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Abstract: Inductive molecules are critical components for successful bone tissue engineering. Dentin
matrix protein-1 (DMP1), a non-collagenous protein in the bone matrix, has been shown to play roles
in osteogenic differentiation and phosphate homeostasis. This study aimed to produce recombinant
human dentin matrix protein-1 (hDMP1) in Nicotiana benthamiana and investigated the ability of this
plant-produced DMP1 to induce osteogenesis in human periodontal ligament stem cells (hPDLSCs).
The hDMP1 gene was cloned into the geminiviral vector for transient expression in N. benthamiana.
We found that hDMP1 was transiently expressed in N. benthamiana leaves and could be purified
by ammonium sulphate precipitation followed by nickel affinity chromatography. The effects of
hDMP1 on the induction of cell proliferation and osteogenic differentiation were investigated. The
results indicated that plant-produced hDMP1 could induce the cell proliferation of hPDLSCs and
increase the expression levels of osteogenic genes, including osterix (OSX), type I collagen (COL1),
bone morphogenetic protein-2 (BMP2), and Wnt3a. Moreover, the plant-produced hDMP1 promoted
calcium deposition in hPDLSCs as determined by alizarin red S staining. In conclusion, our results
indicated that plant-produced hDMP1 could induce osteogenic differentiation in hPDLSCs and could
potentially be used as a bone inducer in bone tissue engineering.

Keywords: human dentin matrix protein-1 (hDMP1); Nicotiana benthamiana; plant-produced
recombinant protein; molecular pharming; transient expression; osteogenic differentiation

1. Introduction

Tissue engineering is one of the clinical therapeutic strategies used to address bone defects.
Currently, methods to promote regeneration after bone damage involve the use of bone grafts
(autologous or allogeneic) or polymeric bone scaffolds [1]. However, these approaches still have some
limitations, such as disease transmission, high cost, and the inability to incorporate into the surrounding
host tissue [2]. Therefore, approaches that seek to overcome these limitations are necessary. The use of
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biomolecules, such as matrix proteins or growth factors that show osteogenic differentiation potential,
can induce the appropriate signaling pathways to promote bone regeneration [3]. In scaffold-based
tissue engineering, a suitable surface to promote bone cell adhesion and differentiation could enhance
the success of bone regeneration. It has been shown that some extracellular matrix (ECM) proteins,
such as collagen I and laminin-5, can stimulate osteogenic differentiation of mesenchymal stem cells
by MAPK activation [4,5]. Dentin matrix protein 1 ( DMP1) is a component of the bone matrix that
plays a role in bone development [6]. Moreover, DMP1 contains an RGD sequence in its structure that
supports cell adhesion via integrins [7]. Therefore, dentin matrix protein 1 (DMP1) is a good candidate
for inducing bone differentiation.

DMP1 is a non-collagenous ECM component that has acidic properties. DMP1 plays a critical role
in osteogenic differentiation and phosphate homeostasis in osteoblast/osteocyte lineage cells [8–11].
Recombinant DMP1 protein has been produced in Escherichia coli, yeast, insect, and mammalian
cells. In our study, we aimed to develop recombinant DMP1 protein in plants. Plants have several
advantages over other systems, such as post-translational modifications, low production cost, and
scalability [12]. In addition, adventitious agents are absent in plants. Therefore, using a plant platform
can decrease the risk of pathogen contamination [13]. Several plants, such as alfalfa, soybean, lettuce,
potato, spinach, Arabidopsis, and tobacco, have been used to produce recombinant proteins [12–15].
Among these plants, tobacco has several benefits, such as well-established transformation protocols,
high biomass, scale-up capacity, its role as a non-food crop, prolific seed production, and year-round
growth. Nicotiana benthamiana is a common species of tobacco that is used in transient expression
studies [16].

In this study, we produced the recombinant protein human dentin matrix protein 1 (hDMP1) in N.
benthamiana and tested the effect of this protein on the proliferation, osteogenic differentiation, and
calcification deposition of human periodontal ligament stem cells (hPDLSCs) Based on these results,
plant-produced hDMP1 is a promising candidate for a signaling molecule in tissue engineering.

2. Results

2.1. Optimized Expression of Human Dentin Matrix Protein 1 (hDMP1) in N. benthamiana

The hDMP1 gene was optimized in silico with an N. benthamiana-optimized codon, cloned into
geminiviral vectors (Figure 1) and expressed in N. benthamiana leaves. The plasmid was introduced
to Agrobacterium tumefaciens strain GV3101 and infiltrated into N. benthamiana leaves. After that, the
hDMP1 protein in plant extracts was detected by Western blot analysis using anti-His and anti-DMP1
antisera (Figure 2). The enzyme-linked immunosorbent assay (ELISA) result showed that the highest
expression level of hDMP1 in N. benthamiana leaves occurred on day two post-infiltration with OD600

Agrobacterium 0.4. at the amount of 0.3 µg/g fresh weight. The hDMP1 protein was purified by
ammonium sulphate precipitation followed by Ni affinity column.

Figure 1. Schematic representation of the T-DNA regions in the geminiviral vector used in this study;
35S: cauliflower mosaic virus 35S promoter; hDMP1: human dentin matrix protein 1 gene with 8X
histidine residues at the C-terminus; Est 3’ FL: expressed sequence tags-full length at the 3’ end of
transcription; Rb 7: tobacco RB7 promoter; C2/C1: bean yellow dwarf virus (BeYDV) ORFs C1 and
C2, which encode the replication initiation protein (Rep) and RepA; LIR: long intergenic region of the
BeYDV genome; SIR: short intergenic region of the BeYDV genome; P19: P19 gene from tomato bushy
stunt virus (TBSV); LB: the left border, RB: the right border.
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Figure 2. The expression of human dentin matrix protein-1 (hDMP1) in Nicotiana benthamiana. Western
blot was probed with anti-His antibody (A) or anti-human DMP1 antibody (B). Lane 1: non-infiltrated
plant crude extract; Lane 2: infiltrated crude extract. (C) The coomassie staining of plant crude
extract and purified hDMP1. M: protein marker; T: total soluble protein from infiltrated plant; P:
purified hDMP1.

2.2. Effect of hDMP1 on Cell Proliferation

The effect of plant-produced hDMP1 on cell proliferation was examined by MTT assays, and
the results are shown in Figure 3. Human periodontal ligament stem cells (hPDLSCs) were seeded
on culture plates coated with 2 µg/mL plant-produced hDMP1, 2 µg/mL commercial hDMP1 (R&D
Systems, USA), or non-infiltrated plant extract. The non-coated wells were used as the negative
control. Both plant-produced hDMP1 and commercial DMP1 significantly increased the proliferation
of hPDLSCs compared to those on the non-coated and plant-extract-coated surfaces.
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Figure 3. Effect of hDMP1 on human periodontal ligament stem cell (hPDLSC) proliferation. Three
lines of hPDLSCs were collected from three different donors. The hPDLSCs were cultured on plates
coated with 2 µg/mL of plant-produced hDMP1, commercial hDMP1, or non-infiltrated plant extract
and a non-coated plate for 24 and 72 h before the MTT assay was performed. Data represent the
absorbance at 570 nm. (*** indicates a significant difference compared to the cells growing on the
non-coated plate, ***: p < 0.001).

2.3. Plant-Produced hDMP1 Activates Osteogenesis-Related Genes

The expression levels of osteogenic genes, including osterix (OSX), type I collagen (COL1), bone
morphogenetic protein-2 (BMP2), and Wnt3a, were examined using real-time PCR. Human periodontal
ligament stem cells (hPDLSCs) were cultured on culture plates coated with 2 µg/mL plant-produced
hDMP1, commercial hDMP1 (R&D Systems, USA), or plant extract and non-coated plates for three
days. The mRNA was extracted and subjected to RT-PCR analysis to examine the BMP2, WNT3a, OSX,
and COL1 gene expression. Figure 4 shows the expression levels of these genes compared to those
from cells cultured on the non-coated surface or the surface coated with plant extract. The results
indicated that both commercial and plant-produced DMP1 proteins could significantly induce the
expression of the BMP2, WNT3a, OSX, and COL1 genes.
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Figure 4. Plant-produced DMP1 increased the mRNA expression of osteogenic-genes. Four lines of the
hPDLSCs were collected from three different donors. The hPDLSCs were cultured on plates coated
with plant-produced hDMP1, commercial hDMP1, and plant extract and non-coated plates for 3 days.
The mRNA was extracted, and RT-PCR was performed to analyze the expression of BMP2 (A), WNT3a
(B), OSX (C), and COL1 (D). The hPDLSCs from four different donors were treated with 2 µg/mL
plant-produced hDMP1, commercial hDMP1 (R&D Systems, Minneapolis, MN, USA), or plant extract,
or grown on a non-coated plate. (* indicates a significant difference compared to the cells growing on a
non-coated plate, *: p < 0.05, **: p < 0.01, ***: p < 0.001 and ****: p < 0.0001).

2.4. Plant-Produced hDMP1 Activates Calcification

The effect of plant-produced DMP1 on the in vitro calcification was examined. Cells were cultured
on the surface coated with either commercial or plant-produced hDMP1 in osteogenic medium (OM).
The culture in normal growth medium (GM) was used as a negative control. The results showed that
hPDLSCs cultured on uncoated culture vessels in the OM, but not the GM, for 14 days displayed
calcium deposition or in vitro calcification, which could be seen as positive alizarin red S staining
(Figure 5A). Interestingly, in cells that were cultured on both commercial DMP1 or plant-produced
hDMP1, enhanced in vitro calcification was observed (Figure 5A). Quantitative analysis from triplicate
cultures using cells from three different donors is shown as a graph in Figure 5B. The results confirmed
that plant-produced hDMP1 significantly induced in vitro calcification in hPDLSCs.
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Figure 5. Calcification assay of the hPDLSCs. The cells were treated with 2 µg/mL plant-produced
hDMP1 and commercial hDMP1 and then cultured in osteogenic medium (OM) and general medium
(GM) as a control for 14 days. The findings show that plant-produced hDMP1 at 2 µg/mL could
increase the calcification in the hPDLSCs (A), which was confirmed by quantification of Alizarin red S
staining (B).

3. Discussion

Among several recombinant protein production platforms, plants have become an attractive
option due to various advantages, such as low production costs, the lack of human and animal
pathogens, post-translational modification, and scalability [17]. Plants have been used to produce
a variety of recombinant proteins, such as monoclonal antibodies, vaccines, therapeutic proteins,
enzymes, etc. [18–21].

Previous studies have demonstrated the production of recombinant DMP1 in E. coli and wheat
germ [22–24]. However, the expression level of this protein in a different host varies. In this study,
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recombinant human dentin matrix protein-1 (hDMP1) was transiently expressed in N. benthamiana
leaves. We optimized the expression of hDMP1 in plants, and the protein was expressed rapidly.
The highest expression was detected on day two post-infiltration with Agrobacterium. The expected
size of full-length DMP1 is approximately 55 kDa without any post-translational modifications [25].
Previous studies have demonstrated the dimerization of the DMP1 protein, resulting in a size of
approximately 100 kDa [22]. The expression of recombinant hDMP1 with a histidine tag in crude
protein was confirmed by probing with anti-histidine and anti-hDMP1 antibodies and was detected
at approximately 100 kDa under reducing conditions (Figure 2). This finding confirms the extensive
dimerization of plant-produced DMP1. However, previous studies have reported that modification of
rat DMP1 could increase the size of this molecule to 160–210 kDa, as indicated by immunoblotting
analysis with anti-DMP1 antibody [26]. In addition, mouse DMP1 was analyzed via Western blots using
an anti-mouse DMP1 antibody and showed a size of 130–150 kDa. Subsequently, recombinant mouse
DMP1 expressed in wheat germ or E. coli had a size of approximately 110 kDa [24]. Post-translational
modifications might cause the different molecular weights of DMP1 proteins from different sources,
which might increase the molecular weights of the proteins [24].

After Ni affinity chromatography, purified hDMP1 was tested for its effect on the proliferation of
human periodontal ligament stem cells (hPDLSCs) by MTT assays. We performed the MTT assays at
24 and 72 h. In all studies, we compared plant-produced hDMP1 with commercial hDMP1 produced
in a mouse myeloma cell line (R&D Systems, USA). The results showed that both types of proteins
could significantly increase the number of hPDLSCs cells at both time points, which also indicated
that the plant-produced proteins were not cytotoxic. However, hPDLSCs treated with plant-produced
hDMP1 showed the highest survival rate (Figure 3).

DMP1 is expressed in osteoblasts and odontoblasts [8,27,28]. DMP1 was shown to activate the
transcription of osteoblast and odontoblast gene markers, such as runt-related transcription factor 2
(Runx2), in the nucleus [27,28]. Consistent with these reports, the results from this study also showed
that DMP-1 could induce osterix (OSX), a key transcription factor for osteogenic differentiation, as well
as COL-I (type I Collagen), the major component of bone and dentin matrix (Figure 4). We also found
that DMP-1 could induce the expression of BMP2 and Wnt3a, two signaling molecules involved in
the regulation of osteogenic differentiation of hPDLSCs (Figure 4). Human periodontal ligament cells
have been shown to possess mesenchymal stem cell characteristics and play important roles in the
repair and regeneration of periodontal tissue, including alveolar bone [29,30]. The inductive effects
of the plant-produced DMP1 were comparable to the effects of commercial hDMP1 produced in a
mouse myeloma cell line (R&D Systems, USA), supporting the concept that plant-produced protein
can influence cellular behavior similar to the protein produced from mammalian cells.

Moreover, our results showed that N. benthamiana-produced hDMP1 resulted in higher levels of
calcium deposition than commercial hDMP1 (Figure 5). These results not only confirmed the inductive
effect of DMP-1 but also indicated the potential of N. benthamiana-produced hDMP1 as a new candidate
for tissue engineering via induction of osteogenic differentiation.

The results from this study showed that hDMP1 was successfully produced in N. benthamiana
and could induce osteoblast differentiation. However, this study did not describe the detailed
mechanisms. The molecular mechanism of recombinant hDMP1 in osteogenic differentiation is unclear.
Overall, our study demonstrated that plant-produced hDMP1 could induce proliferation, osteogenic
differentiation, and calcium deposition of hPDLSCs. The plant platform has the potential to produce
recombinant proteins for developing tissue engineering technology in the future.

4. Materials and Methods

4.1. Construction of pBYR2e-hDMP1

The plant-optimized DNA sequence encoding human DMP1 was based on a previous study [22].
The gene encoding hDMP1 with 8xHis was inserted into the geminiviral expression vector pBYR2e [31]
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by using the XbaI and SacI restriction enzyme (New England BioLabs, Ipswich, MA, USA).
The pBYR2e-DMP1 vector (Figure 1) was transformed into E. coli DH10B by using the heat shock
method. The selected colonies were analyzed by colony PCR and cultured in Luria Bertani (LB)
media (HiMedia Laboratories, Mumbai, India) with 100 mg/mL ampicillin (ITW Reagents, Darmstadt,
Germany) at 37 ◦C overnight.

4.2. Expression of hDMP1 in N. benthamiana

pBYR2e-hDMP1 was transformed into A. tumefaciens GV3101 by electroporation. The colonies
that contained gene insertions were verified via PCR. Then, the bacteria were grown in LB media
supplemented with 50 µg/mL kanamycin (Bio Basic, Markham, ON, Canada), 50 µg/mL gentamicin
(ITW Reagents, Darmstadt, Germany) and 50 µg/mL rifampicin (Thermo Fisher Scientific, Waltham,
MA, USA) overnight at 28 ◦C. Briefly, after centrifugation (15 min at 4000× g), pelleted bacteria were
collected and resuspended in infiltration buffer (100 mM 2-(N-morpholino) ethanesulfonic acid (MES)
and 100 mM MgSO4, pH 5.5). The solution was used for infiltrating N. benthamiana (6–8-week-old)
leaves. To optimize the expression level of hDMP1 in N. benthamiana, different concentrations of
Agrobacterium (OD600 0.1, 0.2, 0.3, 0.4, 0.5 and 1.0) were infiltrated, and the leaves were harvested on
days 1, 2, 3, 4, and 5 post-infiltration.

4.3. Purification of hDMP1

The N. benthamiana leaves were extracted with extraction buffer (20 mM Tris pH 7.4, 50 mM NaCl,
and 5 mM imidazole) and then centrifuged at 26,000 rpm for 30 min. RuBisCO was removed from the
protein extract via ammonium sulphate precipitation. Ammonium sulphate was added to the solution
to 35% saturation, stirred for 30 min on ice, and then centrifuged at 4000 g for 30 min. The supernatant
was added to 80% ammonium sulphate saturation, stirred for 30 min and centrifuged at 4000× g for
30 min. Then, the pellet was resuspended with extraction buffer and filtered by using a 0.45 µm syringe
filter (Merck, Cork, Ireland). The sample was loaded onto a Ni-NTA affinity column (Qiagen Gmbh,
Hilden, Germany). Further, the column was washed with washing buffer (20 mM Tris pH 7.4, 50 mM
NaCl, and 20 mM imidazole) and eluted with elution buffer (20 mM Tris pH 7.4, 50 mM NaCl, and
250 mM imidazole).

4.4. SDS PAGE and Western Blot

The samples were suspended in 10X reducing SDS loading dye buffer (125 mM Tris HCl, 12%
SDS, 10% glycerol, 22% β-mercaptoethanol, 0.001% bromophenol blue, pH 6.8). The proteins were
separated by using 10% SDS-PAGE and detected by coomassie staining and Western blot analysis.
The gel was subsequently stained with Coomassie Brilliant Blue R250 (ITW Reagents, Darmstadt,
Germany) solution (in methanol: H2O (1:1)) overnight. The gel was transferred into a nitrocellulose
membrane (Thermo Fisher Scientific, Waltham, MA, USA). Then, the membrane was probed with
HRP-conjugated goat anti-His antibodies (Abcam, Cambridge, UK) and rabbit anti-human DMP1
antibodies (Abcam, Cambridge, UK) diluted at 1:5000 in 3% skim milk in 1×TBS and HRP-conjugated
goat anti-rabbit IgG antibodies (Jackson ImmunoResearch, USA) diluted at 1:5000 in 3% skim milk in
1×TBS. The protein band was detected with an enhanced chemiluminescence (ECL) (GE Healthcare
Life Sciences, Pittsburgh, PA, USA) reagent.

4.5. DMP1 Quantification by Enzyme-Linked Immunosorbent Assays

The DMP1 protein was quantified by enzyme-linked immunosorbent assays (ELISAs).
The procedure was based on the manual of the hDMP1 ELISA Kit (Thermo Fisher Scientific, Waltham,
MA, USA).
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4.6. Cell Culture

Periodontal ligament cells were established from periodontal ligament tissue obtained from
impacted lower molar extracted for orthodontic reasons at the Department of Surgery, Faculty of
Dentistry, Chulalongkorn University. This study was approved by the human subject ethics board
of the Faculty of Dentistry, Chulalongkorn University and was conducted following the Helsinki
Declaration of 1975, as revised in 2013. Human periodontal ligament stem cells (hPDLSCs) were
isolated and cultured according to previous reports [32]. In brief, the periodontal ligament was scraped
from the middle of the root and placed in a culture vessel for 3–4 weeks in high glucose-Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% foetal bovine serum, 1% L-glutamine (2 mM),
penicillin (100 U/mL), streptomycin (100 mg/mL), and amphotericin B (5 mg/mL). The cells were
maintained in a humidified atmosphere of 5% CO2 at 37 ◦C. After the cells reached confluency, they
were detached with 0.25% trypsin-EDTA and subcultured at a ratio of 1:3. Cells from the third to the
fifth passages were used in the experiments.

4.7. The DMP1 Coating Protocol

The wells were coated with dopamine for 6 h. Next, the cells were washed with PBS buffer and
coated with plant-produced hDMP1 (2 µg/mL) and commercial hDMP1 (2 µg/mL) overnight. Then,
as many as 50,000 hPDLSCs were seeded into each well. The hPDLSCs were incubated.

4.8. Cell Proliferation Assay

Proliferation analyses were performed to determine the cell vitality using MTT assays
(3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide) (USB Corporation, Cleveland, OH,
USA). The hPDLSCs were collected from three different donors. Each well (24-well plate) was
seeded with 50,000 cells. The hPDLSCs were cultured on N. benthamiana-produced hDMP1 (2 µg/mL),
commercial hDMP1 (2 µg/mL) (R&D Systems, USA), and WT (1 µg/mL) for 24 and 72 h. Then,
as much as 500 µL of MTT reagent with a concentration of 0.5 mg/mL was added to every well and
incubated at 37 ◦C for 30 min. Elution with 500 µL of glycine buffer (pH 10, 100 mM NaCl and 100 mM
glycine: DMSO (1:9)) was performed. The absorbance was measured using a spectrophotometer at a
wavelength of 570 nm on a universal microplate reader (Bio-Tek Instruments, Inc., Winooski, VT, USA).
All experiments were performed in triplicate. Statistical analysis was performed using GraphPad 7
and one-way ANOVA.

4.9. Real-Time PCR (RT-PCR) Analysis

The hPDLSCs were cultured on the plates with N. benthamiana-produced hDMP1 (2 µg/mL)
and commercial hDMP1 (2 µg/mL) (R&D Systems, Minneapolis, MN, USA) for 3 days of incubation.
The mRNA of hPDLSCs was extracted and used to generate cDNA by using a reverse transcriptase kit
(Promega, Madison, WI, USA). The RT-PCR analysis was performed on a Light Cycler Nano system
(Roche Applied Science, Indianapolis, IN, USA) with Fast Start Essential DNA Green Master (Roche
Applied Science, Penzberg, Germany). The primers for (Table 1) OPN, OSX, BMP2, and WNT3a
were used for this experiment. The RT-PCR conditions were as follows: denaturation at 94 ◦C for
10 min, annealing at 60 ◦C for 10 sec, and extension at 72 ◦C for 10 sec for 45 cycles. The experiments
were performed with four replicates. Statistical analysis was performed using Graph Pad 7 and
one-way ANOVA.
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Table 1. Primer sequences for gene expression analysis using RT-PCR.

Gene Sequence Reference

OSX F; 5′ GCCAGAAGCTGTGAAACCTC 3′

R; 5′ GCTGCAAGCTCTCCATAACC 3′ NM-001300837.1

OPN F; 5′ AGGAGGAGGCAGAGCACA 3′

R; 5′ CTGGTATGGCACAGGTGATG 3′ NM-001040060.1

BMP2 F; 5′ CTCAGCGAGTTTGAGTTGAGG 3′

R; 5′ GGTACAGGTCGAGCATATAGGG 3′ NM-017178.1

WNT3a F; 5′ CTGTTGGGCCACAGTATTCC 3′

R; 5′ GGGCATGATCTCCACGTAGT 3′ NM-033131.3

4.10. Calcium Deposition

The plant-produced hDMP1 (2 µg/mL), commercial-hDMP1 (2 µg/mL) (R&D Systems, USA),
and WT were incubated in the wells overnight. Then, hPDLSCs were seeded at 50,000 cells per
well in serum-free medium (SFM) and incubated for 6 h. Furthermore, the media were changed to
osteogenic medium (10% DMEM supplemented with 100 nM dexamethasone, (50 mg/mL) ascorbic
acid, and 10 mM b-glycerophosphate) and general medium (10% DMEM, 10% FBS, 1% GlutaMAX,
1% antibiotic-antimitotic) as a control and then incubated for 14 days. Next, phosphate-buffered
saline (PBS) was used for washing the cells, and then, they were fixed with cold methanol for 10 min.
Eventually, staining was performed using 1% alizarin red S solution (Sigma-Aldrich, St. Louis, MO,
USA) followed by a wash with deionized water, and then, the samples were dried at room temperature.
Finally, quantification was performed with 10% cetylperidium chloride in aqueous 10 mM sodium
phosphate solution at pH 7, and then, the absorbance was measured on a microplate reader at 570 nm.

5. Conclusions

The hDMP1 protein can transiently be expressed in N. benthamiana leaves. The highest level of
hDMP1 was obtained at two days after infiltration and OD600 0.4. The plant-produced hDMP1 not
only significantly induces the osteogenic genes OSX, COL1, BMP2, and WNT3a but also stimulates
calcium deposition in hPDLSCs.

Author Contributions: P.P. and W.P. conceived designed the experiments; A.R.A., P.K., N.K., and K.R. performed
the experiments and analyzed the data; A.R.A., P.P., and W.P. wrote the paper.

Funding: This study was supported by THAILAND RESEARCH FUND (MRG5980087 and IRN59W0001), THE
CHULALONGKORN ACADEMIC ADVANCEMENT Its 2nd CENTURY PROJECT and the 90th-ANNIVERSARY
RESEARCH SCHOLARSHIP batch 43.

Acknowledgments: Aktsar Roskiana Ahmad was supported by Asean scholarship, Chulalongkorn University.
Kaewta Rattanapisit was supported by the Ratchadaphiseksomphot Fund, Chulalongkorn University for the
Postdoctoral Fellowship.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Chen, F.M.; Liu, X. Advancing biomaterials of human origin for tissue engineering. Prog. Polym. Sci. 2016,
53, 86–168. [CrossRef] [PubMed]

2. Kanczler, J.M.; Oreffo, R.O. Osteogenesis and angiogenesis: The potential for engineering bone. Eur. Cells
Mater. 2008, 15, 100–114. [CrossRef] [PubMed]

3. Fernandez-Yague, M.A.; Abbah, S.A.; McNamara, L.; Zeugolis, D.I.; Pandit, A.; Biggs, M.J. Biomimetic
approaches in bone tissue engineering: Integrating biological and physicomechanical strategies. Adv. Drug
Deliv. Rev. 2015, 84, 1–29. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.progpolymsci.2015.02.004
http://www.ncbi.nlm.nih.gov/pubmed/27022202
http://dx.doi.org/10.22203/eCM.v015a08
http://www.ncbi.nlm.nih.gov/pubmed/18454418
http://dx.doi.org/10.1016/j.addr.2014.09.005
http://www.ncbi.nlm.nih.gov/pubmed/25236302


Plants 2019, 8, 566 11 of 12

4. Klees, R.F.; Salasznyk, R.M.; Kingsley, K.; Williams, W.A.; Boskey, A.; Plopper, G.E. Laminin-5 induces
osteogenic gene expression in human mesenchymal stem cells through an ERK-dependent pathway.
Mol. Biol. Cell 2005, 16, 881–890. [CrossRef]

5. Kundu, A.K.; Putnam, A.J. Vitronectin and collagen I differentially regulate osteogenesis in mesenchymal
stem cells. Biochem. Biophys. Res. Commun. 2006, 347, 347–357. [CrossRef]

6. Lu, Y.; Yuan, B.; Qin, C.; Cao, Z.; Xie, Y.; Dallas, S.L.; McKee, M.D.; Drezner, M.K.; Bonewald, L.F.; Feng, J.Q.
The biological function of DMP-1 in osteocyte maturation is mediated by its 57-kDa C-terminal fragment.
J. Bone Miner. Res. 2011, 26, 331–340. [CrossRef]

7. Jain, A.; Karadag, A.; Fohr, B.; Fisher, L.W.; Fedarko, N.S. Three SIBLINGs (small integrin-binding
ligand, N-linked glycoproteins) enhance factor H’s cofactor activity enabling MCP-like cellular evasion of
complement-mediated attack. J. Biol. Chem. 2002, 277, 13700–13708. [CrossRef]

8. Feng, J.Q.; Ward, L.M.; Liu, S.; Lu, Y.; Xie, Y.; Yuan, B.; Yu, X.; Rauch, F.; Davis, S.I.; Zhang, S.; et al. Loss of
DMP1 causes rickets and osteomalacia and identifies a role for osteocytes in mineral metabolism. Nat. Genet.
2006, 38, 1310–1315. [CrossRef]

9. Kulkarni, G.V.; Chen, B.; Malone, J.P.; Narayanan, A.S.; George, A. Promotion of selective cell attachment by
the RGD sequence in dentine matrix protein 1. Arch. Oral Biol. 2000, 45, 475–484. [CrossRef]

10. Qin, C.; D’Souza, R.; Feng, J.Q. Dentin matrix protein 1 (DMP1): New and important roles for
biomineralization and phosphate homeostasis. J. Dent. Res. 2007, 86, 1134–1141. [CrossRef]

11. Zhang, S.; Wan, H.; Wang, P.; Liu, M.; Li, G.; Zhang, C.; Sun, Y. Extracellular matrix protein DMP1 suppresses
osteogenic differentiation of Mesenchymal Stem Cells. Biochem. Biophys. Res. Commun. 2018, 501, 968–973.
[CrossRef] [PubMed]

12. Santos, R.B.; Abranches, R.; Fischer, R.; Sack, M.; Holland, T. Putting the Spotlight Back on Plant Suspension
Cultures. Front. Plant Sci. 2016, 7, 297. [CrossRef] [PubMed]

13. Gerasimova, S.V.; Smirnova, O.G.; Kochetov, A.V.; Shumnyi, V.K. Production of recombinant proteins in
plant cells. Russ. J. Plant Physiol. 2016, 63, 26–37. [CrossRef]

14. Cao, D.V.; Pamplona, R.S.; Kim, J.; Oh, Y.K.; Cho, S.K.; Ahn, J.; Yang, S.W.; Riu, K.Z.; Boo, K.H. Optimization
of Agrobacterium-mediated transient expression of heterologous genes in spinach. Plant Biotechnol. Rep.
2017, 11, 397–405. [CrossRef]

15. Chen, Q.; Dent, M.; Hurtado, J.; Stahnke, J.; McNulty, A.; Leuzinger, K.; Lai, H. Transient protein expression
by agroinfiltration in lettuce. In Recombinant Proteins from Plants; Humana Press: New York, NY, USA, 2016;
pp. 55–67.

16. Sun, Y.; Weng, Y.; Zhang, C.; Liu, Y.; Kang, C.; Liu, Z.; Jing, B.; Zhang, Q.; Wang, Z. Glycosylation of Dentin
Matrix Protein 1 is critical for osteogenesis. Sci. Rep. 2015, 5, 17518. [CrossRef]

17. Demain, A.L.; Vaishnav, P. Production of recombinant proteins by microbes and higher organisms.
Biotechnol. Adv. 2009, 27, 297–306. [CrossRef]

18. Cooper, C.A.; Maga, E.A.; Murray, J.D. Production of human lactoferrin and lysozyme in the milk of
transgenic dairy animals: Past, present, and future. Transgenic Res. 2015, 24, 605–614. [CrossRef]

19. Phoolcharoen, W.; Prehaud, C.; van Dolleweerd, C.J.; Both, L.; da Costa, A.; Lafon, M.; Ma, J.K.C. Enhanced
transport of plant-produced rabies single-chain antibody-RVG peptide fusion protein across an in cellulo
blood-brain barrier device. Plant Biotechnol. J. 2017, 15, 1331–1339. [CrossRef]

20. Rattanapisit, K.; Abdulheem, S.; Chaikeawkaew, D.; Kubera, A.; Mason, H.S.; Ma, J.K.; Pavasant, P.;
Phoolcharoen, W. Recombinant human osteopontin expressed in Nicotiana benthamiana stimulates
osteogenesis related genes in human periodontal ligament cells. Sci. Rep. 2017, 7, 17358. [CrossRef]

21. Rattanapisit, K.; Srijangwad, A.; Chuanasa, T.; Sukrong, S.; Tantituvanont, A.; Mason, H.S.; Nilubol, D.;
Phoolcharoen, W. Rapid Transient Production of a Monoclonal Antibody Neutralizing the Porcine Epidemic
Diarrhea Virus (PEDV) in Nicotiana benthamiana and Lactuca sativa. Planta Med. 2017, 83, 1412–1419.
[CrossRef]

22. Ahmad, A.R.; Kaewpungsup, P.; Khorattanakulchai, N.; Rattanapisit, K.; Pavasant, P.; Phoolcharoen, W.
Recombinant human dentin matrix protein 1 (DMP1) induces the osteogenic differentiation of human
periodontal ligament cells. Biotechnol. Rep. 2019, 23, e00348. [CrossRef] [PubMed]

23. Srinivasan, R.; Chen, B.; Gorski, J.P.; George, A. Recombinant expression and characterization of dentin
matrix protein 1. Connect. Tissue Res. 1999, 40, 251–258. [CrossRef] [PubMed]

http://dx.doi.org/10.1091/mbc.e04-08-0695
http://dx.doi.org/10.1016/j.bbrc.2006.06.110
http://dx.doi.org/10.1002/jbmr.226
http://dx.doi.org/10.1074/jbc.M110757200
http://dx.doi.org/10.1038/ng1905
http://dx.doi.org/10.1016/S0003-9969(00)00010-8
http://dx.doi.org/10.1177/154405910708601202
http://dx.doi.org/10.1016/j.bbrc.2018.05.092
http://www.ncbi.nlm.nih.gov/pubmed/29775615
http://dx.doi.org/10.3389/fpls.2016.00297
http://www.ncbi.nlm.nih.gov/pubmed/27014320
http://dx.doi.org/10.1134/S1021443716010076
http://dx.doi.org/10.1007/s11816-017-0457-4
http://dx.doi.org/10.1038/srep17518
http://dx.doi.org/10.1016/j.biotechadv.2009.01.008
http://dx.doi.org/10.1007/s11248-015-9885-5
http://dx.doi.org/10.1111/pbi.12719
http://dx.doi.org/10.1038/s41598-017-17666-7
http://dx.doi.org/10.1055/s-0043-112344
http://dx.doi.org/10.1016/j.btre.2019.e00348
http://www.ncbi.nlm.nih.gov/pubmed/31193885
http://dx.doi.org/10.3109/03008209909000703
http://www.ncbi.nlm.nih.gov/pubmed/10757113


Plants 2019, 8, 566 12 of 12

24. Terasawa, M.; Shimokawa, R.; Terashima, T.; Ohya, K.; Takagi, Y.; Shimokawa, H. Expression of dentin matrix
protein 1 (DMP1) in nonmineralized tissues. J. Bone Miner. Metab. 2004, 22, 430–438. [CrossRef] [PubMed]

25. George, A.; Sabsay, B.; Simonian, P.A.; Veis, A. Characterization of a novel dentin matrix acidic phosphoprotein.
Implications for induction of biomineralization. J. Biol. Chem. 1993, 268, 12624–12630. [PubMed]

26. Butler, W.T.; Brunn, J.C.; Qin, C. Dentin Extracellular Matrix (ECM) Proteins: Comparison to Bone ECM and
Contribution to Dynamics of Dentinogenesis. Connect. Tissue Res. 2003, 44, 171–178. [CrossRef] [PubMed]

27. Eapen, A.; Sundivakkam, P.; Song, Y.; Ravindran, S.; Ramachandran, A.; Tiruppathi, C.; George, A.
Calcium-mediated stress kinase activation by DMP1 promotes osteoblast differentiation. J. Biol. Chem. 2010,
285, 36339–36351. [CrossRef] [PubMed]

28. Tabatabaei, F.S.; Ai, J.; Kashi, T.S.J.; Khazaei, M.; Kajbafzadeh, A.M.; Ghanbari, Z. Effect of dentine
matrix proteins on human endometrial adult stem-like cells: In vitro regeneration of odontoblasts cells.
Arch. Oral Biol. 2013, 58, 871–879. [CrossRef]

29. Carter, S.S.D.; Costa, P.F.; Vaquette, C.; Ivanovski, S.; Hutmacher, D.W.; Malda, J. Additive Biomanufacturing:
An Advanced Approach for Periodontal Tissue Regeneration. Ann. Biomed. Eng. 2017, 45, 12–22. [CrossRef]

30. Li, Z.; Jiang, C.M.; An, S.; Cheng, Q.; Huang, Y.F.; Wang, Y.T.; Gou, Y.C.; Xiao, L.; Yu, W.J.; Wang, J.
Immunomodulatory properties of dental tissue-derived mesenchymal stem cells. Oral Dis. 2014, 20, 25–34.
[CrossRef]

31. Huang, Z.; Chen, Q.; Hjelm, B.; Arntzen, C.; Mason, H. A DNA replicon system for rapid high-level
production of virus-like particles in plants. Biotechnol. Bioeng. 2009, 103, 706–714. [CrossRef]

32. Osathanon, T.; Ritprajak, P.; Nowwarote, N.; Manokawinchoke, J.; Giachelli, C.; Pavasant, P. Surface-bound
orientated Jagged-1 enhances osteogenic differentiation of human periodontal ligament-derived mesenchymal
stem cells. J. Biomed. Mater. Res. A 2013, 101, 358–367. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00774-004-0504-4
http://www.ncbi.nlm.nih.gov/pubmed/15316863
http://www.ncbi.nlm.nih.gov/pubmed/8509401
http://dx.doi.org/10.1080/03008200390152287
http://www.ncbi.nlm.nih.gov/pubmed/12952193
http://dx.doi.org/10.1074/jbc.M110.145607
http://www.ncbi.nlm.nih.gov/pubmed/20841352
http://dx.doi.org/10.1016/j.archoralbio.2013.01.013
http://dx.doi.org/10.1007/s10439-016-1687-2
http://dx.doi.org/10.1111/odi.12086
http://dx.doi.org/10.1002/bit.22299
http://dx.doi.org/10.1002/jbm.a.34332
http://www.ncbi.nlm.nih.gov/pubmed/22847978
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Optimized Expression of Human Dentin Matrix Protein 1 (hDMP1) in N. benthamiana 
	Effect of hDMP1 on Cell Proliferation 
	Plant-Produced hDMP1 Activates Osteogenesis-Related Genes 
	Plant-Produced hDMP1 Activates Calcification 

	Discussion 
	Materials and Methods 
	Construction of pBYR2e-hDMP1 
	Expression of hDMP1 in N. benthamiana 
	Purification of hDMP1 
	SDS PAGE and Western Blot 
	DMP1 Quantification by Enzyme-Linked Immunosorbent Assays 
	Cell Culture 
	The DMP1 Coating Protocol 
	Cell Proliferation Assay 
	Real-Time PCR (RT-PCR) Analysis 
	Calcium Deposition 

	Conclusions 
	References

