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Abstract. – OBJECTIVE: The aim of this 
study was to investigate the inhibitory role of mi-
croRNA-1299 (miR-1299) in prostate cancer, and 
to explore the possible underlying mechanism.

PATIENTS AND METHODS: The expression 
of miR-1299 in 35 PCa tissues and para-carci-
noma tissues, as well as PCa cell lines (PC-3) 
and prostatic epithelial cell line (RWPE-1), was 
detected by quantitative Real Time-Polymerase 
Chain Reaction (qRT-PCR). Then, we explored 
the possible targets of miR-1299 by search-
ing online databases. NIMA-related kinase 2 
(NEK2) was identified as a direct target gene of 
miR-1299. Subsequently, qRT-PCR, Western blot 
(WB), and luciferase reporter gene assay were 
used to further verify the correlation between 
miR-1299 and NEK2. To better characterize the 
role of miR-1299 and NEK2 in PCa, we conduct-
ed functional experiments (MTT, flow cytometry, 
scratch-wound, and transwell assay) by trans-
fecting PC-3 cells with miR-1299 mimics and si-
NEK2 in different groups. 

RESULTS: The expression level of miR-1299 
in PCa tissues was significantly lower than that 
of para-carcinoma tissues. Meanwhile, the ex-
pression of miR-1299 in PC-3 cells was also sig-
nificantly downregulated when compared with 
RWPE-1 cells. Subsequent qRT-PCR, WB, and 
luciferase reporter gene assay verified that miR-
1299 transcriptionally repressed NEK2 by inter-
acting with the essential binding sequence in 3’-
UTR. Also, functional experiments demonstrat-
ed that decreased expression of NEK2 resulting 
from miR-1299 up-regulation could remarkably 
inhibit the proliferation, invasion, and migration 
of PCa cells.

CONCLUSIONS: Our study indicated that miR-
1299 was a novel suppressor in PCa through its 
negative regulation of NEK2. Moreover, our find-
ings revealed that miR-1299/NEK2 axis might be 
a potential therapeutic target for the treatment 
of PCa.
Key Words:

Gastric cancer, microRNA, miR-198, Toll-like recep-
tor 4 (TLR4). 

Introduction

Prostate cancer (PCa) is one of the most com-
mon malignant tumors threatening men’s health. 
In 2012, approximately 1.1 million people were 
diagnosed with PCa around the world1. Accord-
ing to statistics, there are about 220,800 new cas-
es of PCa in the US per year, accounting for 1/4 of 
male malignant tumors2. In recent years, the inci-
dence of PCa has greatly increased in China3. In 
spite of prominent development in the screening, 
diagnosis, and treatment technology for PC, its 
mortality rate is quite high4,5. The main reason is 
that PCa is a typical heterogeneous disease with 
inconspicuous and slowly progressive symptoms. 
However, some other PCa symptoms develop rap-
idly, and metastases to bone or other organs may 
occur. This eventually leads to a relatively high 
mortality rate6.

MicroRNAs (miRNAs) are a category of en-
dogenous non-coding RNAs with 19-25 nucleo-
tides in length. MiRNAs specifically influence 
the expression of target genes at the post-tran-
scriptional level by binding to the 3’-untranslat-
ed region (3’-UTR) of target messenger RNAs 
(mRNAs)7. Therefore, they are not only RNA 
biomarkers that have been widely studied, but 
also research hotspots at present. In terms of 
tumor research, miRNAs play extensive and 
complex roles in malignant tumors. Abnormal 
expression of miRNAs is often associated with 
the process of multiple malignant tumors. Mean-
while, differentially expressed miRNAs can af-
fect the proliferation, differentiation, apoptosis, 
and invasion of tumor cells, as well as tumor 
vascularization by precisely regulating gene ex-
pression after transcription. Some studies8,9 have 
also demonstrated that miRNAs participate in 
each stage of the occurrence and development of 
malignant tumors.
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As a member of the miRNA family, miR-1299 
has been found to be a potential diagnostic mark-
er for rheumatic heart disease10. It may regulate 
skin pigmentation by targeting ARG211. In tumor 
research, miR-1299 exerts important regulatory 
effects in hepatocellular carcinoma12 and colon 
cancer13 by targeting CDK6 and STAT3, respec-
tively. Previous studies have indicated that miR-
1299 is downregulated in PCa, which attracts us 
most14. However, whether miR-1299 is involved 
in the development and progression of PCa has 
not been well elucidated.

NIMA-related kinase 2 (NEK2), a member 
of the cell cycle-regulating protein kinase fam-
ily, belongs to the centrosome-related protein 
kinase15. Scholars of relevant studies15-18 have 
discovered the interphase and mitotic phase. 
Also, a large number of researches have re-
vealed that NEK2 expression is abnormally 
elevated in multiple tumors. Furthermore, ab-
normality of NEK2 is involved in many links 
of the incidence and development of malignant 
tumors. These results suggest that NEK2 can 
serve as a potential target for the treatment 
of human malignant tumors19-23. Some studies 
have illustrated that NEK2 promotes malignant 
behavior of PCa cells and implies poor progno-
sis of PCa24.

In our previous studies, we discovered that 
miR-1299 expression was significantly down-reg-
ulated in PCa tissues. Bioinformatics software 
predicted that miR-1299 could target and bind to 
NEK2, which aroused our great interest. More-
over, a series of in vitro experiments were per-
formed to verify whether miR-1299 could in-
fluence the biological functions of PCa cells by 
regulating NEK2.

Patients and Methods

PCa Tissues and Cells
A total of 35 PCa patients undergoing radi-

cal prostatectomy in Beijing Friendship Hospital, 
Capital Medical University from January 2014 
to January 2017 were selected in this study. No 
patient received radiotherapy and chemotherapy 
before the operation. The specimens of carcino-
ma and para-carcinoma tissues resected during 
the operation were collected. This investigation 
was approved by the Ethics Committee of Beijing 
Friendship Hospital, Capital Medical University. 
The informed consent was obtained from each 
subject before the study.

Human PC-3 and human prostatic epithelial 
RWPE-1 cells were purchased from Shanghai 
Cell Bank of Chinese Academy of Sciences 
(Shanghai, China). PC-3 cells were cultured in 
Dulbecco’s Modified Eagle Medium (DMEM; 
Gibco, Rockville, MD, USA) containing 10% 
newborn fetal bovine serum (FBS; Gibco, Rock-
ville, MD, USA), 100 U/mL penicillin and 100 
mg/mL streptomycin in a 37°C, 5% CO2 incu-
bator. After the cells grew into the fusion state, 
they were digested with 0.25% trypsin and 
subjected to subculture. When the cells were 
cultured into the logarithmic phase with a cer-
tain number, they were collected for subsequent 
experiments.

Luciferase Reporter Gene Assay
Targeted binding of miR-1299 to NEK2 was 

predicted by online websites of bioinformatics, 
including: TargetScan, PicTar, and miRanda. The 
3’-UTR sequence of NEK2 was amplified in the 
genomic DNA of PC-3 cells via polymerase chain 
reaction (PCR). Subsequently, luciferase reporter 
gene vector pGL3 (pGL3-NEK2-WT) was insert-
ed, and its mutation vector (pGL3-NEK2-MUT) 
was constructed at the same time. PC-3 cells 
were co-transfected with the above-mentioned 
plasmids (1 mg) and miR-1299 mimics for 48 h. 
Finally, luciferase activity was measured by dual 
luciferase assay kit.

Cell Transfection
PC-3 cells were inoculated into 96-well plates 

at a density of 1×106 cells per well. Then, 0.18 mL 
of DMEM medium was added into each well and 
incubated for 24 h. After PC-3 cells have adhered 
to the wall, cell transfection was conducted. Next, 
miR-NC, miR-1299 mimics (40 nmol/L) or LV-
NEK2 (20 nmol/L) was transfected into cells in 
accordance with the instructions of Lipofectami-
neTM 2000 (Invitrogen, Carlsbad, CA, USA). 48 h 
later, relevant indicators were detected.

Three groups were established in this study: the 
NC group (negative control), the miR-1299 mim-
ics (PC-3 cell transfected with miR-1299 mimics), 
and the mimics + NEK2 (PC-3 cell transfected 
with miR-1299 mimics and LV-NEK2). 

Quantitative Real Time-Polymerase 
Chain Reaction (qRT-PCR) Analysis

The expression levels of miR-1299 and NEK2 
were detected by qRT-PCR. Total RNA in PCa 
cells was extracted according to the instructions 
of TRIzol reagent (Gibco, Rockville, MD, USA). 
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MiR-1299 and NEK2 were amplified through re-
verse transcription. Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) and U6 were used as 
internal references for NEK2 and miR-1299, 
respectively. Specific reaction conditions were: 
with 200 ng total RNA as the template, com-
plementary deoxyribonucleic acid (cDNA) was 
obtained through reverse transcription, followed 
by incubation at 37°C for 15 min and annealing 
at 95°C for 5 min. After that, PCR was performed 
according to KAPA PCR kit instructions (Sig-
ma-Aldrich, St. Louis, MO, USA). The relative 
mRNA expression level was calculated by the fol-
lowing formula: RQ=2-ΔΔCt. Primers used in this 
study were as follows: NEK2, F: 5’-CTTCCCG-
GGCTGAGGACTAT-3’, R: 5’-TCAGCTTCTGT-
CATGGAGCC-3’; microRNA-1299, F: 5’-GG-
GAAATCGTGCGTGACAT-3’, R: 5’-CTG-
GAAGGTGGACAGCGAG-3’; U6: F: 5’-GCTTC-
GGCAGCACATATACTAAAAT-3’, R: 
5’-CGCTTCAGAATTTGCGTGTCAT-3’; GAP-
DH: F: 5’-CGCTCTCTGCTCCTCCTGTTC-3’, 
R: 5’-ATCCGTTGACTCCGACCTTCAC-3’.

Western Blot (WB) Analysis
Total protein in PC-3 cells was extracted by 

radio-immunoprecipitation assay (RIPA) lysate 
(Santa Cruz Biotechnology, Santa Cruz, CA, 
USA). The concentration of extracted protein 
was detected by the bicinchoninic acid (BCA) 
protein assay kit (Pierce, Rockford, IL, USA). 
Extracted proteins were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE; Sigma-Aldrich, St. Louis, MO, 
USA) and transferred onto polyvinylidene difluo-
ride (PVDF) membranes (Roche, Basel, Switzer-
land). Then, the membranes were incubated with 
primary antibodies of rabbit anti-human NEK2 
(1:1000) and β-actin (1:1000) at 4°C overnight. 
After washing, the membranes were incubat-
ed with horseradish peroxidase-labeled goat-an-
ti-rabbit IgG (1:5000) secondary antibody at 37°C 
for 1 h. Immuno-reactive bands were exposed by 
the enhanced chemiluminescence (ECL) (Ther-
mo Fisher Scientific, Waltham, MA, USA). Fi-
nally, all the films were scanned using Labwork 
gel imaging analysis system; the relative protein 
expression of NEK2 was calculated.

Cell Proliferation 
When cells grew to the logarithmic growth 

phase, they were collected, diluted into 1×106 
cell suspension, and seeded into 96-well cell 
culture plates (5×103/100 μL per well). The wells 

only added with medium were used as blank 
controls. Cell viability was determined via MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide) colorimetric assay (Sigma-Al-
drich, St. Louis, MO, USA). Briefly, 15 μL MTT 
reagents (500 μg/mL) was added into each well, 
followed by culture for another 2 h. Absorbance 
was measured using an enzyme-labeled spectro-
photometer, followed by zero setting with blank 
wells.

Cell Cycle
48 h after transfection, cell cycle of PC-3 

cells were detected according to the cell cycle 
test kit instructions. In brief, PC-3 cells were 
digested with Ethylene Diamine Tetraacetic Acid 
(EDTA)-free trypsin (Thermo Fisher Scientific, 
Waltham, MA, USA), centrifuged and suspend-
ed. Then, 5 mol/L RNase at a final concentration 
of 10 mg/mL was added. Subsequently, propidi-
um iodide solution was added for staining at 37°C 
for 1h. Finally, the cell cycle was detected by flow 
cytometry.

Cell Invasion and Migration Assays
The cell invasion was performed by transwell 

assay. All the reagents and equipment were pre-
cooled on ice. Transwell chambers were placed in 
24-well plates. The inner membrane of the tran-
swell chambers was evenly smeared with 100 mL 
Matrigel and incubated at 37°C for 20 min. Cell 
operations were conducted after solidification. 
After digestion, centrifugation and counting step 
by step, PCa cells were diluted into cell suspen-
sion with the serum-free medium at a density of 
2.5 × 104/mL. Then, 200 mL of cell suspension 
was added into the upper transwell chamber, and 
500 mL 10% of FBS + medium was added into 
the lower transwell chamber at the same time, 
followed by incubation at 37°C for 24 h. The 
cells were fixed with formaldehyde and stained 
with crystal violet for 15 min. Cells on the inner 
membrane of the chambers were removed by a 
cotton swab. Finally, the number of invaded cells 
was counted under a microscope.

Cell migration was performed by wound heal-
ing assay. PCa cells were first inoculated into 
6-well plates. When 90% of the cells were 
fused, a line was vertically drawn using a 200 
mL pipette tip, and the initial distance of the 
scratch-wound was measured under the micro-
scope. After 48 h of incubation, the distance 
of scratch-wound was measured again, and cell 
mobility was calculated.
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Statistical Analysis
Prism 6.02 software (La Jolla, CA, USA) was 

used for all statistical analysis. The Student’s 
t-test or F-test was used to compare the differenc-
es among groups. All p-values were two-sided, 
and p < 0.05 were considered statistically signif-
icant. 

Results

MiR-1299 Expression Was Significantly 
Reduced in PCa Tissues and Cells

We first detected the expression level of miR-
1299 in 35 PCa tissues and para-carcinoma tis-
sues, as well as PCa cell lines by qRT-PCR. Re-
sults suggested that the expression level of miR-
1299 in carcinoma tissues was remarkably lower 
than that of para-carcinoma tissues (Figure 1A). 
Our results were consistent with the relevant re-
port14. Further in vitro experiments demonstrated 
that the expression of miR-1299 in PC-3 cells was 
also significantly downregulated when compared 
with RWPE-1 cells (Figure 1B). 

NEK2 Was a Direct Target of MiR-1299 
in PCa Cells

TargetScan, PicTar, and miRanda databases 
predicted that there were binding sites for miR-
1299 in the 3’-UTR of NEK2 (Figure 2A). Lucif-

erase reporter gene assay manifested that overex-
pression of miR-1299 significantly decreased the 
luciferase activity of wild-type NEK2. However, 
no evident changes were found in the luciferase 
activity of mutant NEK2 (Figure 2B). These re-
sults further verified that NEK2 was a target gene 
of miR-1299. 

NEK2 Was Highly Expressed in 
PCa Tissues and Cells

After discovering that NEK2 was a target gene 
of mir-1299, we again detected the expression of 
NEK2 in PCa tissues and cells. As we expected, 
the expression of NEK2 in PCa tissues and cells 
was significantly higher than that in the control 
group (Figure 2C, 2D).

MiR-1299 Decreased the Expression 
Level of NEK2

Transfection efficiency and changes in the ex-
pression level of miR-1299 in transfected cells 
were detected. Results illustrated that the ex-
pression level of miR-1299 in the mimics group 
was remarkably higher than that of the NC group 
(Figure 3A).

QRT-PCR and WB analysis demonstrated that 
after up-regulation of miR-1299 in PC-3 cells, the 
expression level of NEK2 was significantly de-
creased (Figure 3B, 3C). Meanwhile, restoration 
of NEK2 could reverse the expression of miR-

Figure 1. The expressions of miR-1299 in PCa tissue samples and cells comparing with corresponding adjacent normal 
tissues and human prostatic epithelial cell line (RWPE-1). A, Difference in the expression of miR-1299 between PCa tissues 
and corresponding adjacent normal tissues (****p < 0.0001 compared with adjacent normal tissue). B, Difference in the 
expression of miR-1299 between PC-3 cells and RWPE-1 cells (***p < 0.001 compared with RWPE-1 cells).
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Figure 2. NEK2 was a direct and functional target of miR-1299. PC-3 cells were transfected with miR-1299 mimics and inhibitor. 
A, Diagram of putative miR-1299 binding sites of NEK2. B, Relative activities of luciferase reporters. C-D, The expressions of 
NEK2 in PCa tissue samples and cells. Data were presented as means ± standard deviations. (****p < 0.0001, ***p < 0.001).

Figure 3. A, Transfection efficiency detected by qRT-PCR (***p < 0.001). B-C, MiR-1299 decreased the expression level of 
NEK2. Data were presented as means ± standard deviations (**p < 0.01, ***p < 0.001 vs. the NC group; #p < 0.05, ###p < 0.001 
vs. the Mimics group).
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1299 in the mimics group. These data further 
illustrated the regulatory effect of miR-1299 on 
NEK2 expression.

MiR-1299 Suppressed the Proliferation of 
PCa Cells

MTT results showed that the absorbance of 
PC-3 cells was significantly decreased after 
transfection with miR-1299 mimics. Relative 
viability of cells was markedly decreased, and 
the proliferation rate was slowed down. While 
NEK2 expression was recovered in cells, the 
absorbance was increased, the relative viabili-
ty of cells was increased, and the proliferation 
rate was remarkably accelerated (Figure 4A). 
After transfection with miR-1299 mimics, the 
proportion of PC-3 cells in the G2/M phase was 
significantly decreased. However, the ratio of 
cells in the S-phase was significantly increased 
in flow cytometry. Meanwhile, when NEK2 was 
restored, the ratio of cells was similar to that of 
the control group. These observations suggested 

that NEK2 downregulation could induce cell 
cycle arrest in the G2/M phase by retarding 
S-phase (Figure 4B).

MiR-1299 Inhibited the Invasion and Mi-
gration of PCa Cells

The effect of miR-1299 on the invasion of PCa 
cells was detected by transwell invasion assay. As 
shown in Figure 5A, the number of invasive cells 
in miR-1299 mimics group was evidently less 
than that of the control group. The effect of miR-
1299 on the migration of PCa cells was examined 
by the wound-healing assay. As shown in Figure 
5B, the migration ability of cells in the miR-1299 
mimics group was remarkably decreased when 
compared with that of the control group. Howev-
er, overexpression of NEK2 could significantly 
reverse the influences of miR-1299 on the migra-
tion and invasion abilities of PCa cells.

Discussion 

PCa is a common malignant tumor of the 
male reproductive system. The incidence rate 
of PCa ranks second in the world, right next to 
that of lung cancer. With the rapid development 
of diagnostic and therapeutic technology, the 
prognosis of PCa has greatly improved. However, 
the disease still has the fifth highest tumor-relat-
ed mortality in male25. Over the past few years, 
developing countries are facing an increasing 
burden of cancer, in which China has witnessed 
markedly elevated incidence and mortality rates 
of PCa3. Therefore, it is of great significance 
to investigate the pathogenesis and metastasis 
mechanism of PCa.

MiRNAs have become vital hotspots of life sci-
ence research since discovered. They are closely 
correlated with the occurrence and development 
of tumors, which also possess dual effects as 
oncogenes and tumor suppress genes26. A large 
number of researches27,28 have demonstrated that 
miRNAs are associated with the occurrence and 
development of malignant tumor. Abnormally 
expressed miRNAs in PCa tissues are also relat-
ed to its progression, metastasis, and recurrence, 
indicating that miRNAs may predict PCa8,29,30. 
Therefore, some reports have indicated that miR-
NAs can be regarded as biomarkers for the diag-
nosis and prognosis of PCa31.

The main mechanism of miRNA in regulating 
tumors is that they control the expression levels 
of mRNAs and proteins by complete or incom-

Figure 4. A, MiR-1299 decreased cell proliferation (***p 
< 0.001). B, MiR-1299 caused G2/M arrest (*p < 0.05, **p < 
0.01 vs. the NC group; #p < 0.05 vs. the Mimics group).
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plete binding to the mRNA of target genes. Each 
mRNA can regulate several mRNAs as the target 
molecules; meanwhile, different miRNA mole-
cules can also jointly regulate the same mRNA 
molecule7. In addition, complete complementary 
base pairing in seed sequences is not a reliable in-
dicator. As a result, it is necessary to further find 
and identify potential target genes by the combi-
nation of bioinformatics prediction methods and 
biological experiments. In this work, the potential 
target of miR-1299 (NEK2) was predicted by 
three major types of miRNA-related prediction 
software, including TargetScan, PicTar, and mi-
Randa. Furthermore, luciferase reporter gene as-
say, qRT-PCR, and WB were applied to validate 
the regulatory effect of miR-1299 on NEK2, 
thereby confirming that NEK2 was a functional 
target of miR-1299 in PCa cells.

A growing number of studies have verified 
that chromosomal abnormality during the occur-
rence and development of tumors can promote 
malignant transformation of cells. The centro-
some is exactly the key organelle that controls 
chromosome segregation in cell mitosis, playing 
a potentially important role in tumorigenesis and 
development. The centrosome abnormality may 

lead to instability of chromosome and formation 
of aneuploid, eventually leading to the acquisi-
tion of oncogenes or the deletion of the tumor 
suppress genes. This can also accelerate the oc-
currence and development of malignant tumors 
by altering cell phenotype. Therefore, great at-
tention has been paid to centrosome-associated 
regulatory factors in recent years. The family 
of centrosome-related kinases discovered so far 
includes Aurora protein kinase, polo-like kinase, 
and NEK32. NEK is a kind of NIMA-related 
protein kinase in mammalian cells. A total of 11 
types of NEK family members are expressed in 
human cells, including NEK1-11. All the NEK 
family members have kinase catalytic domains 
(N-terminus) and self-regulation domains (C-ter-
minus). Among them, NEK2 shares the highest 
homology with NIMA. As the most characteristic 
and representative member of the NEK fami-
ly33,34, it has become a hotspot for researchers in 
recent years23,35-37. NEK2 plays a crucial role in 
the process of cell mitosis, which can indirectly 
control cell division by regulating centrosomes 
and directly participate in cell division by act-
ing on chromatin. Previous studies have found 
that NEK2 initiates and accelerates centrosome 

Figure 5. MiR-1299/NEK2 axis inhibited the invasion and migration of PCa cells. NEK2 overexpression attenuated the 
suppressive effect of miR-1299 on PC-3 cells. A, The migration ability was detected by the scratch-wound assay. B, The 
invasion ability was detected by transwell assay (**p < 0.01 vs. the NC group; ##p < 0.01 vs. the Mimics group).
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replication, maturates centrosome and maintains 
its structure. Meanwhile, it separates replicated 
centrosome and forms spindles. Studies have re-
vealed that abnormally expressed NEK2 is close-
ly related to centrosome dysfunction, thereby 
leading to the instability of the whole genome, 
promoting malignant transformation of cells, as 
well as triggering the growth and development of 
tumors including PCa24.

To further elaborate that miR-1299 exerted its 
anti-cancer effect mainly by targeting NEK2, we 
down-regulated the expression level of NEK2 by 
transfecting miR-1299 mimics in PCa cells. Af-
ter down-regulating NEK2 expression, the MTT 
assay demonstrated that the proliferative capacity 
of PCa cells was remarkably inhibited. Besides, 
flow cytometry found a significantly decreased 
number of PCa cells in the G2 phase. Meanwhile, 
the transformation of PCa cells in the S-G2 phase 
was markedly blocked. Furthermore, transwell 
assay and wound-healing assay indicated that the 
invasion and migration abilities of PCa cells were 
significantly inhibited. Our findings suggested 
that miR-1299 inhibited the proliferation, inva-
sion, and metastasis of PCa by targeting NEK2.

Conclusions

We indicated that miR-1299 was a novel tumor 
suppressor in PCa through its negative regulation 
of NEK2. We also revealed that miR-1299/NEK2 
axis might be a potential therapeutic target for the 
treatment of PCa.
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