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Inhibitory effect of bone morphogenetic protein-2 on the
proliferation of giant cell tumor of bone stromal cells in vitro
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Abstract. The inhibitory effect of bone morphogenetic
protein-2 (BMP-2) on the proliferation of giant cell tumor of
bone stromal cells (GCTSCs) has not been fully elucidated.
Therefore, the aim of this study was to evaluate the role of
recombinant human BMP-2 (thBMP-2) in the growth of
GCTSCs. The effects of exposure to different concentrations
of rhBMP-2 (0, 10, 100 and 300 ng/ml) for 1, 3,5 and 7 days on
GCTSC proliferation were examined by 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. In
addition, the effect of treatment with rhBMP-2 (0 or 10 ng/ml)
for 48 h on the cell cycle pattern of GCTSCs was examined
by flow cytometry. The apoptosis-inducing effect of thBMP-2
(0 or 10 ng/ml) in GCTSCs was also determined by flow cytom-
etry after 48 and 72 h. In addition, western blot assays were
conducted to determine whether rhBMP-2 acts on non-Smad
mitogen-activated protein kinase (MAPK) signaling pathways,
namely extracellular signal-regulated kinase (ERK1/2), p38
and c-jun-N-terminal kinase (JNK) pathways. The prolifera-
tion of GCTSCs treated with rhBMP-2 (10, 100 or 300 ng/ml)
for 5 or 7 days was significantly inhibited in a non dose-depen-
dent and non-time-dependent manner (P<0.05). The treatment
of GCTSCs with thBMP-2 (10 ng/ml) for 48 h had no effect on
cell cycle distribution. The apoptosis of GCTSCs induced by
exposure to thBMP-2 (10 ng/ml) for 48 or 72 h was significant
(P<0.05). Expression levels of phospho-ERK1/2, phospho-p38
and phospho-JNK increased significantly when GCTSCs were
treated with thBMP-2 (10 ng/ml) for 72 h (P<0.05). The results
indicate that rhBMP-2 has no stimulatory effect on GCTSC
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growth. However, it may lead to the apoptosis of GCTSCs by
non-Smad MAPK signaling pathways.

Introduction

Giant cell tumor of bone (GCT) is a rare and commonly
benign tumor that accounts for ~5% of primary bone tumors
and 15-20% of all benign bone tumors in adults (1,2). GCT
also exhibits a slight increase in prevalence in females and
usually occurs in the third and fourth decades of life (1).
Surgical curettage is a preferred treatment; however, it may
be associated with a high local recurrence rate (18-50%) and
occasionally lung metastasis (3,4). Recently, less-aggressive
surgical resection, followed by extended intralesional curet-
tage and cementation (or bone graft) with or without the use of
adjuvant therapies, such as physical methods (blurring, hypo-
thermic or hyperthermic reagents), chemical methods (phenol
or hydrogen peroxide) and biologic modalities (bisphospho-
nates, interferon or denosumab) have been used to eliminate
tumor remnants (1,3,5,6).

GCTs have been found to include three major cell types:
Multinucleated giant cells that express calcitonin recep-
tors, tartrate-resistant acid phosphatase activity and other
phenotypic osteoclast markers; a CD68-positive monocyte
or macrophage population; and mononuclear fibroblast-like
stromal cells that are able to proliferate in cell culture. Stromal
cells are likely to be the neoplastic components of this tumor
and regulate the formation of osteoclast-like giant cells in the
neoplasm (7).

Bone morphogenetic proteins (BMPs), members of the
transforming growth factor-f3 superfamily, were originally
studied as inducers of bone and cartilage formation and are
also regulators of human carcinoma cell> differentiation,
proliferation, morphogenesis and apoptosis (8-10). BMP-2
exhibits potent activity in the induction of cartilage and bone
formation in vivo and in vitro (11,12). BMP-2 also plays key
roles in cell proliferation, chemotaxis, angiogenesis, apoptosis
and differentiation (13-17). The effects of BMP-2 are medi-
ated via serine-threonine kinase receptors: BMP receptor
type 1A (BMPR1A), BMPRIB and BMPR2. When BMPR2
is activated by binding to BMP-2, this induces the phos-
phorylation of BMPR1A and the recruitment of downstream
signaling Smadl, Smad5 and Smad8 (receptor-regulated
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Smads), which then form heteromeric complexes with Smad4
(common-mediator Smad), and translocate to the nucleus
to regulate the transcription of target genes (18,19). In addi-
tion, non-Smad mitogen-activated protein kinase (MAPK)
pathways including p38, c-jun-N-terminal kinase (JNK) and
extracellular signal-regulated kinase (ERK1/2) pathways,
which are also important in cell proliferation and differentia-
tion, may be activated by BMP (20-22).

Since its approval by the US Food and Drug Administration
(FDA) in 2002, recombinant human bone morphogenetic
protein-2 (thBMP-2) has become one of the most commonly
used bone graft substitutes. A previous study revealed that
GCT stromal cells (GCTSCs) might have the ability to differ-
entiate into osteoblasts that are responsive to BMP-2 (23).
However, the role of BMP-2 in GCTSCs remains unclear.
The inhibitory effect of BMP-2 on GCTSC proliferation has
been investigated in only a few in vitro studies (23,24), and no
in vivo studies. Therefore, preclinical studies are required to
evaluate the effect of BMP-2 on tumor growth. The purpose
of the present study was to assess whether thBMP-2 promotes
or suppresses GCT growth in vitro. The results may provide
background data useful in the evaluation of the potential of
rhBMP-2 as an adjuvant therapy for patients following the
removal of GCT by surgery.

Materials and methods

Specimens. This study was conducted in accordance with the
Declaration of Helsinki and with approval from the Ethics
Committee of Guangzhou Liu Hua Qiao Hospital (Guangzhou,
China). Written informed consent was obtained from all
participants. Nine GCT specimens were freshly harvested and
then used for primary cell culture. None of the patients had
taken any medication prior to the surgery. Clinical informa-
tion for each patient is not shown. The initial diagnosis was
established via frozen section in the operating room and was
later confirmed by permanent histological examination. A
board-certified pathologist reviewed each sample to confirm
the viability (>80% by nuclei counts of hematoxylin and
eosin-stained sections) and tumor content (>90%) of each
sample. Planned analyses were performed on each specimen
as sample size allowed.

Cell cultures. In brief, freshly obtained GCT tissues were
chopped up in Dulbecco's minimum essential medium
(DMEM) containing 10% fetal bovine serum (FBS), 100 U/ml
penicillin and 100 mg/ml streptomycin. The resultant cell
suspension together with small pieces of tissues was trans-
ferred to culture flasks and cultured at 37°C in a humidified
atmosphere of 5% CO, and 95% air. Half of the culture
medium was changed every 2-3 days. Upon reaching conflu-
ence, primary cultures were then subcultured. GCTSCs in
cultures obtained after the 9th passage (Fig. 1) were studied.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay of cell proliferation. GCTSCs (1x10° cells/well)
were plated and cultured in 96-well plates with thBMP-2
(R&D Systems, Inc., Minneapolis, MN, USA) at concentra-
tions of 0, 10, 100 and 300 ng/ml in DMEM containing 10%
FBS for 1, 3,5 or 7 days. MTT (Sigma-Aldrich, St. Louis,
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Figure 1. GCTSCs are purified after the 9th passage, which represents the
proliferating homogenous tumor cell population (original magnification,
x100). GCTSC, giant cell tumor of bone stromal cell.

MO, USA) was added to the culture medium according to the
manufacturer's instructions, and the culture was continued
for another 4 h. Dimethylsulfoxide (100 ul/well) was added
to each well to dissolve the formazan crystals. The optical
density of the resulting product was measured at 490 nm using
a microplate reader (Multiskan GO; Thermo Fisher Scientific,
Waltham, MA, USA).

Flow cytometric analysis. Cell cycle conditions were
determined by fluorescence-activated cell sorting (FACS)
analysis using propidium iodide (PI) staining. GCTSCs in
the logarithmic phase of growth were incubated in the pres-
ence or absence of hBMP-2 (10 ng/ml) in 10% FBS DMEM
for 48 h. The cells were then harvested and washed in cold
phosphate-buffered saline (PBS; pH 7.4). The cell pellets
were fixed in 70% cold alcohol for >24 h at 4°C, then washed
in cold PBS and stained with PI solution at 4°C in the dark
for 30 min. Apoptosis induced by thBMP-2 in GCTSCs was
determined by flow cytometry using the Guava Nexin Reagent
kit (EMD Millipore, Billerica, MA, USA), according to the
manufacturer's instructions. Briefly, treated or untreated cells
were collected, washed in cold PBS and centrifuged at 200 x g
for 5 min. The cell pellets were resuspended in 100 ml DMEM
supplemented with 1% FBS, and then incubated with 100 ml
Annexin V-PE and 7-aminoactinomycin D labeling solution
for 20 min at room temperature. Cells were finally analyzed
with a Guava EasyCyte SHT flow cytometer (EMD Millipore).
The data were analyzed using Guava Nexin Software, version
2.2.2 (EMD Millipore).

Western blot analysis. Cells were seeded in 6-well plates at
a density of 1x10° cells/well. After being allowed to adhere
overnight, the cultures were cultured in the presence or
absence of rhBMP-2 (10 ng/ml) in 10% FBS DMEM for
72 h. After the treatment period, cells were washed with PBS
and then resuspended in lysis buffer [1% NP-40, 1 mmol/l
phenylmethylsulfonyl fluoride, 40 mmol/l Tris-HCI (pH 8.0),
150 mmol/l NaCl, 100 mmol/l Na;VO,, 1 mmol/l NaF] at
4°C for 15 min. Protein concentrations were determined by
means of a Bio-Rad protein assay (Bio-Rad, Richmond, CA,
USA). The proteins were separated by 10% sodium dodecyl
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Figure 2. Effects of different concentrations of rhBMP-2 on GCTSC proliferation as evaluated using an MTT assay. GCTSCs were incubated with different
concentrations of hBMP-2 in DMEM containing 10% FBS for 1, 3, 5 or 7 days. Data are presented as the mean + standard deviation (n=3). “P<0.05, “P<0.01
vs. control. hBMP-2, recombinant human bone morphogenetic protein-2; GCTSC, giant cell tumor of bone stromal cell; MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; DMEM, Dulbecco's minimum essential medium; FBS, fetal bovine serum; OD, optical density.
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Figure 3. Effects of thBMP-2 on the cell cycle pattern of GCTSCs. GCTSCs were treated with different concentrations of hBMP-2 (10 ng/ml) for 48 h.
(A) Representative histograms of cell cycle processes in control and rhBMP-2-treated cells are shown. (B) Bar plots indicating the percentages of cells in the
GO/GL, S and G2/M phases of GCTSCs. Data points in the graph are the mean =+ standard deviation of three independent experiments. thBMP-2, recombinant
human bone morphogenetic protein-2; GCTSC, giant cell tumor of bone stromal cell.

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene difluoride (PVDF) membranes
(EMD Millipore). After blocking with 5% non-fat dry milk,
each blot was probed with a primary antibody (1:1,000)
directed against ERK1/2 (rabbit monoclonal; cat. no. 4695),
p38 MAPK (rabbit monoclonal; cat. no. 8690), JNK
(rabbit monoclonal; cat. no. 9252), phospho-Erk1/2 (rabbit
monoclonal; cat. no. 4094), phospho-p38 MAPK (rabbit mono-
clonal; cat. no. 4511) or phospho-JNK (mouse monoclonal;
cat. no. 9255) (Cell Signaling Technology, Danvers, MA, USA)
at 4°C overnight. Subsequently, the membranes were washed
three times (5 min/wash) with Tris-buffered saline containing
0.05% Tween-20 (TBST). The membranes were then incubated
for 30 min at room temperature with a peroxidase-conjugated
AffiniPure goat anti-rabbit IgG secondary antibody (1:3,000;
cat. no. 111-035-003; Jackson Immunoresearch Laboratories,
Inc., West Grove, PA, USA). The membranes were washed
a further three times with TBST and incubated with Super
Signal Enhanced Chemiluminescence substrate (Detection
Reagents 1 and 2 at a 1:1 ratio; Pierce Biotechnology, Inc.,
Rockford, 1L, USA) for 1 min at 25°C. After removing the
excess mixture, the blots were wrapped in a clean piece of
plastic wrap, ensuring no bubbles were present between the

blot and wrap. The blots were then exposed for 30-300 sec
to X-ray film (Eastman Kodak, Rochester, NY, USA). Band
intensities were quantified using Quantity One software (v.
4.4.0; Bio-Rad Laboratories, Inc., Hercules, CA, USA) by two
observers who were blind to the experimental groups.

Statistical analysis. The results are expressed as the
mean + standard deviation. The statistical analyses were
conducted using SPSS 19.0 (IBM SPSS, Armonk, NY, USA)
statistical software. The photometric values obtained in MTT
assays were analyzed by one-way analysis of variance, with
post-hoc multiple comparisons made between groups using a
least significant difference test. The comparisons between cell
cycle alterations, cell apoptosis, and the expression of Erk1/2,
p38 and JNK in the thBMP2 (10 ng/ml) and control groups
were conducted using independent sample t-tests. P<0.05 was
considered to indicate a statistically significant difference.

Results

MTT assay. As shown in Fig. 2, growth of the GCTSCs was
significantly inhibited by the addition of 10 or 100 ng/ml
rhBMP-2 (P<0.01) or 300 ng/ml thBMP-2 (P<0.05) for 5 days
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Figure 4. Apoptosis and necrosis of GCTSCs incubated with rhBMP-2 (10 ng/ml) in 10% FBS DMEM medium for (A) 48 h and (B) 72 h. (a) Representative
dot plots of apoptosis in control and rhBMP-2-treated cells. (b) Bar plots indicating the percentage of apoptotic or necrotic GCTSCs in the control and
rhBMP-2-treated groups. Results are means = SD of three independent experiments. "P<0.05 compared with the control group. GCTSC, giant cell tumor of
bone stromal cell; hBMP-2, recombinant human bone morphogenetic protein-2; FBS, fetal bovine serum; DMEM, Dulbecco's minimum essential medium.
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compared with the control. The growth of GCTSCs was
significantly inhibited compared with the control when treated
with all three concentrations of thBMP-2 for 7 days (P<0.001),
whereas no growth inhibition of GCTSCs compared with
the control was observed following the addition of 10, 100 or
300 ng/ml rthBMP-2 for 1 or 3 days. Treatment of GCTSCs
with 100 or 300 ng/ml thBMP-2 for 1 day induced a slight
stimulation of cell growth, but not significantly.

Effects of rhBMP-2 on GCTSC apoptosis and cell cycle
distribution. To determine whether BMP-2 affected the cell
cycle distribution of GCTSCs, the GCTSCs were incubated
with thBMP-2 (10 ng/ml) for 48 h and analyzed using flow
cytometry (Fig. 3). The cell cycle kinetics demonstrated that
there was no significant difference between the control and
rhBMP-2 (10 ng/ml) treatment groups in the percentage of
cells in the GO/G1, S and G2/M phases. The inhibition of
apoptosis is a critical factor for tumor progression. Therefore,
Annexin V-PE/PI staining was evaluated by flow cytometry.
Following culture of the GCTSCs with rhBMP-2 (10 ng/ml) for
48 h, the percentage of apoptotic cells was very similar to that
in the untreated control group, indicating that rhBMP-2 did
not change the incidence of apoptosis over the 48-h treatment
period. However, the percentage of necrotic cells markedly
increased in the BMP-2 group compared with the control
group ("P<0.05; Fig. 4A). Notably, after 72 h of rhBMP-2
treatment, the percentage of apoptotic and necrotic cells was
significantly increased in the BMP-2 group compared with the
control group (“P<0.01; Fig. 4B). Indeed, these data indicate
that hBMP-2 increased the susceptibility of GCTSCs to apop-
tosis, which corresponds with the results of the MTT assay.

Western blot analysis. To clarify the mechanisms underlying
the effects of BMP-2 on GCTSCs, the expression of non-Smad
MAPK pathway-associated proteins, including p38, JNK
and ERK1/2 were examined. As shown in Fig. 5, following
the addition of thBMP-2 (10 ng/ml) to GCTSCs for 72 h, the
levels of p38, INK and ERK1/2 detected in exponentially
growing GCTSCs were similar to those in the control group,
but the expression levels of phospho-p38, phospho-ERK1/2
and phospho-JNK were significantly increased in the
rhBMP-2-treated GCTSCs compared with those in the control

group.
Discussion

GCT is a common benign tumor of bone in adults. The use of
bone cement with or without phenol or other toxic substances
has been widely used as effective adjuvant therapy following
the surgical curettage of GCT (3,5,6,25-28). thBMP-2 is an
osteoinductive growth factor that can promote bone forma-
tion, and is widely used in fracture nonunions and spine
fusion for the treatment of degenerative spinal disorders.
Numerous previous studies have shown that thBMP-2 has a
dual role in tumor biology: it functions as a tumor promoter
or a tumor suppressor, depending on the type of cell or tissue,
the BMP-2 dosage and the presence of other factors that are
not yet defined in the microenvironment (10,13-17,29,30).
This behavior suggests that in different types of tumor, it acts
on a type of cellular homeostatic mechanism through as yet
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unknown regulatory signaling pathways, such as non-Smad
pathways (19-22). For these reasons, surgeons may hesitate
to use BMP-2 on their patients for fracture healing or spine
fusion. Therefore, further preclinical studies are required to
evaluate the effect of BMP-2 on the growth of GCTs to guide
its use in patients.

The data from the present study provide the first
evidence that BMP-2 has a significant inhibitory effect on
tumorigenic GCTSC proliferation at lower concentrations (10
and 100 ng/ml) of thBMP-2, as compared with a higher concen-
tration (300 ng/ml), for 5 days in vitro. Following treatment
for 7 days, the different concentrations of rhBMP-2 exerted
similar inhibitory effects on tumorigenic GCTSC prolif-
eration compared with that in the control group. This result is
consistent with previous studies that have shown an inhibitory
effect of BMP-2 on cancer cell growth, including prostate,
breast, myeloma, gastric and colon cancers (13,14,16,17,31-34).
However, the present study confirmed in vitro that thBMP-2
inhibits GCTSC proliferation in a non-dose- and time-depen-
dent manner. In contrast with previous studies which indicated
through flow cytometric analysis that the inhibitory effect
of BMP-2 on cell growth was due to G1 phase arrest (13,14),
the present study showed that there was no difference in the
percentage of cells in each phase of the cell cycle between the
untreated GCTSCs and those treated with thBMP-2 for 48 h.

Therefore, the present study confirmed that BMP-2 inhibits
cell growth in vitro by inducing apoptosis in GCTSCs. The
observed increase in cell apoptosis may be associated with
the upregulation of phospho-p38, phospho-ERK1/2 and
phospho-JNK, and the stimulation of MAPK signaling path-
ways.

In conclusion, BMP-2 inhibited GCTSC proliferation
through the induction of apoptosis. The results demonstrate
that thBMP-2 is suitable for use as an antineoplastic thera-
peutic agent for the treatment of GCT.
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