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Abstract

Neuroblastoma (NB) is a rare type of cancer but frequently occurred in children. However, it is still unclear whether circular
RNAs (circRNAs) play key roles in NB tumorigenesis or progression. In this study, we identified 39,022 circRNAs across the
39 neuroblastoma and 2 normal cell lines. With the gene and circRNA expression data, we classified the NB cell lines, identified
and characterized the functional circRNAs in the 3 NB classes. Specifically, 29 circRNAs were found to be dysregulated in the NB
classes. Notably, 7 circRNAs located within MYCN-amplified regions were upregulated in cell lines with the high activities of MYC
targets and MYCN amplification, and were highly correlated with expression of their parental gene, NBAS. Subsequently, we
constructed ceRNA networks for the functional circRNAs. Specifically, hsa_circ_0005379 was identified as a critical regulator in
the ceRNA networks because of targeting 13 genes, which formed a complex competing endogenous RNA (ceRNA) network.
Moreover, hsa_circ_0002343, which was connected with few genes, might regulate the PI3K/Akt/mTOR signaling via RACI.
Furthermore, 3 genes, including NOTCH?2, SERPINH I, and LAMCI, involved in epithelial mesenchymal transition (EMT) were
observed to connect with hsa_circ_0001361, suggesting that this circRNA was closely associated with EMT. Consequently,
7 genes, such as DAD |, PPIA, NOTCH2, PGKI, BUBI, EIF2S1, and TCF7L2, were found to be closely associated with both event-
free survival (EFS) and overall survival (OS). In conclusion, the present study identified functional circRNAs and predicted their
functionality in neuroblastoma cell lines, which not only improved the understanding of circRNAs in neuroblastoma, but also
provided the evidences for the related researchers.
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Introduction

Neuroblastoma (NB) is the most common solid tumor in child-
hood, which can be diagnosed using a combination of labora-
tory tests, radiographic imaging and pathology.' Several
genetic alterations have been discovered in neuroblastoma
cells,? including MYCN amplification, 11q loss of heterogene-
ity (LOH) or deletion, 1p loss, and point mutations in ALK and
ATRX, which indicated an unfavorable prognosis. The recent
advances in the molecular mechanism reveal that the initiation
of NB may be caused by the somatic mutations during the
embryonic development period, the frequency of which is rel-
atively lower in NB than adult cancers.’

In the past decade, more and more evidences show that
noncoding RNAs (ncRNAs) can mediate cellular processes
including chromatin remodeling, transcription, post-
transcriptional modifications and signal transduction,® which
improved our understanding that ncRNAs can act as functional
regulatory molecules. Specifically, miR-204 was identified as a
tumor suppressor microRNA (miRNA) that inhibited a subnet-
work of oncogenes strongly associated with MYCN-amplified
NB and poor outcome.’ Moreover, several miRNAs such as
microRNA-497, microRNA-34a, and miR-125b-1-3p were
also identified to be involved in NB tumorigenesis or progres-
sion.® Unlike the small size of miRNAs, the long noncoding
RNAs (IncRNAs) were also found to drive NB tumorigenesis.
For example, 2 IncRNAs located within 6p22 loci, CASC15
and NBAT1, were reported to act as tumor suppressors in
NB.'%!! Specifically, NBAT-1 controls neuroblastoma pro-
gression by regulating cell proliferation and neuronal differen-
tiation."" However, the role of circular RNAs (circRNAs) in
neuroblastoma is still unclear. In the present study, we for the
first time detected the circular RNAs using RNA sequencing
data, and investigated their associations with cancer-related
pathways in NB. With the competing endogenous RNA
(ceRNA) hypothesis, we identified circRNAs that potentially
acted as ceRNAs and the mediating downstream pathways in
NB, which provided circRNA evidences for related
researchers.

Materials and Methods

Identification and Quantification of Circular RNAs in
Neuroblastoma by RNA-Seq Data

The RNA-seq data of 39 neuroblastoma and 2 normal cell lines
were downloaded from Sequence Read Archive (SRA) data-
base with accession number SRP092413.'? The 2 normal cell
lines including hTERT-immortalized retinal pigmented epithe-
lial cell line, RPE-1 (n = 1) and fetal brain (n = 1), were used
as the normal control. The fastq files were aligned to human
UCSC hgl9 reference genome by BWA'? 0.7.12, and the cir-
cRNAs were identified by CIRI'* v2.0. The read counts sup-
porting the junction sites of the circRNAs were used as the
expression levels of the circRNAs.

Gene Expression Quantification

The gene expression levels were estimated by hisat-stringtie-
ballgown pipeline as proposed by previous study.'® The abun-
dances of the genes were quantified as Fragments Per Kilobase
of transcript per Million (FPKM), and transformed to log2
(FPKM + 1).

Estimation of Pathway Activity

The cancer-related hallmark pathways were collected from the
MSigDB!'® database. Pathway activities were estimated based
on the log?2 transformed gene expression data by single-sample
gene set enrichment analysis'’ (ssGSEA).

CircRNA Differential Expression Analysis

The circRNAs detected in less than 10 cell lines were consid-
ered as lowly expressed and filtered. The DESeq2 method'®
was employed to identify the differentially expressed cir-
cRNAs based on the count-based expression matrix.

Predicting miRNA Targets

The miRNA-mRNA interactions were downloaded from the pub-
lic database,'” miR TarBase, which curated experimentally vali-
dated miRNA binding sites of mRNAs. The miRNA binding sites
for circRNAs were predicted by miRanda®® with default options.

Survival Analysis

The survival analysis was implemented in R with package
survival. The Sequencing Quality Control (SEQC) neuroblas-
toma gene expression data were downloaded from Gene
Expression Omnibus (GEO) database with accession number
GSE49711.2" The samples were stratified into high and low
expression groups. The log rank test was used to test the sur-
vival difference between the 2 groups.

Results

Identification of Circular RNAs in Neuroblastoma Cell
Lines

We collected RNA sequencing data of 39 neuroblastoma (NB)
and 2 normal cell lines from publicly available dataset with SRA
accession number SRP092413, the cDNA libraries of which were
constructed by Ribo-Zero technology, allowing us to identify the
circular RNAs in these samples. Totally, we identified 39,022
circRNAs across the 41 samples (read count > 1), and found 2
circRNA hotspots at 2p and 14q (Figure 1A). Particularly, the
circRNAs located within the hotspot at 2p were originated from
the genes adjacent to MYCN, a well-recognized oncogene ampli-
fied in NB, suggesting that frequent detection of these circRNAs
might be resulted from the MYCN amplification.

The normalization of circRNA counts by the chromosome
length revealed circRNAs might be more frequently transcribed
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Figure 1. The overview of the circRNAs in neuroblastoma cell lines. (A) The genome-wide visualization of circRNAs identified by RNA-seq.
The bars present the number of circRNAs located within this region. (B) The number of circRNAs per million bases (MBases) on the
chromosomes. The circRNA count was normalized by dividing their chromosome length. (C) The proportion of exonic, intronic, and intergenic
circRNAs. (D) The expression levels of circRNAs and their parental genes.

from the chromosomes 17, 19, 2, 12, and 14, and rarely tran-
scribed from chromosomes Y, X, 4,21, and 13 (Figure 1B). When
annotated by gene models, the circRNAs were found to be prin-
cipally originated from exonic regions (84.69%), followed by
intronic and intergenic regions (Figure 1C). Furthermore, we also
investigated whether the circRNA expression was affected by
their host genes. Overall, correlation between the expression med-
ians of circRNAs and their host genes was insignificant (Figure
1D), suggesting that circRNA expression was regulated by mul-
tiple processes, not only transcription.

Identification of Functional circRNAs Involved
in Neuroblastoma
To identify the functional circRNAs, we first characterized the

dysregulated pathways for the 39 neuroblastoma (NB) cell
lines by single-sample gene set enrichment analysis (ssGSEA).

We observed that the 39 NB cell lines could be clustered into
3 classes by hierarchical clustering analysis (Figure 2A), with
12, 9, 18 cell lines, respectively. Notably, the classes II and IIT
were shown to have higher activities of E2F targets and MYC
targets, suggesting that the MYCN amplification might be the
major cause of dysregulation of the 3 pathways in these cell
lines. However, MYCN amplification was also observed in
most of the cell lines, but lower proportion in class I (11/18,
61%). Moreover, Hedgehog signaling was observed upregu-
lated in class I. In addition, the metastasis-related pathways,
such as TGF-beta signaling, angiogenesis, and epithelial
mesenchymal transition (EMT), were upregulated in class III
and a small proportion of cell lines of class I.

With the classification for NB cell lines, we conducted pair-
wise differential expression analysis of the circRNAs stably
expressed in the NB cell lines. Totally, 29 circRNAs were found
to be dysregulated between the 3 classes (Figure 2B, P-value
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Figure 2. Neuroblastoma classes and class-specific pathways and circRNAs. (A) The 3 classes stratified by the pathway activities estimated by
single-sample gene set enrichment analysis (ssGSEA). (B) The class-specific circRNAs by pairwise differential expression analysis.

< 0.001 and fold change >2). Notably, the circRNAs located 0008261, were upregulated in class II, which were consistent with
within MYCN-amplified regions, such as hsa_circ_0003287, the high activities of MYC targets in class II. These results sug-
hsa_circ_0008083, hsa_circ_0052767, hsa_circ_0000978, hsa_  gested that these dysregulated circRNAs might be involved in the
circ_0117720, chr2:15467874|15567918, and hsa_circ_ tumorigenesis or progression of neuroblastoma.
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Figure 3. The correlation between circRNAs and parental genes. (A) The Pearson correlation coefficients (PCC) between the circRNAs and
parental genes were plotted as the nodes. (B) The circRNAs and their mediating pathways predicted by correlation analysis.

Parental Genes of the circRNAs Involved in
Neuroblastoma

As circRNAs have been found to promote or inhibit transcrip-
tion of their parental genes,** we first examined their asso-
ciations with corresponding parental genes. As shown in Figure
3A, all of the functional circRNAs had positive correlation with
their parental genes except hsa_circ_0008618. Compared with
the insignificant correlation in all circRNAs, the functional
circRNAs exhibited high correlation with their parental genes.

Remarkably, 7 circRNAs transcribed from NBAS, a neuroblas-
toma amplified sequence gene adjacent to MYCN, were highly
correlated with NBAS expression (Pearson correlation coeffi-
cient, PCC > 0.4), further suggesting dysregulation of these
circRNAs might be caused by NBAS gene amplification. In
addition to NBAS, the remaining circRNAs were not observed
to produce circRNA isoforms.

Furthermore, the potential signaling pathways that cir-
cRNAs were involved in were predicted by the correlation
analysis. Given a threshold of 0.5 for the PCCs between
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Figure 4. The competing endogenous RNA (ceRNA) network. The color bands connected the circRNA-mRNA and mRNA-pathway

relationships.

circRNAs and pathways, 10 circRNAs were successfully
predicted to participate in over 1 pathway (Figure 3B). Partic-
ularly, hsa_circ_0002343, hsa_circ_0005379, hsa_circ_
0001361, and hsa_circ_0084606 were found correlated
with multiple pathways (n > 5). Moreover, hsa_circ_0003611,
hsa_circ_0003441, hsa_circ_0000280 were predicted to partic-
ipate in only 1 pathway, Hedgehog signaling. These results
indicated that circRNAs might have multiple biological func-
tions and multiple circRNAs might also be jointly involved in
the same pathway. Further analysis revealed that none of the
host genes had been found to participate in these pathways,
giving us a hint that the circRNAs participated in these path-
ways not via their parental genes.

The circRNA-Mediated Competing Endogenous RNA
Network

As the noncoding RNAs like long noncoding RNAs and cir-
cRNAs could act as microRNA sponges to regulate expression
of the downstream genes, we then searched for the miRNA
binding sites of the circRNAs. It should be noted that the
miRNA binding sites must cover the 3 bases at the 2 flanks
of the junction site. Moreover, the target genes of circRNAs
and the circRNAs should participate in the same pathway.
Among the functional circRNAs, 4 were predicted to have the
potential to compete with the 21 mRNAs for the miRNAs
(Figure 4). Particularly, hsa_circ_0005379 was predicted to
regulate 13 target genes, which formed a complex competing
endogenous RNA (ceRNA) network. In addition, hsa_-
circ_0002343 and hsa_circ_0005598 were found to regulate
fewer target genes. Specifically, hsa_circ_0002343 might reg-
ulate the PI3K/Akt/mTOR signaling via RAC1. The pathways
like MYC targets and mTORC signaling were frequently

predicted to be regulated by the ceRNA network. Furthermore,
3 genes involved in epithelial mesenchymal transition (EMT)
were observed to connect with hsa_circ_0001361, suggesting
that this circRNA was closely associated with EMT.

The Prognostic Values of the circRNA Targets in
Neuroblastoma

The target genes in the ceRNA network were subjected to the
univariable Cox regression analysis based on the gene expres-
sion data from Sequencing Quality Control (SEQC)*® (Sequen-
cing Quality Control) cohort (n = 498). Remarkably, 12 of the
21 target genes were observed highly correlated with both
event-free survival (EFS) and overall survival (OS) (Figure
5A and B, P-value < 0.05), of which, NOTCH2 and TCF7L2
were positively correlated with EFS and OS, suggesting that
their expression indicated a favorable outcome.

Moreover, a stepwise method was used to select these genes
in EFS- and OS-based multivariable Cox models. Specifically,
7 genes, such as DADI1, PPIA, NOTCH2, PGK1, BUBI,
EIF2S1, and TCF7L2, were selected for construction of either
the EFS- or OS-based Cox model (Supplementary Table S1 and
Table 1). Particularly, DADI1, PGK1, BUBI, and TCF7L2
were included in both of the Cox models. The 498 samples
were then stratified into high-risk (HR) and low-risk (LR)
groups based on the risk scores estimated by the EFS- or OS-
based Cox model. As shown in Figure 5C-D, the EFS-HR and
OS-HR groups showed significantly higher risk of poor prog-
nosis than the EFS-LR and OS-LR groups (log-rank test, P <
0.0001), respectively. These results indicated that the target
genes mediated by the circRNAs might be indicators of NB
prognosis.



Zhang et al 7

A Event-free survival B QOverall survival
Gene Symbol Gene Symbol
ADRM1 —a— ADRM1 —a—
DAD1 —a— DAD1 —.—
NOTCH2 —a— NOTCH?2 -
PPIA —_— PPIA -
PGK1 —a— PGK1 S
ALDOA —a— ALDOA —a—
BUB1 —a— BuUB1 ——
PRDX3 —a— PRDX3 el
PSMD1 —a— PSMD1 -
EIF2S1 = EIF251 ——
TCF7L2 —n— TCF7L2 -
NDUFB2 —u— NDUFB2 —-—
I T \ T 1 T 1 1 f I T T T T 1
2 15 -1 05 0 05 1 15 2 3 -2 -1 0 1 2 3 4
log Hazard Ratio log Hazard Ratio
C - EFS-HR ~~ EFS-LR D - 08-HR = OS-LR
1.00 1001 4+
3
\
Z 075 2 075 N,
B 3 Ny
% § - g Y "
& 050 & 050 S
g S
= z
7 @ 025
@ 921 5 <0.0001 p < 0.0001
0.00 0.00
0 2000 4000 6000 0 2000 4000 6000
Time Time
Number at risk Number at risk
ErstR doaz 59 10 I )S-HR 1248 86 15 1
EFS-LR 1256 147 38 1 0S-LR 4250 164 37 1
0 2000 4000 6000 0 2000 4000 6000
Time Time

Figure 5. The prognostic values of the circRNA target genes. The circRNA target genes with significant correlation with both event-free
survival (EFS) and overall survival (OS) were displayed in (A) and (B). The Cox models were constructed based on the circRNA target genes,
and the samples were stratified into high-risk and low-risk groups. Kaplan-Meier (KM) curves for the EFS-HR vs. EFS-LR and OS-HR vs.
OS-LR were plotted in (C) and (D).

Table 1. The Coefficients and Statistical Significance of the circRNA Target Genes in Event-Free Survival and Overall Survival Based
Multivariable Cox Models.

Event-free survival Overall survival

Gene symbol coef exp(coef) se(coef) z Pr(>|z|) coef exp(coef) se(coef) z Pr(>|z|)
DADI 0.52 1.67 0.19 2.70 6.98E-03 0.62 1.85 0.26 2.40 1.66E-02
PPIA 0.31 1.37 0.20 1.57 1.16E-01 / / / / /

NOTCH2 / / / / / —0.33 0.72 0.23 —1.46 1.45E-01
PGK1 0.55 1.73 0.21 2.63 8.47E-03 1.26 3.52 0.36 3.48 5.11E-04
BUBI 0.67 1.95 0.19 3.55 3.85E-04 1.31 3.69 0.30 433 1.47E-05
EIF2S1 / / / / / 0.61 1.84 0.26 232 2.02E-02

TCF7L2 —0.30 0.74 0.17 —1.75 8.02E-02 —0.41 0.67 0.25 —1.61 1.08E-01
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Discussion

Neuroblastoma (NB) is a rare type of cancer but frequently
occurred in children. The circRNAs are implicated in cancers;
however, it is still unclear whether circRNAs play key roles in
NB tumorigenesis or progression.

In this study, we identified 39,022 circRNAs across the
39 neuroblastoma and 2 normal cell lines (read count > 1). Par-
ticularly, the circRNAs located within the hotspot at 2p were
originated from the genes adjacent to MYCN, a well-
recognized oncogene amplified in NB, suggesting that frequent
detection of these circRNAs might be resulted from the MYCN
amplification. With the gene and circRNA expression data, we
attempted to classify the NB cell lines, identify and character-
ize the functional circRNAs. Specifically, 29 circRNAs were
found to be dysregulated in NB. Notably, the circRNAs located
within MY CN-amplified regions, such as hsa_circ_0003287,
hsa_circ_0008083, hsa_circ_0052767, hsa_circ_0000978,
hsa_circ_0117720, chr2:15467874|15567918, and hsa_
circ_0008261, were upregulated in cell lines with the high
activities of MYC targets and MYCN amplification. The
ncRNAs transcribed from the copy number alteration (CNA)
regions were frequently reported as cancer drivers.?’-*® Simi-
larly, the 7 circRNAs within MYCN region might also have the
potential to drive NB initiation.

As circRNAs have been found to promote or inhibit tran-
scription of their parental genes,zz'25 we found the functional
circRNAs had positive correlation with their parental genes.
Consistently, the 7 circRNAs located within MYCN-
amplified regions were transcribed from NBAS, a neuroblas-
toma amplified sequence gene adjacent to MYCN, and were
highly correlated with NBAS expression (Pearson correlation
coefficient, PCC > 0.4). NBAS was also identified as an unfa-
vorable indicator of NB due to its co-amplification with
MYCN,? but its functionality in NB is not quite clear. Based
on the correlation analysis of the circRNAs and pathway activ-
ities, we found that none of the parental genes was involved in
the pathway highly correlated with circRNAs, giving us a hint
that the circRNAs participated in these pathways not via their
parental genes. Subsequently, we constructed ceRNA networks
for the functional circRNAs. Specifically, hsa_circ_0005379
was identified as a critical regulator in the ceRNA networks
because of targeting 13 genes, which formed a complex com-
peting endogenous RNA (ceRNA) network. Moreover, hsa_-
circ_0002343, which was connected with few genes, might
regulate the PI3K/Akt/mTOR signaling via RAC1. RAC1 and
PI3K/Akt/mTOR signaling played key roles in neuroblas-
toma.>**! Furthermore, 3 genes involved in epithelial
mesenchymal transition (EMT) were observed to connect with
hsa_circ_0001361, suggesting that this circRNA was closely
associated with EMT. Furthermore, EMT was mediated by
Polo-like kinase 4 (PLK4) via PI3K/Akt signaling in neuroblas-
toma.>? Similarly, we speculated that EMT might be mediated
by hsa_circ_0001361 via NOTCH2, SERPINH1, and LAMCI1.

As the lack of circRNA expression data with long-term
follow-up, we indirectly investigated the prognostic values of

the target genes instead of the functional circRNAs. Seven
genes, such as DAD1, PPIA, NOTCH2, PGK1, BUBI, EIF2S1,
and TCF7L2, were found to be closely associated with both
EFS and OS. Functionally, genes such as NOTCH2, PGK1, and
BUBI have been reported to promote or suppress the neuro-
blastoma progression.>*>> Prognostically, PGK1 was identi-
fied as a predictor of neuroblastoma outcome.>®

In conclusion, the present study identified functional cir-
cRNAs and predicted their functionality in neuroblastoma cell
lines, which not only improved the understanding of circRNAs
in neuroblastoma, but also provided the evidences for the
related researchers.
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