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miR-144 suppresses proliferation and induces apoptosis of
osteosarcoma cells via direct regulation of mTOR expression
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Abstract. Studied as a type of tumor suppressor, microRNA
(miR) performs an important role in growth and apoptosis of
various human carcinomas. However, the effects of miR-144
on osteosarcoma growth and apoptosis, as well as possible
underlying mechanisms, remain unclear. The present study
investigated the expression of miR-144 in osteosarcoma
MG-63 and U-2 OS cell lines compared with osteoblast
cells. In order to elucidate the effects of miR-144 on osteo-
sarcoma, miR-144 was upregulated in MG-63 and U-2 OS
cells by transfecting chemically synthesized miR-144 mimics.
Bioinformatics analysis of potential miR-144 target genes was
performed using TargetScanHuman 7.0 and confirmed by
luciferase assay. This analysis identified mammalian target of
rapamycin (mTOR) as a target of miR-144. The present results
indicated that the overexpression of miR-144 may significantly
inhibit proliferation and promote apoptosis of MG-63 and U-2
cells compared with scramble control. Furthermore, the effects
of miR-144 on osteosarcoma were associated with the mTOR
signaling pathway via directly targeting the 3' untranslated
region of mMTOR mRNA, resulting in a decrease in the level
of mTOR protein. In summary, miR-144 was demonstrated
to act as a tumor suppressor, which inhibits proliferation and
promotes apoptosis of osteosarcoma cell lines. In addition, this
effect was mediated by direct targeting on mTOR following
inhibition of the mTOR signaling pathway. The present study
suggested that miR-144 may be a candidate for the gene
therapy of osteosarcoma.

Introduction

Osteosarcoma is a type of malignant tumor, which often
occurs in children (1). Surgical methods in the treatment of
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osteosarcoma frequently involve wide resection or amputation,
which is likely to result in a disability or deformity, with the
consequence of poor quality of life (2). For this reason, early
warning, diagnosis and treatment are exceptionally important.
Previous studies revealed that microRNA (miRNA/miR) has
a major role in the occurrence and development of numerous
diseases such as ischemic cardiomyopathy, gastric cancer and
hepatocellular carcinoma (3,4). As a non-coding single-chain
micro-molecule RNA, miRNA is made up of 21-25 nucleo-
tides (5,6). Through incomplete complementary sequence
combination with the 3' untranslated region (3'UTR) sequence
of target mMRNA, miRNA is able to inhibit mRNA translation
or cause direct degradation to the extent that the miRNA level
shows the effect of gene silencing following transcription (7).
Studies have revealed that multiple miRNAs are able to serve
as oncogenes or anti-oncogenes in various tumors, including
osteosarcoma, while specific miRNA is involved in each stage
of the occurrence and development of tumors (8,9).

Previous studies indicated that miR-144 is downregulated
expression in colon cancer miR-144 is in close association
with the development of colorectal cancer and can be used
as a molecular diagnostic marker of colon cancer (10,11). A
previous study demonstrated that downregulation of miR-144
is able to result in the proliferation of bladder cancer cells via
EZH?2 and Wnt signaling pathways (12). Another study inves-
tigating the function of miR-144 revealed that GATA4 may
activate miR-144 precursors and induce their expression (13),
and studies have also suggested that the overexpression of
miR-144 may cause apoptosis of myocardial cells and inhibit
their proliferation (14,15). Furthermore, miR-144 is considered
to be a potential target for the treatment of ischemic heart
disease (13,15). However, whether miR-144 can affect the
biological function of osteosarcoma cells is yet to be reported,
and its mechanism remains unknown. Therefore, the current
study focused on investigating the effect of miR-144 on the
proliferation and apoptosis of osteosarcoma cell lines (MG-63
and U-2) and investigating its mechanism of action.

Materials and methods

Cell lines and cell culture. The human osteosarcoma cell lines,
MG-63 and U-2 OS, were obtained from the American Type
Culture Collection (Manassas, VA, USA). MG-63 was main-
tained in minimum essential medium (Invitrogen; Thermo
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Fisher Scientific, Inc., Waltham, MA, USA) containing 10%
fetal bovine serum (FBS; Invitrogen; Thermo Fisher Scientific,
Inc.), and U-2 OS was cultured in RPMI-1640 (Invitrogen;
Thermo Fisher Scientific, Inc.) containing 10% horse serum
(Invitrogen; Thermo Fisher Scientific, Inc.) and 5% FBS. The
two mediums were supplemented with 100 U/ml penicillin
and 100 U/ml streptomycin sulfate (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany), and the cells were cultured in a
humidified 5% CO, incubator at 37°C.

Evaluation of miR-144 expression in osteosarcoma cells. For
RNA analysis, each cell line was seeded at 1x10° cells/well
in a volume of 2 ml on 6-well flat-bottomed plates. Total
RNA from these cell lines was isolated using the mirVana
miRNA Isolation kit (Ambion; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) according to the manufacturer's protocol
following 48 h incubation at 37°C. Then, cDNA was synthe-
sized from 10 ng of total RNA using TagMan MicroRNA
hsa-miR-144 specific primers (Applied Biosystems; Thermo
Fisher Scientific, Inc.) and a TagMan MicroRNA Reverse
Transcription kit (Applied Biosystems; Thermo Fisher
Scientific, Inc.). Reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) was performed to measure miR-144
expression, and the primers were as follows: miR-144 forward,
5'GCTGGGATATCATCATATACTG3' and reverse, 5'CGG
ACTAGTACATCATCTATACTG3'; and U6 forward, 5'CTC
GCTTCGGCAGCACA3' and reverse, SAACGCTTCACGA
ATTTGCGTS3'. The following temperature profile was used:
Initial denaturation at 95°C for 10 min, followed by 45 cycles
of denaturation at 95°C for 10 sec, annealing at 60°C for 10 sec
and extension at 65°C for 10 sec. PCR was performed in a
LightCyclerTM 480 system (Roche Applied Science, Penzburg,
Germany) using the LightCyclerTM 480 Probes Master kit
(Roche Applied Science). Expression levels of miR-144 were
normalized to that of the small nuclear RNA U6 (Applied
Biosystems; Thermo Fisher Scientific, Inc.) transcript. Relative
quantification of miRNA expression was calculated using the
2-44C method (16).

Transfection of miR-144 mimics and transfection efficiency
evaluation. Designed and provided by RiboBio (Guangzhou
RiboBio Co., Ltd., Guangzhou, China), human miR-144 duplex
mimics and scramble control (with the final concentration of
10 nM) were transfected into cells using Lipofectamine™ 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. At 24 h post-transfection at 37°C,
cells transfected with miRNA mimics or scramble were used
for subsequent experiments, including proliferation and apop-
tosis assays.

Cell proliferation and viability assays. MG-63 or U-2 OS
cells in the logarithmic phase were transfected with miR-144
mimics or scramble control and seeded at 4.0x10* cells/well
in 96-well flat-bottomed microtiter plates in a final volume of
100 g culture medium per well. The cells were incubated in a
humidified atmosphere at 37°C and 5% CO, for 24, 48, 72 and
96 h. MTT assays were used to measure cell viability during
each time period. Dimethyl sulfoxide was added into each well
to dissolve the purple formazan. Subsequent to the formazan
crystals being dissolved, the absorbance was determined
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spectrophotometrically at 570 nm using a reference wave-
length of 630 nm on an ELX800 UV universal microplate
reader (Bio-Tek Instruments Inc., Winooski, VT, USA).

Proliferation and apoptosis assays. Proliferation status of
the cells was determined by measuring the incorporation of
5-bromo-2'-deoxyuridine (BrdU). The cells were incubated
with 100 M BrdU (Sigma-Aldrich; Merck KGaA) for 1-2 h
at 37°C, and BrdU labeling was detected by confocal laser
scanning microscopy or flow cytometry following incubation
for 30 min at 37°C with a fluorescein isothiocyanate- or allo-
phycocyanin-conjugated anti-BrdU antibody (cat. no. 558599;
dilution, 1:200; BD Biosciences, Franklin Lakes, NJ, USA).
The images were captured on a BD Pathway™ 435 confocal
imager with an objective magnification, x20, and merged using
BD AttoVision™ software v1.6 (BD Biosciences). Staining of
samples without the addition of BrdU was used as a negative
control. The cells were subsequently analyzed and quanti-
fied by flow cytometry. In brief, the cells were stained for
30 min at 37°C with the following antibody: Anti-BrdU (cat.
no. 558599; dilution, 1:200; BD Biosciences), then the labeled
cells were thoroughly washed with 2X PBS and analyzed on
BD FACSCantolI flow cytometer (BD Biosciences). Data were
analyzed by BD FACSDiva Software v6.0 (BD Biosciences).

Dexamethasone was used to induce cell apoptosis. Duration
the culturing of cells, dexamethasone with a concentra-
tion of 0.1 uM was added into culture medium. In situ Cell
Death Detection kit (Roche Diagnostics GmbH, Mannheim,
Germany) was used for TUNEL staining to determine the
apoptotic status of the cells, according to the manufacturer's
protocol. Zeiss Axio Imager 2 fluorescence microscope (Carl
Zeiss AG, Oberkochen, Germany) was used to observe and
capture images at a magnification, x100. A total of 3 fields of
view in each group were obtained.

Protein expression analysis. Western blot analysis was used to
confirm mammalian target of rapamycin (mTOR) or proteins
associated with proliferation or apoptosis expression in
miR-144-mimic-transfected cells and control cells. In brief,
cell proteins were collected with radioimmunoprecipitation
assay lysis buffer (Auragene Bioscience, Changsha, China)
to obtain cellular protein and the protein concentrations were
measured using bicinchoninic acid protein assay kit (Pierce;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
protocol. A total of 30 ug of cellular proteins were separated
on 10 or 12% SDS-PAGE gels, and were subsequently trans-
ferred onto polyvinylidene fluoride (PVDF) membranes (EMD
Millipore, Billerica, MA, USA). Then, the membranes were
blocked in 5% milk for 1 h at room temperature and incubated
with primary antibodies overnight at 4°C, and subsequently
incubated with horseradish peroxidase-conjugated anti-rabbit
IgG (cat.no. 7074; dilution, 1:2,000; Cell Signaling Technology,
Inc., Danvers, MA, USA) at room temperature for 1 h. The
following primary antibodies and dilutions were used: mTOR
rabbit monoclonal antibody (cat. no. 2983; dilution, 1:1,000;
Cell Signaling Technology, Inc.) and GAPDH rabbit mono-
clonal antibody (cat. no. 5014; dilution, 1:1,000; Cell Signaling
Technology, Inc.), p53 rabbit monoclonal antibody (cat.
no. 2527; dilution, 1:1,000; Cell Signaling Technology, Inc.),
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Figure 1. Expression level of miR-144 in osteosarcoma cells and osteoblasts. (A) Relative expression of miR144 in osteosarcoma cells and osteoblasts detected
by reverse transcription-quantitative polymerase chain reaction. (B and C) Effects of transfection of miR-144-mimics in (B) MG63 and (C) U-2 OS cells.

“P<0.01, n=3. miR, microRNA.

PCNA rabbit monoclonal antibody (cat. no. 13110; dilution,
1:1,000; Cell Signaling Technology, Inc.), Bcl-2 rabbit mono-
clonal antibody (cat. no. 3498; dilution, 1:1,000; Cell Signaling
Technology, Inc.), Bcl-xLL rabbit monoclonal antibody (cat.
no. 2764; dilution, 1:1,000; Cell Signaling Technology, Inc.),
Bax rabbit monoclonal antibody (cat. no. 5023; dilution,
1:1,000; Cell Signaling Technology, Inc.), caspase 3 rabbit
monoclonal antibody (cat. no. 14220; dilution, 1:1,000; Cell
Signaling Technology, Inc.). Signals for each protein expres-
sion were detected with electrochemiluminescence reagents
(GE Healthcare Life Sciences, Little Chalfont, UK) according
to the manufacturer's protocol.

Target genes of miR-144. TargetScanHuman 7.0 (http://www.
targetscan.org/) and miRBase (http:/www.mirbase.org/)
microRNA databases were used to identify the target genes
of miR-144.

Construction of reporter plasmids and the luciferase reporter
assay. To construct a luciferase reporter plasmid, a full-length
fragment of the mTOR 3'UTR was subcloned into pmirGLO
dual-luciferase miRNA target expression vector (Promega
Corporation, Madison, WI, USA) located 5' to the firefly lucif-
erase. The nucleotide sequences of the constructed plasmids
were confirmed by DNA sequencing. For luciferase reporter
assays, MG-63 cells (5x10%/well) were seeded into a 96-well
plate and then co-transfected via Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) with the primer
GLO-mTOR 3'UTR or Rictor 3'UTR (Promega Corporation)
construct and miR-144-mimics or scramble control (Ambion;
Thermo Fisher Scientific, Inc.). Assays were performed 48 h
after transfection using the Dual-Luciferase Reporter Assay
system (Promega Corporation) according to the manufac-
turer's protocol. The firefly luciferase signals were normalized
to the Renilla luciferase signals. Transfections were repeated
three times in independent experiments.

Statistical analysis. Quantitative data are expressed as the
mean + standard error. Statistical analysis was performed
by using one-way analysis of variance followed by the least
significant difference test. Statistical analysis was performed
with GraphPad Prism 7 software (GraphPad Software, Inc.,
LaJolla, CA, USA). P<0.05 was considered to indicate a statis-
tically significant difference.

Results

miR-144 expression is decreased in osteosarcoma cells.
To investigate whether miR-144 regulates osteosarcoma
progression, the expression level of miR-144 was examined in
osteosarcoma cell lines (MG-63 and U-2 OS). Compared with
the normal osteoblast cells, miR-144 expression levels were
significantly reduced in osteosarcoma cell lines (Fig. 1A).
To investigate the biological role of miR-144 in regulating
osteosarcoma cells, miR-144 mimics or scramble control were
transfected into MG-63 or U-2 OS cells. As shown in Fig. 1B
and C, the expression level of miR-144 was significantly
increased in miR-144-mimic-transfected cells compared with
control cells or scramble-transfected cells.

miR-144 inhibits proliferation of osteosarcoma cells. To
investigate the possible effect of miR-144 on proliferation of
osteosarcoma cells, MTT assay was performed. The results
demonstrated that the proliferation capacity of cells in the
miR-144-mimic-transfected group exhibited a significant
decline compared with the scramble and control groups (P<0.01;
n=3; Fig. 2A and B). The expression level of proteins associ-
ated with proliferation (p53, p21 and PCNA) in MG-63 cells is
shown in Fig. 2C. p53 and p21 act as cell cycle arrest genes (17).
PCNA is a biomarker of cell proliferation (18-20). The expres-
sion level of p53 and p21 in the miR-144-mimic-transfected
group was markedly increased compared with the scramble
and control groups. By contrast, the expression of PCNA was
markedly decreased in the miR-144-mimic-transfected group
compared with the other two groups. BrdU-incorporated
flow cytometry showed similar data (58.3+£7.3 vs. 87.2+4.1,
miR-144-mimic-transfected group and scramble control,
respectively; Fig. 2D). These data demonstrated that miR-144
inhibited the proliferation of osteosarcoma cells.

Overexpression of miR-144 promotes apoptosis of osteo-
sarcoma cells induced by dexamethasone. To determine the
effect of miR-144 on the apoptosis of osteosarcoma cells,
dexamethasone was added to the culture medium to induce
apoptosis. TUNEL staining images showed a greater number
of TUNEL"* cells in the miR-144-mimic-transfected group
compared with the control or scramble-transfected groups
(Fig. 3A). The expression level of proteins associated with
apoptosis signaling pathways was examined by western
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Figure 2. miR-144 inhibits the proliferation of osteosarcoma cells. MTT assay demonstrates the effect of miR-144 on proliferation of (A) MG63 and (B) U-2
OS cells. (C) Western blot analysis of proteins associated with cell proliferation in MG-63 cells. p53 and p21 act as cell cycle arrest genes, while PCNA is a
biomarker of cell proliferation. (D) BrdU-incorporated flow cytometry showing proliferation data. ““P<0.01, n=3. PCNA, proliferating cell nuclear antigen;
miR, microRNA; BrdU, 5-bromo-2'-deoxyuridine; FITC, fluorescein isothiocyanate.

blot analysis as shown in Fig. 3B. The data showed that two
anti-apoptotic proteins, Bcl-2 and Bcl-xL were markedly
downregulated in the miR-144-mimic group compared with
the control and scramble groups. However, two pro-apoptotic
proteins, Bax and caspase 3, were markedly upregulated in the
miR-144-mimic-transfected group. These data showed that the
overexpression of miR-144 may promote apoptosis of osteosar-
coma cells induced by dexamethasone.

miR-144 directly targets mTOR and inhibits its expression.
In order to identify the target genes of miR-144, candi-
date genes were identified using TargetScanHuman 7.0
(http://www.targetscan.org/) and miRBase (http:/www.

mirbase.org/) micoRNA databases. miR-144 targets the
mTOR gene, an important molecule involved in tumorigen-
esis and cancer progression (21,22) (Fig. 4A). To confirm
this prediction, a luciferase reporter vector containing the
3'UTR of mTOR [pGL3-mTOR-3'UTR-WT (wild-type)] was
constructed. The reporter assay showed that miR-144 was
able to significantly suppress luciferase expression (Fig. 4B).
Additionally, miR-144 reduced the levels of mTOR protein
in MG-63 cells (Fig. 4C). As expected, mTOR levels were
markedly upregulated in MG-63 or U-2 OS cells compared
with normal osteoblast cells (Fig. 4D). These data demon-
strated that miR-144 inhibits endogenous mTOR expression
in osteosarcoma cells.
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Figure 3. Overexpression of miR-144 promotes the apoptosis of osteosarcoma cells induced by dexamethasone. (A) TUNEL staining images of TUNEL" cells
(green) in three groups following treatment with dexamethasone (scale bar, 50 xm). (B) Western blot analysis of proteins associated with apoptosis signaling
pathways: Bcl-2, Bel-xL, Bax, caspase 3. Bcl-2, B-cell lymphoma-2; Bel-xL, B-cell lymphoma-extra-large; Bax, Bel-2-asssocaited X protein; miR, microRNA;
TUNEL, terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling.
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and miRBase (http:/www.mirbase.org/). (B) Luciferase reporter assay to confirm the prediction. (C) Expression of mTOR protein level in MG-63 cells
transfected with miR-144 mimic, control and scramble miRNA. (D) Levels of mTOR protein expression in normal osteoblast cells and osteosarcoma U-2 OS
cells. ""P<0.01, n=3. mTOR, mammalian target of rapamycin; miR, microRNA; 3'UTR, 3' untranslated region.

Discussion

MiRNAs primarily function at the post-transcription level, and
they may induce downregulation of gene expression through
sequence complementarity between the miRNAs and their
targeted mRNA (7). miRNA sequences have properties of high
conservation, tissue specificity and time sequence in different

species (23,24). As described in the literature, miRNA performs
an important role in the occurrence, development and metas-
tasis of tumors (25,26). Furthermore, the abnormal expression
of miRNA is associated with the occurrence of certain tumors
such as gastric and breast cancer (27,28). Results of the present
study revealed that miR-144 can directly target mTOR and
inhibit the signaling pathway of phosphoinositide 3-kinase
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(PI3K)/Akt, so as to inhibit the proliferation of osteosarcoma
cells and promote their apoptosis.

Significant changes in miR-144 expression have been
observed in a variety of diseases, including colorectal and
bladder cancer (10,12). However, the majority of studies have
focused on the blood system, while fewer studies have investi-
gated tumors. Through meta-analysis, Wang et al (29) found the
presence of differentially-expressed miRNAs in osteosarcoma
tissues. In particular, the differential expression of miR-144
was revealed in colorectal cancer, pancreatic cancer, thyroid
cancer, laryngeal cancer and malignant mesothelioma tissues.
Additionally, miR-144 was demonstrated to be downregulated
in laryngeal cancer (30), cervical cancer (31), follicular thyroid
carcinoma (32) and malignant mesothelioma (33). Therefore,
the present study hypothesized that transfecting cells with an
externally constructed vector of miRNA-144 may cause cell
growth retardation and death, primarily apoptosis.

Results of the present study are consistent with the results
of previous studies on liver cancer and non-small cell lung
cancer (34,35). It is generally considered that miR-144 is able
to function as a suppressor gene of tumor proliferation and
affect the prognosis of patients with osteosarcoma (36,37).
Studies have reported that subsequent to transfecting liver
cancer HepG2 cells, the plasmids of overexpressed miR-144
are able to promote apoptosis and inhibit the occurrence of liver
cancer metastasis by affecting the expression of E2F3 (34,38).
Results of the present study demonstrated that overexpression
of miR-144 in osteosarcoma cells is able to markedly inhibit
proliferation and strengthen the apoptosis-promoting effect of
dexamethasone on osteosarcoma cells. Therefore, this indi-
cates that miR-144 may also serve as a tumor suppressor gene
in osteosarcoma cells.

mTOR is an evolutionarily conserved protein kinase (39).
As aberrant signaling of the mTOR pathway is associated
with various malignancies, mTOR protein is considered to
be a key regulatory factor for cell growth, and has gradually
become a novel target for tumor therapy (40). mTOR may exert
its function through participation in the PI3K/Akt/mTOR
pathway, and the regulatory effect of the deregulation of the
mTOR signaling pathway on tumors is primarily via inhib-
iting apoptosis, promoting cell survival, accelerating cell cycle
transmission, enhancing angiogenesis and promoting the inva-
sion and metastasis of tumor cells (41). An in vitro study on
non-small lung cancer cell lines indicated that human papil-
loma virus 16 may activate the PI3K/Akt/mTOR signaling
pathways to induce the expression of angiogenic cytokines,
including hypoxia-inducible factor-1a, vascular endothelial
growth factor and interleukin-8 (42). Zhang et al (43) used
mTOR-targeted inhibition combined with antiandrogen for
the treatment of prostate cancer and demonstrated that the
antitumor effect was greater than the single drug, which
indicated that inhibiting mTOR was able to increase the
effectiveness of anticancer drugs. Iwaya er al (10) reported
that downregulating miR-144 in colon cancer cells may
activate mTOR signaling pathways and further, promote the
proliferation of colon cancer cells and increase the sensitivity
of colon cancer cells to rapamycin. Results of the present study
identified that upregulating the miR-144 in osteosarcoma cells
was able to downregulate the activity of mTOR signaling
pathways and inhibit the proliferation of osteosarcoma cells,
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thereby promoting their sensitivity to dexamethasone-induced
apoptosis. These results are consistent with the findings of
Iwaya et al (10).

In conclusion, miR-144 may effectively inhibit the prolifer-
ation and apoptosis of osteosarcoma cells by directly targeting
the mRNA 3'UTR region of mTOR genes and inhibiting the
synthesis of mTOR proteins, thereby inhibiting PI3K/Akt
signaling pathways. As studies on miR-144 continue, miR-144
may become a novel target for the treatment of osteosarcoma.
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