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ABSTRACT
The aim of this study was to investigate whether HUCMSCsWnt10b could promote long bone 
fracture healing. Commercially-available HUCMSCsEmp (human umbilical cord mesenchymal 
stem cells transfected with empty vector) in hydrogel, HUCMSCsWnt10b in hydrogel and 
HUCMSCsWnt10b with the Wnt signaling pathway inhibitor IWR-1 were transplanted into the 
fracture site in a rat model of femoral fracture. We found that transplantation of 
HUCMSCsWnt10b significantly accelerated bone healing in a rat model of femoral fracture. 
Meanwhile, three-point bending test proved that the mechanical properties of the bone at 
the fracture site in the HUCMSCWnt10b treatment group were significantly better than those 
of the other treatment groups. To understand the cellular mechanism, we explored the 
viability of periosteal stem cells (PSCs), as they contribute the greatest number of osteoblast 
lineage cells to the callus. In line with in vivo data, we found that conditioned medium from 
HUCMSCsWnt10b enhanced the migration and osteogenic differentiation of PSCs. 
Furthermore, conditioned medium from HUCMSCsWnt10b also induced endothelial cells to 
form capillary-like structures in a tube formation assay, which was blocked by SU5416, an 
angiogenesis inhibitor, suggesting that enhanced vessel formation and growth also contri
bute to accelerated hard callus formation. In summary, our study demonstrates that 
HUCMSCsWnt10b promote fracture healing via accelerated hard callus formation, possibly 
due to enhanced osteogenic differentiation of PSCs and vessel growth. Therefore, 
HUCMSCsWnt10b may be a promising treatment for long bone fractures.
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Research highlights

• We constructed novel transgenic HUCMSCs 
for bone regeneration

• HUCMSCsWnt10b significantly promoted heal
ing in a rat femoral fracture model

• HUCMSCsWnt10b accelerated turnover of car
tilage callus to hard callus

• HUCMSCsWnt10b showed strong osteogenic 
and angiogenic effects.

1 Introduction

Approximately five million patients experience 
a fracture each year in China, of whom 3–7% 
suffer delayed healing or nonunion fractures [1]. 
These failures are a substantial physical, medical 
and financial burden for both individuals and 
healthcare systems [2]. Consequently, further clar
ification of the pathological mechanism of delayed 
union or nonunion of fractures in the fracture 
microenvironment under pathological conditions 
is a significant issue for both surgeons and basic 
scientists.

Long bone fracture healing is a complex phy
siological process known as endochondral ossifica
tion, which is divided into three stages: the 
inflammatory hematoma formation period, the 
callus formation period and the bone remodeling 
period [3]. This sequence of events is totally dif
ferent from that of flat bones such as the calvaria, 
were new bone is formed via intramembranous 
ossification. At each stage, this continuous change 
in cellular function is precisely regulated by 
a series of signal transduction pathways, such as 
Wingless/Integrated (Wnt)/β-catenin, bone mor
phogenetic protein (BMP)/transforming growth 
factor beta (TGF-β), etc [4]. During fracture heal
ing, the callus provides a microenvironment that 
promotes bone formation and maintains tempor
ary biomechanical stability [5]. Consequently, cal
lus formation disorder is an important cause of 
atrophic fracture nonunion [6,7]. The osteogenic 
lineage cells in the callus are mainly derived from 
periosteal stem cells (PSCs), so impairment of PSC 
function is an important cause of bone regenera
tion disorders [8–10]. The Wnt signaling pathway 
has important biological functions during bone 

regeneration [11,12], and changes in serum Wnt 
protein levels are highly correlated with fracture 
healing progress [13]. We previously found that 
Wnt10b-overexpressing human umbilical cord 
mesenchymal stem cells (HUCMSCsWnt [10]b) 
significantly promoted calvarial defect healing 
through enhanced osteogenesis and angiogenesis. 
However, due to the totally different mechanism 
of long bone fracture healing, whether Wnt10b- 
overexpressing HUCMSCs are a suitable treatment 
for fracture healing in long bones is still unknown.

We hypothesized that HUCMSCsWnt [10]b 
could promote fracture healing by enhancing the 
function of both PSCs and vascular endothelial 
cells. Therefore, in this study, we generated 
HUCMSCsWnt [10]b to explore their effects on 
femoral fracture healing in a rat model. Our 
study may provide a promising cell source for 
fracture healing.

2 Materials and methods

2.1 Construction of HUCMSCsWnt [10]b

HUCMSCs (human umbilical cord mesenchymal 
stem cells) were purchased from Wuhan Hamilton 
Biotechnology Co., LTD, and inoculated into 6-well 
plates at 4 × 106 cells/well. When cells reached 90% 
confluence in each well, the culture medium 
(Huxuc-03061; Cyagen Biosciences Inc., 
Guangzhou, China) was changed and lentiviral vec
tor was used to introduce the Wnt10b gene to con
struct transgenic umbilical cord mesenchymal stem 
cells (HUCMSCsWnt [10]b); umbilical cord 
mesenchymal stem cells transfected with empty vec
tor (HUCMSCsEmp) were used as controls. Both 
were provided by the technical department of 
Wuhan Hamilton Biotechnology Co., Ltd [14].

2.2 Rat femoral fracture model

All animal experiments in this study followed the 
guiding principles of the Animal Welfare Law and 
were approved by the Animal Care and Use 
Committee of the Union Hospital of Huazhong 
University of Science and Technology (Ethical 
approval number: 2644). Fractures were surgically 
created in 8 weeks-old Sprague-Dawley (SD) rats 
at different time points (1, 2, 4 and 6 weeks, n = 8 
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in each group at each time point), and the follow
ing treatments are introduced separately: (A) sal
ine (veh) (B) hydrogel (gel) (C) hydrogel with 
HUCMSCsEmp (D) hydrogel with HUCMSCWnt 

[10]b (E) hydrogel with HUCMSCWnt [10]b 
+ IWR-1. Rats were anesthetized by injection 
with Amobarbital Sodium (10%, 0.5 mL/100 g). 
A Kirschner wire was inserted into the upper end 
of the femur for internal fixation, then the mid
shaft of the femur was cut to create a femoral 
fracture model. The wound was disinfected and 
sutured, and antibiotics were given for the first 
three days after operation to combat infection. 
Hydrogel was used to support the cells locally 
and prevent cells leakage; cells (1 × 105) were 
mixed with an equivalent volume of commercially- 
available hydrogel (BD™, Puramatrix™ catalog 
number 354,250; BD Biosciences, Franklin Lakes, 
NJ, USA) and placed at the fracture site [14,15].

2.3 Micro-CT analysis

Femurs were collected at 1, 2, 4 and 6 weeks after 
surgery, and fixed with 4% paraformaldehyde for 
48 hours. Then a SkyScan 1176 high-resolution 
micro-CT imaging system (micro-CT) was used to 
scan the femurs at 18 μm resolution, with a 1 mm 
aluminum filter, 90 kV voltage and 273 μA current. 
The raw data obtained were processed using SkyScan 
NRecon reconstruction software and CT-VOX 
three-dimensional reconstruction analysis software 
for volume reconstruction and three-dimensional 
image generation. Bone volume fraction (BT/TV) 
was determined by three-dimensional standard 
microstructure analysis. Based on micro-CT images, 
fracture healing scores were calculated from 4-week 
fracture samples based on an improved five-point 
X-ray scoring system [10].

2.4 Three-point bending test

The stored bone specimens were equilibrated at 
room temperature then placed across two ful
crums 5 mm apart. An axial load was then applied 
to the fractured part between the two fulcrums. 
The load was applied at a rate of 5 mm/min until 
the bone broke. This test was performed with 
a universal three-point bending machine. The 
load-failure curve was recorded and the max- 

load, max-stress and elastic modulus were quanti
fied [16].

2.5 Histology and immunohistochemistry

The rat femurs were collected and fixed with 4% 
paraformaldehyde for 24 hours, and then decalci
fied at room temperature with 10% EDTA for 
30 days. After that, the specimens were dehydrated 
with a graded series of ethanol concentrations and 
embedded in paraffin. After embedding, the par
affin-embedded specimens were cut into sagittal 
sections at a thickness of 6 μm, and stained with 
safranin O-fast green.

Paraffin sections were also used for immunohis
tochemistry after appropriate antigenic repair and 
slides were incubated overnight at 4°C with anti
bodies against CD31(1:100, BD, 555025), and 
osteocalcin (OCN; 1:100, SC-365797). Next day, 
the secondary antibody was applied, and the 
results was visualized with DAB color solution. 
After color development was complete, the slides 
were counterstained with hematoxylin for 2 min
utes, then dehydrated with 100% anhydrous etha
nol, coverslipped and sealed. This experiment was 
conducted by Hubei Baos Biotechnology Co., Ltd., 
which provided all the reagents except the primary 
antibodies.

2.6 Conditioned medium collection

HUCMSCsEmp and HUCMSCWnt [10]b were seeded 
into 6-well plates and cultured until they reached 
80%–90% confluence, then washed three times with 
phosphate-buffered saline and changed to serum- 
free α-MEM. Next day the conditioned medium 
was collected and centrifuged at 2,000 rpm for 5 min
utes to remove cell debris before the medium was 
used in experiments [17].

2.7 Cell migration experiment

Periosteal stem cells were plated into the upper 
chamber of a 24-well Transwell™ plate at a density 
of 20,000 cells/well. HUCMSCsEmp -conditioned 
medium and HUCMSCWnt [10]b-conditioned med
ium were added to the lower chamber. After culture 
for 24 hours, the cells on the bottom surface of each 
Transwell™ were fixed with 4% paraformaldehyde 
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and stained with crystal violet, then the number of 
cells that had migrated was observed under 
a microscope.

2.8 Alkaline phosphatase (ALP) and alizarin red 
(ARS) staining

Periosteal stem cells were seeded into 6-well plates, 
and when the cell density reached 80–90%, they 
were changed to culture in osteogenic differentia
tion medium containing different treatments (con
trol group and HUCMSCWnt [10]b group). After 
14 days, the cells were fixed and an ALP staining 
kit was used to detect ALP activity. ARS staining 
was performed after 28 days of treatment to detect 
mineralization, and the staining was observed and 
analyzed using Image J (NIH, Bethesda, 
MD, USA).

2.9 Real-time polymerase chain reaction 
(RT-PCR)

Total RNA was extracted by the TRIzol method, and 
cDNA was synthesized by reverse transcription using 
a high-capacity cDNA reverse transcription kit 
(Applied Biosystems, Foster City, CA, USA). A PCR 
machine was used for RT-PCR detection. Expression 
levels were normalized to GAPDH which was used as 
the internal reference. The 2−ΔΔCT method was used to 
analyze the relative expression levels of each target 
gene. The primer sequences used in this study were 
as follows: ALP (Forward: 5ʹ-GGGGACAT 
GCAGTATGAATT-3ʹ, Reverse: 5ʹ- GGCCTGG 
TAGTTGTTGTGAG-3ʹ); RUNX2 (Forward: 5ʹ- 
CAGACCAGCAGCACTCCATA-3ʹ, Reverse: 5ʹ- 
AGACTCATCCATTCTGCCGC-3ʹ); Osx (Forward: 
5ʹ- CCCACCCTTCCCTCACTCAT-3ʹ, Reverse: 5ʹ- 
CCTTGTACCACGAGCCATAGG-3ʹ), GAPDH 
(Forward: 5ʹ- ACCACGAGAAATATGA 
CAACTCCC-3ʹ, Reverse: 5ʹ- CCAAAGTTGT 
CATGGATGACC-3ʹ).

2.10 Western blot assay

For total protein extraction, cells were lysed in 
RIPA buffer (Thermo Fisher Scientific, 
Waltham, MA, USA) supplemented with 1% 
Protease inhibitor on ice. Protein concentration 
was determined by the BCA assay (Sigma- 

Aldrich, St Louis, MO, USA). Next, proteins 
were subjected to sodium dodecyl sulfate poly
acrylamide gel electrophoresis (SDS-PAGE) and 
transferred to a 0.2 μm polyvinylidene difluor
ide membrane. The membranes were blocked 
with 5% skimmed milk and incubated with the 
primary antibodies anti-RUNX2 (Abcam, 
Cambridge, MA, USA ab236639) and anti- 
OSTERIX (Abcam, ab209484) overnight at 4°C. 
Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH, Abcam, ab8245) was used as an inter
nal reference. Next day, secondary antibodies 
against the species of primary antibodies were 
added and incubated for 1 hour at room tem
perature. Signals on the membrane were 
detected by electrochemiluminescence (ECL, 
Pierce, Rockford, IL, USA), and the protein 
band density of immune complexes was ana
lyzed using AlphaEaseFC (Alpha Innotech 
Corporation, San Leandro, CA, USA) software.

2.11 Angiogenesis experiment

Vascular matrix gel was added to a 96-well 
plate on ice at a volume of 50 μL per well, 
then the 96-well plate was placed at 37°C for 
1 hour to allow gelation. Then human umbili
cal vein endothelial cells (HUVECs) were 
added at a density of 20,000 cells/well, and 
the plate was placed in a 37°C, 5% CO2 tissue 
culture incubator. After 4 hours, angiogenesis 
was observed under a light microscope, and the 
number of lumens and branch points formed 
was counted.

2.12 Statistical analysis

Descriptive statistical results are expressed in the 
form of mean ± SEM. All statistical analysis and 
mapping were performed with GraphPad Prism 
8.0. Groups were compared using t-test (paired 
or unpaired as appropriate), or one-way or two- 
way analysis of variance (repeated measurements 
as appropriate) and Bonferroni correction was 
used for analysis to adjust for multiplicity. 
P values of less than 0.05 were considered statisti
cally significant.
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3 RESULTS

The objective of this study was to evaluate the 
effect of HUCMSCsWnt [10]b on fracture healing 
and investigate the underlying mechanism, we first 
established a rat model of femoral fracture then 
treated the fracture with saline, hydrogel, hydrogel 
with HUCMSCsEmp, hydrogel with HUCMSCsWnt 

[10]b or hydrogel with HUCMSCsWnt [10]b 
+ IWR-1. Subsequently, micro-CT analysis, three- 
point bending tests and histological analysis were 
performed to evaluate the therapeutic effect of 
HUCMSCsWnt [10]b. Lastly, we verified the effect 
of HUCMSCsWnt [10]b conditioned medium on 
the PSCs and HUVECs in vitro and concluded 
that HUCMSCsWnt [10]b significantly promoted 
fracture healing by accelerating the turnover of 
cartilage to bone.

3.1 HUCMSCsWnt [10]b accelerated fracture 
healing in a femoral fracture rat model

We incorporated HUCMSCsEmp and 
HUCMSCsWnt [10]b into a commercially- 
available hydrogel to provide a physically steady 

environment for the cells. Next, we injected the 
cell–hydrogel complex into the fracture site, and 
then micro-CT scanning was performed at 1, 2, 4 
and 6 weeks post-surgery. The results showed that 
the calluses at the fracture site were still obvious 
after 4 weeks in the veh- and gel-treated groups. 
However, in the HUCMSCsEmp treatment group, 
the callus was smaller than in the former two 
groups, but the fracture site was still clearly visible. 
Notably, in the HUCMSCsWnt [10]b treatment 
group, the callus had almost disappeared, leaving 
an almost nearly normal femur and a significantly 
better fracture healing score (Figure 1b). The 
effects were significantly reduced by the addition 
of IWR-1, a Wnt signaling pathway inhibitor 
(Figure 1(a,b)). Regarding the bone volume frac
tion, the veh- and gel-treated groups had similar 
bone volume fraction at the 4 w time-point: 
42 ± 0.26% and 40 ± 0.33%, respectively; both 
lower than the HUCMSCsEmp treatment group 
(49 ± 0.28%). However, the bone volume in the 
HUCMSCsWnt [10]b treatment group was 
17 ± 0.24% and 10 ± 0.17% higher than in the 
veh and HUCMSCsEmp groups, respectively, and 
these effects were abolished by the treatment with 

Figure 1. HUCMSCsWnt10b promoted the healing of a femoral fracture in a rat model. (a) Rat femoral fracture was treated with veh, 
hydrogel, hydrogel with HUCMSCsEmp, hydrogel with HUCMSCsWnt10b or hydrogel with HUCMSCsWnt10b + IWR-1 (the Wnt signaling 
pathway inhibitor), then femurs were harvested at 1, 2, 4 and 6 weeks after surgery. Three-dimensional reconstruction showed the 
healing of the fracture. (b) Fracture healing scores were quantified based on micro-CT images at 4 weeks after surgery. (c) Micro-CT 
analysis of the BV/TV of the fracture area at 1, 2, 4 and 6 weeks after surgery (n = 8, mean ± SEM, *: P < 0.05, **: P < 0.01, ***: 
P < 0.001, Student’s t test was used for statistical analysis).
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IWR-1 (Figure 1c). These results suggested that 
HUCMSCsWnt [10]b promoted fracture healing 
via enhanced Wnt signaling.

3.2 HUCMSCsWnt [10]b improved the mechanical 
properties of the repaired femur

As mechanical properties are a key indicator of 
long bone fracture healing, the femurs were col
lected at 4 weeks after surgery and subjected to 
a three-point bending test. As can be seen from 
the results, max-load, max-stress and elastic 
modulus in the femurs did not differ signifi
cantly between the hydrogel-treated groups and 
the HUCMSCsEmp-treated group, while in the 
HUCMSCsWnt [10]b-treated group, the max- 
load, max-stress and elastic modulus increased 
by 70%, 93% and 50% respectively, compared 
with the two groups, which proved that the 
mechanical properties of the healed femoral 
fracture in the HUCMSCsWnt [10]b treatment 
group were significantly better than those in 
the other groups (Figure 2a, b and c).

3.3 HUCMSCsWnt [10]b induced accelerated 
turnover of cartilage callus to hard callus

In order to clarify the possible mechanism of 
action of HUCMSCsWnt [10]b on fracture healing, 
we examined the callus by histology. Interestingly, 
we found similar percentages of cartilage callus at 

2 weeks in the HUCMSCsWnt [10]b-treated rats 
and the controls (Figure 3b), but significantly 
more bone formation in HUCMSCsWnt [10]b trea
ted callus at 4 weeks, indicating an accelerated 
turnover of cartilage callus to hard callus 
(Figure 3a). This could be due to enhancement of 
the osteogenic differentiation, as much stronger 
OCN staining was also seen in the HUCMSCsWnt 

[10]b treatment group (Figure 3(c,d)). 
Furthermore, these effects were largely abolished 
by IWR-1 (Figure 3a, c and d). In summary, the 
effects of HUCMSCsWnt [10]b on fracture healing 
may be due to accelerated cartilage remodeling 
and hard callus formation.

3.4 HUCMSCsWnt [10]b promoted the migration 
and osteogenic differentiation of PSCs in vitro

As PSCs constitute most of the osteoblast line
age cells in the fracture callus, we next 
explored the modulating effects of 
HUCMSCsWnt [10]b on PSCs so as to under
stand the cellular mechanism. We performed 
Transwell™ assays, and found that compared 
with the HUCMSCsEmp-treated group, the 
HUCMSCsWnt [10]b-treated group significantly 
promoted the migration of PSCs when condi
tioned medium from HUCMSCsWnt [10]b was 
added to the lower chambers of a Transwell™ 
plate (Figure 4a). Next, ALP staining and APS 
staining were performed to study whether 

Figure 2. The UCMSCWnt10b treatment group exhibited better mechanical properties of the healing femoral fracture. (A, B and C) The 
maximum load, maximum stress and elastic modulus at failure of the repaired fracture were calculated from the load and 
displacement curves (n = 8, mean ± SEM, *: P < 0.05, **: P < 0.01, Student’s t test was used for statistical analysis).
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HUCMSCsWnt [10]b conditioned medium 
modulated the osteogenic differentiation ability 
of PSCs. As can be seen from the results, 
HUCMSCsWnt [10]b conditioned medium sig
nificantly enhanced both ALP activity 
(Figure 4b) and ARS staining (Figure 4c). 
Moreover, RT-PCR revealed a significant 
increase in ALP, Runx2 and Osterix gene 
expression in HUCMSCsWnt [10]b-treated 
PSCs (Figure 4d). To further confirm this 
change at the protein level, total protein was 

collected and western blot analysis was per
formed. The results showed that, compared 
with the control group, the expression of 
Runx2 and Osterix protein in HUCMSCsWnt 

[10]b-treated PSCs were significantly increased 
(Figure 4e). In summary, HUCMSCsWnt [10]b 
enhanced both migration and osteogenic differ
entiation ability of PSCs, which is a possible 
mechanism underlying the accelerated hard 
callus formation and thus promoting fracture 
healing.

Figure 3. Histological analysis of femurs during fracture healing. (a) Sections were stained with safranin O–fast green and 
labeled for cartilage (red) and mineralized tissue (green) at 2 and 4 weeks after surgery. (b) Based on histology, cartilage callus 
volume/tissue volume was assessed using Image J at 2 weeks after surgery. (c) Immunohistochemistry was used to identify the 
expression of OCN in the callus of the fracture site at 2 weeks after surgery. On the right is an enlarged image of the area 
indicated by the arrow, which is the interface between the bone and the callus. (d) The area of positive OCN staining was 
analyzed using Image J. (n = 3, mean ± SEM, ns: not significant, *: P < 0.05, **: P < 0.01, ***: P < 0.001, Student’s t test, results 
are representative of at least three independent experiments, scale bar = 1 mm (left picture), scale bar = 200 μm (zoom in 
image on the right picture)).
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3.5 HUCMSCsWnt [10]b promoted angiogenesis 
and migration of HUVECs
Vessel growth plays a vital role in the turnover of 
cartilage to bone both in the growth plate during 
development and in fracture healing. We pre
viously found that HUCMSCsWnt [10]b enhanced 
angiogenesis, so to evaluate the involvement of 
this activity in fracture healing we performed 
CD31 immunostaining for blood vessels at 
2 weeks after surgery. The results showed that 
CD31-positive areas were significantly increased 
in the callus of HUCMSCsWnt [10]b-treated rats 

compared with the other groups (Figure 5a). In 
addition, the number of CD31+ vessels in the total 
area was obviously higher in the HUCMSCsWnt 

[10]b treatment group (0.18 ± 0.03) compared to 
the HUCMSCsEmp treatment group (0.14 ± 0.08) 
(Figure 5b). Additionally, these effects were signif
icantly inhibited by IWR-1 (Figure 5(a,b)). Next, 
we verified the effect of HUCMSCsWnt [10]b on 
the migration of HUVECs using the Transwell™ 
assay as described above and found that again, 
HUCMSCsWnt [10]b promoted the migration of 
HUVECs (Figure 5c). Furthermore, tube 

Figure 4. HUCMSCsWnt10b enhanced the migration and osteogenic differentiation of periosteal stem cells (PSCs). (a) The migration ability 
of PSCs was assessed by Transwell™ assay. PSCs were seeded into the upper chambers of Transwell™ at 2,000 cells/mL, then HUCMSCsEmp- 
conditioned medium or HUCMSCsWnt10b-conditioned medium was added to the lower chamber. After 24 hours, cells on the lower surface 
of the Transwell™ membrane were stained with crystal violet. The number of colonies was quantified using Image J (n = 3, mean ± SEM, **: 
P < 0.01, by Student’s t test, results are representative of at least three independent experiments, scale bar = 200 μm). (b) PSCs were 
treated with HUCMSCsEmp-conditioned medium or HUCMSCsWnt10b-conditioned medium and stained for alkaline phosphatase (ALP) at 
7 days. The area of ALP staining was analyzed using ImageJ. (scale bar = 0.5 μm). (c) PSCs were treated with HUCMSCsEmp-conditioned 
medium or HUCMSCsWnt10b-conditioned medium, then used for alizarin red (ARS) staining at 28 days. Plate view (top) and microscopic 
view (bottom) of ARS staining are shown. In addition, the area of mineralization was measured using ImageJ. (scale bar = 0.5 μm (top 
picture), scale bar = 200 μm (bottom picture)). (d) Expression of the osteogenic genes ALP, RUNX2 and Osterix was assessed by RT-PCR. (e) 
The expression of osteogenic-related proteins (RUNX2 and Osterix) in PSCs was detected by western blotting. (n = 3, mean ± SEM, *: 
P < 0.05, **: P < 0.01, by Student’s t test, results are representative of at least three independent experiments).
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formation assay of HUVECs showed that 
HUCMSCsWnt [10]b-conditioned medium signifi
cantly improved the angiogenic ability of HUVECs 
(Figure 5d). The number of tubes (41.33 ± 1.85) 
and branch points (76.00 ± 2.44) in the 
HUCMSCsWnt [10]b group were both obviously 
higher than in the HUCMSCsEmp group 
(29.33 ± 2.74 tubes and 21.00 ± 2.94 branch 
points) or any other groups (Figure 5(e,f)). These 
effects were abolished after the addition of 
SU5416, an angiogenesis inhibitor (Figure 5d, 
e and f). Combining those in vivo and in vitro 
data, we hypothesized that HUCMSCsWnt [10]b 
enhance vessel growth to promote the turnover 
of cartilage to bone, which is one important 
mechanism for accelerated fracture healing.

4 Discussion
Implantation of stem cells at the injury site is 
considered to be an effective method of promoting 
tissue regeneration [18,19]. They can not only 
directly differentiate and replace the damaged tis
sue [20], but also regulate endogenous tissue 
repair, such as by secreting bioactive factors to 
activate local stem cells, thereby indirectly promot
ing tissue regeneration [21,22]. Because Wnt is 
a factor that promotes osteogenesis and angiogen
esis, we generated HUCMSCsWnt [10]b, hoping to 
achieve dual effects by both the secretion of Wnt 
and the provision of a source of stem cells to 
promote fracture healing.

In this study, we found that, compared with 
HUCMSCsEmp, HUCMSCsWnt [10]b significantly 

Figure 5. HUCMSCsWnt10b promoted the migration and angiogenesis of HUVECs. (a) Immunohistochemistry was used to identify the 
expression of CD31 in the callus of the fracture site at 2 weeks after surgery. (b) The number of CD31+ vessels in the total area was 
analyzed using Image J (n = 8, the red arrows indicate the CD31+ blood vessels, scale bar = 200 μm). (c) Transwell™ assay was 
performed to analyze the migration ability of the HUVECs. HUVECs were seeded into the upper chambers at 2,000 cells/mL, and 
HUCMSCsEmp-conditioned medium or HUCMSCsWnt10b-conditioned medium was added to the lower chambers. After 24 hours, cells 
on the lower surface of the Transwell™membrane were stained with crystal violet. The number of colonies was quantified using 
Image J (n = 3, mean ± SEM, ***: P < 0.001, by Student’s t test, results are representative of at least three independent experiments, 
scale bar = 200 μm). (d) HUVECs were seeded into a 96-well plate and treated with growth medium, HUCMSCs-CM, Wnt-HUCMSCs- 
CM or Wnt-HUCMSCs+SU5416 (an angiogenesis inhibitor). Four hours later, pictures were taken under a microscope. (e, f) The 
number of tubes (e) and branch points (f) were counted (n = 3, mean ± SEM, **: P < 0.01, ****: P < 0.0001, by Student’s t test, 
results are representative of at least three independent experiments, scale bar = 100 μm).
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promoted fracture healing, especially by increasing 
the bone mass in the callus of the fractured site. 
The known effects of Wnt on osteogenesis and the 
marked difference between HUCMSCsEmp and 
HUCMSCsWnt [10]b suggest that these therapeutic 
effects are caused by the Wnt10b protein secreted 
by HUCMSCsWnt [10]b acting on the endogenous 
stem cells of the femur, such as PSCs, rather than 
the osteogenic differentiation of HUCMSCsWnt 

[10]b themselves [23]. The healing of long bone 
fractures is a complex physiological process, which 
can be divided into three main stages: (1) forma
tion of inflammatory hematoma after fracture 
injury; (2) activation and differentiation of bone 
stem/progenitor cells in the periosteum into chon
drocytes to form cartilage callus, and with the 
growth of blood vessels, reconstructed the cartilage 
callus into a hard callus rich in osteoblast lineage 
cells; (3) activation of osteoclasts to reconstruct the 
callus and repair the fracture [3]. During fracture 
healing, the callus provides initial stability for the 
fractured site, and instability at the fracture site 
seems to be a major risk for development of non
union [24]. Through the three-point bending tests, 
we found that HUCMSCsWnt [10]b significantly 
enhanced the mechanical properties of the fracture 
callus, possibly because they enhanced the migra
tion and osteogenic differentiation of PSCs, and 
accelerated callus formation. Therefore, 
HUCMSCsWnt [10]b may be a precise target for 
the treatment of fracture nonunion.

Blood vessels allow the transport of cells, oxy
gen, nutrients, and waste, but also provide so- 
called vascular secretion signals that control 
organ growth and homeostasis [25]. During frac
ture healing, blood vessels play an important 
role in the formation of inflammatory hematoma 
and the transformation of cartilage callus into 
hard callus [26,27]. Consequently, angiogenesis 
disorder is one of the important causes of 
delayed healing or fracture nonunion [28]. 
Recently, it has been reported that activation of 
the Wnt/β-catenin pathway in vascular endothe
lial cells promotes the expression of vascular 
endothelial cell adhesion protein VE-cadherin, 
thereby promoting neovascularization [29]. In 
our study, we observed an increase of CD31 
+ blood vessels in the HUCMSCsWnt [10]b treat
ment group, and cytological experiments also 

showed that HUCMSCsWnt [10]b conditioned 
medium had a stronger effect in promoting vas
cular endothelial growth factor (VEGF)- 
mediated angiogenesis of HUVECs. These 
results indicated that HUCMSCsWnt [10]b pro
moted endothelial cell regeneration and angio
genesis, and thus promoted fracture healing. 
However, although HUCMSCsWnt [10]b can 
promote VEGF-mediated angiogenesis, exactly 
how they activate and regulate the VEGF path
way needs to be further elucidated.

5 Conclusion

In summary, our study demonstrates that 
HUCMSCsWnt [10]b promote fracture healing by 
accelerating hard callus formation, possibly by 
enhancing the osteogenic differentiation of PSCs 
and increasing blood vessel growth. These results 
suggest that implantation of HUCMSCsWnt [10]b 
may be a promising treatment for fractures.
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