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A B S T R A C T

Background: Bone fracture healing is a postnatal regenerative process in which fibrocartilaginous callus formation
and bony callus formation are important. Bony callus formation requires osteoblastic differentiation of MSCs.
Materials and methods: The formation of callus was assessed by μCT, Safranin-O, H&E and Masson trichrome
staining. Osteogenesis of MSCs was analyzed by ALP staining, ARS staining, qRT-PCR and WB. And we also used
IF and TOP/FOP Flash luciferase reporter to assess the nuclear translocation of PP65.
Results: In this study, we found Bcl-3 showed a significant correlation with bone fracture healing. Results of μCT
showed that loss of Bcl-3 delays bone fracture healing. Safranin-O, H&E and Masson trichrome staining confirmed
that loss of Bcl-3 impacted the formation of cartilage and woven bone in callus. Further experiments in vitro
manifested that Bcl-3-knockdown could inhibit MSCs osteoblastic differentiation through releasing the inhibition
on NF-κB signaling by Co-IP, IF staining and luciferase reporter assay.
Conclusions: We unveiled that loss of Bcl-3 could lead to inhibited osteogenic differentiation of MSCs via pro-
moting PP65 nuclear translocation.
The translational potential of this article: Our data demonstrated that overexpression of Bcl-3 accelerates bone
fracture healing, which serves as a promising therapeutic target for bone fracture treatment.
1. Introduction

Bone fracture is one of the most common traumatic injuries [1,2]. By
2050, the annual number of fractures in China will reach 5.99 million
which will cost $25.43 billion [3]. Fractures seriously affect the quality of
human associated with great economic burdens and become a major
public health problem.

Fracture healing is a process that could restore damaged skeletal or-
gans to their pre-injury cellular composition, structure, and biomechan-
ical functions. Which involves two stages: anabolic phase to form new
skeletal tissues and prolonged catabolic phase to form the original bone
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structure [4]. There are many factors affecting fracture healing and bone
homeostasis [5]. The therapeutic potential of mesenchymal stem cells
(MSCs) for bone healing process has been long proposed and examined.

Caplan coined the term MSCs in 1991 [6]. One of the defining fea-
tures of MSCs is the tri-lineage differentiation capacity including osteo-
genesis, chondrogenesis and adipogenesis [7–9]. MSCs were considered
to be an appropriate cell source for bone tissue engineering [10]. Pro-
moting MSCs migration and osteogenesis could accelerate fracture
healing and the formation of the cambium layer of the periosteum
[11–13].

During the osteogenesis of MSCs, the NF-κB pathway plays a critical
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role. Several groups have shown that NF-κB signaling could inhibit bone
formation through activation of P65 induced by TNFα [14,15]. Over-
expression of P65 inhibited BMP-2 and Smad-induced reporter activity to
inhibit osteoblast differentiation of MSCs. Overexpression of IκBα could
restore the inhibition of overexpressed P65 [16]. In addition to classical
IκBs, there are other IκB-like proteins like Bcl-3.

B-cell lymphoma 3 (Bcl-3) is an important member of the IκB family
that forms complexes with NF-κB on DNA. The specific biological func-
tion of Bcl-3 in MSCs remained poorly understood. Here we explored the
roles of Bcl-3 in MSCs during osteogenesis. We discovered that loss of Bcl-
3 resulted in the remarkably reduced bony callus volume by influencing
the fracture callus and the formation of new bone in vivo. Moreover, Bcl-
3-knockdown could suppress the capability of MSCs osteoblasts differ-
entiation through NF-κB P65 signaling.

2. Results

2.1. Loss of Bcl-3 delays bone fracture healing

To assess the effects of Bcl-3 on bone fracture healing, we generated
10-week-old Bcl-3�/� and WT mice. Twenty-one days after surgery, mice
were euthanized. X-ray images and radiographic union scores are
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considered to be the universal method for grading the stages of bony
healing. As shown in Fig. 1A, the number of cortices with bridging callus
in Bcl-3�/� group was less than WT group. And the RUST score of WT
group was with a mean score of 10 while 6.6 in Bcl-3�/� group (Fig. 1A
and B). 3D reconstructions of μCT images of the whole femur, woven
bone of callus and cross-section of callus manifested that obvious fracture
gaps could be observed in the Bcl-3�/� group and the formation of woven
bone of callus was suppressed in Bcl-3�/� group compared with WT
group (Fig. 1C). The analysis of μCT suggested that percent of bone
volume (BV/TV) and cortical thickness (Ct.Th) was decreased in Bcl-3�/�

group and total porosity was increased in Bcl-3�/� group (Fig. 1D and E).
Furthermore, we performed biomechanical testing to detect the me-

chanical strength of fracture femur detached fromWT and Bcl-3�/� mice
until day 21 after fracture (Fig. 2A). And our data showed that maximum
loading decreased in Bcl-3�/� group compared to WT group (P < 0.05;
Fig. 2B). The same result was observed in modulus of elasticity (P< 0.01;
Fig. 2C). Therefore, these results revealed that bone mechanical strength
was impaired when Bcl-3 was knockout.
2.2. Histological staining of the bone fracture

To further assess the changes in callus, we performed Safranin-O
Fig. 1. Loss of Bcl-3 delays bone fracture healing
(A–B) X-ray images and radiographic union scores
showed clear fracture lines at 21 days after fracture.
(N ¼ 3 independent experiments) (C) μCT three-
dimensional images of fractured area from 10-week-
old male Bcl-3�/� and WT mice at 21 days after
fracture. the femoral (left); fractured area of the
femoral without cortical bone (right, upper) and the
cross section of the fractured area (right, lower) (N ¼
3 independent experiments) (D) Quantitative mea-
surements of BV/TV of fractured area from 10-week-
old Bcl-3�/� and WT mice at 21 days after fracture.
(N ¼ 3 independent experiments) (E) Quantitative
measurements of Ct.Th and Total porosity of fractured
area from 10-week-old Bcl-3�/� and WT mice at 21
days after fracture. (N ¼ 3 independent experiments)
The data are presented as the mean � SD. *P < 0.05;
**P < 0.01vs. control group. Statistical analysis was
performed using Student's t test.



Fig. 2. Biomechanical testing of bone samples from
WT and Bcl-3�/� mice, (A) The fractureed femur de-
tached from the right leg was to perform biome-
chanical testing. (N ¼ 3 independent experiments),
(B) Maximum loading was measured in the Bcl-3�/�

and control groups. (N ¼ 3 independent experiments),
(C) Modulus of elasticity was measured in the Bcl-3�/

� and control groups. (N ¼ 3 independent experi-
ments). The data are presented as the mean � SD. *P
< 0.05; **P < 0.01vs. control group. Statistical anal-
ysis was performed using Student's t test.
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staining of fracture bone. As shown in Fig. 3A, a significantly elevation of
cartilage area (CA) and CA/total area (TA) in Bcl-3�/� group compared to
WT group. The statistical analysis of CA and CA/TA showed that the
percentage of CA/TAwas nearly 10% inWT group, versus 20% in Bcl-3�/

� group at 14 days after fracture. At 21 days after fracture, the percentage
of CA/TA was nearly 5% in WT group, versus 12% in Bcl-3�/� group.

Hematoxylin and Eosin (H&E) and Masson trichrome staining were
performed to investigate the new bone formation in the fracture callus.
The results of HE revealed that the woven bone formation in callus was
deceased in Bcl-3�/� group compared with WT group at 14 and 21days
post-fracture (Fig. 3B). Masson trichrome staining showed that cancel-
lous bone in Bcl-3�/� group was scattered, bone trabeculae was broken
and bone collagen was discontinuous compared with WT group at 14 and
21days post-fracture (Fig. 3C).

2.3. Bcl-3 depletion inhibits MSCs osteoblastic differentiation

Since we have found that the formation of new bone was decreased in
Bcl-3�/� group in Fig. 3B, we hypothesized that loss of Bcl-3 inhibits
fracture healing by suppressing MSCs osteoblasts differentiation. There-
fore, we detected the MSCs osteoblasts differentiation in vitro. Firstly, we
generated the shBcl-3 lentiviral and the knockdown (KD) efficiency was
shown in Fig. 4C detected in MSCs. Alkaline Phosphatase (ALP) and
Alizarin Red S (ARS) staining were performed to investigate the capa-
bility of MSCs osteoblasts differentiation. After cultured in Mouse Bone
Marrow MSCs Complete Culture Medium for 2 days, MSCs were trans-
fected with empty lentiviral shRNA vector or shBcl-3, then cultured in
MSCs osteogenic differentiation basal medium for 7 days and 14 days.

The results of ALP and ARS indicated that the area of alkaline phos-
phatase color development and mineralized nodules calcareous were
decreased in 7 days (p < 0.01, and p < 0.001, respectively) and 14 days
(p < 0.01, and p < 0.001, respectively) when Bcl-3 was KD in MSCs
(Fig. 4A and B). The mRNA levels of Osterix, Runx2 and Ocn were
significantly reduced in shBcl-3 group (p < 0.001, p < 0.05 and p <

0.001, respectively) compared with shCtrl group (Fig. 4C). The same
result was improved by protein levels of RUNX2 and OSTERIX (Fig. 4D).
Collectively, these data showed that Bcl-3-KD could suppress the capa-
bility of MSCs osteoblasts differentiation.

2.4. Bcl-3 interacts with PP65 and regulates nuclear translocation of PP65

NF-κB signaling is important to maintain bone homeostasis. And P65
was found to inhibit osteoblast differentiation, resulting in the inhibition
of bone formation by NF-κB [16]. To determine whether Bcl-3 regulated
bone fracture healing via interacting with PP65, we performed several
studies. Firstly, we observed that the protein level of PP65/P65 was
increased significantly (P < 0.001) when Bcl-3 was knocked down in
MSCs (Fig. 5A). Then, we confirmed the interaction between Bcl-3 and
PP65 by immunoprecipitation (IP) analysis in MSCs (Fig. 5B). To
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examine whether Bcl-3 mediates the transcriptional activity of P65, we
transfected TOP/FOP Flash luciferase reporter into Bcl-3-silenced MSCs.
The results manifested that the NF-κB-Luc activity was increased (P <

0.001) in Bcl-3 depletion MSCs (Fig. 5C). The results of immunofluo-
rescence showed a rise of nuclear translocation of PP65 when Bcl-3 was
knocked down in MSCs (Fig. 5D).

2.5. Overexpression of Bcl-3 accelerates bone fracture healing

Given the function of Bcl-3 in process of bone fracture healing, we
generated the Bcl-3 overexpression Adeno-Associated virus (AAV2/9).
And the mice were intrafemorally injected with Bcl-3 AAV2/9 or control
AAV (5 � 1012 GC/kg) 7 days before the bone fracture surgery. Twenty-
one days later, the mice were euthanized. As shown in μCT of the whole
femur, woven bone of callus and cross-section of callus manifested that
the fracture gaps were more obvious in WT group and the formation of
woven bone of callus was increased in Bcl-3 overexpression group
compared withWT group (Fig. 6A). And the RUST score of WT group was
with a mean score of 7.6 while 9.6 in Bcl-3 overexpression group
(Fig. 6B). Safranin-O staining of fracture bone was performed to assess
the changes of callus (Fig. 6C). As shown in Fig. 6C, CA and CA/TA
decreased significantly in Bcl-3 overexpressed group at Day 21 compared
with WT group, while there is no obvious change in TA (nearly 8% in WT
versus 4% in Bcl-3 overexpressed group [CA/TA]).

3. Discussion

In this study, we found that Bcl-3�/� mice had retarded callus for-
mation and inferior mechanical properties. KD of Bcl-3 expression in
MSCs resulted in inhibited osteogenic differentiation, downregulated
expressions of osteogenesis markers, and increased amount of PP65.
Furthermore, the co-IP verified the Bcl-3 bound to PP65, and immuno-
fluorescence staining showed Bcl-3 KD improvededed the nuclear
translocation of PP65. Thus, we revealed that loss of Bcl-3 affected
fracture healing and osteoblast generation via promoting NF-κB P65
signaling.

Fracture healing is a complex process influenced by many factors,
such as fracture fixation stability and the blood supply [17,18]. Inflam-
matory cytokines like TNF-alpha and the mechanical microenvironment
of MSCs are also involved in the process of fracture healing [19–21].
Among them, role of MSCs in fracture healing is non-negligible. Callus
mineralization is the hallmark of maturation and fracture union accom-
plishment, which is related to the generation and function of osteoblasts
[22]. Another study showed that Sostdc1, which was expressed in the
periosteum and crucial to fracture repair, was also expressed in MSCs.
The depletion of Sostd1 leads to greater callus and more osteoblasts to
promote fracture healing [23]. In our research, we found Bcl-3 KD by
shRNA in vitro could notably suppress their osteogenic differentiation.
The ALP and ARS staining and the osteogenic gene expression levels,



Fig. 3. Histological sections of the bone fracture with Safranin-O, Hematoxylin and Eosin (H&E) and Masson trichrome staining (A) Histological sections of the bone
fracture with Safranin-O staining. Images show one side of the callus with cortical bone at the bottom (light blue staining) and cartilage components (indicated in deep
red). Scale bar, 500 μm (left), 250 μm (middle) and 100 μm (right) (B) Histological sections of the bone fracture with Hematoxylin and Eosin (H&E) staining. Scale bar,
250 μm (C) Histological sections of the bone fracture with Masson trichrome staining. Scale bar, 100 μm (N ¼ 3 independent experiments). The data are presented as
the mean � SD. **P < 0.01; ***P < 0.001 vs. control group. Statistical analysis was performed using two-way ANOVA. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Bcl-3 depletion inhibits MSCs osteoblastic differentiation (A) Bcl-3 was knockdown in MSCs and cultured in differentiation medium. Cell differentiation was
assessed by ALP staining after 7 days and 14 days of osteogenic induction. Scale bar, 200 μm. (B) Bcl-3 was knockdown in MSCs and cultured in differentiation
medium. Cell differentiation was assessed by ARS staining after 7 days and 14 days of osteogenic induction. Scale bar, 200 μm (C) The expression of Bcl-3, Osterix,
Runx2 and Ocn detected by qRT-pcr. (D) The expression of BCL-3, OSTERIX and RUNX2 detected by WB. (N ¼ 3 independent experiments). The data are presented as
the mean � SD. *P < 0.05; **P < 0.01; ***P < 0.001 vs. control group. Statistical analysis was performed using two-way ANOVA.
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including Osterix, Ocn, and Runx2 testified that Bcl-3 was prominent to
osteoblast generation. Robust osteoblast differentiation substantially
promotes fracture repair [24], which is consistent with our findings that
Bcl-3 insufficiency contributed to inhibited osteoblast generation and
even inferior fracture union.

As we well known, NF-κB is a major transcription factor regulating
inflammatory response and fracture healing [25]. The resolution of
inflammation in fracture healing is important, and the inhibition of
NF-κB in skeletal stem cells lead to restore tissue regeneration [26]. In the
treatment of bone disease, the development of NF-κB inhibitors drew
most of the attention. For example, as a receptor activator of NF-κB ligand
inhibitor, denosumab is considered to be a specific remedy for prevention
of fractures [27]. In NF-κB signal transduction, the degradation of IκB is
indispensable, which could release the NF-κB dimer to translocate into
the nucleus to regulate the target gene expression [28]. It means that IκB
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has a potential role in the treatment of bone fracture healing. However,
as a member of IκB, the potential effects of Bcl-3 in fracture healing have
not been investigated before. In our study, the results of co-IP testified to
the hypothesis of the direct bind between Bcl-3 and PP65. And immu-
nofluorescence staining demonstrated that nuclear PP65 was promoted
by Bcl-3 KD. Collectively, we identified that Bcl-3 KD upregulated the
NF-κB pathway activity via promoting PP65 nuclear translocation, which
might be a reason for Bcl-3 to regulate osteogenic differentiation of MSCs
and then affect fracture repair.

During the bone fracture healing, day 14 and 21 are at the stage of
endochondral stage and the early remodeling stage, where chondrocytes
and osteoblasts play a major role. And fracture healing is completed at
6–8 weeks, where bone remodeling predominates involving both osteo-
blasts and osteoclasts [4]. In addition, Bcl-3 overexpression significantly
decrease TRAP positive osteoclasts and osteoclastic bone resorption in



Fig. 5. Bcl-3 interacts with PP65 and regulates nuclear translocation of PP65, (A) Expression of P65 and PP65 in shCtrl and shBcl-3 MSCs detected by WB. (B) Lysates
from MSCs were used, and anti-Bcl-3 antibody was used in IP followed by immunoblot using the indicated antibodies (C) MSCs were cotransfected with the shCtrl and
shBcl-3 and TOP/FOP Flash reporter plasmid. (D) Immunofluorescence staining of PP65 in shCtrl and shBcl-3MSCs. Scale bar, 20 μm (N ¼ 3 independent experi-
ments). The data are presented as the mean � SD. *P < 0.05; **P < 0.01; ***P < 0.001 vs. control group. Statistical analysis was performed using Student's t test.
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the presence of RANKL [29]. In our study, the results showed that Bcl-3
influenced the differentiation of MSCs into osteoblasts, and loss of Bcl-3
inhibited the endochondral bone formation. Based on the above reasons,
we did not evaluate the effects of Bcl-3 on the remodeling of hard callus,
for Bcl-3 could also affect osteoclastogenesis. Therefore, we did not
perform a long-term study at 6–8 weeks. To better illustrate the whole
process of bone fracture healing including both mineralization and
remodeling, we would better generate the conditional knockout mice.
Next, it would be better if we performed detailed mechanisms of Bcl-3
regulating MSCs osteogenic differentiation in this study. For example,
we could explore the degradation of PP65 using cycloheximide (CHX) in
Bcl-3-silenced MSCs and the expression of PP65 in Bcl-3-overexpressed
MSCs. Despite these limitations, we unveiled that loss of Bcl-3 could
lead to inhibited osteogenic differentiation of MSCs via increasing PP65
nuclear translocation, thus affecting the callus formation and maturation
and causing inferior fracture healing, which remains a potential target in
the treatment of bone fracture healing.

4. Experimental model and subject details

4.1. Fracture model

Bcl-3 knockout mice have been described previously (Franzoso et al.,
1997) [30] and were obtained from Prof. Xiaoren Zhang [31]. All ani-
mals were housed and maintained in pathogen-free conditions. And all
animal experiments complied with the ARRIVE guidelines (including
study design, sample size, inclusion and exclusion criteria, randomiza-
tion, blinding, outcome measures, statistical methods, experimental an-
imals, experimental procedures and results) and were carried out in
accordance with the National Research Council's Guide for the Care and
Use of Laboratory Animals. The protocol was approved by the Ethics
Committee of Shanghai University. And the number of mice in each
group was three.

Ten-week-old male C57BL/6 and Bcl-3�/� mice were anesthetized
with 4% chloral hydrate by intraperitoneal injection. Removed hair from
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the skin surface of the right leg and performed a 1.0 cm cut of the skin
along the femur after local disinfection. A 26-gauge syringe needle was
inserted into the bone marrow cavity through the intercondylar fossa
femur. The femur was then transected using a fretsaw to perform an
osteotomy. Closed the incision with a 5-0 silk suture [13,32].

4.2. Isolation and culture of primary mouse MSCs

MSCs were isolated from the femur and tibia of 4-week-old C57 mice
according to MSCs culture protocol [33] and cultured in OriCell®Mouse
Bone MarrowMSCs Complete Culture Medium (cyagen, MUXMX-90011)
for 7 days. MSCs preparations with a viability of 85% were used for
experiments.

4.3. X-ray and μCT analyses

2 and 3 weeks after surgery, mice were euthanized. The number of
mice in each group was three. Right femurs of mice were collected for X-
ray and microcomputed tomography (μCT) (Skyscan 1275; Bruker μCT)
analyses under the same conditions. Briefly, image acquisition was per-
formed at 50 kV and 60 μA with a 0.2 rotation between frames. The
resolution of the micro-CT images is 11 μm (pixel size). Semiquantitative
analyses of the X-ray were performed according to radiographic union
scale (RUST) [34]. CT Analyser (CTAn) and CTvox were used to examine
fracture healing quality and form 3D image. During 3 d reconstruction,
the number of Layers was 201 and the region of interest is that which
remains after the removal of the outermost cortical bone.

4.4. Biomechanical testing

The fracture femurs of the mice were detached from the right leg of
bone fracture mice from each group to perform biomechanical testing.
Themice were euthanized at 14 and 21 days after surgery. The number of
mice in each group was three. Both ends of each femur were placed on
the fixator to ensure the fracture site was placed in the middle.



Fig. 6. Overexpression of Bcl-3 accelerates bone fracture healing (A) μCT three-dimensional images of fractured area from 10-week-old male WT and Bcl-3
overexpressed mice at 21 days after fracture. the femoral (left); fractured area of the femoral without cortical bone (right, upper) and the cross section of the frac-
tured area (right, lower) (B) Radiographic union score of X-ray from 10-week-old male WT and Bcl-3 overexpression mice at 21 days after fracture. (N ¼ 3 independent
experiments) (C) Histological sections images and quantitative measurements of the bone fracture with Safranin-O staining. Images show the callus with cortical bone
(light blue staining) and cartilage components (indicated in orange). Scale bar, 2.5 mm (left), 500 μm (middle) and 100 μm (right). The data are presented as the mean
� SD. *P < 0.05 vs. control group. Statistical analysis was performed using Student's t test. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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ATS370.7202Bionix was used to apply force at a rate of 1 mm/s until
failure to determine the modulus of elasticity and maximum loading of
the fracture callus.

4.5. Lentiviral transduction

The empty lentiviral shRNA vector element was pLKD-CMV-EGFP-2A-
Puro-U6-shRNA. And the target sequence was CCTGGAGGTTCGCAAT-
TAT. Lentiviral was synthesized by Invitrogen (OBiO Technology,
Shanghai). Lentivirus supernatant was added to cells and followed by the
addition of 1 μg/ml polybrene.

4.6. qRT-PCR

Total RNA was isolated using TRIzol Reagent (15596-018;
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Invitrogen) following protocols of the manufacturer. RNA was reverse
transcribed to cDNA by the PrimeScriptTM RT reagent Kit (RR047A,
TaKaRa). Quantitative real-time PCR for target genes were performed
using SYBR Green (RR420A, TaKaRa). Fold changes were calculated
using the equation RQ ¼ 2�ΔΔCt. Each sample was analyzed in triplicate.
4.7. Western blot analysis

Remove the cell culture medium in the petri dish, wash the cells with
PBS twice, and remove PBS. Add protein lysate (PMSF; Phosphatase in-
hibitors; Protease inhibitor; RIPA), and the cells were placed on ice for
lysis for 30min. The mixture was centrifuged for at 12,000�g for 15min.
Protein was quantified using the BCA Protein Assay Kit (P0012S, Beyo-
time). The protein was separated on 10% sodium dodecyl sulfate-
polyacrylamide gel. The Immun-Blot® PVDF membrane (1620184, Bio-
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Rad) was used in this experiment.
Protein extracts from primary MSCs were analyzed by Western blot-

ting using the antibodies listed as follow: Rabbit monoclonal anti-GAPDH
(Abcam, ab181602, 1:10000); Rabbit monoclonal anti-Bcl-3 (Abcam,
ab259832, 1:2000); Rabbit monoclonal anti-Osterix (Abcam, ab209484,
1:2000); DyLight® 800 (Abcam, ab201806, 1:20000).
4.8. Immunofluorescence

For immunofluorescence, primary MSCs were seeded in twelve-well
plates (6 � 104 cells per well). Cells were plated and grown on cover-
slips, then washed with PBS and fixed with 4% paraformaldehyde. Cells
were blocked with PBS containing 10% FBS and 0.3% Triton-X-100 for
30 min. The proteins were localized using the primary antibodies over-
night at 4 �C. The cells were washed and incubated with secondary an-
tibodies. The images were collected with Fluorescence microscope.
4.9. Immunoprecipitation and immunoblotting

Immunoprecipitation and immunoblotting assays were performed as
described previously [35]. The following primary antibodies were
included: Bcl-3(Abcam, ab209484), P65(Abcam, ab32536), GAPDH
(Abcam, ab181602). The secondary antibodies used were as followed:
protein A-sepharose (GE17-1279-01, Sigma), Rabbit IgG (sc-2027, Santa
Cruz Biotechnology), Mouse IgG (sc-2025, Santa Cruz Biotechnology).
4.10. Luciferase reporter assay

MSCs were cultured in 48-well dishes with a density of 5 � 104 cells/
mL and transfected with 250 ng of NF-κB luciferase reporter plasmid
(YEASEN, 11501ES03) and 50 ng of Renilla plasmids as an internal
control using Fugene (Roche,04709705001). Cells were collected at 48
hours after transfected with lentivirus and then performed Dual-
Luciferase Reporter System (Promega, E1910).
4.11. ALP and ARS staining

For ALP and ARS staining, primary MSCs were seeded in twelve-well
plates (6 � 104 cells per well). The medium was replaced with MSCs
osteogenic differentiation basal medium (MUBMX-90021, Cyagen) the
next day. 2–3 weeks later, cells were with 4% PFA. BCIP/NBT Alkaline
Phosphatase Color Development Kit (C3206, Beyotime) and Alizarin Red
S Solution (G1450, Solarbio) were used for ALP and ARS staining.
Finally, plates were placed in the imaging reader (Cytation 5, BioTek)
and photographed for imaging.
4.12. Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.0. Unless
otherwise indicated, all experiments were repeated three times and all
data were presented as means � SD and comparisons between two
groups were performed by two-tailed Student's t-test. For more than two
groups, we used one-way ANOVA or two-way ANOVA with Tukey's
multiple comparisons test. For all statistical tests, p < 0.05 was consid-
ered statistically significant.
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