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Abstract
Circular RNAs (circRNAs) play crucial roles in various biological processes, including 
prostate cancer (PCa). However, the precise roles and mechanism of circRNAs are 
complicated. Hence, we studied the function of a circRNA that might be involved in 
the progression of PCa. In this study, we found that circARHGEF28 was frequently 
downregulated in PCa tissues and cell lines. Furthermore, gain- and loss-of function 
experiments in vitro showed that circARHGEF28 inhibited proliferation, migration, 
and invasion of PCa. Additionally, circARHGEF28 suppressed PCa progression in vivo. 
Bioinformatics analysis and RNA pull-down and capture assay found that circARH-
GEF28 sponged miR-671-5p in PCa cells. Importantly, qRT-PCR and dual luciferase 
assays found that Lectin galactoside-binding soluble 3 binding protein (LGALS3BP) 
was downstream of miR-671-5p, and western blot analysis further confirmed that 
LGALS3BP negatively regulated the nuclear factor kappa-B (NF-κB) pathway. These 
results demonstrated that circARHGEF28 abolished the degradation of LGALS3BP by 
sponging miR-671-5p, thus blocking the activation of the NF-κB pathway. Our find-
ings revealed that circARHGEF28/miR-671-5p/LGALS3BP/NF-κB may be an impor-
tant axis that regulates PCa progression.
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1  |  INTRODUC TION

Prostate cancer (PCa) is the most common type of malignant tumor 
of the urinary system and the second leading cause of cancer-related 
deaths in males worldwide.1 Despite great improvements in pros-
tatectomy and endocrine therapy, the prognosis is highly hetero-
geneous.2 It is inevitable that hormone-sensitive PCa eventually 
progresses to castration-resistant prostate cancer (CRPC) even after 
aggressive treatment.3 Unfortunately, approximately 30% of CRPC 
cases develop distant metastasis, which dramatically reduces the 
overall survival of PCa patients.4–6 The vague understanding of the 
pathogenesis of PCa seriously restricts the effectiveness of treat-
ment. Hence, it is vital to explore potential therapeutic targets and 
clarify the molecular mechanisms in PCa.

Circular RNAs (circRNAs) represent a novel class of noncod-
ing RNAs lacking a 5′ cap and a 3′ polyadenylated tail.7 They 
are characterized by a covalently closed loop through the re-
verse splicing of pre-mRNA transcripts.8 Unlike linear messenger 
RNAs (mRNAs), circRNAs can stably exist in specific tissues and 
cell lines.9 Abundant dysregulated circRNAs have been identified 
in various cancers, indicating that circRNAs may participate in 
tumor-related biological processes. Growing evidence indicates 
that circRNAs play a critical role in prostate,10 lung,11 breast,12 
colorectal,13 and bladder cancers.14 Mechanistically, although sev-
eral studies have summarized that circRNAs function as microRNA 
(miRNA) sponges, RNA-binding proteins, and encoding polypep-
tides in tumor progression,15–17 the relationship between circRNAs 
and PCa progression remains elusive.

In the present study, a circRNA molecule generated from 
exon 11 of ARHGEF28 (circARHGEF28) was identified success-
fully, and the function was determined in the PCa. We found that 
circARHGEF28 was frequently downregulated in PCa tissues, 
implying its potential negative association with PCa. Functional 
experiments suggested that circARHGEF28 inhibited the malig-
nant phenotype of PCa in vitro and in vivo. Mechanistically, we 
revealed that circARHGEF28 sponged miR-671-5p to elevate 
LGALS3BP expression and subsequently inactivated the nuclear 
factor kappa-B (NF-κB) pathway, restraining PCa progression 
eventually. Collectively, our results revealed that the circARH-
GEF28/miR-671-5p/LGALS3BP/NF-κB axis played a crucial role in 
PCa progression.

2  |  MATERIAL S AND METHODS

2.1  |  Clinical tumor samples

PCa tissues and paired normal prostate tissues were collected 
from patients who underwent radical resection surgery at Sun 
Yat-sen Memorial Hospital, Sun Yat-sen University (Guangzhou, 
China). All clinical samples were diagnosed with PCa after patho-
logical diagnosis and stored at −80°C with RNALater immediately 
after acquisition. This study was approved by the Ethical Review 

Committee of Sun Yat-sen Memorial Hospital and an informed 
consent form for each patient was signed before collecting 
samples.

2.2  |  Cell lines, culture, and treatments

The human PCa cell lines PC-3, DU145, LNCap, and 22Rv1 and 
the immortalized normal uroepithelium cell line (RWPE-1), as well 
as HEK-293T, were purchased from the American Type Culture 
Collection. RWPE-1, LNCap, 22Rv1, and PC-3 cells were cultured in 
RPMI-1640 (Gibco), and DU145 and HEK-293T cells were cultured in 
DMEM (Gibco). All media were supplemented with 10% FBS (Gibco) 
and 1% penicillin/streptomycin (Gibco). Cells were grown in a hu-
midified atmosphere of 5% CO2 at 37°C.

2.3  |  RNA extraction and qRT–PCR

For total RNA extraction, cells were harvested and isolated with an 
RNA-Quick Purification Kit (YiShan Biotech) following the stand-
ard protocol. Complementary DNA (cDNA) was generated with the 
PrimeScript RT Reagent Kit (Takara) and analyzed through quantita-
tive real-time PCR (qRT–PCR) with TB Green Premix Ex Taq II (Takara) 
according to the protocol. GAPDH was used as a loading control. 
The primer sequences used in this study are listed in Table S1.

2.4  |  Animal experiments

Subcutaneous xenograft models were generated as previously de-
scribed.10 First, 5 × 106 PC-3 cells with circARHGEF28 stable over-
expression were subcutaneously injected into mice (Balb/c nu/nu 
mice, male, 4 weeks old, 5 mice were blindly and randomly divided 
into groups). The volumes of tumors were recorded 1 week after in-
jection. All mice were sacrificed after 26 days to obtain subcutane-
ous tumors. Samples were fixed in 37% formalin and embedded in 
paraffin for subsequent histological analysis. All the sample weights 
and volumes were recorded by another experimenter who was una-
ware of the experimental groups.

2.5  |  HE and immunohistochemistry

Tissues were fixed with formalin and then embedded in paraffin 
after animal sacrifice. For HE staining, hematoxylin (stained nu-
cleus) and eosin (stained cytoplasm) were used. For the immuno-
histochemistry (IHC) assay, the primary antibody and secondary 
antibody were as follows: anti-Ki-67, 1:2000 (Cat. No. ab15580; 
Abcam), goat anti-rabbit IgG, 1:500 (Cat. No. ab6721; Abcam). 
All images were captured by a Leica DM2000 microscope (Leica 
Camera AG). The Ki-67-positive rate was determined by two inde-
pendent pathologists.
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2.6  |  Biotin-labeled RNA pull-down and 
capture assay

Biotin-labeled probes for circARHGEF28 or NC and biotinylated biotin-
labeled miR-671-5p or negative control (NC) were synthesized by 
GenePharma. All the information about the probe and primer is listed 
in Tables S1 and S2. For RNA pull-down, streptavidin magnetic beads 
(Thermo) were washed with lysis buffer rotated with probe to form 
probe-coated beads (25°C for 2 h) and then incubated with cell (1 × 107) 
lysate overnight at 4°C. TRIzol (Invitrogen) was used to extract RNA. 
After synthesizing cDNA as described above, qRT–PCR was performed 
for analysis. For the capture assay, cells were seeded and cultured to ap-
proximately 70% density and then transfected with biotin-labeled miR-
671-5p mimics. After culturing for 48 h, the cells were harvested, lysed, 
and rotated with streptavidin magnetic beads overnight at 4°C. RNA 
was isolated and analyzed according to the protocol described above.

2.7  |  Oligonucleotide transfection

Small interfering RNA (siRNA), miRNA mimics, and corresponding nega-
tive control oligos were synthesized and purchased from GenePharma. 
Detailed sequence information is listed in Table S3. Cells were seeded 
and cultured in six-well plates at 50%–70% density, and transfection 
was performed by Lipofectamine RNAiMax (Invitrogen) according to 
the protocol. After culturing for indicated times, cells were harvested 
for subsequent assays. siRNA information is listed in Table S3.

2.8  |  Dual-luciferase reports assay

HEK-293T cells (8 × 10^4) were seeded in 96-well plates and cultured. 
Luciferase reporter plasmids (psi-CHECK2) containing binding sites 
were constructed (IGE BIO) and cotransfected with miR-671-5p mimics 
using Lipofectamine 3000 reagent. Luciferase activity was measured 
using a dual luciferase assay kit (Promega) according to the protocol 
after 48 h of transfection. Renilla and firefly luciferase (Rluc) intensity 
was measured using a SPARK 10 M spectrophotometer (Tecan).

2.9  |  Statistics

Statistical analyses were performed using GraphPad Prism 7.0 
(GraphPad). All experiments were performed in triplicate, and the 
results are presented as the means ± SD. Two-tailed Student's t-test 
and one- or two-way analysis of variance were used to analyze sta-
tistical significance as appropriate for comparing two groups or mul-
tiple groups. P < 0.05 was considered statistically significant.

2.10  |  Additional methods

CCK-8, colony formation, Transwell, RNase R treatment, actinomy-
cin D assays, nuclear-cytoplasmic fractionation and fluorescence in 

situ hybridization (FISH), plasmid construction, extraction and trans-
fection, flow cytometry, western blot, and bioinformatics analysis 
are described in Appendix S1.

3  |  RESULTS

3.1  |  Identification and characteristics of 
circARHGEF28 in PCa cells

CircARHGEF28 is considered to be a crucial tumor-related mol-
ecule.18 To explore the function of circARHGEF28 in PCa, the 
expression of circARHGEF28 in PCa cells and tissues was ana-
lyzed and downregulation of circARHGEF28 in PCa was observed 
(Figures  1A,B and S1A), indicating that circARHGEF28 might be 
negatively associated with PCa progression. To confirm this mol-
ecule is circRNA, we conducted several experiments to identify its 
characterization. Through the results of qRT–PCR, we found that 
circARHGEF28 was amplified by random primers rather than oligo 
primers, and agarose gel electrophoresis further showed that cir-
cARHGEF28 was specifically detected in cDNA rather than in gDNA 
(Figure 1C,D). Sanger sequencing showed that circARHGEF28 was 
similar to hsa_circ_0005777 (chr5: 73136304–73,136,585) identified 
in circBase (http://circr​na.org/), indicating that circARHGEF28 was 
derived from exon 11 of the ARHGEF28 gene (Figure 1E). Previous 
research suggested that circRNAs show remarkable stability due to 
the covalently closed loop, and we also found that circARHGEF28 
was resistant to actinomycin D; nevertheless, the linear mRNA of 
ARHGEF28 was notably decreased after actinomycin D treatment 
(Figure 1F,G). In addition, circARHGEF28 abundance was maintained 
at a high level even after treatment with RNase R, whereas the linear 
transcript clearly decreased under the same conditions (Figure 1H). 
Additionally, subcellular fractionation assay showed that circARH-
GEF28 was located in the cytoplasm (Figure 1I), which was consist-
ent with the results of FISH (Figure 1J). These results indicate that 
circARHGEF28 is a circular RNA and downregulated in PCa. The bio-
genesis of circRNAs is regulated by specifc RNA-binding proteins.8 
Through analysis of circARHGEF28 sequence in CircInteractome and 
RBPsuite, eIF4A3 was predicted to have potential matching site with 
flanking regions of circARHGEF28 (Figure S2A,B). Further investiga-
tion revealed that eIF4A3 was upregulated in PCa cells and inhibition 
of eIF4A3 significantly increased circARHGEF28 (Figure  S2C–G), 
suggesting that eIF4A3 mediated circARHGEF28 expression.

3.2  |  CircARHGEF28 inhibited proliferation, 
invasion, and migration in vitro

The biological roles of circARHGEF28 were validated subsequently. 
We constructed the stable circARHGEF28 overexpression vector 
for subsequent validation. We found that overexpressing circARH-
GEF28 significantly blocked PCa cell proliferation and colony forma-
tion (Figures 2A,B,E and S3A). Additionally, siRNAs were transfected 
to knockdown circARHGEF28 for further validation (Figure S3B,C). 

http://circrna.org/
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F I G U R E  1  The characteristics of circARHGEF28 in PCa cells. (A, B) Low expression of circARHGEF28 in PCa cell lines and tissues. (C) 
circARHGEF28 was ampliated by random primer in PCa cell lines. (D) Gel electrophoresis of validation for PCR products of circARHGEF28 
and linear ARHGEF28 derived from cDNA and gDNA. (E) Schematic illustration showing the formation of circARHGEF28 derived from 
exon 11 of ARHGEF28, Sanger sequencing indicated the “head-to-tail” splicing sites of circARHGEF28 and marked with red arrows. (F, G) 
qRT-PCR analysis of the expression of circARHGEF28 and ARHGEF28 linear mRNA in DU145 and PC-3 cells by treating with actinomycin 
D at the priested times. (H) qRT-PCR analysis of the expression of circARHGEF28 and ARHGEF28 linear mRNA in DU145 and PC-3 cells 
when treating total RNA with or without RNase R. (I) qRT-PCR analysis of circARHGEF28 distribution in PCa cells. (J) Analysis of FISH for the 
subcellular location of circARHGEF28 in PCa cells. Scale bar: 20 μm. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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We found that knockdown of circARHGEF28 promoted cell prolifer-
ation and colony formation of PCa cells as expected (Figures 2C,D,F 
and S3D). Importantly, the tumor suppressive function of cir-
cARHGEF28 disappeared when the concentration of siRNA solu-
tion reached 40 and 80 nM in DU145 and PC-3 cells, respectively 
(Figure  S3E,F). Growth inhibition caused by circARHGEF28 was 
also observed in RWPE-1 cells (Figure S3G,H). Flow analysis further 
showed that circARHGEF28 regulated cell apoptosis rather than 
cell cycle to influence cell proliferation (Figure  S4A–D). Migration 
and invasion are also characteristics in tumor progression. Thus, we 
next investigated whether circARHGEF28 regulated the migration 
and invasion of PCa cells. We observed that migration and inva-
sion were dramatically inhibited in the circARHGEF28 overexpres-
sion group compared with the empty vector group (Figure  2G,H). 
Moreover, the invasion and migration capacities of PCa cells were 
notably enhanced when circARHGEF28 was inhibited (Figure 2I,J). 
Taken together, these results imply that circARHGEF28 inhibits PCa 
progression in vitro.

3.3  |  CircARHGEF28 suppressed the 
proliferation of xenograft tumors in vivo

The roles of circARHGEF28 in vivo were also investigated by 
constructing a mouse xenograft model. PC-3 or 22Rv1 cells with 
overexpression or knockdown of circARHGEF28 were subcuta-
neously injected into BALB/c nude mice (Figures  3A and S5A). 
The results clearly showed circARHGEF28 remarkably inhibited 
PCa progression in vivo (Figures  3B,C and S5B,C). Moreover, 
IHC revealed that circARHGEF28 overexpression decreased the 
number of Ki-67-positive cells (Figure 3D,E), suggesting that cir-
cARHGEF28 suppressed the proliferation of PCa cells in vivo. 
The AR pathway is closely related to PCa3, therefore we explored 
the relationship between circARHGEF28 and androgen receptor 
(AR). It was shown that circARHGEF28 hardly affected the pro-
tein level of AR in vitro and in vivo (Figure  S5D–F). Analysis of 
qRT-PCR in vitro also confirmed that circARHGEF28 had little role 
in regulating AR mRNA (Figure  S5G–H). These results indicated 
that circARHGEF28 promoted PCa progression through an AR-
independent pathway.

3.4  |  CircARHGEF28 functions as a miRNA sponge 
for miR-671-5p

Previous studies have reported that circRNAs, located primarily in 
the cytoplasm, may sponge miRNA to regulate cancer progression 
by eliminating inhibition of downstream targets. Considering that 
circARHGEF28 is mainly distributed in the cytoplasm, we speculate 
that circARHGEF28 may sponge miRNAs to regulate PCa progres-
sion. After analyzing miRNA databases (MiRanda, CircInteractome, 
and RNAhybirdcount), 11 miRNAs (miR-15a-3p, miR-211-5p, miR-
759, miR-1225-5p, miR-4455, miR-5581-3p, miR-375, miR-626, 

miR-671-5p, and miR-889) were predicted (Figure  4A). To accu-
rately identify the potential binding molecule, an RNA pull-down 
assay was performed. After purification through the biotin-labeled 
circARHGEF28 probe and oligo probes, qRT–PCR results showed 
that miR-759, miR-626, and miR-671-5p were specifically highly 
enriched by the circARHGEF28 probe (Figure  4B,C). To further 
validate this phenomenon, a dual luciferase vector containing the 
potential binding sequence of miRNAs was designed and synthe-
sized (Figure 4D) and then we found that only miR-671-5p signifi-
cantly reduced the Rluc activity of the circARHGEF28 reporter, 
while there was no significant change in miR-759 and miR-626 
(Figure 4E). Moreover, RNA capture assays further confirmed the 
relationship between circARHGEF28 and miR-671-5p (Figure 4F). 
In addition, FISH confirmed that circARHGEF28 and miR-671-5p 
colocalized in the cytoplasm (Figure  4G). Taken together, these 
results indicate that miR-671-5p might be the binding partner of 
circARHGEF28.

3.5  |  miR-671-5p promoted the proliferation, 
invasion, and migration of PCa cells in vitro

Although miR-671-5p is a crucial tumor driver,19,20 the molecular 
function in PCa was elusive. By analyzing the sequencing data, we 
found that miR-671-5p was remarkably upregulated in tumor tissues 
compared with normal epithelial tissues, as well as in metastasis 
tissues (Figures 5A–C and S6A). Moreover, the expression of miR-
671-5p in clinical PCa specimens was dramatically higher than that 
in normal tissues (Figure 5D). The biological roles of miR-671-5p in 
PCa cells were investigated subsequently, and we found that inhibi-
tion of miR-671-5p significantly suppressed the proliferation of PCa 
cells compared with the NC (Figure  5E,F) as well as the ability of 
migration and invasion of PCa cells (Figure 5G,H). Additionally, the 
mimics of miR-671-5p in DU145 and PC-3 cells displayed a signifi-
cant enhancement effect regarding cell proliferation (Figure  S6B–
E). Similarly, migration and invasion also markedly improved under 
treatment of miR-671-5p mimics (Figure S6F,G). These results indi-
cate that miR-671-5p accelerates proliferation, migration, and inva-
sion of PCa cells.

3.6  |  LGALS3BP suppressed the NF-κB 
pathway and progression of PCa as a target of 
miR-671-5p

miRNAs regulate the expression of target genes by directly bind-
ing to the 3′ UTR of target genes.21 Therefore, we speculated that 
miR-671-5p interacts with the 3′ UTR of downstream genes. By an-
alyzing public datasets (mirTarBase, miRWalk, miRDB, TargetScan), 
five candidate genes (LGALS3BP, DDX39B, BCAP31, CPNE2, 
HNRNPUL1) were screened (Figure  6A). By analyzing TCGA 
dataset, we found that LGALS3BP was remarkably decreased 
in tumor tissues compared with paired normal tissues, with no 
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significant changes in DDX39B, BCAP31, CPNE2, and HNRNPUL1 
(Figure 6B), indicating that LGALS3BP was likely associated with 
PCa progression. Hence, we hypothesized that LGALS3BP might 
be a potential target of miR-671-5p, and we found that miR-671-5p 

mimics decreased the expression of LGALS3BP but had no signifi-
cant regulatory role in DDX39B, BCAP31, CPNE2, or HNRNPUL1 
(Figure  6C–E). MiR-671-5p inhibitors significantly increased the 
expression of LGALS3BP mRNA, as well as the identified target 

F I G U R E  2  circARHGEF28 inhibited the progression of PCa in vitro. (A, B) CCK-8 analysis of cell proliferation of DU145 and PC-3 cells 
after circARHGEF28 overexpression by transfecting vector. Empty vector (EV) as negative control. (C, D) CCK-8 analysis of cell proliferation 
of DU145 and PC-3 cells after silencing circARHGEF28 (sh-1#, sh-2#). (E, F) Colony formation assay detected the proliferation of DU145 
and PC-3 by circARHGEF28 overexpression (E) or knocking down (F). (G, H) Transwell assay showing the ability of migration and invasion 
(Matrigel treated) of DU145 and PC-3 by transfecting circARHGEF28 overexpression vector. Scale bar: 200 μm. (I, J) The migration and 
invasion (Matrigel treated) of DU145 and PC-3 cells were measured by transwell assay after circARHGEF28 knocking down. Scale bar: 
100 μm. All the data are presented as mean ± SD. *P<0.05, **P < 0.01, ***P < 0.001.
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(SOX6)22 reported in previous research (Figure S7A,B). Importantly, 
luciferase reporter assays clearly showed that Rluc reporter activ-
ity was notably decreased when cells were co-transfected with 
miR-671-5p mimic and LGALS3BP 3′ UTR-wt vector (Figure  6F). 
These results showed that LGALS3BP was a novel downstream 
target of miR-671-5p.

The biological roles of LGALS3BP were subsequently explored. 
After knocking down LGALS3BP in DU145 and PC-3 cells, the abil-
ity of proliferation was notably increased (Figure 6G,H), as well as 
migration and invasion (Figure 6I,J). Additionally, the precise rela-
tionship between miR-671-5p and LGALS3BP in PCa progression 
was further determined, as shown in Figure S7C,D, and the inhib-
itory effect of miR-671-5p inhibitor on tumor proliferation was 
significantly reversed by knocking down LGALS3BP. A similar phe-
nomenon was observed in cell migration and invasion (Figure S7E–
H). It has been confirmed that LGALS3BP is closely related to the 
NF-κB pathway in tumor biology.23 Hence, we verified this phe-
nomenon in this study. We found that the phosphorylation of p65 
increased, as did the phosphorylation of the inhibitor of kappa B 
kinase (IKK), which suggested activation of the NF-κB pathway 
(Figure  6K). Importantly, reanalysis of tumor specimens from 
tumor-bearing mice also confirmed that circARHGEF28 inhibited 
the expression of phospho-p65 and phospho-IKK (Figure S8A,B). In 
conclusion, these results indicate that LGALS3BP is a downstream 

target of miR-671-5p and may inhibit the development of PCa by 
negatively regulating the NF-κB pathway.

3.7  |  miR-671-5p reverses the biological role of 
circARHGEF28 as a suppressor in vitro

We further investigated whether miR-671-5p partially elimi-
nated the tumor suppressor effect of LGALS3BP. MiR-671-5p 
mimics and circARHGEF28 vector were individually transfected 
or cotransfected into PCa cells. We found that miR-671-5p mim-
ics significantly facilitated proliferation and partly abolished 
circARHGEF28-induced inhibition in PCa cells, suggesting that 
miR-671-5p could partly impair the inhibition role of circARH-
GEF28 (Figure  7A,B). Furthermore, the migration and invasion 
ability of PCa cells was dramatically attenuated when circARH-
GEF28 was overexpressed, while miR-671-5p overexpression 
enhanced migration and invasion in circARHGEF28 vector-
transduced PCa cells (Figure  7C–E). From these results, it was 
found that miR-671-5p impaired the circARHGEF28-induced in-
hibition of PCa. Subsequently, we further explored the relation-
ship between circARHGEF28/miR-671-5p and the NF-κB pathway. 
We found that activation of the NF-κB pathway induced by miR-
671-5p was significantly abolished by the circARHGEF28 vector 

F I G U R E  3  circARHGEF28 inhibited the progression of PCa in vivo. (A) Images of subcutaneous xenograft tumors by injecting PC-3 cells 
with stably overexpressing circARHGEF28 (OE). (B, C) Analysis of tumor volumes and weight for each group (empty vector and OE), n = 5. 
(D) Representative images of HE and IHC staining (Ki-67) for subcutaneous xenograft tumors at 200× (scale bar: 100 μm) or 400× (scale bar: 
50 μm) magnification. (E) Analysis of Ki-67 expression in subcutaneous xenograft tumors. The data are presented as mean ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001.
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(Figure  7F). More importantly, we observed a similar trend by 
examining mRNA changes in the downstream molecules of NF-
κB (Figure  S8C,D). Taken together, circARHGEF28 functions as 

an miR-671-5p sponge, further inhibiting activation of the NF-κB 
pathway, which might be induced by miR-671-5p, thus attenuating 
the progression of PCa (Figure 7G).

F I G U R E  4  circARHGEF28 sponged miR-671-5p in PCa cells. (A) Schematic diagram of binding sites of circARHGEF28 to potential 
target miRNAs of circARHGEF28 predicted by CircInteractome, Miranda, and RNAhybirdcount. (B, C) RNA pull-down indicated that 
circARHGEF28 interacted with miR-626, miR-759, and miR-671-5p in DU145 and PC-3. (D) The information of binding site of circARHGEF28 
with potential target miRNAs. (E) Dual luciferase reporter assays showing circARHGEF28 combining with miR-671-5p after co-transfecting 
reporter vector and miR-671-5p mimics in HEK-293T cells. (F) qRT-PCR analysis of abundance of circARHGEF28 after transfecting biotin-
labeled miR-671-5p mimics and miRNA capture. (G) Analysis of FISH showing circARHGEF28 co-located in cytoplasm with miR-671-5p in 
PCa cells. Red fluorescence, Cy3 labeled circARHGEF28 probe; blue fluorescence, FAM labeled miR-671-5p probe. Nuclei were stained with 
DAPI. Scale bar: 20 μm. The data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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4  |  DISCUSSION

Although PCa is one of the most prevalent lethal malignant cancers 
among males, the survival time has been greatly extended in recent 
years.18,24 However, once in an advanced stage, the prognosis be-
comes significantly worse even with various treatments.2 Hence, it is 
crucial to clarify the precise molecular mechanisms of PCa progres-
sion for the further improvement of treatment approaches. Studies 
have reported that circRNAs exert diverse functions and are asso-
ciated with the behaviors of various tumors, including PCa.10,25–27 
However, the exact relationship between circRNAs and PCa remains 
indefinable. In the present study, we demonstrated that circARH-
GEF28 was downregulated in PCa. Furthermore, gain- and loss-of 

approaches showed that circARHGEF28 inhibited the proliferation, 
migration, and invasion of PCa, and a similar phenomenon was 
observed in RWPE-1. Mechanistically speaking, we found that cir-
cARHGEF28 upregulated LGALS3BP expression by sponging miR-
671-5p, thereby further negatively regulating the NF-κB pathway to 
inhibit the progression of PCa. Taken together, our findings elabo-
rated a novel regulatory network by which an identified circRNA 
blocked PCa proliferation, migration, and invasion.

CircRNAs represent a novel noncoding RNA and play a crucial role 
in tumorigenesis and progression of cancers.28–30 CircRNAs function 
as miRNA sponges to restore the expression of downstream target of 
miRNAs, thus regulating the progression of cancers. For instance, circ-
MELK promotes glioblastoma multiforme cell tumorigenesis through 

F I G U R E  5  miR-671-5p promoted the progression of PCa in vitro. (A–C) The analysis of the expression pattern of miR-671-5p in PCa 
tissues and metastasis derived from TCGA and GEO datasets (GSE21032). (D) qRT-PCR analysis of expression of miR-671-5p in eight paired 
PCa tissues. (E, F) Analysis of CCK-8 for measuring proliferation ability in DU145 (E) and PC-3 (F) cells by treating cells with miR-671-5p 
inhibitor. (G, H) Transwell assay showing the migration and invasion of PCa cells by transfecting miR-671-5p inhibitor. Scale bar: 100 μm. The 
data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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miR-593/EphB2 axis.31 CircSLIT2 facilitates aerobic glycolysis in 
pancreatic cancer via miR-510-5p/c-Myc/LDHA axis.32 Importantly, 
several circRNAs also have been reported to be associated with 
prognosis of PCa.33–35 In the present study, we demonstrated that 

circARHGEF28 colocalized and interacted with miR-671-5p in PCa 
via endogenous competitive binding. In addition, rescue experiments 
showed that circARHGEF28 overexpression-induced suppression 
of colony formation, migration, and invasion could be rescued by 

F I G U R E  6  LGALS3BP was a target of miR-671-5p and inhibited progression of PCa via the negative regulating NF-κB pathway. (A) 
Illustration of the candidate target genes of miR-671-5p predicted by mirTarBase, miRWalk, miRDB, and RNAhybirdcount. (B) Analysis 
of expression of candidate genes in paired PCa tissues derived from TCGA. (C, D) qRT-PCR analysis of potential target genes mRNA by 
transfecting miR-671-5p mimics in DU145 (C) and PC-3 cells (D). (E) Western blot assay analysis of the protein level of the target gene after 
transfecting miR-671-5p mimics. (F) Dual luciferase reporter assay showing the relationship between miR-671-5p and LGALS3BP. (G, H) 
CCK-8 assay showed the proliferation ability of DU145 and PC-3 cells after LGALS3BP was knocked down. (I, J) Transwell assay showed the 
migration and invasion ability of DU145 and PC-3 cells by transfecting LGALS3BP siRNA duplex. Scale bar: 100 μm. (K) Western blot assay 
analyzed regulation of NF-κB mediated by LGALS3BP in DU145 and PC-3 cells. GAPDH was used as a loading control. Data are presented as 
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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upregulating miR-671-5p. Moreover, we also further determined 
the minimum expression level of circARHGEF28 for its tumor sup-
pressor function, providing a theoretical basis for the subsequent 

development of ncRNA tumor vaccines using circAHGEF28 as the 
target. Our findings provide new insight into the ceRNA regulatory 
network composed of circARHGEF28 and miR-671-5p in PCa.

F I G U R E  7  miR-671-5p abolished the tumor suppressor of circARHGEF28 in PCa. (A, B) Analysis of colony formation in DU145 and PC-3 
cells by transfecting cells with miR-671-5p mimics or mimics NC, circARHGEF28 plasmid or empty vector. (C–E) Analysis of migration and 
invasion of DU145 and PC-3 by transfecting cells with miR-671-5p mimics or mimics NC, circARHGEF28 plasmid or empty vector. scale 
Bars: 100 μm. (F) Western blot assay analyzed the regulation of NF-κB mediated by miR-671-5p mimics or mimics NC, transfecting cells with 
circARHGEF28 plasmid or empty vector. GAPDH was used as a loading control. (G) Schematic illustration showing the regulatory network 
based on the circARHGEF28/miR-671-5p/LGALS3BP/NF-κB axis. The data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Although accumulating research has reported that miR-671-5p is 
a crucial tumor regulator, the precise biological role is contradictory. 
Zhu et al. found that miRNA-671-5p promotes PCa development by 
targeting the NFIA/CRYAB axis.19 However, Song et al. found that 
miR-671-5p inhibits the development of gastric cancer by devital-
izing the PI3K/AKT pathway.36 Due to organizational dependence, 
the diverse functions of miR-671-5p in cancers deserves further in-
vestigation. In the present study, we found that the expression of 
miR-671-5p in metastasis tissues was higher than in nonmetastasis 
tissues. Importantly, miR-671-5p facilitated the proliferation, mi-
gration, and invasion of PCa in vitro, indicating the oncogenic role 
of miR-671-5p in PCa. It is well known that miRNA plays multiple 
roles via binding to the 3′ UTR of target genes, and SOX6 has been 
demonstrated to be a target of miR-671.22 we further confirmed this 
result in our study, and found that LGALS3BP was another crucial 
target of miR-671-5p through bioinformatics analysis and dual lucif-
erase experiments, which expanded our knowledge of miR-671-5p.

LGALS3BP is a multifunctional glycoprotein that is involved in 
diverse biological processes such as inflammation,37 immune re-
sponse,38 and malignant tumors.39–41 Interestingly, the roles of 
LGALS3BP in tumors are ambiguous. Several studies report that 
LGALS3BP functions as a tumor suppressor in colorectal cancer,42 
but a tumor driver in non-small-cell lung cancer and breast can-
cer.40,43 Although the downregulation of LGALS3BP in PCa was 
observed, the precise molecular function is unclear. In the pres-
ent study, we confirmed that LGALS3BP was downstream of miR-
671-5p and discovered that the inhibition of LGALS3BP enhanced 
the proliferation, migration, and invasion of PCa cells.

Although the biological role of LGALS3BP in PCa was preliminarily 
revealed, the precise mechanism remains unclear. In the present study, 
we confirmed that circARHGEF28 was not linked to the AR pathway, 
but closely to inhibition of the NF-κB pathway. Dysregulation of the 
NF-κB pathway is frequently observed in various cancers,44–47 and 
application of NF-κB inhibitors is a promising strategy.48 Bortezomib, 
an inhibitor of the NF-κB pathway, has achieved great success in mul-
tiple myeloma49 and relapsed or refractory mantle cell lymphoma.50 
We not only discovered that miR-671-5p significantly downregulated 
the expression of LGALS3BP, but also found that downregulated 
LGALS3BP led to increased p65 phosphorylation and activation of 
the NF-κB pathway, which is consistent with previous studies.23,37 
Importantly, these results were further confirmed in vivo, thus making 
our conclusions more plausible. Collectively, our results demonstrate 
that circARHGEF28 suppresses PCa progression through inactivat-
ing the miR-671-5p/LGALS3BP/NF-κB axis, indicating that circARH-
GEF28 might be a promising therapeutic target in PCa.
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