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Abstract The present study aimed to investigate the

biological functions of miR-96 in the processes of prolif-

eration and clonogenicity in the prostate cancer cells. miR-

96 was identified to be markedly up-regulated in prostate

cancer cell and cancer tissues compared with normal

prostate cell and normal prostate tissues by microarray

method and RT-PCR analysis. Down-regulation of miR-96

expression reduced the proliferation and colony formation

ability of PC3 prostate cancer cells, while over-expression

of miR-96 induced proliferation and colony formation

ability of LNCaP prostate cancer cells. Forkhead box

protein O1 (FOXO1) is key tumor suppressors and has

been shown to play key roles in the regulation of diverse

cellular processes, including cell proliferation, differentia-

tion, cell cycle progression and apoptosis. The expression

level of FOXO1 was strikingly up-regulated in PC3 cells

after transfected with miR-96 inhibitor, and FOXO1

expression was down-regulated in LNCaP cells after

transfected with miR-96 mimics. miR-96 may play a

vital role in promoting cell proliferation in human

prostate cancer cells. Inhibition of miR-96 caused expres-

sion increase of tumor suppressor gene FOXO1, thus

manipulating miR-96 expression may be a promising

approach in treatment of prostate cancer.

Keywords miR-96 � Prostate cancer � Proliferation �
FOXO1

Introduction

Prostate cancer is one of the most common diagnosed

malignant diseases in men and the leading causes of cancer

deaths in males [1]. Although in the past decade, many

studies were conducted to investigate the precise mecha-

nism that mediated development and progression of pros-

tate cancers, molecular mechanisms remain poorly

understood [2]. Therefore, understanding of the mecha-

nisms involved in the development and progression of

cancers is critical to identify novel targets for effective

therapeutic strategies.

MicroRNAs (miRNAs) are a class of endogenous small

non-coding, single-stranded RNA with 20–22 nucleotides

that can interfere with protein expression either by induc-

ing translational repression or mRNA degradation [3].

miRNAs have been implicated in the control of many

fundamental cellular activities, such as cell proliferation,

differentiation, apoptosis and they played important roles

in carcinogenesis [4, 5]. Accumulating evidence indicates

that miRNAs are frequently dysregulated in several of

human cancers and act as oncogenes or tumor suppressors

[6, 7]. miR-96 is a member of the miR-183-96-182 poly-

cistronic miRNA cluster that is located at chromosome

7q32.2 [8]. Recently, miR-96 was found to be up-regulated

in prostate cancer [9]. However, functional analysis of

miR-96 has not been carried out in prostate cancer cells
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in vitro, and the detailed role of miR-96 in prostate cancer

remains poorly understood.

Herein, the expression of miR-96 was markedly up-

regulated in prostate cancer cells and cancer tissues com-

pared with normal prostate cells and normal prostate tis-

sues, and miR-96 acts a significant regulatory role in

prostate cancer cell proliferation by regulation of the

expression of FOXO1. Our results showed that it might be

a novel target for further studies of the therapeutics of

prostate cancer.

Materials and methods

Patient samples

Human prostate cancer specimens and their corresponding

non-tumorous prostate samples were obtained from 13

patients who had received radical prostatectomy at

Department of Urology, Shanghai First People’s Hospital,

School of Medicine, Shanghai Jiaotong University, China.

Samples were snap frozen in liquid nitrogen and stored at

-80 �C for future isolation of RNA. All experimental

procedures were approved by the Institutional Review

Board of Shanghai First People’s Hospital. The detail

information about characteristics of patients was summa-

rized in Table 1.

miRNA microarray

Six RNA samples were firstly extracted from three prostate

cancer samples and three from their corresponding

non-tumorous prostate samples and then labeled with

FlashTagTM Biotin RNA Labeling Kit. The miRNA

hybridization and washing steps were carried out following

Affymetrix GeneChip� miRNA 3.0 Array’s instructions.

Affymetrix GeneChip miRNA 3.0 Array is one high-den-

sity array comprised of 179,217 probes that represent

19,913 mature microRNA contained in miRBase V17. For

human, this single array covered all annotated human

miRNA-based miRBase, version 17. Limma (Linear

Models for Microarray Data) is used to identify differen-

tially expressed miRNA between prostate cancer samples

and non-tumorous prostate samples. After Benjamini–

Hochberg correction, only the miRNAs under 10 % FDR

and with more than twofold change difference were con-

sidered as differentially expressed miRNAs. miRNAs with

genomic distance\10 K were considered as from the same

miRNA cluster.

Cell culture and transient transfections

Human PCa cell lines LNCaP and PC3 were obtained from

Shanghai Cell Bank, Chinese Academy of Sciences, and

cultivated in RPMI 1640 medium supplemented with 50 U/

mL penicillin, 50 mg/mL streptomycin and 10 % fetal

bovine serum (Gibco, Invitrogen) in a humidified atmo-

sphere at 37 �C and 5 % CO2. The normal prostate cell

lines RWPE-1 were purchased from American Type Cul-

ture Collection (Manassas, VA, USA), cultured in kerati-

nocyte serum-free medium (K-SFM, Invitrogen, CA, USA)

and supplemented with bovine pituitary extract and human

recombinant epidermal growth factor. Human prostatic

epithelial cell line BPH-1 was preserved in our laboratory

and maintained in RPMI 1640 medium supplemented with

10 % FBS. Cells were transfected with miR-96 mimics,

negative control and miR-96 inhibitor purchased from

GenePharma Company (Shanghai, China) performing with

Lipofectamine 2000 reagent (Invitrogen) according to the

manufacturer’s instructions.

RNA isolation and real-time PCR

Total RNA from prostate cancer tissue samples and cell

lines was extracted using Trizol reagent (Invitrogen).

Reverse transcription and quantitative real-time PCR

(qRT-PCR) was carried out using the PrimeScript Reverse

Transcription System and SYBR Premix Ex TaqTM II kit

(Takara, Dalian, China) according to the manufacturer’s

instructions. The relative expression of mRNA compared

with GAPDH was calculated using the 2-DCt method. The

primers used are as the following: FOXO1 forward: 50-
TGTCCCTACACAGCAAGTTCA-30; reverse: 50-CACCC

TCTGGATTGAGCATC-30 and GAPDH forward: 50-TCG

ACAGTCAGCCGCATCTTCTTT-30, reverse: 50-ACCA

AATCCGTTGACTCCGACCTT-30. Quantification of

mature miR-96 was assayed using RT-PCR kit (Ribobio

Table 1 Clinical features of patients with prostate carcinoma

Clinical characteristic Experiment type

miRNA micro-array qRT-PCR

Sample cases 3 10

Patient age (years)

Mean age 69 70

Range 65–74 64–77

PSA levels (ng/mL)

\4 0 0

C4 3 10

Gleason score

6 0 3

7 3 5

8 0 2

PSA, prostate-specific antigen; qRT-PCR, quantitative real-time PCR
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Co., Ltd, Guangdong, China) analysis according to the

manufacturer’s protocol. U6 small nuclear RNA was used

as a control to determine relative miRNA expression.

CCK-8 and EdU analysis

Cell proliferation was assessed by the Cell Counting Kit-8

(CCK-8) assay (Dojindo, Japan). The transfected cells of

PC3, LNCaP were plated with 100 lL culture medium in

96-well plates at a density of 3,000 cells per well. After 48

and 72 h, 10 lL CCK-8 reagent (5 mg/mL) was added to

each well and incubated at 37 �C for 2 h. Viable cells were

evaluated by absorbance measurements at 450 nm. Each

assay was performed in six replicates on three independent

experiments. The impact of miR-96 expression on PC3 and

LNCaP cell proliferation was also assessed by the EdU cell

proliferation assay kit, according to the manufacturer’s

instructions. The assays were performed as recommended

by the manufacturer of EdU detection kits (Apollo488,

RiboBio, China).

Plate clone formation assay

Twenty-four hours after transfection, cells were seeded into

each well of 6-well plates at the density of 3,000/well and

cultured in 1,640 containing 10 % FBS at 37 �C for

14 days. The colonies were washed with PBS, fixed with

10 % formaldehyde for 5 min and stained with 1.0 %

crystal violet for 30 s. The colonies that had 50 cells or

more per colony were counted.

Western blotting

Cells were washed twice with cold PBS and homogenized

in ice-cold RIPA buffer (Beyotime Institute of Biotech-

nology, China) containing phosphatase and protease

inhibitors. Total protein (50 lg) was separated by dena-

turing 10 % SDS-polyacrylamide gel electrophoresis and

transferred electrophoretically onto PVDF membranes.

Membranes were incubated with the primary antibodies for

rabbit-FOXO1, rabbit-GAPDH (cell signaling technology)

at 4 �C overnight and subsequently with horseradish per-

oxidase-conjugated secondary antibody. Signals were per-

formed with ECL chemiluminescence kit (Boster, Wuhan,

China) and exposured to X-ray films.

Statistical analysis

Statistical analyses were performed using the Statistical

Package of the Social Sciences software (SPSS) version

17.0. Data were presented as mean ± standard deviation

(SD) from at least three independent experiments. The

Student’s t test was used to assess statistically significant

differences. A P \ 0.05 was considered statistically sig-

nificant difference.

Results

miR-96 is up-regulated in prostate cancer tissues

and cancer cell lines

To investigate the expression profiles of miRNA in prostate

cancer and non-tumorous prostate samples, global miRNA

expression levels were measured using Affymetrix miRNA

microarray assay. We identified 26 miRNAs with expres-

sion levels that differed significantly between cancer tis-

sues and non-tumorous prostate samples and derived from

miRNA clusters (See Materials and methods). Among

them, we observed significantly increased expression of

miR-96 in prostate cancer tissues (Fig. 1a). To confirm the

up-regulation of miR-96 in prostate cancer tissues, we

measured miR-96 expression levels in 10 cases of prostate

cancer tissue samples by real-time PCR. Indeed, we

observed that the expression of miR-96 is significantly

increased in these prostate cancer tissues compared that in

normal prostate tissues except a pair of sample (Fig. 1b).

Besides, miR-96 expression was also elevated in prostate

cancer PC3 cell lines compared with normal prostate epi-

thelial cells (RWPE-1 and BPH-1). We observed that miR-

96 is not significantly increased in LNCaP cells compared

with the normal prostate cell line (Fig. 1c).

Effect of miR-96 over-expression on cell proliferation

and colony formation in LNCaP cell lines

In order to confirm the biological function of miR-96, we

transfected miR-96 mimics into LNCaP prostate cancer

cell line and examined its effect on cell proliferation and

colony formation. By using CCK-8 and plate clone for-

mation assay, we observed significantly increased cell

growth rate (Fig. 2a) and colony formation (Fig. 2b, c) in

miRNA-96 mimic-transfected cells compared with miR-

NC-transfected cells. These data suggest that up-regulation

of miR-96 could augment the tumorigenicity of LNCaP

prostate cancer cell in vitro. Furthermore, the effect of

miR-96 on proliferation was also measured using the EdU

incorporation assay, which is similar to BrdU incorporation

assay. The percentage of EdU positively stained cells was

determined to assess differences. More EdU-positive cells

were found in miR-96 mimic-transfected LNCaP

cells(42.7 ± 1.2 %) than in control cells (32.6 ± 1.2 %)

(Fig. 2d, e). Above all, data indicate over-expression of

miR-96 promoted proliferation of LNCaP cells.
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Effect of miR-96 knock down on cell proliferation

and colony formation in PC3 cell lines

As described above, we assessed the effect of miR-96 on

the cell proliferation, colony formation and cell cycle of

prostate cancer LNCaP cells. Next, we further examined

the role of inhibiting miR-96 in prostate cancer cells. CCK-

8 assay investigated the impact of inhibiting miR-96 on cell

proliferation. The result indicated that down-regulation of

miR-96 could reduce the PC3 cells growth rates compared

with negative control (Fig. 3a). Ectopically expression of

miR-96 inhibitor in PC3 cells also significantly reduced the

cell colony formation (Fig. 3b, c). Fewer EdU-positive

cells were found in miR-96 inhibitor-transfected PC3

cells(34.3 ± 3.1 %) than in control cells (40.9 ± 1.2 %)

(Fig. 3d, e). These data indicate that down-regulation of

miR-96 inhibited PC3 cell proliferation in vitro.

miR-96 regulate the expression of FOXO1

We transfected prostate cell lines LNCaP and PC3 with

miR-96 mimic and miR-96 inhibitor, respectively, and

examined the effects of miR-96 on expression of FOXO1

(Fig. 4). Western blot demonstrated that the protein levels

of FOXO1 were decreased in miR-96 mimic-transfected

LNCaP cells compared with cells transfected with the

negative control. The effect of inhibiting miR-96 on

expression of FOXO1 of prostate cancer cells was further

examined. FOXO1 inhibition efficiency was also con-

firmed by Western blot analysis. Suppression of miR-96

could increase the protein expression level of FOXO1 in

PC3 cells. These results indicated that FOXO1 might be a

potential miR-96 target gene.

Discussion

miRNAs with high influence on target protein complexes

play a role in prostate cancer progression and are promising

diagnostic or prognostic biomarkers. In human prostate

cancers, several miRNAs have been identified as onco-

genes due to their overexpression in malignant tissue [10,

11], and their functional analyses have been performed

[12]. Overexpression of miR-183-96-182 cluster has

already been reported in prostate tissue and reduced zinc

uptake, demonstrating this miRNA cluster as a regulator of

zinc homeostasis [13]. The current study confirmed that

miR-96 was increased in prostate cancer PC3 cells and

Fig. 1 Up-regulation of miR-

96 in human prostate cancer.

a Comparison of differentially

expressed miRNA genes in

human prostate cancer and non-

tumorous prostate tissues.

Hierarchical clusters of

significantly altered miRNAs

(as determined by Limma)

across different samples. Red

denotes low expression levels,

whereas green depicts high-

expression levels. Each miRNA

listed is significantly

differentially expressed between

the prostate cancer and non-

tumorous prostate tissues and

derived from miRNA clusters.

b miR-96 is overexpressed in

prostate cancers compared to

normal prostate tissues. c Real-

time PCR analysis of relative

miR-96 expression levels in

normal human prostate and

prostate cancer cell lines.

*P \ 0.05 compared with

RWPE-1 cell
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prostate cancer tissues as compared with that in normal

prostate epithelial cell RWPE-1 and normal prostate tis-

sues. Recent evidence also showed that elevated levels of

miR-96 are correlated with high Gleason score and cancer

recurrence after radical prostatectomy [14]. Larne [15]

discovered miR-96-5p, miR-183-5p, miR-145-5p and

miR221-5p discriminatory miRNAs in prostate cancer

were combined with a quota, denoted the miRNA index

quote (miQ); ((miR-96-5p 9 miR-183-5p)/(miR-145-5p 9

miR221-5p)). miQ has potential to be used as a clinical tool

for prostate cancer diagnosis and as a prognostic marker of

disease progression. In contrast to above data, the latest

report has not observed a significant correlation between

the expression of miR-96, -145 and -221 and clinicopath-

ologic parameters in prostate cancer [16]. Thus, implica-

tion of miR-96 in prostate cancer as a diagnostic tool in

clinical practice, it is critical to do more research to

understand its mechanisms and further characterize its

function.

In this study, we found that ectopic expression of miR-

96 could promote the proliferation and clonogenicity in

LNCaP cells, while prostate cancer PC3 cells were trans-

fected with inhibitor of miR-96, these effects was reduced.

Collectively, these data suggest that up-regulation of miR-

96 may act as a vital role in promoting carcinogenesis and

progression of prostate cancer. To explore the mechanism

by which miR-96 suppressed the proliferation and clono-

genicity of prostate cancer cells, we used gain-of-function

and loss-of-function approaches to studying miR-96 in

prostate cancer cells, and the protein level of FOXO1 was

significantly regulated. The FOXO subfamily of forkhead

transcription factors characterized by the presence of a

winged-helix DNA binding domain called a forkhead box

[17]. Forkhead box O (FOXO) transcription factors

FOXO1, FOXO3a, FOXO4 and FOXO6 are emerging as

an important family of proteins that modulate the expres-

sion of genes involved in apoptosis, the cell cycle, DNA

damage repair, oxidative stress, cell differentiation, glucose

metabolism and other cellular functions [18], and FOXO

proteins are regulated by multiple mechanisms. The levels

of FOXO1 proteins are depressed in prostate cancer [19]

and described as the tumor suppressor gene in prostate

cancer, and expression of FOXO1 knockdown promoted

cell proliferation or survival [20], but the underlying

mechanisms are not well understood.

Overexpression of miR-96 was also found to in endo-

metrial cancer that functions in concert to repress FOXO1

expression. FOXO1 expression was efficiently restored in

Fig. 2 Effect of miR-96 overexpression on prostate cancer cells.

Cells of LNCaP were treated with miR-96 inhibitor or negative

control. a CCK-8 assay was performed at 48 and 72 h after LNCaP

cells were transfected with miR-96 mimics and negative control.

b miR-96 increased prostate cancer cells LNCaP colonies formation.

Representative images are shown, and colonies were counted after

staining with 0.1 % crystal violet. c Quantification of crystal violet

stained cell colonies. d EdU labeling showing proliferation of LNCaP

cell transfected with miR-96 mimics and miRNA negative control.

e Quantification of ErdU-incorporating cells after transfection with

miR-96 mimics and negative control. The percentage of positive cells

was derived from triplicate samples. *P \ 0.05 compared with

control group
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the Ishikawa cell line upon simultaneous inhibition of miR-

96 [21]. Our department has identified that reduced expres-

sion of FOXO1 in renal cell carcinoma and the expression of

FOXO1 mRNA and miR-27a had inverse relation [22].

FOXO1 inhibits Runx2 transcriptional activity and prostate

cancer cell migration and invasion [23]. Ectopic expression

of FOXO1 can up-regulate the cell cycle inhibitors p21Cip1

and p27Kip1, and down-regulate the cell cycle regulator

cyclin D1, consequently leading to G1/S cell cycle arrest

[24]. Recent evidence suggests that the FOXO1 expression is

regulated by miRNAs. For example, aberrant miR-182, miR-

27a, miR-96, miR-153 and miR-183 regulate the expression

of FOXO1 through directly targeting the FOXO1 30-UTR

[25–27]. Guo and their colleagues revealed that miR-96

expression was sufficient to significantly reduce FOXO1

expression in transitional cell carcinoma and miR-96

inhibitor-mediated T24 cell apoptosis [28]. We demon-

strated that transfection of a miR-96 inhibitor in PC3 cells led

to up-regulated FOXO1. Overexpression of miR-96 in

LNCaP cells decreased FOXO1 protein expression. These

data indicate that miR-96 may increase the proliferation of

prostate cancer cell lines through regulating FOXO1.

In summary, our study identified that there is increased

expression of miR-96 in prostate cancer and that miR-96

showed an important abilities in promoting carcinogenesis

and progression of prostate cancer in vitro by affecting

proliferation, clonogenicity. These findings suggest that

miR-96 may act as oncogenic function in human prostate

cancer, so inhibiting miR-96 may offer a novel gene

therapy targets for treating human prostate cancer.
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Fig. 3 Inhibition of miR-96 suppressed proliferation of prostate

cancer cells. a CCk-8 assays revealed that transfection with miR-96

inhibitor reduced PC3 cells growth. b Representative micrographs of

crystal violet stained cell colonies. c Quantification of miR-96 down-

expression significantly inhibits the colony formation ability of PC3

cells. Each bar represents the mean of three independent experiments.

d Representative micrographs of EdU-incorporating cells after

transfection with miR-96 inhibitor or NC. e Quantification of EdU-

incorporating cells after transfection with miR-96 inhibitor or NC.

Values represent the mean of three independent experiments.

*P \ 0.05 compared with control group

Fig. 4 miR-96 regulated the expression of FOXO1 in PC3 and

LNCaP cells. Western blotting analysis of FOXO1 expression in PC3

cell after transfection with miR-96 inhibitor and negative control,

FOXO1 expression was up-regulated after PC3 cells transfection with

miR-96 inhibitor, and Western blotting analysis showed that the

FOXO1 expression was lower in LNCaP transfection with miR-96

mimic than in negative control
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