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Prostate cancer (PCa) prevails as the most commonly diagnosed malignancy in

men and the third leading cause of cancer-related deaths in developed countries.

One of the distinct characteristics of prostate cancer is overexpression of the

small ubiquitin-like modifier (SUMO)-specific protease 1 (SENP1), and the upregu-

lation of SENP1 contributes to the malignant progression and cell proliferation of

PCa. Previous studies have shown that the expression of microRNA-145 (miRNA-

145) was extensively deregulated in PCa cell lines and primary clinical prostate

cancer samples. Independent target prediction methods have indicated that the

30-untranslated region of SENP1 mRNA is a potential target of miR-145. Here we

found that low expression of miR-145 was correlated with high expression of

SENP1 in PCa cell line PC-3. The transient introduction of miR-145 caused cell cycle

arrest in PC-3 cells, and the opposite effect was observed when miR-145 inhibitor

was transfected. Further studies revealed that the SENP1 30-untranslated region

was a regulative target of miR-145 in vitro. MicroRNA-145 also suppressed tumor

formation in vivo in nude mice. Taken together, miR-145 plays an important role

in tumorigenesis of PCa through interfering SENP1.

P rostate cancer prevails as the most commonly diagnosed
malignancy in men and the third leading cause of cancer-

related deaths in developed countries.(1) This is mainly attrib-
uted to the extension of life expectancy and the widespread
use of prostate-specific antigen for population screening in the
North America and Europe. It has been reported that nearly
240 890 new cases of PCa were diagnosed in the USA in
2011, accounting for 29% of all newly diagnosed cancers in
men.(2) Recently, the incidence of PCa has also risen sharply
in China.(3) The development of human PCa is associated with
genetic or epigenetic alterations, which result in abnormal gene
expression profiles. Abnormalities of HPC1, androgen receptor
(AR), and vitamin D receptor promote cancer cell growth.(4,5)

Moreover, post-transcriptional regulation of gene expression
by non-coding RNA, including miRNA, has recently attracted
attention in relation to PCa development.(6,7)

Small ubiquitin-like modifiers’ conjugation to cellular pro-
teins is a reversible post-translational modification that medi-
ates the protein’s function, subcellular land ⁄or expression.(8)

The SENPs deconjugate modified proteins and thus are critical
for maintaining the level of SUMOylated and un-SUMOylated
substrates required for normal physiology.(9) Altered expres-
sion of SENPs is observed in several carcinomas.(10–12) One
member of the SENP family, SENP1, can transform normal
prostate epithelia to a dysplasic state and directly modulate

several oncogenic pathways in prostate cells, including AR,
c-Jun, and cyclin D1.(13) Assessment of tissue from human
PCa patients indicates elevated mRNA levels of SENP1. For
example, the work by Bawa-Khalfe et al. has shown that the
expression level of SENP1 is upregulated in PCa cell lines.
They also found that reducing SENP1 expression levels led to
decrease of cellular viability.(14) Therefore, SENP1 plays criti-
cal roles in the development and progression of PCa, and
SENP1 is a potential marker for PCa prognostics. In order to
study the tumor biology of PCa, a number of human prostate
cell lines have been established, among which DU145 and PC-
3 cells lines have been extensively characterized and widely
used for PCa research.(15)

MicroRNAs constitute a rapidly growing family of small
(~22 nt) endogenous non-coding RNA molecules that regulate
gene expression in a post-transcriptional manner through pair-
ing with complementary nucleotide sequences in the 30-UTR
of target mRNAs.(16) Approximately half of the miRNA genes
are located at fragile sites and genomic regions known to be
frequently amplified or deleted in cancers.(17) Therefore, the
abnormal expression of miRNAs has been suggested to play a
critical role in prostate tumorigenesis.(18,19) Consequently, the
study of miRNAs is prominent in cancer-related research now-
adays, aiming to clarify their role during tumorigenesis and to
examine their clinical efficacy.
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Among the large number of studied miRNAs, miR-145 has
a well-characterized tumor-suppressor regulatory role, which
has been found to protect from cancer cell invasion and metas-
tasis.(20) Downregulated miR-145 levels have been documented
in PCa.(21,22) Inhibition of cell growth, in terms of cell cycle
arrest and apoptosis, is promoted by miR-145 through the
silencing of various target mRNA.(23,24) Among the predicted
targets of miR-145, SOX9,(25) insulin-like growth factor1
receptor,(26) A disintegrin and metalloprotease 17,(27) and
L-dopa decarboxylase(28) have already been found to have a
crucial role during PCa establishment and progression, as well
as to serve the clinical management of patients.
Considering the important roles in PCa development and

progression of the two elements, SENP1 and miR-145, we
hypothesize that SENP1 is a potential target of miR-145. To
test the hypothesis, we investigated the expression profiles
of SENP1 and miR-145 in PC-3 cells, and tested the inter-
action between SENP1 and miR-145 by luciferase assay.
Our study revealed that miR-145 was significantly downreg-
ulated, and SENP1 upregulated, in PCa compared with nor-
mal epithelial prostate cells. The transient introduction of
miR-145 inhibited cell proliferation in PC-3 cells, whereas
the opposite effect was observed with transfection of miR-
145 inhibitor. Moreover, miR-145 can bind to the 30-UTR
of SENP1 and reduce SENP1 expression by inhibiting trans-
lation and ⁄or causing mRNA instability. Taken together,
miR-145 is a prostate tumor suppressor that directly targets
SENP1 in PC-3 cells.

Materials and Methods

Cell lines and culture. The PC-3 human prostate cancer cell
line was obtained from the ATCC (Rockville, MD, USA),
and the RWPE-1 human normal prostate epithelial cell line
was obtained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). The PC-3 cells were maintained
in DMEM, and the RWPE-1 cells were maintained in RPMI-
1640 medium, supplemented with 10% FBS (HyClone,
Logan, Utah, USA), penicillin, and streptomycin. Cells were
seeded in 24-well plates at 6 9 104 cells per well for in vitro
experiments. The cells were incubated in an atmosphere of
5% CO2 at 37°C.

Transfection of miRNA. The miR-145 mimics were designed
and synthesized by Guangzhou RiboBio (Guangzhou, China).
For transfection, the cells were plated on an antibiotic-free
growth medium at 30–40% confluence approximately 24 h
before transfection. RNA oligonucleotides were transfected at
a final concentration of 50 nM, using Lipofectamine 2000 (In-
vitrogen, Carlsbad, California, USA) according to the manu-
facturer’s protocol.

Cell proliferation assay. Cell proliferation was determined
using the Cell Counting Kit-8 assay kit (Dojindo, Kumamato,
Japan) and the Cell Titer 96 assay kit (Promega, Madison, WI,
USA) according to the manufacturer’s instructions. The EdU
incorporation assay was carried out according to the manufac-
turer’s instructions (Guangzhou RiboBio). Images were
obtained and analyzed by High Content Imaging Pathway 855
(BD Biosciences, San Jose, CA USA). The fraction (%) of

(a) (b)

(c)
(d)

Fig. 1. Expression of has-miR-145-5p (miR-145) and SENP1 in prostate cancer (PCa) and normal prostate epithelial cell lines. miR-145 expression
(a) and SENP1 (b) expression in different cell lines was analyzed by real-time PCR and standardized against the expression of U6 small nuclear
RNA, which was used as an endogenous control. (c) Expression of SENP1 in PCa patients was quantified by real-time PCR. (d) Protein expression
of SENP1 in different PCa cell lines. The data are presented as the average of triplicate values. Error bars, SEM. *P < 0.05, **P < 0.01, compared
with the negative control.
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EdU-positive cells was calculated as (EdU add-in cells ⁄Hoe-
chst stained cells) 9100.

Cell cycle assay. PC-3 cells were transfected after 24 h, as
previously described. Seventy-two hours later, the cells were
collected and washed twice with PBS, resuspended in 300 lL
of PBS, and fixed by adding 700 lL of 100% ethanol at 4°C
for 24–48 h. The fixed cells were rinsed three times with PBS
and stained with a propidium iodide solution containing
100 lg ⁄mL propidium iodide and 50 lg ⁄mL RNase (Sigma,
Shanghai, China) in PBS at 37°C for 30 min in the dark.
Stained cells were passed through a nylon mesh sieve to
remove cell clumps and then were analyzed by flow cytometry
(BD, San Jose, USA). Data were collected and analyzed by
the CellQuest (http://www.bdbiosciences.com/video/Cell_-
Quest.zip) and ModFit Lt (http://www.zedload.com/modfit-lt-
3.2-trial-version-crack-serial-download.html) software.

RNA extraction, reverse transcription, and quantitative PCR.

Total RNA, including miRNA, was extracted using TRIzol
(Invitrogen), according to the manufacturer’s instructions.
RNA was synthesized into cDNA using M-MLV reverse
transcriptase (Promega) in a 25-lL volume. The primer
sequences for miR-145 amplification were: hsa-miR-145 F,
ACACTCCAGCTGGGGTCCAGTTTTCCCAGGAA and R,
CTCAACTGGTGTCGTGGA. The primers for SENP1 were:
F, CAGCAGATGAATGGAAGTGA and R, CCGGAAG
TATGGCATGTGT. The U6 gene was used as internal

reference(29): F, CTCGCTTCGGCAGCACA and R, AACGCT
TCACGAATTTGCGT.
Real-time PCR was carried out using SYBR Green mix

(TaKaRa, Shanghai, China) in a 20 lL reaction volume on
an MJ Opticon Monitor Chromo 4 instrument (Bio-Rad, Her-
cules, CA, USA), using the following protocol: 95°C for
5 min and then 35 cycles of 95°C for 10 s, 60°C for 20 s,
and 70°C for 10 s. The expression of each miRNA was nor-
malized to U6 small nuclear RNA and calculated using the
2�DDCt method.

Western blot analysis. Cellular proteins were separated in
10% SDS–polyacrylamide gels, electroblotted onto an Immobi-
lon-P transfer PVDF membrane (Millipore, Temecula, CA,
USA), detected with a rabbit anti-human SENP1 mAb (04-
453, 1:1000; Millipore), a rabbit anti-Ki67 polyclonal antibody
(AB9260, 1:500; Millipore) or a rabbit anti-human-GAPDH
antibody (PLA0125, 1:2000; Sigma) and then visualized by a
commercial ECL kit (Beyotime, Beijing, China).

Luciferase reporter assay. To create a luciferase reporter plas-
mid, the 30-UTR fragment containing putative binding sites for
miR-145 was PCR-amplified from the genomic DNA of PC-3
cells. The PCR products were gel-purified (Dongsheng Bio-
tech, Shanghai, China), digested (New England Biolabs, Ips-
witch, MA, USA), and ligased (Takara, Tokyo, Japan) into the
digested psiCheck-2 plasmid (Promega) between the XhoI and
NotI sites. The SENP1 30-UTR-targeted site mutations were

(a)

(b)

(c)

Fig. 2. Has-miR-145-5p (miR-145) inhibits cell
growth and SENP1 promotes cell proliferation in
PC-3 prostate cancer cells. (a, b) PC-3 cells were
transfected with 50 nM miRNA mimics, SENP1, si-
SENP1, or negative control (NC; empty vector) in
96-well plates on day 0. The effect of miR-145 and
SENP1 in the PC-3 cells was analyzed using the 50-
ethynyl-20-deoxyuridine (EdU) incorporation assay.
(c) Cell cycle profile changes were assessed by flow
cytometry using propidium iodide staining to
measure the DNA content. The data are presented
as the average of triplicate values. Error bars, SEM.
*P < 0.05,**P < 0.01, which was considered to be
significantly different compared with NC.
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generated using the KOD-plus mutagenesis kit (Toyobo,
Osaka, Japan), according to the manufacturer’s protocol.
PC-3 cells were plated in a 96-well plate and then cotransfect-

ed with 200 ng ⁄lL plasmid and 50 nM miR-145 or NC. Forty-
eight hours after cotransfection, luciferase activity was detected
by the Dual-Glo luciferase assay kit (Promega). The transfec-
tions were carried out in duplicate and repeated three times.

Tumor formation in BALB ⁄ c nude mice. All experimental pro-
cedures involving animals were in accordance with the Guide
for the Care and Use of Laboratory Animals (NIH publication
no. 80-23, revised 1996); all experimental procedures involv-
ing humans were in accordance with the sixth version of the
Declaration of Helsinki (revised 2008). Experiments were car-
ried out in compliance with the institutional ethical guidelines
for animal and human experimentation. The participants all
gave signed informed consent. PC-3 cells were pretreated with
the miR-145 mimics 184 (50 nM) or NC. After 24 h of trans-
fection, the cells were suspended in 100 lL PBS at a concen-
tration of 4 9 106 cells ⁄mL and injected into either flank of
the same BALB ⁄C female athymic nude mouse at 5–6 weeks
of age (10 mice for each group, i.e., n = 10). The tumor size
was monitored by measuring the length (L) and width (W)
with calipers, and the volumes were calculated using the for-
mula: (L 9 W2) 9 0.5.

Statistical analysis. All statistical analyses were carried out
with SPSS 19.0 software (SPSS, Chicago, IL, USA). The data
are presented as the mean � SD from three separate experi-
ments. Statistical significance was determined by paired or
unpaired Student’s t-test in cases of standardized expression
data. Differences were considered statistically significant at
P < 0.05.

Results

Reduced expression of miR-145 and elevated expression of

SENP1 in PC-3 cells. Recently, we detected miR-145 expression
profiles in prostate cancer cell line DU145, PC-3, and LNCaP.
Compared with the non-transformed immortalized prostate cell
RWPE-1, we found that all miR-145 was downregulated in
these three PCa cell lines (Fig. 1a). The differences in miR-

145 level between PCa cells and RWPE-1 cells were signifi-
cant (P < 0.05). More importantly, DU145 and PC-3, hor-
mone-independent PCa cells, appeared to have lower miR-145
expression, which implied that decreased expression of miR-
145 might contribute to the malignant progression of PCa.
The transcriptional and translational expression of SENP1

was also examined in the three cell lines by quantitative
RT-PCR and compared with RWPE-1 (Fig. 1b). All three PCa
cells overexpressed SENP1 at both mRNA and protein levels.
More importantly, DU145 and PC-3, PCa cells with high meta-
static potential, appeared to have stronger SENP1 expression,
2–13-fold higher than that in RWPE-1. This implied that
SENP1 overexpression might contribute to the malignant pro-
gression of PCa. To gain insight into the detailed biological
role of SENP1 in human prostate carcinogenesis, we analyzed
the expression of SENP1 in four human PCa and their paired
paratumor tissues. The clinical characteristics of patients are
listed in Table S1. Compared with the paired paratumor tis-
sues, significant upregulation of SENP1 was observed in the
tumor tissues (P < 0.05, Fig. 1c). From these data, we hypoth-
esize that the expression of SENP1 is associated with miR-145.

PC-3 cell proliferation inhibited by miR-145 and promoted by

SENP1. Next, we evaluated the effect of miR-145 and SENP1
on the growth of PC-3 cells. As shown in Figure 2(a), miR-
145 or si-SENP1 introduction caused a remarkable inhibition
of cell growth in PC-3 cells relative to NC, whereas an oppo-
site observation was found when SENP1 was introduced into
PC-3 cells. The EdU incorporation percentage also revealed
that the growth of PC-3 was significantly inhibited by miR-
145 relative to NC (P < 0.05, Fig. 2b). The EdU cell prolifera-
tion assay determined that miR-145 and si-SENP1 suppressed
the entry of PC-3 cells into S phase. To further characterize
the effect of miR-145 on the cell cycle, we analyzed the cell
cycle distribution in transfected cells by flow cytometry. The
miR-145 mimics and si-SENP1 caused a higher G0 ⁄G1 arrest
in PC-3 cells (Fig. 2c). The suppressive effect could be
reversed by the introduction of SENP1; more than 90% of
cells were Edu-positive in this group and the cells in S phase
increased relative to NC or the other two groups (P < 0.05).
These results suggest that miR-145 introduction suppresses cell

(c)

(d)

(a)

(b)

Fig. 3. SENP1 is a direct target of has-miR-145-5p
(miR-145) in prostate cancer cells. (a) Sequence
alignment between miR-145 and the 30-
untranslated region (UTR) of the human SENP1
mRNA seed-matching region or seed-mutated
region. (b) Relative luciferase activity was calculated
as follows: (Rluc miRNA ⁄ Luc miRNA) ⁄ (Rluc no-
target ⁄ Luc no-target). (c) SENP1 protein levels were
examined by Western blot analysis, using GAPDH as
a loading control. (d) SENP1 mRNA levels were
analyzed by real-time PCR and standardized against
the levels of endogenous control b-actin. Relative
expression levels were determined for PC-3. Blank
and negative control (NC) here indicate PC-3 cells
transfected with empty vector. Data are presented
as the average of triplicate values. Error bars, SEM.
*P < 0.05,**P < 0.01, compared with NC.
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proliferation and SENP1 promotes cell proliferation in PC-3,
and both of them regulate cell proliferation during G1 to S
phase of the cell cycle. These data further prove the hypothesis
that expression of SENP1 is associated with miR-145.

SENP1 is a direct target of miR-145 in PC-3 cells. To determine
the molecular mechanism by which miR-145 induces cell
growth arrest and senescence, we used three open-target
prediction programs (picTar, TargetScan, and miRnada) to pre-
dict the targets of miR-145. In order to confirm our previous
hypothesis, we compared the sequences of 30-UTR of SENP1
with miR-145. The 30-UTR of SENP1 mRNA contained a
complementary site for the seed region of miR-145 (Fig. 3a),
and the highly matched bases attract our attention to investi-
gate whether SENP1 is a putative target of miR-145. SENP1
is a notably attractive candidate because it plays important
roles in the development and progression of PCa.
To determine whether SENP1 is the direct target gene for

miR-145, a dual-luciferase reporter system was used. The
luciferase reporter assay indicated that the luciferase activity
of the reporter containing the SENP1 gene’s wild-type 30-UTR
decreased (50%) following treatment with miR-145 mimics.
By contrast, the inhibitory effect of the miR-145 mimics was
abolished in the mutated construct (Fig. 3b). Moreover, the
luciferase activity decreased by miR-145 was inhibited when
miR-145 inhibitor was introduced. The result indicates that
miR-145 most likely suppresses gene expression through miR-
145 binding sequences at the 30-UTR of SENP1. In addition,
quantitative RT-PCR and Western blot analysis revealed that
the expression of SENP1 mRNA and protein was inhibited by
treatment with miR-145 mimics in PC-3 cells (Fig. 3c,d).
Taken together, these data suggest that miR-145 reduces
SENP1 expression by inhibiting translation and ⁄or causing
mRNA instability.

Overexpression of miR-145 can inhibit proliferation of PC-3

promoted by SENP1. To determine whether miR-145 mediates
its growth-repressing effects primarily through SENP1, and
whether SENP1 reverses the inhibition of cell growth caused
by miR-145, PC-3 cells were cotransfected with miR-145
mimics and pEZ-M02-SENP, which encoded the entire SENP1
coding sequence, by measuring cell proliferation rate and inhi-
bition rate. When only SENP1 was overexpressed in PC-3
cells, the OD450 values in the SENP1 group was significantly
higher than the control groups (PC-3 cells and empty vector
group, P < 0.05), which meant that cells proliferated more
quickly than the control group. However, when miR-145 was
cotransfected with SENP1, the cell proliferation caused by
SENP1 was significantly inhibited by miR-145 from the third
day after cotransfection (P < 0.05, Fig. 4a). Next, the prolifer-
ation and inhibition rates of transfection in PC-3 cells were
calculated to further demonstrate the growth-suppressing effect
of miR-145. In Figure 4(b,c), the introduction of miR-145 to
PC-3 cells obviously decreased the proliferation rate promoted
by SENP1. Therefore, miR-145 mediated its growth-repressing
effects primarily through SENP1.

SENP1 promotes tumor growth in vivo. To confirm the tumor
suppressor role of miR-145, we established a BALB ⁄ c nude
mouse xenograft model using PC-3 cells. The PC-3 cells were
pretransfected with miR-145, then injected into female BALB ⁄ c
nude mice to form tumors. The tumor volume was measured
every 2 days until day 28. The tumor volume of the PC-3 cells
treated with miR-145 mimics was significantly reduced relative
to PC-3 cell group (Fig. 5a,b). This result indicates that
miR-145 introduction significantly inhibits the tumorigenicity
of PC-3 cells in the nude mouse xenograft model. Representa-

tive photographs of PCa tissues formed in nude mice showed
the increased expression of SENP1 in tumors would promote
the tumorigenesis, which was reversed in miR-145 treated cells
(Fig. 5c). In order to confirm whether SENP1 expression was
suppressed by transfected miR-145 mimics in the formed
tumors, we examined the expression of SENP1 in formed
tumors at day 30 (Fig. 5d). The tumors formed by cells
transfected with miR145 showed a sharp decrease expression
of SENP1 and Ki67, which suggested that miR145 indeed
inhibited the proliferation of cancer cells.

Discussion

Growing evidence indicates that deregulation of miRNAs con-
tributes to human carcinogenesis.(30,31) One major tumor sup-
pressor miRNA, miR145, is downregulated in such neoplasms
as colorectal, mammary, ovarian, and B-cell tumors.(32,33)

Recent reports indicated that miR145 is also among the down-
regulated miRNAs in prostate cancer.(34) In some tumors,
downregulation of miR145 is correlated with tumor size, stage,
proliferative activity, or poorer prognosis.(35,36) Gradual
decrease of miR145 is observed in mammary neoplasia,(37)

whereas artificial overexpression of miR145 inhibits cell
growth and tumor formation.(36,38) Downregulation of miR145

(a)

(b)

(c)

Fig. 4. Cell growth effected by has-miR-145-5p (miR-145) and SENP1.
(a) Effect of SENP and miR-145 on cell growth was determined using
MTS assay. (b) Proliferation rate of PC-3 cells transfected with differ-
ent vectors. (c) Inhibition rate of PC-3 cells transfected with different
vectors. The data are presented as the mean � SEM.
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in various cancers has made it one of the most noticeable
tumor suppressor miRNAs.(39)

Identification of miRNA targets is one of the most important
aspects in understanding the mechanisms by which miRNAs
control cell behavior. Several genes, including IRS-1, OCT4,
SOX2, KLF4, C-MYC, and RTKN (rhotekin), have been identi-
fied as miR145 target genes.(38,40–42) In our study, we found
that miR-145 inhibits cell proliferation by repressing the
expression of SENP1, which is a novel target for miR-145 in
PCa cells. Our results suggest that miR-145 plays an important
role in the inhibition of tumorigenesis of PCa. Our current
results indicate that miR-145 is downregulated in common PCa
cell lines compared with the corresponding, non-cancerous
prostate epithelia cells. However, a reverse expression profile
of SENP1 is observed in PCa cell lines. These two genes were
reportedly associated with the growth of PCa, and miR-145 or
SENP1 was an important diagnostic marker of PCa. In addition
to the expression profile, we also found that ectopic miR-145
inhibited cell proliferation in PCa cell lines, whereas SENP1
could efficiently promote cell proliferation. Taken these results,
we hypothesized that there would be some relationship between
these two genes.

To explore the mechanism underlying the suppression of pros-
tate cancer cell growth, we determined that SENP1 was a direct
target of miR-145 in PC-3 by a luciferase reporter system. A
family of human SENPs can selectively deconjugate SUMOylat-
ed proteins and hence dictate SUMO dynamics.(43) Recently, we
reported that SENP1 plays a prominent role in the regulation of
the AR-dependent transcription.(44) Androgen receptor activity
is modulated by SENP1 in PCa cells; overexpressing SENP1
increases AR transcriptional activity by de-SUMOylation of the
co-regulatory protein, histone deacetylase 1.(44) Reduction of
endogenous SENP1 in these cells, using interfering RNA direc-
ted specifically against SENP1, significantly decreases expres-
sion of the AR-regulated prostate-specific antigen gene.
Similarly, SENP1 moderates the expression of the cell cycle
regulator, cyclin D1; diminishing SENP1 in PCa cells decreases
cyclin D1 levels.(12) Previous studies indicate that enhanced
expression of cyclin D1 is readily observed in advanced PCa
and contributes to PCa progression.(45,46) Therefore, the expres-
sion of SENP1 in PCa cells modulates major factors in PCa pro-
gression. In our study, the EdU cell proliferation assay and the
cell cycle assay revealed that miR-145 introduction induced a
quiescent phenotype in PC-3 cells. This phenotype resembles

(a)

(b)
(d)

(c)

Fig. 5. Has-miR-145-5p (miR-145) suppresses prostate cancer tumor growth in vivo. (a) Tumor formation in nude mice (n = 10); data are pre-
sented as the mean � SEM. *P < 0.05, **P < 0.01, compared with the PC-3 group. D, day. (b) Representative photograph of nude mice injected
with miR-145 and SENP1 transfected cells. (c) Representative photograph of prostate cancer tissues formed in nude mice following injection of
miR-145 and SENP treated cells. (d) Expression patterns of SENP1 and Ki67 were examined by immunohistochemistry in the xenograft tumor on
Day 30 in different groups.
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those in previous studies that inhibited SENP1 expression.
Therefore, our study suggests that SENP1 downregulation by
miR-145 overexpression may be a key event in the induction of
cellular quiescence. This was confirmed by cotransfection assay
in our study. The proliferation of PC-3 cells promoted by
SENP1 could be clearly inhibited by the introduction of miR-
145. Our findings confirmed that SENP1 is a direct target of
miR-145 in PCa. Therefore, miR-145 might function as a tumor
suppressor by targeting multiple oncogenes, and miR-145 reacti-
vation by pharmacologic agents might have therapeutic value in
human cancer.
In summary, we have found that miR-145 acts as a tumor

suppressor and is mostly downregulated in PCa cell lines.
Low-level expression of miR-145 is correlated with cancer
relapse and death, and miR-145 suppresses tumor cell growth
in vitro and tumorigenicity in vivo. Introduction of miR-145
into PCa cell lines leads to inhibition of cell proliferation by
directly targeting SENP1. Hence, our data suggest that miR-
145 may have prognostic or therapeutic value for the future
management of PCa patients.
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miRNA microRNA
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PCa prostate cancer
SENP SUMO proteases
SUMO small ubiquitin-like modifier
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References

1 Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer
statistics. CA Cancer J Clin 2011; 61: 69–90.

2 Siegel R, Ward E, Brawley O, Jemal A. Cancer statistics, 2011: the impact
of eliminating socioeconomic and racial disparities on premature cancer
deaths. CA Cancer J Clin 2011; 61: 212–36.

3 Zhang L, Wu S, Guo LR, Zhao XJ. Diagnostic strategies and the incidence
of prostate cancer: reasons for the low reported incidence of prostate cancer
in China. Asian J Androl 2009; 11: 9–13.

4 Gallagher RP, Fleshner N. Prostate cancer: 3. Individual risk factors. CMAJ
1998; 159: 807–13.

5 Bawa-Khalfe T, Cheng J, Wang Z, Yeh ET. Induction of the SUMO-specific
protease 1 transcription by the androgen receptor in prostate cancer cells. J
Biol Chem 2007; 282: 37341–9.

6 Jin M, Zhang T, Liu C et al. miRNA-128 suppresses prostate cancer by
inhibiting BMI-1 to inhibit tumor-initiating cells. Cancer Res 2014; 74:
4183–95.

7 Wang LN, Chen WW, Zhang J et al. The miRNA let-7a1 inhibits the
expression of insulin-like growth factor 1 receptor (IGF1R) in prostate can-
cer PC-3 cells. Asian J Androl 2013; 15: 753–8.

8 Ulrich HD. The fast-growing business of SUMO chains. Mol Cell 2008; 32:
301–5.

9 Mukhopadhyay D, Dasso M. Modification in reverse: the SUMO proteases.
Trends Biochem Sci 2007; 32: 286–95.

10 Wen D, Xu Z, Xia L et al. Important role of SUMOylation of spliceosome
factors in prostate cancer cells. J Proteome Res 2014; 13: 3571–82.

11 Xu Y, Li J, Zuo Y, Deng J, Wang LS, Chen GQ. SUMO-specific prote-
ase 1 regulates the in vitro and in vivo growth of colon cancer cells with
the upregulated expression of CDK inhibitors. Cancer Lett 2011; 309:
78–84.

12 Cheng J, Bawa T, Lee P, Gong L, Yeh ET. Role of desumoylation in the
development of prostate cancer. Neoplasia 2006; 8: 667–76.

13 Bawa-Khalfe T, Yeh ET. SUMO losing balance: SUMO proteases disrupt
SUMO homeostasis to facilitate cancer development and progression. Genes
Cancer 2010; 1: 748–52.

14 Bawa-Khalfe T, Cheng J, Lin SH, Ittmann MM, Yeh ET. SENP1 induces
prostatic intraepithelial neoplasia through multiple mechanisms. J Biol Chem
2010; 285: 25859–66.

15 Li T, Huang S, Dong M, Gui Y, Wu D. Prognostic impact of SUMO-specific
protease 1 (SENP1) in prostate cancer patients undergoing radical prostatec-
tomy. Urol Oncol 2013; 31: 1539–45.

16 Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function.
Cell 2004; 116: 281–97.

17 Calin GA, Sevignani C, Dumitru CD et al. Human microRNA genes are fre-
quently located at fragile sites and genomic regions involved in cancers.
Proc Natl Acad Sci U S A 2004; 101: 2999–3004.

18 Noonan EJ, Place RF, Pookot D et al. miR-449a targets HDAC-1 and
induces growth arrest in prostate cancer. Oncogene 2009; 28: 1714–24.

19 Ribas J, Ni X, Haffner M et al. miR-21: an androgen receptor-regulated
microRNA that promotes hormone-dependent and hormone-independent
prostate cancer growth. Cancer Res 2009; 69: 7165–9.

20 Sachdeva M, Mo YY. miR-145-mediated suppression of cell growth, inva-
sion and metastasis. Am J Transl Res 2010; 2: 170–80.

21 Ozen M, Creighton CJ, Ozdemir M, Ittmann M. Widespread deregulation of
microRNA expression in human prostate cancer. Oncogene 2008; 27: 1788–
93.

22 Wach S, Nolte E, Szczyrba J et al. MicroRNA profiles of prostate carcinoma
detected by multiplatform microRNA screening. Int J Cancer 2012; 130:
611–21.

23 Law PT, Ching AK, Chan AW et al. MiR-145 modulates multiple compo-
nents of the insulin-like growth factor pathway in hepatocellular carcinoma.
Carcinogenesis 2012; 33: 1134–41.

24 Cho WC, Chow AS, Au JS. MiR-145 inhibits cell proliferation of human
lung adenocarcinoma by targeting EGFR and NUDT1. RNA Biol 2011; 8:
125–31.

25 Thomsen MK, Ambroisine L, Wynn S et al. SOX9 elevation in the prostate
promotes proliferation and cooperates with PTEN loss to drive tumor forma-
tion. Cancer Res 2010; 70: 979–87.

26 Hellawell GO, Turner GD, Davies DR, Poulsom R, Brewster SF, Macaulay
VM. Expression of the type 1 insulin-like growth factor receptor is up-regu-
lated in primary prostate cancer and commonly persists in metastatic disease.
Cancer Res 2002; 62: 2942–50.

27 Karan D, Lin FC, Bryan M et al. Expression of ADAMs (a disintegrin
and metalloproteases) and TIMP-3 (tissue inhibitor of metalloproteinase-
3) in human prostatic adenocarcinomas. Int J Oncol 2003; 23: 1365
–71.

28 Wafa LA, Cheng H, Plaa N et al. Carbidopa abrogates L-dopa decarboxylase
coactivation of the androgen receptor and delays prostate tumor progression.
Int J Cancer 2012; 130: 2835–44.

29 Tian Y, Luo A, Cai Y et al. MicroRNA-10b promotes migration and inva-
sion through KLF4 in human esophageal cancer cell lines. J Biol Chem
2010; 285: 7986–94.

30 Lu J, Getz G, Miska EA et al. MicroRNA expression profiles classify human
cancers. Nature 2005; 435: 834–8.

31 Volinia S, Calin GA, Liu CG et al. A microRNA expression signature of
human solid tumors defines cancer gene targets. Proc Natl Acad Sci U S A
2006; 103: 2257–61.

32 Michael MZ, O’Connor SM, van Holst Pellekaan NG, Young GP, James RJ.
Reduced accumulation of specific microRNAs in colorectal neoplasia. Mol
Cancer Res 2003; 1: 882–91.

33 Iorio MV, Visone R, Di Leva G et al. MicroRNA signatures in human ovar-
ian cancer. Cancer Res 2007; 67: 8699–707.

34 Porkka KP, Pfeiffer MJ, Waltering KK, Vessella RL, Tammela TL, Visa-
korpi T. MicroRNA expression profiling in prostate cancer. Cancer Res
2007; 67: 6130–5.

35 Yanaihara N, Caplen N, Bowman E et al. Unique microRNA molecular pro-
files in lung cancer diagnosis and prognosis. Cancer Cell 2006; 9: 189–98.

Cancer Sci | April 2015 | vol. 106 | no. 4 | 381 © 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas Wang et al.



36 Schepeler T, Reinert JT, Ostenfeld MS et al. Diagnostic and prognostic mi-
croRNAs in stage II colon cancer. Cancer Res 2008; 68: 6416–24.

37 Sempere LF, Christensen M, Silahtaroglu A et al. Altered MicroRNA
expression confined to specific epithelial cell subpopulations in breast cancer.
Cancer Res 2007; 67: 11612–20.

38 Shi B, Sepp-Lorenzino L, Prisco M, Linsley P, deAngelis T, Baserga R.
Micro RNA 145 targets the insulin receptor substrate-1 and inhibits the
growth of colon cancer cells. J Biol Chem 2007; 282: 32582–90.

39 Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev
Cancer 2006; 6: 857–66.

40 Carroll AG, Voeller HJ, Sugars L, Gelmann EP. p53 oncogene mutations in
three human prostate cancer cell lines. Prostate 1993; 23: 123–34.

41 Xu N, Papagiannakopoulos T, Pan G, Thomson JA, Kosik KS. MicroRNA-
145 regulates OCT4, SOX2, and KLF4 and represses pluripotency in human
embryonic stem cells. Cell 2009; 137: 647–58.

42 Wang S, Bian C, Yang Z et al. miR-145 inhibits breast cancer cell growth
through RTKN. Int J Oncol 2009; 34: 1461–6.

43 Gong L, Millas S, Maul GG, Yeh ET. Differential regulation of sentrinized
proteins by a novel sentrin-specific protease. J Biol Chem 2000; 275: 3355–
9.

44 Cheng J, Wang D, Wang Z, Yeh ET. SENP1 enhances androgen receptor-
dependent transcription through desumoylation of histone deacetylase 1. Mol
Cell Biol 2004; 24: 6021–8.

45 Chen Y, Martinez LA, LaCava M, Coghlan L, Conti CJ. Increased cell
growth and tumorigenicity in human prostate LNCaP cells by overexpression
to cyclin D1. Oncogene 1998; 16: 1913–20.

46 Comstock CE, Revelo MP, Buncher CR, Knudsen KE. Impact of differential
cyclin D1 expression and localisation in prostate cancer. Br J Cancer 2007;
96: 970–9.

Supporting Information

Additional supporting information may be found in the online version of this article:

Table S1. Clinical characteristics of patients with prostate cancer (n = 4)

© 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

Cancer Sci | April 2015 | vol. 106 | no. 4 | 382

Original Article
miR-145 inhibits prostate cancer cells www.wileyonlinelibrary.com/journal/cas


