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Circular RNA RBPMS inhibits bladder cancer
progression via miR-330-3p/RAI2 regulation
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Bladder cancer is a severe cancer with high mortality because of
invasion and metastasis. Growing evidence has revealed that
circular RNAs play critical roles in biological function, which
is closely connected to proliferation and invasion of bladder
cancer. In our study, we employed qRT-PCR, RNA fluores-
cence in situ hybridization (FISH), 5-ethynyl-20-deoxyuridine
(EdU), CCK-8, Transwell assays, luciferase reporter assays, xe-
nografts, and live imaging to detect the roles of circular RNA
binding protein with multiple splicing (circRBPMS) in bladder
cancer (BC). Bioinformatics analysis and WB were performed
to investigate the regulatory mechanism. Expression profile
analysis of circular RNAs (circRNAs) in BC revealed that
circRBPMS was significantly downregulated. Low circRBPMS
expression correlates with aggressive BC phenotypes, whereas
upregulation of circRBPMS suppresses BC cell proliferation
and metastasis by directly targeting the miR-330-3p/ retinoic
acid induced 2 (RAI2) axis. miR-330-3p upregulation or
silencing of RAI2 restored BC cell proliferation, invasion,
and migration following overexpression of circRBPMS. RAI2
silencing reversed miR-330-3p-induced cell invasion and
migration as well as growth inhibition in vitro. Moreover,
through bioinformatic analysis of the downstream target of
RAI2 in the TCGA database, we identified and validated the
biological role of circRBPMS through the RAI2-mediated
ERK and epithelial-mesenchymal transition (EMT) pathways.
We summarize the circRBPMS/miR-330-3p/RAI2 axis, where
circRBPMS acts as a tumor suppressor, and provide a potential
biomarker and therapeutic target for BC.
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INTRODUCTION
Bladder cancer (BC) is the ninth most common cancer in the world,
with a considerably varied incidence rate among different regions,
genders, and ages.1 Numerous studies suggest that circular RNA
(circRNA) is related to BC progression and prognosis.2 circRNA, a
type of endogenous, non-coding, single-stranded, closed RNA, was
first discovered by Sanger via electron microscope in 1976.3 circRNA
displays a loop form by ligation of the 30 and 50 ends and unique
reverse splicing.4 Therefore, circRNA lacks a free 50 cap end and 30

poly(A) tail5 and is more stable for RNase R than linear RNA while
presenting conservatism and stability.
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The competitive endogenous RNA hypothesis is currently investigated
themost and is a widely recognized mechanism of action.6 Containing
a large number of microRNA (miRNA) targets, circRNA can compet-
itively combinewithmiRNAs as amiRNA sponge, affecting translation
of mRNA by reducing the number of functional miRNAs.7,8

Research has demonstrated that circFNDC3B inhibits BC progression
through the miR-1178-3p/G3BP2/SRC/FAK axis.9 Although many
other related studies have been conducted, the potential biological
functions of circRNA in BC require further exploration. Our team
has shown that silencing circUVRAG can inhibit BC growth and
metastasis through the miR-223/FGFR2 axis.10

miRNAs are small and conserved non-coding RNAs that regulate tu-
mor initiation and metastasis and serve as master regulators.11,12

miRNA repress mRNA in many ways; for example, by repressing
mRNA activation proteins or binding mRNA coding sequences.13,14

Here we elaborate on the differentially expressed circRNA in BC
and adjacent tumors with high-throughput sequencing technology
to confirm the significant downregulation of hsa-circ-0006539 (circu-
lar RNA binding protein with multiple splicing [circRBPMS]) expres-
sion in BC, predict its potential downstreammiR-330-3p and retinoic
acid induced 2 (RAI2) via bioinformatics, and prove their inter-
action using experiments. We also summarize the relationship of
circRBPMS with ERK and epithelial-mesenchymal transition
(EMT) pathways and reveal that overexpressed circRBPMS can
play a key role in inhibiting bladder tumor proliferation and invasion.
RESULTS
Hsa_circ_0006539 (circRBPMS) has low expression in BC

We used high-throughout sequencing to analyze the expression of
circRNA in 2 pairs of BC and normal tissue samples (Table S1).
Author(s).
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Figure 1. circRBPMS is downregulated in BC and predicts an unfavorable prognosis

(A) Genomic loci of RBPMS and circRBPMS. The schematic illustration shows that the length of circRBPMS is 331 bp. The back-splicing site is validated by Sanger

sequencing. (B) Expression of circRBPMS in the normal cell line SV-HUC-1 and the bladder cancer (BC) cell lines RT4, UM-UC-3, T24, 5637, and J82, detected by qRT-PCR.

Data are presented as the mean ± SD. ***p < 0.001, **p < 0.01 versus SV-HUC-1. (C) Expression of circRBPMS and linear mRNA-RBPMS treated with RNase R or left

untreated was detected by qRT-PCR. circRBPMS is more resistant to RNase R than mRNA. Data are presented as the mean ± SD. ***p < 0.001 versus untreated samples.

(D) circRBPMS is located in the cytoplasm and downregulated in BC, as detected by fluorescence in situ hybridization (FISH) in 90 pairs of a BC tissue microarray (TMA).

(E) Relative circRBPMS expression is lower in BC, as shown by FISH values. Data are presented as the mean ± SD. ***p < 0.001 versus normal. (F) Prognostic significance of

circRGNEF expression for individuals with BC was performed with FISH values between the circRBPMS low expression and high expression using the median value as the

cutoff. The time period was 60months. (G) FISH was used to detect the subcellular localization of circRBPMS in T24 and UM-UC-3 cells. circRBPMSwas stained green, and

nuclei were stained blue (DAPI). Scale bar, 20 mM.
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Differential circRNA gene expression analysis identified 12 upregu-
lated and 78 downregulated circRNAs between BCa tissues and
paired normal bladder tissue (p < 0.05 and |log2FC| > 2). circRBPMS
appeared to be considerably downregulated in BC derived from the
RBPMS gene, with a length of 331 bp and Sanger sequencing of the
unique back-splicing site of circRBPMS other than lineal RBPMS
(Figure 1A); therefore, hsa_circ_0006539 is called circRBPMS. Next
we tested the expression of circRBPMS in five BC cell lines (RT4,
UM-UC-3, T24, 5637, and J82) using qRT-PCR. The results indicated
that circRBPMS expression in the T24 and UM-UC-3 cell lines was
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Table 1. Relationship between the expression levels of circRBPMS and

clinicopathological features in BC

Characteristics No. (%)

circRBPMS expression

Low (%) High (%) p value

Gender

Male 81 (90.0) 46 (56.8) 35 (43.2) 1.000

Female 9 (10.0) 5 (55.6) 4 (44.4)

Age

<65 56 (62.2) 36 (64.3) 20 (35.7) 0.080

R65 34 (37.8) 15 (44.1) 19 (55.9)

Tumor size

<3 cm 38 (42.2) 16 (42.1) 22 (57.9) 0.020

R3 cm 52 (57.8) 35 (67.3) 17 (32.7)

Clinical stage

Ta–T1 44 (48.9) 18 (40.9) 26 (59.1) 0.005

T2–T4 46 (51.1) 33 (71.7) 13 (28.3)

Grade

Low 51 (56.7) 26 (51.0) 25 (49.0) 0.284

High 39 (43.3) 25 (64.1) 14 (35.9)

Lymphatic metastasis

Yes 22 (24.4) 17 (77.3) 5 (22.7) 0.028

No 68 (75.6) 34 (50.0) 34 (50.0)

Muscle invasion

NMIBC 61 (67.8) 29 (47.5) 32 (52.5) 0.013

MIBC 29 (32.2) 22 (75.9) 7 (24.1)

Total 90 51 39
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somewhat decreased in comparison with normal SV-HUC-1 cells
(Figure 1B). By treating T24 and UM-UC-3 cells with RNase R, we
found that circRBPMS was more resistant than its linear counterpart
(Figure 1C), as expected. Then we used 90 pairs of human BC samples
and adjacent samples to carry out RNA fluorescence in situ hybridi-
zation (FISH) assays and verified that circRBPMS was mainly local-
ized in the cytoplasm (Figure 1D) and less expressed in BC tissues
than in adjacent normal tissues (Figure 1E). As shown in Table 1,
we also discovered that low circRBPMS expression was positively
correlated with tumor size, clinical stage, lymphatic metastasis, and
muscle invasion. In addition, several recent studies have shown that
differential expression of circRNA contributes greatly to the prog-
nosis of individuals with BC;15,16 those who exhibit low expression
of circRBPMS are associated with a worse prognosis in contrast to
those with high expression (Figure 1F). Furthermore, circRBPMS
was mainly present in the cytoplasm (Figure 1G) in T24 and UM-
UC-3 cells, as shown by RNA FISH of circRBPMS, which revealed
a potential role of mediating downstream biological roles.

Overexpression of circRBPMS suppressed cell proliferation and

invasion in vitro

To further investigate the effects of circRBPMS on BC cells, we con-
structed a lentiviral overexpression vector (LV-circRBPMS). qRT-
874 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
PCR analysis proved that transfection of LV-circRBPMS can in-
crease the expression of circRBPMS in T24 and UM-UC-3 cells
(Figure 2A). CCK-8 assays confirmed that high levels of circRBPMS
can inhibit proliferation of T24 and UM-UC-3 cells (Figures 2B and
2C). Flow cytometry assays showed that S phase was decreased,
whereas G0/G1 phase proportions were increased. We also observed
a sub-G0 peak following overexpression of circRBPMS, indicating
apoptosis (Figure 2D).17 The apoptosis rates of circRBPMS-overex-
pressing T24 and UMUC-3 cells increased as expected, which
would account for cell phenotype alteration as proliferation and
migration (Figure 2E). Overexpression of circRBPMS suppressed
closure of scratch wounds (Figure 2F; Figures S1A and S1B),
suggesting that circRBPMS plays an important role in BC cell inva-
sion. Colony formation assays and 5-ethynyl-20-deoxyuridine (EdU)
assays also revealed that overexpression of circRBPMS can suppress
proliferation of tumor cells (Figures 2G and 2H; Figures S1C
and S1D).

Overexpression of circRBPMS decreased BC cell proliferation

and metastasis in vivo

It was also found in xenograft assays that circRBPMS overexpression
could inhibit tumor size (Figure 3A), tumor volume (Figure 3B), and
tumor weight (Figure 3C), as measured against negative control
(NC) cells. Immunohistochemistry detection with Ki67 staining
demonstrated that overexpressed circRBPMS suppresses Ki67
expression in tumor tissue (Figure 3D), indicating that circRBPMS
suppresses tumor growth. Transwell assays showed that overexpres-
sion of circRBPMS inhibits migration of T24 and UM-UC-3 cells
(Figure 3E). Furthermore, we injected luciferase (luc)-labeled T24
cells containing overexpression of LV-circRBPMS and LV-NC into
mice via the tail vein, and live imaging after 21 days showed a
reduction of visible lung metastasis sites. These results suggest that
overexpressed circRBPMS suppresses tumor metastasis in vivo
(Figure 3F).

circRBPMS inhibits miRNA expression, serving as an RNA

sponge for miR-330-3p

Bioinformatics play a crucial role in predicting downstream targets
of circRNA.18 We drew a schematic diagram of the potential
miRNA might be combined which predicted by Encori, CircInterac-
tome, and circMIR (Figures 4A and 4B). miR-330-3p has been
shown to be downregulated in various tumors, such as breast
cancer19, non-small cell lung cancer,20 and osteosarcoma.21 How-
ever, miR-330-3p is also upregulated in cancer tissue, which inhibits
cell viability and invasion.22 To better detect the potential down-
stream target of circRBPMS, we conducted an RNA pull-down assay
and found that only miR-330-3p could be pulled down by the
circRBPMS probe (Figure 4C). Ago2 RNA immunoprecipitation
(RIP) was applied to further validate the interaction between
circRBPMS and miR-330-3p; higher circRBPMS and miR-330-3p
levels were observed in anti-Ago2 RIP than in anti-immunoglobulin
G (IgG) RIP (Figure 4D). To future confirm the expression and bio-
logical role of miR-330-3p in BC, significantly higher expression of
miR-330-3p was observed in five BC cell lines (RT4, UM-UC-3,



Figure 2. Overexpression of circRBPMS suppressed BC cell proliferation in vitro

(A) The efficiency of LV-circRBPMS overexpression compared with a negative control (NC) in T24 and UM-UC-3 cells was detected by qRT-PCR. Data are presented as the

mean ±SD. ***p < 0.001 versus NC. (B andC) CCK-8 proliferation assays of T24 and UM-UC-3were detected to preform the proliferation of LV-circRBPMS andNC. Data are

presented as the mean ± SD. ***p < 0.001 versus NC. (D) Flow cytometry was used to measure the cell cycle distribution of LV-circRBPMS and NC in T24 and UM-UC-3 cells

separately after PI staining. (E) Apoptosis rates of LV-circRBPMS and NC in T24 and UM-UC-3 were detected by Annexin V-7-AAD staining and analyzed by flow cytometry.

(F) Wound healing assays for T24 and UM-UC-3 cells transfected with LV-circRBPMS and LV-NCwere performed for 48 h to detect cell migration ability. (G) The proliferation

ability of T24 and UM-UC-3 cells transfected with LV-circRBPMS and LV-NC was detected by EdU assay. (H) A colony formation assay was performed to detect the colony

formation ability of T24 and UM-UC-3 cells transfected with LV-circRBPMS and LV-NC.
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T24, 5637, and J82) compared with SV-HUC-1 cells (Figure S2A)
and in 42 pairs of BC tissue compared with normal tissue, as shown
by qRT-PCR (Figure S2B). Furthermore, TCGA expression profiles
also demonstrated higher expression of miR-330-3p in BC samples
(Figure S2C). miR-330-3p could inhibit proliferation of T24 and
UM-UC-3 cells, and this phenotype could be reversed by inhibiting
miR-330-3p (Figures S2D and S2E) in CCK-8 assays. The interac-
tion detected by RNA FISH in T24 and UM-UC-3 cells revealed
that circRBPMS and miR-330-3p were co-expressed in the cyto-
plasm (Figure 4E). We constructed dual-luc reporter vectors that
contained wild-type (WT) and mutated (Mut) circRBPMS se-
quences capable of binding miR-330-3p (Figure 4F) to confirm
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 875
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Figure 3. circRBPMS overexpression suppressed BC cell proliferation and metastasis in vitro

(A) Tumor sizes were measured and compared for LV-NC-T24 and LV-circRBPMS-T24 xenografts in nude mice after 21 days. (B and C) Tumor volume and weight were

measured separately. Data are presented as the mean ± SD. ***p < 0.001 versus NC. (D) Ki-67 staining section of relative tumor tissue. Scale bar, 100 mM. (E) The invasion

ability of T24 and UM-UC-3 cells was detected using separate Transwell assays. ***p < 0.001 versus NC. (F) The metastasis ability of LV-NC-T24-luc and LV-circRBPMS-

T24-luc by intravenous tail injection was detected using live imaging.
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the interaction between circRBPMS and miR-330-3p. After trans-
fecting vectors to HEK293T cells that did or did not contain a
miR-330-3p mimic and circRBPMS, dual-luciferase assays showed
that miR-330-3p suppressed luc activity in WT cells but not in
Mut cells (Figure 4G). All of this evidence indicates that miR-
330-3p is a direct downstream target of circRBPMS and serves as
a cancer promoter in BC.

miR-330-3p works as a mRNA suppressor to inhibit RAI2

expression

We took advantage of the databases miRWalk, miRDB, TargetScan,
and Encori and differentially expressed gene analysis via the R pack-
age of BC in TCGA to predict potential downstream target genes of
876 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
miR-330-3p (Figure 5A). Cytoscape software was used to draw the
ceRNA network (Figure 5B). RAI2, one of the predicted targets, at-
tracted our attention because of its reported tumor-suppressive bio-
logical function. RAI2 can inhibit early metastatic spread of estrogen
receptor-positive breast cancer as a differentiation factor.23 We
further validated that transfection with a miR-330-3p mimic
decreased RAI2 levels in T24 and UMUC-3 cells, whereas a miR-
330-3p inhibitor had the opposite effect (Figures S3A and S3B). How-
ever, the role of RAI2 in BC largely remains unknown. We used the
GEPIA database (http://gepia.cancer-pku.cn/detail.php) to summa-
rize expression of the RAI2 gene in 404 BC and 28 control samples
and discovered that it was significantly less expressed in BC (Fig-
ure 5C). RAI2 expression in 42 pairs of BC tissue and normal tissue

http://gepia.cancer-pku.cn/detail.php


Figure 4. circRBPMS is a sponge of miR-330-3p in BC cells

(A and B) Venn diagram of miR-330-3p, miR-1278, and miR-1179, predicted by the Encori, Circular RNA, CircInteractome databases and the software circMIR, shown as a

schematic illustration. (C) RNA pull-down was performed to evaluate the affinity of circRBPMS for miR-330-3p in T24 cells. Relative miRNA expression under the enriched of

circRBPMS probe which detected by qRT-PCR. Data are presented as the mean ± SD. ***p < 0.001. (D) RIP experiments were performed in T24 cells against IgG or Ago2,

and the precipitated circRBPMS and miR-330-3p were detected by qRT-PCR. ***p < 0.001 versus IgG. (E) FISH shows the subcellular location of miR-330-3p and

circRBPMS. Nuclei were stained with DAPI. circRBPMSwas stained green (cy3), nuclei were labeled blue (DAPI), andmiR-330-3p was labeled red (cy5). Scale bar, 20 mM. (F)

Dual-luc reporter assays show the binding properties of circRBPMS and miR-330-3p. The mutated (Mut) version of circRBPMS is also shown. (G) Relative luc activity was

determined 48 h after transfection with miR-330-3p mimic/normal control or with the circRBPMS WT/Mut in HEK293T cells. Data are presented as the mean ± SD.

**p < 0.01.
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also showed significantly decreased expression in BC tissue (Fig-
ure 5D). miR-330-3p could reduce the expression of RAI2, and over-
expression of circRBPMS could increase the level of RAI2, and cells
co-transfected with circRBPMS and the miR-330-3p mimic could
reverse RAI2 overexpression in T24 and UM-UC-3 cells (Figure 5E).
We also constructed dual-luc reporter vectors that containedWT and
Mut RAI2 sequences capable of binding miR-330-3p (Figure 5F).
Dual-luc assays showed that miR-330-3p suppressed luc activity in
WT cells but not in Mut cells (Figure 5G), which indicated that
RAI2 is the downstream target of miR-330-3p. To conclude,
circRBPMS increases expression of RAI2 by working as a miR-330-
3p sponge.
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 877
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Figure 5. miR-330-3p is a direct target of RAI2 in BC cells

(A) Venn diagram of predicted downstream mRNA from miRWalk, miRDB, TargetScan, Encori, and TCGA regulated by miR-330-3p. (B) circRBPMS-miR-330-3p-RAI2

ceRNA network drew by Cyctoscape software. (C) Down-expression of RAI2 in BC tissue versus normal tissue was analyzed by GEPIA database. *p < 0.05. (D) Expression of

RAI2 in BC was further validated in 42 pairs of BC tissues. GAPDH was regarded as endogenous control. Relative expression of RAI2 was analyzed with ImageJ. Data are

presented as the mean ± SD. **p < 0.01. (E) Western blot showed RAI2 levels among LV-circRBPMS+miR-NC, LV-NC+miR-NC, LV-circRBPMS+miR-330-3p, and LV-

NC+miR-330-3p both in T24 and UM-UC-3. (F) Dual-luc reporter assays showed binding properties of miR-330-3p and RAI2. The Mut version of the 30UTR-RAI2 is also

shown. (G) Relative luc activity was determined 48 h after transfection with the miR-330-3p mimic/normal control or with the 30 UTR-RAI2WT/Mut in HEK293T cells. Data are

presented as the mean ± SD. **p < 0.01.
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miR-330-3p overexpression or RAI2 silencing restored

proliferation, migration, and invasion after circRBPMS

overexpression

Of three shRNA sequences targeting RAI2, shRAI2-3 shows the high-
est inhibitory effect on expression of RAI2 in T24 and UM-UC-3 cells
(Figures S3C and S3D). shRAI2-3 of T24 and UM-UC-3 cells also
show the highest cell proliferation rate (Figures S3E and S3F).
Thus, we chose shRAI2-3 to further verify the correlation of
circRBPMS/miR-330-3p/RAI2 by detecting RAI2 expression in the
LV-NC group, LV-circRBPMS group, LV-circRBPMS + shRAI2
878 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
group, and LV-circRBPMS + mimic group. The results demonstrated
that high levels of circRBPMS increase RAI2 expression, whereas
shRAI2 had the opposite effect. The use of a mimic can ameliorate
this expression, but the expression level was still lower than that of
the circRBPMS-overexpressing group alone (Figure 6A). Then we
performed CCK-8 assays and colony formation assays to investigate
the effects on cell proliferation in vitro. Both indicated that, in the
case of circRBPMS overexpression, inhibiting RAI2 or overexpressing
miR-330-3p can promote proliferation of tumors (Figures 6B and
6C). Transwell assays revealed that overexpression of circRBPMS



Figure 6. Overexpression of miR-330-3p or RAI2 silencing restored proliferation, migration, and invasion after circRBPMS overexpression

(A) Expression of RAI2 in T24 and UM-UC-3 cells was detected by western blot for the NC, circRBPMS overexpression, circRBPMS overexpression with RAI2 silencing, and

circRBPMS overexpression with miR-330-3p. GAPDHwas used as an endogenous control. (B and C) The proliferation ability of NC, circRBPMS overexpression, circRBPMS

overexpression with RAI2 silencing, and circRBPMS overexpression with miR-330-3p was detected by CCK-8 assays and colony formation assays. Data are presented as

the mean ± SD. ***p < 0.001 versus LV-NC, ###p < 0.001 versus LV-circRBPMS. (D) The migration and invasion ability of NC, circRBPMS overexpression, circRBPMS

overexpression with RAI2 silencing, and circRBPMS overexpression with miR-330-3p was detected by Transwell assays. ***p < 0.001 versus LV-NC, ###p < 0.001 versus

LV-circRBPMS.
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inhibited cell migration and invasion, whereas RAI2 silencing or miR-
330-3p upregulation reversed the situation (Figure 6D).

RAI2 silencing restored proliferation, migration, and invasion

after miR-330-3p downregulation

To further explore the relationship between miR-330-3p and RAI2,
we detected RAI2 expression after inhibiting miR-330-3p and both
miR-330-3p and shRAI2 on T24 and UM-UC-3p, respectively. The
results revealed that expression of RAI2 increased after inhibiting
miR-330-3p, whereas shRAI2 could degrade miR-330-3p-mediated
overexpression of RAI2, which suggested that miR-330-3p had a
direct inverse effect on downstream RAI2 (Figure 7A). Silencing
miR-330-3p could inhibit proliferation of T24 and UM-UC-3 cells,
but this could be reversed after adding shRAI2 (Figures 7B and C).
Moreover, miR-330-3p inhibited migration and invasion of T24
and UM-UC-3 cells, and this could also be reversed after adding
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 879
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Figure 7. RAI2 silencing restored proliferation, migration, and invasion after miR-330-3p downregulation

(A) Expression of RAI2 in T24 and UM-UC-3 cells was detected by western blot for the NC, miR-330-3p inhibitor, and miR-330-3p inhibitor with RAI2 silencing. GAPDH was

used as an endogenous control. (B and C) The proliferation ability of the NC, miR-330-3p inhibitor, and miR-330-3p inhibitor with RAI2 silencing was detected by CCK-8

assays and colony formation assays. Data are presented as themean ±SD. ***p < 0.001 versus LV-NC, ###p < 0.001 versus inhibitor. (D) Themigration and invasion ability of

the NC, miR-330-3p inhibitor, and miR-330-3p inhibitor with RAI2 silencing was detected by Transwell assays. ***p < 0.001 versus LV-NC, ###p < 0.001 versus inhibitor.
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shRAI2 in Transwell assays, which showed the same trend as above
(Figure 7D).

circRBPMS inhibits the EMT and ERK pathways through RAI2

We proceed to discover the underlying downstream pathway of
circRBPMS-mediated RAI2 through gene set enrichment analysis.
KRAS-ERK signaling, myogenesis, UV response, and EMT processes
attracted our attention among all outcomes that had a statistically sig-
nificant difference (Figure 8A). We further validated pathway-related
proteins of EMT (E-Cadherin and Vimentin), KRAS-ERK (p-ERK
880 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
and ERK), myogenesis (Myf5 and MyoG), and UV response
(GADD45A and GAL1) in circRBPMS-overexpressing T24 and
UM-UC-3 cells (Figure 8B) and xenograft T24 tumors (Figure 8C).
The results showed that E-cadherin and p-ERK were upregulated
but vimentin was downregulated under circRBPMS overexpression,
which indicated that the EMT and KRAS/ERK pathways are involved
in circRBPMS overexpression in BC. A schematic diagram showing
the biological function of the circRBPMS/miR-330-3p/RAI2/EMT-
ERK pathway in inhibiting BC cell proliferation and metastasis is
shown in Figure 8D.



Figure 8. circRBPMS performs its biological role through the EMT and KRAS-ERK pathways

(A) Four potent relevant pathways were obtained by GSEA of BC in the TCGA database. (B) Western blot was performed to detect the core protein expression of 4 pathways

in T24 and UM-UC-3 cells transfected with LV-circRBPMS or left untransfected. GAPDH was used as an endogenous control. (C) Western blot was performed to detect the

expression of related proteins of the EMT and ERK pathways in LV-NC-T24 and LV-circRBPMS-T24 xenograft tumors. GAPDH was used as an endogenous control. (D)

Schematic diagram showing the inhibitory effect of circRBPMS onBC cell proliferation andmetastasis by impeding themiR-330-3p/RAI2 interaction-mediated EMT and ERK

pathways.
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DISCUSSION
Previous studies indicate that after circRNA is generated, it is trans-
mitted to the cytoplasm and perform biological functions;24 this pro-
cess was proven by RNA FISH luc experiments. Bioinformatics tech-
nology advanced research and exploration of circRNAs.25 As
described previously, circRNAs perform biological functions in
various ways; for example, by acting as RNA sponges, combining
RBPs, and serving as encoding sequences.26 The RNA sponge mech-
anism is discussed the most; a large number of circRNAs contain only
few miRNA binding sites, so it is difficult for them to function as
miRNA sponges.27 However, it has been demonstrated by RNA
pull-down assays that circRBPMS can regulate protein expression
as RNA sponges because of their miRNA binding targets (CUG-
CAAAGAA—UGCUUUGA). Many studies indicate that circRNAs
are widely expressed in human tissue such as the cardiovascular sys-
tem28 and closely related to non-tumor diseases such as Parkinson’s
disease,7, Alzheimer’s disease,29 and myotonic dystrophy.30 Recently,
circRNAs have been revealed to participate in the occurrence and
growth of tumors, including highly expressed ones.31 Hence, by in-
hibiting the working patterns of circDOCK1/hsa-miR-132-3p/Sox5,
we can suppress BC cells and restrain their proliferation and migra-
tion.32 We observed significant inhibition of proliferation and
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 881
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induction of apoptosis in BCa cells with circRBPMS overexpression,
and those account for cell invasion, migration and metastasis. Recur-
rence and metastasis remain two fundamental factors affecting the
prognosis of individuals with BC, so it is important to understand
the role of circRNA in regulation of BC recurrence and metastasis.
Through comparative research of highly invasive BC and lowly inva-
sive BC, low expression of circZKSCAN1 was positively correlated
with poor remission of BC as well as a high recurrence rate and tumor
metastasis.33 We constructed LV-circRBPMS and explored its inva-
sion ability using Transwell assays, where live imaging indicated
that circRBPMS suppressed metastasis in vivo after intravenous tail
injection. We effectively proved that circRBPMS can inhibit invasion
and metastasis of BC cells. circRBPMS is downregulated significantly
in BCa tissue and cells, andm6Amethylation34 and RNA splicing fac-
tors35 can regulate formation of specific circRNAs, accounting for the
downregulation of circRBPMS in BCa. Several studies have demon-
strated a distinct mechanism of circRNA for regulating its parental
gene.36,37 RBPMS serves as the parental gene for circRBPMS, per-
forming RBP biofunctions, whereas the circRNA forms through an
RBP-driven circularizationmechanism,38 which indicates that further
work should focus on discovering the regulatory roles of circRBPMS
and RBPMS.

As a cancer-promoting miRNA, miR-330-3p contributes greatly to
generation and growth of tumors, such as gastric cancer, liver cancer,
colorectal cancer, and breast cancer.19,39–41 Researches on miR-330-
3p in urinary tumors remains insufficient, so it is crucial to analyze
the mechanism of miR-330-3p in BC. Cohort studies have shown
that expression of miR-330-3p is related to the prognosis of individ-
uals with invasive breast cancer,41 which agrees with our finding that
overexpression of miR-330-3p enhances BC cell migration and inva-
sion. We predicted three possible downstream binding targets and
confirmed, via qRT-PCR, that miR-330-3p is a potential target of
circRBPMS.

As a member of the retinoic acid family, RAI2 may affect the body
development process and cell growth and differentiation.23 RAI2 is
generally believed to be a novel tumor suppressor for various cancers,
including colorectal cancer42 and breast cancer;43 however, there is no
proof for a relationship between RAI2 and BC. After comparing the
expression of RAI2 in the TCGA database of 404 BC samples and
28 normal samples on GEPIA site, we discovered that RAI2 was
significantly downregulated in BC. Our experiments demonstrated
that overexpression of RAI2 could considerably suppress prolifera-
tion, migration, and invasion of BC cells, which is consistent with pre-
vious research results, so RAI2 is of great importance in BCmigration
and invasion. To further determine the relevant pathways, we
analyzed RAI2-related pathways using GSEA. Of all of these potential
pathways, the relationship with EMT attracted our attention. EMT is
a process whereby epithelial cells lose their previous characteristics
and acquire novel mesenchymal features, which is closely connected
with the occurrence, development, and metastasis of cancers.44 West-
ern blot results indicated that circRBPMS downregulates the expres-
sion of Vimentin to inhibit the EMT process. Therefore, we specu-
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lated that circRBPMS could affect EMT by inhibiting the ERK
pathway. Our western blot assays also confirmed our previous infer-
ence that circRBPMS can inhibit expression of p-ERK, a marker of
ERK pathway activation.

In summary, we confirmed that circRBPMS can inhibit the occur-
rence and development of BC. Downstream targets were predicted
via bioinformatics analysis and then proven experimentally. We
demonstrated the working patterns of circRBPMS/miR-330-3p/
RAI2 whereby miR-330-3p can be absorbed by a sponge so that inhi-
bition of RAI2 can be reduced. Migration and invasion of BC cells
were inhibited by suppression of the ERK pathway and then by the
process of EMT. Thus, our study provides a new diagnostic and ther-
apeutic target for BC treatment.

MATERIALS AND METHODS
Cell lines

The SV-HUC-1 and BC (RT4, UM-UC-3, T24, 5637, and J82) cell
lines were purchased from the Type Culture Collection (Shanghai,
China) at the Chinese Academy of Sciences. SV-HUC-1 was cultured
in Ham’s F-12K medium (Gibco). T24 and J82 cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco). 5637 and UM-UC-3
cells were cultured in 1640 medium (Gibco). All cells were cultured
in medium supplemented with 10% fetal bovine serum (FBS). All cells
were cultured in a humidified incubator with 5% CO2, 100 units/mL
penicillin, and 100 mg/mL streptomycin.

Samples

A total of 90 pairs of BC tissue and adjacent normal tissue (Huashan
cohort 1) were collected from individuals with BC who received sur-
gical treatment in Huashan Hospital, Fudan University between
January 2007 and January 2013, including a 5-year follow-up.
Another 42 pairs of BC tissue and adjacent normal tissue (Huashan
cohort 2) were collected from individuals with BC who received sur-
gical treatment in Huashan Hospital, Fudan University between
January 2018 and January 2020. None of the individuals received
any preoperative local or systemic treatment before specimen collec-
tion. Written informed consent was acquired from the participants or
their relatives, and the project was approved by the Board and Ethics
Committee of Huashan Hospital, Fudan University. The collected tis-
sues were directly deposited in liquid nitrogen and 4% paraformalde-
hyde until further use. Two experienced pathologists confirmed the
histological and pathological diagnoses of BC according to the 7th edi-
tion of the TNM classification of the International Union Against
Cancer (UICC, 2009).

RNA FISH

Specific probes for hsa_circ_0006539 (circRBPMS) (Bio-50-AAATAG
GGTCCGGACATGGCTCTCTGGCAA-30-Bio) and probes against
miR-330-3p (Dig-50-TCTCTGCAGGCCGTGTGCTTTGC-30-Dig)
were prepared (Geneseed Biotech, Guangzhou, China). The signals
were detected by Cy3-conjugated anti-digoxin and fluorescein
isothiocyanate (FITC)-conjugated anti-biotin antibodies (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA). Cell nuclei
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were counterstained with DAPI. Finally, images were obtained on an
LSM700 confocalmicroscope (CarlZeiss,Oberkochen,Germany). Tis-
sue sections were examined using an Olympus FluoView FV1000
confocal microscope (Olympus, London, UK) and photographed
with a digital camera.

RNase R treatment

Total RNA extracted from T24 and UMUC-3 cells was treated with
RNase R (Epicenter Technologies, USA) according to the manufac-
turer’s instructions for 30 min at 37�C. The stability of circRBPMS
and RBPMS mRNA was analyzed by qRT-PCR.

RNA extraction and qRT-PCR

Total RNA was extracted with TRIzol reagent (Invitrogen) according
to the manufacturer’s protocol. Reverse transcription was performed
by using a PrimeScriptTMRT Reagent Kit (TaKaRa) to obtain cDNA.
The cDNA was subjected to quantitative real-time PCR on an ABI
7900HT sequence detection machine (Thermo Fisher Scientific).
The 2�DDCT method was used to calculate differences in expression.
GAPDH was used as the control gene for circRNA and mRNA. U6
was used as an internal control for the level of miRNA expression.

The primers were as follows:

GAPDH forward: 50-CAAGGCTGAGAACGGGAAG-30

GAPDH reverse: 50-TGAAGACGCCAGTGGACTC-30

RBPMS forward: 50-CATTGCCAGAGAGCCATATGAG-30

RBPMS reverse: 50-AGGTGAAAGCAGGAGGAGGTA-30

circRBPMS forward: 50-TTAAGGGCTATGAGGGTT-30

circRBPMS reverse: 50-GTGTTGGGCAGAGGAGTA-30

U6 forward: 50-CTCGCTTCGGCAGCACA-30

U6 reverse: 50-AACGCTTCACGAATTTGCGT-30

hsa-miR-1278 forward: 50-ACACTCCAGCTGGGTAGTACTGT
GCATATC-30

hsa-miR-1179 forward: 50-ACACTCCAGCTGGGAAGCATTCT
TTCATT-30

hsa-miR-330-3p forward: 50-ACACTCCAGCTGGGGCAAAGC
ACACGGCCTG-30

miRNA reverse: 50-TGGTGTCGTGGAGTCG-30

Bioinformatics analysis

Bioinformatics analysis was used to predict the potential downstream
targets of circRBPMS. We used the databases Encori (http://starbase.
sysu.edu.cn) and CircInteractome (http://circinteractome.nia.nih.
gov/) and the software circMIR to predict the three potential down-
stream miRNAs: miR-1278, miR-1179, and miR-330-3p. We used
the R package to analyze the differentially expressed gene download
from the TCGA database. We also used miRWalk (http://mirwalk.
umm.uni-heidelberg.de), miRDB (http://mirdb.org), TargetScan
(http://www.targetscan.org/vert_72/), Encori (http://starbase.sysu.
edu.cn), and differentially expressed genes to predict target genes of
miR-330-3p. We drew the ceRNA network using Cytoscape software.

GSEA

Gene expression of BC samples downloaded from the TCGA data-
base (https://www.cancer.gov/about-nci/organization/ccg/research/
structural-genomics/tcga) were divided into a high-level group
and a low-level group according to the expression level of RAI2.
The h.all.v7.0.symbols.gmt[Hallmark] dataset was downloaded
from the Molecular Signatures Database (MSigDB) and was
analyzed by GSEA 4.0.3 (https://www.broad.mit.edu/gsea/). Enrich-
ment analysis was carried out according to the methods of default
weighted enrichment statistics, and the analysis was repeated
randomly 1,000 times at a time. NOM p <0.05, NES >1, and false
discovery rate [FDR] q <0.25 were chosen as significance cutoff
criteria.

Cell transfection and vector construction

Lipofectamine 2000 (Invitrogen, USA) was used to transfect small
interfering RNA (siRNA) and miRNA mimics and inhibitors
(GenePharma, Shanghai, China) into cells. To construct the overex-
pression plasmid, the sequence of circRBPMS was cloned into the
plenti-ciR-GFP-T2A vector. The corresponding sequences were in-
serted into a pmirGLO vector (Promega, USA) to synthesize luc
reporter plasmids. The miR-330-3p inhibitors and miR-330-3p
mimics were purchased from GenePharma (Shanghai, China). Three
shRNA molecules were designed to target transcripts of RAI2 and
constructed into the pGPU6/GFP/puromycin vector: shRNA-1
(50-GCTGTGCTCCAGAATTTGTTT-30), shRNA-2 (50-GCCACA
CGGTCATTAAGATGG-30), and shRNA-3 (50-GGGAAGAGTCC
ATGGGAAATG-30).

Cell proliferation assays

For the CCK-8 assay, we placed T24 and UM-UC-3 cells into plates
with 96 wells at a density of 1,500 cells per well. We detect cell viability
0, 24, 48, and 72 h after seeding into the wells according to the man-
ufacturer’s instructions.

For the colony formation assay, transfected cells were seeded into
6-well plates at a density of 600 cells/well and maintained for
8 days in DMEM containing 10% FBS. The colonies were imaged
and counted after they were fixed and stained.

Apoptosis assay

Cell apoptosis was detected using the Annexin V-APC/7-AAD
apoptosis kit (MultiSciences, AP105-100), following the manufac-
turer’s instructions. Briefly, cells were incubated in APC Annexin-V
and 7-AAD staining solution for 20 min at room temperature in
the dark after washing in PBS. After incubation, cells were analyzed
using a BD Accuri C6 flow cytometer and analyzed using FlowJo
10.0.7 software. Apoptotic cells were defined as the population of cells
that were APC Annexin-V+ and 7-AAD� (undergoing apoptosis) or
APC Annexin-V+ and 7-AAD+ (end of apoptosis or dead).
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EdU assay

We utilized an EdU assay kit (RiboBio, China) to detect DNA synthe-
sis and cell proliferation; 3,000 treated PC cells were seeded in a
96-well plate for one night. The next day, we added EdU solution
(10 mM) to the 96-well plate and waited 24 h. Then we applied 4%
formalin to fix the PC cells at room temperature for 2 h while other
procedures following the manufacturer’s protocol. A microscope
(Nikon, Japan) was used to observe DNA synthesis and cell prolifer-
ation, reflected by red and blue signals, respectively.

Cell migration and invasion assays

For the wound healing assay, we placed T24 and UM-UC-3 cells into
plates with 6 wells at a density of 20,000 cells per well. A wound was
made using a 1,000-mL pipette tip, and we detected cell migration at 0,
12, 24, 48, and 72 h.

As for the Transwell assay, we used a BD Transwell chamber with 24
wells (Costar, Boston, MA, USA) according to the manufacturer’s
guidelines. Cells at a density of 60,000 in 500 mL serum-free medium
were added to the upper chambers, and medium supplemented with
10% FBS was added to the lower chambers. After 24 h in a 37�C incu-
bator, we used formaldehyde fixing and 1% crystal violet staining to
visualize the migrated and invaded cells and calculated and photo-
graphed them.

Western blot analysis

We extracted protein from cells lysed in ice-cold RIPA lysis buffer and
separated them using 10% SDS-PAGE. After blocking in 5% non-fat
milk for 1 h, the membranes were incubated with RAI2 (Abcam,
ab247100), E-Cadherin (Abcam, ab15148), Vimentin (Proteintech,
10366-1-AP), p-ERK (Cell Signaling Technology, 4370), ERK (CST,
4695), Myf5 (Abcam, ab125078), MyoG (Proteintech, 67082-1-lg),
GADD45A (Abcam, ab180768), and GAL1 (Proteintech, 11858-1-
AP). GAPDH (Proteintech, 60004-1-lg) was detected as an endoge-
nous control. A horseradish peroxidase (HRP)-conjugated secondary
antibody (Jackson ImmunoResearch Laboratories, USA) was next
applied for 1 h at room temperature. Signals were visualized with
an enhanced chemiluminescence (ECL) kit (CLiNX, Shanghai) and
captured using an ECL imaging system (CLiNX, Shanghai). The op-
tical density of the protein bands was quantified by ImageJ software
1.48 (National Institutes of Health, Bethesda, MD, USA)

RNA pull-down assay

Streptavidin-coupled magnetic beads (Life Technologies, USA) were
incubated with the biotin-coupled circRBPMS probes above and oligo
probes for 3 h at room temperature to generate probe-coated beads.9

Approximately 1� 107 BC cells were collected and sonicated, and cell
lysates were incubated with probe-coated beads at 4�C overnight for
further validation.

RIP assay

The RIP assay was performed using a magnetic RIP RNA-binding
protein immunoprecipitation kit (Millipore). Cells were harvested
and lysed in lysis buffer according to the manufacturer’s instructions.
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The cell lysate was incubated at 4�C overnight with magnetic beads
conjugated with an antibody against IgG or Ago2 (CST, 2897S). After
washing twice with wash buffer, the RNA binding to beads was
purified using RNA extraction reagent,45 and the relative enrichment
abundance of circRBPMS and miR-330-3p was detected by qRT-
PCR.

Luc reporter assay

TheWT cDNA fragments of circRBPMS or the RAI2 30 UTR contain-
ing the predicted miR-330-3p binding sites and their mutant variant
were cloned into the pmirGLO plasmid (Promega, Madison, WI,
USA), respectively. For the luc reporter assay, HEK293T cells were
co-transfected with the WT vector or Mut vector and miR-330-30
mimics or control mimics using Lipofectamine 2000 (Thermo Fisher
Scientific). After 48 h of co-transfection, luc activity was detected us-
ing a dual-luc reporter assay kit (Promega), and relative Renilla luc
(Rluc) activity was normalized. Each experiment was performed in
triplicate.

Xenograft formation

All animals were purchased from SLARC (Shanghai, China) and
approved by the Ethics Committee of Huashan Hospital, Fudan
University, Shanghai, China. The mice were divided randomly into
two groups (n = 6). A total of 2 � 107 viable NC LV-NC or LV-
circRBPMS T24 cells were injected into the right flanks of nude
mice. Tumor sizes were measured every 5 days using a Vernier
caliper, and the volume was calculated using the following formula:
volume = 1/2 � length � width2. The mice were euthanatized for
further analyses 21 days after implantation.

For analysis of metastasis, T24 cells were transfected with luc expres-
sion vectors into LV-NC and LV-circRBPMS T24 cells (2� 105), and
then the cells were injected intravenously into the tails of 6 randomly
divided mice. After 30 days, metastasis of T24 cells was analyzed by
bioluminescence imaging with intravenous injection of luciferin
(150 mg luciferin/kg body weight) into the mouse tails.

Immunohistochemistry

Tumor tissue samples were embedded in paraffin. Sections (5 mm
thick) were stained with Ki67 to evaluate proliferation. Sections
were examined using an Axiophot light microscope (Carl Zeiss,
Oberkochen, Germany) and photographed with a digital camera.

Statistical analysis

Data are presented as mean ± SD (standard deviation). GraphPad
Prism (GraphPad, La Jolla, CA, USA) was used to calculate group dif-
ferences. The association between circRBPMS expression levels and
clinical parameters was evaluated by chi-square test. Kaplan-Meier
curves and log rank tests were applied for overall survival analysis.
p %0.05 was considered statistically significant.
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