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miR-184 delays cell proliferation, migration and invasion
in prostate cancer by directly suppressing DLX1
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Abstract. A number of previous studies have reported that
dysregulated miR-184 expression is associated with the
development of cancer. The aim of the present study was to
investigate the role of miR-184 in prostate cancer (PC) and
the mechanism underlying its effects. Data from human tumor
tissue samples were collected from The CEancer Genome Atlas
to determine the expression levels of miR-184 and DLX1. The
miR-184 mimic and pcDNA3.1-DLX1 plasmid were utilized to
induce overexpression of miR-184 and DLXI1 in Dul45 cells,
respectively. Cell Counting Kit-8, wound healing and Transwell
assays were performed to examine the effects of miR-184 on
the aggressiveness of PC cells. Dual-luciferase reporter gene
assay was used to investigate the association between miR-184
and DLX1, and reverse transcription-quantitative PCR and
western blot analyses were utilized to determine the mRNA and
protein levels. miR-184 expression was found to be downregu-
lated whereas DLX1 was upregulated in PC tissues compared
with normal prostate tissues. Cell propagation, migration and
invasion were all inhibited by miR-184 upregulation in Dul45
cells. Dual luciferase reporter assay confirmed the association
between miR-184 and DLX1. The inhibitory effect of miR-184
mimic on cell behaviors was reversed by upregulation of DLX1.
These findings suggest that miR-184 plays a beneficial role in
suppressing the tumorigenesis of PC by directly targeting DLX1,
and it may represent a potential therapeutic strategy for PC.

Introduction

Prostate cancer (PC) is the most frequent type of cancer in men
worldwide, accounting for 9.5% of morbidity and mortality
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among all new cancer cases, and for 4.8% of all cancer-related
deaths (1). Older men appear to be more susceptible to PC, as
it has been reported that ~99% of patients with PC are aged
>50 years (2). Similar to other malignancies, the timing of
diagnosis is crucial for the survival of patients with PC. Current
treatment strategies for PC include surgery, chemotherapy,
radiotherapy and hormonal therapy (3-6); however, treatment at
the molecular level has rarely been reported in PC. Therefore,
the aim of the present study was to improve the outcome of PC
by investigating a molecular treatment approach.

MicroRNAs (miRNAs) are a class of short non-coding
RNAs, which have been found to be implicated in a number
of human malignancies (7,8). miRNAs have been reported to
affect tumor development by binding to the 3' untranslated
region (3'UTR) of target genes (9,10). Accumulating evidence
has demonstrated that miRNAs, including miR-216b-5p,
miR-30d, miR-4638-5p and miR-141, are associated with the
tumorigenesis of PC (11-14).

miR-184 is a single copy gene, evolutionarily conserved
at the nucleotide level, that is located on chromosome 15 (15).
A strong association between miR-184 and protection from
cancer has been reported by previous investigations. For
example, the upregulation of miR-184 reduced nasopharyngeal
carcinoma cell migration and invasion (16), and it was also
shown to inhibit colorectal cancer cell viability and metastasis
by targeting IGF-1R (17). In addition, IncRNA UCAI has
been reported to promote oral squamous cell carcinoma cell
proliferation and cisplatin resistance through miR-184 suppres-
sion (18). However, the role of miR-184 in PC remains unclear.

In the present study, the expression levels of miR-184 and
DLXT1 were measured in PC tissues and cell lines. Functional
tests were performed to evaluate the effect of miR-184 over-
expression on PC cell lines in vitro. Further experiments
were conducted to confirm whether DLX1 is a direct target
of miR-184, and whether its expression could be reduced by
miR-184 overexpression. Collectively, the results of the present
study may provide a potential novel approach to the molecular
treatment of PC.

Materials and methods

Patient specimens and cell lines. The expression profiles of
miR-184 and DLX1 were downloaded from TCGA, including
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52 normal human tissue samples and 499 PC samples. PC cell
lines (C4-2, PC-3, Dul45 and LNCaP) and a human prostate
epithelial cell line (RWPE-2) were used in the present study.
RWPE-2, C4-2 and Dul45 cells were purchased from the
American Type Culture Collection, whereas PC-3 and LNCaP
cells were obtained from the cell bank of Type Culture
Collection of the Chinese Academy of Sciences. All cells
were incubated in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
at 37°C with 5% CO,, and digested by 0.25% trypsin upon
each passage.

Cell transfection. miR-184 mimic and pcDNA3.1-DLX1 were
used to upregulate miR-184 and DLX1 expression, respec-
tively. In addition, to examine the correlation of miR-184 and
DLX1,pcDNA3.1-DLX1 (4 ug) and miR-184 mimic (0.1 nmol;
designed and synthesized by Shanghai GenePharma Co., L.td.)
were used to co-transfect Dul45 cells. All transfections were
conducted using Lipofectamine® 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.) according to the manufacturer's
protocol. Reverse transcription-quantitative PCR (RT-qPCR)
analysis was utilized to verify transfection efficiency at 48 h
following transfection.

RT-gPCR. Total RNA was isolated from PC cells using TR1zol
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and then
reverse-transcribed to cDNA (annealing at 25°C, extension
at42°C) using the GoScript®Reverse Transcriptionkit (Promega
Corporation) in accordance with the protocol of the manufac-
turer. For the measurement of miRNA expression, the GoTaq®
qPCR Master Mix (cat. no. A6001; Promega Corporation) was
used with SYBR®-Green. The program was as follows: Initial
denaturation at 95°C for 10 min, followed by 40 cycles at 95°C
for 15 sec and at 60°C for 1 min. The U6 small nuclear RNA
was used as an internal reference for miR-184 expression,
while GAPDH was used as internal control for DLX1 expres-
sion. The sequences of the primers were as follows: miR-184
forward, 5'-AGTGCAGTGGGGTTGGTCTA-3" and reverse,
5'"TCCAAATGGCTCATCTCCGAC-3'; U6 forward, 5-CTC
GCTTCGGCAGCACA-3' and reverse, 5-AACGCTTCA
CGAATTTGCGT-3'; DLX1 forward, 5'-GCTACCCCTACG
TCAACTCG-3' and reverse, 5'-CAGATCTTGACCTGGGTC
CTC-3'"; and GAPDH forward, 5-GGAGCGAGATCCCTC
CAAAAT-3" and reverse, 5'-GGCTGTTGTCATACTTCT
CATGG-3'". The relative expression level was calculated using
the 244% method (19).

Cell Counting Kit-8 (CCK-8) assay. Dul45 cells were seeded
into 96-well plates at a density of 1,000 cells/well 24 h after
transfection. The cells were then cultured in a CO, incubator
with 5% CO, at 37°C and examined every 24 h. For cell viability,
10 pl CCK-8 reagent was added to each well and incubated
for 1.5 h at 37°C. The OD value at 450 nm was subsequently
determined using an automatic multi-well spectrophotometer
(Bio-Rad Laboratories, Inc.), and a cell viability curve was
drawn. All experiments were performed at least three times.

Cell migration and invasion assays. A wound healing assay
was conducted to examine cell migration. Following trans-
fection with specific vectors, cells suspended in RPMI-1640

medium supplemented with 10% FBS and 1% antibiotics
(penicillin and streptomycin) were seeded into 6-well plates at
a density of 5x10° cells/well overnight, and then incubated to
>90% confluence. Subsequently, a 200-x1 pipette tip was used
to create a wound. The existing medium was then removed
and the cells were rinsed with PBS before the addition of
serum-free medium. Images of the wounds were captured 24 h
following incubation using a light microscope and analyzed
using ImagelJ version 1.44p software (National Institutes
of Health). The results were quantified using the following
formulas: Wound closure rate=[area (0 h)-area (24 h)]/area
(0 h); wound closure (%)=(wound closure rate in experimental
group)/(wound closure rate in control group) x100.

Cell invasion was assessed using Transwell assay. Matrigel
(BD Biosciences) was diluted in serum-free medium at 1:6 and
placed in the upper chamber of transwell chamber at 37°C for
4 h to polymerize Matrigel into a gel. All cells were seeded
into the upper chambers of Transwell chambers (pore size,
8 um; Corning Inc.) at a density of 2x10° cells/well. The upper
chamber was filled with 200 ul serum-free DMEM, while the
lower chamber was filled with 500 1 DMEM supplemented
with 10% FBS. Cells were then cultured for a further 16 h,
and cells invading into the lower chamber were fixed with 4%
paraformaldehyde for 30 min at room temperature and stained
with 0.1% crystal violet for 20 min at room temperature. The
number of invading cells was subsequently calculated from
five random fields of view using a light microscope.

Bioinformatics analysis. The bioinformatics software
PicTar 21.0 (http://pictar.mdc-berlin.de) and TargetScan 7.2
(http://www.targetscan.org/vert_72/) (20) were used to predict
potential target genes for hsa-miR-184.

Establishment of histogram based on TCGA database. The
present study used prostate cancer expression data from the
TCGA database (https://cancergenome.nih.gov/). Prostate
cancer gene expression profile data and clinical data were
downloaded, and the first group of samples (499 samples,
name Tumor) and the second group (52 samples, named
normal), a total of 551 samples, were selected for analysis.
The RNA-Seq data was preprocessed and the obtained
data was used as an input file for subsequent methods. The
method of preprocessing is as follows: First, the raw data was
extracted from the matrix file. RNASeq data obtained from
all 551 samples was processed and combined using the Perl
programming language software package (version 5.88; Perl.
org), and the matrix file was extracted to obtain the expres-
sion profile of the gene in all samples. Expression maps as
shown in Fig. 1A and B were then generated using GraphPad
Prism 5.0 (GraphPad Software, Inc.) based on this expression
profile data. Among them, the height of the bar graph indicates
the mean value of the relative expression of miR-184 in the
sample, and the error line represents the maximum relative
expression of miR-184 in the group.

Dual luciferase reporter assays. A dual-luciferase reporter
assay was carried out to confirm the prediction results.
pMIR-DLX1-WT and pMIR-DLX1-MUT were synthesized
by Shanghai GenePharma Co., Ltd. pMIR-DLX1-WT (0.2 pg)
or pMIR-DLX1-MUT (0.2 ug) containing seven mutant
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Figure 1. miR-184 is downregulated and DLXI1 is upregulated in PC samples and cell lines. (A) miR-184 expression in PC tissues was lower compared with
that in normal tissues. P<0.0001 vs. normal. (B) DLX1 expression was upregulated in PC tissues compared with that in normal tissues. P<0.0001 vs. normal.
(C) miR-184 expression is higher in the RWPE-2 cell line compared with that in PC cell lines, as measured using reverse transcription-quantitative PCR.
“P<0.01 vs. RWPE-2. DLX1, distal-less homeobox 1; miR, microRNA; PC, prostate cancer.

nucleotides in the 3'UTR of DLX were co-transfected into
Dul45 cells (using the method described above) seeded
in 96 well plates at a density of 1x10%, along with miR-184
NC (0.05 nmol) or miR-184 mimic (0.05 nmol). Cells were
subsequently incubated for 48 h at 37°C with 5% CO, before
luciferase assays were performed. Luciferase activities in
Dul45 cells were determined using the Dual-Luciferase®
reporter assay system (Promega Corporation). Firefly lucif-
erase activity was normalized to Renilla luciferase activity.
Each experiment was performed in triplicate.

Western blot analysis. Protein samples were extracted from
the cells using RIPA lysis buffer (Beyotime Institute of
Biotechnology) supplemented with protease inhibitors. The
concentration of protein was quantified using a bicincho-
ninic acid assay kit (Beyotime Institute of Biotechnology).
The lysates were then mixed with 5X loading buffer and
boiled at 95°C for 5 min. SDS-PAGE (12%) was performed
to separate proteins (20 pg in each well) at 100 V for 1 h
before being transferred to PVDF membranes at 200 mA
for 1.5 h. The PVDF membrane was then incubated with 5%
skimmed milk powder (diluted in 1X TBST buffer containing
0.1% Tween-20) at room temperature for 1 h prior to incubation
with mouse anti-human DLX1 (1:1,000; cat. no. ab126054;
Abcam) or mouse anti-human fB-actin primary antibodies
(1:1,000; cat. no. ab179467; Abcam) overnight at 4°C. The
membranes were subsequently rinsed once with PBS prior to

incubation with horseradish peroxidase-conjugated secondary
antibody (1:10,000; cat. no. ab205718; Abcam) for 2 h at
room temperature. The protein bands were visualized using
an ECL chromogenic kit and subsequently quantified using
the Quantity One system (Version number 1708195; Bio-Rad
Laboratories Inc.).

Statistical analysis. All data were analyzed using SPSS 18.0
statistical software (IBM Corp.) and normal distribution was
described as mean =+ standard deviation. Student's t-test and
ANOVA followed by Dunnett's or Bonferroni's post hoc test
was used to compare the difference between two or multiple
groups, respectively. Correlation between miR-184 and DLX1
was evaluated using Pearson's analysis. P<0.05 was considered
to indicate a statistically significant difference.

Results

miR-184 expression is lower and DLXI expression is higher in
PC tissues and cell lines compared with normal tissues. It was
previously reported that DLX1 modulates a number of signaling
pathways during tumor progression by binding to f-catenin (21).
Therefore, RNA-seq data from PC and normal prostate tissue
samples was collected from the TCGA database to investigate the
expression of miR-184 and DLX1, in order to establish whether
there was a correlation between miR-184 and DLX1 expression
and PC tumorigenesis. The expression level of miR-184 was
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Figure 2. miR-184 overexpression inhibits Dul45 cell proliferation, migration
mimic was confirmed using reverse transcription-quantitative PCR. “P<0.01 vs.

and invasion. (A) miR-184 upregulation following transfection with miR-184
miR-NC. (B) miR-184 overexpression inhibited Dul45 cell viability compared

with control and miR-NC. “P<0.01 vs. miR-NC. (C and D) Dul45 cell migration was evaluated using wound healing assay. (C) Representative images of

wounded Dul45 cell monolayers at 0 and 24 h following transfection with miR-

184 mimic or miR-NC. (D) miR-184 overexpression inhibited wound closure.

Scale bar, 100 zm. “P<0.01 vs. miR NC. (E and F) Transwell assay was conducted to examine the role of miR-184 overexpression in Dul45 cells by calculating
the mean number of invading cells. (E) Representative images of invading Dul45 cells transfected with miR-184 mimic or miR-NC. (F) miR-184 overexpres-
sion inhibited Du145 cell invasion. Scale bar, 200 ym. “P<0.01 vs. miR-184 NC. miR, microRNA; NC, negative control; OD, optical density.

found to be significantly lower in tumor tissues from the 499 PC
patients compared with normal tissues (Fig. 1A; P<0.0001). By
contrast, DLX1 expression was significantly higher in PC tissues
compared with that in normal tissues (Fig. 1B; P<0.0001). The
expression level of miR-184 was next measured in human PC cell
lines (C4-2, PC-3, Dul45 and LNCaP) and the normal human
prostate epithelial cell line (RWPE-2) using RT-qPCR. miR-184
expression levels were found to be significantly lower in PC cell
lines compared with that in the RWPE-2 cell line and the Dul45
cell line exhibited the lowest level of expression compared with
other PC cell lines (C4-2, PC-3 and LNCaP; Fig. 1C; P<0.01).
To further investigate the mechanism underlying the potentially
beneficial role of miR-184 in PC, subsequent experiments were
conducted using the Dul45 cell line.

miR-184 overexpression inhibits Dul45 cell proliferation,
migration and invasion. To investigate the specific effect
of miR-184 on Dul45 cells, a miR-184 mimic was used to
overexpress miR-184. miR-184 expression was found to be
significantly higher in cells transfected with miR-184 mimic
compared with that in the control group (Fig. 2A; P<0.01).

The CCK-8 assay was next applied to examine cell viability
following transfection with miR-184 mimic. Dul45 cell
viability was significantly increased at 48 and 72 h following
miR-184 overexpression (P<0.01; Fig. 2B). In addition, the
migratory and invasive abilities of Dul45 cells transfected
with either miR-184 mimic or miR-184 NC were examined
using wound healing and Transwell assays. Wound closure
rate was significantly reduced in the miR-184 mimic group
compared with the miR-NC group after 24 h of incubation
(P<0.01; Fig. 2C and D). The results from the Transwell assay
revealed that the number of invading cells in the miR-184
mimic group was significantly lower compared with that in the
miR-NC group (P<0.01; Fig. 2E and F). These findings suggest
that miR-184 overexpression prevents the proliferation, migra-
tion and invasion of PC cells.

DLX]1 is a target gene of miR-184. TargetScan 7.2 was used
to confirm whether DLX1 is directly targeted by miR-184.
DLX1 has a seven-nucleotide miR-184-binding site in
its 3'UTR (Fig. 3A). Luciferase activity was significantly
repressed in PC cells co-transfected with pMIR-DLX1-WT
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Figure 3. DLX1 is a direct target of miR-184. (A) Sequence of the miR-184-binding site in DLX1 3'UTR. (B) Relative luciferase activity in Dul45 cells co-trans-

fected with miR-184 mimic or miR-NC and DLX1-3'UTR (wt) or DLX1-3'UTR

(mut) and corresponding quantification. “P<0.01 vs. miR-NC. (C) Pearson's

analysis between miR-184 and DLX1 expression based on the PC tissue data from TCGA database. P<0.0001. (D) Reverse transcription-quantitative PCR

measurement of DLX1 expression following miR-184 overexpression, "P<0.05.

(E and F) Expression of DLX1 protein was measured in Dul45 cells using

western blot analysis following transfection with miR-184 mimic or miR-NC; the results were normalized to GAPDH. (E) Representative western blot images
showing DLX1 and GAPDH expression. (F) Quantified data from. (E) "P<0.05. DLX1, distal-less homeobox 1; miR, microRNA; 3'UTR, 3' untranslated region;

wt, wild-type; mut, mutant; NC, negative control.

and miR-184 mimic (P<0.01), but not in those co-transfected
with pMIR-DLX1-mut and miR-184 mimic (Fig. 3B). In addi-
tion, Pearson's analysis revealed that the expression levels of
miR-184 and DLX1 were negatively correlated using the clin-
ical data obtained from TCGA (P<0.0001; Fig. 3C). RT-qPCR
and western blotting data also revealed that, compared with
GAPDH, the expression of DLX1 was reduced at the mRNA
and protein levels following transfection with miR-184 mimic
(Fig. 3D-F; P<0.05).

The effects of miR-184 overexpression on Dul45 cells are
reversed by DLX1 overexpression. To further elucidate the
molecular mechanisms underlying the anti-proliferative and
anti-migratory effects of miR-184, the role of DLX1 was further
studied. Given the negative correlation between miR-184
expression and DLX1 expression, it was hypothesized that the
anti-proliferative and anti-migratory effects of miR-184 mimic
in Dul45 cells might be reversed by overexpression of DLX1.
RT-qPCR showed that DLX1 expression was significantly
increased in Dul45 cells transfected with pcDNA3.1-DLX

when compared with cells transfected with empty vector
(Fig. 4A; P<0.01). It was subsequently found that the overex-
pression of DLX1 reversed the effects of miR-184 mimic on
Dul45 cells. The results of the CCK-8 assay suggested that the
anti-proliferative effects of miR-184 mimic overexpression in
Dul45 cells were partially reversed following co-transfection
with plasmids expressing DLX1 (P<0.05; F=0.37; Fig. 4B).
Similarly, the wound healing and Transwell assays showed
similar patterns. Although the overexpression of DLX1 did not
restore the migration and invasiveness of Dul45 cells to levels
comparable to the control group, it partially alleviated the
inhibitory effects of miR-184 overexpression on Dul45 cells
(P<0.01; Fig. 4C-F). Taken together, these findings indicate that
DLX1 is a direct target gene of miR-184, and its overexpression
can partially reverse the effects of miR-184 overexpression.

Discussion

Previous studies have demonstrated that miRNAs can modu-
late a diverse number of cellular functions in several diseases,
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Figure 4. The effects of miR-184 mimic on Dul45 cells were rescued by DLX1 overexpression. (A) The transfection efficiency of pcDNA3.1-DLX1 in Dul45
cells was tested using reverse transcription-quantitative PCR. “P<0.01 vs. pcDNA3.1. (B) The inhibitory effects of miR-84 mimics on Dul45 cell viability were
reversed by co-transfection with pcDNA3.1-DLX1. "P<0.05 and “P<0.01 vs. control, #P<0.01 vs. miR-184 mimic and “P<0.05 vs. miR NC + pcDNA3.1-DLX1.
(C and D) The inhibitory effects of miR-184 mimics on Dul45 cell migration were reversed by co-transfection with pcDNA3.1-DLXI1. (C) Representative
images of the Dul45 cell monolayer following transfection with miR-184 mimic or co-transfection with miR-184 mimic and pcDNA3.1-DLX1. (D) Quantified
results from. (C) Scale bar, 100 gm. “P<0.01 vs. control and #P<0.01 vs. miR-184 mimic. (E and F) The inhibitory effects of miR-184 mimic on Dul45 cell
invasion were reversed by co-transfection with pcDNA3.1-DLX1. (E) Representative images of invading Dul45 cells following transfection with miR-184
mimic or co-transfection with miR-184 mimic and pcDNA3.1-DLXI1. (F) Quantified results from. (E) Scale bar, 200 ym. “"P<0.01 vs. control and “P<0.01 vs.
miR-184 mimic. DLXI, distal-less homeobox 1; miR, microRNA; OD, optical density.

rendering it meaningful to investigate the regulatory network
of miRNAs (22). Indeed, a variety of biological functions have
been found to be associated with the aberrant expression of
miRNAs, including cell apoptosis, proliferation, differentiation
and immune regulation, such as pathogen recognition (23-26).
In particular, dysregulated miR-184 has been reported to be
associated with a number of malignancies (16-18). The aim of
the present study was to investigate the role of miR-184 in PC.

Accumulating evidence supports an association between
miR-184 expression and the promotion or prevention of
tumor development. miR-184 may impair cancer progression,
as reported by Su ez al (27), who found that the overexpres-
sion of miR-184 exerted an inhibitory effect on renal cell
carcinoma cell proliferation. Feng et al (28) suggested that
miR-184 expression was decreased in glioblastoma (GBM)
tissues and suppressed the development of GBM by binding

to stanniocalcin-2; similarly, an inhibitory effect was also
reported in breast cancer (29). By contrast, miR-184 was
found to promote cell proliferation in tongue squamous cell
carcinoma by targeting SOX7 (30). These findings collectively
raise the possibility that miR-184 serves a dual function in
tumorigenesis, namely as a tumor suppressor as well as tumor
promoter, although it may be hypothesized that this largely
depends on the tumor type and a diverse number of potential
target genes. In the present study, the results were consistent
with previous investigations (25,26), supporting the hypothesis
of an inhibitory role of miR-184 in PC.

DLX1 is a binding protein of 3-catenin, which can increase
cancer cell viability and migration by activating 3-catenin/TCF
signaling (21). In fact, abnormal activation of (3-catenin/TCF
signaling is considered to be a signature of PC (31). Therefore,
DLX1 appears to be a potential carcinogenic factor. DLX1 has



; DIDOS
EJ PUBLICATIONS

been reported to promote ovarian cancer progression by inter-
acting with Forkhead box protein M1, and to also contribute
to the development of oral clefts (32,33). DLX1 has also been
implicated in PC (34,35). In the present study, the results
of the dual luciferase reporter assay and the analysis of cell
proliferation, migration and invasion in vitro indicated that
DLX1 is a downstream target gene of miR-184. In addition,
the overexpression of DLX1 partially reversed the inhibitory
effects of miR-184 overexpression on PC.

In conclusion, miR-184 and DL X1 exhibited opposite trends
in PC tissues; namely, miR-184 expression was suppressed,
whereas DLX1 expression was increased. Although further
mechanistic studies are required, including chromatin
immunoprecipitation, immunohistochemical analyses, use of
animal models and recording of the clinical characteristics of
patients with PC during follow-up, the findings of the present
study suggest, to a certain extent, that miR-184 can affect
PC progression by suppressing DLX1 expression. Therefore,
miR-184 may be of value as a potential treatment target of PC
in the future.
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