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Abstract

Background Circular RNAs (circRNASs) circularized by back-splicing of pre-mRNA are widely expressed and affected
the proliferation, invasion and metastasis of bladder cancer (BCa). However, the mechanism underlying circRNA
biogenesis in mediating the distant metastasis of BCa still unexplored.

Methods RNA sequencing data between BCa and normal adjacent tissues was applied to identify the differentially
expressed circRNAs. The functions of circNIPBL in BCa were investigated via a series of biochemical experiments. The
Clinical significance of circNIPBL was examined in a cohort of larger BCa tissues.

Results In the present study, we identified a novel circRNA (hsa_circ_0001472), circNIPBL, which was significantly
upregulated and had great influence on the poor prognosis of patients with BCa. Functionally, circNIPBL promotes
BCa metastasis in vitro and in vivo. Mechanistically, circNIPBL upregulate the expression of Wnt5a and activated the
Wnt/B-catenin signaling pathway via directly sponged miR-16-2-3p, leading to the upregulation of ZEB1, which
triggers the EMT of BCa. Moreover, we revealed that ZEB1 interacted with the flanking introns of exons 2-9 on
NIPBL pre-mRNA to trigger circNIPBL biogenesis, thus forming a positive feedback loop. Importantly, circNIPBL
overexpression significantly facilitated the distant metastasis of BCa in the orthotopic bladder cancer model, while
silencing ZEB1 remarkably blocked the effects of metastasis induced by circNIPBL overexpression.

Conclusions Our study highlights that circNIPBL-induced Wnt signaling pathway activation triggers ZEB1-mediated
circNIPBL biogenesis, which forms a positive feedback loop via the circNIPBL/miR-16-2-3p/Wnt5a/ZEB1 axis,
supporting circNIPBL as a novel therapeutic target and potential biomarker for BCa patients.

fYuanlong Li, Yao Kong and Mingjie An contributed equally to this
work.

*Correspondence:

Jian Huang
huangj8@mail.sysu.edu.cn
Tianxin Lin
lintx@mail.sysu.edu.cn
Changhao Chen
chenchh53@mail.sysu.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://orcid.org/0000-0002-9924-9054
http://crossmark.crossref.org/dialog/?doi=10.1186/s13046-023-02757-3&domain=pdf&date_stamp=2023-7-20

Li et al. Journal of Experimental & Clinical Cancer Research

(2023) 42:191

Page 2 of 16

Keywords circRNA biogenesis, Bladder cancer, ZEB1, Wnt signaling pathway, Positive feedback loop

Graphical Abstract

[o]

C AP . A=
irenipeL O K A

© mlR‘I623p"""{'\"'TT

ﬁmpml

NIPBL pre-mRNA

Vel
©©©©
\\ O cirenipar T
e

m-(\-m rrr(\wmlR1623p

s
| ciroNIPBL @Q\(Q%‘ge/'

Introduction

Bladder cancer (BCa) is one of the most common uro-
thelial carcinomas of the urinary tract with high mor-
bidity and mortality, accounting for 3.2% of all cancers
worldwide and leading to approximately 213,000 deaths
per year [1, 2]. Based on the tumor depth, approximately
75% of BCa cases are classified as non muscle-invasive
bladder cancer (NMIBC), and 25% are termed muscle-
invasive bladder cancer (MIBC) [1, 3]. Due to the distant
metastasis at the time of diagnosis, epidemiological evi-
dence suggests that 5-15% of patients with MIBC have
poor prognosis and a lower 5-year survival rate [1, 4, 5].
The common clinical treatments for patients with distant
metastasis, such as radical cystectomy or chemotherapy,
do not completely eradicate the cancer and have severe
side effects [6—8]. The dilemma of metastasis patients is
caused by the difficulty in detecting metastasis at early
stages and the lack of effective targeted therapeutics [6].
Therefore, further investigation into the biological and
molecular mechanisms underlying distant metastasis is
important to identify new diagnostic and therapeutic tar-
gets for BCa.

The Wnt signaling pathway is a canonical signal trans-
duction cascade that functions as a vital regulator of can-
cer progression, in which Wnt5a, the ligand for members
of the frizzled family of seven transmembrane receptors,
plays a critical role by regulating the expression of mul-
tiple regulatory factors [9-11]. The abnormal expression
of Wnt5a sustainably activates the Wnt signaling pathway
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to regulate the proliferation, differentiation and metasta-
sis of tumor cells [12—14]. Emerging evidence has shown
that sustainable activation of the Wnt signaling path-
way promotes the progression and metastasis of mul-
tiple advanced cancers via EMT (epithelial-mesenchymal
transition) and has a significant correlation with poor
prognosis [11, 15-17]. In addition, systemically blocking
the expression of Wnt5a via inhibitors remarkably inhib-
ited malignant progression and distant metastasis in vivo
[18, 19]. Therefore, further investigation of the molecular
mechanism and key regulators of the Wnt5a-mediated
sustainable activation of the Wnt signaling pathway could
provide an effective target for treatment of BCa.

With the covalently closed loop structures, circular
RNAs (circRNAs) were defined as a kind of endogenous
noncoding RNAs, which have been verified to play a
regulatory role in cancer biology [20-23]. In general, cir-
cRNAs produced by noncanonical splicing of precursor
mRNA, called back-splicing, are mainly expressed at a
lower level than their linear transcripts and exert supe-
rior biological functions [24—26]. Recent research has
showed that the aberrant regulation of the biogenesis of
circRNAs plays a functional role in regulating intracellu-
lar signal transduction, which leads to the uncontrolled
development of a variety of cancers [26, 27]. For example,
E2F1 and EIF4A3 sustainably promote the circularization
of circSEPT9 to facilitate the migration and invasion of
breast cancer [28]. Nevertheless, the mechanisms and
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functions underlying the circRNAs biogenesis in distance
metastasis of BCa still remain unknown.

In this study, we identified a circRNA, circNIPBL (hsa_
circ_0001472), that was significantly upregulated and had
great influence on the poor prognosis of patients with
BCa. Overexpressing circNIPBL promoted the distance
metastasis of BCa in vitro and in vivo. Mechanistically,
circNIPBL activated the Wnt5a/B-catenin signaling path-
way to upregulate ZEB1 expression by sponging miR-
16-2-3p. Moreover, ZEB1 bound to the flanking intron
1459997460050t 5 intron 991876241t of NIPBL pre-mRNA
and facilitated its back-splicing to promote the biogen-
esis of circNIPBL, which formed a positive feedback loop
and promoted the metastasis of BCa. Our study reveals
the underlying mechanism of ZEB1-mediated circNIPBL
biogenesis to form a ZEB1/circNIPBL/Wnt5a positive
feedback loop in regulating BCa metastasis, indicating
that circNIPBL might be an attractive therapeutic target
and biomarker in BCa.

Results

circNIPBL is positively associated with bladder cancer
metastasis

To explore the crucial circRNAs that contribute to BCa
metastasis, we performed high-throughput sequenc-
ing of BCa specimens and paired normal adjacent tis-
sues (NATs) from 4 patients (GSE191036) and 2 paired
high/low-invasive BCa cell lines established previously
were performed to explore the crucial circRNAs that
contribute to BCa metastasis [29]. Next, we intersected
our sequencing data with a public RNA sequencing
data (GSE77661) to identify 5 upregulated circRNAs
in BCa tissues compared with NATs (fold change=>2.0
and p<0.05) (Fig. 1A). Then, these circRNAs from the
above screening were further evaluated in a larger cohort
of 296 BCa patients to reveal that circNIPBL (hsa_
circ_0001472), which was the most significantly upregu-
lated one in BCa tissues (Fig. 1B). Then, we evaluated the
affection of circNIPBL expression in the clinicopathology
of BCa. The results revealed that patients with high-grade
and lymphatic metastasis had higher expression levels of
circNIPBL than those with low-grade and non-lymphatic
metastasis (Fig. 1C and D). Furthermore, the expression
of circNIPBL was higher in metastatic LN than corre-
sponding primary tumors (Fig. 1E). Kaplan-Meier sur-
vival analyses showed that circNIPBL overexpression was
correlated with shorter overall survival (OS) and disease-
free survival (DES) of BCa patients (Fig. 1F and G). Cox
univariate and multivariate analyses showed that circ-
NIPBL expression was an independent predictor of poor
prognosis in BCa patients (Table 1, S1, S2). Moreover,
RNA fluorescence in situ hybridization (FISH) analy-
sis showed that circNIPBL had higher expression levels
in BCa than in NAT (Fig. 1H and I). Taken together, the
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above results suggest that circNIPBL is markedly upregu-
lated and affected the poor survival of BCa patients.

Since circRNAs have different secondary structures
from their counterpart genes, we first investigated the
circular characteristics of circNIPBL, which was gener-
ated from exons 2-9 of the NIPBL gene [24, 30]. Sanger
sequencing validated the back-splicing structure of
circNIPBL (Fig. 1] K). PCR analysis was performed to
amplify circNIPBL circular transcripts and NIPBL lin-
ear transcripts. The results showed that NIPBL existed in
both complementary DNA (cDNA) and genomic DNA
(gDNA), while circNIPBL was only detected in cDNA,
indicating that circNIPBL was formed by head-to-tail
splicing rather than genomic rearrangements (Fig. 1L and
Fig. S1A). In addition, the reverse transcription product
from the random primer contained a higher expression
level of circNIPBL than that of the oligo-dT primer, sug-
gesting the less of a poly-A tail in circNIPBL (Fig. 1M).
Then, we evaluated the stability of circNIPBL. After treat-
ment with RNase R, NIPBL expression was obviously
decreased, while circNIPBL was not affected (Fig. 1N).
An actinomycin D assay showed that circNIPBL had a
longer half-life than NIPBL mRNA, indicating the stable
structure of circNIPBL (Fig. 10 and P, Fig. S1B and S1C).
Taken together, the above results proved that circNIPBL
contains a stable covalently closed loop structure derived
from exons 2—9 of the NIPBL gene locus.

circNIPBL enhances the migration and invasion of BCa in
vitro

To assess the function of circNIPBL in BCa cells, we fur-
ther explored whether circNIPBL promotes metastasis
in vitro. First, qRT-PCR analysis showed that circNIPBL
was overexpressed in UM-UC-3 and T24 cells instead of
in RT112 and 5637 cells, which are less invasive, and SV-
HUC cells, which are normal bladder epithelial cells (Fig.
S1D). Then, the results of qRT-PCR analysis validated
that circNIPBL was successfully upregulated or down-
regulated after ectopic expression or knockdown of circ-
NIPBL in T24 and UM-UC-3 cells through transfection
with circNIPBL-overexpressing plasmid and small inter-
fering RNAs (siRNAs) (Fig. 2A and D). Wound healing
assays showed that the migration of BCa cells was facili-
tated after overexpressing circNIPBL, while silencing
circNIPBL significantly suppressed the migration of BCa
cells (Fig. 2E and Fig. S1E). Likewise, Transwell assays
demonstrated that the overexpression of circNIPBL
enhanced the invasion and migration ability of BCa cells.
After silencing circNIPBL, the migration and invasion
ability of BCa cells was obviously reduced (Fig. 2F and
Fig. S1F). These results indicate that circNIPBL overex-
pression enhances the migration and invasion ability of
BCa cells.
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Fig. 1 The identification and characterization of circNIPBL in BCa. (A) Schematic illustration for screening the upregulated circRNAs in bladder cancer
tissues and high-invasive bladder cancer cells. (B) gRT-PCR for the circNIPBL expression in BCa tissues (n=296) paired with NATs (n=296). (C, D) gRT-PCR
analysis of the circNIPBL expression in 296 BCa tissues with respect to pathological grade (C) and LN status (D). (E) gRT-PCR for the circNIPBL expression
in primary tumor (n=88) paired with metastatic LNs (n=88). (F, G) Kaplan-Meier survival curves for OS (F) and DFS (G) of low and high circNIPBL expres-
sion level in patients with BCa. The median expression level of circNIPBL was taken as the cutoff value. (H, I) Representative images (H) and proportion (1)
for RNA fluorescence in situ hybridization showed that circNIPBL was upregulated in MIBC tissues compared with NMIBC tissues. Scale bar =50 um and
20 um. (J) Schematic illustration showing the genomic loci of the NIPBL gene and the circNIPBL derived from exon 2 to 9 of NIPBL. (K) Sanger sequencing
for the back-splice junction site of circNIPBL. (L) PCR analysis for circNIPBL and NIPBL in the cDNA and gDNA of UM-UC-3 cells. GAPDH was used as normal
control. (M) gRT-PCR analysis of circNIPBL expression using random primers or oligo-dT primers. (N) circNIPBL and NIPBL expression in BCa cells analyzed
by gRT-PCR following RNase R treatment in UM-UC-3 and T24 cells. (O, P) Actinomycin D assay (O) and agarose gel electrophoresis assay (P) to assess the
stability of circNIPBL and NIPBL mRNA in UM-UC-3 cells at the indicated time points. The statistical difference was assessed through the nonparametric
Mann-Whitney U test in B-G and the y° test in |; and the two-tailed Student ¢ test in M-O. Error bars show the SD from three independent experiments.
*p<0.05 and **p <0.01

CircNIPBL promotes the metastasis of BCa in vivo tail vein of nude mice. The fluorescence intensity detected
Considering the affection of circNIPBL in BCa cells, the by in vivo imaging system (IVIS) in the circNIPBL-over-
regulatory role of circNIPBL in BCa metastasis was fur-  expressing group was obviously increased rather than the
ther evaluated in vivo. To build a tail vein injection mouse  control group, indicating that circNIPBL facilitates the
model, BCa cells were transfected with luciferase-labeled = lung metastasis of luciferase-labeled BCa cells (Fig. 2G
circNIPBL overexpression plasmid and injected into the  H). Then, we evaluated the number of lung metastatic
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Table 1 Correlation between circNIPBL expression and
clinicopathologic characteristics of BCa patients (n=296)
No. of

Characteristics circNIPBL expression

cases  Low High  P-valuel

Total cases 296 148 148

Sex 0.608
Male 210 103 107

Female 86 45 41

Age 0.635
<65 118 57 61

>65 178 91 87

Grade 0.001™
Low 96 74 22

High 200 74 126

T stage 0.001™
T 54 43 M

T2 79 55 24

13 121 48 73

T4 42 12 30

Lymphatic metastasis 0.001"
Negative 208 112 89

Positive 88 29 59

Abbreviations: No. of cases=number of cases; T grade=tumor grade.
'Chi-square test, * p<0.05, ** p<0.01

foci in mice, which showed that circNIPBL overexpres-
sion significantly promoted lung metastasis of BCa cells
(Fig. 2I). The IHC assay suggested that compared with
the control group, the incidence of lung metastasis was
higher in the circNIPBL-overexpressing group (Fig. 2J).
The above results demonstrate that circNIPBL promotes
the metastasis of BCa in vivo.

CircNIPBL directly binds with miR-16-2-3p

We next investigated the underlying mechanism of circ-
NIPBL in promoting the metastasis of BCa. Since the
localization of circRNAs is crucial for their function, we
revealed that circNIPBL was basically existed in the cyto-
plasm of BCa cells by nuclear-cytoplasmic fractionation
assays and fluorescence in situ hybridization (FISH) [31,
32] (Fig. 3A and B and Fig. S2A). Given that cytoplasm-
localized circRNA primarily functions as competitive
endogenous RNA (ceRNA), we predicted 10 candidate
miRNAs potentially binding with circNIPBL by Cir-
cInteractome and circMir2.0 [33, 34] (Fig. S2B). Then,
the probes targeting circNIPBL were used in RNA pull-
down assay, which revealed that only miR-16-2-3p was
enriched by circNIPBL in BCa cells (Fig. 3C and Fig.
S2C). Then, we analyzed the secondary structure of circ-
NIPBL and found a potential sequence complementary
to miR-16-2-3p (Fig. 3D and E). The RNA pull-down
assay with biotinylated miR-16-2-3p probes and dual-
luciferase reporter assay verified that circNIPBL directly
interacts with miR-16-2-3p (Fig. 3F and G and Fig. S2D).
Similarly, FISH assays demonstrated that circNIPBL and
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miR-16-2-3p co-localized in the cytoplasm of BCa cells
(Fig. 3H). Together, the above results show that circ-
NIPBL directly binds with miR-16-2-3p.

Next, we further investigated whether circNIPBL
served as a sponge of miR-16-2-3p to promotes the
metastasis of BCa. Wound healing assays and transwell
assays indicated that miR-16-2-3p overexpression inhib-
ited the migration and invasion of BCa cells, while miR-
16-2-3p knockdown showed the opposite effect (Fig. 31]
and Fig. S2E-S2H). Moreover, circNIPBL overexpression
significantly attenuated the suppression of miR-16-2-3p
on the migration and invasion of BCa cells (Fig. 3K L, Fig.
S2I and S2J). Collectively, these data suggest that circ-
NIPBL promote the migration and invasion of BCa cells
by via acting as a sponge of miR-16-2-3p.

circNIPBL overexpression upregulates Wnt5a by targeting
miR-16-2-3p

TargetScan, Pictar and miRDB were applied to identify
the downstream target genes of miR-16-2-3p. After inter-
secting the predicted genes from the above databases,
159 genes were shown to be potential downstream target
genes of miR-16-2-3p (Fig. 4A). Subsequently, the PAN-
THER database was used in pathway analysis to predict
159 downstream target genes, and the Wnt signaling
pathway was the most significantly enriched pathway
among all enriched pathways (Fig. 4B). Next, we investi-
gated the expression level of crucial genes in the Wnt sig-
naling pathway after knocking down miR-16-2-3p in BCa
cells. The results revealed that Wnt5a was significantly
increased while inhibiting miR-16-2-3p expression, indi-
cating that Wnt5a was the downstream target of miR-16-
2-3p (Fig. 4C).

MiRNAs bind to the 3'UTR and suppress the expres-
sion of target genes [35, 36]. To verify that Wnt5a was
the downstream gene of miR-16-2-3p, the sequence of
miR-16-2-3p and the 3'UTR of Wnt5a were analyzed
and the results showed that Wnt5a 3’'UTR harbored
complementary sequences to miR-16-2-3p (Fig. 4D).
Then, we mutated the complementary sequence in the
Wnt5a 3’'UTR and constructed luciferase plasmids. The
luciferase intensity of Wnt5a-wt was reduced in group
transfected with miR-16-2-3p mimics, while no obvious
change was found in the group transfected with Wnt5a-
mut in the dual luciferase assay (Fig. 4E and Fig. S3A).
Then, we investigated whether circNIPBL can regulate
the expression of Wnt5a via miR-16-2-3p. The Wnt5a
expression was reduced after circNIPBL downregulated
and increased while circNIPBL expression was upregu-
lated (Fig. 4F and G, Fig. S3B and S3C). Furthermore,
Western blotting assays revealed that the miR-16-2-3p
mimic inhibited the expression of Wnt5a in BCa cells,
while overexpressing circNIPBL significantly attenuated
the suppression of miR-16-2-3p (Fig. 4H and I, Fig. S3D



Li et al. Journal of Experimental & Clinical Cancer Research (2023) 42:191 Page 6 of 16
A = B = C D
B sicicNIPBL#1 B sicireNIPBLEA : V_e"LOILBL . Vector
B sicicNIPBL#2 B sicircNIPBLE2 e 20 BB circNIPBL
o 157 1.5 51 /= S -
S — & " 2 2 —
2 — 2 = g 15 5 157
4 g &= g g
8 10 5 101 < < 104
< < Z 104 EE
Z = @ =
DE: 4 £ 9]
5 051 £ 0.5 2 5 B °]
= > () b1
5 ] I e
& o 4 0
0.0 0.0 cireNIPBL  NIPBL mRNA cireNIPBL NIPBL mRNA
circNIPBL  NIPBL mRNA circNIPBL  NIPBL mRNA UMLUC3 T24
UM-UC-3 T24
E es : ?-I:rCcNIPBL#1 = Vector
P I-Cl| .
- Bl circNIPBL
si-CiroNIPBL#2 Vector = sicroNPBL2 o
g‘IOO- § —e
— <
< I 804
S e — S
o e )
£ 60 & 60
0 3
% 404 3 404
2 5]
< © °T 20
2 ol EE
UM-UC-3 UM-UC-3
F UM-UC-3 = siNC - Vect
. P P . P ‘ector
si-NC si-circNIPBL#1 _si-circNIPBL#2 Vector circNIPBL = si-cireNIPBL#1T = GireNIPEL
UTIERE SY e S T Bl si-circNIPBL#2
c : : 15 51— .
i) 2 " ux 3 —
5 3 —_ = 8,
> Es o T 25
Eg EQ 1.0 Eg 3
22 g
2% 252
5205 38
s &5 25,
2 £ =
z °0.0 ° —— "
£ Migration Invasion Migration Invasion
UM-UC-3 UM-UC-3

®

Vector

circNIPBL

Epi-fluorescence

1

0000

A Chi-square test. " p<0.05, ** p<0.01.

9000 . Vector mm Vector Effect of circNIPBL on Lung metastasis in vivo
8000 B circNIPBL B circNIPBL
7000 6- ” 104 . No. of mice No. of mice Lung
6000 — 2 Xenograft with lung  without lung metastasis p-valuer
s ”é 5 8- metastasis metastasis rate
QS o 2
o€ 4] S
58" £5 o
? 9 2% Vector 5 7 41.67%
3L 3
w E 0 28 4 0.009"
= 24 T
3% ° g L] circNIPBL 1 1 91.67%
04 0-

Fig. 2 circNIPBL promotes the proliferation, migration, and invasion of BCa cells in vitro and in vivo. (A-D) gRT-PCR was used to assess the expression
level of circNIPBL and NIPBL in circNIPBL knockdown (A, B), circNIPBL overexpression (C, D), and paired control BCa cells. (E) Representative images and
quantification of Wound healing assay of UM-UC-3 cells treated with circNIPBL-downregulated or -overexpressing. Scale bar =100 um. (F) Representative
images and quantification of Transwell migration and Matrigel invasion assays of UM-UC-3 cells treated with circNIPBL-downregulated or -overexpressing.
Scale bar =100 um. (G-I) Representative bioluminescence images (G) and quantification (H, ) of in tail-vein injection model. Scale bar =50 um and 20 pm.
(J) The ratio of lung metastasis was calculated for all groups (n=12 per group). The statistical difference was assessed with one-way ANOVA followed by
Dunnett tests in A, B, E and F; and the two-tailed Student t test in C, D, E, F, H and |; and thex2 test in J. Error bars show the SD from three independent
experiments. *p <0.05 and **p < 0.01. H&E, hematoxylin and eosin



Li et al. Journal of Experimental & Clinical Cancer Research (2023) 42:191

@]

um-uc-3 UM-UC-3
mEm Nucleus i
@ mm Oligo probe
o | 5
2 _ 120, ™ Cytosol 5 | =m cireNIPBL probe
Z k] 2 k4 x,s
£ 3100 g .
§ 80 ] ~o d)
< K N /
© Z 60 © N\ &
> £ 40 s :> .
° 4 &
= k] B
S o
< 2 4 wRisir g
4 O a2 ® R © Q2 © ofR vindingsite o0 Tk
3 & $ & &P o S i q,f”jb .Qfé) s — %‘%
E & o F I EL & &N &P 3 %
& N & & & & & & Y
Bl NC mimic . BioinNC miR-16-2-3p cireNIPBL Merge

El miR-16-2-3p mimic

circNIPBL-wt 5’ ... AGAAUUCCAUGCACAGUAGUCCUGC... 3' = "
2 —
8
8 1.0
miR-16-2-3p 3' ...AUUUCGUCGUGUCAUUAUAACC...5' s
5
2 0s
2
S
circNIPBL-mut  5' .. AGAAUUCCAUCGUGUCAUGUCCUGC...3' °
0.0
N
%v“y &
N Nl
S S
& &
I UM-UC-3

NC inhibitor miR-16-2-3p inhibitor NC mimic miR-16-2-3p mimic

L
o

UM-UC-3

miR-16-2-3p inhibitor
‘

(.

NC inhibitor NC mimic

miR-16-2-3p mimic

Migration

Invasion

A

UM-UC-3

Fold enrichment of circNIPBL

Bl Biotin-miR-16-2-3p
B
—a

UM-UC-3

IS

»
T24

UM-UC-3

mm NC inhibitor
Bl miR-16-2-3p inhibitor
100

*x
—

Wound closed after 24hr (%)

UM-UC-3

mm NC inhibitor
B miR-16-2-3p inhibitor

Invasion

Migration
UM-UC-3

UM-UC-3

= NC mimic
E miR-16-2-3p mimic
100 .
~ L —
S 80
N
£ 60
©
el
& 40
o
o
T 20
3
S 0
UM-UC-3

mm NC mimic
B miR-16-2-3p mimic

Relative number

Migration
um-uc-3

Invasion

= NC mimic+Vector

miR-16-2-3p mimic miR-16-2-3p mimic

NC

miR-16-2-3p mimic

= miR-16-2-3p mi
. miR-16-2-3p mimic+circNIPBL

NC mimic+Vector

+Vector

+circNIPBL

3
8

80

60

+Vector +cireNIPBL.

miR-16-2-3p mimic

mm NC mimic+Vector
B miR-16-2-3p mimic+Vector

= miR-16-2-3p mimic+circNIPBL

Vinvasion cells

40

20

Wound closed after 24hr (%)

<
o
]
]
2
£

o

UM-UC-3

Migration Invasion
UM-UC3

Page 7 of 16

Fig. 3 circNIPBL serves as a sponge for miR-16-2-3p in BCa cells. (A) FISH assay was used to detect the cellular localization of circNIPBL. Scale bar =5 pm.
(B) Subcellular fractionation assay was used to confirm the cellular localization of circNIPBL in UM-UC-3 cells. U6 was used for the nuclear controland 18 S
rRNA was used for the cytoplasmic control. (C) The expression level of ten predicted target miRNAs of circNIPBL were analyzed by gRT-PCR in UM-UC-3
cells. (D) RNAalifold was used to predict the secondary structure of circNIPBL. (E) Schematic illustrating the sequence alignment of circNIPBL with miR-
16-2-3p. (F) Dual luciferase reporter assays showed that the luciferase activities of the circNIPBL-wt plasmid or circNIPBL-mut plasmid quantified following
co-transfection with either the miR-16-2-3p or control mimics. (G) gRT-PCR analysis showed the circNIPBL captured by biotinylated miR-16-2-3p. (H) The
co-localization of circNIPBL and miR-16-2-3p was detected by FISH assay. Scale bar =5 um. (I) Representative images and quantification of Wound healing
assay showed the migration capability of UM-UC-3 cells transfected with miR-16-2-3p mimics or inhibitors. Scale bar = 100 um. (J) Representative images
and quantification of Transwell migration and Matrigel invasion assays showed the effect of UM-UC-3 cells transfected with miR-16-2-3p mimics or inhibi-
tors. Scale bar =100 um. (K, L) Representative images and quantification of wound healing assay (K), Transwell migration and Matrigel invasion assays (L)
by indicated UM-UC-3 cells. Scale bar =100 um. The statistical difference was assessed with one-way ANOVA followed by Dunnett tests in Kand L; and
the two-tailed Student t test in C, F, G, | and J; and the x? test in B. Error bars show the SD from three independent experiments. *p < 0.05 and **p < 0.01
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Fig. 4 circNIPBL attenuates miR-16-2-3p-mediated Wnt signaling suppression. (A) Schematic illustration showing the downstream targets of miR-16-
2-3p as predicted by the TargetScan, Pictar and miRDB databases. (B) KEGG pathway enrichment analysis with PANTHER database of BCa. (C) gRT-PCR
analysis of Wnt signaling pathway-related genes in circNIPBL overexpressing BCa cells. (D) Schematic illustration showed the alignment of miR-16-2-3p
with Wnt5a and the mutagenesis nucleotides were indicated by the red portion. (E) The luciferase activities of the Wnt5a-wt plasmid or Wnt5a-mut plas-
mid quantified following transfecting control mimic or miR-16-2-3p mimic into BCa cells. (F, G) gRT-PCR analysis of the impact of circNIPBL knockdown (F)
or circNIPBL overexpression (G) on Wnt5a expression in UM-UC-3 cells. (H, I) Representative images (H) and quantification (I) of Western blotting assay of
Wnt5a in indicated UM-UC-3 cells. (J-M) Western blotting assay showed the expression levels of Wnt5a and 3-catenin after circNIPBL knockdown (J, K) or
circNIPBL overexpression (L, M) in UM-UC-3 cells. The statistical difference was assessed with one-way ANOVA followed by Dunnett tests in F, | and K; and
the two-tailed Student t test in C, E, G and M. Error bars show the SD from three independent experiments. *p < 0.05 and **p <0.01

and S3E). Taken together, these results indicated that
circNIPBL acts as a miR-16-2-3p sponge to activate the
Wnt5a expression.

CircNIPBL upregulated the expression of ZEB1 by
activating the wnt signaling pathway in BCa

Previous researches have revealed that Wnt5a mediates
biological processes via activation of the canonical Wnt
pathway [37, 38]. To verify whether circNIPBL promoted
BCa metastasis depending on the Wnt/B-catenin path-
way, we overexpressed circNIPBL in UM-UC-3 and T24
cells and detected the expression level of core regula-
tors in the pathway by Western blotting assays, in which
the results suggested that the expression of Wnt5a and
[B-catenin was upregulated. Additionally, downregulat-
ing circNIPBL obviously inhibited Wnt5a and p-catenin
expression in BCa cells, suggesting that circNIPBL

upregulated Wnt5a expression to activate the Wnt/p-
catenin pathway in BCa (Fig. 4] M and Fig. S3F-S3I).

The Wnt signaling pathway is known to correlate with
the pathological grade, EMT and poor prognosis of BCa
[39-41]. Hence, we investigated the expression of key
regulators of EMT through qRT-PCR assays in BCa cells,
and the results showed that ZEB1 was upregulated after
overexpressing circNIPBL (Fig. 5A and Fig. S4A). Nota-
bly, after applying XAV939, an inhibitor of the Wnt path-
way, to BCa cells, the upregulation of ZEB1 induced by
circNIPBL overexpression was reversed. (Figure 5B and
D and Fig. S4B-54D). In addition, the results of Western
blot assays and qRT-PCR showed that the protein and
mRNA levels of ZEB1 was negatively associated with
mirR-16-2-3p, suggesting that circNIPBL upregulates
ZEB1 via sponging mirR-16-2-3p and activating Wnt
signaling pathway. (Figure 5E and I and Fig. S4E-S4I).
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Fig. 5 circNIPBL facilitates the expression level of ZEB1. (A) gRT-PCR analysis showed that the expressions of downstream targets of Wnt signaling
pathway in circNIPBL overexpressing BCa cells. (B) gRT-PCR analysis of ZEB1 expression in indicated UM-UC-3 cells. (C, D) Representative images (C) and
quantification (D) of Western blotting assay of ZEB1 in indicated UM-UC-3 cells. (E) gRT-PCR analysis of ZEB1 expression in indicated UM-UC-3 cells. (F-I)
Representative images and quantification of Western blotting assay of ZEB1 in UM-UC-3 cells transfected with miR-16-2-3p inhibitors (F, G) and mimics (H,
). J-M) Representative images and quantification of Western blotting assay of N-cadherin, E-cadherin, ZEB1 after circNIPBL knockdown (J, K) or circNIPBL
overexpression (L, M) in UM-UC-3 cells. (N, O) The expression of N-cadherin and E-cadherin was detected by IF assay in circNIPBL knockdown (N) or circ-
NIPBL overexpression (O) UM-UC-3 cells. Scale bar =5 um. (P, Q) Representative images (P) and quantification (Q) of Western blotting assay of N-cadherin
and E-cadherin in indicated UM-UC-3 cells. (R) The expression of N-cadherin and E-cadherin was detected by IF assay in indicated UM-UC-3 cells. Scale
bar =5 um. The statistical difference was assessed with one-way ANOVA followed by Dunnett tests in B, D, E, Kand Q; and the two-tailed Student t test in
A, G, I and M. Error bars show the SD from three independent experiments. *p <0.05 and **p <0.01

Furthermore, Western blot assays and immunofluores-
cence (IF) assays confirmed that circNIPBL upregulated
the expression of the mesenchymal marker N-cadherin
and suppressed the expression of the epithelial marker
E-cadherin, while downregulating circNIPBL had the
opposite effect (Fig. 5] and O and Fig. S4J-S40). In addi-
tion, the upregulation of N-cadherin and the down-
regulation of E-cadherin mediated by circNIPBL were
reversed by XAV939 treatment in BCa cells, suggesting
that circNIPBL promotes EMT via the Wnt signaling
pathway (Fig. 5P and R and Fig. S4P-S4R). Together, these
results revealed that circNIPBL upregulates the expres-
sion of ZEB1 and induces EMT in BCa by activating the
Wnt signaling pathway.

ZEB1 binds to the flanking introns of NIPBL pre-
mRNA to trigger circNIPBL biogenesis

Recent studies have shown that circRNA produced by
pre-mRNA back-splicing plays an essential role in cancer
progression [26, 42, 43]. Therefore, we further clarified
whether ZEB1 could affect the biogenesis of circNIPBL
by a positive feedback loop. qRT-PCR assays revealed
that circNIPBL was increased or reduced after upregu-
lating or downregulating ZEB1 in BCa cells, respectively,
while the NIPBL pre-mRNA expression remained invari-
ant (Fig. S5A-S5H). Moreover, the ratio of circNIPBL and
NIPBL mRNA was increased in ZEB1l-overexpressing
BCa cells, indicating that ZEB1 facilitated the biogenesis
of circNIPBL instead of parental gene expression (Fig.
S51-S5L). Furthermore, immunohistochemistry and RNA
FISH analysis in a larger cohort of clinical specimens
revealed that the expression of ZEB1 positively correlated
with circNIPBL, which indicated that ZEB1 promoted
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the biogenesis of circNIPBL (Fig. 6A C). To provide a
detected tool, a dual-color fluorescence reporter was
constructed to simultaneously quantify the expression
of both linear and circRNA splicing [43]. The reporter
was designed such that circNIPBL biogenesis gives rise
to IRES-mediated translation of GFP and the linear
NIPBL pre-mRNA produced from the reporter under-
goes mCherry expression (Fig. 6D). The GFP-mCherry
ratio was markedly increased after overexpressing ZEB1
in BCa cells, suggesting that the expression level of circ-
NIPBL was upregulated (Fig. 6E).

Previous studies showed that the biogenesis of circu-
lar RNAs was regulated by RNA binding proteins (RBPs)
via directly binding to the flanking introns of splic-
ing exons and induced the circularization of circRNAs
[26, 43]. Then, we predicted the binding motif of ZEB1
in the JASPAR online database and revealed the poten-
tial binding sites in the flanking introns of exons 2-9 of
NIPBL pre-mRNA by bioinformatic analysis (Fig. 6F
and G). RNA immunoprecipitation (RIP) assays using
anti-ZEB1 verified that ZEB1 significantly enriched the
flanking introns of NIPBL pre-mRNA compared with
the IgG group (Fig. 6H). Next, mutation of the flanking
intron 1%5999-46005nt 4 intron 9618-6%4nt of NIPBL pre-
mRNA binding sites markedly decreased the flanking
intron enrichment by ZEB1, which indicated that ZEB1
binds NIPBL pre-mRNA in intron 1%999-46005t 54
intron 9°18-624nt (Fig 6] J). Moreover, the upregulation of
circNIPBL was reversed by deleting the binding sites of
flanking introns in ZEB1-overexpressing cells (Fig. 6K).
These results indicated that ZEB1 binds to the flanking
region on NIPBL pre-mRNA to promote the back-splic-
ing of circNIPBL.

ZEB1-mediated circNIPBL biogenesis sustains wnt
signaling activation in BCa by forming a positive
feedback loop

The formation of a positive feedback loop triggering the
metastasis signaling cascade plays a crucial role in can-
cer progression [44, 45]. Given that ZEB1 was essential to
circNIPBL biogenesis, we further examined whether circ-
NIPBL formed a positive feedback loop via the Wnt5a/
ZEB1 axis. Overexpression of ZEB1 promoted tumor
metastasis in BCa cells, and knocking down the expres-
sion of circNIPBL significantly reduced ZEB1-induced
metastasis, as shown by the wound healing assay (Fig. 6L
and Fig. S5M). In addition, the promotion of BCa cell
migration and invasion induced by ZEB1 overexpression
was reversed when circNIPBL expression was knocked
down, indicating that ZEB1-mediated circNIPBL biogen-
esis promotes BCa distant metastasis in vitro (Fig. 6M
and Fig. S5N). To explore whether the circNIPBL-medi-
ated Wnt5a/ZEBI positive feedback loop was involved
in the distant metastasis of BCa in vivo, we established
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a tail vein injection model. IVIS showed that silencing
circNIPBL rescued the ZEB1-mediated increase in fluo-
rescence intensity of lung metastatic foci in nude mice
(Fig. 6N). Conversely, knocking down circNIPBL mark-
edly abrogated the ZEB1 overexpression-enhanced lung
metastatic foci number (Fig. 60). Moreover, the metas-
tasis rate was markedly raised after overexpressing ZEB1,
while downregulating circNIPBL significantly reversed
the promotion of BCa metastasis in vivo (Fig. 6P). In
addition, we found that knocking down circNIPBL mark-
edly rescued the inhibition of survival time in ZEB1-
transduced tumor-bearing mice (Fig. 6Q). Together,
these data further supported that the circNIPBL-medi-
ated miR-16-2-3p/Wnt5a/ZEB1 positive feedback loop
sustains the activation of EMT and promotes the metas-
tasis of BCa.

Clinical relevance of the circNIPBL-mediated positive
feedback loop in BCa patients

To investigate the clinical significance of miR-16-2-3p
and Wnt5a in BCa patients, qRT-PCR analysis showed
that the expression of miR-16-2-3p was downregulated
in a cohort of 296 BCa tissues (Fig. 7A). Moreover, the
expression of miR-16-2-3p was negatively correlated with
the pathological grade and was lower in metastatic LN
than corresponding primary tumors in the large clinical
cohort of BCa patients, indicating its vital roles in BCa
(Fig. 7B C). In addition, the overexpression of Wnt5a was
positively correlated with the pathological status of BCa
(Fig. 7D and E). Notably, Wnt5a was significantly upregu-
lated in metastatic LN compared with corresponding pri-
mary tumors (Fig. 7F). Kaplan—Meier analysis revealed
that BCa patients with miR-16-2-3p overexpression had
longer OS and DFS compared with the lower group,
which was consistent with the TCGA database (Fig. 7G
H). RNA FISH analysis results revealed that patients
with circNIPBL overexpression also had a high expres-
sion level of N-cadherin and low E-cadherin expression
(Fig. 7I). Furthermore, correlation analysis proved that
N-cadherin was positively associated with circNIPBL
expression, while E-cadherin was negatively associated
with circNIPBL expression in 296 BCa tissues (Fig. 7] K).
In conclusion, our results demonstrate that circNIPBL-
mediated miR-16-2-3p/Wnt5a positive feedback loop
promotes the distance metastasis of BCa (Fig. 7L).

Discussion

Distance metastasis is the major cause of reduced life
expectancy and quality of life in patients with BCa,
especially in MIBC [3, 4, 46]. Approximately 50% of
MIBC patients have poor prognosis, high rate of distant
metastases and short survival [47]. Unfortunately, due
to the lack of therapeutic targets and effective thera-
peutic strategies, common therapeutic interventions
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for distant metastasis are ineffectual [48, 49]. Therefore,
investigating the crucial regulatory factors and molecular
mechanisms regulating distant metastasis is of great sig-
nificance for the management of BCa. Herein, we found
that circNIPBL was significantly overexpressed in BCa
tissues and positively associated with metastasis in BCa
patients. Functionally, the upregulation of cicrNIPBL
facilitated BCa cell invasion and metastasis in vitro.
Moreover, upregulating circNIPBL significantly pro-
moted the distant metastasis of BCa in the tail vein injec-
tion mouse model. Our study illustrates that circNIPBL
regulates the proliferation and metastasis of BCa cells,
indicating that circNIPBL may have potential to act as a
therapeutic target for distant metastasis in BCa.

The Wnt signaling pathway is the key cascade regu-
lating carcinogenesis and distant metastasis in multiple
cancer types and plays a critical role in EMT by activat-
ing the expression of regulatory factors [10, 11, 38]. How-
ever, the mechanism underlying hyperactivation of the
Wnt signaling pathway in BCa still unclear. In the pres-
ent study, we revealed that sustainable activation of the
Wnt signaling pathway led to the upregulation of ZEB1
in BCa cells, which facilitated EMT and formed a positive
feedback loop by promoting the biogenesis of circNIPBL.
In addition, using XAV939 to inhibit the Wnt signaling
pathway eliminated the upregulation of ZEB1 expression
mediated by circNIPBL overexpression. Therefore, our
study highlighted a novel mechanism in which circRNA
induced sustainable Wnt signaling activation via a ZEB1/
circNIPBL/Wnt5a positive feedback loop in BCa, sug-
gesting the essential function of Wnt signaling in regulat-
ing the metastasis of BCa.

CircRNAs are produced by the aberrant splicing of
pre-mRNA transcripts and are involved in regulating
multiple cancer-related biological processes, including
growth, metastasis and apoptosis, and have great poten-
tial as therapeutic targets and clinical biomarkers for
cancers [30, 50-52]. However, the precise mechanism of
circRNAs biogenesis in regulating the metastasis of BCa
still unclear. In this study, we identified a novel circRNA,
circNIPBL, that activated the Wnt/B-catenin signaling
pathway by directly sponging miR-16-2-3p and upregu-
late the ZEBlexpression, a transcription factor mainly
located in the nucleus. Moreover, we revealed that ZEB1
binds to the flanking region on intron 1 and intron 9 of
NIPBL pre-mRNA, which facilitate the biogenesis of
circNIPBL and trigger BCa metastasis. These findings
highlight a mechanism of ZEB1-mediated circRNA bio-
genesis in regulating the metastasis of BCa, which sup-
ports circNIPBL as a new therapeutic target for BCa
patients.

With their special circular covalently bonded structure,
circRNAs have a higher stability than linear RNAs [34].
Due to their conservation and tissue specificity, circRNAs
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are considered to function as special molecular biomark-
ers for the diagnosis of cancers [53, 54]. Recent studies
have proven that circITCH is overexpressed in non-small
cell lung cancer tissue and supplements traditional mark-
ers to increase the positive diagnosis rate [55]. Similarly,
circRNAs are potential diagnostic and prognostic bio-
markers in hepatocellular carcinoma [56, 57]. However,
the potential of circRNAs as diagnostic biomarkers in
distant metastasis of BCa is still elusive. In the present
study, we revealed that circNIPBL, which was markedly
upregulated in BCa tissues, triggered the uncontrolled
progression of BCa and negatively correlated with the
survival rate. Moreover, Cox univariate and multivariate
analyses revealed that circNIPBL is an independent pre-
dictor of poor prognosis in BCa patients. Our findings
elucidate the potential of circNIPBL as a biomarker of
BCa, providing new insight to solve the problem of tradi-
tional biomarkers’ low organ specificity.

In summary, our study uncovered a novel mecha-
nism underlying circNIPBL serving as a sponge of miR-
16-2-3p to activate the Wnt signaling pathway, which
upregulated the expression of ZEB1 and facilitated the
back-splicing of NIPBL mRNA to form a positive feed-
back loop. Our research provides a new understanding
of the significant role of ZEB1-mediated circNIPBL bio-
genesis and the unique mechanism underlying the ZEB1/
circNIPBL/Wnt5a positive feedback loop in the distant
metastasis of BCa, suggesting that circNIPBL is an inno-
vative therapeutic target for BCa patients.

Materials and methods

Patients and clinical samples

In the present study, a total of 296 BCa specimens and
paired NATs were obtained from patients who under-
went surgery at Sun Yat-sen Memorial Hospital, Sun
Yat-sen University. Two independent professional pathol-
ogists diagnosed every urothelial carcinoma sample. All
samples were promptly frozen in liquid nitrogen and
storaged at -80 °C for long-term preservation until fur-
ther investigation. All clinical data and the specimens
involved in this study were approved by the patients with
written informed consent and the approval of the Ethics
Committee from Sun Yat-sen Memorial Hospital, Sun
Yat-sen University.

Cell lines and cell culture

The human bladder cancer cell lines T24, UM-UC-3 and
5637, and human normal bladder epithelial cell line (SV-
HUC-1) were purchased from American Type Culture
Collection (Manassas, VA, USA). The UM-UC-3 cells
were cultured in Dulbecco’s modified Eagle’s medium
(Gibco, USA). The T24 cells were cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium (Gibco,
USA), while SV-HUC-1 cells were cultured in Ham’s
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F12K medium (Gibco, USA). All mediums were supple-
mented with 10% FBS (HyClone, Israel). All cell lines
were cultured in 37 C humid atmosphere containing 5%
CO,.

Lentivirus infection and cell transfection

For lentivirus infection, 1 ml of lentivirus working solu-
tion was transfected in each well of the 6-well plates
seeded with BCa cells and incubated for 8 h. Then, 10 pg/
mL puromycin was added to screen the successfully
transfected cells after culturing for 72 h.

For cellular transfection, BCa cells were planted in a
6-well plate, and then circNIPBL siRNAs (GenePharma,
Shanghai, China), miRNA mimics, and miRNA inhibi-
tor (Sangon Biotech, Shanghai, China) were transfected
into these cells with Lipofectamine 3000 or p3000 (Life
Technologies, CA, USA) according to the manufacturer’s
instructions after one day. The efficiency of transfec-
tion was determined by qRT-PCR or Western blotting
analysis.

Caudal vein metastasis model

Nude mice (four- to five-week-old female) were pur-
chased and fed at the Experimental Animal Center, Sun
Yat-sen University (Guangzhou, China) and divided into
2 groups. Next, 5x10° luciferase-labeled BCa cells were
slowly injected into the caudal vein of each nude mice.
After 4 weeks, the mice were imaged under In Vivo Imag-
ing Systems (IVIS) (Xenogen Corporation, Alameda, CA,
USA) to evaluate lung metastasis.

RNA pull-down assay

Block streptomycin-coated magnetic beads with 10 mg/
mL bovine serum albumin and yeast tRNA for 3 h at
4 °C on a rotator. Then, biotinylated circNIPBL probes
were added and incubated for 2 h at 25 °C. 1x10’ BCa
cells were lysed in 200 pl lysis buffer and the supernatant
collected after centrifugatingl0 min at 120,000 g. After
mixed with the beads containing the indicated probes
for incubation overnight, the target gene expression was
detected by qRT-PCR analysis.

Dual-color fluorescence reporter assay

BCa cells (1x10°) were planted in a 6-well plate, and the
plasmids designed and constructed by IGE Biotechnol-
ogy (Guangzhou, China) were transfected into the cells.
After 48 h incubation, the transfected cells were seeded
into confocal dishes the day before use. The images were
captured via confocal fluorescence microscopy (Carl
Zeiss AG, Jenna, Germany).

Statistical analysis
All quantitative data are examined as the mean and aver-
age standard deviation (SD) of at least three independent

(2023) 42:191

Page 14 of 16

experiments. The statistical differences of Nonpara-
metric variables were analyzed by x2 test and paramet-
ric variables were analyzed by Student’s -test (2-tailed)
and 1-way analysis of variance (ANOVA). H-score was
conducted to assess the statistical significance of FISH
analysis. Kaplan-Meier analysis were performed to assess
OS and DFS. The multivariate Cox regression model
was used to calculate the 95% confidence interval for the
independent prognostic factors. P<0.05 was considered
statistically significant.
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SiRNAs Small interfering RNAs

VIS In Vivo Imaging System

ceRNA Competitive endogenous RNA

IF Immunofluorescence

RBP RNA binding protein

RIP RNA immunoprecipitation
SV-HUC-1 Human normal bladder epithelial cells
DMEM Dulbecco’s Modified Eagle Medium
RPMI Roswell Park Memorial Institute
FBS Fetal bovine serum

SD Standard deviations

ANOVA 1-way analysis of variance

X2 test Chi-square test

DAPI 4’, 6-diamidino-2-phenylindole
PBS Phosphate buffered saline

bp Base pair

KO Knockout

WT Wildtype

TCGA The Cancer Genome Atlas;

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/513046-023-02757-3.

Supplementary Material 1

Supplementary Material 2

Acknowledgements

The authors thank Prof. J.X. Zhang, Department of Medical Statistics and
Epidemiology, School of Public Health, Sun Yat-sen University, Guangzhou,
China, for statistical advice and research comments.

Authors’ contributions

CC, JH, BL.andTL. participated in the study design. YK. and H.Z. performed
the in vitro and in vivo experiments and data analyses. Y.L. performed the
clinical data analyses. YK.and J.Y. performed the FISH and IHC experiments. J.C.
and Y.L. conducted the gRT-PCR and western blotting. Y.L. and M.A. conducted
the mechanistic experiments. Y.L, M.A. and C.C. wrote the manuscript. All
authors have read and approved the final manuscript.


https://doi.org/10.1186/s13046-023-02757-3
https://doi.org/10.1186/s13046-023-02757-3

Li et al. Journal of Experimental & Clinical Cancer Research

Funding

This study was funded by the National Key Research and Development
Program of China (Grant No. 2022YFA1305500), the National Natural Science
Foundation of China (Grant Nos. 82173272, 81825016, 82173230, 82341018,
82203662, 82173271,82103416, 82103536, 82173266, 82202276, and
81972385), the Key Areas Research and Development Program of Guangdong
(Grant Nos. 2022B1515120086, 2021B1515020091, 2022A1515140175,
2021A1515010215, 2023A1515011648, 2022A1515012288, 2021A1515010355)
and the Science and Technology Program of Guangzhou, China (Grant Nos.
2023A04J2206).

Data Availability

Data generated or analysed during this study are included in this published
article and its supplementary information files and are available from the
institutional repository or the corresponding author upon request.

Declarations

Conflict of interest
The authors have declared that no competing interests exist.

Ethics approval and consent to participate

All clinical data and the specimens involved in this study were approved by
the patients with written informed consent and the approval of the Ethics
Committee from Sun Yat-sen Memorial Hospital, Sun Yat-sen University.

Consent for publication
All authors consent this manuscript for publication.

Competing interests
All authors have no potential conflicts of interest to disclose.

Author details

'Department of Urology, Sun Yat-sen Memorial Hospital, 107 Yanjiangxi
Road, Yuexiu District, Guangzhou 510120, Guangdong, P. R. China
’Guangdong Provincial Key Laboratory of Malignant Tumor Epigenetics
and Gene Regulation, State Key Laboratory of Oncology in South China,
Sun Yat-sen Memorial Hospital, Guangzhou, Guangdong, P. R. China
*Department of Pancreatic Surgery, Department of General Surgery,
Guangdong Provincial People’s Hospital, Guangdong Academy of
Medical Sciences, Guangzhou, Guangdong, P. R. China

“Department of Urology, Affiliated Hospital of Chengdu University,
Chengduy, Sichuan, P.R. China

5Depar‘[memt of Ultrasound, Sun Yat-sen Memorial Hospital, Guangzhou,
Guangdong, P.R. China

Received: 24 April 2023 / Accepted: 10 July 2023
Published online: 02 August 2023

References

1. Sanli O, Dobruch J, Knowles MA, et al. Bladder cancer. Nat Rev Dis Primers.
2017;3:17022.

2. Wang G, McKenney JK. Urinary bladder Pathology: World Health Organization
classification and american Joint Committee on Cancer staging update. Arch
Pathol Lab Med. 2019;143(5):571-7.

3. Smith AB, Deal AM, Woods ME, et al. Muscle-invasive bladder cancer:
evaluating treatment and survival in the National Cancer Data Base. BJU Int.
2014;114(5):719-26.

4. Jacobs BL, Lee CT, Montie JE. Bladder cancer in 2010: how far have we come?
CA Cancer J Clin. 2010,60(4):244-72.

5. Burger M, Catto JW, Dalbagni G, et al. Epidemiology and risk factors of uro-
thelial bladder cancer. Eur Urol. 2013;63(2):234-41.

6. Abufaraj M, Gust K, Moschini M, et al. Management of muscle invasive,
locally advanced and metastatic urothelial carcinoma of the bladder: a
literature review with emphasis on the role of surgery. Transl Androl Urol.
2016,5(5):735-44.

(2023) 42:191

20.

21.
22.

23.

24.
25.
26.
27.

28.

29.

30.

31

32,

33.

34.

Page 15 of 16

Biot C, Rentsch CA, Gsponer JR, et al. Preexisting BCG-specific T cells
improve intravesical immunotherapy for bladder cancer. Sci Transl Med.
2012;4(137):137ra172.

Stein JP, Lieskovsky G, Cote R, et al. Radical cystectomy in the treatment of
invasive bladder cancer: long-term results in 1,054 patients. J Clin Oncol.
2001;19(3):666-75.

Chehrazi-Raffle A, Dorff TB, Pal SK, Lyou Y. Wnt/beta-Catenin signaling and
Immunotherapy Resistance: Lessons for the treatment of Urothelial Carci-
noma. Cancers (Basel). 2021;13(4).

Parsons MJ, Tammela T, Dow LE. WNT as a driver and dependency in Cancer.
Cancer Discov. 2021;11(10):2413-29.

ZhanT, Rindtorff N, Boutros M. Wnt signaling in cancer. Oncogene.
2017;36(11):1461-73.

Kikuchi A, Yamamoto H, Sato A, Matsumoto S. Wnt5a: its signalling, functions
and implication in diseases. Acta Physiol (Oxf). 2012;204(1):17-33.
Kremenevskaja N, von Wasielewski R, Rao AS, Schofl C, Andersson T, Brabant
G. Wnt-5a has tumor suppressor activity in thyroid carcinoma. Oncogene.
2005;24(13):2144-54.

Nishita M, Enomoto M, Yamagata K, Minami Y. Cell/tissue-tropic func-

tions of Wnt5a signaling in normal and cancer cells. Trends Cell Biol.
2010;20(6):346-54.

Mittal V. Epithelial mesenchymal transition in Tumor Metastasis. Annu Rev
Pathol. 2018;13:395-412.

Singh M, Yelle N, Venugopal C, Singh SK. EMT: mechanisms and therapeutic
implications. Pharmacol Ther. 2018;182:80-94.

Silva VR, Santos LdS, Dias RB, Quadros CA, Bezerra DP. Emerging agents that
target signaling pathways to eradicate colorectal cancer stem cells. Cancer
Commun (Lond). 2021:41(12):1275-313.

Dejmek J, Dejmek A, Safholm A, Sjolander A, Andersson T. Wnt-5a protein
expression in primary dukes B colon cancers identifies a subgroup of patients
with good prognosis. Cancer Res. 2005;65(20):9142-6.

Mikels AJ, Nusse R. Purified Wnt5a protein activates or inhibits beta-catenin-
TCF signaling depending on receptor context. PLoS Biol. 2006;4(4):e115.
Beermann J, Piccoli MT, Viereck J, Thum T. Non-coding RNAs in Development
and Disease: background, Mechanisms, and therapeutic approaches. Physiol
Rev. 2016;96(4):1297-325.

Chen LL. The expanding regulatory mechanisms and cellular functions of
circular RNAs. Nat Rev Mol Cell Biol. 2020;21(8):475-90.

Wu Q, Liu W, Wang J, Zhu L, Wang Z, Peng Y. Exosomal noncoding RNAs in
colorectal cancer. Cancer Lett. 2020;493:228-35.

JuH,Hu Z Wei D, et al. A novel intronic circular RNA, circGNG?, inhibits head
and neck squamous cell carcinoma progression by blocking the phosphory-
lation of heat shock protein 27 at Ser78 and Ser82. Cancer Commun (Lond).
2021,41(11):1152-72.

Patop IL, Wust S, Kadener S. Past, present, and future of circRNAs. EMBO J.
2019;38(16):2100836.

Shan C, Zhang Y, Hao X, Gao J, Chen X, Wang K. Biogenesis, functions and
clinical significance of circRNAs in gastric cancer. Mol Cancer. 2019;18(1):136.
Yang L, Wilusz JE, Chen LL. Biogenesis and Regulatory Roles of Circular RNAs.
Annu Rev Cell Dev Biol. 2022;38:263-89.

Xiao MS, Ai'Y, Wilusz JE. Biogenesis and Functions of circular RNAs come into
Focus. Trends Cell Biol. 2020;30(3):226-40.

Zheng X, Huang M, Xing L, et al. The circRNA circSEPT9 mediated by E2F1
and EIF4A3 facilitates the carcinogenesis and development of triple-negative
breast cancer. Mol Cancer. 2020;19(1):73.

An M, Zheng H, Huang J, et al. Aberrant Nuclear Export of circNCOR1 under-
lies SMAD7-Mediated lymph node metastasis of bladder Cancer. Cancer Res.
2022;82(12):2239-53.

Shen H, Liu B, Xu J, et al. Circular RNAs: characteristics, biogenesis, mecha-
nisms and functions in liver cancer. J Hematol Oncol. 2021;14(1):134.

Chao F, Song Z,Wang S, et al. Novel circular RNA circSOBP governs amoeboid
migration through the regulation of the miR-141-3p/MYPT1/p-MLC2 axis in
prostate cancer. Clin Transl Med. 2021;11(3):e360.

Zhou M, Xiao MS, Li Z, Huang C. New progresses of circular RNA biology:
from nuclear export to degradation. RNA Biol. 2021;18(10):1365-73.

Kong, LiY, LuoY, et al. circNFIB1 inhibits lymphangiogenesis and lymphatic
metastasis via the miR-486-5p/PIK3R1/VEGF-C axis in pancreatic cancer. Mol
Cancer. 2020;19(1):82.

Kristensen LS, Andersen MS, Stagsted LVW, Ebbesen KK, Hansen TB, Kjems J.
The biogenesis, biology and characterization of circular RNAs. Nat Rev Genet.
2019;20(11):675-91.



Li et al. Journal of Experimental & Clinical Cancer Research

35.

36.
37.

38.
39.

40.

42.
43.

44,

45.

46.

47.

48.

Dong H, Lei J, Ding L, Wen Y, Ju H, Zhang X. MicroRNA: function, detection,
and bioanalysis. Chem Rev. 2013;113(8):6207-33.

Lee YS, Dutta A. MicroRNAs in cancer. Annu Rev Pathol. 2009;4:199-227.
McDonald SL, Silver A. The opposing roles of Wnt-5a in cancer. Br J Cancer.
2009;101(2):209-14.

Wu G, Weng W, Xia P, et al. Wnt signalling pathway in bladder cancer. Cell
Signal. 2021,79:109886.

De A.Wnt/Ca2 + signaling pathway: a brief overview. Acta Biochim Biophys
Sin (Shanghai). 2011;43(10):745-56.

Hedgepeth CM, Conrad LJ, Zhang J, Huang HC, Lee VM, Klein PS. Activation
of the wnt signaling pathway: a molecular mechanism for lithium action. Dev
Biol. 1997,185(1):82-91.

Samatov TR, Tonevitsky AG, Schumacher U. Epithelial-mesenchymal transi-
tion: focus on metastatic cascade, alternative splicing, non-coding RNAs and
modulating compounds. Mol Cancer. 2013;12(1):107.

LiJ, Sun D, PuW, Wang J, Peng Y. Circular RNAs in Cancer: Biogenesis, func-
tion, and clinical significance. Trends Cancer. 2020;6(4):319-36.

Conn SJ, Pillman KA, Toubia J, et al. The RNA binding protein quaking regu-
lates formation of circRNAs. Cell. 2015;160(6):1125-34.

Jiang, Zhao J, LiuY, et al. CircKPNB1 mediates a positive feedback loop and
promotes the malignant phenotypes of GSCs via TNF-alpha/NF-kappaB
signaling. Cell Death Dis. 2022;13(8):697.

Niu H, Zhang L, Wang B, et al. CircTUBD1 regulates Radiation-induced liver
fibrosis response via a circTUBD1/micro-203a-3p/Smad3 positive feedback
Loop. J Clin Transl Hepatol. 2022;10(4):680-91.

McConkey DJ, Choi W, Ochoa A, Dinney CPN. Intrinsic subtypes and bladder
cancer metastasis. Asian J Urol. 2016;3(4):260-7.

Morra F, Merolla F, Criscuolo D, et al. CCDC6 and USP7 expression levels sug-
gest novel treatment options in high-grade urothelial bladder cancer. J Exp
Clin Cancer Res. 2019;38(1):90.

Lobo N, Mount C, Omar K, Nair R, Thurairaja R, Khan MS. Landmarks

in the treatment of muscle-invasive bladder cancer. Nat Rev Urol.
2017;14(9):565-74.

(2023) 42:191

49.

50.

5T

52.

53.

55.

56.

57.

Page 16 of 16

Kamat AM, Hegarty PK, Gee JR, et al. ICUD-EAU International Consultation on
bladder Cancer 2012: screening, diagnosis, and molecular markers. Eur Urol.
2013;63(1):4-15.

Zhou WY, Cai ZR, Liu J, Wang DS, Ju HQ, Xu RH. Circular RNA: metabolism,
functions and interactions with proteins. Mol Cancer. 2020;19(1):172.
Xu'Y,Kang P, Leng K, et al. Circ_ASPH promotes cholangiocarcinoma growth
and metastasis through the miR-581/ATP-binding cassette transporter G1
signaling pathway. Cancer Commun (Lond). 2020;40(10):545-50.

Yang Y, Luo D, Shao Y, et al. circCAPRINT interacts with STAT2 to promote
tumor progression and lipid synthesis via upregulating ACC1 expression in
colorectal cancer. Cancer Commun (Lond). 2023;43(1):100-22.

Meng S, Zhou H, Feng Z, et al. CircRNA: functions and properties of a novel
potential biomarker for cancer. Mol Cancer. 2017;16(1):94.

Rybak-Wolf A, Stottmeister C, Glazar P, et al. Circular RNAs in the mammalian
brain are highly abundant, conserved, and dynamically expressed. Mol Cell.
2015;58(5):870-85.

Wan L, Zhang L, Fan K, Cheng ZX, Sun QC, Wang JJ. Circular RNA-ITCH
suppresses Lung Cancer Proliferation via inhibiting the Wnt/beta-Catenin
pathway. Biomed Res Int. 2016;2016:1579490.

Qin M, Liu G, Huo X, et al. Hsa_circ_0001649: a circular RNA and poten-

tial novel biomarker for hepatocellular carcinoma. Cancer Biomark.
2016;16(1):161-9.

Shang X, Li G, Liu H, et al. Comprehensive circular RNA profiling reveals that
hsa_circ_0005075, a New Circular RNA biomarker, is involved in Hepatocel-
lular Crcinoma Development. Med (Baltim). 2016,95(22):e3811.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿ZEB1-mediated biogenesis of circNIPBL sustains the metastasis of bladder cancer via Wnt/β-catenin pathway
	﻿Abstract
	﻿Introduction
	﻿Results
	﻿circNIPBL is positively associated with bladder cancer metastasis
	﻿circNIPBL enhances the migration and invasion of BCa in vitro
	﻿CircNIPBL promotes the metastasis of BCa in vivo
	﻿CircNIPBL directly binds with miR-16-2-3p
	﻿circNIPBL overexpression upregulates Wnt5a by targeting miR-16-2-3p
	﻿CircNIPBL upregulated the expression of ZEB1 by activating the wnt signaling pathway in BCa

	﻿ZEB1 binds to the flanking introns of NIPBL pre-mRNA to trigger circNIPBL biogenesis
	﻿ZEB1-mediated circNIPBL biogenesis sustains wnt signaling activation in BCa by forming a positive feedback loop
	﻿Clinical relevance of the circNIPBL-mediated positive feedback loop in BCa patients

	﻿Discussion
	﻿Materials and methods
	﻿Patients and clinical samples
	﻿Cell lines and cell culture
	﻿Lentivirus infection and cell transfection
	﻿Caudal vein metastasis model
	﻿RNA pull-down assay
	﻿Dual-color fluorescence reporter assay
	﻿Statistical analysis

	﻿References


