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Abstract
Mesenchymal progenitor stem cells (MPCs) are a group of bone marrow stromal progenitor cells
processing osteogenic, chondrogenic, adipogenic and myogenic lineages differentiations. Previous
studies have demonstrated that bone morphogeneic protein 9(BMP9) is one of the most osteogenic BMPs both in vitro and in vivo, however, the underlying molecular mechanism of osteogenesis induced by BMP9 is needed to be deep explored. Here, we used the recombinant adenoviruses assay to introduce BMP9 into C3H10T1/2 mesenchymal stem cells to elucidate the role
of CXCL12/CXCR4 signal axis during BMP9-incuced osteogenic differentiation. The results
showed that CXCL12 and CXCR4 expressions were down-regulated at the stage of
BMP9-induced osteogenic differentiation, in a dose- and time-dependent. Pretreatment of
C3H10T1/2 cells with CXCL12/CXCR4 could significantly affect the early and mid osteogenic
markers alkaline phosphatase (ALP), osteocalcin (OCN), the transcription factors of Runx2, Osx,
Plzf and Dlx5 expression, through activating the Smad, MAPK signaling pathway. Addition of exogenous CXCL12 did not affect the changes of the late osteogenic marker calcium deposition.
Thus, our findings suggest a co-requirement of the CXCL12/CXCR4 signal axis in BMP9-induced
the early- and mid-process of osteogenic differentiation of MSCs.
Key words: CXCL 12, CXCR4, Bone Morphogenetic Protein 9, Mesenchymal Stem Cells, Osteogenic Differentiation.

1. Introduction
Mesenchymal progenitor cells (MPCs) are
non-hematopoietic and multipotent cells [1] that have
the capacity to self-new [2] and differentiate into diverse cell lineages including myoblasts, chondrocytes,
adipocytes and osteoblasts [3, 4]. Although MPCs
have been found in various tissues, including brain,
liver, gut, skeletal muscle, and adipose [5, 6], one of

the major sources is bone marrow, representing
0.001-0.01% of the nucleated cells [7]. While MPCs
isolating from various tissues share many similar
characteristics, they exhibit minor differences in their
expression profile and differentiation potential [6].
Osteogenesis is a sequential cascade that recapitulates
the most, if not all, of the cellular events occurring
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during embryonic and skeletal development [8]. Osteogenic differentiation of MPCs is a complex, tightly
regulated progress that critical for proper bone formation and is defined by several endogenous and
environmental factors, such as BMPs, Runx2, PPARγ,
and Wnt/β-catenin [9].
Bone morphogenetic proteins (BMPs), members
of transforming growth factors β (TGFβ) superfamily,
are known to play pivotal roles in regulating cell proliferation and differentiation during development
[10]. To date, at least 20 members of BMPs have been
identified [11]. BMPs fulfill their signaling activity by
interacting
with
two
trans-membrane
serine/threonine kinase receptors, BMPR type I and II
[12]. These activated receptor kinase transduce the
BMP signaling by phosphorylating the transcription
factor Smad1/5/8, which in turn form a heterodimeric complex with Smad4 in the nucleus and regulate the transcription of target genes [13]. Besides
Smads, the mitogen activated protein kinases
(MAPKs) have been demonstrated to be involved in
transmitting intracellular signaling of BMPs, including the extracellular signal-regulated kinases 1/2
(Erk1/2), Erk5, the Jun amino-terminal kinases
(JNKs), and the p38 MAPKs[14]. Several forms of recombinant BMPs (rhBMPs), the most notably rhBMP2
and rhBMP7, have been used as adjunctive therapy in
clinical [15]. Recent studies have indicated that BMP9,
one of the least studied BMPs, showing the most potent osteogenic activity in MPCs [12, 16]. Despite these
valuable discoveries, the molecular mechanism of
BMP9-induced osteogenic differentiation is still
largely obscure and warrants extensive studies.
The chemokine CXCL12 (stromal derived factors
1, SDF-1) belong to the C-X-C chemokine family and
was originally isolated from a murine bone marrow
stromal cell line as a growth-stimulating factor for the
B cell precursor clone [17]. CXCL12 is widely and
constitutively expressed by numerous tissues, juxtaposed in its expression with that of its cognate receptors, CXCR4 and CXCR7 [18]. Interactions between
CXCL12 and CXCR4 have been shown to modulate
the trafficking and proper engraftment of hematopoietic stem cell (HSCs) and reconstitution of hematopoiesis [19]. Other studies have implicated CXCL12 as
an important factor in promoting the survival and
migration of circulating tissue-specific progenitors
identified for muscle, neural, and liver, implicating
CXCL12 as an important maintenance factors in
postnatal tissue repair [20]. It has also been proved
that CXCR4 is expressed in malignant tumors and the
CXCL12/CXCR4 interaction is involved in tumor
progression particularly brain, breast tumors and osteosarcoma [21]. Recent studies demonstrated a reg-
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ulatory role of CXCL12 in osteogenic differentiation
induced by BMP2 in several sources of MPCs, including C2C12, ST2 [22] and bone-marrow derived
mesenchymal stromal cells [23]. However, it remains
unknown whether CXCL12/CXCR4 signaling axis is
involved in the osteogenic differentiation induced by
BMP9.
Based on these premises, we further hypothesized that CXCL12/CXCR4 signaling axis is required
for BMP9-induced o osteogenic differentiation of
MPCs. We find that BMP9-induced early osteogenic
markers, such as alkaline phosphatase (ALP), and
middle osteogenic markers, such as osteocaclin
(OCN),
are
synergistically
enhanced
by
CXCL12/CXCR4 signaling axis in vitro, instead of the
late osteogenic marker, calcium deposition. And the
regulatory effect of CXCL12/CXCR4 signaling axis is
mediated via intracellular Smad and MAPK activation.
These
results
strongly
suggest
that
CXCL12/CXCR4 signaling axis can effectively augment BMP9-induced osteogenic differentiation of
MPCs.

2. Materials and Methods
2.1 Cell line and culture conditions
HCT116, HEK293, HS5 and C3H10T1/2 mesenchymal stem cells were purchased from American
Type Culture Collection and maintained in complete
Dulbeccos modified Eagle medium (DMEM, Hyclone,
USA) supplemented with 10% fetal bovine serum
(FBS, GIBCO, USA) and 100 units/ml penicillin/streptomycin in a 5% CO2-humidified incubator
at 37 °C.

2.2 Recombinant adenoviruses over expressing
RFP, GFP, BMP9, CXCL12 and suppressing
CXCR4
Recombinant adenoviruses were generated using AdEasy system as demonstrated. Briefly, the
coding regions of human BMP9 and human CXCL12
were amplified by PCR and subcloned into an adenoviral shuttle vector pAdTrace-TOX and subsequently used to generate recombinant adenoviruses in
HEK293 cells. The small interfering RNA (siRNA)
target sites against the human CXCR4 coding region
were cloned into the homemade siRNA expression
pSES adenoviral shuttle vector to generate recombinant adenovirus in HEK293 cells. The resulting adenoviruses were packaged and designated as AdBMP9,
Ad-CXCL12and Adsi-CXCR4. Ad-BMP9 expressed
green fluorescent protein (GFP), whereas Ad-CXCL12
and Adsi-CXCR4 express red fluorescent protein
(RFP) as a marker for monitoring infection efficiency.
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Analogous adenovirus expressing only monomeric
RFP (Ad-RFP) or GFP (Ad-GFP) were used as controls.

2.3 Preparation of conditioned medium
BMP9 conditioned medium were prepared as
described. Briefly, subconfluent HCT116 cells in
75-cm2 flasks were infected with an optimal titer of
Ad-BMP9. At 15 hours after infection, the culture
medium was changed to serum-free DMEM. Conditioned medium was collected at 48 hours after infection and used immediately.

2.4 Total RNA isolation, RT-PCR, and real
time quantitative PCR (qPCR) analysis
Subconfluent cells were seeded in 75-cm2 cell
culture flasks in a medium supplemented with 0.5%
FBS with or without adenoviruses infection. Total
RNA was isolated using TRIZOL Reagents (Invitrogen, USA) according to the manufacturer’s instructions. RNA quality and integrity were verified using
the NanoDrop100 UV-Vis spectrophotometer (Thermo Scientific, USA). 2mg of total RNA were used to
generate cDNA templates by reverse transcription
with hexamer primers and the Prime Script kit
(TaKaRa, Japan). The first strand cDNA products
were further diluted and used as qPCR templates.
SYBR Green I dye-based qPCR analysis was carried
out using the Rotor-Gene 6000 Real-Time PCR machine (Corbett Research, Australia). Primers used are
listed in Table 1. Standard curves were used to determine RNA levels, and values were normalized to
GAPDH. Triplicate reactions were carried out for each
sample.

2.5 Western blotting analysis
Western blotting experiments were carried out
essentially as previously described. Briefly, cells first
washed with ice-cold PBS and lysed in 200μl RIPA
lysis buffer (BiYunTian, China). Cell lysates were
boiled for 10 min. The total cellular protein concentration of each supernatant was determined by using
the NanoDrop100 UV-Vis Spectrophotometer (Ther-
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mo Scientific, USA) and loaded onto a 10% gradient
SDS-PAGE. After electrophoresis separation, proteins
were transferred to PVDF membranes (Millipore,
USA). Membrane was blocked with Super-Block
Blocking Buffer, and probed with the primary antibody, followed by incubation with a secondary antibody (ZhongShan Goldenbridge Biotechnology, China) conjugated with horseradish peroxidase. The
proteins of interest were visualized using space
chemoluminescence reagent (Pierce, USA) in the
ChemiDoc™ XRS+ system (Bio-Rad, USA). Primary
antibodies were obtained from Santa Cruz, as follows:
Anti-CXCR4,
anti-phosphor-Smad1/5/8,
anti-Smad1/5/8, anti-phosphor-ERK1/2, anti-ERK1/2
and anti-β-actin.

2.6 ELISA
The protein concentrations of CXCL12 in the cell
lysates was determined by using ELISA Kits (Raybio,
China). Briefly, samples were added to the coated
wells with CXCL12 mAb of 96-well plates and incubated for 2h at room temperature. They were washed
three times and incubated with an HRP-linked streptavidin solution for 30 minutes at 37℃. The absorbance was measured at 450nm on the microplate reader
(Sunrise Remote, Switzerland) immediately. All the
experiments were repeated for three times.

2.7 Alkaline Phosphatase (ALP) Assay
The cells in the transfection groups and
non-transfection groups were harvested. ALP activity
was assessed at day 7 after transfection by a modified
Great Escape SEAP Chemiluminescence assay (BD
Clontech, CA) and/or histochemical staining assay
(using a mixture of 0.1 mg/ml napthol AS-MX phosphate and 0.6 mg/ml Fast Blue BB salt) as described.
For the chemiluminescence assays, each assay condition was performed in triplicate and the results were
repeated in for at least three times. ALP activity was
normalized by total cellular protein concentrations
among the samples. ALP staining assays were observed under light microscope.

Table 1. The sequence of PCR primers for each gene.
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2.8 Immunohistochemical staining
Immunohistochemical staining procedure was
constructed as described. Briefly, cells were seeded in
24-well cell culture plates. At day 14 after cultured,
cells were fixed in 4% paraformaldehyde for 10mins,
then washed twice with PBS and penetrated with
0.3% TritonX-100 (prepared in PBS) at room temperature for 10mins, followed by incubation with an anti-OCN antibody (Santa Cruz, USA), and then with
biotin-labeled secondary antibody (Zhongshan
Goldenbridge Biotech, China) at room temperature
for 30mins. Finally, cells were stained with DAB for
3-5mins and then washed with ddH2O briefly. In the
negative control, the primary antibody was replaced
with PBS. Cells with brown granules in the cytoplasm
were regarded to be positive for target protein. Each
assay condition was performed in triplicate and the
results were repeated in for least three times. Observe
and take images under microscope.

2.9 Alizarin Red S staining
Calcium deposition was detected by Alizarin
Red S staining, as described previously. Briefly, cells
were seeded in 24-well cell culture plates and cultured
in the presence of ascorbic acid (50μg/ml) and
β-glycerophosphate (10mmol/l). At day 21 after cultured, cells were fixed with 0.05% (v/v) glutaraldehyde at room temperature for 10 min. After being
washed with distilled water, fixed cells were incubated with 0.4% Alizarin Red S (Sigma-Aldrich, USA)
for 5 min, followed by extensive washing with distilled water. Each assay condition was performed in
triplicate and the results were repeated in for least
three times. The staining of calcium mineral deposits
was recorded under bright field microscopy.

2.10 Transfection and Luciferase Reporter
Assay
Luciferase reporter assay was carried out as described previously. In brief, the exponentially growing cells were seeded in 25-cm2 culture flasks and
transfected with 3.0μg per flask of BMP receptor
Smad-responsive luciferase reporter, p12xSBE-Luc
reporter (kindly provided by Dr. Di Chen of University of Rochester Medical Center), using LipofectamineTM 2000 (Invitrogen, USA). At 16h post transfection, cells were replated in 6-well cell culture plates
and treated with processing factors or solvent control.
At 36h after treatment, cells were lysed and subjected
to luciferase activity assays using Luciferase Assay Kit
(Promega, USA). Each assay condition was done in
triplicate and the results were repeated in for least
three times. Luciferase activity was normalized by
total cellular protein concentrations among the samples.
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2.11 Statistical analysis
Analysis of mRNA relative expression was performed using real-time quantitative PCR and 2-∆∆CT
method. Microsoft Excel was used to calculate standard deviations (SD) and statistically significant differences between samples using the independent
sample t-test. For all quantitative assays, each assay
condition was performed in triplicate and the results
were repeated in at least three independent experiments. All collected data were subjected to statistical
analysis. A P-value<0.05 was defined as statistically
significance. All data were analyzed by using SPSS
15.0.

3. Result
3.1 Expressing of CXCL12 and CXCR4 decreased during BMP9-induced osteogenic differentiation in C3H10T1/2 cells
Previously, it is reported that C3H10T1/2 cells
express CXCL12 mRNA and protein. However, the
regulation and potential role of CXCL12 and CXCR4
in BMP9-induced osteogenic differentiation of
C3H10T1/2 cells remained poorly understood. Then
we analyzed the expression of CXCL12 and CXCR4 by
real time PCR. Different titers of exogenous BMP9
were introduced into C3H10T1/2 cells using recombinant adenovirus assay as the 24h fluorescent infection efficiency 10%, 20%, and 30%, respectively. We
found that when Ad-BMP9 was introduced into
C3H10T1/2 cells for 1 day, no significant differences
in the mRNA levels of CXCL12 and CXCR4 could be
observed compared with base-line levels in control
cells stimulated with Ad-GFP. And stimulation with
20%Ad-BMP9 and 30%Ad-BMP9 for 2 days reduced
the mRNA levels of CXCL12 by 22.9% and 34.4%,
whereas the mRNA levels of CXCR4 was reduced by
24.4% and 30.7%, respectively. And stimulation with
10%Ad-BMP9, 20%Ad-BMP9 and 30%Ad-BMP9 for 4
days reduced the mRNA levels of CXCL12 by 39.4%,
60.2% and 77.2%, whereas the mRNA levels of CXCR4
was reduced by 34.6%, 57.4% and 67.9%, respectively
(p<0.01, Figure 1A, B).
At the same time, the protein levels of CXCL12
and CXCR4 were analyzed by ELISA and Western
Blot, respectively. When compared with the control
cells introduced with Ad-GFP, stimulation with different titers of Ad-BMP9 for 1 day did not significantly alter the level of CXCL12 protein, but CXCL12
synthesis declined 33.4%, 45.1%, and 61.5% upon
10%Ad-BMP9, 20%Ad-BMP9, and 30%Ad-BMP9
stimulation for 4 days, respectively (p<0.01, Figure
1C). Furthermore, Western Blot results showed that
30%Ad-BMP9 stimulation for 4 days decreased the
level of CXCR4 protein by 47.3%, relative to control
http://www.medsci.org
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cells (p<0.01, Figure 1D). These findings suggested
that CXCL12 and CXCR4 were both expressed in
mRNA and protein levels of C3H10T1/2 cells, while
the expressing was able to be reduced by the stimulation of BMP9, in a time- and dose-dependent.

3.2 Blocking the CXCR4 expressing decreased
the ALP activity induced by BMP9 in
C3H10T1/2 cells
In order to determine whether CXCL12/CXCR4
signal axis is directly involved in the osteogenic differentiation of C3H10T1/2 cells, we tested how inhibition of CXCR4 expression affects BMP9-induced
ALP activity, a well-established marker of early osteogenic differentiation. It is well established that
chemokines activate directional cell movement via Gi
protein-coupled signal transduction pathways. In the
case of the chemokine CXCL12, this signal is mediated
through its sole GPCR on the cell surface, CXCR4.
Pertussis toxin (PTX) is a broad spectrum inhibitor
that uncouples Gi proteins from GPCRs. Real time
PCR results suggested that treatment with 200ng/mL
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PTX was able to led a significant 86.9% inhibition of
ALP activity in C3H10T1/2 cells induced by
BMP9-CM, when compared with the cells treated by
BMP9-CM alone(p<0.01, Figure 2). In addition, the
suppressed effect of PTX on BMP9-induced ALP activity was not able to be rescued by the stimulation of
exogenous CXCL12 using recombinant adenovirus
assay (Figure 2).
To provide additional evidence for the role of
CXCR4 in BMP9-induced osteogenic differentiation,
we studied that the CXCR4 antagonist, AMD3100,
reduce BMP9-induced ALP activity by 76.9% in
C3H10T1/2 cells compared with the cells treated by
GFP-CM. And in the presence of Adsi-CXCR4,
BMP9-induced ALP activity was suppressed by 80.3%
(p<0.01, Figure 2). Whereas there were no significant
differences in ALP activity levels in cells treated with
PTX, AMD3100, and Adsi-CXCR4 alone when compared with control (Figure 2). These data indicated
that during the procedure of BMP-induced osteogenic
differentiation, CXCR4 is essential.

Fig 1. The expression of CXCL12 and CXCR4 affected by BMP9 in C3H10T1/2 cells. As controls, cells were maintained in culture medium without
adenoviruses infection or stimulated with Ad-GFP. A, B, The level of CXCL12 and CXCR4 mRNA expression affected by Ad-BMP9 were both detected
by qPCR and normalized to GAPDH. C, The level of CXCL12 protein expression was evaluated by ELISA. D, The level of CXCR4 protein expression in
C3H10T1/2 cells affected by 30%Ad-BMP9 for 4 days was detected by Western blot. The average signal intensity was standardized to β-actin. Data were
shown as means ± SD of triplicate experiments. *, p<0.01 versus the Ad-GFP group.
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Fig 2. Blocking the expression of CXCR4 affected the BMP9-induced ALP activity in C3H10T1/2 cells. The cells were pretreated with PTX at 200ng/ml for
4h alone or after the addition of Ad-CXCL12 for 6h prior to the stimulation of BMP9-CM or GFP-CM. In addition, cells were pretreated with 400μM
AMD3100 for 4h or Adsi-CXCR4 for 6h before stimulate with BMP9-CM or GFP-CM. As controls, cells were maintained in medium or stimulated with
Ad-RFP. The ALP activity in C3H10T1/2 cells was detected at 7 days after the BMP9 stimulation. Data were shown as means ± SD of triplicate experiments.
**and*, p<0.01 versus the Medium/GFP-CM group and Medium/BMP9-CM group, respectively.

Fig 3. Perturbing the CXCL12/CXCR4 signal axis after the stimulation of BMP9 did not affect the ALP activity in C3H10T1/2 cells. The cells were
pretreated with BMP9-CM or GFP-CM for 24h prior to the stimulation of Ad-CXCL12, anti-CXCL12 neutralizing antibody at 100μg/ml and Adsi-CXCR4,
or as controls, maintained in culture medium only or stimulated with Ad-RFP. The ALP activity in C3H10T1/2 cells was detected at 7 days after the
CXCL12/CXCR4 stimulation. Data were shown as means ± SD of triplicate experiments. **, p<0.01 versus the Medium/GFP-CM group.

3.3 The CXCL12/CXCR4 signal axis is a prerequisite for BMP9-induced ALP activity in
C3H10T1/2 cells
In the experiments described above, the
CXCL12/CXCR4 signal axis of cells was perturbed
before the stimulation of BMP9-CM. To confirm the
involvement of CXCL12/CXCR4 signaling in
BMP9-induced
osteogenic
differentiation
in
C3H10T1/2 cells, we added the BMP9-CM before the
addition of Ad-CXCL12, anti-CXCL12 neutralizing
antibody, and Adsi-CXCR4. No significant effects on
the BMP9-dependent induction of ALP activity was
able to be observed. In addition, treatment with
Ad-CXCL12, anti-CXCL12 neutralizing antibody, and
Adsi-CXCR4 alone did not affect ALP activity of cells

when compared with control cells maintained in medium only (Figure 3). The data suggested that the
CXCL12/CXCR4 signaling is a prerequisite for
BMP9-induced
osteogenic
differentiation
in
C3H10T1/2 cells.

3.4 Perturbing the CXCL12/CXCR4 signal axis
affected BMP9-induced osteogenic differentiation in C3H10T1/2 cells
To further document the detail roles of CXCL12
signaling in BMP9-induced osteogenic differentiation,
we further analyzed whether perturbing the
CXCL12/CXCR4 signal axis affected BMP9-induced
osteogenic differentiation of C3H10T1/2 cells. The
major data we measured were ALP quantitative assay
and staining assay, OCN synthesis and calcium dep-
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osition. Our data showed that stimulation of
BMP9-CM for 7 days significantly increased ALP activities by 19 folds over cells treated with GFP-CM.
Adding exogenous CXCL12 via recombinant adenovirus assay prior to BMP9 stimulation further enhanced the BMP9-induced ALP activity by 24.20%
compared with cells treated with BMP9-CM alone.
Moreover, pretreatment with anti-CXCL12 neutralizing antibody and Adsi-CXCR4 suppressed the
BMP9-induced ALP activity by 68.37% and 80.28%,
respectively, when compared with cells stimulated
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with BMP-CM alone (p<0.01, Figure 4A). Similar results were demonstrated by the ALP staining assay
(Figure 4B).
By immunocytochemistry, we also detected that
prior perturbing the CXCL12/CXCR4 signal axis by
anti-CXCL12 antibody or Adsi-CXCR4 for 14 days
decreased the BMP9-induced OCN synthesis, and the
OCN synthesis induced by BMP9 was enhanced by
the pretreatment of Ad-CXCL12, respectively, when
compared to cells treated with BMP9-CM alone (Figure 4C).

Fig 4. Perturbing the CXCL12/CXCR4 signal axis affected BMP9-induced ALP activity, OCN synthesis and calcium deposition in C3H10T1/2 cells. The
cells were stimulated with Ad-CXCL12, anti-CXCL12 neutralizing antibody at 100μg/ml and Adsi-CXCR4 for 6h prior to the stimulation of BMP-CM or
GFP-CM, as controls, maintained in culture medium only or stimulated with Ad-RFP. A: The ALP activity in C3H10T1/2 cells was detected at 7 days after
the BMP9-CM stimulation. Data were shown as means ± SD. **and*, p<0.01 versus the Medium/GFP-CM group and Medium/BMP9-CM group, respectively. B: The ALP staining assay in C3H10T1/2 cells was detected at 7 days after the BMP9-CM stimulation (100×). C: The OCN synthesis was detected by
immunocytochemistry at 14 days after the BMP9-CM stimulation (100×). D: The calcium deposition was detected by Alizarin Red staining at 21 days after
the BMP9-CM stimulation (100×). Experiments were carried out in triplicate and representative results are shown.
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Fig 5. Perturbing the CXCL12/CXCR4 signal axis affected BMP9-induced ALP activity in HS5 cells. The cells were stimulated with Ad-CXCL12, anti-CXCL12 neutralizing antibody at 100μg/ml and Adsi-CXCR4 for 6h prior to the stimulation of BMP-CM or GFP-CM, as controls, maintained in culture
medium only or stimulated with Ad-RFP. The ALP activity in HS5 cells was detected at 7 days after the BMP9-CM stimulation. Data were shown as means
± SD of triplicate experiments. **and*, p<0.01 versus the Medium/GFP-CM group and Medium/BMP9-CM group, respectively.

After 21 days of BMP9 stimulation, we detected
the synthesis of calcium by Alizarin Red staining.
BMP9-CM stimulation increased the calcium-staining
strongly. Moreover, the BMP9-stimulated calcium-staining was reduced by the pretreatment of both
anti-CXCL12 neutralizing antibody and Adsi-CXCR4.
However, pretreatment of exogenous Ad-CXCL12 did
not enhance the level of calcium deposition induced
by BMP9 compared with the cells treated with
BMP9-CM alone (Figure 4D).
Together, these results intensively suggested
that CXCL12/CXCR4 signal axis was involved in
regulation of BMP9-induced early and middle osteogenic differentiation in C3H10T1/2 cells.

3.5 Perturbing the CXCL12/CXCR4 signal axis
also affected the BMP9-induced ALP activity in
HS5 cells
According to the results we got from the
C3H10T1/2 cells above, we tested whether CXCL12
signaling involved in the BMP9-induced osteogenic
differentiation of another cell line. In previous studies,
we found that HS5 cells, which is a human bone
marrow-derived stromal cell line, undergoing the
function of osteogenic differentiation induced by
BMP9. Our data showed that stimulation of
BMP9-CM for 7 days significantly increased ALP activity over cells treated with GFP-CM. Pretreatment of
HS5 cells with anti-CXCL12 neutralizing antibody
and Adsi-CXCR4 reduced the BMP9 induced ALP
activity by 57.47% and 68.63%, respectively, while the
addition of exogenous Ad-CXCL12 prior to BMP9
stimulation enhanced the BMP9 induced ALP-activity
by 14.13% when compared with the cells treated with
BMP9-CM alone (p<0.01, Figure 5). The data suggested that the CXCL12/CXCR4 signal axis also
played an important role in BMP9-induced osteogenic

differentiation in
C3H10T1/2 cells.

HS5

cells

compared

with

3.6 Blocking the CXCL12/CXCR4 signal axis
inhibited the expression of osteoblast-associated transcription factors
Downstream of BMP9-induced osteogenic differentiation pathways is a cascade of crucial transcription factors, such as RUNX2 and OSX, which
promoted the regulation of osteogenic differentiation
markers, ALP, OCN and calcium deposition, et al.
Plzf is one of the early transcription factors upstream
of RUNX2,while Dlx5 is one of the early transcription
factors upstream of OSX. In order to determine the
endoneclear mechanism of CXCL12 involved in the
regulation of BMP9-induced osteogenic differentiation. We analyzed whether blocking CXCL12/CXCR4
signal axis affects the endoneclear transcription factors above.
After 6h of BMP9-CM stimulation, the time of
peak expression of RUNX2 and OSX in C2C12 cells
[22], we detected that all of the transcription factors
were strongly increased. Pretreatment with anti-CXCL12 neutralizing antibody and Adsi-CXCR4 for
6h, strongly reduced the BMP9-induced RUNX2 expression by 33.87% and 50.77% (p<0.01, Figure 6A),
and the BMP9-induced OSX expression was decreased by 51.02% and 56.32% when compared with
the control cells (p<0.01, Figure 6B), respectively. At
the same time, we got same tendency from the
BMP9-induced Plzf and Dlx5 expression in
C3H10T1/2 cells. Similarly, pretreatment with anti-CXCL12 neutralizing antibody and Adsi-CXCR4
inhibited the BMP9-induced Plzf expression by
36.31% and 46.27% (p<0.01, Figure 6C), and the Dlx5
expression was reduced by 47.64% and 55.67%
(p<0.01, Figure 6D) when compared with the control
http://www.medsci.org
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cells, respectively. Collectively, these data showed
that blocking the CXCL12/CXCR4 signaling inhibited
the expression of BMP9-associated transcription factors, such as RUNX2, Plzf, OSX and Dlx5.

3.7 The CXCL12/CXCR4 signal axis was involved in the phosphorylation of Smad1/5/8
and ERK1/2 in C3H10T1/2 cells
A recent study by XU et al [24] demonstrated
that BMP9 simultaneously promotes the activation of
Smad1/5/8 and ERK1/2 in C3H10T1/2 cells. In order
to further understand the molecule mechanisms of
hoe CXCL12/CXCR4 signal axis affected on the
BMP9-induced osteogenic differentiation, we examined how perturbing CXCL12 signaling affects the
activation of Smad1/5/8 and ERK1/2 induced by
BMP9.
In C3H10T1/2 cells, Western Blot results showed
that stimulation with BMP9-CM for 30min increased
the phosphorylation of Smad1/5/8 by 2 folds when
compared with the cells treated with GFP-CM (p<0.01,
Figure 7A, B). Pretreatment with anti-CXCL12 neutralizing antibody and Adsi-CXCR4 decreased the
BMP9-stimulated phosphorylation of Smad1/5/8 by
29.13% and 30.93% (p<0.05, Figure 7A, B), respective-
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ly, without affecting the total amounts of these transcription factors. At the same time, the addition of
Ad-CXCL12 increased the BMP9-induced phosphorylation of Smad1/5/8 by 23.92% (p<0.05, Figure 7A,
B).
To further ascertain that CXCL12 signaling affect
the Smad1/5/8, we used the BMP Smad-responsive
luciferase reporter. C3H10T1/2 cells were transfected
with 12×SBE-Luc reporters and treated with anti-CXCL12 neutralizing antibody and Adsi-CXCR4 for
24h, and then stimulated with BMP9-CM. Luciferase
activity was measured at 24h after BMP9-CM stimulation. The luciferase activity of treatment with
BMP9-CM alone was 5 folds than that in control, respectively. The addition of anti-CXCL12 neutralizing
antibody and Adsi-CXCR4 resulted in the decrease of
the level of BMP9-induced luciferase by 40.01% and
50.02% (p<0.01, Figure 7D), and the anti-CXCL12
neutralizing antibody blocked was rescued by the
addition of CXCL12-CM (Figure 7D), while Ad-RFP
exhibited no significant effects. Moreover, the luciferase activity induced by BMP9-CM was strongly
enhanced by the pretreatment of CXCL12-CM by
87.25% (p<0.01, Figure 7D).

Fig 6. Blocking the CXCL12/CXCR4 signal axis inhibited BMP9-induced expressions of transcription factors. The cells were stimulated with Ad-CXCL12,
anti-CXCL12 neutralizing antibody at 100μg/ml and Adsi-CXCR4 for 6h prior to the stimulation of BMP-CM or GFP-CM, as controls, maintained in culture
medium only or stimulated with Ad-RFP. 1day later, the cells were collected for total RNA isolation. Each assay condition was carried out in triplicate. Data
were shown as means ± SD of triplicate experiments. *, p<0.01 versus the Medium/BMP9-CM group.
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Fig 7. Perturbing the CXCL12/CXCR4 signal axis affected BMP9-dependent intracellular Smad and Erk phosphorylation in C3H10T1/2 cells. The cells
were stimulated with Ad-CXCL12, anti-CXCL12 neutralizing antibody at 100μg/ml and Adsi-CXCR4 for 6h prior to the stimulation of BMP-CM for 30min,
as controls, stimulated with Ad-RFP. A: Total Smad1/5/8 and Erk1/2, the phosphorylated Smad1/5/8 and Erk1/2, and β-actin were detected in cell lysates by
Western blot using appropriate antibodies. B, C: Levels of pSmad1/5/8 and Erk1/2 were measured by Quantity One image software. D: The p12×SBE-luc
reporter luciferase activity of C3H10T1/2 cells was measured. Data were shown as means ± SD of triplicate experiments. **and*, p<0.05 versus the control
group and Ad-RFP/BMP9-CM group, respectively.

Then, we studied whether the phosphorylation
of one component of the MAPK signaling pathway,
ERK1/2 was involved in the procedure that CXCL12
signaling affected on the BMP9-induced osteogenic
differentiation.
Western blot analysis showed that BMP9-CM
treatment to the C3H10T1/2 cells for 30min strongly
increased the phosphorylation of Erk1/2 by 2 folds
when compared with the control cells (p<0.01, Figure
7A, C). Pretreatment with anti-CXCL12 neutralizing
antibody reduced the BMP9-dependent activation of
Erk1/2 by 22.01%, whereas it is reduced by 23.49%
when the cells were transfected with Adsi-CXCR4
compared with the cells treated with BMP9-CM alone
(p<0.05, Figure 7A, C). Similar levels of total ERK1/2
and β-action were detected in C3H10T1/2 cells.

4. Discussion
To date, BMP9 remains as one of the least characterized BMPs. BMP9 (also known as growth differentiation factor 2, or GDF2) was originally identified from fetal mouse liver [25], and its possible roles
include regulating the cholinergic phenotype of embryonic basal forebrain cholinergic neurons [26], inducing hematopoietic progenitor cell generation and
colony formation [27], and maintaining homeostasis
of iron metabolism [28]. In previous studies, it has
been demonstrated that BMP9 is one of growth factors
capable of significally inducing osteogenic differenti-

ation of MPCs[12,29], while many other factors participant in the procedure, such as Retinotic Acid [5],
Hey1 [30] and TGFβ1 [31]. It is conceivable that some
molecules may act synergistically or antagonistically
to perturb BMP9-mediated osteogenic differentiation
of MPCs.
During the last twenty years of CXCL12 have
been focused on, the CXCL12 was originally defined
as a chemotaxis regulator for stem cell homing and
recruitment [32], and bone marrow formation [33].
Interestingly, high CXCL12 expression is linked with
a more primitive uncommitted stage of preosteogenic
differentiation [34]. Despite it, previous study has
demonstrated that CXCL12 also directly played a role
in regulating osteogenic differentiation of mesenchymal stem cells induced by BMP2 [23]. And the
relation between CXCL12 and BMP9 is limited in the
research of hereditary hemorrhagic telangiectasia
(HHT) and vascular remodeling [35]. In this report,
we investigate the effect of CXCL12/CXCR4 signal
axis on BMP9-induced osteogenic differentiation of
MPCs.
Previous studies [34] and our data first demonstrated that high levels of CXCL12 and CXCR4 expressed in the murine mesenchymal progenitor cell
line C3H10T1/2. In the present study, we confirmed
that CXCL12 and CXCR4 expressions were significantly down-regulated at the immediate early stage of
BMP9 stimulation coinciding with the commitment of

http://www.medsci.org

Int. J. Med. Sci. 2013, Vol. 10
C3H10T1/2 cells to osteoblast lineage. The phenomenon is accordant with previous studies that CXCL12
expression depressed when the human mesenchymal
stem cells were cultured in osteogenic medium containing dexamethasone [34], and when the C2C12
cells were stimulated with BMP2, respectively [22].
These
results
strongly
demonstrated
that
CXCL12/CXCR4 is an important and direct target of
the BMP9 osteogenic signaling pathway. We hypothesis that CXCL12/CXCR4 signal axis may be required
for initiation of BMP9 mediated osteogenic differentiation until the proliferation and differentiation of
C3H10T1/2 cells. It is conceivable that: 1) the expression of CXCL12/CXCR4 may plays an important role
in the early and middle osteogenesis maintained by
BMP9 instead of the later part; 2) C3H10T1/2 cells are
able to express enough CXCL12 and CXCR4 to support osteogenic differentiation mediated by BMP9,
but their expression gradually decreased accompanied by the osteogenic differentiation, that is, in this
experiment induced by BMP9.
In the present reports, we study the osteogenic
differentiation signaling pathway by detecting several
markers for preosteoblasts. ALP is a marker of early
differentiation of osteoblasts, which is secreted by
bone matrix [36]. In the early experiment we found
out that in the procedure of osteogenic atomization of
C3H10T1/2 cells which mediated by BMP9, ALP
started expressing from 3rd day, reach peak at 7th day
and decreased from 10th day or so [37], there for the
expression of 7th day is chosen in this experiment.
OCN is vitamin K dependent calcium binding proteins which synthesized and secreted by ossify and
mainly deposits in bone matrix. Osteocalcin is regarded as one of the symbols osteoblast differentiation to mineralization period for it mainly appeared in
mineralization period [38]. Calcium salt is inorganic
substance in bone matrix and is called bone salts as
well. The formation of calcium salt is the symbol of
differentiation and maturity of ossify [37]. In consequence, the deposit of OCN and calcium salt are regarded as the symbol of middle-advanced stage of
ossify differentiation and are tested at 14th and 21st
day.
When the expression of CXCR4 was blocked by
PTX before the stimulation of BMP9, the
BMP9-induced ALP activity of C3H10T1/2 cells depressed, and the addition of exogenous CXCL12 was
not able to rescue it. It is well established that CXCL12
activate directional cell movement via PTX-sensitive
Gαi protein–coupled receptor, CXCR4 [39, 40]. The
results of Adsi-CXCR4 and AMD3100 treatment are
also consistent with this notion, but the depressions
were less than PTX. As PTX was a non-specific inhib-
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itor to CXCR4, maybe CXCL12 participated in
BMP9-induced ALP activity by combining with other
G protein. The timing of perturbing CXCL12/CXCR4
signal axis to elicit a block of BMP9-induced osteogenesis in C3H10T1/2 cells appears to be crucial. We
find that if the processing factors were added afterward of the stimulation of BMP9, they were almost
ineffective in perturbing BMP9-induced ALP activity,
but the ALP activity stimulated by BMP9 could not be
affected no matter the sequence of perturbing with
CXCL12/CXCR4 signal axis or stimulation with
BMP9 in C3H10T1/2 cells.
In the present studies, the expression of markers
of early and middle stages of osteogenic differentiation, ALP and OCN, were reduced by the blocking of
CXCL12 and CXCR4 before the stimulation of BMP9.
In contrast, both the expression of ALP and OCN
were also up-regulated by the addition of exogenous
CXCL12 prior to the stimulation of BMP9. Moreover,
blocking CXCL12/CXCR4 signal axis before the addition of BMP9 also resulted in the suppressing of
marker for later stage of osteogenic differentiation,
calcium deposition. However, the addition of exogenous CXCL12 have almost no effect on the calcium
deposition induced by BMP9, suggesting that
CXCL12/CXCR4 signal axis is involved in the early
and middle stages of BMP9-dependent osteoinduction instead of the late stage. Similar results can also
be researched in the HS5 MPCs, which is human bone
marrow stromal cell line. Taken together, these results
suggest that the expression of CXCL12 and CXCR4
may decrease after osteogenic induction with BMP9
because CXCL12/CXCR4 is no longer required once
the osteogenic differentiation pathway has been set in
motion.
In this context, the earliest expression of transcription factors associated with osteogenic differentiation induced by BMP9 in C3H10T1/2 cells, such as
RUNX2, OSX, Plzf and Dlx5 were detected to be reduced by the blocking of CXCL12/CXCR4 signal axis.
Furthermore, when processing factors against
CXCL12 or CXCR4 were added to C3H10T1/2 cells
before the addition of BMP9, the phosphorylation of
Smad1/5/8 and Erk1/2 were reduced, suggesting
that CXCL12 is involved in the early stages of
BMP9-induced osteogenic differentiation, and the
involvement is by the signal of Smad and MAPK.
In conclusion, our results demonstrated an important regulatory role for CXCL12 and CXCR4 in
BMP9-stimulated osteogenic differentiation of
C3H10T1/2 MPCs for the first time. CXCL12/CXCR4
signaling appears to be a prerequisite for
BMP9-dependent
osteogenic
signaling.
This
knowledge will expand our understanding about how
http://www.medsci.org

Int. J. Med. Sci. 2013, Vol. 10
BMP9 cross-talks with other signaling pathways to
support bone repair and regeneration, and will contribute to the identification of effective bone regeneration therapeutics to treat skeletal diseases.
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