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Enhanced Osteogenic Behavior of ADSCs Produced
by Deproteinized Antler Cancellous Bone and Evidence
for Involvement of ERK Signaling Pathway

Jingi Wei,'>* Mingming Xu,"" Xuehui Zhang,'*® Song Meng,' Yixiang Wang,* Tuanfeng Zhou?
Qi Ma,' Bing Han? Yan Wei! and Xuliang Deng'®

Calcinated antler cancellous bone (CACB) is useful in repair of bone defects, as its composition and architecture
is analogous to natural extracellular bone matrix. The use of CACB scaffolds with adipose-derived stem cells
(ADSCs) in repair of rabbit mandibular bone defects was investigated along with the underlying molecular
signaling pathways involved. CACB promoted the adhesion, spreading, and viability of ADSCs. Increased
extracellular matrix production and expression of osteogenic markers in ADSCs were observed when seeded in
CACB. The temporal kinetics of mRNA expression of ADSCs cultured in CACB lagged in comparison with that
observed in cells grown in medium with osteogenic supplements. Activation of the extracellular signal-related
kinases (ERK) 1/2 and RUNX-2 in CACB-cultured ADSCs was observed, and this activation was attenuated by
the MeK inhibitor U0126. Microcomputed tomography scanning analysis and histological evaluations showed
that loading the CACB with ADSCs resulted in enhanced new bone formation and angiogenesis when the
composites were implanted in rabbit mandibular defects. These results indicated that the osteogenic behavior of
ADSCs might be driven by the microenvironment formed by CACB via the ERK signaling pathway. These
CACB/ADSCs composites have promising therapeutic potential for large bone defect repairs.

Introduction the microenvironment formed by the xenografts, will give

rise to a hierarchy of bone-forming cell populations, and

IN ORTHOPEDICS, ORAL AND MAXILLOFACIAL surgery re-
pairing large bone defects with predictable results is still a
substantial challenge. The use of autografts remains the
“gold standard” technique for bone defect repair, despite the
disadvantages of donor site morbidity and limited avail-
ability."* Using allogenic bone grafts is an alternative, but
this technique has the disadvantages of possible disease
transmission, immune reaction, and uncertain healing out-
comes.>™ Xenogenic bone grafts are promising candidate
grafts as they have excellent osteoconductivity, biosecurity
and are easily accessible.® However, the clinical outcome is
not always satisfactory due to the lack of functional cells and
bioactive growth factors.’

Using xenografts combined with seed cells, to mimic the
osteogenic niche provided by autografts, has become pop-
ular in the past few decades.®*"'> In theory, progenitor cells
or stem cells seeded into grafts are thought to be affected by

serve as a source of growth factors to advance the healing
process.'* The outcome appears to be determined by how
the microenvironments formed by the physiochemical
properties of xenografts affect the bioactivity and differen-
tiation of the seed cells.'®!3 Hence, an understanding of the
responses of seed cells to xenogenic grafts and of the un-
derlying mechanisms is fundamental, which may provide
the basis not only for modifying the efficiency and kinetics
of bio-engineered bone regeneration but also for promoting
their clinical application.

Numerous commercially available inorganic xenograft
bone substitutes such as Bio-Oss®, Endobon®, and Osteo-
Biol® have been used in clinics. The efficacy of the com-
bination of xenografts with mesenchymal stem cells (MSCs)
or osteoblast progenitor cells in the repair of bone defects
has been tested. Bareille ef al. demonstrated an early for-
mation of lamellar bone when Endobon/human bone
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marrow stromal cell (BMSCs) composites were implanted
subcutaneously in euthymic mice."' Similar results have
been obtained with Bio-Oss combined with BMSCs in sinus
augmentations in adult sheep.'? Although it has been dem-
onstrated that xenograft bone substitutes can act as optimized
carriers of MSCs/progenitor cells and may have favorable
clinical therapeutic efficacies, the disadvantages of their
time-consuming manufacturing process and the controversial
ethical issues of animal welfare are likely to impede their
clinical application. In previous studies, we proposed calci-
nated antler cancellous bone (CACB) as a new source of
inorganic xenogenic bone substitute, as it has the advan-
tages of good reproducibility and easy accessibility and is
acceptable in terms of animal welfare and ethical consider-
ations.'®!'” Due to its close similarities to human cancellous
bone in mineral composition, physical properties, and inter-
connecting pore structures, CACB has potential for utiliza-
tion in bone defect repairs.'® Its compatibility with bioactive
molecules of different molecular weight and sources has also
been studied.!” However, the effects of the microenviron-
ment formed by the physiochemical properties of CACB on
directing osteogenic differentiation of MSCs or osteoblast
progenitor cells remain unknown.

Adipose-derived stem cells (ADSCs) are proved to have
multilineage capability and gain extensive attention for their
large amount with simple, inexpensive, and less invasive har-
vesting procedures.'®?Y ADSCs have also exhibited promising
bone defect repair efficacies not only in animal studies®'*'**!
but also in clinical application when combined with fibrin and
ceramics.?> 24 However, the temporal kinetics and mecha-
nisms underlying the osteogenic behavior of ADSCs in the
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xenogenic bone substitute remains unknown. An understand-
ing of the biological processes and mechanisms of the osteo-
genic activity of ADSCs produced by CACB bone grafts is
necessary to hone this technique for clinical use.

This study explores the osteogenic behavior of ADSCs
produced by CACB and investigates the biocompatibility of
ADSCs with CACB in terms of adhesion, proliferation, and
extracellular matrix secretion. The expression of osteogenic
marker genes mediated by the microenvironment of CACB
was examined, and the possible involvement of the extra-
cellular signal-related kinase (ERK) signaling pathway was
investigated. The efficacy of the CACB/ADSCs composites
in rabbit mandible defect repair was explored to confirm
their clinical potential.

Materials and Methods
Characterization of CACB scaffolds

The CACB scaffolds were prepared as previously re-
ported.'® Briefly, the cancellous portion of the antler was cut
into cubes sized 6 xX5x2mm. The cubes were immersed in
2M sodium hydroxide solution for 24 h, then in a 3:1 mix-
ture of chloroform and methanol for 1h, and then in 30%
hydrogen peroxide for 24 h. After each step, the cubes were
twice washed with distilled water. Finally, the cubes were
dried at 70°C for 24 h and then sintered at 800°C for 6h in a
tube-type furnace to obtain CACB (Fig. 1A). The inter-
connected pore structure of the scaffold was examined using
microcomputed tomography scanning (1-CT) with a Skyscan
1172 system (Skyscan NV). The surface morphology and
structure were observed using scanning electron microscopy

FIG. 1. Morphology, crys-
talline phase, and chemical
composition of calcinated
antler cancellous bone
(CACB). (A) The macro-
scopic images, (B) micro-
computed tomography (.-
CT) images of three-dimen-
sional (3D) and two-dimen-
sional (2D) reconstruction of
the CACB cube. (C) Scan-
ning electron microscopy
(SEM) images of the macro-
porous structure and hy-

droxyapatite (HA) crystal
morphology of CACB. (D)
X-ray diffraction spectros-
copy (XRD) patterns and (E)
Fourier transform infrared
spectroscopy (FTIR) spec-
troscopy of CACB scaffolds.
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(SEM; ZEISS, Supra 55) after the samples were sputter
coated with gold at a voltage of 15.0kV.

The phase composition of CACB was analyzed using
powder X-ray diffraction spectroscopy (XRD; D/max 2500
VB2 +/PC; Rigaku). Fourier transform infrared spectros-
copy (FTIR; Avatar 360; Nicolet Co.) was used to evaluate
the infrared absorption spectra of CACB in the 4,000-
400 cm ™' range.

Isolation, expansion of rabbit ADSCs

Twelve male New Zealand White rabbits (Center of Ex-
perimental Animal, Peking University School and Hospital
of Stomatology) with each weighing ~ 1.5kg per one were
used. The experimental protocol was approved by the Ani-
mal Care and Use Committee of Peking University. ADSCs
from each rabbit (RaADSCs) were isolated as previously
reported.'?

Observation of cell morphology on CACB

A 200 pL aliquot of the RaADSC cell suspension at a
concentration of 2x10° cells/mL was added into each
scaffold in a 24-well plate (Corning, Inc.). After 1 and
7 days of culture in the common medium (10% fetal bovine
serum in Dulbecco’s modified Eagle’s medium, containing
1% penicillin/streptomycin; Cyagen Biosciences, Inc.), the
RaADSCs in CACB were fixed with 2.5% glutaraldehyde,
afterward immersed in a 0.18 M saccharose solution for 2 h,
and then dehydrated using an increasing ethanol gradient.
The samples were dried overnight, sputter-coated with gold,
and observed using SEM at 15kV.

Cell proliferation analysis

After being cultured for 1, 3, or 7 days, samples were fixed
with 3.7% paraformaldehyde. The F-actin filaments were
stained with 50 pg/mL rhodamine phalloidin (Sigma-Aldrich).
The nuclei were stained using 0.3 uM 4’, 6-diamidoino-2-
phenylindole (DAPI; Sigma-Aldrich). The samples were ob-
served using Confocal Laser Scanning Microscopy (CLSM;
Carl Zeiss). Five visual fields were randomly captured for
each sample, and cells were numbered by nuclei counting.
Three separate experiments were performed. At 1, 3, 5, and
7 days after seeding, the DNA content was measured using
Quant-iT™ dsDNA HS Assay Kit (Invitrogen) according to
the manufacturer’s instructions.
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Immunofluorescence staining

Four groups were used in this experiment: the CACB/
OS - group, RaADSCs seeded in CACB and cultured in
common medium; the CACB/OS + group, RaADSCs seeded
in CACB and cultured in osteoinductive medium (OS,
common medium containing 10nmol/L. dexamethasone,
20 mmol/L B-glycerophosphate, 0.05 mmol/L ascorbic acid);
the TCPs/OS — group, cells cultured in tissue culture plates
(TCPs) with common medium; and the TCPs/OS + group,
cells cultured in TCPs with osteoinductive medium. After
culturing for 7 and 14 days, cell samples were fixed in 3.7%
paraformaldehyde. Subsequently, the cells were permeabi-
lized with 0.1% Triton X-100/phosphate-buffered saline for
5min, blocked with 3% bovine serum albumin, and then
incubated with a 1:500 dilution of the primary antibodies to
collagen type I (Col I), osteocalcin (OCN; Abcam, Inc.) or
osteopontin (OPN; custom made from Abcam, Inc.) over-
night at 4°C. Afterward, the cells were incubated with a
1:250 dilution of the secondary antibody (FITC-conjugated
Affinipure goat anti-mouse IgG; Abcam, Inc.). Finally, cell
nuclei were stained with DAPI. The samples were observed
using CLSM. The staining intensities of Col I, OCN, and
OPN were analyzed by Image Pro Plus Software (Media
Cybernetics).

Real-time quantitative PCR analysis

After 7, 14, and 21 days of culture, cells were lysed with
Trizol Reagent (Ambion) and total RNA was extracted ac-
cording to the manufacturer’s instructions. First-strand cDNA
was synthesized with the ReverTra Ace qPCR RT Master
Mix (Toyobo Co., Ltd.). Real-time quantitative polymerase
chain reaction (RT-qPCR) using Fast-Start Universal SYBY
Green Master (Rox; Roche Ltd.) was performed using a 7500
Real-Time PCR System (Life Technologies, Inc.). Relative
quantification was carried out using the ““Ct method. Three
separate experiments were performed. The sequences of gene
primers used for RT-qPCR are listed in Table 1.

Western blot analysis

On the third day after seeding, total cellular protein was
extracted as previously described.'* Briefly, cells were lysed
with ice-cold RIPA (Thermo Fisher Scientific) containing
phosphatase inhibitor cocktail (Applygen). For each sample,
25 ng of protein was resolved on sodium dodecyl sulfate

TABLE 1. PRIMERS USED FOR RT-QPCR

Gene Sequence (5°-3) No.

ALP Forward TCAGCTTCCTCCTCTTTGCG XM_002716044.1
Reverse CGGGTCCACAGTTCAGGAAA

BMP?2 Forward ACTGCCAGAAACAAGTGGGA NM_001082650.1
Reverse TGATGGAAACCGCTGTCGTC

OPN Forward TGGCTAAACCCTGACCCAT NM_001082194.1
Reverse TATCCACGTGGTCATCGTCC

BSP Forward ACGCTTTCTTTCACAACACCTG XM_002717020.1
Reverse GCTGGTGCCATTGATGCTCTG

GAPDH Forward GTATGATTCCACCCACGGCA NM_001082253.1
Reverse CCAGCATCACCCCACTTGAT

RT-qPCR, real-time quantitative polymerase chain reaction.



OSTEODIFFERENTIATION OF MSC IN XENOGRAFT BONE SUBSTITUTES

polyacrylamide gels and electrotransferred onto PVDF
membranes (Millipore Corporation). The membranes were
blotted using 5% Carnation nonfat dry milk and incubated
with anti-p-ERK antibody, anti-ERK antibody, anti-RUNX-
2 antibody, and anti-GAPDH antibody (custom made from
Abcam, Inc.) overnight at 4°C, respectively. Then, the pri-
mary antibodies were detected using horseradish peroxidase
(HRP)-conjugated secondary antibodies. To verify the role
of the ERK1/2 signaling pathway in the osteogenic differ-
entiation of RaADSCs mediated by CACB, the selective
inhibitor U0126 (Cell Signaling Technology, Inc.) was used
at a final concentration of 20 uM. The protein bands were
visualized using the ECL chemiluminescence reagent
(Thermo Fisher Scientific) and were quantified using an
image analysis system (Quantity One software; Bio-Rad).

In vivo osteogenesis of CACB combined with ADSCs

Preparation of implantation composites. About 1.5 x 10°
cells of the third passage from each rabbit were seeded on
0.25mg CACB, which had been ground into particles of
~1.0-2.0 mm in diameter, and then cultured for 7 days in
preparation for the in vivo study.

Surgical procedures. Bone defects in each side of the
mandibles of 12 rabbits were created as described in our
previous report'® and were randomly divided into three
groups: (1) CACB group: eight defects for implantation with
0.25mg CACB granules; (2) CACB/ADSCs group: eight
defects for implantation with CACB seeded with ADSCs;
and (3) Untreated group: eight defects were left untreated as
controls. Rabbits from each group were sacrificed using
lethal intravenous administrations of sodium pentobarbital
at 4 and 12 weeks postimplantation.

p-CT analysis. At 12 weeks postimplantation, the man-
dibles were harvested intact and fixed in 4% paraformalde-
hyde, and the specimens were examined using p-CT scanning.
Files were reconstructed using a modified Feldkamp algo-
rithm, which was created using p-tomographic analysis soft-
ware (Tomo NT; Skyscan). After three-dimensional (3D)
visualization, bone morphometric analyses, including bone
coverage, bone density, and bone volume in the bone defects,
were carried out on the region of interest.

Histological and immunohistochemical examinations. Four
and 12 weeks postsurgery, all rabbit mandibles from all three
groups were subjected to tissue processing and sectioning.
The samples were fixed in 10% formalin for 24h and de-
mineralized in 15% formic acid for 6 weeks. The tissues
were then embedded in paraffin and sectioned to a 4 pum
thickness. Hematoxylin and eosin staining was performed on
tissue sections according to the manufacturer’s protocols.
The images were captured using light microscopy (CX21;
Olympus). The amount of new bone and bone marrow
cavities was analyzed by Image Pro Plus Software (Media
Cybernetics).

The number of blood vessels at the implantation site was
determined by immunohistochemical analysis. De-paraffi-
nized sections were washed, and nonspecific endogenous
peroxidase activity was quenched by immersing in 3% H,0,/
methanol for 15 min, then incubated with anti-CD31primary
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antibody (1:200; Abcam) for 2 h. HRP-conjugated secondary
antibody was applied to the slides for 1 h at room tempera-
ture. Finally, the diaminobenzidine (DAB; Beyotime) kit was
used to develop the color, followed by counterstaining with
hematoxylin. A vascular section was defined as a vessel with
a recognizable lumen. Micro hemorrhages were excluded in
the vessel count. Three different individuals performed the
evaluation with single blind.

Statistical analysis

All quantitative data are expressed as mean * standard er-
ror. Statistical analyses were performed using SPSS 13.0
software. The Shapiro-Wilk test was applied to check whe-
ther the values were normally distributed. One-way ANOVA
and post hoc multiple comparison tests were used to analyze
the differences of the results of the immunofluorescence
staining, the RT-qPCR, and the western blotting, and they
were also used to analyze the differences in bone coverage,
bone density and bone volume, the amount of new bone, bone
marrow cavities, and blood vessel sections in the animal
experiments. When the variances among different groups
were not equal, Dunnett T3 test was applied to evaluate the
differences. Differences between groups where *p<0.05
were considered statistically significant and where **p <0.01,
the differences were considered highly significant.

Results
Characterization of the CACB

The highly porous structures of the CACB are shown in both
SEM images, and the two-dimensional and 3D reconstructed
pu-CT images (Fig. 1A-C). The well-interconnected macro-
pores range in size from ~300-700 pm. The basic elements of
the CACB are six-sided prismatic hydroxyapatite (HA) crystals
that are 400-600 nm wide and 5-15um long (Fig. 1C). The
phase composition of CACB is demonstrated by the XRD
spectrum (Fig. 1D). CACB is mainly composed of highly
crystallized HA with small amounts of other chemicals such as
carbonate HA and Mg,P,0,.8H,O. The FTIR spectra show
the presence of phosphate (PO,’”), hydroxyl (OH™), and
carbonate (CO327) ions in the CACB (Fig. 1E).

Cell adhesion and proliferation of ADSCs on CACB

Fig. 2A shows the cell adhesion and morphologies of
RaADSCs in CACB scaffolds. Highly branched ADSCs
with pseudopodia spreading on the surface of the CACB
were observed 1 day after seeding. After 7 days of culti-
vation, dense lamellipodia stretched out from the RaADSCs
to cover the trabeculae and span the pores. Cell proliferation
in CACB scaffolds after 1, 3, and 7 days was observed using
CLSM (Fig. 2B). The cell number and DNA content of
RaADSCs in CACB increased with prolonged incubation
time (Fig. 2C, D). The growth of RaADSCs entered the
logarithmic growth phase on the third day.

Osteogenic differentiation of ADSCs in CACB

Immunofluorescence staining of Col I, OCN, and OPN in
RaADSCs is shown in Figure 3. On day 7, CACB promoted
the secretion of Col I and OCN in the RaADSCs with or
without OS induction (Fig. 3A). Qualitatively, both the
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FIG. 2. Cell adhesion and pro-
liferation in CACB. (A) Cell ad-
hesion and morphologies of
RaADSCs in CACB scaffolds after
1 and 7 days of incubation, ob-
served by SEM. Yellow arrow
heads denote the well-attached
RaADSCs in CACB. The lower
images are enlargements of specific
regions in the corresponding upper
ones. (B) Cell proliferation of
RaADSCs in CACB scaffolds after
1, 3, and 7 days observed by con-
focal laser scanning microscopy
(CLSM). Cells were stained with
rhodamine phalloidin (cytoskele-
ton, red) and 6-diamidoino-2-
phenylindole (DAPI) (nuclei, blue).
(C) The growth curve of RaADSCs
in CACB scaffolds over 7 days. (D)
The DNA content of RaADSCs in
CACB scaffolds after 1, 3, 5, and 7
days. RaADSCs, rabbit adipose-
derived stem cells. Color images
available online at www.liebertpub
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CACB/OS - group and TCPs/OS+ group had similar
staining intensities (Fig. 3C). No visible OPN staining was
detected in any group.

After 14 days, the production of Col I, OCN, and OPN
were significantly increased in all the groups compared with
that on day 7 (Fig. 3B). On day 14, both the CACB/OS —
and TCPs/OS + groups showed similar intensities (Fig. 3C).

The temporal kinetics of the mRNA expression of ALP,
BMP2, OPN, and BSP in cultured ADSCs on day 7, 14, and
21 are shown in Fig. 4. CACB increased the expression of
all selected osteogenic marker genes, and higher expression
levels were achieved at all experimental time points when
CACB was combined with OS. At day 7, the expression
levels of ALP, BMP2, BSP, and OPN were higher in the
TCPs/OS+ group than those in the CACB/OS— group
(p<0.05) (Fig. 4A). However, between 7 and 14 days, the

3 7 1 3 5 7

Culture time (day)

expression levels of these osteogenic marker genes in the
CACB/OS — group increased rapidly to reach similar levels
with those in the TCPs/OS+ group (p>0.05) (Fig. 4B).
After 21 days, the expression levels of OPN in the CACB/
OS — group were much higher than those in the TCPs/OS +
group (p<0.05) (Fig. 4C).

ERK pathway analysis

As depicted in Fig. 5, in comparison to the TCPs group,
CACB initiated a significant increase in the ratio of phos-
phorylated ERK1/2 (P-ERK1/2)/ERK1/2, suggesting the
activation of the ERK pathway. The expression of the
downstream osteogenic marker RUNX-2 was correspond-
ingly enhanced. When the MeK1/2 inhibitor U0126 was
added, decreased level of P-ERK1/2 in the ADSCs in CACB
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was demonstrated, which was accompanied by an apparent
decreased expression of RUNX-2.

Repair of rabbit mandible bone defects

Representative 3D morphological p-CT scanning images
of repaired rabbit mandible defects are shown in Figure 6. In

the untreated group, the mandibular defect was left with an
obvious introcession (Fig. 6A). At 12 weeks, substantial
new bone formation was observed in both the CACB and the
CACB/ADSCs groups (Fig. 6A). Qualitatively, the surface
morphology of the healing area in the CACB/ADSCs group
more closely resembles the surrounding normal bone tissue
than that in the CACB group. The morphometric analyses of
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A

FIG. 4. Gene expression
profiles of ALP, BMP2, OPN,
and BSP analyzed by real-
time quantitative polymerase
chain reaction (RT-qPCR)
after 7 (A), 14 (B) and 21
days (C) of incubation. Cells
cultured in TCPs/OS — were
used as the control group.
*p<0.05 and **p<0.01.

Relative gene expression

FIG. 5. (A) Activation of extra-
cellular signal-related kinase
(ERK) pathway proteins in
RaADSCs observed by western
blot analysis. (B) Semiquantitative
the amount of RUNX-2 and (C)
comparison of the ratio of P-ERK/
ERK among TCPs, CACB and
CACB/U0126 groups. *p<0.05,
**p<0.01.
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newly formed bone quantity in the defect sites demonstrated
that higher values of bone coverage, bone density, and bone
volume were achieved by the CACB/ADSCs than by CACB
alone (Fig. 6B).

As shown in Figure 7, at 4 weeks postimplantation, fat
vacuoles were observed as filling in the defect area in the
untreated group (Fig. 7A). A small amount of new bone was
found in the CACB group defects, while significantly in-
creased amounts of new bone were observed in the CACB/
ADSCs group (p<0.05) (Fig. 7A, D). At 12 weeks post-
implantation, there was still little new bone found in the
untreated defects (Fig. 7B). The CACB/ADSCs implanta-
tion resulted in the formation of mature, regular bony tra-
beculae, while fewer, immature trabeculae were found in the
CACB group (p<0.05) (Fig. 7B, D). CD31 staining showed
significantly more new vessels in the CACB/ADSCs group
than those in the CACB group at both time points of 4 and
12 weeks (p<0.05) (Fig. 7C, D).

Discussion

The microenvironmental cues created by the physio-
chemical characteristics of bone graft substitutes exert a
considerable influence on the function and differentiation of
MSCs.> 2% As a xenogenic bone graft, CACB maintains
most of its physiological inorganic composition and archi-
tecture analogous to the bone extracellular matrix. Its use
would avoid the controversial ethical and animal welfare
issues of xenogenic grafts.'®!” ADSCs have multiple dif-
ferentiation capability, easy accessibility, and reduced do-
nor morbidity and are promising seed cells for positive
osteogenesis.'®!'? To provide a strategy combining ADSCs
and CACB for clinical regenerative therapies, it is re-
quired to clarify the maintenance of bioactivity and the
differentiation modulation of ADSCs in CACB, and their
synergistic effects in the bone-healing process. We have
demonstrated that CACB could provide an appropriate
microenvironment to produce osteogenic differentiation of
ADSCs via the ERK signaling pathway. CACB/ADSCs
composites have shown therapeutic potential in the repair
of large bone defects.

Bone volume (mm’)
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FIG. 6. (A) Representative
3D p-CT images of rabbit
mandibular bone defects in
untreated group, CACB
group, and CACB/adipose-
derived stem cells (ADSCs)
group. (B) Quantitative
analysis of bone coverage,
bone density, and bone
volume at 12 weeks post-
implantation. Scale bar=28
mm. Yellow circles denote
the surgical site. *p <0.05
and **p <0.01. Color images
available online at www
Jiebertpub.com/tea
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Our results indicated that the multi-scale topography and
biomimetic chemical niche provided by CACB improved
ADSC viability and promoted the cells to extend dense la-
mellipodia and filopodia to establish close cell-material con-
nections. Such biocompatibility between scaffolds and cells is
important for the bone defect healing process. Muller ez al. and
Cui et al. have reported that bovine-derived xenogenic bone
grafts provide a natural architectural matrix to allow the in-
tegration of host cells and increase the available surface area
to improve cell adhesion.?"*® In our previous studies, antler-
derived CACB favored cell spreading and proliferation of
BMSCs in vitro,"” consistent with the biocompatibility be-
tween CACB and ADSCs observed in this work. The six-sided
prismatic nano-scale-sized HA crystals of the CACB could
provide multiple binding sites for the amino and carboxyl
groups of serum proteins, which, in turn, could facilitate cell
attachment™ and bone matrix deposition,’® consequently en-
hancing the function and differentiation of MSCs. Further-
more, the chemical components of CACB, HA3'3? and trace
amounts of Si*'*** and Zn ions,36’37 can accelerate cell ad-
hesion and proliferation by delivering mitogenic stimuli and
enhancing channel sensitivity.

In our study, the CACB was used to drive ADSCs down
the osteogenic lineage without using osteogenic supple-
ments. There are controversial opinions regarding whether
the xenogenic grafts possess the capability of promoting
osteogenic differentiation. Acil et al.”® and Cui et al.?' re-
ported that xenogenic grafts lacked the capability of en-
hancing osteogenic lineage. However, some results indicated
that xenogenic grafts could promote osteogenic differentia-
tion of stromal cells. Kubler et al. demonstrated lower ALP
activities in human osteoblasts seeded on Bio-Oss than ob-
served when osteoblasts were seeded on TCPs,*® and Siggers
et al. reported lower ALP, OCN, BSP, RUNX-2, and Col I
gene expression in BMSCs seeded on natural bone ganicles
compared with those in BMSCs seeded on TCPs.*’ Incon-
sistent co-cultivation models, the use of a variety of chemical
agents, and other factors may contribute to the discrepancies
in these results."'~'**! Most of these studies were conducted
in the presence of chemical osteogenic supplements. From
these studies, it is difficult to determine whether xenogenic



1818

Untreated

FIG. 7. (A) Histological
analysis of new bone forma-
tion and growth of blood
vessels in rabbit mandibles
by hematoxylin and eosin
(H&E) staining at 4 weeks.
(B) Histological analysis of
new bone formation and
growth of blood vessels in
rabbit mandibles by H&E
staining at 12 weeks. (C)
CD31 staining of the new
blood vessels. Black arrow
heads denote the distribution
of the blood vessels. (D)
Quantitative analysis of the
amount of new bone and
bone marrow cavities in
H&E staining and blood
vessels in CD31 staining.
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**p<0.01. Color images

o

I New bone

- Bone marrow cavities

‘ - Untreated

120+

available online at www

&k

B cacs

g

Jliebertpub.com/tea

o
i

J‘.|

&

Ratio in the defect (%)
5 5 8

I cAcB/ADSCs

(=]
o
L

-

ki

Number of vascular sections
I
o
L

o
L

Untreated CACE CACB/ADSCs Untreated CACB CACB/ADSCs
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bone grafts could promote osteogenic differentiation of MSCs
and predict the outcome of their combined use in bone
defect repairs. Therefore, to elucidate the capability of pro-
moting osteogenic differentiation of pure grafts, we focused
on the cell behavior on the graft material in the absence of
osteogenic supplements. In this study, the continuously
increased extracellular matrix production and the expres-
sion of osteogenic marker gene mRNA in ADSCs seeded in
CACB in the absence of osteogenic supplements suggests
that CACB alone could initiate the spontaneous differenti-
ation of ADSCs to the osteogenic lineage. The highly
branched morphology of the ADSCs suggests that direct
cellular tensegrity followed by mechanotransductive events
might explain the osteogenic differentiation of ADSCs on
CACB. Indirect chemical cues might also be involved. The
Ca, P, Si, and Zn ions released from CACB might not only
regulate the growth and metabolism of cells but also acti-

12 weeks

12 weeks

4 weeks -

vate the expression of related genes to enhance the for-
mation and mineralization of ECMs.?!' 74243

The temporal kinetics of mRNA expression of osteogenic
marker genes in the ADSCs cultured in CACB lagged behind
that of ADSCs cultured in OS medium. At day 7, the ex-
pression levels of ALP, BMP2, BSP, and OPN were higher in
the TCPs/OS + group than those in the CACB/OS — group.
Till day 14, the expression levels of the osteogenic marker
genes in the CACB/OS — group increased rapidly to reach
levels similar to those in the TCPs/OS + group. At day 21,
the expression levels of OPN in the CACB/OS — group were
much higher than those in the TCPs/OS + group. This indi-
cates that the chemical bioactive factors were more influen-
tial in modulating the cell lineage in the early stage of the
experiment, while the biomaterials might provide a suitable
temporal signal by the microenvironment of CACB to initiate
cell differentiation. The OS medium might induce osteogenic
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behavior through a short-cut involving chemical signaling,
while the biomaterial niche drove osteogenesis by initiating
mechanotransductive mechanisms to activate downstream
chemical signaling.***" This hypothesis was supported by
the continual higher expression levels of the osteogenic
marker genes in the CACB/OS + group, which suggested that
the synergistic effects were achieved by the combination of
CACB and OS. The ADSCs aggregation observed in the
CACB/OS+ group at all experimental time points was
probably because these cells were at a more mature differ-
entiation stage. In this study, the early osteogenic-specific
cell status of ADSCs might have produced a reduction of
cells entering the proliferation cycle, resulting in significant
cell proliferation arrest and fewer cell colonization.

The role of the ERK pathway in the osteogenic behavior of
ADSCs produced by CACB was explored. ERK1/2, a hub
transcriptor in the mechanotransduction mechanism, phos-
phorylates and activates RUNX-2 during topography-mediated
osteogenesis.42’43’47’48 The chemical features of C212+,42’43
PO,*~.* and Zn**,* treatment regulated ERK phosphoryla-
tion and influenced the osteogenic differentiation of multi-
potent cells. We hypothesized that the ERK cascade may serve
as a mediator by transducing signals from CACB into cells,
thereby regulating the differentiation of ADSCs. Our findings
confirmed this hypothesis. CACB initiated a significant in-
crease in the protein levels of P-ERK1/2 and the osteogenic
marker RUNX-2. After treatment with the MeK1/2 inhibitor
U0126, the attenuated expression of P-ERK1/2 in the ADSCs
in CACB was accompanied by an apparent decrease of
RUNX-2 expression. A schematic depiction of the involve-
ment of the ERK1/2 signaling pathway in the CACB-mediated
osteodifferentiation of RaADSCs is shown in Figure 8. These

Deproteinized Antler Cancellous Bone

i
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{ v Nucleus
RUNX-2
¥
]
|
- v 00
- P > \
"‘.' - o 00 j
- — e
ADSCs Osteoblasts

FIG. 8. Schematic depiction of the ERKI1/2 signaling
pathway and its proposed involvement in the CACB-mediated
osteodifferentiation of RaADSCs. Color images available
online at www liebertpub.com/tea
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results might be explained by the fact that the enhanced cell
adhesion initiated by the CACB topography cues could me-
diate cytoskeletal reorganization to change the mechanical
properties of the cells, which, in turn, activates the down-
stream mechanotransductive signaling through ERK1/2. In
addition, the free ions released by the solid phase of CACB
could also activate ERK. These results are consistent with
those of previous studies.*

This study demonstrated the in vivo synergistic effects of
ADSCs and CACB to improve bone regeneration. The -
CT analysis and histological evaluation revealed that
loading of ADSCs into CACB increased the quality and
quantity of new bone formation. This phenomenon is con-
sistent with the in vitro results described earlier, and it is
believed that the physicochemical features of CACB (mi-
cro- and nano-scale topography, porosity, chemical com-
position, and ions release) help maintain the bioactivity of
ADSCs and spontaneously initiate their osteogenic differ-
entiation. Significantly improved vascularization after im-
plantation of CACB/ADSCs composites was observed. This
could be ascribed to the angiogenic effect of ADSCs.
ADSCs contribute to vascularization both in vitro and
in vivo, because not only do they differentiate into endo-
thelial cells (ECs) but also they secrete cytokines, including
vascular endothelial growth factor, fibroblast growth factor,
and hematopoietic growth factor,”’>% which are of vital
importance to the migration and proliferation of ECs.
Vascularization throughout the defect area can not only
lead to a better supply of oxygen and nutrients but also
secrete BMP2,53 which could, in turn, promote osteogen-
esis. Thus, the ability of the CACB/ADSCs composites to
enhance bone regeneration might be ascribed to the space
maintenance of CACB and its complex mimetic microen-
vironmental cues, which facilitate cell vitality and drive the
osteogenic differentiation of ADSCs, and the angiogenic
effects of ADSCs.

Conclusion

In this study, the osteogenic behavior of ADSCs produced
by CACB and the molecular signaling pathway underlying
the effects were investigated. The biomimetic multi-scale
topography and chemical niches provided by CACB could
promote ADSC viability and favor cell attachment and
spreading. Spontaneous osteogenic differentiation of ADSCs
was initiated by CACB in a temporal kinetics that lagged
behind that induced by OS medium. The ERK signaling
pathway could be responsible for the CACB-driven osteo-
genic behavior of the ADSCs. Synergistic effects of ADSCs
and CACB to improve bone regeneration and angiogenesis
were achieved in critical-sized rabbit mandibular bone de-
fects. These findings may provide new insights into the
regulation of osteogenesis by biomimetic xenografts, thus
extending the development of novel bio-scaffolds.
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