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ABSTRACT

Circular RNAs (circRNAs) play an important role in bladder cancer (BC). Though circRNA involvement in BC has
been reported, the underlying regulatory mechanisms are unknown. In this study, we performed EdU, CCKS,
colony formation and Transwell assays to establish the role of circRGNEF in BC cell migration, proliferation, and
invasion. We used bioinformatics and luciferase reporter experiments to investigate the regulatory mechanism.
Nude mice xenografts and live imaging were used to explore the role of circRGNEF in tumor metastasis and
growth. Expression profile analysis of human circRNAs in BC revealed that circRGNEF was upregulated
significantly. High circRGNEF expression was correlated with aggressive BC phenotypes. The downregulation of
circRGNEF suppressed BC cell metastasis and proliferation by targeting the miR-548/KIF2C axis in vitro and in
vivo; these results were verified with luciferase reporter assays. Our results show that miR-548 downregulation
or KIF2C overexpression restored BC cell proliferation, migration, and invasion following silencing of circRGNEF.
KIF2C overexpression reversed miR-548-induced cell invasion and migration as well as growth inhibition in
vitro. In summary, the data illustrate that circRGNEF suppresses BC progression by functioning as a miR-548
sponge to enhance KIF2C expression. Therefore, circRGNEF might be a candidate BC treatment target.

INTRODUCTION

Bladder cancer (BC) is a type of cancer that occurs
primarily in males; it is the primary cause of cancer-
related mortalities in men, with 430,000 new cases
every year [1-3]. BC is a complex cancer associated
with high rates of mortality with no adequate treatment
options [4]. To date, there are no perfect treatments for
invasive, high grade BC. Chemotherapy and radical
cystectomy are alternatives for the treatment of BC.

However, these treatments significantly reduce patient
survival and quality of life [5, 6]. Thus, the mechanisms
of BC should be investigated to effectively prevent
progression.

Circular RNAs (circRNAs) were discovered first in
1976 [7]. Since then, various circRNAs have been
identified [8]. circRNAs constitute a conserved
endogenous RNA spectrum, which are generated by
back-splicing or exon skipping events. Many circRNAs
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function critically in carcinogenesis; circ-ITCH, circ-
HIPK3, circ-MTO1, and circ-MYLK have been
reported to contribute to human BC [9-12], highlighting
the importance of circRNAs in BC development.
Nevertheless, the biological functions of circRNAs in
BC are unclear.

The present study sequenced normal and BC control
tissues to determine their circRNA expression profiles.
We studied circRGNEF, which was upregulated
significantly in BC, and found that downregulation of
circRGNEF could suppress BC cell metastasis as well
as proliferation via regulation of the miR-548/kinesin
family member 2C (KIF2C) axis. Our results provide
candidate BC therapeutic targets.

RESULTS

High hsa_circ_0072995 (circRGNEF) expression
predicted an unfavorable BC prognosis

To characterize the association between abnormal
circRNA expression and BC progression, we performed
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RNA-Seq analysis for ribosomal RNA-depleted total
RNA in four samples of tissue (two BC and two adjacent
normal tissues). The data confirmed that circRGNEF
expression was significantly increased in BC tissues
(Supplementary Materials 1). To survey the role of
circRGNEF in BC, we explored circRGNEF expression
in BC as well as adjacent normal tissues from 90 BC
patients by RT-qPCR. circRGNEF expression was
significantly increased in BC tissues (Figure 1A). We
used 90 pairs of human BC and adjacent normal tissues
to perform circRGNEF FISH assays, which verified that
circRGNEF was mainly localized in the cytoplasm
(Figure 1B). We also discovered that high circRGNEF
expression was correlated with lymph node metastasis,
high pathological T stage, and high stage (Table 1). High
circRGNEF expression was also correlated with poorer
overall survival (Figure 1C) compared to patients with
low circRGNEF expression. hsa_circ_0072995 is derived
from circularizing two exons of the RGNEF gene, which
is within the region chr5:73069679-73076570. RGNEF
consists of 6891 bp and the spliced mature circRNA
is 435 bp (Figure 1D); we therefore named
hsa_circ_0072995 as circRGNEF.

chr5:73069679-73076570
Distribution of the top 3 Blast Hits on 1 subject sequences

Query

1 | 1 1
1000 2000 3000 4000 5000 6000

Back splicing site

CAGAAACTGAAGAAG ] TATCTTCTCACAGAGAATC

435 bp
hsa_circ_0072995

(circRGNEF)

Figure 1. High expression of hsa_circ_0072995 (circRGNEF) predicted an unfavorable prognosis of bladder cancer (BC).
(A) RT-gPCR assay of circRGNEF in 90 paired BC tumor and adjacent non-tumor tissues. Data are means + standard deviation (SD). ***P <
0.001 vs. normal controls. (B) Fluorescent in situ hybridization (FISH) indicates the subcellular localization of circRGNEF. (C) The prognostic
significance of circRGNEF expression for BC patients was performed with FISH values using the median value as the cut-off. The observation
time was 60 months. (D) Genomic loci of RGNEF and circRGNEF. The red signal indicates back splicing.
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Table 1. Relationship between the expression levels of circRGNEF and clinicopathological features in bladder cancer.

L. circRGNEF expression
Characteristics No. (%) 5
Low (%) High (%) P-value
Gender
Male 81 (90.0) 24 (29.6) 57 (70.3) 0.452
Female 9 (10.0) 4 (44.4) 5(55.6)
Age
<65 56 (62.2) 18 (23.8) 38(76.2) 0.818
>65 34 (37.8) 10 (37.5) 24(62.5)
Tumour size
<3 cm 38 (42.2) 12 (31.6) 26 (68.4) 0.999
>3 cm 52 (57.8) 16 (30.8) 36 (69.2)
Pathology stage
pTa-pTl 44 (48.9) 20 (45.5) 24 (54.5) 0.006
pT2-T4 46 (51.1) 8(17.4) 38 (82.6)
Grade
Low 51 (56.7) 22 (43.1) 29 (56.9) 0.006
High 39 (43.3) 6 (15.4) 33 (84.6)
Lymphatic metastasis
Yes 22 (24.4) 2(9.01) 20 (90.9) 0.015
No 68 (75.6) 26 (38.2) 42 (61.8)
Muscle invasion
NMIBC 61 (67.8) 24 (39.3) 37 (60.7) 0.017
MIBC 29 (32.2) 4 (13.8) 25 (86.2)
Total 90 28 62

circRGNEF expression in BC cell lines increased
and circRGNEF knockdown suppressed cell
proliferation in vitro and in vivo

circRGNEF expression in BC cell lines was increased
compared with normal SV-HUC cells (Figure 2A). T24
and UM-UC-3 cells had higher circRGNEF expression,
so we used T24 and UM-UC-3 cells for further
experiments. We generated a siRNA targeting
circRGNEF  (si-circRGNEF); circRGNEF expression
was decreased significantly compared to the NC group in
both UMUC-3 and T24 cells following circRGNEF
knockdown (Figure 2B). Cell cycle distribution analysis
confirmed that the number of cells in S-phase decreased
significantly and the G2/M-phase proportion increased
following depletion of circRGNEF (Figure 2C),
indicating cell cycle arrest at G2/M. CCK8 (Figure 2D
and 2E), colony formation (Figure 2F), and EdU (Figure
2G and 2H) assays showed that downregulation of
circRGNEF suppressed cell proliferation in both UMUC-
3 and T24 cells. The xenograft results verified that
circRGNEF knockdown suppressed T24 tumor weight
and volume compared with the NC group (Figure
3A-3C). Immunohistochemical detection with Ki67

staining showed that circRGNEF silencing suppressed
Ki67 expression in tumor tissues (Figure 3D), indicating
that circRGNEF knockdown suppressed tumor growth.

Knockdown of circRGNEF decreased BC cell
invasion in vivo and in vitro

Invasion and migration analyses by Transwell assay
revealed that depletion of circRGNEF decreased
T24 and UMUC-3 cell invasion and migration
(Figure 4A—4C). T24 cell metastasis was also decreased
after circRGNEEF silencing, as assessed by live imaging
(Figure 4D), suggesting that knockdown of circRGNEF
suppresses BC invasion in vivo and in vitro.

miR-548 and KIF2C are downstream targets of
circRGNEF

Several studies have confirmed that circRNAs,
including miRNA response elements, can correlate to
miRNAs as competitive endogenous RNAs and regulate
target mRNA expression [10, 13]. Thus, we selected
T24 cells with or without circRGNEF silencing for
high-throughput sequencing. circRGNEF depletion
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Figure 2. circRGNEF expression was also increased in BC cell lines and knockdown of circRGNEF suppressed cell proliferation.
(A) RT-gPCR detection of circRGNEF expression in BC cell lines EJ, T24, J82, UM-UC-3, TCC, and RT-4, and the normal cell line SV-HUC. Data
are presented as the mean + SD. "P < 0.001 vs. SV-HUC. (B) RT-gPCR detection shows the expression of circRGNEF in both T24 and UM-UC-3
cells following transfection with small interfering RNA targeting circRGNEF (si-circRGNEF) or negative control (NC). Data are presented as the
mean + SD. P < 0.001 vs. NC. (C) Cell cycle distribution by flow cytometry after propidium iodide staining. (D, E) CCK8 assay shows the
proliferation of T24 and UM-UC-3 cells with or without circRGNEF silencing. Data are presented as the mean * SD. *P < 0.001 vs. NC. (F)
Colony formation assay was performed to determine the colony-forming ability of T24 and UM-UC-3 cells. (G, H) circNRIP1 silencing
significantly inhibited DNA synthesis, as determined by the EdU assay. Data are presented as the mean + SD. ***P < 0.001 vs. NC.
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Figure 3. circRGNEF silencing suppressed tumor growth of xenografts in nude mice. (A, B) Photographs of tumors and curve of T24
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Figure 4. Knockdown of circRGNEF decreased the invasion ability of BC in vitro and in vivo. (A—C) Cell migration and invasion were

assessed in T24 and UM-UC-3 cells using Transwell assays. Data are presented as the mean £ SD. **P < 0.001 vs. NC. (D) Live imaging shows
the effects of circRGNEF on metastasis of T24 cells 30 days after intravenous tail injection.
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resulted in upregulation of a number of miRNAs
(Supplementary Materials 2). Combined with the
biological analysis, these results infer that miR-548 is a
circRGNEF target (Figure 5SA). RR-qPCR revealed that
miR-548 expression was decreased in BC and adjacent
normal tissues of 90 BC patients (Figure 5B).
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Bioinformatics analyses indicated that miR-548 is a
downstream target of circRGNEF. To verify the
relationship between circRGNEF and miR-548, we
inserted WT or Mut circRGNEF sequences including
the miR-548 binding sequence into luciferase reporter
vectors (Figure 5C). We then transfected the luciferase
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Figure 5. miR-548 and KIF2C are downstream targets of circRGNEF. (A) Bioinformatics analysis (https://circinteractome.nia.nih.gov/
bin/mirnasearch) and high-throughput sequencing indicated miR-548 is a target of circRGNEF. (B) RT-gqPCR assay of miR-548 in 90 paired BC
tumor and adjacent non-tumor tissues. Data are means + SD. ***P < 0.001 vs. normal controls. (C) The mutated (Mut) version of circRGNEF is
shown. (D) The relative luciferase activity was determined 48 h after transfection of HEK293T cells with miR-548 mimic/normal control (NC)

or circRGNEF wild-type/Mut. Data are presented as the mean + SD.

P < 0.001. (E) Bioinformatics analysis (http://circnet.mbc.nctu.edu.tw/

and http://www.targetscan.org/vert 71/) indicated KIF2C is a direct target of miR-548. (F) The mutated (Mut) version of the 3'UTR-KIF2C is
shown. (G) The relative luciferase activity was determined 48 h after transfection of HEK293T cells with miR-548 mimic/normal control (NC)
or 3’"UTR-KIF2C wild-type/Mut. Data are presented as the mean = SD. P < 0.001.
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reporter vectors into HEK293T cells in the presence or
absence of miR-548 mimic. Luciferase reporter
analyses showed that miR-638 inhibited Iuciferase
activity in WT cells though not in Mut cells (Figure
5D), indicating that miR-548 is a target of circRGNEF.

Bioinformatics analyses also suggested that KIF2C is a
downstream target of miR-548 (Figure 5E). To validate
the relationship between KIF2C and miR-548, we
inserted WT or Mut 3’"UTR-KIF2C sequences including
the miR-548 binding sequence into luciferase reporter
vectors (Figure 5F). We then transfected the luciferase
reporter vectors into HEK293T cells in the presence or
absence of miR-548 mimic. Luciferase reporter analysis
suggested that miR-548 inhibited luciferase activity in
WT cells while not in Mut cells (Figure 5G), indicating
that KIF2C is a target of miR-548.

miR-548 downregulation or KIF2C overexpression
restored proliferation, migration, and invasion after
circRGNEF silencing

RT-gPCR analysis showed that circRGNEF silencing
suppressed circRGNEF and KIF2C expression, but
promoted miR-548 expression. When combined with
treatment with miR-548 inhibitor, miR-548 expression
was suppressed and KIF2C expression was restored.
miR-548 inhibitor had no effect on circRGNEF
expression. Following transfection with a KIF2C
overexpression vector, KIF2C expression increased
significantly in UMUC-3 and T24 cells but there was no
change in the expression of circRGNEF and miR-548
(Figure 6A—6F), suggesting that miR-548 and KIF2C
are downstream targets of circRGNEF. DNA synthesis
assessed by EdU assay revealed that miR-548
downregulation or KIF2C overexpression restored
proliferation of both T24 and UMUC-3 cells after
circRGNEF silencing (Figure 6G—-6l). Analysis of
migration and invasion showed that downregulation of
miR-548 or overexpression of KIF2C restored invasion
and migration abilities in both UMUC-3 and T24 cells
after circRGNEF silencing (Figure 6J-6N).

KIF2C overexpression reversed miR-548-induced
cell invasion, migration, and growth inhibition in
vitro

To validate the relationship between miR-548 and
KIF2C, we constructed miR-548-overexpressing cells in
the presence or absence of KIF2C overexpression. miR-
548 expression was increased in T24 and UMUC-3 cells
together with transfection of the miR-548 mimic.
However, KIF2C overexpression had no effect on miR-
548 expression (Figure 7A and 7B). The results also
showed that miR-548 overexpression decreased KIF2C
expression in UMUC-3 cells following transfection with

miR-548 mimic. But KIF2C overexpression
significantly promoted KIF2C expression because
heterogeneous transfection of KIF2C with no 3’UTR
cannot interact with and be degraded by miR-548
(Figure 7C and 7D), suggesting that KIF2C is a
downstream target of miR-548.

The EdU assay verified that miR-548 upregulation
suppressed T24 and UMUC-3 cell proliferation whereas
overexpression of KIF2C restored T24 and UMUC-3
cell proliferation after miR-548 overexpression (Figure
7E-7H). Transwell assays showed that overexpression
of KIF2C restored invasion and migration abilities in
T24 and UMUC-3 cells following miR-548
overexpression (Figure 71-7M).

DISCUSSION

An increasing number of studies have found that the
expression of non-coding RNAs, i.e., circRNAs, long
non-coding RNAs, and miRNAs, are abnormal in
various cancers. Previous investigations have focused
on their epigenetic regulation during cancer
development [14, 15]. circRNAs compose a large
population of noncoding RNAs derived from various
genomic locations and are expressed in tissue-, cell
type-, and developmental stage-specific manners. Due
to their covalent loop structure without 5’ caps or 3’
polyadenylated tails, circRNAs are difficult to reverse
transcribe with oligo-dT primers and are more stable
than linear mRNAs, which gives them specific
advantages as cancer biomarkers. The present study
suggested that circRGNEF expression was increased
significantly in both BC cell lines and tissues. High
circRGNEF expression was correlated with high stage,
lymph node metastasis, and high pathological T stage.
We also found that high circRGNEF expression
predicted poorer overall survival. Thus, high
circRGNEF expression functions in BC progression. To
uncover the regulatory mechanism, we generated si-
circRGNEF and found that circRGNEF downregulation
suppressed migration, proliferation, and invasion in vivo
and in vitro. The role of non-coding circRNAs as
candidate miRNA “sponges” has been recognized
[16-18]. In this research, bioinformatics analysis and
high-throughput sequencing revealed that miR-548 is a
target of circRGNEF; this was verified by luciferase
reporter assay.

Previous investigations have found that miR-548 has 69
genes that located in nearly all the chromosomes, which
is a super primate-specific miRNA gene family [19].
Due to its alignment with the hepatitis C virus, HIV-1,
and hepatitis B virus [20], miR-548 is a target for the
development of novel antiviral therapeutics. Some
investigations have also shown that miR-548 might
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Figure 6. Downregulation of miR-548 or overexpression of KIF2C restored proliferation, migration, and invasion after
circRGNEF silencing. (A-F) RT-gPCR shows the expression of circRGNEF (A, B), miR-548 (C, D), and KIF2C (E, F) in T24 and UM-UC-3 cells
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function in different types of cancer, including prostate
cancer, breast cancer, and pancreatic cancer [21-24].
This study discovered that miR-548 expression was
decreased in BC tissues. circRGNEF downregulation
promoted miR-548 expression and miR-548 silencing
restored migration, proliferation, and invasion following
circRGNEF  knockdown. miR-548

suppressed BC cell migration, proliferation, and invasion,
which is consistent with previous studies [25, 26].

Bioinformatics analyses revealed that KIF2C is a miR-
548 target, which was validated by luciferase reporter
assay. In vitro experiments revealed that miR-548

overexpression overexpression suppressed BC cell metastasis and
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Figure 7. KIF2C overexpression reversed miR-548-induced cell migration, invasion, and growth inhibition in vitro. (A-D) T24
and UM-UC-3 cells were transfected with miR-548 mimics with or without the KIF2C overexpression vector. RT-qPCR shows the expression of
miR-548 (A, B) and KIF2C (C, D) in T24 and UM-UC-3 cells. Data are denoted by the mean + SD. ™*P < 0.001 vs. NC. ##P < 0.001 vs. mimic.
(E-H) EdU assay showing the proliferation of T24 (E, F) and UM-UC-3 (G, H) cells. Data are denoted by the mean + SD. *P < 0.05, **P < 0.001.
###p < 0.001 vs. mimic. (I-M) Cell migration and invasion were determined in T24 and UM-UC-3 cells by Transwell assays. Data are denoted by

the mean +SD. P < 0.001 vs. NC. ##p < 0.001 vs. mimic.
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proliferation by suppressing KIF2C expression. KIF2C
overexpression decreased BC cell metastasis and
proliferation following miR-548 overexpression since
heterologous KIF2C has no 3’-UTR. In this manner,
miR-548 could not interact with the KIF2C 3°’UTR and
silence it at the mRNA level. KIF2C is a mitotic
centromere-associated kinesin; the role of KIF2C has
been extensively characterized [27]. KIF2C localizes
to the cytoplasm throughout the cell cycle, and is
specifically localized at centromeres/kinetochores,
centrosomes, and the spindle midzone in mitosis
[28, 29]. Many studies have indicated that KIF2C
expression likely functions in cancer progression and
development, including esophageal squamous cell
carcinoma [30], non-small cell lung cancer [31],
and gliomas [32]. The present study showed that
circRGNEF downregulation decreased KIF2C expression.
miR-548 downregulation or KIF2C overexpression
restored proliferation, migration, and invasion abilities
after circRGNEF silencing, suggesting that circRGNEF
promotes BC progression via miR-548/KIF2C axis
regulation.

CONCLUSIONS

In conclusion, our study found that the increase in
circRGNEF expression in BC is closely related to BC
development and occurrence. We have shown that
circRGNEF  directly  targets miR-548  through
upregulation of KIF2C expression. Downregulation of
circRGNEF suppressed BC progression by promoting
miR-548 and decreasing KIF2C expression. This
provides us with a potential prognostic and therapeutic
target for circRGNEF in BC treatment.

MATERIALS AND METHODS
Animal ethics statement

We used 12 BALB/c nude mice aged 4 weeks and
weighing 15~20 g (SLARC, Shanghai, China) in the
present study. Ethics Committee in Huashan Hospital,
Fudan University approved animal experiments.

Patients and samples

In total, we collected 90 pairs of BC and adjacent normal
tissues from BC patients enrolled in Huashan Hospital,
Fudan University from January 2007 to January 2013. No
patients received preoperative local or systemic treatment
in prior specimen collection. We acquired informed
consent from patients or patients’ relatives. Ethics
Committee at Huashan Hospital, Fudan University
approved this project. We directly deposited collected
tissues in liquid nitrogen and 4% paraformaldehyde for
further use.

High-throughput RNA-Seq and strand-specific
RNA-Seq library construction

We extracted total RNA from two pairs of BC and
adjacent noncancerous tissues or T24 cells with or
without small interfering RNA targeting circRGNEF
(si-circRGNEF) via TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). We subjected nearly 3 pg of total
RNA from every sample to VAHTS Total RNA-seq
(H/M/R) Library Prep Kit for Illumina (Vazyme
Biotech Co., Ltd, Nanjing, China) to eliminate
ribosomal RNA. We retained other RNA such as non-
coding RNA and mRNA. We treated purified RNA with
RNase R (Epicenter, 40 U, 37°C for 3 h), and then
performed TRIzol purification. We prepared RNA-Seq
libraries through the KAPA Stranded RNA-Seq Library
Prep Kit (Roche, Basel, Switzerland), which were
subjected to deep sequencing through Illumina HiSeq
4000 at Aksomics, Inc., Shanghai, China (accession
number: H1712024).

Cell culture and transfection

We obtained SV-HUC and BC (J82, EJ, T24, TCC,
UM-UC-3, and RT-4) cell lines from Type Culture
Collection (Shanghai, China) in Chinese Academy of
Sciences. Cells were culturedin Dulbecco’s modified
Eagle medium (DMEM; Gibco, Grand Island, NY,
USA) with 10% fetal bovine serum (FBS) at 37°C in a
humidified incubator with 5% COs,.

We transfected si-circRGNEF, miR-548 inhibitors,
miR-548 mimics, KIF2C overexpression vector,
and respective negative controls into cultured UM-
UC-3 and T24 cells using Lipofectamine 2000
(Invitrogen) following standard procedure. To further
verify the effects of circRGNEF in vivo, we
constructed lentiviral stabilized circRGNEF-silenced
T24 cells.

Bioinformatics analyses

We predicted circRNA/miRNA target genes via the web-
based tool Circular RNA Interactome. We predicted
correlations between KIF2C and miR-548 through
TargetScanHuman and the http://circnet.mbe.nctu.edu.tw/
website.

Colony formation and cell proliferation assays

We used Cell Counting Kit-8 (CCK-8; Gibco) assay to
assess cell viability. We seeded transfected cells into
96-well plates at a density of 2000 cells per well in
triplicate wells. We detected cell viability at 0, 24,
48, and 72 h after seeding according to standard
procedure.
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For the colony formation assay, we seeded transfected
cells into 6-well plates at a density of 2000 cells per
well. Cells were maintained in DMEM medium
containing 10% FBS for 10 days. We fixed and stained
samples, and counted and imaged colonies.

5-Ethynyl-2'-deoxyuridine (EdU) assay

We used the EdU assay kit (RiboBio, China) to assess
cell proliferation and DNA synthesis. We cultured
10,000 treated PC cells in a 96-well plate overnight.
The following day, we added EdU solution (25 uM) and
incubated cells for 1 day. We then fixed cells with 4%
formalin at room temperature for 2 h. Afterwards, 0.5%
Triton X-100 was applied for 10 min to permeabilize
the cells and Apollo reaction solution (200 pL) was
added to stain EQU for 30 min and 4,6-diamidino-2-
phenylindole (DAPI; 200 pL) to stain nuclei. Lastly, a
Nikon microscope (Nikon, Japan) was used to detect
proliferation and DNA synthesis, reflected by blue and
red signals, respectively.

Fluorescence in situ hybridization (FISH)

We prepared specific probes to circRGNEF (Dig-5" -
AAACTGAAGAAGTATCTTCTCACAGAG -3'-Dig)
(Geneseed Biotech, Guangzhou, China). We detected
signals using FITC-conjugated anti-biotin antibodies
(Jackson ImmunoResearch Inc., West Grove, PA,
USA). We counterstained cell nuclei with DAPI. We
obtained images using Zeiss LSM 700 confocal
microscope (Carl Zeiss, Oberkochen, Germany).

Migration and invasion assay

We measured cell invasion and migration using a BD
Transwell chamber with 24 wells (Costar, Boston, MA,
USA), uncoated or pre-coated with Matrigel, following
the standard procedure. We seeded cells (6 x 10* cells
per well for migration; 8 x 10* cells per well for
invasion) in 500 pl serum-free medium to the insert, and
placed media supplemented with 10% FBS as a
chemoattractant in the lower chamber. After incubation
at 37°C for 1 day, we fixed and stained the invaded cells
at the lower surface of the insert with 1% crystal violet.
We then counted and imaged cells.

RT-qPCR

We conducted RNA extraction using TRIzol reagent
(Invitrogen) as previously described [33]. We obtained
cDNA wusing a pTRUEscript 1st Strand cDNA
Synthesis Kit (Aidlab, Beijing, China). We conducted
RT-qPCR with the 2x SYBR Green qPCR Mix
(Aidlab) on the ABI 7900HT sequence detection
machine (Thermo Fisher Scientific, Waltham, MA,

USA). Expression fold differences were determined
via the 2744CT method.

Luciferase reporter assay

We amplified wild type (WT) cDNA fragments of
circRGNEF or the KIF2C 3’ untranslated region (UTR)
including predicted miR-548 binding sites and
generated mutated (Mut) fragments by overlap
extension PCR. We cloned WT and Mut fragments into
psiCHECK-2 (Promega, Madison, WI, USA). For the
luciferase reporter assay, we co-transfected HEK293T
cells with WT or Mut vector and miR-548 or control
mimics using Lipofectamine 2000 (Thermo Fisher
Scientific). After 2 days of transfection, we detected
luciferase activity through the dual-luciferase reporter
assay kit (Promega) followed by normalization with
Renilla luciferase activity. Experiments were performed
in triplicate.

Metastasis assays and tumor xenograft formation

We injected 2 x 107 viable cells from negative control
(NC) or si-circRGNEF T24 cells into nude mice right
flanks as previously described [34]. We measured tumor
sizes every 5 days through a vernier caliper. We
calculated tumor volume by the equation: volume =
length x width? x 0.5. Mice were euthanatized for qRT-
PCR analysis 1 month after implantation.

For metastasis analyses, we transfected T24 cells with
luciferase expression vectors into both NC- and si-
circRGNEF-silenced cells (2 x 103). We intravenously
injected cells into mice tails. After 1 month, we
analyzed T24 cell metastasis by bioluminescence
imaging with intravenous luciferin injection (150 mg
luciferin/kg body weight) into tails of mice.

Statistical analysis

We denoted data by mean + standard deviation. We
used GraphPad Prism (GraphPad, La Jolla, CA, USA)
to calculate group differences. P < 0.05 inferred a
statistical significance.
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