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A B S T R A C T

Accumulating evidences suggest that circular RNAs play vital roles in human cancers. Previously, we found that
circHIPK3 suppressed invasion of bladder cancer cells via sponging miR-558 and downregulating heparanase
expression. In this study, we discovered that a circular RNA derived from NR3C1 (circNR3C1) was down-
regulated in bladder cancer tissues and cell lines according to RNA-Seq data and qRT-PCR analysis. Functionally,
we found that overexpression of circNR3C1 could significantly inhibit cell cycle progression and proliferation of
bladder cancer cells in vitro, as well as suppress tumor growth in vivo. Mechanistically, we demonstrated that
circNR3C1 possessed four targeting sites of miR-27a-3p and could effectively sponge miR-27a-3p to suppress the
expression of cyclin D1. Furthermore, we revealed that miR-27a-3p functioned as an oncogene through inter-
acting with 5′UTR of cyclin D1 to enhance its expression, which led to promote cell cycle progression and
proliferation in bladder cancer cells. Conclusively, our findings further confirm the hypothesis that circRNAs
function as “microRNA sponges”, and our data suggest that circNR3C1 and miR-27a-3p would be potential
therapeutic targets for bladder cancer treatment.

1. Introduction

Bladder cancer is one of the most frequently occurring malignancies
of urinary system worldwide [1]. Both the incidence and mortality of
bladder cancer have risen steadily in recent decades. Recent studies
suggest that bladder cancer comprises a group of molecularly hetero-
geneous diseases which lead to various clinical features and possess
diverse therapeutic responses [2]. Thus, development of precise stra-
tegies is worthy and important.

As a new type of RNAs, covalently closed circular RNA molecules
(circRNAs) were originally discovered in plant viroids [3], hepatitis
virus [4] and eukaryotic cells [5] more than 40 years ago. Subse-
quently, a handful circular RNAs were identified in human [6,7] and
mouse [8], and were considered as by-products of aberrant splicing
with little functional potential [9]. Next-generation RNA sequencing
(RNA-Seq) from nonpolyadenylated RNA transcripts and bioinformatic

analyses recently demonstrated that circRNAs were widely expressed in
diverse mammalian cell lines and across various species [10–12]. Un-
like known unidimensional lncRNAs, circRNAs in general were pro-
duced from pre-mRNAs back splicing events, which covalently linked
the 3′ and 5′ ends of exons or introns together and formed single-
stranded continuous loop structures with neither a 5′ cap nor a 3’
polyadenylated tail [13–16]. Compared to linear RNAs, circRNAs were
much more resistant to RNase R and more stable, which was probably
due to the absence of 5′ and 3′ ends [17]. Studies have revealed that
circRNAs displayed some conservation, high abundance, cell type- or
tissue- and developmental stage-specific expression [10,18]. Recently,
the functions of circRNAs in regulating gene expression were reported
by a series of investigations, and dozens of circRNAs have been shown
to play important roles in human cancers including oral cancer [19],
glioma [20], hepatocellular carcinoma [21], colorectal cancer [22] and
bladder cancer [23].
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MicroRNAs (miRNAs) which are just 19-22 bases in length are en-
dogenous small noncoding RNAs that regulate the expression of pro-
tein-coding genes by direct base pairing to target sites within un-
translated regions of mRNAs [24]. A growing body of evidences
demonstrated that miRNAs produced great effects on bladder cancer
genesis, development, progression, and metastasis [25]. Recently,
miRNAs have been reported to be sponged by circRNAs, which function
as competing endogenous RNAs to negatively regulate biofunctions of
miRNAs [13]. It was reported that miR-29a could be sponged by cir-
cMYLK, which significantly contributed to bladder cancer progression
[26]. Our previous study has verified that circHIPK3 could sufficiently
interact with miR-558 and subsequently suppressed metastasis and
angiogenesis in bladder cancer [23]. However, the functions of other
dysregulated circRNAs still need to be elucidated in human bladder
cancer progression.

Previously, we have analyzed the expression profile of circRNAs in
human bladder cancer tissues and paired normal tissues through High-
Throughput Sequencing [23]. In the present study, we firstly confirmed
that circNR3C1, which we also named it as bladder cancer related cir-
cular RNA-1 (BCRC-1, GenBank: KU921432.1), was downregulated in
bladder cancer tissues and cell lines compared to normal tissues and
urothelial cell line. Importantly, we found that circNR3C1 could effi-
ciently bind miR-27a-3p to suppress the expression of cyclin D1, and
consequently inhibit cell proliferation and cell cycle progression of
bladder cancer cells.

2. Methods and materials

2.1. Human tissue specimens

Tissue specimens of bladder cancer and paired adjacent normal
bladder tissues were prepared as described [23]. Before we collected
the samples, we have received the approval from the Institutional Re-
view Board of Huazhong University of Science and Technology (Wuhan,
China). All specimens were classified according to the 2004 World
Health Organization Consensus Classification and TMN staging system
for bladder neoplasms. Detailed Clinicopathological features were
shown in Supplementary Table 1.

2.2. Cell culture and treatments

The human metastatic bladder cancer cell line T24T, which is a
lineage-related lung metastatic variant of invasive bladder cancer cell
line T24 [27], was provided by Dr. Dan Theodorescu (Departments of
Urology, University of Virginia, Charlottesville, VA). Human bladder
cancer cell lines EJ, UMUC3, J82, 5637 and human immortalized ur-
oepithelium cell line (SV-HUC-1) were purchased from American Type
Culture Collection (ATCC, USA). All the cell lines were cultured in F-
12K medium (Gibco, China) supplemented with 10% fetal bovine serum
(Gibco) and 1% penicillin/streptomycin (Gibco) and maintained at
37 °C in a humidified atmosphere with 5% CO2.

2.3. Nucleic acid preparation, RNase R treatment and real time PCR

Genomic DNA (gDNA) was isolated with QIAamp DNA Mini Kit
(QIAGEN, Germany). Total RNA from tissue specimens and cell lines
was extracted using RNeasy Mini Kit (QIAGEN, Germany) following the
manufacturer's instructions. For RNase R treatment, total RNA was in-
cubated 15min at 37 °C with or without 3 U/mg of RNase R (Epicenter,
WI, USA). The RNA treated with RNase R was subsequently purified
using RNeasy MinElute cleaning Kit (Qiagen). Complementary DNA
(cDNA) was synthesized using the PrimeScript RT Master Mix (Takara,
Dalian, China) from 500 ng of RNA with random or oligo (dT) primer.
For detection of circRNAs, mRNAs and miRNAs expression levels, the
quantitative real-time PCR analyze (qRT-PCR) was performed using
SYBR Premix Ex Taq™ kit (Takara) and StepOnePlus Real-Time PCR

System (Applied Biosystems, Carlsbad, CA, USA). The values of 2−ΔΔCT

relative to one of the samples were calculated to analyze relative ex-
pression levels of the RNAs. GAPDH was used to normalize the relative
expression levels of circRNAs and mRNAs, and RNU6-1 was used to
normalize the relative expression levels of miRNAs. All the primers are
listed in Supplementary Table 2.

2.4. PCR amplification and sanger sequencing

cDNA and gDNA templates were amplified using PCR Master Mix
(2× ) (Thermo Fisher Scientific, Waltham, MA, USA) following the
manufacturer's protocol for 38 cycles. The PCR products were observed
and acquired under ultraviolet after electrophoresis in 1%–3%
GelGreen™ (Biotium, CA, USA) stained agarose gel. Subsequently, the
PCR products were extracted by E.Z.N.A.® Gel Extraction Kit (Omega
Bio-tek, Inc., USA), and were sent to TsingKe Biological Technology
(Beijing, China) for sanger sequencing. The Primers for Sanger se-
quencing were provided in Supplementary Table 2.

2.5. Northern blotting

Digoxigenin (DIG)-labeled circNR3C1 or NR3C1 probes were pre-
pared with DIG Labeling Kit (MyLab Corporation, Beijing, China) ac-
cording to the manufacturer's instructions. Total RNA (5ug) extracted
from circNR3C1 plasmid or vector transfected cells (EJ and T24T) and
DIG-labeled RNA molecular weight marker (Roche, USA) were loaded
on a 1.2% agarose gel with 1% formaldehyde and run for 1 h in MOPS
buffer. The gel was soaked in 10 × SSC for 10 min, and the RNA was
transferred onto Hybond-N+ membranes (GE Healthcare, USA) by
capillary transfer overnight. Membranes were washed, and the RNA
was fixed onto the membrane by UV cross-linker (UVP, CA, USA) for
15 min. Pre-hybridization was carried out at 72 °C for 1 h and hy-
bridization was performed with DIG-labeled circNR3C1 probe at 72 °C
overnight. The membranes were briefly washed twice in 2× SSC and
0.1% SDS at room temperature and washed stringently two additional
times in 0.1× SSC and 0.1% SDS at 55 °C for 30min. The detection was
carried out using DIG colorimetric detection kit (MyLab, China) fol-
lowing the manufacturer's instructions. Images were taken in natural
night with digital camera (Nikon, Japan). The probe sequences are
listed in Supplementary Table 2.

2.6. Plasmids construction and transfection

CircNR3C1 over-expression plasmid was constructed by TSINGKE
(Beijing, China) based on pcD-ciR vector, which contained a front cir-
cular frame and a back circular frame [23]. To construct Luciferase
reporter vectors of human cyclin D1 5′UTR, the 5′ UTR cDNA of cyclin
D1 was prepared using PCR amplification, and was cloned into pGL3.0-
control vector between HindIII and NcoI digest sites. The mutants of
cyclin D1 5′UTR were provided by TSINGKE (Beijing, China). Cell lines
were transfected using Lipofectamine 2000 (Life Technologies, USA)
according to the manufacturer's instructions. Stable cell lines were es-
tablished by treatment of G418 (Life Technologies, Carlsbad, CA, USA)
for about 4 weeks. The primers for constructing plasmids were listed in
Supplementary Table 2.

2.7. RNA fluorescence in situ hybridization (FISH)

Cy3-labeled circNR3C1 and Fam-labeled miR-27a-3p probes were
obtained from RiboBio (Guangzhou, China). Hybridizations were car-
ried out using Fluorescent in Situ Hybridization Kit (RiboBio, China)
according to the manufacturer's instructions. All fluorescence images
were captured using Nikon A1Si Laser Scanning Confocal Microscope
(Nikon Instruments Inc, Japan).
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2.8. Pull-down assay with biotinylated circNR3C1 probe

The biotinylated probe of circNR3C1 which was complemented to
the back-splicing junction of circNR3C1 was synthesized by TSINGKE
(Beijing, China). The sequence of circNR3C1 probe was listed in
Supplementary Table 2. Pull-down assay was performed as described
[23]. Briefly, about 1×107 bladder cancer cells which were trans-
fected with vector or circNR3C1 over-expression plasmid were har-
vested, crosslinked, lysed, and sonicated. The cell lysates were in-
cubated with appropriate circNR3C1 probe or oligo probe at 37 °C for
4 h in Hybridization Buffer. Subsequently, the lysates with or without
circNR3C1-probe complex were incubated with appropriate C-1 mag-
netic beads (Life Technologies) for 30min. Then, the beads were wa-
shed thoroughly with wash buffer, and the RNA complexes combining
on the beads were isolated with RNeasy Mini Kit (QIAGEN, China) for
RT–PCR or qRT-PCR.

2.9. Pull-down assay with biotinylated miR-27a-3p

This experiment was performed as previous report described [28].
The biotinylated miR-27a-3p probe was synthesized by RiboBio
(China). Briefly, wild type and mutant type of biotinylated miR-27a-3p
(50 nM) were transfected into EJ and T24T cells using Lipofectamine
RNAiMax. After 48 h of transfection, the cells were harvested and so-
nicated. Then, 10 μl of the cell lysates were sucked out for input, and
the remaining lysates were incubated with C-1 magnetic beads (Life
Technologies) at 4 °C overnight. Next, the beads were washed with
wash buffer, and the RNAs captured by beads were extracted using
RNeasy Mini Kit (QIAGEN). Finally, qRT-PCR was performed to detect
relative circNR3C1 expression level. The sequences of biotin-miR-27a-
3p probes were listed in Supplementary Table 2.

2.10. Western blotting

The total proteins were prepared and their concentrations were
detected as we previously described [23]. Antibodies against CDK2
(Cat. No: 10122-1-AP), CDK4 (Cat No: 11026-1-AP), CDK6 (Cat. No:
14052-1-AP), cyclin D1(Cat. No: 60186-1-Ig), cyclin E (Cat. No: 11554-
1-AP), P21 (Cat. No: 10355-1-AP), P27 (Cat. No: 25614-1-AP), β-actin
(Cat. No: 60008-1-Ig), HRP-conjugated secondary goat anti-mouse (Cat.
No: SA00001-1) and goat anti-rabbit (Cat. No: SA00001-2) antibodies
were purchased from Proteintech Group (Rosemont, IL, USA). Im-
munoreactive bands were detected using the Immobilon ECL substrate
kit (Millipore, Merck KGaA, Germany). The images were acquired by
using BioSpectrum 600 Imaging System (UVP, CA, USA). The grey va-
lues were calculated using Image J 1.46r software, and β-actin was used
as protein loading control.

2.11. Cell Counting Kit-8(CCK-8) assay

The cell viability was detected by Cell Counting Kit-8 assay (Dojin,
Japan). Cells were starved in medium with 0.1% fetal bovine serum for
24 h. Next, approximately 2× 103 cells were evenly seeded in 96-well
plates in triplicate. Then, CCK-8 solution (10 μl) was added into each
well and incubated at 37 °C for 2.5 h. The OD value at 450 nm was
measured using the SpectraMax M5 microplate reader (MD, USA) at 0,
24, 48 and 72 h, respectively. The cell doubling times were calculated
using GraphPad Prism 6.0 software (La Jolla, USA), and the OD values
were used to perform statistics analysis.

2.12. 5-Ethynyl-20-deoxyuridine (EdU) assay

The EdU assay was carried out using Cell-Light EdU DNA Cell
Proliferation Kit (C10310-1, RiboBio Guangzhou, China) according to
the manufacturer's protocol. Images were acquired with an Olympus
FSX100 microscope (Olympus, Tokyo, Japan). The cell proliferation

rate was calculated as described [29].

2.13. Colony formation assay

Cells were seeded in 6-wells plates at density of 500 cells per well,
and EJ and T24T cells were incubated for 7 days and 8 days, respec-
tively. Then, the cell colonies were fixed with 4% paraformaldehyde
and stained using dyeing solution containing 0.1% crystal violet. Cell
colonies with more than 50 cells were counted.

2.14. Soft agar colony formation assay

The Soft Agar Colony Formation Assay was performed as we pre-
viously described [30]. Images were acquired using an Olympus
FSX100 microscope (Olympus, Tokyo, Japan). Colonies with more than
50 cells were counted and presented as colonies per 104 cells.

2.15. Cell cycle assay

Cells were harvested and fixed with 75% ethanol overnight. The
fixed cells were washed with PBS twice and mixed with the reagent
from propidium iodide (PI) cell cycle detected kit (BD Pharmingen, NJ,
USA). Then, the cell cycle analysis was performed by Myhalic Biotech
(Wuhan, China).

2.16. Tumor xenografts experiments

The tumor xenografts experiments were permitted by the Animal
Care Committee of Tongji Medical College and performed as described
in our previous studies [23]. EJ cells stably transfected with circNR3C1
or control vector were subcutaneously injected into the nude mice.
Then, the mice were maintained for three weeks before being sacrificed.
The tumor weight and volume were recorded every 5 days, respec-
tively.

2.17. Immunohistochemistry

Immunohistochemistry was performed by ServicBiotech (Wuhan,
China). Images were obtained with an Olympus FSX100 microscope
(Olympus, Japan). Protein expression levels were analyzed by calcu-
lating the integrated optical density per stained area (IOD/area) using
Image-J 1.46r software.

2.18. Luciferase reporter assay

EJ and T24T cells were seeded in 24-well plates at a density of
5×103 cells per well and maintained for 24 h. Subsequently, 250 ng
Firefily Luciferase (FL) and 500 ng Renilla luciferase reporter vectors
(pRL-TK) were co-transfected with circNR3C1 plasmid/vector or
miRNA inhibitor/inhibitor NC into the cells for 48 h. The luciferase
activity was measured with a dual luciferase reporter assay detection
kit (Promega, WI, USA) on an Omega device (Omega, USA).

2.19. Statistical analysis

All the data was analyzed using GraphPad Prism 6.0 software (La
Jolla, USA), and were indicated as means ± standard error of the mean
(SEM). Parametric pared t-test was performed to compare the difference
between bladder cancer tissues and paired normal tissues. Chi-squared
Test was used to analyze the correlation between Clinicopathological
features of bladder cancer patients and circNR3C1 expression. One-way
analysis of variance was performed to evaluate the group difference.
P < 0.05 was used as the significant criteria.
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3. Results

3.1. CircNR3C1 is down-regulated in bladder cancer tissues and cell lines,
and mainly localizes in cytoplasm

According to the RNA-seq data [23], we found that circNR3C1,
which is named hsa_circ_0001543 in CircBase (http://www.circbase.
org/), was down-regulated in bladder cancer tissues in comparison to
paired normal tissues. NR3C1 gene (GenBank: NM_001018074) could
generate six different circRNAs in human, while CircNR3C1 consists of
the head-to-tail splicing of the exon-2 (Fig. 1A). To identify the ex-
istence of circNR3C1 in bladder cancer cells, we used PCR to amplify

distinct products of the expected size with divergent primers that were
specially designed for detecting circNR3C1, and confirmed it using
Sanger Sequencing (Fig. 1A). Nevertheless, head-to-tail splicing might
be produced by reverse transcriptase template switching, trans-splicing
and genomic rearrangements [31]. To rule out these possibilities, we
designed two sets of primers for exon-2 from NR3C1, the convergent
primers for amplifying linear form and the divergent primers for am-
plifying circular form. The results showed that the circular form only
could be amplified in cDNA, but not in gDNA (Fig. 1B). Subsequently,
we carried out northern blot analysis for circNR3C1. As shown in
Fig. 1C, one distinct band of expected size (1197 bp) was detected by
DIG-labeled circNR3C1-specific probe in EJ and T24T cells, while the

Fig. 1. Identification of circNR3C1 and detection of its expression in bladder cancer tissues and cell lines. (A) Schematic diagram showed the circRNAs
derived from NR3C1 and the circularization of NR3C1 exon 2 formed circNR3C1. The presence of circNR3C1 was confirmed by PCR amplification and followed by
Sanger sequencing. (B) The existence of circNR3C1 was verified in EJ, T24T and UMUC3 cells by RT–PCR. Divergent primers could amplify circNR3C1 in cDNA but
not genomic DNA (gDNA). GAPDHwas used as linear control. (C) Northern blots were performed to detect circNR3C1 in EJ and T24T cells transfected with circNR3C1
or vectors. The left panel displayed the gel electrophoretic results of total RNA and the right panel showed the probed blots of circNR3C1 (red triangle). (D) The
expression of circNR3C1 and NR3C1 mRNA were measured using qRT-PCR in total RNA samples from EJ and T24T cells which were treated with RNase R or without
RNase R (mock). The relative expression levels of circNR3C1 and NR3C1 mRNA were calculated using ΔΔCT method. Data indicate mean ± SEM, n = 3,
**P < 0.01 versus mock, ns p > 0.05 versus mock. (E) The relative expression of circNR3C1 was detected using qRT-PCR in 42 pairs of bladder cancer tissues and
paired normal bladder tissues. GAPDH was used as endogenous control. Data indicate mean ± SEM, n= 3, **P < 0.01 versus normal bladder tissues. (F) The
relative expression of circNR3C1 was detected using qRT-PCR in SV-HUC-1, EJ, T24T, UMUC3, J82 and 5637 cells. GAPDH was used as endogenous control. Data
indicate mean ± SEM, n= 3, **P < 0.01 versus SV-HUC-1. (G) FISH assay showed that circNR3C1 was mainly localized in cytoplasm. 18S was mostly localized in
cytoplasm and used as positive control. RNU6-1 was largely localized in nucleus and used as negative control. circNR3C1, 18S and RNU6-1 probes were tagged with
cy3, and nucleus was dyed with DAPI. Scale bar, 10 μm.
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Fig. 2. Effects of circNR3C1 on cell cycle progression and proliferation of bladder cancer cells. (A) EJ and T24T cells were treated with medium containing
either vector or circNR3C1 plasmid up to 48 h for colony formation assay. The ratio of cell clusters to total cells per well were calculated for statistical analysis. Data
were presented as mean ± SEM. n = 3, **P < 0.01. (B) Anchorage-independent growth were determined after EJ and T24T cells were transfected with circNR3C1
or vectors for a week for soft agar assay. The counts of cell clusters per field were calculated for statistical analysis. Data were presented as means ± SEM, n = 3,
**P < 0.01. (C) CCK-8 assay was performed after stably transfected EJ and T24T cells were seeded in 96-well plate for 0 h, 24 h, 48 h, and 72 h and the cell doubling
times were calculated. Data were mean ± SEM, n = 3, **P < 0.01 versus vector group. (D, E) Cell proliferation activities were measured using EdU (5-ethynyl-2′-
deoxyuridine) assay after EJ, T24T and 5637 cells were transfected with vector or circNR3C1 for 48 h. Data were mean ± SEM, n = 3, **P < 0.01. Scale bar,
200 μm. (F) Cell cycle were performed using flow cytometry after EJ, T24T and 5637 were transfected with circNR3C1 or vectors for 48 h. The data were derived from
three independent experiments. (G–I) EJ cells stably transfected with circNR3C1 plasmid or vector were injected subcutaneously into BALB/c nude mice and
established subcutaneous xenograft tumors (5×106 cells per mice, each group contains 7 mice). The tumor growth curve and weight were decreased in circNR3C1-
treated group compared to vector group. Data were presented as mean ± SEM, **P < 0.01 versus vector group.
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signals from circNR3C1 over-expression groups were more intensive in
comparison to vector control groups. Furthermore, we confirmed that
circNR3C1 was far more resistant to RNase R than the linear NR3C1
mRNA (Fig. 1D).

Then, relative expression levels of circNR3C1 were detected in 42
pairs of bladder cancer tissues and adjacent normal bladder tissues
using qRT-PCR. It demonstrated that circNR3C1 was down-regulated in
bladder cancer tissues comparing to paired normal tissues (Fig. 1E).
However, the lower expression of circNR3C1 was not correlated to the
clinical indicators including bladder cancer grade and pathological
stage (Supplementary Table 1). Consistent with the results from tissues,
down-regulation of circNR3C1 was also found in bladder cancer cell
lines (EJ, T24T, UMUC-3, J82 and 5637) compared with human im-
mortalized uroepithelium cells (SV-HUC-1) (Fig. 1F). To rule out the
aberrant expression of circNR3C1 caused by NR3C1 mRNA expression,
we further detected the levels of NR3C1 mRNA transcripts in bladder
cancer tissues and cell lines. The results showed that there was no
significant difference on NR3C1 mRNA expression between bladder
cancer tissues and normal bladder tissues, as well as between SV-HUC-1
and bladder cancer cell lines (Figs. S1D and F). To obtain cell dis-
tribution of circNR3C1, RNA fluorescence in situ hybridization (FISH)
assay was performed, and it demonstrated that circNR3C1 mainly lo-
cated in cytoplasm (Fig. 1G).

3.2. Overexpression of circNR3C1 inhibits proliferation and cell cycle
progression of bladder cancer cells both in vitro and vivo

To explore the functions of circNR3C1 in bladder cancer, circNR3C1
overexpression plasmid was stably transfected into EJ, T24T and
5637 cells (Fig. S1A). Cell colony formation assay showed that colony-
forming abilities of circNR3C1-overexpressed bladder cancer cells were
lower than the control vector-transfected cells (Fig. 2A). The similar
results were obtained from soft agar colony-formation assay (Fig. 2B).
Consistently, CCK-8 cell viability assay and EdU assay demonstrated
that stable transfection of circNR3C1 resulted in decreased proliferation
of bladder cancer cells in vitro (Fig. 2C, D, and 2E). Meanwhile, cell
cycle assay indicated that overexpression of circNR3C1 induced cell
cycle arrest at G0/G1 phase in bladder cancer cells (Fig. 2F). We further
transfected siRNAs targeting the junction sites of circNR3C1 into EJ and
T24T cells, and the EdU assay and clone formation experiments showed
that the activities of bladder cancer cell proliferation were increased
(Figs. S2A–B). Cell cycle assay indicated that knockdown of circNR3C1
could promote cell cycle progression from G0/G1 phase to S phase (Fig.
S2C). Over all, it appeared that the metastatic T24T cells are more re-
sponsive to circNR3C1 than EJ and 5637 cells, indicating that
circNR3C1 might be a potential therapeutic target especially in meta-
static bladder cancer. On the other hand, overexpression of circNR3C1

didn't affect bladder cancer cell migration and invasion abilities (Fig.
S2D), and couldn't induce cell apoptosis (Fig. S2E).

To further explore the biofunctions of circNR3C1 in vivo, EJ cells
stably transfected with control vector or circNR3C1 overexpression
plasmid were respectively inoculated into female nude mice. It showed
that overexpression of circNR3C1 could reduce the tumor volume and
weight (Fig. 2G–I). Taken together, these results demonstrated that
circNR3C1 played an anti-oncogenic role via preventing cell cycle
progression and inhibiting proliferation in bladder cancer.

3.3. CircNR3C1 induces G0/G1 stage of cell cycle arrest and inhibits cell
proliferation through suppressing expression of cyclin D1

To clarify the molecular mechanisms underlying circNR3C1 inhibi-
tion of cell proliferation and cell cycle progression, expression of cell
cycle related proteins including CDK2, CDK4, CDK6, cyclin D1, CCNE1,
cyclin dependent kinase inhibitor 1 A (P21, CDKN1A) and Cyclin-
Dependent Kinase Inhibitor 1 B (P27, Kip1) were detected by western
blot assays in circNR3C1 stably transfected EJ and T24T cells, as well as
in xenografts from mice. The results indicated that the protein expres-
sion levels of cyclin D1 were dramatically decreased in circNR3C1-
overexpressed bladder cancer cells and the tissues, while the other
proteins showed no change (Fig. 3A–B). To further confirm the role of
circNR3C1 in regulating cyclin D1 expression, we co-transfected
circNR3C1 overexpression plasmid and cyclin D1 overexpression
plasmid into EJ and T24T cells. The cell cycle analysis showed that
enforced expression of cyclin D1 could partially reversed cell cycle
arrest at G0/G1 phase induced by circNR3C1 (Fig. 3C). Meanwhile,
western blot assay showed that the expression of cyclin D1 was sig-
nificantly increased in the cells co-transfected with circNR3C1 and
compared with the cells co-transfected with circNR3C1 and control
vector (Fig. 3D). In addition, colony formation assay and EdU assay
revealed that decrease of proliferation caused by circNR3C1 could
partly be reversed by overexpression of cyclin D1 (Fig. 3E–F). Im-
munohistochemical staining also showed that the expression of cyclin
D1 and Ki67 was inhibited by overexpression of circNR3C1 (Fig. 3G). In
consistent with these results, cyclin D1 and Ki67 protein levels were
upregulated in human bladder cancer tissues compared with normal
bladder tissues (Fig. 3H). Collectively, these findings indicated that
circNR3C1 could induce G0/G1 arrest of bladder cancer cells through
suppressing the expression of cyclin D1, and subsequently inhibited the
proliferation of bladder cancer cells both in vitro and in vivo.

3.4. CircNR3C1 interacts with miR-27a-3p and miR-23a-3p in bladder
cancer cells

Previous studies have reported that circRNAs could influence

Fig. 3. circNR3C1 inhibits cell cycle progression and proliferation through suppressing expression of cyclin D1. (A) The expressions proteins including CDK2,
CDK4, CDK6, cyclin D1, CCNE1, P21 and P27 were detected using western blot in EJ, T24T and 5637 cells. Proteins were extracted after circNR3C1 or vectors were
stably transfected into the cells. β-actin was used as internal control. The results were derived from three independent experiments. (B) The protein expression levels
of cyclin D1 in xenograft tumors were detected using western blot, and grey values were calculated using ImageJ 1.46r to quantify the proteins. β-actin was used as
internal control. S1-S7 were injected with vector stably transfected EJ cells and S8-S14 were injected with circNR3C1 stably transfected EJ cells. The ratio of grey
values (cyclin D1 to β-actin) was calculated to perform statistics. The results were derived from three independent experiments. Data were presented as
mean ± SEM, **P < 0.01. (C) Cell cycles were analyzed using flow cytometry in bladder cancer cells which were co-transfected with cyclin D1 controls (plasmid)
or cyclin D1 plasmid, and circNR3C1 controls (vector) or circNR3C1 plasmid for 48 h. The results were derived from three independent experiments. (D) Western blot
was performed to detect the expression of cyclin D1 in EJ and T24T cells which were transfected with cyclin D1 controls (plasmid) or cyclin D1 plasmid, and
circNR3C1 controls (vector) or circNR3C1 plasmid. β-actin was used as internal control. The results were derived from three independent experiments. (E) Colony
formation assay showed the colony formation efficiency of EJ and T24T cells which were co-transfected with cyclin D1 controls (plasmid) or cyclin D1 plasmid, and
circNR3C1 controls (vector) or circNR3C1 plasmid for 48 h. The data indicated mean ± SEM, n = 3, **P < 0.01. (F) EdU assay showed the proliferation of EJ and
T24T cells which were co-transfected with cyclin D1 controls (plasmid) or cyclin D1 plasmid, and circNR3C1 controls (vector) or circNR3C1 plasmid for 48 h. The
data indicated mean ± SEM, n = 3, **P < 0.01. Scale bar, 200 μm. (G) Immunohistochemical staining shown that over-expression of circNR3C1 led to decreased
expression of cyclin D1 and Ki67 within tumors. The results were derived from three random staining fields of each section. The data indicated mean ± SEM, n = 3,
**P < 0.01. Scale bars, 10 and 100 μm. (H) Immunohistochemical staining revealed that protein levels of cyclin D1 and Ki67 were significantly upregulated in
bladder cancer tissues compared to normal bladder tissues. The results were derived from three representative staining fields of each section. The data indicated
mean ± SEM, n = 3, **P < 0.01. Scale bars,10 and 100 μm.
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biofunctions of cancer cells via sponging miRNAs [19,23,32]. To elu-
cidate whether circNR3C1 possessed same mechanism in bladder cancer
cells, we designed pull-down assay with specific circNR3C1 probe
(Fig. 4A), and then used StarBase prediction software to screen 11
candidate miRNAs that might be bound by circNR3C1 with the specific
target sites [33]. As shown in Fig. 4B, the efficiency and specific of this
pull-down assay were verified by the results that circNR3C1, but not
NR3C1 mRNA, could be abundantly pulled down by circNR3C1 probe,
and were further confirmed upon circNR3C1 overexpression (Fig. 4C).
Then, the relative levels of the 11 candidate miRNAs were evaluated.
The results showed that miR-27a-3p, miR-23a-3p and miR-421 could be

efficiently pulled down by circNR3C1 in EJ cells. Meanwhile, miR-27a-
3p, miR-23a-3p, and miR-942-5p were significantly enriched in
circNR3C1-overexpressed EJ cells (Fig. 4D). Furthermore, only miR-
23a-3p and miR-27a-3p were consistently pulled down both in vector
control and circNR3C1 overexpression plasmid transfectants (Fig. 4E).
Taken together, these results suggested that miR-23a-3p, or miR-27a-
3p, might be involved in circNR3C1-induced inhibition of bladder
cancer cell proliferation.

Fig. 4. circNR3C1 interacts with miR-27a-3p and miR-23a-3p in bladder cancer cells. (A) Schematic diagram displayed the probe specifically designed for
circNR3C1. (B) RT-PCR and gel electrophoretic results showed that circNR3C1 probe could specifically pull down circular form of circNR3C1 and couldn't pull down
linear form. (C) Lysates were prepared from EJ and T24T cells transfected with circNR3C1 plasmid or vector and were subjected to RNA pull-down assay. The
expression of circNR3C1 were tested by qRT-PCR and the relative expression level of circNR3C1 was normalized to input. Data indicated mean ± SEM, n = 3,
**P < 0.01 versus oligo probe (Oligo-p). (D) The relative expression level of 11 miRNA candidates was detected by qRT-PCR in lysates from circNR3C1 or vectors-
transfected EJ cells. Data indicated mean ± SEM, n = 3, **P < 0.01 versus oligo probe, ##P < 0.01 versus vector group. (E) The relative expression levels of 11
miRNA candidates was detected using qRT-PCR in lysates from circNR3C1 or vectors-transfected T24T cells. Data indicated mean ± SEM, n = 3, *P < 0.05,
**P < 0.01 versus oligo probe, ##P < 0.01 versus vector group.

F. Zheng, et al. Cancer Letters 460 (2019) 139–151

146



3.5. CircNR3C1 directly sponges miR-27a-3p to downregulate cyclin D1
expression and inhibit cell cycle progression and cell proliferation

To figure out whether miR-23a-3p, or miR-27a-3p, exhibits effect on
expression of cyclin D1, miR-23a-3p and miR-27a-3p inhibitors were
respectively used (Fig. S1B and Fig. S1C). It showed that the protein
level of cyclin D1 was down-regulated in bladder cancer cells trans-
fected with miR-27a-3p inhibitors compared with negative controls
(inhibitor-NC), while transfection of miR-23a-3p didn't affect cyclin D1

expression (Fig. 5A). Besides, we found that circNR3C1 harbored 4
predictive binding sites of miR-27a-3p (ΔG < -19.0 kcal/mol), which
were analyzed through predictive tool RNAhybrid [34](Fig. S3A and
Fig. S3B). To further demonstrate the direct interaction between miR-
27a-3p and circNR3C1, we designed wildtype biotin-miR-27a-3p (WT)
and mutant type biotin-miR-27a-3p (MT) (Fig. S3C), and performed
biotin-miR-27a-3p pull-down assay. As shown in Fig. 5B, a significantly
higher enrichment of circNR3C1 was captured in wild type biotin-miR-
27a-3p-transfected cells than mutant type biotin-miR-27a-3p

(caption on next page)
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transfectants. Meanwhile, RNA fluorescence in situ hybridization
(FISH) assay revealed that circNR3C1 and miR-27a-3p were co-localized
in cytoplasm (Fig. 5C). Next, to confirm the biofunction of miR-27a-3p
in bladder cancer cells, cell cycle assay, colony formation assay and
EdU assay were carried out. As shown in Fig. 5D and E, overexpression
of miR-27a-3p could significantly promote cell proliferation of bladder
cancer cells. Moreover, the enhancement of cell proliferation induced
by miR-27a-3p could partly be reversed by overexpression of
circNR3C1. Furthermore, flow cytometry assay demonstrated that
overexpression of miR-27a-3p could stimulate the transition of bladder
cancer cells from G0/G1 to S phase, and was partly compromised by
enforced expression of circNR3C1 (Fig. 5F). Additionally, western blot
assay showed that miR-27a-3p induction of cyclin D1 expression was
also significantly suppressed upon circNR3C1 overexpression (Fig. 5G).
These evidences suggested that overexpression of circNR3C1 suppressed
cyclin D1 expression by sponging miR-27a-3p to induce cell cycle arrest
at G0/G1 phase, and subsequently inhibited proliferation of bladder
cancer cells.

3.6. miR-27a-3p directly targets 5’ UTR of cyclin D1 to promote its
expression

To clarify how miR-27a-3p promoted the expression of cyclin D1,
the mRNA expression level of cyclin D1 was detected in bladder cancer
cells transfected with circNR3C1 or miR-27a-3p inhibitors. However,
the result showed that cyclin D1 mRNA levels were not affected by
circNR3C1 or miR-27a-3p inhibitors (Fig. 6A–B). It has been demon-
strated that miRNA could directly up-regulate expression of target gene
by targeting mRNA 5′UTR [35]. Importantly, we found that 5′UTR of
cyclin D1 harbored two potential miR-27a-3p binding sites according to
predict tool RNAhybrid [34] (Fig. 6C). Accordingly, the luciferase ac-
tivity of cyclin D1 5′UTR was dramatically decreased in bladder cancer
cells transfected with circNR3C1 overexpression plasmid or miR-27a-3p
inhibitors (Fig. 6D–E), which indicated that miR-27a-3p promoted cy-
clin D1 expression by targeting 5′UTR of cyclin D1. To further verify the
molecular mechanism, three mutants of cyclin D1 5′ UTR were designed
to perform luciferase reporter assay according to predictive miR-27a-3p
binding sites (Fig. 6F). As shown in Fig. 6G–H, the luciferase activity of
cyclin D1 5′ UTR showed no change upon transfection of circNR3C1
overexpression plasmid or miR-27a-3p inhibitors while the first one of
the indicated binding site was mutated, suggesting that this site was the
functional locus that miR-27a-3p bound to the cyclin D1 5′UTR. To
further confirm the effect of interaction between circNR3C1 and miR-
27a-3p on regulating cyclin D1 expression, miR-27a-3p mimics and
circNR3C1 were co-transfected into EJ and T24T cells. It showed that
overexpression of miR-27a-3p mimics could partially reverse the
circNR3C1-mediated suppression of cyclin D1 5′UTR activity (Fig. 6I).
We subsequently analyzed the Initiating Ribosomes binding sites in
cyclin D1 mRNA 5′-UTR using a ribo-seq genome browser (GWIPS-viz).
The result showed that miR-27a-3p-targeted functional site was located

outside the Initiating Ribosomes binding region (Fig. S5). Hence, we
concluded that circNR3C1 suppressed cyclin D1 expression via sponging
miR-27a-3p to decrease interactions between miR-27a-3p and the
5′UTR of cyclin D1.

4. Discussion

Urothelial bladder cancer is a heterogeneous epithelial malignancy
disease that undergoes a variety of clinical courses and possesses di-
verse therapeutic responses, and specific therapeutic strategies should
be investigated for the close association between its molecular subtypes
and clinicopathological features [2,36]. Several studies have shown
that the expression profiles of circRNAs are aberrant in diverse cancer
types and some of them play very important roles in oncogenesis and
cancer development [37]. Previously, we have reported that circHIPK3
sponged miR-558 and suppressed heparanase expression to impair
bladder cancer cell invasion [23], circRNA BCRC-3 inhibited bladder
cancer cell proliferation through increasing the expression of p27 [38],
and circRNA BCRC4 promoted apoptosis by up-regulating the expres-
sion of miR-101 [39]. In this study, we found that circNR3C1 was down-
regulated in bladder cancer tissues and cells compared to normal
bladder tissues and cells. It was shown that there was no significant
difference of circNR3C1 expression between the two invasive bladder
cancer cells (UMUC3, J82) and the superficial non-invasive bladder
cancer cells (5637), indicating there was no clear correlation between
expression of circNR3C1 and aggressiveness of the cell line. Accord-
ingly, there was no correlation between circNR3C1 and the clin-
icopathological including stage, pTNM, invasion and metastasis in the
bladder cancer tissues. Nevertheless, enforced expression of circNR3C1
could inhibit proliferation of muscle invasive bladder cancer cells, and
the metastatic T24T cells were more responsive, indicating that
circNR3C1 might be a potential therapeutic target in progressive
bladder cancer.

Early studies had reported that circRNAs could function as efficient
miRNA sponges [13]. However, circRNAs also possessed some other
biofunctions except “miRNA sponges”. CircMBL and its franking introns
could be strongly and specifically bound by MBL, which contributed to
the biogenesis of circRNAs [40]. CircFoxo3 promoted MDM2-induced
p53 ubiquitination and subsequent degradation by binding to p53 and
MDM2, which indicate that circRNAs may function as protein scaffolds
[41]. Recently, it was reported that circ-ZNF609 could be translated to a
protein in a cap-independent manner in eukaryote [42]. In the present
study, circNR3C1 was found located at cytoplasm, and multiple miRNA-
binding sites were predicted in its sequences by miRNA response ele-
ments (MREs) analysis, indicating that circNR3C1 might function as a
miRNA sponge. Actually, our data clarified that circNR3C1 harbored
four miRNA binding sites of miR-27a-3p and could sponge miR-27a-3p
as competing endogenous RNA in bladder cancer cells, which further
verified “miRNA sponges” theory. However, whether circNR3C1 pos-
sesses other functions in biological process, such as translation or

Fig. 5. circNR3C1 sponges miR-27a-3p to downregulate cyclin D1 expression and inhibits cell cycle progression and proliferation. (A) Western blot was
performed to detect the expression of cyclin D1 in EJ and T24T cells which were transfected with miR-23a-3p inhibitors or miR-27a-3p inhibitors for 48 h and the
relative expression level of cyclin D1 were calculated to do statistical analysis. Inhibitor negative control (Inhibitors-NC) was used as control. The results were derived
from three independent experiments. Data are mean ± SEM, n = 3, **P < 0.01. ns P > 0.05 (B) The biotinylated wild-type miR-27a-3p (miR-27a-WT) or its
mutant (miR-27a-MT) was transfected into EJ and T24T cells for 48 h. CircNR3C1 expression levels were quantified by qRT-PCR, and the relative expression level of
circNR3C1 to input was exhibited. GAPDH was used as negative control. Wild-type and mutant sequences of biotin-miR-27a-3p are shown in Fig. S3C. Data are
mean ± SEM, n = 3, **P < 0.01. (C) FISH assay showed the co-localization between circNR3C1 and miR-23a-3p in T24T cells. circNR3C1 probes were labeled with
Cy3. MiR-27a-3p probes were labeled with FAM. Nucleus were stained with DAPI. Scale bar, 10 μm. (D) EdU assay showed the proliferation of EJ and T24T cells
which co-transfected with circNR3C1 control (vector) or circNR3C1 plasmid, and miR-27a-3p negative control (miR-NC) or miR-27a-3p mimics (mimic) for 48 h. The
data indicated mean ± SEM, n = 3, **P < 0.01. (E) Colony formation assay showed the colony formation efficiency of EJ and T24T cells which co-transfected with
circNR3C1 control (vector) or circNR3C1 plasmid, and miR-27a-3p miR-NC or miR-27a-3p mimics for 48 h. The data indicated mean ± SEM, n = 3, **P < 0.01. (F)
The cell cycle analysis showed cell counts and proportion of each phase in EJ and T24T cells which co-transfected with circNR3C1 control (vector) or circNR3C1
plasmid, and miR-NC or miR-27a-3p mimics for 48 h. The data indicated mean ± SEM, n = 3, **P < 0.01. (G) Western blot assay was performed to detect the
expression of cyclin D1 in EJ and T24T cells which co-transfected with circNR3C1 control (vector) or circNR3C1 plasmid, and miR-NC or miR-27a-3p mimics for 48 h.
The results were derived from three independent experiments.
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protein sponge, still needs to be explored.
An increasing number of evidences suggest that microRNAs are

abnormally expressed in diverse human cancers and have important
roles in the tumorigenesis, progression and metastasis of these cancers
[43]. Several studies have demonstrated that miR-27a-3p was

upregulated and played significant roles in promoting cell proliferation,
migration, invasion and metastatic in multiple types of cancers, such as
human gastric cancer [44], breast cancer [45], and renal cell carcinoma
[46]. Our recent study indicated that inhibition of miR-27a-3p by
MEG3, a competing endogenous RNA, could promote PHLPP2 protein

Fig. 6. cyclin D1 is directly targeted by miR-27a-3p. (A–B) cyclin D1 mRNA expression level was measured using qRT-PCR in EJ and T24T cells which were
transfected with circNR3C1 plasmid or circNR3C1 control (vector), and miR-27a-3p-inhibtors or inhibitor NC for 48 h. The negative control was used to rule out the
genomic DNA amplification. The data indicated mean ± SEM, n= 3, ns > 0.05. (C) Schematic diagram showed the structure of dual luciferase reporter plasmid of
cyclin D1 5′UTR and putative binding sites of cyclin D1 5′UTR bound by miR-27a-3p, as predicted by RNAhybrid2.2. (D–E) Dual luciferase reporter assay showed that
luciferase activities were significantly decreased in EJ and T24T cells after transfected with circNR3C1 or miR-27a-3p-inhibitors compared with controls for 48 h. The
data indicated mean ± SEM, n = 3, *p < 0.05, **p < 0.01. (F) Three mutants (Mut 1, Mu2 and Mut 1 +Mut2) of dual luciferase reporter plasmids were designed
to confirm the two candidates (position 1 and position 2) of miR-27a-3p binding sites of cyclin D1 5′UTR as shown in schematic figure. The bases colored with blue
were replace by the bases colored with red in synthesizing the mutants. (G–H) The luciferase activities of cyclin D1 5′UTR were measured in EJ and T24T cells which
co-transfected with circNR3C1 plasmid or miR-27a-3p-inhibitors, and three mutants or 5′UTR plasmid for 48 h, respectively. The data indicated mean ± SEM,
n = 3. *p < 0.05 versus vector, **p < 0.01 versus vector. (I) The luciferase activities of cyclin D1 5′UTR were measured in EJ and T24T cells which co-transfected
with circNR3C1 plasmid or vectors, and miR-27a-3p mimic or miR-NC for 48 h. The data indicated mean ± SEM, n = 3. *p < 0.05, **p < 0.01.
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translation and impair bladder cancer cell invasion [47]. Previously,
up-regulation of miR-27a-3p under hypoxia has been demonstrated to
confer high risk of high-grade human bladder cancer [48]. On the other
hand, it has been reported that downregulation of miR-27a-3p in the
serum of human bladder cancer patients correlated with higher tumor
grade [49]. In addition, miR-27a-3p has been confirmed to increase the
chemo-sensitivity of bladder cancer through upregulating the expres-
sion of RUNX-1 [50]. Nevertheless, the exact roles of miR-27a-3p in
bladder cancer progression still need to be clarified. Our study showed
that overexpression of miR-27a-3p promoted cell cycle progression and
proliferation of bladder cancer cells, which suggested that miR-27a-3p
played a role as an oncogene in regulating bladder cancer cell pro-
liferation.

In general, miRNAs regulate gene expression upon post-transcrip-
tion in animal predominantly via base pairing incompletely to the 3′
UTR of target mRNAs and affect protein synthesis or mRNA levels [51].
Nevertheless, several studies have revealed that miRNAs may regulate
gene expression by binding to 5′ UTRs of target genes. It has been re-
ported that miRNAs could target the 5′-UTR of mRNA to increase its
secondary structure stability [52], and miRNAs has also been proved to
directly bind to the 5′-UTR of mRNA to enhance its translation [35]. In
our study, we found that miRNA-27a-3p targeted 5′-UTR of cyclin D1
mRNA and upregulated its expression at protein level, while the mRNA
level of cyclin D1 was not changed, indicating that miRNA-27a-3p
could promote cyclin D1 translation. It was reported that the translation
of the cyclin D1 occurred via internal ribosome entry site (IRES)-
mediated initiation in its mRNA 5′-UTR [53]. However, our studies
showed that miR-27a-3p-targeted functional site was located outside
the Initiating Ribosomes binding region, suggesting that the interaction

of miR-27a-3p with cyclin D1 mRNA 5′-UTR might facilitate the nearby
Initiating Ribosomes binding, rather than formed a tertiary structure.

Although our study confirmed that circNR3C1 played a role in in-
hibiting the cell proliferation in vitro and tumor growth in vivo through
sponging miR-27a-3p and suppressing cyclin D1 expression, it was still
unclear whether circNR3C1 may act as an anti-oncogene through other
pathway such as immunological regulation. It was reported that
evading of immune surveillance plays important roles in bladder cancer
progression [54], immunological effect might be involved in the reason
why tumors were more affected by circNR3C1 than the cell lines.

In conclusion, we reveal that circNR3C1 is significantly down-
regulated in bladder cancer tissues and cell lines, and it suppresses cell
cycle progression by directly sponging miR-27a-3p to block its inter-
action with cyclin D1 mRNA 5′UTR, and subsequently inhibits cyclin
D1 expression to impair proliferation of bladder cancer cells (Fig. 7).
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