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The treatment of patients with hematopoietic progenitor and stem cells (HPSCs) to reconstitute hematopoiesis after myeloablative
therapy or to repair ischemia after myocardial infarction has significantly improved clinical outcomes. Successful blood or bone
marrow transplants require a suﬃcient number of HPSCs capable of homing to the injured site to regenerate tissue. Granulocytecolony stimulating factor (G-CSF) is widely used clinically for stem cell mobilization. However, in some patients the response
is poor, thus a better understanding of the mechanisms underlying G-CSF-regulated stem cell mobilization is needed. The
pasminogen (Plg) system is the primary fibrinolytic pathway responsible for clot dissolution after thrombosis. Recent evidence
suggests that Plg plays a pivotal role in stem cell mobilization from the bone marrow to the peripheral circulation, particularly in
HPSC mobilization in response to G-CSF. This paper will discuss the potential mechanisms by which the Plg system regulates stem
cell mobilization, focusing on stepwise proteolysis and signal transduction during HPSC egress from their bone marrow niche.
Clear elucidation of the underlying mechanisms may lead to the development of new Plg-based therapeutic strategies to improve
stem cell mobilization in treating hematological and cardiovascular diseases.

1. Introduction
Recruitment of hematopoietic progenitor and stem cells
(HPSCs) to the blood followed by chemotherapy or cytokine
treatment is a clinical process termed stem cell mobilization.
This process mimics enhancement of the physiological
release of stem cells and progenitors from the bone marrow
(BM) reservoir in response to stress signals during injury
and inflammation [1]. Currently, stem cells mobilized to the
peripheral blood after treatment are the preferable source
of HPSCs harvested for stem cell transplantation because of
faster engraftment and reduced procedural risks compared
with the direct harvest of the BM cells [2, 3]. Successful stem
cell therapy, both autologous and allogeneic, requires the
infusion of a suﬃcient number of HPSCs capable of homing
to the injured site to promote tissue repair. Granulocytecolony stimulating factor (G-CSF) is the most commonly
used mobilizing agent to recruit HPSC from the BM;
however, impaired response to G-CSF is observed in 25%
of patients and 10% to 20% of healthy donors [4–6]. This

has led to studies to identify the mechanisms underlying
cytokine-induced stem cell mobilization that could oﬀer
better strategies to enhance stem cell mobilization.
Plasmin, a serine protease, degrades fibrin and is the
primary enzyme for clot lysis, a process called fibrinolysis
[7]. Plg, the zymogen of plasmin, can be converted to
plasmin at diﬀerent locations by tissue Plg activator (tPA)
or urokinase Plg activator (uPA). While tPA is distributed
in the ECM of most cell types, uPA is mainly localized on
the cell surface via its highly specific cell surface receptor,
uPAR [8]. The activities of uPA and tPA are regulated
by Plg activator inhibitor-1 (PAI-1). In addition, plasmin
activity can be inhibited directly by α2 -antiplasmin and α2 macroglobulin [9]. Several studies [10, 11] have reported
a marked increase in Plg binding to diﬀerentiated cells
compared to undiﬀerentiated cells, suggesting an important
role for Plg activation for cell diﬀerentiation that requires
the release and migration of cells from microenvironments.
Recent evidence reveals that the Plg system is crucial for
cytokine- or chemotherapy-induced stem cell mobilization.
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Here, we will discuss the role of the Plg system in regulating
stem cell mobilization.

2. Regulation of Stem Cell Mobilization
via a Plg-Dependent Proteolytic Pathway
2.1. Stem Cell Mobilization and Plg Function. The egress of
stem cells from the BM involves interfering with the physiological interaction between stromal cells and hematopoietic
cells, which regulate both cell transmigration and the BM
remodeling processes. The dynamic secretion and inactivation of the chemokines, stromal cell derived factor-1 (SDF1), membrane-bound Kit ligand (KitL), and interleukin8 (IL-8), which anchor HPSCs in the BM microenvironment, are critical for establishing the chemoattractant
gradient between the BM and the peripheral blood for
stem cell mobilization. Degradation and functional inactivation of the BM extracellular matrix proteins (ECM) by
proteases such as elastase, cathepsin G and MMP-9, are
also indicated as major players in stem cell mobilization
[1, 12].
In addition to its role in fibrinolysis [13], Plg has many
other functions. Interaction of Plg with its cell surface
receptors and activation to plasmin, results in degradation
of matrix proteins and activation of cytokines [14]. Plg
directly binds to the ECM and upon its conversion to
plasmin, degrades multiple ECM proteins including fibrin,
laminin, and fibronectin [15–17]. Plasmin can also activate
other proteases, such as MMP-3, MMP-9, MMP-12, and
MMP-13 [18, 19] to degrade other matrix components such
as collagens [20].
2.2. Role of Plg in Chemotherapy-Induced Stem Cell Mobilization. Many studies indicate that the Plg system facilitates
HPSC mobilization through plasmin-mediated proteolytic
mechanisms, by which plasmin inactivates chemotactic
cytokines and degrades ECM in the BM compartment.
Heissig et al. [21] have shown that deletion of Plg prevents
hematopoietic stem cells from entering the cell cycle and
undergoing multilineage diﬀerentiation after 5-FU treatment, causing lethality in mice. Activation of Plg by administration of tPA promoted cleavage of KitL mediated by
MMP-9 secreted from stromal cells, subsequently enhancing
HPSC proliferation, diﬀerentiation, and mobilization. This
data suggests that Plg regulates HPSC function via MMP9-mediated KitL release. Consistently, Tjwa et al. [22]
reported that hematopoietic recovery upon delivery of 5FU was impaired in Plg, tPA and uPA deficient mice.
Moreover, depletion of fibrinogen in Plg deficient (Plg−/− )
mice did not restore hematopoietic recovery, indicating
that Plg-regulated stem cell mobilization is fibrinolysisindependent. Instead, Plg deficiency inhibited breakdown of
the BM matrix proteins fibronectin, VCAM-1, and laminin,
which are required for adhesion of HPSCs to their BM
microenvironment and also in transendothelial migration of
HPSCs. These studies indicate that Plg and its activators are
required for hematopoietic regeneration by regulating HPSC
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mobilization, proliferation, diﬀerentiation through MMP-9mediated release of KitL, and plasmin-mediated degradation
of ECM in the BM.
2.3. Role of Plg in G-CSF-Induced Stem Cell Mobilization. Plg
is also necessary for HPSC mobilization in response to GCSF. Tjwa et al. [23, 24] have found that genetic loss of PAI-1
or plasmin inhibitor α2 -antiplasmin, which enhances plasmin generation, increased HPSC mobilization in response
to G-CSF, and thrombolytic agents such as tenecteplase
and microplasmin, enhanced HPSC mobilization in mice
and humans. Tenecteplase is a mutant of recombinant
human tPA, which has a prolonged half-life and is used
for treatment of acute cardiovascular and cerebrovascular
syndromes. Microplasmin is a truncated form of plasmin
that has an improved safety profile (less bleeding) and
is easier to produce as a recombinant protein than is
plasmin. Studies of Plg−/− mice [24, 25] validated that Plg
is required for G-CSF-induced stem cell mobilization. Fewer
HPSCs in the peripheral blood were detected in Plg−/− mice
compared with wild-type (WT) mice after treatment with
G-CSF. Similarly, WT mice treated with the Plg inhibitor
tranexamic acid also impaired HPSC mobilization into
the circulation. Furthermore, cleavage of the uPA receptor,
(uPAR), by plasmin may account for Plg-regulated stem
cell mobilization. Studies suggested that cleavage of the
receptor uPAR is an important factor in regulating stem
cell function [24]. First, uPAR was found to be expressed
on a subpopulation of HPSCs, and HPSC mobilization was
impaired in uPAR-deficient mice (uPAR−/− ). Second, intact
uPAR is required for adhesion of HPSCs to the BM as well
as homing and engraftment of HPSCs. During stem cell
mobilization, uPAR is cleaved and subsequently stem cells
are released from the BM to the circulation. Cleavage of
uPAR was detected only in WT mice but not in Plg−/−
mice during stem cell mobilization, suggesting that plasmin
regulates stem cell mobilization by inactivating uPAR via
proteolytic cleavage [24]. These findings suggest that uPAR is
essential for Plg-regulated stem cell mobilization. However,
less inhibition in HPSC mobilization was observed in
uPAR−/− mice compared to Plg−/− mice [24], suggesting
that there are other mechanisms for Plg regulation of GCSF induced HPSC mobilization besides uPAR cleavage.
While kitL is important in myelosuppression-induced HPSC
mobilization, it does not seem to be involved in G-CSFinduced HPSC mobilization since G-CSF does not aﬀect its
levels [25, 26].
2.4. Role of Plg in the Regulation of SDF-1/CXCR4 Pathway.
Another crucial pathway controlling stem cell mobilization
is the SDF-1/CXCR4 signal. Under basal conditions, SDF1/CXCR4 anchor HPSC in the BM and keep them in a
quiescent state. During stem cell mobilization, SDF-1 in
the BM is downregulated and HPSCs are released and
mobilized into the circulation in response to the higher
SDF-1 concentration in the peripheral blood [27, 28].
Our recent study has established the interplay between
Plg and SDF-1/CXCR4 signals. Our data have shown that
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Plg is required for G-CSF-induced HPSC egress to sinusoidal capillaries in the BM and subsequent mobilization
to peripheral circulation. G-CSF induced Plg-dependent
activation of MMP-9 in the BM, and MMP-9 neutralization
or deficiency suppressed HPSC migration and mobilization.
Reconstitution of MMP-9 activity by the BM transplantation
after lentiviral overexpression rescued HPSC mobilization in
Plg−/− mice, indicating that MMP-9 activation is required
for Plg-mediated HPSC mobilization. Interestingly, after GCSF simulation, Plg downregulated SDF-1 in the BM and
spatiotemporally regulated the expression of CXCR4 on
mobilized HPSC. Reconstitution of MMP-9 activity in Plg−/−
mice reversed CXCR4 expression on HPSC in plasma and
the BM, suggesting that CXCR4 serves as a newly identified
downstream signal of Plg/MMP-9 in HPSC mobilization
[25].
Taken together, these data indicate that the Plg system
plays a crucial role in chemotherapy- or cytokine-induced
stem cell mobilization. It functions through activating
plasmin-mediated proteolytic activity to degrade the ECM
in the BM (such as fibronectin or laminin) or by inactivating
some key cytokines in the BM niches, such as KitL/c-Kit
(KitL receptor), uPAR, and SDF-1/CXCR4, thus eventually
leading to the release of HPSCs and the facilitation of their
egress from the BM to the circulation (see proposed pathway
in Figure 1).

3. Regulation of Stem Cell Mobilization in
the Plg-Independent Signaling Pathway
3.1. Urokinase Plg Activator Receptor, uPAR. In addition to
proteolytic activity, other regulatory pathways are involved
in the Plg system-mediated HPSC mobilization. uPAR was
originally identified as a key factor for the activation of
Plg to plasmin and thereby the regulation of cell surface
proteolysis in space and time [29]. The structure of uPAR
consists of three homologous domains of ∼90 amino
acids each (D1 , D2 , and D3 as numbered from the NH2
terminus) and is anchored to the cell membrane through
a glycosyl-phosphatidylinositol tail, attached to the C terminal D3 domain [30]. Interestingly, uPAR, independent
of proteolytic activity, regulates migration and adhesion of
cells through binding to integrins and G-protein-coupled
receptors and initiates intercellular signaling cascades [31].
Previous reports [32–34] have shown that uPAR regulates
cell adhesion and migration by activating its downstream
intracellular signaling pathways in various cell types [35].
3.2. Stem Cell Mobilization and uPAR. Recently, a critical role
of uPAR in stem cell mobilization has also been documented
[24, 36–39]. During G-CSF-induced HPSC mobilization
in humans, uPAR expression significantly increased on
peripheral blood mononuclear cells (PBMNCs), in particular
on CD33+ myeloid precursors and on CD14+ monocytic
cells released from the BM into the circulation. By contrast,
CD34+ cells and T and B lymphocytes were uPAR-negative,
suggesting that uPAR may play a selective role in stem cell
mobilization [36]. In uPAR−/− mice, stem cell mobilization
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induced by G-CSF treatment was impaired [24]. A very
recent study [39] has demonstrated that uPAR is required
to mobilize mesenchymal stem cells (MSC) from the BM
of mice stimulated with G-CSF in vivo. Down- and upregulation of uPAR inhibited and stimulated MSC diﬀerentiation into vascular smooth muscle cells, respectively.
Consistently, infusion of MSCs isolated from uPAR−/− mice
impaired its engraftment to injured femoral artery. These
data indicate a role of uPAR in stem cell mobilization and
engraftment. Additional evidence suggests several mechanisms by which uPAR plays a role in stem cell mobilization:
chemotactic role of cleaved uPAR, regulation of integrins,
and regulation of CXCR4 signaling.
3.3. The Chemotactic Role of Cleaved uPAR in Stem Cell Mobilization. Proteolytic cleavage of membrane bound uPAR
in the linker region between D1 and D2 and at the
juxtamembrane domain from the cell surface by plasmin
or other proteases releases truncated uPAR (suPAR) into
the extracellular space, where it may be proteolytically
cleaved into smaller fragments (c-suPAR) [40–43]. uPAR
fragments generated from uPAR cleavage are essential for
uPAR-regulated stem cell mobilization. Previous studies have
shown [36] that G-CSF treatment induced an increase in
uPAR as well as suPAR. c-suPAR were released in vitro by the
PBMNCs and were also detectable in the serum of G-CSFtreated donors. Fietz et al. [44] have confirmed that both
uPAR and cleaved forms of uPAR are increased in HPSC
donors following G-CSF treatment. Moreover, c-suPAR and
its derived peptide (uPAR84–95 ) induce in vitro migration
of bone marrow HPSCs towards SDF-1. Furthermore, the
chemotactic human c-suPAR peptide has been shown to
mobilize HPSC in mice. Similarly, administration of human
uPAR84–95 peptides induced mobilization of CD34+ HPSCs
into the circulation to an extent similar to that observed in
G-CSF in mice [36].
In agreement with these findings, utilizing mice with
deleted uPA, tPA, uPAR, and Plg genes, Tjwa, et al. [33] have
found that uPAR is expressed on the BM cells that are in
close contact with osteoblasts as well as a subset of HPSCs. At
steady state, uPAR−/− mice are partially depleted of HPSCs
in the BM with a decrease of cell cycle quiescence and
chemoprotection. In addition, uPAR−/− mice are impaired in
HPSC mobilization, homing, and short-term engraftment.
The membrane-anchored uPAR retention signal on HPSCs
is inactivated by plasmin via proteolytic cleavage to a c-uPAR
truncated product, which stimulates HPSC mobilization.
These studies suggest that uPAR serves as a new anchor
factor, similar to KitL/c-Kit to maintain HPSC retention in
the BM, while cleaved soluble uPAR is a new chemoattractant
and mobilizer of stem cell egress from the BM to the
circulation.
3.4. The Role of uPAR in the Regulation of Integrins. Lacking transmembrane and intracellular domains, uPAR must
cooperate with transmembrane receptors to activate intracellular signaling. Extensive studies suggest that integrins,
a major family of ECM receptors are signaling coreceptors
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Figure 1: Plasmin-dependent and -independent mechanisms for HPSC mobilization from the BM to circulation. (a) Plasmin-mediated
proteolysis induces HPSC mobilization. uPA converts Plg into protease-active plasmin that activates pro-MMP-9. Active MMP-9 cleaves
KitL and upregulates CXCR4, and MMP-9 and plasmin degrade ECM, both of which release HPSC from the BM, leading to HPSC egress
to circulation. (b) Plasmin-independent proteolysis and chemotaxis induce HPSC mobilization. uPAR is cleaved to chemotactic suPAR that
drives HPSC migration to circulation. Cleavage of membrane uPAR also directly disrupts the interaction between uPAR and VLA-4, degrades
vitronectin, and desensitizes the CXCR4 signal, which leads to HPSC mobilization.

of uPAR [45–49]. Besides uPA, the ECM glycoprotein
vitronectin has been identified as a second ligand for uPAR
[50]. It is reported that blocking uPAR-vitronectin binding
impaired uPAR-regulated cell morphology, adhesion, and
migration [45, 46]. Recent studies suggest that uPAR binding
to vitronectin activates integrin signaling by simply increasing plasma membrane—ECM contact, facilitating integrin—
ligand interactions [45]. Namely, vitronectin may act as an
adaptor for the interaction of uPAR and integrins. The major
integrins that uPAR interacts with are α1 β1 and α4 β1 (very
late antigen-4, VLA-4) [51, 52]. The integrin α4 β1 regulates
the migration and adhesion of HPSCs to fibronectin and
VCAM-1 during their homing and engraftment in the BM
[53–56]. The function of α4 β1 also depends on the presence
of intact uPAR, as only intact uPAR interacts with the
integrin [43, 56]. Removal of DI from uPAR reduces α4 β1 mediated cellular adhesion in vitro [56]. Thus, when uPAR
is depleted, such as in uPAR−/− mice, or inactive, such as
after preincubation of WT HPSCs with anti-uPAR antibody,
adhesion of α4 β1 on HPSCs to the BM matrix is reduced,
likely explaining why homing and engraftment of HPSCs are
impaired [24]. Furthermore, anti-α4 β1 antibodies could not
further aggravate the adhesion defects of HPSCs when uPAR
was absent or blocked. Likewise, homing and engraftment
defects were similar in mice lacking functional uPAR or
α4 β1 [24]. These data suggest that cooperation of uPAR with

α4 β1 may partially contribute to the uPAR-mediated HPSC
mobilization.
3.5. The Role of uPAR in the Regulation of CXCR4 Signal. Recent studies have revealed that functional interactions between the uPA-uPAR system and receptors for Nformylated peptides, such as the fMet-Leu-Phe (fMLP),
are important for leukocyte chemotaxis [57]. The peptide,
c-suPAR and its derived chemotactic peptide uPAR84–95 ,
corresponding to the uPAR chemotactic region unmasked
by D1 -D2 cleavage, can induce monocyte chemotaxis by
FPRL1 activation [58]. FPRL1 belongs to the family of fMLP
receptors; the other 2 members are FPR and FPRL2 [59].
Interestingly, activation of both FPR and FPRL1 can lead
to the desensitization of other chemokine receptors, such
as CXCR4 [60, 61]. CXCR4 and its specific ligand SDF1 strongly contribute to retention of HPSCs in the BM
since the downregulation of the CXCR4/SDF1 signal pathway
increases HPSC mobilization [27, 28, 62]. Several studies
have investigated whether suPAR is also able to interfere with
the CXCR4/SDF-1 axis through fMLP receptors [36, 37]. The
results have shown that SDF-1-dependent BM HPSC in vitro
migration was impaired by uPAR84–95 through the activation
of FPR. Serum c-suPAR in vivo can also regulate CD34+
HPSC mobilization by downmodulating CXCR4 activity
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[37]. SDF-1 also induced chemotaxis of the BM CD34+
HPSCs isolated from 3 donors, and pretreatment with fMLP
or uPAR84–95 completely abolished SDF1-dependent migration [36]. These data indicate that uPAR may regulate HPSC
migration through FPR-mediated CXCR4 desensitization.
Altogether, these data suggest that uPAR regulates stem
cell mobilization through several possible mechanisms. During G-CSF-induced HPSC mobilization, uPAR expression
is first upregulated on CD33+ and CD14+ cells and is
then cleaved, thus generating chemotactic forms of suPAR
that present in the serum of G-CSF-treated donors. In the
first case, cleavage of uPAR may disrupt the interaction
between uPAR and α4 β1 integrin to release HPSC from their
osteoblast niche. In the second case, suPAR may inactivate
CXCR4 by heterologous desensitization and further promote
HPSC release from the BM. Most importantly, c-suPAR may
act as a chemoattractant for the BM HPSCs and stimulate
their mobilization from the BM to the circulation (see
proposed pathway in Figure 1).

4. Conclusion
In multiple pathological settings, including stroke and
myocardial infarction, HPSCs are mobilized from the BM
to sites of injury to promote tissue repair and regeneration. Stem cell therapy, including direct transplantation
of stem cells, stimulation of stem cell mobilization and
homing by cytokines, for example G-CSF, has emerged
as a promising approach to promote tissue repair and
regeneration after ischemia. The studies on Plg have revealed
an essential role of the Plg system in cytokine-induced
stem cell mobilization and have elucidated the molecular
mechanisms regulating Plg-mediated stem cell mobilization.
This will potentially contribute to the development of new
therapeutic strategies, for example, targeting Plg/MMP9 for strengthening the established G-CSF treatment for
ischemia disease. More importantly, the proposed experimental therapy with μPlm (a truncated form of plasmin
with fewer side-eﬀects) or chemotactic peptide (uPAR84–95 )
to promote HPSC recruitment to the damaged cardiac tissue,
will confer clinical therapeutic potentials of plasmin in
stem cell-mediated treatment, especially given the verified
safety and eﬃciency of plasmin therapy (e.g., tPA) in MI
treatment.
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