(Supplementary Data 1) were used to define the cellular identity of clusters, identifying subpopulations 

of neoplastic and non-neoplastic cells by comparison with a prior scRNAseq study by our laboratory 

3(Figure 3A; Supplementary Figure 4).  

Single cell CNV inference analysis (inferCNV) identified copy number gain and loss signatures in 

individual neoplastic cells from 12 of the 14 samples that had an evaluable neoplastic component. Single 

cell CNV profiles were concordant with those measured by CNV analysis of methylation data from 

corresponding bulk tumor samples (Supplementary Figure 5). Each of the 6 PFA presentation/1st 

recurrence pairs revealed changes in chromosome copy number, with the commonest change being loss 

6q at recurrence (5/6), two of which also gained 1q (Figure 3B; Supplementary Figure 5). A single sample 



B

UP
N-

92
8

UP
N-

11
01

UP
N-

69
1

P

R1

P

R1

P

R1

1 2 3 4 6 8 10 12 14 16 18
20 22

C

A

UM
AP

1

UMAP2

TEC-A/
CEC

lymphocyte

VE

SM

oligo

myeloid/
prolif

MEC

UEC-A

myeloid

UEC-A/prolif.

CEC

oligodendrocyte

neuron

TEC-D

TEC-D low

neoplasticNon-neoplastic

D

E

52,020 nuclei

UM
AP

1

UMAP2

neoplastic

Non-neoplastic

presentation 1st recurrence

P R1
0

5

10

15

20
UPN-1101

UPN-459

UPN-691

UPN-723

UPN-897

UPN-928

p=0.12 p=0.021

pr
op

or
tio

n

UEC-A/prolif.

pr
op

or
tio

n

P R1
0

10

20

30

40
UPN-1101

UPN-459

UPN-691

UPN-723

UPN-897

UPN-928

TEC-D

UEC-A
/pr

oli
f.

mye
loi

d

TEC-A
/C

EC

UEC-A
CEC

MEC
TEC-D

0

20

40
p=0.021

p=0.12

chromosome

pr
op

or
tio

n

+ presentation + 1st recurrence

snRNAseq subpopulations

Figure 3



 17 

lost chromosome 22 at recurrence. Evidence of CNV altered subclones were identified at presentation 

(1/6) and recurrence (2/6) (Figure 3B). However, no evidence of minor subclones of recurrence-associated 

CNV signatures were identified in any of the matched presentation samples, either by visual examination 

or by clustering analysis. 

 

Neoplastic cellular subpopulations evolve to a less differentiated phenotype at recurrence.  

Single nuclei RNAseq analysis provides a direct measure of the evolution of neoplastic and non-

neoplastic cellular subpopulation between presentation and recurrence. We annotated neoplastic and 

non-neoplastic clusters based on recent scRNAseq studies performed by our laboratory and others3,4 and 

gene set enrichment analysis (Supplementary Data 2).  Neoplastic clusters harbored gene-expression 

profiles that correlated with each of the previously defined major neoplastic PFA subpopulations that 

correspond to undifferentiated ependymoma cells (UEC); ependymally differentiated transportive (TEC) 

and ciliated (CEC) ependymoma cells; and mesenchymal differentiated (MEC) ependymoma cells (Figure 

3A; Supplementary Figure 4). More recent spatial transcriptomic analysis identified further insights into 

neoplastic subpopulations, showing heterogeneity within the PFA tumor microenvironment that was 

broadly divided into neuroepithelial and mesenchymally differentiated zones5. Neuroepithelial zones 

contained subpopulations with differing levels of ependymal differentiation: including a proliferative, 

undifferentiated neuroepithelial progenitor-like cell (UEC-A) that was predictive of recurrence in PFA, and 

a highly ependymally differentiated subpopulation (TEC-D) that was more abundant in non-recurrent 

PFAs5. Accordingly, Single-nuclei RNAseq identified subpopulations corresponding to both of UEC-A and 

TEC-D (Figure 3A; Supplementary Figure 4). The most abundant non-neoplastic subpopulation was 

myeloid cells (CD33, ITGAX(CD11c), TYROBP) that included a small proliferating subpopulation. Rarer non-

neoplastic subpopulations included lymphocytes (CD3D, CD3E, GZMH), oligodendrocytes (MAG, OLIG1, 
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OLIG2), neurons (GABRA1, GABRA2, NEUROD1), vascular endothelium (VWF, ERG, PECAM1) and smooth 

muscle (CALD1, TPM1).  

We observed that identified neoplastic and non-neoplastic subpopulation proportions were 

significantly altered between presentation and 1st recurrence (Figure 3C,D). The largest change in 

proportion was in the neoplastic UEC-A/proliferative subpopulation that was on average 2.48-fold higher 

at 1st recurrence than presentation, increasing in 4/6 cases (Figure 3E) with a marginal p-value of 0.12. 

Conversely, the ependymally differentiated TEC-D subpopulation was significantly decreased at 

recurrence in all cases (1.48-fold, p=0.021)(Fig 3D,E). Collectively, these subpopulation changes suggest 

that PFA undergo a process of de-differentiation between presentation and recurrence. 

 

Co-occurrence of chromosome 1q gain and 6q loss is associated with a particularly undifferentiated 

proliferative cellular phenotype. 

The increased frequency of 1q+/6q- co-occurrence in recurrent PFA and associated mortality 

warrant development of therapy to target this specific molecular group. We therefore sought to 

characterize the biology of 1q+/6q- PFAs using bulk RNAseq transcriptomic analysis of a cohort PFA 

surgical samples (n=72). This clinically and molecularly annotated cohort was obtained from presentation 

samples and subsequent recurrences with documented CNVs obtained from matched methylomic data 

identifying samples with 1q+ and/or 6q- (n=26) and with wild type 1q and 6q (n=46)(Supplementary Table 

4).  Genes differentially expressed between these two groups were examined for enrichment of Gene 

Ontology (GOterm) biological process genesets, revealing a dominance of cell cycle-related gene functions 

in 1q+ and/or 6q- samples (Figure 4A; Supplementary Data 3), that included CENPF, NEK2 and ASPM. To 

examine the impact of 1q+ and 6q- co-occurrence versus the impact of each CNV individually we 

performed single-sample gene set enrichment analysis (ssGSEA) for the most enriched GOterm geneset 
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“mitotic cell cycle process”. This showed that 1q+/6q- co-occurrence (n=12) had a significantly higher 

enrichment of cell division GOterm genes than 1q/6q wildtype samples (n=46), whereas 1q+ (n=10) and 

6q- (n=4) individually were not significantly higher than wild type (Figure 4B). Conversely GOterm 

biological process genesets enriched in wildtype versus 1q+ and/or 6q- samples were associated with 

gliogenesis (NTRK2, OLIG1, OLIG2) and cell adhesion (AQP4, NCAM2), suggesting a more differentiated 

phenotype in 1q/6q wild type tumors (Figure 4C). SsGSEA showed that 1q+/6q- co-occurrence, but not 

1q+ or 6q- individually, had a significantly lower enrichment of GOterm “gliogenesis” genes (Figure 4D; 

Supplementary Data 3).  

We next estimated the relative proportion of neoplastic subpopulations in bulk RNAseq data by 

deconvolution with subpopulation-specific genesets previously defined by single cell and spatial 

transcriptomic analyses3,5. Consistent with snRNAseq findings, deconvolution showed that proliferative 

neuroepithelial progenitor UEC-A was the most enriched subpopulation 1q+ and/or 6q- samples (Fig 4E), 

and by ssGSEA was highest in 1q+/6q- co-occurrence samples (Fig 4F). Wild type 1q/6q showed a 

significant enrichment of TEC-D subpopulation signature genes (Fig 4G), that was particularly low in 

1q+/6q- co-occurrence samples (Figure 4H).  

To confirm the association of cell cycle-related gene enrichment with 1q+ and/or 6q- we 

performed IHC for proliferation marker Ki-67 in a cohort of PFA cases from presentation and recurrences 

for which FFPE material was available (n=70). Ki-67 expression was typically higher in hypercellular areas 

commonly seen in samples with 1q+ and/or 6q- compared to hypocellular areas seen in those samples 

with wildtype 1q/6q (Figure 5A) and those cases with 1q+ and 6q- co-occurrence showed significantly 

higher Ki-67+ cell numbers (per highest high-powered field) than wildtype 1q/6q (Figure 5B). Consistent 

with this, we observed a significant association of 1q+ and/or 6q- with WHO grade 3 tumor histology in 

samples from all tumor stages in the recurrence cohort (n=152)(Figure 5C). COL9A2 was previously 

identified as an IHC marker of UEC-A that was shown to be co-expressed with Ki-67 on a cellular level5. 
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We used COL9A2 in the present study to confirm the increased proportion of UEC-A in 1q+ and/or 6q- 

cases inferred by bulk transcriptomic analyses. We demonstrated increased expression of COL9A2 in 

hypercellular areas as observed for Ki-67 (Figure 5D) and a significantly higher expression of COL9A2 in 

samples with 1q+/6q- co-occurrence and 1q+ alone when compared to samples with wildtype 1q and 6q 

(Figure 5E). These immunohistochemical findings are consistent with bulk transcriptomic deconvolution 

data that together reveal enrichment of high-risk proliferative progenitor UEC-A in 1q+/6q- PFAs. 

 

Discussion 

This is the largest study of matched presentation and relapse samples to examine molecular 

changes at recurrence in PFA. The ability to perform this study was facilitated by surgery at first recurrence 

becoming a standard of care intervention for PFA ependymoma14.  We have identified striking increases 

in aneuploidy in PFA patients that fail initial standard of care treatment. Foremost amongst these 

chromosomal changes were gains of 1q and loss of 6q, often co-occurring, and these conferred a worse 

survival in this cohort of patients that failed standard therapy.  

Hypomethylation of heterochromatin-associated open sea regions was observed in those PFA 

that subsequently acquired 1q/6q CNVs at recurrence. Heterochromatin-associated open sea CpGs are 

hypermethylated in normal cells, assisting in formation of heterochromatin by DNA condensation29. Open 

sea hypomethylation, and associated heterochromatin malformation,  has previously been identified as a 

driver of chromosomal instability in cancer 28,30,31 and potentially explains the chromosomal instability 

seen in PFAs. Of potential relevance to PFA, hypomethylation of pericentromeric heterochromatin regions 

in 1q and 16q has been previously correlated with in 1q/16q translocations resulting in 1q+ and 16q- in 

childhood Wilms tumors30. Conversely, CpG island hypermethylation (CIMP), as seen in the 1q+ and/or 

6q- predisposed samples, is a common event in cancer and was previously implicated in the biology of  
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posterior fossa ependymoma where it was shown to block differentiation via silencing of the PRC2 

complex32. A subsequent epigenetic study revealed DNA hypomethylation outside of GpG islands in all 

PFA compared to PFB26, matching the methylation profile seen in 1q+ and/or 6q- predisposed PFA in the 

present study, and hinting that PFA as a whole may be predisposed to development of aneuploidy. 

Identification of open sea CpG hypomethylation in PFA as a potential marker of predisposition for 

subsequent 1q/6q translocations in PFA further supports the potentiating impact of DNA methylation 

aberrations in chromosomal instability, and adds a further dimension to the role of aberrant DNA 

methylation in the pathobiology of PFA (Fig 2E).  

We used single nuclei RNAseq analysis to measure CNV clonality at presentation and recurrence 

which showed that in all cases assessed, rare recurrence-associated CNVs were not identified at 

presentation. Collectively, these findings support a hypothesis that recurrence CNV clones arise at some 

time after initial resection and radiation therapy, in those samples that have a predisposition to 

chromosomal instability. Given current treatment protocols in both North America and Europe, it is also 

likely that all, or almost all, of the patients in our study also received first radiation or reirradiation as part 

of their recurrence treatment, in addition to surgery. However, the retrospective nature of our cohort 

precludes determination of the impact of particular types of therapy on recurrence changes and this 

remains an important question for future research. 

Given the known abysmal survival associated with 1q+/6q- disease highlighted by this study and 

others 7,9, it is critical that patients with these copy number changes are treated with experimental therapy 

as part of clinical trials. The frequency of high-risk 1q+ and/or 6q- CNVs acquired at recurrence provides 

an important biological factor for stratification of these trials. The high prevalence of these specific CNVs 

at recurrence had previously been underappreciated, largely due to infrequent testing, particularly for 6q. 

In our opinion these CNVs should now be routinely assessed by DNA methylation analysis, which, through 

the European BIOMECA study, has been shown to be an appropriate approach for copy number analysis 
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in a prospective ependymoma clinical trial setting33. Although methylomic analysis is not part of routine 

procedure for the majority of treating centers, this diagnostic modality is becoming more widely used, 

and  centralized methylomic workup is currently offered by a number of larger institutions in the US and 

Europe. Future, ideally prospective studies, are needed to establish heterochromatin-associated DNA 

methylation analysis as an upfront predictor of PFAs predisposed to chromosomal instability, that could 

be either stratified with 1q+ and/or 6q- PFAs or to an additional high-risk study arm. Preclinical studies in 

PFA would also benefit by testing in appropriate 1q+/6q- high-risk models. To this end, our group has 

recently established both in vitro and in vivo models of PFA with both 1q+ and 6q- (MAF-811 and MAF-

928) that are freely available to the research community 17,34. These models have already be utilized for 

preclinical in vitro screening of FDA-approved oncology drugs for PFA selective efficacy35 and for in vivo 

validation of select compounds such as metformin36.  

The present study advances preclinical efforts by providing insights into the specific biological 

characteristics of PFA with 1q+ and/or 6q- and how this relates to the biology of recurrence in PFA.  We 

utilized single-nuclei and bulk transcriptomic datasets to identify a proliferative phenotype in cases with 

1q+ and/or 6q- that was confirmed by protein analysis in a cohort of FFPE material. Consistent with this 

finding, we found that 1q+ and/or 6q- was associated with WHO grade 3 variant PFA, and a diagnosis of 

WHO grade 3 tumor variant PFA at 1st recurrence was associated with a shorter overall survival, likely 

reflecting the underlying impact of 1q+ and/or 6q- on outcome. Accompanying the more proliferative 

phenotype in 1q+ and/or 6q- PFA was an increased proportion of the undifferentiated UEC-A neoplastic 

subpopulation that was recently identified using single-cell and spatial transcriptomic studies3,5. UEC-A 

were previously shown to be more abundant in presentation PFA samples that later progressed versus 

those that were cured5, and in the present study we show that UEC-A is often further increased at 

recurrence. The higher proportion of UEC-A at presentation in those tumors that subsequently recur 

supports the impact of minimal residual disease as a driver of recurrence in PFA. We also speculate that 
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UEC-A are radio- and chemotherapy resistant due to interplay between this specific cellular phenotype 

and an underlying loss of tumor suppressor gene(s) located on chromosome 6q. The association of UEC-

A with 1q+ and/or 6q- was identified by both single nuclei RNAseq and deconvolution of bulk 

transcriptomic data, which was then confirmed by IHC scoring of COL9A2 expression in FFPE material, a 

test with potential clinical utility in the identification of high-risk PFA.  Consistent with the increased 

proportion of cells with an undifferentiated phenotype, 1q+ and/or 6q- PFA had reduced proportions of 

the differentiated and relatively quiescent TEC-D neoplastic subpopulation that has been associated with 

a favorable clinical outcome5. These studies reveal that the cellular heterogeneity of PFAs evolves largely 

because of genetic evolution of neoplastic cells, where 1q+ and/or 6q- skew the cellular phenotype of PFA 

to a more treatment-resistant, undifferentiated proliferative phenotype.   

The high prevalence of 1q+/6q- at recurrence and the associated shortened survival mandates 

that preclinical therapeutics should be tested using 1q+/6q- PFA models, that these chromosomal 

abnormalities should be routinely tested for and used for trial stratification. Patients with 1q+/6q- at 

recurrence need experimental therapies, delivered through clinical trials, targeted at the underlying 

biology of this particularly aggressive type of PFA ependymoma.   
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Figure captions 

 

Figure 1. Chromosome 1q gain and/or 6q loss in PFA show increased prevalence at recurrence and are 

associated with a high rate of mortality. A, Average copy numbers for all chromosome arms presentation 

(P), 1
st

 recurrence (R1), 2
nd

 recurrence (R2) and subsequent recurrences and autopsy (R3+) and a publicly 

available cohort of presentation PFA samples published by Pajtler et al.2(Pajtler P). The average CNV per 

sample and percentage of patients with a balanced genome are included. B, Sankey plot showing changes 

in (i) 1q+ and 6q- co-occurrence (1q+ and 6q-), (ii) 1q+ with wildtype 6q (1q+), (iii) 6q- with wildtype 1q 

(6q-) and (iv) wildtype 1q/6q, between presentation and 1
st

 recurrence. C, example of translocation of 

chromosome 1q and 6q in UPN-811-R3, resulting in derivative chromosome 6 with one copy of 6q 

replaced with 1q. Overall survival from presentation for (D) 1q+ ,(E) 6q- and (F) combined 1q+ and/or 6q-

in the recurrence cohort (n=88) with CNVs considered as time dependent variables to incorporate CNV 

changes at recurrence. 

 

Figure 2. PFA methylomic subtype changes at recurrence and 1q+ and/or 6q- predisposition methylation 

characteristics. A, Sankey plot showing changes in PFA methylation subtype between presentation and 

1
st

 recurrence. B, proportion of 1q+ (top panel) and 6q- cases (bottom panel) per subtype at presentation 

and 1
st

 recurrence. C, Enrichment (hypergeometric analysis) of methylated CpGs in open sea, shelf, shore 

(subdivided into north and south shelf and shore) and islands in CpGs hypermethylated in presentation 

samples predisposed to 1q+ and/or 6q- samples versus not predisposed to 1q+ and/or 6q- (with wildtype 

1q and 6q at presentation and recurrence) and D, CpG hypermethylated in presentation samples not 

predisposed to 1q/6q changes versus 1q+ and/or 6q- predisposed. E, Schema depicting hypothetical 

consequences of differential CpG methylation (Me) patterns in open sea, shelf, shore and islands in 

presentation samples not predisposed to 1q/6q CNVs versus 1q+ and/or 6q- predisposed samples. 
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Figure 3. Single-nuclei RNAseq analysis of subclone and neoplastic subpopulation trajectories from 

presentation to recurrence in PFA. A, Aligned UMAP projection of single-nuclei expression data of 7 PFA 

patient samples pairs from presentation and 1
st

 recurrence reveals neoplastic and non-neoplastic cell type 

clusters (Abbreviations: CEC, ciliated EPN cell; MEC, mesenchymal EPN cell; SM; smooth muscle; TEC, 

transportive EPN cell; UEC, undifferentiated EPN cell; VE, vascular endothelium). B, Inference of CNVs 

(inferCNV) in neoplastic single nuclei in 3 representative PFA presentation (P)/1
st

 recurrence (R1) pairs, 

exemplifying gain of 1a and loss of 6q at recurrence (top panel), subclonal loss of 6q, 10q and 22 at 

recurrence (middle panel), and loss of 22 at recurrence (bottom panel). C, tumor stage overlaid on to 

unaligned UMAP projection of PFA single nuclei. D, Major neoplastic and non-neoplastic subpopulation 

proportions presentation and 1st recurrence samples. E, ladder plot depicting individual sample changes 

in the UEC-A/proliferative (left panel) and TEC-D ependymally differentiated (right panel) neoplastic 

cluster proportion between presentation and 1st recurrence.  

 

Figure 4. Co-occurrence of chromosome 1q gain and 6q loss is associated with an undifferentiated 

proliferative cellular phenotype in PFA. A, Cytoscape clustering of gene ontologies enriched in genes 

overexpressed in PFA with 1q+ and/or 6q- (n=26) versus those with wildtype 1q/6q (n=46). B, single 

sample gene set enrichment analysis (ssGSEA) of top 1q+ and/or 6q- PFA associated GOterm mitotic cell 

cycle process in individual patient samples grouped according to (i) 1q+ and 6q- co-occurrence (1q+ and 

6q-; n=12), (ii) 1q+ with wildtype 6q (1q+ only; n=10), (iii) 6q- with wildtype 1q (6q- only; n=4) and (iv) 

wildtype 1q and 6q (WT 1q and 6q; n=46). C, Ontology clustering of genes underexpressed in 1q+ and/or 

6q-, and (D) individual sample enrichment of GOterm gliogenesis grouped according to CNV status. E, 

Overexpressed genes in 1q+ and/or 6q- PFA were compared to previously identified PFA neoplastic cluster 

marker genesets5 (top 50) by hypergeometric analysis. F, Deconvolution of individual patient samples for 
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UEC-A (undifferentiated EPN cell-A) neuroepithelial progenitor subpopulation using ssGSEA. G, 

Corresponding neoplastic cluster gene enrichment analysis for genes underexpressed in 1q+ and/or 6q- 

PFA. H, Deconvolution of individual patient samples for differentiated TEC-D (transportive EPN cell-D) 

subpopulation using ssGSEA.  

 

Figure 5. Histological characteristics of 1q+ and/or 6q- samples with respect to proliferative marker Ki-

67 and UEC-A progenitor subpopulation marker COL9A2. A, Representative IHC staining of proliferative 

marker Ki-67 in 1q+/6q- co-occurrence (left panel), 1q+ only (middle panel) and 1q/6q wildtype PFA (scale 

bars = 50µm). B, Ki-67 positive cell count per highest high power field (HPF) in individual patient samples 

grouped according to (i) 1q+ and 6q- co-occurrence (1q+ and 6q-; n=14), (ii) 1q+ with wildtype 6q (1q+ 

only; n=9), (iii) 6q- with wildtype 1q (6q- only; n=3) and (iv) wildtype 1q and 6q (WT 1q and 6q; n=27). C, 

Contingency analysis of CNVs status versus WHO grade (n=152)(Fisher’s exact test). D, Representative IHC 

staining of proliferative neuroepithelial UEC-A subpopulation marker COL9A2 in 1q+/6q- co-occurrence 

(left panel), 1q+ only (middle panel) and 1q/6q wildtype PFA. E, COL9A2 IHC scores in individual patient 

samples grouped according to CNV status as in panel B. 
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Supplementary figure 1. Increased incidence of chromosome 1q gain and/or 6q loss 
in PFA at recurrence in all institutional cohorts. Proportions of (i) 1q+ and 6q- co-
occurrence (1q+ and 6q-), (ii) 1q+ with wildtype 6q (1q+), (iii) 6q- with wildtype 1q (6q-) 
and (iv) wildtype 1q and 6q (neither) at presentation and 1st recurrence from the four 
institutions that contributed to the study. 
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Supplementary figure 2. Kaplan-Meier plots showing association of 1q+ and 6q- with 
outcome in PFA. The effect of 1q+ status on PFS from (A) presentation and (B) 1st recurrence 
and on OS from (C) presentation and (D) 1st recurrence. The effect of 6q- status on PFS from 
(E) presentation and (F) 1st recurrence and on OS from (G) presentation and (H) 1st recurrence. 



Supplementary figure 3. Single nuclei RNAseq neoplastic clusters were annotated using 
hypergeometric enrichment analysis, which calculates marker gene overlap (displayed 
as heatmap of –log10 p-values) with previously published neoplastic subpopulation 
markers5
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Supplementary figure 4. Inference of CNVs (inferCNV) in neoplastic single nuclei in 6 
representative PFA presentation (P)/1st recurrence (R1) pairs aligned with CNVs inferred 
from bulk methylation analysis (CNV plots obtained from molecularneuropathology.org).


