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TUMORIGENESIS AND NEOPLASTIC PROGRESSION

miR-199a-3p Inhibits Aurora Kinase A and Attenuates
Prostate Cancer Growth
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Prostate cancer (PCa) is the most common solid tumor malignancy in men that severely influences quality
of life. Surgery is most often the recommended treatment for PCa, but radical prostatectomy can cause
significant urinary adverse effects. Therefore, finding effective biochemical treatments for PCa remains a
necessity. Aurora kinase A has been shown to be involved in PCa progression, thus making it a good target
for PCa therapy. miRNAs are important regulators of gene expression, with some miRNAs specifically
involved in carcinogenesis. Therefore, herein, we identified miRNAs targeted to aurora kinase A and
examined their effects on the growth of PCa. We used primary samples from PCa patients and PCa cell lines
as research subjects. We demonstrate that miR-199a-3p is down-regulated in PCa tissues compared with
normal prostate tissues, with the expression pattern inversely correlated with the expression pattern of
aurora kinase A. We find that miR-199a-3p agomir inhibits aurora kinase A and attenuates xenograft
tumor growth of PCa. Moreover, we demonstrate that down-regulation of miR-199a-3p results from
enhancement of the methylation of miR-199a gene in PCa. Furthermore, we find that the expression level
of miR-199a-3p is inversely correlated to tumor stage and Gleason score of PCa. Revealing novel mech-
anisms for oncogene inhibition by miRNA-mediated pathways offers new avenues for PCa treatment.
(Am J Pathol 2014, 184: 1541e1549; http://dx.doi.org/10.1016/j.ajpath.2014.01.017)
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Prostate cancer (PCa) is the most common solid tumor
malignancy in men that severely influences quality of life.
However, the treatment for PCa remains challenging. Sur-
gery is most often the recommended treatment for young
men, but radical prostatectomy can cause significant urinary
adverse effects. Therefore, finding effective biochemical
treatments for PCa remains a necessity.

Recently, aurora kinase A has been demonstrated to be
involved in PCa progression and enhance cancer growth and
migration.1,2 Furthermore, our previous work demonstrated
that aurora kinase A up-regulation was closely associated
with malignant phenotypes in PCa, suggesting that aurora
kinase A may be a good target for PCa therapy.3

To inhibit aurora kinase A and the subsequently induced
malignant phenotypes, we need to clarify the mechanism by
which aurora kinase A is up-regulated in PCa. In recent
years, a new class of molecules has been found to regulate
stigative Pathology.

.

gene expression, known as miRNA.4 miRNAs are a family
of small (approximately 22 nucleotides), endogenous, non-
coding RNAs that, by binding complementary sequences in
the 30 untranslated region (30-UTR) of mRNAs, either
mediate translational repression or direct mRNA cleavage.
Thus, the translation of these mRNAs is inhibited, or they
are destabilized, resulting in down-regulation of the encoded
protein.5 A wide variety of miRNAs have been proved to
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contribute to malignant phenotypes in cancer.6 Therefore,
we hypothesize that regulation of some specific miRNAs
could play a crucial role in the up-regulation of aurora
kinase A in PCa. In the present study, we try to select and
identify miRNAs targeted to aurora kinase A, and prove that
these miRNAs regulate aurora kinase A in PCa. Meanwhile,
because miRNAs are highly stable and compatible with
tissues,7 we explore the feasibility of using miRNAs to
inhibit PCa growth both in vitro and in vivo.

Materials and Methods

Human PCa Specimens

Surgical specimens used in this study were collected at The
People’s Hospital of Sichuan Province (Sichuan, China)
from 2007 to 2011. Procedures were in accordance with the
Declaration of Helsinki of 1975 and approved by the Ethics
Committee of Human Experimentation of Sichuan Univer-
sity (Sichuan). Specimens were selected from the prostate
tissue bank. Blocks were manually trimmed to further enrich
the histological features of interest. Sections (8 mm thick)
were prepared from each block. The first and last sections
for each block were subjected to H&E staining and used to
calculate epithelium percentage. The tumor content in the
tumor specimens was >80%, whereas normal samples had
at least 60% epithelium content and no evidence of tumor
present. We acquired 12 cases of paired benign and tumor
prostate tissues from patients with a Gleason score of �7. In
these cases, matched normal and tumor samples from the
same patients were available. We also acquired unpaired 50
PCa tissues and 20 normal prostate tissues.

Cell Culture and Transfection

Human PCa cell lines PC-3, DU145, and LNCaP were
purchased from ATCC (Manassas, VA), and cultured in
RPMI 1640 medium, supplemented with 10% fetal bovine
serum, 1% L-glutamine, and 1% penicillin-streptomycin. All
cell cultures were incubated at 37�C in 5% CO2 and 95%
air. For cell transfection, DU145 cells were seeded at a
density of 1.0 � 105 (24-well plates). The dosage of miRNA
agomir or antagomir (RiboBio, Guangzhou, China) used
was determined according to the manufacturer’s protocol.
miR-199a-3p agomir (4 nmol/L, final concentration) or
miR-199a-3p antagomir (20 nmol/L, final concentration) in
50 mL of Opti-MEM was complexed with 1 mL of trans-
fection reagent (Lipofectamine) in 50 mL of Opti-MEM
(Ambion, Austin, TX). The cells were transfected with
these complexes and maintained for 8 hours, then fed with
original medium. In all experiments, an equal concentration
of nontargeting controls (agomir- or antagomir-negative
controls) was used as controls for nonesequence-specific
effects, whereas Lipofectamine was used as the vehicle
control. At 24 and 48 hours after transfection, the cells were
collected for detection.
1542
RT-PCR Data

Total RNAwas extracted from both PCa cells cultured in vitro
and prostate tissues using an miRNeasy Mini Kit (Qiagen,
Hilden, Germany), and from formalin-fixed, paraffin-
embedded (FFPE) tissues using an miRNeasy FFPE Kit
(Qiagen), according to themanufacturer’s protocol. The cDNA
was synthesized from2mg of total RNAwithMoloneyMurine
Leukemia Virus (M-MLV) Reverse Transcriptase (Promega,
Madison,WI) in a 25-mLvolume [2mg totalRNA,400mmol/L
reverse transcription primer (random primers for U6 rRNA-
and miRNA-specific primers for miRNA), 4 U/mL M-MLV,
and 0.4 mmol/L dNTP mix]. Real-time PCR was performed
with SYBR Green I mix (Takara, Tokyo, Japan) in a 20-mL
reaction volume (10 mL SYBR Green I mix, 200 mmol/L
forward and reverse primer, and 2 mL cDNA template) on an
MJOpticonMonitor chromo4 instrument (Bio-Rad, Hercules,
CA) using the following protocol: 95�C for 20 seconds and 40
cycles of 95�C for 10 seconds, 60�C for 20 seconds, and 70�C
for 1 second. Data analysis was performed using the 2�DDCT

method.8 The primers for miRNA were designed according
to an miRNA primer designer (http://www.leonxie.com/
miRNAprimerDesigner.php, last accessed March 11, 2014).
The primers for hsa-miR-199a-3p were 50-GTCGTATC-

CAGTGCAGGGTCCGAGGTATTCGCACTGGATACG-
ACTAACCA-30 (reverse transcription), 50-GCGGCGGA-
CAGTAGTCTGCAC-30 (forward), and 50-ATCCAGTG-
CAGGGTCCGAGG-30 (reverse).
The primers for U6 rRNA were purchased from RiboBio.

Western Blot Analysis

Proteins of cultured cells or prostate tissues were prepared
by suspending cell pellets or grinding tissues in lysis buffer (50
mmol/L Tris-HCl, 150 mmol/L NaCl, 1% NP40, 0.5% deoxy-
cholate, and 0.1% SDS), including proteinase inhibitors
(1 mg/mL aprotinin, 1 mg/mL leupeptin, and 1 mmol/L phe-
nylmethylsulphonyl fluoride). Proteins of FFPE tissues were
extracted using a Qproteome FFPE Tissue Kit (Qiagen), ac-
cording to the manufacturer’s protocol. Protein concentration
was measured using a DcProtein Assay Kit (Bio-Rad). Equal
amounts of protein (40 mg) were loaded onto an SDSe
polyacrylamide gel for electrophoresis and then transferred to a
polyvinylidene fluoride membrane (Amersham, Uppsala, Swe-
den). The membrane was then incubated with primary antibody
for 1hour at room temperature.AfterwashingwithTris-buffered
saline with Tween 20, the membrane was incubated with cor-
responding horseradish peroxideeconjugated secondary anti-
body (Amersham) and the signals were visualized by
electrochemiluminescence (Amersham). The primary anti-
bodies used included anti-aurora A antibody to detect aurora
kinase A (1:800; Santa Cruz Biotechnology, Santa Cruz, CA)
and anti-active caspase-3 to detect phosphorylated caspase-3
(1:1000; Chemicon, Bedford, MA). An NIH image was used to
measure the densities of the protein signals, and the protein
levels were normalized to b-actin as an internal control.
ajp.amjpathol.org - The American Journal of Pathology

http://www.leonxie.com/miRNAprimerDesigner.php
http://www.leonxie.com/miRNAprimerDesigner.php
http://ajp.amjpathol.org


miRNA Inhibits Prostate Cancer Growth
Luciferase Reporter Assay

The miR-199a-3p binding site of aurora kinase A was ampli-
fied by PCR from genomic DNA of the human DU145 cell
line, which was extracted with a QIAamp DNA Mini Kit
(Qiagen). The PCR products were gel purified, digested, and
inserted into the pMIR-RB-REPORT vector (Ribobio), and
the resulting plasmid was labeled pWT. The miR-199a-3p
binding site mutations (pMUT) were introduced using
Multisite-Quickchange (Stratagene, San Diego, CA), accord-
ing to the manufacturer’s protocol, and cloned into the pMIR-
RB-REPORT vector (Ribobio). All inserted or mutated se-
quences were confirmed by sequencing. HeLa cells were
transfected with miRNA-mimics and pWT using Lipofect-
amine. Meanwhile, miRNA-mimics and pMUT, miRNA-
control, and pWT, or miRNA-control and pMUT were also
transfected in Hela cells. The cells were lysed 48 hours after the
transfection for measurement of luciferase activity. A dual-
luciferase assaywas used to quantitate the effects of miR-199a-
3p interaction with the 30-UTR of aurora kinase A. In all ex-
periments, transfection efficiencies were normalized to hLuc
luciferase, which was constitutively expressed by the pMIR-
RB-REPORT vector.

Cell Cycle Distribution Detected by Flow Cytometry

To detect cell cycle distribution, cells were collected and
washed with PBS, and then suspended in Krishan buffer
(0.1% sodium citrate, 0.2 mg/mL RNAase, and 0.3% NP40)
containing 0.05 mg/mL propidium iodide and then incu-
bated at 4�C for 30 minutes. Cells were subjected to Coulter
flow cytometry for analysis. Data were analyzed using
ModFitLT 2.0 (Verity Software House, Topsham, ME).

Tumor Xenograft Mouse Models

These studies were approved by the Animal Care and Ethics
Committee of Sichuan University. In total, 30 five-weekeold
male BALB/C nude mice with an average weight of 20 g were
housed in separate cages. DU145 cells were s.c. transplanted
into each mouse. After 5 weeks, the tumor tissues had
increased to a volume of approximately 65 mm3 and were
ready to use for the following experiments. Nude mice were
assigned to three groups, each consisting of 10 mice. The first
group, serving as a control, received an equal volume (30 mL)
of PBS injection, but no miRNA treatment. Eachmouse in the
second group was injected with 10 nmol/L of agomirs (dis-
solved in 30 mL PBS) into the tumor tissue every 2 days by
multipoint intratumoral injection. Each mouse in the third
group received 10 nmol/L of negative agomir control (dis-
solved in 30 mL PBS) in the sameway as the other two groups.
Tumor volumes were assessed using digital Vernier calipers
every 2 days in a blinded way (Y.Q., D.M.), and each tumor
volume (in mm3) was calculated by the following formula:

VZ0:4�D� d2 ð1Þ
The American Journal of Pathology - ajp.amjpathol.org
where V is volume, D is longitudinal diameter, and d is
latitudinal diameter.

Fifteen days later, mice in each group were sacrificed. The
body weight of the mice and the wet weight of the tumors
were measured. The tumor tissues were then collected to
determine the expressions of aurora kinase A and active
caspase-3 using Western blot analysis.

AZA Treatment

DU145 cells were seeded at a density of 5 � 106/mL, and
the DNA methylation inhibitor, 5-azacytidine (AZA; Merck,
Bedford, MA), was added at a concentration of 1 mmol/L
and incubated for 72 hours. Fresh medium was added every
24 hours, with or without AZA.

Genomic DNA Extraction and Bisulfite Modification

Genomic DNA from culture cells was extracted with the
QIAamp DNA mini kit (Qiagen) and from FFPE tissues with
theQIAampDNAFFPETissueKit (Qiagen). TheDNA (4 mg
in a volume of 100 mL) was sheared 60 times with a 1-mL
syringe, then 1 mg in a 50-mL volumewas denatured byNaOH
(final concentration, 0.27mol/L) for 25minutes at 37�C. Then,
30 mL of freshly prepared 10 mmol/L hydroquinone and 520
mL of 3 mol/L sodium bisulfite (containing 0.21 mol/L
NaOH) were added, and the mixture was incubated under
mineral oil at 50�C for 16 hours. Modified DNA was purified
using the Axygen gel recovery kit, according to the manu-
facturer’s instructions, and eluted into 50 mL. Modification
was completed by NaOH (final concentration, 0.27 mol/L)
treatment for 20 minutes at 37�C, followed by ethanol pre-
cipitation. The bisulfite-treated DNA was resuspended in 20
mL of water and used immediately or stored at �20�C.

MSP Data

According to Cheung et al,9 a hypermethylated region was
mapped to themiR-199a gene and its upstream promoter (234
to 471), which leads to the down-regulation of miR-199a in
testicular tumors. Therefore, we searched for CpG sites 400 bp
upstream and 200 bp downstream from the miR-199a gene,
and designed primers for methylation-specific PCR (MSP)
using Methprimer (http://www.urogene.org/methprimer, last
accessedMarch 11, 2014) (Table 1). Themethylation status of
this region was determined using an SYBR Greenebased
quantitative methylation-specific PCR (qMSP).

In brief, genomic DNA was extracted from cells or tissues,
and modified by bisulfite, as previously described. For PCR
(final volume, 20 mL), 0.5 mL of bisulfite-treated DNA tem-
plate was mixed with 10 mL of 2� Power SYBR Green PCR
Master Mix (Applied Biosystems, Foster, CA) plus primers to
a final concentration of 200 nmol/L. The PCR conditions
included an initial incubation at 50�C for 2 minutes, dena-
turing at 95�C for 10 minutes, and 40 cycles of denaturing at
95�C for 15 seconds and annealing at 60�C for 1minute. After
1543
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Table 1 Primers for MSP of hsa-miR-199a

Primer name Primer sequences Product size (bp)

Left M primer 50-AGGGAGGTTTTTTTTGAGGATC-30 134
Right M primer 50-CCAATATACAAACTACTATACAACGAC-30

Left U primer 50-GGAGGTTTTTTTTGAGGATTG-30 132
Right U primer 50-CCAATATACAAACTACTATACAACAAC-30

M, methylated; U, unmethylated.

Qu et al
PCR amplification, a dissociation curve was generated to
confirm the size of the PCR product. MSP reactions were
optimized using methylated (methylated positive control) and
unmethylated (unmethylated positive control) bisulfite-con-
verted control DNA (Epitect control DNA set; Qiagen).
Amplification products were quantified by counting CT values
and visualized by UV illumination on a 2% agarose gel.

The methylation percentage was estimated using the
following formula:

methylatedð%ÞZ1=1þ 2ð�DCtÞ

DCtZCtU�CtM;
ð2Þ
1544
where M is the copy number of methylated miR-199a, and
U is the copy number of unmethylated miR-199a.
Statistics

Data are presented as means � SEM from three independent
experiments. A Student’s t-test was used when comparing
between two groups. An analysis of variance with Fisher’s
post hoc test was used when comparing more than two
groups. The correlation coefficient was analyzed by Spear-
man’s rank correlation. P < 0.05 was defined as the
threshold for significance.
Figure 1 miR-199a-3p expression is down-
regulated in human PCa. A: Relative expression
of miR-199a-3p in the 12 paired benign and tumor
human prostate samples. The data of miR-199a-3p
expression in benign or tumor prostate tissues
from three independent sets of RT-qPCR were
averaged, the data for benign tissues were arbi-
trarily designated as one, and the relative
expression was obtained when data for tumor tis-
sues were divided by data for benign tissues. B:
Relative expression of aurora kinase A protein in
the 12 paired benign and tumor human prostate
samples. The data of aurora kinase A protein in
benign or tumor prostate tissues from three in-
dependent sets of Western blot analysis experi-
ments were averaged, the data for benign tissues
were arbitrarily designated as one, and the relative
expression was obtained when data for tumor tis-
sues were divided by data for benign tissues. C:
Correlogram using Excel shows that expression of
aurora kinase A protein correlates inversely with
that of miR-199a-3p (R2 Z 0.938).
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Figure 2 Relative luminescence in plasmid constructs containing miR-
199a-3p target sites. miR-199a-3p target regions in the 30-UTR of aurora
kinase A were identified using TargetScan (http://www.targetscan.org, last
accessed March 11, 2014) and microRNA.org (http://www.microrna.org/
microrna/home.do, last accessed March 11, 2014). The regions were
cloned into luciferase reporter plasmids. Mutated 30-UTR constructs were
generated using site-directed mutagenesis. The plasmid construct, together
with miR-199a-3p mimics, was cotransfected into HeLa cells. Luminescence
readings were obtained 48 hours after transfection. Transfection effi-
ciencies were normalized to hLuc luciferase, which was constitutively
expressed by the report vector. Statistical analyses were done using anal-
ysis of variance. The data shown are the means � SEM (N Z 3). *P < 0.05.
AURKA, aurora kinase A; NC, noncancerous tissue; WT, wild type.

miRNA Inhibits Prostate Cancer Growth
Results

Identification of miRNAs Binding to Aurora Kinase A
mRNA

To assess the miRNAs that can target aurora kinase A, a
bioinformatic search was performed in the miRanda\
miRDB\miRWalk\RNA22\targetscan databases (http://www.
targetscan.org, last accessed March 11, 2014). The search
yielded 407 miRNAs against aurora kinase A, as predicted by
at least twodatabases.Among thesemiRNAs, let-7b/d/g,miR-
23a/b, miR-92a/b, miR-199a-3p, and miR-24 were reported
to be differentially expressed in miRNA profiles of PCa
compared with noncancer prostate tissue10,11; therefore, we
next examined the expression of thesemiRNAs in humanPCa.

miR-199a-3p Expression Is Down-Regulated in Human
PCa

To determine whether the levels of let-7b/d/g, miR-23a/b,
miR-92a/b, miR-199a-3p, and miR-24 are down-regulated
in clinical PCa, we used quantitative RT-PCR (RT-qPCR)
to analyze RNAs from 12 paired benign and tumor human
PCa specimens with a Gleason score of >7. RNAs were
isolated from human tissues, reverse transcribed, and sub-
jected to RT-qPCR. The levels of miR-199a-3p were
significantly decreased in 9 of 12 tumors compared with
their matched benign prostate tissues (Figure 1A), showing
a much greater decrease than the other miRNAs (Table 2).
Next, we examined the protein levels of aurora kinase A, the
potential target of these miRNAs, via Western blot analysis.
We found that aurora kinase A proteins were significantly
up-regulated in most of the cancer tissues compared with
their matched benign tissues (Figure 1B). Furthermore, the
aurora kinase A protein levels were correlated inversely
with the miR-199a-3p levels, with a correlation coefficient
of 0.938 (Figure 1C). This was much higher than other
miRNAs (Table 2), suggesting that aurora kinase A
Table 2 Expression of Aurora Kinase A and miRNAs

Gene

Relative expression of each case

1 2 3 4 5 6 7

AuroraA 2.2 1.8 1.0 1.9 1.9 2.4 1.
let-7b 0.7 1.1 0.6 1.0 0.5 0.5 0.
let-7d 0.7 1.0 0.6 1.1 0.5 0.6 0.
let-7g 0.7 1.1 0.7 1.1 0.6 0.5 0.
miR-23a 1.1 0.8 1.2 0.7 0.7 0.9 1.
miR-23b 1.0 0.9 1.2 0.9 0.8 1.0 1.
miR-92a 0.7 1.3 1.1 0.6 0.7 0.9 1.
miR-92b 0.7 1.2 1.1 0.8 0.7 0.9 1.
miR-199a-3p 0.3 0.5 1.0 0.5 0.4 0.2 1.
miR-24 0.6 0.8 1.1 0.9 1.3 0.3 0.

Relative expression of aurora kinase A protein and miRNAs was detected in the
protein and miRNA expression in benign or tumor prostate tissues from three i
arbitrarily designated as one, and the relative expression was obtained when dat
RD, rate of decrease; e, not applicable.
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expression is regulated primarily by miR-199a-3p in human
PCa. Thus, in this study, we chose to focus on miR-199a-3p.

Luciferase Reporter Assay

To validate direct interaction of miR-199a-3p with aurora
kinase A mRNAs, their 30-UTR target site was cloned into
luciferase reporter plasmid. This construct was cotransfected
with miR-199a-3p mimics into HeLa cells. Cells transfected
with miR-199a-3p mimics caused a reduction in luciferase
expression (Figure 2). Site-directed mutagenesis of the miR-
199a-3p recognition site, located on the aurora kinase A
R2 RD8 9 10 11 12

1 1.6 1.9 1.0 2.1 1.9 e e
7 1.2 0.5 0.6 1.2 0.5 0.005 8/12
7 1.1 0.6 0.6 1.2 0.5 0.026 8/12
7 1.1 0.5 0.7 1.1 0.6 0.000 8/12
3 0.8 1.2 1.1 0.9 1.0 0.243 7/12
1 0.9 0.9 1.0 0.9 0.8 0.320 7/12
3 1.2 1.0 1.0 0.8 0.7 0.319 6/12
2 1.2 1.1 0.8 0.9 0.8 0.162 7/12
2 0.7 0.4 1.0 0.3 0.4 0.938 9/12
7 0.7 0.5 1.1 0.5 0.4 0.333 9/12

paired benign and malignant prostate tissues. The data of aurora kinase A
ndependent experiments were averaged, the data for benign tissues were
a for tumor tissues were divided by data for benign tissues.
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Figure 3 miR-199a-3p agomir induces cell cycle arrest and cell apoptosis.A: The expression of miR-199a-3p and aurora kinase A in PCa cell lines, PC-3, DU145,
and LNCaP, detected by RT-PCR and Western blot analysis, shows that the expression of miR-199a-3p is the lowest and that of aurora kinase A is the highest in
DU145 cells (normalized toU6 andb-actin, respectively).miR-199a-3p agomir or antagomirwas transfected into DU145 cells, and the expression of aurora kinase A
and CC3 was detected byWestern blot analysis. Western blot analysis shows thatmiR-199a-3p agomir significantly decreases aurora kinase A protein, whereasmiR-
199a-3p antagomir significantly increases aurora kinase A protein. B: CC3 was nearly undetectable in control groups, whereas miR-199a-3p agomir obviously
increased CC3 protein. C: Inhibition of aurora kinase A arrests cell cycle transition and induces apoptosis. In control, the percentage of cells in G2-M was
approximately 9.23% at each time point. When treated with agomir, the percentage of cells in G2-M was increased to 13.98% at 12 hours, 23.21% at 24 hours, and
29.45% at 48 hours after incubation. In addition, a fraction of cells in the sub-G1 phase of the cell cycle in the agomir-treated cells was indicated after 48 hours.
Arrows indicate cells in the sub-G1 phase. *P < 0.05. AG, agomir; AGC, agomir control; AT, antagomir; ATC, antagomir control; C, vehicle control.

Qu et al
30-UTR, abolished interactions between the miRNA and its
aurora kinase A targets. This result indicates that miR-199a-3p
can directly target aurora kinase A.
miR-199a-3p Agomir Induces Cell Cycle Arrest and Cell
Apoptosis

We examined the expression of miR-199a-3p and aurora
kinase A in PCa cell lines PC-3, DU145, and LNCaP, and
found that aurora kinase A protein was the highest and miR-
199a-3p was the lowest in DU145 cells (Figure 3A). To
study the regulation of aurora kinase A expression by
miR-199a-3p, we transfected the agomir or antagomir of
miR-199a-3p into DU145 cells. We found that miR-199a-3p
agomir significantly decreased aurora kinase A protein,
whereas miR-199a-3p antagomir significantly increased
aurora kinase A protein. Cleaved caspase 3 (CC3) was
nearly undetectable in control groups, whereas miR-199a-3p
agomir obviously increased CC3 protein (Figure 3B). We
then examined the effect of miR-199a-3p agomir on cell
cycle distribution of DU145 through flow cytometry. In
1546
agomir-treated cells, the percentage of cells in G2-M was
increased to approximately 13.98% at 12 hours, 23.21% at
24 hours, and 29.45% at 48 hours. However, in agomir
control-treated cells, the percentage of cells in G2-M was
approximately 9.23% at each time point. In addition, we
found that a fraction of cells in the sub-G1 phase of the cell
cycle (indicating apoptotic cells) in the agomir-treated cells
was significantly increased compared with the control-
treated cells (Figure 3C).
miR-199a-3p Agomir Inhibits Tumor Growth in Vivo

To further detect the function of miR-199a-3p agomir in vivo,
we set up a tumor model by s.c. transplanting DU145 cells
into nude mice. After tumors reached approximately 65 mm3,
10 nmol/L agomir and agomir control in 30 mL PBS or 30 mL
PBS alone was injected into the tumor tissue every 2 days by
multipoint intratumoral injection, lasting for 15 days. We
found that agomir significantly inhibited the growth of human
PCa cells as solid tumors in athymic nude mice, whereas
control had no effect on tumor growth (Figure 4, A and B).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 PCa growth in athymic nude mice is inhibited by miR-199a-3p agomir. An in vivo tumor model was set by s.c. transplanting DU145 cells into nude
mice. After tumors reached approximately 65 mm3, agomir and agomir control (4 nmol/L, respectively) in 30 mL PBS or 30 mL PBS alone was injected into the
tumor tissue every 2 days by multipoint intratumoral injection over the course of 15 days. A: Tumor volume assessment by digital caliper every 2 days shows
that the growth of tumors in the agomir group is much slower than in the control groups. B: Mean tumor weight immediately after resection 15 days after
commencement of therapy shows that tumor weight in the agomir group is less than that in the control groups. C: Body weight assessment and tumor size
evaluation of mice every 2 days shows that agomir treatment does not affect the body weight of mice. D: After 15 days, mice in each group were decapitated
and tumor tissues were collected. Western blot analysis was performed to determine the expressions of aurora kinase A and cleaved caspase 3. Agomir was
found to significantly inhibit aurora kinase A expression. Conversely, the CC3 in tumor tissues was increased. *P < 0.05. AG, agomir; AGC, agomir control;
C, PBS control.

miRNA Inhibits Prostate Cancer Growth
Throughout the study, animals did not exhibit signs of
discomfort as the result of tumor growth, and the body
weights of the mice were not adversely affected by agomir
administration (Figure 4C). We also found that agomir
obviously inhibited aurora kinase A expression in tumor tis-
sues (Figure 4D). Conversely, active caspase-3 in tumor tis-
sues was increased (Figure 4D).
AZA Increases Expression of miR-199a-3p in DU145
Cells

After treatment of DU145 cells with the demethyltransferase
inhibitor, AZA, methylation was decreased in the miR-199a
gene (Figure 5A), and miR-199a-3p expression was up-
regulated as determined by RT-PCR (Figure 5B). Aurora
kinase A was down-regulated, as detected by Western blot
analysis (Figure 5C), in these same DU145 cells, suggesting
expression of miR-199a-3p in DU145 cells is methylation
dependent.
The American Journal of Pathology - ajp.amjpathol.org
miR-199a-3p Expression and miR-199a Gene
Methylation Correlate With the Malignancy of PCa

To analyze the relevance of promoter methylation on miR-
199a-3p expression in PCa, MSP was performed for the
12 cases previously described. The average methylation
percentage was 30% in normal surrounding tissue and 83%
in paired cancer tissue (Figure 6A). This difference leads us
to envision a relationship between miR-199a-3p expression,
its promoter methylation, and clinical parameters. We then
enlarged the sample size to examine this potential relation-
ship. The FFPE prostatic tissues were obtained from The
People’s Hospital of Sichuan Province. All patients had
undergone surgery at the same hospital between 2007 and
2011. A total of 50 PCa samples and 20 normal prostate
tissues were acquired. RNA or DNA was extracted from
FFPE tissues. miRNA was detected, and bisulfite conver-
sion and MSP reactions were performed as previously
described. Comparison of the noncancerous versus malig-
nant groups indicated miR-199a-3p was significantly down-
1547
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Figure 5 miR-199a-3p expression responses to AZA treatment in DU145
cells. DU145 cells were treated with AZA, then genomic DNA was extracted
and subjected to bisulfite modification, and the methylation status of miR-
199a gene was detected by qMSP. Moreover, RT-PCR was used to detect
miR-199a-3p, and Western blot analysis was used to detect aurora kinase A
protein in DU145 cells, with or without AZA treatment. A: MSP shows that
methylation is decreased in the miR-199a gene in DU145 cells treated with
AZA. B: RT-PCR shows that miR-199a-3p expression is up-regulated in
DU145 cells treated with AZA. U6 was used for normalization, and data were
presented as fold change compared with U6. C: Western blot analysis shows
that aurora kinase A protein is down-regulated in DU145 cells treated with
AZA. *P < 0.05. M, methylated; Meth, methylated positive control; N, no
treatment with AZA; T, treatment with AZA; U, unmethylated; UM, unme-
thylated positive control.

Figure 6 miR-199a-3p expression and miR-199a gene methylation in
clinical specimens. Genomic DNA was extracted from normal or tumor
prostate tissues and subjected to bisulfite modification, and the methyl-
ation status of miR-199a gene was detected by qMSP. RT-PCR was used to
detect miR-199a-3p in each sample. A: Representative agarose gel MSP
images of four PCa cases with paired normal surrounding tissues shows that
the methylation of miR-199a gene in prostate tumor tissues is much higher
than that in normal surrounding tissues. B: Expression of miR-199a-3p in
20 noncancer and 50 PCa tissues shows that miR-199a-3p is decreased with
the increasing severity of the malignancy of PCa; the difference between
the noncancer and all malignant tissue groups was significant. C: Methyl-
ation percentage of miR-199a gene in 20 noncancer and 50 PCa tissues
shows that the methylation of miR-199a gene is increased with the
increasing severity of the malignancy of PCa; the difference between the
noncancer and all malignant tissue groups was significant. *P < 0.05. M,
methylated primers; N, normal; NC, noncancerous tissue; T, tumor; T2, T3a,
T3b, T4, malignant stages of PCa; U, unmethylated primers.

Qu et al
regulated in malignant tumors (Figure 6B). The relative
expression of miR-199a-3p and the methylation of the miR-
199a gene were correlated to tumor stage and Gleason score
of PCa (Figure 6, B and C).

Discussion

Herein, we found that miR-199a-3p was down-regulated in
PCa tissues compared with normal prostate tissues, and the
expression pattern of miR-199a-3p was inversely correlated
with the expression pattern of aurora kinase A, an oncogene
that contributes to the malignant phenotypes of PCa.
Furthermore, miR-199a-3p agomir attenuated PCa growth,
which was concurrent with down-regulation of protein
expression of aurora kinase A. Moreover, we demonstrated
that miR-199a-3p targeted the aurora kinase A 30-UTR.
Thus, the present study indicates that miR-199a-3p plays a
critical role in inhibition of PCa growth by targeting aurora
kinase A.

We also focused on the mechanism by which miR-199a-
3p is down-regulated in PCa. miR-199a is regulated by its
promoter methylation in testicular cancer,9 and we hypoth-
esized that this mechanism also played a role in PCa. We
then treated DU145 cells with the demethyltransferase in-
hibitor, AZA, showing that the unmethylated fraction was
increased in the miR-199a promoter after AZA treatment,
and that miR-199a-3p expression was up-regulated and
1548
aurora kinase A expression was down-regulated. These re-
sults suggest miR-199a-3p expression in DU145 cells is
methylation dependent. Next, when we examined the rele-
vance of promoter methylation with miR-199a-3p expres-
sion in PCa patients, it showed more methylation in PCa
tissues than in normal tissues, suggesting miR-199a pro-
moter methylation might contribute to cancer malignancy.
We then measured miR-199a promoter methylation status
and miR-199a-3p expression in an enlarged PCa cohort and
evaluated the relationship between miR-199a-3p expression,
its promoter methylation, and clinical parameters of PCa.
We found that the relative expression of miR-199a-3p and
the percentage of methylation were correlated to tumor stage
and Gleason score of the PCa, suggesting clinical signifi-
cance for miR-199a-3p expression and miR-199a promoter
methylation in PCa.
Aberrant miR-199a-3p expression has been reported

in several cancers; it can be either up-regulated or
ajp.amjpathol.org - The American Journal of Pathology
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down-regulated in distinct cancer cell types.12 Duan et al13

have reported that miR-199a-3p was down-regulated in
human osteosarcoma, and that restoring miR-199a-3p’s
function may provide therapeutic benefits in osteosarcoma.
However, Wan et al14 reported that miR-199a-3p expression
was significantly up-regulated in human colorectal cancer.
The different expression patterns of miR-199a-3p found in
different cancers suggests a complicated role for miR-199a-
3p in regulating cancer phenotype. Herein, we show, for the
first time to our knowledge, that miR-199a-3p is a potent
inhibitor of aurora kinase A and it inhibits PCa growth
through targeting aurora kinase A. However, we still realize
that, although aurora kinase A may be the primary gene
regulated by miR-199a-3p in PCa, we cannot exclude the
possibility that other targeted genes of miR-199a-3p might
also exert some functions in PCa growth.

Up until now, many inhibitors against aurora kinase A
have been developed, such as VX-680,15 MLN8054,16 and
aurora kinase A RNA interference.17 However, to our
knowledge, this is the first report to demonstrate that
miRNA-mediated knockdown of aurora kinase A can be used
as a specific gene-targeting therapy to suppress progression
of PCa. As we know, miRNAs are endogenously produced
molecules in the body and have higher stability and better
tissue compatibility compared with other agents7; thus, they
might be better treatments than currently available thera-
peutics. Throughout the study, we found that animals did not
exhibit signs of discomfort, and the body weights of the mice
were not adversely affected by ribonucleotide administration,
proving the safety of miRNA administration in mice. Further
work should be performed to enhance the delivery ratio of
miRNAs/solid tumors to improve their therapeutic effects.

In summary, our findings show that miR-199a-3p is a
potent inhibitor of aurora kinase A in PCa. miR-199a-3p
agomir effectively attenuates malignant progression of PCa
both in vitro and in vivo. Revealing novel mechanisms for
oncogene inhibition by miRNA-mediated pathways offers
new avenues for PCa treatment.
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