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Abstract
Circular RNAs (circRNAs) have been increasingly indicated to be important participants in the development and progression
of various malignant tumors. Our previous studies found that hundreds of circRNAs were aberrantly expressed in bladder
cancer (BC) by high-throughput sequencing and we have confirmed that the downregulated circRNAs circHIPK3, circRNA
BCRC-3, and circNR3C1 played inhibitory roles in BC progression. In this study, we focused on the upregulated circRNAs
and identified a novel circular RNA, hsa_circ_0001361 (circ0001361), was expressed at high levels in BC tissues and cell
lines based on RNA-Seq data and qRT-PCR analysis, and it was positively corelated with pathologic grade and muscle
invasion. Moreover, Kaplan–Meier survival analysis implied that BC patients with high circ0001361 expression level had a
poor overall survival. Functionally, circ0001361 promoted BC cell invasion and metastasis both in vitro and in vivo, but had
no effect on cell cycle and proliferation. Mechanistically, RNA sequencing analysis indicated that MMP9 was upregulated in
circ0001361-overexpressed BC cells, and MMP9 was verified to mediate circ0001361-induced cell migration and invasion.
Furthermore, we demonstrated that circ0001361 could directly interact with miR-491-5p to upregulate MMP9 expression.
Collectively, our findings indicate that circ0001361 plays oncogenic role in BC invasion and metastasis through targeting the
miR-491-5p/MMP9 axis, and it might be a potential novel target for BC therapy.

Introduction

Bladder cancer (BC) is the most common malignant tumor
in the urinary system [1], and the cancer incidence and
mortality rates continue to rise in recent decades [2].
Approximately 25% of urothelial carcinomas are diagnosed
as muscle invasive BC [3], which are associated with a
worse prognosis because of half of the patients with muscle
invasive BC develop distant metastases [4]. However, the
exact mechanisms that regulate BC progression and
metastasis remain unclear. Hence, further exploration of the
biological and molecular mechanisms regulating invasion
and metastasis of BC is crucial for improving the diagnosis
and treatment of BC.

As a new member of non-coding RNA, circRNAs are a
class of covalently closed RNA without a 5′ cap nor a 3′
polyadenylated tail [5–7]. Compared with linear RNA,
circRNAs are more stable and not easily degraded by
exonuclease [8]. CircRNAs were first discovered with
electron microscope in 1979 and were initially considered
as the products of precursor mRNA splicing errors with
little functional potential [9, 10]. In recent years, with the

These authors contributed equally: Feng Liu, Hui Zhang, Fei Xie

* Xiaoping Zhang
xzhang@hust.edu.cn

* Guosong Jiang
jiangguosongdoc@hotmail.com

1 Department of Urology, Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan 430022,
China

2 Department of Urology, The Affiliated Hospital of Qingdao
University, Qingdao 266013, China

3 Department of Oncology, The Fifth Hospital of Wuhan,
Wuhan 430050, China

4 Department of Urology, The First Affiliated Hospital of
Zhengzhou University, Zhengzhou, Henan 450052, China

Supplementary information The online version of this article (https://
doi.org/10.1038/s41388-019-1092-z) contains supplementary material,
which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-019-1092-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-019-1092-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-019-1092-z&domain=pdf
mailto:xzhang@hust.edu.cn
mailto:jiangguosongdoc@hotmail.com
https://doi.org/10.1038/s41388-019-1092-z
https://doi.org/10.1038/s41388-019-1092-z


emergence of next-generation RNA sequencing (RNA-seq),
circRNAs were discovered to be widely expressed in
eukaryotes, indicating that they might have multiple roles in
regulating gene expression [5, 11, 12]. Studies have revealed
that circRNAs can be expressed in a tissue-specific or
developmental stage-specific manner [8, 13, 14]. Impor-
tantly, emerging evidences have demonstrated that cir-
cRNAs are implicated in various human diseases, including
heart failure [15], atherosclerotic [16], neurological disorders
[17], and tumorigenesis [18]. CircRNAs harboring miRNA
response elements can function as miRNA sponges to reg-
ulate the expression of downstream target genes. This notion
has been supported by a series of previous studies. For
example, circRNA CiRS-7 functioned as an effective miR-7
sponge to regulate miR-7 target mRNA expression [5],
heart-related circRNA (HRCR) protected the heart from
pathological hypertrophy and heart failure by sponging miR-
223 [15], and circMTO1 suppressed hepatocellular carci-
noma cell progression by acting as the sponge of oncogenic
miR-9 to enhance p21 expression [19].

In recent years, the relationship between circRNAs and
cancer has become a focused issue in the field of cancer
research, and hundreds of circRNAs have been demon-
strated to be aberrantly expressed in various human cancers
[18–25], including BC. CircRNAs have been discovered to
be associated with cellular proliferation, apoptosis, epithe-
lial to mesenchymal transition (EMT), invasion, and
metastasis of BC [20, 21, 23, 26]. Our previous studies have
verified some downregulated circRNAs in the development
and progression of BC, including circHIPK3 [14], circRNA
BCRC-3 [20], and circNR3C1 [21]. Meanwhile, other stu-
dies have also found the crucial role of circRNAs in BC
progression. For example, circRNA-MYLK has been dis-
covered to promote BC occurrence and metastasis through
VEGFA/VEGFAR2 signaling pathway [25], circTCF25 has
been demonstrated to facilitate the proliferation and
migration of BC by acting as miR-103a-3p/miR-107 sponge
to increase the expression of CDK6 [27], and it showed that
circPRMT5 could promote BC metastasis through sponging
miR-30c to induce EMT [26]. However, the potential
mechanisms and biological functions of most abnormally
expressed circRNAs in BC remain unclear. Therefore, more
dysregulated circRNAs still need to be clarified for inves-
tigating biological and molecular mechanisms associated
with BC progression, which is expected to make a break-
through in the clinical application for BC treatment.

In this study, we focused on the upregulated circRNAs
based on our RNA-Seq data for the first time, and dis-
covered that circ000136, which has not been reported pre-
viously, was upregulated in BC tissues and cell lines, and
high expression of circ0001361 was positively associated
with pathologic grade and muscle invasion. Importantly, we
found that circ0001361 could directly sponge miR-491-5p

to upregulate MMP9 expression and consequently enhance
the invasion and metastasis of BC. Therefore, circ0001361
may serve as an oncogene to promote BC metastasis. Our
study provides a novel therapeutic target for BC.

Results

Circ0001361 is upregulated in BC tissues and cell
lines, and mainly distributes in the cytoplasm

Our previous studies discovered that hundreds of circRNAs
were aberrantly expressed in BC using RNA-seq analysis of
ribosomal RNA-depleted total RNA from three paired BC
tissues and matched nontumorous tissues, and we have
confirmed that the downregulated circRNAs circHIPK3
[14], circRNA BCRC-3 [20], and circNR3C1 [21] play
inhibitory roles in BC progression. In this study, we focused
on the upregulated circRNAs and screened the candidates
according to the following criteria: (1) FC (fold change) ≥ 2
and P < 0.05; (2) read scores ≥2; (3) upregulated in each
pair; (4) validated in circBase (http://www.circbase.org/)
(Fig. 1a). Subsequently, circ0001361, which was sig-
nificantly upregulated in BC tissues compared with paired
normal tissues, was selected for further study. The genomic
structure indicates that circ0001361 is composed of exons 2
and 3 of FNDC3B gene (GenBank: NM_022763).
FNDC3B can produce a variety of different circRNAs. For
example, circFNDC3B is derived from exons 5 and 6 of the
FNDC3B gene [28]. Circ0001361 is a novel circRNA
generated from FNDC3B, which has not been studied pre-
viously. Subsequently, the head-to-tail splicing of
circ0001361 was further confirmed by Sanger sequencing
(Fig. 1b). However, we cannot exclusive the possibilities
that head-to-tail splicing might be the results of trans-
splicing or genomic rearrangements [29]. In order to rule
out these two possibilities, convergent primers and special
divergent primers were designed to amplify FNDC3B
mRNA and circ0001361, and both cDNA and gDNA
extracted from T24T and UMUC3 cells were used as tem-
plates. The results indicated that circ0001361 could be
amplified only in cDNA by divergent primers, but not in
gDNA (Fig. 1c). Furthermore, we confirmed that
circ0001361 was much more resistant to RNase R than
linear FNDC3B mRNA (Fig. 1d, e).

Then, we evaluated the expression of circ0001361 in 69
cases of clinical BC tissues with different stages and their
corresponding adjacent normal bladder mucosa tissues
using qRT-PCR. A significant upregulation of circ0001361
expression was observed in BC tissues compared with their
adjacent normal bladder tissues (Fig. 1f). Furthermore,
upregulation of circ0001361 in BC patients was positively
correlated with the clinical indicators including BC
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pathologic grade, clinical stage, vessel invasion and muscle
invasion (Table 1). In addition, Kaplan–Meier survival
analysis implied that BC patients with high circ0001361

expression level had a poor overall survival (OS) (Fig. 1g).
Consistent with these findings, invasive BC cells lines (EJ,
T24T, and UMUC3) showed significantly increased
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circ0001361 expression compared with superficial non-
invasive BC cell lines (5637 and RT4) and normal uro-
thelial epithelial cells (SV-HUC-1) (Fig. 1h). In order to
further obtain the cell distribution of circ0001361, RNA
fluorescence in situ hybridization (FISH) assay was con-
ducted, and the results indicated that circ0001361 mainly
localized in the cytoplasm (Fig. 1i).

Circ0001361 promotes invasion and metastasis of
BC cells in vitro and in vivo

To explore the functions of circ0001361 in BC, vectors
containing shRNA sequences specifically target the back-
splicing region of circ0001361 were stably transfected into
T24T and UMUC3 cells, and it was confirmed that
circ0001361 expression was profoundly downregulated,
while the linear FNDC3B mRNA level was not affected (Fig.
2a). The wound-healing assay revealed that silencing of
circ0001361 significantly inhibited cell migration (Fig. 2b).
Transwell migration and matrigel invasion assays further
demonstrated that silencing of circ0001361 significantly
suppressed BC cell migration and invasion (Fig. 2c). To
further address the role of circ0001361 in BC, T24T, and
UMUC3 cells with stable overexpression of circ0001361
were constructed (Fig. 2d). Consistently, transwell and
wound-healing assays showed that stable overexpression of
circ0001361 remarkably promoted BC cell migration and
invasion (Fig. 2e, f). On the other hand, CCK8, EdU and cell
cycle assays were performed, and the results demonstrated
that knockdown or overexpression of circ0001361 in T24T
and UMUC3 cells had no obvious effect on cell proliferation
and cell cycle progression (Supplementary Fig. 1a–d).

To investigate the effects of circ0001361 on BC metas-
tasis in vivo, we established a nude mouse lung metastasis
model by tail vein injecting of circ0001361-knocked down
UMUC3 cells. The tumor lung metastasis was monitored
7 weeks after tail vein injection of UMUC3 cells. Biolumi-
nescence imaging and hematoxylin and eosin (H&E) staining
showed that knockdown of circ0001361 significantly
decreased the number of pulmonary metastasis focuses
(Fig. 2g, h). Taken together, these results indicated that
circ0001361 played an oncogenic role to promote invasion
and metastasis in BC.

Circ0001361 facilitates BC cell invasion by targeting
MMP9

We have discovered that circ0001361 especially promoted
BC cell invasion and metastasis both in vitro and in vivo,
but did not affect cell proliferation or cell cycle progression.
Subsequently, transcriptome analysis was performed to find
the downstream target that mediated circ0001361-induced
cell invasion and metastasis in BC. A total of 16 mRNAs
were upregulated and 50 mRNAs were downregulated in
circ0001361-overexpressed T24T cells, while 57 mRNAs
were upregulated and 32 mRNAs were downregulated in
circ0001361-overexpressed UMUC3 cells (Supplementary
Table 1 and Supplementary Fig. 2a, b). Among these dif-
ferentially expressed mRNAs, only MMP9 was upregulated
in both T24T and UMUC3 cells, whereas no consistently
downregulated gene was observed (Fig. 3a, b). These results
were further confirmed by qRT-PCR, which showed that
the expression level of MMP9 mRNA was increased in
circ0001361-overexpressed cells and decreased in
circ0001361-silenced cells (Fig. 3c, d). Then, a series of key
proteins associated with BC invasion including Heparanase
(HPSE), MMP2, MMP9, E-cadherin, and Vimentin were
detected by western blot. The results indicated that the
protein level of MMP9 was significantly upregulated in
circ0001361-overexpressed cells and downregulated in
circ0001361-deficient cells, while the levels of other pro-
teins did not change (Fig. 3e, f). To explore the effect of
circ0001361 on MMP9 expression in vivo, we detected
both mRNA and protein levels of MMP9 in lung metastatic
nodules. The qRT-PCR results showed that the expression
levels of circ0001361 and MMP9 were decreased in
circ0001361-silenced group compared with the control
group (Fig. 3g). Consistently, immunohistochemical (IHC)
analysis showed that the expression of MMP9 protein in BC
lung metastases was decreased by silencing of circ0001361
(Fig. 3h). To further address whether MMP9 was the major
downstream effector of circ0001361, cell migration and
invasion abilities were examined. It showed that over-
expression of MMP9 could significantly rescue cell
migration and invasion inhibition induced by circ0001361

Fig. 1 Circ0001361 is upregulated in BC tissues and cell lines, and
mainly distributes in the cytoplasm. a Flowchart depicted the identi-
fication of circ0001361 as an upregulated circRNA in BC. b Sche-
matic illustration showed the circularization of FNDC3B exon 2 and 3
formed circ0001361. The back-splice junction of circ0001361 was
identified by Sanger sequencing. c As shown by agarose gel electro-
phoresis, circ0001361 could only be amplified with the divergent
primers in cDNA, but not in gDNA. d, e The expression levels of
circ0001361 and FNDC3B mRNA in UMUC3 cells were evaluated by
RT-PCR or qRT-PCR detections of total RNA samples with or without
(mock) RNase R treatment. f The expression level of circ0001361 in
69 paired of BC and corresponding adjacent tissues was determined by
qRT-PCR. GAPDH was used as a loading control. g Kaplan–Meier’s
analyze of correlation between circ0001361 expression level and
overall survival of 69 patients with BC (n= 69, p= 0.0042, log-rank
test). h The expression level of circ0001361 in bladder noncancer cell
line (SV-HUC-1) and cancer cell lines (RT4, 5637, EJ, T24T, and
UMUC3) was detected by qRT-PCR. i RNA FISH images showed that
circ0001361 was mainly distributed in the cytoplasm of UMUC3
(circ0001361, 18S and RNU6-1 probes were labeled with Cy3, the
nuclei stained with DAPI). Scale bar, 10 μm. Data are presented as the
means ± SEM of three independent experiments. *P < 0.05; **P <
0.01; ***P < 0.001 (Student’s t test)
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knockdown (Fig. 4a). Meanwhile, qRT-PCR and western
blot revealed that overexpression of MMP9 could sig-
nificantly reverse the decrease of MMP9 expression caused
by circ0001361 knockdown (Fig. 4b, c). Collectively, these
results indicated that MMP9 mediated circ0001361-induced
promotion of invasion and metastasis in BC.

Circ0001361 directly interacts with miR-491-5p in BC
cells

To further clarify how circ0001361 promoted the expres-
sion of MMP9, 5′-UTR, promoter region, and 3′-UTR
related luciferase reporters of MMP9 were respectively
constructed. Dual-luciferase reporter assay showed that
overexpression or knockdown of circ0001361 could
increase or decrease the luciferase activity of MMP9 3′-
UTR reporter, respectively, while the activities of MMP9
promoter and its 5′-UTR were not changed (Fig. 5a, b),
which indicated that circ0001361 promoted MMP9
expression by enhancing MMP9 3′-UTR activity. Given the
important role of miRNA in the regulation of mRNA 3′
UTR activity [30], TargetScan database was used to analyze
the potential miRNA binding sites of MMP9 3′-UTR region
and 60 miRNAs were predicted. It has been shown that
circRNAs can function as miRNA sponges to regulate the
expression of downstream genes [5, 31]. We next explored
whether circ0001361, located in the cytoplasm, might
function as miRNA sponge. RNAhybrid database was used
to predict the potential circ0001361-targeted miRNAs and

155 miRNAs were selected from the database. Interestingly,
among the 155 miRNAs, 4 miRNAs (miR-491-5p, miR-
204-5p, miR-892b and miR-3691) were predicted to bind to
MMP9 3′-UTR region (Fig. 5c).

To elucidate whether circ0001361 could directly bind
these candidate miRNAs, RNA pull-down assay was con-
ducted with specific biotin-labeled circ0001361 probe. The
efficiency and specific of pull-down assay were verified by
the results that circ0001361 could be specifically enriched
by circ0001361 probe (Fig. 5d, e). Then, the relative levels
of the four candidate miRNAs pulled down by circ0001361
were evaluated. We found that only miR-491-5p was
abundantly pulled down in both T24T and UMUC3 cell
lines, while miR-204-5p was slightly pulled down (Fig. 5f).
Therefore, we chose miR-491-5p for further study. Two
potential binding sites of miR-491-5p were identified in
circ0001361 sequences (ΔG <−20 kcal/mol) (Supplemen-
tary Fig. 3a, b). To define which binding site was func-
tional, we separately mutated these two binding sites in
circ0001361 overexpression vector and detected whether
the mutants could still enrich miR-491-5p (Fig. 5g). The
results showed that miR-491-5p pulled down by
circ0001361 mutants was significantly decreased after
mutation of binding site 1, or both site 1 and site 2, whereas
this effect was not observed while only binding site 2 was
mutated (Fig. 5h). These data indicated that binding site1
was essential for circ0001361 to sponge miR-491-5p. In
order to further illustrate the direct interaction between
miR-491-5p and circ0001361, biotinylated miR-491-5p

Table 1 Clinicopathological
features and expression of
circ0001361 in 69 patients with
bladder cancer

Circ0001361 expression P value

Variables Group Cases Low % High %

Age at surgery <60 18 8 44.4 10 55.6 0.2448

≥60 51 15 29.4 36 70.6

Gender Male 54 16 29.6 38 70.4 0.2156

Female 15 7 46.7 8 53.3

pathological stage pTa-T1 25 14 56.0 11 44.0 0.0026**

pT2-T4 44 9 20.5 35 79.5

Tumor sizes <3.0 cm 27 8 29.6 19 70.4 0.6008

≥3.0 cm 42 15 35.7 27 64.3

Grade Low 19 12 63.2 7 36.8 0.0012**

High 50 11 22.0 39 78.0

Blood vessel invasion Absent 53 22 41.5 31 58.5 0.0204*

Present 16 1 6.3 15 93.7

Muscle invasion NMIBC 25 14 56.0 11 44.0 0.0026**

MIBC 44 9 20.5 35 79.5

lymphatic metastasis Absent 60 20 33.3 40 66.7 0.7046

Present 9 3 33.3 6 66.7

Total 69 23 46

Chi-square test

*P < 0.05; **P < 0.001
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Fig. 2 Circ0001361 promotes invasion and metastasis of BC cells
in vitro and in vivo. a The expression levels of circ0001361 and
FNDC3B in T24T and UMUC3 cells stably transfected with sh-
circ0001361 or corresponding negative control were detected by qRT-
PCR. b The cell migration capability was evaluated by the wound-
healing assay in circ0001361-silenced cells and corresponding control
cells. Scale bar, 200 μm. c Silencing of circ0001361 inhibited cell
migration and invasion capacities, as determined by transwell migration
and matrigel invasion experiments. Scale bar, 100 μm. d The expression
levels of circ0001361 and FNDC3B in T24T and UMUC3 cells after
stable transfection of circ0001361 or vector plasmids were detected by

qRT-PCR. e Overexpression of circ0001361 enhanced cell migration
capacity, as determined by the wound-healing assay. Scale bar, 200 μm.
f Cell migration and invasion abilities of T24T and UMUC3 cells stably
transfected with vector or circ0001361 were evaluated by transwell
migration and matrigel invasion assays. Scale bar, 100 μm. g Biolumi-
nescence in vivo imaging showed that knockdown of
circ0001361 significantly decreased the number of pulmonary metastasis
focuses (n= 6 per group). h H&E staining showed that knockdown of
circ0001361 led to decreased lung metastatic colonies. Scale bars, 100
and 200 μm. Data are presented as the means ± SEM of three indepen-
dent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 (Student’s t test)
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pull-down assay was performed. It showed that the
enrichment of circ0001361 in miR-491-5p mutant-captured
fraction was largely diminished compared with the

wild-type miR-491-5p-captured fraction (Fig. 5i). On the
other hand, we have also applied biotin-coupled miR-204-
5p mimic pull-down assay and the results indicated that the

1702 F. Liu et al.



enrichment of circ0001361 did not change while miR-204-
5p was mutated (Supplementary Fig. 4a–c), suggesting that
miR-491-5p, but not miR-204-5p, was the major direct
target of circ0001361. In addition, RNA FISH detection
indicated that circ0001361 and miR-491-5p were co-
localized in the cytoplasm (Fig. 5j). Collectively, these
results demonstrated that circ0001361 could directly inter-
act with miR-491-5p in BC cells.

Circ0001361 sponges miR-491-5p to upregulate
MMP9 expression and promote cell invasion in BC

Next, we explore the role of interaction between
circ0001361 and miR-491-5p in regulation of MMP9
expression and cell invasion. Firstly, we detected the

Fig. 4 Circ0001361 facilitates BC cell invasion through targeting
MMP9. a Representative images and quantification results of transwell
migration and matrigel invasion assays for T24T and UMUC3 cells
upon circ0001361 knockdown combined with MMP9 overexpression.
Scale bar, 100 μm. b, c qRT-PCR and western blot were performed to

evaluate the expression of MMP9 in T24T and UMUC3 cells which
were transfected with the indicated plasmids. GAPDH was used as
internal control. The results were derived from three independent
experiments. Data are presented as the means ± SEM of three inde-
pendent experiments. *P < 0.05; **P < 0.01 (Student’s t-test)

Fig. 3 Circ0001361 upregulates MMP9 expression. a Clustered
heatmap of significant differentially expressed mRNAs in T24T and
UMUC3 cells transfected with control vector or circ0001361 over-
expression plasmid. Each sample contained a mixture of three
repeats. b Schematic flowchart showed the overlapping of the upre-
gulated and downregulated mRNAs collection in T24T and UMUC3
cells (filtered by fold change ≥ 2 or ≤−2 and p-value ≤ 0.05). c, d The
mRNA level of MMP9 in BC cells with overexpression or knock-
down of circ0001361 was determined by qRT-PCR. e, f The
expression levels of MMP9, MMP2, HPSE, E-cadherin, and
Vimentin in BC cells with overexpression or knockdown of
circ0001361 were detected by western blot. g qRT-PCR analysis of
circ0001361 and MMP9 expression levels in mice lung metastatic
lesions. h Representative images of immunohistochemistry (IHC)
detection of MMP9 in lung metastatic nodules. Protein expression
levels were analyzed by the comprehensive optical density (IOD/
area) of each staining area by image-pro Plus 6.0. Data are presented
as the means ± SEM of three independent experiments. **P < 0.01;
***P < 0.001 (Student’s t test)
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expression level of miR-491-5p in 69 pairs of BC tissues
and matched noncancer tissues and found that the expres-
sion level of miR-491-5p in BC tissues was significantly
decreased (Fig. 6a). Consistently, miR-491-5p was also
obviously downregulated in EJ, T24T, and UMUC3 cells
compared with SV-HUC-1 cells (Fig. 6b). However, over-
expression or knockdown of circ0001361 did not affect the
expression of miR-491-5p in T24T and UMUC3 cells

(Supplementary Fig. 5a, b). Pearson correlation analysis
also displayed no significant correlation between
circ0001361 expression and miR-491-5p expression in the
69 paired samples of BC (Supplementary Fig. 5c). These
results suggested that the low expression of miR-491-5p
was not regulated by circ0001361 in BC.

Next, we evaluated the effect of miR-491-5p on MMP9
expression. The results showed that miR-491-5p mimics

Fig. 5 Circ0001361 directly interacts with miR-491-5p in BC cells. a,
b The promoter, 5′UTR and 3′UTR of MMP9 luciferase activities
were measured after overexpression or knockdown of circ0001361 in
UMUC3 cells. c Schematic illustration showed the overlapping of the
target miRNAs of MMP9 3′UTR and circ0001361 predicted by Tar-
getScan and RNAhybrid. d, e qRT-PCR and gel electrophoretic results
showed that circ0001361 could be specifically enriched by
circ0001361 probe. Relative level of circ0001361 was normalized to
input. GAPDH was used as negative control. f The relative expression
levels of four miRNAs candidates were detected by qRT-PCR in T24T
and UMUC3 cell lysates. g Schematic graph illustrated the mutants of
potential binding sites between miR-491-5p and circ0001361. Mut #1
and Mut #2, respectively, represented the potential binding site 1 and 2

was mutated, and Mut #3 represented both potential binding sites were
mutated. h The relative levels of circ0001361 mutants and miR-491-5p
pulled down by circ0001361 probe in cell lysates were tested by qRT-
PCR. i Circ0001361 was enriched by biotinylated wild-type miR-491-
5p (Bio-491-5p-wt) or its mutant (Bio-491-5p-mut), and qRT-PCR
was used to determine the relative circ0001361 and GAPDH mRNA
levels. j RNA FISH images showed the co-localization of circ0001361
and miR-491-5p in the cytoplasm of UMUC3 cells (circ0001361 probe
was labeled with Cy3, locked nucleic acid miR-491-5p was labeled
with Dig, and the nuclei were stained with DAPI). Scale bar, 10 μm.
Data are presented as the means ± SEM of three independent experi-
ments. *P < 0.05; **P < 0.01; ***P < 0.001 (Student’s t test)
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significantly decreased MMP9 mRNA and protein levels,
which could be reversed by circ0001361 overexpression
(Fig. 6c, d). Subsequently, to clarify how MMP9 was
regulated by miR-491-5p, luciferase reporters containing
wild type and mutated putative binding sites of MMP9 3′
UTR transcript were constructed (Fig. 6e, lower panel and

Supplementary Fig. 3c). Dual-luciferase reporter assay
showed that the luciferase activity of wild type MMP9 3′
UTR reporter was significantly decreased when the BC cells
were transfected with miR-491-5p mimics, whereas this
effect was not observed in the mutated MMP9 3′UTR
(Fig. 6e, upper panel), indicating that miR-491-5p could

Fig. 6 Circ0001361 sponges miR-491-5p to upregulate MMP9 expres-
sion and promote cell invasion in BC. a, b qRT-PCR results showed that
miR-491-5p was decreased in both BC tissues (n= 69) and cell lines
compared with corresponding para-cancer normal tissues and SV-HUC-1
cells. c, dMMP9 expression level in T24T and UMUC3 cells transfected
with miR-491-5p mimics alone or co-transfected with circ0001361 was
determined by western blot and qRT-PCR. e Upper panel: The relative
luciferase activities of wild type MMP9 3′UTR and its mutant after

transfected with miR-491-5p mimic in T24T and UMUC3 cells. Lower
panel: Schematic graph illustrated the mutation of potential binding site
between miR-491-5p and the 3′-UTR regions of MMP9. f Representa-
tive images and quantification results of transwell migration and matrigel
invasion assay for T24T and UMUC3 transfected with miR-491-5p
mimics alone or co-transfected with circ0001361. Scale bar, 100 μm.
Data are presented as the means ± SEM of three independent experi-
ments. *P < 0.05; **P < 0.01 (Student’s t test)
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directly bind to MMP9 3′UTR region with an inhibitory
effect on its activity. Transwell migration and invasion
assays further indicated that enforced expression of miR-
491-5p significantly inhibited BC cell migration and inva-
sion, and these inhibitory effects could be partly reversed by
circ0001361 overexpression (Fig. 6f). Taken together, these
results revealed that circ0001361 acted as a sponge for miR-
491-5p to upregulate MMP9 expression and promote cell
invasion in BC.

Discussion

Increasing evidences show that circRNAs play an impor-
tant role in the occurrence and development of cancers
[32, 33]. Previously, we have found 524 significantly
downregulated and 47 upregulated circRNAs in BC tissues
by high-throughput sequencing. In the following studies,
we have reported that circHIPK3 inhibited BC cell invasion
by sponging miR-558 and suppressing HPSE expression
[14], circRNA BCRC-3 suppressed BC cell proliferation
through increasing p27 expression [20], and
circNR3C1 sponged miR-27a-3p and downregulated
cyclinD1 expression to impair BC cell proliferation [21].
However, the role of the upregulated circRNAs remains
unclear. In this study, we found that circ0001361 was
upregulated in BC tissues and cell lines. In vitro and in vivo
studies showed that circ0001361 promoted BC cell inva-
sion and metastasis. These results revealed that
circ0001361 might play an oncogenic role in BC, and could
be applied as a potential novel target for BC therapy in
future. On the other hand, it was observed that circ0001361
expression was positively correlated with BC pathological
grade and muscle invasion, and patients with high
expression of circ0001361 tended to have significantly
shorter survival time. It has been generally acknowledged
that, compared with linear mRNA, circRNA is more stable
and easier to detect in cells, plasma and even circulating
exosomes [34, 35]. Thus, circ0001361 could possibly be
used for potential diagnosis and prognosis evaluation of
BC, which need to be further validated.

CircRNAs have been suggested to function as miRNA
sponges with following characteristics: (1) derived from
protein encoding exons; (2) mainly distributed in cyto-
plasm [36]. Given that circ0001361 derives from two
exons of FNDC3B gene and mainly locates in the cyto-
plasm, we have demonstrated that circ0001361 acts as
miRNA sponge to regulate downstream target gene. Pre-
viously, studies indicated that circRNAs, functioned as
miRNA sponges, required multiple binding sites for the
same miRNA, such as ciRS-7, Sry circRNA, and HRCR
[5, 15]. In the present study, we found that circ0001361
contained two miR-491-5p binding sites, and further

confirmed that only one of the binding sites was effective.
Similarly, recent studies also showed that a lot of cir-
cRNAs only contained one or two binding sites for certain
miRNAs, and could act as efficient miRNA sponges, such
as circIRAK3 [37], circFNDC3B [28], circ101555 [38],
and circTP63 [39]. Hence, we propose that circRNA may
not require multiple binding sites for the same miRNA to
function as miRNA sponge, and even one effective bind-
ing site is sufficient. Nevertheless, whether circ0001361
involves in other biological processes, such as binding
RNA-binding proteins [22, 40, 41] or translating peptides
[42, 43], still requires further investigation.

The abnormal expression of miRNAs in many human
cancers plays important roles in tumorigenesis, develop-
ment, and metastasis [44, 45]. MiR-491-5p has been
reported to act as a tumor suppressor in multiple types of
cancers [46–49], including oral squamous cell carcinoma,
gastric cancer, prostate cancer and breast cancer. However,
the role of miR-491-5p in BC has not been elucidated. In
this study, we found that overexpression of miR-491-5p
could inhibit BC cell migration and invasion, suggesting
that miR-491-5p functioned as a tumor suppressor in BC.
MMP9, an important oncogene, belongs to the zinc-
dependent endopeptidase family, can degrade extracellular
matrix and plays a vital role in tumorigenesis and metastasis
[50]. Moreover, previous study indicated that MMP9 was
closely associated with the development of invasive BC
[51, 52]. It has been reported that miR-491-5p can inhibit
invasion of gastric, breast and lung cancer cell lines via
targeting MMP9 mRNA 3′UTR [53]. In this study, we have
confirmed that miR-491-5p/MMP9 axis is critical for
circ0001361-mediated oncogenic function in BC. Our study
provides further evidences for the posttranscriptional reg-
ulation of MMP9 by circRNA and miRNA in BC cells.
Previous studies have identified that miRNA biogenesis is
regulated at multiple levels, including at the level of
miRNA transcription, genetic alterations, and post-
transcriptional regulation [54]. Interestingly, miR-491-5p’s
host gene, KIAA1797/FOCAD, has been reported to act as
a tumor suppressor gene in glioma [55] and colorectal
cancer [56], suggesting that the downregulation of miR-
491-5p might correlated with the inhibition of its host gene.
Nevertheless, the exact regulatory mechanisms still need to
be explored in future studies.

In conclusion, our study found that the novel circRNA
circ0001361 was upregulated in BC tissues and was posi-
tively correlated with pathologic grade, as well as muscle
invasion of BC. Importantly, higher circ0001361 expression
was significantly associated with poor OS rate in BC
patients. Functionally, circ0001361 promoted BC cell
invasion and metastasis both in vitro and in vivo.
Mechanistically, circ0001361 increased MMP9 expression
via acting as miR-491-5p sponge. Taken together, our study
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clarified that circ0001361 acted as an oncogenic circRNA
through targeting miR-491-5p/MMP9 axis, and provided a
new target for the diagnosis and treatment of BC.

Materials and methods

The detailed procedures of siRNA synthesis, interference
and overexpression vector construction, cell transfection,
RT-PCR, qRT-PCR, RNase R treatment, wound-healing
and transwell assays, cell viability assay, 5-Ethynyl-2′-
deoxyuridine (EdU) assay, cell cycle assay, RNA FISH,
western blotting, immunohistochemistry, oligo pull-down
assay, and bioinformatics analysis are described in Sup-
plementary Materials and methods.

Tissue of BC patients

A total of 69 pairs of BC tissues and matched adjacent
normal bladder epithelial tissues (with a distance of
≥3 cm from the edge of cancer tissues) were obtained
from BC patients who underwent radical cystectomy at
Union Hospital of Tongji Medical College of Huazhong
University of Science and Technology (Wuhan, China)
from January 2014 to February 2017. None of the
patients received chemotherapy or radiotherapy before
surgery. All the specimens were identified by at least two
experienced clinical pathologists independently accord-
ing to the criteria of the sixth edition TNM classification
of the International Union Against Cancer. These tissues
were immediately frozen in liquid nitrogen, and then
stored at −80 °C. The clinical information of the patients
and the pathological features of all BC tissue specimens
are listed in Table 1. We got the permission of the
Institutional Review Board of Tongji Medical College of
Huazhong University of Science and Technology and
signed the informed consent with all patients before the
research started.

Cell lines and cell culture

Human BC cell lines EJ, UMUC3, RT4, 5637, and human
immortalized uroepithelium cell line (SV-HUC-1) were
obtained from American Type Culture Collection (ATCC,
USA). The human BC cell line T24T was provided by Dr Dan
Theodorescu (Departments of Urology, University of Vir-
ginia) as described previously [14]. SV-HUC-1 cells were
cultured in F-12 K medium (Gibco, USA), T24T and
UMUC3 cells were cultured in Dulbecco’s modified Eagle’s
medium (Thermo Scientific, USA), and 5637, EJ and RT4
cells were cultured in RPMI-1640 medium (Gibco, USA)
supplemented with 10% FBS (Gibco, USA) and 1% peni-
cillin/streptomycin (Gibco, USA) in an incubator at 37 °C

with humidified atmosphere of 5% CO2. All cell lines were
confirmed 4–6 months before use by using a short tandem
repeat method and were tested negative for mycoplasma
contamination.

UID (unique identifier) RNA sequencing

The gene expression profiles of circ0001361-overexpressed
T24T and UMUC3 cells and the corresponding control cells
were determined by UID-RNA-seq (SeqHealth Tech,
China). Significant differentially expressed transcripts were
screened by FC ≥ 2 or ≤−2 and p-value ≤ 0.05 (Supple-
mentary Table 1). The UID-RNA-seq data were deposited at
the NCBI Gene Expression Omnibus database (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE136919) with
accession number GSE136919.

Animal studies

The animal studies were carried out in accordance with NIH
Guidelines for the Care and Use of Laboratory Animals and
approved by the Animal Care Committee of Tongji Medical
College (approval number: 20182163). For the in vivo
tumor metastasis studies, 4-week-old male BALB/c nude
mice were randomly divided into three groups (n= 6 per
group). UMUC3 cells that stably transfected with
circ0001361 knockdown plasmid or negative control plas-
mid were injected into the nude mice via tail vein (2 × 106

cells per mouse), respectively. Seven weeks after tail vein
injection, all the mice were sacrificed. For animal studies,
no blinding was done. The In-Vivo FX PRO (BRUKER
Corporation, USA) was used to obtain fluorescence images
of xenografts in nude mice.

Dual-luciferase reporter assay

T24T and UMUC3 cells were seeded in 24-well plate (6 ×
104 cells per well) 24 h before transfection. The pGL3-basic
MMP9 promoter/5′-UTR and renilla luciferase reporter
vectors (pRL-TK) were co-transfected with circ0001361
overexpression plasmid/shRNA plasmids, respectively, to
examine the promoter and 5′-UTR activities of MMP9.
Meanwhile, the psiCHECK2 MMP9 3′-UTR reporter vector
were co-transfected with circ0001361 overexpression plas-
mid/shRNA plasmids to determine the 3′-UTR activity of
MMP9. On the other hand, the cells were co-transfected
with psiCHECK2 MMP9 3′-UTR-wide type/mutant repor-
ter vector and miR-491-5p mimics (20 nM) to examine the
miRNA binding abilities. After transfection for 48 h, the
firefly and Renilla luciferase activities were measured with
Dual-Luciferase® Reporter Assay System (Promega, USA)
according to the manufacturer’s protocol. The details of
primers are listed in Supplementary Table 2.
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Statistical analysis

All the data statistical analyses were performed using
GraphPad Prism 7.0 software (La Jolla, USA), and were
indicated as means ± standard error of the mean (SEM).
Comparison between two groups was performed with
two-tailed Student's t test. The relationship between
circ0001361 expression and clinicopathologic character-
istics was explored by chi-squared test. Correlation
between circ0001361 and miR-491-5p expression was
analyzed by Pearson’s correlation. Kaplan–Meier survival
curve and log-rank test were employed to depict the OS
distributions of BC patients with different expression
levels of circ0001361. One-way analysis of variance was
performed to evaluate the group difference. P < 0.05 was
considered statistically significant.
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