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MicroRNA-635 inhibits the malignancy of
osteosarcoma by inducing apoptosis
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Abstract. Recent evidence has suggested that microRNAs
(miRs), which are a class of non-coding RNAs, serve diverse
roles in tumorigenesis. However, the role of miR-635 in osteo-
sarcoma (OS) remains unknown. The present study revealed
that miR-635 may be a tumor suppressive miR. The expression
of miR-635 was significantly decreased in OS specimens. In
addition, the proliferation and invasion of OS cells transfected
with miR-635 may be effectively attenuated. Transfection of
cells with miR-635 may further inhibit tumor growth in vivo.
miR-635 may antagonize tumorigenesis of OS possibly by
inducing apoptosis, as demonstrated by flow cytometric anal-
ysis and caspase-3 kinase assays. The data of the present study
suggested that miR-635 may be a novel tumor suppressor and
may serve as a putative diagnostic marker for patients with OS.

Introduction

Tumor cells maintain themselves by self-renewal via cancer
stem cells (1). Osteosarcoma (OS) is one of the most malignant
tumors with non-hematological features and contributes to
~two-thirds of common subtypes of bone sarcomas (2). Due to
the development of current therapeutic strategies, the survival
rate for a fraction of patients with OS without metastases has
reached =60% (3). However, metastatic OS poses a serious
threat to ~40% cases and these patients exhibit a low survival
rate (3). Understanding the underlying mechanisms of how OS
develops and identifying effective therapeutics is required.
MicroRNAs (miR) are small non-coding RNAs of ~22
nucleotides that modulate gene expression by base-pairing
with transcripts (4). The imperfect binding of miRs to targets
may either promote its degradation or inhibit translation (5).
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A recent report demonstrated that the miRs are located in
coding and non-coding regions in the genome (6). >1,800 miR
sequences have been identified and the majority are involved
in the regulation of various biological processes (7). Aberrant
expression of miRs is frequently observed in different types
of tumor tissue and contributes to tumorigenesis (8). For
example, a previous study revealed that miR-34 mediates
tumor suppression in OS via the p53 signaling pathway and OS
cells frequently downregulate miR-34 expression (9). miR-539
has additionally been reported to be a tumor suppressor in
OS and the inhibitory effect is mediated by targeting matrix
metallopeptidase-8 (10). A recent report suggested that
the miR-138 decreases the tumorigenic potential of OS by
targeting differentiated embryonic chondrocyte gene 2 (11).
However, certain miRs may additionally serve roles in tumor
progression. For example, the miR-17-92 cluster is positively
associated with OS development (12). Another report revealed
that miR-20a may advance the metastasis of OS by targeting
Fas for degradation (13). Numerous studies have focused on
the role of miRs in OS; however, little information is available
for miR-635, particularly in OS.

In the present study, the physiological significance of
miR-635 in OS was investigated. The results demonstrated that
the expression levels of miR-635 are frequently downregulated
in OS tissues compared with healthy adjacent tissues. In addi-
tion, miR-635 may function as a tumor suppressor in OS by
inhibiting proliferation and migration, and inducing apoptosis.
This data suggested novel roles for miR-635 and may aid the
development of efficient therapeutics that target OS cells.

Materials and methods

Cell culture and specimens. The OS cell lines MG-63 and
HOS, and the control OS cell line, hFOB, were obtained from
Shanghai Institute of Cell Biology (Shanghai, China). MG-63,
HOS and hFOB cells were maintained in RPMI-1640 medium
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). The
medium was supplemented with 3% fetal bovine serum (FBS;
Sigma-Aldrich; Merck KGaA) and cells were incubated at
20°C and 5% CO,. The OS specimens were obtained from
surgical archives at The Third Affiliated Hospital, Xinxiang
Medical University (Xinxiang, China) from June 2014 to
October 2015 (Table I). Written formal consent was obtained
from all patients. The research on human specimens was
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reviewed and approved by the Research Ethics Committee of
The Third Affiliated Hospital, Xinxiang Medical University
(no. 2014L00145).

Plasmid transfection. The miR-635 and negative control
sequences were synthesized and cloned into the pcDNA3.1
vector (Tiangen Biotech Co., Ltd., Beijing, China). A total
of 0.2 ug negative control (3'-GTACGACGACCATGGCTG
TA-5") and pcDNA-miR-635 (3'-UUGGGCACUGAAACA
AUGUCC-5") was subsequently transfected into MG-63
and HOS cells at a density of 1x10° cell/ml in 12-well plates
using Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) according to the
manufacturer's protocol. After 48 h, the culture was replaced
with fresh medium, prior to measuring the expression levels
of miR-635.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from MG-63, hFOB
and HOS cells, or human specimens, with TRIzol reagent
(Sigma-Aldrich; Merck KGaA). A total of 10 ug cDNA was
synthesized by reverse transcription using the SYBR Premix
Taq™ toolkit (Takara Biotechnology Co., Ltd., Dalian,
China), according to the manufacturer's protocol. The TagMan
microRNA RT-qPCR kit (Applied Biosystems; Thermo Fisher
Scientific, Inc.) was used to quantify miR-635 expression.
GAPDH was used as the control. The primer sequences were:
Sense, 5'-GATTAAGCGTTGAGAGTG-3' and anti-sense,
5-CTGAGCTTAGTCCCGATT-3' for human miR-635; sense,
5-CTCACTTTGATCTGCATTGT-3' and anti-sense, 5'-ATG
CAACTGCTATGTGAT-3', for human GAPDH. Reactions
were performed using the ABI PRISM® 7000 Sequence
Detection system (Applied Biosystems) according to the manu-
facturer's protocol. The expression of miR-635 was calculated
using the 244% method (14). The cycling conditions were as
follows: 55°C for 2 min, predenaturation at 95°C for 10 min,
followed by 30 cycles of denaturation at 95°C for 20 sec and
annealing at 60°C for 1 min. Experiments were performed in
triplicate.

Proliferation assay. The Cell Counting Kit-8 (CCK-8; Dojindo
Molecular Technologies, Inc., Kumamoto, Japan) was utilized
to determine the proliferation of HOS and MG-63 cells.
Following treatment for 24 h, cells were re-suspended and
10° cells/well were seeded into a 96-well plate for 5 days. A
total 20 ul MTT solution was added to the culture to a final
concentration of 10 mg/ml at 20°C for 4 h. The crystalline
formazan product was dissolved in 150 ul 15% SDS solution
for one day and the optical density was measured at a wave-
length of 490 nm using the Spectramax M5 microplate reader
(Molecular Devices, LLC, Sunnyvale, CA, USA), following
the manufacturer's protocol (15).

Flow cytometry for apoptosis detection. HOS and MG-63
cells were seeded into 6-well plates (Qiagen GmbH, Hilden,
Germany) and washed with cold PBS solution 24 h post trans-
fection. Apoptosis was quantified by double staining with the
Annexin V/propidium iodide (PI) Apoptosis Detection toolkit
(Sigma-Aldrich; Merck KGaA) following the manufacturer's
protocol. A BD FACSCalibur instrument (BD Biosciences,
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Franklin Lakes, NJ, USA) was used to visualize and Cell Quest
version 3.1 software (BD Biosciences) was used to analyze the
data.

Transwell invasion assay. The upper chamber was coated with
Matrigel (Invitrogen, Thermo Fisher Scientific, Inc.) over-
night. The lower chambers were replenished with RPMI-1640
medium containing 5% FBS. After 24 h, 1x10° cells were
transfected with the pcDNA-miR-635 or negative control plas-
mids and starved in 100 ml serum-free medium, prior to being
moved to the upper chamber. The upper chamber was removed
after 24 h and invasive cells in the lower chamber were fixed
with 5% paraformaldehyde and stained using crystal violet
solution for 1 h at 20°C. Cells were counted using a Leica
microscope fluorescent microscope (model DM-IRB; Leica
Microsystems GmbH, Wetzlar, Germany). Three randomly
selected fields were counted for each assay. Image were
captured using x200 magnification.

In vivo implantation. BALB/c nude mice (6-8 weeks old,
average weight: 19.5 g; 12 male and 12 female) were purchased
from the Shanghai Institute of Cell Biology (Shanghai, China).
Mice were housed at 20°C, with 50-55% humidity and a
light-dark cycle of 12 h. Ad libitum access to food and water
was provided. Animal protocols and experiments were in
accordance with the General Guide for the Use of Laboratory
Animals and approved by the Ethics Committee for Animal
Experiments at The Third Affiliated Hospital, Xinxiang
Medical University (no. 2014D00035). MG-63 cells trans-
fected with pcDNA3.1 were cultured for an additional 24 h.
Subsequently, 1x10° MG-63 cells were implanted subcutane-
ously into the null mice. The volume of tumor in vivo was
monitored every 2 days. After 20 days, all mice were sacrificed
and the tumor weight was obtained.

Caspase-3 activity assay. MG-63 and HOS cells were
transfected with pcDNA-miR-635 or negative control
plasmids. After transfection, the activity of caspase-3 was
quantified using a colorimetric caspase-3 assay kit
(EMD Millipore, Billerica, MA, USA), according to the
manufacturer's protocol.

Statistical analysis. All statistics were analyzed using SPSS
software (version 15.0; SPSS, Inc., Chicago, IL, USA) and the
Student's t-test. The %> test was used to determine the correlation
between miR-635 expression and different clinicopathological
features. Data are presented as the mean + standard deviation.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Expression level of miR-635 is reduced in OS tissues and cell
lines. RT-qPCR was utilized to quantify the expression levels
of miR-635 in OS tissues and paired normal adjacent tissues
(NATSs) from 63 patients. Compared with NATs, miR-635
was significantly downregulated in OS tissues (P<0.001;
Fig. 1A). In addition, reduced expression of miR-635 was
associated with advanced tumor node metastasis (TNM)
stage (P<0.01; Fig. 1B). Compared with the expression in
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Table I. Association between miR-635 expression and clinicopathological features.
miR-635 expression
Clinicopathological features No. Low, n (%) High, n (%) P-value
Age 0.280
<60 29 15 (51.7) 14 (48.3)
=60 34 14 (41.2) 20 (58.8)
Gender 0.254
Male 30 12 (40.0) 18 (60.0)
Female 33 17 (51.5) 16 (48.5)
Tumor differentiation 0.004
Well + Moderate 25 6 (24.0) 19 (76.0)
Poor 38 23 (60.5) 15 (39.5)
Metastasis 0.005
Absent 36 11 (30.6) 25 (69.4)
Present 27 18 (66.7) 9(33.3)
TNM stage 0.001
0/1 26 5(19.2) 21 (80.8)
I/1/1vV 37 24 (64.9) 13 (35.1)
miR, microRNA; TNM, tumor node metastasis.
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Figure 1. Expression levels of miR-635 are downregulated in osteosarcoma. (A) The expression levels of miR-635 in 63 paired osteosarcoma and normal
adjacent human tissues. P<0.001 vs. normal tissues. (B) The association between miR-635 expression and tumor node metastasis stage “P<0.01 vs. stage 0/I.
(C) The expression levels of miR-635 in hFOB (control), MG-63 and HOS cells. "P<0.01 vs. hFOB. (D) The expression levels of MG-63 and HOS cells
transfected with pcDNA-miR-635 or negative control plasmids. ““P<0.01 vs. pcDNA-miR-635-transfected cells. Data are presented as the mean + standard

deviation. miR, microRNA.

normal osteoblastic hFOB cells, miR-635 was significantly
decreased in MG-63 and HOS cells (both P<0.01; Fig. 1C). In
addition to TNM stage, miR-635 was significantly associated
with differentiation and metastasis (Table I). These results

suggested that miR-635 may suppress OS cells and function
as a potential tumor suppressor. To investigate this, MG-63
and HOS cells were transfected with pcDNA-miR-635 or
negative control plasmids and the efficiency of transfection
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Figure 2. Overexpression of miR-635 inhibits the proliferation of osteosarcoma cells. (A) Cell Counting Kit-8 proliferation assay in MG-63 cells transfected
with pcDNA-miR-635 or negative control plasmids. (B) The proliferation of HOS cells transfected with pcDNA-miR-635 or negative control plasmids.
“P<0.01 vs. pcDNA-miR-635-transfected cells. Data are presented as the mean + standard deviation. miR, microRNA; O.D., optical density.
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Figure 3. Overexpression of miR-635 inhibits invasion of osteosarcoma cell lines. (A) Transwell invasion assay for MG-63 cells transfected with
pcDNA-miR-635 or negative control plasmids. (B) Quantification of the invasion assay in MG-63 cells. (C) Invasion of HOS cells transfected with
pcDNA-miR-635 or negative control plasmids. (D) Quantification of the invasion assay in HOS cells. Data are presented as the mean + standard deviation.

“P<0.01 vs. pcDNA-miR-635-transfected cells. miR, microRNA.

was determined by RT-qPCR. Results demonstrated
that the ectopic transfection significantly upregulated
miR-635 expression levels in MG-63 and HOS cells (P<0.01;
Fig. 1D).

miR-635 transfection suppresses proliferation of OS cells. The
effect of miR-635 overexpression on the proliferation of OS
cells was investigated. The CCK-8 assay was utilized to eval-
uate the proliferation of HOS and MG-63 cells. Overexpression
of miR-635 significantly decreased the proliferation of MG-63
cells (P<0.01; Fig. 2A) and HOS cells (P<0.01; Fig. 2B) after
3 days. These results suggested that miR-635 inhibited OS cell
proliferation.

Overexpression of miR-635 inhibits OS cell invasion. As
miR-635 overexpression inhibited OS cell proliferation, it
was determined whether invasion is attenuated by miR-635

transfection. A transwell invasion assay was used to quantify
the invasive capacity of MG-63 and HOS cells transfected with
the pcDNA-miR-635 or negative control plasmids. The results
demonstrated that miR-635 decreased the migration of MG-63
cells (Fig. 3A). Quantification results revealed that the decrease
in migration was statistically significant (P<0.01; Fig. 3B).
Similar results were observed in HOS cells (Fig. 3C and D).
These results suggested that miR-635 suppresses cell invasion
in OS cell lines in vitro.

miR-635 inhibits OS growth in vivo. To further clarify the
role of miR-635 in vivo, xenograft studies in mice were
performed. A total of 1x10° MG-63 cells were transfected with
pcDNA-miR-635 or negative control and were subcutaneously
injected into nude mice. Tumor growth was evaluated every
2 days. miR-635 transfection significantly reduced the rate of
tumor growth (P<0.05; Fig. 4A) and the weight of solid tumors
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Figure 4. Overexpression of miR-635 inhibits osteosarcoma progression in vivo. (A) The tumor volume in nude mice injected with MG-63 cells that were
transfected with pcDNA-miR-635 or negative control plasmids. ‘P<0.05, “P<0.01 vs. pcDNA-miR-635-transfected cells. (B) At the end of the experiment, solid
tumors were resected and weighed. The graph demonstrates tumor weight in nude mice injected with MG-63 cells that were transfected with pcDNA-miR-635
or negative control plasmids. P<0.001 vs. pcDNA-miR-635-transfected cells. Data are presented as the mean + standard deviation. miR, microRNA.
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Figure 5. Overexpression of miR-635 induces apoptosis in osteosarcoma cells. (A) Caspase-3 activity in MG-63 cells transfected with pcDNA-miR-635 or
negative control plasmids. (B) Annexin V/PI staining in MG-63 cells transfected with pcDNA-miR-635 or negative control plasmids. (C) Caspase-3 activity in
HOS cells transfected with pcDNA-miR-635 or negative control plasmids. “P<0.01 vs. pcDNA-miR-635-transfected cells. (D) Annexin V/PI staining in HOS
cells transfected with pcDNA-miR-635 or negative control plasmids. Data are presented as the mean + standard deviation. miR, microRNA; PI, propidium

iodide.

(P<0.001; Fig. 4B). These results suggested that miR-635
inhibits OS tumor development in vivo.

miR-635 induces apoptosis in OS. To investigate the potential
mechanism of miR-635-induced inhibition of proliferation
and invasion in OS cells, it was determined whether miR-635
serves a role in apoptosis. MG-63 and HOS cells were trans-
fected with pcDNA-miR-635 or negative control plasmid prior
to the performance of apoptotic assays. The results revealed
that miR-635 significantly increased caspase-3 activity in
MG-63 cells (P<0.01; Fig. 5A). MG-63 cells were additionally
subjected to flow cytometric analysis, which demonstrated that
miR-635 induced apoptosis, as determined by Annexin V and

PI staining (Fig. 5B). Similar results were observed in HOS
cells (Fig. 5C and D). These results suggested that overexpres-
sion of miR-635 induces apoptosis in OS cells.

Discussion

The present study revealed that miR-635 functions as a tumor
suppressor in OS. Decreased expression of miR-635 was
observed in human OS specimens and cell lines. In addition,
miR-635 inhibited the proliferation of OS cell lines. Transwell
assays have been demonstrated to be an effective strategy to
measure the migratory capacity of tumor cells transfected
with miRs (16-18). The present study demonstrated that
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overexpression of miR-635 decreased the invasion of OS
cells. The growth of solid tumors was substantially decreased
in cells transfected with the miR-635-containing plasmid.
Mechanistic studies suggested that miR-635 exerts these
effects by inducing apoptosis. Therefore, miR-635 may prevent
tumor cell progression via apoptotic pathways.

The association between miR expression and tumor devel-
opment has been an active area of research in recent years.
miRs have diverse functions in a cell type and tumor specific
manner (19). Understanding the underlying mechanisms of
miR-mediated tumor promotion or inhibition may aid early
diagnosis and the development of effective targeted therapeu-
tics against tumors.

Various studies have focused on the role of miRs in OS
cells. However, few reports have demonstrated the effect of
miR-635 in OS. A recent report demonstrated that miR-635
may accelerate invasion of A375 melanoma cells (20).
However, the present study revealed a tumor suppressive role
for miR-635. This suggested that miRs serve different roles
in a cell-specific manner. An earlier report demonstrated
that miR-635 is implicated in mesial temporal lobe epilepsy
(mTLE) (21). A candidate target of miR-635 is intercellular
cell adhesion molecule-1 (ICAM1) (21). The expression level
of miR-635 altered by >2.0-fold, which suggested that it is
highly regulated (21). However, western blot analysis failed
to identify a significant role for miR-635 in downregulating
ICAMI, suggesting that miR-635 may not serve a signifi-
cant role in mTLE. These studies do not provide sufficient
information about the function of miR-635 and therefore the
exact function of miR-635 requires further investigation. The
present study demonstrated that miR-635 may function as a
tumor suppressor in OS, as determined by experiments with
human specimens and an in vitro study in mice. miR-635 may
mediate its effects via apoptotic pathways. However, the exact
target(s) of miR-635 was not clarified in the present study
and this requires further investigation in future studies. For
example, in order to determine the putative target of miR-635,
bioinformatics tools may be used and targets may be catego-
rized based on their physiological roles (22). By identifying the
putative target(s), investigations into whether the regulation of
this target(s) is restricted to miR-635 or shared by other miRs
may be determined. These future studies may aid the under-
standing of the underlying signaling pathways involved in this.
Whether miR-635 has a similar function in other tumor types
remains to be determined.

In conclusion, the present study identified a novel
role for miR-635 in OS. miR-635 may be a novel tumor
suppressive miR in OS. Downregulation of miR-635 may
favor OS progression, possibly by reducing apoptosis. The
underlying mechanism of miR-635 in OS requires further
investigation and may provide an insight into miR-targeted
intervention.
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