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Prostate cancer (PCa) is the second frequent malignancy among men in the world. Exosomal circular RNAs
(circRNAs) have been reported to function in PCa progression. The current study aimed to investigate the role
of exosomal circRNA homeodomain-interacting protein kinase 3 (circHIPK3) in PCa development. Exosomes
were extracted from serum and cells utilizing commercial kit, and identiﬁed by transmission electron microscopy (TEM), Western blot assay and nanoparticle tracking analyzer. Relative expression of circHIPK3,
microRNA (miR)-212 and B-cell speciﬁc MMLV insertion site-1 (BMI-1) was examined by quantitative realtime PCR or Western blot assay. Receiver Operating Characteristic (ROC) analysis was conducted to assess the
diagnostic potential of exosomal miR-212. Cell viability, and metastasis including migration and invasion,
were detected by Methyl thiazolyl tetrazolium (MTT) assay and Transwell assay, respectively. Cell apoptosis
was monitored using ﬂow cytometry. The interaction between miR-212 and circHIPK3 or BMI-1 was validated
by dual-luciferase reporter assay. Xenograft tumor assay was employed to explore the role of exosomal
circHIPK3 in vivo. Exosomal circHIPK3 was increased in serum of PCa patients, and could discriminate PCa
patients from normal volunteers. Depletion of exosomal circHIPK3 or overexpression of exosomal miR-212
reduced viability, migration and invasion, but promoted cell apoptosis in PCa cells, which was attenuated by
miR-212 inhibition or BMI-1, respectively. MiR-212 targeted BMI-1, and downregulated BMI-1 expression.
Exosomal circHIPK3 knockdown also suppressed tumor growth in vivo. Exosomal circHIPK3 knockdown
inhibited PCa progression by regulating miR-212/BMI-1 axis, at least in part, offering a new insight into the
molecular mechanism of PCa.
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1. Introduction
Prostate cancer (PCa) is the main cause of cancer-associated mortality and morbidity among men in the
world, and is the second most prevailing solid-organ

malignancy (Bray et al. 2018). Generally, patients with
primary PCa are curative with the help of surgery,
external beam or radiotherapy, whose 5-year survival
rates exceeding 90%; As for patients with advanced
PCa, 5-year survival rates were not more than 30%
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(Teo et al. 2019). The molecular pathology of PCa is
complicated, and is associated with multiple genes
(Hughes et al. 2005). Previous study has reported the
molecular mechanism revealing PCa progression
involves androgen receptor signaling, chromatin modiﬁcation, transcriptional suppression and so on
(Shtivelman et al. 2014). Deeper understanding on the
molecular mechanism of PCa progression is necessary
to develop novel therapeutic means for PCa.
Exosomes are a subtype of extracellular vesicles that
are about 100 nm in diameter and contain abundant
proteins, lipids, nucleic acids, and glycoconjugates
inside, having close relation with immune responses,
viral pathogenicity and diverse human diseases,
including cancer (Kalluri and LeBleu 2020; Pegtel and
Gould 2019). Released by both normal cells and tumor
cells, exosomes act vital roles in intercellular communication between tumor and tumor-associated cells
(Couto et al. 2018). In addition, exosomes were
reported to exert pro-tumorigenic, pro-invasive, and
pro-metastatic effects in cancer development (Kalluri
2016). However, the speciﬁc role of exosomes in PCa
development remains largely unknown.
As a current research hotspot, circular RNAs (circRNAs) are a class of closed round noncoding RNA
molecules, with great regulatory potency in development and progression of varieties of human cancers,
including PCa (Su et al. 2019). For instance, exosomal
circRNA-100,338 could promote metastasis of hepatocellular carcinoma cells (Huang et al. 2020). Exosomal circ-IRAS accelerated pancreatic cancer invasion
and metastasis by increasing endothelial monolayer
permeability (Li et al. 2018). Additionally, exosomal
circ_0044516 had facilitated effects on PCa cell proliferation and metastasis (Li et al. 2020a). As for circRNA homeodomain-interacting protein kinase 3
(HIPK3), it was elucidated to be a carcinogenic factor
in PCa progression (Chen et al. 2019). However, the
speciﬁc function of exosomal circHIPK3 in PCa
development has not been reported.
MicroRNAs (miRNAs) are short noncoding RNAs
(*22 nucleotides in length), key mediators of multiple
biological processes during tumor development (Kwak
et al. 2010). Exosomal miRNAs derived from tumors
have been disclosed to function in regulating interchange between tumor cells and tumor microenvironment, as well as chemo-resistance (Kwon et al. 2020).
Exosomal miRNAs could serve as novel biomarkers
for cancer prognosis, like exosomal miR-342-5p and
miR-574-5p for early-stage lung adenocarcinoma (Han
et al. 2020), exosomal miR-766-3p for esophageal
squamous cell carcinoma (Liu et al. 2020), exosomal

miR-122 for colorectal cancer with liver metastasis
(Sun et al. 2020) and exosomal miR-141 for PCa (Li
et al. 2016). MiR-212 was downregulated in human
PCa tissues, and performed as a tumor suppressor (Fu
et al. 2016). As a potential target miRNA of circHIPK3
predicted by Starbase, the role of exosomal miR-212 in
circHIPK3-mediated PCa development remains to be
explored.
B-cell speciﬁc MMLV insertion site-1 (BMI-1) is a
member of polycomb gene family, related to the selfrenewal and differentiation of stem cells and cancer
stem cells, also involved in cancer initiation and progression (Jiang et al. 2009). The carcinogenic feature
of BMI-1 has been identiﬁed in gastric cancer (Li et al.
2020b), non-small cell lung cancer (Xiong et al. 2015),
breast cancer (Li et al. 2014) and PCa (Yu et al. 2014).
Here, BMI-1 was predicted to be a target gene of
exosomal miR-212 by employing DIANA TOOLS.
However, it’s unknown whether BMI-1 was involved
in exosomal miR-212-mediated PCa development.
Based on the above data, we hypothesized exosomal
circHIPK3-mediated PCa progression involved miR212/BMI-1 axis. Thus, the study was designed to
identify the novel mechanism. Herein, exosomes were
isolated from serum of PCa patients and PCa cells. The
expression of circHIPK3 in exosomes was identiﬁed.
Additionally, the function impact of exosomal circHIPK3 on PCa development and the action mechanism were revealed.

2. Materials and methods
2.1 Blood sampling
Prior to performing this assay, we got permission from
the Ethics Committee of Shandong Jinan Jiyang Public
Hospital, as well as written informed consent from all
participants. Blood samples of 35 PCa patients and 35
healthy volunteers with matched age- and sex were
procured from Shandong Jinan Jiyang Public Hospital.
Serum was isolation from blood samples by centrifugation then saved at –80°C right away.
2.2 Cell culture
Human normal prostatic stromal immortalized cellline RWPE-1 (ATCCÒ CRL-11609; American Type
Culture Collection, Manassas, VA, USA), PCa cell
lines 22Rv1 (ATCCÒ CRL-2505) and DU145
(ATCCÒ HTB-81) were cultured in ATCC-formulated

Exosomal circHIPK3 depletion represses PCa development

Roswell Park Memorial Institute (RPMI)-1640 Medium (ATCCÒ 30-2001) supplemented with 10%
Exosome-Depleted fetal bovine serum (Gibco, Gran
Island, NY, USA) and 1% penicillin/streptomycin
(Invitrogen, Carlsbad, CA, USA) at 37°C with an
atmosphere including 5% CO2 and 95% air.

2.3 Isolation and characterization of exosomes
The exosomes in serum samples or cell culture supernatant were extracted using the exoEasy Maxi Kit
(Qiagen, Hilden, Germany) in strict accordance with
the handbook supplied by the manufacturer. In brief,
pre-ﬁltered serum or cell culture supernatant was gently
mixed with XBP buffer, moved onto the exoEasy spin
column then centrifuged at 500 9 g for 1 min. After
discarding the ﬁltrate, XWP buffer was added, followed by centrifugation at 5000 9 g for 5 min. Finally,
XE Buffer was added to the spin column membrane for
elution for twice.
The morphology of separated exosomes was examined by JEM-1400 transmission electron microscopy
(TEM; JEOL, Tokyo, Japan) at 100 kV referring to a
former report (Luan et al. 2020). The biomarkers of
exosome, HSP70 and CD63, were detected by following Western blot assay. Besides, exosome size
distribution was determined using nanoparticle tracking
analyzer NanoSight NS300 instrument (Malvern
Instruments Ltd, Worcestershire, UK). Five recordings
of 30 s each were captured, and the data from more
than 5000 individual particle tracks were assessed each
sample.
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2.5 Quantitative real-time PCR (qRT-PCR) assay
Total RNA was isolated from exosomes utilizing a
miRNeasy Micro Kit (Qiagen) in strict accordance with
the user’s manual. Alternatively, total RNA derived
from cultured cells and xenograft tumors was extracted
using TRIzol Reagent (Invitrogen).
For determination of miR-212 expression, miScript
Reverse Transcription Kit (Qiagen) and all-in-one
miRNA RT-qPCR Detection Kit (GeneCopoeia Inc.,
Rockville, MD, USA) were used for reverse transcription and qPCR assay, respectively. U6 was used as
an internal control.
For analysis of circHIPK3 and BMI-1 mRNA
expression, complementary DNA (cDNA) was generated by feat of M-MLV Reverse Transcriptase (Invitrogen), followed by qPCR assay utilizing a qSYBRgreen-containing PCR kit (Qiagen) in conjunction with
ABI Prism7500 Fast Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA), normalized to
b-actin expression. All primers involved in qPCR assay
were: forward primer: 50 -TTCAACATATCTACA
ATCTCGGT-30 and reverse primer: 50 -ACCATTCAC
ATAGGTCCGT-30 for circHIPK3; forward primer:
50 -CAGTCTCCAGTCACGG-30 and reverse primer:
50 -GAACATGTCTGCGTATCTC-30 for miR-212; forward primer: 50 -CTCGCTTCGGCAGCACA-30 and
reverse primer: 50 -AACGCTTCACGAATTTGCGT-30
for U6; forward primer: 50 -GGTACTTCATTGATGC
CACAACC-30 , and reverse: 50 -CTGGTCTTGTGA
ACTTGGACATC-30 for BMI-1; forward primer: 50 CACCATTGGCAATGAGCGGTTC-30 , and reverse
primer: 50 -AGGTCTTTGCGGATGTCCACGT-30 for
b-actin. Relative expression level was calculated with
2-DDCt method.

2.4 Western blot analysis
Total protein was isolated from exosomes, cultured
cells and xenograft tumors exploiting radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime,
Shanghai, China), then quantiﬁed using a bicinchoninic
acid protein assay kit (Beyotime). Subsequently, Western blot assay was implemented as previously reported
(Zhang et al. 2018). Antibodies involved in this assay
were: primary antibody against HSP70 (ab181606;
Abcam, Shanghai, China), CD63 (ab134045; Abcam),
B-cell lymphoma-2 (Bcl-2; ab32124; Abcam), BCL2Associated X (Bax; ab32503; Abcam), Cleaved caspase-3 (ab32042; Abcam), BMI-1 (ab126783; Abcam)
or b-actin (ab8227; Abcam) (loading control), as well
as secondary antibody Goat Anti-Rabbit IgG H&L
(HRP) (ab205718; Abcam).

2.6 Cell transfection and exosome treatment
22Rv1 and DU145 cells were introduced with exogenous miR-212 mimic (miR-212) to overexpress miR212 expression, with miR-NC as negative control,
which were designed and synthesized by GenePharma
Co. Ltd. (Shanghai, China). Afterwards, exosomes
isolated from cell culture supernatant (Exo-miR-NC or
Exo-miR-212) were sued to incubate PCa cells.
In addition, miR-212 inhibitor (in-miR-212) was
transfected in PCa cells to silence miR-212 expression,
with in-miR-NC as negative control, which were
obtained from GenePharma Co. Ltd. The overexpression plasmid of BMI-1 was generated by inserting its
cDNA sequence into pcDNA vector. Transfection assay
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was implemented utilizing Lipofectamine 3000 (Invitrogen) referring to supplied speciﬁcations.

2.7 Methyl thiazolyl tetrazolium (MTT) assay
This assay was executed to monitor the cell viability of
PCa cells. Treated 22Rv1 and DU145 cells were plated
into 96-well plates and maintained for 0 h, 24 h, 48 h or
72 h. Then, MTT solution (Beyotime) was added to each
well. At 4 h post incubation, dimethyl sulfoxide (DMSO;
Sigma-Aldrich, St. Louis, MO, USA) was pipetted into
each well, followed by the measurement of the optical
density at 570 nm utilizing a microplate reader.
2.8 Transwell assay
Transwell assay was employed for the analysis of PCa
cell invasion and migration using Transwell chambers (8
lm; Corning Inc., Corning, NY, USA) pre-coated with or
without Matrigel (BD Bioscience, San Jose, CA, USA),
respectively. Treated PCa cells resuspended in Medium
without serum were planted into the upper chambers.
Complete Medium was added to lower chambers acting
as a chemoattractant. After 24 h, cells invaded or
migrated through the polycarbonate membrane were
subjected to immobilization with 4% paraformaldehyde
(Beyotime, Shanghai, China), dye with crystal violet
(Sigma-Aldrich), photographing and counting in 5 randomly chosen ﬁelds.

2.9 Flow cytometry
Cell apoptosis was detected using Annexin V-ﬂuorescein isothiocyanate (FITC) Apoptosis Detection kit
(BD Bioscience) based on the user’s manual. In brief,
treated PCa cells were collected and resuspended in
binding buffer, then double-stained with Annexin
V-FITC and propidium iodide (PI) in the absence of
light. Apoptotic PCa cells were determined by a ﬂow
cytometry (BD Bioscience) equipped with Cell Quest
software. And apoptosis rate indicated the percentage
of Annexin V positive cells.
2.10 Dual-luciferase reporter assay
The possible targets of circHIPK3 and miR-212 were
predicted by Starbase (http://starbase.sysu.edu.cn/)

and DIANA TOOLS (http://diana.imis.athenainnovation.gr/DianaTools/index.php),
respectively.
CircHIPK3 or 30 untranslated region (30 UTR) of
BMI-1 was found to have binding sites with miR212, following dual-luciferase reporter assay was
performed to identify the prediction. Wide-type luciferase reporter plasmids (circHIPK3 WT and BMI-1
30 UTR WT) were constructed by inserting the fragment of circHIPK3 and BMI-1 30 UTR harboring the
binding sites into luciferase promoter vector pGL3
(Promega, Madison, WI, USA). And mutant-type
ones (circHIPK3 MUT and BMI-1 30 UTR MUT)
were synthesized in a similar way after mutating the
binding position. Later, constructed plasmid and miRNC, miR-212, in-miR-NC or in-miR-212 were cotransfected into 22Rv1 cells using Lipofectamine
3000 for 24 h, followed by examination of luciferase
activity exploiting Dual-Glo Luciferase Assay System
kit (Promega) according to the manufacturer’s
direction.

2.11 Xenograft tumor assay
The present animal experiment was permitted by the
Ethics Committee of Shandong Jinan Jiyang Public
Hospital. 4 9 106 DU145 cells disposed with exosomes derived from cell stably introduced with Exosh-NC or Exo-sh-circHIPK3 were subcutaneously
inoculated into the right ﬂank of BALB/c nude mice
(male, 5-week-old; Beijing HFK Bioscience Co., Ltd.,
Beijing, China) (n = 5). The size of generated tumors
was monitored weekly and calculated utilizing the
following formula: 0.5 9 length 9 width2. At 28 days
post injection, all mice were killed with cervical
dislocation, then tumors were resected for weighing,
qRT-PCR and Western blot assays.

2.12 Statistical analysis
All data were derived from three independent experiments, then processed with SPSS 20.0 (SPSS, Chicago, IL, USA) and exhibited as mean ± standard
deviation. Analysis of statistical difference was conducted by Student’s t-test or one-way analysis of
variance. P value \ 0.05 was identiﬁed statistically
signiﬁcant. The diagnostic signiﬁcance of miR-212
was detected utilizing R package plot ROC (v2.2.1)
(Sachs 2017).
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3. Results
3.1 MiR-212 expression decreased
while circHIPK3 expression increased in exosomes
derived from serum of PCa patients
To detect the expression of exosomal miR-212 and
circHIPK3 in PCa patients and cells, exosomes were
extracted from the serum of PCa patients (n = 35) and
healthy volunteers (n = 35), as well as in RWPE-1,
22Rv1 and DU145 cells. The isolated exosomes were
round or oval under TEM (ﬁgure 1A and 1H). And
NanoSight NS300 was used to determine the size distribution of exosomes, and we found diameter of most
exosomes was approximately 100 nm (ﬁgure 1C and
1J). Moreover, Western blot assay disclosed that exosome marker proteins (HSP70 and CD63) were enriched in the exosomes from the serum of PCa patients
and supernatant of RWPE-1, 22Rv1 and DU145 cells
(ﬁgure 1B and 1I). Then, we found circHIPK3
expression was upregulated, and miR-212 expression
was downregulated in serum exosomes from PCa
patients, relative to healthy volunteers (ﬁgure 1D and
1F). To investigate the diagnostic potential of exosomal
miR-212 and circHIPK3 for PCa, ROC curve analysis
was carried out. Results showed that the area under the
curve (AUC) to discriminate PCa patients from healthy
volunteers was 0.7473 (95% CI: 0.6340-0.8607) for
exosomal circHPK3 (ﬁgure 1E) 0.755 (95% CI: 0.6440.867) for exosomal miR-212 (ﬁgure 1G). QRT-PCR
assay also uncovered an apparent upregulation of circHIPK3 in exosomes extracted from 22Rv1 and
DU145 cells then compared with RWPE-1 cells
(ﬁgure 1K). Therefore, miR-212 expression was
decreased, and circHIPK3 expression was increased in
exosomes derived from the serum of PCa patients.
3.2 Depletion of exosomal circHIPK3 repressed
PCa cell viability, migration and invasion
but promoted cell apoptosis
We then investigated the biological functions of exosomal circHIPK3 in PCa cells. 22Rv1 and DU145 cells
were transfected with si-NC or si-circHIPK3, followed
by exosome isolation. As shown in ﬁgure 2A and 2B,
circHIPK3 expression in Exo-si-circHIPK3 was obvious lower than that in Exo-si-NC. Subsequently, Exosi-NC or Exo-si-circHIPK3 was applied to incubate
22Rv1 and DU145 cells. MTT assay showed that circHIPK3 knockdown signiﬁcantly reduced cell viability
of PCa cells (ﬁgure 2C and 2D). Depletion of exosomal
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circHIPK3 also repressed PCa cell migration and
invasion (ﬁgure 2E and 2F). Following ﬂow cytometry
and Western blot assay uncovered the circHIPK3
knockdown-induced apoptosis increase, exhibiting as
elevated apoptosis rate, upregulation of Bax and
Cleaved caspase-3, as well as downregulation of Bcl-2
in 22Rv1 and DU145 cells (ﬁgure 2G and 2H). However, these effects were not observed in RWPE-1 cells
transfected with Exo-si-circHIPK3 (Figure S1A-C).
Collectively, depletion of exosomal circHIPK3 suppressed cell proliferation, migration and invasion in
PCa cells.

3.3 CircHIPK3 could sponge miR-212
Starbase was applied to predict the target miRNA of
circHIPK3, and miR-212 was identiﬁed as a candidate.
Binding sites between the two were exhibited in
ﬁgure 3A. Data from dual-luciferase reporter assay
showed that, when compared to corresponding control,
gain of miR-212 efﬁciently reduced the luciferase
activity of 22Rv1 cells co-transfected with circHIPK3
WT, while miR-212 inhibition promoted the luciferase
activity of cells co-transfected with circHIPK3 WT. No
signiﬁcant change was discovered in the luciferase
activity of 22Rv1 cells co-transfected with circHIPK3
MUT (ﬁgure 3B and 3C). We then found that miR-212
expression was obviously increased in 22Rv1 and
DU145 cells transfected with miR-212 mimic, while
downregulated in cells transfected with miR-212 inhibitor (ﬁgure 3D). Furthermore, qRT-PCR assay
revealed that circHIPK3 deﬁciency enhanced expression of miR-212 in PCa cells (ﬁgure 3E). Therefore,
circHIPK3 acted as a sponge of miR-212 in PCa cells.
3.4 MiR-212 inhibition mitigated the exosomal
circHIPK3 knockdown-induced inhibitory effects
on PCa cell proliferation, migration and invasion
Having known that circHIPK3 could sponge miR-212
in PCa cells, we continued to investigate the role of
miR-212 in circHIPK3 knockdown-mediated cellular
behaviors. As exhibited in ﬁgure 4A and 4B, introduction of miR-212 inhibitor largely ameliorated circHIPK3 knockdown-induced the upregulation of miR212 in 22Rv1 and DU145 cells. Moreover, the declined
cell viability (ﬁgure 4C and 4D), inhibited migration
and invasion (ﬁgure 4E and 4F) and reinforced cell
apoptosis (ﬁgure 4G and 4H) in PCa cells triggered by
circHIPK3 knockdown were all almost counteracted by
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Figure 1. Expression of miR-212 decreased in exosomes derived from the serum of PCa patients, while circHIPK3 was
upregulated in exosomes from PCa cells. (A) TEM micrographs of exosomes isolated from serum of PCa patients and healthy
volunteers. (B) Western blot assay for the protein levels of HSP70 and CD63 in exosomes isolated from serum of PCa
patients. (C) Nanoparticle tracking analysis for the size distribution of exosomes isolated from serum of PCa patients and
healthy volunteers. (D and F) QRT-PCR assay for the relative expression level of exosomal circHIPK3 and miR-212 in serum
of PCa patients and healthy volunteers. (E and G) ROC curve analysis was employed to determine the diagnostic efﬁcacy of
exosomal circHIPK3 and miR-212 in distinguishing PCa patients from healthy volunteers. (H) TEM micrographs of
exosomes isolated from RWPE-1, 22Rv1 and DU145 cells. (I) Western blot assay for the protein levels of HSP70 and CD63
in exosomes isolated from RWPE-1, 22Rv1 and DU145 cells. (J) Nanoparticle tracking analysis for the size distribution of
exosomes isolated from RWPE-1, 22Rv1 and DU145 cells. (K) QRT-PCR assay for the relative expression level of exosomal
circHIPK3 in RWPE-1, 22Rv1 and DU145 cells. *P \ 0.05.

silenced miR-212. Additionally, the effects between
exo-si-circHIPK3 and in-miR-212 on the viability,
migration, invasion and apoptosis of RWPE-1 cells
were determined. As a result, we found the cell
malignancy was not affected after transfection of Exo-

si-circHIPK3 or in-miR-212 in RWPE-1 cells, relative
to control groups (ﬁgure S1A-C). To sum up, miR-212
inhibition mitigated the exosomal circHIPK3 knockdown-induced inhibitory effects on proliferation,
migration and invasion in 22Rv1 and DU145 cells.
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Figure 2. Depletion of exosomal circHIPK3 repressed PCa cell viability, migration and invasion, while promoted cell
apoptosis. (A and B) QRT-PCR assay for the relative expression level of circHIPK3 in Exo-si-NC and Exo-si-circHIPK3.
(C-H) 22Rv1 and DU145 cells were incubated with Exo-si-NC or Exo-si-circHIPK3. (C and D) MTT assay for the cell
viability of treated cells. (E and F) Transwell assay for the cell migration and invasion of treated cells. (G) Flow cytometry for
the cell apoptosis in treated cells. (H) Western blot assay for the protein levels of Bax, Bcl-2 and Cleaved caspase-3 in treated
cells. *P \ 0.05.

3.5 BMI-1 was a target of miR-212
We further explored the underlying mechanism by
which exosomal miR-212 affecting cellular behaviors
of PCa cells. By feat of DIANA TOOLS, BMI-1 was
found to have binding sites with miR-212 (ﬁgure 5A).
Following dual-luciferase reporter assay was employed
to conﬁrm the targeted relationship between miR-212
and BMI-1. As illustrated in ﬁgure 5B and 5C, overexpression of miR-212 resulted in exceeding 60%
reduction in luciferase activity of 22Rv1 cells cotransfected with BMI-1 30 UTR WT; miR-212 inhibition
obviously facilitated the luciferase activity of 22Rv1
cells co-transfected with BMI-1 30 UTR WT; While, the
luciferase activity of 22Rv1 cells co-transfected with
BMI-1 30 UTR MUT was changeless. In addition,
enforced expression of miR-212 efﬁciently downregulated the protein level of BMI-1 in 22Rv1 and DU145
cells (ﬁgure 5D). Depletion of circHIPK3-induced the
downregulation of BMI-1 protein in PCa cells was

weakened by miR-212 inhibition (ﬁgure 5E). In conclusion, miR-212 could target BMI-1 in PCa cells.

3.6 Exosomal miR-212 inhibited PCa cell
proliferation, migration and invasion by targeting
BMI-1
Given that miR-212 targeted BMI-1 in PCa cells, we
guessed that miR-212 regulated cellular behaviors of
PCa cells by targeting BMI-1. To verify our guess,
BMI-1 was introduced into 22Rv1 and DU145 cells
treated with Exo-miR-NC and Exo-miR-212. As
exhibited in ﬁgure 6A and 6B, overexpression of BMI1 weakened the Exo-miR-212-mediated downregulation of BMI-1. Additionally, the inhibited cell viability
(ﬁgure 6C and 6D), migration and invasion (ﬁgure 6E
and 6F), as well as increased apoptosis (ﬁgure 6G and
6H) in 22Rv1 and DU145 cells triggered by Exo-miR212 were all attenuated by exogenous introduction of

69

Page 8 of 13

Yanhui Tang et al.

Figure 3. CircHIPK3 could sponge miR-212. (A) The binding sites between circHIPK3 and miR-212 predicted by Starbase.
(B and C) Dual-luciferase reporter assay for the luciferase activity of 22Rv1 cells co-transfected with circHIPK3 WT or
circHIPK3 MUT and miR-NC, miR-212, in-miR-NC or in-miR-212. (D) QRT-PCR assay for the relative expression of miR212 in 22Rv1 and DU145 cells transfected with miR-NC, miR-212, in-miR-NC or in-miR-212. (E) QRT-PCR assay for the
relative expression of miR-212 in 22Rv1 and DU145 cells transfected with si-NC or si-circHIPK3. *P \ 0.05.

Figure 4. MiR-212 inhibition mitigated the exosomal circHIPK3 knockdown-induced inhibitory effects on PCa cell
proliferation, migration and invasion. 22Rv1 and DU145 cells were treated with Exo-si-NC or Exo-si-circHIPK3 alone or
combined with in-miR-NC or in-miR-212 transfection. (A and B) QRT-PCR assay for the relative expression of miR-212 in
treated cells. (C and D) MTT assay for the cell viability of treated cells. (E and F) Transwell assay for the cell migration and
invasion of treated cells. (G) Flow cytometry for the cell apoptosis in treated cells. (H) Western blot assay for the protein
levels of Bax, Bcl-2 and Cleaved caspase-3 in treated cells. *P \ 0.05.
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Figure 5. BMI-1 was a target of miR-212. (A) The binding sites between miR-212 and BMI-1 30 UTR predicted by DIANA
TOOLS. (B and C) Dual-luciferase reporter assay for the luciferase activity of 22Rv1 cells co-transfected with BMI-1 30 UTR
WT or BMI-1 30 UTR MUT and miR-NC, miR-212, in-miR-NC or in-miR-212. (D) Western blot assay for the relative protein
level of BMI-1 in 22Rv1 and DU145 cells transfected with miR-NC or miR-212. (E) Western blot assay for the relative
protein level of BMI-1 in 22Rv1 and DU145 cells transfected with si-NC, si-circHIPK3, si-circHIPK3?in-miR-NC or sicircHIPK3?in-miR-212. *P \ 0.05.

BMI-1. However, Exo-circHIPK3 depletion or
BMI-1 overexpression were not affected the viability,
migration, invasion and apoptosis of RWPE-1 cells
(supplementary ﬁgure 1A-C). Above results suggested
that exosomal miR-212 inhibited PCa cell proliferation,
migration and invasion by targeting BMI-1.

3.7 Exosomal circHIPK3 knockdown hampered
PCa tumor growth of NB cells in vivo
Tumorigenesis assay was conducted to explore the
role of exosomal circHIPK3 in vivo. DU145 cells

treated with Exo-sh-NC or Exo-sh-circHIPK3 were
subcutaneously into BALB/c nude mice (n = 5). As
shown in ﬁgure 7A, the size of generated tumors in
Exo-sh-circHIPK3 group was smaller than that of
Exo-sh-NC group. Moreover, the weight of generated tumors in Exo-sh-circHIPK3 group was lighter
than that of Exo-sh-NC group (ﬁgure 7B). We also
found that generated tumors in Exo-sh-circHIPK3
group exhibited lower expression of circHIPK3
(ﬁgure 7C) and BMI-1 (ﬁgure 7E), as well as higher
expression of miR-212 (ﬁgure 7D), in contrast to
those in Exo-sh-NC group. Taken together, exosomal circHIPK3 knockdown could hinder PCa tumor
growth in vivo.
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Figure 6. Exosomal miR-212 inhibited PCa cell proliferation, migration and invasion by targeting BMI-1. 22Rv1 and
DU145 cells were treated with Exo-miR-NC or Exo-miR-212 alone or combined with BMI-1 or pcDNA transfection.
(A) QRT-PCR assay for the relative mRNA level of BMI-1 in treated cells. (B) Western blot assay for the relative protein
level of BMI-1 in treated cells. (C and D) MTT assay for the cell viability of treated cells. (E and F) Transwell assay for the
cell migration and invasion of treated cells. (G) Flow cytometry for the cell apoptosis in treated cells. (H) Western blot assay
for the protein levels of Bax, Bcl-2 and Cleaved caspase-3 in treated cells. *P \ 0.05.

4. Discussion
Exosomes are tiny particles with multiple functions in
cancer progression, participating in intercellular communication (Dilsiz 2020). Tumor-derived exosomes
play vital roles in tumor microenvironment remodeling,
metastasis,
angiogenesis
and
chemoresistance
(Mashouri et al. 2019). Exosomal circRNAs were
testiﬁed to endow with necessary functions in cancer
development and potential to be diagnosis biomarkers
and management targets (Li et al. 2015; Wang et al.
2020b). Exosomal circRNAs could serve as tumor
promoting or inhibiting agents in the progression of
human malignancies (Geng et al. 2020). In this study,
we ﬁrstly detected the upregulation of exosomal circHIPK3 in PCa cells. Functionally, exosomal circHIPK3 acted as a PCa promoting factor, as
demonstrated by circHIPK3 knockdown-induced inhibitory effects on cell proliferation, metastasis and
tumorigenesis of PCa cells.
Generated from exon 2 of HIPK3 gene, circHIPK3 is
principally located in the cytoplasm and is abundant in
diverse tissues in human body. Functionally, circHIPK3 played as a tumor promoter or suppressor in

human malignancies, due to different tumor microenvironment (Wen et al. 2020). In PCa, circHIPK3 had
been conﬁrmed to be an oncogene in PCa by certain
research (Cai et al. 2019; Chen et al. 2019). In our
study, exosomal circHIPK3 was upregulated in PCa
cells. And exosomal circHIPK3 knockdown efﬁciently
inhibited PCa cell proliferation, metastasis and
tumorigenesis, indicating that circHIPK3 served as an
oncogene. Mechanistically, circRNAs could exert roles
in the physiological and pathological processes by
acting as sponge of miRNAs (Cui et al. 2018). Former
studies validated that circHIPK3 functioned in PCa by
sponging miR-193a-3p (Chen et al. 2019) or miR-3383p (Cai et al. 2019). In this project, miR-212 was
validated as a target of circHIPK3.
Exosomal miRNAs have emerged important modulators of cancer development, metastasis, angiogenesis
and immune escape (Tomasetti et al. 2017). Exosomal
miRNAs could also serve as biomarkers of human
cancers, including PCa diagnosis, prognosis and risk
classiﬁcation (Thind and Wilson 2016; Wang et al.
2020a). Exosomal miR-1290, miR-375 and miR-141
were deemed as potential prognostic biomarkers for
castration-resistant PCa patients (Bryant et al. 2012;
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Figure 7. Exosomal circHIPK3 knockdown hampered PCa tumor growth of NB cells in vivo. DU145 cells treated with
Exo-sh-NC or Exo-sh-circHIPK3 were subcutaneously into BALB/c nude mice (n = 5). (A) The size of generated tumors
measured weekly. (B) The weight of generated tumors measured at 28 days post injection. (C and D) QRT-PCR assay for the
relative expression levels of circHIPK3 (C) and miR-212 (D) in generated tumors. (E) Western blot assay for the relative
protein level of BMI-1 in generated tumors. *P \ 0.05.

Huang et al. 2015). Exosomal miRNAs could also alter
the progression of PCa. For example, exosomal miR26a conferred suppressive effects on PCa cell proliferation, migration, invasion and tumor growth in nude
mice model (Wang et al. 2019). Exosomal miR-205
derived from human bone marrow mesenchymal stem
cells efﬁciently hindered PCa progression by reducing
RHPN2 expression (Jiang et al. 2019). Human mesenchymal stem cells-derived exosomal miR-143 negatively affected PCa development via targeting TFF3
(Che et al. 2019). Located on chromosome 17q13.3,
miR-212 could impact tumor development through
Wnt/b-catenin pathway, Hedgehog signaling pathway
or Hippo/YAP signaling pathway, serving as an oncogenic stimulus or tumor suppressor (Chen et al. 2020).
In PCa, miR-212 expression was lower in human PCa
tissues than that in benign prostatic hyperplasia tissues.
And miR-212 could retard PCa cell migration, invasion
and epithelia-mesenchymal transition (Fu et al. 2016).
In this study, exosomes were successfully extracted.
Through analyzing the expression level of exosomal
miR-212 in serum samples, we found that exosomal
miR-212 was signiﬁcantly downregulated in serum of
PCa patients, implying its role in PCa development.
Additionally, exosomal miR-212 could discriminate
PCa patients from healthy volunteers, suggesting its

diagnostic efﬁcacy. Functionally experiments uncovered the anti-proliferative, anti-metastatic and proapoptotic roles of exosomal miR-212. In addition, miR212 inhibition mitigated the circHIPK3 knockdowninduced inhibitory effects on PCa cell proliferation,
migration and invasion.
MiRNAs could exert their functions by negatively
regulating the expression levels of their target genes
(Ambros 2004). According to former literature, miR212 functioned in PCa progression by downregulating
its target genes (Fu et al. 2016; Hu et al. 2018;
Ramalinga et al. 2015). Therefore, we tried to search
the gene that exosomal miR-212 working through.
DIANA TOOLS predicted that BMI-1 30 UTR could
bind to miR-212, and dual-luciferase reporter assay
substantiated this prediction. Quantities of evidence
suggested that BMI-1 expression was apparently
increased in multiple tumors and BMI-1 served as a
proto-oncogene (Zhang et al. 2017). BMI-1 was
upregulated in PCa, and could be targeted by several
miRNAs to take part in tumor development, acting as
an oncogene (Jin et al. 2014; Xuan et al. 2015; Yu
et al. 2014). Similarly, our data demonstrated that
introduction of BMI-1 could attenuate the inhibitory
effects of exosomal miR-212 on cell proliferation and
metastasis. In other words, exosomal miR-212 exerted
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its tumor-suppressive role in PCa by targeting BMI-1,
at least in part.
In conclusion, we detected the upregulation of exosomal circHIPK3 in PCa patient serum and cells.
Exosomal circHIPK3 depletion suppressed cell proliferation metastasis in vitro and blocked tumor growth
in vivo, which was attributed to its modulation on miR212/BMI-1 axis, highlighting the tumor-promoting role
of exosomal circHIPK3 in PCa and affording a
promising therapeutic target for PCa. However, deeper
investigation on the feasibility is needed before exosomal circHIPK3 could be used for clinical
applications.
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