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MicroRNA-214 regulates osteosarcoma survival and growth
by directly targeting phosphatase and tensin homolog
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Abstract. An increasing number of microRNAs (miRNAs)
have been identified as diagnostic and prognostic biomarkers,
as well as additional therapeutic tools, in skeletal diseases.
Recent studies have established the pathophysiological role
of miR-214, using human osteoporotic bone specimens.
However, miR-214 expression levels and the underlying regu-
latory mechanism in human osteosarcoma remain unclear.
Quantitative polymerase chain reaction (QPCR) was used to
examine the expression of miR-214 in human osteosarcoma
tissues and cells. Transfection of the cells with either a miR-214
expressing-plasmid, mimic or inhibitor was performed, in
order to investigate the role of miR-214 in osteosarcoma. In
this study, miR-214 was shown to be significantly increased
in the majority of 15 examined osteosarcoma tissues and in
the Saos-2 human osteosarcoma cell line. Overexpression
of miR-214 in Saos-2 cells induced cell proliferation, while
inhibition of miR-214 promoted Saos-2 cell apoptosis in vitro.
Furthermore, ectopic expression of miR-214 markedly
promoted osteosarcoma development in a subcutaneous xeno-
transplantation model in BALB/c athymic nude mice. The role
of miR-214 in osteocarcinogenesis was further investigated
and phosphatase and tensin homolog (PTEN) was determined
to be a direct target of miR-214 in Saos-2 cells. The prolifera-
tion-promoting effect of PTEN knockdown was similar to that
of miR-214 overexpression. This study revealed that miR-214
exerted a crucial role in promoting osteosarcoma progres-
sion and this suggests that modulation of miR-214 levels may
provide a novel therapeutic approach in cancer treatment.

Introduction

Osteosarcoma (OS) is the most common type of primary
malignant bone tumor arising from primitive transformed
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cells of mesenchymal origin that exhibit osteoblastic differen-
tiation and produce malignant osteoid cells, and is associated
with high morbidity among children and adolescents (1). The
mechanisms underlying the pathogenesis and progression of
OS have been analyzed for a number of years (2). However, the
complex molecular etiology of OS remains poorly understood.

Emerging evidence has shown that microRNAs (miRNAs)
are important in regulating different cellular processes by
targeting numerous genes in human cancer. miRNAs are a class
of endogenous non-coding RNAs (usually 18-25 nucleotides in
length) that bind to the 3' untranslated region (3'-UTR) of specific
target mRNAs, either preventing translation or causing destabi-
lization and degradation at the posttranscriptional level (3). In
specific cellular processes, miRNAs exert crucial functions,
such as differentiation, morphogenesis and tumorigenesis (4).
Accumulating evidence has shown that aberrant expression of
miRNA is correlated with different types of human malignant
tumor in terms of growth, progression, metastasis, and poorer
prognosis (1,5-7); including OS (8). miRNAs may function as
either oncogenes or tumor suppressor genes during tumorigen-
esis (8).

Recently, deregulated miR-214 has been shown to be
associated with a variety of cancer types (5). The upregulation
of miR-214 has been observed in ovarian cancer (9), gastric
cancer (10) and nasopharyngeal carcinoma (11); by contrast,
miR-214 expression was found to be downregulated in hepa-
tocellular carcinoma (12,13), breast cancer (14) and cervical
cancer (15-17). These data suggest that the role of miR-214 is
tumor-specific; thus in specific types of tumor, miR-214 may
function as either an oncogene or a tumor suppressor, possibly
dependent on the different miRNA targets in different cancer
types. Notably, in a recent array-based screen of miRNAs
involved in the pathogenesis of OS, miR-214 was identified
to be upregulated in OS samples compared with control
bone samples (1,6). In another study, miR-214 was reported
to be involved in the inhibition of osteoblast differentiation
and osteoblastic bone formation in skeletal disorders (18).
However, the functional role and the underlying mechanisms
of miR-214 involvement in OS, have not been completely
elucidated. Therefore, further investigation of the function and
mechanism of miR-214 in OS is of great importance.

The aim of the present study was to investigate the func-
tion of miR-214 in OS survival and growth, identify the direct
target protein regulated by miR-214, and provide a potential
therapeutic target for the treatment of OS.
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Materials and methods

Materials and reagents. The following monoclonal mouse
antibodies were used in the present study: anti-phosphatase
and tensin homolg (PTEN; A2Bl), sc-7074; anti-AKT1/2/3
(BDI222), sc-56878; anti-phospho (p)-AKT (11E6), sc-81433;
and anti-B-actin (C4), sc-47778. All of the antibodies were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). The cell counting kit-8 (CCK-8) was obtained
from Beyotime Institute of Biotechnology (Nantong, China).
The inhibitor, mimics and non-specific negative control
oligonucleotides for miR-214 and specific small interfering (si)
RNA against human PTEN (5'-UUU GUC UCU GGU CCU
UAC UUC C-3' and 5-GGA AGT AAG GAC CAG AGA
CAA A-3') were obtained from Guangzhou RiboBio Co., Ltd.
(Guangzhou, China). All other chemicals and reagents were
purchased from Sigma-Aldrich China, Inc. (Shanghai, China),
unless otherwise specified.

Cell culture and tumor specimens. Saos-2 human OS cells were
purchased from the American Type Culture Collection (ATCC;
Manassas, VA, USA) and cultured in Dulbecco's modified
Eagle's medium (DMEM; Gibco-BRL, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS), 100 U/ml
penicillin and 100 pg/ml streptomycin in a humidified 5% CO,
incubator at 37°C. The hFOBI.19 human osteoblastic cell line
was also purchased from ATCC and was cultured in Ham's
F12/DMEM supplemented with 10% FBS, 100 U/ml penicillin
and 100 ug/ml streptomycin. A total of 15 human primary OS
and matched adjacent noncancerous tissues were collected from
patients attending the Affiliated Hospital of Harbin Medical
University (Harbin, China). Tissue samples were frozen at
-80°C until the samples were used for RNA extraction. The
human OS tissues were analyzed according to a procedure
approved by the Clinical Research Committees of Harbin
Medical University. All procedures were approved by the Local
Research Ethics Committee of Harbin Medical School (Harbin,
China). The study also conformed to the principles outlined
in the Declaration of Helsinki. Written informed consent was
obtained from all patients.

RNA isolation and quantitative polymerase chain reaction
(qPCR). Total RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). For the detection of mature
miR-214, RNA was reverse-transcribed using a specific
reverse-transcription primer (Applied Biosystems, Inc., Foster
City, CA, USA). The expression levels of miR-214 were
quantified by qPCR using TagMan miRNA assays (Applied
Biosystems, Inc.), according to the manufacturer's instruc-
tions, with the Rotor-Gene 6000 system (Corbett Life Science,
Qiagen, Hilden, Germany). The PCR assays for human mature
miR-214 and human U6 small nuclear (sn)RNA were performed
as follows: 95°C for 30 sec, 40 cycles of 95°C for 30 sec, 60°C
for 20 sec, and 70°C for 1 sec. The expression of U6 snRNA
was used as an internal standard. The following RT primers
were used: miR-214-RT, 5"TCGTATCCAGTGCAGGGTCC-
GAGGTGCACTGGATACGACACTGCCTG-3"; and U6-RT,
5-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGG
ATACGACAAAATATGGAAC-3"Thefollowing PCR primers
were used: U6: U6-Fwd, 5'-TGCGGGTGCTCGCTTCG-
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GCAGC-3"; and reverse, 5-CCAGTGCAGGGTCCGAGGT-3"
and miR-214: miR-214-Fwd, 5'-TGCGGACAGCAGGCA-
CAGAC-3";and reverse, 5'-CCAGTGCAGGGTCCGAGGT-3".

Vector construction and miRNA/small interfering (si)RNA
transfection. miR-214 precursor sequences were released
from full-length constructs with BamHI and EcoRI subcloned
into the complementary sites of pcDNA3.1 (Invitrogen).
Construction of the pcDNA3.1-miR-214 vector was performed
as described previously (15,16). The Saos-2 cells were seeded
in six-well plates at 30-50% confluency 24 h before transfec-
tion with the miR-214 mimics, or the empty parental vector as
a control, using Lipofectamine 2000 reagent (Invitrogen) and
stable transfectants were selected by growth in hygromycin.

Cell proliferation assay. At 24 h after transfection, the Saos-2
cells were digested with trypsin and replated in 96-well
plates. After 6 h, the cells were labeled with Br-dU for 18 h.
Subsequently, the level of Br-dU incorporation was determined
using a Br-dU cell proliferation ELISA kit (Roche Diagnostics
GmbH, Penzberg, Germany). At 24 and 48 h after transfec-
tion, the Saos-2 cells were incubated at 37°C in 10% CCK-8
diluted in normal culture medium until visual color conversion
occurred in the culture plates. The number of viable cells was
assessed by absorbance at 450 nm using a microplate reader
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Flow cytometric analysis. The apoptosis assay was performed
on the Saos-2 cells 48 h after transfection with either miR-214
inhibitor or control using an Annexin V-fluorescein isothiocya-
nate apoptosis detection kit (KeyGen Biotech, Nanjing, China)
and the cells were analyzed by fluorescence-activated cell sorting
(FACS Scanner; BDi Biosciences, Franklin Lakes, NJ, USA).

Western blot analysis. For preparation of the cell extracts,
the control cells and miR-214-transfected cells were washed
thrice with ice-cold phosphate-buffered saline and lysed in
lysis buffer, containing 50 mM Tris-HCI (pH 8.0), 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100 and PMSF 100 ug/ml,
on ice for 30 min. Following centrifugation at 12,000 x g
for 20 min at 4°C, the supernatants were analyzed by 10%
SDS-PAGE and then electrophoretically transferred to a nitro-
cellulose membrane (Invitrogen). After 2 h blocking with 5%
bovine serum albumin at room temperature, the membranes
were incubated with anti-PTEN, anti-AKT, anti-P-AKT and
anti-f3-actin monoclonal antibodies, followed by incubation
with horseradish peroxidase-conjugated goat anti-mouse
immunoglobulin G polyclonal secondary antibodies (Pierce,
Rockford, IL, USA). Protein bands were visualized with an
enhanced chemiluminescence reagent (Pierce).

Tumor formation in nude mice. Nude mice (Vital River
Laboratories, Beijing, China), aged four to six weeks, were
subcutaneously injected with 1x10° Saos-2 cells stably
expressing high levels of miR-214. The mice were manipulated
and housed according to procedures approved by the Local
Medical Experimental Animal Care Commission. After five
weeks, the mice were euthanized by cervical dislocation and
tumor growth was examined. The tumor weight was measured
using an electronic balance. The tumor volume (V) was
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Figure 1. MicroRNA (miR)-214 is upregulated in osteosarcoma (OS) tissues and human OS cell lines. (A) Mature miR-214 expression levels were determined
by reverse transcription-polymerase chain reaction analysis in the 15 pairs of OS and adjacent noncancerous tissues. U6 served as an internal control. (B) The
relative expression levels of mature miR-214 in Saos-2 human OS cells and hFOB1.19 human osteoblastic cells were detected. "P<0.05 compared with hFOB.
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Figure 2. MicroRNA (miR)-214 overexpression promotes Saos-2 human osteosarcoma cell proliferation in vitro. (A) Successful overexpression of miR-214 was
confirmed by reverse transcription-polymerase chain reaction following infection with miR-214-expressing plasmid, compared with transfection with vector
control plasmid. (B) Overexpression of miR-214 accelerated cell proliferation in cells stably expressing miR-214, compared with control cells, as determined
by Br-dU incorporation assay. (C) Overexpression of miR-214 accelerated cell proliferation in cells stably expressing miR-214, compared with control cells, as
determined by cell counting kit-8 proliferation assay. (D) Transfection of miR-214 mimics accelerated cell proliferation in Saos-2 cells, compared with control
cells, as determined by a Br-dU incorporation assay. 'P<0.05 compared with control or miR-negative control (NC).

examined using a caliper and calculated using the following
formula: V = (A x B?)/2; where A is the larger and B the
smaller dimension of the tumor.

Statistical analysis. Two-tailed Student's t-test was used for
statistical analysis. All data are presented as the mean =+ stan-
dard error of the mean. P<0.05 was considered to indicate a
statistically significant difference.

Results

miR-214 is upregulated in the human OS tissues and Saos-2 cells.
To investigate the involvement of miR-214 in OS carcinogenesis,
the expression levels of miR-214 in human OS tissues and Saos-2
human OS cells were analyzed by qPCR. The results revealed
that the miR-214 expression levels were significantly increased
in the human OS tissues compared with adjacent noncancerous
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Figure 3. MicroRNA (miR)-214 inhibits Saos-2 human osteosarcoma cell apoptosis in vitro. Saos-2 cells following treatment with miR-214 inhibitors exhibited
increased cell apoptosis, compared with control cells, as measured by flow cytometric analysis. "P<0.05 compared with anti-miR-negative control (NC).
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Figure 4. MicroRNA (miR)-214 overexpression promotes osteosarcoma (OS) tumorigenesis in vivo. (A) Representative tumors formed in nude mice injected
with stable Saos-2 human OS cells transfected with either empty pcDNA3.1 plasmid (miR-NC) or pcDNA3.1-miR214 plasmid (miR-214). The Saos-2 human
OS cells stably expressing miR-214 produced larger tumors than the control cells. (B) Tumor weights. The average tumor weight was significantly increased
when miR-214 was overexpressed. (C) Growth curve of tumor volumes. Tumor volume was significantly increased by the overexpression of miR-214. "P<0.05

compared with the control.

tissues (P<0.01; Fig. 1A). Consistent with these observations, the
Saos-2 human OS cells expressed significantly higher levels of
miR-214 compared with the hFOB1.19 human osteoblastic cell
line (P<0.05; Fig. 1B). These data indicate that miR-214 may act
as a novel regulator of OS development. Thus, it was decided to
further investigate the role and function of miR-214 in OS.

miR-214 promotes Saos-2 cell proliferation in vitro. To
examine the biological importance of miR-214 in OS
tumorigenesis, Saos-2 cells stably expressing miR-214 were
established using plasmids. Significantly increased miR-214
expression levels in these cells, compared with control cells,
were confirmed by qPCR (P<0.05; Fig. 2A). To further
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Figure 5. PTEN was a target of microRNA (miR)-214 in Saos-2 human osteosarcoma cells. (A) Bioinformatic analysis of PTEN 3' untranslated region
(3'-UTR). Bioinformatic prediction using TargetScan revealed that the miR-214 binding site is conserved among different species. (B) Western blot analysis
of PTEN, phospho (P)-AKT and AKT expression levels in Saos-2 control cells and those transfected with either empty pcDNA3.1 plasmid (miR-NC) or
pcDNA3.1-miR214 plasmid (miR-214). The PTEN expression levels were normalized to those of B-actin. (C) Small interfering (si)RNA-mediated PTEN
downregulation increased Saos-2 cell proliferation. (D) Restoration of PTEN reverses the oncogenic effects of miR-214 in Saos-2 cells. “P<0.05 compared with

control, “P<0.05 compared with miR-214 + vector.

investigate whether overexpression of miR-214 increases
the proliferation of Saos-2 cells, the cells were examined by
Br-dU incorporation and CCK-8 proliferation assays. The
two cell proliferation assays revealed that cell growth was
significantly increased in Saos-2 cell lines stably expressing
miR-214 compared with the corresponding control
(P<0.05; Fig. 2B and C). Similar results were observed in
miR-214 mimic-transfected OS cells compared with either
miR-control-transfected cells or untreated cells (P<0.05;
Fig. 2D). The results of these in vitro assays indicate that
exogenous miR-214 significantly promoted the proliferation
of OS cells.

miR-214 is an anti-apoptotic factor in Saos-2 cells in vitro.
It was analyzed whether inhibition of miR-214 induces OS
cell apoptosis and cell death using flow cytometric analysis
to determine the number of early and late apoptotic Saos-2
cells following miR-214 inhibitor treatment (Fig. 3). As
expected, few Annexin V-positive cells were detected in the
miR-control-treated or untreated cells, whereas miR-214 inhi-
bition significantly increased the percentage of apoptotic cells,
compared with the control cells, as determined by Annexin V
staining (P<0.05; Fig. 3). These results indicate an antiapop-
totic role of miR-214 in OS cells.

miR-214 enhances OS growth in vivo. Following the in vitro
findings, animal experiments were conducted to further eval-
uate the effect of miR-214 on tumor growth in a subcutaneous
xenotransplantation model with BALB/c athymic nude mice.
Two groups of stably transfected cells (an Saos-2/control group,

stable Saos-2 cells transfected with empty pcDNA3.1 plasmid;
and a Saos-2/miR-214 group, stable Saos-2 cells transfected
with pcDNA3.1-miR214 plasmid) were injected subcutane-
ously into the right flank of the nude mice as described. After
five weeks, the mice were sacrificed and the size of the tumor
nodules was examined. As expected, the mice injected with
stable Saos-2 cells transfected with pcDNA3.1-miR214 exhib-
ited a significant increase in tumor weight and tumor volume
compared with the controls from three weeks onwards (P<0.05;
Fig. 4A-C). These results further suggest that miR-214 may
function as a tumor oncogenic miRNA in OS cells.

miR-214 targets PTEN resulting in activation of the AKT
signaling pathway. To analyze the underlying mechanism by
which miR-214 promotes the growth of OS cells, bioinfor-
matic analysis was performed to search for genes regulated by
miR-214 using the TargetScan software program (http:/www.
targetscan.org). Following a preliminary screen, the miR-214
binding site located on the 3'-UTR of PTEN was found to
be conserved in different species (Fig. 5A). Furthermore,
a previous study reported that miR-214 suppresses PTEN
expression in human ovarian tumor cells (9). Thus, PTEN
was investigated as a possible target of miR-214; the effect of
miR-214 on the endogenous expression levels of PTEN was
examined in the Saos-2 cells. As expected, the western blot
analysis demonstrated that transfection with miR-214 mimics
reduced the PTEN protein expression levels in Saos-2 cells.
Furthermore, miR-214 overexpression was found to increase
the protein levels of P-AKT (Fig. 5B). These results suggest
that PTEN is a target of miR-214 in OS cells.
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PTEN has been previously demonstrated to modulate the
tumor suppressor response in human ovarian tumors in vivo (9).
To examine the effect of PTEN on OS cell proliferation, a
specific siRNA against human or human PTEN was transfected
into the Saos-2 cells. The siRNA-mediated PTEN downregula-
tion was found to significantly increase Saos-2 cell proliferation,
compared with those of the two control cell groups (P<0.05;
Fig. 5C). These results suggest that the proliferation-promoting
effect of PTEN knockdown was similar to that of miR-214 over-
expression. Subsequently, it was determined whether restoration
of PTEN reverses the oncogenic effects of miR-214. Transfection
of pcDNA3.1-PTEN into Saos-2 cells stably expressing miR-214
efficiently restored PTEN expression levels and reversed the
increased cell proliferation effect induced by miR-214 (Fig. 5D).

In conclusion, these results indicate that miR-214 inhibits
PTEN translation, resulting in activation of the AKT signaling
pathway, thus promoting OS tumor survival and growth.

Discussion

miR-214 is located in Dynamin 3 opposite strand (Dnm3o0s), a
gene transcribed into a non-coding RNA, of which the expres-
sion is induced by the transcription factor Twist-1 in mice and
humans (19,20). Increasing evidence indicates that miR-214
may be key in human cancer, and is involved in carcinogenesis,
tumor progression and metastasis (5). For instance, miR-214
was shown to contribute to melanoma tumor progression
through suppression of TFAP2C and promote tumorigenesis by
targeting lactotransferrin in nasopharyngeal carcinoma (5,11).
However, the role of miR-214 in OS genesis remains unknown.
Predicting and identifying the miR-214-targeting genes offers
an experimental basis for further investigation into the regula-
tory mechanism of miR-214 in OS cells. In fact, an increasing
number of miR-214 targets, including MEK3, JNK1, Plexin-Bl1,
Ezh2, XBP-1, PDGF and TFAP2C, have been characterized
in various tumor types, such as ovarian cancer, liver cancer,
cervical cancer and melanoma (12,13,16). In the present study,
miR-214 was predicted and confirmed to act as a tumorigenesis
factor in OS through targeting the 3'-UTR of PTEN.

PTEN is a tumor suppressor with sequence homology to
protein tyrosine phosphatases and the cytoskeletal protein tensin,
and specifically inhibits tumorigenesis by negatively regulating
the phosphoinositide 3-kinase/AKT signaling pathway (9). The
most recently identified PTEN tumor suppressor gene has been
determined to be defective in a large number of human cancer
types (21). Recent studies have emphasized the causative asso-
ciation between miRNA deregulation and PTEN deficiency in
tumor development (9). Studies have demonstrated that PTEN
is controlled by multiple miRNAs, including miR-21, miR-26a,
miR-216a and miR-217 (22-25). In a recent study, TargetScan
was used and indicated that PTEN was a potential target gene
of miR-214 (26). In the present study, the effects of miR-214 on
PTEN expression levels and AKT activation in Saos-2 human
OS cells were investigated. miR-214 was found to inhibit PTEN
expression, increase AKT phosphorylation, induce cell prolif-
eration and inhibit apoptosis in Saos-2 cells in vitro, and promote
tumor formation in vivo. Notably, previous studies have shown
that ectopic expression of miR-214 in miR-214-negative ovarian
cancer cells inhibited wild-type PTEN-3'-UTR but not mutated
PTEN-3-UTR reporter activity (9). The data from the present
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study are consistent with the results of other studies, and also
demonstrated that miR-214 directly targeted PTEN in OS cells,
promoted OS cell proliferation and propagated OS tumor devel-
opment.

In addition, miR-214 is involved in the regulation of the
quantity of ATF4 protein in bone tissues, and the inhibition
of osteoblast differentiation and osteoblastic bone formation
in skeletal disorders. Notably, osteoblast-specific manipula-
tion of miR-214 levels by miR-214 antagomir treatment in
miR-214 transgenic, ovariectomized or hind limb-unloaded
mice revealed an inhibitory role of miR-214 in regulating
bone formation, which provides a novel therapeutic approach
for skeletal disorders (18). As miR-214 was revealed in the
present study to be upregulated in the human OS cancer
tissues and function as an oncogenic miRNA in OS cells, OS
cell-specific modulation of miR-214 expression by miR-214
antagomir treatment may provide a novel therapeutic
approach for human OS and may become possible in clinical
practice. Further understanding of the molecular mechanism
by which miR-214 functions may provide novel avenues of
investigation to aid early diagnosis and treatment of this
highly malignant tumor.

In conclusion, the present study demonstrated that miR-214
was upregulated in OS cells and tissues, and the ectopic expres-
sion of miR-214 induced cell proliferation and inhibited cell
apoptosis. The tumorigenetic function of miR-214 was mediated
by the downregulation of the downstream target gene PTEN.
The data suggest that the pharmacological manipulation of
miR-214 expression may be a novel tool in OS treatment.
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