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Abstract

Calcitonin gene-related peptide (CGRP) is a marked and important neuropeptide expressed in nerve fibers during bone repair.
This study investigated the role of CGRP overexpression on osteogenic differentiation of rat bone mesenchymal stem cells
(rBMSCs). rBMSCs were infected with viral stocks of pLenO-DCE-CGRP (CGRP group) or pLenO-DCE (Vector group),
while normal rBMSCs were used as a control. Transfection efficiency of rBMSCs was analyzed by flow cytometry. Cell
proliferation was examined using a Cell Counting Kit-8 and flow cytometry. Expressions of alkaline phosphatase(ALP), bone
sialoprotein (BSP) and Runt-related transcription factor 2(Runx2) in rBMSCs were detected at 1 and 2 weeks after mineral
induction by real-time PCR and western blotting. Alizarin Red staining was applied at 28 days. The ratio of osteoprotegerin
(OPG) to receptor activator of nuclear factor kappa B ligand (RANKL) was also detected to determine the underlying mecha-
nism. pLenO-DCE-CGRP-induced rBMSCs stably overexpressing CGRP were successfully established. Overexpression
of the CGRP gene significantly promoted rBMSC proliferation (p < 0.05). In addition, expressions of osteogenesis-related
indexes were upregulated in the CGRP group (p < 0.05) compared with vector and control groups, and more mineralization
nodules were observed in the CGRP group (p <0.05). CGRP gene increased OPG and reduced RANKL in rBMSCs. Hence,
the OPG/ RANKL ratio was increased in the CGRP group compared with the other two groups. CGRP gene-modified rBM-
SCs show better osteogenic differentiation capacity compared with rBMSCs in vitro.

Keywords Calcitonin gene-related peptide - Bone mesenchymal stem cells - Transfection - OPG/RANKL - Tissue
engineering

Introduction

Bone transport and distraction osteogenesis have been
widely used in clinical practice to stimulate or augment bone
regeneration (Green et al. 1992). However, those approaches
also result in healthy bone loss, significant donor site injury,
scarring, deformity and surgical risks as well: infection,
bleeding, inflammation and chronic pain (Pang et al. 2015).
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To overcome these limitations, mesenchymal stem cells
transplantation has been investigated as a novel therapeutic
for bone defect repair (Parekkadan and Milwid 2010), and
as alternatives or adjuncts to the standard methods of bone
regeneration. Bone mesenchymal stem cells (BMSCs) are
one primary stem cell type applied in tissue engineering for
translational research and clinical applications (Dong et al.
2014; Kon et al. 2012; Wang et al. 2013; Yang et al. 2014).
Gene-modified BMSCs are better seed cells with great
potential for repairing large bone defects (Deng et al. 2014;
Sun et al. 2017; Xian et al. 2016; Zou et al. 2011).
Increasing evidence has demonstrated the involvement of
nerve and related neuropeptides in bone metabolism (Uslu
et al. 2016). The nervous system can influence osteoclast
formation and osteogenic differentiation by producing sev-
eral neuropeptides such as calcitonin gene-related peptide
(CGRP), substance P and neurokinins, which regulate bone
remodeling (Wang et al. 2017; Yu et al. 2015). CGRP is a
highly expressed and important neuropeptide in nerve fibers
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during bone repair (Chen et al. 2017; Imai and Matsusue
2002). Both sensory nerve and its related neuropeptide
CGRP have been implicated in the process of bone frac-
ture healing (Lam et al. 2012; Li et al. 2007; Pang et al.
2015; Zhang et al. 2016). Targeted expression of CGRP to
osteoblasts increases bone density in mice. Mice lacking
alpha-CGRP show decreased bone formation and osteope-
nia (Schinke et al. 2004). Researches show that CGRP can
promote osteoporotic rat-derived BMSC (rBMSC) prolifera-
tion and osteogenic differentiation (Liang et al. 2015). How-
ever, short half-life, high cost and multiple dosing restrict
the application of CGRP protein (Chen et al. 2017; Xiang
et al. 2017).

In this study, a recombinant lentiviral vector for over-
expressing CGRP peptide, pLenO-DCE-CGRP, was con-
structed and transfected into rBMSC:s to obtain stable CGRP
expression. Effects of overexpressing CGRP on osteogenic
differentiation of rBMSCs were examined in vitro.

Materials and methods
Cell culture

rBMSCs were harvested from Wistar rats (80-100 g)
using the following method, for which use of animals was
approved by Animal Care and Use Committee of School of
Stomatology, Shandong University. Briefly, after anesthesia
and euthanasia by intraperitoneal injection of 10% chloral
hydrate (0.4 g/kg body weight), the body was soaked in 75%
alcohol for 10 min. Under laminar flow room, tibiae and
femora were excised and rinsed with 200 IU penicillin and
200 mg/mL streptomycin (Solarbio, Beijing, China) in phos-
phate-buffered saline (PBS). Both ends of the femora and
tibiae were excised. a-MEM (Gibco, Grand Island, USA)
supplemented with 20% fetal bovine serum (FBS; Gibco)
was applied to wash marrow gently from the shafts into
10-cm-diameter culture ware with a 25-gauge needle. Cells
were subsequently seeded into culture flasks (Takara Bio,
Otsu, Japan) at a density of 5-10x 10° cells/cm?. With the
exception of primary cells, cells were cultured in a-MEM
supplemented with 10% fetal bovine serum. When the den-
sity of BMSCs reached 80% confluence, they were passaged.
After one subculture, adherent cells were termed rBMSCs.
Cells (passage 3—4) were used for the following experiments.

The retroviral packaging cell line 293T (Clontech,
Palo Alto, CA) was maintained in DMEM with 10% FBS.
Subsequently, cells within 10 passages were used for the
experiments.
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Construction of pLenO-DCE-CGRP- transfected
rBMSCs

pLenO-DCE-CGRP was provided by Shanghai Innovation
Biotechnology (Shanghai, China) and identified by Bio-
SUN Biotechnology (Beijing, China). pLenO-DCE-CGRP,
pRsv-REV, pMDIg-pRRE and pMD2G, which contained
essential components for viral packaging, were co-trans-
fected into 293T cells using Lipofectamine (TM) 2000
(Invitrogen, Carlsbad, CA). In addition, pLenO-DCE was
also transfected into 293T cells. After transfection for 4 h,
media was replaced with a-MEM containing 20% FBS.
After culture for 72 h, viral supernatants were collected
and subjected to high-speed centrifugation to produce con-
centrated high-titer lentivirus solution. Transfection effi-
ciency was subsequently determined using fluorescence
microscopy.

Passage 3 rBMSCs were seeded in 6-well plates at
a density of 1.5x 10’ cells/well and infected with viral
stocks of pLenO-DCE-CGRP and pLenO-DCE in the pres-
ence of polybrene (4 ug/mL) for 6 h. After infection for
48 h and 72 h, fluorescence microscopy was employed to
determine infection efficiency. The transfection rate was
quantified by imaging five fields of view under 100—fold
magnification. Numbers of green fluorescence positive
cells and the total cell number were counted respectively
under fluorescent and light microscope. rBMSCs with high
infection efficiency were collected. Cells infected with
pLenO-DCE-CGRP were included in the CGRP group,
while cells infected with pLenO-DCE were in the Vector
group. Uninfected cells served as the Control group.

Flow cytometry analysis

After infection with pLenO-DCE-CGRP or pLenO-DCE,
the transfection efficiency of rBMSCs was analyzed by
flow cytometry (FC500, Beckman Coulter). Briefly,
2% 10° rBMSCs from each group were fixed in ice-cold
70% ethanol for 24 h. To stain for flow cytometry, 15 uL
of propidiumiodide (PI) (20 ug/mL) was added and placed
at 37 °C for 30 min in a dark environment.

Cell Counting Kit-8 assay

rBMSC proliferation was determined using a Cell Count-
ing Kit-8 (CCK8; Biotech, Nanjing, China) according to
the manufacturer’s instructions. Briefly, at 24, 48, and 72 h
after transfection, 10 pL of CCK-8 (5 mg/mL) was added
to each well. The absorbance was measured at 450 nm
using a spectrophotometer (Bio-Rad, Hercules, CA, USA).
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Osteogenic differentiation and Alizarin Red staining

rBMSCs from each group were inoculated in 6-well plates
at a density of 1.8 x 10° cells/well. Once cells reached 80%
confluence, the culture medium was replaced with 1.5 mL
osteogenic medium containing a-MEM with 10% FBS,
1078 mol/L dexamethasone (Sigma-Aldrich, St. Louis,
MO), 10 mmol/L B-glycerol phosphate (Sigma-Aldrich) and
0.05 mmol/L ascorbic acid-2-phosphate (Sigma-Aldrich) for
28 days. Cells were subsequently fixed in 95% alcohol solu-
tion and then stained with 2% Alizarin red (Sigma-Aldrich)
for 10 min. After staining, each well was eluted with 10%
cetylpyridinium chloride (Sigma-Aldrich) for 1 h to deter-
mine the level of calcium salts within the cell matrix. Total
absorbance of soluble calcium ions was measured with a
spectrophotometer at a 562-nm wavelength to determine
concentration.

Real-time PCR

Total RNA was isolated from cells with TRIZOL reagent
(Invitrogen) according to the manufacturer’s protocol.
Briefly, cells cultured in 6-well plates were mixed and
treated with 1 mL TRIZOL reagent per well. Subsequently,
500 ng of total RNA was used for reverse transcription
(Takara Bio, Dalian, Japan), and 80 ng of resulting cDNA
samples was amplified with SYBR Premix Ex Taq (Takara
Bio) in a Roche 480 Light Cycler (Roche, Mannheim, Ger-
many). CGRP mRNA levels were tested after infection for
3 days. mRNA levels of ALP, BSP and Runx2 were tested
after mineralization culture for 1 week and 2 weeks. Primers
used were listed in Table 1.

Western blotting analysis

Western blotting analyses were performed as previously
described. Briefly, protein concentrations were determined

Table 1 Primer sequences used

for real-time PCR Gene Forward primer(5'-3") Reverse primer(5'-3")
Cgrp CCAGATCAAGAGTCACCGCC CTCCCTGAGCAGGAACCTCA
Alp GGAACGGATCTCGGGGTACA ATGAGTTGGTAAGGCAGGGT
Bsp ACAACGGAGAAGAAGCCGAG TCGTGGTGCCATAACTGGTC
Runx2 CGCCTCACAAACAACCACAG AATGACTCGGTTGGTCTCGG
Gapdh CTCTGTGTGGATTGGTGGCT CGCAGCTCAGTAACAGTCCG

Light

Fluorescence

©

Fig. 1 Transfection efficiency of 293T under fluorescence microscopy. The transfection rate of pLeno-DCE was about 90% (a) and that of

pLeno-DCE-CGRP was about 80% (b) at 72 h after transfection
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Fluorescence

Fig. 2 Transfection efficiency of rBMSCs under fluorescence micros-
copy. The transfection rate of the Vector group was 60% and that of
the CGRP group was 50% (a) at 48 h after infection. The transfec-

using a bicinchoninic acid assay protein assay kit (Beyotime,
China). Equal amounts of total proteins were resolved by
SDS—polyacrylamide gel electrophoresis and transferred
to polyvinylidene difluoride membranes (Invitrogen), which
were washed three times with Tris-buffered saline/Tween-
20 and blocked with 5% skim milk in Tris-buffered saline at
room temperature for 1 h. The membranes were incubated
with antibodies against CGRP (diluted 1:500; Abcam; Cam-
bridge, UK), ALP (diluted 1:500; Abcam), BSP (1:1000;
Cell Signaling Technology, Shanghai, China), Runx2
(1:1000; Cell Signaling Technology), OPG (diluted 1:500;
Bioss, Beijing, China) and RANKL (diluted 1:500; Bioss).
The secondary antibody was horseradish peroxidase-linked
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tion rate of Vector group was 65% and that of the CGRP group was
90%(b) at 72 h after infection

goat-anti rabbit IgG and anti-GAPDH or tubulin (1:10,000,
Abcam).

Statistical analysis

All measurement results are presented as the mean + SD.
Statistically significant differences (p <0.05) between the
various groups (Control group, Vector group and CGRP
group) were measured using one-way analysis of variance
followed by Tukey’s test.
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Fig. 3 Transfection efficiency of rBMSCs by flow cytometry. The transfection rate of the Vector group was 86% (a) and that of the CGRP group

was 63.3% (b)
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Fig.4 CGRP overexpression in the CGRP group by real-time PCR
and Western blotting. The mRNA level of CGRP in the CGRP group
was significantly higher compared with vector and control groups (a)
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Fig.5 Cell proliferation by Cell Counting Kit-8. There are statisti-
cal differences between the CGRP group and the other two groups
(»p<0.05) at 48 h and 72 h (*p <0.05)

(***p <0.01). CGRP protein level was also significantly increased in
the CGRP group (b, ¢) (***p <0.01)

Results

Construction and identification of pLenO-DCE-CGRP
transfected rBMSCs

293T cells were used for transfection. After transfection for
72 h, the transfection rate of pLenO-DCE was 90% (Fig. 1a),
while that of pLenO-DCE-CGRP was 80% (Fig. 1b).
rBMSCs were used for infection. After infection for 48 h,
the transfection rate of the CGRP group was 50%, while
that of the Vector group was 60% (Fig. 2a). After 72 h, the
transfection rate of the CGRP group was 65%, while that
of the Vector group was 90% (Fig. 2b). Flow cytometry
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Fig.6 Cell cycle by flow cytometry analysis. The percentages of cells at the S+ G2 phase in the CGRP group was upregulated compared with

Vector and Control groups (*p <0.05)

analysis showed the transfection rate of the Vector group
(Fig. 3a) was 63.3%, while that of the CGRP group was
86% (Fig. 3b).

After infection for 3 days, CGRP mRNA levels were
tested by real-time PCR. The results indicated higher CGRP
mRNA levels in the CGRP group compared with Vector
and Control groups (Fig. 4a) (»p <0.01). CGRP protein lev-
els, as examined by western blotting, were also significantly
increased in the CGRP group (Fig. 4b, ¢) (p <0.01). Thus,
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successful transfection of pLenO-DCE-CGRP into rBMSCs
was confirmed and shown to increase CGRP expression.

Cell proliferation
Statistical differences could be observed between the CGRP

group and the other two groups (p <0.05) at 48 and 72 h
(Fig. 5), according to CCK-8 results.
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Flow cytometry analysis also showed that CGRP pro-
moted rBMSC proliferation. Indeed, the percentage of cells
in S+ G2 phase in the CGRP group was upregulated com-
pared with Vector and Control groups (Fig. 6). These results
indicated that CGRP overexpression promoted rBMSC
proliferation.

Osteogenic ability detection

Western blotting results indicated upregulated protein levels
of ALP, BSP and Runx2 in the CGRP group at different
stages compared with Vector and Control groups (p <0.05)
(Fig. 7).

After mineral induction for 28 days, rBMSCs from each
group were stained with Alizarin Red and observed under
a microscope (Fig. 8). An increased number of calcified
nodules was observed in the CGRP group compared with
Vector and Control groups (p <0.05). Collectively, all of
the above results demonstrated that CGRP overexpression
could promote osteogenic differentiation of rBMSCs. In
addition, mRNA levels of ALP, BSP and Runx2 tested after

LS
S & & &
o S G

mineral induction for 1 and 2 weeks (Fig. 9) by real-time
PCR, showed upregulation after mineral induction.

OPG/RANKL ratio

Western blotting indicated significantly upregulated OPG
protein levels after infection with pLenO-DCE-CGRP com-
pared with Vector and Control groups (p <0.05) (Fig. 10a).
However, RANKL was decreased in the CGRP group
(Fig. 10b), resulting in an increased OPG/RANKL ratio
(Fig. 10c). Thus, CGRP overexpression in rBSMCs led to
an increased OPG/RANKL ratio.

Discussion

Autologous bone marrow stem cell infusion for the treat-
ment of multidrug-resistant tuberculosis (Zhu et al. 2016),
multiple sclerosis (Nabavi et al. 2014), and Amyotrophic
Lateral Sclerosis (ALS), has reliable clinical efficacy, good
safety and tolerability. Intrathecal MSCs injection can slow
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Fig.8 Calcified nodules by
Alizarin Red. An increased
number of calcified nodules was
observed in the CGRP group
compared with Vector and
Control groups (p <0.05)
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disease progression and might be used as a disease modify-

ing modality as an alternative treatment choice in patients
with ALS (Kim et al. 2009). However, hematopoietic stem
cells, bone marrow stem cells, peripheral blood stem cells
and cord blood stem cells (CBSC), each have unique attrib-
utes related to collection methods and storage, which may
potentially cause adverse reactions in stem cell infusion
(Truong et al. 2016). As multipotent cells, BMSCs are an
excellent candidate for cell therapy. BMSCs are easily acces-
sible, isolated, and expanded to clinical scales (Colter et al.
2000; Sekiya et al. 2002). In addition to recent progress in
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stem cell separation and purification technologies, genetic
engineering can also broaden the therapeutic capabilities of
BMSCs (Deng et al. 2014; Xian et al. 2016).

In this study, BMSCs were selected as donor cells, and
lentiviral vectors were adopted for transfection. Our flow
cytometry results showed that transfection of BMSCs with
lentiviral vectors is a desirable and efficient method. We
observed no significant morphological changes in rBMSCs
expressing CGRP or empty vector compared with normal
rBMSCs. However, expression of CGRP in BMSCs was
significantly upregulated after transfection according to
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Fig.9 Expressions of osteogen- 1W
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esis-related factor mRNA levels I
by real-time PCR. The mRNA
levels of ALP, BSP and RUNX2
were up-regulated in the CGRP
group at 1 and 2 weeks after
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Fig. 10 Expressions of OPG 0.6
and RANKL protein by
Western blotting. OPG protein
was upregulated in the CGRP
group compared with Vector
and Control groups (¥*p <0.05)
(a). However, RANKL was
decreased in the CGRP group
(b), resulting in an increased
OPG/RANKL ratio (c)
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real-time PCR and western blot results. pLenO-DCE-CGRP-
transfected rBMSCs could obtain stable CGRP expression,
which facilitated our examination of CGRP overexpression
on osteogenic differentiation of rBMSCs and avoided the
disadvantages of extrinsic recombinant CGRP protein such
as short half-life, high cost, and multiple dosing.

Our previous study has identified CGRP receptors
RAMP1 and CRLR in rBMSCs, which may combine with
CGRP to play biological roles (Zhang et al. 2017). In our
study, higher expressions of osteogenesis related indexes
ALP, BSP and Runx2, and as well as mineralized nodules,
were observed in the CGRP group after mineral-induction
compared with the other two groups, demonstrating CGRP
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gene promoted rBMSCs osteogenetic differentiation and
osteogenic ability in vitro. Genetic engineering broadens
the therapeutic capabilities of MSCs. CGRP gene-modified
rBMSCs show better osteogenic differentiation capacity
compared with rBMSCs in vitro. Genetic engineering pro-
motes osteogenic differentiation of rBMSCs. Our study pro-
vides a new foundation for further study in vivo. An in vivo
study is necessary to verify whether CGRP gene-modified
BMSCs are promising seed cells with great potential to
repair bone defect (Salah et al. 2018).

Osteoclast differentiates from monocyte/macrophage
precursors under the regulation of RANKL/RANK
signaling. The OPG/RANKL ratio in bone is a major
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determinant of bone resorption and formation. Overex-
pressing CGRP in rBSMC:s led to an increase of the OPG/
RANKL ratio. The number and activity of osteoclasts
could decrease if the OPG/RANKL ratio changes as the
result of either an increase in the former or a decrease in
the latter (or a change in both that leads to a change in the
ratio in favor of OPG). However, whether CGRP-modified
BMSC:s can inhibit osteoclastogenesis by upregulating the
OPG/RANKUL ratio still needs further study. Co-culture
of CGRP-modified BMSCs and osteoclast precursor cells
might be helpful to verify this hypothesis in a future study.
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