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ABSTRACT

We aimed to perform functional analysis of miR-145–5p in
prostate cancer (PCa) cells and to identify targets of
miR-145–5p for understanding its role in PCa pathogenesis.
PC3, DU145, LNCaP PCa, and PNT1a nontumorigenic prostate
cell lines were utilized for functional analysis of miR-145–5p. Its
overexpression caused inhibition of proliferation through
apoptosis and reduced migration in PCa cells. SOX2 expression
was significantly decreased in both mRNA and protein level in
miR-145–5p-overexpressed PCa cells. We proposed that
miR-145–5p, being an important regulator of SOX2, carries a
crucial role in PCa tumorigenesis.
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INTRODUCTION

Prostate cancer (PCa) is estimated as the most commonly
diagnosed malignant cancer in men with 220,800 (26%) in-
cident cases in US alone (1). It is also predicted as the sec-
ond leading cause of cancer deaths among men with 27,540
attributed cases in the United States in 2015 (1). Surgery,
radiation, and hormone therapy are the preferentially used
techniques for early and localized tumors. For advanced and
metastatic tumors, however, the only option is chemotherapy,
which mostly fails to result in positive clinical response (2).
Therefore, it is important to understand the molecular mech-
anisms underlying prostate tumorigenesis to develop novel
therapeutic approaches.
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MicroRNAs (miRNA) are small, 18–24 nucleotide long,
noncoding and endogenously synthesized RNAs, which are
among the key regulators of post-transcriptional mRNA
expression (3). They inhibit the target mRNA expression
through imperfect binding to the 3′ Untranslated Regions
(3′UTR) of mRNAs, and then inducing mRNA degradation
or inhibiting the translation (4). Up to now, 28645 mature
miRNAs have been identified and 2588 of them belong to
Homo sapiens (miRBase: Release21.0: June 2014) (5). They
are thought to regulate the expression of up to 60% of hu-
man genes (6). Strong evidence suggests that miRNAs are im-
portant in cancer pathogenesis and they are considered as a
new gene regulator family (3). Their abnormal expression is
observed in PCa cell lines, xenografts, and clinical samples
(7, 8). The fact that almost half of the defined miRNAs are
in the fragile zones in the genome, suggests a crucial role for
miRNAs in cancer progression (9).

Hsa-miR-145–5p (shortly, miR-145–5p) is a tumor sup-
pressor miRNA, whose expression is controlled by P53. It
has been previously shown that miR145 is downregulated in
several tumors such as colorectal, mammary, ovarian, and
B-cell tumors (10). Our group demonstrated downregula-
tion of miR-145–5p in PCa samples in one of the earliest
reports in the literature (11). The microarray profiling stud-
ies demonstrated that miR-145–5p is significantly downreg-
ulated in PCa (11, 12). Some possible mechanisms have been
previously postulated about how miR-145–5p might play a
role in PCa pathogenesis (10, 13–16).

SRY-related HMG-box gene 2 (SOX2) is important for
maintaining the self-renewal and pluripotency properties of
embryonic stem cells (17). It has been previously shown
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that SOX2 expressing cells in PCa tissue outnumber the
corresponding cells in normal prostate or benign prostate
hyperplasia tissue (18). Recent studies have demonstrated
that cancer stem cells obtained from PCa tissues and cell
lines express several stem cell markers including SOX2
(19, 20).

One possible way to shed light on the role of miR-145–5p
in PCa tumorigenesis is to investigate the functional effects
of miR-145–5p after its ectopic expression and to discover its
potential targets in PCa cells. We have studied the biological
effects of miR-145–5p on PCa cells. Overexpression of miR-
145–5p in PCa cell lines resulted in inhibition of the prolif-
eration and migration along with an increase in apoptosis.
Further analysis showed that SOX2 expression was signifi-
cantly decreased at both mRNA and protein levels in miR-
145–5p overexpressed PCa cell lines. Based on these results,
we propose that miR-145–5p is an important regulator of
SOX2.

MATERIALS AND METHODS

Cell culture and transfection of cells with miRNAs
PC3, DU145, and LNCaP PCa cell lines are utilized for
functional analysis of miR-145–5p. Immortalized non-
tumorigenic prostate cell line PNT1a was used as con-
trol. Cells were grown using RPMI medium (Gibco-
BRL, Bethesda, MA) containing 10% fetal bovine serum
(FBS) and 1% PSA at 37◦C in a humidified and 5%
CO2 incubator. Precursor-miR-145–5p (pre-miR-145–5p)
and anti-miR-145–5p were purchased from Ambion Inc.
and nontargeting control miRNA was purchased from
SwitchGear Genomics. Transfection experiments were op-
timized and performed using X-treme Gene Transfection
Kit (Roche, Switzerland) according to the manufacturer’s
instructions.

Proliferation assay
The proliferation abilities of transfected cell lines were mea-
sured using MTS assay (Promega CellTiter 96 R© AQueous
One Solution Reagent). Cells were seeded into 96 well plates
in triplicates and were transfected with nontargeting miRNA
(Cont) or pre-miR-145–5p after 24 hours. Proliferation rates
were measured in every 24 hours for 4 days. One Solution
Reagent was added to each well and incubated at 37◦C for
3 hours in dark. Cell viability was evaluated by measuring
the absorbance at 490 nm with an ELx800 ELISA micro plate
reader (BioTek).

Scratch assay
Scratch assay was performed to observe the changes in migra-
tion behavior of transfected cells. The appropriate numbers
of cells were seeded into 30 mm petri dishes in duplicates.
After the cells reached 60–70% confluency, monolayer cells
were scraped with a 200 μl pipette tip to create a scratch. The
cells were transfected with pre-miR-145–5p using X-treme
gene transfection reagent and then petri dishes were washed
with PBS three times. Images of cells at 0th and 24th hours
were obtained with an inverted microscope (Leica, Wetzlar,

Germany). Percent coverage of the scratches was measured
at minimally two points for each sample and the significance
of the differences was evaluated using Student’s t-test.

Caspase assay
LNCaP cells were used for caspase assay to detect the
apoptotic activity upon miR-145–5p transfection. Cells were
seeded into 96-well plates in triplicates. Colorimetric cas-
pase 3 activity assay was performed using the CaspACETM

Assay System, Colorimetric from Promega at 48th and 72nd
hours after transfection according to the manufacturer’s pro-
cedure. For each measurement, Caspase assay mix was added
to each well and incubated at 37◦C for 4 hours in dark. Color
development was evaluated by measuring the absorbance at
405 nm with an ELx800 ELISA micro plate reader (BioTek).
Z-vad treatment was used as control to completely stop the
caspase activity.

Gene expression array and data analysis
Pre-miR-145–5p transfected PC3 cells and control cells were
collected at 8, 16, and 24 hours after transfection. Total RNA
was isolated using TRIzol reagent (Invitrogen, USA) accord-
ing to the manufacturer’s protocol. Agilent General Human
Reference RNA was used as reference for normalization of
microarray experiments. Total RNA of samples and refer-
ences in concentration of 150 ng were labeled with Cy5
and Cy3, respectively, via a reverse transcription reaction
by using ‘Agilent Two-Color Microarray-Based Gene Expres-
sion Analysis Kit (Low Input Quick Amp Labeling)’ and
the labeled and amplified RNAs were purified using ‘Qia-
gen’s RNeasy Mini Kit’ according to the manufacturers’ pro-
tocols. Purified samples were heat denatured, spotted to Ag-
ilent Human genome 4 × 44K array (Agilent Technologies,
CA) and covered with an Agilent 4-plex gasket chamber (Ag-
ilent Technologies, CA) for further hybridization at 65◦C for
17 hr. After posthybridization washes, slide was scanned im-
mediately in Agilent Microarray Scanner with Surescan High
Resolution Technology (Agilent Technologies, Santa Clara,
CA). Scanned images were analyzed with Feature Extraction
v10.7.3.1 (Agilent Technologies, CA) and Bioconductor soft-
ware (Agilent Technologies, CA). Data were normalized by
Loess normalization, then log2 expression values for each
gene were calculated and differentially expressed genes with
2-fold change in each sample compared to the control were
selected. Array data have been deposited into the Gene Ex-
pression Omnibus (accession GSE58295).

In silico MicroRNA target prediction
To identify the putative targets of miR-145–5p, several bioin-
formatics algorithms, which are developed for target pre-
diction, were utilized. These databases calculate the miRNA
binding sites on 3′-UTR of genes algorithmically. Table 1
demonstrates the list that we used in this study for determin-
ing the putative targets of miR-145–5p.

RNA isolation and cDNA synthesis
Cells were collected at 24th hour after pre-miR-145–5p trans-
fection. Total RNA from miRNA-transfected samples was
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Table 1. The List of miRNA Target Prediction Algorithms

Name Web Address Reference

miRanda http://www.microrna.org (31)
mirBase http://www.mirbase.org (32)
TargetScan http://www.targetscan.org (33)
miRecords http://mirecords.biolead.org (34)
TarBase http://diana.cslab.ece.ntua.gr/tarbase (35)
MirDB http://mirdb.org/miRDB/ (36)

isolated using TRIzol (Invitrogen, San Diego, CA) reagent.
For miRNA qRT-PCR experiments, equal amounts of total
RNA was used for first strand DNA (cDNA) synthesis us-
ing miRNA specific primers purchased from Applied Biosys-
tems and ‘TaqMan MicroRNA reverse transcription Kit’ ac-
cording to the manufacturer’s protocol (Applied Biosystems,
Foster City, CA). For gene expression analysis, cDNAs were
synthesized using ‘Transcriptor High Fidelity cDNA Synthe-
sis Kit’ (Roche, Switzerland) according to the manufacturer’s
instructions.

Quantitative real-time PCR
For both miRNA and gene expression analysis, quantita-
tive RT-PCR was carried out in a Roche LightCycler480-II
real-time thermal cycler (Roche, Switzerland). For miRNA
expression analysis TaqMan Universal Master Mix (Ap-
plied Biosystems, Foster City, CA) was used and microRNA
specific probes were purchased from Applied Biosystems
(Denmark). MiRNA expression data were normalized to
RNU43.

For gene expression analysis, SYBR Green Master Mix of
Roche (Switzerland) was used. Primer sequences used for
qRT-PCR were as follows: SOX2: Forward 5′- TCCTGATT
CCAGTTTGCCTC-3′, Reverse 5′-TCCATCATGTTGTAC
ATGCG-3′; HPRT1: Forward5′-GGGCGGATTGTTGTTT
AACTTG-3′, Reverse5′-GGGAACTGCTGACAAAGATT
CA-3′. Expression data were normalized to HPRT1. Each
experiment was performed in duplicate. The relative quan-
tification analysis was done by delta-delta-Ct method as
described previously (21).

Western blot analysis
PC3 cells were seeded in duplicates into 6-well plates. Forty-
eight hours after the transfection of cells with pre-miR-
145–5p, cells were scraped from the plates and washed in
PBS twice. Cells were lysed using RIPA lysis buffer contain-
ing 10 mM PMSF, and 1 × protease inhibitors (Complete
cocktail tablets, Roche). Equal amounts of protein ex-
tracts (30 μg) were separated by 10% SDS-PAGE, trans-
ferred onto nitrocellulose membrane and probed with
the primary antibodies diluted in 1 × TBST (10 mM
Tris–HCl, pH 7.5, 150 mM NaCl, and 0.1% Tween-20),
3% skim milk: m-α-SOX2 (1:2000) from Abcam and rb-α-
β-tubulin (1:3000) from Pierce (Thermo Fisher Scientific,
Waltham, MA). Data were normalized to β-tubulin. Signals
were detected with Pierce ECL western blotting substrate
(Thermo Fisher Scientific, Waltham, MA) using correspond-
ing HRP-conjugated secondary antibodies (1:3000, Pierce)

and quantification of bands was performed using Image J
program.

Statistical analysis
Data were plotted as mean ± standard error and the statistical
significances were tested by Student’s t test. A ‘p’ value of 0.05
or below was accepted as statistically significant.

RESULTS

MiR-145–5p is downregulated in prostate cancer cell lines
To validate the downregulation of miR-145–5p in PCa cell
lines, miR-145–5p levels in PC3, DU145, LNCaP, and PNT1a
cells were analyzed using qRT-PCR technique. Relative ex-
pression of miR-145–5p in PCa cell lines and the con-
trol PNT1a cells, which is an immortalized nontumorigenic
prostate cell line, is demonstrated in Figure 1A. Similar lev-
els of miR-145–5p were detected in PCa cells independent
of their androgen dependence. Moreover, miR-145–5p lev-
els in PC3 (p = 0.003), DU145 (p = 0.03), and LNCaP
(p = 0.003) cell lines were shown to be strictly lower than that
of normal prostate epithelial cell line. To show the differen-
tial expression of miR-145–5p in PCa samples, the level of the
miR-143, which is expressed from the same cluster with miR-
145–5p, was also measured with qRT-PCR, but no difference
was noted (Supplementary Figure 1).

Overexpression of miR-145–5p inhibits proliferation in PCa
cell lines
To explore the effect of miR-145–5p on proliferation ca-
pacity of PCa cell lines, we transfected the cells with pre-
miR-145–5p. First of all, the effective production of mature
miR-145–5p molecules were checked with microRNA qRT-
PCR, which showed that the mature miR-145–5p molecules
are produced effectively upon transfection with pre-miR-
145–5p but not with non-targeting control miRNA (Cont).
Besides, subsequent transfection of LNCaP cells with anti-
miR-145–5p, which was applied 24 hours after transfection of
cells with pre-miR-145–5p, has confirmed the specificity of
mature miR-145–5p production in miR-145–5p transfected
PCa cells (Figure 1B).

The proliferation assay demonstrated that ectopic over-
expression of miR-145–5p in PCa cell lines resulted in de-
creased proliferation rate (Figure 2). The viability of PC3 cell
line, which is derived from an advanced androgen indepen-
dent bone metastasized PCa, declined up to 40% at the end
of 96 hours (Figure 2A). In addition, the viability of LNCaP
cells also diminished strongly starting from the 2nd day of ec-
topic miR-145–5p expression (Figure 2B). Moreover, the pro-
liferation of DU145 cell line was decreased significantly and
viability was around 60% after 96 hours (Figure 2C). Over-
expression of the miR-145–5p had almost no effect on the
viability of PNT1a cells and they remained almost 90% alive
after 24, 48, 72, and 96 hours (Figure 2D). These overall data
show that the overexpression of miR145 inhibits the prolifer-
ation of PCa cell lines, although it doesn’t affect the viability
of the control cell line, PNT1a.

Copyright C© 2015 Informa Healthcare USA, Inc.
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Figure 1. The relative expression of hsa-miR145 in PCa cell lines and immortalized prostate epithelial cell line (PNT1a). Endogenous expression
of miR-145–5p in PC3, LNCaP, DU145, and PNT1a cell lines (A). Subsequent anti-miR-145–5p transfection of LNCaP cells after miR-145–5p
transfection in LNCaP cells (B). MiRNA levels were normalized to RNU43, ∗∗p < 0.005.

Overexpression of miR-145–5p inhibits migration in PCa cell
lines
To examine the effect of miR-145–5p on the migratory
capacities of PCa cell lines, we performed a scratch as-
say. The migration rates of PC3 and DU145 cells seem to
be higher than that of the immortalized prostate cell line
PNT1a. In Figure 3A and 3B, it is shown that the mi-
gratory potential of the miR-145–5p-transfected PC3 (p =
0.007) and DU145 (p = 0.047) cells has significantly de-
creased. Furthermore, PNT1a cells did not show any differ-
ence in migration upon miR-145–5p overexpression (p =
0.609, Figure 3C). This result clearly demonstrates that miR-
145–5p overexpression in PCa cells inhibits their migratory
potentials.

MiR-145–5p inhibits proliferation through apoptosis
We have demonstrated that overexpression of miR-145–5p
inhibits proliferation of PCa cells. To reveal which mech-

anism plays role through inhibition of proliferation, pre-
miR-145–5p transfected LNCaP cells have been evaluated for
apoptosis. Caspase-3 activity, which increases as a result of
rising number of early apoptotic cells, was measured through
a colorimetric method at 48th and 72nd hours following
transfection of cells with pre-miR-145–5p. Z-vad, which is an
inhibitor of caspase activity, was used as a control in addition
to control miRNA and nontransfected controls. Caspase-3
activity assay demonstrated that the ectopic expression of
miR-145–5p in LNCaP cells resulted in 1.5 to 2-fold increase
in the caspase-3 activity compared to the control cells, which
implies the involvement of miR-145–5p in the proliferative
inhibition of PCa cells through apoptosis (Figure 4).

Expression array showed SOX2 is downregulated upon
miR-145–5p overexpression
PC3 cells, whose proliferation rate was affected more strongly
compared to that of other PCa cell lines upon miR-145–5p

Figure 2. Proliferation assay in miR-145–5p transfected cell lines PC3 (A), DU145 (B), LNCaP (C), and in immortalized prostate cell line PNT1a
(D), ∗∗p < 0.005 and ∗p < 0.05.
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Figure 3. Scratch assay showing migration capabilities in miR-145–5p transfected cell lines, PC3 (p = 0.007) (A), DU145 (p = 0.047) (B), and
PNT1a cells (p = 0.609) (C).

transfection, were used to evaluate the target gene expres-
sion changes after ectopic miR-145–5p expression. PC3 cells
were harvested at 8th, 16th, and 24th hours after hsa-miR-
145–5p transfection and the mRNA levels of these cells
were compared to that of control PC3 cells harvested at
16th hour after transfection. Gene Expression Array analy-
sis showed that levels of several genes including SOX2 were
significantly downregulated in miR-145–5p transfected PC3
cells. Figure 5A shows the heat-map representation of al-
tered gene expressions in miR-145–5p overexpressing PC3
cells.

MiR-145–5p is predicted to target several genes including
SOX2
The potential targets of miR-145–5p were predicted using
the bioinformatics tools listed in Table 1. Although these al-
gorithms are quite useful, further experimental validation is
needed since false positives are not uncommon. Among the
putative targets, CTNNBIP1 (22), ITGB8 (23, 24), SOX9 (25),
KLF4 (26), OCT4 (26), and SOX2 (26) were important can-
didates because of (a) their functions that would be associ-
ated with cancer genetics and (b) the fact that KLF4, OCT4,
and SOX2 were downregulated during embryonic stem cell
differentiation in response to upregulation of miR-145–5p
(26). Taking the gene expression array results into account,
SOX2 was chosen from the list for further confirmation with
qRT-PCR.

qRT-PCR showed SOX2 is downregulated upon miR-145–5p
overexpression
The expression status of SOX2, as putative target of miR-
145–5p, was analyzed by qRT-PCR after ectopic expression
of miR-145–5p precursor in PC3 cell line. QRT-PCR results
confirmed the downregulation of SOX2 levels in PC3 cells af-
ter overexpression of miR-145–5p. Figure 5B shows the rela-
tive expression data for SOX2. It is visible that SOX2 level in
the miR-145–5p transfected cells is very low compared to the
corresponding control.

Western blot analysis showed miR-145–5p overexpression
results in decrease in SOX2 protein level
Pre-miR-145–5p transfected PC3 cells were lysed at 48th
hour after transfection and protein extracts were analyzed
by western blot. Results shown in Figure 5C indicates that
ectopic expression of miR-145–5p significantly reduced the
SOX2 protein level in PC3 cells as compared to that of con-
trols. This result clearly demonstrates the fact that the re-
duced levels of SOX2 mRNA and protein levels accompany
the ectopic expression of miR-145–5p in PCa cell line PC3.

DISCUSSION

PCa is still one of the leading causes of cancer deaths among
men, although there have been significant improvements
in the detection and diagnosis of PCa in the last decades.

Figure 4. Relative Caspase-3 levels in pre-miR-145–5p transfected PC3 cells and corresponding controls at 48th and 72nd hours after transfection.

Copyright C© 2015 Informa Healthcare USA, Inc.



 M. Ozen et al.

Figure 5. The heat-map representation of altered gene expressions in miR-145–5p transfected PC3 cells at 8th, 16th, and 24th hours after transfec-
tion (A). qRT-PCR analysis of SOX2 levels in miR-145–5p transfected PC3 cells compared to the control cells. mRNA levels were normalized to
HPRT1,∗∗p < 0.005 (B).Western blot analysis in SOX2 level in miR-145–5p transfected PC3 cells compared to the control cells. Protein levels were
normalized to β-tubulin, ∗p < 0.05 (C).

Although certain mechanisms playing significant roles in
PCa pathogenesis have been elucidated, the mechanisms of
the PCa development and progression are still mostly un-
known. Since miRNAs are among the most promising targets
to develop therapeutic approaches, it is important to clarify
the miRNA mechanisms associated with PCa pathogenesis.

MiR-145–5p is one of the crucial tumor suppressor miR-
NAs, which is downregulated in several tumor types such
as colorectal, mammary, ovarian, and B-cell tumors (10).
Moreover, although its role is not clarified yet, microarray-
profiling studies showed that miR-145–5p was also downreg-
ulated in PCa (11, 12). Bioinformatics and functional analysis
have identified several potential targets for miR-145–5p such
as CCNA2 in PCa cells (27). In addition, in embryonic stem
cells miR-145–5p has been shown to directly target 3′UTR of
SOX2 and elevated levels of miR-145–5p has been associated
with inhibition of human embryonic stem cell self-renewal
(26).

In this study, we aimed to carry out functional analysis of
miR-145–5p in PCa cell lines and to identify possible target
genes of miR-145–5p for understanding its role in PCa onco-
genesis. We showed that endogenous miR-145–5p expression
is lower in both androgen-dependent and independent cell
lines than it is in immortalized epithelial prostate cell line,

PNT1a. Ectopic expression of miR-145–5p caused significant
decrease in proliferation rate in PCa cells but not in PNT1a
cells. In addition, the migration ability of PCa cells was also
significantly inhibited by ectopic expression of miR-145–5p.
Caspase assay demonstrated that apoptosis was significantly
increased in PCa cells upon overexpression of miR-145–5p.
All these functional studies indicates that downregulation of
miR-145–5p may cause increase in aggression, early recur-
rence and fast progression of PCa.

To investigate the roles of miR-145–5p in PCa tumorige-
nesis, we continued the functional studies via searching for
the potential targets of miR-145–5p in PCa cells. Bioinfor-
matics search, gene expression microarray analysis and fur-
ther qRT-PCR and western blot confirmation showed that
SOX2 levels are significantly decreased in miR-145–5p over-
expressing PCa cells. In the literature, it has been shown that
the number of SOX2 expressing cells increase in PCa tissues
compared to BPH or healthy control tissues (18). SOX2 in-
volvement in tumorigenesis of several cancers including PCa
has also been demonstrated in recent studies (28–30). We
propose that miR-145–5p would be an important regulator
of SOX2 and the decrease of SOX2 level as a result of ectopic
miR-145–5p expression in PCa cells would be a key step in
the PCa pathogenesis. Knowing the fact that cancer stem cells
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obtained from PCa tissues and cell lines express several stem
cell markers including SOX2 (19, 20), miR-145–5p downreg-
ulation in PCa might be speculated as resulting in enrichment
of cancer stem cells in the tumor tissue through upregulation
of SOX2 level.

Theoretically, a single miRNA can target hundreds of mR-
NAs, however, their expression might be restricted to spe-
cific tissue or cancer types. Our study is important because
of identifying a stem cell marker gene, SOX2, as a target of
one of the most crucial tumor suppressor miRNAs in PCa.
However, other targets may also contribute to phenotypes as-
sociated with miR-145–5p deregulation. Further studies that
will focus on the miRNA profile of PCa stem cells or isolated
circulating tumor cells in the blood and compare them to that
of primary PCa tumors will help to elucidate the roles of miR-
NAs, especially the miR-145–5p, in more detail in PCa patho-
genesis.
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