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Targeting survivin using a combination of miR-494
and survivin sShRNA has synergistic effects on
the suppression of prostate cancer growth
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Abstract. Castration-resistant prostate cancer (CRPC)
remains an obstacle in the current treatment provided for
prostate cancer (PCa). Survivin, an apoptosis inhibitor, has
been found to be involved in the progression of PCa, and is
a promising candidate target for CRPC therapy. Micro (mi)
RNAs are involved in the progression of PCa through the regu-
lation of multiple genes. One of the objectives of the present
study was to investigate the effect of miRNA (miR)-494 on the
expression of survivin, as well as on PCa growth. The present
study also aimed to assess whether co-transfecting miR-494
with survivin short hairpin (sh)RNA has synergistic effects on
suppressing PCa proliferation or the expression of survivin.
Gene Expression Omnibus datasets with clinical PCa miRNA
expression profiles were utilized to analysis the expression
of miR-494 in Ca, compared with normal prostate samples.
PC3 cells, a CRPC cell line, were transfected with either an
miR-494 expression adenovius, a survivin shRNA adenovirus
or the two together, to examine their effect on PCa growth
and the expression of survivin in vitro and in vivo. miR-494
was downregulated in PCa tissue samples and in the PC-3 cell
line. miR-494 targeted survivin at the translational level in
PCa. Overexpression of miR-494 and silencing survivin RNA
through the use of survivin shRNA inhibited the expression of
survivin and attenuated PC-3 cell growth in vitro and in vivo.
Notably, co-transfecting miR-494 with survivin shRNA had
synergistic effects on suppressing prostate cancer proliferation
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via further suppression of the expression of survivin. These
results suggested that using multiple methods to inhibit the
function of survivin may have improved efficacy for treating
PCa.

Introduction

Prostate cancer (PCa) is the most commonly diagnosed
malignancy and the second leading cause of cancer-associated
mortality in men in America and England. (1) In Asia, the
incidence and morbidity rates of PCa have increased markedly
in previous decades. However, a large proportion of new cases
are at an advanced stage at the time of diagnosis. Androgen
deprivation therapy (ADT) is the first choice of treatment,
however, a major obstacle is that the sensitivity of PCa to
ADT treatment is reduced over time and eventually develops
into castration-resistant prostate cancer (CRPC). At present,
the efficacy of other treatment options for CRPC, including
chemotherapy, radiotherapy and immunotherapy is insuf-
ficient.

The mechanism causing CRPC to be refractory to current
treatment options remains to be fully elucidated. It has been
suggested that the possible mechanism is due to the overex-
pression of survivin (2-4). Survivin (baculoviral inhibitor
of apoptosis protein repeat containing 5) is a member of the
inhibitor of apoptosis protein (IAP) family, which has been
implicated in inhibiting apoptosis and controlling mitotic
progression. Previous evidence that survivin is overexpressed
in the majority of types of human cancer (5-10), but absent in
normal adult tissues (11) has led to the proposal of targeting
survivin as a promising alternative treatment for cancer,
including CRPC (12,13).

MicroRNAs (miRNAs), a set of small, non-coding RNAs
of 21-23 nucleotides in length, can regulate target genes via
the degradation of mRNA or by suppressing translation
and, consequently, acting as tumor suppressor or promoter
(oncomiR) to regulate cancer initiation and progression. For
example, miR-155 functions as an oncomiR in breast cancer
by targeting suppressor of cytokine signaling-1 (14). miR-34a
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inhibits PCa stem cell metastasis by directly repressing cluster
of differentiation 44 (15). miR-494 acts as a tumor suppressor
in different types of cancers by targeting B cell lymphoma
(Bcl)-2 interacting mediator of cell death (BIM) (16), KIT (17),
and survivin (18) to inhibit cancer proliferation and metastasis.

The function of miR-494 in PCa remains to fully eluci-
dated. In the present study investigated whether miR-494
targeted survivin and whether miR-494 and survivin shRNA
in combination had a synergistic effect on the suppression of
PCa growth.

Materials and methods

Cell culture. The present study was approved by the ethics
committee of the Second Affiliated Hospital of Soochow
University (Suzhou, China). The PC-3 human CRPC cell line
and RWPE-1 human normal prostate epithelial cell line were
obtained from the Chinese Academy of Science (Shanghai,
China). The PC-3 cells were maintained in RPMI 1640
medium (Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA), containing penicillin (25 U/ml; Gibco; Thermo
Fisher Scientific, Inc.), streptomycin (25 g/ml; Thermo
Fisher Scientific, Inc.), 1% L-glutamate (Thermo Fisher
Scientific, Inc.), and 10% fetal bovine serum (FBS; Thermo
Fisher Scientific, Inc.), at 37°C with 5% CO, in a humidified
atmosphere. The RWPE-1 cells were maintained in complete
keratinocyte-serum-free medium (K-SFM), containing
50 pug/ml BPE (Gibco; Thermo Fisher Scientific, Inc.) and
5 ng/ml EGF (Gibco; Thermo Fisher Scientific, Inc.), with
penicillin (25 U/ml) and streptomycin (25 g/ml), at 37°C with
5% CO, in a humidified atmosphere.

Plasmids and adenovirus. Human genomic DNA (Promega
Corporation, Madison, WI, USA) was used as template DNA.
The sequence of the hsa-miR-494 genomic clone was designed,
according to the information in miRbase (http://www.mirbase.
org/). The region containing the miR-494 stem-loop sequence
was amplified using polymerase chain reaction (PCR) and was
inserted into the pDC315-EGFP plasmid for the overexpres-
sion of miR-494. An adenovirus packaging system (AdMax™)
was used to produce the adenovirus. For RNA interference
(RNAI), a survivin shRNA recombined adenovirus vector was
constructed and preserved in the Department of Urology, The
Second Affiliated Hospital of Soochow University (Suzhou,
China). When the miR-494 was co-transfected with survivin
shRNA (sequence, 5'-caccggaccaccgcatctctacattcaagacgtgta
gagatgcggtggtecttttttg-3'), the virus derived from each plasmid
was reduced by half. The sequences of the primers used are
listed in Table I, they were obtained from Sangon Biotech
Co., Ltd., Shanghai, China. The cells were infected with the
adenovirus with 8 ug/ul polybrene (Sigma-Aldrich, St. Louis,
MO, USA) at a confluence of 60%.

RNA extraction and reverse transcription-quantitative PCR
(RT-qPCR) for determination of miRNA levels. RNA was
extracted from the cells using an mirVana™ miRNA Isolation
kit (Ambion; Thermo Fisher Scientific, Inc.), according to
the manufacturer's protocol. A total of 2 ug RNA of each
sample was used for the RT reaction. The subsequent gPCR
was performed using miRNA-specific primers to analyze the

1603

miRNA expression levels, with U6 snRNA used as an internal
control. The SYBR FAST qPCR kit (Kapa Biosystems, Inc.,
Wilmington, MA, USA) was used with 10 ¢l Master mix, 0.4 ul
forward primer (10 xM) and 0.4 ul reverse primer (10 xM) and
1 ul cDNA. Double distilled water (8.2 ul) was added to bring
the total volume to 20 pul. The thermocycling steps were as
follows: 95°C for 3 min; 45 cycles of 95°C for 3 sec, 60°C for
20 sec and 72°C for 1 sec; and a final extension step at 72°C for
5 min. The sequences of the primers used are listed in Table I.

RT-gPCR. The cells were collected at a confluence of 90% and
total RNA was extracted using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), and 2 pg total RNA from
each sample was converted into complementary DNA using a
commercially available RT-qPCR kit (Promega Corporation).
The resultant complementary DNAs were used in the qPCR
reactions using gene-specific primers, and the products were
analyzed using gel electrophoresis. The sequence of the
primers used are listed in Table I.

Western blot analysis. The cells were washed with
phosphate-buffered saline (PBS) and lysed in radioimmu-
noprecipitation assay buffer (Thermo Fisher Scientific, Inc.).
Proteins (30 pug) were separated by 10% SDS-PAGE (Sangon
Biotech Co., Ltd.) and then transferred onto polyvinylidene
difluoride membranes (EMD Millipore, Billerica, MA, USA).
The membranes were blocked in 5% non-fat milk in PBS with
0.05% Tween 20 (Thermo Fisher Scientific, Inc.) for 1 h at
room temperature, and then incubated with diluted primary
antibodies overnight at 4°C. The antibodies were mono-
clonal rabbit anti-human antibodies against survivin (Cell
Signaling Technology, Inc., Danvers, MA, USA; cat. no. 2808;
1:2,000) or monoclonal mouse anti-human antibodies against
GAPDH (Abcam, Cambridge, MA, USA; cat. no. ab8245;
1:5,000) . The blots were then incubated with horseradish
peroxidase-conjugated secondary antibodies for 1 h at room
temperature, washed and developed using an enhanced chemi-
luminescence system (Gel Doc XR+; Bio-Rad Laboratories,
Inc., Hercules, CA, USA). The secondary antibodies were
horse anti-mouse and goat anti-rabbit, diluted 1:5,000 (Cell
Signaling Technology, Inc.; cat. nos. 7076 and 7074, respec-
tively). The expression levels of survivin were compared with
those of -actin for further quantitative analysis using Image J
software, version 1.48 (National Institutes of Health, Bethesda,
MD, USA).

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. The cells were seeded in a 96-well plate at a
concentration of 1x10* cells/well, and were maintained at 37°C
for 24,48 and 72 h following transfection. The cells were then
treated with MTT (0.5 mg/ml) for 4 h at 37°C. The absor-
bance at 570 nm was determined using a microplate reader
(Model 550; Bio-Rad Laboratories, Inc.).

Flow cytometric analysis. Cell cycle and apoptosis
were determined using either propidium iodide (PI; BD
Biosciences, Franklin Lakes, NJ, USA) staining or an Annexin
V-Allophycocyanin (APC) detection kit from BD Pharmingen
(San Diego, CA, USA). At 72 h post-transfection, the cells
were washed with cold PBS, and either stained with PI or
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Table I. Primers used for cloning, qPCR and RT-qPCR.

Primer Sequence Use
hsa-miR-494 RT 5'-gtcgtatccagtgcagggtccgaggtattcgcactggatacgacgaggttte-3' qPCR
hsa-miR-494 Up 5'-gcgegegetgaaacatac-3' gqPCR
hsa-miR-494 Down 5'-gggtccgaggtattcgeact-3' qPCR

u6 RT 5'-aaaatatggaacgcttcacgaatttg-3' qPCR

u6 Up 5'-ctcgcttcggcagceacatatact-3' qPCR

u6 Down 5'-acgcttcacgaatttgcgtgtc-3' qPCR
hsa-mir-494-EcoRI F 5'-cggccgegactctagttgattttttttgtttgttttttgatcagtgetaatcttcg-3' Cloning
hsa-mir-494-EcoRI R S'-ataagcttgatatcggacgcatggcacgetgtc-3' Cloning
survivin shRNA Up 5'-caccggaccaccgcatctctaca ttcaagacg tgtagagatgeggtggtecttttttg-3' Cloning
survivin ShRNA Down 5'-agctcaaaaaaggaccaccgceatctctacacgtcttgaatgtagagatgeggtggtee-3' Cloning
Survivin F 5'-gcatgggtgccecgacgttg-3' RT-gPCR
Survivin R 5'-gctecggecagaggctcaa-3' RT-gPCR
GAPDH F 5'-tgatgacatcaagaaggtggtgaa-3' RT-qPCR
GAPDH R 5'-tecttggaggccatgtgggcc-3' RT-gPCR
B-actin F 5'-gtccaccgcaaatgcttcta-3' RT-PCR
B-actin R 5'-tgctgtcaccttcaccgttc-3' RT-PCR

qPCR, quantitative polymerase chain reaction; RT-qPCR, reverse transcription qPCR; F, forward; R, reverse; shRNA, short hairpin RNA; miR,

microRNA; RT, reverse transcriptase.
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Figure 1. Expression levels of miR-494 are decreased in PCa samples and cell line. (A) Microarray data of 60 PCa samples and 16 normal prostate samples
from the Gene Expression Omnibus dataset shows that the PCa tissue samples had significantly lower levels of miR-494, compared with the normal prostate
tissue. (B) Expression levels of miR-494 wee lower in the PC-3 cells, compared with normal prostate RWPE-1 cells. The expression levels of miR-494 in
normal and Pa cell lines were measured using quantitative polymerase chain reaction. Each sample was detected by triplicate. Values are expressed as the

mean + standard deviation. miR, microRNA; PCa, prostate cancer.

Annexin V-APC/PI double staining, and analyzed using flow
cytometry, according to the manufacturer's protocol.

Subcutaneous injection mouse model. All animal experiments
were performed, according to a protocol approved by the Ethics
Committee of the Second Hospital of Soochow University and
in compliance with national and European regulations. A total
of 25 male nude mice (age, 6-8 weeks; weight, 25-30 g) were
purchased from the Experimental Animal Center of Soochow
University. They were housed under standard conditions with
a 12-h light/dark cycle at 23+3°C, 55+5% relative humidity
and access to food and water ad libitum. The mice were
randomly assigned into the following groups, each containing
five mice: PBS group; scrl group; 0e494 group; shSur
group and oe494+shSur group. The pretreated PC-3 cells
(10"/mouse) were mixed with Matrigel (BD Biosciences) were

subcutaneously injected into the right axillary space of each
nude mice. When the tumors were palpable, sliding calipers
were used to measure the maximum longitude diameter and
transverse diameter of each tumor every 5 days. The tumor
volumes were calculated according to the following formula:
Volume (cm?) = ab’/ 2. The mice were then sacrificed 55 days
following injection by cervical dislocation, and tumor tissue
samples were harvested and used for western blot analysis and
immunohistochemical staining.

Immunohistochemistry. The tumor tissues were fixed in
4% neutral-buffered paraformaldehyde (Sigma-Aldrich) and
embedded in paraffin (Sigma-Aldrich). The primary anti-
bodies were: monoclonal rabbit anti-human against survivin
(dilution, 1:100); monoclonal rabbit anti-human against
Bcl-2-associated X protein (BAX; Cell Signaling Technology,
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Figure 2. miR-494 targets survivin at the translational level. (A) Schematic diagram of putative miR-494 binding sites in the 3'-UTR of the survivin gene.
(B) Western blot analysis revealed that overexpression of miR-494 significantly decreased the protein levels of survivin when PC-3 cells were transfected with
miR-494 expression or the control adenovirus for 72 h. (C) Reverse transcription-quantitative polymerase chain reaction analysis revealed that the mRNA
expression of survivin was not affected by the overexpression of miR-494 for 72 h. miR, microRNA; UTR, untranslated region; M, marker.

Inc.; cat. no. 5023; 1:100); monoclonal rabbit anti-human
against BCL2 (Cell Signaling Technology, Inc.; cat. no. 3796;
1:100); and monoclonal rabbit anti-human against caspase 3
(Biogot Technology Co., Ltd., Nanjing, China; cat. no. BS1518;
1:100) were used for staining. Primary antibodies were
recognized by goat anti-rabbit biotinylated secondary anti-
body (Vector Laboratories, Inc., Burlingame, CA, USA; cat.
no. BA-1000; 1:1,000) and visualized using a VECTASTAIN
ABC peroxidase system and peroxidase substrate DAB kit
(Vector Laboratories, Inc.). Semi-quantification of the positive
staining signals was performed using ImagelJ software.

Statistical analysis. Values are expressed as the mean + stan-
dard deviation. Student's #-test and analysis of variance were
used to determine significant differences using SPSS 19.0
(IBM SPSS, Armonk, NY, USA). P<0.05 (two-sided) was
considered to indicate a statistically significant difference.

Results

Expression levels of miR-494 are lower in PCa samples and
PC-3 cells. Previous studies have indicated that the expression
of miR-494 is decreased in different types of cancer and acts
as a tumor suppressor (19,20). Therefore, the present study
aimed to determine whether the expression of miR-494 in PCa
is also lower than that in normal prostate tissue.

An NCBI Gene Expression Omnibus (http://www.ncbi.
nlm.nih.giv/gds) dataset search was performed and, in the
GSES8126 dataset (20), 60 PCa clinical samples and 16
normal prostate samples were collected and subjected to an
miRNA-specific expression array. As expected, the expression
of miR-494 was markedly lower in the PCa samples, compared
with the normal prostate tissues (Fig. 1A).

The PC-3 CRPC cell line was then randomly selected, and
the expression levels of miR-494 in the PC-3 cells and in the
RWPE-1 normal prostate epithelial cell line were determined
using RT-qPCR. The results showed that the expression of
miR-494 was reduced in the PC-3 cells, compared with that in
the RWPE-1 cells (Fig. 1B).

Taken together, the results (shown in Fig. 1A and B)
demonstrated lower expression levels of miR-494 in PCa.

miR-494 targets survivin at the translational level. The
survivin gene is a well-known oncogene, which belongs to the
anti-apoptosis gene family; its expression is correlated with
tumor malignancy and progression in a variety of types of

cancer, as well as PCa (5-10). It has been reported that miR-494
negatively regulates the gene expression of survivin in acute
myeloid leukemia cells (18), and the bioinformatics analysis
performed in the present study also indicated that miR-494
regulated survivin via binding to its 3'-untranslated region
(Fig. 2A). However, this effect has not yet been clarified in
prostate cancer, therefore, the present study aimed to confirm
this effect in PCa.

PCa PC-3 cells were transfected with either an miR-494
overexpression (0e494) or negative control (scr) adenovirus,
following which the mRNA and protein expression levels of
survivin were determined using Western blot and RT-qPCR
analyses. As shown in Fig. 2B, overexpression of miR-494
significantly decreased the protein expression of survivin in
PC-3 cells. However, the mRNA expression of survivin was
not affected by overexpression of miR-494 (Fig. 2C).

Taken together, the results (as shown in Fig. 2A-C) showed
that miR-494 targeted survivin at the translational level in
PCa.

miR-494 combined with survivin shRNA has synergistic
effects on antiproliferation, inducing cell cycle arrest and cell
apoptosis in PC-3 cells. The fact that miR-494 is decreased in
PCa indicated that it may contribute to the progression of PCa.
Therefore, the present study examined the effect of miR-494
and survivin shRNA on cell growth, cell cycle arrest and
apoptosis in PCa PC-3 cells. The PC-3 cells were transfected
with either miR-494 (0e494) or survivin shRNA (shSur) or the
two together (0e494+shSur). Their negative control groups
were scrl, scr2 and scrl+scr2, respectively, and a PBS group
served as a blank control.

Cell proliferation was measured using an MTT assay. The
results indicated that all the three groups inhibited PC-3 cell
proliferation, compared with their control groups. Notably, the
0e494+shSur group had increased antiproliferation effects,
compared with the 0e494 or shSur groups alone (Fig. 3A).

Flow cytometry was performed to examine the cell
cycle and cell apoptosis. The results showed that there was
significant cell cycle arrest at the G,/M phase in the 0e494,
shSur and 0e494+shSur groups. The percentage of cells in
the G,/M phase in these groups were (8.19+3.23, 34.56+4.06
and 63.87+4.33%, respectively (Fig. 3B and C). Similarly,
cell apoptosis, detected using Annexin-V/PI staining, showed
that the percentages of cell apoptosis in these groups were
23.79+4.36, 27.38+5.94 and 49.98+5.85%, respectively
(Fig. 3D and E).
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Figure 3. Synergistic effects of miR-494 combined with survivin shRNA on antiproliferation, induction of cell cycle arrest and apoptosis in PC-3 cells. The
PC-3 cells were transfected with an adenovirus carrying either miR-494 or survivin shRNA, or both. (A) A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide assay was used to detect cell proliferation. Flow cytometry with PI staining or Annexin-V/PI staining were used to detect (B and C) cell cycle
arrest and (D and E) apoptosis. Data are expressed as the mean + standard deviation. “P<0.01, ““P<0.001. miR, microRNA; shRNA, short hairpin RNA; PI,

propidium iodide; PBS, phosphate-buffered saline; OD, optical density.

Taken together, the results (as shown in Fig. 2A-E) indi-
cated that miR-494 and survivin shRNA were able to inhibit
proliferation, and induce cell cycle arrest and cell apoptosis
in PCa PC-3 cells. Of note, miR-494 combined with survivin
shRNA had a more marked effect. These results indicated that

targeting a single gene using two methods simultaneously had
synergetic effects.

miR-494+survivin shRNA has a synergistic effect on inhib-
iting the protein expression of survivin in PCa. The present
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Figure 4. miR-494+survivin shRNA have a synergistic effect on inhibiting the protein expression of survivin in prostate cancer. (A) Reverse transcrip-
tion-quantitative polymerase chain reaction analyses revealed that co-transfection with survivin shRNA and miR-494 did not further decrease the mRNA
levels of survivin mRNA, compared with the group transfected with shRNA alone. (B) Quantitative data. (C) Transfection with miR-494 or survivin shRNA
alone inhibited the protein expression of survivin in PC-3 cells, which were detected using Western blot analysis. However, the combination of the two had
marked synergistic effects on the protein expression of survivin. (D) Quantitative data. 1, PBS; 2, scrl; 3, scr2; 4, scrl+scr2; 5, shSur; 6, 0e494; 7, shSur+oe494.
Data are expressed as the mean + standard deviation. “P<0.01, ““P<0.001. miR, microRNA; shRNA, short hairpin RNA; PBS, phosphate-buffered saline; M,

marker.

study hypothesized that the marked effect of the combination
of miR-494 and survivin shRNA is due to a further decrease
in the protein expression of survivin. The PC-3 cells were
transfected with either miR-494 (0e494) or survivin shRNA
(shSur), or the two together (0e494+shSur). Although the
mRNA expression of survivin remained unchanged in the
0e494+shSur group, compared with the shSur group (Fig. 4A),
the combination group had significantly lower protein levels of
survivin, compared with either the 0e494 group or the shSur
group alone (Fig. 4B and C). This indicated that simultane-
ously suppressing survivin gene expression using different
methods may have synergistic effects.

miR-494+survivin shRNA has a synergistic effect on PCa
growth in vivo. As the in vitro data showed that either miR-494
or survivin shRNA effectively inhibited cell growth and
induced cell apoptosis in PC-3 cells, and the combination of
the two was more effective, the present study investigated
whether the same effects were observed in vivo. A total of
25 male nude mice were divided into five groups: PBS, scrl,
0e494, shSur and 0e494+shSur. A total of 107 treated cells
were subcutaneously injected into the right axillary space of
each nude mouse. Tumor size was monitored every 5 days
and, 55 days post-injection, the mice were sacrificed, tumors
were collected and tumor volume was calculated. The results
demonstrated that tumors in the miR-494, survivin shRNA
or the combined group were smaller, compared with those in
the control (Fig. 5SA and B). In addition, the combined group
had a more marked effect on cancer growth, compared with
the individual groups (Fig. SA and B). Although the expres-
sion levels of survivin in the tumor tissues of all group were
reduced, the expression was reduced most markedly in the
combined group, detected using Western blot analysis and

immunohistochemical staining (Fig 5C and D), which further
confirmed the results derived from the in vitro experiments.

Taken together, these data indicated that miR-494 and
survivin shRNA inhibited the expression of survivin and
suppressed PCa cell growth in vitro and in vivo. Combining
miR-494 with survivin shRNA had more significant effects
on the suppressing the gene expression of survivin and PCa
growth, compared with either the mir-494 or survivin shRNA
treatment groups. The in vitro and in vivo data obtained in the
present study confirmed that simultaneously suppressing the
gene expression of survivin using different methods may have
synergistic effects.

Discussion

The mechanisms involved in the carcinogenesis, progression
and metastasis of PCa are complex. Substantial evidences has
indicated that oncogenes, anti-oncogenes, microRNAs and
long non-coding RNA are involved in PCa. However, their
individual roles have been considered less important, than
androgen receptor (AR), as AR target therapy, which consti-
tutes the ADT strategy, is the mainstay for the treatment of
advanced PCa. At present, no single oncogene or anti-oncogene
target therapy has been found to be as effective as ADT for
used to treat PCa in clinical settings. The primary reason for
this is that the gene-based regulatory pathways are complex.
For example, one gene can regulate the function of several
downstream genes, and the gene itself is also controlled by
multiple upstream genes. However, it is difficult to determine
which oncogene or anti-oncogene is key in PCa, particularly in
the progression of CRPC.

The survivin gene, a member of the IAP family, has been
confirmed to be overexpressed in almost all types of cancer
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Figure 5. Synergistic effect of miR-494+survivin shRNA on PCa growth in vivo. PCa PC-3 cells were transfected with either miR-494 overexpression or
survivin shRNA adenovirus or both, and were subcutaneously injected into 6-8-week-old male nude mice. Tumor size was monitored every 5 days and, 55 days
post-injection, the mice were sacrificed and the tumors were harvested for evaluation. (A) Gross morphology of tumors in each group. (B) Tumor growth curve
shows that, although miR-494 or survivin shRNA alone inhibited the growth of xenograft tumors, co-transfection with miR-494 and survivin shRNA had a
synergistic effect, compared with either miR-494 or survivin shRNA alone (P<0.05). Expression levels of survivin in xenograft tumors were analyzed using
(C) Western blot analysis and (D) immunohistochemical staining (magnification, x200) demonstrating that survivin and Bcl-2 expression levels were decreased
and Bax and caspase-3 increased in the shSur and 0e494 groups. Combination of shSur + 0e494 had synergistic effect on expression levels of these proteins. Cell
nuclei are stained blue and proteins are stained brown. The results showed that miR-494, survivin shRNA or both inhibited the protein expression of survivin,
and the combined group had synergetic effects (P<0.05). Data are expressed as the mean + standard deviation. “P<0.01, ““P<0.001. PCa, prostate cancer; miR,
microRNA; shRNA, short hairpin RNA; PBS, phosphate-buffered saline; M, marker; Bcl-2, B-cell lymphoma 2; Bax, BCL2-associated X protein.

cell, which include radiation resistant (10,21,22) and drug Inhibiting the gene expression of survivin suppresses PCa
resistant (23-25) cancer cells, as well as CRPC cells (26,27).  cell growth, induces apoptosis and enhances radiation and
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drug sensitivity in PCa cells, as well as in other types of
cancer cell (28). These findings indicate that survivin may
be a potential useful target for anticancer intervention. A
number of anti-survivin strategies, including the use of the
antisense oligonucleotide, LY2181308 (27), small interfering
(si)RNA (29) and locked nucleic acid siRNA-based strate-
gies (30) have been reported to successfully reduce the
expression of survivin, inducing cell apoptosis and enhancing
chemosensitivity in various types of cancer in vitro, which
include CRPC (31). However, these strategies have only
yielded a partial positive response in clinical trials, which may
be due to the inhibition of survivin by a single agent being
insufficient Although the reduction in the protein expression
of survivin has been reported to be at least 30% upon the
treatment with LY2181308, to achieve a more marked effect,
>30% inhibition from baseline is required (27). This suggests
that directly knocking down survivin via one method has only
a limited effect in suppressing cancer proliferation.

As cancer cell proliferation is regulated by multiple
genes, whether knocking down two oncogenes simultane-
ously or knocking down one oncogene combined with the
overexpression of another anti-oncogene has more marked
effects has been investigated. For example, simultaneously
knocking down survivin and vascular endothelial growth
factor has shown synergistic effects on inhibiting in vitro cell
proliferation and in vivo tumor growth in pancreatic cancer
cell (32). In addition, survivin knockdown combined with
apoptin over-expression inhibits cell growth significantly
in HeLa cells and HepG2 cells (33). The co-expression of
survivin-specific siRNA and wild-type p53 have also been
observed to significantly inhibit PCa cell proliferation in vitro
and in vivo (34).

These previous reports indicate that the effects of
simultaneously controlling the expression of two genes are
more marked, compared with the effect of controlling one
individual gene for suppressing cancer cell growth. As one
target gene is controlled by multiple mechanisms, including
DNA amplification, mRNA translation and protein modifica-
tion (35), whether inhibiting one gene via two methods has
more advanced effects remains to be fully elucidated.

Our bioinformatics analysis and experimental results
confirmed that miR-494 targets survivin in PCa. This is
consistent with a previous report that miR-494 induces cell
apoptosis by suppressing the gene expression of survivin in
AML cells (18). Various reports have also shown that miR-494
is downregulated in multiple types of cancer, including liver
cancer (36) and pancreatic cancer, as well as in PCa (13).
Furthermore, miR-494 inhibits cell proliferation and induces
cell apoptosis by regulating the expression of multiple genes,
including KIT (17), BIM (16), C-X-C chemokine receptor
type 4 (37) and survivin (18). The present study investigated
the role of miR-494 and its interaction with survivin in PCa
growth. The results indicated that miR-494 was decreased
in PCa tissues and in the PC-3 cell line. Overexpression of
miR-494 was found to inhibit cell proliferation and induce
cell apoptosis in PC-3 cells by inhibiting the expression of
survivin, and its activity is similar to that of survivin shRNA.
Notably, simultaneous transfection with miR-494 and survivin
shRNA had synergistic effects on the expression of survivin
and on the growth of the PC-3 cells in vitro and in vivo.
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