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Abstract: This study investigated the effects of altered CXCL12/CXCR4 axis on the bone morphogenetic protein 2
(BMP-2)/Smad/runt-related transcription factor 2 (Runx2)/Osterix (Osx) signal axis and osteogenic gene expression
during osteogenic differentiation of mesenchymal stem cells (MSCs), to gain understanding of the link between mi-
gration and osteogenic differentiation signal axis and MSCs osteogenic differentiation mechanisms. The pHBAd-MC-
MV-CXCL12-GFP vector (Ad-CXCL12) was constructed and quantitative polymerase chain reaction (QPCR)/western
blotting used to determine CXCL12 expression in Ad-CXCL12-transfected MSCs. MSCs were treated with Ad-CXCL12
and AMD3100 (CXCL12 inhibitor) to detect BMP-2/Smad/Runx2/Osterix expression, bone sialoprotein (BSP), osteo-
calcin (OCN) and osteopontin (OPN) mRNA expression, and alkaline phosphatase (ALP) activity. PCR and sequencing
confirmed successful construction of Ad-CXCL12. gPCR and enzyme-linked immunosorbent assay indicated that
Ad-CXCL12 transfection promoted CXCL12 expression in MSCs. At 72 hours, Runx2 and Osterix, and Smad1/5/8
mRNA and protein expressions were significantly higher in the Ad-CXCL12 group than in the control group (P <
0.01). At 1 and 2 weeks, ALP activity and BSP mRNA expression were significantly higher in the Ad-CXCL12 group
than in the control group (P < 0.01), respectively. No significant difference in OCN and OPN mRNA expression was
determined between Ad-CXCL12 and control groups (P > 0.05). At 3 weeks, no significant difference in mineralized
nodule staining was observed between groups (P > 0.05). Changes in the CXCL12/CXCR4 migration axis affected
the BMP-2/Smad/Runx2/0Osterix axis and BSP, OCN and OPN mRNA expression in early-stage, but not mid-/late-
stage, MSCs osteogenic differentiation, therefore affecting the ability of MSCs to undergo osteogenic differentiation.

Keywords: Gene transfection, mesenchymal stem cells (MSCs), osteogenic gene, osteogenic differentiation, cell
migration, c-x-¢c motif chemokine ligand 12 (CXCL12)

Introduction and clinical approaches to assess the use of
MSCs for treating ANFH, however the results
have been unsatisfactory to date. The reasons
for this may include: (1) insufficient homing of
MSCs after transplantation; and (2) weak osteo-
genic differentiation of the MSCs after homing.
One in vivo study using MSCs demonstrated a
low rate of homing at the injury site after their
injection [5]. It has been reported that the

Avascular necrosis of the femoral head (ANFH)
is a highly debilitating disease. Patients tend to
choose artificial hip replacement due to hip
pain and limited mobility after collapse and
deformation of the femoral head. However, cur-
rent non-surgical and surgical methods used in
the treatment of ANFH have limitations. Given

their strong self-renewal and multi-lineage dif-
ferentiation potentials, mesenchymal stem
cells (MSCs) can migrate to sites of injury and
repair tissues after in vivo transplantation [1].
Previous studies [2-4] have used experimental

hypoxic environment at the site of injury weak-
ens the ability of MSCs to undergo osteogenic
differentiation by suppressing calcium nodule
formation and extracellular calcium salt deposi-
tion, downregulating osteogenic gene (BMP-2
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and Runx2) expression, and inhibiting the
growth and differentiation of osteoblasts and
thus impacting bone formation [6, 7]. Identifying
methods to better promote MSCs differentia-
tion into osteoblasts and improve their homing
ability is therefore critical for their clinical
application.

The c-x-c motif chemokine ligand 12 (CXCL12)
and its CXCR4 receptor form the CXCL12/
CXCR4 axis, which is most strongly associated
with cell migration. The CXCL12/CXCR4 axis
promotes stem cell homing to the injured area
along a concentration gradient, and partici-
pates in the repair of tissues and organs [8].
CXCL12 is a small protein that belongs to the
chemokine family. CXCL12 binding to seven-
transmembrane G protein-coupled receptor
CXCR4 is extensively involved in stem cell hom-
ing [9], tissue repair [10], immunoregulation
[11], and tumor cell migration [12]. After the
occurrence of ANFH, hypoxia-inducible factor-
1a, an important transcription factor in the
regulation of hypoxia in animals, can be blocked
during the decomposition and quickly accumu-
lates at the site [13], activating the expression
of more than 60 downstream target genes, in-
cluding CXCL12 [14]. Furthermore, CXCL12 con-
tributes to vascular endothelial growth factor
(VEGF) expression in vascular endothelial cells
and inhibition of the CXCL12/CXCR4 axis sup-
presses VEGF-dependent angiogenesis [15].
The CXCL12/CXCR4 axis has specific effects on
osteogenic differentiation of MSCs. Hosogane
et al. [16] found that when CXCL12 or CXCR4
expression was blocked, MSCs osteogenic dif-
ferentiation was inhibited in bone morphoge-
netic protein 2 (BMP-2)-medicated mice. Addi-
tionally, Zhu et al. [17] found that CXCL12 pro-
moted BMP-2-induced osteogenic differentia-
tion of C2C12 cells. These findings suggest that
CXCL12 is not only strongly associated with
MSCs homing, but also participates directly in
their osteogenic differentiation. To verify this in
the present study, an adenovirus vector carry-
ing the CXCL12 gene was constructed in vitro
to promote CXCL12 gene overexpression in
MSCs, and the CXCL12 inhibitor AMD3100 was
used to inhibit CXCL12 mRNA expression. This
study aimed to determine the effects of the
CXCL12/CXCR4 axis in the activated or inhibit-
ed state on the BMP-2/Smad/Runx2/0sterix
signal axis and osteogenic gene (BSP, OCN and
OPN) expression during MSCs osteogenic dif-
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ferentiation. The findings will aid our under-
standing of the intrinsic link between the migra-
tion and osteogenic differentiation signal axes,
and MSCs osteogenic differentiation mecha-
nisms, thus providing a strong experimental
basis for stem cell gene therapy for ANFH.

Materials and methods
Materials

Materials used in this study included pHBAd-
MCMV-GFP vector (Hanbio Biotechnology Co.,
Ltd., Shanghai, China), E. coli strain DH5«
(Tiangen Biotech (Beijing) Co., Ltd., China),
restriction enzyme, T4 ligase and DNA ladder
(Fermentas, Canada), Plasmid DNA Extraction
Kit (CWBIO Biotechnology Co., Ltd., Beijing,
China), Gel Recovery Kit (Axygen, USA), aga-
rose, agar powder (Biowest, France), human
embryonic kidney cell line HEK293 cells and
MSCs (gifted by Laboratory of Biochemistry
and Molecular Biology, Institute of Basic
Medicine, Academy of Military Medical Scien-
ces), Dulbecco’'s Modified Eagle’s Medium
(DMEM), fetal bovine serum (FBS) and trypsin
(Hyclone, USA), glutamine, sodium [-glycero-
phosphate (Sigma, USA), double antibody,
CXCL12 inhibitor AMD3100 (Invitrogen, USA),
membrane filter (Millipore), ALP Detection Kit
(NanlJinglianCheng Bioengineering Institute,
China), Runx2 rabbit polyclonal antibody (LSBio,
USA), Osterix rabbit polyclonal antibody, BMP-2
mouse monoclonal antibody (Abcam, USA),
Smadl1/5/8 rabbit polyclonal antibody (Santa
Cruz Biotechnology, USA), primers (synthesized
by Sangon Biotech (Shanghai) Co., Ltd., China),
0.1% alizarin red S stain, and 4% paraformalde-
hyde (Beijing Leagene Biotechnology Co., Ltd.,
China).

Construction and identification of CXCL12 ad-
enovirus expression vector

Synthetic CXCL12 target genes were amplified
by PCR. The pHBAd-MCMV-GFP vector was
digested with ECORI and Smal followed by gel
recovery, and the target gene fragment was
ligated with the vector. The ligation product was
transferred into E. coli strain DH5a competent
cells using the heat shock method and seeded
in Amp agar plates at 37°C overnight. After
transformation, the bacteria were picked and
shaken at 250 rpm and 37°C for 14 hours. The
bacteria in the solution were then identified by
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Table 1 Gene primer sequences

Gene . ) oy " "=

name Upstream primer (5’-3’) Downstream primer (3’-5")
GAPDH TGG AAT CCA CTG GCG TCT TC GGT TCA CGC CCA TCA CAAAC
CXCL12 CTC TGC ATC AGT GAC GGT AAG C AAT CTG AAG GGC ACA GTT TGG
BMP-2  TGT GGA CTT CAG TGA TGT G TGG AGT TCA GGT GGT CAG
Smadl CTC ATG TCATTT ATT GCC GTG TG CGC TTA TAG TGG TAG GGG TTG A
Smad5 TGC CTATAT GCCACCTGAT CTG AAC ATC TCT GCT GGA TAT
Smad8 CGG GTC AGC CTA GCA AGT G GTG CCG AAC GGG AACTCAC
Runx2  GAC TGT GGT TAC CGT CAT GGC  ACT TGG TTT TTC ATA ACA GCG GA
Osterix TCC CTG GAT ATG ACT CATCCCT CCA AGG AGT AGG TGT GTT GCC
BSP TTT TGG GAA AAC CAC TGC CG TCG GTA ATT GTC CCC ACG AG
OCN CTC CTT ACC CGG ATC CCC TG GTA GAA GCG CTG GTA GGC GT
OPN TCC AAA GTC AGC CAG GAATCC  CGG AGT TGT CTG TGC TCT TCA
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6 hours, then incubated in
L-glutamine-containing
DMEM (L-DMEM) contain-
ing 10% FBS for 72 hours
prior to harvesting. Trizol
lysate (1 mL) was added
to each well and total RNA
was extracted. RNA (1 ug)
was reverse transcribed
and examined by quanti-
tative polymerase chain
reaction (qPCR). Each ge-
ne sequence was sear-
ched in the National Cen-
ter for Biotechnology In-
formation

polymerase chain reaction (PCR). Positive
clones were sequenced by Shanghai Sunny
Biotechnology Co., Ltd., China. The bacterial
solution (2 mL) in logarithmic phase was added
to 100 mL of LB medium containing 100 pug/mL
Amp, and shaken at 300 rpm and 37°C over-
night. After the plasmid was extracted, the
293T cells were incubated in a 60 mm Petri
dish. When the cells reached 70-80% conflu-
ence, the CXCL12 recombinant adenovirus vec-
tor plasmid and backbone plasmid (pBAd-BHG)
were transfected with Lipofiter™ transfection
reagent. Signs of cell infection were observed
daily. When the majority of cells displayed signs
of infection and lost adherence, the viruses
were collected as follows. All cells and medium
from the 60 mm Petri dish were placed in a
15-mL centrifuge tube for freeze-thawing three
times, followed by centrifugation at 3000 rpm
for 5 minutes. The supernatant was collected
and labeled as the first generation of virus (P1)
and the cells were repeatedly infected with P1.
The virus was collected as previously described,
and after filtration and purification, the titer
was determined. All samples were stored indi-
vidually at -70°C.

CXCL12 mRNA expression after MSCs trans-
fection with CXCL12 recombinant adenovirus

MSCs were incubated in six-well plates at a
density of 2 x 105 cells/well. At 80% conflu-
ence, the MSCs were incubated in serum-free
medium supplemented with Ad-CXCL12 (multi-
plicity of infection = 60). MSCs alone were used
as the control group. MSCs were further incu-
bated at 37°C, 5% CO, and 100% humidity for
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(NCBI) data-

base. Primers were desi-
gned with Premier5 software. All primers were
synthesized by Sangon Biotech Co. Ltd.
(Shanghai, China) and all primer sequences are
listed in Table 1. The reaction included 10 uL of
2 x UltraSYBR Mixture, 1 yL of upstream prim-
er, 1 yL of downstream primer, and 1 pL of
cDNA, with ddH,0 added to a total volume of
20 yL. Reaction conditions were as follows: ini-
tial denaturation at 95°C for 10 minutes, 40
cycles of denaturation at 95°C for 15 seconds,
annealing at 60°C for 30 seconds, and exten-
sion at 60°C for 30 seconds. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was
used as an internal reference and each experi-
ment was performed in triplicate.

Detection of CXCL12 contents in the super-
natant after MSCs transfection with CXCL12
recombinant adenovirus

MSCs were incubated in six-well plates at a
density of 2 x 10° cells/well. At 80% conflu-
ence, MSCs were incubated with serum-free
medium supplemented with Ad-CXCL12 (multi-
plicity of infection = 60). MSCs alone were used
as the control group. MSCs were further incu-
bated at 37°C, 5% CO2 and 100% humidity for
72 hours, and then centrifuged at 3000 rpm for
15 minutes. After the supernatant was obta-
ined, CXCL12 protein content was determined
using a double-antibody sandwich enzyme-
linked immunosorbent assay (ELISA). Super-
natant and standard products were diluted to
different concentrations and added (50 uL/
well) to the ELISA plate pre-coated with anti-
body. Except for the blank well, 100 pL of horse-
radish peroxidase-labeled secondary antibody
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10% FBS, 100 U/mL penicillin
and 100 g/mL streptomycin at
37°C, 5% CO2 and 100% humi-
dity. The medium was replaced
every two or three days. At
80% confluence, the cells were
digested with 0.25% trypsin
and were randomly divided
into control group, negative
control group (Ad-GFP), AMD-
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Figure 1. Monoclone and gene sequencing by PCR. A: PCR results of mono-
clone. 1-6: monoclones; M: GeneRay 1 kb DNA Marker. The constructed
vector was approximately 600 bp. Electrophoresis results demonstrated
the bands at 500-750 bp in lanes 1, 5 and 6. The bacteria solution with
positive bands was sequenced. B: Gene sequencing results. Green rep-
resents CXCL12 gene; purple box shows 3x flag sequence. Sequencing
reveal that the CXCL12 gene had inserted into the plasmid. The 3x flag in
sequence in the purple box is the sequence carried by the vector.

was added to each well and the plate was incu-
bated at 37°C for 1 hour. After removal of the
reaction solution, the samples were dried on
absorbent paper and washed three times with
buffer solution. After air-drying, substrates A
and B (each 50 uL) were added to each well
and the plate was incubated at 37°C in the
dark for 15 minutes. The reaction was termi-
nated by adding 50 uL of stop solution to each
well and absorbance values were measured at
450 nm on a microplate reader. CXCL12 con-
tents in the supernatant of each group were
calculated in accordance with standard curve.
Average values were calculated from three
measurements of each sample.
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containing H-DMEM, 10% FBS,
10® mol/L dexamethasone,
10 mmol/L sodium B-glycero-
phosphate, 50 pg/mL vitamin C,
and 2 mmol/L glutamine. Finally,
50 ymol/L AMD3100 was added
the AMD3100 and Ad-
CXCL12+AMD3100 groups.

gPCR detection of BMP-2,
Smad1/5/8, Runx2 and Osterix mRNA expres-
sions

After 72 hours of treatment, cells from each
group were harvested. Trizol lysate (1 mL) was
added to each well. Total RNA was extracted
and the concentration measured. RNA (1 pg)
was reverse transcribed and examined with
gPCR. The corresponding gene sequence was
searched in the NCBI database and primers
were designed with Premier5 software. The
primer sequences are shown in Table 1. The
reaction included 10 pyL of 2 x UltraSYBR
Mixture, 1 uL of upstream primer, 1 pyL of down-
stream primer, and 1 pL of cDNA, with ddH,0

Am J Transl Res 2017;9(4):1680-1693
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Figure 2. CXCL12 mRNA and protein expression after MSCs transfection with Ad-CXCL12. A: CXCL12 mRNA ex-
pression after MSCs were transfected with Ad-CXCL12 as detected by qPCR. At 72 hours after transfection with
Ad-CXCL12, CXCL12 mRNA expression was significantly higher in the transfected group than in the non-transfected
group. B: CXCL12 content in the supernatant after MSCs were transfected with Ad-CXCL12 as measured by ELISA.
CXCL12 content was significantly higher in the supernatant from the transfected group than in the non-transfected

group (**P <0.01).

added to a total volume of 20 uL. Reaction con-
ditions were as follows: initial denaturation at
95°C for 10 minutes, 40 cycles of denaturation
at 95°C for 15 seconds, annealing at 60°C for
30 seconds, and extension at 60°C for 30 sec-
onds. GAPDH was used as an internal refer-
ence and each experiment was performed in
triplicate.

Western blotting for Smad1/5/8, Runx2 and
Osterix protein expression

After 72 hours of treatment, MSCs in each
group were harvested and washed twice with
PBS. The MSCs were then incubated with pre-
cooled protein extraction reagent containing
protease inhibitors (50 yL of extraction reagent
per 1 x 108 cells) in an iced bath at room tem-
perature for 30 minutes, then centrifuged at
12000 rpm and 4°C for 15 minutes. The super-
natant was obtained and the concentration of
protein in the samples determined by the bicin-
choninic acid assay. The supernatant was then
denatured in protein buffer at 100°C for 10
minutes and proteins were separated by sodi-
um dodecyl sulfate-polyacrylamide gel electro-
phoresis. Following electrophoresis, the pro-
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teins were transferred onto polyvinylidene fluo-
ride membranes at 80 V for 80 minutes.
Membranes were blocked with 5% non-fat dry
milk for 1 hour, and incubated with antibodies
(primary antibody and horseradish peroxidase-
labeled secondary antibody). The blots were
visualized with the chemiluminescence detec-
tion kit (Thermo Fisher Scientific). The labeled
bands were visualized and quantified using a
chemiluminescence imaging system (CIiNX,
Shanghai, China). GAPDH served as an internal
reference and experiments were conducted in
triplicate.

Detection of ALP activity

After one week of treatment, MSCs in each
group were harvested and washed twice with
PBS. The MSCs were then incubated with pre-
cooled protein extraction reagent containing
protease inhibitors (50 uL of extraction reagent
per 1 x 108 cells) in an iced bath at room tem-
perature for 30 minutes, and centrifuged at
12000 rpm and 4°C for 15 minutes. The super-
natant was obtained and the concentration of
protein in the samples was determined by the
bicinchoninic acid assay. In accordance with
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Figure 3. Gene expressions 72 hours after MSCs transfection with CXCL12. mRNA expression of (A) BMP-2; (B)
Smad1; (C) Smad5; (D) Smad8; (E) Runx2; and (F) Osterix. At 72 hours after transfection, BMP-2 mRNA expres-
sion was not significantly increased in the Ad-CXCL12 group compared with the control group. However, Smad1/5,
Runx2 and Osterix mRNA expressions were significantly higher in the Ad-CXCL12 group than in the control and Ad-
CXCL12+AMD3100 groups (**P < 0.01). Smad8 mRNA expression was significantly higher in the Ad-CXCL12 group
than in the control group (**P < 0.01).

the ALP detection kit instructions, absorbance with a microplatereader. ALP activity was equal

values in each well were measured at 510 nm to (OD -0D,,,../(0D -0D x stan-

detection standard blank)
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dard concentration (0.1 mg/mL)/protein con-
centration . (gprot/mL). Average values
were calculated from three measurements of
each sample and experiments were conducted

in triplicate.

gPCR detection of BSP, OCN and OPN mRNA
expressions

After two weeks of treatment, MSCs in each
group were harvested. Briefly, Trizol lysate (1

1686

mL) was added to each well. Total RNA was
extracted and the concentration was mea-
sured. RNA (1 pg) was reverse transcribed and
examined with gPCR. Each gene sequence was
searched in the NCBI database. Primers were
designed with Premier5 software and primer
sequences are shown in Table 1. The reaction
included 10 uL of 2 x UltraSYBR Mixture, 1 yL
of upstream primer, 1 pyL of downstream prim-
er, and 1 pL of cDNA, with ddH,O added to a
total volume of 20 yL. Reaction conditions were

Am J Transl Res 2017;9(4):1680-1693
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Figure 5. ALP activity and BSP, OCN and OPN mRNA expressions after MSCs transfection with CXCL12. A: ALP ex-
pression one week after MSCs were transfected with CXCL12. ALP activity was significantly higher in the Ad-CXCL12
group than in the control and Ad-CXCL12+AMD3100 groups (**P < 0.01); B: BSP mRNA expression two weeks
after MSCs were transfected with CXCL12 (**P < 0.01, vs. control group and Ad-GFP group). C: OCN mRNA expres-
sion two weeks after MSCs were transfected with CXCL12. No significant difference in OCN mRNA expression was
observed between Ad-CXCL12 and Ad-GFP groups (P = 0.216 > 0.05). D: OPN mRNA expression two weeks after
MSCs were transfected with CXCL12. OPN mRNA expression was not significantly increased in the Ad-CXCL12 group

compared with the control group.

as follows: initial denaturation at 95°C for 10
minutes, 40 cycles of denaturation at 95°C for
15 seconds, annealing at 60°C for 30 seconds,
and extension at 60°C for 30 seconds. GAPDH
was used as an internal reference and each
experiment was performed in triplicate.

Determination of mineralized nodules

Three weeks after culture, MSCs were stained
with Alizarin Red S. Briefly, after removal of the
medium, MSCs were washed three times with
PBS, fixed with 4% paraformaldehyde for 15
minutes, washed three times with ddH,0, and
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stained with 0.1% Alizarin Red S (pH 8.3). When
accumulated orange-red matter was visualized,
the staining solution was removed by absorbing
onto a paper towel. After three washes with
ddH,0, the samples were observed and photo-
graphed with Laika DM1000 microscope
(Laika, German) and attached camera.
Cetylpyridinium chloride (10%) was added to
each well (1 mL) to dissolve the dye from the
mineralized nodules. The absorbance values in
each well were measured at 490 nm with a
microplate reader. Cetylpyridinium chloride-
only (10%) was used for zero adjustment. Each
experiment was performed in triplicate.

Am J Transl Res 2017;9(4):1680-1693
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Figure 6. Alizarin red staining and quantification of mineralized nodules three weeks after MSCs transfection. Pho-
tomicrographs of alizarin red-stained MSCs in: A. Control; B. AMD3100; C. Ad-GFP; D. Ad-CXCL12+AMD3100; and
E. Ad-CXCL12 groups. After photographing, mineralized nodules were dissolved with 10% cetylpyridinium chloride
and the absorbance values measured at 490 nm. F. No significant differences in absorbance values were observed
among groups.

Statistical analysis

All data were expressed as the means + stan-
dard deviation (SD), and analyzed with SPSS
16.0 software. One-way analysis of variance
(ANOVA) was used to compare the differences
among groups. A value of P < 0.05 was consid-
ered statistically significant.

Results

pHBAdJ-MCMV-GFP vector identification and
sequencing

After transfection with CXCL12, PCR results
revealed positive clones in lanes 1, 5 and 6
(Figure 1A). Electrophoresis results displayed
that CXCL12 was completely inserted into the
plasmid (Figure 1B).

Detection of CXCL12 mRNA and protein
expressions after MSCs transfected with Ad-
CXcLi2

At 72 hours after transfection with Ad-CXCL12,
qPCR and ELISA demonstrated that CXCL12
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MRNA expression was significantly higher in
the Ad-CXCL12 group than in the non-transfect-
ed group (P < 0.01; Figure 2A). Furthermore,
CXCL12 protein expression was significantly
higher in the Ad-CXCL12 group than in the con-
trol group (P < 0.01; Figure 2B). These results
suggested that exogenous CXCL12 could
enhance CXCL12 expression in MSCs, and fur-
ther verified the success of Ad-CXCL12 con-
struction.

BMP-2, Smad1l/5/8, Runx2, and Osterix
mRNA expression determined by gPCR

BMP-2, Smad1/5/8, Runx2, and Osterix mRNA
expression levels 72 hours after Ad-CXCL12
transfection are shown in Figure 3. Smad1/5/8,
Runx2 and Osterix mRNA expression levels
were greater in the Ad-CXCL12 group than in
the control group (P < 0.01). Furthermore,
Smadl, Smad5, Runx2, and Osterix mRNA
expression levels were significantly lower in the
Ad-CXCL12+AMD3100 group than in the
Ad-CXCL12 group (P < 0.01), however BMP-2
MRNA expression was not increased in the
Ad-CXCL12 group.
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Western blotting for Smad1/5/8, Runx2 and
Osterix protein expression

At 72 hours after transfection with Ad-CXCL12,
cells were harvested and total protein was
extracted. Western blotting showed that
Smadl1/5/8, Runx2 and Osterix protein expres-
sion levels were significantly higher in the
Ad-CXCL12 group than in the control group.
Gray value analysis found that the relative gray
values of Smad1/5/8, Runx2 and Osterix were
higher in the Ad-CXCL12 group than in the other
four groups (**P < 0.01). These results indicat-
ed that Ad-CXCL12 transfection contributed to
Smad1/5/8, Runx2 and Osterix mRNA expres-
sioninthe signal axis,and AMD3100 decreased
these effects (Figure 4).

Detection of ALP activity and BSP, OCN and
OPN mRNA expressions

One week after transfection, ALP activity within
the total protein was determined in each group
(Figure BA). ALP activity was significantly higher
in the Ad-CXCL12 group than in the control
group (P<0.01)and was significantly decreased
after treatment with AMD3100 (P < 0.01).
These results suggested that exogenous CX-
CL12 enhanced ALP expression in MSCs. Two
weeks after transfection, BSP mRNA expres-
sion was significantly higher in the Ad-CXCL12
group than in the control and Ad-GFP groups (P
< 0.01). However, no significant difference in
OCN mRNA expression was detected between
the Ad-CXCL12 and Ad-GFP groups (P = 0.216
> 0.05). Similarly, OPN mRNA expression was
not increased in the Ad-CXCL12 group com-
pared with the control and Ad-GFP groups
(Figure 5B-D).

Mineralized nodule formation

Three weeks after transfection, alizarin red
staining did not reveal any significant differenc-
es in the numbers of mineralized nodules
among groups. Furthermore, after the mineral-
ized nodules were dissolved with 10% cetylpyri-
dinium chloride, no significant differences in
absorbance values at 490 nm were determined
among groups. These results suggest that the
overexpression or inhibition of CXCL12 expres-
sion had no significant effect on the late stage
of osteogenic differentiation of MSCs (Figure
6).
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Discussion

Chemokines are classified into four classes
according to their molecular structure: CXC,
CX3C, CC, and C, with CXCL12 belonging to the
CXC subfamily [18]. CXCL12 and its G protein-
coupled receptor CXCR4 are extensively ex-
pressed in various tissues. Increasing evidence
suggests that the CXCL12/CXCR4 signal axis is
strongly associated with MSCs tissue repair in
muscle [19], kidney [20], heart [21], liver [22],
and bone [23]. It is believed that the CXCL12/
CXCR4 axis guides MSCs homing to the injured
area [25], thus increasing the number of MSCs
and their participation in angiogenesis at the
injury site [26]. Regarding the effects of CXCL12
on bone injury, Chen et al. [24] found that local
injection of CXCL12 promoted the repair of
bone nonunion with MSCs. To further verify
whether the CXCL12/CXCR4 axis can directly
regulate MSCs osteogenic differentiation, this
study constructed an adenovirus vector carry-
ing the CXCL12 gene for MSCs transfection,
and observed changes in the BMP-2/Smads/
Runx2/0Osterix signal axis and osteogenic gene
expression after CXCL12/CXCR4 axis activa-
tion or inhibition. Furthermore, difference in the
number of mineralized nodules among groups
was determined. This study aimed to provide a
reliable experimental basis for our hypothesis
that CXCL12/CXCR4 axis not only promotes
MSCs homing, but also contributes to osteo-
genic differentiation of MSCs.

The BMP-2/Smads/Runx2/0sterix axis is a key
signal axis that regulates the differentiation of
MSCs into osteoblasts [27]. BMP-2 has a strong
promoting effect on osteogenic differentiation
and is one of the most widely studied BMPs.
BMP-2 contributes to Runx2 mRNA expression
by activating Smads (Smadl, Smad5 and
Smad8). Runx2 is a specific osteogenic tran-
scription factor, expressed relatively early dur-
ing MSCs osteogenic differentiation [28].
Runx2 is the most specific gene expressed dur-
ing osteogenesis [28]. Its DNA-binding site is
located in the promoter region of many osteo-
blast-specific genes. Runx2 regulates gene
transcription after binding to effector elements
on these promoters. The level of functional
Runx2 determines the degree of bone matura-
tion and conversion rate [29]. Our previous
studies have shown that changes of Runx2
MRNA expression in the necrotic femoral head
of VFHN patients occurred earlier than the
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imaging and morphological changes, and con-
tinued to increase, indicating that bone remod-
eling begins in the early-stage of VFHN, and
that the Runx2 gene participates and regulates
this process [30]. Osterix, a downstream signal-
ing gene of Runx2, is an essential transcription
factor in osteoblast differentiation [31]. Con-
sequently, Runx2/Osterix is often considered
as a marker for early osteogenic differentiation.
In this study, Smad1/5/8, Runx2 and Osterix
MRNA and protein expressions were dramati-
cally higher in the Ad-CXCL12 group than in the
non-transfected group, but were diminished in
the Ad-CXCL12+AMD3100 group. These find-
ings suggest that CXCL12 activates Runx2 and
Osterix by activating Smads, thereby promoting
MSCs differentiation into osteoblasts at early-
stage. However, AMD3100 blocks the binding
of CXCL12 to CXCR4 on the cell surface [32],
leading to the decreased ability of MSCs to dif-
ferentiate into osteoblasts. Thus, we infer that
CXCL12 regulates the BMP-2/Smad/Runx2/
Osterix axis by binding/dissociating with CXCR4
on the MSCs surface, thereby affecting their
osteogenic differentiation. Simultaneously, we
observed that Smad1/5/8, Runx2 and Osterix
MRNA and protein expressions were not signifi-
cantly diminished in the AMD3100 group com-
pared with the control group. In the absence of
CXCL12 overexpression, the CXCL12/CXCR4
axis did not significantly affect the early osteo-
genic differentiation of MSCs. Thus, blocking
this signal axis cannot affect its osteogenic dif-
ferentiation potential.

ALP is a representative marker of osteoblasts
that directly reflects their activity and often
serves as a marker of early osteogenic differen-
tiation. One week after treatment, ALP activity
was highest in the Ad-CXCL12 group; moreover,
ALP activity was obviously lower in the Ad-
CXCL12+AMD3100 group than in the Ad-
CXCL12 group. These results further confirmed
that CXCL12 could participate in early osteo-
genic differentiation by binding to CXCR4 on the
MSCs surface. OPN is a regulator of matrix min-
eralization that is extensively expressed during
early osteoblast differentiation through to
mature osteocytes [33]. BSP is predominantly
expressed in calcified tissue, acting as the ini-
tiation site of hydroxyapatite formation [34],
and can promote preosteoblast differentiation
into osteoblasts. OCN is an extracellular matrix
protein that mainly arises during mineraliza-
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tion, so is considered a sign of osteoblast matu-
ration [35]. As a result, all three markers were
used to assess MSCs osteogenic differentia-
tion. We found that after transfection with
Ad-CXCL12, only BSP mRNA levels were obvi-
ously increased compared with the non-trans-
fected group; whilst OCN and OPN mRNA
expression levels were not increased. At 21
days, the number of mineralized nodules was
observed in each group as a marker for late
osteogenic differentiation. No significant differ-
ences in the numbers of mineralized nodules
were observed among treatment groups, pos-
sibly because the extensively expressed CXCR4
in MSCs [36] is reported to noticeably reduce
after cell differentiation [37]. In fact CXCL12
induced by dexamethasone has been shown to
be highly expressed at early-stage, but diminish
during cell differentiation [38]. During MSCs
differentiation into preosteoblasts, osteoblasts
and mature osteocytes, decreased CXCR4 and
CXCL12 secretion leads to reduced CXCL12/
CXCR4 axis involvement in the process of
osteogenic differentiation. This explains why no
significant effect of the altered CXCL12/CXCR4
axis was observed at mid- and late-stages of
MSCs differentiation.

In summary, the CXCL12/CXCR4 axis promotes
early osteogenic differentiation of MSCs by reg-
ulating the BMP-2/Smads/Runx2/0sterix axis,
and mRNA expression of BSP, OCN and OPN.
However, during MSCs differentiation into
mature osteocytes, CXCL12 expression was
gradually reduced and CXCR4 expression on
the cell surface diminished. Interestingly, the
CXCL12/CXCR4 axis had no significant effect
on the mid- and late-stages of MSCs osteogen-
ic differentiation. The CXCL12/CXCR4 axis is
considered the main signal axis for MSCs
migration [39, 40]. These findings suggest that
crosstalk exists between the CXCL12-mediated
migration signal axis and osteogenic signal
axis, with cell-surface CXCR4 acting as the
intersection. These findings provide a new way
to solve the problems associated with the appli-
cation of MSCs in the repair of necrotic bone
tissue, such as the insufficient numbers of local
MSCs and diminished osteogenic capacity of
MSCs.
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