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usion: We identified the involvement of the miR-489-3p/DLX1 pathway in PCa for the first
time. In this pathway, miR-489-3p acts as a tumor suppressor by negatively regulating the expres-
sion of DLX1. MiR-489-3p may be a potential therapeutic target for PCa treatment.
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Introduction

Prostate cancer (PCa) is the third leading malignancy diagnosed in men and the second
most common cause of cancer-related mortality in men." It is a disease mostly occurring
in older men, with 6 cases of 10 being diagnosed in those 65 years or older. Current
statistics show that 1 in 39 men will die from PCa.? In the United States, there are 181,000
new cases of PCa and 26,000 deaths yearly.® PCa is characterized by abnormally dividing
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pathway, vaccines, and gene therapy, have been developed,
there is a lack of efficacy in PCa treatment. In general, a better
understanding of the molecular mechanism of cancer progres-
sion would benefit therapy.

DLX1 is a member of the DLX homeobox family, which
also includes DLX2, DLX3, DLXS5, DLX6 and DLX7.* DLX
proteins are a group of transcription factors that share homol-
ogy with Drosophila distal-less factors.”’ Studies have
demonstrated that DLX proteins play important roles in
embryo development.®*'® Recent studies also show that
DLXs act as oncogenes regulating cancer development in
several types of cancers.'"'* For example, the expression
level of DLX2 is associated with breast cancer metastasis.""
DLX4 and DLX5 can promote the growth and metastasis of
ovarian cancer cells.'>"* DLX6 has metastatic potential in
prostate cancer.'* However, within the DLX family, little is
known about the role of DLX1 in cancer. Recent reports have
revealed that DLX1 is essential for the proliferation and migra-
tion of GABAergic cortical interneurons.'” In this study, we
investigated the effect of DLX1 on prostate cancer for the first
time.

MicroRNAs (miRNAs) are a family of endogenous non-
coding single-stranded RNA molecules with a length of 19-22
nucleotides that act as either tumor suppressors or oncoge
depending on the function of their target genes.'® Our stud
demonstrated that miR-489-3p functions as a tumorg

Table | Primers for Plasmid Constructs

DMEM (Gibco, Detroit, MI, USA) containing 10% FBS
(Gibco), 100 U/mL penicillin, 100 U/mL streptomycin, and 2
mM l-glutamine. RWPE-2 cells were cultured in K-SFM
(Gibco) containing 10% FBS, 0.05 mg/mL BPE (Gibco) and
5 ng/mL EGF (Gibco). All cells were placed at 37°C in a 5%
CO, atmosphere with 21% oxygen.

Plasmid Constructs
The 3'UTR of the human DLXI gene was amplified by PCR
from human genomic DNA using the primers listed in Table 1.
The DLX1 3'UTR fragment was clong
firefly luciferase reporter gene j
(Promega, Madison, WI, USA).

jastream of the

s and the appropriate negative control
urchased from RiboBio (Guangzhou,
ina). 22Rv1 and DU145 cells were seeded
& ell plate. The next day, miR-489-3p mimic or
iR-NC (200 pmol/well) with or without 2 pg of pCDH-
D X1 were transfected into 22Rv1 and DU145 cells using
ipofectamine™ 2000 (Invitrogen, Carlsbad, NY, USA).

gRT-PCR Assay

Total RNA was isolated using RNA isolate Total RNA
Extraction Reagent (Vazyme, Nanjing, Jiangsu, China).
cDNAs of DLX1 were synthesized using a HiScript II
Ist Strand cDNA Synthesis Kit (Vazyme). The reverse
transcription reaction for miR-489-3p was performed
Ist Strand cDNA Synthesis Kit
(Vazyme) according to the manufacturer’s instructions.
gPCR was conducted using an iQ5 Real-Time PCR

using a miRNA

Name

Sequence

pmirGLO-DLXI-3'UTR-WT-F
pmirGLO-DLX1-3'UTR-WT-R
pmirGLO- DLXI-3'UTR-Mut-F
pmirGLO- DLXI-3'UTR-Mut-R
DLXI-F

DLXI-R

5-GAGCTCGCTAGCCTCGAGTGCGTTGGCCAACGG-3’
5-GCATGCCTGCAGGTCGACTTTCAAGAAATCATA-3’
5-CAACTGTGTTTTGTGTTCTCTCCACTCAAGTTTAG-3'
5-ATTCTCAATATAAAACTAAACTTGAGTGGAGAGAA-3'
5'- TAGAGCTAGCGAATTCATGACCATGACCACC-3'
5-TCGCGGCCGCGGATCCTCACATAAGTTGGGG-3'

submit your manuscript

2720

Dove

Cancer Management and Research 2020:12


http://www.dovepress.com
http://www.dovepress.com

Dove

Bai et al

Table 2 Primers for RT-qPCR

Name Sequence

miR-489-3p-RT 5-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCTGCC-3'
miR-489-3p-F 5-GCGCGGTGACATCACATATAC -3’

miR-489-3p-R 5-AGTGCAGGGTCCGAGGTATT -3’

U6-RT 5-CGCTTCACGAATTTGCGTGTCAT-3'

Ué-F 5-GCTTCGGCAGCACATATACTAAAAT-3'

Ué-R 5-CGCTTCACGAATTTGCGTGTCAT-3'

DLXI-RT Provided by HiScript Il Ist Strand cDNA Synthesis Kit

DLXI-F 5'- CATCAGTTCGGTGCAGTCCTAC-3’

DLXI-R 5'- CCTTGCCATTGAAGCGCACTTC-3'

Detection System (Bio-Rad Laboratories, Hercules, CA,
USA) with a ChamQ SYBR qPCR Master Mix kit
(Vazyme). The thermocycling conditions were 94°C for
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Figure | DLXI is upregulated in prostate cancer tissues and prostate cancer cell lines. (A) The expression levels of DLX| mRNA in 499 PCa tissues and 52 adjacent normal
tissues (ANT) were analysed using the PCa dataset from The Cancer Genome Atlas (TCGA). (B) The expression level of DLX| mRNA in PCa tissues and matched adjacent
normal tissues was assessed. (C) The mRNA expression level of DLXI in both prostate cancer cell lines (PC3, DU145, 22Rv1) and a normal prostate cell line (RWPE-2) was
detected using qRT-PCR. (D) The protein expression level of DLX| in both prostate cancer cell lines and a normal prostate cell line (RWPE-2) was detected using Western
blotting. The data are presented as the meanz s.d. Unpaired two-tailed t-test: **p<0.001.
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Figure 2 miR-489-3p targets DLXI and downregulates its expression. (A) A screen was perfor]
DLXI, and miR-489-3p was chosen for further testing. (B) A dual-luciferase reporter assay was
post-transfection. The cells were cotransfected with pmirGLO-DLX|-3'UTR WT or pmirG
The data are presented as the meant s.d. Unpaired two-tailed t-test: *p<0.01. (C, D) After
DU 145 cells were examined by qRT-PCR and Western blotting, respectively. The cells were
plasmids. The data are presented as the meanz s.d. Unpaired two-tailed t-test: **p<0.01; **

LX1-3'UTR Mytant and negative control mimics or miR-489-3p mimics.
of transfection\JRNA and protein expression levels of DLXI in 22Rv| and
sfected with m C, miR-489-3p or both miR-489-3p and pCDH-DLXI

transcription reaction and qPCR are listed in _Table 2§
NA

say
ells were incubated at 37°C for 4 h with DMEM containing
U (50 um, RiboBio). The cells were then fixed with 4%
formaldehyde for 20 min, followed by the addition of glycine
for 5 min. After treatment with 0.5% Triton X-100 at 28°C for
10 min, the cells were washed twice with PBS. Then, 200 pL of
1X Apollo reaction cocktail was added to each well for 20 min.
Subsequently, nuclear DNA was stained with DAPI (5 pg/mL).
Images were obtained with a fluorescence microscope
(MOTIC, Hong Kong, China).

Expression levels were normalized to U6

levels.

Western Blot Analysis

Cells were lysed in ice-cold

Cell Viability Assay (MTT)

Cells were seeded in 96-well plates at an initial density of 3 x
10° cells/well. The cells were stained with MTT (Cat: QF0025,
Qiancheng Biotech, Shanghai) at each time point for 1 h at 37°

Dual-Luciferase Reporter Assay

22Rv1 and DU145 cells were seeded into a 24-well plate and
cotransfected with miRNA mimics or mimics control,
pGLA.74[hRluc/TK] and pmirGLO-DLX1-3'UTR plasmids.

The cells were lysed at 48 h post-transfection, and luciferase

C. Absorbance was measured at 490 nm. All experiments were
performed in triplicate.

Colony Formation Assay

Cells were seeded into 6-well plates at a density of 5000 cells
activity was measured using Dual-Glo Luciferase Assay  per well and cultured for 1-2 weeks. When the colonies could
System (Promega) and normalized to Renilla luciferase  be seen with the naked eye, they were fixed with methanol for

activity. 20 min and then stained with 0.5% crystal violet. The colonies
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A 22Rv1

miR-489-3p
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Figure 3 miR-489-3p inhibits the growth of prostate cancer cells. (A) The effect o
proliferation assays. (B) Statistical analysis of the EdU assays is shown in Figure 3

thrice independently, and the numbg
counted for analysis.

Cell Cycle Assay
Cells were seeded at
plates. After 24 h,
70% ethanol at
bated with 0.

Reactive Ofygen Species (ROS) Assay
The ROS content in cells was detected using a Cellular
ROS Assay Kit (ab113851, Abcam) according to the man-
ufacturer’s instructions.

Analysis of Mitochondrial Membrane

Potential Alteration
A JC-1 staining assay kit (C2006, Beyotime) was used to
detect alterations in mitochondrial membrane potential. Cells
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-
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proliferation of prostate cancer cells was analysed using EdU
ted as the meant s.d. Unpaired two-tailed t-test: *p<0.01,
pCDH-DLXI plasmids, respectively. The MTT assay was used
ailed t-test: **p<0.001, miR-NC group vs miR-489-3p group;

were resuspended in 500 pL DMEM and then mixed with 500
pL JC-1 working solution. After incubation for 20 min at 37°C
without light, the cells were washed twice with JC-1 staining
buffer, resuspended in 300 pL JC-1 staining buffer and ana-
lysed by FACS.

Transwell Assay

Migration and invasion assays were performed using
Transwell plates (Corning) with 8 pm-pore size membranes
without (for migration assays) or with (for invasion assays)
Matrigel. A sample of 2-5x10° 22Rv1 and DU145 cells were
plated in the upper chambers of the Transwell device. After 24
hours of incubation, migrated cells were stained with 0.5%
toluidine blue and counted from six random fields. For the
invasion assay, the membrane of the upper chambers was
precoated with 5-fold diluted Matrigel (BD Biosciences,
Sparks, MD) before use. The migrating or invading cells
were counted and photographed.

Statistical Analysis
All statistics were analysed using SPSS software 22.0
(IBM SPSS, Armonk, NY, USA). Student’s #-test
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Figure 4 MiR-489-3p inhibits colony formation and affects the

1gnificant. GraphPad
., La Jolla, CA,

DLXI Is Upregulated in Prostate Cancer
Tissues and Prostate Cancer Cell Lines

We used the PCa dataset from The Cancer Genome Atlas
(TCGA) to analyse the expression levels of DLX1 in PCa.
As shown in Figure 1A, the average expression level of DLX1
mRNA in 499 PCa tissues was higher than that in 52 adjacent

normal tissues (ANT). Moreover, the expression level of

s.d. Unpaired two-tailed t-test: **p<0.001, miR-NC group vs miR-489-3p group;
ages of the cell cycle assay by flow cytometry. Cells were harvested and analysed

DLX1 mRNA in PCa tissues was higher than that in matched
adjacent normal tissues (Figure 1B). We used qRT-PCR and
Western blot assays to compare the mRNA and protein expres-
sion levels of DLX1 between prostate cancer cell lines (PC3,
DU145, 22Rv1) and the normal prostate cell line RWPE-2,
respectively. As shown in Figure 1C and D, the DLX1 expres-
sion level was higher in prostate cancer cell lines than in
RWPE-2 cells. Taken together, these data suggest that DLX1

may act as an oncogene in prostate cancer.

miR-489-3p Targets DLXI and

Downregulates Its Expression

MiRNAs can target tumour-associated genes to regulate the
progression of cancer. Thus, we performed a screen using
TargetScan software to identify possible miRNAs that target
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generation via impaired mitochondrial function. (A) Representative images of JC-1 assay by flow cytometry. Cells were harvested and

a B The MFI ratio was statistically evaluated for the JC-1 assay shown in Figure 5A. MFl, median fluorescence intensity. MiR-489-3p
io, indicating impaired mitochondrial function. The data are presented as the meant s.d. Unpaired two-tailed t-test: *p<0.05, **5<0.01, miR-NC group
£p<0.05, ##p<0.01, miR-489-3p group vs miR-489-3p+DLXI| group. (C) Representative images of the ROS assay by flow cytometry. Cells were
24 h after transfection. (D) MiR-489-3p increases ROS generation. The data are presented as the meant s.d. Unpaired two-tailed t-test:

*#p<0.01, ¥**p<0.001, miR-NC group vs miR-489-3p group; #####p<0.0001, miR-489-3p group vs miR-489-3p+DLX| group.

DLX1. The results showed miR-153-3p, miR-19-3p, miR-23-
3p, and miR-489-3p to be potential candidates. A previous
study reported that miR-489-3p suppresses the proliferation
and invasion of bladder cancer cells.'” We hypothesized that
miR-489-3p may also act as an anti-oncogene in prostate
cancer, opposite to the function of DLXI. Therefore, we

chose miR-489-3p for further study and confirmed whether it
directly targets DLX1 using a dual-luciferase reporter assay.
As shown in Figure 2A and B, relative luciferase activity
decreased markedly in 22Rv1 and DUI145 cells when the
pmirGLO-DLX1-3'UTR WT plasmid was co-transfected
with miR-489-3p mimics but not with negative-control mimics
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were reduced by mir-
reversed this reduction
(Figure 2C and

miR-489-3p Inhibits the Viability of
Prostate Cancer Cells and Affects the
Cell Cycle

To examine the effect of miR-489-3p on cell growth, we used
EdU, MTT and colony formation assays with 22Rv1 and
DU145 cells. miR-489-3p reduced the percentage of EdU"
(replicating) cells (Figure 3A and B), and the MTT assay
showed that miR-489-3p decreased the OD490 value

Invasive cells per field

and photographed the next day. (B) Histogram of migrated
iR-NC group vs miR-489-3p group; ####p<0.0001, miR-489-3p group vs
Bd of transfection, cells were harvested and placed into the upper
ographed the next day. Magnification: 100x. (D) Histogram of invasive cells per
iR-NC group vs miR-489-3p group; #####p<0.0001, miR-489-3p group vs miR-

(Figure 3C). Moreover, according to colony formation assays,
the colony number was decreased in cells overexpressing mir-
489-3p (Figure 4A and B). Thus, overexpression of miR-489-
3p inhibits proliferation in 22Rv1 prostate cancer cells and
DU145 metastatic prostate cancer cells. We next performed a
cell cycle analysis using flow cytometry and observed that the
percentage of GO/G1 phase cells was higher in miR-489-3p-
overexpressing cells than in the cells of the other two groups
(Figure 4C and D). These findings indicate that miR-489-3p
induces GO/G1-phase arrest. Moreover, the effect of miR-489-
3p was reversed by overexpression of DLX1 (Figures 3 and 4A
and B).

miR-489-3p Increases ROS Generation

via Impaired Mitochondrial Function

Mitochondria-related apoptosis is always related to mito-
chondrial dysfunction.'® In our study, JC-1 staining was
in mitochondrial

performed to investigate changes
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membrane potential in 22Rv1 and DU145 cells, whereby
the presence of green fluorescence represents a decrease.
As depicted in Figure 5A and B, overexpression of miR-
489-3p obviously reduced the mitochondrial membrane
potential, which indicated that miR-489-3p promotes
apoptosis. To determine whether ROS were generated in
miR-489-3p overexpression-induced apoptosis, we mea-
sured ROS levels in 22Rv1l and DU145 cells by DCF-
DA staining. Our data demonstrated that overexpression of
miR-489-3p indeed increased ROS generation (Figure 5C
and D). According to these results, we conclude that miR-
489-3p increases ROS generation via impaired mitochon-
drial function. In addition, the effect of miR-489-3p can be
eliminated by DXL1 overexpression (Figure 5).

miR-489-3p Inhibits Cell Migration and

Invasion
The above results show that overexpression of miR-489-3p in
prostate cancer cell lines inhibits cell proliferation and pro-
motes apoptosis. To prove whether miR-489-3p affects cell
migration and invasion, Transwell migration assays and
Matrigel invasion assays were used to study the function of
miR-489-3p in metastasis. As illustrated in Figure q
expression of miR-489-3p reduced the number o
migrated cells and invasive cells, indicating that miR-48
suppresses the migration and invasion of prg
In addition, overexpression of DLX1
miR-489-3p on metastatic behavioua

Discussion
PCa is the third most ¢

ism of cance

therapies, e found that the expression
level goulated in PCa tissues and cell lines
such as 2% U145 and PC3 cells. Thus, we suggest that

DLX1 may fu
cancer.'” Then, W&

ion as an oncogene in PCa, similar to ovarian
identified miR-489-3p as a miRNA that
directly targets DLX1 and downregulates its expression, which
suggests that miR-489-3p may act as a tumour suppressor.
Finally, we proved our hypothesis by a series of cell function
experiments. The results reveal that miR-489-3p indeed pro-
motes ROS generation and inhibits proliferation, migration
and invasion in prostate cancer cells. Moreover, the above
miR-489-3-mediated effects were reversed by DLXI
overexpression.

Cell cycle analysis showed that miR-489-3p overex-
pression increased the percentage of cells in GO/G1 phase
and reduced the percentage of cells in S phase (Figure 3),
which indicates that miR-489-3p suppresses cell growth
by inducing GO0/G1 arrest.

There are two major apoptotic pathways: the extrinsic and
intrinsic pathways. The intrinsic pathway is also called the
mitochondrial pathway due to the essential involvement of
mitochondria.?**! Mitochondria-related apoptosis is always
associated with a change in mitochondrial membrane

potential.'® In the JC-1 staining green fluorescence

ant role in cell cycle progression and apoptosis.
The Wnt signalling pathway is an important cascade that
is tightly associated with the development of cancer. The
Wnt pathway requires Wnt ligand binding to Frizzled
receptors to initiate nuclear translocation of [B-catenin.
Translocated B-catenin interacts with transcription factor
4 (TCF4) and activates Wnt-targeted genes, which are
linked to cell proliferation and apoptosis.”> > The study
of Liang et al revealed that DLX1 binds to f-catenin and
enhances the interaction between B-catenin and TCF4.%°
Based on the above information, we hypothesize that
DLX1 may regulate cell cycle progression and apoptosis
by promoting Wnt signalling.

A given miRNA can target numerous genes. Several tar-
gets of miR-26 have been reported, such as PAX3, MMP7 and
HDACT7. MiR-489-3p has been shown to negatively regulate
expression of PAX3 to suppress osteosarcoma metastasis.>’ In
addition, miR-489-3p exhibits anti-metastatic activity in
human hepatocellular carcinoma by targeting MMP7.%* MiR-
489-3p also inhibits growth and invasion by targeting HDAC7
in colorectal cancer.”’ Thus, miR-489-3p may exert antitumor
activity via the regulation of not only DLX1 but also other

oncogenes.
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Sy . . d iofacial devel t. Am J Med Genet A. 2006140
We identified involvement of the miR-489-3p/DLX1 path- T ot CeveapmE. A o ene

(13):1366-1374. doi:10.1002/ajmg.a.31252
way in PCa for the first time. In this pathway, miR-489-3p  11. Morini M, Astigiano S, Gitton Y, et al. Mutually exclusive expression
of DLX2 and DLX5/6 is associated with the metastatic potential of

. ] K the human breast cancer cell line MDA-MB-231. BMC Cancer.
expression of DLXI1. MiR-489-3p may be a potential 2010;10(1):649. doi:10.1186/1471-2407-10-649

therapeutic target for PCa treatment. 12. Zhang L, Yang M, Gan L, et al. DLX4 upregulates TWIST and
enhances tumor migration, invasion and metastasis. /nt J Biol Sci.
2012;8(8):1178-1187. doi:10.7150/ijbs.4458

—_

acts as a tumour suppressor by negatively regulating

. o 13. Tan Y, Cheung M, Pei J, Menges CW, Godwin AK, Testa JR.
AbbreVIatlons ) ) Upregulation of DLX5 promotes ovarian cancer cell proliferation
PCa, prostate cancer; miRNAs, microRNAs; ROS, reac- by enhancing IRS-2-AKT signaling. Cancer Res. 2010;70
tive oxygen species; TCGA, The Cancer Genome Atlas; (22):9197-9206. doi:lO.l158/0008—5472.CAN—10—-1568

. Leyten GH, Hessels D, Smit FP, et al. Idg an of a candidate
Clin Cancer

MFI, median fluorescence intensity.
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