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Ultra high-risk PFA ependymoma is characterized by 
loss of chromosome 6q
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Abstract
Background. Within PF-EPN-A, 1q gain is a marker of poor prognosis, however, it is unclear if within PF-EPN-A ad-
ditional cytogenetic events exist which can refine risk stratification.
Methods. Five independent non-overlapping cohorts of PF-EPN-A were analyzed applying genome-wide methyla-
tion arrays for chromosomal and clinical variables predictive of survival.
Results. Across all cohorts, 663 PF-EPN-A were identified. The most common broad copy number event was 1q 
gain (18.9%), followed by 6q loss (8.6%), 9p gain (6.5%), and 22q loss (6.8%). Within 1q gain tumors, there was sig-
nificant enrichment for 6q loss (17.7%), 10q loss (16.9%), and 16q loss (15.3%). The 5-year progression-free survival 
(PFS) was strikingly worse in those patients with 6q loss, with a 5-year PFS of 50% (95% CI 45%-55%) for balanced 
tumors, compared with 32% (95% CI 24%-44%) for 1q gain only, 7.3% (95% CI 2.0%-27%) for 6q loss only and 0 for 
both 1q gain and 6q loss (P = 1.65 × 10−13). After accounting for treatment, 6q loss remained the most significant 
independent predictor of survival in PF-EPN-A but is not in PF-EPN-B. Distant relapses were more common in 1q 
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gain irrespective of 6q loss. RNA sequencing comparing 6q loss to 6q balanced PF-EPN-A suggests that 6q 
loss forms a biologically distinct group.
Conclusions. We have identified an ultra high-risk PF-EPN-A ependymoma subgroup, which can be reliably 
ascertained using cytogenetic markers in routine clinical use. A change in treatment paradigm is urgently 
needed for this particular subset of PF-EPN-A where novel therapies should be prioritized for upfront therapy.

Key Points

1.  1q gain PF-EPN-A have a distinct cytogenetic profile enriched for 6q loss, 10q loss, 
and 16q loss.

2.  Loss of 6q defines a group of PF-EPN-A with a dismal survival independent of 
either treatment or 1q gain.

3. Distant relapses are more common in 1q gain tumors.

Posterior fossa ependymoma (PF-EPN) are comprised of 
three distinct molecular groups termed PF-EPN-A, PF-EPN-B, 
and PF-EPN-SE with distinct demographics, cytogenetics, 
epigenetics, and outcomes.1–3 PF-EPN-B characterized by 
frequent chromosomal arm-level gains and losses are the 
predominant subgroup observed in adults and have an 
overall excellent prognosis.4–7 PF-EPN-A have a relatively si-
lent genome, with a paucity of recurrent somatic nucleotide 
variants and only 1q gain as a commonly observed chro-
mosomal arm-level copy number aberration.8,9 PF-EPN-A 
are found predominantly in young children and are associ-
ated with poor prognosis.8,10 Within each of these groups, 
there is substantial heterogeneity, with 9 subgroups iden-
tified within PF-EPN-A and 5 subgroups identified within 
PF-EPN-B.4,9 Current risk stratification for PF-EPN is based 
on the extent of resection and administration of upfront ra-
diation, where incompletely resected and/or non-irradiated 
PF-EPN-A have a dismal outcome.10–12 As such, children as 
young as 1 year of age are treated with aggressive surgical 
resection and postsurgical adjuvant radiotherapy, which are 
associated with long-term neurocognitive impairment.12

Although survival of completely resected PF-EPN-A who 
received postoperative radiotherapy have a progression-
free survival (PFS) of around 60%-70%, gain of 1q has been 
shown across multiple studies to be a highly prognostic 
independent marker of a poor outcome within PF-EPN-A, 
including the recently reported Children’s Oncology 
Group (COG) study ACNS0121.11,13–16 Interestingly within 
PF-EPN-B, 1q gain has no prognostic value, suggesting a 
clear group specificity, but also suggests that previously 
identified markers across all ependymoma require re-ex-
amination in a group-specific manner.4 Indeed, some 
markers such as 6q loss have been identified as frequent 

events in ependymoma and in some studies a marker of 
excellent prognosis, however, these studies have not been 
re-analyzed in a group-specific manner.16–24

There is additional heterogeneity within PF-EPN-A, 
where 9 subgroups have been identified, with one sub-
group, PFA1c being enriched for 1q gain and harboring 
a poor prognosis, and PFA-2c which as an excellent out-
come.9 To extend these findings, we evaluated if cytoge-
netic markers may provide important prognostic value 
that complements these previous studies, specifically we 
sought to investigate if cytogenetic markers of prognosis 
with PF-EPN-A ependymoma, specifically 1q gain PF-EPN-A 
could provide additional risk stratification.

Methods

Patient Cohort

Six hundred and sixty-three PFA (PF-EPN-A) were identified 
through the Global Ependymoma Network of Excellence 
(GENE), the Australian & New Zealand Children’s 
Haematology/Oncology Group, St. Jude’s Children’s 
Research Hospital, Burdenko Neurosurgical Institute, 
and the CERN Foundation, all previously profiled using 
genome-wide DNA methylation profiling and where copy 
number plots could be interpreted (GSE104210).9,10 Both 
frozen and formalin-fixed paraffin embedded (FFPE) sam-
ples were collected from diagnosis. Of these 663 subjects, 
full survival information was available in 602. A subtotal 
resection was defined as more than 5 mm postoperative 
residual on the postoperative MRI. A previously reported 

Importance of the Study

We identify an ultra high-risk subset of posterior fossa 
ependymoma subgroup characterized by 6q loss, com-
prising 9% of all PFA ependymoma. Loss of 6q predicts 
a very poor survival independent of 1q status and is a 
highly significant predictor of progression-free survival 

and overall survival after accounting for treatment vari-
ables. This group should be prioritized for upfront exper-
imental approaches due to their rapid progression and 
very poor survival.
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cohort of 212 PFB (PF-EPN-B) tumors was included for a 
re-analysis of copy number aberrations.4 Samples were all 
collected in accordance with the approval of the Hospital 
for Sick Children Research Ethics Board and local institu-
tional research ethics boards.

Genome-Wide DNA Methylation Profiling

Samples were analyzed on the Illumina Infinium 
HumanMethylation450 or HumanMethylationEPIC array 
at the PM-OICR Translational Genomics Laboratory and 
Princess Margaret Genomics Centre (Toronto, Ontario), the 
German Cancer Research Center (Heidelberg, Germany), 
or the Hudson Research Institute (Melbourne, Australia) 
according to the manufacturer’s instructions and pre-
processed as previously described.8 PF-EPN-A status was 
determined using the Heidelberg brain tumor classifier 
(https://www.molecularneuropathology.org/mnp) as pre-
viously described.8,25 Distance between samples was 
calculated using Pearson correlation coefficient as the dis-
tance measure and the same distance matrix was used to 
perform the t-distributed stochastic neighbor embedding 
(tSNE) analysis using the Rtsne package version 0.11.17. The 
following non-default parameters were used: theta = 0, is_
distance = T, pca = F, max_iter = 10 000, perplexity = 30. All 
analyses were conducted in the R Statistical Environment 
(v4.0.2).

Copy Number Inference From Methylation Arrays 
and Identification of Recurrent Broad Events

Copy number segmentation was performed from genome-
wide methylation arrays using the conumee package 
(v0.99.4) in the R statistical environment (v4.0.2) as previ-
ously described.26,27 Broad copy number events were de-
termined using visual inspection of copy number plots 
and significance of the frequency of each broad event 
was tested using the exact binomial test, and applying the 
GISTIC broad event analysis.28

Transcriptome Sequencing Analysis

RNA sequencing was performed using ribodeplete li-
brary preparation to a read depth of 50 million reads per 
sample on the NextSeq platform at the Centre for Applied 
Genomics at the Hospital for Sick Children. The quality of 
the sequence reads was assessed by FASTQC v0.72 and 
Trim Galore v0.6.3 (http://www.bioinformatics.babraham.
ac.uk/projects). The reads were mapped against human ref-
erence genome hg38 reads using HISAT2 algorithm v2.1.0 
and featureCounts v1.6.3 was employed to obtain the 
counts from the uniquely aligned reads.29,30 Further, dif-
ferential expression analysis between the subgroups was 
performed using R/Bioconductor package DESeq2 v1.26.0 
and log-transformed for exploratory analysis, where an ad-
justed P value <.05 was considered to be statistically signif-
icant. Principal component analysis (PCA) plot was using 
pcaMethods R package, the genes were scaled based on 
unit variance method and principal components were 

calculated with imputation and singular value decomposi-
tion (SVD) iteratively. Confidence ellipses were calculated 
using FactoMineR R package (v2.3). Heatmaps were con-
structed using ComplexHeatmap R package (v2.5.1). The 
differentially expressed chromosomal regions were deter-
mined using PREDA R package. Regions with FDR (false 
discovery rate) < 0.05 were considered to be differentially 
regulated. The genes were ranked using the log10 P values 
multiplied by sign of fold change from DESeq2 analysis. 
Enrichment analysis was carried out using pre-ranked 
gene set enrichment analysis (GSEA) and was run with 
the C1 (positional), C2 (canonical pathways), and C5 (gene 
ontology).31 Hallmark gene sets were visualized using 
EnrichmentMap in Cytoscape.31 The hypoxia scores were 
computed based on previously reported mRNA-based hy-
poxia signatures along with the Hallmark_hypoxia signa-
ture from GSEA. The logCPM expression data derived using 
edgeR for all the genes in the hypoxia signatures were ex-
tracted for 6q balanced and 6q loss samples. To compare 
hypoxia among the subgroups, each patient was evaluated 
against the median gene abundance for the same gene in 
all the samples. When the abundance was greater than the 
median, it was assigned a score of 1 whereas abundance 
lower than the median was assigned a score of −1. The hy-
poxia score for each patient was computed as the sum of 
scores for each gene in a given hypoxia signature. RNA 
sequencing data have been deposited into GEO with ac-
cession number GSE164292.

Statistical Analysis

PFS and overall survival were analyzed by the Kaplan-
Meier method and P values reported using the log-rank 
test. Associations between covariates and risk groups 
were tested by the Fisher’s exact test. Univariable and 
multivariable cox proportional hazard regression was 
used to estimate hazard ratios including 95% confidence 
intervals (CI). The proportional-hazards assumption was 
tested using the cox.zph function in the survival package 
and graphical inspection of Schoenfeld residual plots and 
was not statistically significant for any of the covariates. 
A  multivariable logistic regression model estimated the 
associations between the candidate predictor variables 
(1q status, 6q status, extent of resection, radiotherapy, 
age at diagnosis) and the odds of distant metastatic re-
lapse, with appropriate model fitting using the post-
estimation Hosmer-Lemeshow goodness-of-fit test. All 
statistical analyses were performed using the R statistical 
environment (v4.0.2), R packages survival (v3.2-7), and 
ggplot2 (v3.3.2).

Results

Demographics and Cytogenetic Landscape of 
PF-EPN-A

In total, 663 PF-EPN-A samples with available DNA copy 
number data were identified, where 124 harbored 1q 
gain (18.7%) and 538 had a balanced 1q status (81.3%). 
Demographics of the cohort are summarized in Table 1. 

events in ependymoma and in some studies a marker of 
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Haematology/Oncology Group, St. Jude’s Children’s 
Research Hospital, Burdenko Neurosurgical Institute, 
and the CERN Foundation, all previously profiled using 
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Full survival data were available in 602 subjects with 
PF-EPN-A. Demographics and treatment details of the 
overall cohort comparing 1q gain and 1q balanced are 
listed in Table 1. The median age across the entire cohort 
was 3 (IQR 1.68-5), with the median age of 1q gain pa-
tients being significantly older compared to a balanced 

1q state (1q gain median age 5.99, IQR 3.34-8.02; 1q bal-
anced median age 2.42, IQR 1.4-4; P = 2.2 × 10−16). Gender 
ratio was not significantly different where 20.1% of males 
and 17.3% of females harbored 1q gain (P = .4). Rates of 
incomplete resection were nearly identical between 1q 
gain and 1q balanced (1q gain −36%, 1q balanced 37.4%, 

  
Table 1 Demographics and Cytogenetic Features of 1q Gain and 6q Loss PF-EPN-A

Total Cohort 
(n = 662)

Balanced 
(n = 503)

1q Gain Only 
(n = 102)

6q Loss Only 
(n = 35)

1q Gain and 6q 
Loss (n = 22)

P Valued

Age (median + IQR)a,e 4.1 (1.69-5) 2.25 (1.33-4) 5.0 (3-8) 5 (3.1-7.5) 6 (3.4-8.0) 4.4 × 10−8

Age groupb

 <3 years (n = 379) 47.6% 92.9% 5.2% 1.3% 0.6% 2.2 × 10−16

 3-10 (n = 187) 46.3% 64% 22.8% 8.3% 5.0%  

 10-17 (n = 30) 4.9% 37.5% 43.8% 9.4% 9.4%  

 >17 (n = 6) 1.2% 37.5% 25% 25% 12.5%  

Male genderf 58.4% 57.7% 64.4% 61.8% 45.5% .35

Upfront XRTg 79.2% 76.6% 91.6% 83.3% 73.7% .0097

Chemotherapyg 51.4% 52.8% 48.9% 38.7% 52.6% .46

Incomplete resectiong 37.1% 37.3% 33.7% 38.7% 47.4% .71

Pattern of relapseh

 Local tumor bed 64.7% 67.2% 54.8% 83.3% 38.5% .040

  Metastatic (combined ± distant 
only)

35.3% 32.8% 45.2% 16.7% 61.5%  

Total chromosomal alterationsc 
(mean + SD)

1.06 ± 2.40 0.74 ± 2.08 1.77 ± 2.77 3.02 ± 3.28 1.95 ± 3.29 2.5 × 10−5

 0 69.8% 81.5% 33.3% 17.1% 54.5%  

 1 8.0% 0.8% 38.2% 25.7% 4.5%  

 2 9.5% 8.9% 7.8% 17.1% 18.2%  

 >3 12.7% 8.7% 20.6% 40% 22.7%  

Broad cytogenetic alterations (>2.5% total)

 Whole Chr 2 gain 2.4% 2.6% 2.9% 0% 0 .87

 Whole Chr 7 gain 3.0% 1.6% 7.8% 5.7% 9.1% .0008

 Whole Chr 8 gain 4.1% 3.6% 5.9% 2.9% 9.1% .28

 9p gain 6.5% 5.4% 12.7% 5.7% 4.5% .06

 9q gain 5.9% 5.2% 10.8% 2.9% 4.5% .19

 10q loss 5.4% 1.2% 17.6% 25.7% 13.6% 3.7 × 10−14

 Whole Chr 11 gain 3.6% 3.4% 6.9% 0 0 .2

 16q loss 3.5% 0.2% 15.7% 8.6% 13.6% 3.2 × 10−13

 17p loss 2.3% 0.8% 1.0% 25.7% 4.5% 1.3 × 10−8

 17q gain 2.7% 2.6% 3.9% 2.9% 0 .81

 Whole Chr 19 gain 3.8% 4.0% 3.9% 2.9% 0 1

 Whole Chr 19 loss 3.2% 2.4% 5.9% 5.7% 4.5% .11

 22q loss 6.8% 5.8% 5.9% 25.7% 4.5% .0019

Abbreviations: IQR, interquartile range; SD, standard deviation; XRT, external beam irradiation.
a1q gain vs 6q loss—P = .15, 1q gain vs 1q gain/6q loss—P = .82, 6q loss vs 1q gain/6q loss—P = .87 (Tukey contrasts).
bPercentages by row (% within each age group).
cExcludes 1q and 6q.
dP values across balanced, 1q gain, 6q loss, and 1q gain/6q loss columns.
eAge available in 654 cases. 
fGender available in 660 cases.
gRadiotherapy, chemotherapy, extent of surgical resection, and survival available in 602 cases.
hPattern of relapse available in 187 progression events.
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P  =  .83). Upfront radiotherapy was significantly more 
common in patients harboring a tumor with 1q gain, 
where 77.1% of 1q balanced patients received upfront 
radiotherapy compared to 88.6% for 1q gain (P =  .0066) 
(Table 1). As previously reported, survival was signifi-
cantly worse in 1q gain patients, with 5-year PFS for 1q 
balanced was 46.7% (95% CI 42%-51.9%) compared to 
26.1% (95% CI 19%-35.8%) for 1q gain patients (P = 7.9 × 
10−6); and 10-year PFS for 1q balanced was 41.4% (95% CI 
36.4%-46.4%) compared to 16.5% (95% CI 10.2%-26.7%) 
for 1q gain patients (P = 4.2 × 10−6). When restricting the 
analysis to only patients who achieved a complete resec-
tion and received upfront radiotherapy, the difference 
in survival is even more striking with 5-year PFS for 1q 
balanced of 63.9% (95% CI 57.6%-70.9%) and 1q gain of 
24.8% (15.8%-39.1%) (P = 1.36 × 10−11). Within the 1q gain 
group, a multivariable cox regression analysis revealed 
that when correcting for age, extent of resection, gender, 
and upfront radiotherapy, only male gender remained a 

significant predictor of poor outcome (Supplementary 
Table 1).

Cytogenetic Landscape of 1q Gain PF-EPN-A

In order to identify the cytogenetic events within PF-EPN-A, 
broad copy number changes were inferred from the 
genome-wide methylation analysis (Figure 1C, D, Table 
1). No significant focal events were identified across 
all PF-EPN-A, consistent with previous studies. Across 
all PF-EPN-A, 1q gain was the most frequent broad copy 
number event observed (18.9%), with 6q loss (8.6%), 9p 
gain (6.5%), 9q gain (5.9%), 10q loss (5.4%), and 22q loss 
(6.8%) being the only other significant events occurring 
at a frequency higher than 5% (Table 1). However, when 
stratifying the analysis by 1q status, we observed 6q loss 
being significantly enriched with a frequency of 17.7%, 
compared to 6.6% within the 1q balanced group (Figure 2A, 
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Fig. 1 Clinical and cytogenetic landscape of 1q gain PF-EPN-A. Kaplan-Meier progression-free survival analysis of 1q status across (A) all 
PF-EPN-A and (B) only completely resected and radiated PF-EPN-A. Copy number heatmaps comparing (C) 1q balanced PF-EPN-A and (D) 1q 
gain PF-EPN-A where blue indicates loss, and red indicates gain. P values determined using the log-rank test, and shaded areas around each 
curve represent 95% confidence intervals.
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P = 2.5 × 10−4). Other events significantly enriched in more 
than 10% of 1q gain PF-EPN-A include 16q loss (1q gain 
15.3% vs 1q balanced 0.74%; P = 4.1 × 10−12), 10q loss (1q 
gain 16.9% vs 1q balanced 2.8%; P = 5.4 × 10−8) and 9p gain 
(1q gain 11.3% vs 1q balanced 5.4; P =  .049). The median 
number of arm-level copy number events was significantly 
higher in both 1q gain and 6q loss compared to a balanced 
genome, (1q/6q harbor 0.74 arm-level copy number events 
per tumor, 6q loss only: 3.02, 1q gain only: 1.77, 1q gain/6q 
loss: 1.95, P = 2.5 × 10−5, Table 1), with no significant dif-
ference between 1q gain and 6q loss (P = .08). Analysis of 
a previously reported PF-EPN-B cohort revealed 6q loss in 
65% of samples with no association with 1q gain (P = .56).4 
FISH (fluorescence in situ hybridization) was performed 
where the material was available demonstrating 6q loss, 
confirming that both 1q gain and 6q loss can be identified 
by FISH in addition to genome-wide methylation profiling 
(Figure 2B). tSNE analysis does not show distinct clustering 
of 6q loss PF-EPN-A, with representation across both PFA1 
and PFA2 as previously described (Supplementary Figure 
S1).9 Median age at diagnosis was significantly higher 
overall in patients with 6q loss compared to 6q balanced 
but was not significantly different from 1q gain (Figure 2C, 
6q loss: 5-year IQR 3-7.5; 6q balanced: 2.8-year IQR 1.5-4.85, 
P = 2.5 × 10−7).

Prognostic Cytogenetic Markers Within 1q Gain 
PF-EPN-A

In order to determine if the three other recurrent cytoge-
netic events within 1q gain PF-EPN-A harbor prognostic 
significance, a univariable survival analysis was performed 
stratifying by 6q loss, 16q loss, or 10q loss. Neither PFS nor 
overall survival was significantly different when stratifying 
by copy number state of 10q or 16q. However, 6q loss was 
highly prognostic within 1q gain PF-EPN-A, with a 5-year 
PFS of 0 compared to 32.4% (95% CI 23.7%-44.2%) for 6q 
balanced (Figure 2D, P  =  6  × 10−5). Across all PF-EPN-A, 
and restricted to 1q balanced PFA, 6q loss remained 
highly prognostic as well, suggesting this may be an in-
dependent marker of poor outcome across all PF-EPN-A 
including those restricted to having achieved a complete 
resection followed by upfront radiotherapy (Figure 2E, 
Supplementary Figure S2). Loss of 6q portended to a more 
rapid progression, with a median PFS of 1.42 years com-
pared to 3.92 years for 6q balanced. When restricted to only 
1q gain patients, 6q loss had a median PFS of 0.75 years 
compared to 2.42 years for 6q balanced.

In order to determine the prognostic relevance of 6q loss 
across all PF-EPN-A, we performed a multivariable cox re-
gression analysis including age, incomplete surgical resec-
tion, upfront radiotherapy, male gender, 1q gain, and 6q loss. 
When correcting for all factors, the most powerful predictor 
of poor PFS across all PF-EPN-A is 6q loss (Table 2, HR 2.78, 
95% CI 2.00-3.86, P = 9.8 × 10−10). Consistent with previous 
studies, an incomplete resection, absence of upfront radio-
therapy, male gender, and 1q gain were all independently 
significant prognostic markers for poor PFS and overall 
survival (Table 2). Within the 1q gain group, 6q remained a 
very powerful predictor of the outcome when accounting 
for the extent of resection, upfront radiotherapy, and male 

gender (Supplementary Table 2, HR 3.26, 95% CI 1.88-5.66, 
P = 2.5 × 10−5). Two patients with 6q loss without progression 
after 2 years were identified, a 4-year-old male with a PFS 
of 2.91 years with a calibrated score of 0.98 for a PF-EPN-A, 
and a 51-year-old female with a PFS of 9.5 years, with a low 
confidence PF-EPN-A (calibrated score 0.64) which may po-
tentially represent an outlier. Only five patients over age 
18 were identified across the entire cohort precluding an 
analysis of cytogenetic and prognostic markers restricted 
to adult PF-EPN-A. In a re-analysis of a previously reported 
PF-EPN-B cohort,4 6q loss was not a significant predictor of 
either PFS or overall survival in either a univariable (HR 1.55, 
95% CI 0.73-3.32, P  =  .26) or multivariable analysis when 
correcting for the extent of resection, upfront radiotherapy, 
male gender and age (HR 1.28, 95% CI 0.59-2.79, P  =  .53) 
(Supplementary Table 3).

The pattern of relapse was available in 187 progression 
events. The first site of relapse was the surgical cavity 
in 121, metastatic only in 52, and combined surgical 
cavity plus metastasis in 14. When stratifying by copy 
number aberration, distant relapses were more common 
in tumors harboring 1q gain than those without (1q bal-
anced: 69.2% local, 23.1% distant only, 7.7% combined vs 
1q gain: 50% local, 43.2% distant only, 6.8% combined, 
P  =  .033, Figure 2F). Overall, tumors harboring 6q loss 
relapsed most frequently in the surgical cavity (6q bal-
anced: 64.7% local, 26.9% distant only, 8.3% combined, 
6q loss: 64.5% local, 32.3% distant only, 3.2% combined, 
P  =  .56). Interestingly, when restricting the analysis to 
only 6q loss, those with 6q loss only most frequently re-
curred locally (83.3% local, 16.7% distant only) and those 
harboring both 1q gain and 6q loss recurred with distant 
failure (38.5% local, 53.8% distant only, 7.7% combined, 
P  =  .03, Figure 2F, Table 1). A  multivariable regression 
model confirmed that 1q gain was a significant predictor 
of distant relapse even when accounting for extent of 
surgical resection, upfront radiotherapy, age at diag-
nosis, and 6q loss (Table 3).

6q Loss PF-EPN-A Is a Biologically Distinct Group

In order to identify potential targets on chromosome 6q 
which may be driving the more aggressive behavior in 
this subset, RNA sequencing was performed across 5 sam-
ples with balanced 6q status, and 5 samples harboring 6q 
loss with balanced 1q status. Unsupervised hierarchical 
clustering, PCA, and tSNE analysis of the top differen-
tially expressed genes show clear segregation of 6q loss 
from 6q balanced samples (Figure 3A, Supplementary 
Figures S3 and S4). When we repeated this analysis ex-
cluding genes on 6q, a similar pattern of segregation is 
observed (Supplementary Figure S3). Differentially ex-
pressed genes plotted as a function of chromosomal pos-
ition reveals downregulation of genes across the entire 
arm of 6q being significant, however, an analysis of the top 
25 downregulated genes restricted to 6q did not identify a 
clear tumor suppressor or a set of genes downregulated 
on 6q which would account for the aggressive behavior 
(Figure 3B, Supplementary Figures S5 and S6). GSEA com-
paring 6q loss to 6q balanced gene expression revealed 
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various upregulated pathways in 6q loss including several 
pathways pertaining to immune response, hypoxia, FGFR 
(fibroblast growth factor receptor) signaling, TGFβ (trans-
forming growth factor beta) signaling, and angiogenesis 
with motility-related pathways significantly downregulated 
(Figure 3C). Previously, it has been shown that PF-EPN-A are 
highly dependent on a hypoxic microenvironment which in 
turn controls metabolic intermediates.32 Consistent with this, 
we observe that 6q loss tumors are highly enriched for six 
previously described hypoxia signatures compared to 6q 
balanced tumors, however, differential expression of HIF1α 
was not observed (Supplementary Figures S5 and S7).33–39

Discussion

Herein we show that across all PF-EPN-A, an ultra high-risk 
group comprises 10% of all patients and is defined by loss 

of chromosome 6q, independent of treatment or 1q status. 
Although present in a subset of PF-EPN-A, the rapid pro-
gression and near-ubiquitous relapses within this group 
suggest that this group warrants a new upfront treatment 
approach.

Our results are highly concordant with a previous anal-
ysis of PF-EPN-A where 9 groups of PF-EPN-A were iden-
tified.9 Within these 9 groups, PFA1c is highly enriched for 
1q gain and harbors a poor prognosis independent of 1q 
status. Loss of 6q is also significantly enriched in PFA1c 
but is present across all PF-EPN-A and was suggested in 
this previous study to be a univariate predictor of poor 
outcome. Our results extend on these findings, whereby 
a more granular analysis of known risk factors reveals 
that 6q loss represents a highly aggressive subset of 
PF-EPN-A, irrespective of treatment or 1q gain. More im-
portantly, this aberration represents a simple, and univer-
sally applicable marker to identify the highest risk group 
of PF-EPN-A. Genome-wide DNA methylation supports 6q 

  
Table 3 Multivariable Analysis of Predictors of Distant Relapse in PF-EPN-A

Adjusted Odds Ratio 95% CI P value

Age (continuous) 1.03 0.93-1.14 .543

Male gender 0.75 0.39-1.44 .388

Incomplete resection 0.67 0.34-1.30 .231

Upfront radiotherapy 1.07 0.51-2.21 .861

1q gain 2.42 1.05-5.60 .039

6q loss 1.09 0.71-1.68 .693

Post-estimation Hosmer-Lemeshow goodness-of-fit test (P = .9526) demonstrating appropriate model fitting.
Complete data available in 181 progression events.
Bold values indicates P < .05.

  

  
Table 2 Multivariable Analysis of Survival in PF-EPN-A

Variable HR 95% CI P Value

Progression-free survival (n = 576)

 Age 0.98 0.94-1.01 .13

 Incomplete resection 1.74 1.38-2.19 2.42 × 10−6

 Upfront radiotherapy 0.50 0.38-0.65 4.2 × 10−7

 Male gender 1.40 1.10-1.77 .0055

 1q gain 1.84 1.39-2.42 1.48 × 10−5

 6q loss 2.78 2.00-3.86 9.8 × 10−10

Overall survival (n = 574)

 Age 0.98 0.93-1.02 .27

 Incomplete resection 1.56 1.16-2.11 .0037

 Upfront radiotherapy 0.62 0.44-0.87 .0060

 Male gender 1.33 0.98-1.80 .063

 1q gain 1.90 1.34-2.70 .00033

 6q loss 2.39 1.60-3.58 2.4 × 10−5

Bold values indicates P < .05.
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loss PF-EPN-A as having a similar cell of origin. Our results 
also support 6q loss PF-EPN-A representing a distinct bi-
ological entity, with several distinct pathways, including 
an increase in hypoxia-related pathways, consistent with 
recent studies suggesting epigenetic and metabolic repro-
gramming driving the poor outcome overall of PF-EPN-A 
tumors.32 The increased representation of hypoxia-
related pathways in 6q loss tumors may potentially ac-
count for the poor prognosis, and resistance to radiation 
therapy, which warrants further investigation.40 Global 
levels of H3K27me3 are drastically reduced in PF-EPN-A, 
and it would be essential to ascertain specific patterns of 

H3K27me3 immunostaining in 6q loss tumors in future 
studies.41,42

Previously across many non-subgrouped studies, it has 
been suggested that 6q loss is a marker of excellent survival 
in ependymoma, highly contrary to our findings.16,17 This ap-
parent discrepancy is resolved in a group-specific analysis, 
where 6q loss represents over two-thirds of PF-EPN-B tu-
mors and is non-prognostic; whereas PF-EPN-A has a strong 
negative prognostic significance. This coupled with our pre-
vious findings that 1q gain is not prognostic in PF-EPN-B fur-
ther emphasize the importance of group-specific analyses 
when identifying new biomarkers of ependymoma. This is 
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most evident in the childhood age group where one-third of 
PF-EPN-A patients fall into high-risk groups (1q gain and/or 
6q loss), and most pronounced in the adolescent age group 
where almost two-thirds of all PF-EPN-A patients fall into a 
high-risk group, clearly highlighting the critical importance 
of routine subgrouping.

Recently, the results of ACNS0121 revealed, for the first 
time in a prospective cohort, that 1q gain PF-EPN-A have a 
poor prognosis with a 5-year PFS of 35.7% with complete 
resection and adjuvant radiotherapy, with a propensity to 
distant rather than local relapses.11 Although this repre-
sents a very poor survival compared to the 81% survival in 
a completely resected and radiated 1q balanced PF-EPN-A, 
concerns have arisen regarding the intensification of treat-
ment. Our findings are in keeping with ACNS0121 which 
suggests that within PF-EPN-A tumors with 1q gain, the 
outcome is very poor despite aggressive surgery and up-
front radiotherapy. Overall, our results are in keeping with 
those of ACNS0121 where 1q gain tumors recur more fre-
quently in the metastatic compartment, irrespective of 
6q loss, suggesting this cytogenetic aberration is a po-
tential driver of metastatic relapse. Considering the poor 
outcome of this group, the introduction of new upfront 
approaches can be considered, however, this has been lim-
ited by a paucity of promising new agents for PF-EPN-A. 
Our findings suggest that within PF-EPN-A, 6q loss may 
represent a significant minority of ubiquitously relapsing 
patients who may be immediately suitable for a new up-
front approach. Conversely, those patients with 1q and 6q 
balanced PF-EPN-A with complete resection and upfront 
radiotherapy should not be considered a poor prognostic 
group as previously suggested, and represent a relatively 
favorable prognostic group within PF-EPN-A.

Although validation across recently closed prospective 
trials will be required for confirmation of our findings, 
the strikingly poor survival of 6q loss group irrespec-
tive of treatment and 1q status warrants further evalua-
tion. Analogous to a recent risk stratification of childhood 
medulloblastoma, this may permit a PF-EPN-A specific 
risk stratification of intermediate/standard risk, high-risk, 
and ultra high-risk.43 Although this would represent rela-
tively low patient numbers, 6q loss PF-EPN-A would rep-
resent a group larger than either TP53-mutant SHH (sonic 
hedgehog) medulloblastoma or MYC-amplified Group  3 
medulloblastoma, two groups prioritized for the intro-
duction of novel upfront therapies. In addition to routine 
subgrouping of PF-EPN-A, the routine use of two cytoge-
netic markers can form the basis of a simple risk stratifi-
cation for trials of PF-EPN-A moving forward; whereby 
6q loss represents an ultra high-risk group irrespective of 
treatment and the extent of resection, 1q gain, and incom-
pletely resected tumors represent a high-risk group, with 
completely resected 1q and 6q balanced tumors repre-
senting an intermediate/good prognosis group when re-
ceiving postoperative radiotherapy.

Supplementary Material

Supplementary material is available at 
Neuro-Oncology online.
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