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Abstract.  In the present study, th i rd‑generat ion 
autologous‑inactivated bone morphogenic protein 2 (BMP2), 
BMP4, BMP6, BMP7, BMP9 and Wnt3a lentiviral vectors 
were constructed and integrated into the genome of MC3T3‑E1 
murine mesenchymal stem cells (MMSCs) to produce osteo-
inductive factor gene‑modified MMSCs. The transfection 
efficiency of each osteoinductive factor was then determined 
by detecting the expression levels of runt related transcription 
factor 2 (Runx2) mRNA. The cotransfection with combinations 
of two lentiviruses was performed, and the expression levels 
of bone γ‑carboxyglutamate protein and alkaline phosphatase 
in the MC3T3‑E1 cell culture supernatant were detected. The 
expression level of Runx2 mRNA was detected by reverse 
transcription‑polymerase chain reaction, and western blot-
ting was performed to detect the protein expression levels of 
BMP2, BMP4, BMP6, BMP7, BMP9 and Wnt3a. The results 
demonstrated that the recombinant lentiviruses were success-
fully transfected into MC3T3‑E1 cells. The relative expression 
levels of Runx2 mRNA were greatest in the BMP2 group, 
sequentially followed by the BMP4, BMP9, BMP7, Wnt3a and 
BMP6 groups. The results of cotransfection of MC3T3‑E1 
cells (a total of 8 groups) demonstrated that BMP‑2 and BMP‑7 
exhibited the highest cotransfection efficiency. Western blot 
analysis demonstrated that following BMP2 and BMP7 
cotransfection of MC3T3‑E1 cells, the protein expression 
levels of BMP2, BMP4, BMP6, BMP7, BMP9 and Wnt3a 
were increased compared with control cells. In conclusion, 
the third‑generation lentiviral vectors effectively improved the 
osteogenic efficiencies of MC3T3‑E1 cells, which provided an 
important theoretical basis and therapeutic strategy for bone 
reconstruction and tissue engineering.

Introduction

Bone regeneration is an important step in treating bone 
defects, fractured nonunion and osteoporosis. Previously, stem 
cells, including bone marrow‑derived mesenchymal stem cells 
(MSCs) and others, have been used to solve the problem of 
obtaining seed cells for artificial bone tissue engineering (1,2). 
An effective way to promote the osteogenic differentiation 
of seed cells was to use gene therapy techniques to transfect 
osteoinductive regulatory factors into the seed cells, and to 
effectively express the regulatory factors in the seed cells, 
thus contributing to the osteogenic differentiation of seed 
cells (3,4).

Currently, there are various osteoinductive regulator types, 
among which the bone morphogenetic proteins (BMPs) have 
previously been heavily investigated. BMPs are part of the 
TGF‑β superfamily, which includes 43 members. It was previ-
ously demonstrated that BMPs could induce mesenchymal 
cells to irreversibly differentiate into cartilages and bone 
cells in  vivo  (5‑7). Additionally, the wingless‑type mouse 
mammary tumor virus integration site family is a class of Wnt 
gene‑encoded secretory glycoproteins. The highly conserved 
Wnt signaling pathway is important in numerous species, it 
controls early embryonic development and regulates cell prolif-
eration (8,9). Selecting the ideal carrier, so that the target gene 
could be specifically, controllably and efficiently expressed, is 
crucial for successful gene therapy. The lentiviral vector system 
produces effectively expressed osteoinductive factors in the 
seed cells of artificial bone of bone tissue engineering, leading 
to high and prolonged expression of osteoinductive factors (10).

The current study was approved by was approved by the 
Ethics Committee of the General Hospital of Tianjin Medical 
University and aimed to construct a third‑generation of autolo-
gous inactivated BMP2, BMP4, BMP6, BMP7, BMP9 and 
Wnt3a lentiviral vectors, and integrate them into the genome 
of MC3T3‑E1 murine MSCs (MMSCs) to produce osteoin-
ductive factor gene‑modified MMSCs, and thus, determine 
effective ways to further enhance the osteogenic differentia-
tion ability of the cells.

Materials and methods

Construction of pELNS‑BMPs and pELNS‑Wnt3a vectors. 
A cDNA library (Wuhan Genesil Biotechnology Co., Ltd., 
Wuhan, China) was used as the template, and polymerase 
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chain reaction (PCR) was performed to amplify the 
coding sequences of BMP2, BMP4, BMP6, BMP7, BMP9 
and Wnt3a, according to the method of the previously 
reported method  (11). The gene sequencing results were: 
Mouse BMP2 (NM_007553.2), BMP4 (NM_007554.2), 
BMP6 (NM_007556.2), BMP7 (NM_007557.2), BMP9 
(NM_019506.4), Wnt3a (NM_009522.2). The upstream PCR 
primer introduced an Nhe I restriction enzyme site and the 
downstream introduced a Sal I restriction enzyme site to the 
amplified sequences. The primer sequences used are presented 
in Table I.

Bi‑enzyme cleavage with Nhe I and Sal I (New England 
BioLabs, Inc., Ipswich, MA, USA) was performed on the 
amplified fragments at 37˚C for 3 h, which were then ligated 
with purified fragments from the pELNS  A recombinant 
lentivirus (Wuhan Genesil Biotechnology Co., Ltd., Wuhan, 
China) that had been bi‑enzyme‑digested, the recombinant 
was than enzyme‑digested and sent for the further sequencing 
and confirmation.

Construction of lentiviral plasmid. According to the 
the method of a previous study  (12), the alkaline lysis 
method was used prepare the target gene‑constructed 
plasmids, pELNS‑BMP2, pELNS‑BMP4, pELNS‑BMP6, 
pELNS‑BMP7, pELNS‑BMP9 and pELNS‑Wnt3a, and the 
envelope protein plasmid pLP/vesicular stomatitis virus G 
glycoprotein (VSVG; Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA), and the packaging protein plasmid 
pLP1 and pLP2 (Invitrogen; Thermo Fisher Scientific, Inc.). 
This vector system used enhanced green fluorescent protein 
(EGFP) as the reporter gene.

The Ca3(PO4)2 coprecipitation method was used to trans-
fect the 4 types of plasmid (pELNS target gene plasmid, 3 µg; 
pLP/VSVG plasmid, 2.8 µg; pLP1 plasmid, 4.2 µg; and pLP2 
plasmid, 2  µg) into 293FT cells (American Type Culture 
Collection, Manassas, VA, USA), which were incubated with 
10% fetal bovine serum (Sigma‑Aldrich, St. Louis, MO, USA), 
at 37˚C and 5%  CO2. Transduction was conducted using 
Lipofectamine 2000 transfection reagent (Gibco; Thermo 
Fisher Scientific, Inc.). Following, cotransfection for 72 h, the 
supernatant was collected, filtered with 0.22 µm filter and 
stored at ‑80˚C. Counting of the number of green fluorescent 
protein (GFP)‑positive cells was used to detect the viral titer, 
with the specific method described by Sugiyama et al (11).

Transfection of recombinant lentivirus into MMSCs 
MC3T3‑E1. MC3T3‑E1 MMSCs (American Type Culture 
Collection) were cultured in low‑glucose Dulbecco's modi-
fied Eagle's complete medium (Gibco; Thermo Fisher 
Scientific, Inc.), supplemented with 10% fetal bovine serum 
at 37˚C and 5% CO2 for culture to the third or fourth passage. 
A preliminary experiment was performed to determine 
the optimal multiplicity of infection (MOI) of each virus 
when infecting MC3T3‑E1 cells. MC3T3‑E1 cells were 
infected according to the viral titer and best MOI for each 
virus using polybrene at a final concentration of 8 µg/ml, 
and were observed and identified under a BX61 fluorescent 
microscope (Olympus Corporation, Tokyo, Japan) 72  h 
later. The single‑gene transfection groups (6 groups) were 
as follows: pELNS‑BMP2, pELNS‑BMP4, pELNS‑BMP6, 

pELNS‑BMP7, pELNS‑BMP9 and pELNS‑Wnt3a. The 
dual‑gene cotransfection groups (8 groups) were as follows: 
T1, BMP2,4; T2, BMP4,7; T3, BMP2,9; T4, BMP7,9; T5, 
BMP2,7; T6, BMP4,9; T7, BMP2,6; and T8, BMP2 and 
Wnt3a.

Detection of runt related transcription factor 2 (Runx2) mRNA 
by reverse transcription‑quantitative PCR (RT‑qPCR). Runx2 
is a crucial gene for osteogenesis. The Runx2 mRNA expres-
sion level in each group was detected. TRIzol (Invitrogen; 
Thermo Fisher Scientific, Inc.) was used to extract the total 
cellular RNA. The RT reaction with 2 µg total RNA was 
performed using the PrimeScript First Strand cDNA Synthesis 
kit (Takara Biotechnology Co., Ltd., Dalian, China) according 
to the manufacturer's instructions. Glyceraldehyde 3‑phosphate 
dehydrogenase (GAPDH) was used as the internal reference 
gene. The primers used in the PCR were as follows: Runx2, 
F 5'‑ACA​GAA​CCA​CAA​GTG​CGG​TGC‑3' and R 5'‑ACT​GTG​
GTT​AGA​GAG​CAC​TCA​CTG​A‑3'; GAPDH, F 5'‑AGG​CGC​
TCA​CTG​TTC​TCT​CCC‑3' and R 5'‑GCA​AGG​CTC​GTA​GAC​
GCG​GTT‑3'. The PCR cycling conditions were as follows: 
95˚C for 1 min; 40 cycles at 94˚C for 5 sec, 60˚C for 20 sec 
and 72˚C for 10 sec; then final extension at 72˚C for 5 min. 
The relative mRNA levels were calculated using the 2‑ΔΔCq 
method (13).

Expression level detection of bone γ‑carboxyglutamate protein 
(BGP) and alkaline phosphatase (ALP) by enzyme‑linked 
immunosorbent assay (ELISA). After four generations of 
cell passage followed by transfection, the supernatant of 
each group was collected and the absorbance was measured 
using a microplate reader (R&D Systems, Inc., Minneapolis, 
MN, USA) according to the specifications of the BGP ELISA 
kit (cat. no. 682556) and ALP ELISA kit (cat. no. 687242) 
(Antibody Research Corp., St. Charles, MO, USA). Based on 
the measurement results of standards, the contents of BGP 
and ALP in the culture supernatant were calculated.

Protein level detection of BMPs and Wnt3a in BMP2 and 7 
cotransfected MC3T3‑E1 cells by western blotting. The 
protein expression levels of BMPs and Wnt3a in BMP2‑ 
and BMP7‑cotransfected MC3T3‑E1 cells were detected 
by western blotting according to a previously reported 
method (14). In brief, primary antibodies as goat polyclonal 
BMP2, BMP4, BMP6 and BMP7 antibodies, and rabbit poly-
clonal BMP9, Wnt3a and β‑actin antibodies were purchased 
from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The 
target stripes were then observed.

Statistical analysis. All data are expressed as the mean ± stan-
dard deviation (x ± s). SPSS statistical software (version 17.0; 
SPSS, Inc., Chicago, IL, USA) was used to perform statistical 
analysis. The multiple‑sample comparisons were performed 
using one way analysis of variance and the intergroup compar-
ison using the least significant difference test.

Results

Identification of target gene‑expressed plasmid. All the target 
gene‑expressed vectors were digested by Nhe I and Sal I. The 
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electrophoresis separation resulted in two bands; one was the 
linearized plasmid DNA, while the other was the target gene 
band. The size of each target gene fragment was consistent with 
the design (Fig. 1), and the sequencing results were consistent 
with those in Genbank (www.ncbi.nlm.nih.gov/genbank), 
indicating that the expression vectors were successfully 
constructed.

Transfection of single‑gene recombinant lentivirus into 
MC3T3‑E1 cells. Fluorescence microscopy demonstrated that 
the infected cells exhibited green fluorescence, indicating the 
recombinant lentivirus had been successfully infected into 
MC3T3‑E1 cells (Fig. 2).

Detection of Runx2 mRNA by RT‑qPCR. In the single trans-
fection cells, the results of RT‑qPCR demonstrated that the 
relative expression level of Runx2 mRNA in the BMP2 group 
was the highest, sequentially followed by the BMP4 group, 
BMP9 group, BMP7 group, Wnt3a group and BMP6 group 
(Fig. 3A), and the differences between the test groups and the 
control were statistically significant as indicated in Fig. 3A 
(P<0.05).

In the bi‑gene combined transfection cells, the results 
demonstrated that the expression level of Runx2 mRNA was 
highest in the T5 (BMP2,7) group, followed by T3 (BMP2,9) 
group, T8 (BMP2 and Wnt3a) group, T1 (BMP2,4) group, T2 
(BMP4,7) group, T6 (BMP4,9) group, T4 (BMP7,9) group and 
T7 (BMP2,6) group (Fig. 3B), and the differences between the 
test groups (excluding T7) and the control were statistically 
significant as indicated in Fig. 3B (P<0.05).

BGP and ALP ELISA. The results demonstrated that the 
expression level of BGP in the T5 (BMP2,7) group was the 
highest, sequentially followed by the T3 group, T8 group, 
T4  group, T2  group, T6  group, T1  group and T7  group 
(Table II). The expression level of ALP in T5 (BMP2,7) group 
was the highest, followed by the T3 group, T1 group, T8 group, 

T2 group, T4 group, T6 group and T7 group (Table II), the 
differences between values in the T1, T2, T3, T4, T5, T6, 
T7 and T8 groups with the control group were statistically 
significant (P<0.05).

Fluorescence detection. The T5 (BMP2,7)  group cells 
exhibited green fluorescence, indicating the lentivirus was 
successfully infected into MC3T3‑E1 cells (Fig. 4).

Western blot analysis. The results demonstrated that 
BMP2 and BMP7 (T5  group) cotransfected MC3T3‑E1 

Table I. Primer sequences of BMPs and Wnt3a.

		  Fragment
Primer	 Sequence	 size (bp)

M‑BMP2‑P	 F 5'‑CTAGCTAGCATGGTGGCCGGGACCCGCTGTCTTC‑3'	 1185
	 R 5'‑ACGCGTCGACCTAACGACACCCGCAGCCCTCCAC‑3'	
M‑BMP4‑P	 F 5'‑CTAGCTAGCATGATTCCTGGTAACCGAATGCTG‑3'	 1228
	 R 5'‑ACGCGTCGACTCAGCGGCATCCACACCCCTCTAC‑3'	
M‑BMP6‑P	 F 5'‑CTAGCTAGCATGCCCGGGCTGGGGCGGAG‑3'	 1543
	 R 5'‑ACGCGTCGACTTAATGGCAACCACAAGCTCTCACGACC‑3'	
M‑BMP7‑P	 F 5'‑CTAGCTAGCATGCACGTGCGCTCGCTGCG‑3'	 1293
	 R 5'‑ACGCGTCGACCTAGTGGCAGCCACAGGCCCGGAC‑3'	
M‑BMP9‑P	 F 5'‑CTAGCTAGCATGTCCCCTGGGGCCTTCCG‑3'	 1287
	 R 5'‑ACGCGTCGACCTACCTACACCCACACTCAGCC‑3'	
M‑Wnt3a‑P	 F 5'‑CTAGCTAGCATGGCTCCTCTCGGATACCTCTTAG‑3'	 1059
	 R 5'‑ACGCGTCGACCTACTTGCAGGTGTGCACGTCATAG‑3'	

BMP, bone morphogenic protein; F, forward; R, reverse.
 

Figure 1. Agarose gel electrophoresis images of expression plasmids fol-
lowing digestion. (A)  Original single‑enzyme digested linear pELNS 
plasmid; (B) original bi‑enzyme digested linear pELNS plasmid, producing 
1 kb rtTA; (C) double digestion of pELNS‑BMP6, producing 1.5 kb BMP6; 
(D) double digestion of pELNS‑BMP7, producing 1.3 kb BMP7; (E) double 
digestion of pELNS‑BMP9, producing 1.3 kb BMP9; (F) double digestion of 
pELNS‑Wnt3a, producing 1 kb Wnt3a; (G) double digestion of pELNS‑BMP4, 
producing 1.2 kb BMP4; (H) double digestion of pELNS‑BMP2, producing 
1.2 kb BMP2. BMP, bone morphogenic protein.

  A   B   C   D   E   F   G   H
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cells exhibited higher expression levels of BMP‑2, BMP‑4, 
BMP‑6, BMP‑7, BMP‑9 and Wnt3a protein compared with 
untransfected cells (Fig. 5).

Discussion

Genetically modified stem cells. The crucial element and 
research focus of bone tissue engineering technology has been 
how to promote cell proliferation and osteogenic differen-
tiation. The transplantation therapy of in vitro gene‑modified 
stem cells was a combination of cell therapy and gene therapy, 
compared with adult cells, the stem cells exhibited a higher 
proliferation ability and increased survival time. Furthermore, 
a previous study demonstrated that gene‑modified MSCs 
exhibited long‑term expression of exogenous genes, and 

maintained this ability following transplantation into the 
body (15). Thus, gene‑modified MSCs may overcome the loss 
of its therapeutic effects. Additionally, they could be used as 

Figure 4. Fluorescence microscopy of BMP2 and BMP7 co‑transfected 
MC3T3‑E1 cells. GFP, green fluorescent protein; BMP, bone morphogenic 
protein.

Figure 5. Expression levels of BMPs and Wnt3a protein in BMP2 and BMP7 
co‑transfected MC3T3‑E1 cells. BMP, bone morphogenic protein.

Figure 2. Fluorescence microscopy of lentivirus‑transfected MC3T3‑E1 cells. GFP, green fluorescent protein; BMP, bone morphogenic protein. 

Figure 3. Expression level of runt related transcription factor 2 mRNA in MC3T3‑E1 cells. (A) Single transfection; (B) bi‑gene combined transfection. *P<0.05. 
RT‑qPCR; reverse transcription‑quantitative polymerase chain reaction; C, control; BMP, bone morphogenic protein. 

  A   B



MOLECULAR MEDICINE REPORTS  14:  4328-4334,  20164332

a vector to express osteogenic differentiation regulators for 
gene therapy, thus compared with simple cell transplantation 
or gene therapy, may provide improved treatment effects (16).

Selection of viral vectors. The ideal carrier for gene therapy 
should allow the efficient transduction and long‑term stable 
expression of the transgene, and result in minimal side effects. 
The most commonly used viral vectors are predominantly retro-
virus, adenovirus, adeno‑associated virus and lentivirus (17‑20).

Lentivirus is a subfamily of retrovirus. Compared with 
adenoviruses, adeno‑associated viruses and retroviruses, 
the greatest advantages of using a lentivirus are the longer 
gene expression time, reduced host immune responses, lower 
cytotoxicity and easier use. In a previous study, a lenti-
virus‑mediated transgene remained expressed at 6 months 
after transduction, and the concomitant inf lammation 
caused was lower compared with that of adenoviruses (21). 
Additionally, lentiviruses have strong packaging capacities, 
which can hold up to 8‑10 kb of exogenous target gene frag-
ments, while unlikely to cause insertional mutagenesis. Thus, 
lentiviruses have broad prospects for gene therapy (22). The 
third‑generation lentiviral vector system induces genes to be 
inserted into the lentiviral vector, thus it artificially controls 
the expression of transferred genes, and retains its inactivated 
properties, thus the system is also known as the regulable 
lentiviral vector (23).

In order to improve the biological safety of viral vectors, the 
current study used improved four‑plasmid packaging system, 
thus, separated the encoding genes of packaging plasmid, and 
the packaging system was composed of packaging plasmid 
pLP1 (encoding gag/Pol gene) and pLP2 (encoding Rev gene), 
envelope protein plasmid pLP/VSVG and vector plasmid 
pELNS. This vector system only retained the gag, Pol and 
Rev genes of human immunodeficiency virus‑1, and there was 
no autoploidy within the four plasmids of this four‑plasmid 
cotransfection system. This ensured the reduced possibility 
of replication competent virus generation. This vector system 
replaced the cytomegalovirus (CMV) internal promoter with 

the eukaryotic elongation factor‑1α (EF‑1α) promoter, based 
on the pRRL‑SIN‑CMV‑EGFP‑WPRE plasmid, and the 
promoter effects EF‑1α were stronger. This carrier system 
used EGFP as the reporter gene, thus, the advantages were: 
i) EGFP does not interfere with cell growth and functions, the 
EGFP‑carrying fusion gene protein not exhibited the EGFP 
green fluorescence, it also maintained the physiological func-
tions of target proteins and exhibited no cytotoxicity (24), and 
allowed detection of the gene expression levels in living cells; 
ii) the observation was simple, EGFP was used as a reporter 
gene that could be directly observed in living cells with no 
need of a substrate and internal control, when the EGFP gene 
was transfected into eukaryotic cells and expressed, it could 
easily observe the green fluorescent distribution of EGFP 
fusion protein inside the living cells to analyze the distribu-
tion and localization of unknown gene‑expressed proteins 
within the cells; and iii) the EGFP‑labeling method exhibited 
higher sensitivity and resolution than immunohistochemistry 
and conventional labeling methods. Thus, as a very prom-
ising marker, EGFP provided great convenience for the study 
of gene function and expression regulation. The expression 
levels of EGFP green fluorescence confirmed the effects 
of plasmid transfection, and the conditions of packaging, 
infection and exogenous gene expression of the recombinant 
virus inside cells. The present study demonstrated that the 
third‑generation lentiviral vector pELNS successfully intro-
duced BMP2, BMP4, BMP6, BMP7, BMP9 and Wnt3a into 
MMSCs MC3T3‑E1, and the expression was stable (25,26).

Osteogenic dif ferentiation‑inducing factor. Different 
members of BMP family have different distributions and 
osteogenic activity. Studies have previously suggested that 
BMP2 predominantly stimulates recruitment and differen-
tiation of the undifferentiated mesenchymal cells and bone 
cells, thus participating the bone reconstruction. In 1996, 
Iwasaki demonstrated that the specific receptors for BMP2 are 
expressed on the surface of bone cells and on the surface of all 
non‑hematopoietic stem cells (27).

Table II. Absorbance values of BGP and ALP in 8 groups of cotransfected MC3T3‑E1 cells by enzyme‑linked immunosorbent 
assay.

	 BGP	 ALP
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Group	 1st	 2nd	 1st	 2nd

MSCs control	 0.026±0.005	 0.035±0.006	 0.004±0.004	 0.037±0.003
Positive control	 1.05±0.02	 1.72±0.04	 1.02±0.36	 1.64±0.38
T1	 0.21±0.01a	 0.34±0.01a	 0.44±0.04a	 0.63±0.08a

T2	 0.25±0.003a	 0.42±0.01a	 0.33±0.09a	 0.59±0.04a

T3	 0.43±0.01a	 0.71±0.02a	 0.61±0.13a	 0.78±0.09a

T4	 0.28±0.01a	 0.46±0.01a	 0.37±0.07a	 0.49±0.05a

T5	 0.60±0.01a	 0.97±0.02a	 0.62±0.17a	 0.90±0.17a

T6	 0.25±0.01a	 0.41±0.01a	 0.33±0.06a	 0.44±0.06a

T7	 0.23±0.004a	 0.18±0.006a	 0.14±0.05a	 0.16±0.04a

T8	 0.31±0.007a	 0.50±0.006a	 0.42±0.09a	 0.56±0.17a

aP<0.05 vs. MSCs control group. BGP, bone γ‑carboxyglutamate protein; ALP, alkaline phosphatase; MSCs, mesenchymal stem cells.
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A previous study has demonstrated that BMP4 inhibited 
the proliferation of lung fibroblasts through the classic Smad I 
and c‑Jun‑N‑terminal kinase pathway, and promoted their 
differentiation into muscle cells (28). In vitro experiments 
demonstrated that BMP4 promoted osteoblastic differ-
entiation and exerted a catalytic effect on bone collagen 
production (29). BMP6 was demonstrated to be important at an 
earlier stage of bone formation and induced the differentiation 
of precursor cells of chondrocytes, promoted the formation of 
cartilage and osteoblastic phenotype, thus, involved in carti-
lage and bone formation. Compared with other BMP family 
members, BMP6 generated stronger osteoinductive effects 
on intracartilage and intramembranous ossification  (30). 
BMP7 have been demonstrated to bind with BMP type  I 
and II receptors stimulating Smad5 signaling to the nucleus 
and influencing the gene transcription, thus, promoting the 
formation of bone and cartilage, and repairing defects (31). 
BMP9 (also termed growth differentiation factor  2) was 
previously demonstrated to be a potential synergic promoting 
factor involved in the proliferation and colony formation of 
hematopoietic stem progenitor cells, and associated with the 
differentiation maintenance of cholinergic nerve cells in the 
central nervous system. BMP9 was also demonstrated to be 
involved in regulating glucose metabolism and a variety of 
other cellular functions. Among numerous biological effects 
of BMP9, its effect on bone and cartilage formation remains 
the most important (32).

The Wnt family, and its various homologs, are secreted 
glycoproteins. Their functions vary with different tissues or 
developmental stages. The Wnt genes are proto‑oncogenes, 
and the Wnt signaling pathway involves the transduction of 
a signal from the cell surface to the nucleus via a secreted 
signaling protein, a transmembrane receptor protein and 
various complex intracellular proteins (33).

Runx2 is part of the Runx‑domain gene family, and among 
various osteogenic differentiation regulatory factors, Runx2 
has been considered to be the master regulator of osteoblast 
differentiation. Runx2 is expressed within the mesenchyme 
of mineralized tissues, including bones, and in the early 
development stage of epithelial tissues (34). The present study 
detected the expression of Runx2 mRNA levels, thus, evalu-
ated its involvement in osteogenic differentiation.

The current study successfully constructed the recom-
binant lentiviruses, pELNS‑BMP‑2, pELNS‑BMP‑4, 
pELNS‑BMP‑6, pELNS‑BMP‑7, pELNS‑BMP‑9 and 
pELNS‑Wnt3a, and transfected them into MC3T3‑E1 cells. 
By detecting the expression level changes of Runx2 mRNA, 
it was demonstrated that the osteogenic effects of BMP2 were 
the strongest, and those of BMP6 were the weakest compared 
with controls. The effect of combined transfection of BMP2 
with BMP4, BMP6, BMP7, BMP9 and Wnt3a, and the combi-
nation of BMP4 with BMP7, BMP4 with BMP9, and BMP7 
with BMP9, were determined in MC3T3‑E1 cells. The results 
demonstrated that the osteogenic effects of BMP7 with 
BMP2 were the strongest. ELISA results demonstrated that 
the expression level of BGP in the T5 (BMP2,7) group was the 
highest, followed by the T3, T8, T4, T2, T6, T1 and T7 groups. 
The expression level of ALP in the T5 (BMP2,7) group was 
the highest, sequentially followed by the T3, T1, T8, T2, T4, 
T6 and T7 groups. BMP2 and BMP7 have previously been 

considered to be the most effective and promising clinical 
osteogenic factors, with recombinant human BMP2 and BMP7 
used as bone regeneration therapies for bone delayed union, 
bone nonunion, bone defects and spinal fusion surgery (35). 
However recent research and clinical practice has indicated 
that the use of recombinant BMP2 and BMP7 protein could 
not solve the medical problem of bone regeneration  (36). 
Thus, how to improve the osteoinductive abilities of cells and 
to provide efficient, inexpensive and convenient bone regen-
eration materials has become a common topic of concern, and 
urgently required in the clinical. BMP2 combined with BMP7 
may improve the osteoinductive abilities. The current study 
established that cotransfection with the BMP2 and BMP7 
lentiviruses effectively induced the osteogenic differentiation 
of MC3T3‑E1 cells, thus laying the foundation for future 
in vivo studies. In conclusion, the third‑generation lentiviral 
vectors effectively improved the osteogenic efficiencies of 
MC3T3‑E1 cells, which provided an important theoretical 
basis and therapeutic strategy for bone reconstruction and 
tissue engineering.
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