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Abstract: Objectives: This study aimed to investigate whether tussah silk fibroin (TSF)/fluoridated hydroxyapatite
(FHA) can promote osteogenic differentiation of Mc3t3 cells and explore the role of Wnt/B-catenin signaling in this
process. Methods: TSF/FHA was gained via freeze drying technique and cyclic phosphate immersion method. The
relative expression levels of bone-related genes and proteins of Mc3t3 cells seeded on different materials were
examined by RT-gPCR and Western blotting. Knockdown or overexpression of Pygo2 in Mc3t3 cells was achieved
using lentiviral transfection. Cell proliferation, the expression of bone-related genes and proteins were subsequently
examined. Animal experiment was also performed to observe the osteogenesis effect. Results: Different ratios of
fluorine of TSF/FHA accelerated the osteogenic differentiation of Mc3t3 cells and increased the Pygo2 expres-
sion. The Wnt/B-catenin signaling pathway was activated after TSF/FHA induction, accompanied by the increased
expression of related genes. In SD rats with skull defect, the newly formed bone increased significantly and the
Pygo2 overexpressing Mc3t3 cells promoted osteogenesis. However, Pygo2 knockdown markedly compromised the
osteogenesis of Mc3t3 cells after TSF/FHA induction. Conclusion: TSF/FHA facilitates osteogenic differentiation of

Mc3t3 cells via upregulating Pygo2 and activating Wnt/B-catenin signaling pathway.
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Introduction

Bone defects caused by trauma, tumor or con-
genital dysplasia are very common and may
affect the configuration and function of human
bones [1, 2]. The development of materials for
the bone repair has been a hot topic in the
orthopedic field. The materials used for artifi-
cial replacement can be divided into three
types: (1) synthetic biomolecular materials
such as polylactic acid (PLA), polyglycolide
(PGA) and polyglycolide-polylactic acid (PGA-
PLA) copolymer [3, 4]: the degradation prod-
ucts of these materials are acidic in vivo and in
vitro, and the adhesion of cells to these materi-
als is weak, which is not conducive to cell
growth and passage [5]; (2) synthetic inorganic
materials such as HA and tricalcium phosphate
(TCP) compounds [6]: their degradation time is

difficult to control, and they have relatively high
brittleness, and thus they are not applicable in
the dynamic reconstruction of new bone [7]; (3)
derived materials of natural organisms: they are
easy to degrade [8], and usually not used for
osteogenesis alone.

In recent years, a variety of composite scaffolds
have been developed. Silk fibroin/hydroxyapa-
tite (SF/HA) as a tissue engineering composite
scaffold that has been studied for many years,
and the characteristics of SF and HA have been
deeply discussed [9]. SF is a natural polymer
protein [10], and has abundant raw materials,
good biocompatibility, non-toxic degradation
products and low immunogenicity [11]. Bio-
materials such as SF microspheres, SF mem-
branes and SF sponges can be obtained th-
rough different technical processes [12]. The
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biomedical materials currently under use in-
clude drug sustained-release materials, bio-
sensors, surgical sutures, tissue-engineered
scaffolds and so on [12]. The content of silk
protein in tussah silk fibroin (TSF) is higher than
that in the mulberry silk, and the natural argi-
nine-glycine-aspartic acid (Arg-Gly-Asp) tripep-
tide structure of TSF can promote the osteo-
blast adhesion, cell-cell interaction and tissue
regeneration in the bone, cartilage and nerve
regeneration [12, 13]. Therefore, TSF was used
to mimic the organic component in the natural
bone in our study. Although hydroxyapatite can
promote the adhesion of osteoblasts and has
good bone conduction and bone induction
activities [14], it doesn’t provide a friendly sur-
face for cells [15]. Studies about fluoridated
hydroxyapatite (FHA) have been reported that
moderate fluoride ions substituting hydroxyl
groups have higher crystallinity and better bio-
logical activity [16]. Therefore, FHA was used in
this study as the inorganic components of natu-
ral bone. In other words, TSF and FHA mimic
the organic and inorganic components of natu-
ral bone respectively. However, whether TSF/
FHA is able to induce osteogenesis and the
specific mechanism remain unclear.

Mc3t3 cells are mouse precranial cells [17] and
can undergo osteogenic differentiation under
certain induction conditions [18]. The process
of osteogenic differentiation of Mc3t3 cells
requiresthe precise control ofthe Wnt/B-catenin
signaling pathway, an important pathway which
has been reported to regulate several regener-
ative processes [19, 20]. Pygo2 is a very impor-
tant positive factor of the Wnt/B-catenin path-
way [21]. When B-catenin accumulates in the
cytoplasm, it enters the nucleus and Pygo2
directly binds to the Legless which then binds
to B-catenin [21]. Thus, the transcription of
downstream target genes of Wnt/B-catenin sig-
naling pathway is enhanced, and the adipogen-
esis is negatively regulated [22]. However, the
exact role of Wnt/B-catenin signaling pathway
in the osteogenic differentiation of Mc3t3
cells induced by TSF/FHA remains unknown.
Moreover, little is known about the influence of
Pygo2 on the osteogenesis. This study aimed to
investigate the influence of TSF/FHA on the
osteogenic differentiation of Mc3t3 cells, espe-
cially the role of Pygo2. We speculated that
TSF/FHA might induce the Pgyo2 expression to
activate Wnt/B-catenin signaling pathway and
then promote the osteogenic differentiation of
Mc3t3 cells.
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Materials and methods
Ethics approval

The study was approved by the Medical Ethics
Committee of the First Affiliated Hospital of
Zhengzhou University and was funded by
grants from the Oral and Maxillofacial Sur-
gery Academician Workstation of Zhengzhou
(152PYSGZ040).

TSF/FHA fabrication

Tussah cocoons were purchased from Nanyang
in Henan Province, China. All chemicals of ana-
lytical grades were commercially purchased in
China. To remove the sericin, cocoons was
degummed with 0.5% Na,CO, solution at 100°C
thrice. Degummed tussah fiber was dissolved
in 9 M aqueous lithium thiocyanate solution at
a liquor ratio of 10:1 by stirring at 55°C for 1 h.
Then the TSF aqueous solution was filtered to
remove undissolved part, and dialyzed for 3
days in deionized water using a cellulose dialy-
sis membrane with cut off molecular weight of
8-14 kDa. The pure TSF solution was finally
obtained. After 24 h, the spongy TSF was
obtained in a freeze dryer at -80°C and sealed
at-20°C.

Then, 0.8 g of TSF was dissolved in 10 ml of
hexafluoroisopropanol (HFIP), and the mixture
was stirred on a magnetic agitator for 1 day.
After TSF was completely dissolved, the TSF
solution was added into a 10-ml syringe. TSF
electrostatic spinning film was obtained with a
propulsion speed at 1.5 ml/h and a voltage at
24 KV. The distance between the needle tip of
the syringe and the receiving device was 15
cm, and the speed of receiving drum was 2000
rom. The conformation of SF and its infrared
spectral wavenumber range were shown in

Supplementary Table 1.

Coating of F .HA on TSF nanofiber surfaces

The synthesis and coating of F, HA crystals on
the TSH nanofiber scaffolds were performed
using previously reported method [23, 24] with
modification. For a typical synthesis of F,HA
crystals, the scaffolds were treated with 0.2 M
CaCl, for 12 h, then 0.12 M (NH4),HPO,, and
NH,F at different concentrations (0 M, 0.02 M,
0.04 M) at 37°C under ambient pressure for 12
h. These procedures were repeated thrice.
NH_-H,O was used to adjust the pH to >7.0. The
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final materials were TSF/F HA, TSF/F HA and
TSF/F,HA. The final scaffolds with F HA layer
were rinsed with PBS and then dried in air.
Scanning electron microscope (SEM), energy
dispersive spectroscopy (EDS), fourier trans-
form infrared spectroscopy (FTIR) and X-ray dif-
fraction (XRD) were used to identify the TSF,
TSF/F HA, TSF/F,HA and TSF/F _HA.

Cell culture and seeding

Mc3t3 cells were purchased from Chinese
Academy of Science and maintained in com-
plete medium under standard culture condi-
tions. The medium was refreshed once every
2-3 days, and cells of passages 3-5 were used
in the following experiments.

Before cell seeding, 4 kinds of scaffolds with
F,HA (TSF/F,HA) or without FHA (TSF) were cut
into 1.0 cm? ones and then placed into the
48-well plates. Both sides of each scaffold
were sterilized for 1 h and then incubated with
Penicillin-Streptomycin solution for 2 h and in
complete medium overnight before using.

Mc3t3 cells of the third passage were seeded
into 48-well plates with scaffolds at a density
of 1 x 10*/ml cells per scaffold. The medium
was refreshed once every 2-3 days. Cell mor-
phology was observed under SEM. The cell pro-
liferation was detected by EdU staining and
CCK-8 assay, and the expression of osteogen-
esis related genes and proteins by qRT-PCR
and Western blotting, repectively. The experi-
ments were repeated thrice.

Alizarin red and alkaline phosphatase (ALP)
stainings

In order to study the effects of different scaf-
fold materials on the osteogenic differentiation
of Mc3t3 cells, cells were grown in complete
medium with/without different materials. The
medium was refreshed once every 2-3 days.
After 7-day culture, cells were subjected to ALP
staining. After 21-day culture, cells were pro-
cessed for alizarin red staining.

Lentiviral transduction

Lentiviral particles (Gene Chen, Shanghai,
China) were used to construct Pygo2 overex-
pressing (LV-Pygo2) or knockdown (LV-sh-
Pygo2) cells. Transduction with lentiviral parti-
cles encoding scrambled sequences served as
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a negative control (Sh-NC or LV-NC). The infec-
tion multiplicity (MOl) was 50, and the transfec-
tion efficiency was over 70%. After transfection
for 6 h, cells were transferred to complete
medium. When the cell confluency reached
80%, cells were screened with 3 pg/mL puro-
mycin and untreated cells served as a control.

RNA isolation and gRT-PCR

Trizol was used to extract RNA from Mc3t3 cells
followed by cDNA synthesis using the Prime
Script RT kit (Takara, Shiga, Japan) according to
the manufacturer’s instructions. cDNA was
then amplified by gRT-PCR using the SYBR
Premix Ex Tag™ Il kit (Takara, Shiga, Japan) on
a Fast Dx Real-Time PCR instrument (Applied
Biosystems 7500, USA) with following condi-
tions: 95°C for 30 s, 45 cycles of 95°C for 5 s,
60°C for 34 s, 95°C for 15 s, 60°C for 1 min
and 95°C for 15 s. The gene expression was
determined using the 2227 method; GAPDH
served as an internal control. All experiment
were repeated thrice.

RNA sequencing

RNA-sequencing (RNA-seq) was performed in 6
samples (n=3 in control group; n=3 in TSF/FHA
group). First, total RNA was extracted and
reversely transcribed into double-stranded
cDNA [25].

The sequencing data were filtered with SOAP
nuke (v1.5.2) by the following steps: (1) reads
of the adapter sequences were removed; (2)
low-quality reads (base quality less than or
equal to 20) were removed; (3) reads with
an unknown base (‘N’ base) ratio higher than
5% were removed. Differentially expressed
genes were those with a False Discovery Rate
(FDR) <0.001 and a |Log2Ratio| >1. Addition-
ally, GO (http://www.geneontology.org/) and
KEGG (https://www.kegg.jp/) enrichment anal-
yses were performed using Phyper (https://en.
wikipedia.org/wiki/Hypergeometric_distribu-
tion) based on the Hypergeometric test. The
significant levels of terms and pathways were
corrected using Q value with a rigorous thresh-
old (Q value <0.05) as per the Bonferroni test.

Western blotting

Total protein (20 ug) was extracted from each
sample, separated on 10% SDS-PAGE and sub-
sequently transferred onto polyvinyl difluoride
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Figure 1. Schematic diagram of Mc3t3 cells cultured with TSF/FHA for bone regeneration. Tussah Silk Fibroin (TSF)/

Fluoridated Hydroxyapatite (FHA).

(PVDF) membranes (Millipore, USA). The mem-
branes were blocked with 5% bovine serum
albumin (BSA) for 2 h at room temperature,
and then incubated with primary antibodies
(1:1000), including RUNX2 (Abcam), ALP
(Thermo), OPN (Abcam), OCN (Affinity), BSP
(Thermo), COL-1 (Abcam) and GAPDH (1:10000,
Abcam) overnight at 4°C. To detect B-catenin,
Mc3t3 cells were stimulated with primary anti-
bodies (1:1000) against Pygo2, active B-catenin
and B-catenin.

After washing with TBST thrice, membranes
were incubated with secondary antibodies (hor-
seradish peroxidase-conjugated goat anti-rab-
bit or anti-mouse IgG, 1:10000, Jackson) at
room temperature for 2 h. The proteins were
visualized with a GE Amersham Imager 600
instrument (USA). This assay was repeated
thrice for each protein. Then, Imagel) software
(National Institutes of Health, USA) was used to
analyze the gray value.

Bone regeneration experiment in SD rats

SD rats aged 6-7 weeks were purchased from
Beijing Victory and randomly divided into 5
groups: Group A (control), Group B (TSF/FHA),
Group C (TSF/FHA + untreated Mc3t3 cells),
Group D (TSF/FHA + LV-Pygo2 Mc3t3 cells),
Group E (TSF/FHA + LV-sh-Pygo2 Mc3t3 cells).
Cells in the B-E groups were incubated on the
TSF/FHA at 37°C for 5 days. After deep anes-
thesia, cells in the B-E groups with TSF/FHA
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and cells in the A group were implanted on the
5-mm skull defect site of SD rats. After 8 weeks,
the skulls were harvested from these rats, fixed
in 4% paraformaldehyde overnight, and sub-
jected to micro-CT imaging and uCT reconstruc-
tion. Then, the skulls were embedded in paraf-
fin and sliced. The sliced sections were subject-
ed to hematoxylin and eosin staining, Masson
staing and immunohistochemical staining. All
animal experiments were carried out in accor-
dance with the guidelines of Animal Experiment
Committee of Zhengzhou University. The guide-
lines are also in line with the Care and Use of
Laboratory Animals of the National Health
Research Institute of Zhengzhou University.
Figure 1 shows the strategy of Mc3t3 cells cul-
tured with TSF/FHA for bone regeneration.

Statistical analysis

Statistical analysis was performed with SPSS
version 21.0 software (USA). T-test, corrected
t-test and one-way analysis of variance were
used for the comparisons of data among
groups. A value of P<0.05 was considered sta-
tistically significant.

Results
Characteristics of materials in four groups

TSF and TSF/F,HA are composed with Ca, P
and F at different ratios and were constructed
in this experiment. Scanning electron micros-
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copy showed that the materials in four groups
contained continuous nanofibers, but there
was no significant difference in the diameter
(Figure 2). Before the preparation of composite
scaffolds by phosphate cycling immersion
method, the average diameter of nanofiber in
four groups was 194.3 nm, 199.6 nm, 189.2
nm and 190.2 nm, respectively (Figure 2B).
There was no significant difference in the TSF
fiber diameter among four groups (P>0.05).

There were bubble-like structures between
fibers, which might be ascribed to the slightly
high concentration of spinning solution. The
TSF film surface of TSF/F, HA was deposited by
the inorganic crystals with relatively uniform
distribution (Figure 2A).

FTIR (Figure 3A) showed that the absorption
peaks of materials in 4 groups were observed
at 675 cm?, 1261 cm?, 1517 cm™ and 1653
cm, respectively and the peak at 1653 cm™
was the highest. These absorption peaks cor-
responded to the random crimping of TSF
amide |V, B folding of amide Ill, B folding of
amide Il and characteristic absorption peaks
of o helix of amide I, respectively. As shown in
Supplementary Table 1, the prepared nanofilm
was TSF film and its main structure was o helix
of amide I. The two absorption peaks of phos-
phoric acid root were located at 960 cm™ and
1050 cm™, respectively, and the asymmetric
stretching vibration peak of hydroxyl group was
located at 3562 cm™. These absorption peaks
were absent on the TSF film, indicating that
there was no HA deposition on the surface of
materials in this group. The composite materi-
als in remaining three groups all had two
absorption peaks of phosphoric acid, and TSF/
F,HA and TSF/F,HA had the absorption peaks
of hydroxyl at 3562 cm?, indicating that the
materials in these two groups contained hy-
droxyapatite. The absorption peak of TSF/F HA
in this study was weaker than that of TSF/F HA,
indicating that the number of hydroxyl groups in
the TSF/F HA reduced after being replaced by
fluoride ions, while the absorption peak of TSF/
F_HA near 3562 cm™ was very small, indicating
that fluoride ions had a high degree of substitu-
tion for hydroxyl groups in the crystals of this
group.

Studies have found that, compared with HA,
FHA has a higher crystallinity and a more com-
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pact crystal structure [26]. XRD showed that
the diffraction peaks of 002, 211 and 222
crystal planes in the TSF/F HA and TSF/F,HA
became increasingly sharp (Figure 3B), and
211 crystal plane was differentiated into two
peaks, indicating that the crystallinity of 002
and 211 crystal planes increased with the
increase of fluorine doping rate [27]. Among
them, the largest difference of peak and valley
between the 211 and 300 crystal planes of
F HA meant that this group had the highest
crystallinity. There was no obvious diffraction
peak in the TSF, indicating that there was no
crystal deposition on the surface of the mate-
rial, which might be related to the short stretch-
ing processing of the droplet during the electro-
static spinning and the lack of conformational
rearrangement of the molecules in the fiber
and therefore it is difficult to form ordered
crystals.

EDS indicated that TSF contained C, O and N
elements and did not contain other mineralized
crystal related elements, indicating that the
material was organic and there was no inorgan-
ic deposition on the surface. TSF/F HA con-
tained C, O, N, Ca, P and Na elements, and the
Ca/P molar ratio was about 1.47, which was
close to the Ca/P molar ratio of hydroxyapatite
(1.67), indicating that hydroxyapatite is depos-
ited on the surface of TSF film. The small
amount of sodium element might be residual
sodium ions in the processing of material. Both
TSF/F HA and TSF/F_HA contained C, O, N, Ca,
P and F elements, and the Ca/P molar ratio in
the TSF/F,HA and TSF/F_HA the was about 1.59
and 1.55, respectively, which were close to the
Ca/P ratio of hydroxyapatite (1.67). The Ca/F
molar ratio in the TSF/F HA and TSF/F,HA was
about 12.7 and 6.2, respectively, which were
close to the Ca/F molar ratio of theoretical val-
ues (10 and 5), indicating that fluoro-hydroxy-
apatite was deposited on the surface of TSF
films in the two groups, and the fluoride content
in the TSF/F,HA was higher than that in the
TSF/F,HA (Figure 3C).

Effects of different materials on the prolifera-
tion and osteogenic differentiation of Mc3t3
cells

Mc3t3 cells were incubated with 4 materials for

2 days. SEM showed that the cell morphology
became more elongated and the cell orienta-

Am J Transl Res 2023;15(4):2370-2388



TSF/FHA induces osteogenic differentiation of Mc3t3 cells

A TSF TSF/FoHA TSE/FiHA TSF/F:HA B B TSF
' some: ST N R =3 TSF/FgHA
} = TSF/FHA
§ 250 NS NS NS | TSF/FZHA
,,,,, E 200+ I
5]
= 150
;
2 5 100-
&
@ 50+
£
B T
= &é gy' ,\g? N\

& & &V
RN A

Figure 2. Average nanofiber diameter and SEM of TSF film and TSF/F,HA with different Ca, P and F ratios. A. Before phosphate cycling immersion, the average
nanofiber diameter was detected in 4 groups. B. SEM of inorganic crystals deposited on the surface of TSF film and TSF/FXHA with relatively unifo rm distribution.
Scale bar is 50 um (1000 x), 10 yum (5000 x) and 5 um (10000 x). Tussah Silk Fibroin (TSF)/Fluoridated Hydroxyapatite (FHA), Scanning Electron Microscope (SEM).
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Figure 3. Charateristics of materials. A. FTIR of four materials. The absorption peaks of materials in 4 groups at
675 cm?, 1261 cm™, 1517 cm™ and 1653 cm* were those of TSF film. Two absorption peaks of phosphoric acid
root were located at 960 cm™ and 1050 cm™, respectively and the asymmetric stretching vibration peak of hydroxyl
group was located at 3562 cm™. B. XRD of four materials. The diffraction peaks of 002, 211 and 222 crystal planes
in the TSF/F HA and TSF/F_HA groups were sharper than those in the other two groups, and 211 crystal plane was
differentiated into two peaks. There was the largest difference of peak and valley between 211 and 300 crystal
planes of F HA rather than that in other groups. C. EDS of four materials. There was no inorganic deposition on the
TSF film. Ca/P molar ratios was about 1.47, 1.59 and 1.55 in the TSF/F HA, TSF/F,HA and TSF/F_HA, respectively.
Ca/F molar ratio was about 12.7 and 6.2 in the TSF/F HA and TSF/F_HA, respectively. D. The morphology and ori-
entation of Mc3t3 cells with four materials. Scale bar, 10 um. Tussah Silk Fibroin(TSF)/Fluoridated Hydroxyapatite
(FHA).
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Figure 4. Effect of four materials on the proliferation of Mc3t3 cells. A, B. EdU staining showed that cells in the TSF/
F,HA group had the greatest proliferation rate. C. CCK-8 assay showed the same results in EdU staining. Scale bar,
50 um. Tussah Silk Fibroin (TSF)/Fluoridated Hydroxyapatite (FHA).

tion was irregular (Figure 3D). There was no To explore the effect of TSF/F,HA on the os-
significant difference in the cell morphology teogenic differentiation of Mc3t3 cells, alizarin
among 4 groups. The effect of four materials on red staining and ALP staining were conducted.
the proliferation of Mc3t3 cells was evaluated All the scaffold materials showed deeper stain-
by EdU staining and CCK-8 assay. EdU staining ing as compared to the control group, and the
indicated that the proportion of Mc3t3 cells in TSF/F HA group had the most calcium nodules
the proliferative phage in the TSF/F HA group and the deepest staining (Figure 5A, 5B).
was higher than that in the control group at 48 Furthermore, the expression of genes and pro-
h, and TSF/F, HA was the least cytotoxic (Figure teins related to osteogenesis was detected in
4A, 4B). CCK-8 assay showed the cell prolifera- these cells, including RUNX2, ALP, OPN, OCN,
tion rate in each group was similar to that in the BSP and COL-1. The mRNA expression of these
control group on day 1. Moreover, the differ- markers increased in all treated groups, with
ence in cell proliferation rate increased over the highest expression in the TSF/F HA group
the next 5 days. Overall, TSF/F HA was the (Figure 5E). In addition, the results of Western
most beneficial to cell growth (Figure 4C). blotting were the same to those from gRT-PCR
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Figure 5. Effect of four materials on osteogenic differentiation of Mc3t3 cells. (A, B) The alizarin red and ALP stainings. (a) control, (b) TSF, (c) TSF/F HA, (d) TSF/
F,HA, (e) TSF/F,HA. (C, D) Western blotting. (E) qRT-PCR. Scale bar, 50 pym (alizarin red staining) and 500 um (ALP staining). Tussah Silk Fibroin (TSF)/Fluoridated
Hydroxyapatite (FHA).
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Table 1. Some differentially expressed genes between TSF/FHA induced- and control Mc3t3

Symbol TSF/FHA Control log2 Fold Change
Ibsp 187.0704094 4.179406443 5.484139
Abcal 356.9787175 52.18458052 2.774143
Glul 1873.424476 320.2076522 2.548598
Angpt2 30.98318648 5.550446903 2.48081
Axin2 11.56652228 2.204021346 2.391745
Pygo2 312.63193334 24.05482722 3.700067
Col20a1 12.11283889 5.253231352 1.20526
Cd34 1759.918006 783.6812398 1.167169
Col27a1 903.8546911 414.3264308 1.125323
Irf9 20.71205347 9.928306605 1.060851
Lum 21.91494168 183.069705 -3.062406
Gbp4 1.04710046 8.78014066 -3.067844
Pgm5 2.217389403 21.13390455 -3.252625
Rasgrfl 1.213417166 12.21371868 -3.331355
Semaba 21.46632895 222.1185588 -3.371183
Camk2a 1.005180154 10.66265544 -3.407041
Spryl 54.41069116 648.5701445 -3.575301
Kirrel3 13.40155776 162.396041 -3.599044
Cst6 5.75768556 86.23381148 -3.904693
Spon2 1.069079691 18.35048742 -4.101377

(Figure 5C, 5D). Therefore, TSF/F HA was used
in the following experiments and the name TSF/
FHA was used for convenience.

TSF/FHA upregulates Pygo2 expression during
the osteogenic differentiation of Mc3t3 cells

To further explore the mechanism underlying
the TSF/FHA induced osteogenesis, RNA se-
quencing was employed to detect the gene
expression in Mc3t3 cells of TSF/FHA group
and control group. As compared to the control
group, there were 1590 up-regulated genes
and 636 down-regulated genes in the TSF/FHA
group. The genes with significantly down-regu-
lated or upregulated expression are listed in
Table 1 and Figure 6A, 6B. The expression of
Ibsp, Abcal, Axin2, Pygo2, Col20 al increased
to different extents. Pygo2 is a positive regula-
tor of Wnt/B-catenin signaling pathway and
Axin2 is a target gene of this pathway. Our
results showed Wnt/B-catenin signaling path-
way was activated in Mc3t3 cells incubated
with TSF/FHA. KEGG analysis was used to ana-
lyze the changes of pathways. The specific
pathways are shown in Table 2 and Figure 6C,
6D. The Wnt/B-catenin signaling pathway was
one of the most significantly altered pathways
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and thus this pathway was further investigated
in the following experiments.

The gene and protein expression of Pygo2 were
detected in cells of different groups. The Pygo2
expression increased in Mc3t3 cells during the
TSF/FHA induced osteogenesis (Figure 6E, 6F).
These results suggest a relationship between
the osteogenic differentiation and Pygo2 ex-
pression in the Mc3t3 cells incubated with
TSF/FHA.

TSF/FHA regulated osteogenic differentiation
of Mc3t3 cells via inducing Pygo2 expression

To further investigate the role of Pygo2 in TSF/
FHA induced osteogenic differentiation of
Mc3t3 cells, cells with Pygo2 knockdown or
overexpression were generated. The transfec-
tion efficiency was assessed by gRT-PCR
(Figure 7C). Since Pygo2 expression increased
in the Mc3t3 cells treated with TSF/FHA as
compared to control cells (Figure 6E, 6F),
LV-sh-Pygo2 and Sh-NC Mc3t3 cells were grown
with TSF/FHA to determine the proliferation
and osteogenic activites of Mc3t3 cells. Results
showed the proliferation and expression of
osteogenic genes and proteins decreased in

Am J Transl Res 2023;15(4):2370-2388
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Figure 6. Pygo2 expression in the Mc3t3 cells during TSF/FHA induced osteogenesis. The differentially expressed
genes between control cells and TSF/FHA-treated cells are shown in the heat map (A) and volcano plot (B). (C, D)
The scatterplots of up-regulated or down-regulated KEGG enrichment pathways. (E, F) The Pyoo2 expression in con-
trol group and TSF/FHA-treated cells. Tussah Silk Fibroin (TSF)/Fluoridated Hydroxyapatite (FHA).
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Table 2. KEGG analysis of pathways influenced by TSF/FHA

Name ID Input number Background P
number
Calcium signaling pathway mmu04020 31 182 7.98E-07
Wnt signaling pathway mmu04310 26 146 3.00E-06
Cell adhesion molecules (CAMs) mmu04514 21 176 0.002674
Signaling pathways regulating pluripotency of stem cells  mmu04550 18 140 0.002908
Insulin signaling pathway mmu04910 13 142 0.067491
Basal cell carcinoma mmu05217 11 55 0.001728
Carbohydrate digestion and absorption mmu04973 9 45 0.004387
Adherens junction mmu04520 9 74 0.039471
Fat digestion and absorption mmu04975 8 40 0.007319
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Figure 7. The effect of lentivirus on the proliferation of Mc3t3 cells. A, B. The proliferation of Mc3t3 cells after trans-
fection (EdU staining). C. The transfection efficiency of lentivirus (qRT-PCR). *P<0.05, **P<0.01 vs control group.
Scale bar, 50 ym.

the LV-sh-Pygo2 group as compared to the
Sh-NC group (Figures 7A, 7B, 8A, 8B). As shown
in Figure 8C, when Pygo2 was overexpressed,

active B-catenin expression also increased
which suggested that Pygo2 overexpression
activated the Wnt/B-catenin signaling pathway.
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Overall, these results indicate that TSF/FHA
activates the Wnt/p-catenin signaling pathway
by inducing Pygo2 expression, thereby pro-
motes the proliferation and osteogenic differ-
entiation of Mc3t3 cells.

Bone regeneration in the skull defect of SD
rats

Mc3t3 cells with or without transfection were
grown on the TSF/FHA and then implanted into
the skull defect of SD rats. The skulls were har-
vested after 8 weeks for the evaluation of bone
regeneration. Postoperative inflammation was
not observed, indicating that TSF/FHA has good
biocompatibility. Micro-CT and uCT showed that
there was no new bone formed at the defect
site in the control group (Figure 9A). The densi-
ty of new bone formed in each experimental
group increased significantly as compared to
the control group (P<0.05), and the TSF/FHA +
LV-Pygo2 group had the largest new bone den-
sity, bone area and bone mass (P<0.01), and
the bone was continuous (Figure 9B). Newly
formed bone was blue on Masson staining
(Figure 10A). The new bone density, area and
bone mass significantly reduced, and the upper
and lower bone plates were deformed in the
TSF/FHA + LV-sh-Pygo2 group (Figure 10A,
10B). The expression of osteogenesis related
proteins (such as RUNX2, ALP, OPN, OCN and
BSP) were detected by immunohistology. Re-
sults showed high expression of these proteins
in the LV-Pygo2 group and low expression in the
LV-sh-Pygo2 group (Figure 10B). These results
suggest that TSF/FHA may regulate osteogenic
differentiation of Mc3t3 cells via Pygo2 and
TSF/FHA can induce the osteogenic differentia-
tion of Mc3t3 cells.

Discussion

In recent years, the clinical treatment of bone
defects caused by cancer, congenital malfor-
mation, trauma and surgery has been a chal-
lenge, and therefore the development of new
methods for the bone reconstruction has
been a hot topic in the orthopedic research
field [28, 29]. Autologous bone is one of the
most ideal replacement materials, but there
are still some disadvantages including more
trauma, insufficient supply and obvious absorp-
tion [30]. Synthetic materials have recently
been extensively studied to avoid these disad-
vantages [31]. Bone tissue engineering (BTE)
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can simulate organic-inorganic composition of
bone tissues by mixing macromolecules as
organic matrix and HA as inorganic phase at an
appropriate proportion [32].

The concept of electrospinning was first pro-
posed by American Formhals in 1934 [33], and
it is currently the only technology in the world
that is still employed for the preparation of
nanofibers [34, 35]. In this procedure, a high
voltage electric field is applied to the SF solu-
tion in the syringe by using a high voltage power
supply [36]. At the same time, a strong electric
field force will be generated between the re-
ceiving device and the syringe needle, which
makes the SF solution in the needle converge
into Taylor cone [37]. Then, an electrostatic jet
formed by the SF polymer solution is ejected
from the needle and reaches the receiving
device to form a nanosilk membrane, which
can simulate the structure and function of type
| collagen in the natural bone [37]. In addition,
TSF film can induce HA to form self-assembled
nanocomposite materials on its surface [12,
38]. FHA crystals can be prepared on the sur-
face of teeth and nano-PCL films by phosphate
cycling immersion [23, 24]. In this study, TSF
film was prepared by electrostatic spinning
technology, and then HA and FHA were mixed
into the TSF/FHA composite with phosphate
cycling immersion method. Thus the TSF/FHA
composite could simultaneously simulate the
organic and inorganic components in the natu-
ral bone.

The compounds of TSF or FHA with other mate-
rials have been employed to stimulate bone
regeneration of mesenchymal stem cells
(MSCs) [39, 40]. Whether the composite of
TSF/FHA can promote bone regeneration re-
mains unknown. We evaluated the ability of
TSF/FHA to induce osteogenesis and explored
the underlying mechanism. To study the fluo-
ride ion substitution of hydroxide radical, a
series of fluoride ion substitutions (TSF/F HA,
TSF/F,HA, TSF/F,HA) were tested. The results
of SEM, EDS, FTIR and XRD confirmed that HA
was deposited on the surface of TSF film, and
fluoride ions were also doped into HA to synthe-
size FHA. The crystallinity of FHA was higher
than that of HA, which was consistent with pre-
vious findings [16]. All TSF/FHA, especially TSF/
F HA, were able to promote osteogenic differ-
entiation of Mc3t3 cells. In addition, fluoride
ion at an appropriate proportion accelerated
the osteogenesis, which was consistent with
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Figure 9. Amounts of regenerated bone in each group. (A) Micro-CT and uCT of regenerated bone in each group. (B)
Quantification of regenerated bone in each group. (Aa, Ba) Control group, (Ab, Bb) TSF/FHA group, (Ac, Bc) TSF/FHA
+ untreated Mc3t3 cells, (Ad, Bd) TSF/FHA + LV-Pygo2 Mc3t3 cells, (Ae, Be) TSF/FHA + LV-sh-Pygo2 Mc3t3 cells.

*BMD: Bone Mineral Density, BV: Bone Volume, BS: Bone Surface. Tussah Silk Fibroin (TSF)/Fluoridated Hydroxy-
apatite (FHA).

previous findings [41, 42]. The TSF/F HA was was used in the following experiments (TSF/
the best to induce the osteogenesis, and thus it FHA group).

2384 Am J Transl| Res 2023;15(4):2370-2388



TSF/FHA induces osteogenic differentiation of Mc3t3 cells

HE

Masson 7

B RUNX2 ALP OPN

OCN BSP COL-1

Figure 10. HE staining, Masson staining (A) and immunohistochemical staining (B) of defect bone collected at 8
weeks after cell implantation. Different amounts of regenerated bone formed were observed in each group. (Aa,
Ba) Control group, (Ab, Bb) TSF/FHA group, (Ac, Bc) TSF/FHA + untreated Mc3t3 cells, (Ad, Bd) TSF/FHA + LV-Pygo2
Mc3t3 cells, (Ae, Be) TSF/FHA + LV-sh-Pygo2 Mc3t3 cells. Scale bar, 200 um. Tussah Silk Fibroin (TSF), Fluoridated

Hydroxyapatite (FHA).

The mechanism underlying the TSF/FHA in-
duced osteogenic differentiation was further
investigated. Axin2 is a responsive gene of the
Wnt/B-catenin signaling pathway [43]. Pygo2
directly binds to Legless which then binds to
active B-catenin [44]. This improves the combi-
nation of active B-catenin [2] with lymphoid
enhancement factors and T cell factor (LEF/
TCF) [45, 46], thus enhancing the transcription
of downstream target genes of Wnt/[-catenin
signaling pathway [17, 47] and negatively regu-
lating the adipogenesis [22]. RNA-seq indicated
that the canonical Wnt/B-catenin signaling
pathway was activated after TSF/FHA induction
and the expression of some Wnt-related genes
changed including Pygo2 and Axin2 with upreg-
ulated expression. In the following experiments,
Pygo2 was further investigated. Our results
showed the mRNA and protein expression of
Pygo2 increased in the TSF/FHA-treated group.
Meanwhile, the mRNA and protein expression
of active B-catenin increased. These results
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suggest that TSF/FHA acts through activating
the canonical Wnt/[B-catenin pathway.

To understand the role of Pygo2 in the TSF/FHA
induced osteogenic differentiation of Mc3t3
cells, a lentiviral system was constructed to
knockdown or overexpress Pygo2 in Mc3t3
cells. The expression of Pygo2, active B-catenin,
and osteogenic genes increased significantly in
the LV-Pygo2 group as compared to the LV-NC
group. However, in the LV-sh-Pygo2 group with
TSF/FHA induction, the expression of Pygo2,
active [-catenin, osteogenic genes reduced
markedly as compared to the Sh-NC group.
Since the increased expression of active
B-catenin indicates the activation of Wnt/B-
catenin signaling pathway [25], our results
emphasized the role of Pygo2 in the Wnt/pB-
catenin signaling pathway during the osteogen-
ic differentiation of Mc3t3 cells. This result was
also confirmed in SD rats with skull defect. In
the control group, only a small amount of new
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bone was observed at the defect site. HE stain-
ing, Masson staining and immunohistochemi-
cal staining showed new bone formation in the
upper and lower layers of the scaffold materials
in remaining 4 groups, and the bone lacunae
were obvious on the surface of materials and in
the new bone tissues. The material was not
completely degraded, and no obvious inflam-
mation was observed around it, indicating that
the material had good biocompatibility, low tox-
icity and precise osteogenic ability.

There are some limitations in this study. The
cells used in this study are precursor osteo-
blasts. Whether TSF/FHA can promote osteo-
genic differentiation of mesenchymal stem
cells and other cells remains to be confirmed.
In the animal model, the expression of COL-1
was much lower than that of other non-collagen
proteins, indicating that the environment in vivo
is more complicated than thatin vitro. Moreover,
SD rats were used as the experimental animals
in this study. Whether the results in our study
are also applicable to larger animals needs to
be further studied.

Conclusions

In conclusion, our study indicates that TSF/FHA
may accelerate osteogenesis by upregulating
Pygo2 and activating the Wnt/B-catenin signal-
ing pathway.
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Supplementary Table 1. Molecular conformation of silk fibroin and wave number range of infrared
spectrum (cm™)

conformation amide | amide Il amide Il amide IV and others
o helix 1650-1660 1541-1546 1240 600
(3 fold 1610-1640 1516-1521 1263 700

random coil 1640-1650 1535-1540 1230 650




