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Circular RNAs (circRNAs), a subclass of noncoding RNAs, are
reportedly involved in the progression of various diseases.
However, the exact role of circRIMSI1, also termed hsa_
circ_0132246, in human bladder cancer remains unknown.
By performing RNA sequencing comparing bladder cell lines
and normal uroepithelial cells, circRIMS1 was selected as a
research object. We further verified by qRT-PCR that cir-
cRIMSI is upregulated in both bladder cancer tissue and cell
lines. Proliferation, colony-formation, Transwell migration,
invasion, apoptosis, western blotting, and in vivo experiments
were utilized to clarify the roles of circRIMS1, microRNA
(miR)-433-3p, and cell cycle and apoptosis regulator 1
(CCAR1). For mechanistic investigation, RNA pulldown, fluo-
rescence in situ hybridization (FISH), and luciferase reporter
assay confirmed the binding of circRIMS1 with miR-433-3p.
Inhibition of circRIMS1 suppressed the proliferation, migra-
tion, and invasion of bladder cancer cells both in vitro and
in vivo. Moreover, the circRIMS1/miR-433-3p/CCAR1 regula-
tory axis was confirmed to be responsible for the biological
functions of circRIMS1. Taken together, our research demon-
strated that circRIMS1 promotes tumor growth, migration,
and invasion through the miR-433-3p/CCARI1 regulatory
axis, representing a potential therapeutic target and biomarker
in bladder cancer.

INTRODUCTION

Bladder cancer is the ninth most common cancer and ranks 13" in
annual mortality among cancers worldwide. Depending on the depth
of tumor infiltration, bladder cancer is classified into two types: non-
muscle invasive (75%) and muscle-invasive bladder cancer (25%)."*
Due to distant metastasis, the 5-year overall survival rate of muscle-
invasive bladder cancer patients is only 60% after surgery and chemo-
therapy.’ Thus, it is meaningful to elucidate the underlying molecular
mechanisms to develop precise anticancer strategies for bladder cancer.

Circular RNA (circRNA) is a brand new subclass of endogenous non-
coding RNAs that is characterized by a closed covalent loop structure

with a specific joining site between the 3’ and 5’ ends formed by back-
splicing,* ® circRNAs exhibit high sequence conservation, abundant
expression, and cell- or tissue-specific expression.”* Emerging find-
ings have reported that circRNAs modulate various biological pro-
cesses, whereby they act by sponging microRNAs (miRNAs), medi-
ating RNA-protein interactions, or modulating expression of
parental genes.”” " In addition, numerous circRNAs may represent
prognostic and diagnostic biomarkers in human diseases, especially
cancer.''™'* Nevertheless, further research is needed to determine
the roles and functions of circRNAs in bladder cancer.

miRNAs regulate gene expression by binding directly to specific
mRNA sequences.]S In recent decades, numerous studies have re-
ported that miRNAs play vital roles in various biological behaviors
and processes, making them potential molecular targets for cancer
therapeutics.'®
expression of miRNAs in cancer, as well as their various influences
on tumorigenesis, development, and progression in bladder
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Cell cycle and apoptosis regulator 1 (CCAR1/CARP-1) plays a vital
role in apoptosis signaling through the retinoid CD437 and in chemo-
therapy in human breast cancer.”” CCARI is also necessary for hu-
man breast cell growth and gene expression, relying on an estro-
gen-dependent pathway.”’ Moreover, CCAR1 enhances antitumor
effects induced by the suppression of the epidermal growth factor re-
ceptor (EGFR).** Recent studies reported that CCARI interacts with
B-catenin to activate the Wnt signaling pathway, enhancing tran-
scriptional activation of downstream genes in gastric and colon can-
cer cells,”>** which indicated that CCAR1 was a coactivator of B-cat-
enin and a key regulator in the Wnt pathway.
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In the present study, we identified and named a circRNA derived from
the RIMSI gene, termed circRIMSI. circRIMS1 was found to be aber-
rantly upregulated in bladder cancer. We hypothesized that circRIMS1
might play a vital role in the progression of bladder cancer by sponging
microRNA (miR)-433-3p to influence expression of CCARI and tumor
biological behaviors. The underlying mechanisms and functions of cir-
cRIMS1 were explored, and circRIMS1 may represent a novel
biomarker and a potential therapeutic target for clinical treatment in
bladder cancer.

RESULTS

circRIMS1 (hsa_circ_0132246) Is Upregulated in Bladder Cancer
To investigate the roles of circRNAs in the progression and metastasis
of bladder cancer, circRNA expression profiles between a normal ur-
othelial cell line (SV-HUC-1) and two bladder cancer cell lines (J82
and T24) were examined by circRNA sequencing (Figure 1A; each
sample was mixed with three replicates, GEO: GSE150142). Among
significantly upregulated circRNAs in both J82 and T24 compared
to SV-HUC-1 cells, circRIMS1 (hsa_circ_0132246) was selected as
a candidate study object due to the repeatability of its upregulation
in other bladder cancer cell lines. Expression levels of circRIMS1
were markedly higher in 5 bladder cancer cell lines compared to
SV-HUC-1 cells (Figure 1B). To further investigate the correlation be-
tween circRIMS1 and bladder cancer, we performed qRT-PCR to
identify differential expression of circRIMSI in bladder cancer tissues
and adjacent normal tissues (n = 20). As shown in Figure 1C, cir-
cRIMS1 was aberrantly expressed in tumor tissue. Meanwhile, we
also found that circRIMS1 was associated with the pathological and
histological characteristics in our cohort (Figure 1D; Table S3).
Next, we performed Sanger sequencing to verify head-to-tail splicing
with the existing sequence in circBase in the RT-PCR product of cir-
cRIMS1 (Figure 1E). Actually, both trans-splicing and genomic rear-
rangements lead to head-to-tail splicing.”> Therefore, we employed
convergent primers of RIMS1 mRNA and divergent primers of cir-
cRIMS1 for amplification to rule out these possibilities. We per-
formed nucleic acid electrophoresis detection with ¢cDNA and
genomic DNA (gDNA) acquired from T24 and EJ cells separately. Re-
sults in Figure 1F revealed that no amplified products were detected in
the gDNA fraction, whereas circRIMS1 was detected in cDNA only.
circRNAs are characteristically resistant to digestion by RNase R
due to their unique and stable structure.”> In an experiment to
confirm the stability of circRIMS], the linear forms of RIMSI were
remarkably depleted by RNase R, but circRIMS1 could tolerate the
digestion of RNase R (Figure 1G). Last, in the EJ cell line, RNA fluo-
rescence in situ hybridization (FISH) results demonstrated that cir-
cRIMS]1 was primarily localized in the cytoplasm (Figure 1H).

circRIMS1 Enhances the Proliferation, Migration, and Invasion
of Bladder Cancer Cells

To verify the biological functions of circRIMSI in bladder cancer cells,
we first determined the knockdown efficiency of small interfering RN As
(siRNAs) and used si-circRIMS1#2 in the following studies (Figure 2A).
circRIMS1-specific small hairpin RNAs (shRNAs) were generated, ac-
cording to the sequence of si-circRIMS1#2, to stably knock down the
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expression of circRIMS1. Results showed that circRIMS1 expression
was significantly reduced by sh-circRIMS1, but expression of the linear
RIMS1 mRNA was unchanged (Figure 2B). A subsequent Cell Counting
Kit 8 (CCK-8) assay indicated that circRIMSI played a key role in cell
proliferation (Figure 2C). In addition, colony-formation assays showed
that the colony-forming abilities of circRIMS1-knockdown cells were
reduced compared to control cells (Figure 2D). Transwell migration
and invasion assays further confirmed that circRIMS1 knockdown
markedly suppressed bladder cancer cell migration and invasion (Fig-
ure 2E). The subsequent wound-healing assay showed a similar trend
in T24 and EJ cells (Figure 2F). Epithelial-to-mesenchymal transition
(EMT), a vital process for both cell migration and cancer metastasis,
is aberrantly activated in various cancers.”® Western blot results indi-
cated that inhibition of circRIMSI enhanced E-cadherin expression
but suppressed the expressions of N-cadherin and vimentin in both
cell lines, suggesting inhibition of the EMT process (Figure 2G). Mean-
while, matrix metalloproteases (MMPs) are necessary for migration and
invasion of tumor cells.”” The expression of MMP2 was also decreased
in response to circRIMSI inhibition (Figure 2G). In summary, our re-
sults revealed that circRIMSI is a key regulator in bladder cancer pro-
gression and metastasis in vitro.

circRIMS1 Serves as a Sponge for miR-433-3p in Bladder Cancer
A growing number of studies have confirmed that circRNAs can act as
ceRNAs (competing endogenous RNAs) to weaken the biological effects
of targeted miRNAs.”**’ Given that circRIMS1 is predominantly local-
ized in the cytoplasm and is remarkably stable, we hypothesized that cir-
cRIMSI regulates the biological behaviors of bladder cancer cells by
sponging miRNAs. Therefore, we predicted potential miRNAs that
bind to circRIMSI using miRanda, circBank, and RNAhybrid.
Twenty-three miRNAs were obtained from the overlap among these da-
tabases. Next, we searched these miRNAS’ cancer-related literatures and
identified 10 miRNAs that were reportedly involved in cancer progres-
sion and development in at least one study (Figure 3A). To verify the
binding potential of the 10 selected miRNAs, we also performed a pull-
down assay with a biotinylated circRIMS1 probe. Expression of target
miRNAs, which were pulled down from T24 and EJ cells, was analyzed
by qRT-PCR. According to Figure 3B, we selected three miRNAs with
significantly increased fold changes for circRIMS1 capture. Then, we
determined the biological function of these candidate miRNAs via
apoptotic assessment. Figure 3C shows that miR-433-3p mimics signif-
icantly increased the apoptotic rate in T24 and EJ cells after 48 h,
whereas other miRNAs had no obvious effects. In addition, we
measured miR-433-3p expression levels in circRIMSI-overexpressing
and circRIMS1-knockdown cells, and the results were consistent with
our conclusions above (Figure 3D). We subsequently inserted wild-
type and mutated circRIMSI into a luciferase reporter vector. With
transfection of the miR-433-3p mimics, the luciferase reporter assay
demonstrated that luciferase activity of the mutated reporter was
remarkably higher than the wild-type sequence in HEK293 cells (Fig-
ure 3E), indicating that miR-433-3p directly binds to circRIMSI.
Furthermore, RNA FISH revealed that circRIMS1 and miR-433-3p
both localized to the cytoplasm of bladder cancer cells (Figure 3F), sug-
gesting that miR-433-3p can interact with circRIMSI.
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Figure 1. circRNA Expression Profiles and Validation of circRIMS1 in Bladder Cancer Tissues and Cells

(A) Aflow diagram of circRNA sequencing in SV-HUC-1, J82, and T24 cell lines. (B) Levels of circRIMS1 in SV-HUC-1 cells and bladder cancer cells (J82, 5637, T24, EJ, and
TCCSUP) were determined by gRT-PCR. circRIMS1 was upregulated in bladder cancer cell lines. (C) Analysis of circRIMS1 expression fold change in tumor tissues and
adjacent normal tissues of bladder cancer patients (n = 20). (D) Expression of circRIMS1 in our bladder cancer patients during different pathological stages and histological
grades. (E) Schematic illustration indicating the circularization of exons 17, 18, 19, and 20 of RIMS1, forming circRIMS1. RT-PCR was performed to verify the existence of
circRIMS1. Sanger sequencing further proved the head-to-tail splice site in circRIMS1, and the specific junction is indicated by the red arrow. (F) circRIMS1 was detected in
T24 and EJ cell lines by RT-PCR. Divergent primers could only amplify circRIMS1 from cDNA. GAPDH was used as a negative control. (G) circRIMS1 and linear RIMS1T mRNA
levels in T24 and EJ cells were determined by gRT-PCR, with or without RNase R. (H) RNA FISH for circRIMS1 was detected in EJ cells. Nuclei were stained with 4/,6-
diamidino-2-phenylindole (DAPI; blue), and circRIMS1 appeared red. Results indicated that circRIMS1 was primarily localized in the cytoplasm. Scale bars, 20 um. Data are
presented as the mean + SD of three independent experiments. “p < 0.05, **p < 0.01 versus control group.
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Figure 2. circRIMS1 Promotes Proliferation, Migration, and Invasion of Bladder Cancer Cells

(A) Efficiency of siRNAs on circRIMS1 in T24 and EJ detected by gRT-PCR. (B) Expression levels of circRIMS1 and RIMS1 mRNA in T24 and EJ cells transfected with sh-
circRIMS1 or negative control vector were determined by gRT-PCR. (C) CCK-8 assay was performed to determine cell viability in sh-circRIMS1 cells. (D) Cell proliferation was
evaluated by a colony-formation assay in circRIMS1-knockdown T24 and EJ cells. (E and F) Transwell migration and invasion assays (E) and wound-healing assay (F)
indicated the biological effects of circRIMS1 knockdown in T24 and EJ cells. (G) Expression levels of MMP2 and EMT markers (E-cadherin, N-cadherin, and vimentin)
detected at the protein level in circRIMS1-knockdown T24 and EJ cells. *p < 0.05, **p < 0.01 versus control group.

miR-433-3p Is Downregulated in Bladder Cancer Cell Lines and
Tissues and Acts as a Tumor Suppressor

Our previous results showed that circRIMS] was a tumor pro-
moter and that miR-433-3p could interact with circRIMS1 in
bladder cancer cells, indicating the vital roles of miR-433-3p in
bladder cancer. Therefore, we next assessed miR-433-3p levels in
bladder cancer cell lines and tissues. As shown in Figure 4A, in
qRT-PCR experiments, miR-433-3p exhibited lower expression
levels in bladder cancer cells than in SV-HUC-1 cells. We also
confirmed lower expression levels of miR-433-3p in human
bladder cancer tissues compared to adjacent normal bladder tis-
sues (Figure 4B). Moreover, we found that levels of miR-433-3p
were negatively correlated with levels of circRIMS1by performing
Pearson correlation analysis (Figure 4C).
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To clarify whether miR-433-3p modulated biological behaviors in
bladder cancer, miR-433-3p-overexpressing T24 and EJ cells were
constructed via pre-miR-433 and cells with a miR-433-3p sponge.
First, we performed CCK-8 and colony-formation assays to evaluate
the influence of miR-433-3p on bladder cancer cell proliferation. As
shown in Figures 4D and 4E, knockdown of miR-433-3p promoted
cell growth and proliferation, whereas increased miR-433-3p ex-
hibited the opposite effect. We also determined migratory and inva-
sive abilities by wound-healing and Transwell assays. Our results
indicated that miR-433-3p remarkably inhibited cell migration
and invasion (Figures 4F and 4G). Detection of EMT markers
and MMPs by western blotting demonstrated that miR-433-3p in-
hibited the EMT process and MMP2 expression in bladder cancer
cells (Figure 4H). Overall,

these results demonstrate that
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overexpression of miR-433-3p suppresses proliferation, migration,
and invasion of T24 and EJ cells.

Knockdown of miR-433-3p Reverses the Antitumor Effects

Induced by Inhibition of circRIMS1 in Bladder Cancer Cells

To confirm the circRIMS1/miR-433-3p regulatory axis, we trans-
fected sh-circRIMSI, a miR-433-3p sponge, and negative control vec-
tors into T24 and EJ cells. We first determined initial levels of miR-
433-3p in the cells (Figure 5A). As predicted, results of CCK-8 and
colony-formation assays indicated that miR-433-3p inhibition

partially attenuated the suppression of cell viability and proliferation
induced by knockdown of circRIMSI. In addition, inhibition of cir-
cRIMSI also reversed miR-433-3p sponge-induced enhancement of
cell growth and proliferation (Figures 5B and 5C). Moreover, Trans-
well migration, invasion assays, and wound-healing assays showed
that circRIMS1-induced inhibition of migration and invasion was
reversed in response to the miR-433-3p sponge, and miR-433-3p
sponge-induced biological effects were attenuated by sh-circRIMS1
(Figures 5D and 5E). Accordingly, western blot confirmed the above
results, demonstrating altered expression levels of MMP2 and EMT
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Figure 4. miR-433-3p Is Vital for Cell Proliferation, Migration, and Invasion of Bladder Cancer Cells

(A) miR-433-3p levels were detected in bladder cancer cells (J82, 5637, T24, EJ, and TCCSUP) and SV-HUC-1 by gRT-PCR. (B) gRT-PCR indicated that miR-433-3p
exhibited lower levels in bladder cancer tissues than in normal adjacent tissues (n = 20). (C) Pearson correlation analysis showing that expression levels of miR-433-3p are
negatively correlated with circRIMS1 in 20 pairs of clinical specimens. Cells were transfected with miR-433-3p sponge and miR-433-3p and their negative controls,
respectively. (D) Cell viability was measured by a CCK-8 assay to evaluate the biological effects of miR-433-3p. (E) Colony-formation assay indicated the vital role of miR-433-

(legend continued on next page)
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markers (Figure 5F). These findings indicated that circRIMSI pro-
motes bladder cancer progression by sponging miR-433-3p, which
eliminates the antitumor effects induced by miR-433-3p.

CCART1 Is Targeted by miR-433-3p and Acts as an Oncogene in
Bladder Cancer

To elucidate which genes are regulated by the circRIMS1/miR-433-
3p axis in bladder cancer, we performed RNA sequencing and
identified 125 downregulated genes in the transcriptome between
control T24 cells and T24 cells with stable inhibition of circRIMS1
(Figure 6A; GEO: GSE150143). In addition, StarBase analysis re-
vealed 2,470 potential target genes, whereas TargetScan predicted
346 genes potentially targeted by miR-433-3p. We overlapped
these results, and three genes (CCARI1, CEP135, and NEGRI1)
were selected as research objects (Figure 6B). We further
confirmed the mRNA levels of these genes in sh-circRIMS1 and
control T24 or EJ cells. The results indicated that CCARI,
CEP135, and NEGRI1 were simultaneously decreased in response
to circRIMS1 inhibition in both cell lines (Figure 6C). We then de-
signed siRNAs for these three targeted genes and detected the
apoptotic rate by cytometry after transfection. The effects of
siRNAs were confirmed by western blotting (Figures S1A-S1C).
As shown in Figure 6D, depletion of CCARI1 induced the most
remarkable apoptosis levels, whereas knockdown of CEP135 and
NEGRI1 did not trigger apoptosis. Moreover, CCARI was nega-
tively correlated with levels of miR-433-3p, and inhibition of
miR-433-3p reversed the CCARI1 depletion phenotype induced
by sh-circRIMS1 (Figures S2A and S2B). Next, we performed lucif-
erase reporter assays to confirm the interaction between miR-433-
3p and CCARI. Results showed that miR-433-3p significantly
reduced the activity of the wild-type CCAR1 3’ UTR luciferase re-
porter compared to the miR-433-3p mimic negative control in
HEK293 cells. In contrast, the mutated luciferase reporter showed
no significant changes (Figure 6E). Based on these results, we then
evaluated the biological functions of CCARI1 in T24 and EJ cells
using si-CCARI1. Knockdown of CCARI inhibited cell prolifera-
tion and colony formation (Figures 6F and 6G). Moreover, as
determined by Transwell assays and wound-healing assay, migra-
tion and invasion in CCARI-depleted cells were also impaired
(Figures 6H and 6I). In addition, western blot analysis further
confirmed the critical role of CCARI in migration and invasion
of bladder cancer (Figure 6K). We next verified the correlation be-
tween CCARI and clinical features in another cohort. Figure 6L
demonstrates that protein levels of CCAR1 were strikingly higher
in bladder cancer than in adjacent normal tissue (n = 14). Further-
more, CCARI was associated with the pathological and histologi-
cal characteristics of bladder cancer (n = 60; Figure 6M; Table S5).
These series of experiments verified that CCARI1 is directly tar-
geted by miR-433-3p and acts as a tumor promoter.

CCAR1 Regulates the Expression of c-Myc and Survivin to
Influence Tumor Phenotype

Previous studies have reported that CCARI interacts with B-catenin
to enhance the expression of downstream Wnt signaling target genes
to modulate the growth of gastric and colon cancer cells.”>** There-
fore, we evaluated expression levels of c-Myc and survivin, which are
closely associated with cell proliferation and survival and are regu-
lated by the Wnt signaling pathway, using qRT-PCR and western
blotting in CCARI1-knockdown cells. As shown in Figures 6] and
6K, reduction in CCAR1 had a remarkable impact on both c-Myc
and survivin at both the mRNA and protein levels. Therefore, our re-
sults demonstrated that CCAR1, which was targeted by miR-433-3p,
regulates the expression of c-Myc and survivin to medicate survival
and proliferation in bladder cancer cells. However, the exact regula-
tory mechanism among CCAR1, c-Myc, and survivin requires further
study.

circRIMS1 Regulates Bladder Cancer Progression by Restoring
the Expression of CCAR1

To further validate the circRIMS1/miR-433-3p/CCARI1 regulatory
axis, we overexpressed CCARI in circRIMSI-knockdown T24 and
EJ cells and observed the subsequent effects. CCK-8 assay and col-
ony-formation assay showed that restoring CCARI expression
partially reversed the inhibition of cell viability and proliferation
induced by circRIMS1 knockdown, whereas knockdown of cir-
cRIMS1 attenuated CCARI-induced biological effects (Figures 7A
and 7B). Additionally, consistent results were found in Transwell
migration and invasion assays and wound-healing assays in blank
control, negative control, cricRIMS1-knockdown, CCARI-overex-
pressing, and sh-circRIMS1 with CCARI1 overexpression cells (Fig-
ures 7C and 7D). As expected, changes in MMP2 and EMT markers
also indicated the key role of CCARLI in cell adhesion and EMT in
bladder cancer cells. Interestingly, c-Myc and survivin were also up-
regulated in response to overexpression of CCAR1. Meanwhile, alter-
ations of the above proteins induced by CCAR1 were attenuated by
sh-circRIMS1 (Figure 7E). In summary, our results indicated that cir-
cRIMSI regulates the biological functions of bladder cancer cells
through modulating levels of CCARI.

circRIMS1 Is Vital for Bladder Cancer Growth and Metastasis

In Vivo

To further confirm a circRIMS1/miR-433-3p/CCARI1 axis in vivo,
T24 cells under different conditions (blank control, sh-circRIMS1
negative control, miR-433-3p sponge negative control, circRIMS1
knockdown, miR-433-3p sponge, and sh-circRIMS1 with miR-433-
3p sponge) were subcutaneously injected into nude mice. As shown
in Figures 8A-8C, inhibition of circRIMSI led to a remarkable reduc-
tion in tumor weight and growth rate. Interestingly, miR-433-3p
knockdown remarkably rescued the suppression of tumor growth

3p in cell proliferation. (F) Transwell migration and invasion assays indicated the role of miR-433-3p on cell migration and invasion. (G) Wound-healing assay showed that miR-
433-3p influenced the cell migration ability. (H) Expression levels of MMP2, E-cadherin, N-cadherin, and vimentin in T24 and EJ cells transfected with pre-miR-433 or miR-

433-3p sponge. "p < 0.05, **p < 0.01 versus control group.
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caused by circRIMS1 silencing. Meanwhile, inhibition of circRIMS1
reversed the enhancement of tumor growth induced by miR-433-3p
sponge. Immunohistochemistry (IHC) indicated that the mean im-
munopositive area for CCARI, c-Myc, and survivin was decreased
due to the depletion of circRIMSI, and the miR-433-3p sponge
reversed this change (Figure 8D).

To investigate the effects of circRIMS1 on tumor metastasis in an an-
imal model, T24 cells were injected into the tail vein of BALB/c nude
mice. As shown in Figure 8E, mice treated with sh-circRIMSI con-
tained fewer metastatic colonies in the lung than those treated with
blank control or negative control vectors. miR-433-3p sponge
enhanced the formation of lung metastatic colonies. Moreover, sh-cir-
cRIMSI-induced suppression was reversed by miR-433-3p sponge, and
miR-433-3p sponge-induced enhancement of tumor metastasis was
attenuated by inhibition of circRIMS1. IHC analysis confirmed expres-
sion of MMP2 and EMT markers, indicating the interaction between
circRIMS1 and miR-433-3p in cell adhesion and the EMT process (Fig-
ure 8D). To illustrate our study more clearly, we created a schematic of
the circRIMS1/miR-433-3p/CCARI regulatory axis (Figure 8F). Alto-
gether, our results demonstrated that inhibition of circRIMS1 dramat-
ically inhibits bladder cancer cell growth and metastasis primarily
through the circRIMS1/miR-433-3p/CCAR1 axis in vivo.

DISCUSSION

During the past decade, a paradigm shift has occurred, and circRNAs
are no longer regarded as simply the junk products of pre-mRNA
splicing.”® Dysregulation of circRNAs has been confirmed in
numerous cancer types, such as hepatocellular carcinoma,’! oral can-
cer,'” esophageal squamous cell carcinoma,’” and bladder cancer.'"*
However, there are still numerous enigmas about the molecular
mechanisms of circRNAs that remain to be investigated in bladder
cancer. In this study, we identified a circRNA, termed circRIMSI,
which exhibits aberrantly higher expression in bladder cancer cells
and tissue, and explored its underlying regulatory mechanism.

circRNAs are derived from exons of existing genes via back-splicing.®
Here, we verified that circRIMS] consisted of exons 17, 18, 19, and 20
of the RIMS1 gene and formed the circular structure by joining the 3’
and 5’ sites. Previous studies have verified the stability of circRNAs.*
Our subsequent results showed that circRIMS1 could tolerate RNase
R treatment with little degradation. In addition, we also confirmed
that circRIMS1 was abundantly expressed in bladder both cancer
cell lines and clinical specimens. Our correlation analysis indicated
that circRIMS1 might be related to bladder cancer development
and progression. However, due to the sample size of our cohort
(n = 20), further verification was necessary and meaningful. Mean-

while, our in vitro and in vivo assays confirmed the important roles
of circRIMSI on bladder cancer carcinogenesis.

The abnormal expression and critical roles of circRIMSI in bladder
cancer indicated that this circRNA might represent an ideal target
for clinical application in bladder cancer. Indeed, circRNAs can be de-
tected in body fluids. A growing body of evidence has shown that
circRNAs exist in circulating system and plasma.”**° Of note, some
researchers verified the dysregulation of circRNAs in urine of bladder
cancer patients.”’>° Therefore, with the consideration of the charac-
teristics and accessibility of circRNAs, they are suitable for clinical
diagnosis and prognostic prediction in human cancers. Chen and his
colleagues40 found that hsa_circ_0000190 has better sensitivity and
specificity for a gastric cancer diagnosis compared to carcinoem-
bryonic antigen (CEA) and CA19-9 (classic biomarkers of gastric can-
cer). Moreover, a recent study reported that expression levels of ciRS-7
were correlated with hepatic microvascular invasion and a-fetoprotein
(AFP) levels.*' circRNAs also enhance the efficiency of Kirsten rat sar-
coma 2 viral oncogene homolog (KRAS) diagnosis in colorectal can-
cer.”> Based on these valuable studies and our results, our future
research will focus on the detection of circRIMSI1 in body fluids,
such as plasma and urine, or tumor tissue acquired from a greater
number of bladder cancer patients to establish a diagnostic system
based on the levels of circRIMSI and other existing biomarkers in
bladder cancer, such as circRNAs, miRNAs, cancer-related genes,
and biochemical index, which might promote the precise and
early diagnosis of bladder cancer. Meanwhile, correlations between
circRIMS1 and clinical or pathological stages and histological grades
will also be investigated. circRNAs have been reported to participate
in the initiation and progression of sepsis,”> schizophrenia, depres-
sion,** inflammatory bowel disease,”” autoimmune diseases,’® and
especially human cancers.”’~>* Therefore, it is reasonable to speculate
that they are also potential therapeutic targets. Since our results showed
that circRIMS1 was remarkably overexpressed in bladder cancer,
siRNA targeting its back-splice junction might represent a novel ther-
apeutic method. Although there are not any preclinical trials concern-
ing circRNAs in clinical treatment for cancer, numerous studies and
attempts to utilize siRNAs as therapeutics have been reported.”” >

circRNAs contain abundant miRNA target-binding sites and could
weaken the downregulation of target genes mediated by miRNA,*
widely known as the “miRNA sponge” effect that has been reported
in emerging studies.'>'>'**"** In the present study, circRIMSI was
found to be localized in the cytoplasm, and a subsequent targeted
miRNA prediction indicated that circRIMS1 contained numerous
miRNA-binding sites, suggesting that circRIMS1 may exert its biolog-
ical effects as a miRNA sponge. For further verification, we performed

Figure 5. Inhibition of miR-433-3p Alleviates the Antitumor Effects of sh-circRIMS1

(A) Expression levels of miR-433-3p were verified in blank control, sh-circRIMS1 negative control, miR-433-3p sponge negative control, circRIMS1-knockdown, miR-433-3p
sponge, or sh-circRIMS1 with miR-433-3p sponge bladder cancer cells. (B) CCK-8 assay was used to detect cell viability in different cells. (C) Colony-forming ability was
determined by the colony-formation assay. (D and E) Transwell migration and invasion assays (D) and wound-healing assays (E) showed the effects of sh-circRIMS1, miR-
4383-3p sponge, or sh-circRIMS1 with miR-433-3p sponge on cell migration and invasion. (F) Expression levels of MMP2 and EMT-related genes were detected in cells with

various treatments. *p < 0.05, **p < 0.01 versus control group.
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RNA pulldown and luciferase assays to elucidate this interaction in
detail and confirmed the existence of the circRIMS1/miR-433-3p
axis. Next, we found that miR-433-3p served as a tumor suppressor
in bladder cancer. Furthermore, RNA sequencing, bioinformatics pre-
diction, and luciferase assays revealed that miR-433-3p is a negative
regulator of CCAR1 and that circRIMSI exerts its biological functions
primarily via CCARI.

CCARLI is a key modulator of apoptosis signaling and chemotherapy in
human breast cancer.”” Moreover, CCARI is also involved in biological
behaviors via an estrogen-dependent pathway in human breast cancer
cells.”" In addition, a previous study found that CCARI was vital for
cell growth and invasion in gastric cancer, serving as a coactivator of
B-catenin and enhancing transcriptional activation of Wnt signaling
pathway target genes.”* In this research, our experiments confirmed
that CCARI was a tumor promoter. Interestingly, we identified a reg-
ulatory effect of CCARI on c-Myc and survivin, which are both Wnt
signaling target genes associated with cell proliferation and growth.
Furthermore, we verified enhanced expression of CCAR1 in bladder
cancer tissues compared to adjacent normal tissues. Furthermore,
CCARI was positively correlated with pathological stage and histolog-
ical grade. Because the Wnt pathway is closely related to cell adhesion
and EMT,* " it is reasonable to speculate that CCAR1 may represent
a key regulator in the progression of bladder cancer by activating the
Wnt pathway. However, the exact downstream genes of CCAR1 and
Wnt signaling and the underlying molecular mechanism responsible
for this biological regulatory process still need further investigation.
Overall, by upregulating CCAR1 and sponging miR-433-3p, cir-
cRIMSI promotes the progression of bladder cancer and is a promising
target for clinical application in bladder cancer in the near future.

MATERIALS AND METHODS

Ethical Approval

All animal experiments were approved by the Ethics Committee of
The First Affiliated Hospital, Zhejiang University School of Medicine.
All procedures were performed according to the NIH Laboratory
Guidelines for animals.

Clinical Samples
Bladder cancer tissue samples and matched adjacent normal bladder
tissues were acquired from the surgical specimens, and this research

was approved by the Ethics Committee of First Affiliated Hospital
of Zhejiang University School of Medicine. Written, informed con-
sent was signed by patients before the study began. The World Health
Organization (WHO) Consensus Classification and tumor node
metastasis (TNM) staging system were used to classify the patholog-
ical and clinical stage of all the specimens. Detailed patient informa-
tion is shown in Tables S2 and S4.

Cell Lines and Culture

HEK293 cells; a human immortalized uroepithelium cell line (SV-
HUC-1); and human bladder cancer cell lines ]J82, 5637, T24, EJ,
and TCCSUP were obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA). Dulbecco’s modified Eagle’s
medium and RPMI-1640 medium with 10% fetal bovine serum (FBS;
Gibco, Grand Island, NY, USA), penicillin, and streptomycin were
used to culture HEK293 cells and the other cell lines, respectively.
All cells were cultured at 37°C with 5% CO..

RNA Extraction, Reverse Transcription, and Quantitative Real-
Time PCR Analysis

Cells were collected, and total RNA was extracted using TRIzol re-
agent (Invitrogen, Carlsbad, CA, USA). For the RNase R degradation
assay, total RNA (2 mg) was incubated with or without 3 U/mg RNase
R (Epicenter, WI, USA) for 15 min at 37°C. To determine levels of
circRNA and mRNA, total RNA (1 pg) was used for reverse transcrip-
tion by employing the PrimeScript RT Reagent Kit (Takara Bio, PR
China). TB Green Premix Ex Taq II (Takara Bio, PR China) was
used for subsequent detection on a QUANTS5 PCR system (Applied
Biosystems by Life Technologies). Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was used as an endogenous control. For miRNA
analyses, the All-in-One miRNA gRT-PCR Detection Kit (GeneCo-
poeia, USA) was used, and human U6 was used as a control. Results
were analyzed using the 2~ **“ method. All primers are listed in Ta-
ble S1.

siRNA, miRNA Mimics, Plasmid, and Lentivirus Construction

and Transfection

RiboBio (Guangzhou, PR China) synthesized siRNA and miRNA
mimics for the study. Lipofectamine RNAIMAX (Invitrogen) was
used for transfections. The sequences used are listed in Table SI.
For the construction of circRIMS1 overexpression plasmids, cDNA

Figure 6. CCAR1 Is Directly Targeted by miR-433-3p and Serves as a Tumor Promoter in Bladder Cancer

(A Significantly differentially expressed mMRNAs are presented as a clustered heatmap in T24 cells (negative control versus sh-circRIMS1). Red dots represent upregulated
genes, and green dots indicate downregulated genes in the volcano plot. (B) Overlap of downregulated mRNAs identified by RNA sequencing and target genes of miR-433-
3p predicted from TargetScan and StarBase databases. (C) Expression levels of CCAR1, CEP135, and NEGR1 in control or circRIMS 1-knockdown cells were further verified.
(D) The biological effect of CCAR1 was determined by siRNA transfections and Annexin V-FITC/PI staining. (E) Luciferase reporter assay confirmed the interaction between
miR-433-3p and the CCAR1 3’ UTR. miR-433-3p mimics (or negative control mimic) were cotransfected with wild-type or mutated CCAR1 3’ UTR luciferase reporter vector
into HEK293 cells. (F and G) Cell viability and colony-forming ability in control or CCAR1-deficient cells evaluated by CCK-8 assay (F) and colony-formation assay (G),
respectively. (H and I) To confirm the role of CCAR1 in cell migration and invasion abilities, Transwell migration and invasion assays (H) and wound-healing assay (I) were used
to detect cell migration ability. (J) mRNA expression levels of two Wnt signaling target genes (c-Myc and survivin) were downregulated by CCAR1 depletion, as determined by
gRT-PCR. (K) Expression of CCAR1, c-Myc, survivin, MMP2, and EMT markers at the protein level by western blotting in cells with various treatments. (L and M) Immu-
nohistochemistry (IHC) detection of CCAR1 in tissue chip (n = 60). Representative images are shown, and IHC score was calculated from immunostaining intensity and
positive staining rate. CCAR1 was abundantly expressed in bladder cancer tissue (L) and was associated with pathological stage and histological grade (M). Scale bars,
100 um. *p < 0.05, **p < 0.01 versus control group.
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containing circRIMS1 was constructed and cloned into the pcD-ciR
vector by GeneSeed (Guangzhou, PR China). The pcD-ciR vector
contains a front circular frame and a back circular frame and was
transfected into cells using Lipofectamine 3000 (Invitrogen). Lentivi-
ruses were obtained from GeneChem (Shanghai, PR China). Puromy-
cin was used for selection for at least 6 days after infection.

FISH

Cy3-circRIMSI and fluorescein isothiocyanate (FITC)-miR-433-3p
probes were synthesized and obtained from RiboBio (Guangzhou,
PR China). Hybridization assays were performed using a FISH Detec-
tion Kit (RiboBio, PR China). All images were captured by a confocal
microscope (FV1000; Olympus, Tokyo, Japan). The sequences of the
probes are listed in Table S1.

Nucleic Acid Electrophoresis

PCR products were verified using 2% agarose gel electrophoresis with
Tris base, acetic acid, and EDTA (TAE) running buffer (120 V,
30 min). NormalRun 250 bp-II DNA ladder (Generay, Shanghai,
PR China) was used as the DNA marker. Bands were observed by
UV irradiation. Primer sequences are provided in Table S1.

Target Prediction of circRIMS1 and miR-433-3p

We predicted potential miRNA-binding sites of circRIMSI using the
bioinformatics databases miRanda (http://www.miranda.org/), RNA-
hybrid  (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/), and
circBank (http://www.circbank.cn). We used StarBase® and TargetS-
can (http://www.targetscan.org/vert_72/) to predict target genes of
miR-433-3p.

Pulldown Assay with Biotinylated circRIMS1 Probe

Bladder cancer cells (1 x 107) were obtained, lysed, and sonicated as
indicated. To generate the probe-coated beads, C-1 magnetic beads
(Life Technologies) were coincubated with the circRIMS1 probe for
2.5 h at 25°C. Then, the circRIMSI probe or oligo probe was coincu-
bated with cell lysates at 4°C overnight. RNA was eluted and extracted
by wash buffer and used for qRT-PCR. The circRIMSI probe with
biotinylation was synthesized and purchased from RiboBio (Guangz-
hou, PR China). The sequences of the biotinylated circRIMS1 probe
are listed in Table S1.

Luciferase Reporter Assay

First, a luciferase reporter vector (pGL3-Firefly_Luciferase-Renilla_-
Luciferase) with CCAR1 3’ UTR or circRIMS1 was built, and the
mutant vectors were constructed by GeneChem (Shanghai, PR
China). A luciferase vector and miR-433-3p mimic or mimic negative

control were cotransfected into cells and incubated for 24 h. A dual-
luciferase reporter assay detection kit (Promega, WI, USA) was used
to detect firefly and Renilla luciferase activities, which were measured
on a Fluoroskan Ascent device (Thermo Fisher Scientific, USA).

Colony-Formation Assay

Cells were counted and seeded into 12-well plates (500 cells per well).
After 8 days of incubation, cell colonies were fixed in 4% paraformal-
dehyde and stained with crystal violet. Only cell colonies containing
50 cells or more were counted and recorded.

Migration and Invasion Assays

For the migration assay, 200 pL serum-free medium containing
3 x 10* cells was added into the upper chambers of Transwells
(Costar, NY, USA) for 24 h. Similarly, for the invasion assay, cells
were added to Matrigel (Becton Dickinson [BD], MA, USA)-pre-
coated Transwell upper chambers and incubated for 48 h. A total of
600 uL RPMI-1640 medium with 10% FBS was added to the bottom
chambers as an attractant. Migrated or invaded cells were fixed in 4%
paraformaldehyde and then stained with crystal violet. After
removing the remaining cells on the upper surface of the membrane,
the stained cells were visualized and imaged by microscopy (100x) in
five randomly chosen fields.

Wound-Healing Assay

Cells were seeded into 12-well plates with Culture-Inserts (ibidi, Ger-
many), according to the manufacturer’s instructions. The next day,
Culture-Inserts were removed, and cells were incubated without
serum for another 24 h. Images were recorded at 0 and 24 h on a mi-
croscope (Nikon, Tokyo, Japan), and the migration rate of the cells
was measured using Image]J software.

Apoptosis Analysis

Cells were collected and stained with Annexin V-FITC and propi-
dium iodide (PI) in binding buffer, according to the instructions of
the Apoptosis Detection Kit (BD Biosciences, San Diego, CA,
USA). After 30 min of incubation, the apoptotic rate was determined
by flow cytometry (Becton Dickinson, USA) and was analyzed using
FlowJo software.

Western Blot Analysis and Antibodies

Briefly, total protein was extracted using radioimmunoprecipitation
assay (RIPA) buffer (C1053; Applygen, Beijing, PR China). After mea-
surement of protein concentrations, equal amounts of proteins (30 ng)
were separated by SDS-PAGE and were transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, Billerica, MA, USA) and

Figure 7. circRIMS1 Regulates Bladder Cancer Progression through Restoring the Expression of CCAR1

Cells under different conditions (blank control, sh-circRIMS1 negative control, CCAR1 overexpression negative control, circRIMS1 knockdown, CCAR1 overexpressing, or
sh-circRIMS1 with CCAR1 overexpression) were used in the following assays. (A) Cell viability was evaluated to determine the effects on proliferation rate in T24 and EJ cells.
(B) Colony-forming ability was detected by colony-formation assay. (C and D) Transwell migration and invasion assays (C) and wound-healing assays (D) indicated that
CCART1 overexpression promoted migration and invasion of circRIMS1-knockdown cells and inhibition of circRIMS1 attenuated CCAR1-induced biological effects. (E)
Effects of sh-circRIMS1, CCAR1 overexpression, or sh-circRIMS1 with CCAR1 overexpression on expression levels of MMP2 and EMT-related genes were detected at the

protein level. *p < 0.05, **p < 0.01 versus control group.
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Figure 8. circRIMS1 Enhances Tumor Growth and Metastasis of Bladder Cancer Cells In Vivo

(A) An equal number of different T24 cells (blank control, sh-circRIMS1 negative control, miR-433-3p sponge negative control, circRIMS1 knockdown, miR-433-3p sponge,
and sh-circRIMS1 with miR-433-3p sponge) were used to establish subcutaneous xenograft tumors. Tumors were harvested and imaged (n = 4 each group). (B) Tumor
weight was determined when mice were sacrificed. (C) Tumor volumes were measured and calculated every 5 days after the cells were injected into mice. (D) H&E
staining and IHC detection of CCAR1, c-Myc, survivin, MMP2, and EMT markers in tumors. Scale bar, 200 um. (E) T24 cells (blank control, sh-circRIMS1 negative control,

(legend continued on next page)
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incubated with 5% skim milk for 2 h at room temperature. After
washing the membrane with Tris-buffered saline Tween 20 (TBST)
three times, primary antibodies were coincubated with the membrane
at 4°C overnight. The next day, the membrane was incubated with
secondary antibody (1:5,000) for 2 h at room temperature. Bands
were detected by a Bio-Rad CD Touch Detection System. The antibodies
used in this study were anti-GAPDH (catalog #5174), anti-E-cadherin
(catalog #3195), anti-N-cadherin (catalog #13116), and anti-vimentin
(catalog #5741) were all obtained from Cell Signaling Technology.
Anti-c-myc  (ab32072), anti-survivin (ab76424), anti-CEP135
(ab75005), and anti-NEGR1 (ab237798) were purchased from Abcam
(Cambridge, UK); anti-CCAR1 (PA5-52473) was purchased from
Invitrogen (Carlsbad, CA, USA); and anti-MMP2 (catalog number:
10373-2-AP) was obtained from Proteintech (Chicago, IL, USA).

Other In Vitro Experiments
Other in vitro experiments, such as CCK-8 assay, H&E staining, IHC,
and confocal microscopy, have been previously described by us.”’

In Vivo Studies

To establish the orthotopic xenograft tumor models, 4-week-old fe-
male BALB/c nude mice were obtained and randomly divided into
six groups (n = 4 for each group). An equal amount of T24 cells
(5 x 10°) was subcutaneously injected into the nude mice. 25 days
later, tumors were harvested from mice. Tumor volume (mm?) =
ab?/2. For tail-vein metastasis models, 6-week-old female BALB/c
nude mice were randomly divided and were injected with different
T24 cells via the tail vein (5 x 10° cells per mouse). After 40 days,
mice were sacrificed, and the numbers of lung metastatic colonies
were examined and recorded.

Statistical Analysis

Statistical analyses were performed using SPSS 20 (Abbott Laboratories,
Chicago, IL, USA). All data are presented as the mean + standard devi-
ation (SD). Student’s t test and chi-square tests were used to analyze dif-
ferences between the two groups. A paired t test was used to analyze
expression levels of circRIMS1, miR-433-3p, and CCARI in cancer tis-
sues and matched adjacent normal tissues. Pearson’s analysis was used
to clarify the relationship between circRIMS1 and miR-433-3p. A p
value <0.05 indicated meaningful results in this study.
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