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Circular RNAs (circRNAs) have emerged as important regulators in carcinogenesis and metastasis. However, the
knowledge of circRNAs in bladder cancer remains limited. This study aimed to investigate the role and mech-
anism of circRNAs in the development and progression of bladder cancer.

Three pairs of bladder carcinomas (including high- and low-grade tumors) and adjacent normal tissues were
collected from patients. The total RNAs were extracted from these samples and subjected to Clariom D micro-
array assays to detect the differentially expressed circRNAs and mRNAs. The mRNA targets for these circRNAs
were predicted by miRanda in combination with stringent differential mRNA filters. The interaction network
for the circRNA-mRNA pairs was generated by Cytoscape.

Among the 1038 circRNAs detected by the Clariom D microarray assay, we identified 7 significantly differen-
tially expressed circRNAs in the tumors (fold change >2, FDR <0.05). Principal component analysis of the dif-
ferential circRNAs confirmed that the tumor samples were separated from the normal samples. Hierarchical
clustering analyses on these RNAs and their predicted mRNA targets showed that the majority of differentially
expressed circRNAs and mRNAs had been up-regulated in the bladder tumors. KEGG signaling pathway anal-
ysis has indicated that genes involved in cell proliferation, oncogenic transformation, and metastasis are po-
tentially regulated by these circRNAs.

The current study provides a molecular basis for further investigating the mechanisms by which circRNAs reg-
ulate bladder cancer. The clinical significance of the identified circRNAs is highlighted by their potentials as di-
agnostic and prognostic biomarkers for bladder cancer patients.
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Background

Bladder cancer is ranked as one of the major genitourinary
malignancies worldwide, with men being 4 times more likely
than women to be diagnosed with this disease [1]. Urothelial
carcinoma accounts for over 90% of all bladder cancer cases,
and thus is the focus of bladder cancer research [2]. The eco-
nomic burden of bladder cancer remains high and has been
among the most costly malignancies for decades [3]. Despite
great advances in understanding its molecular pathogenesis,
detailed mechanisms involved in the initiation, progression,
and metastasis of bladder cancer await elucidation. In addi-
tion, genetic alterations are the key to understanding the tu-
morigenesis of bladder cancer. Previous studies have laid out
the mutational landscape for this cancer, highlighting genes
of chromatin-remodeling and cell cycle pathways [4], along
with the commonly known mutations in TP53 [5], HRAS [6],
FGFR3 [7], PIK3CA [8], RB1 [9], KRAS [6], and TSC1 [10]. Many
resources and tools have empowered in-depth studies on the
mechanisms accounting for cancer progression [11], and reg-
ulatory non-coding RNAs (ncRNAs) have emerged as one such
important mechanism to regulate carcinogenesis and metas-
tasis [12]. However, knowledge of the regulatory ncRNAs and
their roles in bladder cancer is still limited. Clinically, regula-
tory ncRNAs may serve as promising biomarkers and/or ther-
apeutic targets for bladder cancer, and potentially offer signif-
icant benefits to patients. In the clinic, some strategies have
been proposed to predict the prognosis of the bladder cancer
patients, and correct stratification of patients into low-, inter-
mediate-, and high-risk groups may assist with recommen-
dation of proper adjuvant treatment [13,14]. A comprehen-
sive analysis of the transcriptomes of early-stage urothelial
carcinomas revealed distinct subclasses of non-muscle-inva-
sive bladder cancer, which may improve prognostication and
treatment selection [15]. Therefore, there exists a compelling
reason to investigate the regulatory ncRNAs in bladder cancer.

In the present study, we focused on identifying differential-
ly expressed circular RNAs (circRNAs) in the tumors and re-
vealing their roles in carcinogenesis and metastasis of blad-
der cancer. CircRNAs are a class of endogenous regulatory
ncRNAs, produced by back-splicing circularization from precur-
sor mRNAs of numerous eukaryotic genes [16]. This class of
RNAs was initially identified by next-generation RNA sequenc-
ing (RNA-seq) and is generally transcribed at low levels, but
their transcription is widespread among various cells and tis-
sues [17-19]. The presence of circRNAs in biological samples
like saliva and blood makes them convenient and potentially
diagnostic or predictive biomarkers for cancer development,
progression, and prognosis [16]. The tissue-specific and dis-
ease-associated expression patterns of circRNAs are sugges-
tive of their roles [20]. Since some circRNAs are derived from
genomic loci that are related to development of diseases, it is
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proposed that they may regulate physiological and patholog-
ical conditions as well [12]. Furthermore, it has been demon-
strated that the levels of particular circRNAs are significant-
ly altered during oncogenic proliferation [21]. CircRNAs may
serve as sponges for microRNAs and lift inhibition on target
mRNA expression, causing transcriptomic alterations in the
cell [22]. For instance, a circular RNA - circHIPK3 — sponges
the microRNA miR-558 to suppress the expression of heparan-
ase, and negatively regulates the progression of bladder can-
cer [23]. As a result, it is conceivable that dysregulation of cir-
cRNAs can lead to de-regulated signaling pathways that are
involved in several cellular processes such as deregulation of
cellular proliferation, which is a hallmark of carcinogenesis.
Therefore, in the present study, we hypothesize that a partic-
ular set of circRNAs are differentially expressed in the blad-
der tumors and contribute to the development and progres-
sion of bladder cancer.

To test this hypothesis, we systematically investigated the dif-
ferentially expressed circRNAs in clinical samples of bladder
tumors and adjacent normal tissues. Specifically, we extract-
ed total RNAs from these samples and detected circRNAs and
mRNAs by microarray assays. We applied integrative analysis
to identify the differentially expressed circRNAs in the tumors.
We further performed hierarchical clustering analysis on these
RNAs and predicted their mRNA targets. Finally, we applied dif-
ferential mRNA filters and deduced the signaling pathways for
which the putative mRNA targets may be involved. We also val-
idated the findings of this study by quantitative RT-PCR. Our
study identifies circRNAs that have not been reported previ-
ously for bladder cancer. Most importantly, the pathway anal-
ysis demonstrates that genes involved in cell proliferation, on-
cogenic transformation, and metastasis are potentially subject
to the regulations of these circRNAs. Our findings establish a
molecular basis for delving into the detailed mechanisms by
which circRNAs regulate the oncogenic process in bladder can-
cer. The clinical significance of the identified circRNAs needs to
be established by systematic biomarker studies, for which cir-
cRNAs may be promising candidates for diagnostic and prog-
nostic predictions.

Material and Methods

Clinical samples

From February to August 2017, 3 cases of bladder carcinoma
(high-grade and low-grade) with resection specimens containing
adjacent normal bladder tissue were collected at Beijing Luhe
Hospital (Table 1). All samples were confirmed by histological
examination prior to the microarray chip assay. The samples
were processed according to a previously published method
and stored at -80°C [24]. The collection protocol was approved
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Table 1. The information of the bladder cancer patients recruited to the current study.

) Gender Age (years)

1 Male 76
"""""" I
s Male 49

Pathology TNM staging
High grade urothelial carcinoma T2N1MO
High grade urothelial carcinoma TNIMO
Low grade urothelial carcinoma - TNOMO

by the Institutional Human Research Ethics Committee. All par-
ticipating patients have read and signed the informed con-
sent agreement.

Total RNA extraction

Total RNA was isolated with TRIzol (Life Technologies, Carlsbad,
CA, USA) according to the manufacturer’s protocol. Extracted
RNA was quantified spectrophotometrically with NanoDrop
ND-1000 (Thermo Fisher Scientific, Wilmington, DE, USA). The
quality of RNA was assessed with an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA).

Microarray hybridization

Isolated total RNA was amplified, labeled, and hybridized using
the Clariom D platform following the manufacturer’s instruc-
tions (Affymetrix, Santa Clara, CA, USA). Briefly, the Affymetrix
GeneChip WT Pico Kit was used for cDNA preparation and biotin
labeling. cRNA was purified using an Affymetrix magnetic bead
protocol. The Affymetrix GeneChip Hybridization, Wash, and
Stain kit was used for array processing. Arrays were incubat-
ed for 16 h in an Affymetrix GeneChip 645 hybridization oven
at 45°C with rotation at 60 rpm. The chips were subsequent-
ly scanned with an Affymetrix GeneChip Scanner 3000. Raw
data were analyzed using Affymetrix Expression Console and
Transcriptome Analysis Console software prior to downstream
analysis. circRNAs with >2-fold-change (FC) and p<0.05 were se-
lected as being significantly differentially expressed (Figure 1).

Quantitative RT-PCR (qRT-PCR)

FastQuant RT Super Mix (Tiangen, Beijing, China) was used to
synthesize cDNA templates. Quantitative RT-PCR was performed
by SYBR Green in 20 pl of reactions containing 2 pl of cDNA,
0.5 pM of forward primers, and 0.5 pM of reverse primers. PCR
was set at 95°C for 10 min for pre-denaturation, followed by 40
cycles of [95°C for 10 s and 60°C for 60 s]. RPS18 was used as
a reference. All PCRs were performed in triplicate. The relative
expression level of circRNA was calculated by 2724t method.

Bioinformatics and statistical analysis

Differentially expressed circRNAs-targeted miRNAs pairs were
predicted using miRanda software combined with stringent

differential mRNA filters (Figure 1). The sponge microRNA tar-
gets of the differentially expressed circRNAs were predicted by
use of Miranda software on miRbase (http://www.mirbase.org).
The potential circRNA-mRNA pair prediction was performed by
integrating the microRNA-mRNA targets data from www.micror-
na.org. Candidate circRNA-mRNA pairs were further subject to
a differential mRNA expression filter using data from the same
microarray assay. Principal component analysis was performed
for the differentially expressed circRNAs and mRNAs data ob-
tained from the microarray assays. Volcano plots and hierarchi-
cal clustering analyses were also performed for the differentially
expressed circRNAs and the mRNAs detected by the microar-
ray to gain statistical and biological insights. circRNAs identi-
fied by the profiling data were subjected to gene ontology (GO)
and KEGG pathway analyses based on their correlated mRNAs
using Gene Ontology (http://www.geneo-ngoloty.org/). The in-
teraction network was predicted and generated by Cytoscape.

Statistical tests were dependent on data distributions: paramet-
ric tests were applied for normally distributed data (means, t
test, and Pearson correlation), and non-parametric tests were ap-
plied for non-normally distributed data (medians, Kruskal-Wallis
rank sum test, and Spearman’s rank correlation). Statistical
analysis was performed with R and R-packages (version 3.4.1).

Results

Discovery of the differentially expressed circRNAs and
their potential mRNA targets in bladder tumors

From the Clariom D microarray assay, we detected hybridization
signals for 1038 circRNAs, among which 527 (50.7%) had been
annotated previously, while the rest remained to be further char-
acterized and had not been named yet. To identify the differ-
entially expressed circRNAs, we selected those displaying fold
change greater than 2 (FC >2) with statistical significance (FDR
[false discovery rate] <0.05), and determined that 7 circRNAs were
either up- or down-regulated in the tumors (hsa_circ_0000172,
chr5_158368701_ 158368987, chrX_131412035_131417060,
chr15_61512925 61513309, chr22_28943661_28946139, hsa_
circ_0002495, and chr9_74522734_74523039) (Figure 1). To
identify the mRNA targets of these circRNAs, we first predict-
ed the sponge targets of microRNA for these circRNAs based
on Miranda software predictions on miRbase. After integrating
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Figure 1. Bioinformatics analysis to identify the differentially expressed circRNA-mRNA pairs. (A) To identify the differentially
expressed circRNAs, RNAs displaying fold change greater than 2 (FC >2) with statistical significance (FDR [false discovery
rate] <0.05) were selected. The putative circRNA-mRNA pairs were determined after application of multiple differential filters.
(B) The predicted interaction network of the circRNA-mRNA pairs. FC — fold change; FDR - false discovery rate.

the microRNA-mRNA targets data from www.microrna.org, we
determined the potential circRNA-mRNA pairs. These candidate
circRNA-mRNA pairs were further subjected to a differential
mRNA expression filter using data from the same microarray
assay. Finally, we identified 2 differentially expressed circRNAs
with 89 predicted target mRNAs (Figure 1).

Robustness of the microarray-based strategy for
discovering tumor-specific circRNAs

To confirm the validity of the microarray experiment, we eval-
uated whether the identified differentially expressed circRNAs

This work is licensed under Creative Common Attribution-
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can distinguish between samples from tumors and adjacent
normal tissues. We performed principal component analysis
(PCA) on the differential circRNAs retrieved by the microar-
ray data and confirmed that the tumor and normal samples
were divided into distinctive groups (Figure 2A). Similarly, the
PCA plot of the 1221 differentially expressed mRNAs showed
that the tumor samples were also separated from the normal
samples (Figure 2B). Therefore, the differentially expressed cir-
cRNAs and mRNAs could distinguish between the tumorous
and normal tissues, strongly supporting the robustness of the
microarray-based strategy for discovering tumor-specific cir-
cRNAs for bladder cancer.
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Figure 2. The principle component analysis on the microarray data. (A) Principal component analysis (PCA) was performed on the
differentially expressed circRNAs retrieved by the microarray data. The tumor samples are separated from the normal
samples. (B) PCA plot of the 1221 differentially expressed mRNAs (FDR <0.05, FC >2). FC: fold change; FDR: false discovery

rate.

A majority of circRNAs and coding mRNAs were up-
regulated in the bladder tumors

To gain biological insights from the differentially expressed
circRNAs, we further performed hierarchical clustering anal-
yses on circRNAs and mRNAs detected by the microarray.
The clustering analysis on the significantly differentially ex-
pressed 7 circRNAs (FDR <0.05, Figure 3A) showed that most
circRNAs (hsa_circ_0000172, chr5_158368701_158368987,
chrX_131412035_131417060, chr15_61512925 61513309,
chr22 28943661 28946139, and hsa_circ_0002495)
were up-regulated in the tumors, with only 1 circRNA
(chr9_74522734_74523039) being down-regulated in these
samples (Figure 3B). Some of these circRNAs are novel and
not yet named, and we tentatively annotate them here us-
ing the format of “chromosome_start position_end position”.
Concomitantly, clustering on the coding mRNAs detected by the
same microarray showed a similar pattern: most of the cod-
ing mRNAs were up-regulated in the tumors (Figure 3C, 3D).
Therefore, a vast majority of signaling pathways may have been
aberrantly up-regulated in bladder tumors (see Discussion).

To further confirm the findings from the microarray and the
clustering results on the differentially expressed circRNAs, we
evaluated the relative expressions of 5 out of the 7 circRNAs
by quantitative RT-PCR (qRT-PCR). Significantly, the gRT-PCR
results were consistent with the microarray findings: Has_
circ_0000172, Has_circ_0002495, Chr22: 28943661, and Chr5:
158368701 were up-regulated in tumor, while Chr9: 74522734
was down-regulated (Figure 4).

The differentially expressed circRNAs may positively
regulate a vast array of signaling pathways in bladder
cancer

To demonstrate the biological functions of the differentially ex-
pressed circRNAs for bladder cancer, we performed KEGG signal-
ing pathway analysis on the filtered predicted mRNA targets of
the differential circRNAs (Figure 5). Presumably, these mRNAs
were enriched for signaling pathways involved in cell prolifera-
tion and oncogenic transformation, such as those of MAPK and
RAS signaling pathways. Other pathways, including those of
oxytocin, chemokine, calcium, axon guidance, apelin amoebia-
sis, and lipolysis in adipocytes, were also enriched for the target
mRNAs of the differentially expressed circRNAs. Since both cir-
cRNA and its target mRNAs usually show a co-regulated pattern,
it is likely that the same signaling pathways are predominant-
ly up-regulated in the bladder tumors as well (see Discussion).

Discussion

In the present study, we profiled circRNAs that were differen-
tially expressed in the bladder tumors in comparison with the
normal tissues. By applying multiple bioinformatics filters, we
identified 7 significantly differentially expressed circRNAs and
predicted their mRNA targets. The KEGG pathway analysis on
these predicted targets suggests that the differentially ex-
pressed circRNAs are likely to up-regulate signaling pathways
of cell proliferation, oncogenic transformation, chemotaxis, and
metabolism. These results reveal a complex regulatory network
for the development and progression of bladder cancer, and will
assist with further explorations to identify novel therapeutic
targets and prognostic/diagnostic markers for bladder cancer.
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Figure 3. Volcano plots and hierarchical clustering analysis of the differentially expressed circRNAs and mRNAs. (A) The volcano plot
of the differentially expressed circRNAs (FDR <0.05). The 7 differentially expressed circRNAs are labeled in the plot. (B)
Hierarchical clustering analysis of the differentially expressed circRNAs. The identities of the 7 significantly differentially
expressed circRNAs are shown on the right of each row. Some circRNAs are unnamed and tentatively annotated here using
the format “chromosome_start position_end position”. T — tumor samples, N — normal samples. (C) The volcano plot of
all the differentially expressed coding mRNAs from the microarray (FDR <0.01). (D) Hierarchical clustering analysis of the
differentially expressed coding mRNAs. T — tumor samples; N — normal samples; FC — fold change; FDR — false discovery rate.

To date, a large number of circRNAs have been cataloged owing
to the rapidly evolving high-throughput sequencing technolo-
gies. It has been established that circRNAs usually show tissue-
or developmental stage-specific expression patterns [12,25].
CircRNAs are predominantly cytoplasmic, and function as mi-
croRNA sponges, playing important regulatory roles during the
development and progression of cancer [26]. A circRNA ex-
pression study revealed that abundantly expressed circRNAs
may be a class of good prognostic biomarkers because they
have distinct features from the low-expressing circRNAs [27].
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Although various circRNAs have been documented for many
cancers [23,28,29], studies of circRNAs in bladder cancer re-
main important since they have significant clinical implica-
tions. Furthermore, the functional implications of the differ-
entially expressed circRNAs await systematic investigations.
In the present study, implementing multiple stringent statisti-
cal filters, we identified 7 significantly differentially expressed
circRNAs, 5 of which were novel and have not yet been re-
ported. Interestingly, 6 circRNAs were up-regulated in tumors,
while only 1 was down-regulated. This result is in line with
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Figure 4. Validation of the differentially expressed circRNAs.
To confirm the findings from the microarray analysis,
the relative expression of circRNAs was measured by
gRT-PCR. Five out of the 7 significantly differentially
expressed circRNAs were measured. Note that some
circRNAs have not yet been named yet, and are
tentatively named here using the “chromosome:
start_position” format. * p<0.05 vs. normal. gRT-PCR
— quantitative reverse transcriptase-polymerase chain
reaction.

the clustering results on the differentially expressed mRNAs,
where a majority of the genes were up-regulated in the tu-
mors (Figure 3D). This observation supports the previous no-
tion that circRNAs and their mRNA targets are co-regulated.
As a result, the interacting circRNA-mRNA pairs will display a
unidirectional pattern. The fact that most genes were up-reg-
ulated in the tumors suggests that many pathways might have
been turned on to promote the development and progression
of bladder cancer. Indeed, KEGG signaling pathway analysis on
the proposed targets of the differentially expressed circRNAs
verified that the pathways of cell proliferation and oncogen-
ic transformation have been enriched in the bladder tumors.

In the current KEGG pathway analysis, the top significant sig-
naling pathways (p<0.01) — MAPK, RAS, and oxytocin signaling
pathways — are enriched for the putative mRNA targets of cir-
cRNAs in the bladder tumors. The MAPK pathway is involved in
many oncogenic processes, including cell proliferation, and its
high activity is ubiquitously observed in the cancer cells. This re-
sult is consistent with a previous finding that p38 MAPK can pro-
mote bladder tumor cell migration and invasion by upregulat-
ing the metalloproteinases MMP-2 and MMP-9 [30]. For the RAS
pathway, up-regulation of the RAS signaling is always associat-
ed with the oncogenic transformation of the malignant cells in
bladder cancer. This result is also in line with previous studies in
which both HRAS and KRAS were identified as frequently mutat-
ed genes in bladder cancer [4,6,15]. Lastly, the discovery of the
oxytocin pathway being enriched for the mRNA genes is some-
what surprising. However, it has been reported that oxytocin can
promote migration of prostate tumor cells, thus indicating a role
in metastasis [31]. Therefore, the role of oxytocin in the progres-
sion of bladder cancer should be investigated in future studies.
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gnaiingp y p.adjust
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Figure 5. KEGG pathway analysis of the top predicted
differentially expressed mRNAs. The putative biological
functions of the differentially expressed circRNAs for
bladder cancer are demonstrated by KEGG signaling
pathway analysis of the predicted mRNA targets. KEGG
— Kyoto encyclopedia of genes and genomes.

In the present study, we identified multiple circRNAs that are
differentially expressed in bladder tumors. The clustering and
pathway analyses on their putative mRNA targets have shown
distinct enrichment patterns. This suggests the clinical poten-
tial for these circRNAs to serve as biomarkers for diagnostic
and prognostic predictions for bladder cancer patients. As can-
cer is one of the leading causes of death worldwide, it is im-
perative to identify new diagnostic biomarkers and therapeu-
tic targets to improve overall survivals [16]. Deciphering the
roles of circRNAs in bladder cancer would likely facilitate the
identification of new diagnostic markers and therapeutic in-
terventions in early stages. In future studies, we will further
evaluate and verify the expression patterns of these circRNAs
in larger clinical sample cohorts. Consequently, follow-up stud-
ies will need to address the feasibility of using these circRNAs
as biomarkers for clinical applications such as assisted diagno-
sis, prognostic prediction, and patient stratification for blad-
der cancer management.

Conclusions

In summary, by investigating the differentially expressed cir-
cRNAs for clinical tumor samples, we have revealed a complex
regulatory network for bladder cancer. The signaling pathways
involved in the proliferation, metastasis, and transformation of
the cancer are predicted to be subject to regulations of these
differential circRNAs. We expect that the present results will
assist future studies on the pathogenesis, theranostics, and
treatment of bladder cancer.
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