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Abstract. Prostate cancer (PCa) is a common malignant 
cancer in men worldwide. Numerous genetic variations 
have been associated with PCa, but their biological function 
remains unclear. Single nucleotide polymorphisms (SNPs) 
inside 3' untranslated region (UTR) affect gene expression, 
with one essential mechanism being regulation by micro 
(mi)RNAs. Based on data from genome-wide association 
study of the Consortium for Chinese Consortium for Prostate 
Cancer Genetics, rs1815009 and rs2684788 inside 3'UTR of 
insulin-like growth factor 1 receptor (IGF1R) presented signif-
icant genotype distribution between PCa and control samples. 
In the current study, targeting miRNAs were predicted using 
TargetScan and miRanda. The prediction was confirmed 
using a thermodynamic model for miRNA-target interaction 
and luciferase reporter assays for miRNA binding inside 
IGF1R 3'UTR. Furthermore, data from public databases and 
miRNA overexpression further supported miRNAs function. 
The results suggested that miR-133a and miR-133b may bind 
near rs1815009, and miR-455 near rs2684788, within IGF1R 

3'UTR. Compared with normal tissues, miR-133a, miR-133b 
and miR‑455 exhibited significantly lower expression in PCa 
tissues in the public datasets analyzed. The results of the 
present study revealed an association between rs1815009, 
rs2684788 and PCa risk, which involves altered miRNA regu-
lation and contributes to cancer susceptibility.

Introduction

Prostate cancer (PCa) is the second most frequently diagnosed 
cancer in men worldwide (1), and remains a leading cause of 
cancer-associated mortality (2). The incidence rates for PCa 
increased between 2000 and 2011, with an estimated 60,300 
new cases in China in 2015 (3). Genetic variations affect the 
initiation and progression of PCa, and men with a family 
history of PCa have a two-fold increased risk of developing 
PCa, usually with an earlier age of onset (4). Genome-wide 
association studies (GWAS) have identified 100 risk variants 
for PCa, which may explain ~33% of the familial risk of the 
disease (5). However, the biological function of numerous 
genetic variations remains to be discovered.

Accumulating evidence suggests gene expression may 
be altered by single nucleotide polymorphisms (SNPs) in 
the 3' untranslated region (UTR), and one essential mecha-
nism involves regulation by microRNAs (miRNAs) (6,7). 

miRNAs are small non-coding RNAs, composed of 18-24 
nucleotides, that are involved in the regulation of essential 
biological processes, including cell proliferation, differentia-
tion and apoptosis (8,9). miRNAs modulate the expression of 
protein-coding genes by binding to the full or part of their 
complementary sequence in the 3' or 5'UTR of the coding 
sequence (10,11). Polymorphisms in miRNA binding sites 
affect the binding efficacy of miRNAs and consequently alter 
the expression of target genes (6,7,9,12,13).

Insulin-like growth factor 1 receptor (IGF1R) is a trans-
membrane tyrosine kinase receptor, characterized by a 
heterodimer of α- and β-chains, and is activated by its ligands 
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insulin-like growth factor 1 (IGF1) and insulin-like growth 
factor 2 (IGF2) (14). Activation of IGF1R is associated with 
improved growth, proliferation, angiogenesis and survival (15). 
Numerous studies have demonstrated that IGF1R serves an 
important role in the risk and progression of PCa (16,17). In 
our previous study (18), an association analysis for the reverse 
tyrosine kinase-extracellular signal-regulated kinase pathway 
was performed based on the GWAS data from the Consortium 
for Chinese Prostate Cancer Genetics (ChinaPCa), which 
identified two SNPs (rs1815009 and rs2684788) in the 3'UTR 
of IGF1R presented significant genotype distribution between 
PCa and control samples.

Based on the important regulatory function of miRNAs 
at the transcriptional level, two miRNA binding prediction 
tools [TargetScan (19) and miRanda (20)] were used to predict 
the binding of miRNAs in the IGF1R 3'UTR. The predicted 
results revealed that miR-133a and miR-133b may bind near 
rs1815009, and miR-455 near rs2684788, within the IGF1R 
3'UTR. In addition, a thermodynamic model was applied to 
analyze the binding affinity of miR‑133a and miR‑133b for 
rs1815009, and miR-455 for rs2684788 under different vari-
ants, which demonstrated that the binding of these miRNAs 
would be affected. A dual-luciferase reporter assay was 
performed on 293 cells to verify the binding affinity predicted 
by the thermodynamic model. Finally, whether IGF1R expres-
sion was affected by these miRNAs was investigated through 
overexpression of miR-133a, miR-133b or mir-455 in PC3 and 
LNCaP cells.

Materials and methods

Thermodynamic model for the miRNA‑target interaction. 
The sequence of the 3'UTR of IGF1R was retrieved from the 
University of California Santa Cruz database (http://genome.
ucsc.edu/) in the human genome assembly GRCh37/hg19. The 
targets for miRNA binding in the IGF1R 3'UTR containing 
two polymorphisms, rs1815009 or rs2684788, were predicted 
using the TargetScan7.1 (http://www.targetscan.org) (19) and 
miRanda databases (http://www.microrna.org) (20). Mature 
human sequences were downloaded from the National Center for 
Biotechnology Information (https://www.ncbi.nlm.nih.gov/). 
A parameter-free thermodynamic model was used (21,22) to 
investigate the binding affinity of miR‑133a and miR‑133b for 
the C or T allele of rs1815009, and miR-455 for the C or T allele 
ofrs2684788. In this model, ETarget represented the energy of the 
dissociated mRNA target region with no miRNAs interacting 
with it, EIntermediate indicated the energy required to make the 
target region accessible for microRNA binding, and EComplex 
is the energy of the microRNA-target complex, the binding of 
which was consistent with the constraints imposed by the seed 
region (6,7,23). RNAfold software (Vienna RNA Package; 
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) 
was used to compute all ensemble free energies with the parti-
tion function algorithm for folding and the default settings. 
The RNAfold was modified to calculate the EIntermediate and 
EComplex in order to construct the connectivity matrix of the 
intermediate or complex product secondary structures, and the 
corresponding structure-associated energies were calculated. 
The target sequence size contained the relevant miRNA target 
seed region, the relevant IGF1R SNP site and the nucleotides 

surrounding the SNP site. The site length provided for the 
RNAfold was 42 nt for rs1815009 and 60 nt for rs2684788. 
The value of the selected target size for rs1815009 and 
rs2684788 was chosen to reduce the time complexity of the 
aforementioned computations, particularly as the results were 
not altered when the length of the target was extended (Fig. 1). 
The ΔEa is the difference between ETarget and EIntermediate, and 
ΔEb is the difference between ETarget and EComplex (6,7).

Literature search. A thorough literature search was performed 
using PubMed on miRNA expression profiling studies for PCa 
with the following key words: Prostate and (cancer OR tumor 
OR tumor) and (mirna OR microrna OR mir-). Additionally, 
miRNA expression profiles for PCa were retrieved by 
searching the Gene Expression Omnibus (GEO) (http://www.
ncbi.nlm.nih.gov/geo/) (24). Profiles whose data published 
between June 14, 2007 and April 28, 2015 were selected. The 
inclusion criteria were as follows: i) Experimental samples 
consisting of prostate tumor and non-tumor tissues, for which 
the complete raw or normalized microarray data was avail-
able; ii) data included genome-wide miRNA expression; 
iii) Homo sapiens as the studied organism; iv) samples that 
had not been subjected to adjuvant therapy; and v) the number 
of PCa and normal controls was >15. For the present study, the 
non-tumor tissues included adjacent tissues of PCa or tissues 
from independent healthy donors, but excluded benign pros-
tatic hyperplasia. The data extracted from each GEO dataset 
was as follows: Tumor sample type, country, platform, experi-
mental materials and number of samples (Table I). The list of 
miRNAs with statistically significant expression in PCa was 
extracted from the publications. All statistical analyses were 
performed using GEO2R.

Processing of data obtained from the cancer genome atlas. 
The normalized miRNA-HiSeq expression values and PCa 
clinical information was downloaded from the Cancer 
Genome Atlas (TCGA) (http://cancergenome.nih.gov/). The 
reads/million miRNA mapped (RPM) normalized values for 
miRNA expression were further log2-transformed. The fold 
change in miRNA expression between tumors and normal 
tissues was calculated using the median-centered RPM values. 
The information for TCGA dataset is presented in Table I. The 
difference in expression between PCa and normal tissue was 
analyzed using an independent sample t-test.

Plasmid construction and luciferase reporter assay. 
Truncated UTR sequences containing the SNP region 
were amplified by polymerase chain reaction (PCR) from 
genomic DNA, then ScaI cloned into the 3'UTR of the 
pmirGLO-control vector (Promega Corporation, Madison, 
WI, USA) following the manufacturer's protocol. The 
3'UTR reporter vector for IGF1R, containing the C allele 
of rs1815009 and seed region of miR-133a or miR-133b, 
was named pmirGLO-rs1815009-IGF1R-[C]. Plasmids 
carrying the 3'UTR with the T allele were designated as 
pmirGLO-rs1815009-IGF1R-[T]. Likewise, two 3'UTR 
constructs for rs2684788 containing the C or T alleles 
were designated as pmirGLO-rs2684788-IGF1R-[C] and 
pmirGLO-rs2684788-IGF1R-[T]. Each plasmid was co-trans-
fected with the miRNA precursor (pre-133a, pre-133b, 
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pre-455 or scrambled negative control; Shanghai GenePharma 
Co., Ltd., Shanghai, China) in 293 cells cultured in 24-well 
plates. The following sequences were used: Pre-133a, AAT 
TCA CAA TGC TTT GCT AGA GCT GGT AAA ATG GAA CCA 
AAT CGC CTC TTC AAT GGA TTT GGT CCC CTT CAA CCA 
GCT GTA GCT ATG CAT TGA ACC GG; pre-133b, AAT TCC 
CTC AGA AGA AAG ATG CCC CCT GCT CTG GCT GGT CAA 
ACG GAA CCA AGT CCG TCT TCC TGA GAG GTT TGG TCC 
CCT TCA ACC AGC TAC AGC AGG GCT GGC AAT GCC CAG 
TCC TTG GAG AAC CGG; pre-455, AAT TCT CCC TGG CGT 
GAG GGT ATG TGC CTT TGG ACT ACA TCG TGG AAG CCA 
GCA CCA TGC AGT CCA TGG GCA TAT ACA CTT GCC TCA 
AGG CCT ATG TCA TCA CCG G; and scrambled negative 
control, AAA TGT ACT GCG CGT GGA GAC. Following trans-
fection with Lipofectamine 2000 reagent (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA), 1.5x106 cells/ml 
cells were cultured for 24 h, then lysed in passive lysis buffer, 
according to the Dual-Luciferase® Reporter Assay system 
kit (Promega Corporation), and luciferase activity was 
measured with a Tecan M1000 microplate reader (Tecan 
Group, Ltd., Mannedorf, Switzerland). A dual-luciferase 
system was utilized in this assay, containing two luciferase 
enzymes, one containing the luc2 reporter gene that reports 
miRNA activity, and another containing the hRluc-neo 
reporter gene used as a control reporter for normalization 
of gene expression. Normalization of the empty pmirGLO 
vector was performed using the Renilla/firefly luciferase 
ratios. Each luciferase assay was performed in triplicate and 
the mean value was calculated.

Cell culture and transfection. The human PCa cell line 
PC3 was obtained from the American Type Culture 
Collection (Manassas, VA, USA), and the human PCa cell 
line LNCaP and the 293 cell line were purchased from 
the Type Culture Collection of the Chinese Academy of 
Sciences (Shanghai, China). The PC3 cells were maintained 
in Dulbecco's modified Eagle's medium (DMEM)/F12 
(HyClone; GE Healthcare Life Sciences, Logan, UT, USA) 
supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco; 
Thermo Fisher Scientific, Inc.). LNCaP cells were cultured 
in RPMI‑1640 (Gibco; Thermo Fisher Scientific, Inc.) with 
10% (v/v) FBS, and 293 was cultured in DMEM supplemented 
with 10% (v/v) FBS, 1% (v/v) penicillin and streptomycin. All 
cultures were cultured in an incubator set to 37˚C with 5% CO2. 
Then, 0.5 µg knockdown synthetic oligonucleotides (pre-133a, 

pre-133b, pre-455, pre-455 inhibitor and pre-control) were 
transfected when cells reached 80-90% confluence, using 
Lipofectamine 3000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocol.

DNA sequencing. PC3 and LNCaP cells at the log growth 
phase were collected for DNA isolation. Genomic DNA 
was extracted using MiniBEST Universal Genomic DNA 
Extraction kit (Takara Bio, Inc., Otsu, Japan), following the 
manufacturer's protocol. The SNP-containing region was 
amplified with Premix Taq (Takara Bio, Inc.). Sequencing of 
the PCR product was performed using the BigDye Terminator 
Reaction Chemistry v3.1 sequencing kit (Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol, 
and sequence analyses were performed with DNASTAR 7.0 
(DNASTAR, Madison, WI, USA).

RNA extraction and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). After 48 h of trans-
fection, the PC3 and LNCaP cells were harvested for RNA 
isolation. Total RNA was extracted using the mirVana™ 
miRNA Isolation kit (Ambion; Thermo Fisher Scientific, Inc.), 
following the manufacturer's protocol. Total RNA from PC3 
and LNCaP cells was used to synthesize cDNA using the 
PrimeScript™ RT Master Mix (Takara Bio, Inc.). The PCR 
reaction conditions were as follows: 37˚C for 15 min and 
85˚C for 5 sec. RT‑qPCR was performed in triplicate using 
PowerUp™ SYBR®-Green Master mix with a 7500 Real-Time 
PCR System (both form Applied Biosystems; Thermo Fisher 
Scientific, Inc.). The RT‑qPCR reaction conditions were as 
follows: 50˚C for 5 min; 95˚C for 2 min; and 40 cycles of 95˚C 
for 15 sec and 60˚C for 1 min. The primers used are listed 
in Table II. The relative mRNA expression in the control and 
experimental groups of PC3 and LNCaP was determined 
using the 2-ΔΔCq method (25), and normalized to GAPDH or 
β-actin mRNA expression levels.

Western blot analysis. Post-transfected cells (PC3 and 
LNCaP) were collected for protein isolation following 48 h of 
incubation. Total protein was extracted with radioimmunopre-
cipitation assay buffer (Beyotime Institute of Biotechnology, 
Beijing, China) with Halt Protease Inhibitor Cocktail (100X; 
Thermo fisher Scientific, Inc.) and quantified with the 
bicinchoninic acid assay, and 50 µg of protein/lane was sepa-
rated on a 12% SDS-PAGE gel and transferred to a 0.2-µm 

Table I. Brief overview of the GEO datasets.

 Tumor   Experimental Number of
Series ID sample type Country Platform materials samples

GSE36803 Primary North American Affymetrix GeneChip array Tissue (Homo sapiens) 21 pairs
GSE8126 Primary North American OSU-CCC hsa-miRNA-chip Tissue (Homo sapiens) 60 T+16N
   version 3
TCGA Primary North American Illumina HiSeq 2000 miRNASeq Tissue (Homo sapiens) 498T+52N

T, tumor sample; N, non-tumor sample; TCGA, The Cancer Genome Atlas; GEO, Gene expression omnibus.
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polyvinylidene fluoride membrane (EMD Millipore, Billerica, 
MA, USA). Blots were blocked with 5% milk, TBS and 0.1% 
Tween-20 at room temperature for 2 h. Blots were incubated 
with the primary anti-mouse IGF-IR antibody (cat. no., 3G5C1; 
1:2,000; Novus Biologicals, Ltd., Cambridge, UK) or tubulin 
(cat. no., 66240-1-lg; 1:2,000; ProteinTech Group, Inc., Chicago, 
IL, USA) at 4˚C for 12 h. Subsequently, blots were incubated 
with the horseradish peroxidase‑conjugated Affinipure Goat 
Anti-Mouse IgG (H+L) second antibody (cat. no., SA00001-1; 
1:10,000; ProteinTech Group, Inc.) at room temperature for 
2 h. BeyoECL Plus (Beyotime Institute of Biotechnology) was 
used as the visualization reagent. The intensity of the protein 
bands was quantified using Odyssey 2.1 software (LI‑COR 
Biosciences, Lincoln, NE, USA).

Cell migration and invasion assay. Transfected LNCaP cells 
(pre-455, pre-455 inhibitor and pre-control) growing in the log 

phase were harvested for use in the migration and invasion 
assays. A total of 4x105 cells in serum-free RPMI-1640 (200 µl) 
were seeded into the upper chamber of 8-µM pore Transwell 
plates (Costar; Corning Incorporated; Corning, NY, USA), 
coated with or without Matrigel (BD Biosciences, San Jose, CA, 
USA). RPMI‑1640 (600 µl) filled with 10% (v/v) FBS was added 
to the lower chamber. The cells were allowed to migrate towards 
RPMI-1640 containing 10% (v/v) FBS for 48 or 72 h at 37˚C. 
Cells on the top surface of the insert were removed by scraping, 
and the migrated and invasive cells were fixed for 10 min using 
100% methanol and stained for 20 min with 1% crystal violet 
(both at room temperature). Subsequently, cells were imaged 
at x20 magnification using an inverted phase contrast micro-
scope (TS100-F; Nikon Corporation, Tokyo, Japan), removed 
the crystal violet dye retained on the filters using 33% acetic 
acid (600 µl) and then transferred the solution containing crystal 
violet to 96-well plates (150 µl/well). Values for migration and 
invasion were obtained by measuring absorbance of the solu-
tion at 570 nm using an ELISA reader (BioTek ELx-800; BioTek 
Instruments, Inc., Winooski, VT, USA) (26), and presented as 
the mean of at least three independent experiments.

Statistical data analysis. The figures were generated with 
GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, 
USA). Data are presented as the mean ± standard error the 
mean and were compared using a Student's t-test (two-tailed). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

rs1815009 (C/T) overlaps the predicted binding sites of 
miR‑133a and miR‑133b, and rs2684788 (C/T) overlaps 
miR‑455 in the IGF1R 3'UTR. The alleles of rs1815009 and 
rs2684788 in the IGF1R 3'UTR in the present study were 
primarily based on GWAS data from ChinaPCa. In our 
previous study, rs1815009 and rs2684788 were identified to be 
significantly associated with PCa using the same dataset (18). 
Among the PCa cases, rs1815009 was identified to be a 
common variant, with a frequency of ~52.12% for C the allele 
and 47.88% for the T allele, and healthy individuals exhibited a 
common variant with a frequency of ~48.57% for the C allele 
and 51.43% for the T allele. In addition, among the PCa cases, 
rs2684788 was demonstrated to have a frequency of ~52.23% 
for the C allele and 47.77% for the T the allele, and the healthy 
population exhibited a common variant with a frequency of 
~47.43% for the C allele and 52.57% for the T allele. The 
3'UTR was demonstrated to be an important region for miRNA 
binding to genes. To clarify the function of these two poly-
morphisms on miRNA binding, the target miRNA sequence 
was predicted using TargetScan and miRanda. By combining 
the results obtained from TargetScan (19) and miRanda (20), 
miR-133a, miR-133b and miR-455 were predicted to bind 
to the IGF1R 3'UTR (Fig. 2A). Furthermore, rs1815009 
was located near the binding seed regions of miR-133a and 
miR-133b, and rs2684788 was located near the binding seed 
region of miR-455 (Fig. 2B).

Minimum free energy (MFE) of miR‑133a, miR‑133b and 
miR‑455 binding to the IGF1R 3'UTR differs between allelic 

Table II. Primer sequences used in the present study.

Genes Primers (5'-3')

IGF1R
  F ATGCTGACCTCTGTTACCTCT
  R GGCTTATTCCCCACAATGTAGTT
β-actin
  F AACTCCATCATGAAGTGTGA
  R ACTCCTGCTTGCTGATCCAC
GAPDH
  F ATCTCTGCCCCCTCTGCTGA
  R GATGACCTTGCCCACAGCCT
MMP2
  F AACTACGATGATGACCGCAAG
  R GACAGACGGAAGTTCTTGGTG
CDH1
  F ACTCGTAACGACGTTGCACCA
  R GGTCAGTATCAGCCGCTTTCAG
VEGFA
  F CCTTGCTGCTCTACCTCCAC
  R GAAGATGTCCACCAGGGTCTC
BCL2
  F TCGCCCTGTGGATGACTGA
  R CAGAGACAGCCAGGAGAAATCA 
SNP
  F ACCCATCTCTCCCAGGACC
  R CTGGCAGAAGGAGGTTGCAT
SNP2
  F CAGGCAGCACCATCTCTGTG
  R CCAATGTGCACCGAGCATCT

F, forward; R, reverse; IGF1R, insulin-like growth factor 1 receptor; 
MMP2, matrix metalloproteinase-2; CDH1, E-cadherin; VEGFA, 
vascular endothelial growth factor A; BCL2, B-cell lymphoma-2; 
SNP and SNP2, single nucleotide polymorphisms in the IGF1R3' 
untranslated region.
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Figure 2. Schematic depiction of miR-133a, miR-133b and miR-455 binding regions within the IGF1R 3'UTR. (A) Schematic representation of the IGF1R 
3'UTR according to NCBI reference sequence NM_000875.4 Numbering starts from the first nucleotide of the 3'UTR, SNPs rs1815009 and rs2684788 are 
present in positions 4000 and 3766, respectively. The seed sequences of miR-133a and miR-133b are located in position 4007-4013, and the seed region 
of miR-455 is located in the position 3782-3788. (B) Schematic depiction of the constructs used for the luciferase reporter assay. The sequences below 
demonstrated the nucleotides that are mutated to generate the SNPs (a) rs1815009 and (b) rs2684788 of the C allele (pmirGLO-rs1815009-IGF1R-[C] and 
pmirGLO-rs2684788-IGF1R-[C]) and T allele (pmirGLO-rs1815009-IGF1R-[T] and pmirGLO-rs2684788-IGF1R-[T]), within the 3'UTR. IGF1R, insulin-like 
growth factor 1 receptor; 3'UTR, 3' untranslated region; seq, sequence; miR, microRNA; SNP, single nucleotide polymorphism.

Figure 1. Energies of IGF1R 3'UTR secondary structures of different sequence lengths. MFE for the secondary structure of the IGF1R 3'UTR sequence 
surrounding the binding regions of (A) miR-133a or miR-133b and (B) miR-455, located 20 nt from the relevant seed region of the 3'-end of the IGF1R 3'UTR. 
To avoid a sequence length-dependent effect, the free energies (y-axis) were calculated as a function of length ranging between 37 and 42 nt extending from 
the 5'-end of the miR-133a or miR-133b binding sites in an upstream direction toward the 3'UTR of IGF1R, and as a function of length ranging between 50 and 
60 nt extending from the 5'-end of the miR-455 binding site in an upstream direction. The results demonstrated that the free energies were relatively insensitive 
to inclusion of additional regions outside of the miRNA binding sites. Diff, energy difference between C allele and T allele structures; IGF1R, insulin-like 
growth factor 1 receptor; 3'UTR, 3' untranslated region; seq, sequence; MFE, minimum free energy; miR, microRNA.
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variants of SNP rs1815009 (C/T) and rs2684788 (C/T). In 
order to analyze the binding affinity of miR‑133a, miR‑133b 
and miR-455 to the IGF1R 3'UTR of different variants 
(rs1815009 and rs2684788), a parameter-free thermodynamic 
model was generated (21). The free energy of secondary 
structure-based molecules was calculated for each stage of the 
binding process: ETarget represents the energy of the dissoci-
ated mRNA target region; EIntermediate is the energy required 
to make the target region accessible for miRNA binding; and 
EComplex is the energy of the miRNA-target complex (6,7,23). 
The activation energy (ΔEa) was calculated as the differ-
ence between EIntermediate and ETarget, whereas the binding 
energy (ΔEb) was equivalent to the interaction score, which is 
the difference between EComplex and ETarget (6,7,23).

 Compared 

with the C allele, the T allele of rs1815009 exhibited a higher 
Etarget and lower ΔEa, indicating that the binding affinity of 
miR-133a for the T allele was stronger compared with that 
of the C allele. The same phenomenon was observed for 
miR-133b. A higher Etarget and lower ΔEa was identified for 
the rs2684788-IGF1R C allele, suggesting that this allele was 
more accessible for miR-455 binding. Furthermore, the ΔEb of 
miR-133a or miR-133b to the rs1815009-IGF1R C allele was 
increased compared with that of the T allele, suggesting that 
miR‑133a and miR‑133b exhibited a higher binding affinity 
for the C allele. Regarding the other SNP, the ΔEb of the 
rs2684788-IGF1R C allele was reduced compared with that 
for the T allele, suggesting that miR-455 exhibited a higher 
binding affinity for the T allele (Fig. 3).

Figure 3. Thermodynamic model of miR‑133a, miR‑133b and miR‑455 binding to the IGF1R 3' untranslated region, and the influence of single nucleotide 
polymorphisms. The secondary structure-based energies for different miRNA-target binding processes, where the ΔEa is the energy difference between the 
transition state and the original target, and the ΔEb is the energy difference between the complex and target. Schematic for the binding energy diagram of 
(A) rs1815009 to miR-133a, (B) rs1815009 to miR-133b, and (C) rs2684788 to miR-455. ΔEa, activation energy; ΔEb, binding energy; IGF1R, insulin-like 
growth factor 1 receptor; seq, sequence; miR, microRNA.
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Expression analysis of miR‑133a, miR‑133b and miR‑455 in 
GEO and TCGA. According to the inclusion criteria, four 
datasets [GSE36803 (27), GSE8126 (28), GSE23022 (29) and 
TCGA datasets] were selected to evaluate the miRNA expres-
sion in PCa. However, the GSE23022 dataset is primarily 
derived from moderately differentiated PCa samples, unlike 
the other three datasets which are from primary PCa samples, 
therefore, this dataset was removed. In total, 579 carcinoma 
samples and 89 normal samples were included in the present 
study. With the exception of miR-133b in the GSE8126 
dataset, the expression levels of all three miRNAs (miR-133a, 
miR-133b and miR-455) in PCa tissues were significantly 
lower compared with that of normal tissues in the three data-
sets (Fig. 4). This result indicated that miR-133a, miR-133b 
and miR-455 are likely to be dysregulated in PCa.

Effect of PCa susceptibility polymorphisms rs1815009 
and rs2684788 on miRNA binding. An in vitro luciferase 
reporter assay was performed to verify whether the two SNPs, 
rs1815009 and rs2684788, are able to affect miRNA binding. 
For each SNP, pmirGLO constructs were generated carrying 
the C or T allele for rs1815009 and rs2684788. These plas-
mids were designated as pmirGLO-rs1815009-IGF1R-[C] 
and pmirGLO-rs1815009-IGF1R-[T] for rs1815009, and 

pmirGLO-rs2684788-IGF1R-[C] and pmirGLO-rs2684788- 
IGF1R-[C] for rs2684788 (Fig. 2). Each of the pmirGLO 
constructs was analyzed for luciferase activity levels in 293 
cells that overexpressed the predicted interacting miRNAs 
or the scrambled negative control. When miR-133a or 
the scrambled negative control was co-transfected with 
pmirGLO-rs1815009-IGF1R constructs, the luciferase activity 
for the C allele was significantly increased compared with 
the T allele (Fig. 5A), suggesting a stabilizing rather than 
inhibitory role, resulting in stronger binding of miR-133a to 
the rs1815009-IGF1R C allele. Conversely, according to the 
parameter-free thermodynamic model, it was predicted that 
the rs1815009-IGF1R C allele may exhibit a higher binding 
affinity and decreased miR‑133b binding energy compared 
with the T allele, which was in agreement with the results 
of the luciferase assay. These results suggest a significantly 
higher suppressive effect of miR-133b when interacting with 
the construct containing the C allele (Fig. 5B). Furthermore, 
the luciferase assay demonstrated a statistically significant 
suppressive effect of miR-455 on the construct carrying the 
T allele (Fig. 5C), indicating that miR-455 had a primary 
binding efficacy for the rs2684788‑IGF1R C allele. Overall, 
the results of the in vitro luciferase reporter assays were 
consistent with the MFE prediction.

Figure 4. GEO and TCGA data for three miRNAs involved in prostate cancer. (A) Expression of three miRNAs in primary solid tumors (n=21) and normal 
solid tissue (n=21). (B) Expression of three miRNAs in primary and metastatic tumors (n=70) and normal solid tissue (n=16). (C) The expression of three 
miRNAs in primary solid prostate tumor (n=498) and normal solid tissue (n=52). Expression values were calculated using log2-transformed reads/million 
miRNA mapped values. Data for (A) and (B) was obtained from GEO, and data for (C) was from TCGA. GEO, the Gene Expression Omnibus; TCGA, the 
Cancer Genome Atlas; miRNA/miR, microRNA.
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Overexpression of miRNAs affect the IGF1R mRNA and 
protein expression levels. To determine the effect of rs1815009 
and rs2684788 on the mRNA and protein expression levels of 

endogenous IGF1R in vitro, PCa cell lines (PC3 and LNCaP) 
were transfected with miRNA precursors of the interacting 
miRNAs. RT-qPCR analysis demonstrated that, with the 

Figure 5. Effect of miRNAs that target the IGF1R 3' untranslated region containing SNP rs1815009 (variants C and T) and rs2684688 (variants C and T). 
Results from the luciferase assays for (A) miR-133a, (B) miR-133b and (C) miR-455 in 293 cells. The luciferase activity for the pGL3-SNP constructs of 
rs1815009 or rs2684788 co-transfected with the predicted interacting miRNAs or the scrambled negative control (=1). Values represent the average ± standard 
error of the mean of three independent experiments performed with three replicates. Statistical significance was calculated using a Student's t‑test. IGF1R, 
insulin-like growth factor 1 receptor; SNP, single nucleotide polymorphism; miRNA/miR, microRNA.

Figure 6. Effect of miR-133a, miR-133b or miR-455 overexpression on IGF1R at the mRNA and protein levels. Results for the RT-qPCR and western blot 
analyses for miR-133a in (A) PC3 and (B) LNCaP cells; for miR-133b in (C) PC3 and (D) LNCaP cells; and miR-4 55 in (E) PC3 and (F) LNCaP cells. 
RT-qPCR analysis of IGF1R is represented as relative expression in the cells transfected with pre-133a, pre-133b, pre-455 or a scrambled negative control, and 
the data were analyzed using β-actin as an endogenous control for normalization. The western blots demonstrated the IGF1R protein in the cells transfected 
with pre-133a, pre-133b, pre-455 or a scrambled negative control. The numbers represent the relative band intensities, measured by densitometry analysis and 
normalized using tubulin as an endogenous control. Statistical significance was calculated using a Student's t‑test. ***P<0.001. IGF1R, insulin-like growth 
factor 1 receptor; miR, microRNA; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; ctrl, control.
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exception of overexpression of miR-133a in PC3 cells, forced 
expression of the interacting miRNAs significantly suppressed 
IGF1R expression at the transcriptional level in PCa cells 
(PC3 and LNCaP) compared with the miR-control (Fig. 6). 
In addition, western blot analysis demonstrated that miR-133b 
markedly downregulated the expression of the IGF1R 
protein in LNCaP cells containing the rs2684788-IGF1R 
C allele (Fig. 6D, right). A similar suppressive effect was 
observed in PC3 cells that overexpressed miR-455 (Fig. 6E, 
right). Taken together, these results suggest that miR-133b 
directly regulates IGF1R gene expression at the mRNA and 
protein levels in LNCaP cells, whereas miR-133a regulates 
IGF1R gene expression at the mRNA level in LNCaP cells, 
but not in PC3 cells. Therefore, the rs2684788 SNP exhibited a 
functional effect on the miR‑455 binding efficacy in PC3 cells.

Overexpression of miRNAs affect genes associated with inva‑
sion, migration and apoptosis at the mRNA levels. In order 
to analyze the effect of miR-133a, miR-133b and miR-455 on 
the expression of genes associated with the biological activity 
of tumors, including cell invasion, migration and apoptosis, 

miRNA precursors (pre-133a, pre-133b, pre-455 or scrambled 
negative control) were transfected into PC3 and LNCaP cell 
lines. Expression levels were determined 48 h after transfec-
tion. Matrix metalloproteinase 2 (MMP-2) in transfected 
LNCaP cells was demonstrated to be significantly suppressed 
by miR-133a, miR-133b and miR-455, and was suppressed 
by miR-455 in PC3 cells compared with the miR-control. 
E‑cadherin (CDH1) was significantly upregulated in LNCaP 
cells that overexpressed miR-133a, and in PC3 cells that 
overexpressed miR-455, but exhibited mild downregulation in 
LNCaP cells that overexpressed miR-455 compared with the 
miR-control. Forced expression of miR-133b and miR-455 in 
LNCaP cells resulted in mild suppression of vascular endo-
thelial growth factor A (VEGFA), but the overexpression of 
miR‑133a in LNCaP cells led to a more significant downregu-
lation at the transcriptional level. B-cell lymphoma-2 (BCL-2) 
was significant upregulated in LNCaP cells with forced 
expression of miR-133a, but a suppressive effect was observed 
in post-transfected LNCaP cells that overexpressed miR-133b 
compared with the miR-control. These results are presented 
in Fig. 7.

Figure 7. Effect of miR-133a, miR-133b or miR-455 overexpression on the transcription of genes associated with the biological function of tumors. Results 
from reverse transcription-quantitative polymerase chain reaction analysis of MMP2, CDH1, VEGFA, BCL-2 in PC3 cells transfected with (A) pre-133a, 
(C) pre-133b and (E) pre-455, and in LNCaP cells transfected with (B) pre-133a, (D) pre-133b and (F) pre-455, using GAPDH as an endogenous control for 
normalization. Statistical significance was calculated using a Student's t‑test. *P<0.05, **P<0.01 and ***P<0.001. MMP2, matrix metalloproteinase-2; CDH1, 
E-cadherin; VEGFA, vascular endothelial growth factor A; BCL2, B-cell lymphoma-2; GAPDH, glyceraldehyde-phosphate dehydrogenase; miR, micro-RNA; 
ctrl, control.
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miR‑455 enhances cell migration and invasion in LNCaP cells. 
To analyze the effect of miR-455 on prostate cells migration 
and invasion, post-transfected LNCaP cells were harvested 
to a Transwell assay was performed. After 48 h incubation, 
the migration rate was significantly increased in LNCaP cells 
with miR‑455 overexpression, and significantly suppressed in 
cells that were treated with miR-455 inhibitor compared with 
the miR-control (Fig. 8A). Similarly, after 72 h incubation, the 
invasion rate in LNCaP cells with miR-455 overexpression 
was significantly increased, and significantly decreased in 
LNCaP cells treated with miR-455 inhibitor compared with 
the miR-control (Fig. 8B).

Discussion

Polymorphisms in miRNA target binding sites affect the 
binding efficacy of miRNAs. Consequently, the miRNA 
binding affinity for the target may be affected, which may 
potentially alter the expression of the target gene, thereby 
contributing to the susceptibility for developing certain 
diseases. Indeed, genetic polymorphisms that alter miRNA 
binding have been associated with disease risk in multiple 
studies (6,7,9,12,13). From an association analysis based on 
the GWAS data of ChinaPCa, we previously identified two 
SNPs (rs1815009 and 2684788) in the IGF1R 3'UTR with 
significant genotype distribution between PCa and control 
samples (18). IGF1R serves an important role in the risk and 
progression of PCa (16,17). In the present study, bioinformatics 
analysis was used, which revealed that rs1815009 is located 
near the binding seed regions of miR-133a and miR-133b, and 
rs2684788 is located near the binding seed region of miR-455. 
In addition, the binding affinity of these three miRNAs was 
altered by different alleles, as predicted using a parameter-free 

thermodynamic model (21). The expression of miR-133a, 
miR‑133b and miR‑455 from three miRNA profiling datasets 
in GEO and TCGA demonstrated a significant difference 
between PCa and normal tissues. The in vitro luciferase 
reporter assays further confirmed the binding affinity of 
these three miRNAs, which was altered by different alleles. 
In PC3 cells, overexpression of the three miRNAs resulted in 
suppression of VEGFA, with the overexpression of miR-133a 
leading to the most significant level of downregulation at the 
transcriptional level in LNCaP cells.

There are two copies of miR-133a, miR-133a-1 and 
miR-133a-2, located on chromosomes 18q11.2 and 20q13.33, 
respectively (28). miR-133 has been demonstrated as a potent 
suppressor of non-muscle expression of genes involved in cell 
fate determination during mouse and human embryonic stem 
cell differentiation (30). miR-133a inhibits cell proliferation, 
migration and invasion in PCa cells by targeting the epidermal 
growth factor receptor (31). In the present study, miR-133a in 
PCa tissues demonstrated lower expression in a large number 
of samples from GEO and TCGA, and this result was consis-
tent with a previous report (32). Gong et al (33) reported that 
miR-133a was downregulated in gastric cancer, and functions 
as a tumor suppressor in vitro and in vivo, partly by repressing 
IGF1R. Guo et al (34) reported that miR-133a overexpression 
repressed IGF1R 3'UTR reporter activity, and reduced the 
mRNA and protein levels of endogenous IGF1R in ovarian 
cancer. Other studies have also suggested that IGF1R is a poten-
tial target of miR-133a (35). In the present research, miR-133a 
was predicted to bind to the IGF1R ' UTR. It was demonstrated 
that the overexpression of miR-133a downregulated the mRNA 
expression of IGF1R in LNCaP cells in the current study. The 
MFE indicated that the C allele for rs1815009 had greater 
accessibility for miR-133a binding compared with the T allele, 

Figure 8. miR-455 enhances the migratory and invasive abilities of LNCaP cells. Values of cell migration and invasion were calculated according to the OD570 
values of LNCaP cells on the lower surface extracted using acetic acid. (A) After 48 h-incubation, post-transfected LNCaP cells migrated to the bottom surface 
of the Transwell membrane for the migration assay. (B) After 72 h-incubation, post-transfected LNCaP cells migrated to the bottom surface of the Transwell 
membrane pre‑coated with Matrigel for the invasion assay. Cells were imaged at x20 magnification. Statistical significance was calculated using a Student's 
t-test. *P<0.05 and **P<0.01. miR, microRNA; ctrl, control.
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which was consistent with the results of luciferase reporter 
assays. In addition, a population-based study on the ChinaPCa 
revealed that the C allele for rs1815009 was a common variant 
with a higher frequency among the cases with PCa, and a 
lower frequency among the healthy individuals. This suggests 
that the rs1815009 C allele is a crucial risk factor for PCa, via 
differential regulation of IGF1R with miR-133a.

miR-133b, located on chromosome 6p12.2 (36), is 
generally considered to be a muscle‑specific molecule that 
enhances myoblast differentiation (37). Although miR-133a 
and miR-133b are located on different chromosomes in the 
human genome, they have common target genes, including 
IGF1R, and are merely distinguished by a single nucleotide at 
the 3' end. Previous studies have demonstrated that miR-133b 
serves a crucial role in malignant tumors and non-muscle 
related diseases (38-40), including PCa (40). miR-133b 
expression was revealed to be significantly lower in colorectal 
carcinoma tissues compared with healthy colon tissues and 
adjacent non-tumor tissues, modulating cell apoptosis and 
invasion in colorectal carcinoma (41). In the present study, the 
expression of miR-133b in PCa tissue was lower compared 
with that of normal controls in large samples obtained from 
GEO and TCGA. miR-133b may serve an important role as 
a tumor suppressor gene in osteosarcoma and overexpression 
of miR-133b has been reported to decrease the expression of 
IGF1R (42). miR-133b was predicted to bind to the IGF1R 3'UTR 
in the current study. Furthermore, miR-133b was observed 
to bind more tightly to the C allele of rs1815009 within the 
IGF1R 3'UTR using a thermodynamic model. Subsequently, 
the miR-133b target region within the IGF1R 3'UTR and the 
binding affinity were validated, in which miR‑133b exhibited 
greater suppression of the C allele compared with the T allele, 
as measured using a dual-luciferase reporter assay. In addi-
tion, the population-based study by ChinaPCa revealed the 
C allele for rs1815009 was a common variant with a higher 
frequency among the cases with PCa, and exhibited at a lower 
frequency among the healthy population. Together with the 
results of IGF1R expression at the mRNA and protein levels, 
these results suggest that the C allele differentially regulates 
IGF1R with miR-133b. Therefore, the C allele for rs1815009 
is a key risk factor for PCa through binding with miR-133a or 
miR-133b.

miR-455-5p is located on chromosome 6, and accumulating 
evidence suggests that miR-455 serves essential roles in human 
cancer. Sand et al (43) identified 16 significantly upregulated 
miRNAs, including miR-455-5p, in basal cell carcinoma. 
Lv et al (41) demonstrated that miR‑455‑5p was significantly 
upregulated in thymic epithelial tumor tissues. However, 
miR‑455 was reported to be significantly downregulated in a 
colon cancer sample, and overexpression of miR‑455 signifi-
cantly inhibited the proliferation and invasion of SW480 cells, 
but had no evident effect on apoptosis (44). Pantaleo et al (45) 
identified seven miRNAs, including miR‑455‑5p that may alter 
IGF1R expression by targeting the IGF1R 3'UTR in gastro-
intestinal stromal tumor. The results for IGF1R expression at 
the protein level suggested a significant suppressive effect in 
PC3 cells containing the IGF1R-rs2684788 T allele, but not 
in LNCaP cells carrying the IGF1R-rs2684788 C allele. In 
addition, the population-based study of China PCa revealed 
that the T allele for rs2684788 was a common variant with a 

higher frequency among the cases with PCa, but exhibited at 
a lower frequency among the healthy population. Along with 
the results for IGF1R expression at the gene and protein levels, 
suggesting that the T allele of rs2684788 is a key risk factor 
for PCa through altered regulation of IGF1R by miR-455, as 
observed for prostate carcinoma.

MMP-2, one of the key enzymes involved in extracellular 
matrix (ECM) degradation, serves an essential role in the 
invasion and metastasis of various cancer types (46,47), and 
is significantly associated with the malignancy and metastasis 
of PCa (47). CDH1 gene, encoding the E-cadherin protein, is 
associated with infiltrative tumor growth patterns and lymph 
node metastasis in colorectal cancer (48). Abnormal CDH1 
expression has been associated with numerous human diseases, 
including PCa (49). VEGFA, a key angiogenic factor, induces 
endothelial cell proliferation, differentiation and migration, 
thus making VEGFA an important molecule in angiogen-
esis (50). The oncogene BCL-2, a repressor of apoptosis, has 
been reported to be upregulated in numerous cancer types (51). 
Elevated expression of BCL-2 is highly protective against 
apoptosis in vitro, resulting in resistance to androgen deple-
tion in vivo (52). In the present study, the expression levels of 
MMP-2 and VEGFA were downregulated in LNCaP cells that 
overexpressed miR-133a, miR-133b or miR-455. Furthermore, 
miR‑133a and miR‑133b have been identified to be associated 
with the migration and invasion of androgen-insensitive human 
PCa cells (31). In the present study, miR-455 was also demon-
strated to serve a role in the migration and invasion of LNCaP 
cells that are androgen-sensitive. Notably, MMP2 expression 
was regulated by mir-133b and mir-455. The expression level 
and activity of MMP2/9 have been revealed to be regulated 
by ERK1/2 in 293 and monocytic cells (53). In addition, aber-
rant miR-455-5p expression is partially regulated by activated 
ERK signaling in non-small cell lung cancer (54). It is possible 
that ERK1/2 regulates MMP2 by miR-455 in LNCaP cells. 
Future studies should focus on identifying drugs, which are 
able to target this process.

In conclusion, two miRNA binding prediction tools were 
used to predict the miRNAs that bind to the IGF1R 3'UTR, and 
revealed that rs1815009 (C/T) overlaps miR-133a and miR-133b, 
and rs2684788 (C/T) overlaps the predicted miR-455 binding 
site in the IGF1R 3'UTR. Predictions from a thermodynamic 
model for miRNA-target interaction and the results from 
the luciferase reporter assay were integrated to demonstrate 
that miR-133a and miR-133b may bind near rs1815009, and 
miR-455 near rs2684788, in the IGF1R 3'UTR. In addition, 
public data analysis revealed that miR-133a, miR-133b and 
miR‑455 demonstrated significantly lower expression in PCa 
tissue in the majority of public datasets. Furthermore, overex-
pression of miR‑455 significantly increased the migration and 
invasion rates in LNCaP cells. The results of the present study 
revealed that the association between rs1815009, rs2684788 
and PCa risk involves altered miRNA regulation. It may be 
suggested that miR-133a, miR-133b and miR-455 are useful 
diagnostic markers for PCa. However, future in vivo studies 
are required to confirm the results of the current study.
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