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Abstract Recent data strongly suggest the important role

of miRNAs in various cancer-related processes. Osteosar-

coma (OS) is the most common primary cancer of the bone

and usually leads to deaths due to its rapid proliferation and

metastasis. Here, we demonstrated that compared with

noncancerous bone tissues, miR-135b expression is fre-

quently upregulated in OS specimens, inversely correlated

with potential target-FOXO1 expression pattern. Bioinfor-

matics analysis combined with experimental confirmation

revealed FOXO1 is a direct target of miR-135b in OS.

Functionally, miR-135b inhibitor significantly inhibited OS

cells proliferation and invasion. Forced expression of

FOXO1 showed the opposite effect, and FOXO1 knock-

down abolished the effect of miR-135b inhibitor. Taken

together, our data provide compelling evidence that miR-

135b functions as an onco-miRNA in OS to promote OS

cells proliferation and invasion, and its oncogenic effects

are mediated chiefly through targeting FOXO1.
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Introduction

Osteosarcoma (OS) is the most common malignant primary

bone tumor in children and adolescents with about 75 %

patients between 15 and 25 years old, and it has a predi-

lection for the metaphyseal portions of the long bone, with

the distal femur and proximal tibia accounting for 50 % of

all cases [1]. OS is locally destructive and has a high

metastatic potential, primarily to the lung. Despite the rapid

development of treatment strategies, curing OS patients is

still difficult [2]. Due to the combined use of anti-OS drugs,

the 5-year survival rate in patients with localized OS

reached about 70 %. However, patients with metastatic or

recurrent OS have a \20 % chance of long-term survival

despite aggressive therapies. These situations have changed

little in the past 30 years [3]. Therefore, it is necessary to

investigate the fundamental molecular mechanisms that

underlie the histological heterogeneity, drug resistance, and

metastasis to identify novel markers for the diagnosis,

prognosis, and treatment of patients with OS.

miRNAs (microRNA) are a family of small, single strand,

non-coding, endogenous RNA molecules that post-trans-

criptionally regulate target gene expression by binding to the

30-untranslated region (30UTR) of target messenger RNA

(mRNA), mainly leading to translational repression or target

mRNA degradation [4]. Growing evidence has suggested

that miRNAs play important roles in many physiology and

pathophysiology processes, including development, prolif-

eration, differentiation, apoptosis, migration, and invasion,

especially in carcinogenesis. MiRNAs can function as both

tumor suppressors and tumor promoters because of the

diversity of miRNAs themselves [5]. The aberrant expres-

sion of specific miRNAs has been found to be associated with

the development and clinical outcomes of various cancers,

but deregulated miRNAs and their roles in tumorigenesis are

still largely unknown [6]. In regard to OS, although, there are

also several reports suggested the involvement of miRNAs in

OS, such as miR-34a [7], miR-183 [8], and miR-132 [9], the

roles of miRNAs in OS are far from full understanding. In the
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present study, we found miR-135b was upregulated in pri-

mary tumor samples. Inhibition of miR-135b expression

significantly inhibited proliferation and invasion of OS cells,

and this effect is mainly mediated via directly targeting

FOXO1 expression.

Materials and methods

Clinical specimens and cell culture

Seven OS tissues and adjacent morphologically normal

bone tissues (located [3 cm away from the OS) were

collected from OS patients at Renmin Hospital of Wuhan

University (Hubei, China). Tissue samples were cut into

two parts and immediately snap-frozen in liquid nitrogen.

One section was used for mRNA and miRNA extraction,

and the other section was used for protein extraction. The

study was approved by each of the patients and by the

ethics committee of Renmin Hospital of Wuhan University.

Human OS cell lines, Saos-2, and U2OS were cultured in

RPMI 1640 (Life Technologies) supplemented with 10 %

fetal bovine serum (Life Technologies) in a humidified cell

incubator with an atmosphere of 5 % CO2 at 37 �C.

Real-time PCR for mature miRNAs and mRNA

MiRNAs from cultured cells and tissues were isolated and

purified with miRNA isolation system (OMEGA Bio-Tek).

cDNA was generated with the miScript II RT Kit (QIA-

GEN), and the quantitative real-time PCR (qRT-PCR) was

done using the miScript SYBR Green PCR Kit (QIAGEN)

following the manufacturer’s instructions. The miRNA

sequence-specific qRT-PCR primers for miR-135b and

endogenous control RNU6 were purchased from QIAGEN,

and the qRT-PCR analysis was carried out using 7500

Real-Time PCR System (Applied Biosystems). The gene

expression threshold cycle (CT) values of miRNAs were

calculated by normalizing with internal control RNU6, and

relative quantization values were calculated. Total RNA

was extracted with a Trizol protocol, and cDNAs from the

mRNAs were synthesized with the Super-Script first-strand

synthesis system (Fermentas Life Science). Real-time PCR

was carried out according to the standard protocol on ABI

7500 with SYBR Green detection (Applied Biosystems).

GAPDH was used as an internal control, and the qRT-PCR

was repeated three times. The primers for GAPDH were

forward primer 50-ATTCCATGGCACCGTCAAGGCTG

A-30, reverse primer 50-TTCTCCATGGTGGTGAAGACG

CCA-30; for FOXO1 were forward primer 50-GAGGAGC

CTCGATGTGGATG-30, reverse primer 50-CCGAGATTT

GGGGGAACGAA-30.

Western blot

Total proteins were extracted from corresponding cells

using the RIPA buffer (Pierce) in the presence of Protease

Inhibitor Cocktail (Pierce). The protein concentration of

the lysates was measured using a BCA Protein Assay Kit

(Pierce). Equivalent amounts of protein were resolved and

mixed with 59 Lane Marker Reducing Sample Buffer

(Pierce), electrophoresed in a 10 % SDS–acrylamide gel

and transferred onto Immobilon-P Transfer Membrane

(Millipore). The membranes were blocked with 5 % non-

fat milk in Tris-buffered saline and then incubated with

primary antibodies followed by secondary antibody. The

signal was detected using an ECL detection system (Mil-

lipore). The FOXO1 antibody and b-Actin antibody were

from Cell Signaling Technology. HRP-conjugated sec-

ondary antibody was from Thermo.

Luciferase reporter assay

Two single strands of the wild-type 30UTR with miR-135b

binding site and two single strands of the mutant type with

eight bases deleted in the miR-135b binding site (as mutant

control) of FOXO1 were synthesized with restriction sites for

SpeI and HindIII located at both ends of the oligonucleotides

for further cloning. The single strands DNA sequences were

following: the wild-type 30UTR of FOXO1 (sense: 50-CTA

GT ACAATCTTTGCTATAATTGTATAAAGCCATAAA

TGTACATAAATTATGTTTAA-30; antisense: 50-AGCTT

TAAACATAATTTATGTACATTTATGGCTTTATACAA

TTATAGCAAAGATTGTA-30) and the mutated type 30UTR

of FOXO1 (sense: 50-CTAGT ACAATCTTTGCTATAAT

TGTATA——————AATGTACATAAATTATGTTTA

A-30; antisense: 50-AGCTTTAAACATAATTTATGTAC

ATT——————TATACAATTATAGCAAAGATTGT

A-30). The corresponding sense and antisense strands were

annealed and subsequently cloned into pMir-Report plas-

mid downstream of firefly luciferase reporter gene. Cells

were seeded in 96-well plates and co-transfected with

pMir-Report luciferase vector, pRL-TK Renilla luciferase

vector, and miR-135b inhibitor or control. Forty-eight

hours later, the luciferase activities were determined using

a Dual-Luciferase Reporter Assay System (Promega)

where the Renilla luciferase activity was used as an internal

control and the firefly luciferase activity was calculated as

the mean ± SD after being normalized by Renilla lucif-

erase activity.

Cells transfection

MiR-135b inhibitor and relative control were purchased

from Ambion. Cells were trypsinized, counted, and seeded
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onto 6-well plates the day before transfection to ensure

70 % cell confluence on the day of transfection. The

transfection of inhibitor, pLEX-FOXO1 vector, and related

controls was carried out using Lipofectamine 2000 (Invit-

rogen) in accordance with the manufacturer’s procedure.

The inhibitor and controls were used at a final concentra-

tion of 100 nM. At 36 h post-transfection, follow-up

experiments were performed.

Cell proliferation assay

Cell proliferation was monitored by the MTS assay using

the CellTiter96�AQueous One Solution Cell Proliferation

Assaykit (Promega) according to the manufacturer’s

instructions. Related treated cells were seeded into 96-well

plates at 2,000 cells/well (0.20 ml/well). The cell prolif-

eration assay was performed on days 0, 1, 2, 3, 4, and 5 by

incubation with MTS (0.02 ml/well). After 2 h further

incubation, the absorbance at 490 nm of each well was

recorded on the BiotexELX800 and the absorbance repre-

sented the cell number.

Cell invasion assay

Invasion of OS cells was assessed using the Cell Invasion

Assay Kit (BD Biosciences) according to the manufac-

turer’s instructions. Briefly, at 36 h post-transfection,

3 9 104 cells in 300 ll serum-free medium were added to

the upper chamber precoated with ECMatrixTM gel. Then,

0.5 ml of 10 % FBS-containing medium was added to the

lower chamber as a chemoattractant. Cells were incubated

for 24 h at 37 �C, and then non-invading cells were

removed with cotton swabs. Cells that migrated to the

bottom of the membrane were fixed with pre-cold methanol

and stained with 2 % Giemsa solution. Stained cells were

visualized under a microscope. To minimize the bias, at

least three randomly selected fields with 1009 magnifica-

tion were counted, and the average number was taken.

Statistical analysis

All data are expressed as mean ± SD from three indepen-

dent experiments. Statistical analyses were performed using

Fig. 1 The expression patterns of miR-135b and FOXO1 in OS

tissues. a Relative miR-135b expression was determined in seven

human OS and adjacent normal bone tissues using qRT-PCR.

b Schematic of the putative binding sites of miR-135b in 30-UTR

of FOXO1 is presented, which is broadly conserved among

vertebrates. c FOXO1 mRNA and protein levels in OS and adjacent

normal bone tissues were detected using qRT-PCR and Western blot,

respectively. d Pearson’s correlation analyses between relative miR-

135b expression and FOXO1 mRNA level in seven human OS tissues.

*P \ 0.01
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SPSS16.0 software (SPSS, Chicago, IL). The differences

between groups were analyzed using Student’s t test with

only two groups or one-way analysis of variance (ANOVA)

when more than two groups were compared. P values less

than 0.05 were considered statistically significant.

Results

MiR-135b is upregulated and inversely correlates

with FOXO1 expression in human OS

To explore the potential role of miR-135b in OS, its

expression pattern was detected in seven pairs of human

OS and adjacent non-neoplastic bone tissues. As shown in

Fig. 1a, miR-135b expression was significantly higher in

OS tissues than adjacent non-neoplastic bone tissues.

Potential targets of miR-135b were predicted using public

database-TargetScan (http://www.targetscan.org), and

FOXO1 with critically conserved binding site was selected

for further expression and function confirmation (Fig. 1b).

Then, the examination of FOXO1 expression pattern in

above tissues showed FOXO1 mRNA and protein expres-

sion in OS tissues were much lower than in paired adjacent

non-neoplastic bone (Fig. 1c). Moreover, miR-135b levels

were inversely correlated with those of FOXO1 mRNA and

protein (Fig. 1d). In view of these findings, we propose that

FOXO1 is a direct target of miR-135b.

MiR-135b directly targets FOXO1

To determine whether FOXO1 is directly regulated by

miR-135b in OS cells, we transfected the OS cell lines

Saos-2 and U2OS with miR-135b inhibitor, and relative

miR-135b expression was verified (Fig. 2a). As shown,

miR-135b inhibitor significantly increased FOXO1 mRNA

and protein levels in Saos-2 and U2OS cell lines (Fig. 2b).

To assess whether FOXO1 is a direct target of miR-135b,

the luciferase reporter vectors with the putative FOXO1 30-
UTR target site for miR-135b downstream of the luciferase

gene (pMir-FOXO1-Wt, set as wild-type) and mutant

version with a deletion of 8 bp in the seed region (pMir-

FOXO1-Mut) were constructed. As shown in Fig. 2c, miR-

135b inhibitor in both Saos-2 and U2OS cell lines signif-

icantly enhanced luciferase activity of the vector with the

wild-type FOXO1 30-UTR, but the mutant version abro-

gated the suppressive ability of miR-135b. These results

strongly suggest miR-135b negatively regulates FOXO1

expression via direct binding to putative binding site in the

FOXO1 30-UTR region.

Fig. 2 MiR-135b targets

FOXO1 in OS cells. a The

relative miR-135b expression

level in Saos-2 and U2OS cell

lines using qRT-PCR after

transfection with miR-135b

inhibitor or control. b FOXO1

mRNA and protein levels were

determined with qRT-PCR and

Western blot, respectively.

c Luciferase reporter assay in

Saos-2 and U2OS cells co-

transfected with miR-135b

inhibitor, a luciferase reporter

containing wild-type FOXO1

30-UTR or a mutant version, and

a renilla luciferase reporter for

normalization. The mean of the

results from cells transfected

with pMir-FOXO1-Wt and

inhibitor-control was set as 1.

*P \ 0.01
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MiR-135b promotes OS cells proliferation and invasion

As shown above, miR-135b was upregulated in OS tissues.

To explore the role of miR-135b in OS cells, we deter-

mined the effect of miR-135b inhibition on proliferation

and invasion using MTS and Transwell assays. We found

miR-135b inhibition significantly inhibited the prolifera-

tion potential of Saos-2 and U2OS cells, compared to

control-transfected cells (Fig. 3a). Similarly, transwell

assay showed miR-135b inhibition markedly reduced the

invasion of Saos-2 and U2OS cells (Fig. 3b). These data

indicate upregulated miR-135b expression may be

involved in OS cells proliferation and invasion.

FOXO1 knockdown reverses miR-135b inhibitor-

induced proliferation and invasion inhibition in OS

cells

FOXO1 down-regulated in OS tissues is a direct target of miR-

135b, to determine whether tumor promotive role of miR-

135b is mediated by FOXO1, we firstly investigated the role of

FOXO1 in OS. FOXO1 was overexpressed with pLEX-

FOXO1 vector without FOXO1-30-UTR that significantly

increased FOXO1 protein level in Saos-2 and U2OS cell lines,

compared to control (Fig. 4a). Moreover, we found FOXO1

overexpression also inhibited the proliferation (Fig. 4b) and

invasion of Saos-2 and U2OS cell lines (Fig. 4c). To inves-

tigate miR-135b exerts its role via FOXO1, here OS cells were

cotransfected with miR-135b inhibitor and siRNA specifically

targeting FOXO1 and we found si-1# significantly attenuated

the upregulation of FOXO1 induced by miR-135b inhibitor

which will be used in the followed experiments (Fig. 4d).

Importantly, we found FOXO1 knockdown significantly

abolished miR-135b inhibitor-induced proliferation inhibition

(Fig. 4e) and invasion inhibition in Saos-2 and U2OS cells

(Fig. 4f). These results demonstrate that miR-135b promotes

the proliferation and invasion of OS cells via suppression of

FOXO1 expression.

Discussion

Proliferation and metastasis play a critical role in cancer

progression, and most cancer deaths are caused by

Fig. 3 MiR-135b promotes OS

cell proliferation and invasion.

a The proliferation patterns of

Saos-2 and U2OS cells

transfected with miR-135b

inhibitor or the corresponding

control using MTS assays.

b Transwell invasion assays of

Saos-2 and U2OS cells

transfected with miR-135b

inhibitor or the corresponding

control. *P \ 0.01
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complications arising from metastasis, so the targeting of

metastasis-based strategy is pivotal in anti-cancer treat-

ment. Dysregulation of miRNAs has been well documented

in nearly all types of human malignancies, and numerous

miRNAs are involved in tumor formation and progression

by regulating the expression and action of many oncogenes

and tumor suppressor genes. Recent studies have revealed a

critical role of miRNAs in tumor invasion and metastasis

through the regulation of a variety of genes that are nec-

essary for invasion or metastasis [10]. In this study, we

initially examined miR-135b expression in normal as well

as tumor tissues from OS patients and found miR-135b was

dramatically upregulated in OS. In addition, we found

miR-135b promoted OS cells proliferation and invasion,

suggesting its involvement in OS carcinogenesis and

progression.

Emerging data have shown that miR-135b is upregulated

and functions as a potential tumor promoter in several

human cancer types, such as in colon, breast and lung can-

cers. Wu et al. found miR-135b was upregulated in

Fig. 4 MiR-135b regulates OS cells proliferation and invasion via

modulating FOXO1 expression. a Western blot analysis of FOXO1

expression in Saos-2 and U2OS cells transfected with FOXO1

expression vector pLEX-FOXO1. b Overexpression of FOXO1

inhibited OS cells proliferation. c Overexpressed FOXO1 inhibited

OS cells invasion. d Selection of effective siRNAs targeting FOXO1

upon miR-135b transfection in OS cells. e Knockdown of FOXO1

reserved the proliferation mediated by miR-135b inhibitor in OS cells.

f Knockdown of FOXO1 reserved the invasion mediated by miR-

135b inhibitor in OS cells. *P \ 0.01
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colorectal cancer tissues associated with lymph node and

distant metastasis, and miR-135b inhibition reduced cell

migration and invasion [11]. Study from Arigoni et al.

showed miR-135b was upregulated in ErbB2-driven mam-

mary carcinoma, and it correlated with patient survival and

early metastasis [12]. Lin et al. observed miR-135b was

upregulated in highly invasive non-small-cell lung cancer

cells, promoting cancer cell invasion and metastasis in vitro

and in vivo [13]. Moreover, the tumor promoter role of miR-

135b also has been found in head and neck squamous cell

carcinoma [14], in pancreatic ductal adenocarcinoma [15],

and in lymphoma [16]. Recently, reports also showed miR-

135b was activated during neuroectoderm development, and

ectopic miR-135b expression in hESC promoted differenti-

ation toward neuroectoderm via inhibiting TGF-b and BMP

signaling pathways [17], and miR-135b was involved in the

impaired osteogenic differentiation and negatively regulated

osteogenesis from human mesenchymal stem cells [18],

suggesting the important role of miR-135b in physiology

and pathophysiology processes.

FOXO1 was subsequently identified as a direct target of

miR-135b in OS cells using bioinformatics analysis and

experimental confirmation. Forkhead box protein O1

(FOXO1), a member of the FOXO family of transcription

factors, was characterized by a conserved forkhead domain

containing a DNA binding domain [19]. Numbers of

studies have shown FOXO1 plays critical roles in a variety

of biological processes, including cell proliferation, apop-

tosis, differentiation, DNA damage repair, and stress

responses. Such as, FOXO1 can lead to cell cycle arrest

through upregulation of the cyclin-dependent kinase

inhibitors, p27 and p21, and downregulation of the cell

cycle regulator cyclin D1 [20, 21]. Growing evidence

suggested the involvement of FOXO1 in many types of

cancer. FOXO1 targeted by miR-107 negatively correlated

with proliferation in human gastric cancer cells [22]. Both

nuclear FOXO1 and transcript levels have been shown to

be often decreased in prostate cancers [23], and overex-

pression of FOXO1 induced a strong apoptotic phenotype

[24]. In lung cancer, FOXO1 negatively regulated activated

EGFR signaling in both cell culture and in vivo models

[25] and induction of FOXO1 by curcumin inhibited lung

cancer progression and metastasis [26]. Moreover, in OS

cells, FOXO1 expression status was negatively associated

with proliferation [27]. Given the tumor suppressor role of

FOXO1, in the present study, we found FOXO1 showed a

converse expression pattern of miR-135b, and overex-

pression of FOXO1 significantly inhibited OS cells pro-

liferation and invasion. Furthermore, our results

demonstrated miR-135b exerted its role via suppressing

FOXO1 expression in OS cells.

In conclusion, we demonstrated for the first time that

upregulation of miR-135b accompanied with FOXO1

downregulation is a common event in OS. Furthermore,

miR-135b functions as an oncogene by directly targeting

FOXO1 in OS. These findings collectively implicate miR-

135b-FOXO1 axis as a promising prognostic and thera-

peutic target for future OS therapy.
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