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Recently, the translational application of noncoding RNAs is accelerated dramatically. In this regard, discovering therapeutic roles
of microRNAs by developing synthetic RNA and vector-based RNA is attracting attention. Here, we studied the effect of BMP2
and miR-424 on the osteogenesis of Wharton’s jelly-derived stem cells (WJSCs). For this purpose, human BMP2 and miR-424
DNA codes were cloned in the third generation of lentiviral vectors and then used for HEK-293T cell transfection.
Lentiviral plasmids contained miR424, BMP-2, miR424-BMP2, green fluorescent protein (GFP) genes, and helper vectors.
The recombinant lentiviral particles transduced the WJSCs, and the osteogenesis was evaluated by real-time PCR, Western
blot, Alizarin Red staining, and alkaline phosphatase enzyme activity. According to the results, there was a significant
increase in the expression of the BMP2 gene and secretion of Osteocalcin protein in the group of miR424-BMP2.
Moreover, the amount of dye deposition in Alizarin Red staining and alkaline phosphatase activity was significantly higher
in the mentioned group (p <0.05). Thus, the current study results clarify the efficacy of gene therapy by miR424-BMP2
vectors for bone tissue engineering. These data could help guide the development of gene therapy-based protocols for bone

tissue engineering.

1. Introduction

The skeleton microstructure is made up of mineralized extra-
cellular matrix and bone remodeling units, including osteo-
cytes, osteoblasts, osteoclasts, and lining cells. According to
this complex structure and limitations in the self-healing abil-
ity of defected bones, reconstruction of bone tissue remains
challenging [1, 2]. Autologous bone graft is the conventional
therapeutic approach that has been known as the gold stan-
dard [3-6]. Despite the positive results, this method is limited
by disadvantages such as morbidity of the donor site, shortage
in blood supply, restrictions in the size of the graft, and fixa-

tion challenges [7]. There are successful repair reports for fem-
oral, mandibular, and tibia defects by different mesenchymal
stem cells stimulated by inductive factors [8-17], but a recent
meta-analysis showed that their results are not as successful as
autologous grafts [18].

For nearly half a century, gene therapy has attracted atten-
tion in regenerative medicine. Despite the problems, consider-
able improvement has been made in this field [19]. There are
several approved, ongoing, or finished clinical trials based on
gene therapy to treat critical medical problems such as cancer,
lipase deficiency, blindness, Alzheimer’s disease, and HIV
disease [20]. Fully functional regenerated bone defects are an
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ultimate goal in bone tissue engineering, which could be
promised by gene therapy-based methods [21].

Osteoblastic differentiation of stem cells is regulated by
different genes that are coding several secretive molecules
and transcription factors, including bone morphogenetic
proteins (BMPs), Wnt proteins, Indian hedgehog homolog
(IHH), and fibroblast growth factors (FGFs). These essential
molecules activate different intracellular and extracellular
pathways through autocrine or paracrine signals to regulate
the expression of transcription factors [22].

BMP-2, a transforming growth factor-f superfamily
subgroup, has a critical role in bone development and regen-
eration [23-25]. Recombinant human BMP-2 (rhBMP-2)
and recombinant human BMP-7 (thBMP-7) are the only
approved subgroup for clinical application in bone fracture
[26]. This substance has the same fusion rate and clinical out-
comes as autologous iliac bone grafts [27]. The LT-CAGE is a
commercial form of rhBMP-2 loaded in a collagen sponge in
the USA, used for the clinical treatment of degenerative lum-
bar disc disease [26]. Several studies mentioned successful
results of the controlled release of BMP2 in bone regeneration
[2, 28-30]. Meanwhile, some drawbacks have been reported,
including soft tissue swelling, cyst formation, implant migra-
tion, local inflammation, and, more importantly, increased
risk of malignancy in high-dose administration [31]. Besides
osteogenesis, this protein promotes angiogenesis by increasing
microvessel formation in distinct concentrations [32]. This
process plays a vital role in bone formation, fracture healing,
and bone distraction [33-35].

The isolation and production processes of BMP2 protein
are costly. Moreover, the rapid clearance of this factor
through different mechanisms causes the necessity of multi-
ple clinical injections or the application of sustained delivery
systems [36]. So, it seems more convincing to transfer the
responsible gene and gain sustained protein production in
a physiological pattern [37].

A cluster of microRNAs (miRNAs) has been recognized to
play an essential role in the entire process of stem cell differen-
tiation. MicroRNAs are short (20-24nt) noncoding RNAs
(ncRNAs) that are involved in posttranscriptional regulation
of gene expression in multicellular organisms [38, 39]. There
is growing evidence about the crucial role of ncRNAs in
epigenetic control and stem cell fate, including pluripotency
maintenance and lineage-specific differentiation. Individually
or together, miRNAs are involved in placenta, heart, skeletal,
and muscle development during embryogenesis [40, 41].
Several studies reported the promotion or inhibition effects of
different miRNAs in the bone formation process. The previous
studies showed that miRNAs enhance the level of expression of
osteogenic transcription factors, resulting in promoting osteo-
genic differentiation. Over a decade, a large body of knowledge
has accumulated related to the H19X-encoded miR-424(322)/-
503 cluster roles in stem cell differentiation and proliferation
[42]. Recently, the role of this miRNA was evaluated in osteo-
genesis. According to these studies, upregulation of miR-322
(424), miR-34a, and miR10a expression follows by the overex-
pression of runt-related transcription factor-2 (Runx-2), osterix
(Osx), and osteocalcin (OCN). These complicated signaling
pathways regulate bone formation. Among hundreds of miR-
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NAs controlling this process, few studies have analyzed the role
of miR424 (MiR322). miR-322 is reported as a regulator in
osteoblast differentiation. Overexpression of this microRNA
enhances the BMP-2 response in bone marrow stem cells
[43]. Due to the reports, the expression of osteogenic genes
such as Osx, Runx2, Msx2, and Ibsp is increased by targeting
Tob2 by miR-322 [43, 44]. However, there is limited informa-
tion and some controversies about the effect of miR424 on
osteoblast differentiation.

In this study, we mainly focused on the emerging role of
miRNA 424 in enhancing the overexpression of the BMP2
gene followed by mineralization. This study provides more
evidence for a combination of coding and noncoding gene
therapy and helps develop innovative gene therapy studies
using novel biomaterials and advanced bioprinting tech-
niques in bone regeneration.

2. Materials and Methods

2.1. Ethical Issue. This experiment was an interventional
in vitro study, approved at the Stem Cell Research Center
of Tabriz Medical Science University, Iran, with the Ethical
Code of IR.TBZMed.7CR.REC. 13970268.

2.2. Design and Synthesis of the Expression Construct. The
BMP2 (NM_001200) and miR-424 (NR_029946) coding
sequences were extracted from the NCBI databases and then
were synthesized as a single open reading frame (ORF). The
construct was synthesized and cloned into a pUC57 vector
(General Biosystems, USA). To develop destination vectors
including miR424, hBMP2, and hBMP2-miR424, the con-
structs were subcloned from the pUC57 vector into the
pCDH513-B. The pCDH513-B lentiviral vector, which
contained copaGFP and Puromycin (pCDH-GP) under EF-1
promoter, was used as the destination vector. A few clones were
purified after confirming with colony PCR by applying the
Miniprep Plasmid Kit (ThermoFisher, USA). The right clone
that contained 300ng of plasmid DNA was digested with
restriction enzymes (Xhol, EcoRI, and BamHI) in a water bath
at 37°C for 40 minutes, then run on agarose gel for analysis.
Ultimate confirmation was done with sequencing.

2.3. Recombinant Lentivirus Production, Titration, and
Concentration. Human embryonic kidney (HEK-293T) cells
were used for lentivirus packaging. HEK-293T cell lines
(ThermoFisher, USA) were cultured in 75 cell culture flasks
in Dulbecco’s modified Eagle’s medium (D-MEM, Gibco,
USA) containing 10% fetal bovine serum (FBS, Gibco, USA)
and incubated at 37°C temperature with 5% CO,. When the
HEK-293T cells reached about 60%-70% confluence, they
were transfected for packaging recombinant lentivirus. Differ-
ent tetratransfer vectors, pPCDH-hBMP2-miR424-GP, pCDH-
hBMP2-GP, pCDH-miR424-GP, and pCDH-GP, were used
for producing recombinant lentiviruses.

The Trono Lab (EPFL, Switzerland) protocols were
applied for the production of recombinant lentivirus (rLV)
and titration [45, 46]. The HEK-293T cells were transfected
by different tetratransfer (21 ug), helper PAX (15pug), and
pMD2-G (10.5 ug) vectors using calcium phosphate (CaPo4).
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The transfection rate was monitored after 14-16 hours by
observing GFP intensity under a fluorescence microscope
(Labomed, USA). The supernatant containing the recombi-
nant virus was collected three times in the next 72 hours.

The supernatant containing cell debris was removed
after centrifuging (1000 x g, 4°C, and 5min). The plate was
incubated for at least 12 hours at 4°C to concentrate the
recombinant viruses, then precipitated at 10% polyethylene
glycol (PEG, Sigma, USA) and centrifuged (4°C, 10000 x g
). Flow cytometry on both crude and concentrated viruses
was titration of the recombinant viruses [47]. Different
volumes (1000, 500, 100, 50, 20, and 0 ul) of the fresh viruses
were applied for transducing HEK-293T cells in a 12-well
plate. Moreover, concentrated viruses were used in 100, 10,
0, 10-1, and 10-2 yl volumes.

2.4. Transduction of WJSCs. W]SCs were isolated and charac-
terized as our team’s previous study [48]. The umbilical cords
of four donors were isolated, expanded, and characterized.
Wharton jelly stem cells were seeded in a T75 flask in the
medium culture containing DMEM-F12 and 10% FBS. After
the cells reached the confluency of 70%, the recombinant len-
tiviral particles containing hBMP2-miR424, hBMP2, miR424,
and GFP genes were added to the medium. The spinfection
protocol (1500 rpm for 1.5 hours) was applied for WJSC trans-
duction with the amount of recombinant lentiviral particle
multiplicity of infection (MOI) equal to 5. A fresh culture
medium with 10% FBS was added; then, the plates were trans-
ferred to the incubator. After 72 hours from transduction of
the cells, the number of transduced cells was primarily evalu-
ated by fluorescence microscopy (Labomed, USA). The mam-
malian selection marker, Puromycin, was applied for the
removal of nontransduced cells. The puromycin (2 yg/ml)
treatment continued for 3-5 days, with everyday Puromycin
containing fresh medium replacement.

The transduced cell viability was evaluated by MTT
assay. About 5 x 10° cells were cultured per well in 96-well
plates. After 24 hours, MTT reagents (Carlsbad, CA, USA)
were added and incubated for 4 hours. With the addition
of DMSO, the MTT reaction was terminated. MTT was
quantified by using absorbance readings via the microplate
reader (BioTek, USA).

For osteogenic differentiation assay, six-well plates were
applied. WJSCs were cultured with an amount of 0.3 x 10°
cells per well for qRT-PCR and 1x 10° cells for ELISA,
ALP, and Alizarin Red staining tests. Each test was repli-
cated three times per sample. The osteogenic differentiation
media (ThermoFisher, USA) were applied for differentia-
tion. The osteogenic medium was replaced every 72 hours.
The incubation continued for seven days for qRT-PCR and
alkaline phosphatase tests and 21 days due to Alizarin Red
S staining and ELISA tests.

2.5. Investigation of mRNA BMP-2 and miRNA424. Accord-
ing to the manufacturer’s protocol, the total RNA was
extracted after seven days of osteogenic differentiation using
the mRNA extraction kit (Qiagen, Germany). Real-time
PCR was accomplished using 0.5 ug RNA with the SYBR
Green Master Mix. Primers used for qPCR are hmiR424F:

CCTTCATTGACTCCGAGGGG, hmiR424R: ACCTTC
TACCTTCCCCACGA, hBMP2F: 5' ACTCGAAATTCCCC

GTGACC3', and hBMP2R: 5'GGACACAGCATGCCTT
AGGA, and as a control, hU6 F: GCTTCGGCAGCACA
TATACTAAAAT and hU6 R: CGCTTCACGAATTTGC
GTGTCAT for hmiR424 and hGAPDH F: GATTTGGTC
GTATTGGGCGC hGAPDHR: AGTGATGGCATGGACT
GTGG used for human BMP2. The data were presented as
the ratio of mean threshold targeted human exogenous gene
expression to human endogenous human U6 and GAPDH.
Analysis of the data was carried out by REST software.

2.6. ELISA Analysis and Effect of miR-424 and BMP2 on the
Expression of Osteocalcin (OCN). Osteocalcin (OCN) protein
is usually applied as an indicator marker for osteogenesis
differentiation. The concentration of OCN protein was mea-
sured in cell culture using the human OCN quantity ELISA
kit (ab270202, Abcam, UK).

The supernatants of differentiated cells in the groups
were collected 21 days after osteogenic induction. These cells
were centrifuged, and the supernatants were evaluated for
amounts of secreted OCN protein according to the manufac-
turer’s instruction by a standard ELISA reader (Stat Fax
2100, Awareness Technologies, USA).

2.7. Mineralization Induction and ALP Activity in W]SCs.
For quantitative ALP assay, the cells were washed with
phosphate-buffered saline (PBS), lysed, and then mixed with
0.5ml p nitrophenol phosphate solution (Sigma) and incu-
bated for 15min. Then, 10ml of 0.05N NaOH was added,
and the supernatants were evaluated for ALP activity by
the measurement at 405 nm [49].

For Alizarin Red § staining, as described in our previous
study [50], cells were fixed, and calcium deposition in the
plate was further evaluated by 2% Alizarin Red liquid (pH:
4.1-4.3)(Sigma-Aldrich, Steinem, Germany). After three-
time washes in dH,O to remove the unbound stain, samples
were air-dried and photographed by a microscope. For
quantification, Image] software 1.52n version was used.

2.8. Statistical Analysis. Statistical analysis was performed using
GraphPad Prism 8 (San Diego, CA, USA). All data were col-
lected from three independent experiments and presented as
mean =+ standard deviation (SD). Differences were considered
significant at p < 0.05, determined using one-way ANOVA
with Tukey post hoc tests.

3. Results

3.1. Construction of Lentiviral-Based Bicistronic. The three
bicistronic vectors (System Bioscience, USA) containing
BMP-2(pCDH-BMP2-GP), miR424 (pCDH-miR424-GP),
and BMP-2-miR424 (pCDH-BMP-2-miR424-GP) sequences
were constructed and confirmed by digestion and subsequent
sequencing. The synthesized BMP2-miR424 genes were
cloned under a strong human cytomegalovirus promoter
(CMV). The copaGFP was linked with T2A peptide to Puro-
mycin under the control of the EF1 promoter (Figure 1).
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Fi1Gurek 1: Plasmid construction: third-generation lentiviral vector was used. In this construct, expression of the BMP2-mir424 and copGFP-
Puromycin was controlled under pCMV and eEF1 promoters, respectively. The copGFP gene was linked with the T2A peptide to
Puromycin-resistant gene. The transfer vector generated two transcripts, and then, a miR and three proteins, BMP2, copGFP, and the
puromycin-resistant marker, were made. The copGFP and the puromycin-resistant markers were used for monitoring and selection in

transfection and transduction steps.

The pCDH513-B empty lentiviral vector served as the control
group (pCDH-GP).

As shown in this schematic, different versions of this
vector were used, containing miR424 (pCDH-miR424-GP),
hBMP-2 (pCDH-BMP2-GP), and BMP2 and miR424
(pCDH-BMP-2-miR424-GP). The pCDH513-B empty lenti-
viral vector served as control (pCDH-GP).

3.2. WJSC Transduction and Cell Proliferation Assay.
According to the presence of GFP-positive cells, the trans-
fection rate was 95-97% (Figure 2(a)). FACS titration
showed 2.5 — 3 x 10° recombinant particles in the superna-
tant culture medium, which reached 2.3 - 2.5 x 10% parti-
cles/ml after PEG precipitation.

WIJSCs were confirmed based on morphology (Figure 2(a))
and previous characterization process [48]. Cells were trans-
duced at a MOI of 5 (Figure 3(b)). After 72 hours of transduc-
tion, the transduced cells were monitored by fluorescence
microscopy. Recombinant cells were screened by puromycin
antibiotic marker selection to remove not infected cells.

MTT analysis showed the viability of WJSCs in studied
groups (Figure 2(d)). The percent of cell viability was
100%, 99.8%, 99.7%, and 99.6% in control, miR424, BMP2,
and BMP2-miR424, respectively. However, among different
groups, there were not any significant differences (p > 0.05).

3.3. Quantitative Polymerase Chain Reaction and ELISA
Analysis. The qPCR was performed to evaluate the overex-
pression of miR-424 and BMP2. The endogenous U6 and
GAPDH genes were selected as control. The BMP2 gene was
significantly overexpressed in transduced WJSCs with the
virus-containing miR424-BMP2 genes (Figures 3(a) and
3(b)). This difference was significant compared to WJSCs
transduced with the virus-containing BMP2 or miR424 only
(p <0.05).

According to ELISA results, the amount of secreted
OCN was also increased significantly in the BMP2-miR424
group compared to the other groups (Figure 3(c)).

3.4. Alkaline Phosphatase Activity and Alizarin Red S
Staining. According to the results of Alizarin Red staining
and alkaline phosphatase (ALP) activity, osteoblastic differ-
entiation and mineralization induction in WJSCs were
elevated after exposure to study groups (Figure 4).

The ALP activity in all studied groups was significantly
higher than that in the control group (p < 0.05) (Figure 4(a)).

The results of mineralization induction are shown in
Figure 4(b). After evaluating by Image] software, the intensity
of red color showed increased amounts of calcified nodules
inBMP2-miR424, BMP2, and miR424 groups compared to
the control group (p <0.05). In conclusion, these results
demonstrate that lentiviral-miR424-BMP2 transduction
enhanced the osteogenic activity of WJSCs more than other
studied groups.

4. Discussion

Bone tissue has a complex signaling network, and its efficient
reconstruction needs full employment of growth factors and
regulated genes, both coding and noncoding ones [51-53].
In the present study, we demonstrated that an ex vivo
combination of coding gene and microRNA gene therapy
increased the rate of osteogenesis. The application of our
results of miR424 along with the BMP2 gene led to signifi-
cant osteogenic promotion in WJSCs, which included upreg-
ulation of the OCN protein secretion and the mineral
deposition in the transduced cells. In other words, this study
cleared the positive effect of miR424 on the osteogenesis of
mesenchymal stem cells.

Several miRNAs negatively or positively regulate the
signaling of bone morphogenic proteins and vice versa. These
proteins coordinate changes in miRNA expression. A study
conducted by Li et al. showed an increase in osteogenic
differentiation of C2C12 cells by downregulation of miR-135
[50, 54]. In another study, the increased expression of miR-
206 inhibited the osteogenic differentiation in C2C12 cells
[55]. Furthermore, it has been claimed that during osteogenic
differentiation, the regulation of miR-218 was increased, and
its expression enhanced osteoblastic markers, including Alp,
Runx2, and OCN [56]. The mentioned studies highlighted
the role of BMPs in the signaling pathways. Luzi et al. evalu-
ated the contribution of microRNA 26a in osteogenic differen-
tiation of human adipose tissue-derived stem cells (hASCs)
and showed this differentiation is regulated through targeting
the SMADI1 transcription factor, which is a signal transducer
of BMPs [57]. Also, Mizuno et al. demonstrated the enhanced
osteogenic induction in bone marrow-derived stromal cells by
using miR-210 by targeting the AcvRIb receptor, a well-
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FiGURE 2: Transduction of WJSCs. (a) Morphology of isolated WJSCs cultured in DMEM-F12. (b) HEK293T cells in the packaging stage,
secreting the virus-containing miR-424 and BMP2 gene. The green marker indicates the cells producing the virus. (c¢) WJSCs transduced by
the virus. The green marker indicates cells infected with the virus and thus the genes integrated into the genome of the host cells. (d) Cell
viability test. The viability of WJSCs was evaluated by MTT assay in the presence of miR424, BMP2, and BMP2-miR424 plasmids 72 hours
after transduction. The differences were not statistically significant (p > 0.05).

known member of the BMP receptor family [58]. An in vivo
study demonstrated that the suppression of miR-2861
decreased the Runx2 protein expression, followed by a reduc-
tion of bone mass and density [59].

Previous in vivo and other in vitro studies showed that
miR-424 is involved in regulating osteogenic differentiation
and bone formation [60-62]. However, the exact mechanism
and role are not thoroughly characterized. It has been shown
that the expression of this microRNA is upregulated during
osteogenic differentiation of bone marrow mesenchymal stem
cells [63]. Meanwhile, there are some controversial studies in
this regard. In a study, downregulation of miR-424 resulted
in bone formation under oxidative stress. According to the
results, the overexpression of miR-424 suppressed the prolifer-
ation and osteogenic differentiation in human adipose-derived
mesenchymal stem cells. There was a decrease in alkaline
phosphatase (ALP) activity and expression of osteogenic
markers. However, this study was held under oxidative stress

and claimed that the influence of miR-424 on osteogenesis is
altered under this condition [60].

Moreover, it seems that the level of expression of miR-424
is variable during the osteogenesis process. The expression of
this microRNA was higher in human bone marrow-derived
mesenchymal stem cells (hBMSCs) than in osteoblasts [64].
In addition, an investigation using microarrays reported
decreased miR-424 expression in osteogenically differentiated
bone marrow stem cells [65, 66]. These results suggested that
noncoding RNAs such as miR-424 play a critical role in main-
taining bone growth and development at different develop-
ment stages; meanwhile, their levels are markedly altered
during osteogenesis.

To achieve the goal of bone regeneration, microRNA-
424 seems to play an important role as triggers for overex-
pression of the BMP2 gene and proteins, which leads to
increased mineralization. The addition of the BMP2 gene
in the current study showed increased levels of the BMP2
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gene expression besides enhanced mineralization induction
and ALP activity [67]. There are similarities between this
study and those described by Oishi et al. that evaluated the
mineralization of PDGFRa+ cells in the presence of different
microRNAs. Their study showed a notable decrease in the
matrix mineralization of these cells after the suppression of
miR-424 [68].

Moreover, in the beginning phase of matrix mineralization,
the alkaline phosphatase enzyme is upregulated. The activity of
this enzyme in the current study was upregulated notably in the
miR424/BMP2 group.

Osteocalcin is a late marker of osteogenic differentiation
and is expressed by osteoblastic-phenotype cells. This pro-
tein is mainly known as an abundant noncollagenous pro-
tein in the extracellular matrix of bone tissue [69]. In the
current study, ELISA analysis of this protein showed signif-
icantly higher expression in WJSCs induced by miR424-
BMP2 vectors.

The findings of our study suggest that induction of
WJSCs by miR424-BMP2 leads to the upregulation of well-
known osteoblastic factors. However, it seems that the deter-
mination of miR-424 cell signaling effect and in vivo studies
about the effect of this noncoding RNA on osteogenesis are
prerequired to clinical application of miR424-BMP2 vectors
in the future.

5. Conclusion

Currently, the main biopharma industry products are based
on recombinant protein. There are many pieces of evidence
that noncoding RNAs play an essential role in human
health. For the big part of noncoding RNA function in cell
regulation and differentiation, applying noncoding genes as
part of biotherapeutics agents is needed. The current study
results clarify the efficacy of gene therapy by miR424-

BMP2 vectors for bone tissue engineering. These data could
help in guidance of the development of gene therapy-based
protocols for bone tissue engineering.
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