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ABSTRACT

Mesenchymal stem cells (MSCs) have garnered significant attention for their therapeutic potential, particularly in 
tissue regeneration and repair, because of their ability to differentiate into various cell types, secrete bioactive mol-
ecules, and modulate immune responses. Recently, there has been a shift in regenerative medicine toward secre-
tome-based approaches that focus on paracrine factors secreted by MSCs rather than the cells themselves. This shift 
capitalizes on the MSC-derived secretome’s capacity to promote tissue repair, reduce inflammation, and support 
cell survival, offering a less invasive alternative to cell-based therapies. In the context of bone regeneration, bone 
morphogenetic protein-2 (BMP-2) plays a pivotal role by stimulating osteoblast differentiation, enhancing bone for-
mation, and accelerating healing. However, BMP-2 can not be sufficiently secreted by human mesenchymal stem 
cells (MSCs). The insertion of the BMP-2 transgene into MSCs provides a promising strategy for producing secretomes 
containing BMP-2. However, expressing recombinant BMP-2 in MSCs is challenging and often leads to difficulty 
achieving high secretion target protein. This study aimed to review strategies to promote the expression and secretion 
of BMP-2 in MSCs based on selected papers from the PubMed database. Plasmid constructs are a key factor in the 
successful expression of recombinant proteins in mammalian cells, including BMP-2 in MSCs. This study summa-
rized strategies for developing effective plasmid constructs, including promoter selection, enhancer addition, and 
coexpression with other genes
Malaysian Journal of Medicine and Health Sciences (2025) 21(SUPP8):86-94.doi:10.47836/mjmhs.21.s8.13

Keywords: Bone morphogenetic protein, Mesenchymal stem cells, Genetic modification, Recombinant, Plasmid, 
gene insertion

Corresponding Author:  
Retno Wahyu Nurhayati, PhD
Email:retno.wahyu01@ui.ac.id
Tel : +62-821-4117-3441

INTRODUCTION 

The potential of mesenchymal stem cells (MSCs) has 
been investigated as a treatment for several diseases, 
including bone fractures (1). MSCs can be collected 
from various sources, such as bone marrow, umbilical 
cord tissue, and adipose tissue (2). MSCs are a promising 

alternative for bone tissue regeneration due to their 
biological properties, such as trophic and migratory 
functions (3), angiogenesis (4), immunomodulation (5), 
anti-inflammatory (6) and anti-apoptosis (7). Although 
numerous MSCs transplant studies have shown a good 
impact on therapeutic potential, there are some obstacles, 
such as heterogeneity of MSCs, trans-differentiation into 
unwanted cells, and low survival and proliferation rates 
of MSCs after transplantation in patients (8–10).
The cell-based therapies start to be alternated by less 
harmful, more affordable, and more effective free cell-
based therapies using valuable factors from cellular 
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differentiate at least into three mesodermal cell lines 
(mainly osteoblasts, adipocytes, and chondrocytes), 
migrate to tissues outside the microenvironment, a 
part of immunomodulation by regulating the activity 
of adaptive and innate immune cells, and express 
positive markers of at least CD105, CD73, and CD90 
and do not express markers of hematopoietic cells and 
endothelial cells (at least CD34 and CD45). MSCs have 
paracrine mechanisms to regulate some biological 
activities, such as angiogenesis, immunomodulation, 
anti-inflammatory, anti-apoptosis, neuroprotective and 
neurotrophic, antitumor, and antimicrobial (12,23,24).
The rapid development of MSCs studies indicates side 
effects in MSCs cell-based therapy that need to be 
anticipated, including the use of systemic administration 
of cell-based therapy which results in the appearance 
of microembolism in the lungs and tumor formation 
(25,26), and local injections resulting in damage to 
blood vessels so that triggers spontaneous inflammation 
(27). Cell-based therapy methods are being replaced 
by cell-free therapy methods using secretomes that are 
safer, cheaper, and more effective (12). MSCs secrete 
various factors that participate in tissue regeneration 
and repair through paracrine mechanisms as a 
physiological response or in response to pathological 
conditions (11,28). MSCs secretome contains cytokines, 
chemokines, cell adhesion molecules, lipid mediators, 
extracellular matrix proteins, growth factors, hormones, 
and exosomes as the therapeutic effect of regenerative 
medicine (28–30). 

In bone regeneration and repair therapy, MSCs’ 
secretomes have been extensively studied for their 
effectiveness in increasing the process of osteogenesis 
and vascularization during bone regeneration with low 
immunogenicity in triggering inflammatory reactions 
and other side effects in experimental animals and 
clinical trials (13,31). An in vitro study has demonstrated 
that TGF-1 produced by bone marrow-derived MSCs 
can effectively control the processes of osteogenesis, 
migration, and chemotaxis through paracrine 
interactions with osteoblast cells (32). IGF-1 secretion 
by MSCs induces proliferation of endothelial progenitor 
cells through the PI3K/Akt signaling pathway as an 
angiogenesis process (33) and through intracellular Ca2+ 
signaling mediates osteogenic differentiation of BM-
MSCs (34).

Secretomes are a promising alternative to cover the 
challenges of MSCs cell-based therapy. Until now, 
various MSCs improvement methods have been sought 
and developed to improve secretome-based therapy 
through various pre-conditioning, including genetic 
modification (35,36). 

BONE MORPHOGENETIC PROTEIN-2 (BMP-2) IN 
BONE THERAPY

Bone Morphogenetic Protein-2 (BMP-2) osteoinductive 

metabolites. MSCs secrete factors that participate in tissue 
regeneration and repair through paracrine mechanisms 
as a physiological response or response to pathological 
conditions (11). Secreted poducts (soluble proteins, free 
nucleic acid, lipids, and extracellular vesicles) secret 
by cells in extracellular space are called secretomes 
(12). Secretomes have been extensively evaluated for 
their effects on bone regeneration in human and animal 
models (13). 

Genetic modification has been studied to add new or 
improve the therapeutic potential of MSCs’ secretome. 
Genetic modification of MSCs produces various types 
of recombinant proteins from various growth factors, 
inflammatory mediators, enzymes, and others (14) for 
example, bone morphogenetic protein-2 (BMP-2). BMP-
2, a growth factor from the TGF-β superfamily BMPs 
group, is an osteoinductive molecule in the process of 
bone formation (15) that is lack expressed and secreted 
by MSCs (16,17). 

Recombinant protein is a rapidly emerging alternative 
for several kinds of clinical uses. Researchers continue 
to attempt to improve their quality and quantity to 
produce recombinant proteins better targeted at 
specific therapeutic targets. The recent recombinant 
human BMP-2 (rhBMP-2) production still has a lot of 
drawbacks. The advantage of using MSCs to produce 
rhBMP-2 compared to other eukaryotic cells, such as 
CHO and HEK, is that a combination of MSCs secretome 
and BMP-2 can be obtained to enhance the bone 
regeneration effect of secretome-based therapy. On the 
other hand, the generation of rhBMP-2 in eukaryotic 
cells resulted in low titers of protein secretion compared 
to prokaryotic cells (18–20). This study aims to review 
the strategies to promote the expression and secretion of 
BMP-2 in MSCs based on selected papers from PubMed 
database. Plasmid constructs are one of key factors to 
achieve successful expression of recombinant protein 
in mamalian cells, including BMP-2 gene in MSCs. 
This study summarizes strategies for effective plasmid 
constructs including promoter selection, enhancer 
addition, and co-expression with other genes.

METHODS
The papers used in this study were collected from 
PubMed database using keywords: mesenchymal stem 
cell, bone morphogenetic protein, genetic modification, 
plasmid. Selected papers published between 2014 – 
2024 using English language.

MESENCHYMAL STEM CELL (MSC) SECRETOME IN 
BONE THERAPY
MSCs are ideal for use as regenerative medicine due to 
their crucial role in bone remodeling and regeneration. 
Many treatments have been studied from the pre-
clinical stage to the clinical stage (21,22). MSCs are 
capable of self-renewal, are adherent to culture plastics, 
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MSCs genetic modification can use viral or non-viral 
vectors to insert a plasmid that induces gene expression 
as desired by researchers and the purpose of the research 
(45,46). Most genetic modification uses viral vectors, such 
as adenovirus, lentivirus, and adeno-associated virus 
for high efficiency. Nevertheless, both adenovirus and 
lentivirus exhibit certain limitations, such as adenovirus 
associated with high immunogenicity, and lentivirus 
has a risk of insertional mutagenesis. Non-viral methods 
include electroporation, nucleofection, sonoporation, 
nanoparticle, liposome, and polymer. Compared to viral 
vectors, non-viral vectors are safer, but the efficiency of 
transfection is lower. Recently, genetic modification 
using gene-editing tools, for example, Zinc Finger 
Nuclease (ZFN), Transcription Activator-Like Effector 
Nuclease (TALENS), or Clustered Regularly Interspaced 
Short Palindromic Repeats (CRISPR/Cas9) systems are 
getting more attention because its precise target and 
high efficiency. However, there is the possibility of off-
target gene edits (35). Each genetic modification method 
has advantages and disadvantages in selecting vectors 
that can be adjusted according to research objectives.

ENHANCING THE EXPRESSION AND SECRETION OF 
BMP-2 IN GENETICALLY MODIFIED MSC

The synergistic effect of MSCs, which naturally secrete 
multiple factors involved in bone regeneration, combined 
with the secretion of recombinant BMP-2, holds promise 
as a novel improvement in enhancing the efficacy of 
bone healing through the osteochondrogenesis process. 
The combination of MSCs secretome and BMP-2 has 
proven to increase total callus formation in critical-size 
defects of rat models (47). 

Various studies of genetic modification of the BMP-
2 transgene on MSCs have been conducted. A study 
showed transduction of BMP-2 transgene through a 
lentivirus vector in MSCs managed to enhance the 
expression of the osteogenic markers (ALP, Runx2, and 
OPN) after 14 days in vitro culture (48). Recent research 
by Tóth et al (49) on MSCs with BMP-2 transgene 
showed the highest total BMP-2 mRNA expression 
and elevation expression of osteogenesis marker genes 
compared to normal MSCs. BMP-2 gene transduced 
by the adenovirus vector in MSCs also induced 
chondrogenic differentiation through the expression of 
the Sox9 gene, collagen protein, and a positive result on 
Alcian blue staining. The BMP-2 transgene MSCs have 
also been successful in triggering osteochondrogenic 
differentiation in vivo (43,50). However, most research 
was conducted to enhance the potential of MSCs as a 
cell-based function in bone regeneration (51–53), not 
specifically to enhance the potential of MSCs secretome. 
However, human recombinant BMP-2 (rhBMP-2) in vitro 
production frequently faces several limitations whether 
using prokaryotic or eukaryotic cells. Production using 
Escherichia coli is contaminated with bacterial proteins 
and has a low potential to trigger the Smad transduction 

factor that belongs to the superfamily TGF-β with an 
important role in bone formation (15). Among 20 types 
of BMPs that have been identified, BMP-2 which is 
secreted by osteoblasts, osteocytes, and endothelial cells 
into, is involved in the bone formation process, including 
the promotion of osteogenesis and chondrogenesis of 
osteochondroprogenitor cells (15,37). 

Mature hBMP-2 is an acidic glycoprotein containing 114 
amino acid residues dominated by glutamate weighing 
approximately 32 kDA and is soluble in neutral salts. 
BMP-2 induces osteogenic differentiation of MSCs 
signaling through the Smad signal transduction pathway 
which regulates osteogenesis. Activation of Smad by 
BMP-2 in the BMP signaling pathway triggers Smad-
1 binding to the Runx2 promoter which is the main 
transcriptional factor in the process of osteogenesis in 
bone regeneration. Runx2 plays a role in regulating 
osteogenic genes, such as osteocalcin (Ocn), osterix 
(Osx), alkaline phosphatase (ALP), bone sialoprotein 
(BSP), osteopontin (Opn), type-1 collagen, osteonectin, 
β-catenin, and core-binding factor-1α (CBF-1α). The 
differentiation of MSCs is also influenced by Runx2, 
which activation of this gene inhibits adipogenesis and 
chondrogenesis. (38,39). According to research, BMP-2 
is important for osteogenesis in both vivo and in vitro 
(38,40), as evidenced by its ability to promote bone 
repair in osteoporosis (41) and femoral defect(42).

Because of its enormous benefits in bone therapy, 
recombinant human BMP-2 (rhBMP-2) has been 
developed and has received approval from the Food 
and Drug Administration (FDA) for several types of 
treatment, such as the treatment of bone non-union 
(43). The production of rhBMP-2 generally uses genetic 
modification on Escherichia coli bacterial cells and 
mammalian cells such as Chinese hamster ovary (CHO) 
and human embryonic kidney (HEK) (44) both of which 
have been used commercially.

GENETIC MODIFICATION OF MSC

Genetic modification is one of the methods of 
promoting MSCs’ therapeutic effects in bone repair 
and regeneration by introducing genes of interest 
involved in bone induction, maintenance, and repair 
such as BMPs. The primary objective of the genetic 
modification targeting strategy for MSCs has three 
key aspects, inducing the secretion of cytokines to 
enhance the viability and facilitate differentiation 
into osteogenic lineages, enhancing the expression 
of specific cell surface receptors involved in cellular 
homing or inhibiting the differentiation and activation of 
osteoclasts, and activating transcription factors and other 
proteins responsible for the differentiation and migration 
processes of MSCs. MSCs genetic modification also 
regulates epigenetic events, such as DNA methylation 
and histone modification. 
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phosphorylation pathway. The protein produced by 
prokaryotic cells does not undergo the glycosylation 
process, so its activity and stability become less than 
optimal (18,44,54). Even so, the use of eukaryotic cells, 
more specifically mammalian cells, still encounters 
obstacles, such as low titer protein (19,55–57). Several 
steps can be taken to increase in vitro-based protein 
production, such as optimizing the plasmid construction 
of BMP-2 transgene (58). 

PLASMID MODIFICATION
The strategy to upregulate BMP-2 gene expression 
using plasmid modifications in MSCs is summarized in 
Figure 1. Determining the right promoter for the gene in 

plasmid construction to be introduced into the host cell 
is the first step that influences the successful expression 
and secretion of recombinant proteins as shown in 
Table 1. Strong promoters are not always better for 
improving protein expression and secretion. In some 
cases, decreasing the speed of transcription by choosing 
a weak promoter or weakening the promoter elevates 
the protein expression (58). Cytomegalovirus (CMV), 
a viral promoter, is the most common promoter in a 
transgene plasmid for mammalian protein expression. 
Transgenes with the CMV promoter express the protein 
well in mammalian cells, such as HEK cells and CHO 
cells (59,60). BMP-2 expression has been successfully 
carried out with the CMV promoter plasmid in MSCs. 
Furthermore, the incorporation of collagen scaffolds with 
transgenic MSCs carrying the BMP-2 gene stimulated 
new bone formation better than other scaffolds after 
implantation in pig cranial bone defects (61).

However, several studies have shown the CMV promoter 
is not effective for expressing genes in MSCs compared 
to the human elongation factor-1α (EF-1α) promoter 
(60,62,63), murine leukemia virus long terminal 
repeat (RhMLV) promoter (64), β-actin, glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) (63), and 

continue

FIGURE 1: Strategy to enhance BMP-2 expression using plasmid 
modification

TABLE I. Plasmid modification for upregulating BMP2 expression in MSCs

No Plasmid Host Vector Protein titer Efficacy Ref.

1

RhMLV-BMP-2-
EGFP rat bone 

marrow 
MSC

Lentivirus

10.2 and 84.5 ng/day/mg cell protein at 8 
weeks (m.o.i. of 5 or 25, respectively)

Increase of bone 
formation in SCID 
mice at 3 weeks 

after implantation 
(RhMLV higher than 

CMV)

(64)

CMV-BMP-2-EGFP
1.3 and 3.8 ng/day/mg cell protein at 8 weeks 

(m.o.i. of 5 or 25, respectively)

2

pcDNA3.1/CMV-/
hBMP-2

rat bone 
marrow 

MSC
Electrotransfer

0.4 (± 0.1) ng BMP-2/48 h/106 
cells 10-fold than control)

Long-term mRNA 
expression of BMP-2

(63)

pcDNA3.1/EF1a-/
hBMP-2

3.0 (± 1.6) ng BMP-2/48 h/106 
cells (78-fold than control)

pcDNA3.1/b-ac-
tin-/hBMP-2

1.4 (± 0.3) ng BMP-2/48 h/106 
cells (36-fold than control)

pcDNA3.1/GAP-
DH/hBMP-2

2.6 (± 0.3) ng BMP-2/48 h/106 
cells (66-fold than control)

pcDNA3.1/eIF4AI/
hBMP-2

0.8 (± 0.4) ng BMP-2/48 h/106 
cells (20-fold than control)

3

CMV-BMP-2

rat adipose 
MSC

Adenovirus  

Enhance amount 
of BMP-2 secretion 
(EF1a > CMV) than 

control
Increase the potency 

of osteogenesis in 
vitro (EF1a > CMV) 

than control

(62)
EF1a-BMP-2

4 BMP-2- HIF1αmu
Rabbit 
MSC

Adenovirus

BMP-2 mRNA and 
protein expression 

levels higher in BMP-
2- HIF1αmu than 

BMP-2 only

(69)

5 BMP-2/Runx2
human 
adipose 

MSC
Microporation 7 ng/mL

Increase osteogenic 
gene marker expres-
sion and mineraliza-

tion in vitro
Increase bone forma-

tion in vivo

(70)
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TABLE I. Plasmid modification for upregulating BMP2 expression in MSCs (CONT.)

No Plasmid Host Vector Protein titer Efficacy Ref.

6

BMP-2-miR148b

human 
adipose 

MSC 
Baculovirus

72.5 ± 9.5 ng/ml on day 3 and prolonged 
until day 12

Enhance secretion of 
BMP-2 (miR148b > 

miR196a) 
Increase osteo-

genic gene marker 
expression in vitro 
(miR148b > mi-

R196a)
Improve bone 

formation in vivo 
(miR148b > mi-

R196a)

(72)

BMP-2-miR196a 16.9 ± 5.0 ng/ml at day 3

7 BMP-2-miR424
Human 

umbilical 
cord MSC

Lentivirus

Enhance BMP-2 
mRNA expression 

1700.11-fold change 
relative to control 

non-transgenic MSC
Elevate osteogenic 

differentiation mark-
ers and mineraliza-

tion

(73)

collagen-1A2 (Col1A2) (65). Gene transfer using the 
piggyBac transposon vector transfection mechanism 
showed different expression levels of the gene with the 
CMV promoter and the human elongation factor α/HIV 
enhancer hybrid promoter (hEFH) promoter in MSCs 
and HEK cells. Transgenes with the CMV promoter had 
the highest expression in HEK cells while in MSCs cells 
the highest expression was found in transgenes with the 
hEFH promoter. The selection of a lentivirus vector plus 
the RhMLV (murine leukemia virus long terminal repeat) 
promoter as a method of genetic modification of cells 
prolongs the expression of the BMP-2 transgene in MSCs 
from mouse bone marrow compared to the transgene 
with the CMV promoter (64). Cellular promoters, such as 
β-actin and EF-1α trigger increased levels and duration 
of BMP-2 secretion than CMV promoters (63) followed 
by enhancement of osteogenesis (62). The decrease 
in transgene expression with the CMV promoter may 
be due to DNA methylation or histone deacetylation 
(60,62).

The addition of enhancers includes steps to increase 
the expression and secretion of BMP-2 in transgenic 
MSCs, for example, HIV enhancer (HIVe) (60) and CMV 
enhancer (CMVe) (65). The combination of HIVe or 
CMVe with the EF-1α promoter (60) and CMVe with the 
Col1A2 promoter (65) has the highest protein secretion 
in extracellular. 

Enhancement of BMP-2 expression and secretion can 
be done by inserting other genes together with BMP-2 
gene through a polycistronic cassette. Those genes are 
separated by a linker, such as internal ribosome entry site 
(IRES), which is also a translation process enhancer (66) 
or 2A peptide, a shorter element than IRES that mediates 
self-cleavage by a ribosomal skipping mechanism 
(67,68). In manufacturing other recombinant proteins, 
for example, monoclonal antibodies, the addition 
of IRES to multicistronic plasmid structures has low 

efficiency. IRES inserted between open reading frames 
(ORF) are translated using an inefficient independent 
cap mechanism, causing low expression of monoclonal 
antibody genes. Another alternative to IRES is a shorter 
element 2A peptide. This peptide is a viral oligopeptide 
with a length of 18-22 amino acids that mediates self-
cleavage by a ribosomal skipping mechanism. The 
success of ribosomal skipping in producing two or more 
proteins from multicistronic genes will be generated 
separately as upstream proteins and downstream 
proteins. Skipping is successful but the ribosome 
separates while the translation process is taking place 
causing the downstream protein not to be produced. 
Meanwhile, failure of ribosomal skipping leads to the 
formation of fusion proteins (67,68).

Construction of BMP-2-IRES-HIF1αmu increased BMP-
2 expression compared to IRES-BMP-2 positive control 
(69). Genetic modification of MSCs with the BMP-2/
Runx2 transgene using the microporation method 
showed mice transplanted with 2A-BMP-2/Runx2 
transgenic MSCs had the highest percentage of bone 
formation areas and expression of osteochondrogenesis 
markers compared to 2A-BMP-2 transgenic MSCs and 
normal MSCs (70). VEGF has a great combination 
with BMP-2 and other BMPs for the efficiency of bone 
formation (45). The co-expression of BMP-2 and VEGF 
in MSCs cell sheets increased new bone formation in 
critical-sized calvarial defect mice (48).

MicroRNAs (miRNAs), one of the substances found in 
MSCs exosomes, have been known to play a role in 
the regulation of MSCs osteogenic differentiation and 
become an alternative for bone regeneration (71). The 
miRNAs regulate post-transcriptional gene expression, 
which is translation inhibition or mRNA degradation. 
Co-expression BMP-2 and some microRNAs (miRNAs) 
which play significant roles in osteogenesis, such as miR-
148b (72), miR-424, and (73), exhibits enhancement 
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of BMP-2 production in MSCs and osteogenesis. Liao 
et al.(72) found that the co-expression of BMP-2 with 
miR-148b by the baculovirus vector in MSCs from 
adipose tissue increased BMP-2 secretion and extended 
its expression up to day 12 post-transduction (with a 
decrease in secretion levels) BMP-2 only. Co-expression 
of BMP-2 with miR-148 also stimulated the best 
osteogenic differentiation compared to BMP-2 alone, as 
shown by the comparison of the percentage of bone-
forming area, volume, and density. Co-expression of 
BMP-2 and miR-424 elevates BMP-2 gene expression in 
MSCs significantly as well as osteogenic differentiation 
compared to BMP-2 only with no significant differences 
in cell viability compared to non-transduced MSCs (73). 
Although rhBMP-2 has shown the potential for bone 
therapy, some adverse effects need to be considered, 
especially related to dose-dependent rhBMP-2 the 
dose of rhBMP-2 administration during the therapy 
process. James et al (74) summarized the side effects 
of BMP-2, such as the elevation of proinflammatory 
factors, osteoclast activation inducing unwanted bone 
resorption, and inhibition of osteogenesis caused by 
activation of the adipogenesis gene. Some clinical effects 
were also detected after using BMP-2 therapy, including 
hematoma, cervical spine swelling, bladder retention, 
and bone cyst formation. Consequently, throughout the 
genetic modification process, it is critical to measure the 
concentration of BMP-2 and investigate its biological 
function in the secretome of MSCs.  

Subsequently, overexpression of BMP-2 gene in MSCs 
potentially enhances the osteogenic differentiation of 
MSCs compared to normal MSCs (75,76). MSCs will 
undergo phenotypic alterations, lose the stemness, 
and differentiate into osteoblast cells. As a result of 
differentiation, cell secretomes contain different factors, 
and it can be said that these cells are no longer MSCs. 
Thus, it’s critical to investigate strategies for preserving 
MSCs’ native phenotype during the development of 
BMP-2 overexpression in MSCs. Some strategies could 
be applied to overcome this problem are using adipose-
derived MSCs (AD-MSCs) and adding an inducible 
gene expression system in the plasmid construction to 
control the activation of BMP-2 transgene expression. 
Research by Kazimierczak et al (77) has shown that 
the in vitro osteogenic differentiation of AD-MSCs is 
lower than bone marrow-derived MSCs (BM-MSCs) yet 
the secretome of AD-MSCs contain factors involved in 
the bone regeneration process. Cytokines and growth 
factors, such as TGF-β1, IL-6, IGF, VEGF, and miRNA 
miR-21, let-7f, miR-10a&b, and miR-199b in secretome 
of AD-MSCs maintain bone homeostasis and promote 
osteogenic differentiation (78). 

The expression system of transgenes can be in constitutive 
expression system or inducible expression system. The 
constitutive system is a continuous expression system 
during the life of the host cell. However, over time 
the constitutive system of lentivirus transduction in 

mammalian cell culture has the potential to experience 
gene silencing due to CpG methylation. Other than 
that, most of inducible expression system has higher 
efficiency and lesser side effects on cells (79,80). The 
induced gene expression system is a system that controls 
gene expression through the influence of certain factors. 
This system is based on the regulation of bacterial gene 
transcription involving gene clusters called operons and 
repressor gene regulatory proteins. The tetracycline/
doxycycline-inducible gene expression system is one of 
inducible gene expression system that widely used for 
the regulation of transgene expression (81) and has been 
proven to be able to control BMP-2 transgene expression 
in MSCs (53,82). 

CONCLUSION

Genetic modification is a prospective approach to 
combine the potential of MSCs secretome and BMP-
2, a signalling factor for bone regeneration. Various 
methods have been introduced to obtain high levels of 
expression and secretion of target protein in MSCs. The 
success of recombinant BMP-2 expression and secretion 
in MSCs depends on several factors, particularly the 
effectiveness of plasmid construction. Some strategies 
can be employed for plasmid construction, including 
promoter selection, addition of an enhancer, and co-
expression with other genes or miRNA. The hEFH is 
more prominent promoter in MSCs than a commonly 
used CMV promoter. For enhancing BMP2 expression 
in MSCs, the gene can be combined with internal 
ribosome entry site (IRES) sequence. In addition, the 
use of the use of miRNA such as miR-148b has been 
reported could elevate BMP2 secretion. Further studies 
are required to discuss the effect of inserted BMP-2 gene 
for MSC’stemness and secretome profile.
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