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Ependymoma (EPN) is a type of tumor that occurs in the central nervous system of children and adults. EPN produces
resistance to chemotherapy, and there are no targeted drugs available as a proper cure. Therefore, the use of high-throughput
sequencing technologies to elucidate pathogenic mechanisms is of prime importance to identify potential tumor target
genes helpful for developing effective therapeutic approaches against EPN. With this objective, we used RNA-seq analysis
to identify differentially expressed genes (DEGs) and pathways in 4 pairs of EPN tissues and adjacent tissues. In total, we
found 5,445 differentially expressed genes. The synaptic vesicle cycle and extracellular matrix (ECM) receptor interaction
pathways were highly enriched in the ependymoma group. Nine differentially expressed genes (SNAP25, GRM4, CELSRI,
LAMAL, WNT5A, ROR2, CCND1, EPHB2, FOXJ1) were randomly verified by RT-qPCR, supporting the authenticity of
our sequencing results. This study provides global gene information and some new potential biomarkers for the diagnosis

and therapeutic targets of ependymoma.
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Ependymoma is a type of tumor in the central nervous
system (CNS) that originates from the neuroectoderm. It is
ranked as the third most common brain tumor in children,
causing death in approximately 45% of affected individuals
[1]. According to its progression and malignancy, ependy-
moma has been classified into three grades by the World
Health Organization (WHO) [2]: myxopapillary ependy-
moma and subependymoma (grade I), ependymoma (grade
II), ependymoma RELA fusion-positive (grade II or III),
and anaplastic ependymoma (grade III). Ependymoma
can invade the entire neural axis. In children, it has been
found mainly in intracranial regions, while the spine is the
most common site for adults. Surgery and radiotherapy
are standard recommended treatments for ependymoma,
while chemotherapy has not been indicated to be effective
in most cases [3]. The clinical utility of histopathological
classification is limited since the ependymoma RELA fusion-
positive subtype is not distinguishable in this manner [4].
To improve risk stratification, the molecular classification
will be an important part of future clinical trials of ependy-
moma. For most molecular groups, the gene driving factors
are unknown, so it is important to find the gene targets for

ependymoma. With the development of genomics, transcrip-
tomics, and epigenomics, it is of great significance to identify
the invasive genes and biomarkers of ependymoma by using
these techniques. Lukashova et al. found that the overexpres-
sion of genes in highly proliferative tumors was associated
with poor prognosis using cDNA microarrays and RT-PCR
[5]. Fukuoka et al. identified the posterior fossa ependy-
moma subgroup with 100% specificity using the methylation
status of 3 genes, CRIP1, DRD4, and LBX2. Whole-genome
sequencing and RNA sequencing have been conducted and
reported for supratentorial ependymomas, revealing 70%
Cllorf95-RELA fusions in supratentorial ependymomas.
This fusion has been reported to drive oncogenic NF-kB
signaling in supratentorial ependymoma [6]. The histology
of anaplastic ependymoma is equivalent to the grade III of
WHO, and it originates from ependymal malignant glioma,
especially in children, grows rapidly, and has a poor clinical
process. The special genetic changes that occur in ependy-
moma are not clear. In our research, we analyzed the
transcriptome map between pediatric anaplastic ependy-
moma tissues and adjacent tissues and combined it with
cBioPortal database profiling. Our findings may provide
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some clues about the pathogenesis of pediatric anaplastic
ependymoma and may provide some new biomarkers for
this disease.

Patients and methods

Patient sample collection. Anaplastic ependymoma
tissues and adjacent tissues were collected from 4 ependy-
moma patients (11 months to 4 years old). Informed
consent from the parents of these children was obtained
from Shenzhen Children’s Hospital. The clinical speci-
mens included four ependymoma tissues and four adjacent
tissues. None of the four patients received chemotherapy
or radiotherapy. The ependymoma tissues were obtained
from gray tissues, approximately 1 cm?® in size. The adjacent
tissues were taken at a distance of at least 1 cm from the
tumor, and there were no obvious tumor cells. The clinical
specimens were immediately frozen in liquid nitrogen and
then stored at —-80°C. All tissues were diagnosed histo-
logically. This study was approved by the Research Ethics
Committee of the Shenzhen Children’s Hospital. All ethical
procedures conformed to the principles of the 1964 Declara-
tion of Helsinki and its latest 2008 amendments. Since the
patients were all minor children, we had obtained the written
informed consent signed by the legal guardians of these
participants.

RNA extraction and RNA-seq library construction.
RNA was extracted from the ependymoma tissues and
their respective normal/adjacent tissues. Then, mRNA-seq
libraries were constructed by the VAHTS mRNA-seq V3
Library Prep Kit for Illumina (Vazyme, China) according to

Table 1. Primer Information.

Gene name Primers (5’----3’)
SNAP25 forward CAATGAGCTGGAGGAGATGCA
reverse TGCTTTCCAGCGACTCATCA
GRM4 forward TGAGGGTGCTGTCACGATCC
reverse ACGTGGCTGCCCTTCTTGAG
CELSR1 forward CGCTTCCACTTCACCATCTCCCT
reverse GCCACGGTCGTTGTTGTCTCG
LAMA1 forward GCCAGCTCTAATGCCATC
reverse GGGTTGACAAATTCCTCCAAA
Wnt5a forward CTTCGCCCAGGTTGT AATTGAAGC
reverse CTGCCAAAAAC AGAGGTGTTATCC
ROR2 forward GGATCCGAACGACCCTTTAG
reverse AGTAACCTTTCAGAGTTGGAATCG
CCND1 forward TATTGCGCTGCTACCGTTGA
reverse CCAATAGCAGCAAACAATGTGAAA
EphB2 forward TGAGTGCCCTCAGATGGTCAA
reverse AGGGCAGGGTATCACAGTGAATG
FOXJ1 forward CAGAATCGCTGCCTCCTCTC
reverse CAGGGTCCTTTAGCCGGTTT
GAPDH forward ACCACAGTCCATGCCATCAC
reverse TCCACCACCCTGTTGCTG TA

the protocol [6]. This step was followed by mRNA-seq on the
Ilumina HiSeq 2000 platform.

Bioinformatics analysis. The numbers of reads per
kilobase of exon model per million mapped reads (RPKM)
were calculated to obtain normalized gene expression levels.
The FANSe2 alignment tool was used to map the original
RNA-seq reads to the reference transcriptome (Human
RefSeq-RNA hgl9) [7]. Because of the high accuracy of
the mapping algorithm, the genes obtained above 10 reads
by sequencing were considered expressing genes, while
the genes below 10 reads were considered not expressing
[8]. We calculated the correlation coefficients to test the
biological duplication efficiency, and principal component
analysis was performed to show the different groups of the
tumor and normal/adjacent samples. Next, we used edgeR
for the analysis of the gene expression level, which was based
on the negative binomial distribution [9, 10]. To eliminate
biological variation, the screening of DEGs was evaluated
from two aspects: the fold change and the significance level.
The screening threshold of DEGs in this analysis was set as
[log2 (fold change) | > 1 and FDR < 0.01. A volcano plot
was constructed to show the differentially expressed genes
(DEGs). We performed hierarchical clustering to evaluate
the expression levels of the DEGs in different samples.

Pathway analysis. Gene Ontology (GO) analysis of the
DEGs was conducted by topGO software (version 2.18.0) and
Fisher’s exact test was used for statistical testing. The gene
list ordered by log2FoldChange from edgeR was submitted
to GSEA using ClusterProfiler. The GO terms in ependy-
moma and peritumoral tissues with significant enrichment
results were identified based on the normalized enrichment
score (NES) and P value. The ClusterProfiler and DOSE R
packages were used to visualize the results. KEGG pathway
enrichment based on the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database was used to analyze the differ-
ences in genes by KOBAS software (KOBAS 3.0) [11], and
the statistical test method used was the hypergeometric test.
Rich factor refers to the ratio of differentially enriched gene
numbers and annotated gene numbers in the pathway. The
larger the rich factor is, the greater the degree of enrichment.

qRT-PCR validation of the DEGs from RNA-seq. We
performed qRT-PCR of six selected DEGs to confirm the
RNA-seq results. The DEG selection criteria are listed as
follows: 1) the different changed ratios of DEGs in anaplastic
ependymoma tissues and adjacent tissues should be greater
than 3-fold; 2) the FDR value should be less than 0.001; 3)
the potential genes should be in significantly differently
regulated pathways in ependymoma. Quantitative RT-PCR
was conducted using an ABI PRISM 7900HT thermocycler
(Applied Biosystems, CA). The primers used in qRT-PCR are
listed in Table 1. GAPDH was used to normalize the expres-
sion data as a reference gene, and the 2-2® method was
applied to calculate the relative expression levels [12].

Statistical analysis. Unpaired Student’s t-test was used to
examine the significance in qRT-PCR by GraphPad Prism 7
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Table 2. Sample pathological diagnosis information.

Age WHO

Sample (months) Pathological diagnosis grade Ki-67 EMA GFAP $-100 Tumor location
Tumorl 33 anaplastic ependymoma 111 30%-+ - + + right cerebellopontine
Tumor2 16 anaplastic ependymoma 111 10%-+ +/- + + posterior cranial fossa
Tumor3 11 anaplastic ependymoma 111 30%-+ +/- + + right parietal lobe
Tumor4 47 anaplastic ependymoma 111 25%+ - + + posterior cranial fossa

software. Significant differences are marked as *, **, and ***,
representing p<0.05, p<0.01, and p<0.001, respectively.

Results

Gene expression profiles in anaplastic ependymoma and
adjacent tissues. To comprehensively analyze the initiation
of anaplastic ependymoma, four anaplastic ependymoma
tissues and four corresponding peritumoral tissues were
collected for RNA-seq analysis (Table 2). The correlations of
the four tumor and adjacent samples ranged from 0.86 to 1,
representing a good correlation between different individual
samples. To further verify the similarities and differences of
the samples, principal component analysis (PCA) was used
to group the samples (Figure 1A). This method grouped the
four anaplastic ependymoma samples together and the four
adjacent tissues together (Figure 1B). These data indicated
the high quality and reliability of the sequencing results. In
total, 5,445 differentially expressed genes were identified
and selected under strict criteria. A volcano plot was used
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to show the differentially expressed genes, including 3,042
upregulated and 2,403 downregulated genes (Figure 2A).
Hierarchical clustering showed different expression patterns
between tumor and adjacent tissues (Figure 2B). The differ-
ential genes could not be shown one by one in the thermo-
gram, and they are listed in Supplement material 1.

GO and KEGG pathway enrichment analyses. To gain
insights into biological pathways that the upregulated and
downregulated differentially expressed genes were involved
in, GO and KEGG pathway enrichment analyses were
conducted. According to the significance of the enriched
GO terms and the number of different genes involved, we
chose the top five enriched GO terms for discussion. The
top five biological processes of the upregulated differen-
tially expressed genes in the anaplastic ependymoma sample
included developmental process, anatomical structure
development, multicellular organism development, system
development, and animal organ development, while the
top five cellular components of the upregulated differen-
tially expressed genes included cytoplasm, cytoplasmic part,
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Figure 1. Correlation analysis between tumor samples and paracancer samples. A) Pearson correlation of 4 ependymoma tumor samples and 4 para-
cancer samples; B) Principal component analysis of 4 ependymoma tumor samples and 4 paracancer samples.
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Figure 2. RNA-seq identifies DEGs in ependymoma. A) Volcano plot showed DEGs of 4 pairs of samples based on their p-values and log2 fold change;
B) Heat map of the DEGs from 4 pairs of samples. Patient code, condition (tumor, adjacent, or normal), and the relative expression level were shown

on the legend.

cytoskeleton, cell projection, and plasma membrane bounded
cell projection. Furthermore, protein binding, signaling
receptor binding, double-stranded DNA binding, sequence-
specific double-stranded DNA binding, and RNA polymerase
II regulatory region sequence-specific DNA binding were
the top five enriched molecular functions (Figure 3A). For
the downregulated differentially expressed genes, nervous
system development, regulation of transport, ion transport,
cell-cell signaling, and neurogenesis were the five most
enriched biological processes. Among the cellular compo-
nents, cell periphery was the most enriched term, followed by
the plasma membrane, plasma membrane part, neuron part,
and cell projection. In the molecular function category, the
significant terms included transporter activity, transmem-
brane transporter activity, ion transmembrane transporter
activity, cytoskeletal protein binding, and inorganic molec-
ular entity transmembrane transporter activity (Figure 3B).
These biological functions with significance in ependymoma
were predicted by GSEA, as shown in Figure 4. Moreover,
our study showed that 319 KEGG pathways were enriched
from adjacent tissues to anaplastic ependymoma tissues,
involving all differentially expressed genes. We showed that
the upregulated and downregulated differentially expressed
genes enriched the 20 significantly regulated signaling
pathways with the most significant enrichment degrees
between the anaplastic ependymoma and adjacent tissue
groups (Figure 5). Among these pathways, ECM-receptor
pathway, human papillomavirus infection, focal adhesion,

Hippo signaling pathway, Wnt signaling pathway, proteogly-
cans in cancer, cell adhesion molecules (CAMs), and MAPK
signaling pathway were cancer-related signaling pathways
(Supplement material 2).

Quantitative RT-PCR validation. To further verify the
RNA-seq results, we used qRT-PCR to verify the mRNA
expression of 9 differentially expressed genes, SNAP25,
GRM4, CELSR1,LAMA1, WNT5A,ROR2, CCND1, EPHB2,
and FOX]J1, in ependymoma and adjacent tissues. The
qRT-PCR results confirmed the significant overexpression
of CELSR1, LAMA1, WNT5A, ROR2, CCND1, EPHB2, and
FOX]J1, and the reduced expression of SNAP25 and GRM4 in
ependymoma (Figure 6), suggesting that the RNA-seq data
are reproducible and reliable.

Discussion

Molecular targeted therapy is a therapeutic prescription
developed from a deep understanding of tumor etiology,
genes, and receptors at the molecular level. Targeted thera-
peutic drugs could take specific sites of some key molecules
in the signal transduction pathway of tumor cells as targets,
which can inhibit the growth of tumor cells and promote the
inhibition of tumor cell apoptosis by blocking the receptor,
inhibiting angiogenesis, and blocking signal transduction
to exert stronger antitumor activity, reduce toxicity and side
effects on normal cells, and produce a targeted effect on the
treatment of tumors [13]. Exploring the molecular targets of
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ependymoma by analyzing mRNAs can be used to establish
biomarkers to evaluate the development of ependymoma.
In addition, it can also find genes with high activity in the
process of tumor development. The findings in this study
verify previously reported results. Our study showed that
the RELA gene of the principal effector of canonical NF-kB
signaling was upregulated, as was C110rf95. Similar findings
were also reported in supratypical ependymoma [6]. Both
EPHB2 and CCNDI, which were found to be overexpressed
in this research, were previously validated as ependymoma
oncogenes [14-16]. CCND1, a regulator of the cell cycle,
is amplified in various cancer types, including breast, head
and neck, and bladder cancers [17]. CCNDI1 is a protein
that couples extracellular growth signaling to cell cycle entry
through the activation of cyclin-dependent kinase 4 (CDK4)
and CDK6 [18]. Upon forming a complex with CCNDI,
CDK4 and CDK6 phosphorylate and inactivate retinoblas-
toma (RB), thus leading to the induction of a gene expression
program regulated by the E2F family of transcription factors
that is important in the transition from G1 to S phase in the
cell cycle [19]. The functions of CCND1 include the control
of cell growth, proliferation, transcription, DNA repair, and
migration [20]. CCND1 is not essential for cell cycle progres-
sion [21]; however, its amplification/overexpression in human
tumors is oncogenic, as it allows cancer cells to proliferate
independently of extracellular growth signaling cues [17].
Therefore, CCND1 may be an attractive therapeutic target in
cancer. The FOX]J1 gene was overexpressed in the anaplastic
ependymoma cases in our study and has been reported to
have the highest levels in posterior fossa ependymoma group
B tumors [22]. The highly expressed genes in this research,
such as BOC, PRC1, RFX2, FOSL1, EPHA?2, and IGF2BP1,
were reported as potential therapeutic molecular targets of
ependymoma [23].

Tumor molecular analysis is a basic component of precision
oncology that can identify the genomic changes in genes and
pathways to achieve therapeutic purposes. There are repeated
targeted changes in different histologically defined tumor
types coupled with the expanding combination of molecular
targeted therapy, which requires flexible and comprehensive
methods to analyze clinically significant genes in the whole
cancer spectrum [24]. In this study, we also found some genes
that may play an important role in anaplastic ependymoma.
The most significantly downregulated genes were identified
(SNAP25, GRM4, GABRA1, GABRA6, UNCI13C, GABRG2,
SYNPR, and PVALB) in anaplastic ependymoma. These genes
were mostly enriched in the neuron or synapse part in the
cellular component category of GO enrichment. According
to the KEGG pathway analysis, the synaptic vesicle cycle
(hsa04721; p.adjust: 2.1E-12) had the highest rich factor, and
26 out of 50 genes were downregulated. At the same time,
the GABAergic synapse pathway and glutamatergic synapse,
two synaptic pathways, were enriched in the downregulated
genes in ependymoma. This is because synapses are charac-
teristic of mature functional neurons. Moreover, a reduction
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Figure 3. GO enrichment of DEGs. A) Data showed the top five biologi-
cal processes, cellular component, and molecular functions of upregu-
lated differentially expressed genes in anaplastic ependymoma samples.
The false discovery rate (FDR) values are shown on the column chart. B)
Data showed the top five biological processes, cellular component, and
molecular functions of downregulated differentially expressed genes in
anaplastic ependymoma samples.

in synapse-related proteins means that functional neurons
may be reduced and normal neuronal signaling transporta-
tion could be inhibited. Thus, mature neuronal molecular
functions, such as transmembrane transporter activity, ion
transmembrane transporter activity, and channel activity, are
significantly reduced compared to those in adjacent tumor
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p-value corrected by BH method; NES: normalized enrichment score.

tissues. The most significantly upregulated gene, CELSRI,
could regulate endothelial adherent junctions and direct
cell rearrangements [25]. Upregulated APOH, a commonly
methylated gene in cancer, was enriched in protein binding
and calcium ion binding [26]. Upregulated VWA3A has

been reported to be associated with overall survival and
showed enrichment in the extracellular region [27]. It has
been reported that ROR2 promotes epithelial-mesenchymal
transition by regulating the MAPK/p38 signaling pathways
in breast cancer [28]. In this research, overexpressed ROR2
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Figure 6. QRT-PCR analysis of SNAP25, GRM4, CELSR1, LAMA1, WNT5A, ROR2, CCND1, EPHB2, and FOX]J1 in ependymoma. Endogenous refer-
ence gene GAPDH was used to normalize the average expression of the expression level of DEGs. The logarithm of relative quantitation in the gene
expression of corresponding transcripts in 1 tumor tissue/1 adjacent tissue. The error bar indicates the standard error of mean + SEM. Unpaired Stu-
dent’s T-test was used to examine the significance of expression change by p-value (**p<0.01; ***p<0.001).

was enriched in the developmental process and movement of
cells or subcellular components. These developmental events
included epithelium development, cellular developmental
process, and embryo development, which may explain why
anaplastic ependymoma has a higher rate of invasion and
distant metastasis.

In our results, ECM-receptor was the most significantly
enriched pathway (hsa04512, p.adjust: 1.93E-13), with 56
differentially expressed genes out of 80. It has been reported
that the extracellular matrix (ECM) receptor interaction
pathway is not only involved in stem cell proliferation but
also participates in the adhesion and metastasis of cancers

[29, 30]. Justin et al. found ECM proteins, including LAMA2,
localized to the perivascular GBM niche, which gave rise to
a negative prognosis, and they proposed that LAMA?2 could
serve as a therapeutic target of GBM [31]. Furthermore,
LAMAZ2 was reported to serve as a biomarker of a subgroup
of posterior fossa ependymoma with poor prognosis [32].
In this study, we found upregulated mRNA levels of three
major ECM receptor proteins, laminin (LAMA1, LAMA2,
LAMA3) and collagen (COL6A2, COL5A2, COL4AS5,
COL3A1, COL2A1). These genes were significantly upregu-
lated in 4 anaplastic ependymoma tissues, which indicates
that laminin plays an important role in anaplastic ependy-
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moma and that the ECM receptor interaction pathway is
activated in ependymoma. Therefore, laminin (LAMA1) and
collagen (COL2A1) may act as ependymoma biomarkers,
and the inhibition of the ECM receptor interaction pathway
may have a significant effect on ependymoma therapy.

Moreover, WNT11, WNT5A, and WNT1 were upregu-
lated in the anaplastic ependymoma group and enriched in
many pathways, such as the Hippo signaling pathway, Wnt
signaling pathway, and proteoglycans in cancer. It has been
reported that overexpressed WNT1 expression is associ-
ated with glioma [33] and metastasis in cholangiocarcinoma
[34]. WNTS5A was reported to be produced by the choroid
plexus of the developing hindbrain and plays an essential
role in regulating developmental pathways such as hindbrain
morphogenesis [35]. WNT5A is also a protooncogene and
enhances the migration of chronic lymphocytic leukemia
cells [36, 37]. Wnt family proteins are secreted and can be
transported via lipoprotein particles [35]. Therefore, overex-
pressed WNT1, WNT11, and WNT5A may be secreted to
enhance cell-cell migration and lead to tumors. We propose
that they may play an important role in the pathogenesis of
ependymoma, and their functions in ependymoma tumori-
genesis need to be further investigated.

Opverall, we obtained a profile of differential gene expres-
sion from clinical anaplastic ependymoma tissues. Through
the analysis and discussion of the profiling results, we selected
9 differentially expressed genes between anaplastic ependy-
moma tissues and adjacent tumor tissues for validation by
RT-qPCR (SNAP25, GRM4, CELSRI, LAMAI, WNT5A,
ROR2, CCND1, EPHB2, and FOXJ1). Correspondingly,
the synaptic vesicle cycle pathway and extracellular matrix
(ECM) receptor interaction pathway were highly enriched
in the anaplastic ependymoma group, possibly providing a
reference for the clinical understanding of ependymoma,
which improved our understanding of the carcinogenesis
of anaplastic ependymoma. This study provides global gene
information and some new molecular targets or candidate
biomarkers for ependymoma diagnosis and therapy.

Supplementary information is available in the online version
of the paper.
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