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Circ_0001686 Promotes Prostate Cancer 
Progression by Up-Regulating SMAD3/TGFBR2  
via miR-411-5p 
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Purpose:Purpose: As the mechanism of interaction between circular RNAs (circRNAs) and microRNAs (miRNAs) in regulating the de-
velopment of prostate cancer (PCa) is not clear, this study focuses on investigating these effects.
Materials and Methods:Materials and Methods: Sample tissues were collected from the PCa of patients, and microarray analysis of human cir-
cRNAs was conducted. The expression of circ_0001686, hsa_miR-411-5p (miR-411-5p) were also detected by qRT-PCR. 
Circ_0001686 and miR-411-5p mimics were transfected into the PCa cell lines (CWR22RV1and LNCaP) and MTT, colony 
formation, Transwell, and scratch wound assays were used to analyze the biological behaviors of PCa cells. Si-circ_0001686 
and ASO-miR-411-5p were used as negative controls, and dual-luciferase reporter assays were performed to verify the inter-
actions among circ_0001686, miR-411-5p, and SMAD3/TGFBR2. The levels of SMAD3 and TGFBR2 in different treated PCa 
cells were measured by western blot, and in vivo experiments in a nude mouse model were carried out to strengthen the in 
vitro findings of miR-411-5p.
Results:Results: The expression of circ_0001686 was up-regulated, while the expression of miR-411-5p was down-regulated in PCa 
cells. Moreover, circ_0001686 promoted cell proliferation, migration, and invasion. Molecular mechanism exploration re-
vealed that circ_0001686 could reduce miR-411-5p, affecting the downstream target genes of SMAD3 and TGFBR2. In vitro 
and in vivo studies verified that miR-411-5p inhibits PCa progression.
Conclusions:Conclusions: Circ_0001686 can reduce miR-411-5p to increase the expression of SMAD3/TGFBR2, which consequently 
promotes the proliferation, invasion, and migration of PCa cells.
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INTRODUCTION

Prostate cancer (PCa) is the most common non-
epidermal cancer in male worldwide [1]. Despite sig-
nificant improvements in the screening, diagnosis, and 
treatment, the overall survival rates in PCa remain 
poor [2]. Several genes have been associated with the 
development of PCa, but their molecular mechanism in 
cancer progression is not yet completely understood [3]. 
Therefore, it is critical to elucidate the genetic mecha-
nisms that could improve our understanding of the 
pathogenesis of PCa.

Circular RNAs (circRNAs) have characteristics of 
covalently closed-loop structures and are a new class of 
non-coding RNAs (ncRNAs) that do not code for pro-
teins [4,5]. Recently, circRNAs have attracted greater 
attention due to their role in tumor progression [6] 
and have been implicated in regulating tumorigenesis 
in several cancers, including gastric cancer [7], breast 
cancer [8], and colorectal cancer [9,10]. Considerable 
evidence now also suggests that an increasing number 
of circRNAs are associated with the development and 
progression of PCa [3,11,12]. However, there is a lack of 
scientific information regarding their expression speci-
ficity and sensitivity when used as PCa biomarkers.

Like long ncRNAs (lncRNAs), circRNAs can also 
interact with microRNAs (miRNAs) [13]. By directly 
binding to the 3’-untranslated regions of their target 
genes, miRNAs regulate gene expression, cause mes-
senger RNA (mRNA) cleavage, or lead to translational 
inhibition of their targets [14]. In this way, miRNAs 
significantly affect cell growth, apoptosis, migra-
tion, and carcinogenesis [15]. Thus, elucidating cancer-
specific miRNAs’ roles is necessary [16], and several 
miRNAs have been identified as tumor suppressors. 
Our previous circRNA microarray analysis found that 
circ_0001686 was differentially expressed in PCa and 
normal tissues and that miRNA-411-5p was a possible 
target gene through the Starbase (http://starbase.sysu.
edu.cn/). Studies have found that miR-411-5p can in-
hibit the growth and metastasis of bladder cancer by 
targeting the zinc transporter 1 (ZnT1) protein [17], al-
though the role of miR-411-5p in PCa is still unknown. 
Using Starbase, we found that miRNA-411-5p could 
regulate several target protein genes, and because 
transforming growth  factor-beta (TGF-β) signaling 
pathway plays an important role in the progression of 
PCa and TGFBR2 and SMAD3 are its key proteins [18], 

we used TGFBR2 and SMAD3 as the putative targets 
of miR-411-5p. In doing so, we put forward a hypoth-
esis that circ_0001686 could interact with miR-411-5p 
which regulates TGFBR2/SMAD3 and subsequently 
leads to PCa tumor growth.

MATERIALS AND METHODS

1. Ethics statement
Experients were performed under a project license 

(NO.: KY2020K061) granted by the Second Hospital of 
Tianjin Medical University, in compliance with nation-
al guidelines for the care and use of animals. Written 
informed consent was obtained from each patient.

2. Patients and tissue specimens
PCa tissue samples and adjacent normal tissues were 

collected from 30 PCa patients at the Second Hospi-
tal of Tianjin Medical University from March 2018 
to October 2019. No patient received chemotherapy or 
radiotherapy before surgery. All tissue specimens were 
stored at -80˚C until used for RNA extraction.

3. CircRNAs microarray analysis
Microarray assays were carried out to screen the dif-

ferential expression of circRNAs between three PCa 
tumors and adjacent normal tissues. RNA extraction 
and microarray hybridization were performed per Ar-
raystar’s standard protocols described previously [3].

4. �Differential expression profile analysis of 
circRNAs

The linear models identified the differentially ex-
pressed circRNAs between the normal tissue and PCa 
tissue groups for Microarray Data (LIMMA, http://
www.bioconductor.org/packages/release/bioc/html/
limma.html) package in R language. False positives 
were removed based on the adjusted p-values using the 
Benjamini and Hochberg false discovery rate method. 
An adjusted p-value<0.05 and |logFC| ≥1 were the cut 
off criterion.

5. Cell culture
Human prostate epithelial cell line RWPE1 and PCa 

cell lines (CWR22RV1 and LNCaP) were obtained from 
Cosmo Bio (Cosmobio., Tianjin, China) and were cul-
tured in RPMI-1640 (Gibco-BRL, Rockville, MD, USA) 
supplemented with 10% fetal bovine serum (FBS) and 1% 
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streptomycin/penicillin in a 5% (v/v) CO2 incubator at 
37°C.

6. RNA transfection
CWR22RV1 and LNCaP cells (2×105 cells) were 

cultured with the antibiotic-free complete medium 
in six-well plates, then transfected with pcDNA3.1/
circ_0001686 or pcDNA3.1/NC, and si-circ_0001686 
or si-NC, correspondingly. Transfection was carried 
out using Lipofectamine 3000 (Invitrogen, Carlsbad, 
CA, USA) as per the manufacturer’s protocol. The 
pcDNA3.1/circ_0001686 and si-circ_0001686 were 
synthesized by GenePharma (Shanghai, China). For 
miRNA transfection, the miR-411-5p mimics (5’-AU-
CACAUUGCCAGGGAUUUCC-3’), miR-411-5p mimics 
NC (5’-UUCUCCGAACGUGUCACGUTT-3’), a miR-
411-5p antisense oligonucleotide (ASO-miR-411-5p, 
5’-GUGGUAAUCCCUGGCAAUGUGAU-3’, and ASO-
NC (5’-CAGUACUUUUGUGUAGUACAA-3’) were 
obtained from Sangon Biotech Co., Ltd. (Shanghai, 
China). Cells (1×105 cells/well) were seeded in six-well 
plates and transfected with miR-411-5p mimics, mim-
ics NC, ASO-miR-411-5p, and ASO-NC, correspondingly 
using Lipofectamine 3000 reagent (Thermo, Waltham, 
MA, USA) as per the manufacturer’s protocol. The cells 
were harvested for further experiments after 48 hours 
of transfection.

7. RNA extraction and quantitative RT-PCR
Total RNA from cells was extracted using TRIZOL 

reagent (Invitrogen), and the Reverse Transcrip-
tion System Kit (TaKaRa, Dalian, China) reverse-
transcribed RNA into cDNA. The qRT-PCR reac-
tions were performed using the ABI7500 System 
and SYBR Green PCR Master Mix (TaKaRa), and 
the primers sequences used in the experiments 
were as following: (1) hsa_circ_0001686: Forward, 
5’-CTAGGAGTCACAGGAAGACATC-3’; Reverse, 
5’-GTAGATCTCTCAGACTAGGTTG-3’; (2) SMAD3-
F: 5’-GCCCAGTGCCTAAGTGAT-3’; (3) SMAD3-
R: 5’-ACACTGAGCCAGAAGAGC-3’; (4) TGFBR2-F: 
5’-GGAATGTCTTGGGCAAATCT-3’; (5) TGFBR2-R: 
5’-ACCTGAATGCTTGTGCTTTTATT-3’; (6) β-ACTIN-F: 
5’-CCACATCGCTCAGACACCAT-3’; (7) β-ACTIN-R: 
5’-ACCAGGCGCCCAATACG-3’; (8) miR-411-5p-F: 
5’-GGGCTTAATGCTAATTGTGAT-3’; (9) miR-411-5p-
R: 5’-CAGTGCGTGTCGTGGAGT-3’; (10) hsa-U6-F: 
5’-AAAGACCTGTACGCCAACAC-3’; and (11) hsa-U6-

R: 5’-GTCATACTCCTGCTTGCTGAT-3’. These primers 
were obtained from GenePharma. The relative expres-
sion levels were measured using the 2-ΔΔCt method [19].

8. Western blotting
Total protein from the cells was extracted using 

RIPA lysis buffer (Sigma, St. Louis, MO, USA), and the 
protein samples were separated using a 10% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and then transferred onto a polyvinyli-
dene difluoride membrane. Membrane blocking with 
5% non-fat milk for 2 hours followed, and the mem-
branes were then incubated overnight at 4°C with the 
corresponding primary antibodies: anti-GAPDH (1:1,000; 
ab181602; Abcam, Cambridge, UK), anti-SMAD3 (phos-
pho S467) (1:1,000; ab52903; Abcam), anti-p-SMAD3 
(1:1000; ab92547; Abcam), and anti-TGFBR2 (1:1,000; 
ab186838; Abcam). After washing three times, mem-
brane incubation with peroxidase-labeled secondary 
antibody (anti-rabbit IgG, 1:2,000; ab6721; Abcam) was 
carried out for 2 hours. Enhanced chemiluminescence 
(Thermo) was used to visualize the protein bands, and 
analysis was carried out using Image LabTM Software 
(Bio-Rad, Hercules, CA, USA).

9. MTT assay
Briefly, the transfected cells (1,000 cells/well) were 

plated into 96-well plates, adhered overnight, and cul-
tured at 37°C in 5% CO2. Then, at 0 and 48 hours, 20 
μL of 5 μg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) solution in PBS was 
added to each well. After 4 hours of incubation, the 
formazan crystals were dissolved by adding 100 μL of 
10% SDS. Finally, absorbance was measured at 490 nm 
using a microplate reader (Bio-Rad).

10. Colony formation assay
For the colony formation assay, the transfected 

CWR22RV1 and LNCaP cells (200 cells/well) were 
seeded in 12-well plates. After 7 days, the cells were 
stained with crystal violet, and the colony formation 
ability was evaluated by the average colony count.

11. Transwell assay
For cell invasion analysis, Transwell chambers 

(Corning, Corning, NY, USA) were used to perform the 
Transwell assay. 200 µL of cells (0.1×106) were seeded in 
the upper chamber, which was pre-coated with matri-
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gel, while 600 µL of DMEM containing 10% FBS was 
placed in the lower chamber. After 24 hours of incuba-
tion at 37°C, cells transversed to the lower chamber 
were fixed in 1% formaldehyde and stained with 0.1% 
crystal violet. Both fixing and staining procedures were 
carried out for 20 minutes each, and positively stained 
cells were observed and counted at three randomly 
selected fields under a microscope (Olympus, Beijing, 
China).

12. Scratch wound assay
The transfected cells (CWR22RV1 and LNCaP) were 

seeded into 12-well plates for the cell migration analy-
sis. A 200 mL pipette tip was then used to scratch the 
cell layers, and these were maintained in DMEM with 
10% FBS. The cells were photographed to record the 
wound width at 0 and 48 hours in an inverted micro-
scope.

13. Cell apoptosis analysis
Cell apoptosis was measured using the Annexin V-

FITC kit (Biosea, Beijing, China). For this, cells (5.0×105 
cells/mL) resuspended in PBS buffer were subsequent-
ly double-stained with Annexin V-Alexa Fluor 647 and 
propidium iodide. Finally, the cell apoptotic rate was 
measured using a flow cytometer (BD Biosciences, San 
Diego, CA, USA).

14. �Flow cytometry analysis of CD44 
expression

CD44 expression on prostate cells was evaluated us-
ing flow cytometry. Experiments were performed with 
FITC-conjugated mouse anti-human CD44 antibodies 
(BD Biosciences) using a FACS Canto II instrument (BD 
Biosciences). Data were analyzed with Cell Quest soft-
ware (BD Biosciences).

15. Dual-luciferase reporter assay
Binding interaction was predicted using the Star-

base. The pmirGLO vectors with wild type or a mutant 
miR-411-5p binding site in circ_0001686 3’-UTR were 
constructed. The 3’-UTR sequences of  SMAD3 and 
TGFBR with corresponding binding sites for miR-411-
5p were cloned into the pmirGLO3 reporter vectors 
(Promega, Madison, WI, USA) to generate the wild-
type pmirGLO-SMAD3 (pmirGLO-SMAD3 wt) and the 
wild-type pmirGLO-TGFBR (pmirGLO-TGFBR wt) 
plasmids. Mutant reporter plasmids, mutant-type pmir-

GLO-SMAD3 (pmirGLO-SMAD3 mut), and mutant-
type mirGLO-TGFBR reporter (pmirGLO-TGFBR mut) 
were generated using the GeneArtTM Site-Directed 
Mutagenesis System (Thermo). Corresponding plasmids 
were transfected using Lipofectamine 3000, and lucif-
erase activity was measured using a dual-luciferase kit 
(Promega) to perform the luciferase assays.

16. In vivo mice model studies
For the in vivo tumor studies, 6-week-old BALB/c 

male nude mice were randomly divided into two groups 
(nine mice per group) and subcutaneously injected into 
the right flank CWR22RV1 cells (3×106, 200 μL), which 
were transfected with either miR-411-5p mimics or 
mimics NC. The growth of the resulting tumors was 
examined every 7 days. After 4 weeks of inoculation, 
mice were anesthetized using 1% to 3% isoflurane; then, 
the tumors were excised to measure weight and volume 
and photographs taken. The tumor volume was cal-
culated using the formula: Volume=(length×width2)/2 
(mm3).

17. Statistical analysis
SPSS 22.0 (IBM Corp., Armonk, NY, USA) and 

GraphPad Prism 7.0 (GraphPad, San Diego, CA, USA) 
were used to carry out the statistical analyses. The 
data are presented as the mean±standard deviation 
from three independent experiments wherever applica-
ble. Student t-test was used to assess the data between 
the two groups, and the differences between various 
groups were analyzed by one-way analysis of variance 
(ANOVA), followed by Tukey’s post hoc test and a 
p<0.05 considered to be statistically significant.

RESULTS

1. �Differential profiling of circRNAs reveals 
that circ_0001686 is up-regulated in PCa

Microarray analysis obtained a total of 91 differen-
tially expressed circRNAs comprised of 29 up-regulated 
circRNAs and 62 down-regulated circRNAs (Fig. 1A). 
There was a significant difference in Circ_0001686 
levels between PCa tumor and healthy tissues, and the 
expression level of circ_0001686 was markedly higher 
both in the PCa tissue and PCA cell lines (p<0.001, 
p<0.01; Fig. 1B, 1C).
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2. �Circ_0001686 promotes the malignant 
progression of PCa cells

The qRT-PCR results (Fig. 2A) show that circ_0001686 
expression increased in pcDNA3.1/ circ_0001686 trans-

fected cells compared with pcDNA3.1/NC transfected 
cells (p<0.05, p<0.01). The transfection of si-circ_0001686 
in CWR22RV1 and LNCaP cells triggered an obvious 
abatement of circ_0001686 expression, compared to the 
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Fig. 1. Differential expression analysis of circRNAs in prostate cancer (PCa) where circ_0001686 was significantly upregulated. (A) The heat map 
showed the top fifteen most increased and decreased circRNAs in PCa tissues as compared to that in the matched non-tumor tissues analyzed by 
circRNAs Arraystar Chip. (B) qRT-PCR expression analysis of circ_0001686 in PCa tissue and normal tissue; n=30. (C) qRT-PCR expression analysis of 
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si-NC transfected cells (p<0.01). Furthermore, MTT and 
colony formation assay indicated that within 48 hours 
of transfection, circ_0001686 promoted the proliferation 
of CWR22RV1 and LNCaP cells (p<0.05, p<0.01; Fig. 
2B, 2C). In the Transwell assay, pcDNA3.1/circ_0001686 
transfection increased CWR22RV1 and LNCaP cells’ 
cell migration abilities, although it was suppressed upon 
transfection with si-circ_0001686 (Fig. 2D).

3. �Circ_0001686 interacts with miR-411-5p in 
PCa cells

Starbase predicted that circ_0001686 possesses the 
miR-411-5p seed region. Luciferase reporter assays 
showed circ_0001686 significantly inhibited luciferase 
activity of wild-type reporter plasmid having miR-411-
5p (Fig. 3A). On the contrary, si-circ_0001686 signifi-
cantly increased the luciferase activity of wild-type re-

porters for miR-411-5p. Also, miR-411-5p expression was 
decreased when tested by qRT-PCR in CWR22RV1 and 
LNCaP cells (Fig. 3B), and circ_0001686 noticeably sup-
pressed the expression of miR-411-5p in both cells (Fig. 
3C).

4. �miR-411-5p inhibits the proliferation and 
invasion of PCa cells

qRT-PCR showed miR-411-5p expression was sig-
nificantly higher upon transfection with miR-411-
5p mimics compared with the mimics NC transfected 
PCa cells (p<0.05, p<0.01; Fig. 4A) and compared to the 
ASO-NC group, ASO-miR-411-5p transfection markedly 
decreased the expression of miR-411-5p (p<0.01; Fig. 4A). 
MTT and colony formation assay revealed that miR-
411-5p significantly repressed the proliferative abil-
ity of CWR22RV1 and LNCaP cells within 48 hours 
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(p<0.05, p<0.001; Fig. 4B), while this was increased by 
ASO-miR-411-5p (Fig. 4C). The migration and invasion 
of CWR22RV1 and LNCaP cells were suppressed by 
miR-411-5p (Fig. 4D, 4E), although miR-411-5p promoted 
apoptosis in the CWR22RV1 and LNCaP cells (p<0.01; 
Fig. 4F). In the PCa cells, the CD44 population was 
smaller in the miR-411-5p mimics group when com-
pared to the mimics NC group, while in the control 
experiments, the CD44 population in the ASO-miR-411-
5p group increased in comparison to the ASO-NC group 
(Fig. 4G).

5. �miR-411-5p targeted SMAD3 and TGFBR2 
in PCa cells

With a significantly high score, TargetScan pre-
dicted that the 3’-UTR of SMAD3 and TGFBR2 could 
be the target of miR-411-5p (Fig. 5A, 5B). Luciferase 
reporter assays results showed that miR-411-5p mimics 

decreased the luciferase activity of wild-type reporter 
vector carrying SMAD3 or TGFBR2, while ASO-miR-
411-5p increased (Fig. 5A, 5B). qRT-PCR and western 
blot assays showed that miR-411-5p mimics inhibited 
the levels of SMAD3 and TGFBR2 in CWR22RV1 and 
LNCaP cells, both at the transcript and protein levels 
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cells (Fig. 5E, 5F). However, TGF-β reversed the level of 
SMAD3/TGFBR2 expression.
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Fig. 4. miR-411-5p inhibits the proliferation, invasion of prostate cancer (PCa) cells. (A) miR-411-5p mimics, ASO-miR-411-5p were transfected into 
CWR22RV1 and LNCaP cells, and qRT-PCR was conducted to measure miR-411-5p expression. (B) The proliferation of cells transfected with miR-
411-5p mimics, ASO-miR-411-5p detected by MTT assay. (C) miR-411-5p significantly suppressed the colony formation capacity of transfected 
cells. Transwell assay (×400) (D) and scratch wound assay (×200) (E) showed that miR-411-5p reduced the migration activity in CWR22RV1 and 
LNCaP cells (200 μm). (F) Apoptosis assay was performed by flow cytometry. (G) Flow cytometry analysis of CD44 expression in CWR22RV1 and 
LNCaP cells. *p<0.05, **p<0.01, ***p<0.001.
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and xenograft tumors were examined four weeks after 
the inoculation (Fig. 6A, 6B). We found that tumor 
volumes and weights in the miR-411-5p mimics group 
were significantly lower than those in the mimics NC 
group (Fig. 6C, 6D), strongly suggesting miR-411-5p 
could suppress tumorigenesis of PCa in vivo.

DISCUSSION

PCa carries the second-highest mortality rate in 
males, and finding a novel diagnostic marker is vital 
for the early screening of the disease. Importantly, Cir-
cRNAs are highly conserved and have a remarkably 
stable half-life of more than 48 hours, which makes 

them a promising tumor marker candidate in PCa 
diagnosis [20]. miRNAs are known to regulate many 
physiological and pathological processes in cancers. 
Interestingly, circRNAs are reported to function as a 
miRNA sponge, and their potential role in regulating 
cancer-related genes by fine-tuning target miRNAs has 
been recently recognized.

In this study, using qRT-PCR and microarray analy-
sis, we found that circ_0001686 was significantly 
increased in PCa tissue and cell lines. Furthermore, 
the above results indicated that circ_0001686 could 
promote PCa cells proliferation, migration, and inva-
sion, but miR-411-5p had the opposite effect. Based on 
these results, we found that circ_0001686 can interact 

Fig. 4. Continued.
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with miR-411-5p. As previous research has shown that 
circRNA can act as a sponge to sequester miRNA, our 
findings may be related to this mechanism of circRNA. 
Moreover, we also found that miR-411-5p down-regulat-
ed the levels of SMAD3 and TGFBR2.

The progression of PCa is a complex process regu-
lated by multiple factors, and the TGF-β signaling 
pathway plays an important role in its occurrence and 
development. This may be because TGF-β can promote 
the epithelial-mesenchymal transformation (EMT) 
of tumor cells [21]. In the TGF-β signaling pathway, 

TGFBR2 binds to TGF-β, which then phosphorylates 
downstream targets. The activated kinase subsequently 
phosphorylates SMAD3 (p-SMAD3) to form a hetero-
meric complex with SMAD4 and is translocated into 
the nucleus to regulate the target gene’s expression. 
This is critical for cell proliferation, differentiation, and 
apoptosis [17,21]. In our study, TGFBR2 and p-SMAD3 
expression were also regulated by the miR-411-5p, and 
promoted the proliferation differentiation and migra-
tion of PCa cells. Furthermore, in vivo experiments also 
showed that miR-411-5p could inhibit PCa progression.

Fig. 5. Continued.
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Although tumor progression cannot be attributed 
to epithelial-mesenchymal adaptive transformation, 
its role in the tumor progression mechanism cannot 
be ignored [22,23]. CD44+ tumor stem/progenitor cells 
are the intermediate bridge of the TGF-β -EMT signal 
pathway. A literature review found that down-regulat-
ed CD44 can inhibit cancer stem cell metastasis in PCa 
[24,25]. In the present study, we found that miR-411-5p 
mimics could suppress CD44 expression in CWR22RV1 
and LNCaP cells suggesting miR-411-5p could function 
as a tumor suppressor in PCa [18,20,22]. The anti-PCa 
mechanisms elicited by carbon ion radiotherapy (CIRT) 
also involve exosomal miRNAs, including miR-411-5p 
[26]. A hypothetical model to summarize such regula-
tion is depicted in Fig. 7.
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Fig. 7. The hypothetical model to summarize the mechanism of 
circ_0001686 induced tumor growth via miR-411-5p in prostate can-
cer.
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CONCLUSIONS

Circ_0001686 can reduce the level of miR-411-5p and 
up-regulate TGFBR2/SMAD3 to promote PCa progres-
sion. This study’s innovative findings demonstrate 
the interaction between circ_0001686 and miR-411-5p, 
which may assist the diagnosis and treatment of PCa 
in the future.
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