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A B S T R A C T

Background/objectives: Accelerating the process of bone regeneration is of great interest for surgeons and basic
scientists alike. Recently, umbilical cord mesenchymal stem cells (UCMSCs) are considered clinically applicable
for tissue regeneration due to their noninvasive harvesting and better viability. Nonetheless, the bone regener-
ative ability of human UCMSCs (HUCMSCs) is largely unknown. This study aimed to investigate whether Wnt10b-
overexpressing HUCMSCs have enhanced bone regeneration ability in a rat model.
Method: A rat calvarial defect was performed on 8-week old male Sprague Dawley rats. Commercially purchased
HUCMSCsEmp in hydrogel, HUCMSCsWnt10b in hydrogel and HUCMSCsWnt10b with IWR-1 were placed in the
calvarial bone defect right after surgery on rats (N ¼ 8 rats for each group). Calvaria were harvested for micro-CT
analysis and histology four weeks after surgery. CFU-F and multi-differentiation assay by oil red staining, alizarin
red staining and RT-PCR (real-time polymerase chain reaction) were performed on HUCMSCsEmp and
HUCMSCsWnt10b in vitro. Conditioned media from HUCMSCsEmp and HUCMSCsWnt10b were collected and used to
treat human umbilical cord vein endothelial cells in Matrigel to access vessel formation capacity by tube for-
mation assay.
Results: Alizarin red staining, oil red staining and RT-PCR results showed robust osteogenic differentiation but
poor adipogenic differentiation ability of HUCMSCsWnt10b. Furthermore, HUCMSCsWnt10b could accelerate bone
defect healing, which was likely due to enhanced angiogenesis after the HUCMSCsWnt10b treatment, because more
CD31þ vessels and increased vascular endothelial growth factor-A (VEGF-A) expression were observed, compared
with the HUCMSCsEmp treatment. Conditioned media from HUCMSCsWnt10b also induced endothelial cells to form
vessel tubes in a tube formation assay, which could be abolished by SU5416, an angiogenesis inhibitor.
Conclusion: To our knowledge, this is the first study providing empirical evidence that HUCMSCsWnt10b can
enhance their ability to heal calvarial bone defects via VEGF-mediated angiogenesis.
The translational potential of this article: HUCMSCsWnt10b can accelerate critical size calvaria and are a new
promising therapeutic cell source for fracture nonunion healing.
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Introduction

Of more than 6.2 million fractures that occur each year, fracture
healing is not perfect and still fails occasionally, resulting in 5–10% of
delayed or nonunion healing [1]. These failures are a substantial phys-
ical, medical and financial burden for affected individuals and our soci-
ety. Therefore, developing a strategy for promoting bone regeneration is
a crucial issue for both surgeons and basic scientists.

Cell therapy is a promising strategy to promote the healing pro-
cess. Tissue-specific mesenchymal stem cells share self-renewal and
multi-differentiation capacity, so they are a good source of cells for
transplantation to regenerate tissue [2]. These cells can be derived
from different tissues, such as bone marrow, adipose tissue, umbilical
cord tissue and so on. Among the different types of therapeutic cells,
bone marrow mesenchymal stem cells (BMSCs) have been considered
the gold standard from early research to the modern cell-based ther-
apies. Other tissue-specific stem cells, such as adipose-derived stem
cells, also showed promising bone healing effects. However, the
painful and invasive collection method for cells has become a sub-
stantial drawback for large-scale clinical applications. Additionally,
isolated cells are generally from adult tissue with relatively dimin-
ished self-renewal and differentiation capacity compared with stem
cells from foetal tissue [3]. Therefore, a more feasible source of stem
cells is needed.

Human umbilical cord mesenchymal stem cells (HUCMSCs) coming
from the umbilical cord are reported to be highly proliferative [4]. Unlike
BMSCs [5], they represent a noncontroversial source of tissue-specific
stem cells that are noninvasively collected. Therefore, HUCMSCs are
probably more suitable for clinical application, such as heart disease [6],
Alzheimer's disease [7] and osteoarthritis [8]. Exosomes from HUCMSCs
for rat long bone fracture healing [9] possibly viaWnt signalling pathway
[10] or HUCMSCs alone could promote rat calvarial defect healing.
However, in an in vitro study, HUCMSCs showed relatively weak osteo-
genic differentiation ability compared to BMSCs [11]. A clinical study
demonstrated that HUCMSCs combined with BMPs could effectively
promote femoral shaft fracture healing [12]. Thus, it is of great interest to
improve the osteogenic differentiation ability of HUCMSCs to obtain
robust bone healing effects.

Wnt signalling pathway plays an essential role in bone development
and regeneration. Among 19 Wnt ligands, the inhibition of Wnt10b from
pre-adipocytes can result in an approximately 50% decrease in fat tissue
[13], with a FABP-Wnt10b mouse model exhibiting a three-fold increase
in bone due to Wnt10b upregulation [14]. Furthermore, Wnt10b
expression can maintain the stemness of stem cells and promote bone
regeneration [15]. Dysregulation of Wnt10b can lead to impaired
vasculature formation in the yolk sac [16]. Therefore, Wnt10b has the
potential to promote bone defect healing by enhancing both osteogenesis
and angiogenesis.

In this study, we generated HUCMSCsWnt10b, which were transduced
with a lentivirus that enabled overexpression of the Wnt10b ligand, and
we hypothesised that these cells possess an improved bone regeneration
ability. Even though HUCMSCsWnt10b possess a robust CFU-F and osteo-
genic differentiation ability, they have a limited adipogenic differentia-
tion capacity in vitro. In a critical size rat calvarial defect model,
treatment with HUCMSCsWnt10b can significantly accelerate the bone
healing process and induce increased vascular endothelial growth factor-
A (VEGF-A) expression and formation of CD31þ blood vessels; yet these
effects may be greatly diminished by treatment with IWR-1, which is a
commonly used Wnt signalling pathway inhibitor. A tube formation
assay was performed and showed that human umbilical vein endothelial
cells (HUVECs) cultured in conditioned media from HUCMSCsWnt10b

exhibited more angiogenesis than HUVECs cultured in empty vector-
transduced HUCMSCs (HUCMSCsEmp) conditioned media that is abol-
ished by the angiogenesis inhibitor SU5416. These findings suggest that
HUCMSCsWnt10b can promote bone regeneration partially through
enhanced osteogenesis and VEGF-mediated angiogenesis.
30
Methods and materials

Generation of the Wnt10b-lentivirus expression vector

The Sprague Dawley (SD) rat kidney RNA, reverse transcription syn-
thesised cDNA containing the Wnt10b gene was used as a template for
amplification of the Wnt10b gene by nested PCR (polymerase chain re-
action). The products were digested with the restriction endonucleases
NheI and XhoI and then inserted into the lentivirus vector pHAGE-CMV-
MCS-IRES-Zsgreen to construct a CMV single promoter vector named
pHAGE-CMV-MCS-IRES-Zsgreen-Wnt10b. After transformation into
competent E. coli cells, positive clones as verified by colony PCRwere sent
to Tian Yi Hui Yuan at Biotechnology Co., Ltd. for sequencing verification.

Lentivirus package

When 293T cells (Shanghai Pito, PT-00453) were in the logarithmic
growth phase, 4 � 106 cells were seeded in 6-well plates. When cells
covered 90% of every well, the culture medium of DMEM (Gibco,
8118409) with 10% FBS was removed, and pHAGE-CMV-MCS-IRES-
Zsgreen-Wnt10b, pSPAX2 and pMD2G were added to transfect the
293T cells. Green fluorescence was observed under a fluorescence mi-
croscope, and 72 h after transfection the supernatant was collected and
ultracentrifuged (4�C, 70,000 g, 2 h) to concentrate the lentivirus. The
lentivirus concentrate was then stored at �80�C.

Preparation of Wnt10b-overexpressing HUCMSCs

HUCMSCs were purchased fromWuhan Hamilton Biotechnology Co.,
Ltd. HUCMSCs (4 � 106) were seeded in a 6-well plate, and when cells
covered 90% of every well, the medium (Cyagen, HUXUC-03061) was
changed, and the lentivirus was added. The lentivirus was packaged
previously, and it was added to generate HUCMSCsWnt10b. Empty vector-
transduced HUCMSCs (HUCMSCsEmp) were used as controls in the study.
Cells were cultured with growth media (Cyagen, HUXUC-03061), and
P5–P7 were used for experiments.

Real-time polymerase chain reaction

To investigate whether HUCMSCsWnt10b could overexpress WNT10B
gene, total RNA was isolated using TRIzol (Invitrogen). The total RNA
(200–500 ng) was extracted for reverse transcription synthesis using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
The relative level of expression of each target gene was analysed using
the 2�ΔΔCT method after real-time polymerase chain reactions (RT-
PCRs). The primer sequences used in this study are listed in Table S1.

Western blot

In order to examine whether HUCMSCsWnt10b could activate over-
expression of Wnt10b protein and Wnt signalling pathway, total protein
was extracted and its concentration was determined by the BCA assay.
Next, proteins were subjected to electrophoresis under reducing condi-
tions and blotted onto a polyvinylidene difluoride membrane. Mem-
branes were then incubated with primary antibody (1:100): anti-Wnt10b
antibody (ab66721, abcam), anti-β-catenin antibody (610153, B&D) and
GAPDH (60004-1-1g, proteintech). Secondary antibody in TBST was
diluted with 5% milk and incubated with membranes for 40–60 min at
room temperature with agitation. Signals were detected with ECL using
an electrochemiluminescence kit.

Conditioned media collecting

HUCMSCsEmp and HUCMSCsWnt10b were cultured in the growth
media until they were of 80–90% confluence and then washed with PBS
for three times. Then a-MEM (Gibco, 12571063) was treated for 12 h.
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Conditioned media were collected and centrifuged to get rid of cell
debris. Upper media were collected, aliquoted and stored in �20�C.

Differentiation assay

To determine whether Wnt10b protein could promote the osteogenic
and adipogenic differentiation ability of MSCs, a series of cell differentia-
tion assays were performed. For adipogenic differentiation assay,
HUCMSCs and HUCMSCsWnt10b were seeded at 2 � 105/well in a 6-well
plate with growth media, adipogenic media (Cyagen, HUXUC-90031).
At 80–90% confluence, cells were incubated with different media:
growth media, osteogenic media and osteogenic media with Wnt pathway
inhibitor, IWR-1 (MCE, Cat. No: HY-12238). After 14 days, oil red staining
was performed. For osteogenic differentiation assay, HUCMSCs and
HUCMSCsWnt10b were seeded at 2� 105/well in a 6-well plate with growth
media and osteogenicmedia (Cyagen,HUXUC-90021).When they reached
80–90% confluence the next day, cells were incubated with a different set
of media: growthmedia, osteogenicmedia and osteogenicmedia withWnt
pathway inhibitor IWR-1. Alizarin red staining was also performed. After
staining, the area of oil red staining or alizarin red staining was measured
by ImageJ, and the staining area per total area was reported. The adipo-
genic gene (i.e., PPAR-γ, CEBP and LPL) and the osteogenic gene (i.e., OCN,
OSX and IBSP) were measured by RT-PCR. To determine if the Wnt sig-
nalling was active, the β-catenin gene was measured by RT-PCR and the
β-catenin protein was measured by Western blot.

CFU-F assay

HUCMSCsEmp and HUCMSCsWnt10b were seeded at 5000 cells/well of
a 6-well plate in growth media. After 7 days, cells were washed with PBS
for three times and then fixed in 4% paraformaldehyde for 20 min. The
cells were then stained using 1% crystal violet for 10 min and the wells
were washed with PBS for three times. The number of colonies was
calculated.

Tube formation assay

The human umbilical vein endothelium cells (HUVECs, ATCC,
ATCCCRL-1730) were cultured in a T-25 culture flask with an endothelial
cell culture medium (ScienCell, 1001). Matrigel (50 μl) (BD, 356234) was
added into the well of a 96-well plate and kept in 37�C for 1 h. HUVECs
(20,000) were seeded in each well in different conditioned media: (1)
conditioned media from HUCMSCsEmp and (2) conditioned media from
HUCMSCsWnt10b, with or without SU5416 (Sigma, S8442). After 4 h, the
HUVECs were observed using a light microscope and the number of
branch points and tube numbers were calculated.

Rat calvarial bone defect model

The critical size calvarial defect model was prepared as previously
described [17]. Briefly, male SD rats at 8 weeks of age were used. A
1–1.5 cm incision was made to the periosteum. The calvariumwas drilled
with the surgical drill (5 mm diameter) until the dura mater was exposed.
The diameter of the hole in the rat calvariumwasmeasured to ensure that
the hole was 5 mm in diameter. The defect was copiously washed with
sterile normal saline to remove any debris and bone chips. Different
treatments were as follows:

Group 1: rat defects were treated with vehicle (saline); Group 2: rat
defects were seeded with hydrogel only; Group 3: rat defects were seeded
with HUCMSCsEmp in hydrogel; Group 4: rat defects were seeded with
HUCMSCsWnt10b in hydrogel; and Group 5: rat defects were seeded with
HUCMSCsWnt10b in hydrogel and treated with IWR-1 (10 μM/L). Each of
the five groups had a sample size of eight. Hydrogel was used to support
cells locally and prevent leakage; cells (1 � 105) were mixed with an
equal volume of commercially purchased hydrogel (BD™, Catalogue No.
354250) and placed into the defect.
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Micro-CT analysis

The rat calvaria were harvested 28 days after the operation and fixed
with 4% paraformaldehyde for 48 h. Then, they were scanned with a
SkyScan 1176 high-resolution micro-CT imaging system (Bruker, USA) at
an 18 μm resolution with a 1 mm aluminium filter, a voltage of 90 kV and
a current of 273 μA. Volumetric reconstruction and analysis were con-
ducted using NRecon and CT-analyser software provided by SkyScan. A
scoring guide was used to assess the extent of bony bridging and union
defects using micro-CT datasets [18,19].

Histology

Samples after micro-CT analysis were decalcified and processed for
histology. After decalcifying the skull in 15% EDTA for 30 days, all
samples were dehydrated in a graded series of ethanol (from 70% to
100%) and embedded in paraffin. Then, 6-μm-thick sections of the defect
area were cut sagittally and submitted to HE and Masson staining. Three
sections from each sample (1/4, 1/2 and 3/4 from the edge of the defect
area) were selected for scoring [17].

Paraffin sections were also used for immunohistochemistry after
appropriate antigen retrieval, and slides were incubated at 4�C overnight
with primary antibodies as follows: anti-CD31 (1:100, BD, 555025), anti-
VEGFA (1:100, Abcam, ab46154) and anti-Col-1 (1:100, Boster, Ba0325).
That incubation was followed by binding with biotinylated secondary
antibodies and then DAB (DakoCytomation, #K3465) for colour
development.

Statistical analyses

Results from descriptive statistics were expressed as mean� standard
error of the mean (SEM). All statistical analyses were conducted using
GraphPad Prism. Comparisons between groups were analysed by either a
Student t test (paired or unpaired as appropriate) or one-way or two-way
ANOVA (with repeated measurements as appropriate) with Bonferroni's
post-hoc test to adjust for multiplicity. A p value of less than 0.05 was
considered statistically significant.

Results

HUCMSCsWnt10b exhibit robust Wnt10b expression

Using the lentivirus gene transduction method, we incorporated the
WNT10B gene, a well-known bone regeneration promoting regulator,
into HUMSCs. After transduction, the new cells, HUCMSCsWnt10b,
showed enriched expression of stem cell markers CD105 (99.7%), CD73
(100%) and CD90 (99.7%) and low expression of hematopoietic lineage
cell markers CD45 (0%) and CD14 (0.2%) (Fig. 1A), demonstrating that
HUCMSCsWnt10b still expressed high levels of stem cell markers after
transduction. Aligning with expectation, the results from RT-PCR
showed an up to 20-fold increase in WNT10B levels in HUCMSCsWnt10b

comparing to the levels found in the HUCMSCsEmp (Fig. 1B). To confirm
the change at the protein level, we harvested total protein and performed
Western blot analyses, which revealed a dramatic increase in
Wnt10b protein expression in HUCMSCsWnt10b compared to the control
(Fig. 1C). In addition, β-catenin PCR andWestern blot analyses confirmed
the increase in Wnt β-catenin signalling pathway (Fig. 1D and E). These
results clearly showed that Wnt10b-overexpressing HUCMSCs,
HUCMSCsWnt10b, had been successfully generated.

Characterisation of HUCMSCsWnt10b stemness

To characterise the viability of transduced cells, we performed cell
culture experiments. First, we cultured both the transduced and control
cells in growth media at a low density. HUCMSCsWnt10b generated 33
colonies per 5000 cells, which represented 1.4-fold increase in CFU-F



Figure 1. HUCMSCsWnt10b exhibited a mesenchymal stem cell phenotype and overexpressed the Wnt10b gene and protein. (A) Flow cytometry analysis
revealed that HUCMSCsWnt10b exhibit a stem cell marker phenotype. (B) The expression of the WNT10B gene was assessed by RT-PCR. (C) The expression of Wnt10b
protein was assessed by Western blot in HUCMSCsWnt10b and HUCMSCsEmp, (B) and (C) show that the relative expression of Wnt-10b in HUCMSCsWnt10b was
significantly higher than it was in HUCMSCsEmp (mean � SEM, ****: p < 0.0001, Student t test is used for statistics). (D) The expression of the β-catenin gene was
assessed by RT-PCR. (E) The expression of β-catenin protein was assessed by Western blot in HUCMSCsWnt10b and HUCMSCsEmp, (D) and (E) show that the Wnt
signalling was activated (mean � SEM, **: p < 0.01, Student t test is used for statistics). The results are representative of at least three independent experiments.
HUCMSCsEmp: empty vector transduced HUCMSCs.
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colonies compared to the control that had 24 colonies (Fig. 2A and B).
These results indicated that HUCMSCsWnt10b had robust self-renewal
ability compared with the control. To explore the multi-differentiation
ability of HUCMSCsWnt10b, we cultured the cells in adipogenic differen-
tiation media but found less oil red staining in the HUCMSCsWnt10b group
compared with the control (Fig. 2C and E). In addition, RNA was har-
vested for RT-PCR, and in HUCMSCsWnt10b, we found a significant
decrease in PPAR-γ, CEBP and LPL, which are genes that are typically
expressed during adipogenic differentiation (Fig. 2F). Furthermore, this
inhibited effect, both demonstrated by oil red staining and RT-PCR re-
sults, could be reversed by treating HUCMSCsWnt10b with IWR-1, a Wnt
signalling pathway inhibitor (Fig. 2C, E and F). To compare the osteo-
genic differentiation ability, we cultured those cells in osteogenic dif-
ferentiation media and found that HUCMSCsWnt10b exhibited enhanced
alizarin red staining and expression of osteoblastic genes, such as OCN,
OSX and IBSP; these results demonstrated that HUCMSCsWnt10b had
robust osteogenic differentiation capability, yet the effect could be
diminished by IWR-1 (Fig. 2D, E and G). These effects were positively
correlated with β-catenin expression (Supplementary Figure 1). In sum-
mary, HUCMSCsWnt10b exhibited a high self-renewal capacity, osteogenic
differentiation ability and inhibited adipogenic differentiation, which
was likely due to the effect resulting from Wnt10b secretion by
HUCMSCsWnt10b.

HUCMSCsWnt10b promoted bone defect repair in a critical size rat calvarial
defect model

After we observed enhanced osteogenic differentiation ability in vitro,
we performed in vivo studies to further explore the bone regeneration
ability in a critical size rat calvarial defect model. We seeded 1 � 105

HUCMSCsEmp and HUCMSCsWnt10b into a commercially purchased
hydrogel in order to provide a stable local environment for the cells; we
placed the mix into a skull defect with a diameter of 5 mm. Subsequent
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3D reconstructed micro-CT images showed that veh- and gel-treated
defects showed an obvious defect at the 4-week time point, with slight
bone formation occurring along the border of the defect; HUCMSCs
treatment had moderate healing from the edge of the defect area with
an obvious defect in the centre. Surprisingly, HUCMSCsWnt10b could heal
the defect area with virtually no empty space in the defect area, the ef-
fects of which were greatly abolished by HUCMSCsWnt10b þ IWR-1
combined treatment (Fig. 3A). In line with this observation, micro-CT-
based analysis showed that both the veh- and gel-treated groups had
similar defect volumes at the 4-week time point: 3.06 � 0.17 and
3.84 � 0.19 mm3, respectively. However, the HUCMSCsEmp treatment
decreased the volume to 2.45 � 0.09 mm3. The HUCMSCsWnt10b treat-
ment further decreased the volume to 1.63 � 0.16 mm3, which was 67%
of the size that remained after the HUCMSCsEmp treatment. Yet this
healing effect of HUCMSCsWnt10b was dramatically blocked by IWR-1; the
defect volume in that group was 3.6 � 0.12 mm3, which resembled the
results in the veh- and gel-treated groups (Fig. 3B). Furthermore, using a
scoring system to assess the bony bridging across the defect [19], similar
observation was found. An average score of 3.8 � 0.17 was found in the
HUCMSCWnt10b-treated defect, which was significantly better than the
HUCMSCsEmp-treated group score (2.8 � 0.37), the veh-treated group
score (2.3 � 0.33) and the gel-treated group score (2.3 � 0.25). Inter-
estingly, a combined treatment of IWR-1 in HUCMSCsWnt10b decreased
the score from 3.8 � 0.17 to 2.3 � 0.33, which demonstrated a Wnt
signalling pathway-dependent healing by HUCMSCsWnt10b (Fig. 3C). In
summary, slight healing from the edge could be found in the veh- and
gel-treated groups, and HUCMSCsEmp had moderate bone healing at the
4-week time point. HUCMSCsWnt10b could significantly enhance the
regenerative effects compared with HUCMSCsEmp. However, this
enhanced effect of HUCMSCsWnt10b was dramatically diminished by the
Wnt signalling pathway inhibitor IWR-1.

Next, when we performed histological analysis on paraffin sections to
more closely examine the healing tissue and to assess the defect by



Figure 2. HUCMSCsWnt10b had robust self-renewal ability and osteogenic differentiation ability but decreased adipogenic differentiation ability. (A) The
self-renewal ability of HUCMSCsEmp and HUCMSCsWnt10b was assessed by CFU-F assays. HUCMSCsEmp and HUCMSCsWnt10b were seeded in 6-well plates at 1000 cells/
well. Seven days later, the cells were stained with crystal violet (scale bar ¼ 0.5 mm). (B) Colonies, which contain more than 50 cells, were quantified (n ¼ 3,
mean � SEM, **: p < 0.01, Student t test, results are representative of at least three independent experiments). (C) HUCMSCsEmp cultured in growth media did not
show any oil red staining after 14 days. As expected, adipogenic media caused HUCMSCsEmp to have positive oil red staining; adipogenic media caused less oil red
staining in HUCMSCsWnt10b until treatment with IWR-1, a Wnt signalling pathway inhibitor (scale bar ¼ 200um). (D) HUCMSCsEmp show few alizarin red staining in
growth media and moderate alizarin red staining in osteogenic media, whereas HUCMSCWnt10b in osteogenic media show robust alizarin red staining, which was
attenuated by IWR-1 (scale bar ¼ 0.5 mm). (E) The areas of oil red staining and alizarin red staining were measured by ImageJ and counted (n ¼ 3, mean � SEM, ***:
p < 0.001, Student t test, results are representative of at least three independent experiments). (F) RNA was isolated for quantitative PCR analysis of expression of
adipogenic genes 14-day post confluence: PPAR-γ, CEBP and LPL. (G) The following osteogenic genes were quantified by quantitative PCR: OCN, Osx and IBSP (n ¼ 3,
mean � SEM, *: p < 0.05, **: p < 0.01, ***: p < 0.001, Student t test, results are representative of at least three independent experiments).
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measuring the defect area and perform histological scoring [19], we
found several layers of fibrous tissue occupying the defect area in the veh-
and gel-treated groups (see HE staining in Fig. 4A). The histology scores
for the veh- and the gel-treated groups were 1.6 � 0.54 and 1.8 � 0.44,
respectively, demonstrating very mild healing (Fig. 4B). In the
HUCMSCsEmp-treated group, we observed several bony islands in the
fibrous tissue of the defect area, with a significantly higher score of
2.6 � 0.54 (Fig. 4B) and a narrower defect (Fig. 4C). Furthermore, the
HUCMSCsWnt10b treatment bridged the defect area with thin newly
formed bone, with fibrous tissue superficially covering the bone tissue. A
significantly higher histology score was observed for the
HUCMSCsWnt10b-treated group, 3.75 � 0.5 (Fig. 4A–C). The introduction
of IWR-1 to the HUCMSCWnt10b-treated group clearly decreased bony
bridging with fibrous tissue in the defect area, demonstrating effects
similar to the veh- and gel-treated groups (Fig. 4A–C). These histology
results demonstrated that the calvarial defect was filled with fibrous
tissue from the vehicle and hydrogel treatments, and HUCMSCsWnt10b

replaced the fibrous tissue in the defect area with bone tissue because
they exhibited more robust bone regenerative effects than what was
observed with HUCMSCsEmp. The regenerative effects could be greatly
diminished by inhibiting the Wnt signalling pathway.
33
As collagen-1 deposition and mineralisation play a critical role in
bone formation, we performed Masson's trichrome staining, which can
detect collagen fibres and bone mineralisation and thus characterise the
structure of the healing tissue. At 4 weeks post-surgery, we observed
strong and dense blue staining in the defect area after HUCMSCsWnt10b

treatment, demonstrating collagen and mineralised bone formation.
Several layers of collagen fibres (fibrous tissue) could be observed in the
nonbridging area following veh, gel and HUCMSCsEmp treatments as
well. Once again, this robust bone-forming effect of HUCMSCsWnt10b

could be diminished by IWR-1 (Fig. 4D).

HUMSCsWnt10b promote VEGF-mediated angiogenesis

Osteogenesis and angiogenesis are closely coupled during bone
regeneration. In addition to more bone being formed in the
HUCMSCWnt10b-treated group, we found robust Collagen-1 staining in
HUCMSCsWnt10b (Fig. 5A), demonstrating a very active bone forming
process. At 4-week post-surgery, we observed slightly more VEGF-A,
which is an angiogenic factor, in the HUCMSCsEmp-treated group
compared to the hydrogel-treated group. The HUCMSCsWnt10b could
obviously induce stronger VEGF-A staining locally compared with



Figure 3. Micro-CT analysis demonstrated that HUCMSCsWnt10b promoted critical size defect healing in rats at 4-weeks after surgery. (A) The bone defect was
treated by veh, hydrogel, HUCMSCsEmp, HUCMSCsWnt10b and HUCMSCsWnt10b þ IWR-1, and then each calvarium was harvested 28 days after surgery; the defect area
was assessed by micro-CT analysis. (B) Average volume of defect area is shown. (C) Bony bridging and union of the defect was scored based on micro-CT images (n ¼ 8,
mean � SEM, *: p < 0.05, **: p < 0.01, Student t test, results are representative of at least three independent experiments).
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HUCMSCsEmp, especially in the fibrous tissue superficial to the bone
(Fig. 5B). As VEGF is key to blood vessel growth, we performed CD31
staining to label blood vessels. In line with the VEGF-A results, vessels
were hardly seen in the fibrous tissue of the defect in the hydrogel-
treated group. We observed obvious CD31þ vessels in the HUCMSC-
sEmp-treated group and even more vessels in the HUCMSCsWnt10b-treated
group (Fig. 5C). In addition, the increased VEGF-A and CD31 staining in
HUCMSCsWnt10b-treated calvaria was evidently abolished by IWR-1
(Fig. 5B and C). To confirm the angiogenic effects of HUCMSCsWnt10b

on endothelial cells, we performed a tube formation assay on HUVECs by
culturing them in different conditioned media. Interestingly, cells grown
in conditioned media from HUCMSCsWnt10b had significantly more
branch points (84.4 � 5.128 for the HUCMSCsWnt10b conditioned media
and 32.4 � 3.507 for the HUCMSCsEmp conditioned media) (Fig. 5D and
F) and tube numbers compared to HUCMSCsEmp (Fig. 5D and E). These
effects could be abolished by the introduction of SU5416 (Fig. 5D–F).
Taken into consideration of both the in vivo and in vitro results, we
concluded that HUCMSCWnt10b treatment could ameliorate angiogenesis,
possibly through VEGF.

Discussion

Naive MSCs transplantation is sometimes not sufficient for regener-
ation, but could be pretreated with hypoxia to increase its viability [20,
21] or co-transplanted with proangiogenic cells [22] in order to improve
the regeneration effects. In addition, numerous studies investigated cell
therapies with gene therapies, in which cells were modified to over-
express bone formation regulating genes to accelerate bone regeneration.
For example, overexpression of PDGF-BB in HSCs increased the trabec-
ular bone formation and decreased cortical porosity [23]. A recent study
generated BMP-2-overexpressing umbilical cord blood MSCs and found
effective bone repair effects [24]. As for HUCMSCs, CD61-overexpressing
HUCMSCs would help promote HUCMSCs differentiation into PGC and
male germ-like cells [25], and IL-10 overexpressing HUCMSCs could
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enhance human macrophage function, demonstrating HUMCMSCs’
therapeutic potential for infection-induced acute respiratory distress
syndrome (ARDS) [26]. However, to our knowledge, no transgenic
HUCMSCs have been generated for bone repair.

In this study, we found HUCMSCWnt10b was prone to undergo osteo-
genesis and nearly 80% healing was observed in the HUCMSCWnt10b-
treated group compared with 56% in the HUCMSCsEmp implantation
group at 4-week post-surgery. As to the sharp decrease of transplanted
cells at day 14 and then the absence of the cells on day 28 [27], it is
possible that the secreted Wnt10b from HUCMSCsWnt10b made a sub-
stantial contribution to the healing process through acting on endoge-
nous stem cells, such as Prx-1þ periosteal stem cells, in the calvarium
[28]. However, the exact amount of regenerated tissue that is directly
contributed from the transplanted cells remains to be a question and
needs to be studied in the future.

Other than the action to deliver cells and regulatory factors, we
believe that transduced Wnt10b also alters HUCMSCs viability via an
autocrine mechanism, which helps defect healing. In this study, we found
gene expression of typical osteogenic differentiation markers OCN, OSX
and IBSP, elevated up to a 100-fold change, while adipogenic differen-
tiation markers PPAR-γ, LPL and CEBP were all significantly down-
regulated. This is in line with a previous study showing that pluripotent
mesenchymal precursors (ST2 cells) that overexpressed Wnt10b
expressed a significantly high level of osteoblast transcription factors
(Runx2, Osx and Dlx5), and ST2 cells could rescue bone volume in an
OVX-induced osteoporosis model [14]. In addition, transcripts expressed
during adipogenic differentiation (PPAR-γ, CEBPa and FABP4) were
downregulated [14] and fat tissue formation was inhibited [13]. This
exclusive switch between the osteogenesis differentiation capacity and
the adipogenesis differentiation capacity of MSCs is critical for enhanced
bone regeneration of transplanted cells. Importantly for the first time, we
found an obvious increase in the number of CFU-F colonies formed by
HUCMSCsWnt10b, which implicated a robust self-renewal capacity of stem
cells by Wnt10b.



Figure 4. Histology showed enhanced mineralising bone and collagen formation by HUCMSCsWnt10b. (A) After micro-CT analysis, samples underwent tissue
processing and were stained for H&E. The area of defect is indicated by double arrows. The right panel is a magnified image of the boxed area, which is the interface
between the bone and defect fibrous tissue. (B, D) Based on histology, the width of the defect area and bridging score from three sections of each sample were
averaged, and then eight samples from each group were quantified for statistical analysis. (C) Masson staining for collagen and mineralisation was performed to show
bone matrix and mineralisation during defect healing (n ¼ 8, **: p < 0.01, ***: p < 0.001, ****, p < 0.0001, Student t test is used for statistics, scale bar ¼ 500 μm (left
panel), scale bar ¼ 100 μm (zoom in image on the right panel)).
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In this study, we used a rat calvarial bone critical defect that cannot be
healed by itself and is considered a fracture nonunion model. We
observed several layers of fibrous tissue superficially covering the defect
area in the untreated group, which is consistent with findings from
previous studies [18,19] and is similar to results demonstrated in the
long bone fracture nonunion model [29]. After treatment with
HUCMSCsWnt10b, the defect was filled with roughly normal laminar bone.
Wnt10b was shown to inhibit fibrous tissue formation in this nonunion
model, as Wnt10b can attenuate fibrous tissue formation after cardiac
injury and thus promote repair [30]. Therefore, the inhibition of fibrous
tissue formation also contributes to the accelerated healing process of
HUCMSCsWnt10b.

Interestingly, we found more VEGF-A expression in HUCMSCWnt10b-
treated groups than that in other groups. Kai Hu et al. have shown that
reduced levels of VEGF could promote MSC differentiation into fibro-
blasts [31]. Therefore, the replacement of fibrous tissue with bone in the
HUCMSCWnt10b-treated group may be attributed to VEGF in addition to
the Wnt10b protein produced by HUCMSCsWnt10b. However, the calva-
rial defect model does not faithfully mimic the clinical features of frac-
ture nonunion of long bones; the repair of flat bones such as the
calvarium and the clavicle involves intramembranous ossification, while
fractures in a long bone undergo endochondral ossification, which in-
volves cartilage metabolism. In particular, Wnt signalling plays an
important but complex role in chondrogenesis during endochondral
ossification. Canonical Wnt signalling activation can switch
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chondrogenesis to osteogenesis of MSCs [32]. On the contrary, chon-
drocyte maturation needs certain level of activation [33]. However, we
did not see a significant change on chondrocyte differentiation by
HUCMSCsWnt10b in our preliminary experiment. Future studies of the
effects of HUCMSCsWnt10b on long bone fracture healing and the long
bone fracture nonunion model are needed.

Angiogenesis and osteogenesis play a critical role in bone defect
healing. Numerous cytokines, such as VEGF, PDGF-AA and FGF-b, pro-
duced by HUCMSCs, play a role in angiogenesis; thus, HUCMSCs are
more angiogenic than BMSCs [34]. In our study, we observed more
VEGF-A expression and more CD31þ vessels after HUCMSCsWnt10b

treatment, and that cell culture experiments showed that the
HUCMSCsWnt10b conditioned media could promote tube formation of
HUVECs. These findings indicated that the HUCMSCsWnt10b treatment
promoted angiogenesis of endothelial cells, which contributed to accel-
erated bone defect healing. It remains unknown as to how Wnt10b could
regulate VEGF expression, although it can promote endothelial cell
proliferation [16], in which VEGF is involved. Furthermore, VEGF is well
known for its angiogenic effects on endothelial cells, but we could not
exclude the direct effects of VEGF on stem cells, because reduced VEGF
resulted in inhibited osteoblast differentiation in MSCs through the
regulation of transcription factor RUNX2 [35].

In conclusion, this study is the first one, to our knowledge, that
generated HUCMSCsWnt10b, showed higher self-renewal capacity and
showed robust osteogenic differentiation but low adipogenic



Figure 5. HUCMSCsWnt10b ameliorated the coupling of angiogenesis and osteogenesis during calvarial defect healing. (A–C) Immunohistochemistry was used
to identify VEGF-A (A), CD-31 (B) and collagen-1 (C) expression in calvarial defects at 28 days after operation (n ¼ 8, scale bar ¼ 50 μm. FT: fibrous tissue; BT: bone
tissue; dashed lines outlined the bone; the red arrows point to CD31þ blood vessels). (D) HUVECs were seeded in 96-well plates at 20,000/well and treated with
HUCMSCsEmp-CM, HUCSMCSsWnt10b-CM and HUCSMCSsWnt10b-CM þ SU5416. 4 h later, pictures were taken under a microscope. Bars ¼ 500 μm. (E, F) The numbers
of branch points (E) and tubes (F) were counted (n ¼ 5, values represent the mean � SEM, ***: p < 0.001, ****: p < 0.0001, Student t test is used for statistics, results
are representative of at least three independent experiments).
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differentiation ability. We further demonstrated that under in vivo set-
tings, HUCMSCsWnt10b significantly accelerated rat calvarial defect
healing and induced more VEGF-A expression and blood vessel growth
compared to the control cells. Our study reveals a powerful cell candidate
for bone regeneration, which can lay a pathway for clinical translation of
stem cell therapy. It sheds lights on future acellular treatment from the
powerful cells on bone healing, because cell secretome is gradually
considered a main effector of stem cell function. Ultimately, all stake-
holders are needed to come together to understand and communicate
safety, ethical issues and knowledge about stems cells in order to trans-
late into clinical settings. In the meantime, several questions must be
answered before clinical application can take place: (1) What is the
interplay between endothelial cells and osteoblastic lineage cells? What
is the molecular mechanism of HUCMSCsWnt10b regulating expression of
VEGF? (2) What are the autocrine and paracrine effects of secreted
Wnt10b on HUCMSCsWnt10b and endogenous osteoblastic cells during the
healing process? (3) Can HUCMSCs trigger autoimmune response after
transplantation? All of these questions warrant further studies in the
future.
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