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Abstract. MicroRNA-497 (miR-497) has been reported to be 
downregulated in certain types of cancer, including breast, 
gastric, endometrial, colorectal and prostate cancer as well as 
hepatocellular and nasopharyngeal carcinoma. The present 
study aimed to investigate the underlying mechanism of the 
tumor suppressor function of miR‑497 in prostate cancer. 
Following transfection with miR‑497, the DU145 and PC‑3 
prostate cancer cell lines were subjected to Transwell migra-
tion and invasion assays, western blot analysis and a luciferase 
assay. It was revealed that miRNA‑497 inhibited the migra
tion and invasion of prostate cancer cells. In addition, is was 
indicated that miRNA‑497 directly targets hepatoma‑derived 
growth factor (HDGF) in prostate cancer cells. These results 
suggested that restoration of miR‑497 and the resulting down-
regulation of HDFG may represent a promising therapeutic 
strategy for prostate cancer.

Introduction

Prostate cancer is one of the most common malignancies 
among men and is the second leading cause of cancer‑associ-
ated mortality in males (1). In 2014, prostate cancer accounted 
for an estimate of 27% of newly diagnosed cancer cases and 
10% of cancer‑associated mortalities in men in the USA (2). 
Since prostate cancer is organ‑confined in most cases at the 
time‑point of diagnosis, radical prostatectomy and definitive 
radiotherapy are the current standard treatment for the vast 

majority of prostate cancer cases (3); however, a sub‑set of 
patients present with disease progression, including metasta-
sization to other organs or tissues in the body, such as bones 
or bladder (4). A widely accepted treatment option for such 
patients is androgen‑deprivation therapy, following which, 
however, prostate cancer recurrence in its androgen‑indepen-
dent or hormone‑refractory type is common (5). While the 
accurate etiology of prostate cancer is complex, several studies 
have suggested that it may be associated with factors including 
smoking, environment, dietary habits, endocrine system, age 
and ethnicity (6‑9). In the clinic, the prevention and treatment 
of prostate cancer and associated metastasis have remained 
challenging, as the underlying molecular mechanisms have 
remained to be fully elucidated (1). Therefore, it is urgent to 
discover novel therapeutic targets and approaches to suppress 
prostate cancer metastasis.

Certain microRNAs (miRs) have been found to be corre-
lated with the clinical outcome of specific cancer types (10). 
miRs are a class of naturally occurring, endogenous small 
non‑coding RNAs, with a size of 19‑22 nt (11). They specifi-
cally bind the 3'‑untranslated regions (3'UTR) of their target 
messenger RNAs (mRNAs) to induce their degradation or 
inhibit their translation, causing partial or total silencing of 
the respective protein‑coding gene (12). miRs are thought to 
regulate two‑thirds of the entire protein‑encoding genes (13). 
The expression of miRs themselves can also be regulated simi-
larly to that of protein‑coding genes, either through genetic 
or epigenetic shifts. miR expression is frequently aberrant in 
various cancer types (14). These alterations have been shown 
to be accountable for almost all facets of cancer development 
and progression (15). Upregulated miRs in cancer may func-
tion as oncogenes by negatively regulating tumor suppressors, 
while, downregulated miRs may function as tumor suppressor 
genes in healthy cells and inhibit cancer by regulating onco-
genes (16,17).

miR‑497 was found to be significantly downregulated 
in prostate cancer, and its restoration was shown to have 
anti‑proliferative and apoptotic effects (18). Based on these 
findings, the present study assessed the effects of miR‑497 
restoration on the migration and invasion of prostate cancer 
cells as processes associated with metastasis, and identified the 
underlying molecular mechanism. Hepatoma‑derived growth 
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factor (HDGF), which was indicated to be a putative target of 
miR‑497, was confirmed using a luciferase reporter assay. The 
present study found that miR‑497 represses the migratory and 
invasive capacity of the DU145 and PC‑3 prostate cancer cells 
by downregulating HDGF.

Materials and methods

Cell culture and transfection. The human prostate cancer cell 
lines DU145 and PC‑3 were purchased from the Shanghai 
Institute of Biochemistry and Cell Biology (Shanghai, China) 
and cultured in RPMI‑1640 medium supplemented with 10% 
heat‑inactivated fetal bovine serum (FBS; Gibco, Thermo 
Fisher Scientific, Waltham, MA, USA) in a humidified atmo-
sphere containing 5% CO2 at 37˚C.

Mature miR‑497 mimics (5'‑CAG​CAG​CAC​ACU​GUG​
GUU​UGU‑3') and negative control (NC) miRNA mimics 
(5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3') were designed and 
synthesized by GenePharma (Shanghai, China). When the 
density of DU145 and PC‑3 cells reached 30‑40%, cells were 
transfected using Lipofectamine 2000 (Invitrogen; Thermo 
Fisher Scientific), according to the manufacturer's instructions.

Cell migration and invasion assays. The cell migration and 
invasion assays were performed using Transwell chambers 
(8 µm; Costar; Thermo Fisher Scientific). For the migration 
assay, 1x105 transfected cells (miR‑497 mimics and NC) were 
placed into the upper chamber cultured in medium with 2% 
FBS, while 500 µl medium containing 20% FBS was added 
to the lower chamber. For the invasion assays, 1x105 trans-
fected cells (miR‑497 mimics and NC) cultured in medium 
with 2% FBS were placed into the upper chamber pre‑coated 
with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA), 
while 500 µl medium containing 20% FBS was added to the 
lower chamber. Cells were incubated for 12 h for the migra-
tion assay and 24 h for the invasion assay. At the end of the 
experiments, the cells that had not migrated or invaded through 
the pores were carefully removed. The filters were then fixed 
with 100% methanol (Beyotime Institute of Biotechnology, 
Inc., Haimen, China) for 2 min, stained in 0.5% crystal violet 
(Beyotime Institute of Biotechnology, Inc.) for 2 min, rinsed in 
phosphate‑buffered saline and then subjected to microscopic 
inspection (magnification, x200). Five random fields were 
counted per chamber using an inverted microscope (CKX41; 
Olympus Corp., Tokyo, Japan). Each condition was assayed in 
triplicate and each experiment was repeated at least three times.

Western blot analysis. Primary antibodies used in the present 
study, including HDGF and β‑actin were products of Cell 
Signaling Technology, Inc. (Danvers, MA, USA). DU145 
or PC‑3 cells were seeded in six‑well plates, and 72 h after 
transfection with miR‑497 mimics or NC, cells were harvested 
and homogenized with radioimmunoprecipitation assay lysis 
buffer (Beyotime Institute of Biotechnology, Inc.). The protein 
concentration was measured using the bicinchoninic acid 
protein assay kit (Beyotime Institute of Biotechnology, Inc.). 
Equal amounts of protein were separated using 10% sodium 
dodecyl sulfate polyacrylamide electrophoresis (Beyotime 
Institute of Biotechnology, Inc.) gel and then transferred onto 
polyvinylidene difluoride membranes (Beyotime Institute of 

Biotechnology, Inc.), which were blocked with 5% non‑fat dry 
milk for 2 h and incubated with primary antibodies, including 
mouse anti‑human monoclonal HDGF (cat. no.  sc‑271344; 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and 
mouse anti‑human monoclonal β‑actin (cat. no. 3700; Cell 
Signaling Technology, Inc.). The membrane was washed and 
then incubated for 1 h with the corresponding horseradish 
peroxidase‑conjugated secondary antibody (sc-2005; Santa 
Cruz Biotechnology, Inc., CA, USA) in Tris‑buffered saline 
with Tween 20 (Beyotime Institute of Biotechnology, Inc.). 
Finally, blots were visualized using enhanced chemilumi-
nescence solution (Pierce, Rockford, IL, USA) and images 
were captured using the FluorChem imaging system (Alpha 
Innotech, San Leandro, CA, USA).

Luciferase reporter assay. A search with TargetScan 
(http://www.targetscan. org) predicted HDGF as a direct target 
gene of miR‑497. A seven‑nucleotide seed match of position 
37‑43 of the HDGF 3'‑UTR with miR‑497 was revealed. In 
order to verify this interaction, a luciferase reporter assay 
was performed. Cells were plated in a 12‑well plate at ~90% 
confluence and transfected with miR‑497 mimics or NC using 
Lipofectamine 2000 (Invitrogen). For the reporter assays, 
stably miR‑497‑overexpressing cells were transiently trans-
fected with reporter plasmids driven by a wild‑type or mutated 
fragment from the 3'UTR of HDGF. The luciferase reporter 
vectors, including HDGF‑3'UTR Wt and HDGF‑'UTR Mut, 
were obtained from GenePharma Co., Ltd. (Shanghai, China). 
Each sample was also co‑transfected with 0.05 µg pRL‑CMV 
plasmid expressing Renilla Luciferase (Promega Corp., 
Madison, WI, USA) as an internal control for transfection 
efficiency. After 48 h of incubation, the cells were harvested 
and lysed, and luciferase activity was measured using the 
Dual‑Luciferase Reporter Assay System (Promega Corp.) 
according to the manufacturer's instructions. Firefly luciferase 
activity was normalized to Renilla luciferase activity for each 
transfected well. Each assay was replicated three times.

Statistical analysis. Values are expressed as the mean ± stan-
dard deviation. Comparison between groups was performed 
using Student's t‑test. All statistical analyses were performed 
using Stata 10.0 (College Station, Texas, USA). A double‑tailed 
P‑value of <0.05 was considered to indicate a statistically 
significant difference between values.

Results

miR‑497 inhibits cell migration and invasion of prostate cancer 
cell lines. To determine whether miR‑497 regulates human 
prostate cancer cell migration and invasion, the DU145 and 
PC‑3 cells were transfected with miR‑497 and NC mimics and 
subjected to Transwell assays. As expected, overexpression of 
miR‑497 significantly decreased the migratory and invasive 
capacity of DU145 and PC‑3 cells (Fig. 1). These observations 
indicated that miR‑497 was a negative regulator of prostate 
cancer cell migration and invasion.

miR‑497 suppresses the expression of HDGF in prostate cancer 
cell lines. A search with TargetScan predicted that HDGF is a 
direct target gene of miR‑497. As illustrated in Fig. 2A, position 
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37‑43 of the HDGF 3'‑UTR represents a seven‑nucleotide seed 
match with miR‑497.

Western blot analysis was then performed to explore whether 
miR‑497 affected the expression of HDGF in prostate cancer 
cell lines. As shown in Fig. 2B, HDGF was significantly down-
regulated in the DU145 and PC‑3 prostate cancer cell lines after 

transfection with miR‑497 (P<0.05). These results revealed that 
miR‑497 suppressed the protein expression of HDGF in prostate 
cancer cell lines.

HDGF is a direct target gene of miR‑497 in prostate cancer. To 
further confirm that HDGF is a direct target of miR‑497, DU145 

Figure 2. (A) According to bioinformatics analysis with Targetscan 5.2, the 3'UTR of HDGF mRNA contains a seven‑nucleotide seed match with miR‑497 at posi-
tion 37‑43. (B) HDGF was significantly reduced in DU145 and PC‑3 cells after transfection with miR‑497. Values are expressed as the mean ± standard deviation. 
*P<0.05, compared with the control. UTR, untranslated region; miR, microRNA; NC, negative control; hsa, Homo sapiens; HDGF, hepatoma‑derived growth factor.

Figure 1. Inhibition of tumor cell migration and invasion by miR‑497 in prostate cancer cell lines. Transwell assays showed that compared with the NC, miR‑497 
inhibited the migration and invasion of DU145 and PC‑3 cells (magnification, x200). Values are expressed as the mean ± standard deviation. *P<0.05, compared 
with the control. NC, negative control; miR, microRNA.

  A

  B
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and PC‑3 cells were subjected to luciferase reporter assays. As 
illustrated in Fig. 3, transfection with miR‑497 significantly 
decreased the activity of the HDGF 3'‑UTR luciferase reporter 
compared with that in the NC‑transfected group (P<0.05), while 
the activity of the reporter containing the mutated sequence was 
not affected. These results confirmed in vitro that HDGF was a 
target gene of miR‑497 in prostate cancer cells.

Discussion

Metastasis is a major event associated with tumor recur-
rence and poor patient outcome (19). miRs are a group of 
small, non‑coding RNAs that are commonly dysregulated 
in human malignant cancers (20). The involvement of miRs 
in the development of tumor metastasis has provided a novel 
perspective on the tumorigenic process (21). The present study 
revealed that miR‑497 may function as a tumor suppressor 
through repression of HDGF in prostate cancer. Restoration 
of miR‑497 suppressed cell migration and invasion in prostate 
cancer cells.

miR‑195 and miR‑497 are encoded by the same gene 
cluster located on chromosomal band 17p13.1, and due to their 
sequence AGCAGC starting at either the first nucleotide or 
the second nucleotide from the 5' end of the mature (~22 nt, 
single stranded) miRNA, they are members of the miR‑15/107 
gene group (22). Expression of miR‑497 has been proved to 
be frequently reduced in various tumors, including breast 
cancer (23), hepatocellular carcinoma (24), gastric cancer (25), 
nasopharyngeal carcinoma  (26), endometrial cancer  (27), 
colorectal cancer (28) and prostate cancer (18). In breast cancer, 

it has been demonstrated that miR‑497 markedly inhibits 
cellular growth, induces apoptosis and disrupts the cell cycle 
by targeting Bcl‑w; furthermore, miR‑497 expression was 
negatively correlated with the pathological stage, lymphatic 
metastasis, tumor size and HER‑2  (29). In hepatocellular 
carcinoma, it was demonstrated that CHEK1 is a target gene 
of miR‑497 (24). 

Identification of the target genes of miR‑497 is crucial for 
understanding its role in tumorigenesis and for the discovery 
of novel therapeutic targets. Studies have certified that in 
human cells, miR‑497 regulates the expression of certain 
oncogenes, including Bcl‑w, ERK1, MEK1, IGF‑1R, CHEK1 
and MAPK (24,28‑31). Therefore, upregulation of miR‑497 
or administration of pharmaceutical compounds with analo-
gous effects is expected to represent an effective therapeutic 
strategy for tumors resulting from activation or overexpression 
of these oncogenes. The present study demonstrated the tumor 
suppressive effects of miR‑497 in DU145 and PC‑3 cell lines, 
which included the inhibition of cell migration and invasion 
by downregulation of HDGF expression. The findings of the 
present study suggested that miR‑497 may represent a novel 
molecular marker and therapeutic agent to inhibit metastasis 
of prostate cancer.

HDGF is a novel growth factor with acidic heparin‑binding 
ability and was first isolated from the cultured media of 
the HuH‑7 human hepatoma cell line  (32). It consists of 
240  amino acids with functional domains, including a 
conserved N‑terminal 100‑amino‑acid domain responsible 
for heparin and DNA binding, and two bipartite nuclear local-
ization sequences (33). Studies have revealed that HDGF is 

Figure 3. HDGF may be a direct target of miR‑497. miR‑497 reduced the activity of a HDGF 3'UTR‑driven luciferase reporter vector in DU145 and PC‑3 cells 
after transfection with miR‑497. Values are expressed as the mean ± standard deviation. *P<0.05, compared with the control. UTR, untranslated region; miR, 
microRNA; NC, negative control; hsa, Homo sapiens; HDGF, hepatoma‑derived growth factor; WT, wild‑type; Mut, mutated.



MOLECULAR MEDICINE REPORTS  13:  2287-2292,  2016 2291

expressed in most organs (i.e. liver, brain, lung and intestine) 
during embryonic development as well as in mature organ-
isms (34). Besides its mitogenic activity, HDGF is implicated 
in organ development and tissue differentiation (35). HDGF 
has been found to be highly expressed in non‑small cellular 
lung cancer (36), hepatocellular carcinoma (37), colorectal 
carcinoma  (38), oesophagal carcinoma  (39), pancreatic 
carcinoma (40) and melanoma (41). In addition, high levels of 
HDGF are associated with poor prognosis in several types of 
cancer, including non‑small cell lung cancer, hepatocellular 
carcinoma, esophageal cancer, gastric cancer and gastroin-
testinal stromal tumors (33). Therefore, HDGF represents a 
potential prognostic factor for these cancers types.

The effects of HDGF overexpression in carcinogenesis have 
become a main focus in cancer biology and have been studied 
in various types of cancer. Previous studies have indicated that 
HDGF participates in numerous cellular processes, including 
astrocyte proliferation, renal development, vascular lesion 
formation (42), sensitization to irradiation (43), cardiovascular 
differentiation as well as cell migration and invasion (44‑48). 
In prostate cancer, HDGF was shown to be overexpressed 
and knockdown of HDGF consistently inhibited prolifera-
tion. Moreover, knockdown of HDGF inhibited the migration 
and invasion of the DU145 prostate cancer cell line (48). The 
results of the present study suggested that miR‑497 suppressed 
prostate cancer cell migration and invasion through down-
regulation of HDGF. miR‑497 may therefore be utilized as a 
predictive parameter for early detection of tumor recurrence 
and as a target of drugs to block prostate cancer metastasis.

In conclusion, the present study was the first to show that 
miR‑497 regulates HDGF and regulates cell migration and 
invasion of prostate cancer cells. The identification of candi-
date target genes of miR‑497 may provide an understanding 
of potential carcinogenic mechanisms in prostate cancer. 
miRNA‑based therapy is expected to be more efficient than 
the traditional single target therapy, since miRNAs regulate 
multiple target genes simultaneously. Therefore, miR‑497 may 
be utilized for the treatment of prostate cancer.
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