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Abstract
Background
Circular RNAs (circRNAs) 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/β-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.
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Introduction
Bladder cancer (BCa) is one of the most common urothelial carcinomas of the urinary tract with high morbidity 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 evidence 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 targets for BCa.
The Wnt signaling pathway is a canonical signal transduction cascade that functions as a vital regulator of cancer 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 multiple regulatory factors [9–11]. The abnormal expression of Wnt5a sustainably activates the Wnt signaling pathway to regulate the proliferation, differentiation and metastasis of tumor cells [12–14]. Emerging evidence has shown that sustainable activation of the Wnt signaling pathway promotes the progression and metastasis of multiple 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 inhibited 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, circRNAs produced by noncanonical splicing of precursor mRNA, called back-splicing, are mainly expressed at a lower level than their linear transcripts and exert superior biological functions [24–26]. Recent research has showed that the aberrant regulation of the biogenesis of circRNAs plays a functional role in regulating intracellular 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 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/β-catenin signaling pathway to upregulate ZEB1 expression by sponging miR-16-2-3p. Moreover, ZEB1 bound to the flanking intron 145999–46005nt and intron 9618–624nt of NIPBL pre-mRNA and facilitated its back-splicing to promote the biogenesis 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 sequencing of BCa specimens and paired normal adjacent tissues (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 upregulated 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 corresponding primary tumors (Fig. 1E). Kaplan‒Meier survival analyses showed that circNIPBL overexpression was correlated with shorter overall survival (OS) and disease-free survival (DFS) of BCa patients (Fig. 1F and G). Cox univariate and multivariate analyses showed that circNIPBL expression was an independent predictor of poor prognosis in BCa patients (Table 1, S1, S2). Moreover, RNA fluorescence in situ hybridization (FISH) analysis showed that circNIPBL had higher expression levels in BCa than in NAT (Fig. 1H and I). Taken together, the above results suggest that circNIPBL is markedly upregulated and affected the poor survival of BCa patients.
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Fig. 1The 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) qRT-PCR for the circNIPBL expression in BCa tissues (n = 296) paired with NATs (n = 296). (C, D) qRT-PCR analysis of the circNIPBL expression in 296 BCa tissues with respect to pathological grade (C) and LN status (D). (E) qRT-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 expression level in patients with BCa. The median expression level of circNIPBL was taken as the cutoff value. (H, I) Representative images (H) and proportion (I) for RNA fluorescence in situ hybridization showed that circNIPBL was upregulated in MIBC tissues compared with NMIBC tissues. Scale bar = 50 μm and 20 μm. (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) qRT-PCR analysis of circNIPBL expression using random primers or oligo-dT primers. (N) circNIPBL and NIPBL expression in BCa cells analyzed by qRT-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 χ2 test in I; and the two-tailed Student t test in M-O. Error bars show the SD from three independent experiments. *p < 0.05 and **p < 0.01


Table 1Correlation between circNIPBL expression and clinicopathologic characteristics of BCa patients (n = 296)


	Characteristics
	No. of cases
	circNIPBL expression

	Low
	High
	P-valuei

	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**

	T1
	54
	43
	11
	 
	T2
	79
	55
	24
	 
	T3
	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. iChi-square test, * p < 0.05, ** p < 0.01



Since circRNAs have different secondary structures from their counterpart genes, we first investigated the circular characteristics of circNIPBL, which was generated from exons 2–9 of the NIPBL gene [24, 30]. Sanger sequencing validated the back-splicing structure of circNIPBL (Fig. 1J K). PCR analysis was performed to amplify circNIPBL circular transcripts and NIPBL linear 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, suggesting the less of a poly-A tail in circNIPBL (Fig. 1M). Then, we evaluated the stability of circNIPBL. After treatment 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. 1O 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 further 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 downregulated after ectopic expression or knockdown of circNIPBL in T24 and UM-UC-3 cells through transfection with circNIPBL-overexpressing plasmid and small interfering RNAs (siRNAs) (Fig. 2A and D). Wound healing assays showed that the migration of BCa cells was facilitated 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 overexpression enhances the migration and invasion ability of BCa cells.
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Fig. 2circNIPBL promotes the proliferation, migration, and invasion of BCa cells in vitro and in vivo. (A–D) qRT-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 μm. (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 μm. (G-I) Representative bioluminescence images (G) and quantification (H, I) of in tail-vein injection model. Scale bar = 50 μm and 20 μm. (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 I; and the χ2 test in J. Error bars show the SD from three independent experiments. *p < 0.05 and **p < 0.01. H&E, hematoxylin and eosin



CircNIPBL promotes the metastasis of BCa in vivo
Considering the affection of circNIPBL in BCa cells, the regulatory role of circNIPBL in BCa metastasis was further evaluated in vivo. To build a tail vein injection mouse model, BCa cells were transfected with luciferase-labeled circNIPBL overexpression plasmid and injected into the tail vein of nude mice. The fluorescence intensity detected by in vivo imaging system (IVIS) in the circNIPBL-overexpressing group was obviously increased rather than the control group, indicating that circNIPBL facilitates the lung metastasis of luciferase-labeled BCa cells (Fig. 2G H). Then, we evaluated the number of lung metastatic foci in mice, which showed that circNIPBL overexpression 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 circNIPBL 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 cytoplasm 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 CircInteractome 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 circNIPBL 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 miR-16-2-3p co-localized in the cytoplasm of BCa cells (Fig. 3H). Together, the above results show that circNIPBL directly binds with miR-16-2-3p.
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Fig. 3circNIPBL 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 μm. (B) Subcellular fractionation assay was used to confirm the cellular localization of circNIPBL in UM-UC-3 cells. U6 was used for the nuclear control and 18 S rRNA was used for the cytoplasmic control. (C) The expression level of ten predicted target miRNAs of circNIPBL were analyzed by qRT-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) qRT-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 μm. (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 μm. (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 inhibitors. Scale bar = 100 μm. (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 μm. The statistical difference was assessed with one-way ANOVA followed by Dunnett tests in K and L; and the two-tailed Student t test in C, F, G, I and J; and the χ2 test in B. Error bars show the SD from three independent experiments. *p < 0.05 and **p < 0.01


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 inhibited the migration and invasion of BCa cells, while miR-16-2-3p knockdown showed the opposite effect (Fig. 3I J 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 circNIPBL 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 intersecting 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 PANTHER 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 investigated the expression level of crucial genes in the Wnt signaling 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, indicating that Wnt5a was the downstream target of miR-16-2-3p (Fig. 4C).
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Fig. 4circNIPBL 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) qRT-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 plasmid quantified following transfecting control mimic or miR-16-2-3p mimic into BCa cells. (F, G) qRT-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 β-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, I 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


MiRNAs bind to the 3’UTR and suppress the expression 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 upregulated (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 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/β-catenin pathway, we overexpressed circNIPBL in UM-UC-3 and T24 cells and detected the expression level of core regulators in the pathway by Western blotting assays, in which the results suggested that the expression of Wnt5a and β-catenin was upregulated. Additionally, downregulating circNIPBL obviously inhibited Wnt5a and β-catenin expression in BCa cells, suggesting that circNIPBL upregulated Wnt5a expression to activate the Wnt/β-catenin pathway in BCa (Fig. 4J 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). Notably, after applying XAV939, an inhibitor of the Wnt pathway, to BCa cells, the upregulation of ZEB1 induced by circNIPBL overexpression was reversed. (Figure 5B and D and Fig. S4B-S4D). 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). Furthermore, Western blot assays and immunofluorescence (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. 5J and O and Fig. S4J-S4O). In addition, the upregulation of N-cadherin and the downregulation 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 expression of ZEB1 and induces EMT in BCa by activating the Wnt signaling pathway.
[image: ]
Fig. 5circNIPBL facilitates the expression level of ZEB1. (A) qRT-PCR analysis showed that the expressions of downstream targets of Wnt signaling pathway in circNIPBL overexpressing BCa cells. (B) qRT-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) qRT-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, I). (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 circNIPBL overexpression (O) UM-UC-3 cells. Scale bar = 5 μm. (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 μm. The statistical difference was assessed with one-way ANOVA followed by Dunnett tests in B, D, E, K and 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




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 upregulating or downregulating ZEB1 in BCa cells, respectively, while the NIPBL pre-mRNA expression remained invariant (Fig. S5A-S5H). Moreover, the ratio of circNIPBL and NIPBL mRNA was increased in ZEB1-overexpressing BCa cells, indicating that ZEB1 facilitated the biogenesis of circNIPBL instead of parental gene expression (Fig. S5I-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 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 undergoes mCherry expression (Fig. 6D). The GFP–mCherry ratio was markedly increased after overexpressing ZEB1 in BCa cells, suggesting that the expression level of circNIPBL was upregulated (Fig. 6E).
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Fig. 6ZEB1 binds to the flanking intron of pre-mRNA to trigger circNIPBL biogenesis. (A-C) Representative images (A) and quantification (B, C) of ZEB1–indicated circNIPBL expression was detected by RNA fluorescence in situ hybridization assay in BCa tissues. Scale bar = 50 μm. (D) Schematic illustration of the dual-color fluorescence reporter. (E) Representative images and quantification of circNIPBL and NIPBL mRNA expression in BCa cells. Scale bar = 5 μm. (F) The potential ZEB1 binding motifs in NIPBL pre-mRNA were predicted by JASPAR online database. (G) ZEB1-binding sites in the flanking regions of NIPBL pre-mRNA were predicted by Circinteractome online database. (H) Representative images and quantification of RIP assay using anti-ZEB1 antibody to validate the putative binding sites. (I, J) Representative images and quantification of RIP assay using anti-ZEB1 antibody to validate the indicated binding sites P1 (I) and P4 (J) after mutation. (K) qRT-PCR analysis showed that the expression of circNIPBL after deleting the binding sites in flanking introns. (L, M) Representative images and quantification of Wound healing (L) and Transwell migration and Matrigel invasion (M) assays in indicated UM-UC-3 cells. Scale bar = 100 μm. (N, O) Quantification of the luminescence (N) and metastasis forci (O) in tail-vein injection model. (P) The ratio of lung metastasis was calculated for all groups (n = 12 per group). (Q) The survival time of the ZEB1-transduced tumor bearing mice. The statistical difference was assessed through the nonparametric Mann–Whitney U test in B, Q and the χ2 test in C, P; and one-way ANOVA followed by Dunnett tests in H, K, L, M, N and O; and the two-tailed Student t test in E, I and J. Error bars show the SD from three independent experiments. *p < 0.05 and **p < 0.01


Previous studies showed that the biogenesis of circular RNAs was regulated by RNA binding proteins (RBPs) via directly binding to the flanking introns of splicing 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 potential 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 145999–46005nt and intron 9618–624nt of NIPBL pre-mRNA binding sites markedly decreased the flanking intron enrichment by ZEB1, which indicated that ZEB1 binds NIPBL pre-mRNA in intron 145999–46005nt and intron 9618–624nt (Fig. 6I 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-splicing 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 cancer progression [44, 45]. Given that ZEB1 was essential to circNIPBL biogenesis, we further examined whether circNIPBL formed a positive feedback loop via the Wnt5a/ZEB1 axis. Overexpression of ZEB1 promoted tumor metastasis in BCa cells, and knocking down the expression 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 biogenesis promotes BCa distant metastasis in vitro (Fig. 6M and Fig. S5N). To explore whether the circNIPBL-mediated Wnt5a/ZEB1 positive feedback loop was involved in the distant metastasis of BCa in vivo, we established a tail vein injection model. IVIS showed that silencing circNIPBL rescued the ZEB1-mediated increase in fluorescence intensity of lung metastatic foci in nude mice (Fig. 6N). Conversely, knocking down circNIPBL markedly abrogated the ZEB1 overexpression-enhanced lung metastatic foci number (Fig. 6O). Moreover, the metastasis 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 markedly rescued the inhibition of survival time in ZEB1-transduced tumor-bearing mice (Fig. 6Q). Together, these data further supported that the circNIPBL-mediated miR-16-2-3p/Wnt5a/ZEB1 positive feedback loop sustains the activation of EMT and promotes the metastasis 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 upregulated in metastatic LN compared with corresponding primary 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 expression 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. 7J 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).
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Fig. 7Clinical relevance of the positive feedback loop in patients with BCa. (A) qRT-PCR for the miR-16-2-3p expression in BCa tissues (n = 296) paired with NATs (n = 296). (B) qRT-PCR analysis showed miR-16-2-3p level in a 296-case BCa tissues with pathological grade. (C) qRT-PCR for the miR-16-2-3p expression in primary tumor (n = 88) paired with metastatic LNs (n = 88). (D) qRT-PCR for the Wnt5a expression in BCa tissues (n = 296) paired with NATs (n = 296). (E) qRT-PCR analysis showed Wnt5a level in a 296-case BCa tissues with pathological grade. (F) qRT-PCR for the Wnt5a expression in primary tumor (n = 88) paired with metastatic LNs (n = 88). (G, H) Kaplan-Meier survival curves for OS (E) and DFS (F) of low and high miR-16-2-3p expression level in patients with BCa. The median expression level of miR-16-2-3p was taken as the cutoff value. (I) Representative images and quantification of circNIPBL–indicated N-cadherin and E-cadherin expression was detected by RNA fluorescence in situ hybridization assay in BCa tissues. Scale bar = 50 μm. (J, K) Correlation analysis of circNIPBL and E-cadherin (H), N-cadherin (I) expression in bladder cancer tissues (n = 296). (L) Schematic illustrating the potential mechanism of circNIPBL sustains bladder cancer metastasis via a positive feedback loop. The statistical difference was assessed through the nonparametric Mann–Whitney U test in A-H, J, K and the χ2 test in I. Error bars show the SD from three independent experiments. *p < 0.05 and **p < 0.01




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 therapeutic strategies, common therapeutic interventions for distant metastasis are ineffectual [48, 49]. Therefore, investigating the crucial regulatory factors and molecular mechanisms regulating distant metastasis is of great significance 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 promoted the distant metastasis of BCa in the tail vein injection 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 regulating carcinogenesis and distant metastasis in multiple cancer types and plays a critical role in EMT by activating the expression of regulatory factors [10, 11, 38]. However, the mechanism underlying hyperactivation of the Wnt signaling pathway in BCa still unclear. In the present 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, suggesting the essential function of Wnt signaling in regulating 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 potential 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/β-catenin signaling pathway by directly sponging miR-16-2-3p and upregulate the ZEB1expression, 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 biogenesis in regulating the metastasis of BCa, which supports 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 are considered to function as special molecular biomarkers 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 markers to increase the positive diagnosis rate [55]. Similarly, circRNAs are potential diagnostic and prognostic biomarkers 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 predictor 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 traditional biomarkers’ low organ specificity.
In summary, our study uncovered a novel mechanism 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 feedback loop. Our research provides a new understanding of the significant role of ZEB1-mediated circNIPBL biogenesis and the unique mechanism underlying the ZEB1/circNIPBL/Wnt5a positive feedback loop in the distant metastasis of BCa, suggesting that circNIPBL is an innovative 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 underwent surgery at Sun Yat-sen Memorial Hospital, Sun Yat-sen University. Two independent professional pathologists diagnosed every urothelial carcinoma sample. All samples were promptly frozen in liquid nitrogen and storaged at -80 °C for long-term preservation until further 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 F12K medium (Gibco, USA). All mediums were supplemented with 10% FBS (HyClone, Israel). All cell lines were cultured in 37 ℃ humid atmosphere containing 5% CO2.

Lentivirus infection and cell transfection
For lentivirus infection, 1 ml of lentivirus working solution was transfected in each well of the 6-well plates seeded with BCa cells and incubated for 8 h. Then, 10 µg/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 inhibitor (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 transfection was determined by qRT‒PCR or Western blotting analysis.

Caudal vein metastasis model
Nude mice (four- to five-week-old female) were purchased and fed at the Experimental Animal Center, Sun Yat-sen University (Guangzhou, China) and divided into 2 groups. Next, 5 × 105 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 Imaging 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. 1 × 107 BCa cells were lysed in 200 µl lysis buffer and the supernatant collected after centrifugating10 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 (1 × 105) were planted in a 6-well plate, and the plasmids designed and constructed by IGE Biotechnology (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 average standard deviation (SD) of at least three independent experiments. The statistical differences of Nonparametric variables were analyzed by χ2 test and parametric variables were analyzed by Student’s t-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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