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Abstract

Background: Cell based gene therapy is an efficient technique for the cure of inherited diseases as well as for tissue engineering. Hu-
man bone morphogenetic protein 2 (hBMP2) has been shown to play a significant role in regulating the odontogenic differentiation
of dental tissue-derived stem cells. However, there have been few studies on the effects of the BMP2 gene on the proliferation and

odontogenic differentiation of human dental pulp stem cells (hDPSCs).

Methods: This study evaluates the overexpression of BMP2 gene transfected in DPSCs infected by lentivirus. DPSCs were transduced
with a lentiviral vector to the secretion of BMP2 along with green fluorescent proteins (GFP). The transduced cells were analysed for
BMP2 secretion with RT PCR.

Results: Almost 70% of hDPSCs could express GFP marker following transduction. Graphical analysis and GFP assay confirmed that

the BMP2 expression level in transduced DPSCs was ten times more than native DPSCs.

Conclusions: DPSCs could be considered as a promising source for tissue engineering. Moreover, lentiviral-mediated BMP2 gene

transfection in DPSCs could enhance the osteogenesis or odontogenesis capacity of these cells.
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Introduction

Regenerative medicine holds the promise of tissue and functional organ regeneration. Science has been looking for ways to replace old
and disabled organs, in order to repair damaged tissues using modern methods of gene therapy, cell therapy, and tissue engineering [1].
Meanwhile, the role of tissue engineering in repairing various injuries has been evaluated to a great extent in recent years. Regenerative
medicine plays a significant role in research and development of new technologies related to the production and repair of tissues and
organs [2]. Due to the dynamic potency of bone tissue, it has been a major concern to find efficient methods for repairing bone defects.

More than 2.2 million grafting operations take place annually worldwide for different bone deficiency cases [3].

Although bone grafting is the most common method to replace the missing bone tissue, complications such as surgical removal of do-
nor site recovery period, and difficult surgical procedures are the problems. Therefore, different processes are developed for dental bone

regeneration, including guided tissue regeneration (GTR)/guided bone regeneration (GBR), platelet rich plasma (PRP), and recombinant
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BMP?2 proteins (rBMP2). However, clinical data obtained from these techniques are contradictory and a standard clinical protocol has yet
to be established. Temporary and short-term presence of triggers and growth factors are the main issues faced by researchers and clini-
cians [4-7]. Nowadays, cell-based gene therapy attracts a great deal of attention for bone tissue engineering, by continuous and gradual
availability of efficient growth factors [8]. On the other hand, transferring of genes has various advantages in comparison to the delivery

of proteins such as extended capability of local and systemic protein expression and fewer side effects [9,10].

Between hormones and cytokines, BMPs, which belong to the superfamily of TGF-f3 and are considered as external osteogenesis stimu-
lators, are one of the most powerful cytokines for the formation of external bones. They highly increase the rate of mesenchymal cell dif-
ferentiation into osteoblasts and play a central role in signalling networks and the processes associated with osteogenesis [11,12]. Since
the discovery of BMPs as bone-inducing proteins by Orist, these proteins have been widely used in bone tissue engineering to perform
craniofacial and dental/periodontal surgeries [13-19]. Also, many research groups have shown that BMPs can increase the osteogenic
differentiation of mesenchymal stem cells (MSCs) [20-22]. There is considerable evidence to suggest that among 20 known amino acids
[23,24], BMP-2, 4, 6, 7, and 9 can supply the original signal for inducing bone cell differentiation to osteoblasts, thus forming the extracel-
lular bone matrix [25-27].

Many studies have shown that BMP-2 is one of the most effective proteins to induce spontaneous osteogenesis or even induce BMPs by

prompting the expression of chemical signals [8,14,28-32]. It is used in bone formation of craniofacial surgeries [33].

Only a few companies produce the recombinant protein of rBMP2 for clinical use. Although the temporary in vivo presence of this pro-
tein, the lack of clear protocols on dosage and time, and high costs have limited the clinical use of this protein virus-mediated gene transfer
therapy is one of the most common and popular methods in bone production and regeneration studies. Viral vectors have accounted for
more than 66% of the total clinical trials of gene therapy up to 2010 [34]. Despite limitations, such as limited capacity and immunogenic-
ity, the use of viral vectors in gene transfer and gene therapy is common because of their higher efficiency compared to other non-viral
types [35]. Lentiviral technology is mainly used in gene therapy. Many efforts have been made to improve its safety and effectiveness in
recent years and several research groups have reported that the lentivirus can play a role in the treatment of several diseases, including
thalassemia, sickle-cell anaemia, and haemophilia B. Also, great advances have been reported in the treatment of genetic disorders such
as Parkinson’s disease, CF and spinal muscular atrophy [36-39]. Lentiviruses are single positive-sense strands belonging to the retroviral
family. They can be integrated into the host genome; however, members of the retroviral family have the necessary cellular and molecular
components to cross the nuclear pore and infect the cells during mitosis. These viruses can be produced in high titres from the genome
after the removal of inflammatory and viral pathogenic parts [40-42]. Lentiviruses also have many advantages, including long-term and
stable expression, ability to infect both dividing and non-dividing cells, low immune response, and ability to accommodate the longer
transferred genes [43,44]. Thus, in light of the suitability of this viral vector and its advantages over other viral vectors, it was selected as
the intended gene vector in the present study. In recent years, much researches have been conducted on stem cells and their use in tis-
sue engineering, because of their potential to help in the treatment of various diseases [45]. These treatments play an important role in

regenerative medicine, including the regeneration of bone and dental lesions.

MSCs are multipotent progenitor cells with renewability potential. They can be removed from adult bone marrow, adipose tissue, skin,
umbilical cord, and placenta. Therefore, in light of their benefits, including long-term preservation of the differentiation ability, they are
considered as an appropriate alternative tissue engineering site [46]. MSCs are usually used as an effective alternative in clinical trials on
bone lesions. They also have the ability to be differentiated into osteoblasts, adipocytes and chondrocytes [47,48].

DPSCs in comparison with the other four dental stem cells, stem cells from exfoliated deciduous teeth (SHED), periodontal ligament
stem cells (PDLSCs), dental follicle progenitor cells (DFPCs) and stem cells from apical papilla (SCAP) [49] are considered for this study

due to ease of access, low side effects arising from the separation, and having properties similar to bone marrow stem cells (BMSCs) [50].
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In this study, similar to result of a study on SCAP cells [51], the overexpression of human BMP-2 gene was seen in the DPSCs using the
lentivirus vector. The results could improve regenerating of the mineral part of tooth and bone and improve the osteointegration around

implants.

Materials and Methods

DPSCs was prepared same as previous study [52]. Both permanent and deciduous teeth, which were extracted for orthodontic treat-
ments, were used in the isolation of DPSCs. The study protocol was approved by the Ethics Committee of Tabriz University of Medical

Sciences (TUMS) which was in compliance with the Helsinki declaration.

The teeth were extracted transferred to the laboratory in the transfer solution containing streptomycin antibiotic in DMEM and 1X/1X
penicillin and amphotericin B (Gibco 250 pg/ml). After scrubbing the surface of the teeth, a 0.5 - 1.0 mm deep groove was made using
sterile low-speed manual disk. The teeth were broken from the grooved region with a hatchet and dental pulp was extracted using endo
file or forceps. The extracted pulp tissues were later cut into small pieces using surgical scissors and were subsequently digested with Col-
lagenase type I (3 mg/ml), Invitrogen and dispase (4 mg/ml, Invitrogen) for 40 minutes at 37°C. The resulting cell suspension from each
tooth was centrifuged for five minutes at 1200 rpm with a Sigma 2-16PK device. Single-cell suspensions were cultured in DPSC medium
containing Dulbecco’s Modified Eagle’s Medium (GIBCO 1g/1 glucose, pyruvate +), 10% bovine serum (Hyclone), 100 units/ml of penicillin
(Sigma), and 100 pg/ml streptomycin (Invitrogen).

The DPSCs were in contact with 5% CO, cultured at 37°C for 10 days. Then the medium was switched every three days. To perform FCM
evaluation, the DPSCs were divided into six round-bottom tubes (Becton Dickinson Falcon, Sunnyvale, CA) at a rate of 2 - 10° cells per tube

and were later stained using G fluorescent Isothiocyanate-conjugated with immunoglobulin or conjugated phycoerythrin.

Known positive and negative markers for MSCs were assessed in these cells, such as CD105, CD90, CD166, CD73, CD11b CD34, CD133,
CD64, CD106, CD31, and CD45 markers (All the antibodies were prepared by ABCAM (ABCAM, UK). After 20 minutes of incubation
at room temperature in the dark, the cells were washed twice using 2 ml of fluorescence-activated cell. Phosphate buffer saline (PBS)
solution containing 0.1% FBS and 0.1% NAN3 was centrifuged for five minutes at 230g. The supernatant was discarded and cells were
fixed using 1% formaldehyde (in PBS). Corresponding immunoglobulin G (Beckman Coulter) was used as negative control. All data was
obtained by using COULTER® EPICS® XL (Beckman Coulter) software and EXPO32 ADC (Beckman Coulter) and WinMDI version 2.8 (Win-
dows Multiple Document Interface for FCM; freeware developed by Joe Trotter, downloadable at methods. info/software/flow/winmdi.
htm).

Human BMP-2 gene with extracted genome length of 1191bp and specified restriction sites was prepared using Oligo 7.0 (Molecular
Biology Insights, Inc., Plymouth, MN, USA) according to NCBI GeneBank no. KC294426.1. The plasmid PCDH-hBMP2-EF-cGFP-Pur was
amplified by using DH5a vector. PCDH; (System Biosciences, Mountain View, CA, USA). The cells were later cultured in lysogeny broth
(LB) medium, after transferring 1002 of the remaining micro tube contents to LB agar plate containing 100 mg/ml of ampicillin (1A per
ml). A single colony containing pCDH plasmid and BMP-2 gene grew overnight. During the transformation process, a single colony was
cultured in LB broth agar medium containing 5 cc of ampicillin. The colony was later placed in a shaker incubator and shaken at 125 rpm
for about 16 hours at 37°C in order to reach the intended optical density (OD) of about 600 nm. Plasmid purification was later performed
to separate the bacterial plasmid using the QIAGEN Kits and protocols. After double-digestion using specific two enzymes, electrophoresis

was performed on the agarose gel to confirm the presence of hBMP-2 gene in the pCDH plasmid.

Transfection was performed in HEK293T cells in the DMEM medium (/nvitrogen), containing 10% FBS and 1% (1002) of streptomy-
cin-penicillin (Pen-Strep) from the Pasteur Institute of Iran. HEK293T cells have an epithelial cell morphology and are considered to be

the best cells for gene transfer and the production of false type viruses. HEK cells are the most appropriate alternative for the packaging
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and production of lentiviruses in the Laboratory of molecular biology and belong to the human embryonic kidney cell lining [54,55]. For

the packaging and transfection processes, the cells were cultured in order to reach 70% confluency.

The testing method used for Preparation of recombinant viruses carrying BMP-2 gene along with GFP marker was changed a little
according to the Tronolab protocol (Tronolab, Lausanne, Switzerland) [9,56]. In fact, in this method, transfection is done using calcium
phosphate. Recombinant pCDH- hBMP2-EF-cGFP-Puro plasmid, psPAX2 packaging plasmid containing the gag-pol-tat-rev, and an enve-
lope pMD2-G plasmid were packaged using calcium chloride and a GFP marker. Meanwhile, the transfection was done according to the
protocol and OD of psPax and pMD2 which were read before starting this stage and the mixture was added to the medium containing
HEK293T cells (Complete DMEM,10% FBS and pen/strep antibiotics) with confluency over 70%.To determine the transfection rate of the

HEK293T cells, they were analysed via fluorescence microscopy.

After 24 hours, the viruses could be collected and the supernatant containing the virus could be collected after switching the medium
containing HEK293T cell thrice. The supernatant was later filtered by a 0.22 pm syringe filter to obtain the purified virus. The virus titra-

tion was transfected by the Pasteur Institute of Iran at this stage.

After thawing in 10 ml of DMEM medium (Invitrogen), containing 10% FBS and 1% (100A) streptomycin-penicillin antibiotic, DPSCs
were cultured in the conical tube. The mixture was later centrifuged at 1200 rpm for five minutes and the supernatant was discarded. The
deposit was dissolved with 1cc DMEM medium and the resulting solution was poured into the T25 flasks, to which 5cc DMEM medium
was later added and was incubated at 37°C in 90% humidity and 5% CO,, so that the cells would continue to grow. The number of pCDH/
BMP2 viruses added to DPSCs at optimum multiplicity of infection (MOI) with the ratio of 10.

The viruses were later transferred to the incubator after being added to the medium.

The number of transduced DPSCs/BMP2 cells can be determined using fluorescence microscopy about 48 - 72 hours after adding
pCDH/BMP2 to DPSCs. In this method, recombinant transfected cells are screened using puromycin as the selected antibiotic marker, so
that DPSCs, that have not received the recombinant virus, can be removed from the medium. Later, 25 mg/ml puromycin in distilled water

was added to the medium in order to culture the non-transduced cells and enable DPSCs/BMP?2 to survive in the medium.

Then they were passed through the 0.22 pm filter. The RNA extraction and purification was performed based on Qiagen RNeasy
kit protocols (Qiagen, Valencia, CA), and the RNA concentration was later determined using the spectrophotometry device. cDNA was
produced from 2 pg/pl of RNA samples using the reverse transcriptase enzyme, and PCR was later performed on it. The accuracy of the
reaction was studied on the 1.5% gel electrophoresis, as follows: A total amount of 12.5A of Master Mix PCR, 1A of forward primer, 1A of
reverse primer, 1A of cDNA sample, and 25X of water were added into the thermocycler, on which PCR was performed in three stages as
discussed below: denaturation at 94°C for five minutes, annealing at 94°C for 30 seconds, annealing at 60°C for 30 seconds, elongation or

extension at 72°C for 30 seconds for 30 rounds, and finally electrophoresis at 72°C for seven minutes to reach final elongation and PCR.

Results
As described in our previous study [52], DPSCs of both permanent and deciduous teeth were quickly proliferated while they were at-
tached to the bottom of the flask with their fusiform morphology. After the third passage, the homogeneous population of deciduous and

permanent teeth was determined (Figure 1).
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Figure 1: Culture of DPSCs; (A) Morphology of DPSCs after 5 days Scale 100 um, (B) Morphology of DPSCs after 14 days
the cells reached 70% confluency.

More than 80% of the cell population representing expression of surface antigen was identified in the mesenchymal lineage, such as
CD90, CD166, CD105, and CD73, while only less than 4% of endothelial progenitor epitopes included CD11b, CD34, CD133, CD64, CD106,
CD31, and CD45 [52].

For Transformation of PCDH carrying BMP-2 gene into the dh5-alpha bacterium for plasmid cloning, the transformation process was

done in the medium plates containing LB with ampicillin markers. Single colonies grew overnight.

In the stage of Plasmid purification and plasmid test verification using electrophoresis, plasmid extraction was done using kit. Electro-
phoresis was used to confirm the complete vector separation. Afterwards, two BMP-2 bands were detected. The heavier band belonged to
pCDH-EF-cGFP-Puro plasmid while the lighter band-placed at the bottom-related to the hBMP2 gene (Figure 2).

Figure 2: Enzyme-digesting gel.

After completing co-transport by virus-transformed cells, HEK293T cells were prepared (Figure 3).
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Figure 3: HEK293T cells before transfection with magnification of 100.

Fluorescence microscope was used to perform the test and study the transferred transgenic viruses. This process was performed at
wavelengths that excited GFP protein. As the figure shows, HEK293 cells were demonstrated in green after 48 hours, indicating GFP ex-

pression and the production of the recombinant virus (Figure 4).

Figure 4: HEK293 cells after transfection under fluorescent radiation with magnification of 100.

Transduction of DPSCs occurred by using virus carrying the gene producing the hBMP- 2 protein along with GFP marker. DPSCs were
infected by the recombinant virus by replacing the medium collected from HEK 293T cell medium. The fluorescent microscopic observa-

tion indicates expression of hBMP-2 gene and Copa-GFP protein on the day of infection leading to the formation of colonies over time
(Figure 5A and 5B).
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Figure 5: (A) Recombinant hDPSCs before exposure to fluorescent, (B) Recombinant hDPSCs after exposure to

fluorescent light under magnification of 50.

RT-PCR technique was used for better investigation and approval of hBMP-2 gene expression in DPSCs that have been infected with the
recombinant virus containing the desired gene. The size of the resulting product correlated strongly with the human BMP-2 gene using
specific primers. -Actinf3 was used to control the expression rate. In this stage, it was expected to obtain a product with 275bp size which

would be visible on agarose gel due to the ladder and size of the BMP-2 gene (Figure 6 and 74, 7B).

Figure 6: Agarose gel showing RT-PCR product of the hBMP-2 and -actinf gene.
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Figure 7: (A) Comparative diagram of BMP-2 gene overexpression in hDPSCs compared to non-recombinant stem cells by

ImageJ software (B) Diagram BMP-2 gene overexpression in DPSCs.

Discussion

Nowadays, gene therapy and genome editing is a considerable and reliable method for transferring genes for the targeted, selective,
and specific treatment of damaged or non-functional tissue [9]. Bone defect occurs in the maxillofacial region for various reasons, leading
to the failure of numerous treatment strategies including dental implants. In this regard, several methods have been used for repairing
bones in recent years. The use of BMPs, as an osteogenic stimulating protein is one of the options. This protein regulates the differentia-
tion of mesenchymal cells by stimulating cellular signalling pathways. In fact, BMPs are one of the most powerful cytokines that can stimu-
late external bone formation and increase the differentiation of mesenchymal cells into osteoblasts drastically. Among the BMP groups,

BMP-2 is one of the most effective forms of the protein to play this role [57,58].

Studies on transferring and expression of adenoviral vector-mediated BMP7 in vivo and ex vivo on dental pulp cells revealed that the
transfer of BMP7 into the inflamed dental pulp in ex vivo conditions induces and increases the expression of restorative dentinogenesis
through the reconstruction of dentin pulp complex. However, it does not lead to the restoral production of dental tissues in vivo in all
cases [59]. Sonoporation was also used to boost the transferal of the BMP11 gene into the DPSCs. In this study, the expression of dental

sialoprotein (Dsp) and other odontoblastic differentiating markers was increased and lead to dentin formation [60].
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Furthermore, in another experiment the same group analysed expression rate of this factor and its effectiveness in the osteogenesis
process using the electroporation method. In this study, an approximate viability of 85% and efficiency of 70% were measured using the
FCM technology and the expression rate of Collagen types 1 and 3 increased after 10 days. Moreover, the expression rate of odontoblastic
osteogenic differentiation markers such as alkaline phosphatase and dental matrix protein (Dmp1), dentin sialo-phosphoprotein and

enamelysin were increased after 14 days. Finally, dentin formation was observed as an in vivo study [61].

Yang., et al. used adenoviral vectors to transfer BMP-2 to rat and mice DPSCs selected by STRO-1. They used real time PCR to investigate
the mineralization rate for osteocalcin, bone sialoprotein, dentin sialophosphoprotein in vitro and ex vivo after 1, 4 and 12 weeks. In this
experiment, mineralization was increased around the implant (33 + 7.3% of implant pore area), which occurred at a high rate in both time
periods. Thus, DPSCs were considered as appropriate cells in transferring the BMP2 gene. DPSCs were also known as an important com-
ponent in the effective mineralization process of dental implants in comparison to non-transgenic cells even without the use of materials
such as dexamethasone. The in vivo analysis showed no symptom of inflammation in any mice or fibrous tissue implants after one week,

but after 4 weeks mineralized tissue formation occurred. After 12 weeks however, an improvement of mineralization was observed [62].

Wen Zhang,, et al. (2014), used a lentiviral vector containing BMP-2 to differentiate stem cells of apical papilla (SCAP). The experiment
showed that the BMP-2 gene was successfully transferred through the lentivirus vector. The results also showed more odontogenic differ-
entiation more alkaline phosphatase (ALP) granules were released, and more mineral reserves (about six times) were formed. According
to this manuscript, transferring of a homologous gene may be an effective strategy to develop functional methods for tissue engineering
[51].

As mentioned above, DPSCs can be a good choice for gene therapy and tissue engineering research because of their ease of access and
similarity with bone marrow mesenchymal cells (BMMSCs). However, unlike BMMSCs which lack the ability to mineralize dentin and
tooth surfaces, these cells have the ability to mineralize and thus can be used in dental repairs and treatment [63]. Positive effects of using

DPSCs in tissue regeneration and bone research can be an incentive to further usage of these cells in tissue engineering [64].

Lentiviral vector is widely used in different cases due to its high capacity and efficiency. The capacity to be integrated in the host ge-
nome, persistent expression compared to other similar types [65] and possibility to create new generations are the other positive points
of this vector. The experiment showed that the expression of BMP-2 in DPSCs was increased approximately ten times, more than the re-
sults obtained in Zhang’s study on SCAP cells in 2014 [51]. Therefore, considering the aforementioned reasons, DPSCs are preferred over

other dental stem cells as a good alternative to promote osteogenesis process in jaws and relevant treatments.

In this experiment, cells were transfected with GFP expression level of more than 70% after the BMP-2 gene was transferred into DP-
SCs. Considering that DPSCs are available and appropriate cells, in terms of their better efficiency, ease of isolation and similarities with
bone marrow stem cells, they can be studied in osteogenesis and tissue engineering processes, and are to be favoured over other stem
cell alternatives. DPSCs can also be used around the implants, maxillofacial surgeries, and bone recession caused by different factors and
thus can be used in bone loss and bone remodelling. In this experiment, the BMP2 expression was approximately ten times higher than

untreated. In our recent studies we assessed the effect of different stimulator on DPSCs.

We evaluated the osteogenesis and angiogenesis ability at these cells by adding local inducing factors in media or scaffolds. The results
showed increase of expression of osteogenesis such as BMP2, DSPP, Osteonectin and Osteocalcin by using NaF, MSA, SIM, HA. Angiogen-
esis markers in surface of cells such as CD31 and VEOFR2 was over expressed in DPSCs faces to PRP, VEGF and BEGE. Despite the positive
results of using stimulators in front of minerals of proteins, it is necessary to use genes to external the duration and amount of the induc-

ers in target tissues and regions [66-69].
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Conclusion

Although several methods are used in surgeries, especially maxillofacial surgeries to improve tissue regeneration and osteogenesis, it
is essential to access methods derived from gene therapy to overcome the limitations of tissue engineering. DPSCs were selected as the
optimal source of differentiation, because they have considerable potential to differentiate to other cells and are very similar to bone mar-

row stem cells. Also, viral lentivirus-mediated of the BMP2 gene showed considerable over expression of this gene.

Therefore, DPSCs can be considered as a good resource for bone regeneration and gene therapy, and can be further investigated in
experiments in the field of tissue engineering. DPSCs can be investigated not only in the maxillofacial region, but also in different experi-
ments on other body regions in future experiments on tissue engineering, because of their structural similarities with BMMSCs, appropri-

ate results and their ease of isolation.
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