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The therapeutic effects of mesenchymal stem cells (MSCs) in musculoskeletal diseases (MSDs) have been verified in
many human and animal studies. Although some tissues contain MSCs, the number of cells harvested from those tissues
and rate of proliferation in vitro are not enough for continuous transplantation. In order to produce and maintain
stable MSCs, many attempts are made to induce differentiation from pluripotent stem cells (iPSCs) into MSCs. In
particular, it is also known that the paracrine action of stem cell-secreted factors could promote the regeneration and
differentiation of target cells in damaged tissue. MicroRNAs (miRNAs), one of the secreted factors, are small non-coding
RNAs that regulate the translation of a gene. It is known that miRNAs help communication between stem cells and
their surrounding niches through exosomes to regulate the proliferation and differentiation of stem cells. While studies
have so far been underway targeting therapeutic miRNAs of MSDs, studies on specific miRNAs secreted from MSCs
are still minimal. Hence, our ultimate goal is to obtain sufficient amounts of exosomes from iPSC-MSCs and develop
them into therapeutic agents, furthermore to select specific miRNAs and provide safe cell-free clinical setting as a
cell-free status with purpose of delivering them to target cells. This review article focuses on stem cell therapy on
MSDs, specific microRNAs regulating MSDs and updates on novel approaches.
Keywords: Mesenchymal stem cells, Induced pluripotent stem cells, Cell therapy, Musculoskeletal disorder, MicroRNA,
Exosome

Introduction
The musculoskeletal system includes muscle, joint,
bone, nerves, and tendons that support the body by aiding
movement and maintaining posture. Musculoskeletal diseases (MSDs) refer to injury or pain of the musculoskeletal system caused by many factors, including the
repetition of the same work task, aging, and genetic problems (1). MSDs have become a common problem for people all over the world because these diseases are considered the leading contributor to disability globally with difficulty in the assessment prognosis factors of the disorder
(2). In addition to humans, various studies are being conducted in animal models such as murine, canine, and
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equine, with fatal musculoskeletal diseases. Developments
in regenerative medicine for conditions associated with
tissue damage and aging have progressed, and the search
for stable and safe cell therapies, as well as non-cell therapies, have become emerging challenges.
Cell therapy refers to a treatment that injects, grafts, or
implants viable cells such as T cells or stem cells into the
damaged tissues to induce regeneration. For decades, stem
cell transplantation has been gaining considerable attention, especially among biologists, as a potential technology
for various disease states with degenerative and immunogenic pathologies. Among the different types of stem cells,
adult stem cells are used the most as therapeutic agents
because their tendency to be stable and safe at therapeutic
levels, but these cells are arduous to expand and obtain
enough at this point. For instance, mesenchymal stem
cells (MSCs), a type of adult stem cells, are collected in
various body areas such as bone marrow, fatty tissue, cord
blood, and synovium (3). The ability of MSCs to differentiate into multiple cell types makes them ideal for use
as a treatment in a wide range of diseases, including immune-modulatory therapy, ischemia, bone and cartilage
regeneration, myocardium regeneration, and the treatment
of skeletal and neurological disorders (4, 5). However, the
amount of tissue-derived MSCs is limited, and even if
they are cultured in vitro, the rate of proliferation decreases as they age (6). Also, the health conditions of donors could impact negatively on the quality of MSCs (7,
8). Therefore, several studies have involved the development and utilization of MSCs differentiated from induced
pluripotent stem cells (iPSCs), which are reprogrammed
from somatic cells to maintain stable MSCs. These studies
have shown that iPSC-derived MSCs are a better option
than tissue-derived MSCs in terms of proliferation rate
and quality (9-11). Stem cell niche is a specialized microenvironment for the preparation of excessive stem cell production and progression into cancer, but could also enable
regulated replication for progenitor production and tissue
repair where necessary. Thus, stability is an essential quality of a functional stem cell niche to ensure the sustenance
of stem cell characteristics and their growth regulation
(12) to avoid the tendency of their advancement into
malignancy.
MicroRNAs (MiRNAs) are paracrine substrates in the
transplantation of MSCs, which form a niche. Reports
have pointed out that small molecules, miRNAs are critical materials for biological processes (13-16). MiRNAs are
small non-coding RNA molecules containing about 22 nucleotides, which functions in RNA silencing and post-transcription to regulate gene expression (17-19). Research on

miRNAs has been expanding due to their roles as regulators of gene expression, which are related to target diseases, and thus, they are promising for biomarkers
development. Besides, cell-to-cell transportation, as well as
signaling of miRNAs via the paracrine route, is achieved
through the extracellular vesicles (EVs). EVs are categorized into two types, depending on size: exosomes and microvesicles (20); in particular, non-cell therapy using EVs
secreted from MSCs have recently become an emerging
treatment (21-24). Therefore, in this study, we have considered compiling treatments that have progressed to date
using tissue- or cell-derived MSCs for MSDs, and have
shown recently emerged new treatments using non-cell
therapy, MSC-secreted miRNAs, and their biological effects on MSDs.

MSC
Tissue-derived MSCs
There are three types of adult stem cells known as hematopoietic stem cells (HSCs), MSCs, and nerve stem cells
(NSCs). Especially, with MSCs, which are the cells used
for regenerative medicine, they are capable of maintaining
stemness and self-renewal capacity, as well as the inclination to differentiate into various mesenchymal tissues
(chondrocytes, myocytes, adipocytes, tenocytes, and osteocytes). Besides, since MSCs are immunomodulatory, and
enable possible allotransplantation and xenotransplantation. On the whole, MSCs can be extracted from bone
marrow, fatty tissue, cord blood, synovium, bone tissue,
and infrapatellar fat, and differentiated from pluripotent
stem cells.
Bone marrow (BM)-derived MSCs are non-HSCs located in the medullary stroma of bone marrow. BM-MSCs
were discovered by Friedenstein et al. in 1976 (25). Typically,
they are extracted from iliac, femur, tibia, and sternum
bone. The extraction of BM-MSCs could result in serious
problems, such as pain, bleeding, infection, or even death
(26). On the other hand, extraction of adipose-derived
mesenchymal stem cells (ASCs) is relatively easy and safe,
and thus, it is possible to extract significant amounts,
compared with other tissue-derived MSCs (27-29). The
chromosomal stability of ASCs is higher than BM-MSCs
in the effects of continuous subcultures, suggesting they
could attain normal proliferation and differentiation status (30). In addition, according to published data, ASCs
have advantages of proliferative capacity compared with
BM-MSCs. However, BM-MSCs exhibit an enhanced ability of osteogenic and chondrogenic differentiation, whereas ASCs display advantages in adipogenic differentiation
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potential, indicative of their cellular naive and homing
status (31). There is evidence to support that the type of
tissue and the anatomical region from which MSCs are
extracted play an essential role in determining their regenerative capacity. Synovium-derived MSCs were first
identified and isolated in 2001 (32). They are increasingly
recognized as promising therapeutic cell types for musculoskeletal regeneration, especially for cartilage, muscle,
and tendon remodeling. Among the MSCs, synovium-derived MSCs present enhanced proliferation capacity and
advances in chondrogenesis, compared with MSCs derived
from other tissues (33, 34). Previous studies have shown
that umbilical cord blood (UCB) derived MSCs are able
to expand and be conserved for treatments. Also, the harvesting of UCB-MSCs is less invasive and safe for both
mother and infant. Due to the immaturity of neonatal
cells, UCB-MSCs have advantages over other tissue-derived MSCs, as they exhibit higher proliferative capacity,
and minimized immunologic reactivity, thereby, lessening
the risk of graft-versus-host disease. For the past several
decades, UCB banking for future use has become popular
(35).

Induced pluripotent stem cell-derived MSCs
MSCs can be isolated from many tissue types, but they
populate only approximately 0.001% to 0.1% of cells
throughout the body (6), and as the age of the person increases, the collected number and quality decrease (7, 8).
Therefore, much focus has been based on attempts to derive MSCs from pluripotent stem cells.
iPSCs: The pluripotency of embryonic stem cells
(ESCs) has shown tremendous potential for cell therapy.
However, ethical concerns regarding taking cells from embryo limit its therapeutic approach (36). To overcome this
limitation, technology has been developed to generate
iPSCs from somatic cells. Unlike ESCs, iPSCs are recognized as the most promising cells in various therapies because their utilization does not pose ethical problems.
IPSCs possess the characteristic of pluripotency, which is
induced by transcription (37). These transcription factors
commonly include a combination of Oct4, Sox2, Klf4, and
c-Myc (OSKM) (38, 39); other than OSKM, other transcription factors induce reprogramming with high efficiency of somatic cells into pluripotent stem cells to increase the expression of specific genes, like those of the
glycolytic pathway and gene responsible for the regulation
of self-renewal (40, 41). The use of iPSCs favors challenges
encountered with ethical issues (38, 42), and current research depends on using integrative viral vectors such as
retrovirus and lentivirus, and non-integrative vectors, in-

cluding adenovirus, episomal plasmids, RNAs, along with
attempts to introduce proteins as defined transcription
factors by transduction techniques into somatic cells to restore pluripotency as fast, easy and safe methods for obtaining pluripotency cells. However, iPSCs, which had
been studied for therapeutic purposes, failed to pass the
genomic validation step and has resulted in a decision to
suspend this research area temporarily because of encountered mutation challenges. Whether the cause of iPSCs
mutation already exists in a patient’s fibroblast or in the
reprogramming process themselves, is still unclear (43).
Differentiation to MSCs: MSC-like cells derived from
iPSC have similar morphology when compared with MSCs
such as ASCs, peripheral blood-MSCs, or UCB-MSCs. To
differentiate these iPSCs into MSCs and obtain a high
rate of proliferation is a vital process in stem cell medicine, as it supplies enough cells for MSC-based therapies
(9). IPSC-MSCs are known to play a role in suppressing
inflammation. According to our published data, the cell
cycle statuses of equine-iPSC-MSCs and equine ASCs
were assessed by flow cytometry, which revealed that ASCs
were less proliferative than our iPSC-MSCs. iPSC-derived
MSCs are also similar to those derived from tissues in
terms of their immunophenotype and multipotency toward differentiation into mesodermal cells, such as chondrocytes, myocytes, adipocytes, and osteocytes. These observations were confirmed by the expression level data obtained from MSC surface markers such as CD73＋, CD90＋,
CD105＋, CD146＋, and CD166＋, which lacked expression
of TRA-1-60− and CD34− which are pluripotent markers
and hematopoietic markers respectively (10, 11). Also, research on iPSC-derived MSCs has proven that CD4＋
FOXP3＋ Tregs that control anti-inflammatory activities
are enhanced by iPSC-MSC-mediated immunosuppression
when injected. This finding shows the potential of iPSCMSC to maintain immune compromise and tolerance (44).
The result of other studies showed that the increase in expression of functional channels in iPSC-MSCs was cause
of higher cell proliferation rates than BM-MSCs (45).
These cells from iPSC-derived could be useful as potential
cell resources to MSDs.

Direct conversion to MSCs
In addition, MSCs can also be converted from mature
cells that are completely differentiated, such as somatic
cells. Direct conversion is a process that induces conversion between completely different cell types. Currently,
direct conversion is recognized as a possibility of being
used in disease modeling and new drug discovery, and in
the future, it will be applied to gene therapy and re-
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generative medicine. OCT4 was directly programmed into
patient-specific somatic cells and established as MSCs
(46). In addition, an episomal or lentiviral vector-mediated OCT4 expression allowed human CD34(＋) cells to
be programmed directly to MSC quickly and efficiently
(47). The direct conversion of fibroblast to muscle stem
cells was done using transcription factors, including
EYA1, Pax3, Esrrb, and Six1 (48). Crucially, the direct
conversion programming of chemical-induced somatic
cells to MSCs is possible and increases the strong clinical
potential, but to date protocols are limited (49).

Therapy using different types of MSCs
Currently, MSCs treatments commonly used in various
diseases include surgery, radiotherapy, and chemotherapy.
Although these methods are effective, they also bring collateral damages and adverse effects to healthy tissue (50).
To overcome the limitations, cell therapy, which involves
transplantation of cells to repair or replace damaged tissue
and/or cells, has been developing rapidly not only in humans, but also in veterinary medicine, including its application in the treatments of dogs, cats, and other companion animals, including horses, for many types of diseases (9). Cell transplantations are divided into autologous, allogeneic, and xenogeneic. Autologous cell transplantation refers to the use of the patients’ own cells, cultured, and expanded in vitro and reintroduces into the
patient. Allogeneic cell transplantation uses the cells collected from another individual among the same species,
while xenogeneic cell transplantation involves cross-species cell transplantation, utilizing cells from different animal sources (50). Early clinical trials using animal models
revealed the therapeutic potential of MSC transplantation
for ischemic diseases such as heart coronary artery disease,
peripheral arterial disease, and stroke (51). Numerous
types of cells, including BM-MSCs, ASCs, and iPSC-MSCs,
which are being presented as appropriate targets (52, 53).
The two possible mechanisms of MSC transplantation are:
1) recruitment of MSC to the injury site and transformation into normal cells which compose the host cytoarchitecture and support stroma and 2) paracrine mechanism (54). Many research teams have confirmed the efficacy of MSC treatment for musculoskeletal diseases in
various species via anti-inflammatory action possibly due
to the soluble paracrine manner factors that will be discussed later (Table 1).
BM-MSCs: BM-MSCs have made extensive application
of clinical practice based on in vitro studies of isolation,
incubation, and differentiation. Typically, the therapeutic
use of BM-MSCs is applied to the treatment of osteo-

arthritis, immune disorder diseases, neurodegenerative
diseases, and sports medicine, both autologously and allogenically (25). For example, autologous chondrocyte implantation has predominantly been applied for cartilage
repair in cases in which a small biopsy of cartilage provides a chondrocyte population that is expanded in vitro
and implanted into the cartilage defect in a second
operation. Allogeneic BM-MSCs have also been explored
in osteoarthritis therapy of the knee. In a multicenter
study, the pain-reducing effect of allogeneic BM-MSCs
relative to hyaluronic acid alone was observed in patients
with primary idiopathic osteoarthritis of the knee portion.
Based on rodent model studies, such as mice, rats, and
guinea pigs, allogeneic BM-MSCs were injected in C57BL/6
for therapeutic purposes for post-traumatic arthritis. The
results showed that synovitis or activated macrophages
were not reduced in the synovium, but the cytokine levels
and bone healing response were altered. Based on this data, the authors raised the possibility that BM-MSCs could
prevent post-traumatic arthritis (55). Among those, allogeneic BM-MSCs were used to treat tendon injury and osteoarthritis, which revealed increased healing capacity (56-59).
Interestingly, the potential for future treatments using
xenogeneic (heterologous) MSCs has been demonstrated
using human MSCs in rats, and guinea pigs have by several research groups (60, 61). Favorably, even in rabbits
and dogs, allogeneic BM-MSCs showed excellent therapeutic effects on osteochondral defects and osteoarthritis
(62-64). Many cell therapy studies have been conducted
in horses, in which musculoskeletal diseases were fatal; although these studies did not show clearly the establishment of successful treatments, there were expectations of
positive outcomes regarding treatments of autologous
BM-MSCs in the future, given the significantly improved
level of aggrecan (65), a cartilage-specific proteoglycan
core protein, and thus, indicated cartilage repair. In addition, stem cell therapy is also applied in livestock such
as sheep (66). Other research groups have also reported
that autologous BM-MSCs provided significant enhancement in the normalization of biomechanical, morphological, and compositional parameters and that they were
expected to contribute to the development of cell therapy
in humans (67-70). Clinical trials are being conducted not
only in animals but also in humans to confirm the progress of osteoarthritis by treating knee injuries with autologous BM-MSCs with osteoarthritis outcome core and magnetic resonance imaging (MRI). The stability and efficiency of cell therapy were proven by evaluating the condition of the patients after half a year to 2 years. As a
result, waking distance, clinical data, and visual analog
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Table 1. Therapeutic effects of diverse mesenchymal stem cells
Treatment
BM-MSC

Species

Type of Lesion

Mouse
Rat

Osteoarthritis
Tendon defect
Osteoarthritis

Guinea pig
Rabbit

Human

Osteoarthritis
Osteochondral defect
Osteoarthritis
Osteochondral defect
Osteoarthritis
Tendon defect
Osteochondral defect
Osteoarthritis

ASC

Mouse
Rabbit
Dog
Human

Muscular dystrophy
Osteoarthritis
Osteoarthritis
Osteoarthritis

Synovium-MSC

Rabbit
Pig
Rabbit

Osteochondral defect
Cartilage
Osteochondral defect
Rotator cuff tendon tear
Tendon defect
Joint

Dog
Sheep
Horse

UCB-MSC

Horse

iPSC-MSC

Human
Mouse
Rabbit
Pig
Horse

Osteoarthritis
DMD
Cartilage
Bone fracture
Osteoarthritis
Joint
Tendon defect

scale were proved (71, 72). Allogeneic injections of BMMSCs have been attempted to verify the stability of cells
rather than their therapeutic effect (72, 73). Clinical research in humans is underway, and there are claims that
cell therapy has demonstrated a potential of stability and
feasibility (72-81).
ASCs: ASCs are also used as a treatment like MSCs,
with similar efficacy to BM-MSCs. ASCs were used as a
treatment for osteoarthritis in rabbits or dogs. Allogeneic
treatment of ASCs reduced the symptoms of osteoarthritis,
but further experiments need to be conducted to validate
the maintenance and stability of these treatments (82).
Autologous ASCs were transplanted in dogs with osteoarthritis, and the results indicated significantly increased
peak vertical force and vertical impulse levels (83). Also,
the use of ASCs in muscle regenerative therapies has been
discussed by other research groups. In vivo skeletal muscle

Autologous/Allogeneic/Heterologous
Allogeneic
Allogeneic
Allogeneic
Heterologous
Heterologous
Allogeneic
Allogeneic
Allogeneic
Autologous
Autologous
Autologous
Autologous
Allogeneic
Allogeneic
Allogeneic
Autologous
Allogeneic
Autologous
Allogeneic
Allogeneic
Heterologous
Heterologous
Allogeneic
Autologous
Allogeneic
Allogeneic
Allogeneic
Heterologous
Heterologous
Allogeneic
Allogeneic
Allogeneic

References
(55)
(56-58)
(59)
(74)
(61)
(62)
(63)
(64)
(99)
(66-68)
(65, 69)
(70, 71, 75-81)
(72, 74)
(85)
(82)
(83)
(100)
(86, 87)
(88, 89)
(90, 91)
(93)
(94)
(101)
(92)
(92)
(95, 96)
(102)
(103)
(98)
(10)
(10)
(10)

regeneration experiments, cells with increased myogenic
capacity were found using ASCs, which demonstrated the
presence of myoprogenitor population in ASCs. Therefore,
these myoprogenitor ASCs were identified as specific surface markers, and were obtained through isolation and expansion, and shown to have the potential in skeletal muscle treatment (84). According to previous research, combined ASCs with losartan treatment enhanced the therapeutic effects on muscle injury in mice by improving the
restoration of muscle fibrosis and regeneration (85). As
with BM-MSC, clinical treatment of ASCs was carried out
in humans, and the apparent recovery was confirmed in
autologous ASCs (86, 87). Furthermore, treatment of allogeneic ASCs was also applied to a wide range of osteoarthritis patients (88).
Synovium-MSCs and UCB-MSCs: Although synovium-MSCs have not been applied much in treatments,
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they were shown to be effective in chondrogenic regeneration and have been used in several studies (89-92).
In other tissue-derived MSCs, autologous/allogenic UCBMSCs were compared within horses. Based on the stability, allogeneic UCB-MSCs showed their prospects as a
treatment for the joint defect (93), and the tendon defects
(94) in the future. Also, human UCB-MSCs were injected
in rabbits that contributed to the development of treatment for the musculoskeletal disease (95, 96). Furthermore,
clinical treatments have been carried out in humans (97,
98).
iPSC-MSCs: Disease treatments using tissue-derived
MSCs showed some undoubted efficacy; nonetheless, other
results were reported to be non-significant. In the early
days, the lack of knowledge of biological mechanisms and
low engraftment efficiency of MSCs could have resulted
in a weak therapeutic effect in clinical trials. Because the
quality of MSCs varies widely among donors, MSCs induced from pluripotent stem cells, such as ESCs and
iPSCs, could provide safe and ideal source (99). The use
of iPSC-MSCs as a regenerative medicine showed significant radiological and histomorphometrical results rather than what was reported in a previous study using autologous tissue-derived MSCs (100). According to other studies on the therapeutic effects of iPSC-MSCs, they demonstrated better effectiveness than BM-MSCs in reducing severe hind-limb ischemia and promoting vascular, along
with muscle regeneration (11). When iPSC-MSCs were
Injected into musculoskeletal injured areas, including osteoarthritis mainly, bone fracture, osteochondritis, and
tendonitis in horses, the results indicated the improvement of these defects by reducing lameness and fever
without any adverse effects (10). Taken together, iPSCMSCs are considered as powerful tools for regenerative
medicine than any other tissue-derived MSCs (101, 102).

Potential of Cell-Free Therapy
Stem cell niche
Niche regulates the microenvironment so that stem cells
regenerate damaged tissue, facilitate rapid repair, and prevent overgrowth of tissue. Such stem cells interact by exchanging various feedback signals from their immediate
microenvironment. Secreted signals originate from the
stem cells themselves (autocrine), adjacent niche cells
(paracrine), or other tissues, creating a stem cell niche
condition (103). Secreted signals control stem cell fate relative to proliferation and differentiation (104), among
which EVs that carry various genetic material plays an important role. Therefore, the ability of self-renewing, main-

taining stemness, and differentiation of stem cells depend
on the niche, and communication between stem cells and
niche is important to control their fate. Interestingly,
among various types of targeted resources such as cytokines, RNAs, proteins, etc., miRNAs have become critical
sequences since they are important mediator of stem cell
niche establishment (105).

Exosome therapy
Numerous recent studies have shown positive effects
through various mechanisms of MSCs, among which EVs
of MSCs are regarded to have an essential role in immunomodulation and regeneration of damaged tissue (21).
EVs include microvesicles, nanoparticles, apoptotic bodies,
and exosomes (23). Microvesicles have been studied mainly for their role in blood coagulation, but have recently
been reported to be involved in cell-to-cell communication
in various cell types, including cancer cells and stem cells,
and are generally called oncosomes (106, 107). Microvesicles
range in size from 50 to 1,000 nm in diameter, but they
can be as large as 10 μm in some cases. They are produced from the plasma membrane of a cell and released
into the extracellular space by outward budding (108).
Exosomes are small EVs engendered in endosomal
membranes. There is currently no clear definition of exosomes, as they have not yet been studied widely. Exosomes
are composed of lipid-bilayer vesicles with a diameter of
30 to 100 nm and a density of 1.13 to 1.19 g/ml.
Essentially, exosomes are vesicles formed from the membrane of the mutivesicular endosome through inward
budding. They are secreted into extracellular fluids by fusion of multivesicular endosomes and the cell surface (Fig.
1) (109). The ability of the above-mentioned cell therapy
using MSCs to treat musculoskeletal tissue injury was attributed to musculoskeletal cell differentiation. On the
other hand, MSC secretome (mainly referring to exosomes) suggests that they are an essential component in
controlling the microenvironment (niche) of injured tissue
and regenerative processes, such as cell migration, proliferation, and matrix synthesis (110). Exosomes contain
proteins, lipids, DNA, RNA, and small non-coding RNAs,
including miRNAs. Although it has been widely proven
that the lipid contained exosome plays an important role
in the stability of vesicle, the effect of the lipid-derived
from MSC-exosome is still being explained (111). About
2,000 proteins were identified in exosomes derived from
MSCs. The membrane proteins of exosomes derived from
MSCs are proteins attached to the GPI, tetraspanins, and
receptors. Besides, proteins in MSC-derived exosomes include endogenous proteins such as annexin2, antigen-pre-
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Fig. 1. Process of cell-free therapy
from MSCs to target cells. In cell-free
therapy, there is a method of transmitting exosome secreted from MSCs
to target cells, and a method of selecting specific miRNA in MSCs,
then synthesizing it in the formed
mimic and delivering it to target
cells. A transport is needed to deliver miRNA mimic to target cells in
vivo. Generally, viral/non-viral carrier and targeted delivery are used.

sentation proteins like MHC-I and MCH-II, cell adhesion
such as integral and MEFGE8, and cellular structures and
motility proteins including actin, myosin, and tubulin
(112-114). Among the components of exosome entering the
target cell, miRNAs are one of the most important small
molecules since they affect the gene expression the most
compared with other molecules (115).
There are several advantages of using exosome-based
therapy which is cell-free therapy. The low immunogenicity, no effect on vascular obstructive and reduced risk
of secondary microvascular thrombosis, potential development of engineering therapeutic vesicles, amplification of
ligand-gate signaling pathways and transference of biomolecules from stem cells to target tissue, ability to convert content of miRNA in exosome (116, 117). These advantages let the research on exosome-based therapy
underway. Exosome secreted from BM-MSCs showed therapeutic effect in MSDs such as ischemia (118), femur fracture (119), and muscle injury (120). To confirm the therapeutic effect of exosome from iPSC-MSC, researchers obtained exosome from culture medium of human iPSCMSCs by purifying it. Exosome was prepared in hydrogel
glue and treated in a rabbit model with osteochondral
defect. As results, integration of injected hydrogel glue
with native cartilage matrix was observed, and deposition
of cell within the site of cartilage defect was promoted indicating the enhancement of the therapeutic effect of
iPSC-MSC-derived exosomes (121). In addition, the ability of iPSC-MSC-derived exosomes was demonstrated in

MSD by treating exosome without cells (122). Also, the
treatment of exosome from iPSC-MSCs to hind-limb ischemia or bone loss proved the improvement of its symptoms (123, 124). Although few research compared exosomes secreted by tissue-derived MSCs and iPSC-MSCs,
in one paper by Yu Zhu compared the therapeutic effect
of exosome secreted by synovium-MSCs and iPSC-MSCs
in the OA model. Both exosomes stimulated chondrocyte
migration and proliferation, but the effect of exosomes secreted by iPSC-MSCs was higher (125). Moreover, compared with tissue-derived MSCs, iPSC-MSCs have proven
superior in cell proliferation, immunomodulation, cytokine profile, generation of exosomes that can regulate microenvironment, and bioactive paracrine factor secretion
(126, 127). It is assumed that exosome secreted from iPSCMSC is beneficial over exosome secreted from tissue-derived MSC. Because the therapeutic effects of iPSC-MSCs
was superior to tissue-derived MSCs (10, 44, 45), they
might secrete effectual extracellular vesicles which should
be studied further. It is well known that not all MSC-derived exosomes are equivalent, depending on the condition
and environment of the cells (128-130). Besides, for exosome therapy, a sufficient amount of exosome is required
and subsequently, it requires a massive quantity of cells.
Since the mass culture of iPSC-MSCs is available, using
iPSC-MSCs rather than tissue-derived MSCs would be
more efficient to extract an adequate number of the
exosome. Exosome-based therapy not only complements
limitations of cell therapy but can also provide a much
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safer treatment for patients in mild conditions who do not
need to supplement the cells.

MiRNA biogenesis
MiRNAs in exosome are known to play an important
role in target cells. But if only miRNAs were delivered into target cells, would the therapeutic effect be the same?;
or how much therapeutic effect will it have? We will discuss the possibility of using miRNA and its limitations
here. MiRNAs, one of the most predominant non-coding
RNAs in EVs, are like hormones having abilities of autocrine, endocrine, and paracrine activities; therefore, they
are essential in intercellular and intracellular communication (131). The role of miRNAs is crucial, especially in
the development and differentiation of cells, regulation of
cell cycle, metabolic control, and immune modulation.
MiRNAs have been found to control more than 60% of
all coding genes and play a central role in physiological
processes, such as cell proliferation, differentiation, genome stability, metabolism, apoptosis, and aging (132-134).
MiRNAs, non-coding RNAs, are composed of about 22
nucleotides. Their primary function is blocking the translation of multiple genes, thereby, regulating the expression of numerous target genes through sequence-specific
hybridization to the 3’UTR or the other site of mRNAs.
The sequences of miRNAs come from intergenic or intron
and exon which are located in intragenic region. They are
initially transcribed as long primary transcripts by polymerase II in the nucleus and are called primary miRNA
(pri-miRNA). This pri-miRNA contains 5’ m7G cap structure and 3’ poly(A) tail. Then, still in the nucleus, primiRNAs form stem-loop structures by dsRNA binding
protein DGCR8 and RNase III endonuclease Drosha;
which together are called microprocessor. The microprocessor cleaves both strands of the stem near the base
of the primary stem-loop and produces a hairpin structure
about 70-nucleotide-long sequence called miRNA precursor (pre-miRNA). Pre-miRNAs then are transported to
the cytoplasm by a protein known as exportin 5 in the
presence of the Ran-GTP cofactor. A second RNase III endonuclease, Dicer1, and dsRNA binding protein together
cleave the loop of the pre-miRNA hairpin to produce an
approximate 22 nt double stranded miRNA. Subsequently,
the miRNA duplex is unwound by helicase, generating a
couple functional miRNAs. One of 2 single-stranded
miRNAs, a leading strand, is preferentially transferred to
as RNA-induced silencing complex (RISC), containing
proteins together with Dicer and AGO2, which is the catalytic engine of RISC. Another strand, the passenger
strand, is degraded. The mature miRNA guides RISC to

3’ UTR of mRNA. They can inhibit translation or directly
degrade the target mRNAs. These reactions depend on
their complementarity to the target mRNA sequence (Fig.
1) (131).

MiRNA delivery
Even though we could discover the specific miRNA targeting disease relating gene, its complete and safe delivery
without degradation into the target cell is in question. For
example, favorable pharmacokinetic properties include increased serum half-life, serum protein stability, optimal
biodistribution through the preferential transmission to
target organs/cells and elimination by the renal or delusional endothelial system. in vivo delivery of siRNA or
miRNA for therapeutics is one of the most essential problems needs to be solved (135). Mimics are artificially synthesized short nucleotide sequences having similar orders
with pre-miRNAs. Like pre-miRNAs, they are recognized
by the machinery of miRNA biogenesis and work as other
miRNAs. microRNA-mimics (miR-mimics) have been investigated as a new source of non-cell therapy. When the
expression of a specific miRNA is decreased in a particular disease state, induction of miR-mimics into the tissue
helps to act like the miRNA (136). The transport of
miRNA can be largely divided into viral/non-viral carriers
and targeted delivery. Viral carriers uses vectors such as
lentivirus, adenovirus, adeno-associated virus, but they are
not suitable for treatment due to problems such as toxicity, immunogenicity, and mutation. Therefore, liposomeor polyethylenimine (PEI)-based delivery system without
virus is developed and has been studied for clinical use
(137). Liposomes are one of reagents commonly used in
vitro, but due to toxicity, non-specific uptake, and unwanted immune response, there are limits to being used
as a safe and efficient delivery in vivo (138). PEI is used
a lot in gene delivery. PEI has a positive charge and goes
through endocytosis by interacting a negative charge on
the cell surface. Proton sponge occurs in the endosome
and come out to cytoplasm (139). PEI has good transfection efficiency and no toxicity in this respect, but there
is a limitation in delivering small molecules such as
siRNAs or miRNAs (140). Compared to viral carriers,
non-viral carriers are much less toxic and immunogenic,
but less transfection efficiency. Nevertheless, further study
of the aforementioned thresholds would be good transports in vivo. A targeted delivery, nanoparticle (NP), is literally a carrier attached to target cells by having a specific
ligand. It is also possible to avoid immune response
caused by macrophages and immune cells by making
stealth coating on NP (Fig. 1) (141).
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Therapeutic potential of microRNAs for
musculoskeletal diseases
Despite the good results obtained from treatments, the
mechanisms of their positive effects are only partially accommodated (142). Because MSCs show limitation in generating a consistent source of cells with a stable phenotype, graft injection by the host, and potential of tumorigenicity, researchers have begun to investigate other
methods to compensate for the disadvantages of MSC
transplantation. On this account, the development of
miRNAs that bring therapeutic effects has been actively
investigated. They are important regulators of the maintenance of pluripotency or multipotency and differentiation of stem cells. EV-derived miRNAs, thereby, are
mediators of the extended paracrine effects of stem cells.
Therefore, it could be inferred that the intercellular regulation of gene expression is mediated by the intercellular
communication via transfer of miRNAs from EVs, and

this ultimately affects the stem cell fate and their niches
(143). Although miRNA therapeutics have not yet received
FDA approval for medical intervention, candidate drugs
of miRNAs are in process of development. So far, there
are several clinical trials in the pipeline for miRNAs (144).
Table 2 indicates the different functions of miRNAs targeting different genes in musculoskeletal diseases. The
therapeutic potential of BM-MSC-derived exosomes has
been recognized primarily in degenerative diseases, such
as intervertebral disc degeneration (142). In the osteoarthritis mouse model, the exosomes from BM-MSCs were
involved in regulating the level of apoptotic chondrocyte
(145). During osteogenic differentiation, exosomal miRNAs
including let-7a, miR-199b, miR-218, miR-148a, miR-135b,
miR-203, miR-210, miR-299-5p, and miR-302b from BMMSCs showed their significant decrease in human (146).
The specific miRNA secreted by BM-MSCs is actively
studied in vitro (147, 148), and furthermore in vivo (149,

Table 2. The effectiveness of exosomes/miRNAs as targets for mesodermal lineage disorders
Sources
BM-MSC

miRNAs

In vitro

miR-22

miR-4532,
miR-125b-5p,
and miR-4516
miR-494
Promote myogenesis and angiogenesis
miR-92a-3p
Enhance chondrocyte proliferation,
migration, and cartilage development
miR-135b
Enhance chondrocyte proliferation
miR-885-5p
Regulates BMP2-induced osteogenic
differentiation
miR-320c
Enhance BMSC chondrogenesis
miR-140-5p
Promote adipocyte differentiation
ASC
miR-100-5p
Inhibit cell apoptosis, promote anabolism
in IL-1 β-induced chondrocytes, and
enhance the level of autophagy
Exert a major neuroprotective role
Promote proliferation, migration, and
osteogenic differentiation of BMSCs
miR-218
Promote osteogenic differentiation
Synovium-MSC miR-140-5p
Activate YAP, decrease ECM secretion,
and induce proliferation and migration
of articular chondrocytes
iPSC-MSC
Promote migration and proliferation of
chondrocytes and hBMSCs
Promote osteoblast proliferation,
differentiation and bone formation
Promote endothelial cell migration,
proliferation, and tube formation
Promote angiogenesis in endothelial cells

In vivo

References

Reduce apoptosis in ischemic cardiomyocytes,
ameliorated fibrosis and improve cardiac
function post-myocardial infarction in mice
Promote fracture healing in mice

(120)

(121)

Promote muscle regeneration in mice
Inhibit cartilage degradation in mice

(122)
(151)

Enhance chondrocyte proliferation in rat

(152)
(147)

Prevent the cartilage destruction

Promote bone regeneration in critical-sized
calvarial defects in mice
Slow the progression of early OA and prevent
the severe damage of OA in rat
Provide a mode for cartilage regeneration and
promote integration
Promote bone regeneration in critical-sized
calvarial defects in rat
Promote blood perfusion and attenuate severe
hind-limb ischemia of mice
Prevent bone loss and increase angiogenesis in rat

(153)
(154)
(155)

(156)
(157)
(149)
(158)

(123)
(124)
(159)
(160)
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150). Let-7a regulates HMGA2 to improve osteogenesis
and bone formation while inhibiting adipogenesis of human stromal/MSCs (151). MiR-199b was reported to be involved in controlling osteoblast differentiation by Runx2.
Signals from the relationship between miR-218 and Wnt/
β-catenin have been known to promote osteogenic differentiation of human ASCs (152). In addition, many studies
have been conducted with exosome and specific miRNA
secreted by ASCs (153-155). Rarely, in vivo experiment
was also carried out in the OA model of rat with miRNAderived synovium-MSCs treatment (156). Discovering and
using the function of miRNAs have provided various therapeutic targets (Fig. 2). Taken together, with miRNAs being key components of the stem cell niches, which regulate
stem cell fate, are potent sources of therapy and likely to
be substituted for standard chemotherapy and stem cell
therapy.
Although there are not many studies targeting MSDs,
one study found some distribution of EVs in tibia and femur, especially in liver and spleen after intravenous injection of BM-MSC-derived EVs (157). This suggests that
miRNAs in EV can also affect MSDs.

Conclusions
MSCs, which have been applied as therapeutic sources
of various diseases, could be isolated from several different
tissues, including BM, UCB, adipose tissue, and synovium, and could be induced from iPSCs. Their therapeutic effects have been validated in numerous reported

scenarios of musculoskeletal diseases in humans and a variety of animal models. Many studies of BM-MSCs have
been conducted, but have proved to be less effective after
applying the treatment compared to other sources (158-163).
In addition, using tissue-isolated MSCs rather than iPSCMSCs presents limitations, namely, the amount of MSCs
harvested is usually not sufficient for continuous transplantation, and the process is invasive, as well as requiring
preparation, and the cellular conditions might differ, depending on the statuses of the donors. Therefore, many
researchers, including our group, are interested in iPSCMSCs and attempting to apply them for MSC therapy.
Meanwhile, it was discovered that the paracrine action
is the primary mechanism of stem cell therapy, and could
promote regeneration and differentiation of the damaged
tissue by secreting transcription factors, proteins, and
miRNAs to target cells. It is believed that the ultimate
therapeutic effects resulted from the functions of secreted
paracrine factors rather than the cells themselves. Among
those factors, miRNA, a type of small non-coding RNA
related to epigenetic regulation, inhibits the translation of
not only one gene but possibly many genes. Thus far, numerous research endeavors are underway to study miRNAs
for therapeutic purposes. Researchers have proposed the
possibility of miRNA administration as a form of therapy
to avoid any safety problems caused by MSC transplants
such as arrhythmic (164), tumorigenesis, ossification, and
calcification in tissue (165). However, there are still limitations regarding the difficulty of isolation and purification of miRNA as a clinical setting to patients, which re-

Fig. 2. MSC-secreted miRNA therapy
for musculoskeletal diseases. As shown
in the figure above, different miRNAs
secreted by MSCs act on target cells
show a positive effect on musculoskeletal diseases. As shown in table
2, there are many miRNAs related to
musculoskeletal diseases. Further, it
was confirmed that one miRNA could
target different genes in different cells
giving different effects.
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Fig. 3. Schematic diagram of cell therapy and cell-free therapy. The schematic diagram demonstrating the cell-therapy and cell-free therapy
for musculoskeletal disorders. For cell therapy, tissue-derived MSCs and iPSC-MSCs are applied by direct injection into injured area. A
part of injected cells migrates to the damaged region of tissue and participates in proliferation and differentiation while most of the injected
cells secrete paracrine factors such as exosomes containing miRNAs to promote a regenerative condition. Cell-free therapy includes exosome
therapy and miRNA therapy. Exosome can be obtained in massive quantity from iPSC-MSCs, and synthetic miRNA also can be obtained
in vitro.

quires sufficient amounts and, specifically, remains a significant challenge (166), as high quantity is imperative for
therapy. Therefore, except for other factors secreted from
MSCs, only therapeutic effect of miRNA will become
clear, and if specific miRNAs are selected, safe treatment
will be possible without cells. But in severe conditions or
in old patients whose regeneration ability of cell is depreciated, non-cell therapy is not the best choice. Patients
with advanced aging or severe diseases need to be replenished with healthy cells so that the cells can function
in the injured site by homing and paracrine secretion. We
recommend iPSC-MSCs therapy that can provide healthy
cells, and furthermore, look forward to a future where selective treatment can be made between non-cell therapy
(miRNA therapy) and cell therapy depending on the patient’s condition. Ultimately, final goal for clinic is to gain
sufficient amounts of iPSC-MSCs that could yield as
many miRNAs desired to develop safe and efficacious
therapeutic agents, now that studies have demonstrated
that this approach reduces immune rejection, enhance
therapeutic effects on musculoskeletal disorders, and renders patients’ safety (Fig. 3).
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