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Abstract

migration, angiogenesis, and proliferation of MSCs.

Mesenchymal stem cells (MSCs) have great potential as a source of cells for cell-based therapy because of their
ability for self-renewal and differentiation into functional cells. Moreover, matrix metalloproteinases (MMPs) have a
critical role in the differentiation of MSCs into different lineages. MSCs also interact with exogenous MMPs at their
surface, and regulate the pericellular localization of MMP activities. The fate of MSCs is regulated by specific MMPs
associated with a key cell lineage. Recent reports suggest the integration of MMPs in the differentiation,
angiogenesis, proliferation, and migration of MSCs. These interactions are not fully understood and warrant further
investigation, especially for their application as therapeutic tools to treat different diseases. Therefore,
overexpression of a single MMP or tissue-specific inhibitor of metalloproteinase in MSCs may promote
transdifferentiation into a specific cell lineage, which can be used for the treatment of some diseases. In this review,
we critically discuss the identification of various MMPs and the signaling pathways that affect the differentiation,
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Background

The extracellular matrix (ECM) plays many critical roles
including supplying information and signals to the sur-
rounding cells and providing structural support [1].
There are some molecules that are secreted by cells into
the ECM to control different biological activities at the
tissue or cellular level. Matrix metalloproteinases
(MMPs) are among the key molecules that regulate dif-
ferent molecular and biological events in the ECM.
MMPs are a family of zinc-dependent proteolytic en-
zymes involved in the degradation of ECM components.
MMPs were firstly named based on their substrates,
until it became clear that each MMP has multiple

* Correspondence: dkagr@creighton.edu
Department of Clinical and Translational Science, Creighton University School
of Medicine, CRISS Il, Room 510, 2500 California Plaza, Omaha, NE 68178, USA

( BiolVied Central

substrates. Therefore, MMPs were classified into differ-
ent groups based on their domain structure, and the no-
menclature was changed to a numerical system [2].
MMPs are classified into several subgroups based on
their substrate preference or domain structure. Collage-
nases (MMP-1, MMP-8, MMP-13, and MMP-18) cleave
fibrillar collagen types I, II, and III, and they can cleave
other ECM proteins. Gelatinases (MMP-2 and MMP-9)
have high activity against gelatin, and degrade other
ECM molecules including collagens, laminin, and aggre-
can. Stromelysins (MMP-3, MMP-10, and MMP-11) di-
gest a number of noncollagen ECM molecules, and their
domain arrangement is similar to that of collagenases.
The membrane-type MMPs (MT-MMPs) (MMP-14,
MMP-15, MMP-16, MMP-17, MMP-24, and MMP-25)
are intracellularly activated transmembrane molecules,
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and their active forms are expressed on the cell surface.
There are other less characterized members including
MMP-7, MMP-12, MMP-19, MMP-20, MMP-22, and
MMP-23 [3]. Most of the MMPs contain the single pep-
tide, prodomain, catalytic domain, hinge domain, and
hemopexin domain. The MT-MMPs have an extra do-
main called the transmembrane domain or GPI-
anchored domain, which are integrated in the plasma
membrane [2].

MMPs are important in a wide variety of developmen-
tal processes including mediation of cell-cell adhesion,
tissue remodeling, cell migration, invasion, proliferation,
and apoptosis [3]. MMPs can cleave growth factor bind-
ing proteins or latent growth factors which may regulate
their synthesis and release from inside the cell [4, 5].
They are regulated by several MMP-specific inhibitors
called tissue-specific inhibitors of metalloproteinases
(TIMPs) [4, 5]. MMPs and TIMPs have a very critical
role in matrix remodeling that takes place during the re-
generation of any tissue [4, 5]. The activity and function
of MMPs suggest their involvement in different cellular
activities during cell development. This fact opens the
door to investigate the involvement of these enzymes in
the migration, proliferation, and differentiation of mes-
enchymal stem cells (MSCs).

Regenerative medicine is a promising approach that
involves stem cells and microenvironmental factors to
stimulate differentiation into different lineages. MSCs
have great potential as a source of cells for cell-based
therapy because of their ability for self-renewal and dif-
ferentiation into functional cells. MSCs are adult stem
cells of stromal origin that can be found in different bio-
logical sources not only in bone morrow, but also in
other various tissue sources [6]. They are multipotent
cells and are known to migrate from bone morrow to
different tissues with different compositions of ECM,
which justify the studies to examine their susceptibility
to matrix variation [7]. Moreover, it has been
demonstrated that MMPs have critical role in the differ-
entiation of MSCs to adipocytes, osteocytes, and chon-
drocytes [4]. MSCs also interact with exogenous MMPs
at their surface and activate proMMP-2 and proMMP-
13, regulating the pericellular localization of MMP activ-
ities [6]. They have the capability to regulate exogenous
MMP-2 and MMP-9 by the expression of TIMP-2 and
TIMP-1, protecting the perivascular niche from their
high levels [8].

There is increased interest in the use of MSCs as
therapeutic tools to treat different diseases because of
their ease of isolation, immune capability, expansion,
and proliferative and differentiation potency [9]. Re-
cently, the focus of many studies on MSCs is the con-
nection between cells and matrix signals. However, the
mechanisms that regulate the proliferation, migration,
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self-renewal, and differentiation of MSCs are still not
fully understood [10]. Identifying the molecules that
regulate the fate of MSCs is an important approach to
understand how these cells can be controlled and thus
used as therapeutic tools. In this study, we critically
reviewed the findings on the effect of MMPs in angio-
genesis, migration, and proliferation of MSCs. We also
reviewed the role of MMPs on the multilineage property
of multisource-derived MSCs to differentiate into adipo-
cytes, chondrocytes, and osteocytes.

Role of MMPs in the differentiation of MSCs
Adipogenic differentiation

MMPs have been implicated in regulating adipogenic
differentiation of MSCs. MMPs and TIMPs have a cru-
cial role, either negative or positive, in the differentiation
of adipoblasts, which are derived from MSCs. Formation
of adipose tissue involves triggering of MSCs to differen-
tiate toward a preadipocyte lineage and finally to an adi-
pocyte lineage. This differentiation involves an increase
in the production and secretion of some MMPs [10]. It
was hypothesized that the formation of basement mem-
brane and remodeling of pericellular basement mem-
brane are required for the differentiation of MSCs to
adipocytes. Sillat and his group [11] studied the expres-
sion of basement membrane collagen type IV during the
adipogenic differentiation of MSCs. These investigators
found an increase in the expression of collagen type IV
by MSCs during adipogenesis, and the expression of
MMP-9 and TIMP-2 was significantly induced during
the differentiation. MMP-2 expression was localized in
the cytoplasm and close to the nucleus in the differenti-
ated and undifferentiated MSCs [11]. There was no sig-
nificant upregulation of MT1-MMP expression. These
data suggest that MSCs express collagen type IV, and se-
crete type IV collagenase (MMP-9) to remodel it during
adipogenic differentiation [11]. Although TIMPs have
been known to inhibit MMPs, the interaction of
proMMP-2 with TIMP-2 is required for the activation of
proMMP-2. TIMP-2 binds the catalytic domain of MT1-
MMP on the cell surface, and the C terminal of TIMP-2
recruits the endogenous proMMP-2 to the cell surface
and binds to it, forming the proMMP-2/TIMP-2/MT1-
MMP complex. Once this complex is formed, an active
MT1-MMP closely located to the complex cleaves the
prodomain and activates proMMP-2 [2]. However,
mouse embryonic cells overexpress MMP-2, and down-
regulate the expression of MMP-11 during adipogenic
differentiation in adipogenic differentiation medium.
Additionally, MMP-11-defecient mouse embryonic fi-
broblasts showed increased expression of adipocyte
markers compared with the wild type, indicating the
inhibitory effect of MMP-11 on the adipogenic differen-
tiation [12]. In a recent study, murine embryonic
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fibroblasts derived from MMP-2-deficient mice showed
impaired adipogenic differentiation as compared with
control murine embryonic fibroblasts derived from wild-
type mice. The MMP-2-deficient murine embryonic fi-
broblasts showed significant decreases in intracellular
lipid content and expression of adipogenic markers [13].
Moreover, the study also showed that selective knock-
down of MMP-2 in preadipocytes resulted in impaired
adipogenic differentiation, while the overexpression of
MMP-2 resulted in significantly enhanced adipogenic
differentiation [13]. A similar study investigated the role
of MMP-9 in adipogenic differentiation of preadipocytes.
The results showed that the silencing of MMP-9 did not
affect the intracellular lipid content or expression of adi-
pocyte specific markers, indicating that MMP-9 has no
effect on the differentiation of preadipocytes into adipo-
cytes [14]. However, several studies that examined the
role of MMP-9 in the adipogenic differentiation sug-
gested the positive regulatory role of MMP-9 in this
process. It is worth mentioning that studies with MMP
inhibitors lack specificity to a single MMP, and can in-
hibit MMP-2, MMP-9, and other proteases. In contrast,
this study was performed using MMP-9 shRNA silen-
cing, which did not show significant inhibitory effect on
the expression or activity level of MMP-2. Moreover,
broad-spectrum inhibitors can also inhibit a disintegrin
and metalloproteinases (ADAMs), affecting different
physiological processes. The expression of MMP-9 in
this study was upregulated in the first 2 days of stimula-
tion for adipogenic differentiation, followed by a rapid
decrease until the end of differentiation, suggesting that
the upregulation of MMP-9 does not necessarily have a
key role in this process [14]. In another study, treating
preadipocytes with a selective inhibitor for MMP-13 or
silencing MMP-13 by siRNA resulted in reduced adipo-
genic differentiation, suggesting the important role of
MMP-13 in adipogenesis [15].

Several MMPs and TIMPs have been shown to have a
positive or negative regulatory effect on the adipogenic
differentiation, indicating their distinct roles during the
commitment of differentiated cells. MMP-2 and MMP-9
were found to be upregulated during the differentiation
of preadipocytes to adipocytes, and the inhibition of
MMPs resulted in the suppression of adipogenic differ-
entiation [16]. Another study reported that MMP-13
was significantly upregulated during adipogenic differen-
tiation, while there was a significant downregulation in
the expression of TIMP-1, TIMP-2, and TIMP-3. The
findings from this study suggested an adjustment in the
expression of MMPs and TIMPs in the early stage of dif-
ferentiation to trigger the process toward a specific
lineage [17]. It has been also reported that MMP-9 regu-
lates the adipogenic differentiation by controlling the ex-
pression of adipogenic cytokines, including IL-1p, IL-8,
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and IL-6 [18]. Furthermore, the expression of MMP-2
and MMP-9 was upregulated during the adipogenic dif-
ferentiation of preadipocytes with a decrease in the ex-
pression of TIMP-1 [19]. The effect of high-temperature
requirement proteases A1 (HTRA1) was found to have a
regulatory effect on MSCs undergoing adipogenic differ-
entiation through its impact on the expression of MMPs.
The treatment of MSCs with HTRA1 during adipogenic
differentiation showed a significant increase in mRNA
expression of MMP-1, MMP-2, MMP-3, MMP-9, and
MMP-13. At the protein level, the expression of MMP-3
and MMP-13 was significantly increased during adipo-
genic differentiation of MSCs with HTRA1. Moreover,
MMP inhibitors (NNGH and CL-82198) for MMP-3 and
MMP-13 during adipogenic differentiation increased the
level of collagen type IV in HTRA1-treated MSCs, sug-
gesting the important role of HTRA1 in inducing the ex-
pression of MMP-3 and MMP-13, and in adipogenic
differentiation of MSCs [20]. Fibronectin was found, in
vitro, to be produced first among all ECM components
during adipogenesis. Different types of collagen were se-
creted by differentiated cells and degraded during differ-
ent stages of the adipogenic differentiation. This
suggests that there are different MMPs and TIMPs
which are expressed during the adipogenic differenti-
ation to participate in the progress of this process by ei-
ther remodeling and/or degrading the ECM components
[21]. The involvement of MMPs and TIMPs, which have
so far been studied in the regulation of adipogenic differ-
entiation, reveals a crucial role of these enzymes in the
differentiation of MSCs to adipocytes.

Chondrogenic differentiation

ECM remodeling is a crucial process during skeletal for-
mation, which is required for chondrocyte progenitor
cells to undergo differentiation [10]. Although the role
of MMPs in vivo during chondrogenic differentiation is
still not clear, in-vitro studies have shown their crucial
role during this process. Chondrogenic differentiation of
human MSCs increases with the increase in collagen
concentration, yielding increased matrix production
[22]. This may indicate a direct or indirect role of MMPs
during the differentiation process, since they are import-
ant candidate molecules for communicating signals and
promoting the turnover of ECM molecules.

Jin and colleagues [23] investigated the role of MMP-2
in chondrogenic differentiation of MSCs. Their data
showed that the silencing of MMP-2 by siRNA impaired
chondrogenic differentiation, and increased the protein
level of fibronectin and P1 integrin. Treatment with a
MMP-2 activator resulted in the activation of chondro-
genesis. These results also indicated that the downregu-
lation of P38 mitogen-activated protein kinase (MAPK)
resulted in the inhibition of MMP-2 expression [23].
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Moreover, MMP-2 is involved in the chondrogenic dif-
ferentiation of MSCs via downregulation of focal adhe-
sion kinase (FAK)—P1 integrin interaction, which leads
to phosphorylation of FAK (Fig. 1) [23]. In another
study, a group of scientists investigated the role of the
degradation of MMPs on the chondrogenesis of MSCs.
The study investigated the chondrogenic differentiation
in MMP-sensitive hydrolytically hydrogel scaffold in
comparison with MMP-insensitive hydrogels [24]. They
found that the MSCs in the MMP-sensitive hydrogels
had more morphological changes and chondrogenic
markers compared with MSCs in the MMP-insensitive
hydrogel group which remained round in shape [24]. A
similar study was carried out using degradable or nonde-
gradable polyethylene glycol gels. The human MSCs
were evaluated for their proliferation, morphology, and
chondrogenic differentiation in the two different gels.
MSC:s in the degradable gel showed more morphological
changes and chondrogenic differentiation compared with
MSCs in nondegradable gel after 21 days [25]. These
studies revealed that the degradation of MMPs enhances
the chondrogenic differentiation of MSCs by allowing
the morphological changes and increasing the contents
of glycosaminoglycans (GAG) and expression of chon-
drogenic markers. A chondrogenic cell line (ATDC5)
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was examined for chondrogenic differentiation, and the
expression of MMP-2, MMP-9, and MT1-MMP was up-
regulated during the early stages of chondrogenic differ-
entiation with a downregulation in the expression of
reversion-inducing cysteine-rich protein with Kazal mo-
tifs (RECK) [26]. However, RECK was shown to be up-
regulated in the later phase of differentiation. The
knockdown of RECK revealed a suppression in the later
ECM accumulation in the cartilaginous nodules. The
data suggested that RECK and MMPs have an important
effect in the chondrogenic differentiation through regu-
lating tissue morphogenesis (Fig. 1) [26]. Previous stud-
ies showed that the upregulation of MMP-13 occurs
during chondrogenic differentiation, and MMP-13 has
been found to be upregulated in patients with osteoarth-
ritis, suggesting a pathological role of MMP-13 in the
disease process. Salinas and her group monitored the ex-
pression of MMP-13 during chondrogenic differentiation
of MSCs, and they found an increased expression of
MMP-13 followed by an increase in GAG content by
day 9 until day 14 in vitro. The results indicate that the
increase in production of MMP-13 drives the MSC dif-
ferentiation to chondrocytes by degrading the cleavable
components of the ECM, and regulating integrin-
binding peptides [27].
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Fig. 1 MMPs and chondrogenic differentiation of MSCs. The upregulation of reversion-inducing-cysteine-rich protein with Kazal motifs (RECK)
during the late stages of chondrogenic differentiation downregulates the expression of MT1-MMP (MMP-14), MMP-2, and MMP-9, and directly
inhibits them through its enzymatic activity. Expression of MMP-2 is upregulated by the increase in P38 activity resulting in stimulation of the
chondrogenic differentiation of MSCs. MMP-2 also regulates the association of FAK and 31 integrin through its degradation of fibronectin. This
degradation results in the inhibition of MAPK pathway through P38 to stop the production of more MMP-2 at late stages of the process. ECM
extracellular matrix, MMP matrix metalloproteinase, FAK focal adhesion kinase
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Although there is no direct connection between se-
creted proteins and MMP activity, it is clear that MMPs
play an important regulatory role during differentiation
of MSCs into chondrocytes. The role of MMP-13 during
skeletal repair and development is very crucial. The ab-
sence of MMP-13 affects the removal of hypertrophic
cartilage during nonstabilized fracture healing by MSCs.
MMP-13 produced by chondrocytes seems to be import-
ant in the initiation of cartilage degradation and recruit-
ment of blood vessels [28]. MSCs can also trigger
cartilage matrix remodeling by upregulating the expres-
sion of certain MMPs. MMP-13 was found to have an
important role in the later stages of chondrogenic differ-
entiation of MSCs by degrading the main components of
the cartilaginous matrix, aggrecan and type II collagen
[29]. Another study investigated the effect of ascorbic
acid 2 phosphate and type 1 atelocollagen on the in-
crease in collagen type II accumulation in scaffold-free
cartilage-like cell sheets prepared using human bone
marrow-derived MSCs. The study indicated that the syn-
thesis of collagen type II increased after ascorbic acid 2
phosphate and type 1 atelocollagen supplementation to
chondrogenic differentiation media [30]. Moreover, the
gene expression of MMP-13 was reduced compared with
control, suggesting a role for MMP-13 in the degrad-
ation of collagen type II during chondrogenic differenti-
ation [30]. Stimulation of MSCs in chondrogenic media
with IL-B1 resulted in increased expression of MMP-2,
MMP-3, and MMP-13 while IL-6 downregulated the ex-
pression of MMP-3 and MMP-13 compared with con-
trol without stimulation [31]. The knockdown of
discoidin domain receptor 1 in adipose-derived MSCs
(AMSCs) resulted in increased expression of chondro-
cyte specific markers, and impaired expression of runt-
related transcription factor 2 and MMP-13 during chon-
drogenic differentiation [32].

Osteogenic differentiation

Osteogenic differentiation and bone regeneration are
characterized by ECM remodeling and hormonal and
growth factor interactions. MSCs are very important
cells for bone regeneration because of their capability to
migrate into sites of injury and differentiate into osteo-
cytes. Bone undergoes different physiological processes,
including bone modeling and remodeling. Bone model-
ing leads to a change in bone shape in response to bio-
mechanical forces. However, bone remodeling maintains
bone strength through the resorption of old bones and
the formation of new bones by dependent actions of os-
teoclasts and osteoblasts [33]. The differentiation of os-
teoblasts and bone formation are controlled by bone
morphogenetic protein (BMP) and wingless (Wnt) sig-
naling pathways, leading to the synthesis of collagen type
I, whereas osteoclast differentiation is controlled by the
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receptor activator of nuclear factor kB (RANK) signaling
pathway through macrophage colony-stimulating factor
(MCSF) [34]. The role of MMPs on osteogenic differen-
tiation has been studied, and their effect in osteoclastic
resorption has been supported by studies indicating that
MMP inhibition may block the osteoclastogenesis. Spe-
cific inhibition of several MMPs showed an important
role for MMP-13 in MSC differentiation to osteocytes.
The inhibition of MMPs by a broad-spectrum inhibitor
revealed a huge alteration in osteogenic differentiation
of MSCs [35]. These findings suggest that MSC differen-
tiation is correlated with MMP and TIMP activity and
the balance between the two molecules [35]. In another
study, a broad-spectrum inhibitor for MMPs was used
to determine the need for ECM remodeling during
osteogenic differentiation of preosteoblasts, and the data
revealed that MMP activity is necessary for the transi-
tion to osteoblasts [36]. The absence of MMP-13 affects
the remodeling process during osteogenesis and after
bone marrow transplantation, suggesting its key role in
the osteogenic differentiation. This indicates that MMP-
13 is involved in skeletal repair, and acts in the early
stages of ECM degradation prior to invasion of osteo-
clasts and blood vessels [28]. Manduca and colleagues
[37] have investigated the role of MMPs in osteogenic
differentiation. In this study, the plating of preosteo-
blasts on MMP-inducing substrata resulted in the for-
mation of Bl integrin complexed with MT1-MMP. The
MT1-MMP senses the surrounding microenvironment
through the binding of B1 integrin and the ECM. More-
over, overexpressing MTI1-MMP during osteogenic
differentiation was found to upregulate alkaline phos-
phatase (ALP) which is involved in crystal deposition on
the scaffold of collagen type I fibers in the ECM of oste-
oblasts. The data suggest that MT1-MMP expression is
crucial in the formation of nodules and mineral depos-
ition during osteogenic differentiation. The expression of
MT1-MMP during osteogenesis allows ECM remodel-
ing, and initiates the expression of ALP and proMMP-2
(Fig. 2) [37].

MSCs have the ability to adjust the expression pheno-
type of MMPs and TIMPs to modify and maintain the
ECM in a structural state optimal for differentiation into
a specific lineage. When human MSCs were stimulated
for osteogenic differentiation, the expression of MMPs
and TIMPs was adjusted to promote the structural con-
formation and ECM remodeling optimal to osteogenic
differentiation. There was a decrease in the expression
of MMP-1 and MMP-8 with an increase in the expres-
sion of TIMP-2 and TIMP-4. The results indicate that
TIMPs and MMPs are upregulated or downregulated in
differentiation-specific manners [38]. MSCs, in culture,
express some MMPs including MMP-1, MMP-2, MMP-
13, MT1-MMP, and MT3-MMP. However, MMP
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Fig. 2 MMPs and osteogenic differentiation of MSCs. 31 integrins engage with fibronectin and collagen type | in the ECM, resulting in the
formation of MT1-MMP and (31 integrin complex. This complex initiates the expression of proMMP-2 and ALP, which is required for the formation
of nodules and their mineralization, and allows the activation of proMMP-2 through MT1-MMP during the osteogenic differentiation. ECM
extracellular matrix, MMP matrix metalloproteinase, MT-MMP membrane type-matrix metalloproteinase
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expression can be modulated by the composition of cul-
ture. During stimulation of MSCs for osteogenic differ-
entiation, silencing each of the MMPs mentioned earlier
showed that MT1-MMP is the only MMP that is re-
sponsible for MSC-mediated type I collagenolysis. In 3D
culture, MSCs express ALP activity with inhibition of
TIMP-2 activity. Silencing MT1-MMP resulted in im-
paired morphological change of MSCs and ALP expres-
sion, and the «cells failed to undergo osteogenic
differentiation. The inability of MSCs to undergo osteo-
genic differentiation was rescued by adding mouse
MT1-MMP [39]. In 2D culture, MT1-MMP silencing
did not affect the osteogenic differentiation of MSCs
[39]. To study the role of extracellular signal-related kin-
ase (ERK) in collagen-induced osteogenic differentiation
of MSCs, a mitogen-activated protein kinase (MEK) in-
hibitor was used in 2D and 3D cultures. The data indi-
cated that osteogenic differentiation is ERK-mediated
differentiation [40]. Moreover, the osteoblastic differenti-
ation of MSCs was increased after X-ray irradiation with
a decrease in the expression of collagen I and II, which
was due to significant increase in the expression of
MMP-3 and MMP-13 [41]. However, another study
examining the expression profile of mice bone marrow-
derived MSCs showed that the expression of MMP-13,
MMP-3, and MMP-2 was downregulated during

osteogenic differentiation [42]. To study the role of sox9
on the osteogenic differentiation of AMSCs, sox9 was
knocked down by shRNA, which resulted in increased
expression of osteocalcin, vascular endothelial growth
factor alpha (VEGF-a), and MMP-13 in the early stages
of differentiation [43].

Endothelial differentiation

MSC therapy can be used for regeneration of the injured
endothelial layer. The endothelial differentiation of
MSCs derived from different sources has been reported
[44-50]. Even though MMPs were initially reported to
have an ability to degrade the ECM, MMPs are now
known to regulate many biological processes, being in-
volved not only in physiological events but also in patho-
logical processes [51]. MMPs and their inhibitors have
important roles in mediating cell—cell adhesion, cell mi-
gration and invasion, cell proliferation, apoptosis, and
tissue remodeling [1]. MMPs promote the release of
ECM-bound or cell surface-bound cytokines, which then
regulate the differentiation of stem cells [52, 53]. It has
been suggested that ECM signaling regulates endothelial
cell (EC) morphogenesis and induction of angiogenesis.
ECM signaling can therefore be coincident with degrad-
ation of the ECM and exposure of ECs to collagen type I
[1]. The ECM remodeling by MMPs has a key role in
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angiogenesis, migration, and morphogenic differentiation
of ECs [54]. Moreover, it was demonstrated that the re-
cruitment of stem and endothelial progenitor cells from
the quiescent niche in bone marrow is dependent on
MMP-9, which enhances cell mobility and rapid differ-
entiation [55]. Therefore, MMP expression could be
transiently manipulated to induce differentiation of
MSCs into ECs. The role of MMPs in the differentiation
of MSCs to different lineages has been reported previ-
ously. To date, there are no published data that show
the relationship between MMPs and endothelial differ-
entiation of MSCs. In our laboratory, we studied the
expression of a group of MMPs and TIMPs to evaluate
their role on the differentiation of AMSCs to ECs. The
study is still under investigation and is designed to evalu-
ate the expression and effect of MMPs and TIMPs at three
time points during EC differentiation of AMSCs.

MSCs express MMPs and TIMPs to regulate
different processes

Angiogenesis

The role of MMPs in angiogenesis is important for
therapeutic angiogenesis and tissue engineering to en-
hance blood vessel growth and nutrient delivery after
myocardial infarction. TIMP-3, for instance, was found
to block VEGF receptors and inhibit VEGF-mediated
angiogenesis [56]. Further, the downregulation of MMP-
2 and MT1-MMP expression by UVA irradiation was
found to inhibit angiogenesis [57].

MSCs transfected with VEGF/HGF delivered through
the coronary vein into infarcted pig heart were shown to
increase cardiac function by improving the angiogenesis
process in the injured tissue [58]. At present, MSCs are
known for their ability to influence the behavior of ECs,
and promote their formation of capillary-like structures.
MMPs that are expressed by MSCs can contribute to
that role during the interaction of MSCs and ECs [4].
Glaeser and colleagues [59] demonstrated that the inhib-
ition of MMP-2 attenuated the tube-like formation.
Under mechanical stimulation by MSCs, the secretion of
proMMP-2 and the activity of MMP-2 were induced
and, as a result, this induction contributes to angiogen-
esis stimulation. It was also demonstrated in another
study that mechanically stimulated MSCs have higher
angiogenic properties with an observed enhancement in
the activity of MMP-2 compared with unstimulated
MSCs [4, 33].

MSCs have angiogenic properties that involve degrad-
ation of ECM. This was supported by an in-vitro study
that showed an induction of MSC capillary-like structure
formation in hypoxic culture condition. Further, it was
noticed that MT1-MMP expression was significantly up-
regulated, and the inhibition of MT1-MMP reduced the
capability of MSCs to form capillary-like structures.
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These data suggest that MT1-MMP has an important
regulatory role in ECM remodeling and MSC capillary-
like structure formation [60]. The addition of MSCs to
ECs in 3D fibrin matrices resulted in an increased matrix
density and network formation. It was also predicted
that MMP-2, MMP-9, and MT1-MMP expressions were
upregulated after the addition of MSCs. However, the
data revealed that only MT1-MMP among these prote-
ases has a crucial role in facilitating the angiogenesis
process. These results suggest that MT1-MMP can act
locally to mediate ECM degradation and allow the re-
lease of matrix-bound growth factors that are important
for angiogenesis [61]. Intravenous administration of
bone marrow-derived MSCs after middle cerebral artery
occlusion in a rat model resulted in increased activity of
MMP-2 and vascular density, and in reduced infarction
volume suggesting the important role of MMP-2 activity
and MSCs in promoting angiogenesis [62]. Moreover,
coculturing of human amniotic MSCs or bone marrow-
derived MSCs with human umbilical vein ECs, seeded in
fibrin gels and injected subcutaneously into mice, was
done to evaluate their angiogenic capacity. The results
showed increased expression of platelet endothelial cell
adhesion molecule (PECAM) and vessel-like structure
density compared with human umbilical vein EC mono-
culture [56]. The in-vitro experiment showed signifi-
cantly increased formation of capillary-like structures in
coculture with a significant increase in the activity of
MMP-2 and MMP-9 compared with human umbilical
vein EC monoculture [63]. Inhibition of MMPs by
broad-spectrum inhibitor in platelet fibrin gel and car-
diac stem cells, when cotransplanted into rat hearts with
myocardial infarction, resulted in impaired functional
and structural benefits of cell gel in treating myocardial
infarction, and reduced host angiogenesis [64]. Overex-
pression of miR-195a-3p, which is highly expressed in
MSCs, was found to decrease angiogenesis through the
inhibition of MMP-2 and activation of anti-angiogenic
factor pigment epithelium-derived factor, suggesting a
therapeutic potential of miR-195a-3p as an inhibitor for
angiogenesis [65].

Proliferation

In order to use MSC transplantation in tissue regener-
ation as a therapeutic tool, we need to know the mole-
cules and signaling pathways that participate and control
MSC expansion. The remodeling of the pericellular
matrix of MSCs is a prerequisite for these cells to prolif-
erate [66]. The role of a histone deacetylase inhibitor
(valproic acid) in regulating MSC proliferation was ex-
amined. The data revealed an increase in the expression
level of proliferation markers associated with an in-
creased expression of proMMP-2 and MMP-2, suggest-
ing an important role for MMP-2 during this process
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[67]. Shi and his group [66] studied the role of MMPs in
the proliferation of MSCs using MT3-MMP-deficient
mice and found growth inhibition as a result of a de-
crease in MSC viability. This finding suggested that
MT3-MMP has a key role in collagenolysis by allowing
other surrounding cells to degrade high-density fibrillar
collagen and make the ECM permissive for proliferation.
In MT1-MMP and MT3-MMP double-deficient mice,
the results indicated a severe effect of MT1-MMP defi-
ciency in bone formation. Altogether, the results re-
vealed that the deficiency of both MT1-MMP and MT3-
MMP leads to severe defects as a result of lack in col-
lagenolytic activity that is required for ECM remodeling
and cell proliferation [66].

MMPs and TIMPs are important for ECM remodeling,
affecting  MSC behavior during their proliferation.
Broad-spectrum inhibition of MMPs affects the prolifer-
ative capacity of MSCs. Protein and mRNA analysis de-
tected the expression of MMP-2, MMP-3, MMP-10,
MMP-11, MMP-13, MT1-MMP, and TIMP-2 in MSCs.
Mechanical stimulation of MSCs resulted in increased
protein expression, but not mRNA expression, of MMP-
2, MMP-3, MMP-13, and TIMP-2. These findings sug-
gest that secretion or activation of these MMPs is af-
fected by posttranscriptional regulation in response to
mechanical stimuli, and MMP/TIMP balance is import-
ant in the regulation of this process [33]. Broad-
spectrum inhibitors for MMPs resulted in a significant
decrease in the proliferative activity of MSCs [33]. More-
over, it was found that MT1-MMP expression is upregu-
lated by PDGF-BB, which resulted in an increase in the
proliferative activity of MSCs. However, the inhibition of
ERK1/2 and PI3K/AKT leads to the inhibition of MT1-
MMP and proliferative activity of MSCs. These data re-
vealed an important role for MT1-MMP in the invasive
and proliferative activity of MSCs which are regulated by
the ERK1/2 and PI3K/AKT signaling pathways [68].
Overexpression of miR-195a-3p was also found to de-
crease MSC proliferation through the inhibition of
MMP-2 [65]. The incubation of dermal fibroblasts
with conditioned medium of umbilical cord blood-
derived MSCs increased the proliferation of dermal fi-
broblasts with an increased ratio of MMP/TIMP [69].
Microvesicles are cell-derived vesicles released by dif-
ferent type of cells into the ECM and fuse with
neighboring cells to transfer protein and RNA. They
are classified into exosomes and ectosomes [70-72].
The interactions between cancer cells, ECs, and MSCs
via microvesicles were examined. MSCs were treated
with microvesicles isolated from conditioned medium
of ECs or cancer cells, and such treatment of micro-
vesicles increased the proliferation and migration of
MSCs together with an increase in MMP-1 and
MMP-3 [73].
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Migration

In order for cells to migrate, they undergo molecular
and structural changes to move from an adhesive pheno-
type to a migratory phenotype [3]. MMPs have an
essential role in regulating the migratory activity of
transformed cells. The degradation products that result
from MMP proteolysis of ECM also have a mediatory ef-
fect on cell migration [2]. Migratory behavior of MSCs
involves MMP activity. MSC migration was found to be
impaired by a broad-spectrum MMP inhibitor [4].
MMP-2 inhibition in tumor cells was also found to de-
crease MSC migration through the inhibition of SDF1/
CXCR4 signaling, which indicates a mediatory effect for
MMP-2 in the migration of MSCs [74]. MSCs express
CXCR4, MMP-2, and MT1-MMP to increase mobility
and promote migration and recruitment of expanded
MSCs to injured tissues [75]. Valproic acid, a histone
deacetylase inhibitor, enhances MSC migration through
the upregulation of both CXCR4 and MMP-2 expression
[67]. Further, enhanced gene expression of CXCR4,
MMP-2, and MMP-9 by heat shock protein 90 (Hsp90)
leads to an increase in the migratory behavior of MSCs
[76]. MMP-2 was also found to have a positive role in
the transendothelial migration of MSCs, while the in-
crease in culture confluency of MSCs along with MMP-
2 siRNA inhibition decreased the transendothelial mi-
gration of MSCs and increased the expression of TIMP-
3 [77]. The expression of MMP-2 can be downregulated
by norepinephrine via p3-adrenergic receptor (adrb3) in
MSCs and inhibits the migratory behavior of MSCs from
perivascular regions to bone-forming units. Silencing
adrb3 decreases the inhibition of MSC migration by up-
regulating MMP-2 expression and downregulating
TIMP-3 expression [78]. The overexpression of miR-
195a-3p was also found to impair MSC migration via
the inhibition of MMP-2 [65].

Ries et al. [51] analyzed the expression of MMPs and
TIMPs in bone marrow-derived MSCs. The results
showed that bone marrow-derived MSCs highly express
MMP-2, MT1-MMP, TIMP-1, and TIMP-2. However, si-
lencing MMP-2, MT1-MMP, or TIMP-2 decreased MSC
migration, whereas TIMP-1 knockdown promoted the
process. It was also indicated that TGF-B1, TNF-a, and
IL-1p upregulate the expression of MMP-2, MT1-MMP,
and TIMP-2, which also lead to the activation of MSC
migration. These findings revealed that MMP-2 and
MT1-MMP have an essential role in MSC migration,
and they can be induced by some cytokines in vivo to in-
crease the recruitment and migration of MSCs to the in-
jured tissue [51]. The findings of this study support the
role of MMP-2 in MSC migration. In another study, a
group of scientists demonstrated the effect of hypoxic
culture in stimulating the migration of MSCs in vitro.
They found that treating the cells with cytokine-enriched
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medium and hypoxic conditions induce the migratory be-
havior of MSCs with a downregulation in MMP-2 and up-
regulation in MT1-MMP expressions. The inhibition of
MT1-MMP also revealed its important role in stimulating
the migration of MSCs [60, 79]. Lu et al. [39] also indi-
cated that MT1-MMP has a critical role in MSC migra-
tion by degrading and penetrating collagen type I
networks. Specific inhibition of MT1-MMP impaired the
migration of MSCs, and this was reversed after transfect-
ing the cells with MT1-MMP expression vector [39].
Treatment of human umbilical cord blood-derived MSCs
with arachidonic acid, which is released during injuries,
was reported to induce fibronectin degradation by MT3-
MMP through the phosphorylation of p38 MAPK and
transcription factor Spl, and stimulated the MSC motility.
The arachidonic acid treatment also enhanced skin wound
healing in vivo through induction of MSC motility by
MT3-MMP degradation activity [80]. Furthermore, the in-
cubation of dermal fibroblasts with a condition medium
from umbilical cord-derived MSCs was found to enhance
the migration of dermal fibroblasts with increased ratio of
MMP/TIMP [69]. Several studies have reported the MSC
migration to the sites of tumor, suggesting the role of spe-
cific signals in activating MSC migration. The incubation
of MSCs with conditioned medium of hepatoma cell cul-
ture was found to increase MSC migration by significantly
increased levels of MIP-18, MIP-3a, and MMP-1, suggest-
ing the dependency of MSC migration on MMP-1 [81]. In
a recent study, the effect of a conditioned medium of bone
marrow-derived MSCs on the proliferation and photo-
aging of dermal fibroblasts after UV exposure was in-
vestigated. The results showed that MSC conditioned
medium significantly reduced the UV-induced expres-
sion of MMP-1 and increased procollagen synthesis,
suggesting a therapeutic potential of MSC-conditioned
medium in preventing dermal damage through MMP-
1 downregulation [82].

A comparison between the expressions of some genes in
the MSC isolates showed that the increase in MMP-1 ex-
pression was associated with highly migrating MSCs com-
pared with those with poor migration [83]. The inhibition
of MMP-1 revealed a significant decrease in MSC migra-
tion. Similarly, blocking the interaction of MMP-1 and
protease-activated receptors (PAR1) resulted in the inhib-
ition of MSC migration [83]. Inhibition of hypoxia-
inducible factor 1 alpha (HIF-a) in MSCs was shown to
decrease the expression of MMP-1 and MMP-3, resulting
in poor migration. These findings suggest the important
role of MMP-1 in addition to MMP-3 in MSC migration
via HIF-o [84].

Conclusion
MSCs are potent cells for normal regenerative processes
because of their ability for self-renewal and differentiation
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into different lineages [79, 80]. Commitment of MSCs to
differentiate into a specific lineage, proliferate, or migrate
is regulated by many factors in the local tissue microenvir-
onment. Each of these types of cells is associated with ex-
pression of a distinct set of proteins. However, there are
many challenges to dissect the underlying regulatory
mechanisms in the differentiation and function of MSCs.
These challenges include the identification of MMPs and
TIMPs as well as the crosstalk between signaling pathways
that promote self-renewal, migration, proliferation, and
lineage differentiation in MSCs. The ability of MMPs to
regulate and/or change the function and activity of differ-
ent proteins and receptors suggest that they may also be
involved in controlling the commitment of MSCs. Since
MMPs degrade all of the components of ECM, their role
in controlling and regulating matrix functions has been
studied extensively. The potential of MSCs to differentiate
into a particular mesenchymal lineage relies upon upregu-
lation or suppression of genes specific to this lineage.

In summary, the differentiation of MSCs into each of
these cell lineages is promoted by specific MMPs and/or
TIMPs associated with a specific cell lineage. MMP-9,
MMP-2, MMP-11, MMP-13, and TIMP-1 are key regu-
lators that have a crucial role in the differentiation of
MSCs toward adipocytes. MMP-13 and MT-1IMMP, in
addition to MMP-2 and MMP-9, play a key role in the
differentiation of MSCs to chondrocytes. MMP-1,
MMP-3, MMP-13, and MT1-MMP are the MMP regu-
lators for osteogenic differentiation of MSCs (Fig. 3).
Moreover, TIMP-2 was also found to have a role in this
differentiation. Both MMP-2 and MT1-MMP have a key
role in the angiogenesis, proliferation, and migration of
MSCs. In addition, MMP-1, MMP-3, and MT3-MMP
have a regulatory effect in MSC proliferation, while
MMP-9 was found to have an effect on the angiogenic
activity of MSCs. MMP-1, MMP-3, TIMP-1, and TIMP-
2 also play an important role in MSC migration (Fig. 3).

There are only a few studies addressing the mecha-
nisms behind the effect of MMPs on MSC differenti-
ation. The binding associations between MMPs and cell
surface receptors suggest a direct effect of MMPs to trig-
ger the signaling pathways involved in MSC migration,
proliferation, growth, and differentiation. MMP-2 can
bind to aVP3 on the cell surface of MSCs, and the mes-
enchymal invasive behavior may depend on this binding.
In epithelial cells, the binding of proMMP-2 to aV3 re-
sulted in increased expression of VEGF and angiogenesis
through the PI3K/AKT pathway [85], suggesting a po-
tential mechanism for the effect of MMPs on the angio-
genic activity of MSCs. Moreover, the binding of
proMMP-9 to a4f1 integrin and CD44 was found to in-
duce chronic B-lymphocytic leukemia survival through
the activation of an intracellular signaling pathway,
which results in STAT3 phosphorylation and induced
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Fig. 3 MMP participation in the fate of MSCs. The proliferation, migration, angiogenesis, and differentiation of MSCs are promoted by an increase
or decrease in the expression of specific MMPs and/or TIMPs. MMP matrix metalloproteinase, MSC mesenchymal stem cell, TIMP tissue-specific in-

myeloid leukemia cell differentiation protein (Mcl-1) up-
regulation [85]. It has also been reported that angioten-
sin II (Ang II) induces the expression of MMP-2 and
MMP-14 through the activation of the MAPK signaling
pathway [86], indicating a critical role of Ang II in the
expression of MMP-2 and MMP-14. The binding of
TIMP-1 to CD63 on the plasma membrane of MSCs
promotes the degradation of -catenin, and knockdown
of TIMP-1 stimulates the activity of B-catenin and pro-
motes osteogenic differentiation through the Wnt/p-ca-
tenin signaling pathway [87]. In sum, this represents
possible interactions between MMPs and MSC surface
molecules or/and intracellular signaling pathways in-
volved in a major biological events in MSCs. However,
there is still a lack of information about the mechanisms
that regulate the expression and effective roles of MMPs
in the differentiation of MSCs into different mesenchy-
mal lineages. MMPs are critical molecules in a wide var-
iety of developmental processes including mediating
cell—cell adhesion, tissue remodeling, cell migration, in-
vasion, proliferation, and apoptosis [3]. The activity and
function of MMPs suggest their involvement in different
cellular activities during cell development. They have a
critical role in matrix remodeling that takes place during
the regeneration of any tissue [4]. Further research is
warranted in the field of MMPs and their regulatory ef-
fects on the fate of MSCs. However, the complex nature
of the proteolytic environment makes it difficult to study
the MSC-MMP and MSC-matrix interactions. These in-
teractions need further examination to control the fate
of MSCs and utilization of such knowledge for transla-
tional purposes. Overall, the findings support the crucial
role of MMPs in promoting the differentiation,

angiogenesis, proliferation, and migration of MSCs. How-
ever, the conflicting data warrant more careful and con-
trolled studies for better understanding of the process.

Acknowledgements

This work was supported by research grants R0OT HL116042, RO1 HL112597, and
ROT HL120659 to DKA from the National Heart, Lung and Blood Institute,
National Institutes of Health, USA. The content of this review article is solely the
responsibility of the authors and does not necessarily represent the official
views of the National Institutes of Health. SGA is supported financially by
Majmaah University in Saudi Arabia to pursue the PhD program.

Authors’ contributions
SGA wrote the initial manuscript. DKA edited and finalized the manuscript.
Both authors read and approved the final manuscript.

Authors’ information

SGA is a PhD scholar at Creighton University School of Medicine, Omaha, NE,
USA. DKA, PhD, is Professor and Chairman in the Department of Clinical &
Translational Science, Creighton University School of Medicine, Omaha, NE,
USA.

Competing interests

The authors have no other relevant affiliations or financial involvement with
any organization or entity with financial interest or financial conflict with the
subject matter or materials discussed in the manuscript apart from those
disclosed. No writing assistance was utilized in the production of this
manuscript. Both authors have read the journal's authorship agreement and
policy on disclosure of potential conflicts of interest. The authors have no
conflicts of interest to declare.

Published online: 09 September 2016

References

1. Rhodes JM, Simons M. The extracellular matrix and blood vessel formation:
not just a scaffold. J Cell Mol Med. 2007;11:176-205.

2. Brauer PR. MMPs—role in cardiovascular development and disease. Front
Biosci. 2006;11:447-78.

3. VuTH, Werb Z. Matrix metalloproteinases: effectors of development and
normal physiology. Genes Dev. 2000;14:2123-33.

4. Kasper G, Dankert N, Tuischer J, Hoeft M, Gaber T, Glaeser JD, et al.
Mesenchymal stem cells regulate angiogenesis according to their
mechanical environment. Stem Cells. 2007,25:903-10.



Almalki and Agrawal Stem Cell Research & Therapy (2016) 7:129

20.

21.

22.

23.

24.

25.

26.

27.

28.

Mott JD, Werb Z. Regulation of matrix biology by matrix metalloproteinases.
Curr Opin Cell Biol. 2004;16(5):558-64.

Lozito TP, Jackson WM, Nesti LJ, Tuan RS. Human mesenchymal stem cells
generate a distinct pericellular zone of MMP activities via binding of MMPs
and secretion of high levels of TIMPs. Matrix Biol. 2014;34:132-43.

Reilly GC, Engler AJ. Intrinsic extracellular matrix properties regulate stem
cell differentiation. J Biomech. 2010;43:55-62.

Lozito TP, Tuan RS. Mesenchymal stem cells inhibit both endogenous and
exogenous MMPs via secreted TIMPs. J Cell Physiol. 2011;226:385-96.
Sandhaanam SD, Pathalam G, Dorairaj S, Savariar V. Mesenchymal stem cells
(MSQ): identification, proliferation and differentiation. Peer J Prepr. 2013;1:148v1.
Mannello F, Tonti GAM, Bagnara GP, Papa S. Role and function of matrix
metalloproteinases in the differentiation and biological characterization of
mesenchymal stem cells. Stem Cells. 2006;24(3):475-81.

Sillat T, Saat R, Pollanen R, Hukkanen M, Takagi M, Konttinen YT. Basement
membrane collagen type IV expression by human mesenchymal stem cells
during adipogenic differentiation. J Cell Mol Med. 2012;16:1485-95.
Andarawewa KL, Rio M-C. New insights into MMP function in adipogenesis.
The Cancer Degradome: In: Proteases and Cancer Biology, Edwards D,
Hoyer-Hansen G, Blasi F, Sloane BF (Eds.). New York: Springer; 2008 p. 361-372.
Bauters D, Scroyen |, Van Hul M, Lijnen HR. Gelatinase A (MMP-2) promotes
murine adipogenesis. Biochim Biophys Acta. 1850;2015:1449-56.

Bauters D, Van Hul M, Lijnen HR. Gelatinase B (MMP-9) gene silencing does
not affect murine preadipocyte differentiation. Adipocyte. 2014;3:50-3.

Shih CLM, Ajuwon KM. Inhibition of MMP-13 prevents diet-induced obesity
in mice and suppresses adipogenesis in 3T3-L1 preadipocytes. Mol Biol Rep.
2015;42(7):1225-32.

Lilla J, Stickens D, Werb Z. Metalloproteases and adipogenesis: a weighty
subject. Am J Pathol. 2002;160:1551-4.

Mauney J, Olsen BR, Volloch V. Matrix remodeling as stem cell recruitment
event: a novel in vitro model for homing of human bone marrow stromal
cells to the site of injury shows crucial role of extracellular collagen matrix.
Matrix Biol. 2010;29:657-63.

Bourlier V, Zakaroff-Girard A, De Barros S, Pizzacalla C, de Saint Front VD,
Lafontan M, et al. Protease inhibitor treatments reveal specific involvement
of matrix metalloproteinase-9 in human adipocyte differentiation. J
Pharmacol Exp Ther. 2005;312:1272-9.

Chavey C, Mari B, Monthouel MN, Bonnafous S, Anglard P, Van Obberghen
E, et al. Matrix metalloproteinases are differentially expressed in adipose
tissue during obesity and modulate adipocyte differentiation. J Biol Chem.
2003;278:11888-96.

Tiaden AN, Bahrenberg G, Mirsaidi A, Glanz S, Bluher M, Richards PJ. Novel
function of serine protease HTRAT in inhibiting adipogenic differentiation of
human mesenchymal stem cells via MAP kinase-mediated MMP
upregulation. Stem Cells. 2016;34(6):1601-14.

Kubo Y, Kaidzu S, Nakajima I, Takenouchi K, Nakamura F. Organization of
extracellular matrix components during differentiation of adipocytes in
long-term culture. In Vitro Cell Dev Biol Anim. 2000;36:38-44.

Hui TY, Cheung KMC, Cheung WL, Chan D, Chan BP. In vitro chondrogenic
differentiation of human mesenchymal stem cells in collagen microspheres:
influence of cell seeding density and collagen concentration. Biomaterials.
2008;29:3201-12.

Jin BJ, Choi YA, Kyun Park E, Bang OS, Kang SS. MMP-2 functions as a
negative regulator of chondrogenic cell condensation via down-regulation
of the FAK-integrin betal interaction. Dev Biol. 2007,308:474-84.

Feng Q, Zhu M, Wei K; Bian L. Cell-mediated degradation regulates human
mesenchymal stem cell chondrogenesis and hypertrophy in MMP-sensitive
hyaluronic acid hydrogels. PLoS One. 2014,9(6):€99587.

Mhanna R, Oztirk E, Vallmajo-Martin Q, Millan C, Miller M, Zenobi-Wong M.
GFOGER-modified MMP-sensitive polyethylene glycol hydrogels induce
chondrogenic differentiation of human mesenchymal stem cells. Tissue Eng
Part A. 2014,20:1165-74.

Kondo S, Shukunami C, Morioka Y, Matsumoto N, Takahashi R, Oh J, et al.
Dual effects of the membrane-anchored MMP regulator RECK on
chondrogenic differentiation of ATDC5 cells. J Cell Sci. 2007;120:849-57.
Salinas CN, Anseth KS. The enhancement of chondrogenic differentiation of
human mesenchymal stem cells by enzymatically regulated RGD
functionalities. Biomaterials. 2008;29:2370-7.

Behonick DJ, Xing Z, Lieu S, Buckley JM, Lotz JC, Marcucio RS, et al. Role of
matrix metalloproteinase 13 in both endochondral and intramembranous
ossification during skeletal regeneration. PLoS One. 2007;2(11):e1150.

29.

30.

32.

33.

34,

35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

Page 11 of 12

Mathieu M, lampietro M, Chuchana P, Guérit D, Djouad F, Noél D, et al.
Involvement of angiopoietin-like 4 in matrix remodeling during
chondrogenic differentiation of mesenchymal stem cells. J Biol Chem. 2014;
289:8402-12.

Sato Y, Mera H, Takahashi D, Majima T, Iwasaki N, Wakitani S, et al.
Synergistic effect of ascorbic acid and collagen addition on the increase in
type 2 collagen accumulation in cartilage-like MSC sheet. Cytotechnology.
2015;10616:1-12.

Leyh M, Seitz A, Durselen L, Schaumburger J, Ignatius A, Grifka J, et al.
Subchondral bone influences chondrogenic differentiation and collagen
production of human bone marrow-derived mesenchymal stem cells and
articular chondrocytes. Arthritis Res Ther. 2014;16:453.

Wu S-C, Hsiao H-F, Ho M-L, Hung Y-L, Chang J-K, Wang G-J, et al.
Suppression of discoidin domain receptor 1 expression enhances the
chondrogenesis of adipose-derived stem cells. Am J Physiol Cell Physiol.
2015;308:C685-96.

Clarke B. Normal bone anatomy and physiology. Clin J Am Soc Nephrol.
2008;3:131-9.

Crockett JC, Michael J, Coxon FP, Lynne J, Helfrich MH, Crockett JC, et al.
Bone remodelling at a glance. Cell Sci. 2011;124:991-8.

Kasper G, Glaeser JD, Geissler S, Ode A, Tuischer J, Matziolis G, et al.
Matrix metalloprotease activity is an essential link between mechanical
stimulus and mesenchymal stem cell behavior. Stem Cells. 2007;25:
1985-94.

Buxton PG, Bitar M, Gellynck K, Parkar M, Brown RA, Young AM, et al. Dense
collagen matrix accelerates osteogenic differentiation and rescues the
apoptotic response to MMP inhibition. Bone. 2008;43:377-85.

Manduca P, Castagnino A, Lombardini D, Marchisio S, Soldano S, Ulivi V, et al.
Role of MT1-MMP in the osteogenic differentiation. Bone. 2009;44:251-65.
Mauney J, Volloch V. Adult human bone marrow stromal cells regulate
expression of their MMPs and TIMPs in differentiation type-specific manner.
Matrix Biol. 2010;,29:3-8.

Lu C, Li X-Y, Hu Y, Rowe RG, Weiss SJ. MT1-MMP controls human
mesenchymal stem cell trafficking and differentiation. Blood. 2010;115(2):
221-9.

Lund AW, Stegemann JP, Plopper GE. Inhibition of ERK promotes collagen
gel compaction and fibrillogenesis to amplify the osteogenesis of human
mesenchymal stem cells in three-dimensional collagen | culture. Stem Cells
Dev. 2009;18:331-41.

Cruet-Hennequart S, Drougard C, Shaw G, Legendre F, Demoor M, Barry
F, et al. Radiation-induced alterations of osteogenic and chondrogenic
differentiation of human mesenchymal stem cells. PLoS One.
2015;10:1-24.

Xuefeng J, Yongcan H, Yizhou H, Chengguang WLD. Expression profile of
osteogenic-related genes during spontaneous calcification of rat bone
marrow mesenchymal stem cells. Chinese J Reparative Reconstr Surg. 2014;
28:133-41.

Stockl S, Gottl C, Grifka J, Grassel S. Sox9 modulates proliferation and
expression of osteogenic markers of adipose-derived stem cells (ASC). Cell
Physiol Biochem. 2013;31:703-17.

Kaufman DS, Lewis RL, Hanson ET, Auerbach R, Plend! J, Thomson JA.
Functional endothelial cells derived from rhesus monkey embryonic stem
cells. Blood. 2004;103:1325-32.

Sachs P, Francis M, Zhao M. Defining essential stem cell characteristics in
adipose-derived stromal cells extracted from distinct anatomical sites. Cell
tissue. 2012,349:505-15.

Culmes M, Eckstein HH, Burgkart R, Nussler AK, Guenther M, Wagner E, et al.
Endothelial differentiation of adipose-derived mesenchymal stem cells is
improved by epigenetic modifying drug BIX-01294. Eur J Cell Biol.
2013;92:70-9.

Pankajakshan D. In vitro differentiation of bone marrow derived porcine
mesenchymal stem cells into endothelial cells. J Tissue Eng Regen Med.
2012,29:997-1003.

Cao Y, Sun Z, Liao L, Meng Y, Han Q, Zhao RC. Human adipose tissue-
derived stem cells differentiate into endothelial cells in vitro and improve
postnatal neovascularization in vivo. Biochem Biophys Res Commun. 2005;
332:370-9.

Li Z, Wilson KD, Smith B, Kraft DL, Jia F, Huang M, et al. Functional and
transcriptional characterization of human embryonic stem cell-derived
endothelial cells for treatment of myocardial infarction. PLoS One. 2009;
4(12):e8443.



Almalki and Agrawal Stem Cell Research & Therapy (2016) 7:129

50. Jackson KA, Majka SM, Wang H, Pocius J, Hartley CJ, Majesky MW, et al.
Regeneration of ischemic cardiac muscle and vascular endothelium by
adult stem cells. J Clin Invest. 2001;107:1395-402.

51. Ries C, Egea V, Karow M, Kolb H, Jochum M, Neth P. MMP-2, MT1-MMP, and
TIMP-2 are essential for the invasive capacity of human mesenchymal stem
cells: differential regulation by inflammatory cytokines. Blood. 2007;109:
4055-63.

52. De Coppi P, Bartsch G, Siddiqui MM, Xu T, Santos CC, Perin L, et al. Isolation
of amniotic stem cell lines with potential for therapy. Nat Biotechnol. 2007;
25:100-6.

53. Messerli F. TIMPs, MMPs and cardiovascular disease. Eur Heart J. 2004;25:
1475-6.

54. Gingras D, Be R. Membrane type 1-matrix metalloproteinase (MT1-MMP)
cooperates with sphingosine 1-phosphate to induce endothelial cell
migration and morphogenic differentiation. 2016;103:3020-9.

55. Heissig B, Hattori K, Dias S, Friedrich M, Ferris B, Hackett NR, et al.
Recruitment of stem and progenitor cells from the bone marrow niche
requires MMP-9 mediated release of Kit-Ligand. Cell. 2002;109:625-37.

56. Qi JH, Ebrahem Q, Moore N, Murphy G, Claesson-Welsh L, Bond M, et al. A
novel function for tissue inhibitor of metalloproteinases-3 (TIMP3): inhibition
of angiogenesis by blockage of VEGF binding to VEGF receptor-2. Nat Med.
2003;9:407-15.

57.  Cauchard JH, Robinet A, Poitevin S, Bobichon H, Maziere JC, Bellon G, et al.
UVA-mediated down-regulation of MMP-2 and MT1-MMP coincides with
impaired angiogenic phenotype of human dermal endothelial cells.
Biochem Biophys Res Commun. 2006;345:681-7.

58. LuF, Zhao X, Wu J, Cui Y, Mao Y, Chen K, et al. MSCs transfected with
hepatocyte growth factor or vascular endothelial growth factor improve
cardiac function in the infarcted porcine heart by increasing angiogenesis
and reducing fibrosis. Int J Cardiol. 2013;167:2524-32.

59. Glaeser JD, Geissler S, Ode A, Schipp CJ, Matziolis G, Taylor WR, et al.
Modulation of matrix metalloprotease-2 levels by mechanical loading of
three-dimensional mesenchymal stem cell constructs: impact on in vitro
tube formation. Tissue Eng Part A. 2010;16:3139-48.

60. Annabi B, Lee YT, Turcotte S, Naud E, Desrosiers RR, Champagne M, et al.
Hypoxia promotes murine bone-marrow-derived stromal cell migration and
tube formation. Stem Cells. 2004;21:313-23.

61.  Ghajar CM, Blevins KS, Hughes CCW, George SC, Putnam AJ. Mesenchymal
stem cells enhance angiogenesis in mechanically viable prevascularized
tissues via early matrix metalloproteinase upregulation. Tissue Eng. 2006;12:
2875-88.

62. Nam HS, Kwon |, Lee BH, Kim H, Kim J, An S, et al. Effects of mesenchymal
stem cell treatment on the expression of matrix metalloproteinases and

angiogenesis during ischemic stroke recovery. PLoS One. 2015;10, e0144218.

63. Jiang F, Ma J, Liang Y, Niu Y, Chen N, Shen M. Amniotic mesenchymal stem
cells can enhance angiogenic capacity via MMPs in vitro and in vivo.
Biomed Res Int. 2015;2015:324014.

64. Surgery M, Hospital S, Key S, Processing F. Concise Review: Cell-based
strategies in bone tissue engineering and regenerative medicine. Stem Cells
Transl Med. 2014;1:98-107.

65. Gao F, Sun M, Gong Y, Wang H, Wang Y, Hou H. MicroRNA-195a-3p inhibits
angiogenesis by targeting Mmp2 in murine mesenchymal stem cells. Mol
Reprod Dev. 2016,83(5):413-23.

66. ShiJ, Son MY, Yamada S, Szabova L, Kahan S, Chrysovergis K, et al.
Membrane-type MMPs enable extracellular matrix permissiveness and
mesenchymal cell proliferation during embryogenesis. Dev Biol. 2008;313:
196-200.

67.  Marquez-Curtis LA, Qiu' Y, Xu A, Janowska-Wieczorek A. Migration,
proliferation, and differentiation of cord blood mesenchymal stromal cells
treated with histone deacetylase inhibitor valproic acid. Stem Cells Int. 2014;
2014:610495.

68. Sun X, Gao X, Zhou L, Sun L, Lu C. PDGF-BB-induced MT1-MMP expression
regulates proliferation and invasion of mesenchymal stem cells in 3-
dimensional collagen via MEK/ERK1/2 and PI3K/AKT signaling. Cell Signal.
2013;25:1279-87.

69. Li M, Luan F, Zhao Y, Hao H, Liu J, Dong L, et al. Mesenchymal stem cell-
conditioned medium accelerates wound healing with fewer scars. Int
Wound J. 2015. doi:10.1111/iw}.12551. [Epub ahead of print].

70.  Gasser O, Hess C, Miot S, Deon C, Sanchez JC, Schifferli JA. Characterisation
and properties of ectosomes released by human polymorphonuclear
neutrophils. Exp Cell Res. 2003;285:243-57.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Page 12 of 12

Zamboni DS, Campos MA, Torrecilhas ACT, Kiss K, Samuel JE, Golenbock DT,
et al. Stimulation of Toll-like receptor 2 by Coxiella burnetii is required for
macrophage production of pro-inflammatory cytokines and resistance to
infection. J Biol Chem. 2004;279:54405-15.

Diamant M, Tushuizen ME, Sturk A, Nieuwland R. Cellular microparticles:
new players in the field of vascular disease? Eur J Clin Invest.
2004;34:392-401.

Lozito TP, Tuan RS. Endothelial and cancer cells interact with mesenchymal
stem cells via both microparticles and secreted factors. J Cell Mol Med.
2014;18:2372-84.

Bhoopathi P, Chetty C, Gogineni VR, Gujrati M, Dinh DH, Rao JS, et al.
MMP-2 mediates mesenchymal stem cell tropism towards medulloblastoma
tumors. Gene Ther. 2011;18:692-701.

Son BR, Marquez-Curtis LA, Kucia M, Wysoczynski M, Turner AR,
Ratajczak J, et al. Migration of bone marrow and cord blood
mesenchymal stem cells in vitro is regulated by SDF-1-CXCR4 and
HGF-c-met axes and involves matrix metalloproteinases. Stem Cells.
2006;24(5):1254-64.

Gao F, Hu X, Xie X, Liu X, Wang J. Heat shock protein 90 stimulates rat
mesenchymal stem cell migration via PI3K/Akt and ERK1/2 pathways. Cell
Biochem Biophys. 2014;71:481-9.

De Becker A, Van Hummelen P, Bakkus M, Vande BI, De Wever J, De Waele
M, et al. Migration of culture-expanded human mesenchymal stem cells
through bone marrow endothelium is regulated by matrix
metalloproteinase-2 and tissue inhibitor of metalloproteinase-3.
Haematologica. 2007;92:440-9.

Du Z Wang L, Zhao Y, Cao J, Wang T, Liu P, et al. Sympathetic denervation-
induced MSC mobilization in distraction osteogenesis associates with
inhibition of MSC migration and osteogenesis by norepinephrine/adrb3.
PL0S One. 2014;9(8):2105976.

Proulx-Bonneau S, Guezguez A, Annabi B. A concerted HIF-1a/MT1-MMP
signalling axis regulates the expression of the 3BP2 adaptor protein in
hypoxic mesenchymal stromal cells. PLoS One. 2011;6(6), €21511.

Oh SY, Lee S-J, Jung YH, Lee HJ, Han HJ. Arachidonic acid promotes skin
wound healing through induction of human MSC migration by MT3-MMP-
mediated fibronectin degradation. Cell Death Dis. 2015;6, e1750.

Lejmi E, Perriraz N, Clément S, Morel P, Baertschiger R, Christofilopoulos P,
Meier R, Bosco D, Biihler Léo H, Gonelle-Gispert C. Inflammatory
chemokines MIP-16 and MIP-3a are involved in the migration of
multipotent mesenchymal stromal cells induced by hepatoma cells. Stem
Cells Dev. 2015;24:1223-35.

Kwon T-R, Oh CT, Choi EJ, Kim SR, Jang Y-J, Ko EJ, et al. Conditioned
medium from human bone marrow-derived mesenchymal stem cells
(MSC-CdM) promotes skin moisturization and effacement of wrinkles in
UVB-irradiated SKH-1 hairless mice. Photodermatol Photoimmunol
Photomed. 2016;32(3):120-8.

Ho IAW, Chan KYW, Ng W-H, Guo CM, Hui KM, Cheang P, et al. Matrix
metalloproteinase 1 is necessary for the migration of human bone marrow-
derived mesenchymal stem cells toward human glioma. Stem Cells. 2009;
27:1366-75.

Lin J-L, Wang MJ, Lee D, Liang C-C, Lin S. Hypoxia-inducible factor-1alpha
regulates matrix metalloproteinase-1 activity in human bone marrow-
derived mesenchymal stem cells. FEBS Lett. 2008;582:2615-9.

Bauvois B. New facets of matrix metalloproteinases MMP-2 and MMP-9 as
cell surface transducers: outside-in signaling and relationship to tumor
progression. Biochim Biophys Acta. 1825;2012:29-36.

Pons M, Cousins SW, Alcazar O, Striker GE, Marin-Castafio ME. Angiotensin
[l<induced MMP-2 activity and MMP-14 and basigin protein expression are
mediated via the angiotensin Il receptor type 1-mitogen-activated protein
kinase 1 pathway in retinal pigment epithelium: implications for age-related
macular degeneration. Am J Pathol. 2011;178:2665-81.

Egea V, Zahler S, Rieth N, Neth P, Popp T, Kehe K, et al. Tissue inhibitor of
metalloproteinase-1 (TIMP-1) regulates mesenchymal stem cells through
let-7f microRNA and Wnt/B-catenin signaling. Proc Natl Acad Sci U S A.
2012;109:E309-16.


http://dx.doi.org/10.1111/iwj.12551

	Abstract
	Background
	Role of MMPs in the differentiation of MSCs
	Adipogenic differentiation
	Chondrogenic differentiation
	Osteogenic differentiation
	Endothelial differentiation

	MSCs express MMPs and TIMPs to regulate different processes
	Angiogenesis
	Proliferation
	Migration

	Conclusion
	Acknowledgements
	Authors’ contributions
	Authors’ information
	Competing interests
	References

