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Imatinib promotes apoptosis of giant cell tumor cells by targeting
microRNA-30a-mediated runt-related transcription factor 2
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Abstract. Giant cell tumor (GCT) is an aggressive type of
bone tumor consisting of multinucleated osteoclast-like giant
cells. Imatinib is a selective inhibitor for certain type III
tyrosine kinase receptor family members with a variety of
beneficial effects. The purpose of the present study was to
determine the therapeutic potential and underlying mechanism
of imatinib against GCT. In the present study, cell viability
and apoptosis in GCT were analyzed using the MTT assay,
flow cytometry and DAPI staining assay. Caspase-3 and -9
activity in GCT cells were analyzed with colorimetric assay
kits. In addition, the expression levels of runt-related transcrip-
tion factor 2 (RunX?2) protein and microRNA-30a (miR-30a)
in GCT cells were detected using western blotting and
quantitative polymerase chain reaction, respectively. Results
from the present study demonstrated that imatinib treatment
inhibited cell viability, increased cell apoptosis, and signifi-
cantly promoted caspase-3 and -9 activity in GCT. In addition,
imatinib treatment decreased the RunX2 protein expression
level. Notably, imatinib was demonstrated to increase miR-30a
expression. However, upregulation of miR-30a expression
reduced the RunX?2 protein expression level, and downregula-
tion of miR-30a expression reversed the anticancer effect of
imatinib on GCT, increasing the expression level of RunX2
protein in GCT. The results of the present study indicate that
imatinib promotes apoptosis of GCT cells by targeting the
miR-30a-mediated RunX2 signaling pathway.

Introduction

Giant cell tumor (GCT) is a disease, which is characterized
by locally aggressive behavior, and designated as an osteo-
clastoma due to the multi-nucleated, osteoclast-like giant
cells observed morphologically and histologically (1,2). GCT
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accounts for 11% of all bone tumors in China, with the second
highest incidence after osteochondroma (3).

Runt-related transcription factor 2 (RunX2), also termed
core-binding factor al, belongs to the transcription factors
of the Runt domain gene family. The expression of RunX2 is
regulated by multiple growth factors and hormones involved
in bone cell differentiation (3,4). Mak et al (5) reported that
RunX2 is crucial in GCT stromal cells through upregulation
of matrix metalloproteinase-13. Singh et al (6) confirmed the
significant role of fibroblast growth factor receptor-2 signaling
in osteoblastic differentiation in GCT stromal cells via inhi-
bition of the extracellular signal-regulated kinases 1 and 2
(ERK1/2) signaling pathway.

MicroRNAs (miRs) are widely distributed in a variety of
organisms and regulate gene expression. They are involved
in the proliferation, differentiation and apoptosis of cells, in
addition to other important cell regulatory activities (7). The
miR-30a genes exist in the genome in a variety of forms.
Previous studies have demonstrated that miRs may produce
similar effects to oncogenes or tumor suppressor genes and
various types of miR-30a are expressed abnormally in GCT
tissues (8-10). Furthermore, Huang ef al (11) suggested that
miR-30a inhibited GCT of bone by targeting RunX2.

Imatinib is a selective inhibitor of certain type III tyro-
sine kinase receptor family members, including CD117,
platelet-derived growth factor receptor and the ABL family of
tyrosine kinases, which leads to inhibition of BCR-ABL protein
expression (12). Studies have demonstrated that imatinib
competes with ATP in binding to the nucleotide-binding site
catalyzed by the tyrosine kinase (13-15). The catalytic activity
of the kinase, therefore, cannot occur and the phosphorylated
substrate cannot interact with downstream effector molecules,
which leads to the inhibition of cell proliferation and induces
apoptosis (16). In the present study, the anticancer effect
of imatinib on GCT cell apoptosis was evaluated and the
signaling cascades that may mediate this effect were investi-
gated. The findings of the present study indicate that imatinib
regulates apoptosis of GCT cells by suppression of RunX?2 and
activation of miR-30a, indicating that imatinib may serve as
an important novel molecular target for the treatment of GCT.

Materials and methods

Reagents. The chemical structure of imatinib (Sigma-Aldrich,
St. Louis, MO, USA; purity, =298%) is presented in Fig. 1.
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Hyclone RPMI-1640 was obtained from GE Healthcare Life
Sciences (Logan,UT,USA) and Gibco fetal bovine serum (FBS)
was obtained from Thermo Fisher Scientific, Inc. (Waltham,
MA, USA). A Vybrant® MTT Cell Proliferation Assay kit was
purchased from Molecular Probes (Thermo Fisher Scientific,
Inc.), and Caspase-3 and -9 Colorimetric Assay kits were
purchased from Beyotime Institute of Biotechnology (Jiangsu,
China). A Molecular Probes Annexin V-FITC/PI Apoptosis
Detection kit was obtained from Thermo Fisher Scientific,
Inc. A BCA Protein Assay kit was obtained from Beyotime
Institute of Biotechnology (Nanjing, China). TRIzol® and an
miRNA gqRT-PCR kit were obtained from Invitrogen (Thermo
Fisher Scientific, Inc.).

Ethics statement, tissue samples and cell lines. The present
study was approved by the regional ethics committee of Second
Xiangya Hospital, Central South University (Changsha,
China) and written informed consent was obtained from the
patients. GCT samples were collected from male patients
(age, 58 +5 years) at the Second Xiangya Hospital, Central
South University between October 2013 and January 2014.
The tumor tissue samples were maintained in RPMI-1640
containing 10% FBS, 100 U/ml penicillin and 100 mg/ml
streptomycin (both Amresco, LLC, Solon, OH, USA). The
small sections of tissue (500 mg) and the resultant cell suspen-
sion were transferred to 25-cm? flasks, which were incubated
at 37°C in a humidified atmosphere of 5% CO,. Half of the
culture medium was replaced with fresh complete medium
every 2 days. Primary cultures were subcultured and stored in
liquid nitrogen until reaching confluence. The purified GCT
samples then underwent bisphosphonate treatment (Amresco,
LLC) and evaluation (2). GCT cells (2.5x10° cells/well) were
cultured in complete medium and treated with imatinib at
different concentrations (0, 0.625, 1.25, 2.5, 5 and 10 uM) for
3 days.

Cell viability assay. GCT cells (2.0x10* cells/well) were
seeded in 96-well plates and cultured with imatinib (0,
0.625, 1.25, 2.5, 5 and 10 yuM) at a temperature of 37°C
in a humidified atmosphere of 5% CO, for 0, 1, 2 and
3 days. The cell viability was determined using the MTT
assay. MTT (10 ul) was added to each well and incubated
for 4 h at 37°C in a humidified atmosphere of 5% CO,.
The culture medium was removed and 150 gl dimethyl
sulfoxide (Invitrogen; Thermo Fisher Scientific, Inc.)
was added to each well and incubated for 20 min at room
temperature whilst being agitated. The absorbance was
determined with an ELISA reader (Infinite® 200 PRO;
Tecan, Ménnedorf, Switzerland) at a wavelength of 570 nm.

Flow cytometric analysis of GCT cell apoptosis. GCT cells
(2.5x10° cells/well) were seeded in 6-well plates and cultured
with imatinib (1.25, 2.5 and 5 uM) for 48 h. GCT cells
were washed twice with ice-cold phosphate-buffered saline
(Beyotime Institute of Biotechnology). The cells were stained
with 10 #1 Annexin V-fluorescein isothiocyanate and incubated
for 10 min in the dark. Next, 10 ul propidium iodide was added
to the cells and cell apoptosis was immediately detected using
an EPICS® ALTRA™ flow cytometer (Beckman Coulter, Inc.,
Brea, CA, USA).
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Figure 1. Chemical structure of imatinib.

Detection of caspase-3 and -9 activity levels. GCT cells
(2.5x10° cells/well) were seeded in 6-well plates and cultured
with imatinib (1.25, 2.5 and 5 M) for 48 h. The caspase-3
and -9 activity level was detected via fluorescence at a wave-
length of 405 nm using the caspase-3 and -9 colorimetric assay
kits.

Western blotting for RunX2 protein expression levels. GCT
cells (2.5x10° cells/well) were seeded in 6-well plates and
cultured with imatinib (1.25, 2.5 and 5 uM) for 48 h. The cells
were incubated with ice-cold lysis buffer (Beyotime Institue
of Biotechnology) and maintained for 30 min on ice. The
suspension was centrifuged at 12,000 x g for 10 min at 4°C.
The liquid supernatant was collected to measure the protein
concentration using the BCA protein assay. Proteins were
separated using 12% sodium dodecyl sulfate-polyacrylamide
gels (Beyotime Institute of Biotechnology) with Coomassie
Brilliant Blue (Sangon Biotech Co., Ltd., Shanghai, China) and
transferred to polyvinylidene fluoride membranes (0.22 mm;
EMD Millipore, Billerica, MA, USA). The blotting membrane
was treated with Tris-buffered saline (TBS) containing
5% non-fat milk to block non-specific binding sites. The
membranes were then incubated with mouse monoclonal
RunX2 (1:1,000; cat. no. sc-390715; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) and rabbit polyclonal anti-f3-actin
(1:500; cat. no. D110007; Sangon Biotech) antibodies over-
night at 4°C. The membrane was washed twice with TBS with
Tween-20 for 2 h and incubated with monoclonal anti-mouse
immunoglobulin G (1:1,000; cat. no. sc-51997; Santa Cruz
Biotechnology, Inc.) conjugated with horseradish peroxidase
for 2 h. Enhanced chemiluminescence [GE Healthcare Life
Sciences] was conducted to detect the protein expression level.

Quantitative polymerase chain reaction (gqPCR) analysis of
miR-30a expression levels. GCT cells (2.5x10° cells/well) were
seeded in 6-well plates and cultured with imatinib (1.25, 2.5
and 5 uM) for 48 h. Total RNA was extracted from the cells
using TRIzol® according to the manufacturer's instructions.
The expression of miR-30a was detected using a Bulge-Loop®
miRNA gRT-PCR kit (Sharp Bo Biological Technology Co.,
Ltd., Guangzou, China) and observed by qPCR. The primers
used were as follows: Forward, 5'-GCAGTAAGTCACTTG
CATGATTGT-3' and revers, 5-CGCTTGAAGCACTGTCTT
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Figure 2. Imatinib inhibits the proliferation of GCT. (A) Imatinib at doses between 0.625 and 10 uM inhibited GCT proliferation. (B) Proliferation of GCT was
dose-dependently inhibited following 2 days of imatinib treatment. “P<0.01 vs. the O M imatinib-treated group. GCT, giant cell tumor.
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Figure 3. Imatinib induces GCT cell apoptosis. Imatinib induces cellular
apoptosis of GCT, which was evaluated using (A) FCM and (B) DAPI
staining assay (magnification, x200). “P<0.01 vs. the 0 M imatinib-treated
group. FCM, flow cytometry; GCT, giant cell tumor.
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ATTTGT-3' for miR-30a; and forward, 5-GTTGACATCCGT
AAAGACC-3' and reverse, 5-GGAGCCAGGGCAGTAA-3'
for U6.

Transfection of miR-30a and anti-miR-30a. The miR-30a
precursor and anti-miR-30a (Ambion; Thermo Fisher
Scientific, Inc.) were synthesized by Sangon Biotech Co., Ltd.
and transfected using Invitrogen Lipofectamine 2000 (Thermo
Fisher Scientific, Inc.) at a final concentration of 50 nM. GCT
cells (2.5x10° cells/well) were seeded in 6-well plates for 6 h.
The transfection media was then replaced with complete
media without antibiotics in a humidified atmosphere at 37°C
with 5% CO, for 18 h.

Statistical analysis. Statistical analysis was performed with
SPSS software version 17.0 (SPSS, Inc., Chicago, IL, USA).
All experiments were performed at least three times and
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Figure 4. Imatinib induces (A) caspase-3 and (B) caspase-9 activities in giant
cell tumor cells. “P<0.01 vs. the 0 xM imatinib-treated group.

data are presented as means + standard deviation. Data were
analyzed using Student's t-test and P<0.05 was considered to
indicate a statistically significant difference.

Results

Imatinib inhibited cell viability of GCT. To assess the effect of
imatinib on cell viability, different concentrations (0,0.625, 1.25,
2.5,5 and 10 uM) of imatinib were incubated with GCT cells
for 0, 1, 2 and 3 days subsequent to which an MTT assay was
performed. As indicated in Fig. 2, imatinib inhibited the viability
of GCT cells in a dose- and time-dependent manner. Compared
with the control group, the viability of GCT cells significantly
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Figure 5. Imatinib inhibits RunX2 protein expression levels in giant cell
tumor cells. The effect of imatinib on RunX2 was observed by (A) western
blotting and (B) statistical analysis of RunX?2 protein expression levels were
performed. “P<0.01 vs. the 0 M imatinib-treated group. RunX2, runt-related
transcription factor 2.
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Figure 6. Imatinib activates miR-30a expression in giant cell tumor cells.
“P<0.01 vs. the 0 M imatinib-treated group. miRNA, microRNA.
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Figure 7. Transfection of an miR-30a plasmid (A) promoted miR-30a
expression and inhibited RunX?2 expression in giant cell tumor cells.
(B) Western blot analysis demonstrating inhibited RunX2 protein expression.
“P<0.01 vs. the 0 M imatinib-treated (control) group. RunX2, runt-related
transcription factor 2; miRNA, microRNA.

decreased in a dose-dependent manner following two days of
treatment with 1.25,2.5,5 and 10 xM imatinib (P<0.01; Fig. 2B).
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Figure 8. Anti-miR-30a reverses the effect of imatinib on GCT cells. GCT
cells were treated with 2.5 M imatinib for 2 days. Anti-miR-30a significantly
(A) reduced the expression levels of miR-30a in GCT cells, (B) increased
RunX2 protein expression levels in GCT cells, (C) promoted GCT cell pro-
liferation and (D) inhibited caspase-3 activity. “P<0.01 vs. the 0 #M control
group and "P<0.01 vs. the imatinib-treated group transfected with negative
control. GCT, giant cell tumor; RunX2, runt-related transcription factor 2;
miRNA, microRNA.

Imatinib induces cell apoptosis of GCT. Flow cytometry and
DAPI staining were used to investigate the effects of imatinib
on GCT apoptosis. As demonstrated in Fig. 3A, imatinib treat-
ment (1.25, 2.5 or 5 yuM) induced cell apoptosis of GCT at
2 days, when compared with the control group. As presented
in Fig. 3B, the DAPI dye stained the morphologically normal
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nuclei blue. Morphologic analysis of apoptotic cells demon-
strated shrunken and fragmented nuclei, as well as condensed
chromatin while the nuclei of normal cells were round,
sharp-edged and uniformly stained (Fig. 3B). GCT cell apop-
tosis was increased in the imatinib-treated (1.25, 2.5 or 5 uM)
group at 2 days when compared with that of the control group
(Fig. 3B).

Imatinib induces caspase-3 and -9 activity of GCT cells. To
determine the effect of imatinib on the activity of caspase-3
and -9, varying concentrations (1.25,2.5 and 5 yM) of imatinib
were incubated with GCT cells for 2 days and assayed with
colorimetric kits. Following treatment, the activity of caspase-3
and -9 in the GCT cells was significantly increased compared
with that of the control group (Fig. 4).

Imatinib downregulates RunX?2 protein expression in GCT. To
determine the effect of imatinib on RunX2 protein expression
levels in GCT cells, western blot analysis was performed. The
RunX2 protein expression level in GCT cells was reduced in
a dose-dependent manner following 2 days of treatment with
1.25,2.5 and 5 uM imatinib (P<0.01; Fig. 5).

Imatinib activates miR-30a expression in GCT cells. To
further investigate the effect of imatinib on miR-30a in GCT
cels, the miR-30a expression level was analyzed using qPCR.
Compared with the control group, the level of miR-30a expres-
sion was significantly increased following 2 days of imatinib
treatment at concentrations of 1.25, 2.5 and 5 uM (P<0.01;
Fig. 6).

Overexpression of miR-30a inhibits RunX2 expression of
GCT cells. To investigate the mechanism underlying the
effect of imatinib on GCT apoptosis, an miR-30a plasmid was
transfected into the GCT cells. The miR-30a plasmid mark-
edly upregulated the expression of miR-30a in the GCT cells
(Fig. 7A), which reduced the level of RunX?2 protein expres-
sion (Fig. 7B).

Anti-miR-30a reverses the effect of imatinib on GCT cells. To
further investigate the potential association between miR-30a
expression and the effect of imatinib on GCT cells, analysis
of the effect of imatinib on GCT was conducted following
transfection of an anti-miR-30a plasmid into GCT cells. The
anti-miR-30a plasmid reduced the expression of miR-30a
(Fig. 8A) and increased RunX2 protein expression (Fig. 8B).
Furthermore, the anti-miR-30a plasmid increased cell viability
(Fig. 8C) and reduced caspase-3 activity in GCT cells (Fig. 8D).

Discussion

GCT is a locally aggressive bone tumor, with characteristic
postoperative recurrence of <42% (17). GCT contains fibro-
blast-like, spindle-shaped stromal cells, and multinucleated
giant cells, which exhibit resorption activity that is similar
to osteoclasts (18). The current study presented evidence that
imatinib inhibited cell viability and promoted cell apoptosis in
GCT in a dose-dependent manner. Maass et al (19) reported
that imatinib cured patients with metastatic breast cancer,
de Melo Campos er al (20) suggested that imatinib induced
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apoptosis of neoplastic mast cells and Halperin et al (21)
reported that imatinib inhibited the viability of advanced
endocrine cancer. In the present study, exposure to imatinib
significantly increased the activity of caspase-3 and -9 in GCT
cells. Zhang et al (22) suggested that imatinib increased the
levels of cleaved caspase-3 and -9 in vitro and in vivo, and
Gamas et al (23) demonstrated that imatinib mediated apop-
tosis of myelogenous leukemia cells by mediating caspase-3
activation.

ERK is an important signaling pathway for integrin
signaling to the nucleus (24). Signaling molecules activate
integrin, which promotes RunX2-dependent transcription
and, using U0126, rapidly inhibits ERK phosphorylation
and activation of the osteocalcin gene, upon which ERK is
dependent. In a previous study, ERK1-overexpressing trans-
fected cells were produced in which ERK1 elevated the level
of osteocalcin mRNA and significantly increased the phos-
phorylation of RunX2, indicating that the phosphorylation
cascade of mitogen-activated protein kinase (MAPK) may
regulate the activity of RunX2 (25). Following integration of
the integrin ligand with the integrin on the surface of osteo-
blasts, MAPK signaling pathways are activated to transfer
signals to the nucleus, promoting the expression of RunX2 and
RunX2 protein phosphorylation (26,27). Activated RunX?2
promotes the differentiation of osteoblasts by activating
marker genes of osteoblast cells (including osteocalcin) (28).
In the present study, the RunX2 protein level in GCT cells
was significantly decreased in a dose-dependent manner
following two days of imatinib treatment. Jonsson et al (29)
reported that imatinib inhibited the proliferation of human
mesenchymal stem cells via modulation of RunX?2 expres-
sion levels and Tibullo ez al (30) demonstrated that imatinib
potentially favored osteoblastogenesis by mRNA expression
of RunX2.

miRs are closely associated with various types of
cancer. Previous studies have demonstrated that breast (31),
ovarian (32), gastric (33) and lung (34) cancer all demonstrate
abnormal expression of miRs (35). miRNA-30a is closely
associated with the occurrence and development of GCT, as
well as other types of tumor (such as breast and renal cell
cancers) (36,37). The study of miRs is important for early
clinical diagnosis, treatment and prognosis of GCT. Specific
miR-30a expression profiling of GCT, and detection and
monitoring of miR-30a in the peripheral blood may serve
as an effective marker for GCT diagnosis, screening and to
produce effective, novel treatments (38). Data obtained in the
present study suggest that imatinib treatment significantly
increased the miR-30a expression in GCT cells. Yu ez al (39)
demonstrated that the administration of imatinib against
human chronic myeloid leukemia cells functioned by targeting
miR-30a-mediated processes. Furthermore, Yu et al (40)
reported that imatinib promoted autophagy in response to
cancer therapy via miR-30a-mediated processes. In the present
study, overexpression of miR-30a was identified to inhibit
RunX2 protein expression in GCT cells. Thus, downregulation
of miR-30a may reverse the anticancer effect of imatinib and
increase the level of RunX2 protein expression in GCT cells.
Recent studies reported that miR-30a inhibited osteolysis
by targeting miR-30a-mediated processes in GCTs of the
bone (11,41).
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In conclusion, the present study demonstrated that the anti-

cancer effect of imatinib increases apoptosis of GCT cells by
downregulating RunX2 protein expression and upregulating
the expression of miR-30a. These data indicate that there may
be potential benefits of administering imatinib in clinical
practice in the future.
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