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Abstract

Our previous finding revealed that the Wnt10b RNA expression of osteoporotic
adipose-derived stem cells (OP-ASCs) with impaired osteogenic capacity was signifi-
cantly reduced than that of ASCs. There are no ideas that the relationship between
the OP-ASCs' impaired osteogenic potential and Wnt10b expression. This study
aimed to indicate the potential molecular mechanisms and functional role of Wnt10b
in OP-ASCs, as well as to investigate a potential application to reverse the OP-ASCs'
impaired osteogenic differentiation potential. The OP-ASCs and ASCs were har-
vested from the inguinal fat of osteoporosis (OP) mice with bilateral ovariectomy
(OVX) and normal mice. gPCR and WB were used to detect the different levels of the
expression of the Wnt10b RNA in both OP-ASCs and ASCs. Lentiviral-mediated regu-
lation of Wnt10b expression was employed for OP-ASCs, and the detection of the
expression levels of key molecules in the Wnt signalling pathway and key osteogenic
factors was performed through gPCR and WB in vitro experiments. The capacity of
OP-ASCs to osteogenesis was determined using alizarin red staining. Lastly, the repair
effect of the BCP scaffolds incorporating modified OP-ASCs on the critical-sized cal-
varial defects (CSCDs) in OP mice was scanned and detected by micro-computed
tomography, haematoxylin and eosin staining, Masson's trichrome staining and immu-
nohistochemistry. First, we discovered that both the RNA and protein expression
levels of Wnt10b were significantly lower in OP-ASCs than that in ASCs. In vitro
experiments, upregulation of Wnt10b could activate the Wnt signalling pathway, and
increase expression of B-catenin, Lefl, Runx2 and osteopontin (Opn), thereby
enhancing the osteogenic ability of OP-ASCs. In addition, the OP-ASCs with
Whnt10b-overexpressing could promote the repair of CSCD in osteoporotic mice with

increasing new bone volume, bone mineral density, and increased expression of Opn
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1 | INTRODUCTION
Postmenopausal osteoporosis (OP) is a prevalent, devastating sys-
temic and chronic disease. The main characteristics of postmeno-
pausal OP are gradually compromised bone strength and reduced
bone mineral density (BMD). Millions of women who suffered from
postmenopausal OP are at a high risk of osteoporotic fractures
and many related complications, and it remains a challenge to
repair the subsequent bone defects.! Although autografts with
osteoinductive and osteoconductive are the gold standard in the
clinic for the reparation and reconstruction of bone defects, their
drawbacks, including pain, infection and restricted supply, remained
unresolved.? In recent years, with the rapid development of gene
therapy and its associated materials, the technologies of tissue
engineering have been regarded as promising therapeutic strate-
gies in the treatment and reconstruction of bone defects.>™ Seed
cells used in tissue engineering, including ASCs, bone marrow-
derived mesenchymal stem cells (BMSCs), and muscle-derived stem
cells, have been engineered to overexpress factors to promote
osteogenesis and angiogenesis for bone regeneration in bone
defects.*”® Among the seed cells, ASCs are increasingly preferred
by researchers in bone regeneration and tissue engineering
research because of their relative ease of access, high yield, ease
of culture, rapid growth and resistance to ageing.‘?’11 Furthermore,
ASCs have demonstrated similar osteogenic differentiation poten-
tial to BMSCs in vitro and in vivo,’? and some researchers believe
that ASCs are superior to BMSCs in some ways.'® Recent study
has shown that ASCs exhibit osteogenic potential in both orthoto-
pic and ectopic sites.'* ASCs have been shown in studies to be
more osteogenic than BMSCs in ovariectomized (OVX) rats.'®
Compared with allogeneic OP-ASCs, transplantation of autologous
OP-ASCs offers advantages in terms of stability, safety and porta-
bility in the treatment of OP-related bone deformities, implying
that treating OP and related bone defects with autologous OP-
ASCs may be a promising approach with potentially higher effi-
ciency.’® Therefore, the use of autologous OP-ASC transplantation
offers a greater range of applications in the treatment of OP and
associated bone defects.

The Wnt pathway is thought to be an essential regulator of

bone homeostasis. 1%’

and is composed of different ligands, core-
ceptors, receptors, and inhibitors. In a previous study, we per-

formed GeneChip on OP-ASCs and ASCs and found that compared

in new bone in vivo. Taken together, overexpression of Wnt10b could partially facili-
tate the differentiation of OP-ASCs towards osteogenesis and accelerated the healing
of bone defects by activating the Wnt/p-catenin signalling pathway in vitro and
in vivo experiments. This study confirmed the important role of Wnt10b in regulating
the osteogenic differentiation capability of OP-ASCs and indicated Wnt10b could be
a potential therapeutic target for reversing the impaired osteogenic capabilities of
OP-ASCs to therapy bone defects of OP patients.

with ASCs, the expression of the Wnt10b RNA was significantly
reduced in OP-ASCs (Figure 1D). Current studies on Wnt10b indi-
cate that it acts as a candidate member of the Wnt family to regu-
late the fate of mesenchymal stem cells (MSCs) to promote
osteogenesis, and it has been shown to be a significant endoge-
nous regulator of bone formation by activating highly conserved
Wnt signalling pathways. B-catenin is essential for Wnt10b,
Wntl10a and Wnté6 to regulate osteoblastogenesis and adipogen-
esis.”1® Thus, B-catenin as a downstream factor is required for
these Whnt ligands to regulate MSC fate.'? Therefore, Wnt10b is
an important gene in the Wnt ligand family that encodes a
secreted protein to regulate the bone metabolism. FABP4-Wnt10b
mice have been shown to have increased bone mass as well as
higher levels of Wnt10b expression in the bone marrow. Addition-
ally, Wnt10b knockout mice also show decreased osteocalcin levels
and bone trabeculae.?° The mechanism is suspected to be related
to a change of cell fate by promoting the transformation of mesen-
chymal precursor cells into osteoblastic phenotypes corresponding
with inhibiting the differentiation towards adipocyte lines.?°?? Co-
activation of endogenous Foxc2 and Wnt10b could enhance osteo-
genic differentiation of BMSCs and their differentiation towards
lipogenesis, thereby improving the healing of calvarial bone defects
in rats.?> However, there are few studies on the osteogenic ability
of Wnt10b on ASCs and OP-ASCs.

Biphasic calcium phosphate (BCP) ceramics, mainly composed of
B-tricalcium phosphate (8-TCP) and hydroxyapatite (HA) in various
ratios and have been marketed and accepted as bone replacement
materials in many medical and dental applications.?®> BCP is a material
with osteoconductive capacity because of its unique interconnectivity
and porosity, where better intercellular communication between oste-
ogenic cells could take place.?®>?* In our study, BCP scaffolds were
applied as cell carriers in vivo to explore the effects of osteogenesis.

To investigate underlying molecular mechanisms, explore the
functional role of Wnt10b in OP-ASCs, enhance OP-ASC osteogenic
capability and promote bone regeneration of osteoporotic patients
with bone defects. In our past research, the expression profiles of OP-
ASCs and ASCs were determined by full transcriptome microarrays.
We found that the Wnt10b mRNA expression was significantly
decreased in OP-ASCs compared with ASCs. Moreover, gPCR and
WB were utilized to examine the Wnt10b RNA and protein expression
differences between the two types of cells described above. We fur-

ther identified the functional role of Wnt10b in vitro by using
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FIGURE 1 Legend on next page.

lentivirus to infect the OP-ASCs and found that overexpression of regulates the OP-ASCs' osteogenic capacity by the activation/
Wnt10b could upregulate f-catenin and Lef1 to promote the ability of inhibition of Wnt/B-catenin signalling pathway. Moreover, we used

OP-ASCs osteogenic differentiation, and suggests that Wnt10b composite scaffolds in combination with modified Wnt10b-
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overexpressing OP-ASCs and BCP to stimulate bone regeneration in
the CSCD model of OP mice in vivo. Collectively, our results revealed
that Wnt10b not only has a significant impact on promoting the
regeneration of bone in vitro and in vivo experiments but may also act
as a potential therapeutic application for OP patients with bone
defects and other bone-loss conditions.

2 | MATERIALS AND METHODS

2.1 | Animal ethics

The proposed research protocol for this project was approved by the
Southwest Medical University's Ethics Committee (20180391222).
This experimental operation was performed following the require-

ments of the Laboratory Animal Care and Usage Guidelines.

2.2 | Establishment of an osteoporotic mice model
and culture of OP-ASCs and ASCs

Thirty female C57BL/6J mice aged 8 weeks from Teng Xin Biological
Technology Co., Ltd., were randomly separated into two groups: the con-
trol (CON) group (n = 15) and the ovariectomy (OVX) group (n = 15).
OP group mice were weighed and anaesthetised. Following the removal
of back hair and disinfecting, a 0.5-cm linear incision parallel to the spine
was created at a distance of 0.5 cm from the spine and 1 cm below the
ribs on the back of each mouse. Bilateral ovaries were separated and
removed, and aseptic suturing of muscle and skin was performed. In the
CON group, the identical procedure was done, but instead of bilateral
ovaries, the same volume of adipose tissue was removed.*®

As previously indicated,?®> OP-ASCs and ASCs were harvested
and cultured. First, the inguinal adipose tissue was harvested from
14-week-old female OP and CON mice. Type | collagenase was used
to digest the excised adipose tissue (Sigma-Aldrich) for 20 min to
obtain single cells. Then, the above cells were inoculated into culture
flasks and incubated with a-MEM medium (Alpha-type modified
Eagle's Medium) containing 1% penicillin/streptomycin and 10% fetal
bovine serum (FBS). Every 3 days, the medium of cells was changed.
Besides, all cells need to be passaged three times before following
experiments.

Additionally, flow cytometry was performed to characterize the
OP-ASCs and ASCs in the study, and positive expression percentages
of CD29, CD31 and CD45 were detected.>2

2.3 | Wnt10b overexpression and interference
2.3.1 | Construction of Wnt10b overexpression
lentivirus

The Wnt10b overexpression lentivirus was provided by OBiO Tech-
nology Co., Ltd. cDNA-Wnt10b was synthesized following the stan-
dard DNA recombination methods. First, Wnt10b inserts were
isolated from the pcDNA-Wnt10b by PCR amplification. PCR products
were sequenced to ensure the integrity of the entire Wnt10b coding
sequence. Subsequently, the plLenti-CMV-EGFP-3FLAG-PGK-Puro
plasmids cloned with the Wnt10b inserts were transfected into 293T
cells together with the packaging helper plasmids. The Wnt10b over-
expression lentivirus (OE-Wnt10b) was harvested from the filtered
and concentrated supernatant of the Wnt10b virus. The mock viral
supernatant (OE-Wnt10b-CON) was synthesized similarly, but without
the Wnt10b insert. Antibiotic-resistant cells were screened using
10 mg/mL puromycin for the follow-up experiments.

2.3.2 | Construction of lentiviral vectors containing
Wnt10b shRNA

The lentiviral vectors containing Wnt10b shRNA were also provided
by OBiO Technology. Briefly, the oligonucleotides containing Wnt10b
splice variant mRNA interference targets were prepared, annealed,
and then ligated into the pLKD-CMV-G&PR-U6-shRNA lentiviral vec-
tor. The oligonucleotide sequences are 5-CCGGCGCTGCCTG
GACAAGATCAATCTCGAGAT TGATCTTGTCCAGGCAGCGTTTTTT
G-3' (sense) and 5-AATTCAAAAA ACGCTGCCTGGACAAGAT
CAATCTCGAGATTGATCTTGTCCAGGCAGCG-3' (antisense). The
Wnt10b shRNA viral (KD-Wnt10b) was prepared, filtered, concen-
trated and harvested as described above. The mock shRNA viral (KD-
Whnt10b-NC), which did not contain the Wnt10b shRNA insert, was
obtained similarly.

2.3.3 | Cell transfection

OP-ASCs of passage 3 (P3) were inoculated into six-well plates at a
density of 5 x 10 cells/well. OP-ASCs were cultured and transfected
with a lentivirus vector containing Wnt10b cDNA at different multi-
plicity of infection (MOI), including 0, 20, 40, 60, 80 and 100, in
a-MEM medium containing 1% penicillin/streptomycin and 10% FBS

FIGURE 1

Wnt10b exhibited lower expression in OP-ASCs than ASCs. (A) H&E and Masson's trichrome staining of the proximal metaphysis

of the tibia from CON and OVX mice at 6-week post-operation. (B) The structure and morphology of the femur metaphysis from CON and OVX
mice at 6-week post-operation obtained through micro-CT, and statistical analysis of the Th.N, BV/TV, and Tb.Sp between CON and OVX mice.
(C) Images of OP-ASCs and ASCs at different generations. (D) Expression of Wnt10b in OP-ASCs was significantly lower than that observed in
ASCs by GeneChip. (E) gPCR and statistical analysis showed that the mRNA expression level of Wnt10b was significantly decreased in OP-ASCs
when compared with ASCs. (F) Protein expression of Wnt10b in OP-ASCs was lower than that in ASCs confirmed through WB. BV/TV, bone
volume to tissue volume; CON, control; H&E, haematoxylin and eosin; micro-CT, micro-computed tomography; OP-ASC, osteoporotic adipose-

derived stem cell; OVX, ovariectomized.
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TABLE 1 Sequences of primers used for qPCR. 2.6 |
Primer Sequence
Wnt10b Forward: 5-TGTTCCTGGCTCAGTCCCCA-3'
Reverse: 5'-CCGCATTCTCGCCTGGATGT-3'
B-catenin Forward: 5-TGGTGACAGGGAAGACATCA-3'

Reverse: 5'-CCACAACAGGCAGTCCATAA-3'

Lefl Forward: 5'-ACGTTGCTCCTGTATAGACG-3'
Reverse: 5'-GCAGATATAGACACTAGCACC-3'

Forward: 5-CCGAACTGGTCCGCACCGAC-3'
Reverse: 5'-CTTGAAGGCCACGGGCAGGG-3’

Opn Forward: 5'-GGATTCTGTGGACTCGGATG-3'
Reverse: 5'-CGACTGTAGGGACGATTGGA-3’

Forward: 5'-CTCGCTCCTGGAAGATGGTG-3’
Reverse: 5'-GGTGAAGGTCGGTGTGAACG-3’

Runx2

Gapdh

for 16 h. The appropriate MOI was confirmed according to the GFP-
positive proportion under a fluorescence microscope. OP-ASCs were
infected with different lentiviruses (OE-Wnt10b, OE-Wnt10b-CON,
KD-Wnt10b and KD-Wnt10b-NC) at the appropriate MOI with
10 mg/mL polybrene for 16 h. At 7-day post-transfection, the RNA
and protein expression of Wnt10b were examined by qPCR and WB
assays.

24 | Osteogenic induction and alizarin red staining
After transfection with various lentiviral vectors (OE-Wnt10b, KD-
Wnt10b and Mock), these modified OP-ASCs were inoculated in
six-well plates, then cultured in the osteogenic induction medium
(Sigma-Aldrich). On the 14th day of osteogenesis induction, the
alizarin red staining was utilized to examine these cells' osteogenic
capacities. Briefly, 4% paraformaldehyde was used to fix these
modified OP-ASCs for 30 min, followed by washing the cells three
times with PBS, and 30 min at room temperature incubation with
alizarin red dye. The mineralized nodules formed in each group
were identified and videotaped under the bright-field view of the
inverted microscope, with at least three random images taken for

each well.

2.5 | qPCR analysis
First, the total RNA of all cells was extracted with Trizol

(Invitrogen), successively purified, concentrated and finally
detected by a spectrophotometer. According to the instructions of
PrimeScript®” Reagent Kit (TaKaRa), 500 ng of RNA was reverse
transcription with a volume of 20 pL. As reported previously,?®
Power SYBR Green PCR Master Mix (4367659) and the 7500
Rapid Real-Time PCR System were used for gPCR. The relative
mRNA expression levels were shown by the fold changes in com-
parison to the controls after normalization to the Gapdh. Table 1

lists the primers utilized in our investigation.

Western blot analysis

The acquisition of total proteins from cells was performed by the pro-
tein extraction kit (KeyGEN BioTECH), and the protein assay kit
(TaKaRa) was used to detect concentration. Next, proteins were sepa-
rated using an SDS-PAGE gel and then transferred to the PVDF mem-
branes. After being sealed with fat-free milk for 1 h, the membranes
were used in conjunction with primary antibodies against Wnt10b
(ab70816),  3Flag(orb357990), B-CATENIN (ab32572), LEF1
(ab137872), RUNX2 (ab92336), OPN (ab283656) and GAPDH
(ab8245) overnight at 4°C. After that, secondary antibodies
(ab288151) were used to interact with the primary antibodies.
Immuno-bands were developed by a Western blotting substrate for
ECL and visualized with the ECL system. Finally, ImageJ software was
performed to quantify the intensities of the individual immunoblots.
The values of all samples were shown after normalization to the
Gapdh.

2.7 | Preparation of OP-ASC-seeded BCP scaffolds
Pie-shaped (@4.0 mm x 2.0 mm) porous BCP scaffolds with 50%
porosity and an average pore diameter of 500 + 45 um were provided
by Sichuan University Research Center. Before cell inoculation, BCP
discs were autoclaved and then immersed in a-MEM medium for
12 h. Then 0.1 mL OP-ASCs cell suspension was seeded in BCP discs
at a density of 1 x 10° cells/mL and incubated for 4 h at 37°C before

adding the culture medium.

2.8 | The detection of cell proliferation

To investigate the adhesion and proliferation rate of OP-ASCs to BCP
scaffolds, the OP-ASC-seeded scaffolds were cocultured for 1, 3,
7 and 14 days, and subjected to scanning electron microscope (SEM;
KYKY-2800), CCK-8 tests (Sigma-Aldrich) and confocal laser scanning
microscopy (Leica) separately.

Before conducting SEM detection, samples needed to be dried
and sputter-coated with gold. The absorbance of CCK-8 was mea-
sured by a spectrophotometer at a wavelength of 450 nm. After the
samples were stained with Phalloidin and DAPI according to the
recommended protocol of the reagents, the detection of the confocal
laser scanning microscope was performed. The samples were incu-
bated with phalloidin (7 pg/mL, A22286) and DAPI solution (5 ug/mL,
C1006).

2.9 | Invivo implantation of OP-ASCs-seeded BCP
composite scaffolds to the CSCD model

For the construction of the CSCD mice model, 72 OVX mice with
bilateral ovaries removed for 6 weeks were randomly and equally

divided into six groups of 12 mice each, and two 4-mm diameter
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FIGURE 2 Legend on next page.

circular bone defects were created on the calvarium of these OP (1) BCP scaffolds without cells, (2) BCP scaffolds with OP-ASCs
mice. Then, OP-ASCs-seeded BCP composite scaffolds were incu- (Mock), (3) BCP scaffolds with OP-ASCs overexpressing Wnt10b
bated in an osteogenic induction medium for 2 days, including (OE-Wnt10b), (4) BCP scaffolds with OP-ASCs modified with
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control lentivirus overexpressing Wnt10b (OE-Wnt10b CON),
(5) BCP scaffolds with Wnt10b knockdown OP-ASCs (KD-Wnt10b)
and (6) BCP scaffolds with OP-ASCs modified with control lentivi-
rus knockdown Wnt10b (KD-Wnt10b NC) were transplanted into
the defects. The incision was then closed with sutures. The mice
could all function normally after the operation. There were
72 C57BL/6 mice (18-22 g) used for the study. There were three
time points (4, 8 and 12 weeks) and six groups designed for the
testing. Each time point contained 24 mice, with 4 mice and

8 defects for each group.

210 | Micro-computed tomography

The middle section of the right femur from the normal mice and OVX
mice with bilateral ovariectomy for 6 weeks and the BCP scaffolds
with/without modified OP-ASCs transplanted into the CSCD for 4, 8
and 12 weeks were detected by micro-computed tomography
(micro-CT; SIEMENS) in the scanning mode (voxel size, 10 mm; slice
thickness, 18 mm; pixel matrix, 2048 x 2048) for the detection of
bone volume. The three-dimensional (3D) isosurface rendering soft-
ware was applied to generate the 3D stereoscopic visualization.
Mimics10.01 software was used to analyse the BMD, the percent-
ages of new bone volume relative to tissue volume (BV/TV), the tra-
becular spacing (Th.Sp) and the trabecular number (Tb.N).

211 | Histochemical and immunohistochemical

staining

After fixation in 4% paraformaldehyde for 48 h and decalcification
with decalcifier solution for about 3 weeks, the femoral and calvarial
bones from normal and OVX mice were infiltrated in paraffin and
sliced into 10 um slices, followed by hematoxylin and eosin (H&E) and
Masson's trichrome staining.

For immunohistochemical staining, calvarial bone slices from OVX
mice with implantation of composite scaffolds for 12 weeks were rou-
tinely deparaffinized and rehydrated, followed by antigen retrieval with
trypsin at 37°C for 45 min. Slides were then incubated overnight at 4°C
with Opn-specific primary antibodies (1:200, ab63856). Subsequently,
the secondary antibodies (1:1000, ab150077) were applied at room tem-
perature for 1 h. Finally, cell nuclei were stained with haematoxylin.

212 | Statistical analysis

Unless otherwise specified, all experiments were performed in tripli-
cate. This experiment's data were reported as mean * standard deri-
vation (SD). Statistics were compared using an unpaired Student's
t test, with p < 0.05 indicating statistical significance. SPSS 19.0 soft-

ware was employed to examine all statistical data.

3 | RESULTS
3.1 | The osteoporotic mouse model was
successfully constructed

The femur and proximal tibia obtained from CON and OVX mice at
6 weeks post-operation were analysed by histopathological stainings
such as H&E staining, Masson's trichrome staining, and micro-CT
scanning to confirm whether the osteoporotic model was successfully
established.

Results for the histochemical staining are illustrated in Figure 1A.
Compared with CON mice, OVX mice showed fewer and disordered
or discontinuous bone trabeculae, thinner femoral cortical bone and
enlarged bone marrow cavity, which indicates the occurrence of bone
resorption and defect.

Micro-CT results were similar to the histochemical staining analy-
sis. Mice from the OP group presented thinner trabecular organiza-
tion, reduced interconnectivity and increased separation compared
with mice from the CON group (Figure 1B). Statistical analysis
revealed that OP mice had higher Th.Sp levels and lower Th.N and
BV/TV levels in comparison to CON mice. Based on these findings,
we conclude that the osteoporotic mouse model was effectively

developed.

3.2 | The expression of Wnt10b RNA and protein
in OP-ASCs was decreased

At 6 weeks after surgery, OP-ASCs and ASCs were extracted and culti-
vated from the inguinal adipose tissue of OVX and CON mice. After
culture and passaging, both cell types appeared fibroblast-like in shape
and adopted polygon or spindle morphology as cell passage increased.
In the experiments, we found that even if the two types of cells were

FIGURE 2 The expression of Wnt10b in OP-ASCs could be effectively regulated by transfecting OP-ASCs with different Wnt10b
lentiviruses. (A) When the MOI = 80, the GFP fluorescence intensity in OP-ASCs transfected with Lenti-Wnt10b was the highest and
maintained a good cell morphology. (B) The fluorescence expression rate of GFP in all OP-ASCs transfected with four different lentiviruses was
higher than 80% when MOI = 80. (C ) qPCR detection in OP-ASCs transfected with four lentiviruses showed that OE-Wnt10b/KD-Wnt10b
could significantly up/down-regulate the gene expression of Wnt10b in OP-ASCs (***p < 0.05), while OE-Wnt10b-CON/KD-Wnt10b-NC had
no significant effect on the expression of Wnt10b gene. (D, E) The detection and quantitative analysis of WB in OP-ASCs transfected with four
lentiviruses, it was found that OE-Wnt10b significantly increased the expression of Wnt10b protein and 3Flag (***p < 0.001), KD-Wnt10b can
significantly reduce the expression level of Wnt10b protein (**p < 0.01), while there was no significant change among OE-Wnt10b-CON/
KD-Wnt10b-NC group compared with Mock group. Data represent the mean + SD of at least three independent experiments. (*p < 0.05,

**p < 0.01 and ***p < 0.001). MOI, multiplicity of infection; OP-ASC, osteoporotic adipose-derived stem cell.
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continuously cultured to P3 and P4 (the data were not shown), there
was no discernible variation in cell morphology (Figure 1C).

Wnt10b RNA and protein expression levels were measured using
gPCR and WB in all cells. As shown in Figure 1D,E, the RNA expres-
sion of Wnt10b in OP-ASCs was about 1/5 of that in ASCs, similarly,
its protein expression was about 1/2 of that in ASCs. OP-ASCs were
found to exhibit lower Wnt10b expression than ASCs. These results
verified that OP decreases the expression of Wnt10b in ASCs.

3.3 | Knockdown of Wnt10b suppressed
osteogenesis of OP-ASCs in vitro

To investigate the function of Wnt10b in OP-ASCs, Wnt10b knock-
down models (Figure 2A,B) in OP-ASCs were established using lentivi-
ruses constructed with Wnt10b shRNA sequences. The silencing
efficacy showed that the levels of mRNA (Figure 2C) and protein
(Figure 2D,E) of Wnt10b were successfully knocked down. After sta-
ble knockdown of Wnt10b, OP-ASCs displayed decreased osteogenic
differentiation ability. Specifically, after osteogenic induction for a
period of 3 or 7 days, both mRNA and protein expression of factors in
the canonical Wnt signalling pathway (B-catenin, Lef1) and important
osteogenic factors (Runx2, Opn) were decreased in Wnt10b-
knockdown OP-ASCs (Figure 3A-D). Furthermore, the mineralized
nodules formed in the Wnt10b knockdown OP-ASCs were the least
among the three groups after cultured in the osteogenic induction

medium for 14 days (Figure 3E).

3.4 | Overexpression of Wnt10b promoted
osteogenesis of OP-ASCs in vitro

The system of Wnt10b overexpression (Figure 2A,B) was also con-
structed using lentivirus to investigate the significance of Wnt10b in
OP-ASCs. The upregulation of Wnt10b in OP-ASCs at both the RNA
and protein levels (Figure 2C-E) was verified by transfecting the cells
with Wnt10b overexpression lentivirus. After incubation in an osteo-
genic induction medium for 3 and 7 days, the expression levels of
B-catenin, Lefl, Runx2 and Opn in Wnt10b-overexpressed OP-ASCs
were significantly elevated (Figure 3A-D). Moreover, after 14 days of
cultivation in osteogenic induction medium, the modified OP-ASCs in
the OE-Wnt10b group produced considerably more mineralized nod-
ules compared to the other two groups (Figure 3F). The above results

indicated that overexpression of Wnt10b might potentially improve

the osteogenic potential of OP-ASCs by the activation of the Wnt/p-

catenin signalling pathway in vitro.

3.5 | BCP and OP-ASCs combine to form a
composite scaffold

To investigate the proliferation of OP-ASCs on BCP scaffolds, CCK-8
and DAPI staining assays were carried out at 1 day, 3, 7 and 14 days
of co-culture. We found that the number of OP-ASCs increased with
time (Figure 4A,B) and the rate of cell growth was accelerated at
1-7 days and significantly slowed at 7-14 days (Figure 4A).

Regarding the adhesion between OP-ASCs and the BCP scaf-
fold, SEM scanning showed that the BCP scaffold is three-
dimensionally porous with a rough surface and granular shape and
that the OP-ASCs grew into the pores and surface of the BCP scaf-
folds, resulting in adhesion of OP-ASCs and BCP scaffolds
(Figure 4C,D). The number of OP-ASCs adhered to the BCP scaffold
increased with time and the surface of the BCP scaffold was covered
with abundant cell substrates secreted by OP-ASCs when cultured
for 7-14 days (Figure 4C).

Similarly, 3D reconstruction using confocal laser scanning micros-
copy revealed that OP-ASCs were intertwined into a network and
grew to saturation when co-culture of BCP and OP-ASCs occurred
for 14 days (Figure 4E).

3.6 | Knockdown of Wnt10b suppressed bone
regeneration in vivo

To explore the functional role of Wnt10b in OP-ASCs promoting
bone generation in vivo, we transplanted composite scaffolds com-
posed of modified OP-ASCs transfected with the Wnt10b shRNA
lentiviruses or the mock shRNA lentiviruses into CSCD of OP mice.
After transplantation of the complexes for 4, 8 and 12 weeks, the
condition of bone generation was analysed by micro-CT, histo-
chemical and immunohistochemical staining techniques. The results
in Figure 5A,B illustrate that the amount of newly formed bone in
composite scaffolds of each group showed an overall tendency to
increase over time, but there are still significant differences among
the groups (Figure 6A). Statistical analysis showed that the BMD of
the KD-Wnt10b group increased gradually over time (481.19
+131.72, 721.27 + 76.86 and 962.28 + 71.35 HU/cm®) and similar
results were obtained with the percentages of BV/TV (7.19

FIGURE 3 Overexpression of Wnt10b improved the osteogenesis ability of OP-ASCs by activating canonical Wnt signalling pathway in vitro.
(A, C) After Wnt10b transduction, the mRNA expression levels of p-catenin, Lef1, Runx2 and OPN were greatly upregulated and downregulated
by Lenti-Wnt10b and Lenti-shRNAWnNt10b, respectively, on Days 3 and 7 of osteogenic induction (**p < 0.05 and ***p < 0.001). (B, D) The
protein levels of p-catenin, Lef1, Runx2 and OPN showed the same pattern as seen with mRNA expression (*p < 0.05, **p < 0.01 and

***p < 0.001). (E) Alizarin red staining on Day 14 shows the calcium deposition formed by the OE-Wnt10b group was significantly more than the
Mock group, but the calcium deposition that emerged in the KD-Wnt10b group was the least among the three groups. Data represent the mean
+ SD of at least three independent experiments (*p < 0.05, **p < 0.01 and ***p < 0.001). OP-ASC, osteoporotic adipose-derived stem cell; OPN,

osteopontin.
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FIGURE 4 OP-ASCs could seed and proliferate well with BCP. (A, B) CCK-8 and DAPI staining show the number of OP-ASCs increased with
time. The cell proliferation rate was faster at 1, 3 and 7 days of coculture, while at 7-14 days, the proliferation rate was significantly slower. (C) SEM
scanning shows the same proliferation pattern as the above expression and confirms that OP-ASCs combined well into the BCP scaffolds. (D) The
physical properties of BCP. (E) Confocal laser scanning microscopy revealed OP-ASCs were intertwined into a network and grew to saturation at

14 days of co-cultivation. BCP, biphasic calcium phosphate; OP-ASC, osteoporotic adipose-derived stem cell; SEM, scanning electron microscope.
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+ 1.05%, 14.41 + 1.06% and 20.66 + 1.65%; Figure 6B). In addition,
the amount of new bone formed in the composite scaffolds of the
KD-Wnt10b group was considerably less than that the group of
KD-Wnt10b-NC at 4, 8 and 12 weeks. For the histochemical and
immunohistochemical staining, as shown in Figure 6A, the amount
of new bone in all groups also increased over time. Compared with
the KD-Wnt10b-NC and BCP groups, the mineralized new bone
content of the composite scaffolds of the KD-Wnt10b group was
the least at each period. Opn expression was detected at 12 weeks
by immunohistochemical staining, with the KD-Wnt10b group
showing significantly lower Opn expression than the KD-Wnt10b-
NC and BCP groups (Figure 6B).

3.7 | Overexpression of Wnt10b promoted bone
generation in vivo

OP-ASCs-scaffold complexes composed of OP-ASCs transfected
with different lentiviruses, including Wnt10b-overexpressed OP-
ASCs and mock-infected cells, were transplanted into calvarial bone
critical defect mice to further verify the osteogenesis-promoting
role of Wnt10b in vivo. The micro-CT scan results revealed that the
new bone's formation in all groups also increased over time
(Figure 5A). The BMD of the new bone in scaffolds of OE-Wnt10b
group at 8 weeks after transplantation (1326.18 + 107.59 HU/cm?®)
was lower than that at 12 weeks (1854 + 117.40HU/cm®), but
notably higher than that in 4 weeks (880.88 + 117.40 HU/cm®) and
(Figure 6B). The percentages of BV/TV in the OE-Wnt10b group
(18.44 + 1.12% at 4 weeks, 27.46 +1.21% at 8 weeks and
35+1.21% at 12 weeks) were similar to the results for BMD
described above (Figure 5B). Additionally, the new bone formed of
the OE-Wnt10b group was notably more than that in the OE-
Wnt10b-CON group at every point in time. We obtained similar
results with the histological staining assay. From 4 to 12 weeks, the
amount of mineralized new bone in all groups also showed a ten-
dency to increase gradually over time (Figure 6A). It was found the
OE-Wnt10b group had the highest amount of new bone in each
period compared with the OE-Wnt10b-CON and BCP groups
(Figure 6A). Immunohistochemical staining revealed that the
expression of Opn in the new bone of the OE-Wnt10b group was
greatest at 12 weeks, and substantially higher than the other two
groups (Figure 6B).

Based on these results, we conclude that Wnt10b can promote

the bone generation of OP-ASCs in vivo.

4 | DISCUSSION

As a common systemic bone disease, OP is characterized by the
destruction of bone microstructure and a decrease in bone mass,
which is prone to fracture.?*?” OP is also a non-communicable meta-
bolic disease that is closely related to age and usually results from an
imbalance between osteoblasts and osteoclasts due to postmeno-
pausal oestrogen deficiency.?® Oestrogen deficiency may lead to OP
by decreasing the strength, volume, and mineral density of bone and
enhancing bone turnover, resulting in fractures and bone defects.?’
This leads to an increased risk of fracture, prolonged bone defect
healing time, decreased formation of callus, and deteriorated biome-
chanical properties of new bone. Despite efforts to focus on fracture
prevention and the development of treatments to enhance bone mass
and BMD, osteoporotic bone regeneration has received less atten-
tion.3° Compared with conventional methods, combining autologous
modified stem cells and composite scaffolds may be more effective in
repairing osteoporotic bone defects.®1:32

OVX mice have been regarded as a suitable animal model for
studying OP-related bone diseases because the pathological changes
in these mice resemble those seen in postmenopausal OP.3® OP
results from a functional imbalance between osteoblasts and osteo-
clasts.>* The CSCD model is often used to study the repair of bone
defects because it can offer an appropriate analogue for the common
scenarios observed in the clinic.>> To enhance bone tissue regenera-
tion and reverse the imbalance in patients with OP, we transplanted
OP-ASCs overexpressing Wnt10b and BCP scaffold complexes into
the CSCD of OVX mice to explore their effects on bone regeneration.
As far as we know, this report is the first to apply a composite scaffold
material of Wnt10b-modified OP-ASCs combined with BCP to repair
CSCD repair in OVX osteoporotic mice.

As we know, the repair of bone defects in osteoporotic patients
has always been a great challenge for physicians.2¢ Current treat-
ment approaches to osteoporotic bone defects are not always satis-
factory. Several investigations have revealed that tissue engineering
technologies provide a new therapeutic strategy for repairing tissue
defects.>’~%? The approaches of gene therapy to improve bone tissue
regeneration are considered one of the most fascinating topics of
tissue engineering.**#! Utilizing a tissue-engineering material combi-
nation of autologous OP-ASCs of gene-modified and composite scaf-
folds to heal OP bone defects can overcome several limitations of
existing approaches.'® This study demonstrated that Wnt10b signifi-
cantly enhanced OP-ASC osteogenesis by triggering the Wnt/p-
catenin signalling pathway, and indicated that Wnt10b holds an

FIGURE 5

Overexpression of Wnt10b increased the amount of new bone formation to promote the repair of CSCD in osteoporotic mice

in vivo. (A) Skulls from the mice implanted with modified OP-ASCs were removed at 4 W (n = 24), 8 W (n = 24) and 12 W (n = 24) for micro-CT
analysis, the micro-CT images showed the different reparative effects of the BCP, BCP with OP-ASCs/Mock, BCP with OP-ASCs/OE-Wnt10b,
BCP with OPASCs/OE-Wnt10b-CON, BCP with OP-ASCs/KD-Wnt10b and BCP with OP-ASCs/ KD-Wnt10b-NC groups, as shown in sagittal
view, coronal view, cross-section and 3D surface rendering (green indicates new bone). (B) Bone volume/total volume (BV/TV) and bone mineral
density (BMD) varied in every group at the three time points (**p < 0.001 and ***p < 0.0001). Data represent the mean + SD of at least three
independent experiments (*p < 0.05, **p < 0.001 and ***p < 0.001). BCP, biphasic calcium phosphate; CSCD, critical-sized calvarial defect; micro-
CT, micro-computed tomography; OP-ASC, osteoporotic adipose-derived stem cell; W, weeks.
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FIGURE 6 Overexpression of Wnt10b enhanced the osteogenic ability of OP-ASCs in vivo. (A) H&E and Masson staining of composite
scaffolds containing modified OP-ASC and BCP in mice after 4/8/12 weeks of implantation. (B) Immunohistochemical staining specific for
osteopontin (Opn) of composite scaffolds. Arrows indicate new bone in (A) and OPN deposition in (B), n = 3 for each group. BCP, biphasic
calcium phosphate; H&E, haematoxylin and eosin; OP-ASC, osteoporotic adipose-derived stem cell.
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important position in the osteogenic differentiation and bone regener-
ative capacity of OP-ASCs via modulating Runx2 and Opn expression.
Wnt10b-overexpressed OP-ASCs dramatically improved the repair of
the CSCD of ovariectomized osteoporotic mice in vivo.

ASCs are favoured by a wide range of researchers because of
their easily available and abundant content. Compared with
BMSCs, ASCs are still easier to cultivate and preserve, grow faster,

and are more resistant,*>“2

which has made them a point of inter-
est in recent research. In the study, we discovered that the
OP-ASCs' osteogenic differentiation capabilities, as measured by
Runx2 and Opn mRNA and protein expression, as well as the num-
ber of mineralized nodules generated, were much lower than that
of ASCs from normal mice.

The Whnt signalling pathway is regarded as an important pathway
to regulate bone balance in osteoporotic mice.***> Wnt10b, a bone
anabolic Wnt ligand, is an important endogenous factor in the Wnt
signalling pathway that regulates bone formation. The regulatory
mechanisms of Wnt10b include inducing the differentiation of stem
cells towards the phenotype of osteoblasts by promoting the expres-
sion of the factors associated with osteogenesis including Runx2,
osterix and DIx5, and inhibiting the expression of PPARy and C/EBPa
to restrain the differentiation of stem cell towards the adipocytic line-
age. 17184647 sty dies on transgenic mice showed that the upregulated
expression of Wnt10b coincided with an increased bone mass and the
above effect was mainly attributed to enhanced osteoblastogenesis.'”
Some researchers have shown that Wnt10b could increase bone mass
in OP by promoting T cell Wnt10b production and inhibiting CD28
costimulation by CTLA-41g.*® Some studies showed that loading could
promote osteogenesis and increase many Wnt signalling pathway-
related factors' expression by the upregulation of the expression of
Wnt10b, thus indicating its important role in mechanical transduction
to increase the formation of bone.***° In our study, it was found that
compared with ASCs, the Wnt10b expression of OP-ASCs was signifi-
cantly reduced at both the RNA and protein levels, while the
OP-ASCs' osteogenic capabilities were also significantly impaired.
Therefore, we speculate that the impaired osteogenic capability of
OP-ASCs may be related to the decreased expression of Wnt10b.
However, there is little known about the specific mechanism of
Wnt10b that may modulate osteogenesis in OP. We further found
that the gene and protein levels of osteogenesis-specific markers
(Runx2 and Opn) and the factors in Wnt/p-catenin signalling pathway
factors (p-catenin and Lefl) were increased when OP-ASCs were
transfected with Wnt10b overexpression lentivirus and decreased
when transfected with lentivirus that interfered with Wnt10b. More-
over, overexpression of Wnt10b promoted the generation of mineral-
ized nodules in OP-ASCs, while inhibition of Wnt10 expression
reduced the number of mineralized nodules. These results suggest
that Wnt10b may enhance the osteotropic differentiation capacity of
OP-ASCs with activation of the canonical Wnt signalling pathway by
increasing the p-catenin expression and accelerating its entrance into
the nucleus. Subsequently, B-catenin stimulated the expression of
osteogenic-target factors (Runx2 and Lef1), then ultimately promoted

the OP-ASCs' osteogenic ability to repair bone defects.

The functional role of Wnt10b in bone tissue regeneration was
evaluated by repairing the CSCD in the osteoporotic mouse model. At
4, 8 and 12 weeks, 3D reconstruction data of micro-CT indicated that
overexpression of Wnt10b through the application of OP-ASCs signif-
icantly improved ossification in the CSCD mice model. On the con-
trary, just less new bone formed was found in both BCP and KD-
Wnt10b groups from 4 to 12 weeks. Thus, Wnt10b can efficiently
improve the OP-ASCs' osteogenic ability to generate more new bone
in vivo. In a word, the data of the study suggested that Wnt10b could
activate the canonical Wnt pathway, and would become a potential
target to promote bone tissue regeneration by osteoinductive OP-
ASCs and acts to increase the osteogenesis of OP-ASCs.

BCP ceramics are a mixture formed by p-TCP and HA in different
proportions and have been commercially available and are increasingly
accepted as bone repair materials in many medical and dental applica-
tions. Many studies have indicated that the BCP scaffolds can pro-
mote bone tissue regeneration.’>>? In addition, the biological activity
of BCP can also be improved by optimizing physicochemical proper-
ties to promote bone regeneration. Researchers have reported that
the ratio of 70/30 (HA/TCP) showed more favourable and faster bone
resorption in terms of space maintenance and new bone formation
compared to the 80/20 ratio.>® Hung et al.>* had been reported that
the ratios of 60/40 and 70/30 showed a better bone regeneration
rate than other groups and without any inflammatory response and
toxic effects. Therefore, we chose BCP (HA/TCP = 70/30) combined
with OP-ASCs and found that the number of cells growing on the
scaffolds increased over time as evaluated by CCK-8, DAPI and SEM
scanning. When co-cultured for 1-7 days, the proliferation rate of
OP-ASCs showing a gradual increase, while there was a decrease at
7-14 days, which may be related to the saturation of cell growth. Fur-
thermore, similar results were found in vivo experiments, where the
amount of new bone formed in the scaffolds increased over time in
each group, and no inflammation or toxic side effects were observed.
These results showed that BCP had good biocompatibility without
cytotoxicity, and combined well with OP-ASCs to promote cell
proliferation.

5 | CONCLUSION

In summary, we have demonstrated that overexpressing Wnt10b can
activate the Wnt/B-catenin signalling pathway to boost the differenti-
ation of OP-ASCs towards osteogenesis, reverse the impaired osteo-
genic differentiation capabilities of OP-ASCs, and then enhance the
repair of bone defects in osteoporotic mice. Our findings show that
Wnt10b plays a significant functional role in the osteogenic differenti-
ation of OP-ASCs and provide preclinical evidence for the potential
applications of Wnt10b-engineered OP-ASCs to stimulate bone repair
and regeneration in OP patients.
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