
Vol:.(1234567890)

Journal of Bone and Mineral Metabolism (2019) 37:900–912
https://doi.org/10.1007/s00774-019-00993-2

1 3

ORIGINAL ARTICLE

Local supplementation with plant‑derived recombinant human FGF2 
protein enhances bone formation in critical‑sized calvarial defects

Sher Bahadur Poudel1 · Chang‑Ki Min1 · Jeong‑Hoon Lee1 · Yun‑Ji Shin2 · Tae‑Ho Kwon2 · Young‑Mi Jeon1,4 · 
Jeong‑Chae Lee1,3

Received: 12 September 2018 / Accepted: 31 January 2019 / Published online: 6 March 2019 
© Springer Japan KK, part of Springer Nature 2019

Abstract
Numerous studies have demonstrated the advantages of plant cell suspension culture systems in producing bioactive recom-
binant human growth factors. This study investigated the biological activity of recombinant basic human fibroblast growth 
factor (rhFGF2) protein produced by a plant culture system to enhance new bone formation in a bone defect mouse model. 
The human FGF2 cDNA gene was cloned into a plant expression vector driven by the rice α-amylase 3D promoter. The 
vector was introduced into rice calli (Oryza sativa L. cv. Dongjin), and the clone with the highest expression of rhFGF2 was 
selected. Maximum accumulation of rhFGF2 protein (approximately 28 mg/l) was reached at 13 day post-incubation. Male 
C57BL/6 mice underwent calvarial defect surgery and the defects were loaded with absorbable collagen sponge (ACS) only 
(ACS group) or ACS impregnated with 5 μg of plant-derived rhFGF2 (p-FGF2) protein or E. coli-derived rhFGF2 (e-FGF2) 
protein. Similar to the effects of e-FGF2, local delivery with p-FGF2 enhanced bone healing in the damaged region to higher 
levels than the ACS group. Exogenous addition of p-FGF2 or e-FGF2 exhibited similar effects on proliferation, mineraliza-
tion, and osteogenic marker expression in MC3T3-E1 cells. Together, the current findings support the usefulness of this 
plant-based expression system for the production of biologically active rhFGF2.

Keywords Transgenic rice cell suspension culture · Recombinant human fibroblast growth factor · Rice α-amylase 3D 
promoter · Calvarial defect · Bone regeneration

Introduction

Bone is a constantly created and replaced tissue that is main-
tained through a balance between osteoblast and osteoclast 
activity. However, congenital defects, trauma injury, and 
tumors can cause large or critical-sized bone defects, which 
are often beyond the self-regenerative capacity of bone [1, 
2]. The implantation of autografts or allografts is currently 
clinically applied as a standard therapeutic method for large 
bone defects [3–5]. However, bone grafting requires multiple 
invasive surgeries over long periods of time and is associated 
with expensive surgical costs [6].

The use of demineralized bone matrix and synthetic 
biomaterials or in combination with growth factors has 
been considered an alternative clinical approach for bone 
regeneration [7–12]. Growth factors such as bone morpho-
genetic proteins (BMPs), epidermal growth factor (EGF), 
fibroblast growth factors (FGFs), insulin-like growth fac-
tors (IGFs), and platelet-derived growth factor have been 
shown to synergistically stimulate the reconstruction of 
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large bone defects [12–14]. Growth factors likely enhance 
the recovery of injured tissues by directly and/or indirectly 
regulating multiple cellular events such as survival, differ-
entiation, proliferation, and migration [15, 16]. Among the 
growth factors, BMPs play important functions in enhanc-
ing bone repair and regeneration [17, 18]. FGFs and their 
receptors are also crucial molecules for the regulation of 
bone development and homeostasis [19]. Basic FGF (FGF2) 
is produced and secreted in many types of cells through an 
endoplasmic reticulum/Golgi-independent secretory route. 
The activation of FGF2 and its receptor affects multiple bio-
logical processes required for wound healing, tumorigenesis, 
angiogenesis, and tissue remodeling [20–22]. Activation of 
FGF2-mediated signaling also induces osteoblastic differ-
entiation and mineralization, and promotes bone healing by 
stimulating the mitogen-activated protein kinase-runt-related 
transcription factor-2 (Runx2) pathway [23–26]. The pre-
vious studies suggested that FGF2 signaling can regulate 
osteoblastic niche cells to support the homeostasis of hemat-
opoietic stem cells in response to bone marrow damage [12]. 
These reports strongly indicate that, in addition to BMPs and 
other FGFs, FGF2 may also be clinically useful in stimulat-
ing bone healing and thus enhancing bone regeneration in 
large or critical-sized bone defects.

As the clinical approaches using growth factors for tissue 
regeneration and wound healing have gradually expanded, 
improving the production efficacy and pharmaceutical 
activity of growth factors that do not show any side effects 
is critical. Several heterologous expression systems are 
widely used to produce recombinant growth factors, and 
DNA recombinant technology using Escherichia coli is the 
most common system. However, the recent approaches have 
used a transgenic plant cell suspension culture system for 
the production of recombinant proteins [27, 28]. Plant cell 
culture systems are relatively inexpensive and scalable to 
other expression systems, and the secreted proteins can be 
efficiently and conveniently purified with reduced contami-
nation risk from viral and bacterial toxins [28–31]. Indeed, 
we previously produced IGF-1 using a transgenic rice cell 
suspension culture system and found that local supplementa-
tion of the generated IGF-1 enhanced new bone formation 
in critical-sized calvarial defects in mice [32]. These results 
show that plant-based expression systems can provide vari-
ous advantages over microbial and mammalian cell culture 
systems in recombinant protein production.

In addition to the improvement of culture systems, many 
investigators have also attempted to increase the production 
rate of recombinant proteins and their accumulation in cul-
ture medium. The rice amylase 3D (RAmy3D) gene, a mem-
ber of the rice α-amylase gene family, has long been used for 
manufacturing recombinant proteins in rice cell suspension 
culture. The RAmy3D promoter is used to drive expression 
in plant cell suspension culture and is tightly controlled by 

sucrose starvation [9, 33]. Numerous studies have demon-
strated that the RAmy3D promoter is a powerful produc-
tion system for recombinant proteins [34–36] and shows the 
advantages derived from plant-based expression system [35].

In this study, we produced recombinant human FGF2 
(rhFGF2) protein in transgenic rice cell suspension cultures 
using the low-cost and high-level RAmy3D α-amylase 
expression system. We investigated the biological activity 
of plant-derived rhFGF2 protein, named p-FGF2, to enhance 
bone healing in a mouse calvarial defect model, as well as 
its effects on cellular activities including proliferation and 
osteogenic differentiation of MC3T3-E1 cells. We compared 
the biological activities of p-FGF2 with that of FGF2 pro-
duced using a bacterial (E. coli) expression system (named 
e-FGF2). To compare the mechanisms by which p-FGF2 
and e-FGF2 exert their activities on bone or osteoblasts, the 
expression patterns of osteoblast-specific markers in newly 
formed bones of calvarial defects and in MC3T3-E1 pre-
osteoblastic cells were examined.

Materials and methods

Chemicals and laboratory equipments

e-FGF2 (≥ 98% purity) was purchased from BioVision (Mil-
pitas, CA, USA). Antibodies specific to osteopontin (OPN; 
ab8448) and Runx2 (ab23981) were obtained from Abcam 
(Cambridge, UK), while anti-osteocalcin (OCN; BS7961) 
was purchased from Bioworld Technology Inc. (St. Louis 
Park, MN, USA). Fetal bovine serum (FBS) was purchased 
from HyClone Laboratories (Logan, UT, USA). Unless 
specified otherwise, chemicals were purchased from Sigma-
Aldrich Co. LLC (St. Louis, MO, USA), and laboratory con-
sumables were from Falcon Labware (Becton–Dickinson, 
Franklin Lakes, NJ, USA).

Construction of expression vector

p-FGF2 was produced using the RAmy3D promoter in the 
transgenic rice cell suspension culture system as described 
previously [28, 37]. In brief, a sequence including the human 
FGF2 gene harboring the rice 3D amylase signal peptide was 
synthesized using the human FGF2 DNA sequence (NCBI 
accession number NM 002006) via an overlap PCR strat-
egy (Fig. 1a). The shFGF2 DNA sequence was optimized 
based on rice codon usage (http://www.kazus a.or.jp/codon ). 
The shFGF2 gene was cloned into the pGEM-T Easy vector 
(Promega, Madison, WI, USA) and the DNA sequence was 
confirmed by DNA sequence analysis. The shFGF2 gene was 
then amplified by PCR and the resultant 613 bp PCR product 
was introduced into a plant expression vector, pMYN75, 
containing hygromycin phosphotransferase as a selection 

http://www.kazusa.or.jp/codon
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marker for plant transformation and the rice RAmy3D pro-
moter expression system according to the methods described 
previously [38] (Fig. 1b).

Rice transformation and screening of transgenic rice 
cell lines

Rice calli (Oryza sativa L. cv. Dongin) were prepared and 
transformed with shFGF2-pMYN75 using a modifica-
tion of particle bombardment-mediated transformation as 
described previously [39]. The explants were transferred to 
N6 selection medium supplemented with 2,4-dichlorophe-
noxyacetic acid (2 mg/l), sucrose (30 g/l), proline (0.5 g/l), 
glutamine (0.5 g/l), casein enzymatic hydrolysate (0.3 g/l), 
gelite (2 g/l), and hygromycin B (35 mg/l) for selection, and 
then, the explants were transferred onto fresh medium after 
2–3 weeks. Callus resistant to hygromycin B was screened 
for hFGF2 expression by growing in N6 selection medium 

without sucrose for 3 days. The presence of hFGF2 in the 
selected callus was analyzed by PCR using gene-specific 
primers, and rhFGF2 concentration in culture was deter-
mined using a human FGF2-specific ELISA kit (Endogene, 
Woburn, MA, USA) according to the manufacturer’s instruc-
tion. Among the 18 transgenic calli, KF40-14 was selected 
as the optimum cell line for efficient production of rhFGF2 
in N6 medium.

Production and purification of p‑FGF2

The KF40-14-transformed rice callus was cultured at 25°C 
in the dark using a shaking incubator with a rotation speed of 
110 rpm in 1000 ml of medium supplemented with 2 mg/l of 
2,4-dichlorophenoxyacetic acid, 0.02 mg/l of kinetin, and 3% 
sucrose. Inocula (200 ml) were transferred to new media for 
culture and the media were changed every 7 days. To induce 
the expression of hFGF2, N6 medium was removed from the 

Fig. 1  Construction of hFGF2-pMYN75. a Overlap PCR strategy 
for the synthesis of shFGF2. b A schematic diagram of the gene 
construct used in this study. The human basic fibroblast growth fac-
tor (hFGF2) gene harboring the signal peptide of the rice amylase 
3D gene is located between the rice amylase 3D promoter and the 3′ 

untranslated region (3′ UTR). Transferred DNA (T-DNA) of the final 
plasmid is shown. RB T-DNA right border, 3′ UTR  3′ untranslated 
region, du35S CaMV35S promoter with a duplicated enhance region, 
HPT hygromycin phosphotransferase gene, Tnos terminator of nopa-
line synthase, LB T-DNA left border
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suspension culture by aspiration and the cells were trans-
ferred to fresh sucrose-free N6 medium. The supernatant 
(1000 ml) was collected and the proteins were harvested by 
filtration. The rhFGF2 protein was purified by heparin-affin-
ity chromatography, quantified by Bradford protein assay 
(Bio-Rad, Hercules, CA, USA), and identified by sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) and high-performance liquid chromatography. The 
purity of rhFGF2 was greater than 95% (data not shown). 
Purified plant-derived rhFGF2 protein (p-FGF2) was lyophi-
lized (1 mg/vial) and stored at − 70°C before use.

Animals and ethics statement

Male C57BL/6 mice (6 weeks old) were obtained from Ori-
ent Bio (Daejeon, South Korea). All mice were equilibrated 
to the new laboratory environment for 1 week before surgical 
operation. Animals were housed at 22 ± 1°C and 55 ± 5% 
humidity on an auto-cycling 12 h light/dark cycle with free 
access to food and water. This study was carried out in strict 
accordance with the recommendations in the Guide for the 
Animal Care and Use of the Chonbuk National University. 
The study protocol was approved by the Chonbuk National 
University Committee on Ethics in the Care and Use of 
Laboratory Animals (CBU 2012-0039). The consumption of 
food and water and the behavior of the animals were moni-
tored every 12 h per day during the experimental periods.

Establishment of calvarial defect mouse model 
and treatment groups

A critical-sized calvarial defect model was established in 
mice according to previously described methods [32, 40]. 
Mice were assigned randomly to three experimental groups 
(n = 18/group). The mean body weights among the groups 
were similar. Surgical operation was performed on mice (7 

weeks old) to create a circular bone defect (4 mm in diam-
eter) at the middle of the sagittal suture. Defects were loaded 
with an absorbable collagen sponge (ACS; 4 mm diameter 
and 1 mm thickness) (ACS group) or an ACS impregnated 
with 15 μl of Dulbecco’s phosphate buffered saline contain-
ing 5 µg of p-FGF2 (p-FGF2 group) or e-FGF2 (e-FGF2 
group). To analyze the expression patterns of osteogenic 
marker genes, mice in the three experimental groups (n = 3/
group) were sacrificed 2 weeks after surgery and the scaf-
folds implanted into the calvarial defects were collected.

Real‑time reverse transcription‑polymerase chain 
reaction (RT‑PCR) analysis

Total RNA was isolated from the scaffolds and real-time 
reverse transcription-polymerase chain reaction (RT-PCR) 
analysis was performed. Oligonucleotide primers specific 
to osteogenic markers, such as Runx2, osterix, OCN, OPN, 
bone sialoprotein (BSP), and type 1 collagen (Col1A1), were 
designed to amplify products less than 200 bp using Primer 
Express 3.0 (Applied Biosystems, Foster City, CA, USA). 
Primers are listed in Table 1. GAPDH was used as an endog-
enous reference for quantification.

Immunohistochemistry (IHC) and staining analyses

For IHC staining, calvarial bones including the defect 
area were removed from the experimental groups (n = 5/
group) 2 weeks after surgery. IHC staining was performed 
using an ImmunoVectastain ABC kit (Vector Laborato-
ries, Inc., Burlingame, CA, USA) following the manufac-
turer’s instructions. Antibodies specific to Runx2, OCN, 
and OPN were used at 1:200 dilution, and staining of newly 
formed bones was observed under a light microscope (Carl 
Zeiss, Oberkochen, Germany). Mineralization in the calva-
rial defects of the experimental groups (n = 5/group) was 

Table 1  Sequences of PCR 
primers used for real-time PCR

Target GenBank Primer sequences Size (bp)

Col1A1 NM_000083.3 F:
R:

AGT GGT TTG GAT GGT GCC AA
GCA CCA TCA TTT CCA CGA GC

170

Runx2 NM_009820.4 F:
R:

GAG GGA CTA TGG CGT CAA ACA 
GGA TCC CAA AAG AAG CTT TGC 

70

Osterix NM_130458.2 F:
R:

TCA GCC GCC CCG ATC TTC CA
AAT GGG TCC ACC GCG CCA AG

156

OPN NM_009263.1 F:
R:

TGG TGG TGA TCT AGT GGT GCCAA 
CAC CGG GAG GGA GGA GGC AA

148

OCN NM_001037939.1 F:
R:

ACT CCG GCG CTA CCT TGG GT
CCT GCA GTC TAG CCC TCT GC

109

BSP NM_008318.2 F:
R:

AGA CCA GGA GGC GGA GGC AG
TTG GGC AGT TGG AGT GCC GC

123

GAPDH NM_008084.2 F:
R:

GAC GGC CGC ATC TTC TTG T
CAC ACC GAC CTT CAC CAT TTT 

65
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analyzed at 4 weeks after surgery by staining calvarial sec-
tion samples (5 μm thickness/sample) with Masson’s tri-
chrome. In both IHC and Masson’s trichrome staining, at 
least five slices per sample were analyzed.

Bone formation analysis

New bone formation in the defect areas of the experimental 
groups was evaluated by the μCT analysis at 10 week post-
surgery (n = 5/group). All procedures for μCT scanning and 
image analysis followed the methods described elsewhere 
[32, 40]. Briefly, mice were anesthetized by intramuscular 
injection with a mixture of zoletil and rompun, and µCT 
imaging was performed using a SkyScan 1076 microfocus 
X-ray system  (SkyScan®, Kontich, Belgium) with software 
including NRecon  reconstruction®, CTAn 1.8®, and CTvol. 
The X-ray source was set at 100 kV and 100 µA with a 
pixel size of 18 µm, a 1-mm filter, and a tomographic rota-
tion of 360° (rotation step of 0.6°). Various bone-specific 
parameters including bone volume (BV,  mm3), bone volume 
percentage (BV/TV, %), bone surface (BS,  mm2), BS in a 
total tissue volume (BS/TV, 1/mm), structure model index 
(SMI), trabecular thickness (Tb.th, mm), trabecular separa-
tion (Tb.Sp, mm), trabecular number (Tb.N, 1/mm), fractal 
dimension (FD), total porosity (%), and connectivity density 
(Conn.Dn, 1/mm3) were calculated in newly formed bone 
using 3D images reconstructed from the SkyScan NRecon 
Reconstruction package (Data viewer, Bruker-micro CT-
Analyser Ver. 1.13). Bone mineral density (BMD, g/cm3) 
was calculated by converting the attenuation data for volume 
of interest into Hounsfield units and BMD units using phan-
toms (SkyScan) that had a standard density corresponding 
to mouse bone [32].

Biological effects of rhFGF2 in an in vitro cell culture 
system

The effects of p-FGF2 and e-FGF2 on the proliferation and 
osteogenic differentiation of pre-osteoblastic cells were eval-
uated according to the methods described previously [32, 
40]. In brief, MC3T3-E1 cells (ATCC, CRL-2593) were 
cultured in α-Minimum Essential Medium (α-MEM) sup-
plemented with 10% FBS and antibiotics in 100 mm culture 
plates and seeded into 96-multiwell culture plates at a den-
sity of 2 × 103 cells/well. The culture medium was replaced 
with serum-free α-MEM 16 h before exposure to various 
concentrations (0–50 ng/ml) of p-FGF2 or e-FGF2. After 
incubation for 48 h, 10 μl of Cell Counting Kit-8 (CCK-8) 
solution (Dojindo Lab., Kumamoto, Japan) was added to 
each well and absorbance was measured at 450 nm using a 
microplate reader (Molecular Devices, Austin, TX, USA). 
In a separate experiment, MC3T3-E1 cells were seeded 
into 6-well culture plates containing α-MEM supplemented 

with 10% FBS until the cells reached 90% confluence. The 
medium was replaced with α-MEM containing p-FGF2 
(25 ng/ml), e-FGF2 (25 ng/ml), or DAG (100 nM dexameth-
asone, 50 μM ascorbic acid, and 5 mM β-glycerophosphate) 
in the presence of 10% FBS. DAG-treated cells were used as 
a positive control for mineralization. After 7 days of incu-
bation, the expressions of osteogenic marker genes Runx2, 
osterix, OCN, OPN, and Col1A1 were determined by real-
time RT-PCR analysis. Mineralization of the cells was also 
measured by staining cells with 0.2% Alizarin red after 
21 days of incubation.

Statistical analysis

All experiments were performed at least in triplicate, and 
data are presented as mean ± standard error of the mean. 
One-way analysis of variance was used to determine the 
significance of differences among groups using the Statisti-
cal Package for the Social Sciences (SPSS) (version 12.0). 
When one-way ANOVA was significant (p < 0.05), post 
hoc Tukey test was used to determine significant differ-
ences between groups. Student’s t test was used only when 
the significance of differences between two sets of data was 
determined using the SPSS program. A p value < 0.05 was 
considered statistically significant.

Results

Establishment of FGF2 transgenic rice culture lines

To obtain a rice cell line for high production of p-FGF2 
in a transgenic rice cell suspension culture, cDNAs encod-
ing hFGF2 gene with the signal sequence of the rice amyl-
ase 3D gene were introduced into a plant expression vec-
tor, pMYN75, under the control of the RAmy3D promoter 
(Fig. 1b). Integration of the hFGF2 gene was confirmed by 
PCR analysis (data not shown). A total of 18 cell lines were 
selected for further analyses.

Cell line screening and production and purification 
of p‑FGF2 from transgenic rice suspension culture

The production of p-FGF2 in the 18 selected cell lines was 
analyzed using an hFGF2 protein-specific ELISA kit to 
screen for cell lines expressing a high level of p-FGF2. A 
wide variation in the induced p-FGF2 amount was detected 
among the transgenic cell lines. The KF40-2 cell line 
expressed the lowest level of p-FGF2, while the KF40-14 
line showed the highest production of p-FGF2 (Supple-
mental Fig. 1). The KF40-14 cell line was thus selected 
for further analyses. Next, the maximum production phase 
of p-FGF2 was determined by performing a time-course 
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experiment (Supplemental Fig.  2). The expression of 
p-FGF2 was not detected until 7 days into the growth phase. 
After the medium was changed to a sucrose-free new N6 
medium, p-FGF2 concentration in culture medium gradually 
increased in a time-dependent manner. The maximum pro-
duction level of p-FGF2 (28 mg/l) was detected at 13 days 
after culture in sucrose-free N6 culture medium. p-FGF2 
was collected 13 days after the incubation and purified 
before lyophilization. Supplemental Fig. 3 shows the sizes 
of p-FGF2 and e-FGF2 detected by silver staining and West-
ern blotting.

Local delivery of p‑FGF2 increases the expression 
of osteogenic marker genes in newly formed bone 
in a calvarial defect mouse model

We next examined the biological effects of p-FGF2 and 
e-FGF2 to the stimulation of new bone formation using a 
calvarial bone defect mouse model. Supplemental Fig. 4 
shows the procedures for surgery and implantation of ACS 
alone, ACS impregnated with p-FGF2, or ACS impregnated 
with e-FGF2 in the calvarial defects. Total RNA was isolated 
from the ACSs at 2 weeks after surgery and the expression 
levels of osteogenic marker genes were determined. The 
p-FGF2 group showed significantly higher levels of Runx2 

(p < 0.001), osterix (p < 0.01), BSP (p < 0.001), Col1A1 
(p < 0.05), OCN (p < 0.001), and OPN (p < 0.05) compared 
with the ACS group (Fig. 2). Similarly, the e-FGF2 group 
revealed higher expression of these genes in the newly 
formed bone compared to the ACS group. There was no sig-
nificant difference in the increase in osteogenic marker genes 
between the plant- and the E. coli-derived FGF2. To exam-
ine the effects of p-FGF2 on the induction of osteogenic 
proteins, we analyzed the protein levels of Runx2, OPN, and 
OCN in newly formed bone of calvarial defects 2 weeks after 
surgery (Fig. 3a). Similar to the effects on osteogenic marker 
gene expression, local delivery of p-FGF2 induced osteo-
genic marker proteins at the defect site compared with mice 
that only received ACS. Local supplementation with e-FGF2 
also increased the induction of osteogenic proteins to lev-
els similar to those of p-FGF2. The e-FGF2- or p-FGF2-
mediated increases in osteogenic protein induction were 
supported by quantifying the number of cells expressing 
COX-2, TNF-α, and ICAM-1 after IHC staining (Fig. 3b).

Local delivery of p‑FGF2 promotes new bone 
formation in calvarial defects

We examined whether the FGF2-stimulated upregulation in 
the expression of osteogenic marker genes and proteins was 

Fig. 2  Expression of osteoblast-
specific marker genes within the 
defect margin in the experi-
mental groups. Mice underwent 
calvarial defect surgery and 
the defects were loaded with 
absorbable collagen sponge 
(ACS) alone (ACS group) or 
ACS with plant-derived FGF2 
(p-FGF2) protein or E. coli-
derived FGF2 (e-FGF2). Mice 
were sacrificed 2 weeks after 
surgery (n = 3/group) and total 
RNAs were extracted from the 
defect sites. Levels of Runx2, 
osterix, BSP, Col1A1, OCN, 
and OPN were analyzed by 
real-time RT-PCR. *p < 0.05, 
**p < 0.01, and ***p < 0.001 
compared with the ACS group
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coupled with enhanced bone formation in the region of calva-
rial defects. To this end, the scaffolds implanted in calvarial 
defects were isolated 4 weeks after surgery and stained with 
Masson’s trichrome (Fig. 4). The ACS group did not show new 
bone formation in any zone of the defect space, whereas both 
p-FGF2 and e-FGF2 groups showed the induction of mineral-
ized bone in the defect region. The p-FGF2 group tended to 
show formation of thicker and broader trabecules surround-
ing the defect regions compared with the e-FGF2 group. We 
next analyzed the effect of plant- and E. coli-derived FGF2 
on bone formation in calvarial defects through μCT analysis 
at 7 and 10 week post-surgery. The p-FGF2 group showed 
new bone formation in the region of calvarial defects, even at 
7 weeks after surgery, and the p-FGF2-mediated amounts of 
mineralized bone were greater compared to the ACS group 

(data not shown). Similarly, both FGF2 groups had greater 
increases in new bone formation compared with the ACS 
group at 10 weeks after surgery (Fig. 5a). The FGF2-mediated 
enhancement in calvarial bone formation was confirmed by 
3D model construction of the calvarial defect region (Fig. 5b). 
The p-FGF2 and e-FGF2 groups showed significantly greater 
values for bone parameters, including BV, BV/TV, BS, BS/TV, 
Tb.th, Tb.N, FD, Conn.Dn, and BMD compared to the ACS 
group after 10 weeks of surgery (Fig. 5c).

Fig. 3  Induction of osteoblast-
specific marker proteins 
within the defect margin in the 
experimental groups. a Two 
weeks after surgery, the induc-
tion of Runx2, OPN, and OCN 
proteins in the defect areas from 
the ACS, p-FGF2, and e-FGF2 
groups were determined by IHC 
staining (n = 5/group). Results 
are representative of five differ-
ent samples. Bar, 100 μm; Mag-
nification, × 200. b The numbers 
of IHC positive cells specific 
to COX-2, TNF-α, or ICAM-1 
were counted. **p < 0.01 and 
***p < 0.001 compared with the 
ACS group
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p‑FGF2 treatment inhibits proliferation, 
but increases bone‑specific gene expression 
and mineralization in MC3T3‑E1 cells

To further understand the underlying mechanisms by which 
local delivery of growth factors enhances bone formation, 
we explored how exogenous addition of growth factors 
affected the proliferation and mineralization of bone-like 
cells. Cell proliferation assay results showed that 50 ng/ml 
of p-FGF2 or e-FGF2 did not stimulate proliferation, but 
rather inhibited proliferation of MC3T3-E1 cells (Fig. 6a). 
Exogenous addition of p-FGF2 or e-FGF2 (25  ng/ml) 
increased mineralization of the cells, although the num-
ber of cells stained with Alizarin red appeared to be lower 
than that achieved with DAG treatment, the positive control 
(Fig. 6b). Measuring the optical density corresponding to 
Alizarin red dye staining also supported greater mineraliza-
tion in the cells exposed to p-FGF2 or e-FGF2 compared 
to that in the untreated controls (data not shown). We next 
examined the expression levels of Runx2, osterix, OCN, 
OPN, and Col1A1 in MC3T3-E1 cells by real-time RT-PCR 
analysis after 7 days of incubation with p-FGF2 or e-FGF2. 
The levels of Runx2, osterix, OCN, and OPN were signifi-
cantly augmented in the cells treated with DAG (positive 
control), p-FGF2, or e-FGF2 compared with untreated cells 

(Fig. 6c). Among these genes, the level of OPN in the cells 
treated with p-FGF2 or e-FGF2 was significantly higher 
compared with levels in DAG-treated cells. The expression 
of Col1A1 in DAG-treated cells was not changed compared 
to untreated cells, whereas Col1A levels in the cells exposed 
to p-FGF2 or e-FGF2 were significantly lower, compared to 
the untreated cells (p < 0.001).

Discussion

Accumulating evidence suggests that local delivery of 
recombinant therapeutic proteins can enhance the processes 
required for bone and tissue healing [17, 18, 41]. FGF2 

Fig. 4   Masson trichrome 
staining of calvarial defect 
regions in the experimental 
groups. The maturity of newly 
formed bone from the ACS, 
p-FGF2, and e-FGF2 groups 
was evaluated 4 weeks after 
surgery. Upper and lower panels 
show × 25 and × 100 magnified 
images, respectively. Results are 
representative of seven different 
samples. Yellow arrows indicate 
host bone. S collagen sponge, 
N new bone within the defect 
margin

Fig. 5  Constructed slice images of calvarial defects in the experi-
mental groups. Mice were subjected to μCT analysis at 10  week 
post-surgery. Three orthogonal reconstructed slice images (a) and 3D 
model construction (b) of calvarial defect regions are shown. Red cir-
cles indicate the position and dimensions of the 4 mm defect, while 
the yellow color designates newly ossified tissues within the mar-
gin of the defect. Representative results of seven different samples 
from the ACS control and FGF2 groups are shown. c Various bone-
specific parameters, including BV, BV/TV, BS, BS/TV, SMI, Tb.th, 
Tb.Sp, Tb.N, FD, Po.tot, Conn.Dn, and BMD, were also measured 
in the ACS, p-FGF2, and e-FGF2 groups. *p < 0.05, **p < 0.01, and 
***p < 0.001 compared with the ACS group (n = 5)

▸
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promotes the processes required for bone healing by control-
ling multiple cellular events such as mobilization, prolifera-
tion, and differentiation of osteoblast lineages cells [31], as 
well as by upregulating the expression of osteoblast-specific 
marker genes [23, 24]. Numerous studies have demonstrated 
that local administration of FGF2 stimulates osteogenic gene 
expression and bone formation in damaged bones [42–44]. 
These reports strongly support the potentials of FGF2 in 
clinical use for bone reconstruction.

Various heterologous expression systems have been 
developed to produce recombinant proteins, and bacteria 

such as E. coli or Bacillus subtilis are the most common 
expression systems [45, 46]. E. coli provide several benefits 
for the production of recombinant proteins such as low cost 
and low risk of contamination with endotoxin. However, in 
some cases, E. coli systems fail to produce complex proteins 
due to protein incorporation into inclusion bodies, the devel-
opment of disulfide-linked aggregates, and the requirements 
of specific post-translational modifications of the produced 
proteins. The E. coli system is also not completely free from 
contamination with toxins, even if the protein of interest 
is being purified by SDS-PAGE and/or chromatography. 

Fig. 6  Effects of p-FGF2 
and e-FGF2 on proliferation, 
mineralization, and expression 
of osteogenic marker genes in 
MC3T3-E1 cells. a Cells were 
incubated with 5, 25, and 50 ng/
ml of p-FGF2 or e-FGF2, and 
cell proliferation was evaluated 
by CCK-8 assay. **p < 0.01 
compared with untreated control 
cells (n = 5). b, c Cells were also 
incubated in α-MEM contain-
ing 10% FBS alone (negative 
control) or with p-FGF2 (25 ng/
ml), e-FGF2 (25 ng/ml), or 
DAG (positive control). b 
After 21 days of incubation, 
mineralization of the cells was 
measured by staining with 0.2% 
Alizarin red. A representative 
result from three different sam-
ples is shown. c After 7 days of 
incubation, cells were examined 
by real-time RT-PCR analy-
sis. *p < 0.05, **p < 0.01, and 
***p < 0.001 compared with 
untreated control cells;#p < 0.05 
compared to DAG-treated cells 
(n = 5)
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Mammalian cells are another useful system for complex pro-
tein production with post-translational modification, but this 
system can be associated with increased production costs. 
Furthermore, yeast systems show limitations due to the dif-
ference in glycosylation patterns [47]. Transgenic plant cell 
suspension culture system using soybean or rice is a rela-
tively efficient and convenient expression system that can 
overcome the disadvantages encountered with E. coli, mam-
malian cells, or yeast [48–52]. The plant cell-based expres-
sion system is also free from animal pathogens and viruses, 
and can allow for large mass production of recombinant 
proteins in a sterilized- and environmental-controlled bio-
reactor at a relatively low cost compared to E. coli [52–55]. 
In addition, the plant-based expression system uses natural 
protein storage organs and post-translational modification 
patterns similar to that of humans, and recombinant pro-
teins can be isolated from culture supernatants without a 
cell lysis step [52–55]. Furthermore, recombinant human 
proteins produced by the plant cell culture system can be 
preserved in a mature form with more biologically active 
conformation compared to protein produced by E. coli sys-
tems [32]. Of note, FGF2 is a non-glycosylated protein, and 
thus, the activity and bioavailability of FGF2 is independent 
of post-translational modifications.

Minimizing production costs is crucial for the establish-
ment of transgenic plant cell culture systems. According to 
a previous report [56], the production cost to yield a recom-
binant protein using the transgenic plant cell culture system 
is up to 50-fold lower than producing the same amount of 
recombinant protein in a mammalian cell culture system. 
Consequently, this study together with our previous report 
[32] strongly supports the usefulness and efficiency of using 
transgenic rice cell suspension culture systems as bioreactors 
to produce recombinant human growth factors as well as the 
other therapeutic proteins. Furthermore, our study findings 
demonstrate that the bioactivity of the plant-derived FGF2 
is similar to that of E. coli-derived FGF2. This indicates 
that the plant-derived growth factors including FGF2 may 
be clinically useful in treating large- and critical-sized bone 
defects.

Runx2 and osterix tightly regulate osteoblast differentia-
tion and mineralization. These transcription factors bind to 
the promoter regions of osteoblast-specific genes, and con-
trol the expression of downstream osteogenic marker genes 
such as ALP, BSP, OCN, OPN, Col1A1, and osteonectin 
genes [57–59]. Our results showed that local treatment with 
p-FGF2 using ACS enhanced Runx2 and osterix mRNA 
and protein levels with concomitant increases in down-
stream effectors such as BSP, Col1A1, OCN, and OPN in 
the region of calvarial defects, as well as in cultured pre-
osteoblast cells. Collectively, it is likely that determining the 
expression levels of osteoblast-specific markers is the most 
common approach to understand the molecular mechanisms 

by which an interested biomaterial positively affects bone 
formation.

In summary, to the best of our knowledge, we describe 
here the convenient and efficient production of rhFGF2 
in a transgenic rice cell suspension culture with the rice 
α-amylase RAmy3D expression system. Our results indi-
cate the possibility that plant-derived recombinant proteins 
may be useful in clinical approaches for bone regeneration, 
wound healing, and cosmetic treatment. The previous studies 
have demonstrated the synergistic effects of FGF2 in com-
bination with BMPs or other bone-specific biomaterials for 
inducing greater therapeutic effects in clinical than FGF2 
treatment alone [15, 50]. Further studies to verify the bio-
logical effects of p-FGF2 in the combined treatment with 
another biomaterial will be needed.
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