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is a potential therapeutic target
in sonic hedgehog-subtype childhood
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Abstract

Medulloblastoma (MB) develops through various genetic, epigenetic, and non-coding (nc) RNA-related mechanisms,
but the roles played by ncRNAs, particularly circular RNAs (circRNAs), remain poorly defined. CircRNAs are increasingly
recognized as stable non-coding RNA therapeutic targets in many cancers, but little is known about their function in
MBs. To determine medulloblastoma subgroup-specific circRNAs, publicly available RNA sequencing (RNA-seq) data
from 175 MB patients were interrogated to identify circRNAs that differentiate between MB subgroups. circ_63706
was identified as sonic hedgehog (SHH) group-specific, with its expression confirmed by RNA-FISH analysis in clini-
cal tissue samples. The oncogenic function of circ_63706 was characterized in vitro and in vivo. Further, circ_63706-
depleted cells were subjected to RNA-seq and lipid profiling to identify its molecular function. Finally, we mapped the
circ_63706 secondary structure using an advanced random forest classification model and modeled a 3D structure

to identify its interacting miRNA partner molecules. Circ_63706 regulates independently of the host coding gene
pericentrin (PCNT), and its expression is specific to the SHH subgroup. circ_63706-deleted cells implanted into mice
produced smaller tumors, and mice lived longer than parental cell implants. At the molecular level, circ_63706-deleted
cells elevated total ceramide and oxidized lipids and reduced total triglyceride. Our study implicates a novel onco-
genic circular RNA in the SHH medulloblastoma subgroup and establishes its molecular function and potential as a
future therapeutic target.
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Introduction
Medulloblastoma (MB) is a highly malignant childhood
brain tumor accounting for ~20% of all pediatric brain
tumors and 63% of intracranial embryonic tumors [8].
Approximately 500 patients are diagnosed with medullo-
blastoma in the United States each year, of whom 60% are
children under fifteen [8]. Advances in next-generation
sequencing and genome-wide association analyses have
unraveled significant heterogeneity in medulloblastoma
[12], such that the World Health Organization Classi-
fication of Tumors of the Nervous System has for some
time classified MBs into molecular subgroups: wingless
(WNT)-activated, sonic hedgehog (SHH)-activated and
TP53 wildtype, SHH-activated and 7P53 mutant, and
non-WNT/non-SHH [24]. Many studies have discovered
reliable molecular markers for these subgroups. How-
ever, their degree of overlap, underlying genetics and
biology, and intrinsic diversity have yet to be fully identi-
fied [29, 45], despite a need to define individual tumors
for targeted therapy. There is a compelling clinical need
for novel molecular markers and therapeutic targets for
specific molecular subgroups to improve outcomes.
Recent studies have identified several medulloblas-
toma subgroup-specific biomarkers and molecular tar-
gets including oncogenes and tumor suppressor genes
such as MYCN, MYC, TP53, CDK6, ALK, GLI1, SNCAIP,
OTX2, and SNCA [19]. Fully defining medulloblastoma
heterogeneity requires an approach that goes beyond
characterizing individual genes, since cancer develop-
ment represents the product of complex interactions in
and between signaling networks and their regulation.
Noncoding (nc) RNAs—which represent most of the
transcribed genome—may be useful for sub-stratifying
MBs. We recently identified significant heterogeneity in
long non-coding RNAs (IncRNAs) in MBs by molecular
subgroup [11], with lnc-HLX-2-7 oncogenic in Group 3
(G3) MBs [13] and Sprightly in Group 4 (G4) MBs [16].
Circular RNAs (circRNAs) have recently emerged as
a class of endogenous tissue- and developmental stage-
specific ncRNAs [15]. CircRNAs are exceptionally stable
and generally cytoplasmic [15, 33]. CircRNAs are now
established as pathogenic in various cancers and have
potential as diagnostic or therapeutic targets. In addi-
tion, circRNAs are abundant in the mammalian brain
[33], so they may be perfect candidates for biomarkers
in medulloblastoma. CircRNAs are generated from pre-
messenger RNA via back-splicing, where the 3’ and 5
ends are connected via a covalent bond to form a loop [7]
structure devoid of a 5’ cap and 3’ poly(A) tail. Therefore,
circRNAs are resistant to degradation by RNases and are
abundant in mammalian cells and body fluids [28], pro-
viding opportunities for non-invasive sampling for bio-
marker analysis. CircRNAs can regulate gene expression
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and translation by sponging RNA-binding proteins and
microRNAs (miRNA, miR) [31, 42] and, in some cases,
generating a protein through translation [36]. CircRNAs
are dysregulated in various cancers, where they mediate
cellular proliferation, migration, and invasion. CircRNAs
have also been documented in medulloblastoma: two
circRNAs (circ-SKA3 and circ-DTL) promoted the prolif-
eration, migration, and invasion of medulloblastoma cells
in vitro by regulating gene expression [25]. A recent study
investigated the oncogenic characteristics of circ-SKA3,
which increased ID3 expression by decoying miR-326
to promote medulloblastomagenesis [43]. One compu-
tational analysis proposed medulloblastoma subgroup-
specific circRNAs, but these have yet to be validated
experimentally [32]. Further detailed analysis of the cir-
cRNA content in medulloblastoma and their subgroup-
specific distribution is urgently required to pave the way
for new clinical diagnostics and therapeutics. In addi-
tion to regulating cancer hallmarks such as proliferation
and invasion, several circRNAs have also been shown to
modulate lipid synthesis and other metabolism pathways
in cancer by altering various miRNAs [41].

Elevated lipid synthesis is a cancer hallmark, since can-
cer cells require fatty acids, glycerolipids, glycerophos-
pholipids, and cholesterol esters for cellular membrane
maintenance and cellular proliferation. For instance,
circ_0057558 expression has been shown to be positively
associated with triglyceride (TG) levels in prostate can-
cer [38] and, using bioinformatics approaches, three cir-
cRNA interaction axes were predicted in prostate cancer
with unclear roles in cancer metabolism [37]. CircRNAs
have also been shown to interact with c-myc [40] and
HIF1-a [21] in several cancer models, suggesting a poten-
tial role for circRNAs in cancer metabolism. However,
the full and probably varied roles of circRNAs in medul-
loblastoma and metabolism have yet to be characterized.

Here we identified medulloblastoma subgroup-specific
circRNAs in 126 MBs through RNA-seq data analysis
using the CIRI2 [6] detection pipeline. We combined
a biostatistical approach and random forest classifica-
tion to identify subgroup-specific circRNAs with diag-
nostic potential. Candidate circRNAs were validated by
RT-PCR in cell lines and patient samples. We further
tested the SHH subgroup-specificity of one circRNA
(circ_63706; hsa-PCNT_0003, CircAtlas 2.0) using RNA
fluorescence in situ hybridization (FISH) in clinical sam-
ples, paving the way for using circ_63706 as an SHH-
specific biomarker. Detailed molecular analysis suggested
that circ_63706 may reprogram global lipid metabolism
in MB cells to enhance tumorigenesis. Based on our
results, we postulate that oncogenic circRNA circ_63706
is an important therapeutic target and biomarker for
SHH MBs.
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Materials and methods

RNA sequencing datasets

FASTQ files for RNA-seq data were collected from the
European Genome-Phenome Archive (http://www.ebi.
ac.uk/ega/, accession number: EGAD00001003279) after
obtaining permission from the ICGC Data Access Com-
pliance Office. The data represented 175 medulloblas-
toma samples [n=18 WNT, n=46 SHH, n=45 Group 3
(G3), and n=66 Group 4 (G4)].

Later, we used to confirm our initial analysis in a sep-
arate dataset (n=22 WNT, n=43 SHH, n=9 G3 and
n=23 G4) obtained from the St. Jude Hospital. We also
isolated RNA samples from patient-derived xenografts
(PDXs). The Wechsler-Reya lab established the DMB006,
DMBO012, RCMB28, RCMB32, RCMB38, RCMBA40,
RCMB45, and RCMB51 PDXs. The Olson lab at the
Fred Hutchinson Cancer Research Center established
MED211FH, MED511FH, and MED1712FH PDXs. The
Milde lab at the German Cancer Research Center (DKFZ)
established the BT-084 PDX, and the Cho lab at Oregon
Health and Sciences University established the MB002
PDX. The Wechsler-Reya lab maintained all PDXs.

RNA fluorescence in situ hybridization (RNA-FISH)

RNA was visualized in formalin-fixed, paraffin-embed-
ded tissue (FFPE) sections using the QuantiGene Vie-
wRNA ISH Tissue Assay Kit (Thermo Fisher Scientific,
Waltham, MA). Tissue sections were rehydrated and
incubated with proteinase K. Subsequently, we incubated
the sections with ViewRNA probesets designed to target
human circ_63706 (Thermo Fisher Scientific). Hybridi-
zation was performed according to the manufacturer’s
instructions.

siRNA-mediated knockdown

siRNAs targeting circ_63706 were purchased from Inte-
grated DNA Technologies (Coralville, IA). Cells were
transfected with 20 nM siRNA targeting each gene or
control non-targeting siRNA (negative control siRNA)
(AM4611, Applied Biosystems, Foster City, CA) for
48 h using Lipofectamine RNAiMAX (Thermo Fisher
Scientific). Knockdown efficiency was assessed using
qRT-PCR. The following siRNAs sequences targeted
circ_63706 (#1): CAGCTGGAGACCCTGAAGGAA and
(#2): ACAGCTGGAGACCCTGAAGGA.

Medulloblastoma xenografts

All mouse studies were performed following the poli-
cies and regulations of the Animal Care and Use Com-
mittee of Johns Hopkins University, which approved
the studies. We established intracranial medulloblas-
toma xenografts by injecting DAOY, ONS76, and DAOY
cells with circ 63706 knockdown into the cerebellums
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of NOD-SCID mice (Jackson Laboratory, Bar Harbor,
ME). Cerebellar coordinates were —2 mm from lambda,
+1 mm laterally, and 1.5 mm deep. We evaluated tumor
growth with weekly bioluminescence imaging using an
in vivo spectral imaging system (IVIS Lumina II, Xeno-
gen, Alameda, CA).

Results

Differential expression of circRNAs in medulloblastoma
subgroups

The circRNA detection pipeline is depicted in Fig. 1A.
The pipeline detected 79,099 circRNAs in 175 medul-
loblastoma samples. After filtering out low count sam-
ples, the count matrix contained 8925 circRNAs across
126 samples (n=14 WNT, n=23 SHH, n=37 G3, and
n=>52 G4) (Fig. 1B). Two-dimensional principal compo-
nent analysis (PCA; Fig. 1C) showed group-specific sam-
ple clustering, with all sample groups tending to overlap
(95% ClIs, marked by shaded areas). Clustering of differ-
entially expressed circRNAs (Additional file 3: Figs. S1—
S8) mirrored the PCA findings.

Nevertheless, several circRNAs were differentially
expressed between subgroups (]log2-fold change|>2
and FDR<0.05; Fig. 1D-G@). Since we sought to identify
highly statistically significant group-specific circRNAs,
we focused on differentially expressed (upregulated) cir-
cRNAs in a given group vs. the other three groups. 114
circRNAs in the WNT subgroup, 48 in the SHH group,
13 in G3, and 21 in G4 MBs were upregulated (Additional
file 3: Fig. S2B). Figure 1D-@ illustrate the top two differ-
entially expressed circRNAs in each subgroup identified
by the limma-voom method (Additional file 1).

Since only 13 circRNAs were significantly upregu-
lated in G3 MBs (log2-fold change>2 and FDR<0.05),
we took a similar number (n=15) of upregulated circR-
NAs from other groups for experimental validation and
functional studies (i.e., 58 significantly upregulated cir-
cRNAs, Additional file 4: Table S2). Data were ordered
according to decreasing log2-fold change values to select
the top 15 circRNAs. These 58 circRNAs separated the
126 medulloblastoma samples according to medulloblas-
toma subgroup, especially SHH and WNT from G3 and
G4 tumors (Additional file 3: Fig. S3; expression in Addi-
tional file 3: Figs. S4-S7).

Subgroup-specific marker genes from random forest (RF)
classification

The random forest (RF) machine learning algorithm
provides efficient and high predictive accuracy for many
data types, including clinical and molecular data. RF is
particularly useful for genomic data analysis, which is
typically of small sample size but high feature dimension.
Differential expression (DE) analysis packages are not
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Fig. 1 Differential expression of circRNAs in medulloblastoma
subgroups. A Circular RNA identification pipeline for the 126
medulloblastoma patients in four subgroups. B Raw total circular RNA
counts across all 126 medulloblastoma patient samples. C Principal
component clustering of 8925 highly expressed circRNAs. D-G

The red and blue points and shades show significant circular RNAs
for a group versus others with an adjusted p value < 0.05 and |log2
fold change|>2. The box plot shows normalized expression for two
significant upregulated circRNAs in WNT (D), SHH (E), G3 (F), and G4
(G) across all 126 medulloblastoma patients

optimized for circular RNA analysis due to inherent com-
plications with normalization. Therefore, to validate the
top 58 circRNAs obtained from DE analysis, we built and
applied an RF model to identify subgroup-specific circR-
NAs. The model used 460 circRNAs across 126 samples,
selected using recursive feature elimination (RFE) with
RF. The heatmap of loading coefficient of the top 28 cir-
cRNAs contributing to the classification model appears
in Additional file 3: Fig. S8A. By evaluating the contrast
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of loading coefficients and expression in normalized data
(Additional file 3: Fig. S9), 16 subgroup-specific circRNAs
were finally identified (n=5 in WNT, n=5in SHH, n=3
in G3, and n=3 in G4; Additional file 3: Fig. S8B), nine of
which (in bold and italicized letter) were also present in
the top 58 differentially expressed genes. The area under
the receiver operating characteristics (AUC-ROC) curve
was >95%, suggesting a high predictive accuracy for the
RF classification model (Additional file 3: Fig. S8C).

Validation of circRNAs by quantitative RT-PCR

The two combined analytic methods identified 65 sub-
group-specific circRNAs (Additional file 4: Table S2),
which were subsequently filtered to a final 12 circRNAs
with higher abundance in raw count data (n=4 SHH,
n=>5 G3, and n=3 G4; Additional file 4: Table S3). We
designed primer pairs to cover the circRNA junction
sequence using NCBI Primer-BLAST and Primer3Plus
tools (Additional file 4: Table S1), and ACTB was used as
a control.

The Ct values for the expression of all circRNAs across
all cell lines and PDX samples are provided in Addi-
tional file 4: Table S4. Of the 12 circRNAs, only three had
subgroup-specific overexpression when validated in cell
lines (Fig. 2A); two in G3 (circ_40859, circ_43076) and
one (circ_21305) in G4. Six circRNAs were validated in
PDX samples, including all four SHH-specific circRNAs
(circ_30598, circ_63706, circ_64014, and circ_66962) and
two G4-specific circRNAs (circ_21305 and circ_33068)
(Fig. 2B).

We predicted the protein-coding potential of these
six circRNAs using the RNAsamba tool [3], which uses
a neural network classification model. The output of this
model is summarized in Additional file 4: Table S5. Out
of all six circRNAs, five had protein coding potential
(circRNAs circ_33068 and circ_63706 had >90% coding
potential) and circ_30598 had no coding potential.

Circ_63706 expression is specific to SHH MBs

Of the six SHH subgroup-specific circRNAs (circ_30598,
circ_63706, circ_ 64014, circ_ 66962, circ 21305, and
circ_33068), only circ_63706 showed statistically sig-
nificantly higher expression in the SHH subgroup by
qRT-PCR in PDX samples compared with the other
three groups. The cell line results are shown in Addi-
tional file 3: Fig. S10. Therefore, we decided to focus on
circ_63706 and further confirmed its expression by RNA-
FISH in formalin-fixed paraffin-embedded tissue sam-
ples from patients with MBs. Out of 20 medulloblastoma
samples, circ_63706 was highly expressed in six SHH
samples but not in any G3 or G4 MBs (Fig. 2C). Quan-
titative analysis of the tissues further confirmed signifi-
cantly higher circ_63706 expression in SHH MBs than in
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G3 and G4 MBs, with high specificity (100%; p <0.0023;
Fig. 2D). Importantly, the significantly higher expression
level of circ_ 63706 in SHH MBs was further confirmed
in an independent sample set using the St. Jude Cloud
[27] (Additional file 3: Fig. S11). Survival analysis using
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clinical data reported in our previous study showed that
circ_63706 overexpression was associated with poor
patient outcomes in SHH MB (Fig. 2E). Collectively, our
analyses suggest that circ_63706 expression is specific
to SHH MBs and can be detected using an assay readily
applicable to the clinical setting (FISH).

Functional characterization of circ_63706 in SHH cell lines
and PDXs

To investigate the function of circ_63706, we used two
individual siRNAs to inhibit circ_63706 expression in
DMBO012, icb1712, and RCMB32 SHH MB PDXs and
DAQY, ONS76, and UW?228 SHH MB cell lines. Trans-
fection with siRNAs targeting circ 63706 significantly
and almost completely abolished circ_63706 expres-
sion compared with controls (si-NC) in these SHH MB
cell lines and PDXs (p<0.01, Fig. 3A) without affect-
ing host gene expression (PCNT), (Additional file 3:
Fig. S12). circ_ 63706 knockdown significantly inhibited
cell proliferation in all SHH MB cell lines and PDXs
(p<0.01, Fig. 3B). Furthermore, circ_63706 knockdown
significantly inhibited SHH cell migration and invasion
(p<0.01, Fig. 3C, D). Conversely, restoring circRNA lev-
els rescued the knockdown phenotype (Additional file 3:
Fig. S13).

To gain further insights into the functional signifi-
cance of circ_63706, gene expression was measured by
RNA-seq in DAOY cells treated with either si-NC or si-
circ-63706. Among 735 genes with a significant change
in expression (FDR<0.05), 340 genes were upregulated
and 395 genes were downregulated in cultured DAOY
cells treated with si-circ-63706 (Additional file 3: Fig.
S14A). Ingenuity Pathway Analysis (IPA) revealed that
circ_63706 knockdown preferentially affected genes
associated with cell proliferation and apoptosis (Addi-
tional file 3: Fig. S14B). Of note, circ 63706 knockdown
downregulated genes contributing to important can-
cer pathways including RBBP4, TGFA, E2F1, and HRAS
(Additional file 3: Figs. S14 and 15).

Circ_63706 regulates tumor formation in mouse
intracranial xenografts

To evaluate the effect of circ_63706 on tumor growth
in vivo, we established intracranial MB xenografts in
NOD-SCID mice. We knocked down circ 63706 in
DAOY and ONS76 SHH cells using a lentivirus with a
luciferase reporter (Fig. 4A, B). Weekly evaluation of
tumor growth by bioluminescence imaging revealed
significantly smaller tumors in mice transplanted with
circ_63706-knockdown DAOY and ONS76 cells than
in mice transplanted with control cells (n=5, p<0.05,
Fig. 4C, D).
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Fig. 3 Inhibition of circ_63706 suppresses SHH MB cell proliferation, migration, and invasion in vitro. A circ_63706 expression was detected in DAQY,
ONS76, UW228, DMB012, icb1712, and RCMB32 cells with si-circ_63706 or NC. B MTS assays were performed to assess proliferation in DAOY, ONS76,
UW228, DMB012, icb1712, and RCMB32 cells with si-circ_63706 or NC. C Cell migration was assessed by a wound healing assay in DAQY, ONS76, and
UW228 cells with si-circ_63706 or NC. D Cell invasion was assessed by transwell assays and DAOY, ONS76, and UW228 cells with si-circ_63706 or NC.
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On day 28, Ki67 immunofluorescence analysis in tis-
sue sections of excised tumors showed reduced cell
proliferation in circ_63706-knockdown ONS76 tumors
(p<0.01, Fig. 4E, F). Kaplan—Meier plots demonstrated
that the group transplanted with circ_63706-knock-
down cells had significantly prolonged survival com-
pared with control (Fig. 4G). Together, these results
demonstrate that circ_63706 regulates tumor growth
in vivo and may function as an oncogene.

Circ_63706 depletion enhances lipid oxidation

and bioactivity and reduces total triglycerides

Lipid metabolism is a key factor in tumor cell prolifera-
tion and growth. As circ_63706 promoted tumor growth
in vitro and in vivo, we further explored the underly-
ing molecular basis in circ_63706-knockdown cells
using an untargeted lipidomics approach. Interestingly,
circ_63706 knockdown globally enhanced lipid oxida-
tion and downregulated total triglycerides (TGs) (Fig. 5).
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Fig.4 Circ_63706 promotes tumorigenesis and growth of SHH MB cell in vivo. A Expression of circ_63706 in DAQY and ONS76 control (sh-NC) and
DAOY and ONS76 with circ_63706-knockdown (sh-circ_63706 #1 and #2) cells. Relative expression to sh-NC is indicated on the y-axis. B Cell viability
assays performed with DAQY and ONS76 control (sh-NC) and DAOY and ONS76 with circ_63706-knockdown (sh-circ_63706 #1 and #2) cells. Points
represent the mean = SD of three biological replicates. C DAOY and ONS76 control (sh-NC) and DAQY and ONS76 with circ_63706-knockdown
(sh-circ_63706 #1 and #2) cells expressing luciferase were implanted into the cerebellums of NOD-SCID mice, and tumor formation was assessed
by bioluminescence imaging. Changes in bioluminescent signal were examined weekly after tumor implantation. D Quantification of total photon
counts from mice implanted with DAOY and ONS76 control (sh-NC) and DAOY and ONS76 with circ_63706-knockdown (sh-circ_63706 #1 and #2)
cells. n=5. E Ki67 staining of xenograft tumor sections. Nuclei are stained with DAPI. Scale bars, 50 um. Quantification of Ki67-positive cells are
shown in (F). *p <0.05, Student’s t-test. G Overall survival was determined by Kaplan—-Meier analysis, and the log-rank test was applied to assess the

differences between groups. *p <0.05, Mantel-Cox log-rank test
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Lipid oxidation induces toxicity in cancer cells and ulti-
mately leads to cell death. Using ultra-high-pressure liq-
uid chromatography high-resolution mass spectrometry
(UHPLC-HRMS)-based global lipidomics, we found that
total oxidized lipid (n=284) was significantly higher in
circ_63706-knockdown cells compared with controls
(Fig. 5A), suggesting that circ_63706 may suppress fatty
acid oxidation in medulloblastoma. We also identified
the top 50 upregulated oxidized lipids and found that
both glycerophospholipids (PC and PE) and glycerolipids
(DG and TG) were mainly oxidized (Fig. 5B). Lipid oxi-
dation in circ_63706-knockdown cells may impact other
key lipid molecules critical for cancer cell proliferation
and growth, such as TGs. Importantly, DGs (n=58),
the breakdown product of TGs, were slightly elevated,
whereas total TGs (n=258) were significantly reduced
in circ_63706 KO cells, suggesting impaired glycerolipid
metabolism that may interfere with cellular proliferation
(Fig. 5C, D). Furthermore, both saturated and unsatu-
rated fatty acids containing TGs were highly affected
by circ_63706 knockdown (Fig. 5E). Since circ_63706
appeared to promote a lipid landscape benefitting tumor
cells, we further explored the impact of circ_63706 on
bioactive lipids, which are usually toxic to tumor cells.
Sphingolipids, including different ceramides, are known
to regulate cancer cell signaling to control tumor growth
and survival [30]. Using the global lipidomics approach,
we found that circ_63706 markedly suppressed ceramide
and sphingolipid production (Fig. 5F-I). Total sphin-
gomyelin (SM; n=105) was significantly upregulated in
circ_63706 knockdown cells (Fig. 5F). When restricted to
the top 40 SMs, their levels were consistently upregulated
in circ_63706 knockdown cells (Fig. 5G). Ceramide accu-
mulates as a bioeffector that mediates cancer cell death.
We found that circ_63706 knockdown cells were signifi-
cantly enriched for different forms of ceramide including
Cer (ceramide) itself and its different subclasses such as
CerNS (nitroso-ceramide), CerP (phosphorylated-cer-
amide), and CerG (glycosylated-ceramide) (Fig. 5H, I).
Overall, circ_63706 may play a critical role in suppressing
the accumulation of the bioactive lipid molecules to favor
medulloblastoma proliferation and growth.

Fatty acids (FAs) and their biochemistry are increas-
ingly recognized as important in cancer and therapeutic
development. We found that circ_63706 knockdown sig-
nificantly enriched for active lipid ontologies including

(See figure on next page.)
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sphingosine, sphingomyelin, and ceramide, while
circ_63706 overexpression significantly reduced the
active lipid component. Unsaturated fatty acids, spe-
cifically fatty acids with 2, 3, and 6 double bonds, were
elevated in circ 63706 knockdown cells. Interestingly,
saturated lipids were elevated in circ_63706-overexpress-
ing cells (Additional file 3: Fig. S16). Strikingly, there were
distinct modulations of FA chain length in circ_63706
knockdown SHH cells: FAs with 20 or more carbons
were significantly reduced and FAs with 18 or fewer car-
bons were markedly elevated in circ_63706 knockdown
SHH cells. Taken together, our data demonstrate that
circ_63706 promotes FA metabolism in the SHH medul-
loblastoma subtype.

Mapping the secondary structure and modeling the 3D
structure of circ_ 63706

Characterizing the 3D structures of circRNAs is crucial
for understanding their cellular functions such as micro-
RNA sponging and interactions with RNA-binding pro-
teins and other RNAs. The experimental determination
of RNA structure is challenging, but circRNA structure
determination is especially difficult due to significant
overlap between circRNA and linear RNA sequences
[22]. There is no experimentally determined circRNA
structure currently available. Recent advances in compu-
tational modeling based on experimental RNA structure
data have allowed RNA structures to be predicted with
high accuracy. This information is important for future
therapeutic targeting either with antisense oligonucleo-
tides or small molecules that bind to highly conserved
secondary structures in circRNAs. Therefore, we mapped
the secondary structure of the circ_63706 sequence using
MXfold2, which uses deep learning to integrate ther-
modynamic information to accurately predict second-
ary structures of newly discovered ncRNAs [34]. This
information was used to predict the 3D structure of
circ_63706 with FARFAR2, which uses an RNA fragment
assembly method to model RNA structures.

A 500-ns molecular dynamics simulation of the mod-
eled circ_63706 showed that the double-stranded pair-
ings were stable, while the overall tertiary structure
remained flexible. Figure 6 compares the initial modeled
structure with that at the end of the 500 ns simulation.
Analysis of the structure with x3DNA-DSSR showed
that the circ_63706 structure has two major dsRNA helix

Fig. 5 Circ_63706 suppresses lipid oxidation and membrane components. The box plot presents total oxidized lipids in circ_63706 knockdown cells
(A) and the heatmap represents the top 40 oxidized lipid molecules in circ_63706 knockdown cells (B). The box plot presents total TG (C) and DG (D)
lipids in circ_63706 knockdown cells, and the heatmap represents the top 40 TG molecules in circ_63706 knockdown cells (E). The box plot presents
total SMs (F) and the heatmap represents the top 40 SM molecules in circ_63706 knockdown cells (G). The box plot presents total ceramide and its
subclasses in circ_63706 knockdown cells (H) and the heatmap represent the top 40 ceramides and its subclasses in circ_63706 knockdown cells

compared with control (1)
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Fig. 6 Mapping the secondary structure and modeling the 3D structure of circ_63706. The structure of circ_63706 A after the minimization of the
modeled structure and B after 500 ns of MD simulation. Potential miRNA binding sites are highlighted in red and numbered according to the list in

Additional file 4: table S6

stems with 29 and 19 base pairs, respectively, as well
as several other shorter segments ranging from 2 to 9
base pairs. Similarly, the structural features also include
three 3-way junctions, one 4-way junction, six hair-
pin loops, and 12 internal loops. To explore the binding
regions of the miRNA, we used the database of 87 mature
miRNA human sequences from miRBase paired with the
circ_63706 sequence using IntaRNA. Six top-ranked cir-
cRNA-miRNA duplexes, along with their binding ener-
gies compared with those within the circRNA structure,
are shown in Additional file 4: Table S6. The binding sites
in the structure are highlighted in Fig. 6.

Discussion

To identify medulloblastoma subgroup-specific circRNA
biomarkers, we subjected publicly available RNA-seq
data to the CIRI2 circular RNA detection pipeline. By
applying machine learning and statistical methods, we
identified group-specific circRNAs. Among these iden-
tified circular RNAs, circ 63706 (hsa-PCNT_0003, Cir-
cAtlas 2.0) was a potential SHH subgroup-enriched
molecule, confirmed by qPCR and RNA-FISH of clinical
tissue samples.

WNT and SHH MBs generally contain mutations acti-
vating those pathways and, aside from rare 7P53-mutant
SHH tumors, are less aggressive than G3 and G4 tumors.
Biomarkers for these two groups include immunohisto-
chemical stains for YAP1, nuclear B-catenin, monosomy
6 in WNT tumors, and identifying activating pathway
mutations through sequencing [9]. SHH MBs are gener-
ally identified by co-expression of GAB1 and YAP1 and
by demonstrating activating mutations. Transcriptional
or methylation profiling approaches can also distinguish
the four groups but are usually not accepted clinical
assays.

A recent study identified somatic copy number aberra-
tions (SCNAs) in 1,087 unique MBs [26]. The most com-
mon focal copy number gain was a tandem duplication
of SNCAIP, a gene associated with Parkinson’s disease,
exquisitely restricted to group IV alpha. Recurrent trans-
locations of PVTI, including PVT1-MYC and PVTI-
NDRGI arising through chromothripsis, were limited
to G3 tumors. Numerous targetable SCNAs, including
recurrent events targeting TGF-beta signaling in G3 and
NE-kappaB signaling G4, are attractive candidate molec-
ular markers. Circular RNAs can act as tumor suppres-
sors or oncogenes, but little is known about their role in
MBs. In a recent study, Lv et al. [25] selected four paired
normal cerebellum and medulloblastoma tissue samples
for sequencing and identified 33 differentially-expressed
circRNAs in medulloblastoma tissues. Two of these cir-
cRNAs, circular-spindle and kinetochore associated
complex subunit 3 (circ-SKA3) and circ-DTL, promoted
the malignant phenotype of medulloblastoma when
upregulated. Significantly higher expression of circ-SKA3
has also been reported in medulloblastoma compared
with normal tissues [25].

Ours is the first comprehensive in silico analysis of cir-
cular RNAs in medulloblastoma and the first detailed
characterization of one circular RNA (circ_63706; hsa-
PCNT_0003, CircAtlas 2.0) in medulloblastoma patient
tissues. The availability of specific classes of lipid is
critical for successful cancer cell proliferation. TGs are
critical to cell membrane homeostasis, lipid droplet for-
mation, and signaling through lipid rafts for oncogen-
esis [2]. We demonstrated that circ_63706 is important
for modulating TG and DG levels in SHH cells (Fig. 5
and Additional file 3: Fig. S15). Since cell membranes
and their major components such as lipid rafts harbor-
ing signaling receptors cannot function properly without
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the appropriate DG-TG distribution [1], circ_63706 may
play an important role in regulating the lipid component
of cell or organelle membranes and, consequently, facili-
tating the malignant MB phenotype. Indeed, we observed
that circ_63706 overexpression positively modulates
membrane components, plasmalogen, and glycerolipids
and glycerophospholipids (Additional file 3: Fig. S15).
An accumulation of oxidized lipid is toxic to cancer cells
through induction of cell death through ferroptosis [35].
Here we revealed that circ_63706 significantly decreases
oxidized lipids in SHH cells and could be responsible for
the observed increased MB cell proliferation. circ_63706
globally affects bioactive lipids and may be a potential
therapeutic target. Cancer cells harbor differential FA
saturations and chain lengths, and this fatty acid bio-
chemistry and its perturbation can form the basis for
therapeutic targets [17]; indeed, circ_63706 significantly
modulated both fatty acid saturation and chain length
(Additional file 3: Fig. S16). Since fatty acids are the build-
ing blocks of major lipids and their dysregulation plays
critical roles in reprogramming cancer cell metabolism
[10], this is a potential mechanisms by which circ_63706
drives cancer cell proliferation, growth, and metastasis,
as circ_63706 overexpression drive increase cell prolifera-
tion (Additional file 3: Fig. S13).

Our molecular dynamics simulation of the modeled
circ_63706 suggest that several miRNAs can bind to
circ_63706 (Additional file 4: table S6). hsa-miR-26b-3p
is a known tumor suppressor that regulates cellular pro-
liferation, growth, and metastasis in osteosarcoma [5]
and breast cancer [20]. Similarly, isa-miR-103a-2-5p is
a tumor suppressor in prostate cancer [4] and in squa-
mous cell carcinoma of the tongue [23]. Interestingly,
circRNA circ_0007142 can function as an miRNA sponge
and inhibit ssa-miR-103a-2-5p, promoting proliferation
in colorectal cancer [44]. Also, sequestering of hsa-miR-
103a-2-5p by another circRNA circ_0087293 (circRNA-
SORE) acting as a sponge promotes drug resistance in
hepatocellular carcinoma [39]. We detected hsa-miR-
22-5p as another potential circ_63706-binding miRNA,
which is reported as a suppressor of breast cancer metas-
tasis [14] and can reverse drug resistance in colon cancer
[18].

Overall, this study provides several important insights
into novel molecular signatures of medulloblastoma sub-
groups for diagnostic and therapeutic purposes.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540478-023-01521-0.

Additional file 1: Supplementary File.
Additional file 2: Supplementary Methods.

(2023) 11:38

Page 11 of 13

Additional file 3: Supplementary Figures.
Additional file 4: Supplementary Tables.

Author contributions

Study design: RP, KK, and RJP. Experimental work: RP, KK, IM, and MY. Data
analysis: RP, IM and RM. Provision of cell lines, patient samples, TMAs, FFPE sec-
tions, and PDXs for the study: CGE, ER, and RW. Wrote the main draft of text:
RP, RJP, KK, IM, RZ, SS, GJ, ER, and CGE. Computational Biology and machine
learning: PB, PC, RP, IM, RM. Revised and approved the final version of the
manuscript: All authors.

Funding

Schamroth Project funded by lan’s Friends Foundation to RJP and GJ. The
Hough Foundation made a grant to RJP and GJ. This study was also sup-
ported by P30 CA006973 (JHU SKCCC) to RJP CGE, ER, and CB, and by NCI
5P30CA030199 (SBP) to RW-R.

Data availability
RNA-seq data described in the manuscript is accessible at NCBI GEO accession
number GSE216687.

Declarations

Consent for publication
All authors have approved the manuscript and agree with its submission.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Oncology, Sidney Kimmel Comprehensive Cancer Center,
School of Medicine, Johns Hopkins University, 1650 Orleans St., Baltimore,

MD 21231, USA. 2Johns Hopkins All Children's Hospital, St. Petersburg, USA.
3Department Pathology, Immunology and Laboratory Medicine, College

of Medicine, University of Florida, Gainesville, USA. “Present Address: Depart-
ment of Bioinformatics and Computational Biology, University of Texas MD
Anderson Cancer Center, Houston, USA. >Sanford Burnham Prebys Medical
Discovery Institute, La Jolla, USA. ®Department of Physics, Florida International
University, Miami, USA. “Biomolecular Sciences Institute, Florida Interna-
tional University, Miami, USA. 8Department of Neurosurgery, Johns Hopkins
University School of Medicine, Baltimore, USA. °Department of Pathology,
Johns Hopkins University School of Medicine, Baltimore, USA. '®Herbert Irving
Comprehensive Cancer Center, Columbia University Medical, New York, USA.

Received: 23 January 2023 Accepted: 24 January 2023
Published online: 10 March 2023

References

1. Begicevic RR, Arfuso F, Falasca M (2019) Bioactive lipids in cancer stem
cells. World J Stem Cells 11:693-704. https://doi.org/10.4252/wjsc.v11.i9.
693

2. Beloribi-Djefaflia S, Vasseur S, Guillaumond F (2016) Lipid metabolic
reprogramming in cancer cells. Oncogenesis 5:¢189. https://doi.org/10.
1038/0ncsis.2015.49

3. Camargo AP, Sourkov V, Pereira GAG, Carazzolle MF (2020) RNAsamba:
neural network-based assessment of the protein-coding potential of
RNA sequences. NAR Genom Bioinform 2:1gz024. https://doi.org/10.1093/
nargab/Iqz024

4. ChenW,Yao G, Zhou K (2019) miR-103a-2-5p/miR-30c-1-3p inhibits the
progression of prostate cancer resistance to androgen ablation therapy
via targeting androgen receptor variant 7. J Cell Biochem 120:14055—
14064. https://doi.org/10.1002/jcb.28680

5. DulJY,Wang LF, Wang Q, Yu LD (2015) miR-26b inhibits proliferation,
migration, invasion and apoptosis induction via the downregulation
of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 driven


https://doi.org/10.1186/s40478-023-01521-0
https://doi.org/10.1186/s40478-023-01521-0
https://doi.org/10.4252/wjsc.v11.i9.693
https://doi.org/10.4252/wjsc.v11.i9.693
https://doi.org/10.1038/oncsis.2015.49
https://doi.org/10.1038/oncsis.2015.49
https://doi.org/10.1093/nargab/lqz024
https://doi.org/10.1093/nargab/lqz024
https://doi.org/10.1002/jcb.28680

Katsushima et al. Acta Neuropathologica Communications

20.

21.

22.

23.

24.

(2023) 11:38

glycolysis in osteosarcoma cells. Oncol Rep 33:1890-1898. https://doi.
0rg/10.3892/0r.2015.3797

Gao Y, Zhang J, Zhao F (2018) Circular RNA identification based on
multiple seed matching. Brief Bioinform 19:803-810. https://doi.org/
10.1093/bib/bbx014

Greene J, Baird AM, Brady L, Lim M, Gray SG, McDermott R, Finn SP
(2017) Circular RNAs: biogenesis, function and role in human diseases.
Front Mol Biosci 4:38. https://doi.org/10.3389/fmolb.2017.00038
https://medulloblastoma.org/medulloblastoma-statistics/ (2021)
Medulloblastoma statistics

Huang HY, Yu CH, Yang YL, Chang YH, Jou ST, Lin KH, Lu MY, Chang HH,
Chou SW, Ni YL et al (2022) Integration of immunohistochemistry, RNA
sequencing, and multiplex ligation-dependent probe amplification for
molecular classification of pediatric medulloblastoma. Pediatr Blood
Cancer 69:229569. https://doi.org/10.1002/pbc.29569

. JinZ,Chai YD, Hu S (2021) Fatty acid metabolism and cancer. Adv Exp

Med Biol 1280:231-241. https://doi.org/10.1007/978-3-030-51652-9_16

. Joshi P, Jallo G, Perera RJ (2020) In silico analysis of long non-

coding RNAs in medulloblastoma and its subgroups. Neurobiol Dis
141:104873. https://doi.org/10.1016/j.nbd.2020.104873

. Juraschka K, Taylor MD (2019) Medulloblastoma in the age of molecu-

lar subgroups: a review. J Neurosurg Pediatr 24:353-363. https://doi.
0rg/10.3171/2019.5.PEDS18381

. Katsushima K, Lee B, Kunhiraman H, Zhong C, Murad R, Yin J, Liu B,

Garancher A, Gonzalez-Gomez |, Monforte HL et al (2020) The long
noncoding RNA Inc-HLX-2-7 is oncogenic in Group 3 medulloblasto-
mas. Neuro Oncol 23:572-585. https://doi.org/10.1093/neuonc/noaa2
35

. Kong LM, Liao CG, Zhang Y, Xu J, Li Y, Huang W, Zhang Y, Bian H, Chen

ZN (2014) A regulatory loop involving miR-22, Sp1, and c-Myc modu-
lates CD147 expression in breast cancer invasion and metastasis. Can-
cer Res 74:3764-3778. https://doi.org/10.1158/0008-5472.CAN-13-3555

. Kristensen LS, Andersen MS, Stagsted LVW, Ebbesen KK, Hansen

TB, Kjems J (2019) The biogenesis, biology and characterization of
circular RNAs. Nat Rev Genet 20:675-691. https://doi.org/10.1038/
$41576-019-0158-7

. Lee B, Katsushima K, Pokhrel R, Yuan M, Stapleton S, Jallo G, Wechsler-

Reya RJ, Eberhart CG, Ray A, Perera RJ (2022) The long non-coding RNA
SPRIGHTLY and its binding partner PTBP1 regulate exon 5 skipping of
SMYD3 transcripts in group 4 medulloblastomas. Neuro-Oncol Adv.
https://doi.org/10.1093/noajnl/vdac120

. LiH,Ning S, Ghandi M, Kryukov GV, Gopal S, Deik A, Souza A, Pierce

K, Keskula P, Hernandez D et al (2019) The landscape of cancer cell
line metabolism. Nat Med 25:850-860. https://doi.org/10.1038/
541591-019-0404-8

. LiJ, Zhang, Zhao J, Kong F, Chen Y (2011) Overexpression of miR-22

reverses paclitaxel-induced chemoresistance through activation of
PTEN signaling in p53-mutated colon cancer cells. Mol Cell Biochem
357:31-38. https://doi.org/10.1007/s11010-011-0872-8

. LiM, Deng ¥, Zhang W (2021) Molecular determinants of medullo-

blastoma metastasis and leptomeningeal disseminationregulation of
metastasis in pediatric MB. Mol Cancer Res 19:743-752

LiY,Sun Z, Liu B, Shan'Y, Zhao L, Jia L (2017) Tumor-suppressive
miR-26a and miR-26b inhibit cell aggressiveness by regulating FUT4

in colorectal cancer. Cell Death Dis 8:22892. https://doi.org/10.1038/
cddis.2017.281

Liang G, Liu Z, Tan L, Su AN, Jiang WG, Gong C (2017) HIF1alpha-
associated circDENND4C promotes proliferation of breast cancer cells
in hypoxic environment. Anticancer Res 37:4337-4343. https://doi.org/
10.21873/anticanres.11827

Liu CX, Li X, Nan F, Jiang S, Gao X, Guo SK, Xue W, Cui Y, Dong K, Ding
H et al (2019) Structure and degradation of circular RNAs regulate PKR
activation in innate immunity. Cell 177:865-880. https://doi.org/10.
1016/j.cell.2019.03.046

Liu M, Liu Q, Fan S, Su F, Jiang C, Cai G, Wang Y, Liao G, Lei X, Chen W
et al (2021) LncRNA LTSCCAT promotes tongue squamous cell carci-
noma metastasis via targeting the miR-103a-2-5p/SMYD3/TWIST1 axis.
Cell Death Dis 12:144. https://doi.org/10.1038/541419-021-03415-2
Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D,
Cavenee WK, Ohgaki H, Wiestler OD, Kleihues P, Ellison DW (2016) The
2016 World Health Organization classification of tumors of the central

25.

26.

27.

28.

29.

30.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 12 of 13

nervous system: a summary. Acta Neuropathol 131:803-820. https://
doi.org/10.1007/500401-016-1545-1

LvT, Miao YF, Jin K, Han S, Xu TQ, Qiu ZL, Zhang XH (2018) Dysregulated
circular RNAs in medulloblastoma regulate proliferation and growth of
tumor cells via host genes. Cancer Med 7:6147-6157. https://doi.org/
10.1002/cam4.1613

Mazar J, Zhao W, Khalil AM, Lee B, Shelley J, Govindarajan SS, Yama-
moto F, Rathnam M, Aftab MN, Collins S et al (2014) The functional char-
acterization of long noncoding RNA SPRY4-IT1 in human melanoma
cells. Oncotarget 5:8959-8969. https://doi.org/10.18632/oncotarget.
1863

Mcleod C, Gout AM, Zhou X, Thrasher A, Rahbarinia D, Brady SW,
Macias M, Birch K, Finkelstein D, Sunny J et al (2021) St. Jude cloud:

a pediatric cancer genomic data-sharing ecosystem. Cancer Discov
11:1082-1099. https://doi.org/10.1158/2159-8290.Cd-20-1230

Nicot C (2019) RNA-Seq reveal the circular RNAs landscape of lung
cancer. Mol Cancer 18:183. https://doi.org/10.1186/512943-019-1118-8
Northcott PA, Buchhalter I, Morrissy AS, Hovestadt V, Weischenfeldt J,
Ehrenberger T, Grobner S, Segura-Wang M, Zichner T, Rudneva VA et al
(2017) The whole-genome landscape of medulloblastoma subtypes.
Nature 547:311-317. https://doi.org/10.1038/nature22973

Ogretmen B (2018) Sphingolipid metabolism in cancer signalling and
therapy. Nat Rev Cancer 18:33-50. https://doi.org/10.1038/nrc.2017.96

. Panda AC (2018) Circular RNAs act as miRNA sponges. Adv Exp Med

Biol 1087:67-79. https://doi.org/10.1007/978-981-13-1426-1_6

Rickert D, Bartl J, Picard D, Bernardi F, Qin N, Lovino M, Puget S, Meyer
F-D, Mahoungou Koumba |, Beez T et al (2021) Circular RNA profiling
distinguishes medulloblastoma groups and shows aberrant RMST over-
expression in WNT medulloblastoma. Acta Neuropathol 141:975-978.
https://doi.org/10.1007/500401-021-02306-2

Rybak-Wolf A, Stottmeister C, Glazar P, Jens M, Pino N, Giusti S, Hanan
M, Behm M, Bartok O, Ashwal-Fluss R et al (2015) Circular RNAs in the
mammalian brain are highly abundant, conserved, and dynamically
expressed. Mol Cell 58:870-885. https://doi.org/10.1016/j.molcel.2015.
03.027

Sato K, Akiyama M, Sakakibara Y (2021) RNA secondary structure
prediction using deep learning with thermodynamic integration. Nat
Commun 12:1-9

Tan SK, Mahmud I, Fontanesi F, Puchowicz M, Neumann CKA, Griswold
AJ, Patel R, Dispagna M, Ahmed HH, Gonzalgo ML et al (2021) Obesity-
dependent adipokine chemerin suppresses fatty acid oxidation to
confer ferroptosis resistance. Cancer Discov 11:2072-2093. https://doi.
0rg/10.1158/2159-8290.CD-20-1453

Wang Y, Wang Z (2015) Efficient backsplicing produces translatable
circular mRNAs. RNA 21:172-179

Wu YP, Lin XD, Chen SH, Ke ZB, Lin F, Chen DN, Xue XY, Wei Y, Zheng QS,
Wen YA et al (2020) Identification of prostate cancer-related circular
RNA through bioinformatics analysis. Front Genet 11:892. https://doi.
org/10.3389/fgene.2020.00892

Xia Q Ding T, Zhang G, Li Z, Zeng L, Zhu Y, Guo J, Hou J, Zhu T, Zheng

J et al (2018) Circular RNA expression profiling identifies prostate
cancer- specific circRNAs in prostate cancer. Cell Physiol Biochem
50:1903-1915. https://doi.org/10.1159/000494870

Xu J,Wan Z, Tang M, Lin Z, Jiang S, Ji L, Gorshkov K, Mao Q, Xia S,

Cen D et al (2020) N(6)-methyladenosine-modified CircRNA-SORE
sustains sorafenib resistance in hepatocellular carcinoma by regulating
beta-catenin signaling. Mol Cancer 19:163. https://doi.org/10.1186/
$12943-020-01281-8

Yang Q, DuWW, Wu N, Yang W, Awan FM, Fang L, Ma J, Li X, Zeng Y,
Yang Z et al (2017) A circular RNA promotes tumorigenesis by inducing
c-myc nuclear translocation. Cell Death Differ 24:1609-1620. https://
doi.org/10.1038/cdd.2017.86

YuT,Wang Y, FanY, Fang N, Wang T, Xu T, Shu Y (2019) CircRNAs in
cancer metabolism: a review. J Hematol Oncol 12:90. https://doi.org/
10.1186/513045-019-0776-8

Zang J, Lu D, Xu A (2020) The interaction of circRNAs and RNA binding
proteins: an important part of circRNA maintenance and function. J
Neurosci Res 98:87-97. https://doi.org/10.1002/jnr.24356

Zhao X, Guan J, Luo M (2021) Circ-SKA3 upregulates ID3 expression by
decoying miR-326 to accelerate the development of medulloblastoma.
J Clin Neurosci 86:87-96. https://doi.org/10.1016/j.jocn.2021.01.020


https://doi.org/10.3892/or.2015.3797
https://doi.org/10.3892/or.2015.3797
https://doi.org/10.1093/bib/bbx014
https://doi.org/10.1093/bib/bbx014
https://doi.org/10.3389/fmolb.2017.00038
https://medulloblastoma.org/medulloblastoma-statistics/
https://doi.org/10.1002/pbc.29569
https://doi.org/10.1007/978-3-030-51652-9_16
https://doi.org/10.1016/j.nbd.2020.104873
https://doi.org/10.3171/2019.5.PEDS18381
https://doi.org/10.3171/2019.5.PEDS18381
https://doi.org/10.1093/neuonc/noaa235
https://doi.org/10.1093/neuonc/noaa235
https://doi.org/10.1158/0008-5472.CAN-13-3555
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1093/noajnl/vdac120
https://doi.org/10.1038/s41591-019-0404-8
https://doi.org/10.1038/s41591-019-0404-8
https://doi.org/10.1007/s11010-011-0872-8
https://doi.org/10.1038/cddis.2017.281
https://doi.org/10.1038/cddis.2017.281
https://doi.org/10.21873/anticanres.11827
https://doi.org/10.21873/anticanres.11827
https://doi.org/10.1016/j.cell.2019.03.046
https://doi.org/10.1016/j.cell.2019.03.046
https://doi.org/10.1038/s41419-021-03415-2
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1002/cam4.1613
https://doi.org/10.1002/cam4.1613
https://doi.org/10.18632/oncotarget.1863
https://doi.org/10.18632/oncotarget.1863
https://doi.org/10.1158/2159-8290.Cd-20-1230
https://doi.org/10.1186/s12943-019-1118-8
https://doi.org/10.1038/nature22973
https://doi.org/10.1038/nrc.2017.96
https://doi.org/10.1007/978-981-13-1426-1_6
https://doi.org/10.1007/s00401-021-02306-2
https://doi.org/10.1016/j.molcel.2015.03.027
https://doi.org/10.1016/j.molcel.2015.03.027
https://doi.org/10.1158/2159-8290.CD-20-1453
https://doi.org/10.1158/2159-8290.CD-20-1453
https://doi.org/10.3389/fgene.2020.00892
https://doi.org/10.3389/fgene.2020.00892
https://doi.org/10.1159/000494870
https://doi.org/10.1186/s12943-020-01281-8
https://doi.org/10.1186/s12943-020-01281-8
https://doi.org/10.1038/cdd.2017.86
https://doi.org/10.1038/cdd.2017.86
https://doi.org/10.1186/s13045-019-0776-8
https://doi.org/10.1186/s13045-019-0776-8
https://doi.org/10.1002/jnr.24356
https://doi.org/10.1016/j.jocn.2021.01.020

Katsushima et al. Acta Neuropathologica Communications (2023) 11:38

44. Zhu CL, Sha X, Wang Y, Li J, Zhang MY, Guo ZY, Sun SA, He JD (2019) Cir-
cular RNA hsa_circ_0007142 is upregulated and targets miR-103a-2-5p
in colorectal cancer. J Oncol 2019:9836819. https://doi.org/10.1155/
2019/9836819

45, Zou H, Poore B, Broniscer A, Pollack IF, Hu B (2020) Molecular heterogene-
ity and cellular diversity: implications for precision treatment in medul-
loblastoma. Cancers (Basel). https://doi.org/10.3390/cancers12030643

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1155/2019/9836819
https://doi.org/10.1155/2019/9836819
https://doi.org/10.3390/cancers12030643

