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Distinct circular RNA expression profiles in pediatric

ependymomas

Abstract

Pediatric ependymomas frequently develop in the cer-
ebellum and are currently treated using non-specific
therapies, in part, because few somatically mutated
driver genes are present, and the underlying pathobi-
ology is poorly described. Circular RNAs (circRNAs)
constitute as a large class of primarily non-coding
RNAs with important roles in tumorigenesis, but they
have not been described in pediatric ependymomas. To
advance our molecular understanding of ependymo-
mas, we performed Next Generation Sequencing of
rRNA-depleted total RNA of 10 primary ependymoma
and three control samples. CircRNA expression pat-
terns were correlated to disease stage, outcome, age,
and gender. We found a profound global downregu-
lation of circRNAs in ependymoma relative to con-
trol samples. Many differentially expressed circRNAs
were discovered and circSMARCAS and circ-FBXW7,
which are described as tumor suppressors in glioma
and glioblastomas in adults, were among the most
downregulated. Moreover, patients with a dismal out-
come clustered separately from patients with a good
prognosis in unsupervised hierarchical cluster analy-
ses. Next, NanoString nCounter experiments were
performed, using a custom-designed panel targeting
66 selected circRNAs, on a larger cohort that also in-
cluded medulloblastomas and pilocytic astrocytomas.
These experiments indicated that circRNA expression
profiles are different among distinct pediatric brain
tumor subtypes. In particular, circRNAs derived from
RMST, LRBA, WDR78, DRCI and BBS9Y genes were
specifically upregulated in ependymomas. In conclu-
sion, circRNAs have different expression profiles in

ependymomas relative to controls and between survi-
vors and patients with a dismal outcome, suggesting
that circRNAs could be exerted as diagnostic and prog-
nostic biomarkers in the future if further validated in
larger cohorts.

Ependymomas are rare cancers of the central nervous sys-
tem (CNS), however, one of the commonest primary CNS
tumors among children. Ependymomas mostly occur in-
tracranially (supratentorial brain and posterior fossa) in
children between 0 and 4 years of age, but they are also ob-
served in older children and adults. Clinical management
is challenging, and pediatric patients with intracranial
ependymomas have high morbidity and mortality rates.
Among nine distinct molecular subgroups of ependy-
momas based on DNA methylation analyses, pediatric
Posterior Fossa PF-EPN-A and Supratentorial RELA
fusion subgroups are characterized by a dismal outcome.
Moreover, PF-EPN-A subgroup are diagnosed at a mark-
edly younger age (median age is 3 years) compared to the
PF-EPN-B subgroup. In the majority of cases, the under-
lying oncogenic drivers are unknown and the underlying
pathobiology of ependymoma is poorly described (1,2).

Recently, circular RNAs (circRNAs) have emerged
as a large class of endogenous RNAs with mainly non-
coding functions, which play key roles in development
and disease (3,4). They exhibit tissue-specific expression
patterns and constitute a significant amount of cellular
RNA, particularly in the brain (5). Importantly, most of
these molecules are extremely stable and generally situ-
ated in the cytoplasm where they may bind other cellular
molecules, such as microRNAs or proteins, and regulate
their functions (3,4). In ependymomas nothing is cur-
rently known about the expression and potential dereg-
ulation of circRNAs. Moreover, circRNAs are emerging
as important oncogenic drivers and tumor suppressors
in glioma and glioblastoma of adults.

Here, we first employed Next Generation Sequencing
of rRNA-depleted total RNA (RNA-seq) for an unbiased
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Patient number  site grade  diagnosis  time (years) status RNA-sequencing.
1 Posterior fossa 11 2 3 Deceased

2 Posterior fossa 11 5 20 Alive

3 Posterior fossa 11 5 20 Alive

4 Posterior fossa 11 2 9 Unknown

5 Posterior fossa 11 1 3 Deceased

6 Posterior fossa 11 13 17 Alive

7 Posterior fossa 111 8 22 Alive

8 Posterior fossa 111 2 3 Deceased

9 Posterior fossa 111 2 6 Deceased

10 Posterior fossa 111 1 17 Deceased

identification and profiling of circRNAs in a cohort of
10 pediatric patients diagnosed with ependymoma and
three controls (resected from temporal lobe) (Supporting
Information and Table 1). We detected 11,217 unique
circRNAs supported by at least two backsplicing
junction-spanning reads in a single sample; 6975 in the
ependymomas and 8479 in the controls (Figures 1A,B
and S1A) (Table S1). Next, we defined a high abundance
set of circRNAs (Supporting Information) giving rise to
a total of 1167 circRNAs of which 263 were detected in
the ependymomas and 1126 in the controls (Figure SIB
and Table S2). The low number of circRNAs detected
in ependymomas was not due to a difference in sample
quality/sequencing depth, and most of these circRNAs
(231 of 263 and 1033 of 1126) were also detected by an
alternative detection algorithm (Table S2). Interestingly,
circSH3K BP1 was only detected in the controls and cir-
cLRRC55-as was only detected in the ependymomas
(Table S2). Moreover, 62 (23.6%) and 309 (27.4%) of the
high abundance circRNAs were on average expressed at
higher levels than their cognate linear host genes in the
ependymomas and in the controls, respectively (Figure
SIC,D and Table S2), indicating that many of the cir-
cRNAs are not merely side-products of aberrant splicing.

We then performed unsupervised hierarchical cluster
analysis using all the 1167 high abundance circRNAs de-
tected in the ependymomas and in the controls (Figure
SIB) and observed that the ependymomas clustered sep-
arately due to a marked downregulation of the majority
of the circRNAs (Figures 1C,D and S1E and Table S3).
This finding is in line with previous studies indicating
that rapidly proliferating cells generally contain fewer
circRNAs, possibly due to a dilution effect preventing
the highly stable circRNAs from reaching steady-state
levels (6). Interestingly, the circRNNA expression profiles
from deceased patients were distinct from the profiles
of patients who survived. This sub-clustering according
to outcome could not be explained by gender, tumor lo-
cation (all the tumors were located in Posterior Fossa)
or disease grade, but the deceased patients were diag-
nosed at a marked younger age (Figure 1C). As stated

above, only the PF-EPN-A subgroup is characterized by
a dismal outcome and a markedly younger median age
among Posterior Fossa tumors. Therefore, it is highly
likely that the subgroup with dismal outcome, which
we identified by circRNA profiling, corresponds to
PF-EPN-A (1,2). However, we were not able to confirm
this as several attempts to perform 850K DNA methyla-
tion analyses failed due to poor DNA quality.

Many of the circRNAs that displayed a marked down-
regulation in the ependymoma samples relative to the
controls were statistically significant (Figure SIE and
Table S3). Among the circRNAs that previously have
been shown to be aberrantly expressed in adult brain
tumors, circSMARCAS and circ-FBXW7 were found
to be significantly downregulated in the ependymoma
samples. This is consistent with the previous studies de-
scribing these circRNAs as tumor suppressors in glio-
mas (7). Likewise, circVCAN and circRMST were more
abundant in ependymomas relative to the controls, sim-
ilar to what has been observed in glioblastoma (8).

As expected from the heatmap (Figure 1C), we ob-
served a significant overall upregulation of circRNAs in
deceased patients relative to survivors (Figures 1E, SIF
and Table S4). The many upregulated circRNAs in the
deceased patients included cZNF292, consistent with a
previous study describing an oncogenic role of cZNF292
in glioma (9) and circRMST.

Most differentially expressed circRNAs between
ependymomas and controls were changed indepen-
dent of their cognate linear host genes, whereas this
was true for a smaller fraction of the circRNAs when
comparing the deceased patients with the survivors
(Figure SIG,H and Tables S3 and S4). Together, these
analyses indicate that the majority of the identified dif-
ferentially expressed circRNAs cannot be explained as
passenger events due to gene expression changes in the
cognate linear hosts.

To validate and further investigate circRNA expres-
sion profiles in ependymoma, we collected another in-
dependent cohort of 19 ependymomas as well as five
pilocytic astrocytomas, three medulloblastomas and
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9 control samples (Supporting Information). Because
these samples were derived from Formalin-Fixed
Paraffin-embedded (FFPE) tissues, we decided to quan-
titate 66 unique circRNAs (selected based on differential
expression and abundance in the RNA-seq data) (Table
S5) using NanoString nCounter technology (Supporting
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Information), as this method has proved to work well
for circRNA quantitation in highly degraded RNA
samples (10). First, we observed a strong correlation be-
tween the NanoString nCounter data and the RNA-seq
data; the Pearson correlation coefficient (R%) was 0.74
with p < 0.0001 when comparing log2 fold change values
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FIGURE 1

Identification and characterization of circular RNAs in ependymoma. (A,B) Scatter plots of unique circRNAs that are

supported by at least two RNA-sequencing reads (BSJ > 2) and ranked according to average expression level (average RPM) in ependymomas
(A) and in healthy controls (B). (C) Heatmap and unsupervised hierarchical cluster analysis using RNA-sequencing data for the high abundance
circRNAs. Age, WHO Grade (Grade 11 vs. Grade I1I), survival status (survivors, deceased or unknown) and gender (male vs. female) of

the ependymoma samples are indicated. Each row in the heatmap corresponds to a unique circRNA and each column corresponds to a

patient or control sample. Each sample is annotated below the dendrogram in the top. (D) Scatter plot of the top 1000 circRNAs identified in
ependymoma (n = 10) and control (n = 3) samples. Mann-Whitney U test was used for the statistical calculation. (E) Scatter plot of the top

1000 circRNAs identified in samples from deceased patients (n = 5) and survivors (n = 4). Mann—Whitney U test was used for the statistical
calculation. (F) Heatmap representing the expression of 66 circRNAs quantified using NanoString nCounter technology in ependymomas
(blue, n = 19), pilocytic astrocytomas (red, n = 5), medulloblastomas (purple, n = 3) and healthy control samples (green, n = 9). Each sample

is annotated in the top. (G) Volcano plot comparing differences of 66 circRNAs between ependymomas and controls. One unpaired ¢ test for
each circRNA was used to generate the P values. (H) Column scatter plots of the expression levels of circRMST and circRNAs derived from
LRBA, WDR78, DRCI1, BBSY, RIMSI1, RIMS2, and EPB41L5 genes. EPN, ependymomas (n = 19); MB, medulloblastomas (n = 3); PA, pilocytic
astrocytomas (n = 5); Control, healthy control samples (n = 9). Median is shown. ****P < 0.0001. RPM, reads-per-million [Colour figure can be

viewed at wileyonlinelibrary.com|]

between ependymoma and control samples (Figure S2A).
Then, as expected based on how the circRNAs were se-
lected, the ependymoma samples were distinguished
from the control samples in unsupervised hierarchical
cluster analyses (Figure 1F) and the circRNAs were on
average much more abundant in control samples com-
pared to ependymoma samples (Figures IF and S2B).
In these analyses, we also observed that individual cir-
cRNAs derived from the same host genes tended to clus-
ter together (e.g., circRNAs from PSD3, SATB2 and
SLC8A1) (Figure 1F). Moreover, all ependymoma sam-
ples were grouped separately from the pilocytic astrocy-
toma and medulloblastoma samples with the exception of
one pilocytic astrocytoma sample according to principal
component analysis (PCA) (Figure S2C), indicating that
circRNA expression profiles might be used to distinguish
ependymoma from other pediatric brain tumors. Of note,
the circRNAs were not selected for this purpose and the
separation could be expected to be even more pronounced
had this been the case. Therefore, these preliminary data
warrant further investigation into the diagnostic bio-
marker potential of circRNAs in pediatric brain tumors.

Next, in a search for individual circRNAs that may dis-
tinguish ependymoma and control samples based on their
expression levels, we generated a volcano plot and found
that many of the downregulated circRNAs were highly
statistically significant (Figure 1G). Four circRNAs were
more than fourfold upregulated and were derived from
the PAX3, RMST, LRBA, and WDR78 genes, whereas
the top four most downregulated circRNAs were derived
from the KHDRBS2, ERC2, HOMERI, and RIMSI
genes (Table S6). Among the upregulated circRNAs, the
circRNAs derived from PAX3, RMST, LRBA, WDR7S,
DRCI, and BBS9 genes seem to be specifically upreg-
ulated in ependymomas (not in other tumor entities)
relative to the control samples, and among the downreg-
ulated, the circRNAs derived from RIMSI, RIMS?2, and
EPB41L5 genes seem to be specifically downregulated in
ependymomas (Figure 1H and Table S6).

In conclusion, we found a marked global downregu-
lation of circRNAs in ependymoma relative to control
samples, and in patients with a good prognosis relative to
patients with a dismal prognosis. In addition, we found

that expression levels of individual circRNAs could
potentially be used to distinguish ependymoma from
healthy brain tissue as well as other pediatric brain tumor
entities. Thus, the data presented here, suggest that cir-
cRNAs could be utilized as diagnostic and prognostic
biomarkers in the future if further validated. Finally, fu-
ture research should aim at investigating the functional
relevance of individual deregulated circRNAs in tum-
origenesis and progression of pediatric ependymoma.
We find upregulated circRNAs, such as circRMST,
circLRBA circWDR78, circDRCI, and circBBS9, to be
of particular interest to study further, as upregulation,
despite the aforementioned dilution effect of circRNAs,
may indicate an active selection for these events due to
a potential oncogenic function. Nevertheless, many of
the downregulated circRNAs are promising as diagnos-
tic or prognostic biomarkers in pediatric brain tumors
and should also be investigated and validated further in
larger cohorts.
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FIGURE S1 Characterization of circular RNAs in
ependymoma by RNA-sequencing. (A,B) Venn diagrams
of unique circRNAs supported by at least two backsplic-
ing junction-spanning reads (BSJ > 2) in ependymo-
mas (blue circle) and healthy controls (green circle) (A),
and high abundance circRNAs (average RPM >0.2) in
ependymoma (black circle) and healthy controls (red cir-
cle) (B). (C,D) Correlation between average CTL ratios
and average RPM values with corresponding linear re-
gression statistics and R* values for the high abundance
circRNAs in ependymomas (C) and in healthy controls
(D). CircRNAs with a CTL ratio >1 are expressed at
higher levels than their cognate linear host genes. Simple
linear regression test was used to determine R and P
values. (E,F) Volcano plots of 1167 high abundance
circRNAs showing a high number of differentially ex-
pressed circRNAs between ependymoma (n = 10) and
control (n = 3) samples (E), and between deceased pa-
tients (n = 5) and survivors (n = 4) (F). (G,H) Scatter plots
of fold change in CTL ratios against fold change in RPM
values for circRNAs with corresponding linear regression
statistics and R-squared values between ependymoma
(n = 10) and control (n = 3) samples (G) and between de-
ceased patients and survivors (H). CircRNAs between
the dotted blue lines are considered changed independent
of their respective host genes. BSJ, backsplicing junction;
CTL, circular-to-linear ratio; RPM, reads-per-million

FIGURE S2 Validation of ependymoma-related cir-
cRNA expression changes using NanoString nCounter.
(A) Correlation between log, fold change values be-
tween ependymoma samples and control samples in two
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independent cohorts using two different methods. (B)
Column scatter plot of average circRNA expression in
ependymomas (n = 19), pilocytic astrocytomas (n = 95),
medulloblastomas (n = 3) and healthy control samples
(n = 9). Mann—Whitney U test was used for statistical
calculations. (C) PCA plot of ependymoma (n = 19, green
dots), pilocytic astrocytomas (n = 5, purple dots), medul-
loblastomas (n = 3, blue dots) and healthy control (n = 9,
red dots) samples. ****P < (0.0001. Fc, fold change; PCA,
principal component analysis

TABLE S1 The list of the unique circRNAs samples,
supported by at least two sequencing reads (BSJ > 2),
are displayed from RNA-seq analyses of ependymoma
(n = 10) and control (n = 3). BSJ, backsplicing junction
TABLE S2 The list of 1167 high abundance circRNAs
quantified by RNA-sequencing of ependymoma (n = 10)
and control (n = 3) samples. RPM, read-per-million
TABLE S3 The list of the differentially expressed cir-
cRNAs between ependymoma samples (n = 10) and
healthy control samples (n = 3). One unpaired ¢ test was
used to calculate the P values. Correction for multiple
testing was performed to calculate adjacent P values
using the Holm-Sidak method. CTL, circular-to-linear;
RPM, read-per-million

TABLE S4 The list of the differentially expressed cir-
cRNAs between deceased patients (n = 5) and survi-
vors (n = 4). One unpaired ¢ test was used to calcu-
late the P values. Correction for multiple testing was
performed to calculate adjacent P values using the
Holm-Sidak method. CTL, circular-to-linear; RPM,
read-per-million

TABLE S5 The list and the expression levels of the cir-
cRNAs selected for the NanoString nCounter analysis.
The expression of the circRNAs was obtained from the
NanoString nCounter data of ependymoma samples
(n = 19), pilocytic astrocytoma (n = 5), medulloblastoma
(n = 3) and healthy control (n = 3) samples

TABLE S6 Average expression levels of 66 circRNAs in
ependymoma samples (n = 19), pilocytic astrocytoma
(n = 5), medulloblastoma (n = 3) and healthy control
(n = 3) samples analyzed by the NanoString nCounter.
One unpaired ¢ test was used to calculate the P values.
Correction for multiple testing was performed to cal-
culate adjacent P values using the Holm-Sidak method.
Control, samples from healthy individuals; CTL, circu-
lar-to-linear; Epn, ependymoma; Fc, fold change; MB,
medulloblastoma; PA, pilocytic astrocytoma; RPM,
read-per-million



