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MiR-451 suppresses the growth, migration, and invasion of
prostate cancer cells by targeting macrophage migration
inhibitory factor

Gang Wang"¥, Lixia Yao™, Tao Yang', Liuxiong Guo', Shouyi Gu', Junjiang Liu', Kuo Yang’

'Department of Urology, “The Second Department of Geriatrics, Hebei General Hospital, Shijiazhuang 050051, China; *Tianjin Institute of
Urology, Tianjin 300211, China

Contributions: (I) Conception and design: G Wang, L Yao; (II) Administrative support: K Yang; (III) Provision of study materials or patients: S
Gu, J Liu, K Yang; (IV) Collection and assembly of data: T Yang, S Gu, J Liu; (V) Data analysis and interpretation: G Wang, L Yao, T Yang;
(VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

*These authors contributed equally to this work.

Correspondence to: Gang Wang, MD, PhD. Department of Urology, Hebei General Hospital, 348 Heping West Road, Shijiazhuang 050051, China.
Email: hbghwanggang520@aliyun.com.

Background: Metastasis is the most common cause of death of prostate cancer patients. Identification
of key regulators in prostate cancer metastasis is essential for improved management of the disease.
Accumulation of evidence suggests that miRNAs play important roles in cancer metastasis. Here, we
investigated the role of miR-451 in prostate cancer progression and metastasis.

Methods: In this study, we performed reverse transcription-quantitative PCR analysis to examine the
expression of miR-451 in clinical prostate cancer samples and cell lines. TargetScan Release 7.0 programs,
luciferase reporter assay, and a rescue experiment were used to validate the direct target of miR-451. The
protein expression of the miR-451 target was detected by Western blot. MTS cell viability assay, transwell
migration assay, and modified Boyden chamber invasion assay were used to demonstrate the effects of
increased miR-451 expression on prostate cancer cell growth, migration and invasiveness.

Results: We identified the decreased expression of miR-451 in clinical metastatic prostate cancer compared
to localized primary prostate cancer and benign prostate. Consistently, we also observed the decreased
expression of miR-451 in highly metastatic prostate cancer cell lines (C4-2 and PC3M) compared to their
low metastatic counterparts (LNCaP and PC3). Furthermore, we confirmed the macrophage migration
inhibitory factor (MIF) is a direct target of miR-451 in prostate cancer and demonstrated a negative
correlation between miR-451 and MIF expression in clinical prostate cancer samples. Functional studies
showed increased miR-451 expression significantly suppressed cell growth, migration and invasiveness
via targeting MIF. The effect of increased miR-451 expression can be reversed by overexpressing MIF in
prostate cancer cells.

Conclusions: These findings suggest that miR-451 suppresses prostate cancer cell growth, migration and
metastasis, which provides insight into the development of novel therapeutic approaches for prostate cancer

treatment.
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Introduction

Metastasis is the most common cause of death of prostate
cancer patients. The mechanisms underlying prostate cancer
metastasis is not completely clear. Therefore, identification
of key regulators with functional role in the suppression
or enhancement of prostate cancer metastasis is essential
to improve patients’ prognosis and disease management.
miRNAs are small non-coding RNAs that can negatively
regulate the expression of target genes by binding to their
3’ untranslated regions (UTRs) and promoting mRNA
degradation or inhibiting translation (1,2). Many studies
have demonstrated that miRNAs are dysregulated in prostate
cancers suggesting their roles in cancer onset, cell invasion,
migration, and metastasis. The altered miR-451 expression
has been reported in various types of tumors. However,
the functions of miR-451 in different types of tumors are
not consistent. For example, it has been reported that miR-
451 can inhibit cancer cell proliferation and invasion and its
downregulation is associated with a poor patient outcome
in gastric, lung, renal, liver and bladder cancers (3-7);
oppositely, in pancreatic and thyroid cancer, an increased
expression of miR-451 has been reported to promote cell
proliferation and metastasis (8,9). The role of miR-451 in
prostate cancer has not been reported so far. In this study, we
examined the expression of miR-451 in clinical metastatic and
primary localized prostate cancer tissues and prostate cancer
cell lines with various metastatic abilities, confirmed a direct
target of miR-451, and investigated the function of miR-451
in prostate cancer cell growth, migration, and invasion.

Methods
Clinical samples

Fresh prostate cancer samples were collected from the 2™
Hospital of Tianjin Medical University and Tianjin Institute
of Urology including 31 benign prostates, 29 localized
primary cancer tissues harvested from radical prostatectomy
and 12 lymph node metastasis tissues. The cancer specimens
were immediately frozen in liquid nitrogen after surgery
and were stored in —80 °C freezer. This study was approved
by the research ethics committee of the Second Hospital of
Tianjin Medical University. Clinical information of these
samples was provided in Tuble S1.

Cell culture

LNCaP, C4-2, PC3, and PC3M cells were cultured in an
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RPMI-1640 medium (Thermo Fisher Scientific, Shanghai,
China) containing 10% fetal bovine serum (Thermo Fisher
Scientific) at 37 °C with 5% CO.,.

Real-time PCR

The total RNA was extracted from cultured cells and clinical
prostate cancer tissues using TRIzol reagent (Thermo
Fisher Scientific) followed the manufacturer’s instructions.
Final RNA concentration was adjusted to 100 ng/pL and
lug of RNA was used for reverse transcription reaction.
The complementary DNA (cDNA) was synthesized using
a TagMan MicroRNA Reverse Transcription Kit and
miRNA-specific RT primers from a TagMan MicroRNA
Assay (Thermo Fisher Scientific). The expression of miR-
451 was measured by TagMan miRINA assays in accordance
with the manufacturer’s instructions (Thermo Fisher
Scientific). The miR-451 expression in all the samples
was normalized to U6 small nuclear RNA. To exam the
expression of migration inhibitory factor (MIF), total RINA
was isolated from cultured cells or clinical samples using the
RNeasy mini kit (Thermo Fisher Scientific) following the
manufacturer’s instructions. cDNAs were synthesized using
a QuantiTect Reverse Transcription Kit (Qiagen Inc.).
qRT-PCR reactions using SYBR Green Premix Ex Taq
(TaKaRa, Dalian, China) were performed in a ViiA 7 Real-
Time PCR system (Applied Biosystems, Thermo Fisher
Scientific).

Transfection

miR-451 mimics or scramble were synthesized by
Sangon Biotech Co., Ltd., Shanghai, China. In a ‘rescue’
experiment, MIF coding sequence without its 3'-UTR was
cloned into a pcDNA3 vector (Thermo Fisher Scientific).
The miR-451 mimics or scramble or pc-MIF vector were
transfected into C4-2 or PC3M cells together or separately
for 48 hours by Lipofectamine 2000 (Thermo Fisher
Scientific) according to the manufacturer’s instructions.
The final concentration of mimics and scramble RNA is

25 nM.

Western blotting

The culture medium was removed from the culture dish
and the cells were rinsed with PBS gently. RIPA lysis buffer
was added into the dishes to prepare the total protein of
cells. The protein concentration was measured using the
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BCA protein assay (Beyotime Institute of Biotechnology,
Shanghai, China). The protein concentration was adjusted
to 1 pg/pL and 10 pg of protein was loaded per lane. The
Anti-MIF antibody (R&D Systems) was used for detecting
MIF expression and an anti-Actin antibody (Sigma-
Aldrich) was used for detecting actin as the loading control.
Immunoblotting signals were detected using the Super
Signal West Pico Chemiluminescent Substrate Kit (Pierce
Biotechnology).

Luciferase reporter gene assay

The 3'-UTR sequence of MIF predicted to interact with
miR-451 and a mutant 3'-UTR sequence were synthesized
and cloned into psiCHECK-2 vector (Promega). miR-
451 mimics or scramble sequence was co-transfected into
C4-2 cells with the plasmid DNAs using lipofectamine
2000. Luciferase activates were determined using the
Dual-Luciferase Assay System (Promega) after 48 hours of
transfection. Renilla luciferase activities were normalized to
the internal control Firefly luciferase activity.

Cell migration assay and invasion assay

Uncoated transwell chambers and modified Boyden
chambers (BD Biosciences) with 8 pm pore size were
used to examine the cell migration and invasion ability
respectively. In brief, C4-2 or PC3M cells were suspended
in serum-free medium and were seeded to the upper
chambers. The medium containing 5% fetal bovine serum
was added to the lower chambers. The cells and chambers
were incubated at 37 °C for 22 hours. After incubation,
cells that were adhered to the upper surface of the
chamber were wiped off. The cells on the lower surface
were fixed, stained with crystal violet and counted under a
light microscope.

Statistical analysis

Data are presented as mean = SD. Statistical analyses were
performed using GraphPad Prism 6 (GraphPad Software).
Two-tailed Student’s z-test was used for comparisons
between every two groups in all relevant experiments.
The relationship between MIF and miR-451 expression
was assessed using Pearson’s correlation analysis. The
significance threshold is set at P<0.05 to indicate statistical
significance.
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Results

Decreased expression of miR-451 was observed in clinical
metastatic prostate cancer tissues and the metastatic
prostate cancer cell lines

To investigate the miR-451 expression in prostate cancer,
we first examined its expression in 31 benign prostates,
29 localized primary prostate cancer, and 12 lymph node
metastatic prostate cancer specimens. The qRT-PCR results
demonstrated that the expression of miR-451 in lymph
node metastatic prostate cancer tissues was significantly
lower than that in localized prostate cancer and benign
prostate tissues (P<0.01), which indicates an association
of miR-451 expression with prostate cancer metastasis
(Figure 1A). Furthermore, we examined miR-451 expression
in a panel of cell lines derived from benign prostate or
prostate cancer including a benign prostate epithelial cell
line (BPH-1), prostate cancer cell lines LNCaP, PC3 and
their highly metastatic derivatives C4-2 and PC3M. We
observed that all the cancer cell lines showed a significant
decrease of miR-451 expression compared to benign BPH1
cell line. Interestingly, highly metastatic C-4 and PC3M cell
line showed less miR-451 expression than low-metastatic
LNCaP and PC3 cells (P<0.01) (Figure 1B).

MiR-451 directly targets MIF in prostate cancer

To have a better understanding of the mechanisms
underlying miR-451 regulated prostate cancer metastasis,
we identified MIF as a potential target gene of miR-451
using TargetScan Release 7.0 (Figure 24). To validate MIF
is a direct target gene of miR-451, we used a luciferase
reporter assay by cloning the wild-type MIF 3'-UTR
sequence or a mutant one (Figure 24) into a psiCHECK-2
vector and co-transfecting the vector accompany with
miR-451 mimics or scramble sequence into C4-2 cells.
Transfection of miR-451 mimics significantly inhibited
the luciferase activity of reporter with wild-type 3'-UTR
of MIF (P<0.01), but not that with the mutant 3'-UTR. As
expected, transfection of scramble sequence didn’t inhibit
the activity of luciferase of the reporter with wild-type 3'-
UTR of MIF (Figure 2B).

Consistent with the luciferase assay results, the mRNA
and protein expression of MIF in miR-451-overexpressed
cells was apparently decreased compared to those of the
cells transfected with scramble sequence (Figure 3A,B).
Furthermore, analysis of RNA expression data of clinical
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Figure 1 Expression of miR-451 in clinical prostate cancer samples and prostate cancer cell lines. (A) The expression of miR-451 in clinical

lymph node metastatic prostate cancer specimens is significantly lower than that in localized primary prostate cancer and benign prostate
tissues; (B) the expression of miR-451 in the highly metastatic prostate cancer cell line C4-2 and PC3M is significantly lower than that in
their low-metastatic counterpart, LNCaP and PC3 cell lines, and benign BPH1 cell line. *, P<0.05; **, P<0.01.
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Figure 2 Direct interaction between miR-451 and MIF. (A) The seed sequence of miR-451 in the 3'-UTR of MIF is indicated; (B) the
luciferase activity in C4-2 cells transfected with miR-451 mimics is significantly decreased compared to the miR-NC treated cell. The cells
transfected with the mutant 3'-UTR of MIF don’t show a change in luciferase activity. Transfection of scramble sequence didn’t inhibit the

activity of luciferase either. **, P<0.01. UTR, untranslated region.

prostate cancer samples showed a strong negative
correlation between the expression of miR-451 and MIF,
supporting MIF is a direct target of miR-451 in prostate
cancer (Figure 3C,D).

MiR-451 suppresses prostate cancer cell growth, migration,
and invasion

Following the observation of decreased miR-451 expression
in highly metastatic C4-2 and PC3M cells, we subsequently
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utilized these cell lines to study the function of miR-451 in
prostate cancer. We transfected the mimics of miR-451 or
scramble sequence in C4-2 and PC3M cells respectively,
then examined the effect of miR-451 on prostate cancer
viability and proliferation using MTT assay. We observed
that cells transfected with miR-451 mimics presented
a significant growth inhibition compared with those
transfected with scramble miR (P<0.01, Figure 4A4,B).
Transwell migration assay showed that the migration ability
of C4-2 and PC3M cells transfected with miR-451 mimics
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Figure 5 MiR-451 suppresses prostate cancer cell migration and invasion. Trans-well cell migration assay shows the decreased cell migration
of C4-2 cells (A) and PC3M cells (B) transfected with miR-451 mimics compared to cells transfected with miR-NC; Matrigel (Boyden
chamber) invasive assay shows that increased miR-451 expression in C4-2 cells (C) and PC3M cells (D) significantly suppressed cell invasive
ability. In all these assays, the effects of miR-451 are reversed by the overexpression of MIF (MIF-451mimces+MIF cells). **, P<0.01. MIE,

migration inhibitory factor. Scale bar =100 pm.

was significantly decreased compared to the cells transfected
with scramble controls (Figure 5A4,B). Consistently, the
Matrigel (Boyden chamber) invasive assay demonstrated
overexpression of miR-451 significantly suppressed C4-2
and PC3M cell invasion (P<0.01, Figure 5C,D). Moreover,
a ‘rescue’ experiment was performed by overexpressing
MIF in C4-2-miR-451 and PC3M-miR-451 cells. The
overexpression of MIF significantly reversed the suppression
effects of cell proliferation, migration and invasion induced
by miRNA-451 (P<0.01, Figure 5A,B,C,D). These results
suggest that miR-451 suppresses prostate cancer cell
progression via directly regulating MIF expression.

Discussion

Most deaths caused by prostate cancer are related to tumor
metastases that are highly resistant to the treatment. However,
the mechanisms underlying prostate cancer metastasis is not
completely understood. MicroRINAs, small RNA molecules
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that regulate gene expression post-transcriptionally, have
been reported to play a key role in cancer development and
progression (10). miRNA-451 was observed to be deregulated
and act as oncogene or tumor suppressor miRNA in various
types of cancers, suggesting a context-dependent effect.
However, its role in prostate cancer is not clear.

In this study, we observed the downregulation of miR-
451 in metastatic prostate cancer tissues compared to
localized primary prostate cancer and benign tissues.
Functionally, we demonstrated an increased miR-451
expression can significantly suppress prostate cancer cell
proliferation, migration, and invasion, which suggests miR-
451 plays a metastasis-suppressing role in prostate cancer.
These results suggest miR-451 may be a potential biomarker
for metastatic prostate cancer. One major limitation of this
study is small clinical sample size used for clinical relevance
study. Further evaluation of the prognostic value of miR-
451 in prostate cancer using large clinical cohorts in the
future will provide more insight to its potential application

Tirransl Cancer Res 2019;8(2):647-654
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in outcome prediction of prostate cancer patients.
Recently, it was reported that low expression of miR-451
was significantly correlated with short progression-free
survival (PFS) and overall survival (OS), and miR-451 was
an independent poor prognostic factor for PES and OS in
metastatic castration resistant prostate cancer patients (11)
and its increased expression is associated with hypoxia in
prostate cancer cells (12). Further validation expression of
miR-451 in plasma or serum of prostate cancer patients
will provide more evidence for its value in the detection
of metastatic prostate cancer, monitoring of treatment
response, and guiding personalized therapy.

A few target genes of miR-451 have been reported in
different types of cancer, such as CAB39, RAB14, 14-
3-3§ and MIF, have been identified (13-15). MIF is a
proinflammatory cytokine and its increased expression has
been observed in various types of tumors, such as lung,
colorectal, breast, cervical, prostate, and head and neck
cancer (16). The increased MIF expression plays a crucial
role in cell proliferation, invasiveness and tumor-induced
angiogenesis (17-21). The inhibition of MIF or its receptor
(CD74) can attenuate prostate cancer cell growth and
invasion (22,23). In our study, we proved the direct binding
of miR-451 and 3'-UTR of MIF in prostate cancer cells.
We also further confirmed that MIF protein expression
was decreased in C4-2 prostate cancer cells transfected
with miR-451 mimics compared with the cells transfected
with scramble sequence by Western blotting analyses.
Moreover, we observed a strong negative correlation
between the expression of miR-451 and MIF. Functionally,
overexpression of MIF in C4-2 and PC3M prostate cancer
cells transfected with miR-451 mimics can reverse the
effect of miR-451. These data suggested that miR-451 may
directly control MIF protein expression and further regulate
cell growth, migration, and invasion in prostate cancer. Our
results are consistent with the findings reported in gastric
cancer and nasopharyngeal carcinoma (24,25).

In conclusion, this study demonstrated that miR-451 is
downregulated in prostate cancer, especially in metastatic
prostate cancer. MiR-451 can functionally suppress prostate
cancer cell growth, migration and invasion by directly
targeting MIF. These findings provide insight into the
development of new therapeutic approaches for prostate
cancer treatment.
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Supplementary

Table S1 Clinical features of prostate cancer samples that were used in this study

Sample ID Age at diagnosis Tissue source Gleason score T stage
1 70 Benign N/A N/A
2 60 Benign N/A N/A
3 78 Benign N/A N/A
4 58 Benign N/A N/A
5 66 Benign N/A N/A
6 72 Benign N/A N/A
7 66 Benign N/A N/A
8 70 Benign N/A N/A
9 67 Benign N/A N/A
10 65 Benign N/A N/A
11 70 Benign N/A N/A
12 75 Benign N/A N/A
13 70 Benign N/A N/A
14 62 Benign N/A N/A
15 63 Benign N/A N/A
16 70 Benign N/A N/A
17 72 Benign N/A N/A
18 73 Benign N/A N/A
19 63 Benign N/A N/A
20 65 Benign N/A N/A
21 70 Benign N/A N/A
22 65 Benign N/A N/A
23 68 Benign N/A N/A
24 70 Benign N/A N/A
25 74 Benign N/A N/A
26 64 Benign N/A N/A
27 56 Benign N/A N/A
28 61 Benign N/A N/A
29 67 Benign N/A N/A
30 64 Benign N/A N/A
31 59 Benign N/A N/A
32 71 Localized prostate adenocarcinoma 3+4 2a
33 74 Localized prostate adenocarcinoma 3+4 2b
34 73 Localized prostate adenocarcinoma 3+5 3
35 78 Localized prostate adenocarcinoma 3+4 2c
36 64 Localized prostate adenocarcinoma 4+3 2b
37 74 Localized prostate adenocarcinoma 445 2c
38 58 Localized prostate adenocarcinoma 4+4 2a
39 63 Localized prostate adenocarcinoma 3+4 2b
40 65 Localized prostate adenocarcinoma 4+3 3
41 66 Localized prostate adenocarcinoma 3+4 2c
42 63 Localized prostate adenocarcinoma 4+4 2b
43 68 Localized prostate adenocarcinoma 4+4 2c
44 70 Localized prostate adenocarcinoma 5+4 3
45 65 Localized prostate adenocarcinoma 3+4 3
46 70 Localized prostate adenocarcinoma 445 2b
47 73 Localized prostate adenocarcinoma 3+4 2c
48 61 Localized prostate adenocarcinoma 4+4 2c
49 65 Localized prostate adenocarcinoma 445 3
50 63 Localized prostate adenocarcinoma 4+4 2b
51 77 Localized prostate adenocarcinoma 3+4 2b
52 66 Localized prostate adenocarcinoma 3+4 2c
53 67 Localized prostate adenocarcinoma 4+4 3
54 72 Localized prostate adenocarcinoma 3+4 2a
55 67 Localized prostate adenocarcinoma 3+3 2b
56 73 Localized prostate adenocarcinoma 4+4 2c
57 60 Localized prostate adenocarcinoma 5+4 2c
58 64 Localized prostate adenocarcinoma 3+4 2b
59 56 Localized prostate adenocarcinoma 3+3 2c
60 70 Localized prostate adenocarcinoma 4+4 2b
61 68 Lymph node metastasis 4+4 2c
62 65 Lymph node metastasis 3+4 3
63 61 Lymph node metastasis 4+4 2
64 61 Lymph node metastasis 445 3
65 76 Lymph node metastasis 5+4 2b
66 73 Lymph node metastasis 4+4 2c
67 60 Lymph node metastasis 5+4 2c
68 70 Lymph node metastasis 4+4 2b
69 65 Lymph node metastasis 4+3 3
70 66 Lymph node metastasis 4+4 2c
71 73 Lymph node metastasis 5+4 3
72 61 Lymph node metastasis 5+4 3
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