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Abstract

Bone morphogenetic protein-2 (BMP-2) gene delivery is expected to be useful as a way to overcome protein delivery problems, such as the need for a scaffold and
high dose of BMP-2 protein, and using non-viral vectors is known to be a safer gene delivery system than that using viral vectors for clinical application. However,
the efficiency of the BMP-2 expression is very low when non-viral vectors are used. In the present study, we clarified the feasibility of RANKL-binding peptide,
which has recently been recognized as a bone anabolic reagent, in bone formation induced by BMP-2 gene transfer using non-viral vectors. We induced ectopic bone
in the gastrocnemius muscle of C57BL/6 mice by a single injection of GFP/BMP-2-expressing vector. Subcutaneous administration of RANKL-binding peptide
increased the ectopic bone mass on days 14 and 21 after plasmid injection, and histological analyses showed the stimulation of bone formation activity of the ectopic
bone compared to the vehicle-treated control. Micro computed tomography images showed that RANKL-binding peptide improved the microstructure of ectopic
bone. Our results suggest that RANKL-binding peptide may be effective in promoting bone formation induced by BMP-2 gene transfer using non-viral vectors.

Introduction

Bone morphogenetic protein-2 (BMP-2), a bone-formation
inducer, has been widely used in bone regeneration [1]. However, there
are several critical problems associated with its clinical application,
such as the need for a scaffold material and a high dose to induce
bone formation [2,3]. BMP-2 gene delivery is believed to be one
way of overcoming these problems with protein delivery [1,2,4]. The
direct injection of genetic materials, such as via a plasmid vector,
can be performed to induce bone formation without using a scaffold
material, since gene-transfected cells can release the protein similarly
to the scaffold materials, releasing the protein sustainably over a
given duration [2]. Gene transfer is therefore considered a promising
approach to BMP-2 therapy.

Various routes for BMP-2 gene transfer have been developed,
with two kinds of vectors mainly used: non-viral and viral vectors [1].
Since viral vectors have a higher gene transfer efficiency than non-viral
vectors, bone induction is greater when the BMP-2 gene is transfected
using a viral vector [5,6]. Indeed, when we used a non-vial vector of
BMP-2 to induce bone through electroporation, very little ectopic bone
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was generated in rat skeletal muscle [7,8]. Even after increasing the
amount of plasmid used or the number of rounds of electroporation,
the amount of bone induced was relatively unchanged [7]. Despite the
development of a number of other methods for increasing the amount
of bone induced using non-viral vectors, such as sonoporation (cell
sonication) [9] and cationic polymers [1,10], the amount of bone
induced remains insufficient for clinical applications.

The receptor activator of NF-kB ligand (RANKL)-binding peptide
is known to accelerate BMP-2-induced bone formation both in vitro
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and in vivo [11-14]. RANKL-binding peptides are thought to bind to
the cellular surface acceptor RANKL on osteoblasts, leading to the
expression of Runx-2, a master gene of osteoblast differentiation [15,16].
While this strategy combining RANKL-binding peptide and BMP-
2 in protein form has been shown to stimulate BMP-2-induced bone
formation in many animal models [12-14,17], the stimulatory effects of
RANKL-binding peptide on bone formation induced by BMP-2 gene
transfer have not been investigated. Since the amount of bone induced
by BMP-2 gene transfer was slight even when using electroporation as
described above, we hypothesized that RANKL-binding peptide might
stimulate the bone formation induced by a non-viral vector.

The present study therefore assessed the feasibility of RANKL-
binding peptide in bone formation induced by BMP-2 gene transfer
through electroporation using a non-viral vector.

Materials and methods

Plasmid DNA of BMP-2 and a RANKL-binding peptide

PEGFP-N1 plasmid vector (Clontech, Mountain View, CA, USA)
harboring cDNA of human BMP-2 in the BamHI restriction enzyme
region at the multicloning site was used for BMP-2 gene transfer [18].
WPIQY (W9; YCWSQYLCY), a RANKL-binding peptide [19], was
kindly provided by JITSUBO Co., Ltd. (Kanagawa, Japan).

Cell culture and gene transfer in vitro

ST2 cells (a murine osteoblastic cell line; RIKEN, Ibaragi, Japan)
were seeded at 1x10*/well in a 48-well plate and cultured in growth
medium (DMEM) supplemented with 10% fetal bovine serum (FBS;
GE Healthcare Japan, Tokyo, Japan) 1 day before lipofection. The next
day, 0.2 pg/ul of EGFP-hBMP-2 vector was diluted in Opti-MEM
(Invitrogen, Carlsbad, CA, USA) and then mixed with Lipofectamine
2000 (Invitrogen) for lipofection. Twelve hours after lipofection,
the medium was changed. One day after lipofection, the culture was
stimulated with 100 uM of W9. To the wells without W9, only vehicle
was added. Ten days after lipofection, the cells were rinsed with
phosphate-buffered saline (PBS), harvested, and lysed with lysis buffer
(0.1% Triton-X; Nacalai Tesque Inc., Kyoto, Japan) including 10 mM
Tris-HCL. The protein concentration in the lysis buffer was determined
using a BCA Protein Assay Kit (Takara Bio Inc., Shiga, Japan), and
the alkaline phosphatase (ALP) activity was measured using a Lab
Assay ALP (Wako Pure Chemical Corp., Osaka, Japan) following the
manufacturer’s protocol and a microplate reader (iMark; Bio-Rad,
Hercules, CA, USA).

BMP-2 gene transfer in the gastrocnemius muscle in vivo

Eight-week-old male C57BL/6 mice were obtained from Nippon
CLEA (Tokyo, Japan), and maintained as described elsewhere [20]. All
animal experiments were approved by the Institutional Animal Care
and Use Committee of Tokyo Medical and Dental University (Tokyo,
Japan; authorization numbers: A2018-104C, A2019-155A). Before
treatment, mice were anesthetized as previously described [21]. We
performed BMP-2 gene transfer into mouse gastrocnemius muscle
using the plasmid vector expressing BMP-2 via electroporation, as
previously described [7,22,23] (Figure 1A).

Quantification of GFP-BMP-2 fusion protein expressions in
the gastrocnemius muscle

Eighteen mice were divided into 6 groups (n=3) to clarify the
amount of protein expression induced by in vivo gene transfer of the
GFP-BMP-2 expression vector. Gene transfer to the gastrocnemius
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muscle was performed as described above. Empty vector without the
BMP-2 gene (pCAGGS) was injected as a control vector (mock). Mice
were sacrificed under anesthesia by cervical dislocation on days 1, 7,
or 14 after gene transfer (Figure 1B), and the gastrocnemius muscle
was dissected. GFP fluorescence images at the gene transfer site were
obtained by fluorescent microscopy (FSX100; Olympus, Tokyo, Japan)
using the undecalcified sections prepared as previously described [13].
The dissected gastrocnemius muscle (0.15 g) was homogenized with
0.25 M sucrose by a Polytron homogenizer (type ABM; Nissei Inc.,
Osaka, Japan) and then centrifuged at 5,000 g for 10 min at 4 °C. The
protein concentration in the supernatant was measured as described
above. The GFP expression in the supernatant was measured using
a GFP-specific ELISA kit (Cell Biolabs, Inc., San Diego, CA, USA),
and the relative GFP protein expression (pg) against the total protein
amount (pug) was calculated. The total amount of BMP-2 was calculated
from the GFP amounts.

Experimental design of ectopic bone formation induced by
BMP-2 gene transfer using RANKL-binding peptide

Ten mice were divided into 2 groups (n=5), and in vivo gene transfer
to the gastrocnemius muscle was performed as described above.
After gene transfer, RANKL-binding peptide (W9; 10 mg/kg/day) or
vehicle was subcutaneously administered using osmotic minipumps
(Model 2001; Alzet, Palo Alto, CA, USA) to the BMP-2+W9 and BMP-
2+VEH groups, respectively [24]. Alizarin complexone (20 mg/kg;
Dojindo, Kumamoto, Japan) was injected on day 12 to measure the
bone formation activity. The mice were sacrificed under anesthesia by
cervical dislocation on day 21 (Figure 1C).

Radiological assessments

Soft X-ray images were taken with a cabinet X-ray device (type
SRO-M50; Sofron, Tokyo, Japan). In vivo microfocal computed
tomography (R_mCT2; Rigaku, Tokyo, Japan) was performed at

7 12 14 21(day)

RANKL-binding peptide or Vehicle administration
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f Alizarin injection
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. Sacrifice

Figure 1. Experimental design. A. A schematic view of the gene transfer. Electroporation
(100 V, 50 ms, 8 pulse) was carried out immediately after the injection of BMP-2-
expressing plasmid vector (0.5 pg/uL, total volume of 25 uL). (a) A 30-G syringe for
plasmid injection. (b) Electroporator with needle-type electrodes. B. The GFP-BMP-2
expression was evaluated on days 1, 7, and 14. C. Osmotic minipumps filled with RANKL-
binding peptide W9 or vehicle were subcutaneously implanted after gene transfer. In vivo
uCT was performed weekly. Alizarin complexone for measuring the osteogenic activity
was injected on day 12. Mice were sacrificed on day 21
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90 kV, 160 pA, and FOV 20 to obtain 3-dimensional bone images of
each mouse every week until day 21. Micro-architectural changes in
ectopic bone were measured using an image analysis software program
(TRI/3D-BON; RATOC System Engineering, Tokyo, Japan) [25]. The
reduction rate (%) was calculated as the ratio of the bone volume (BV)
or bone surface (BS) on day 21 to that at day 14: [(BV or BS on day 14 —
BV or BS on day 21) / (BV or BS on day 14)] x 100.

Histological assessments and bone histomorphometry

We prepared undecalcified sections as previously described [13].
Some sections were stained with tartrate-resistant acid phosphatase
(TRAP) or von Kossa for histological assessments. Bone resorption
parameters (N.Oc/BS, Oc.S/BS) and the calcified tissue thickness
in the ectopic bone were measured according to standard bone
histomorphometric analyses [26]. Alizarin-labeled images were used
to evaluate the bone formation activity in the ectopic bone. The same
threshold value of fluorescent intensity on day 12 was used to analyze
the alizarin-positive area in all samples, and the image was binarized
for the area measurement using the Image]J software program (version
1.50i; NIH, Bethesda, MD, USA).

Statistical analyses

All data are presented as the means + standard deviation (SD). The
statistical significance between two groups was compared using an
unpaired t-test. Multiple groups comparisons were performed using
a one-way analysis of variance and Tukey's multi-comparison post
hoc test. P values of <0.05 were considered to be significant. We also
assumed that 0.05<P<0.1 indicated edge cases of significance or were
highly suggestive of significance, according to the statement by the
American Statistical Association [27,28].

Results

Effects of RANKL-binding peptide W9 on osteoblast
differentiation in BMP-2-gene-transfected ST2 cells

To investigate whether or not W9 exerts a synergistic effect on
osteoblast differentiation in BMP-2-gene transfected cells in vitro,
we first added 100 pM of W9 to ST2-cell culture. As shown in Figure
2A, 100 pM of W9 stimulated the activity of ALP, a marker of early
osteoblast differentiation, without BMP-2 gene transfection. Although
no significant increase in ALP activity was noted in the BMP-2-gene-
transfected wells compared to the vehicle control (0 uM WO9), an
increase was observed in the presence of 100 pM of W9 in the BMP-
2-gene-transfected ST2 cells. Furthermore, it was also detected when
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compared to the culture with 100 pM of W9 in ST2 cells without BMP-2
gene transfer.

Chronological changes in GFP-BMP-2 fusion protein
expression after gene transfer in gastrocnemius muscle

We measured the GFP protein expression on days 1, 7, and 14 after
gene transfer in the gastrocnemius muscle to evaluate the chronological
changes in the GFP-BMP-2 fusion protein expression. As shown
in Figure 2B, GFP-fluorescent-positive cells at the injection site of
the plasmid vector were detected in the histological sections of the
gastrocnemius muscle on day 1 after gene transfer, and these cells were
increased on day 7 and were still observed on day 14 after gene transfer.
The fluorescent images from the specimens after the transfection of the
empty vector did not show any GFP-positive cells at any time points
(Figure 2B). Quantitative analyses of the relative GFP expression
confirmed these observations (Figure 2C). When we calculated the
total amount of BMP-2 protein in the whole sample dissected from the
gastrocnemius muscle, the average amount was 53, 129, and 100 pg on
days 1, 7, and 14, respectively (Table 1).

Effects of W9 on the microstructure of ectopic bone induced
by BMP-2 gene transfer

To investigate the effects of W9 on the bone mass and
microstructure of the ectopic bone induced by BMP-2 gene transfer,
W9 or vehicle was subcutaneously administered to BMP-2-gene-
transfected mice. Radiological images showed a greater amount of
ectopic bone in the BMP-2+W9 group than in the BMP-2+VEH
group (Figures 3A and B), and the bone volume analyses, such as the
BMD and BV/TYV, of the ectopic bone confirmed these observations
(Figures 3C and D). The SMI, an indicator of a plate-like structure,
was significantly lower in the BMP-2+W9 group than in the BMP-
2+VEH group on day 14, and all parameters related to the bone
microstructure were significantly changed on day 21, showing
improvement in the bone microstructure (Figures 3E-3H). The
reduction rate of the ectopic bone from day 14 to day 21 was slower
in the BMP-2+W9 group than in the BMP-2+VEH group (Figures
31 and 3J).

Effects of W9 on osteoclast formation and bone formation
activity of ectopic bone induced by BMP-2 gene transfer

To clarify the functional role of W9 on BMP-2-gene-transfer-
induced bone, histological analyses were performed. As shown in
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Figure 2. W9 promoted osteoblast differentiation in ST2 cells in vitro and chronological changes in the GFP-BMP-2 fusion protein expression in vivo. A. ALP activity in ST2 cells
with or without transfection of a BMP-2 gene-expressing plasmid vector in the presence or absence of 100 uM W9 on day 10 after gene transfection. Data are shown as the mean + SD.
*p<0.05. 70.05<p<0.1. B. Fluorescence images of GFP-positive muscle cells on days 1, 7, and 14 after GFP-BMP2 gene transfer (GFP) or empty vector transfer (mock). Scale bars=0.05
mm. C. Relative GFP expression on days 1, 7, and 14 after gene transfer. Data are shown as the mean + SD. *p<0.05. 70.05<p<0.1
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Table 1. The amount of protein in the GFP-BMP-2-gene transfected gastrocnemius muscle

Day 1
GFP (pg) 55.1£6.9
BMP-2 (pg) 53.146.7
Total protein amount (ng) 47.5+2.4

Day 7 Day 14
134.0+36.4 104.8+17.1
129.1£35.0 100.9+16.5

56.1£3.6 52.5+£3.8

The GFP concentration in the homogenized tissue solution from the dissected muscle, which was transfected by plasmid vector including the GFP-BMP-2 gene, were measured using
an ELISA kit. Then, the GFP amount in the dissected muscle was calculated from the GFP concentration measured by ELISA. The total amount of BMP-2 was calculated from the GFP
amounts. The total protein amount in the dissected muscle was measured using a standard protocol. The details have been described in the Materials and Method section. Data are shown

as the mean + SD (n=3)
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Figure 3. Radiological analyses revealed increased ectopic bone formation and structurally improved bone induced by BMP-2-gene transfer in the W9-treated group. A. Soft X-ray
photographic images. BMP-2+VEH: BMP-2 gene transfer + vehicle-treated group, BMP-2+W9: BMP-2 gene transfer + W9-treated group. Scale bars=1 mm. B. pCT images of lower limb
and ectopic bone on days 7, 14, and 21. Scale bars=1 mm (low magnification), 0.5 mm (high magnification). C. Bone mineral density (BMD) D. Ratio of bone volume (BV) to tissue volume
(TV) E. Trabecular number (Tb.N) F. Trabecular spacing (Tb.Spac) G. Structure model index (SMI) H. Trabecular bone pattern factor (TBPf) I and J. The reduction rate calculated from the
BV and BS on days 14 and 21. White bar: BMP-2+VEH, Gray bar: BMP-2+W9. Data are shown as the mean + SD. *p<0.05 vs. Ctr. 70.05<p<0.1 vs. Ctr

Figure 4A, TRAP-positive cells were less frequent in the BMP-2+W9
group than in the BMP-2+VEH group. The alizarin-labeled area, which
indicated the active bone formation area, seemed to be larger in the
BMP-2+W9 group than in the BMP-2+VEH group. Quantitative
analyses confirmed these observations (Figures 4B and E). The calcified
tissue thickness also confirmed radiological observations of ectopic
bone (Figures 3B and 4D).
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Discussion

The amount of BMP-2 protein needed to induce bone formation
is far beyond the physiological amount that is available [2]. In our
previous study, 1x10° pg of BMP-2 was deemed necessary to form bone
[29], and 3x10° pg of BMP-2 was unable to form bone efficiently in
a bone defect model [14]. In the present study, the amount of BMP-2
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Figure 4. W9 inhibited osteoclast formation and accelerated mineralization of ectopic bone induced by BMP-2 gene transfer. A. TRAP-stained images of ectopic bone. TRAP-positive
cells are shown in red. Scale bars=0.05 mm. B. Number of osteoclast/bone surface (N.Oc/BS), osteoclast surface/bone surface (Oc.S/BS) C. Bright field images of von-Kossa-stained
undecalcified sections of ectopic bone (calcified tissue is shown in black). Fluorescent images of the alizarin-positive area (shown in red). Scale bars=0.1 mm. D. Calcified tissue thickness
calculated based on the von-Kossa-positive area and perimeter. E. A quantitative analysis of the alizarin-positive area. Data are shown as the mean £ SD. *p<0.05 vs. Ctr. $0.05<p<0.1 vs.

Ctr. See Figure 3A for other definitions

protein expressed in the dissected gastrocnemius muscle at the BMP-
2 gene transfer site was less than 200 pg at all time points after gene
transfer during the experiments (Table 1). Since the amount of protein
in the bone defect model was the total amount of BMP-2 incorporated
in the scaffold material available for 28 days, while it was measured in
the dissected gastrocnemius muscle at each time point in the present
study, it might not be possible to compare these two studies. However,
our findings suggest at least that very little BMP-2 was required to
induce bone formation, although the amount formed was very small
(Figure 3).

Since a high level of BMP-2 has been recognized as a cause of
inflammation and/or carcinogenicity [30], many studies have attempted
to reduce the amount of BMP-2 needed to induce bone formation.
The BMP-2 expression in our study was very low, as shown in Table
1, suggesting that gene therapy using a BMP-2 plasmid vector may be
a promising therapy; however, the actual bone formation induced by
BMP-2 gene transfer alone was consequently quite little. In the present
study, we used RANKL-binding peptide to increase the bone formation
induced by BMP-2 gene transfer through electroporation, and this
approach actually significantly enhanced the BV/TV and alizarin-
positive area compared to the vehicle control group (Figures 3D and
4E), suggesting that RANKL-binding peptide stimulated BMP-2-gene-
transfer-induced bone formation. We also found that RANKL-binding
peptide increased the bone quality, as indicated by improvement in
microstructural parameters such as the SMI and TBPf (Figures 3E-
3H) [25]. The present study revealed the beneficial effects of RANKL-
binding peptide on bone formation and the quality of bone induced by
BMP-2 gene transfer.

Ectopic bone formation was not detected on day 7 and only first
appeared from day 14 after gene transfer in both the vehicle and
RANKL-binding peptide-treated groups (Figure 3B). The BV/TV was
increased on day 14 (Figure 3D), and the alizarin-positive area, which
was the indicator of bone formation activity, was increased on day 12
after gene transfer in the RANKL-binding peptide group compared
to the vehicle control group (Figure 4E). These results suggest that
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the increase in the bone formation activity on day 12 may lead to an
increase in the ectopic bone volume induced by BMP-2 gene transfer.

Conclusion

Our data suggest that RANKL-binding peptide was effective in
promoting bone formation induced by BMP-2 gene transfer through
electroporation using a non-viral vector. Therefore, the combination of
the use of RANKL-binding peptide and the BMP-2 gene transfer might
be an innovative method for use in bone regenerative therapy.
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