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Abstract. Telomeric repeat binding factor 1 (TERF1) has
been identified as a tumor suppressor gene in numerous types
of human cancer. However, the expression of TERF1 and its
mechanism in prostate cancer (PCa) remains unclear. The
present study aimed to explore the expression and functions of
TERF1 in PCa. The UALCAN database was used to analyze
the differential expression of TERF1 between normal prostate
tissue and primary PCa tissue. Cell apoptosis was analyzed
by Annexin V/propidium iodide staining, and wound healing
and Transwell assays were used to detect the cell migration
and invasion abilities, respectively. The cell viability was
analyzed using an MTT assay. Reverse transcription‑quantitative PCR and western blotting were used to analyze the
mRNA and protein expression levels, respectively, of epithelial‑mesenchymal transition (EMT) markers following TERF1
knockdown in the PC3 cell line. A dual luciferase reporter
assay was used to verify the association between TERF1 and
microRNA (miR)‑155 predicted by bioinformatics analysis.
Rescue experiments were performed to determine the role of
the miR‑155/TERF1 axis in regulating the cellular behaviors
of PCa. The results demonstrated that the expression levels
of TERF1 in the primary prostate tumors were significantly
downregulated compared with in prostate normal tissue.
TERF1 silencing was discovered to significantly promote
cell viability, migration and invasion, while suppressing cell
apoptosis. The impact of TERF1 on PC3 cells was suggested
to occur through the EMT pathway. TERF1 was confirmed
to be the direct target of miR‑155. The overexpression of
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miR‑155 promoted the viability, migration and invasion,
while suppressing the apoptosis of the PC3 cell line, while
the knockdown of miR‑155 in PC3 cells achieved the opposite trends. In addition, TERF1 overexpression reversed the
promotive effects of upregulated miR‑155 expression levels on
the migration and apoptosis of PC3 cells. On the contrary, the
knockdown of TERF1 reversed the migration and apoptosis
abilities of the downregulated miR‑155 expression levels on
the cellular behaviors of PC3 cells. In conclusion, TERF1, as
a direct target of miR‑155, was discovered to be significantly
downregulated in PCa, which was suggested to promote the
migration and invasion of PCa via the EMT pathway.
Introduction
Accounting for 6.6% (307,471 cases) of all cancer mortality
in men, prostate cancer (PCa) is the most common solid
malignancy in men worldwide and the second highest cause
of cancer‑associated mortality in western countries (1,2). The
early diagnosis of PCa may improve the overall survival and
progression‑free survival. Currently, a serum prostate‑specific
antigen (PSA) test and digital rectal examination are the main
screening strategies for PCa in the clinic (3). However, the PSA
level may be influenced by confounding factors, such as urinary
tract infection, inflammation or transurethral operation (4).
Androgen deprivation therapy is the first‑line therapeutic
method for reducing circulating androgen levels and tumor
growth; however, usually after 2‑3 years, the patients develop
hormone‑refractory PCa and progresses to castration‑resistant
PCa (CRPC) (1,5). Therefore, determining the potential mechanisms of PCa progression and identifying novel biomarkers is
important for the diagnosis and treatment of PCa.
Telomeric repeat binding factor 1 (TERF1) is an important telomeric binding protein and is vital for the protection
and maintenance of telomere DNA in mammalian cells (6).
Several studies have reported the downregulation of TERF1
in numerous types of cancer; therefore, it may be a potential
marker for cancer diagnosis (7,8). Nevertheless, the mechanism
of TERF1 in PCa remains unclear. Thus, investigations into the
function of TERF1 may provide novel insights into the molecular mechanisms of PCa. MicroRNAs (miRNAs/miRs) are a
set of small non‑coding RNA molecules of 18‑25 nucleotides in

5210

CHEN et al: TERF1 DOWNREGULATION PROMOTES PCa MIGRATION AND INVASION AS A miR‑155 TARGET

length that negatively mediate gene expression through binding
to the 3'‑untranslated region (3'‑UTR) of target mRNAs (9,10).
Multiple studies have demonstrated that miRNAs are involved
in the regulation of various biological processes such as
cancer invasion or migration by targeting the majority of
protein‑coding genes (11,12). Accumulating data has suggested
that the abnormal expression of miRNAs was implicated in
the progression of PCa through numerous signaling pathways,
including Notch and HIF‑1α pathways (13‑16). Hence, it is
necessary to determine the functions of miRNAs in PCa,
which may reveal a novel mechanism of PCa progression.
Bioinformatics analysis in the present study using online tool
miRWalk and data from the The Cancer Genome Atlas database
indicated that TERF1 may serve as a tumor suppressor in PCa.
Moreover, miR‑155 was discovered to directly bind to the 3'‑UTR
of TERF1 (17). The present study demonstrated an essential role
of the miR‑155/TERF1 axis in the progression of PCa.
Materials and methods
Cell culture and transfection. The human prostate cancer cell
line, PC3, was purchased from the American Type Culture
Collection (ATCC). PC3 cells were cultured in RPMI‑1640
medium (Thermo Fisher Scientific, Inc.) supplemented with
10% FBS, (Gibco; Thermo Fisher Scientific, Inc) , and maintained at 37˚C in a humidified atmosphere of 5% CO2.
PC3 cells (2x105 cells/well) were cultured until 60% confluence and transiently transfected with 50 nmol/l agomiR‑155
(Guangzhou RiboBio Co., Ltd.) or agomiR‑NC (Guangzhou
RiboBio Co., Ltd.) to overexpress miR‑155, antagomiR‑155
(Guangzhou RiboBio Co., Ltd.) or antagomiR‑NC (Guangzhou
RiboBio Co., Ltd.) to downregulate miR‑155 expression,
TERF1‑siRNA (5'‑GGAAGUUACUUAAGAUAAUCU‑3';
Guangzhou RiboBio Co., Ltd.) or siRNA NC (5'‑AATTCT
CCGAACGTGTCACGT‑3'; Guangzhou RiboBio Co., Ltd.) to
downregulate TERF1 expression levels, or pcDNA3.1‑TERF1
(Invitrogen; Thermo Fisher Scientific, Inc) overexpression
plasmid to overexpress TERF1 using Lipofectamine® 2000
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Empty
vector was used as the negative control. Transfected cells
were cultured at 37˚C for 6 h prior to the replacement of
complete medium. Following 24‑72 h, the transfected cells
were harvested for in vitro experiments depending on the
different assay. The transfection efficiencies were analyzed
using reverse transcription‑quantitative PCR (RT‑qPCR).
The cells were divided into the following groups: i) Mock
control group (without transfection); ii) TERF1‑small interfering RNA (siRNA) negative control (NC) group (transfected
with NC siRNA); iii) TERF1‑siRNA group (transfected with
TERF1 siRNA); iv) agomiR‑155 NC group (transfected with
agomiR‑155 NC); v) agomiR‑155 group (transfected with
agomiR‑155); vi) antagomiR‑155 NC group (transfected with
antagomiR‑155 NC); vii) antagomiR‑155 group (transfected
with antagomiR‑155); viii) agomiR‑155 + TERF1 group (transfected with agomiR‑155 and pcDNA3.1‑TERF1 plasmid); and
ix) antagomiR‑155 + TERF1‑siRNA group (transfected with
antagomiR‑155 and TERF1‑siRNA).
Flow cytometric analysis of apoptosis. To determine the
levels of apoptosis, PC3 cells (after transfection for 48 h) were

washed with PBS and centrifuged at 300 x g at 4˚C for 4 min
3 days post‑transfection. The cells were resuspending in 100 µl
binding buffer and incubated with 5 µl Annexin V‑FITC and
10 µl propidium iodide (PI) in the dark at room temperature
for 30 min. Following the incubation, 400 µl binding buffer
was added and the apoptotic cells were analyzed by flow
cytometry (FACSCanto II; BD Biosciences) and software
FlowJo (version 7.6.3; FlowJo LLC). The percentage of early
apoptotic cells were calculated to evaluate the difference
between groups.
Wound healing assay. PC3 cells (after transfection for 24 h)
were trypsinized at 37˚C until the cell layer was suspended
and then centrifuged at 300 x g at room temperature for 5 min.
The cells were resuspended in RPMI‑1640 medium and seeded
in a 6‑well cell culture plate at a density of 4x105 cells/well.
Upon the cells reaching 90‑100% confluence, vertical linear
scratches were made in the cell monolayer using a sterile
200‑µl pipette tip. The suspended cells were removed by
washing with PBS and the adhered cells were subsequently
incubated with serum‑free RPMI‑1640 medium. Images of the
scratches were photographed under an inverted light microscope with 10x magnification at 0 and 48 h. The percentage of
the healed wound area was measured by ImageJ (version 5.0;
Bio‑Rad Laboratories, Inc.).
Matrigel invasion assay. To analyze cell invasion, Transwell
chambers were precoated with 100 µl Matrigel diluted to
50 µg/ml with DMEM at 37˚C for 2 h. PC3 cells (after transfection for 24 h) were harvested by centrifuging at 300 x g
at room temperature for 5 min and 2x104 cells were seeded
into the upper chamber in a serum‑free RPMI‑1640 medium.
RPMI‑1640 medium supplemented with 10% FBS was added
to the lower chambers. Following incubation for 48 h at 37˚C,
non‑invasive cells on the upper surface of the filter were
removed with a cotton swab. The remaining invasive cells
were fixed by submerging in 10% formalin for 10 min at room
temparature, then washed with PBS once. Fixed cells were
stained with 0.5% hematoxylin for 30 min at room temperature
and counted under a light microscope (magnification, x200) in
three randomly selected fields of view.
MTT assay. Cells in the exponential phase were harvested by
centrifuging at 300 x g at room temperature for 5 min and
resuspended in RPMI‑1640 medium. The cells were plated
into a 96‑well cell culture plate at a density of 1x103 cells/well
and cultured at 37˚C and 5% CO2 for 1‑7 days. The cells were
then incubated for 4 h with 5% MTT solution (20 µl/well)
in the dark at 37˚C. Plates were then treated with 100 µl
DMSO/well in the dark to dissolve the purple formazan crystals. Subsequently, a microplate reader (SAF‑680T; Jiangsu
Baju Pharmaceutical Co. Ltd.) was used to measure the optical
density (OD) at a wavelength of 490 nm. Growth curves of
the cells were plotted with the OD value on the y‑axis and
time on the x‑axis. The assays were conducted three times
independently.
Dual luciferase reporter assay. The putative wild‑type (WT)
miR‑155 complementary binding site in the 3'‑UTR of TERF1
was amplified by PCR. A mutant (Mut) construct in the
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Table I. Primer sequences for reverse transcription‑quantitative PCR.
Gene

Primer sequence (5'→3')

GAPDH
F: ATGGCCTTCCGTGTTCCTAC
	R: CTTTACAAAGTTGTCGTTGA
Telomeric repeat binding factor 1
F: CACCTCCTAACACAGGCTGG
	R: TTGCCGCTGCCTTCATTAGA
E‑cadherin
F: TGGCTTCCCTCTTTCATC
	R: GTTCCGCTCTGTCTTTGG
Vimentin
F: TGATTAAGACGGTTGAAACTAG
	R: AGAAAGGCACTTGAAAGCT
N‑cadherin
F: TTTGATGGAGGTCTCCTAACACC
	R: ACGTTTAACACGTTGGAAATGTG
U6
F: CTCGCTTCGGCAGCAC
	R: AACGCTTCACGAATTTGCGT
MicroRNA‑155
F: ACACTCCAGCTGGGTTAATGCTAATCGTGA
	R: TGGTGTCGTGGAGTCG
F, forward; R, reverse.

miR‑155 binding site of the TERF1 3'‑UTR region was also
generated using a Quick‑Change Site‑Directed Mutagenesis
kit (Agilent Technologies, Inc.) and named Mut‑TERF1
3'‑UTR. The 3'‑UTR of TERF1 or its Mut sequence were
cloned into the pmiRRB‑REPORT vector (Guangzhou
RiboBio Co., Ltd.). Then, WT‑TERF1 3'‑UTR or Mut‑TERF1
3'‑UTR were co‑transfected using Lipofectamine ® 2000
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) into
293T cells (ATCC; 1x105 cells/well) with agomiR‑155 or
antagomiR‑155 in 48‑well plates. The relative luciferase
activity was measured using a Dual‑Luciferase Reporter assay
system (Promega Corporation) following transfection for
48 h at 37˚C following 48 h of transfection. All data in dual
luciferase reporter assay were normalized to Renilla luciferase
activity. Each assay was independently repeated three times.
RT‑qPCR. Total RNA was extracted from PC3 cells using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.).
Total RNA (2 µg) was reverse transcribed into cDNA using
First Strand cDNA Synthesis kit (Invitrogen; Thermo Fisher
Scientific, Inc.) at 37˚C for 15 min, and cDNA was incubated
at 85˚C for 5 sec to inactivate the reverse transcriptase. qPCR
was subsequently performed using a SYBR Premix Ex Taq II
kit (Takara Bio, Inc.). The following thermocycling conditions
were used for the qPCR: Initial denaturation at 94˚C for 5 min;
followed by 40 cycles at 94˚C for 45 sec, 55˚C for 30 sec and
72˚C for 45 sec. The primer sequences used for the qPCR are
listed in Table I. Expression levels were quantified using the
2‑ΔΔCq method (18). mRNA expression levels were normalized
to the internal loading control, GAPDH, while miRNA expression levels were normalized to the internal loading control,
U6. All samples were run in triplicate.
Western blotting. Cells were cultured in complete RPMI‑1640
medium at 37˚C for 3 days and total protein was extracted

using 120 µl ice‑cold RIPA buffer (Sangon Biotech Co.,
Ltd., Shanghai, China). Protein concentration was quantified using a Bradford protein assay kit (Beyotime Institute
of Biotechnology) and 50 µg protein/lane was separated via
10% SDS‑PAGE. The separated proteins were subsequently
transferred onto PVDF membranes (Invitrogen, Thermo Fisher
Scientific, Inc.) for 2 h and then blocked with 5% BSA (Gibco,
Thermo Fisher Scientific, Inc.)at room temperature for 1 h.
The membranes were then incubated with the following
primary antibodies at 4˚C overnight: Anti‑TERF1 ( ab10579;
Abcam; 1:1,000), anti‑E‑cadherin (cat. no. ab40772, Abcam;
1:500), anti‑N‑cadherin (cat. no. ab98952, Abcam; 1:500),
anti‑Vimentin (cat. no. ab217673, Abcam; 1:1,000) and
anti‑GAPDH (cat. no. ab181603, Abcam; 1:1,000). Following
the primary antibody incubation, the membranes were washed
three times with 0.1% PBS‑Tween‑20 (PBST) and then
incubated with HRP‑conjugated goat anti‑rabbit or ‑mouse
IgG secondary antibody for 1 h at room temperature. Protein
bands were visualized using an ECL reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) and a Fusion FX5 image
analysis system (Vilber Lourmat) after the final wash with
PBST three times was completed. The densitometric analysis
of protein was measured using ImageJ (version 5.0; Bio‑Rad
Laboratories, Inc.).
Bioinformatics prediction. The online bioinformatics analysis
website miRWalk (mirwalk.umm.uni‑heidelberg.de) (19) was
used to predict the complementary binding sites for miR‑155
in the 3'‑UTR of target genes. The UALCAN database
(http://ualcan.path.uab.edu/index.html) (20) was used to determine the expression levels of TERF1 between normal prostate
tissue and primary PCa tissue. The assigned Gleason score in the
UALCAN database was referenced from The 2014 International
Society of Urological Pathology Consensus Conference on
Gleason Grading of Prostatic Carcinoma (21).
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Figure 1. Expression levels of TERF1 in prostate tissues according to the UALCAN database. (A) Expression levels of TERF1 in PCa tumor and normal
prostate tissues. *P<0.05 vs. PCa tumor. Expression levels of TERF1 in patients with PCa according to (B) age and (C) the patient's Gleason score. PRAD,
prostate adenocarcinoma; TERF1, telomeric repeat binding factor 1; PCa, prostate cancer.

Statistical analysis. All data from at ≥3 independent experiments are presented as the mean ± SEM. A two‑tailed unpaired
Student's t‑test was used to compare the statistical differences between two groups, while a one‑way ANOVA and a
Bonferroni's post hoc test were used to compare the statistical
differences among multiple groups. Analysis was performed
using SPSS (version 20.0; IBM Corp.). P<0.05 was considered
to indicate a statistically significant difference.
Results
TERF1 expression levels are downregulated in PCa. To
investigate the role of TERF1 in human PCa, the UALCAN
database was used to analyze the expression levels of TERF1in
52 normal prostate tissue samples and 497 primary PCa tissue
samples. The results revealed that the expression levels of
TERF1 were significantly downregulated in primary PCa
compared with normal prostate tissue samples (Fig. 1A).
Nevertheless, both the patient's age and Gleason score exhibited no significant association with TERF1 (Fig. 1B and C).
Downregulation of TERF1 expression levels promotes the
progression of PCa in vitro. To investigate the functions of
TERF1 in PCa in vitro, TERF1‑siRNA was transfected into
PC3 cells. The transfection efficiency of the knockdown of
TERF1 using siRNA in PC3 cells was initially confirmed by
RT‑qPCR (Fig. 2E). Flow cytometric analysis of apoptosis
revealed that the knockdown of TERF1 significantly inhibited
the apoptosis of PC3 cells compared with the mock control
and TERF1‑siRNA NC groups (Fig. 2A). The effect of TERF1
knockdown on cell invasion and migration was analyzed
using Transwell and wound healing assays, respectively; the
results indicated that the number of invasive and migratory
cells were significantly increased in the TERF1‑siRNA group
compared with the mock control and TERF1‑siRNA NC
groups (Fig. 2B and C). Furthermore, an MTT assay demonstrated that the knockdown of TERF1 expression significantly
increased the cell viability of PC3 cells compared with the
TERF1‑siRNA NC and mock control groups at days 1‑7
(Fig. 2D).
Downregulation of TERF1 expression levels promotes
epithelial‑mesenchymal transition (EMT) in PCa cells.
Due to the suppressive role of TERF1 on the progression of
cultured PC3 cells, the present study subsequently investigated

whether the EMT pathway participated in this process.
RT‑qPCR analysis revealed that the transfection of PC3 cells
with TERF1‑siRNA resulted in significantly upregulated
expression levels of N‑cadherin and vimentin compared with
the TERF1‑siRNA NC and mock control groups (Fig. 3A).
However, the expression levels of E‑cadherin were significantly
downregulated following the transfection with TERF1‑siRNA
compared with the TERF1‑siRNA NC and mock control
groups (Fig. 3A). Western blotting analysis revealed an identical trend at the protein level (Fig. 3B). In summary, these
findings suggested that the knockdown of TERF1 expression
levels may promote EMT in PCa, and therefore may serve a
role in PCa metastasis (Fig. 3C).
TERF1 is a direct target of miR‑155. To further investigate
the mechanism of TERF1 in promoting PCa progression,
bioinformatics analysis using miRWalk was used to predict
the potential miRNAs that regulate TERF1 (Fig. 4A). miR‑155
was selected as a candidate, which has been reported as an
oncogenic‑associated molecule in other types of cancer (17).
Subsequently, a dual luciferase reporter assay was used to verify
whether miR‑155 could directly bind to the TERF1 3'‑UTR.
Compared with mock control group, the results revealed that
the relative luciferase activity of the WT‑TERF1 3'‑UTR in PC3
cells was significantly repressed following the co‑transfection
with the agomiR‑155 (Fig. 4B). However, there was no statistical difference observed in the relative luciferase activity when
PC3 cells were co‑transfected with the WT‑TERF1 3'‑UTR and
antagomiR‑155. When compared with mock control group, the
dual luciferase reporter assay also indicated that the upregulation of miR‑155 did not affect the relative luciferase activity
of the Mut‑TERF1 3'‑UTR in PC3 cells (Fig. 4B). In addition,
a negative association was identified between the expression
levels of miR‑155 and TERF1. The expression levels of TERF1
were significantly upregulated following the knockdown of
miR‑155 compared with the mock control group, while the
expression levels of TERF1 were significantly downregulated
following the overexpression of miR‑155 compared with the
mock control group (Fig. 4C and D). These results indicated
that miR‑155 may directly target the TERF1 3'‑UTR to participate in the progression of PCa.
miR‑155 promotes the migration and invasion of PCa
by targeting TERF1. To confirm the association between
miR‑155 and TERF1 and their role in PCa metastasis, the
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Figure 2. Knockdown of TERF1 promotes the viability, invasion and migration of the PC3 cell line, while inhibiting apoptosis. (A) Levels of apoptosis in
PC3 cells were analyzed using flow cytometry. (B) Invasive ability of PC3 cells was analyzed using a Transwell assay. Scale bar, 200‑µm. (C) Migratory ability
of PC3 cells was analyzed using a wound healing assay. Scale bar, 200‑µm. (D) Viability of PC3 cells was analyzed using an MTT assay. (E) Transfection efficiency of TERF1 knockdown in PC3 cells was analyzed using reverse transcription‑quantitative PCR. **P<0.01 vs. mock control; ##P<0.01 vs. TERF1‑siRNA
NC. TERF1, telomeric repeat binding factor 1; PI, propidium iodide; siRNA, small interfering RNA; NC, negative control; OD, optical density.

expression levels of miR‑155 in PC3 cells were overexpressed
and knocked down by the transfection with an agomiR‑155 or
antagomiR‑155, respectively. Furthermore, pcDNA3.1‑TERF1
plasmids and TERF1‑siRNA oligonucleotides were used to
regulate the expression levels of TERF1 in rescue experiments.
Flow cytometric analysis of apoptosis revealed that the overexpression of miR‑155 significantly inhibited the apoptosis of
PC3 cells compared with the mock control and agomiR‑155
NC groups (Fig. 5A). By contrast, the cells transfected with
antagomiR‑155 had significantly increased levels of cell apoptosis compared with the mock control and anatgomiR‑155 NC
groups (Fig. 6A). The transfection efficiencies were confirmed
by RT‑qPCR (Figs. 5E and 6E).
To investigate the effects of miR‑155 on PCa invasion and
migration, Transwell and wound healing assays, respectively,
were performed; the results revealed that the upregulation
of miR‑155 significantly increased the number of invasive

and migratory cells compared with the mock control and
agomiR‑155 NC groups (Fig. 5B and C). The data from the
MTT assay illustrated that the overexpression of miR‑155
could significantly promote the viability of PC3 cells compared
with the mock control group at days 3‑7 (Fig. 5D). Notably,
TERF1 overexpression could reverse the promotive effects
of upregulated miR‑155 expression on the invasion, migration and viability of PC3 cells (Fig. 5B‑D). In addition, the
overexpression of TERF1 could reverse the inhibitory effects
of the agomiR‑155 on apoptosis (Fig. 5A). On the contrary,
the knockdown of TERF1 expression reversed the inhibitory
effects of the antagomiR‑155 on the cellular behaviors of
PC3 cells (invasion, migration and viability), while reversing
the promoting effects of the antagomiR‑155 on apoptosis
(Fig. 6A‑D). Taken together, the present data indicated that
miR‑155 may promote the progression of PCa by directly
binding to TERF1.
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Figure 3. TERF1 promotes EMT in PC3 cells. (A) Reverse transcription‑quantitative PCR analysis of TERF1, E‑cadherin, N‑cadherin and vimentin expression levels in PC3 cells following the knockdown of TERF1. (B) Western blotting was used to analyze the protein expression levels of TERF1, E‑cadherin,
N‑cadherin and vimentin in PC3 cells following the knockdown of TERF1. (C) Schematic diagram of the role of TERF1 in the progression of PCa via the EMT
pathway. **P<0.01 vs. mock control; ##P<0.01 vs. TERF1‑siRNA NC. TERF1, telomeric repeat binding factor 1; PCa, prostate cancer; EMT, epithelial‑mesenchymal transition; siRNA, small interfering RNA; NC, negative control.

Figure 4. TERF1 3'‑UTR is a direct target of miR‑155. (A) Bioinformatics prediction and screening of potential miRNAs that target TERF1 by miRWalk
and Targetscan databases. (B) Relative luciferase activity of WT‑TERF1 3'‑UTR and Mut‑TERF1 3'‑UTR constructs in PC3 cells following the transfection
with agomiR‑155 or antagomiR‑155. **P<0.01 vs. control. TERF1 (C) mRNA and (D) protein expression levels in PC3 cells were analyzed using reverse
transcription‑quantitative PCR or western blotting, respectively, following the transfection with agomiR‑155 or antagomiR‑155. **P<0.01 vs. mock control.
TERF1, telomeric repeat binding factor 1; miRNA/miR, microRNA; 3'‑UTR, 3'‑untranslated region; WT, wild‑type; Mut, mutant.
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Figure 5. Overexpression of miR‑155 promotes the viability, migration and invasion of the PC3 cell line, while inhibiting apoptosis, by targeting TERF1.
(A) Levels of apoptosis in PC3 cells in each group were analyzed by flow cytometry. (B) Invasive ability of PC3 cells in each group was analyzed using
a Transwell assay. Scale bar, 200‑µm. (C) Migratory ability of PC3 cells in each group was analyzed using a wound healing assay. Scale bar, 200‑µm.
(D) Viability of PC3 cells in each group was analyzed using an MTT assay. (E) Transfection efficiency of the agomiR‑155 in PC3 cells was analyzed using
RT‑qPCR. (F) Transfection efficiency of pcDNA3.1‑TERF1 in PC3 cells was analyzed using RT‑qPCR. **P<0.01 vs. mock control; ##P<0.01 vs. agomiR‑155 NC;
^^
P<0.01 vs. pcDNA3.1‑TERF1 NC. &&P<0.01 agomiR‑155 vs. agomiR‑155+TERF1. TERF1, telomeric repeat binding factor 1; miR, microRNA; RT‑qPCR,
reverse transcription‑quantitative PCR; PI, propidium iodide; NC, negative control; OD, optical density.

Discussion
The main causes of PCa‑associated mortality and poor
prognosis in patients are castration‑resistant and metastatic
PCa (1,3). The median survival time is no more than 2 years
for patients with CRPC (22). Therefore, it is necessary to
investigate the potential mechanisms of PCa progression and
to determine novel biomarkers to specifically identify cases of
aggressive PCa.
TERF1 encodes a ubiquitously expressed protein of
439 amino acids that is primarily located at chromosome ends,
where it contributes to the protection and maintenance of
telomeric DNA (23,24). Several previous studies have reported
that the expression levels of TERF1 were often downregulated
during the progression of glioblastoma and seminoma (25‑27).
These results indicated that TERF1 disruption in cancer may

be a general phenomenon. Nevertheless, the molecular mechanism remains unclear. Hanahan and Weinberg (8) revealed
that the maintenance of telomeres above a minimum length is
critical to maintaining the unlimited proliferative potential of
cancer cells, and telomeres are therefore considered as potential anticancer targets. In total, >90% of human cancers have
been discovered to abnormally express telomerase (28), while
tumors that do not express telomerase are based on recombination between telomere sequences and activating another
extension (29). The results of the present study suggested that
TERF1 may serve as a potential tumor suppressor gene in the
development of PCa, as significantly downregulated expression levels of TERF1 were identified in PCa tissue compared
with benign prostate tissue. The downregulation of TERF1
using siRNA in the current study was further revealed to
promote the viability, invasion and migration, while inhibiting
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Figure 6. Knockdown of miR‑155 inhibits the viability, migration and invasion of the PC3 cell line, while promoting apoptosis, by targeting TERF1. (A) Levels
of apoptosis in PC3 cells in each group were analyzed by flow cytometry. (B) Invasive ability of PC3 cells in each group was analyzed using a Transwell
assay. Scale bar, 200‑µm. (C) Migratory ability of PC3 cells in each group was analyzed using a wound healing assay. Scale bar, 200‑µm. (D) Viability of
PC3 cells in each group was analyzed using an MTT assay. (E) Transfection efficiency of antagomiR‑155 in PC3 cells was analyzed using RT‑qPCR. **P<0.01
vs. mock control; ##P<0.01 vs. antagomiR‑155 NC; &&P<0.01 antagomiR‑155 vs. antagomiR‑155+TERF1‑siRNA.TERF1, telomeric repeat binding factor 1;
miR, microRNA; RT‑qPCR, reverse transcription‑quantitative PCR; PI, propidium iodide; NC, negative control; siRNA, small interfering RNA; OD, optical
density.

the apoptosis, of PCa cells. Furthermore, TERF1 knockdown
downregulated the expression levels of E‑cadherin and upregulated the expression levels of N‑cadherin and vimentin, which
suggested that the downregulation of TERF1 may promote
the progression of PCa predominantly through the EMT
pathway. To further analyze the molecular mechanism of PCa
progression, the interaction between TERF1 and miRNAs was
investigated.
miRNAs have been demonstrated to serve an important
role in PCa progression. For example, miR‑338‑3p downregulation promoted the proliferation and invasion of PCa cells (30);
and the overexpression of miR‑34a inhibited the proliferation,
migration and invasion of PCa cells (31,32). miR‑765 was
reported to be an important mediator for inhibiting growth,
migration and invasion in PCa (33). Dinami et al (17) revealed

that miR‑155 upregulation antagonized telomere integrity by
targeting TERF1 in breast cancer. In addition, other previous
studies have indicated that miR‑155 may serve an oncogenic
role in several types of hematological malignancy and solid
tumor. The overexpression of miR‑155 was previously demonstrated to be associated with cell proliferation, cell invasion,
cell death and cell survival (34‑36). Furthermore, miR‑155
directly targeted and inhibited a series of genes (e.g. FOXO3,
SMARCA4 or Ubiquilin‑1) to participate in the biological
process of tumor development (37‑40). To the best of our
knowledge, the present study was the first to indicate that
TERF1 may be a direct target of miR‑155, as confirmed by a
dual luciferase reporter assay. Furthermore, a negative association was observed between the expression levels of miR‑155
and TERF1. The overexpression of miR‑155 was discovered to
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promote PC3 cell viability, invasion and migration, while inhibiting apoptosis. Conversely, the knockdown of miR‑155 yielded
the opposite results. Therefore, miR‑155 was hypothesized to
be an oncogene in PCa. The results also revealed that TERF1
could reverse the regulatory effect of miR‑155 on the apoptosis,
viability, migration and invasion of PC3 cells. Collectively, the
findings suggested that miR‑155 may exert a carcinogenic role
in PCa by targeting and downregulating TERF1.
The local hypoxic environment is important during
the progression of PCa. A number of signaling pathways
participated in the progression of prostate cancer mediated
by miR‑155. Hypoxia inducible factor 1α (HIF‑1α) induces
the expression of VEGF, which has been reported to promote
neovascularization in PCa (41). This pathological process has
been suggested to promote the proliferation and metastasis of
PCa targeted by miRNAs (42). Previous studies have illustrated
that the overexpression of HIF‑1α increased the risk of CRPC
and the metastasis of PCa. In addition, it was also suggested
that HIF‑1α may be a potential molecular target of PCa (43).
The Notch signaling pathway was discovered to serve an
important role in the PCa cell proliferation and apoptosis (44).
Nevertheless, there are few studies focusing on the role of the
Notch signaling pathway on the invasion and metastasis of PCa.
Previous findings have highlighted the involvement of Notch
signaling in prostate development and in the maintenance of
prostate homeostasis (45). Guo et al (46) reported contradictory
roles of Notch signaling, where it served as a tumor‑promoting
role in human acute lymphoblastic leukaemia or tumor‑suppressive role in basal cell carcinoma. Furthermore, studies have
reported synergistic positive results in PCa cells when Notch
signaling inhibitors were combined with androgen deprivation
therapy (47,48).
However, the present study only used one cell line to investigate the potential mechanisms of TERF1 in PCa, which is
a limitation of the study. In order to validate the results, both
androgen‑sensitive and androgen‑resistant PCa cell lines should
be used in further investigations.
In conclusion, the results of the present study suggested
that TERF1 may function as a tumor suppressor in PCa, which
suppresses the migration and invasion of PC3 cells through the
EMT pathway. Furthermore, miR‑155 was discovered to serve
an important role in the progression of PCa via negatively regulating TERF1. Therefore, TERF1 and miR‑155 may serve as
potential diagnostic biomarkers and prognostic markers in PCa.
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