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Abstract
Introduction. This study aimed to investigate the effects of stromal cell-derived factor-1 (SDF-1) and activation 
of its receptor, chemokine receptor 4 (CXCR4), on the osteogenic differentiation of bone marrow mesenchymal 
stem cells (BMSCs), and the key signaling mechanisms involved in these effects.
Material and methods. BMSCs were treated with 100 μg/L SDF-1 and cultured in osteogenic medium for 7 days. 
RT-qPCR and western blotting were used to detect the protein and mRNA levels of Janus kinase 2 (JAK2), 
signal transducer and activator of transcription 3 (STAT3), Runt-related transcription factor 2 (Runx2), and 
osteocalcin (OCN). Alizarin-red staining was used to detect the mineralization-inducing ability of the cells.
Results. After BMSCs were treated with SDF-1, the levels of JAK2 mRNA, STAT3 mRNA, and protein phos-
phorylation increased, the number of mineralized nodules of BMSCs increased, and the osteogenic-differentiation 
ability was enhanced. In addition, after BMSCs were treated with an inhibitor of JAK2 phosphorylation, the levels 
of JAK2, STAT3, Runx2, and OCN decreased significantly, the number of mineralized nodules of BMSCs also 
decreased, and the osteogenic-differentiation ability decreased. The inhibition of CXCR4-treated BMSCs further 
confirmed that SDF-1/CXCR4 activated JAK2/STAT3 to regulate the osteogenic differentiation of BMSCs.
Conclusions. SDF-1/CXCR4 promoted the osteogenic differentiation of BMSCs through JAK2/STAT3 activa-
tion. (Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 3, 187–194)
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Introduction

Bone marrow mesenchymal stem cells (BMSCs) are 
non-hematopoietic stem cells present in the bone mar-
row. BMSCs cultured in vitro can adhere to the vessel 
wall and proliferate rapidly, exhibiting a fibroblast-like 
long fusiform shape. BMSCs have the potential for 
cross-system and cross-germ differentiation under the 
action of a specific microenvironment and suitable 
cytokines/growth factors. They can differentiate into 
mesodermal and neuroectodermal cells, such as osteo-
blasts, chondrocytes, endothelial cells, and nerve cells; 

accordingly, they have recently become a resource 
for tissue repair [1, 2]. Osteogenic differentiation of 
BMSCs is closely related to bone-related diseases: 
for example, the inhibition of osteoporosis [3]. Chen 
et al. demonstrated that osteogenic differentiation 
of BMSCs promotes new bone formation, which in 
turn, accelerates fracture healing [4]. Therefore, it is 
important to study the molecular mechanisms related 
to the differentiation of BMSCs.

Stromal cell-derived factor-1 (SDF-1) is a che-
mokine protein. It mainly binds to CXC receptor 4 
(CXCR4) and plays an important role in the home-
ostasis of organ development and hematopoietic cell 
differentiation [5, 6]. The interaction between SDF-1 
and CXCR4 can control the migration, osteogenic 
differentiation, and survival of BMSCs under oxi-
dative stress [7–11]. SDF-1 has also been shown to 
accelerate and enhance calcium deposition, regulate 
a variety of osteogenic factors such as runt-related 
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transcription factor 2 (Runx2), bone morphogenetic 
protein 2 (BMP2), and osteocalcin (OCN), enhance 
alkaline phosphatase activity, and maintain bone ho-
meostasis by assisting BMSCs to migrate to injured 
tissues [12, 13]. However, how the SDF-1/CXCR4 axis 
regulates the osteogenic differentiation of BMSCs 
remains unclear.

Janus kinase 2/signal transducer and activator of 
transcription 3 (JAK2/STAT3) signaling in osteoblasts 
plays an important role in bone biology [14]. By con-
trast, activation of JAK2/STAT3 signaling in BMSCs 
has been reported to inhibit bone regeneration [15]. 
Therefore, the exact role of JAK2/STAT3 signaling 
in bone biology remains controversial. The collection, 
proliferation, and osteogenic differentiation of mes-
enchymal stem cells are important for the treatment 
of bone defects [16]. In recent reports, JAK2/STAT3 
signaling plays an important role in the proliferation 
and osteogenic differentiation of BMSCs [17], and 
SDF-1 can induce the activation of STAT3 and im-
prove the migration of bone marrow stromal cells in 
a middle cerebral artery occlusion stroke model [18]. 
Nevertheless, whether SDF-1/CXCR4 can induce 
BMSC differentiation by promoting JAK2/STAT3 
pathway activation has not been reported. In view 
of the current research, this study aimed to explore 
the effect of SDF-1 and the activation of its receptor, 
CXCR4, on the osteogenic differentiation of bone 
marrow mesenchymal stem cells (BMSCs) and the 
key signaling mechanism.

Materials and methods

Cell culture. Human bone marrow mesenchymal stem cells 
(hBMSCs) were purchased from ScienCell (San Diego, CA, 
USA) and cultured in α-MEM (HyClone, Logan, UT, USA) 
containing 15% FBS, 100 μM L-ascorbic acid, 2 mM L-glu-
tamine, 100 U/mL penicillin, and 100 μg/mL streptomycin 
(Yaanda Biotechnology Co., Ltd., Beijing, China), at 37 °C 
in a 5% CO2 cell culture chamber.

SDF-1 treatment and cell grouping. The cells (1 × 105 
cells/mL) were cultured in 12-well plates with osteogenic 
differentiation medium (a-MEM + 0.1 μM dexamethasone 
+ 10 mM b-glycerophosphate + 50 μg/mL ascorbic acid) to 
induce osteogenic differentiation of hBMSCs for 7 days. The 
experiment was divided into two groups: the control group 
(cultured in osteogenic differentiation medium for 7 days), 
and the SDF-1 (PeproTech, East Windsor, NJ, USA) induced 
group (100 μg/L SDF-1 was added to the cells for 30 min and 
the cells were washed with phosphate-buffered saline (PBS) 
which were then cultured in osteogenic differentiation medi-
um for 7 days). Cells need to be washed with culture medium 
after replacing the medium after addition of drugs.

AG490 treatment and cell grouping. The experiment was 
divided into four groups: the control group, the AG490 
(JAK2 phosphorylation inhibitor, MCE, China) group (cells 
were treated with 50 μmol/L AG490 for 72 h and cultured 
in osteogenic differentiation medium for 7 days), the SDF-1 
group (100 μg/L SDF-1 was added to the cells for 30 min 
which were then cultured in osteogenic differentiation me-
dium for 7 days), the SDF-1 + AG490 group (the cells were 
treated with 100 μg/L SDF-1 30 min, and with 50 μmol/L 
AG490 for 72 h and cultured in osteogenic differentiation 
medium for 7 days). Cells need to be washed with culture 
medium after replacing the medium after addition of drugs.

AMD3100 treatment and cell grouping. The experiment was 
divided into four groups: the control group, the AMD3100 
(SDF-1/CXCR4 receptor antagonist, MCE, China) group 
(5 μg/mL AMD3100 were added to the cell culture for 48 h  
and the cells were cultured in osteogenic differentiation 
medium for 7 days), the SDF-1 group (100 μg/L SDF-1 was 
added for 30 min and the cells were cultured in osteogenic 
differentiation medium for 7 days), the SDF-1 + AMD3100 
group (100 μg/L SDF-1 was added for 30 min, 5 μg/mL 
AMD3100 was added for 48 h and the cells were cultured in 
osteogenic differentiation medium for 7 days). Cells need to 
be washed with culture medium after replacing the medium 
after addition of drugs.

RT-qPCR. Total RNA was extracted using TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA), and then DNA was re-
moved using a turbo DNase Kit (Ambion). The extracted 
RNA was quantified using a NanoDrop spectrophotometer. 
A Primescript real-time (RT) kit (Takara Bio, Shiga, Japan) 
was used to synthesize complementary DNA using 1000 ng of 
total RNA. SYBR Select Master Mix (Applied Biosystems, 
Waltham, MA, USA) was used to perform quantitative 
real-time PCR on an Applied Biosystems 7900HT system. 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
was used as the standardized internal reference for JAK2, 
STAT3, Runx2, and OCN mRNA. The CT value was calcu-
lated using the 2−DDCt method. The primer sequences used 
in this study were as follows:
JAK2,  F:5’-TCTGGGGAGTATGTTGCAGAA-3’, 
R:5’-AGACATGGTTGGGTGGATACC-3’;
STAT3,  F:5’-CAGCAGCTTGACACACGGTA-3’ , 
R:5’-AAACACCAAAGTGGCATGTGA-3’;
Runx2,  F:5’-CGCGTTGCATAGTCACAAAA-3’ , 
R:5’-AGTGCAGGGTCCGAGGTATT-3’;
OCN,  F : 5 ’ - C A C T C C T C G C C C T A T T G G C - 3 ’ , 
R:5’-CCCTCCTGCTTGGACACAAAG-3’;
GAPDH, F:5’-TGTGGGCATCAATGGATTTGG-3’, 
R:5’-CCCTCCTGCTTGGACACAAAG-3’.

Western blotting. Total cellular proteins were extracted 
using a radioimmunoprecipitation assay (RIPA; Beyotime, 
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Shanghai, China). The total protein was separated by 
electrophoresis and transferred to a polyvinylidene fluo-
ride (PVDF) membrane (Millipore, Billerica, MA, USA). 
After blocking with 5% skim milk for 2 h, the membrane 
was incubated with the primary antibodies — Anti-Runx2 
(ab192256, 1:1000, Abcam, Cambridge, UK), anti-OCN 
(ab270202, 1:1000, Abcam), anti-JAK2 (ab108596, 1:1000, 
Abcam), anti-STAT3 (ab68153, 1:1000, Abcam) at 4°C 
overnight. The next day, the membrane was incubated with 
the corresponding secondary antibody at room tempera-
ture for 2 h. Immune response bands were exposed to en-
hanced chemiluminescence (ECL; Thermo Fisher Science, 
Waltham, MA, USA) and analyzed using ImageJ software 
(NIH, Bethesda, MD, USA).

Alizarin-red staining. After 7 days, the cells from the six-well 
plates of each group were collected. The cells were removed 
from the culture medium, then washed twice with PBS. The 
cells were fixed with 10% formaldehyde at room tempera-
ture for 15 min. The cells were rinsed twice with redistilled 
water, and 40 mM alizarin red dye solution was added,  
1 mL per well. The cells were incubated at room temperature 
for 20 min and slightly oscillated. To remove dyes that were 
not fully bound, the cells were rinsed with redistilled water 

and shaken for 5 min; this was repeated four times. Excess 
redistilled water was allowed to absorb before observation 
under an inverted microscope.

Statistical analysis. GraphPad Prism 8 (GraphPad Inc., 
La Jolla, CA, USA) was used for statistical analysis. The 
differences between experimental groups were analyzed by 
Student’s t-test. Single-factor analysis of variance (ANOVA) 
was used for comparison among groups and then a mini-
mum-significant-difference test was performed. P < 0.05 
was considered to be statistically significant.

Results

Effect of SDF-1 on JAK2/STAT3 levels in BMSCs
To explore the effect of the SDF-1/CXCR4 axis on 
BMSCs, BMSCs were treated with SDF-1 (100 μg/L). 
The levels of the JAK2/STAT3-related proteins — 
p-JAK2, JAK2, p-STAT3, and STAT3 — and their 
mRNAs were detected by RT-qPCR and Western 
blotting. The results showed that the levels of JAK2 
mRNA, STAT3 mRNA, and their protein phospho-
rylation in the SDF-1 treated group were higher than 
those of the non-SDF-1 group (p < 0.05, Fig. 1A–C). 
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Figure 1. Effect of SDF-1 on JAK2/STAT3 mRNA and protein levels of SDF-1-treated BMSCs. BMSCs were treated with 
SDF-1 (100 μg/L) for 30 min (A and B) and cells were collected after 7 days. The mRNA levels of JAK2 and STAT3 were 
detected by RT-qPCR. Western blotting was used to detect the levels of the JAK2/STAT3–related proteins: p-JAK2, JAK2, 
p-STAT3, and STAT3. Data are means of three independent experiments, and each independent experiment was repeated 
with three replicate wells. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group.

https://www.abcam.cn/stat3-antibody-epr787y-ab68153.html
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Thus, the results showed that SDF-1 promoted the 
activation of JAK2/STAT3 in BMSCs. 

SDF-1 regulated osteogenic differentiation of BMSCs
Next, we explored the effect of SDF-1/CXCR4 on 
the osteogenic differentiation of BMSCs. RT-qPCR 
and Western blotting were used to detect the expres-
sion of the osteogenesis-related genes — Runx2 and 
OCN. The results showed that, compared with the 
control group, the expression levels of Runx2, OCN, 
and their mRNA were significantly upregulated. In 
addition, the results of alizarin-red staining showed 
that the number of mineralized nodules and the oste-
ogenic-differentiation ability of BMSCs in the SDF-
1-treated cells were higher than in the control cells. 
These results suggested that SDF-1/CXCR4 could 
promote the osteogenic differentiation of BMSCs  
(p < 0.05, Fig. 2A–C).

JAK2/STAT3 participated in SDF-1-mediated 
osteogenic differentiation of BMSCs
JAK2/STAT3 signaling has been shown to play an 
important role in the proliferation and osteogenic dif-
ferentiation of BMSCs [13]. However, whether JAK2/ 
/STAT3 is involved in SDF-1–mediated osteogenic 

differentiation of BMSCs remains unclear. BMSCs 
were treated with the JAK2 phosphorylation inhibi-
tor, AG490. First, JAK2/STAT3–related protein and 
mRNA levels were detected by RT-qPCR and western 
blotting; the results showed that the levels of JAK2, 
STAT3 mRNA, and the phosphorylation of their 
proteins in the AG490 group were significantly lower 
than in the SDF-1 group (p < 0.05, Fig. 3A–C). We 
then explored the effect of the JAK2 phosphorylation 
inhibitor, AG490, on the osteogenic differentiation of 
BMSCs. RT-qPCR and western blot results showed 
that Runx2, OCN, and their mRNA levels were 
significantly downregulated in the SDF-1 + AG490 
group compared with the SDF-1 group (p < 0.05, Fig. 
3D–F). Alizarin-red staining showed that the number 
of mineralized nodules and osteogenic-differentiation 
ability of BMSCs in the AG490 group were lower than 
in the SDF-1 group (p < 0.05, Fig. 3G).

SDF-1/CXCR4 activated JAK2/STAT3 pathway  
to regulate osteogenic differentiation of BMSCs
To further verify the role of SDF-1/CXCR4 in the 
osteogenic differentiation of BMSCs by activating 
JAK2/STAT3, we treated BMSCs with the CXCR4 
inhibitor, AMD3100. The results of western blotting 
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Figure 2. SDF-1 regulated osteogenic differentiation of BMSCs. BMSCs were treated with SDF-1 (100 μg/L) for 30 min 
and cells were collected after 7 days. A. The mRNA levels of Runx2 and osteocalcin (OCN) were detected by RT-qPCR.  
B. The levels of Runx2 and OCN were detected by western blotting. C. Alizarin-red staining assay used to detect the miner-
alization-induction ability of the cells. Data are means of three independent experiments, and each independent experiment 
was repeated with three replicate wells. ***P < 0.001 vs. control group.
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showed that the phosphorylation of JAK2 and STAT3 
proteins was downregulated compared with the con-
trol group. In the SDF-1–treated group, AMD3100 
treatment reversed the effect of SDF-1 on JAK2 and 

STAT3 protein phosphorylation (p < 0.05, Fig. 4A). 
Taken together, these results suggest that SDF-1/ 
/CXCR4 activated JAK2/STAT3 to regulate the oste-
ogenic differentiation of BMSCs (Fig. 4B).
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Figure 3. JAK2/STAT3 participated in SDF-1-mediated osteogenic differentiation of BMSCs. BMSCs were treated first 
with SDF-1 (100 μg/L) for 30 min and then with the JAK2 phosphorylation inhibitor, AG490 (5 μg/mL) for 72 h and cells 
were collected after 7 days. A. and B. Levels of JAK2 mRNA and STAT3 mRNA were detected by RT-qPCR. C. Western 
blotting was used to detect the levels of JAK2/STAT3–related proteins p-JAK2, JAK2, p-STAT3, and STAT3. D. and E. 
RT-qPCR was used to detect the levels of Runx2 mRNA and OCN mRNA. F. The levels of Runx2 and OCN were detected 
by Western blotting. G. Alizarin-red staining assay was used to detect the ability of cells to induce mineralization. Data 
are means of three independent experiments, and each independent experiment was repeated with three replicate wells.  
*P < 0.05, ***P < 0.001 compared with SDF-1 group.
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Discussion

JAK2 is a non-receptor tyrosine kinase member of the 
Janus kinase (JAKs) family, which serves as a cytoplas-
mic signaling component of cytokine receptors and 
is activated by cytokine-mediated trans-phosphoryla-
tion, leading to receptor phosphorylation and recruit-
ment and phosphorylation of signal transducer and 
activator of transcription (STAT) proteins [19]. As  
a downstream substrate of JAK2, STAT3 is an induc-
ible monomer transcription factor. After recruitment 
by JAK2, STAT3 dimerizes and translocates to the 
nucleus after Tyr705 phosphorylation. The activation 
of STAT3 signaling can induce changes in the expres-
sion of downstream molecules and regulate biological 
processes such as cell migration, proliferation, and 
apoptosis [20]. Previous studies have shown that the 
JAK2/STAT3 pathway is involved in the progression 
of colorectal cancer [18] and central nervous system 
diseases related to experimental cerebral ischemia 
[21]. There are also relevant reports on bone defect 
diseases. For example, Yu et al. [13] confirmed that 
inhibition of JAK2/STAT3 signal transduction can 
inhibit the proliferation and osteogenic differentiation 
of bone-marrow stromal cells and impede the healing 
of bone defects, indicating that JAK2/STAT3 plays an 

important role in the proliferation and osteogenesis 
of bone marrow stromal cells. AG490, the inhibitor 
of JAK2, can reduce the phosphorylation of STAT3 
by selectively inactivating JAK2. The therapeutic 
potential of AG490 has been demonstrated for exper-
imental bone-defect in a mouse model [22]. Similarly 
to the latter research, we used JAK2 phosphorylation 
inhibitor AG490 to explore the role of JAK2/STAT3 
in osteogenic differentiation of BMSCs. The results 
showed that phosphorylation of JAK2 and STAT3 
decreased in BMSCs, and the osteogenic-differen-
tiation ability of BMSCs also decreased. Our results 
suggest that inhibition of the JAK2/STAT3 pathway 
could inhibit the osteogenic differentiation of BMSCs.

SDF-1 is a low-molecular-weight chemokine pro-
tein, which is the most effective chemokine for bone 
marrow cells, and belongs to the CXC chemokine 
family [23]. SDF-1 is continuously secreted by stromal 
cells. CXCR4 is the only known receptor of SDF-
1 that belongs to the G-protein-coupled receptor 
family. SDF-1 and CXCR4 constitute the SDF-1/ 
/CXCR4 axis, which transduces specific signals and 
mediates different effects [24]. It plays an important 
role in embryonic development, mediating immune 
and inflammatory responses, and regulating stem-
cell migration and homing [25, 26]. CXCR4 is barely 

Figure 4. SDF-1/CXCR4 activated JAK2/STAT3 pathway to regulate osteogenic differentiation of BMSCs. BMSCs were first 
with SDF-1 (100 μg/L) for 30 min and then exposed for 48 h to the CXCR4 inhibitor AMD3100 (5 μg/mL), afterwards the 
cells were collected after 7 days. A. The levels of p-JAK2, JAK2, p-STAT3, and STAT3 were detected by Western blotting. B. 
The diagram shows postulated mechanisms of SDF-1-induced osteogenic differentiation of BMSCs by the promotion of the 
SDF-1/CXCR4 activated JAK2/STAT3 signaling. Data are means of three independent experiments, and each independent 
experiment was repeated with three replicate wells. *P < 0.05, compared to the control or SDF-1 group.
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expressed in normal tissues but increases in ischemia 
[27]. CXCR4 is expressed in BMSCs, and cytokines 
produced in result of tissue injury can stimulate 
CXCR4 to be transferred from within cells to the 
cell surface [28]. SDF-1 has a strong chemoattract-
ant effect on CXCR4-expressing BMSCs since the 
specific binding of SDF-1 to CXCR4 is conducive 
to the directional chemotaxis of BMSCs [29]. In this 
study, we found that SDF-1 promotes the osteogenic 
differentiation of BMSCs.

As a specific inhibitor of CXCR4, AMD3100 has 
been widely used in basic research on CXCR4 path-
way disorders. For example, in myeloma, AMD3100 
blocks the interaction between multiple myeloma 
cells and the bone marrow microenvironment, and 
enhances multiple myeloma cells’ sensitivity to treat-
ment [30]. In this study, to verify the effect of SDF-1/ 
/CXCR4 regulating JAK2/STAT3 pathway in the 
osteogenic differentiation of BMSCs, we treated 
BMSCs with the JAK2 phosphorylation inhibitor 
AG490 and the CXCR4 specific inhibitor AMD3100. 
The results showed that AMD3100 treatment could 
reduce the phosphorylation levels of JAK2 and 
STAT3. The results further indicated that SDF-1/
CXCR4 could signal through JAK2/ and STAT3 
pathway.

In conclusion, our results suggest that SDF-1/ 
/CXCR4 activates JAK2/STAT3 to regulate the oste-
ogenic differentiation of BMSCs; however, there are 
still some shortcomings in this study. Xiu et al. [31] 
confirmed that SDF-1/CXCR4 can promote the mi-
gration of BMSCs and enhance SDF-1/CXCR4 ther-
apeutic effect of BMSCs in LPS-induced acute liver 
injury, which is caused by the activation of the PI3K/ 
/Akt signaling pathway. Therefore, it is important to 
study the effect of SDF-1/CXCR4 on other aspects 
of BMSCs function, including their migration. In ad-
dition, previous studies have confirmed that SDF-1/ 
/CXCR4 reduces adhesion-mediated chemoresistance 
of multiple myeloma cells by activating PI3K/Akt and 
upregulating interleukin-6 (IL-6) [32]. Therefore, the 
role of SDF-1/CXCR4 and other signaling pathways 
in BMSCs needs to be further explored.
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