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Abstract 
Background/Aims: The current treatments fail to provide satisfactory cure for aggressive 
prostate cancers (PCs). Hence, further comprehension of PC metastasis is highly appreciated 
for improving the levels of therapy. We have previously shown that Adiponectin reduces the 
levels of vascular endothelial growth factor A (VEGF-A) in PCs to suppress tumor-associated 
neovascularization, possibly through AMPK/mTor signaling. Here, we studied the regulation of 
Adiponectin signaling in PCs. Methods: We analyzed the levels and correlation of Adiponectin 
receptor 1 (AdipoR1) and microRNA-323 (miR-323) in the PC specimen, compared to the 
paired normal prostate tissue. We analyzed the binding of miR-323 to the 3’UTR of AdipoR1 
mRNA and its effects on AdipoR1 translation by bioinformatics analysis and by luciferase-
reporter assay, respectively. We modified miR-323 levels in PC cells, and examined the effects 
on the expression of AdipoR1 and VEGF-A, as well as on vessel formation in a human umbilical 
vein endothelial cells (HUVECs) transwell collagen gel assay. Results: We detected significantly 
lower levels of AdipoR1 and significantly higher levels of miR-323 in PC specimen. Moreover, 
the levels of AdipoR1 and miR-323 are inversely correlated. Moreover, miR-323 was found to 
bind to the 3’UTR of AdipoR1 mRNA to inhibit its translation. Overexpression of miR-323 in 
PC cells decreased AdipoR1 protein levels, whereas inhibition of miR-323 increased AdipoR1 
protein levels, without affecting AdipoR1 transcripts. Moreover, overexpression of miR-323 
increased the levels of VEGF-A and the vessel formation by HUVECs, while inhibition of miR-
323 decreased the levels of VEGF-A and the vessel formation by HUVECs. Conclusion: Our 
data demonstrate that miR-323 may increase VEGF-A-mediated cancer vascularization in PC 
cells through AdipoR1 suppression. 
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Introduction

In the population of aged men, prostate cancer (PC) is a common malignant tumor, 
and mostly grow slowly. However, aggressive PCs capable of invasion do occur, in which the 
primary cancer cells migrate and seed to distal organs and lymph nodes [1-4]. Since the 
current treatments upon PCs are not sufficient to provide satisfactory therapy for aggressive 
PCs, further comprehension of PC metastasis is highly appreciated [1-7]. 

Cancer metastasis greatly associates with cancer-related vascularization [8-12]. Tumor 
cells release soluble angiogenic factors to enhance new vessel formation and restructure 
of existing vessels to allow tumors to outgrow and migrate [8-12]. The angiogenic events 
are coordinately regulated by pro-angiogenic and anti-angiogenic factors [8-12]. The 
most potent pro-angiogenic factor is vascular endothelial growth factor A (VEGF-A) 
[13-17], which has also been shown to play a critical role in both embryonic and adult 
vascularization. Of note, a pivotal role of VEGF-A in the cancer-associated vascularization 
in PC has been acknowledged and used as a therapeutic target [8-12]. Adiponectin is a 
hormone derived from adipose tissue. Adiponectin has a well-established function in 
prohibiting development of diabetes, atherosclerosis, inflammation and cell replication. 
Adiponectin has two receptors, Adiponectin receptor I (AdipoR1) and Adiponectin receptor 
II (AdipoR2) [18-20], which distribute widely among different organs. Recently, the anti-
carcinogenic effects of adiponectin have been appreciated [21-23]. However, the underlying 
mechanisms are not clear. We have shown that Adiponectin may inhibit VEGF-A-mediated 
cancer neovascularization in PC cells through activation of AMPK/TSC2 and suppression of 
mTor [24]. Nevertheless, the regulation of Adiponectin receptor signaling in PC cells are still 
unknown.

MicroRNAs (miRNAs) are a class of small, non-coding RNAs that regulate various 
biological processes [25-27]. Interestingly, bioinformatics approaches have predicted one-
third of all mammalian genes to be targeted and regulated by miRNAs [25-27]. Previous 
studies have shown that aberrant miRNA expression could impact normal biological 
processes, resulting in PC initiation and progression [28-30]. However, a role of miR-323 in 
the carcinogenesis of PC has not been studied. 

In the current study, we examined the regulation of AdipoR1 signaling in PC cells. We 
detected significantly lower levels of AdipoR1 and significantly higher levels of miR-323 
in PC specimen. Moreover, the levels of AdipoR1 and miR-323 are inversely correlated. 
Moreover, miR-323 was found to bind to the 3’UTR of AdipoR1 mRNA to inhibit its 
translation. Overexpression of miR-323 in PC cells decreased AdipoR1 protein levels, 
whereas inhibition of miR-323 increased AdipoR1 protein levels, without affecting AdipoR1 
transcripts. Moreover, overexpression of miR-323 increased the levels of VEGF-A and the 
vessel formation by HUVECs, while inhibition of miR-323 decreased the levels of VEGF-A and 
the vessel formation by HUVECs. 

Materials and Methods

Patient tissue specimens
A total of 24 resected specimens from PC patients were collected for this study. OS specimen was 

compared with the paired normal prostate tissue (NPT) from the same patient. All specimens had been 
histologically and clinically diagnosed at the Tongji University School of Medicine from 2009 to 2014. For 
the use of these clinical materials for research purposes, prior patient's consents and approval from the 
Institutional Research Ethics Committee were obtained. 

Human PC cell lines
PC3, DU-145, CA-HPV-10 and MDA-PCa-2b are 4 commonly used human prostate cancer line, and were all 
purchased from ATCC (American Type Culture Collection, Manassas, VA, USA). These cell lines were cultured 
in Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 20% 
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fetal bovine serum (Invitrogen). PC3 cells were transfected with a miR-323 construct, or an antisense (as) 
of miR-323, or a scramble sequence (scr) as a control, and after which the transfected cells were purified 
based on green fluorescence protein (GFP) to generate PC3-miR-323, or PC3-as-miR-323 cells or PC3-scr, 
respectively. MiR-323 sequence: 5’-AUGUAAUGAGACGGUUCUUUUUU-3’, miR-323 antisense sequence: 
5’-AAAAAAGAACCGUCUCAUUACAU-3’, control sequence: 5’-AAUAGCAUCGAAAAGUCCGG-3’. Transfection 
was performed with Lipofectamine 2000 reagent (Invitrogen), according to the manufacturer’s instructions. 

HUVEC transwell collagen gel assay
Human umbilical vein endothelial cells (HUVECs) were grown in M-200 supplemented medium with 

low serum growth supplement (Invitrogen). HUVEC endothelial cells were embedded in a collagen gel, and 
plated on a 24-well culture plate. The plate was kept at 37oC in a CO2 incubator for 10-15 minutes to make the 
collagen polymerize, and then the same number of prostate cancer cells (with miR-323 modification) was 
added to the transwell and put onto the plate. The plate with transwell was returned to the CO2 incubator. 
Media was replenished every day, and culture images were taken after 3 days.

Luciferase-reporter activity assay
Luciferase-reporters were successfully constructed using molecular cloning technology. Target 

sequence was inserted into pGL3-Basic vector (Promega, Madison, WI, USA) to obtain pGL3-AdipoR1-
3’UTR, which contains the miR-323 binding sequence (AdipoR1-3’UTR sequence). PC3-miR-323, or PC3-
scr, or PC3-antisense (as)-miR-323 cells were seeded in 24-well plates for 24 hours, after which they 
were transfected with 1μg of Luciferase-reporter plasmid per well using PEI Transfection Reagent. Then 
luciferase activities were measured using the dual-luciferase reporter gene assay kit (Promega), according 
to the manufacturer’s instructions.

Quantitative PCR (RT-qPCR)
MiRNA and total RNA were extracted from cultured cells with miRNeasy mini kit or RNeasy kit 

(Qiagen, Hilden, Germany), respectively, and used for cDNA synthesis. Quantitative PCR was performed in 
duplicates with QuantiTect SYBR Green PCR Kit (Qiagen). All primers were purchased from Qiagen. Data 
were analyzed using 2-△△Ct method for quantification of the relative mRNA expression levels. Values of 
genes were normalized against α-tubulin, and then compared to controls.

Western blot
The protein was extracted from the resected PC specimen or adjacent normal prostate tissue (NPT), or 

cultured cells. Primary antibodies were anti-AdipoR1 and anti-α-tubulin (Cell Signaling, San Jose, CA, USA). 
α-tubulin was used as a protein loading control. Secondary antibodies were HRP-conjugated anti-rabbit, 
and were all purchased from Jackson ImmunoResearch Labs (West Grove, PA, USA). The protein levels were 
first normalized to α-tubulin, and then normalized to control, quantified by NIH ImageJ software (Bethesda, 
MA, USA).

ELISA assay
The concentration of VEGF-A in the conditioned media from cultured cells was determined by a human 

VEGF-A ELISA kit (Raybio, Norcross, GA, USA). ELISAs were performed according to the instructions of the 
manufacturer. Briefly, the collected condition medium was added to a well coated with VEGF-A polyclonal 
antibody, and then immunosorbented by biotinylated monoclonal anti-human VEGF-A antibody at room 
temperature for 2 hours. The color development catalyzed by horseradish peroxidase was terminated 
with 2.5mol/l sulfuric acid and the absorption was measured at 450nm. The protein concentration was 
determined by comparing the relative absorbance of the samples with the standards.

Statistical analysis
All statistical analyses were carried out using the SPSS 18.0 statistical software package. All values are 

depicted as mean ± standard deviation and are considered significant if p < 0.05. All data were statistically 
analyzed using one-way ANOVA with a Bonferoni correction, followed by Fisher’s Exact Test to compare two 
groups. Bivariate correlations were calculated by Spearman's rank correlation coefficients. 
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Results

Low levels of AdipoR1 and high levels of miR-323 are inversely correlated in PC
We examined the AdipoR1 levels and the miR-323 levels in the resected PC specimens 

from 24 patients, and compared to the paired normal prostate tissue (NPT). We detected 
significantly lower levels of AdipoR1 by Western blot (Fig. 1A), and significantly higher levels 
of miR-323 by RT-qPCR (Fig. 1B), respectively, in the PC specimen compared to control NPT. 
Moreover, a strong inverse correlation was detected between AdipoR1 and miR-323 (Fig. 1C, 
R= -0.85; p < 0.0001), suggesting a causal relationship.

MiR-323 targets 3’UTR of AdipoR1 to inhibit its expression
Based on our findings in the patients’ samples, we performed bioinformatics analysis 

of AdipoR1 target sequence, which show that miR-323 binds to 3’UTR of AdipoR1 mRNA at 
601th-608th base site (Fig. 2A). In order to examine whether its binding may be functional, 
we used a human PC cell line, PC3, in our study. We transfected PC3 cells with either miR-
323 or antisense for miR-323 (as-miR-323). PC3 cells were also transfected with a scramble 
sequence as a control (scr). Modulation of miR-323 levels in PC3 cells was confirmed by RT-
qPCR (Fig. 2B). Then, PC3-miR-323, PC3-scr and PC3-as-miR-323 cells were transfected with 
1μg of AdipoR1-3’UTR Luciferase-reporter plasmid. We found that the luciferase activities 
in PC3-as-miR-323 cells were significantly higher than the control scr, while the luciferase 
activities in PC3-miR-323 cells were significantly lower than the control scr (Fig. 2C). These 
data suggest that miR-323 targets 3’UTR of AdipoR1 to inhibit its translation.

MiR-323 decreases AdipoR1 protein but does not affect its transcription
Since AdipoR1 is necessary for the inhibitory effects on VEGF-A by Adiponectin in 

PC cells, we were thus prompted to evaluate whether AdipoR1 may be regulated by miR-
323 in PC cells. We found that although the AdipoR1 transcripts did not change by miR-
323 (Fig. 3A), the protein levels of AdipoR1 in miR-323-overexpressing PC3 cells was 
significantly decreased, while the protein levels of AdipoR1 in miR-323-depleted PC3 cells 
was significantly increased (Fig. 3B-C). These data suggest that the translation of AdipoR1 in 
PC cells may be regulated by miR-323.

MiR-323 inhibits VEGF-A production in PC cells
Then we examined whether the effects of miR-323 on AdipoR1 may result in changes 

in regulation of VEGF-A production in PC cells. We thus analyzed VEGF-A levels in miR-

Fig. 1. Low AdipoR1 and high miR-323 are inversely correlated in PC. We examined the AdipoR1 levels and 
miR-323 levels in the resected PC specimens from 24 patients, and compared to the paired normal prostate 
tissue (NPT). (A-B) Examination of AdipoR1 levels by Western blot (A), and miR-323 levels by RT-qPCR (B). 
(C) A strong inverse correlation was detected between AdipoR1 and miR-323 in PC specimen (R= -0.85; p < 
0.0001). *: p<0.05.
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Fig. 2. MiR-323 targets 3’UTR of AdipoR1 to inhibit its expression. (A) Bioinformatics analyses of AdipoR1 
target sequence show that the miR-323 binds to the 3’UTR of AdipoR1 mRNA. (B-C) We overexpressed or 
inhibited miR-323 expression in a human PC cell line, PC3, to obtain PC3-miR-323 and PC3-as-miR-323 
cells, respectively. The cells transduced with a control plasmid carrying a scramble sequence (PC3-scr). (B) 
RT-qPCR on miR-323. (C) PC3-miR-323, PC3-scr and PC3-as-miR-323 cells were transfected with 1μg of 
AdipoR1-3’UTR luciferase-reporter plasmid. The luciferase activities in these cells were then evaluated. *: 
p<0.05.

Fig. 3. MiR-323 decreases AdipoR1 levels in PC cells. (A) RT-qPCR on AdipoR1. (B) Western blot images and 
quantification for AdipoR1. (C) Immunocytochemistry for AdipoR1. *: p<0.05. NS: non-significant. Scale bar 
is 20µm.
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323-modified PC3 cells. We found that overexpression of miR-323 in PC3 cells significantly 
increased production of VEGF-A, while miR-323 depletion significantly decreased VEGF-A, 
by RT-qPCR (Fig. 4A), and by ELISA on the secreted protein in the conditioned media (Fig. 
4B). In a HUVEC tube formation assay, we found that HUVECs substantially increased their 
tube formation when co-cultured with miR-323-overexpressing PC3 cells, and substantially 
decreased their tube formation when co-cultured with miR-323-depleted PC3 cells (Fig. 
4C-D). Our study thus demonstrate that miR-323 may increase VEGF-A-mediated cancer 
vascularization in PC cells through AdipoR1 suppression (Fig. 5).

Fig. 4. MiR-323 inhibits 
VEGF-A production in PC 
cells. (A-B) VEGF-A levels in 
miR-323-modified PC3 cells 
were examined by RT-qPCR 
(A), and by ELISA on the 
secreted protein in the con-
ditioned media (B). (C-D) 
In a HUVEC tube formation 
assay, the tube formation by 
HUVECs co-cultured with 
miR-323-modified PC3 cells 
was shown by quantification 
(C), and by representative 
images (D). *: p<0.05. Scale 
bar is 30µm.

Fig. 5. Schematic of the model. MiR-323 may increa-
se VEGF-A-mediated cancer vascularization in PC 
cells through AdipoR1 suppression.
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Discussion

Essential roles of miRNAs and Adiponectin have been well-established in the 
neovascularization-associated carcinogenesis, whereas the relationship between miR-323 
and Adiponectin receptor signaling in PC cells has not been reported. In our recent report, 
we found that overexpression of adiponectin in prostate cancer cells decreased production 
of VEGF-A, while adiponectin depletion increased VEGF-A. Furthermore, adiponectin seemed 
to activate AMPK/TSC2 to inhibit mTor-mediated activation of VEGF-A in PC3 cells [24]. 
However, the regulation of Adiponectin receptor signaling in PC cells are not understood.

In the current study, we aimed to answer this question. Then we used 4 human PC cell 
lines to study the mechanism. Since we obtained similar results from these 4 PC lines, we 
only showed our data using PC3 cells. In a previous bioinformatics screening, we identified 
several candidate miRNAs that may target 3’UTR on AdipoR1 mRNA. From these candidates, 
we found that miR-323 specifically increased in PC, compared to control tissue. Moreover, 
we detected strong inverse correlation between AdipoR1 and miR-323 in PC specimen, 
suggesting presence of a regulatory relationship. 

We thus examined whether miR-323 may inhibit the expression of AdipoR1. We either 
overexpressed or inhibited miR-323 expression in PC cells, which decreased or increased 
the protein levels of AdipoR1, respectively, without affecting AdipoR1 transcripts. These 
data suggest that AdipoR1 translational controls in PC cells may be regulated by miR-323, 
which is consistent with the function of miRNAs. Moreover, using luciferase reporter assay, 
we found that the binding of miR-323 to 3’UTR on AdipoR1 mRNA resulted in translation 
inhibition. Taken together, these findings strongly demonstrate a critical role of miR-323 in 
regulating AdipoR1 translation, rather than in regulating the degradation of AdipoR1 mRNA. 

In addition, we found that the modification of miR-323 levels in PC cells significantly 
altered VEGF-A levels, as a consequence of adaptation of Adiponectin-stimulated signal 
transduction. Our findings thus highlight miR-323/AdipoR1 axis as a novel target for 
regulating the cancer-associated neovascularization. These data suggest that modulation of 
miRNAs in PC cells may indirectly regulate VEGF-A-mediated cancer vessel formation, which 
could potentially reduce the adverse effects of VEGF-A antagonists in patients.
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