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Abstract
Coleusin factor is a diterpenoid compound isolated from the root of a tropical plant, Coleus forskohlii.
Although Coleusin factor has been reported to suppress proliferation of and induce apoptosis in several
types of cancer cells, the effects of Coleusin factor on osteosarcoma and the underlying mechanism are still
not fully understood. In this study, we show that Coleusin factor treatment potently inhibits the growth of
osteosarcoma cells associated with G1 cell-cycle arrest. Interestingly, apoptosis and cell death are not
induced. Instead, Coleusin factor causes osteosarcoma cells to exhibit typical properties of differentiated
osteoblasts, including a morphologic alteration resembling osteoblasts, the expression of osteoblast differentiation markers, elevated alkaline phosphatase activity, and increased cellular mineralization. Coleusin
factor treatment significantly increases the expression of bone morphogenetic protein-2 (BMP-2), a crucial
osteogenic regulator, and runt-related transcription factor 2 (RUNX2), one of the key transcription factors of
the BMP pathway. When BMP-2 signaling is blocked, Coleusin factor fails to inhibit cell proliferation and to
induce osteoblast differentiation. Thus, upregulation of BMP-2 autocrine is critical for Coleusin factor to
induce osteoblast differentiation and exert its anticancer effects on osteosarcoma. Importantly, administration of Coleusin factor inhibits the growth of osteosarcoma xenografted in nude mice without systemic or
immunologic toxicity. Osteosarcoma is a highly aggressive cancer marked by the loss of normal differentiation. Coleusin factor represents a new type of BMP-2 inducer that restores differentiation in osteosarcoma
cells. It may provide a promising therapeutic strategy against osteosarcoma with minimal side effects. Mol
Cancer Ther; 13(6); 1431–41. 2014 AACR.

Introduction
Derived from osteoblast, osteosarcoma is the most
common malignant bone cancer and a primary cause of
cancer-related deaths in children and adolescents (1, 2).
The progression of disease is characterized by aggressive
tumor growth, frequent recurrence, and a high risk of
pulmonary metastasis (3). Loss of differentiation and
absent expression of osteoblast markers represent another
important feature of osteosarcoma. More than 80% of
osteosarcoma cells are either poorly differentiated or
undifferentiated, and the well-differentiated tumors are
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classified as low-grade category (4, 5). It has been reported
that the disruption of differentiation results in the development of osteosarcoma, whereas osteoblast differentiation promotes cell-cycle arrest and inhibits tumor proliferation (6, 7). Despite conventional chemotherapy and
surgical excision of tumors, the long-term survival rate of
patients with osteosarcoma is still low, as the 5-year
survival rate is only 60% (8). Adverse effects and chemoresistance with chemotherapies also challenge current
clinical treatment of osteosarcoma and limit the quality of
life of patients (9–11). Therefore, induction of noncytotoxic cell differentiation may provide an alternative
approach for osteosarcoma treatment.
Bone morphogenetic proteins (BMP) are multifunctional growth factors that belong to the TGFb superfamily. BMPs play important roles in bone tissue formation and remodeling (12–14). Compared with the
other BMP members, BMP-2 is a dominant factor in
postnatal skeletal homeostasis (15). It has been demonstrated that osteoprogenitor cells from BMP-2–deficient
mice exhibit impaired differentiation into fully functional osteoblasts (16, 17). Limb-specific BMP-2 knockout mice have spontaneous fractures that fail to resolve
with time, and other osteogenic stimulatory molecules
cannot compensate for the lack of BMP-2 (18). BMP-2
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blocks myogenic differentiation and skews osteoblast
differentiation of premyoblast by inducing the expression of differentiation markers, as well as mineralization
(19, 20). In addition, overexpression of BMP-2 in rat
osteosarcoma UMR106 cells inhibits proliferation and
results in the osteoblastic transdifferentiation (21).
Coleusin factor is a diterpenoid compound isolated
from a kind of tropical plant, Coleus forskohlii, which
grows in southern China. Our previous studies have
demonstrated marked anticancer effects of Coleusin
factor on different tumors. Coleusin factor increases
p27Kip1 while decreasing cyclin D1 in hepatoma cells,
resulting in a cell-cycle arrest at G0–G1 phase (22).
Coleusin factor treatment downregulates antiapoptotic
Bcl-2 family members and induces cytochrome c release
from mitochondria to cytosol in gastric cancer cells that
subsequently undergo caspase-3– and -9–dependent
apoptosis (23). Moreover, Coleusin factor can restore
the impaired gap junctional intercellular communication by upregulation of connexin 43 in rat osteosarcoma
cells (24). In the present study, we found that Coleusin
factor suppressed the growth of osteosarcoma cells both
in vitro and in vivo. Surprisingly, cell apoptosis and
death were not detected in the tumor cells treated with
Coleusin factor. Instead, significant osteoblastic morphology and phenotype changes were observed. BMP-2
production in osteosarcoma cells was dramatically
enhanced after Coleusin factor treatment. Specifically
blocking BMP-2 signaling diminished Coleusin factor–
induced differentiation and cell-cycle arrest of tumor
cells. Our study has demonstrated for the first time that
Coleusin factor functions as a potent inducer of transdifferentiation to osteosarcoma, which is mediated by
the activation of BMP-2 pathway.

Materials and Methods
Reagents and antibodies
Coleusin factor was purified from roots of Coleus
forskohlii. Briefly, the roots were cleaned, dried, and
abraded into powder, which was then processed with
solid-phase extraction using acetone (1:10) for 3 days.
The resulting products were further extracted with
petroleum ether (1:100) for 1 hour and with methanol
(1:100) for an additional hour. The resulting products
were processed by column chromatography with aluminum oxide and eluted with phenol. Finally, Coleusin
factor (purity > 99%) was obtained after high-performance liquid chromatography (HPLC) purification.
Coleusin factor was dissolved in absolute ethanol to
make 100 mmol/L stock solution, which was stored at
80 C. Coleusin factor was diluted to the concentrations of 25, 50, and 100 mmol/L with cell culture media
immediately before use. Anti-BMP-2, anti-RUNX2, antiALP, and anti-OC antibodies were purchased from
Santa Cruz Biotechnology. Anti-a-tubulin antibody was
purchased from Sigma-Aldrich. BMP-2 ELISA kit and
Noggin were purchased from R&D Systems.
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Cell lines and culture
Human osteosarcoma MG-63 cell line and U-2 OS cell
line were obtained from the American Type Culture
Collection and were passaged for fewer than 6 months
in our laboratory after resuscitation from frozen aliquots. MG-63 cells or U-2 OS cells were maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM;
Gibco) supplemented with 10% heat-inactivated FBS
(Hyclone Laboratories), 100 U/mL benzylpenicillin,
and 100 mg/mL streptomycin. Cells were treated with
25, 50, or 100 mmol/L Coleusin factor for 24, 48, 72, or 96
hours, and the final concentration of ethanol was
always <0.1%. The media containing 0.1% ethanol were
used as the vehicle control. In some experiments, Noggin was added to the cell cultures to inhibit BMP-2
signal pathway.
Cell count and cytotoxicity assay
Osteosarcoma cells were seeded into 24-well plates at
1  105 cells per well. The cells were treated with 25, 50,
or 100 mmol/L Coleusin factor or vehicle control for 24,
48, 72, and 96 hours and then harvested and counted at
indicated time points. The cell growth curve was plotted
on the basis of the data of triplicated experiments.
Cytotoxicity of Coleusin factor was examined with
lactate dehydrogenase (LDH) detection kit (Roche) following manufacturer’s instructions. Cells were seeded
and treated with Coleusin factor as described above,
and cell-free supernatant was collected. Substrate mixture from the kit was added to the supernatant. LDH
released from the damaged cells was directly correlated
to the amount of formazan formed. Absorbance of
formazan dye at 500 nm was measured using an ELISA
plate reader.
Cell-cycle analysis
Osteosarcoma cells were treated with Coleusin factor
for 72 hours. The cells were washed 3 times with PBS
without calcium and magnesium and fixed in 70% ethanol
overnight at 4 C. The cells were washed twice with icecold PBS by centrifugation at 300  g for 10 minutes and
then resuspended in staining solution, which contained
0.1% Triton X-100 and 500 mg/mL propidium iodide (PI).
After incubation in the dark for 30 minutes at room
temperature, the cells were analyzed by a flow cytometer
(FACSCalibur, BD Biosciences).
Annexin V-PI staining
MG-63 cells were treated with 25, 50, and 100 mmol/L
Coleusin factor for 72 hours. The cells were harvested
and washed 3 times with ice-cold PBS. A total of 1 
105 cells was resuspended in 100 mL binding buffer (10
mmol/L HEPES, 140 mmol/L NaCl, 2.5 mmol/L CaCl2)
containing fluorescein isothiocyanate (FITC)-conjugated
Annexin V (1 mg/mL) and PI (1 mg/mL). After incubation
at room temperature in the dark for 15 minutes, the stained
cells were analyzed by a flow cytometer.
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Morphologic analysis
MG-63 cells were cultured on the coverslips at a
density of 2  105 cells/mL and treated with 100
mmol/L Coleusin factor or vehicle control for 72 hours.
The cells were washed with PBS 3 times and stained with
Acridine Orange/Ethidium Bromide (AO/EB; SigmaAldrich) for 10 minutes in the dark. After washing with
PBS, the cells were observed under a fluorescent microscope. To examine the cell shape change, MG-63 cells
were cultured in 24-well plates and treated with Coleusin
factor for 72 hours. The cells were either observed under
a light microscope or harvested and processed for scanning electron microscopy.
Reverse transcription PCR and quantitative realtime reverse transcription PCR
Total RNA of osteosarcoma cells after Coleusin factor
treatment was isolated using TRIzol reagent (Gibco),
according to manufacturer’s instructions. First strand of
cDNA was synthesized using an oligo(dT)15 primer
and moloney murine leukemia virus reverse transcriptase (TaKaRa). PCR was performed by mixing 1 mg
cDNA as template, 2.5 mL of 10 PCR buffer, 10 mmol
dNTP, 1 mmol sense primer, 1 mmol antisense primer,
and 2 U Taq DNA polymerase in a final volume of 25 mL.
Each PCR cycle consisted of a denaturing step for 40
seconds at 94 C, an annealing step for 40 seconds at
57 C, and an extension step for 40 seconds at 72 C. PCR
products were visualized by 1% agarose gel and stained
with ethidium bromide. b-Actin was used as the loading
control. Quantitative real-time reverse transcription
PCR (RT-PCR) analysis was carried out using one-step
RT-PCR kit (Bio-Rad) in accordance with the manufacturer’s instructions. The levels of different transcripts
were calculated using the DDCt method, and results
were normalized to the expression of b-Actin. Primer
sequences of genes tested are listed in Supplementary
Tables S1 and S2.
Alkaline phosphatase activity assay
Osteosarcoma cells were seeded into 24-well plate at 1 
105 cells per well and treated with Coleusin factor with or
without Noggin for 72 hours. The medium was removed
and cells were washed with ice-cold PBS 3 times. Then, the
cells were harvested in 1-mL 0.2% Nonidet P-40 and
further disrupted by sonication for 10 seconds. After
centrifugation at 1,500  g for 10 minutes, the supernatant
was used to measure alkaline phosphatase (ALP) activity
as well as the total protein concentration as described
before (25).
Mineralization assay
Osteosarcoma cells were seeded into 24-well plate at
1  105 cells per well and treated with Coleusin factor
with or without Noggin for 72 hours. The cells were
washed with PBS without calcium and magnesium and
fixed with 70% ethanol for 15 minutes. After fixation, the
cells were washed with deionized water and then
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stained with 2% by Alizarin red S (Sigma-Aldrich)
solution prepared in distilled water (pH ¼ 4.2) for 30
minutes at room temperature. Unbounded dye was
removed by washing cells 3 times with deionized water.
After taking photos, Alizarin red S was eluted with 10%
cetylpyridinium chloride in 10 mmol/L sodium phosphate (pH 7.0) and was quantified by measuring absorbance at 550 nm.
Western blot
Osteosarcoma cells were treated with Coleusin factor or
Coleusin factor plus Noggin. The cells were washed 3
times with ice-cold PBS and were incubated with lysate
buffer [20 mmol/L HEPES, pH 7.5, 200 mmol/L NaCl, 0.2
mmol/L EDTA, 1% Triton X-100, 0.05% SDS, 0.5 mmol/L
dithiothreitol (DTT), 1 mmol/L Na3VO4, 20 mmol/L
b-glycerophosphate, 1 mmol/L phenylmethylsulfonyl
fluoride, 10 mg/mL aprotinin, and 10 mg/mL leupeptin]
at 4 C for 30 minutes. After centrifugation at 12,000  g for
5 minutes, the supernatant was collected. The amount of
protein was determined from the calibration curve of
bovine serum albumin as measured by spectrophotometry analysis. Equal amounts of protein samples (100 mg)
were loaded and electrophoresed by 10% SDS-PAGE and
transferred to a nitrocellulose membrane (Hybond). The
membrane was blocked in TBST containing 5% no-fat milk
for 2 hours at room temperature, incubated with primary
antibody overnight at 4 C, followed by incubation with
peroxidase-conjugated secondary antibody for 2 hours at
room temperature. Blots were developed by a chemiluminescence ECL detection kit (Pierce).
In vivo tumor inhibition assay
Female Balb/c nude mice, 4 to 6 weeks old and 18 to
22 grams in body weight, were purchased from Beijing
University Health Science Center (Beijing, China). Mice
were maintained in pathogen-free condition and fed
with sterilized food and water. MG-63 cells (1  107
cells per mouse) were injected subcutaneously in the
flank and allowed to grow until tumors reached an
average size of 80 mm3. Then, the mice were randomly
assigned to control and experimental groups. The
tumor-bearing mice were orally administered 0.4 mL
saline as control or 50, 100, and 200 mg/kg Coleusin
factor one time per day for 28 days. At the end of
experiments, the mice were sacrificed, and tumors and
spleens were collected and weighed. Body weight of the
mice, which excluded the tumor mass, was also determined. The volume of tumor was calculated with the
following formula: tumor volume ¼ (length  width2)/2.
The toxicity of Coleusin factor was measured by the
body weight and spleen index: (spleen weight/body
weight)  1000. Frozen sections of tumor were prepared
to detect BMP-2 expression by immunofluorescence
staining. All the experiments were performed according
to the guidelines of Beijing Animal Care for Laboratory
Animals.
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Figure 1. Coleusin factor (CF)
inhibits the growth of
osteosarcoma cells without
inducing cell death. A, the chemical
structure of Coleusin factor. B,
MG-63 or U-2 OS cells were
seeded into 24-well plates at 1 
5
10 cells per well. The cells were
treated with 25, 50, or 100 mmol/L
Coleusin factor for 24, 48, 72, and
96 hours, and the cell numbers
were counted. C, viability of the
cells was determined by trypan
blue staining. D, supernatant from
the cell culture was collected to test
LDH activity at indicated time
points. E and F, MG-63 or U-2 OS
cells were treated with 25, 50, or
100 mmol/L Coleusin factor for 72
hours, and then the cells were
harvested to analyze the cell cycle
by ﬂow cytometry. Data shown are
the representative staining proﬁles
of DNA content in MG-63 cells (E)
and the frequency of each cellcycle phase within the total cells
(F). Quantitative data are shown as
means  SD from three
independent experiments.
Asterisks indicate statistically
signiﬁcant differences compared
with the control cultures without
added Coleusin factor ( , P < 0.05;

, P < 0.01;    , P < 0.001).

Statistical analysis
All experiments were carried out at least 3 times to
assess reproducibility. Quantitative data were processed by GraphPad Prism 5.0 (GraphPad Software)
and presented as the mean  SD. The statistical significance was assessed on the basis of an unpaired 2-tailed
Student t test, and P < 0.05 was considered to be
significant.
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Results
Coleusin factor inhibits osteosarcoma proliferation
and the cell cycle without cytotoxicity
Coleusin factor is a novel diterpenoid compound with a
chemical structure of C22H34O7 and a molecular weight of
410.51 (Fig. 1A). To test the anticancer effects of Coleusin
factor on osteosarcoma, we treated human osteosarcoma
MG-63 cells or U-2 OS cells with different concentrations
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of Coleusin factor (25, 50, and 100 mmol/L) for 96 hours.
Coleusin factor inhibited the growth of osteosarcoma cells
in both dose- and time-dependent manners. Especially
100 mmol/L Coleusin factor exhibited the most striking
effects to suppress cell proliferation (Fig. 1B). However,
based on the results of trypan blue staining, Coleusin
factor–treated cells did not show significant reduction in
viability compared with the control group, indicating
Coleusin factor had limited cytotoxicity to osteosarcoma
cells (Fig. 1C). LDH enzyme activity in the cell culture
supernatant is related to the number of cells with disrupted plasma membrane (26). We tested the LDH activity
every 24 hours after Coleusin factor treatment, and the
results demonstrated that LDH activity of Coleusin factor–treated osteosarcoma cells was not increased compared with nontreated cells (Fig. 1D).
Retarded cell growth is always associated with cellcycle arrest. Therefore, we examined cell-cycle distribution as determined by flow cytometry after osteosarcoma
cells were treated with 20, 50, and 100 mmol/L Coleusin
factor for 72 hours. Coleusin factor increased the frequency of cells in G0–G1 phase and decreased the cells in Sphase and G2–M phase. Statistical analysis revealed that
Coleusin factor induced G0–G1 cell-cycle arrest in osteosarcoma cells in a dose-dependent manner. Furthermore,
no significant increase of the dead cells (sub-G1 phase)
was observed after Coleusin factor treatment (Fig. 1E and
F; Supplementary Tables S3 and S4). Thus, Coleusin factor
inhibited the growth of osteosarcoma cells without leading to cell death or cell membrane damage.
Coleusin factor treatment does not induce apoptosis
of osteosarcoma
Because we did not observe cell death of osteosarcoma
cells after Coleusin factor treatment, we sought to determine whether Coleusin factor could induce apoptosis,
which may not be detected by trypan blue staining or
LDH kit. MG-63 cells were treated with Coleusin factor
for 3 days, and Annexin V/PI (AV/PI) staining, and flow
cytometric analysis was used to determine the different
stages of apoptosis. The frequency of early-phase apoptotic cells (AVþ/PI) and late-phase apoptotic cells
(AVþ/PIþ) was not significantly upregulated by all concentrations of Coleusin factor compared with the control
group. Majority of the Coleusin factor–treated osteosarcoma cells still remained variable (AV/PI), and very
few necrotic cells (AV/PIþ) were observed (Supplementary Fig. S1A–S1C). We further assessed the frequency of apoptotic cells using AO/EB double staining, in
which AO stained normal cells whereas EB only stained
apoptotic cells (27). After treatment with Coleusin factor
of the highest concentration (100 mmol/L) for 3 days,
almost no MG-63 cell was stained by EB, which would
show cardinal red fluorescence, and all the cells were
normally stained by AO, showing green fluorescence
(Supplementary Fig. S1D). Hence, Coleusin factor inhibited the growth of osteosarcoma cells without inducing
apoptosis.
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Morphologic changes of MG-63 cells
On the basis of the results of AO/EB staining, we
noticed interesting morphology changes of MG-63 cells.
After treated with Coleusin factor, MG-63 cells demonstrated a long and thin cellular process, together with a
reduced nucleus size and cell volume (Supplementary
Fig. S1D). The morphology of control and Coleusin factor–
treated cells was also compared under a light microscope.
Similarly, Coleusin factor induced transformation of osteosarcoma cells from fibroblast shape toward spindle
shape (Fig. 2A). An important feature of malignant cells
is abundant atypical microvilli on the cell surface. We observed the MG-63 cells under a scanning electron microscope after treatment with Coleusin factor at various
doses. Coleusin factor treatment resulted in marked loss
of microvilli in a dose-dependent manner (Fig. 2B).
Coleusin factor treatment induces osteoblastic
differentiation of osteosarcoma cells
The diminished cell growth and morphologic changes
indicated that Coleusin factor treatment might result in
the osteoblastic differentiation of MG-63 cells and U-2 OS
cells. To test this possibility, we examined the expression
of osteoblastic markers after treatment with Coleusin
factor. Coleusin factor dramatically upregulated the
mRNA levels of early osteoblastic differentiation markers
alkaline phosphatase (ALP) and type I collagen (Col I), as
well as late osteoblastic differentiation markers osteopontin (OPN) and osteocalcin (OC), in a dose-dependent
manner (Fig. 3A and B). Consistently, protein levels of
ALP and OC were also remarkably increased in MG-63
cells and U-2 OS cells (Fig. 3C and D). ALP activity in both

Figure 2. Morphologic changes of osteosarcoma cells after Coleusin
factor (CF) treatment. A, MG-63 cells were treated with 100 mmol/L
Coleusin factor for 72 hours and observed under an inverted microscope.
Representative images are displayed (bar, 10 mm). B, MG-63 cells were
treated with different concentrations of Coleusin factor for 72 hours
and then harvested and processed for observation under a scanning
electron microscope. Representative images are displayed (bar, 5 mm).
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Figure 3. Coleusin factor (CF) induces osteoblastic differentiation of MG-63 and U-2 OS cells. A, MG-63 cells were treated with different concentrations
of Coleusin factor for 72 hours, and mRNA levels of ALP, Col I, OPN, and OC were determined by RT-PCR. B, the mRNA expression levels of
indicated genes were quantiﬁed by real-time RT-PCR. C and D, protein levels of ALP and OC in MG-63 cells (C) and U-2 OS cells (D) were determined by
Western blotting. E, ALP activity was examined after osteosarcoma cells were treated with Coleusin factor for 72 hours. F and G, MG-63 cells (F) or
U-2 OS cells (G) were treated with Coleusin factor for 72 hours, and expression of RUNX2 was detected by Western blotting. H, osteosarcoma cells
were treated with Coleusin factor for 72 hours and then were stained with Alizarin red S. Top, representative staining of MG-63 cells. Bottom,
quantitative data of mineralization in both cell lines. Quantitative data are shown as means  SD from three independent experiments. Asterisks indicate
statistically signiﬁcant differences compared with the control cultures without added Coleusin factor ( , P < 0.05;   , P < 0.01).

cell lines was enhanced by Coleusin factor treatment
compared with the control group (Fig. 3E). The expression
of RUNX2, which is a crucial transcription factor of osteoblast differentiation, was also elevated in a dose-dependent manner after Coleusin factor treatment (Fig. 3F and
G). Furthermore, significant mineralization of MG-63 cells
and U-2 OS cells was induced by Coleusin factor, demonstrated by Alizarin red staining assay (Fig. 3H). These
results indicated that Coleusin factor exerted antiosteosarcoma effects by inducing osteogenic differentiation.
Coleusin factor upregulates BMP-2 production in
osteosarcoma cells
We next sought to find out the mechanism of osteosarcoma cell differentiation triggered by Coleusin factor.
Because BMPs play important roles in osteoblastic differentiation in that they regulate the expression of RUNX2,
we first compared the RNA level of several members of
the BMP family in MG-63 cells before and after Coleusin
factor treatment. After incubation with 100 mmol/L
Coleusin factor for 72 hours, only BMP-2 expression was
significantly stimulated, whereas BMP-3, 4, and 6 levels
were not changed, and BMP-12 was not detected in MG-63
cells (data not shown). Elevation of BMP-2 mRNA expres-
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sion in response to Coleusin factor treatment was in a
dose-dependent manner (Fig. 4A and B). Similarly, BMP-2
protein expression in both MG-63 cells and U-2 OS cells
was also markedly upregulated by Coleusin factor (Fig.
4C). In addition, we tested the amount of BMP-2 secreted
by osteosarcoma cells using ELISA. BMP-2 production
in both cell lines was dramatically increased after Coleusin factor treatment in a dose- and time-dependent manner (Fig. 4D and E). These results demonstrated that
Coleusin factor was potent in inducing autocrine BMP2 in osteosarcoma cells, which may lead to osteogenic
differentiation.
BMP-2 is critical for Coleusin factor–mediated
osteoblastic differentiation
To determine whether the Coleusin factor–induced
osteosarcoma transdifferentiation is dependent on the
production of BMP-2, we used the BMP-2 inhibitor
Noggin into the cell cultures. The inhibited cell growth
caused by Coleusin factor was restored when Noggin
was added in the MG-63 cell cultures (Fig. 5A) as well as
U-2 OS cell cultures (Supplementary Fig. S2A). Noggin
reversed the upregulation of the mRNA levels of ALP
and OC induced by Coleusin factor (Fig. 5B and
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Figure 4. Coleusin factor (CF) increases BMP-2 production in osteosarcoma cells. A, MG-63 cells were treated with different concentrations of Coleusin factor
for 72 hours. The mRNA levels of BMP-2 were determined by RT-PCR. B, changes of BMP-2 mRNA expression in MG-63 cells and U-2 OS cells were
quantiﬁed by real-time RT-PCR. C, protein levels of BMP-2 in both cell lines were determined by Western blotting. D, supernatant of the cell culture was
collected after 72 hours, and the amount of BMP-2 produced by MG-63 cells and U-2 OS cells was examined by ELISA. E, osteosarcoma cells were
treated with 100 mmol/L Coleusin factor for 24, 48, and 72 hours. The supernatant was collected at each time point to test BMP-2 production by ELISA.
Quantitative data are shown as means  SD from three independent experiments. Asterisks indicate statistically signiﬁcant differences compared with the
control cultures without added Coleusin factor or compared with the cells before Coleusin factor treatment ( , P < 0.05;   , P < 0.01;   , P < 0.001).

Supplementary Fig. S2B). Moreover, Noggin significantly inhibited the Coleusin factor–enhanced ALP activity
(Fig. 5C and Supplementary Fig. S2C) associated with
reduced RUNX2 expression (Fig. 5D) in a dose-dependent manner. The mineralization of MG-63 cells and U-2
OS cells triggered by Coleusin factor was also diminished in the presence of Noggin (Fig. 5E and Supplementary Fig. S2D). These data demonstrated that Coleusin factor failed to inhibit proliferation and to induce
differentiation of osteosarcoma cells when the BMP-2
signal pathway was blocked. Thus, BMP-2 is crucial for
Coleusin factor–mediated osteoblastic differentiation
and antitumor effects against osteosarcoma.
Coleusin factor inhibits osteosarcoma growth in vivo
The in vivo antiosteosarcoma effects of Coleusin factor
were examined in nude mice bearing MG-63 tumor cells.
When the tumor size reached about 80 mm3, the mice were
orally administered low, medium, and high doses
of Coleusin factor (50, 100, and 200 mg/kg) daily for 28
days. Coleusin factor treatment dramatically inhibited
the growth of xenografted MG-63 cells as shown by the
diminished tumor weight and size compared with the
control group. Coleusin factor at 200 mg/kg was more
effective than the other 2 doses, indicating dose dependency (Fig. 6A–C). Importantly, Coleusin factor administration potently increased BMP-2 production within the
tumors, which may contribute to tumor growth inhibition
(Supplementary Fig. S3). No significant loss of body mass
was observed in the mice treated with Coleusin factor (Fig.
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6D), and there was no obvious change in the spleen index,
either (Fig. 6E). Thus, our data have suggested that Coleusin factor is an effective antiosteosarcoma agent with
minimal side effects.

Discussion
Osteosarcoma accounts for about 5% of all types of
childhood cancer, and it is the most common primary
bone cancer in children and young adults (3, 28). Clinical
treatment of osteosarcoma faces great challenges. First,
osteosarcoma is highly resistant to multiagent chemotherapy, probably because it expresses a cluster of genes that is
consistent with chemoresistance (29, 30). Second, conventional chemotherapy is always accompanied with toxic
and adverse effects that compromise the life quality of
patients (31). Thus, induction of the terminal differentiation may provide an alternative treatment against osteosarcoma. Loss of differentiation is a prominent feature of
osteosarcoma. Osteosarcoma cells maintain excessive
proliferation which is inversely related to the progress of
differentiation (6). Our data have shown that Coleusin
factor remarkably inhibits the growth of osteosarcoma
cells in a dose- and time-dependent manner (Fig. 1B).
Surprisingly, Coleusin factor did not reduce the viability
of the tumor cells. The enzyme activity of supernatant
LDH, which is only released when cell membrane is
damaged, was not elevated even by 100 mmol/L Coleusin
factor (Fig. 1C and D). The results of AV/PI and AO/EB
staining demonstrate that the proportion of apoptotic cells
was not significantly higher in the MG-63 cells treated
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Figure 5. BMP-2 is critical for Coleusin factor (CF)–mediated differentiation of osteosarcoma. MG-63 cells were incubated with Coleusin factor and
Noggin at indicated doses for 72 hours. A, total cell numbers were counted and compared. B, the mRNA levels of ALP and OC were determined
by RT-PCR. C, ALP activity was tested. D, the expression of RUNX2 was determined by Western blotting. E, cells were stained with Alizarin
red S (top). Quantitative data of mineralization are shown (bottom). Quantitative data are shown as means  SD from three independent
experiments. Asterisks indicate statistically signiﬁcant differences compared among the indicated groups ( , P < 0.05;   , P < 0.01;    , P < 0.001).

with Coleusin factor than the control group (Supplementary Fig. S1). Different from its anticancer mechanism
reported before, Coleusin factor may not directly induce
apoptosis and death of osteosarcoma cells.
Coleusin factor triggered MG-63 cells toward a spindle
shape alteration, associated with the reduced nucleus size
and cell volume (Supplementary Fig. S1D and Fig. 2A).
Moreover, the microvilli on the tumor cell surface were
dramatically diminished by Coleusin factor treatment
(Fig. 2B). The number of microvilli is an indicator of
malignance, as more microvilli are found on the tumor
cells with high growth and metastatic potential than on
those with low growth potential (32). The morphologic
changes suggested that Coleusin factor may induce the
osteogenic differentiation of osteosarcoma cells. Indeed,
after treatment with Coleusin factor, levels of typical
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markers for osteoblastic differentiation were upregulated
(Fig. 3A–D). ALP is a well-documented early marker of
osteogenesis, and its expression level is much lower in
osteosarcoma cells than in normal osteoblasts (33). The
osteoblasts derived from ALP-deficient mice are unable to
form mineralized nodules (34). Increased ALP activity is
closely associated with osteoblastic differentiation (35).
We have observed upregulation of ALP expression in
osteosarcoma cells with Coleusin factor treatment in a
dose¼dependent manner, and ALP activity is also significantly elevated (Fig. 3E). Col I is the major organic
component of bone extracellular matrix. Col I is not only
a marker of osteoblastic differentiation, it also can induce
the osteoblastic differentiation of bone marrow cells
(36). OPN is produced by differentiated osteoblasts and
deposited in the mineralizing matrix. OC starts to appear
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Figure 6. Coleusin factor (CF) inhibits osteosarcoma growth in vivo. A, MG-63 cells (1  10 cells) were inoculated subcutaneously into the ﬂanks of
3
Balb/c nude mice and were allowed to grow until tumors reached an average size of 0.08 cm . The tumor-bearing mice were orally administered
0.4 mL saline or 50, 100, and 200 mg/kg Coleusin factor one time per day for 28 days. Tumor volume was measured using a caliper at indicated time points.
B, at the end of the experiments, mice were sacriﬁced and tumors were collected. C, data show the weights of tumors. D, the body weights of mice
(excluding tumor weights) were measured before and after treatment with Coleusin factor. E, weight of the spleen was measured at the end of the experiments,
and the spleen index was calculated. Quantitative data are shown as means  SD from three independent experiments. Asterisks indicate statistically
signiﬁcant differences compared with the control mice that were administered saline ( , P < 0.05;   , P < 0.01;   , P < 0.001).

only before the mineralization and its level increases with
the process of mineralization. Both OPN and OC are
recognized as markers of late stage of osteoblastic differentiation (33, 37). In addition to the analyses of these 4
markers, we also examined the level of mineralization.
The results further confirmed that the lost differentiation
in osteosarcoma cells was restored of by Coleusin factor
treatment (Fig. 3H).
Several anticancer compounds and agents have been
reported to inhibit osteosarcoma growth via inducing
differentiation. Ginsenoside Rg1, cinnamic acid, and tanshinone IIA (RCT) stimulate the differentiation of osteosarcoma MG-63 cells accompanied with the translocation
of prohibitin from nucleus to cytoplasm, which may
interact and regulate oncogenes and tumor suppressor
genes (38). Sustained treatment of low-dose LBH589, a
histone deacetylase inhibitor, induces terminal osteoblastic differentiation and cell-cycle arrest of osteosarcoma
cells without inducing cell death (39). Estrogens and
phytoestrogens have been shown to downregulate EGF
receptor (EGFR) on osteosarcoma U-2 OS cells and subsequently result in the growth inhibition and osteoblast
differentiation. It suggests that estrogen receptor and
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EGFR pathway may be linked together in the regulation
of osteogenesis (40). Retinoic acid (RA) suppresses phosphorylation of RA receptor a (RARa) and induces expression of a downstream target, fibroblast growth factor 8f, to
mediate the differentiation of osteosarcoma cells (41).
Furthermore, activation of PPARg and RAR demonstrates
a synergistic effect in inhibiting osteosarcoma cell growth
and promoting differentiation of osteosarcoma cells (42).
Our data demonstrated that osteoblastic differentiation
was induced by Coleusin factor treatment through a novel
pathway, in which BMP-2 expression was significantly
upregulated in osteosarcoma cells (Fig. 4). BMPs play
important roles in regulating osteogenic maturation and
bone formation (14). Among the BMPs tested in our experiments, only BMP-2 expression was significantly increased
after Coleusin factor treatment. BMP-2 production and
secretion was triggered in a dose- and time-dependent
manner, demonstrated by the results of Western blotting
and ELISA (Fig. 4). BMP-2 binds to 2 types of receptors,
BMPRI and BMPRii, to form a heterocomplex of the 2 receptors. Activation of BMP receptors triggers phosphorylation of Smad1 and Smad5, which subsequently combine
with Smad4. The Smad complexes translocate into nucleus
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and interact with RUNX2 to induce osteoblast-specific
gene expression (14, 43). RUNX2 is a critical transcription
factor in osteogenesis. Overexpression of RUNX2 upregulates ALP activity, increases the expression of Col I, OPN,
and OC, as well as promotes the calcium accumulation
(44). On the other hand, RUNX2-deficient mice cannot
generate mature osteoblasts (45). The expression and function of RUNX2 are disrupted in osteosarcoma cells, and
ectopic-expressed RUNX2 induces a p27KIP1-dependent
growth inhibition and G1 cell-cycle arrest (46). Coleusin
factor treatment resulted in the upregulation of RUNX2 in
osteosarcoma cells (Fig. 3C), which may not only facilitate
to transduce the signal initiated by antocrine BMP-2 but
also lead to the cell-cycle arrest (Fig. 1E and F). BMP-2
pathway has been reported to negatively regulate growth
of various tumor cells, including myeloma (47), prostate
cancer (48), breast cancer (49), and renal cell carcinoma (50).
Our data indicated that BMP-2 production induced by
Coleusin factor may inhibit proliferation via promoting
differentiation of osteosarcoma cells. When BMP-2 pathway was blocked by Noggin, Coleusin factor failed to
suppress the growth of MG-63 cells and U-2 OS cells and
failed to induce the phenotype of osteoblast differentiation
as well (Fig. 5 and Supplementary Fig. S2). These data
indicated that the anticancer effect of Coleusin factor
against osteosarcoma was dependent on the upregulation
of autocrine BMP-2.
Moreover, we found that Coleusin factor remarkably
inhibited tumor growth in the nude mice xenografted
with osteosarcoma cells. Coleusin factor reduced both
tumor sizes and weights in a dose-dependent manner
(Fig. 6A–C), potentially due to the elevated production of
BMP-2 in tumor cells triggered by Coleusin factor administration (Supplementary Fig. S3). Continues Coleusin
factor treatment did not cause significant body weight
loss or increased spleen index, indicating marginal side
effects (Fig. 6D and E). Further studies are needed to
determine whether Coleusin factor inhibits growth of

primary human osteosarcoma cells via inducing BMP2–dependent differentiation.
Taken together, our present study has demonstrated for
the first time that Coleusin factor exhibits potent anticancer effects against osteosarcoma mediated by a novel
mechanism. Coleusin factor treatment efficiently upregulates the production of BMP-2 and the expression of key
transcription factor RUNX2, which subsequently restore
the lost differentiation of osteosarcoma cells. These findings suggest that Coleusin factor may serve as an effective
agent for osteosarcoma therapy with low risk of side
effects. Our study also suggests that targeting BMP-2 to
induce terminal differentiation may provide an efficient
strategy for the treatment of osteosarcoma.
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