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Abstract

The common developmental origin of endothelial and hematopoietic cells is manifested by 

coexpression of several cell surface receptors. Adult murine bone marrow (BM) long-term 

repopulating hematopoietic stem cells (LT-HSCs), endowed with the highest repopulation and self-

renewal potential, express endothelial protein C receptor (EPCR), which is used as a marker to 

isolate them. EPCR/PAR1 signaling in endothelial cells has anticoagulant and anti-inflammatory 

roles, while thrombin/PAR1 signaling induces coagulation and inflammation. Recent studies 

define two new PAR1-mediated signaling cascades that regulate EPCR+ LT-HSC BM retention 

and egress. EPCR/PAR1 signaling facilitates LT-HSC BM repopulation, retention, survival, and 

chemotherapy resistance by restricting nitric oxide (NO) production, maintaining NOlow LT-HSC 

BM retention with increased VLA4 expression, affinity, and adhesion. Conversely, acute stress and 

clinical mobilization upregulate thrombin generation and activate different PAR1 signaling which 

overcomes BM EPCR+ LT-HSC retention, inducing their recruitment to the bloodstream. 

Thrombin/PAR1 signaling induces NO generation, TACE-mediated EPCR shedding, and 

upregulation of CXCR4 and PAR1, leading to CXCL12-mediated stem and progenitor cell 

mobilization. This review discusses new roles for factors traditionally viewed as coagulation 

related, which independently act in the BM to regulate PAR1 signaling in bone- and blood-

forming progenitor cells, navigating their fate by controlling NO production.
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Introduction

Long-term repopulating hematopoietic stem cells (LT-HSCs) maintain continued blood cell 

production and host immunity throughout life and respond to demands due to inflammation, 

injury and blood loss. The bone marrow (BM) is the main site of adult hematopoiesis and 

the majority of LT-HSCs remain confined to the BM microenvironment in a quiescent non-

motile mode via adhesive interactions.1–3 The hallmark of LT-HSCs is their durable BM 

repopulation potential in functional transplantation assays, which requires high self-renewal 

ability, homing, and developmental potential. Previous studies revealed that a very small 

number of hematopoietic stem and progenitor cells (HSPCs) circulate in the peripheral 

blood as part of homeostasis and can reconstitute hematopoiesis in lethally irradiated 

transplanted recipients.4 The physiologic process of HSPC egress from the BM to the 

circulation is accelerated by mobilizing agents, which mimic inflammatory and alarm 

situations, as HSPCs are mostly harvested from the peripheral blood rather than the BM for 

clinical stem cell transplantation.5

Emerging evidence shows that hemostatic factors, traditionally viewed as coagulation and 

inflammation related, also independently control hematopoietic stem cells in the murine 

BM.6–8 The hemostatic system was originally discovered as a response to acute and 

transient tissue injury, balancing between procoagulant and anticoagulant forces to prevent 

blood loss and to control intravascular thrombosis.9 The procoagulant cascades include 

platelet and fibrin clot formation while the anticoagulant activities include inhibitors of 

coagulation and the fibrinolytic system.

Thrombin is among the most potent procoagulant factors acting through proteolytic cleavage 

of cell surface protease-activated receptor-1 (PAR1), and its activity induces 

proinflammatory and proapoptotic responses. PAR1, which belongs to a family of G 

protein–coupled cell surface receptors, is expressed by many cell types, including BM 

endothelial and stromal cells,10 leukocytes,11 and blood-12 and bone-forming progenitors.13 

Conversely, anticoagulant and anti-inflammatory responses are induced by binding of 

protease-activated protein C (aPC) to the endothelial protein C receptor (EPCR), enabling 

endothelial cell PAR1 signaling that is anti-inflammatory and cytoprotective, due to cleavage 

of PAR1 at a site different from thrombin.14–16

EPCR was originally identified and cloned as an endothelial-specific receptor together with 

its major ligand aPC.17 EPCR plays a critical role in supporting aPC-mediated anticoagulant 

and cytoprotective signaling. Binding of aPC to EPCR facilitates PAR1 cleavage and 

signaling, initiating anti-inflammatory and antiapoptotic responses and protection of 

endothelial barrier integrity.18 Recently, it was shown that EPCR is also expressed by some 

BM HSC, suggesting additional new roles for this receptor. It has been demonstrated that a 

minority of HSCs in the murine fetal liver and adult BM, endowed with the highest BM 

Gur-Cohen et al. Page 2

Ann N Y Acad Sci. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



long-term repopulation potential, also express EPCR, which was used as a marker to isolate 

them.19–21 EPCR+ LT-HSCs functionally exhibit durable self-renewal potential at the single 

transplanted stem cell level.22

This review will outline the complex and multiplayer regulation of hematopoietic stem cell 

maintenance in the BM microenvironment. We will discuss the bifunctional roles of PAR1 

signaling in the context of hematopoietic stem cell function (i.e., BM repopulation and 

retention versus recruitment to the blood circulation and development). We will highlight the 

importance of dynamic PAR1 signaling, both for hematopoietic and for bone-forming stem 

cell migration and development as well as for protection from myelotoxic insult via control 

of nitric oxide (NO) generation. Cooperation between osteoclast/osteoblast-mediated bone 

turnover and aPC/EPCR/PAR1 versus thrombin/PAR1 signaling in regulating balanced stem 

cell function under both normal and acute stress conditions will be discussed.

LT-HSCs and preservation of endothelial elements

Before circulation is established during embryonic development, primitive blood-forming 

stem cells reside within the yolk sac and the aorta–gonad–mesonephros (AGM) region. Once 

the vascular system develops, the lack of sufficient stromal support facilitates initial 

hematopoietic seeding of the fetal liver, where HSCs undergo extensive proliferation and 

differentiation to all fetal blood cell lineages.23–25 In the final stages of embryonic 

development, HSCs migrate from the fetal liver via the blood circulation, across the physical 

blood–BM endothelial cell barrier, and home to their stromal niches, in a CXCR4/CXCL12-

dependent manner.26 Close physical association between the developing primary blood cell 

and endothelial lineages in the yolk sac initially suggested the “hemangioblast” concept, in 

which the hematopoietic cells and endothelial cells share a common precursor during 

development.27,28 Indeed, hematopoietic and endothelial markers have extensive 

overlapping protein expression pattern in the AGM, including VE-cadherin,28 Runx1,29 

eNOS,30 CD31,29 CD34, and CD45.31 New cell-tracing technique challenged the ancestor 

hemangioblast concept and suggested earlier segregation of hematopoietic stem cells from 

specific blood vessel endothelial cells.32 While the hierarchy of transcription factors that 

guide hematopoietic development is incompletely defined, lineage tracing may provide new 

avenues for studying HSC developmental hierarchy and offer new perspectives into the 

origins of HSCs.

Recent reports reveal that the close association between the hematopoietic and vascular 

systems also continues into postnatal life. These studies have shown that endothelial cells, 

including those isolated from adult BM, are capable of supporting long-term hematopoiesis 

in vitro.33 Importantly, in vivo studies have demonstrated that BM endothelial cells are 

essential for hematopoietic recovery from lethal total-body irradiation and for transplanted 

stem cell self-renewal and BM repopulation.34,35 Recent advances in imaging technologies 

have greatly advanced our understanding of the association between vasculature 

organization and HSC localization in the murine BM. The marrow microenvironment is 

highly vascularized, containing large blood vessels and sinusoids. Interestingly, some adult 

BM LT-HSCs were located in perivascular niches, adjacent to endothelial cells, in 

postneonatal life.36,37. Nonetheless, these niches are not fully characterized and could also 
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depend on critical contributions from nonvascular cells, such as αSMA+ macrophages,38 

stromal precursors,39 and CXCL12-expressing CAR cells.40,41

While the ultimate consequence of the endothelial-to-hematopoietic transition during 

ontogeny is downregulation of the endothelial program in blood-forming stem cells and their 

progeny,42 BM-retained adult LT-HSCs also preserve and express some endothelial markers. 

Vascular cell adhesion molecule 1 (VCAM1) and endothelial cell–selective adhesion 

molecule-1 (ESAM1) are related adhesion molecules first described and identified on 

endothelial cells but are also upregulated in LT-HSCs, both at the transcript and protein 

levels.43 VCAM1 interactions with the integrin α4β1 (also termed VLA4) mediate cell–cell 

interactions in multiple cell types, and both VCAM1 and integrin α4β1 inhibition have been 

implicated in LT-HSC mobilization44 and their activity is essential for their homing to the 

BM.45,46

Single-cell analysis showed that a minority of phenotypically defined BM LT-HSCs also 

express von Willebrand factor (vWF), previously thought to be exclusively expressed by 

megakaryocytes, platelets, and the endothelium.47 vWF+ HSCs identify a primitive BM 

HSC population capable of stable long-term myeloid- and megakaryocyte-biased 

reconstitution supporting platelet production.47 vWF is central for platelet aggregation, 

hemostasis, and thrombus formation. Recently, it became evident that vWF plays multiple 

roles in vascular biology, controlling smooth muscle cell proliferation, vascular 

inflammation, and angiogenesis.48 While the ultimate role of vWF in LT-HSCs has yet to be 

determined, it is conceivable that vWF might be secreted by HSCs themselves to contribute 

to their regulation by ITGA2B-dependent adhesion49 in a self-primed specific niche. 

Providing unique adhesion ligands might also pave the way for LT-HSC expansion and 

skewing towards injury-responsive differentiation with megakaryocyte- and platelet-biased 

progenitor expansion.

Gene array studies have revealed that the anticoagulant and anti-inflammatory EPCR is 

highly expressed predominantly in purified LT-HSCs obtained from murine fetal liver and 

adult BM but not in common lymphoid or myeloid progenitor cells.50,51. Furthermore, 

isolation of primitive fetal liver and adult BM LT-HSCs on the basis of surface EPCR 

expression followed by transplantation assays revealed that EPCR+ LT-HSCs have the 

highest hematopoietic reconstitution activity.19–21 Single-cell transplantations of 

EPCR+Sca-1high/CD150+CD48− (SLAM) cells isolated from adult murine BM defined a 

highly purified population of LT-HSCs exhibiting durable self-renewal potential.22 

Interestingly, while EPCR expression is a clear endothelial characteristic,52,53 it has also 

been identified as a stem cell marker in other tissues,12 including mammary stem cells,54 

and its function is crucial for regulating integrin α4β1 in breast cancer stem cells and for 

tumor progression.55 Of note, atypical EPCR expression by BM stem and progenitor cells 

was observed in the S129 (129S1/SvlmJ) mouse strain (preliminary results, data not shown), 

indicating that different mouse strains might have different EPCR expression and function.

Although the association of the zymogen protein C (PC) with EPCR greatly enhances 

activation to the serine protease–activated protein C (aPC) with crucial intravascular 

anticoagulant functions, ligation of EPCR by aPC is key to altering signaling pathways 
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resulting in stabilization and protection of the endothelial blood barrier.56 The zymogen PC 

is synthesized predominantly in the liver and is proteolytically activated by the thrombin–

thrombomodulin (TM) complex.57 Preservation of EPCR expression among different stem 

cell lineages suggests that EPCR may provide stem cell signals that maintain the 

undifferentiated stemness phenotype. Current evidence indicates that the aPC/EPCR 

pathway plays an important role in both fetal stem cell survival21 and adult BM LT-HSC 

retention and protection from myelotoxicity,6 ensuring preservation of the BM stem cell 

pool throughout adult life.

BM niches are major sites for stem cell maintenance

LT-HSCs reside in specialized niches in the BM, where stromal and hematopoietic cells 

provide support for adhesion of the stem cell pool, maintaining their undifferentiated 

primitive state.1,38,40 The BM microenvironment is considered to be a negative regulator of 

stem cell migration,58 proliferation, and differentiation, as part of the mechanisms to 

preserve the dormant BM HSC pool while maintaining their developmental potential.59 

Signals produced as a consequence of the dynamic osteoclast/osteoblast bone turnover by 

BM-derived cells, such as osteoblasts,60 mesenchymal progenitor cells, endothelial cells, 

and myeloid cells, coordinately regenerate the BM, making it the preferred site for adult LT-

HSCs.1,61–63 Despite technology breakthroughs in high-resolution in vivo imaging 

techniques, the exact location of BM LT-HSCs and the dynamic nature, cellular 

composition, and structure of their niches remain controversial topics.1

Another fundamental open question that remains is whether different niches exist for 

quiescent and for cycling LT-HSCs in the BM. Current understanding suggests that both 

endosteal (provided by bone-lining cells) and perivascular niches coexist in the BM, 

comprising stromal and hematopoietic cells that provide membrane-bound and secreted 

factors to promote LT-HSC retention, maintenance, and development.1 Considering the 

complexity of the BM architecture, it might be possible that these two proposed distinct 

niches might be in fact closely associated and cooperate to provide mutual signals to 

promote BM LT-HSC protection and regulation. Adding layers of complexity, accumulating 

evidence implies that several types of endothelial cells and blood vessels make up the stem 

cell vascular niche.2 While the vascular sinusoidal niche has been implicated in HSC 

maintenance and regeneration,36,64 recent studies suggest that the HSC vascular niche may 

not be limited to sinusoids, since phenotypically defined LT-HSCs are also found adjacent to 

non-sinusoidal vascular structures, including arteries and arterioles adjacent or in close 

proximity to bone.56 Whether or not considerable overlap exists between HSC vascular 

microenvironments, an interesting question is whether all sinusoids or arterioles can 

functionally participate in promoting LT-HSC maintenance and protection in the BM, or if 

only specialized domains within these vascular structures can do so.

Recent observations suggest that fetal and adult BM EPCR+ LT-HSCs are located in close 

proximity to BM endothelial subpopulations that highly express thrombomodulin 

(TM).6,7,21 Generated thrombin typically forms a tight complex with TM that converts PC to 

its activated form, aPC.57 Importantly, TM+ endothelial cells in the adult murine BM also 

stained for aPC and EPCR+ LT-HSC were found to be located adjacent to aPC-enriched 
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endothelial areas6 (Fig. 1). Interestingly, similarly to endothelial cells,14,15 binding of the 

anticoagulant protease aPC to EPCR, which is functional on the LT-HSC surface, induced 

PAR1 signaling,6 most likely by cleaving a site different from the canonical thrombin 

cleavage site, as has been demonstrated for endothelial cells. Signals coming from aPC 

through the EPCR/PAR1 axis promote LT-HSC retention in the BM, thereby providing 

protection from DNA-damaging agents and preservation of the HSC pool size in the murine 

adult BM.6 It appears that within the BM endothelial microenvironment, only a specialized 

type of endothelial cell, defined as TM6,7 and aPC-expressing6 cells, can efficiently and 

specifically maintain EPCR+ LT-HSCs in the BM. The interplay of TM and aPC in 

specialized BM microenvironments was found to be physiologically relevant to allow 

accelerated stem cell recovery from radiation-induced hematopoietic suppression and death.7 

While the relevant targets of aPC allowing radioprotective activity remain unknown,7 EPCR 

signaling was found to be essential for stem cell protection from chemotherapy-induced 

hematology failure and death.6

The TM/aPC pathway may also be linked to BM megakaryocytes that have been shown to 

negatively regulate BM HSC proliferation via the secretion of platelet factor 4 (PF4).65,66 

PF4 (also termed CXCL4) stabilizes TM and promotes aPC generation,67 suggesting that 

megakaryocytes may participate in the establishment of the stem cell niches for BM EPCR+ 

cells, potentially enhancing aPC generation and thereby ensuring EPCR+ LT-HSC retention 

and protection.6 While the role of aPC in this process remains to be formally demonstrated, 

supportive evidence shows that phenotypically defined Lin− SLAM cells are frequently 

located adjacent to marrow megakaryocytes,66 and, under chemotherapeutic stress 

conditions, PF4 secretion by BM megakaryocytes increased HSC levels65 (Fig. 1). The 

coexpression of TM on BM EPCR+ LT-HSCs, but not by stem cells in the bloodstream, 

suggests that aPC generation might not only take place in the surrounding BM endothelial 

microenvironment, but also by the EPCR+ LT-HSCs themselves.6,7

aPC/EPCR/PAR1 signaling regulates LT-HSC retention in the BM

The adult bone cavity is organized in a highly complex architecture of cellular components, 

including mature and immature leukocytes, surrounded by mesenchymal cell lineages. The 

current paradigm suggests that only a single stem cell occupies a niche in the BM 

microenvironment rather than stem cells being clustered together. This clonal paradigm 

suggests that a single stem cell exploits the marrow microenvironmental resources, therefore 

stem cell expansion is functionally and mechanically limited, maintaining their slow cycling 

status. Such restricted cycling in turn provides protection from myelotoxicity and exhaustion 

due to extensive inflammatory conditions and during age-dependent functional decline.

A key additional concept is that mutual interactions between HSCs and their stromal 

supporting cells exert inhibitory feedback on their proliferation and differentiation, keeping 

HSCs dormant in a nonmotile mode.59,68 The chemokine receptor CXCR4 is essential for 

quiescence of LT-HSCs in the murine BM, suggesting that membrane-bound CXCL12 

expressed by BM stromal cells induces adhesion and retention of CXCR4+ LT-HSCs.40. 

Conditional deletion of CXCL1269 or CXCR440,70 leads to increased cycling and exhaustion 

of the stem cell pool, as well as loss of BM retention and protection from DNA damaging 
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agents. While CXCR4 is essential for LT-HSC quiescence40, BM EPCR+ LT-HSCs express 

only low levels of surface CXCR4,6 suggesting that low CXCR4 receptor signaling requires 

additional synergistic signaling cascades to maintain EPCR+ LT-HSC BM retention. EPCR-

expressing LT-HSCs exhibit increased in vitro adhesion to fibronectin (FN)-bound CXCL12 

and reduced migration ability to soluble CXCL12, in correlation with their BM retention. 

Short in vitro aPC prestimulation further increased their CXCL12-induced adhesion, 

demonstrating cooperation between EPCR and CXCR4 in LT-HSC adhesion and suggesting 

a synergistic role for these receptors in LT-HSC BM retention.6 Interestingly, inhibitory 

effects of aPC/EPCR on leukocyte migration have also been documented in human activated 

neutrophils expressing EPCR in neutrophil chemotaxis triggered by interleukin-8.71

In BM LT-HSCs, the aPC/EPCR pathway induces a PAR1 signaling cascade leading to 

restriction of nitric oxide (NO) production, thereby initiating Cdc42 downregulation and 

increased VLA4-dependent adhesion. HSCs expressing low levels of EPCR or HSCs 

pretreated with EPCR-neutralizing antibody fail to compete with normal untreated EPCR+ 

LT-HSCs in competitive BM transplantation into irradiated hosts.6 In support of the crucial 

role of ligand binding to EPCR in maintaining functional LT-HSCs in the BM, mice 

harboring a disabling single mutation in the aPC-binding domain of EPCR develop 

splenomegaly as a result of hematological BM failure.72

The cell adhesion receptor integrin VLA4 (α4β1) binds fibronectin and VCAM-1 and is 

crucial for CXCL12/CXCR4-mediated BM HSC retention.44,73 VLA4 is expressed by most 

leukocytes, as well as some non-hematopoietic cells,74 while its expression is higher on 

EPCR+ LT-HSCs as compared to EPCR− progenitor cells. VLA4 affinity was enhanced as a 

consequence of aPC/EPCR signaling in LT-HSCs, providing a clear mechanism for their 

preferential location within the adherent BM environment6 (Fig. 1). It has long been 

proposed that VLA4 expression by circulating and BM-retained LT-HSCs might be 

important for binding and detachment of stem cells within the human BM 

microenvironment. Strong expression of VLA4 was mainly found on human BM HSPCs, 

while circulating cells following G-CSF–induced clinical stem cell mobilization express low 

levels of VLA4. Surprisingly, EPCR expression during steady state was restricted to the 

murine BM and was also absent from circulating HSPCs. Moreover, genetically modified 

mice strains with only low levels of EPCR (EPCRlow)6 or deficient in VLA4 have higher 

numbers of circulating HSPCs.6,75,76.

While it has yet to be determined whether EPCR signaling also regulates VLA4 

transcription and surface expression, these observations indicate that, apart from regulating 

the VLA4 affinity state, EPCR and VLA4 might have a tightly regulated cross talk to enable 

LT-HSC retention in the BM. Since adhesive interactions are crucial for retention of HSPC 

in their BM niches, targeting these molecules is expected to induce mobilization. Indeed, 

administration of neutralizing antibodies to the integrin VLA4 induced LT-repopulating HSC 

mobilization.77 Similarly, blocking EPCR signaling by neutralizing EPCR antibody 

treatment induced CXCR4 upregulation and reduced VLA4 affinity, inducing mobilization 

of HSCs that expressed high levels of EPCR in the circulation.6 The surprisingly 

overlapping roles of EPCR and VLA4 in enhancing LT-HSC adhesion and BM retention is 

further supported by the preliminary observation demonstrating that EPCR supports LT-
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HSCs homing specifically to the BM.6 Upon injection, EPCR-expressing LT-HSCs rapidly 

appear in the BM in an EPCR-dependent manner, while EPCR blockage had no effect on 

HSC homing to other hematopoietic organs, such as the spleen. This unique homing pattern 

of LT-HSCs to the BM was previously reported in studies demonstrating that cells lacking 

the integrin α4 exhibited impaired homing to the BM, but not to the spleen.75 In addition to 

the homing defect, an impaired expansion and BM repopulation ability was even more 

pronounced in transplanted α4 integrin–null cells, which was restricted to the BM 

compartment and not to the spleen.75 The idea that the BM and the spleen might provide 

different signals for HSC maintenance and development requires additional mechanistic 

investigation. However, preliminary results reveal that the murine spleen lacks TM+ 

endothelial cells, which are needed for aPC generation.78 This difference may explain the 

unique BM periarterial microenvironments that are needed to attract and to retain EPCR+ 

LT-HSCs with high VLA4 affinity and adhesions.6

Adhesion and retention of LT-HSCs not only requires the activity of adhesion molecules, but 

also requires significant changes in regulators of the actin cytoskeleton. The small GTPases 

Rac1, Rac2, Cdc42, and RhoA are involved in adhesion signaling of hematopoietic 

cells.79,80 Cdc42 is a member of the Rho GTPase family that cycles between the GTP-bound 

active and the GDP-bound inactive states and thus acts as a binary molecular switch to 

activate responses for a variety of extracellular stimuli, which can be diffusible factors, 

signals on neighboring cells, and/or signals from the extracellular matrix.81 Cdc42 activation 

levels influence cell adhesion, migration, division. and polarity establishment.82

Regulation of Cdc42 activity and its polar distribution in HSPCs is crucial for stem cell 

adhesion and BM repopulation potential.83,84 Deficiency in Cdc42 results in increased HSC 

cycling, impaired homing, and retention, leading to massive stem cell mobilization.85 

Conversely, mice expressing elevated levels of active Cdc42–GTP also exhibit reduced 

adhesion, impaired directional migration, and defective short-term and long-term 

engraftment.83 Taking these results together, it appears that either very high or very low 

levels of Cdc42 correlate with impaired HSPC retention in the BM and that balanced Cdc42 

activity ultimately determines HSPC retention. Low Cdc42 activity was found to be essential 

to allow EPCR+ LT-HSC retention in the BM, and aPC/EPCR signaling reduced Cdc42-GTP 

levels (Fig. 1).6

Moreover, as Cdc42 activity was found to be correlated with its cellular distribution,86 

EPCR-expressing LT-HSCs demonstrate polar Cdc42 distribution while EPCR− progenitor 

cells exhibit a random distribution of Cdc42 within the cell.6 Cellular polarity has been 

tightly linked to proper cell function in general and particularly to stem cell function.87 A 

study reported asymmetric segregation of Numb, which inhibits Notch signaling in murine 

HSCs, suggesting that Numb polarity is important for HSC self-renewal.88 Moreover, the 

vast majority of immature human CD34+ cells acquire a polarized cell shape when cultured 

in the presence of stem cell–supporting cytokines, such as stem cell factor and 

thrombopoietin.89 Furthermore, this polarization pattern is accompanied by a redistribution 

and polarization of several lipid rafts and adhesion molecules, such as CD133 and 

ICAM1.90. Polarizable myosin IIB contributes to human CD34+ stem cell asymmetric 

division, thereby facilitating stem cell self-renewal without expansion. As a consequence, 
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inhibiting myosin II expands LT-HSCs.91 It is therefore conceivable that EPCR through its 

ability to establish Cdc42 polarity and restrict Cdc42 activity regulates not only LT-HSC 

retention, but also HSC self-renewal potential.

Thrombin/PAR1 signaling regulates HSC mobilization

As part of the host defense, the BM reservoir of immature and maturing leukocytes 

effectively adjusts to address alarm situations induced by injury, bleeding, inflammation, and 

DNA damage. These processes are tightly regulated to avoid overproduction of leukocytes 

and exhaustion of the BM stem cell pool, yet to allow rapid and efficient generation of blood 

and immune cells on demand. Bidirectional trafficking between the BM and the periphery, 

referred to as homing, steady-state egress, stress-induced recruitment, and clinical 

mobilization, is a hallmark of HSPC physiology. Although the vast majority of HSPCs 

reside in the BM, a small amount of HSPCs continuously egress from the BM to the 

peripheral blood and are dramatically increased during stress conditions.92 Such systemic 

and stress-induced changes include the detachment of primitive stem cells and immature 

progenitors from their anchored BM niches, followed by increased motility and massive 

recruitment of HSPCs and maturing leukocytes to the circulation.93 Several clinical 

protocols mimicking physiological stress conditions were developed to enable the use of 

mobilized HSPCs in order to reconstitute hematopoiesis in ablated patients. Clinical 

mobilizing agents that induce BM HSPC migration include chemotherapy drugs such as 

cyclophosphamide or repeated injections of the myeloid cytokine G-CSF, mimicking stress-

induced HSPC recruitment through proinflammatory signals.94

An expanding line of evidence suggests that PAR1 signaling critically regulates BM HSPC 

trafficking. Physiologic stress, inflammation, injury, and cytokines transiently increase 

thrombin generation as part of the inflammatory process.95,96 Early observations indicated 

that the powerful mobilizing cytokine G-CSF might in fact induce a hypercoagulant state in 

healthy donors, as evidenced by increased thrombin generation, and consequently carry a 

risk of thrombosis.97,98. The expression of the major thrombin receptor PAR1 assessed by 

microarrays was found to be 3.3-fold higher in G-CSF–mobilized human CD34+ stem and 

progenitor cells compared with steady-state BM CD34+ HSPCs.99 These observations paved 

the way for the hypothesis that stress-induced, accelerated thrombin generation may promote 

PAR1+ HSPC exit from the BM, and that the higher PAR1 surface expression by the 

mobilized human CD34+ stem and progenitor cells has motility-supporting functions. In the 

murine hematopoietic system, mimicking acute stress by injecting high levels of thrombin 

into mice shows that active thrombin enters the BM very rapidly, activating PAR1 signal 

transduction pathways in BM HSPCs and stromal cells in parallel, inducing PAR1-

dependent HSPC mobilization and recruitment of LT-HSCs into the bloodstream.6

The chemokine CXCL12 is a powerful chemotactic factor for HSPCs, which express the 

major CXCL12 receptor CXCR4.100 CXCL12/CXCR4 interaction is an essential signal 

pathway in the tightly regulated process of LT-HSC trafficking and allows quiescent BM 

retention and protection from chemotherapy-induced cell death.40 Modulating the balanced 

CXCL12/CXCR4 interaction by the thrombin/PAR1 pathway in vivo was found to provide 

the essential signal to enhance HSPC recruitment from the BM. CXCL12 is produced by 
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many stromal BM resident cell types,39,40,100–102 including stem cell niche–supporting 

mesenchymal stem cells (MSC) and endothelial cells.103 Basal cell surface expression of 

CXCL12 by BM stromal cells is required for HSPC homeostatic adhesion and maintenance, 

acting via CXCR4 to ensure LT-HSC quiescence and BM retention in a nonmotile mode.40

Unlike membrane-bound stromal and endothelial CXCL12, which induces LT-HSC 

adhesion, retention, and quiescence, secreted soluble CXCL12 is a potent chemotactic factor 

leading to HSPCs egress and mobilization to the blood circulation.100,104 Perturbed 

CXCL12/CXCR4 signaling in the BM leads to mobilization, which is associated with 

CXCL12 secretion by marrow stromal cells and its release into the circulation. In parallel, 

HSPCs in the BM gain increased surface CXCR4 expression and motility, followed by their 

enhanced migration to the periphery.100,104,105 Rapid HSPC mobilization is a fast process 

that does not involve stem cell expansion and proliferation. One agent to rapidly mobilize 

HSC is AMD3100, which was characterized as a CXCR4 antagonist according to its ability 

to inhibit migration of enriched BM mononuclear cells towards a gradient of CXCL12 in 
vitro.106,107 Consistent with the notion that stem cells detachment from their nursing 

microenvironment and recruitment to the circulation is an active process, AMD3100 also has 

a dominant agonistic effect by mediating rapid CXCL12 secretion from murine BM 

CXCR4+ stromal and endothelial cells, followed by rapid release of CXCL12 into the 

circulation and induction of CXCR4-dependent HSPC mobilization.100

Thrombin proteolytic activity in vivo induces rapid PAR1-dependent CXCL12 secretion 

from BM stromal cells into the circulation, followed by PAR1 and CXCR4 upregulation on 

the surface of BM HSPCs, leading to increased CXCL12-induced chemoattraction of 

responsive HSPCs to the blood6 (Fig. 1). Evidence for thrombin in the blood plasma during 

G-CSF and AMD3100 mobilization further demonstrates the complexity of HSPC motility 

regulatory mechanisms.108 It is therefore conceivable that increased thrombin levels are a 

common mechanism to switch the BM EPCR- and CXCR4-mediated retention to rapid and 

prolonged PAR1-mediated CXCL12 secretion and CXCR4-induced HSPC mobilization. 

Clinically, the timing of stem cell harvest with respect to thrombin peak levels in the plasma 

may yield higher levels of mobilized HSPCs, leading to better therapeutic outcomes.

Current data strongly implicate metalloproteinases and other proteolytic enzymes as part of 

the stem cell migration and mobilization machinery by inactivating BM-derived growth 

factors, chemokines, and extracellular matrix responsible for hematopoietic stem cell 

adhesion and retention. Proteolytic degradation in turn facilitates enhanced movement across 

the physical barrier of the BM extracellular matrix.109–111 It has been suggested that high 

levels of thrombin can prime the migration of HSPCs towards a gradient of CXCL12, 

enabled by upregulation of proteolytic enzymes.112 Thrombin induced MMP-9 secretion and 

upregulation of MT1-MMP expression in human cord blood CD34+ cells, leading to 

enhanced chemoinvasion of HSPCs towards a low CXCL12 gradient.112 G-CSF–mobilized 

human CD34+ HSPCs also have increased surface MT1-MMP expression and function and 

reduced levels of its inhibitor RECK, possibly induced by thrombin.113 Thrombin was also 

found to be a potent inducer of MMP-9 secretion from human monocytes,114 facilitating 

recruitment of leukocytes to inflammatory sites,115 further demonstrating the potential role 
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of thrombin/PAR1 signaling in mediating enhanced HSPC motility by regulating proteolytic 

enzyme activation.

Increased thrombin levels in the blood plasma can also facilitate the activation of the 

complement cascade, leading to enhanced stem cell recruitment from the BM.116 

Interestingly, direct inhibition of thrombin with the drug refludan significantly attenuated 

HSPC mobilization after G-CSF and AMD3100 administration. Reduced AMD3100-

induced HSPC mobilization following thrombin inhibition may imply that thrombin/PAR1 

signaling contributes to mobilization through CXCR4.108 Notably, in another study, G-CSF–

induced progenitor cell mobilization in PAR1-deficient F2r−/− mice was found to be higher 

than in wild-type mice, which was attributed to defective bone structure and stromal 

signaling.48 One should consider that the altered BM microenvironment may induce 

alternative mobilization pathways that can substitute for the loss of PAR1 signaling. 

However, since these mice have higher basal levels of circulating HSPCs,6 the overall G-

CSF–induced mobilization index is reduced. The altered HSPC BM retention is most 

probably due to the defective BM microenvironment,8 since PAR1 signaling is also required 

for EPCR+ LT-HSC BM retention as well as for BM stromal cells.

Apart from initiating microenvironmental changes, such as CXCL12 secretion and 

complement activation to enhance HSPC mobilization, thrombin through the PAR1 axis has 

a major role in directing the exit of HSCs with the highest long-term repopulation potential. 

Thrombin–PAR1 signaling rapidly induces shedding of EPCR from the surface of LT-HSCs, 

dependent on the activation of the metallopeptidase TACE/ADAM176 (Figs. 1 and 2). 

Interestingly, BM EPCR+ LT-HSCs highly express TACE/ADAM17 and in particular its 

nonactivated precursor containing the inhibitory prodomain motif. Thrombin activation of 

PAR1 induces rapid activation of TACE/ADAM17, as demonstrated by reduced expression 

of the inhibitory prodomain, leading to EPCR shedding from the surface of BM LT-HSCs. 

This in turn inactivates the EPCR-mediated retention of LT-HSCs, directing their migration 

to the blood circulation.6 Of interest, mice lacking TACE/ADAM17 exhibited 

hypercellularity in the BM and extramedullary hematopoiesis in the spleen and liver.117 This 

BM-failure phenotype may suggest that EPCR shedding and recycling on the surface of LT-

HSCs in an essential process to allow normal hematopoiesis.117 Additional work will be 

required to determine whether TACE/ADAM17 activation is also required to allow clinical 

G-CSF– and AMD3100-induced HSC mobilization and whether direct activation of TACE 

might be an efficient strategy to induce specific mobilization of EPCR-expressing LT-HSCs.

Nitric oxide levels balance LT-HSC retention and trafficking

PAR1 acts as rheostat that, when activated by thrombin or aPC, induces distinct cascades of 

events, essentially balancing HSC BM localization versus trafficking to the blood 

circulation. By switching the intracellular nitric oxide (NO) generation machinery to either 

“on” or “off,” PAR1 signaling distinctly regulates LT-HSC migratory fate6 (Fig. 2). NO is a 

small diffusible metabolite that serves as a cellular messenger in numerous biological 

systems. NO can either act within the cell in which it is produced or, by short-range release, 

affect adjacent cells. Evidently, the aPC–EPCR–PAR1 axis restricts NO generation, 

preserving the stem cells in a NOlow state that leads to reduced surface CXCR4 expression, 
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reduced Cdc42 activity, and increased VLA4-mediated adhesion. To the contrary, the 

thrombin–PAR1 axis initiates NO generation, leading to increased CXCR4 expression, 

enhanced Cdc42–GTP loading, and TACE/ADAM17 activation. These events cumulate in 

EPCR shedding and reduced BM adhesion and retention (Fig. 2). Balancing the NO levels in 

stem cells through differential PAR1 signaling is orchestrated by endothelial NO synthase 

(eNOS) activity.6 NO signaling is essential for the initiation of hematopoiesis during 

development.30,118 eNOS (Nos3) is expressed by HSCs in the murine AGM30 and in adult 

BM,6 further linking the hematopoietic and endothelial developmental programs.

Direct treatment with NO donors, such as SNAP, can bypass thrombin/PAR1 signaling, 

leading to CXCL12 secretion, PAR1 and CXCR4 upregulation, and rapid HSPC recruitment 

to the bloodstream.6 In support of these results in the mouse, human cord blood CD34+ 

progenitor cells pretreated with NO donors also exhibited increased surface CXCR4 

expression and function.119 Many effects of NO are mediated through its canonical receptor, 

the soluble guanylyl cyclase generating cGMP. Classically, elevated NO content activates the 

cGMP signaling pathway, rapidly downmodulating the affinity state of VLA4 and integrin-

dependent cell adhesion.120 NO plays an expanding functional role in protein S-

nitrosylation, a reversible posttranslational modification of protein cysteines. Reduced 

VLA4 affinity may involve S-nitrosylation of cytoskeletal proteins and integrins, leading to 

integrin inactivation and cell detachment.120 Similarly, NO has been implicated in the 

activation of TACE/ADAM17 by inducing S-nitrosylation of the inhibitory motif of the 

TACE prodomain.121 Thus, NO production induced by the thrombin–PAR1 axis might 

activate both canonical cGMP signaling and noncanonical protein modification, allowing 

TACE-mediated EPCR shedding and reduced VLA4 affinity, thereby facilitating HSC 

recruitment. The stromal contribution of NO generation is further demonstrated in the 

context of endothelial progenitor cell mobilization, which is dependent on BM stromal 

eNOS activity involving MMP-9 proteolytic activity.122

NO production by the adult bone stroma is thought to have a positive and supportive effect 

on hematopoiesis;123 however, a collective set of evidence indicates that NO production is 

detrimental to hematopoietic recovery and survival after radiation124 and chemotherapy,6 

causing death. By switching the eNOS phosphorylation status, aPC–EPCR–PAR1 signaling 

induces eNOS phosphorylation at its negative regulatory site, which restricts NO generation, 

and promotes eNOS dephosphorylation in its positive regulatory site, thereby preserving the 

EPCR-expressing LT-HSCs in a low-NO state. Low-NO conditions are essential to maintain 

the stem cells retained in the marrow cavity and to protect them from chemotherapy-induced 

death. Pharmacological inhibition of NO generation by the eNOS inhibitor L-NAME 

expands the LT-HSC pool in the BM.6 Furthermore, exposure of mice to NOS inhibitors, 

either directly or after irradiation and BM transplantation, increases the number of stem cells 

in the BM.124 Adding another layer of complexity, restriction of NO generation was reported 

to block differentiation of human CD34+ HSCs while maintaining their proliferation 

potential.125 Future studies will be required to determine the series of events leading to LT-

HSC expansion following inhibition of NO generation and whether the increased stem cell 

pool size is a cell-autonomous effect or supported by the surrounding increase in available 

stromal niche cells. These observations may imply that NO can be a possible target for 

improved stem cell expansion and BM transplantation protocols.
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Bone remodeling and hemostasis cross talk modulates HSC maintenance

Residing in bone trabecular regions with high remodeling rates, HSCs are durably exposed 

to signals of bone formation and resorption. During fetal development, HSC lodgment to the 

BM is synchronized with BM vascularization; however in Osx−/− mice lacking osteolineage 

(bone) cells, HSCs fail to durably repopulate the marrow of ablated recipients, 

demonstrating the need for osteolineage cells in HSC function.126 Consistent with this 

concept, ectopic generation of HSC niches was successful only in the presence of 

endochondral ossification, a process leading to bone formation.127 Many factors expressed 

by mesenchymal stem cells and their maturing osteolineage cell progeny are endowed with 

HSC-preservation potential.128 Thus, bone formation appears to be associated with HSC 

preservation and niche assembly. Osteoblast and osteoclast activities are coupled to maintain 

net bone remodeling throughout life. Bone formation is defective in newborn oc/oc mice due 

to the lack of functional bone-resorbing osteoclasts.60 These mice have reduced BM HSC 

pools, impaired osteoblast differentiation, and defective BM HSC niches. Consequently, 

homing of normal HSCs to the BM of oc/oc mice is reduced. Restoring BM niches and HSC 

function by rescue of osteoclast activity demonstrates that osteoclasts are required for 

normal formation of HSC niches in newborn mice.60,129

Bone resorption is accompanied by extensive activity of osteoclast-secreted degrading 

enzymes, among which cathepsin K is essential. We have previously shown that cathepsin K 

cleaves endosteal membrane–bound stem cell factor, CXCL12, and osteopontin, all essential 

components of BM HSC niches with major stem cell–regulation activities.101 Destruction of 

these retention-mediating molecules deactivates the adhesion machinery and releases HSCs 

from the BM. Hence, HSC mobilization (e.g., by G-CSF, bleeding, bacterial LPS) is 

associated with increased osteoclast maturation and activity in wild-type mice, whereas 

reduced mobilization capacity was obtained in mice exhibiting defective osteoclast adhesion 

and activity.101 Interestingly, young op/op mice have normal HSCs but lack the cytokine M-

CSF, osteoclast activity, and bone cavities.130 These mice had enhanced G-CSF–induced 

HSPC mobilization and a lack of stem cell protection and death induced by 5-fluorouracil 

chemotherapy, most probably due to lack of BM stem cell niches.130

Are hemostatic factors, which are active in bone-remodeling cells, involved in regulation of 

HSCs in their niches? As discussed earlier in this review, aPC/EPCR signaling in HSCs 

facilitates their retention in their established BM niches. Interestingly, EPCR expression in 

the BM is not limited to LT-HSCs, as preosteoblasts and osteoblasts also functionally 

express EPCR.131,132 EPCR expression by osteoblasts might also participate in bone 

turnover, as aPC stimulates osteoblast proliferation via EPCR132 and administration of aPC 

together with bone morphogenetic protein 2 in mice induced ectopic bone formation with 

higher rates of osteoclast differentiation and vascularization, all implicated in bone-

remodeling processes.131 Further evidence linking hemostatic regulation with bone 

physiology demonstrated that long-term oral anticoagulant therapy in children is associated 

with osteopenia and a risk of future development of osteoporosis,133 possibly indicating the 

need for balanced production of anticoagulant factors and normal bone turnover.
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As for procoagulant factors, as far back in 1916, the BM was shown to be a source of the 

thrombin precursor, prothrombin (PT);134 however, the producing cell types were not well 

characterized. Recent data show that PT is mainly present in the newly formed bone matrix 

of the metaphyseal trabecular bone (a region rich in HSCs), in close association to 

osteoclasts. MMP-9+ osteoclasts contain PT, and PT expression is increased during 

osteoclast differentiation.135 Thus, PT is available in the plasma, in osteoclasts, and is also 

incorporated into the newly formed bone, which makes it available as a source for thrombin 

generation during bone remodeling. Of interest, BM stromal progenitor cells, as well as 

bone-lining cells, also express PT (unpublished data), demonstrating an additional source for 

thrombin availability in the BM. The effects of prothrombin conversion to thrombin in the 

marrow cavity on LT-HSC physiology remain to be determined.

Tissue factor (TF) is a major initiator of thrombin generation in vivo. TF is expressed in 

various myeloid cells, monocytes, and macrophages. Under homeostatic conditions, TF is 

expressed at low levels in monocytes. In the context of innate immune responses, TF is 

upregulated by inflammatory mediators, such as LPS.136,137 In vitro, RANKL-differentiated 

osteoclasts also express TF and coagulation factor Xa, which convert PT to thrombin.138 TF 

plays a non-hemostatic role as well and regulates innate immune function through PAR2 

signaling, also implicated in inflammation.139. Enhanced HSC mobilization and osteoclast 

activation during inflammation presumably involves TF activity in osteoclasts to locally 

produce thrombin, which releases HSCs from their niches. On the other hand, thrombin 

inhibits osteoclast differentiation through a non-proteolytic mechanism,140 which may be a 

regulatory mechanism to shut down the inflammatory response.

PAR1, the major thrombin receptor, also plays a role in bone repair. Reduced new bone 

formation and increased osteoclasts invading the damaged bone were observed in PAR1-

deficent mice. Thrombin treatment dose-dependently induced proliferation of BM stromal 

cells from wild-type mice, but not from PAR1-deficent mice, demonstrating the requirement 

for PAR1 for bone healing.141 Since PAR1 is activated by plasmin and the fibrinolytic 

system is necessary for bone repair,56 PAR1 signaling involving proteases other than 

thrombin may contribute to homeostatic maintenance of the HSC during bone remodeling. 

Indeed, Par1 knockout mice suffer from an abnormal bone phenotype.8,142. Taken together, 

factors of the coagulation system cooperate within the bones in non-hemostatic pathways to 

orchestrate bone-remodeling processes and stem cell niche regulation during steady-state 

and inflammatory conditions, along with pro- and anticoagulant signaling. These mediators 

act together to harness HSCs to the BM or navigate them out from this organ as part of host 

immunity and hematopoiesis.

Concluding remarks and perspectives

“Well, you can go on looking forward… There may be many unexpected feasts 

ahead of you.”

J.R.R. Tolkien.

Since the first cloning and identification of EPCR as the physiological receptor for the 

powerful anticoagulant aPC143 and the discovery of EPCR/aPC/PAR1 anticoagulant 
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signaling,14 additional evidence emerged for a close interaction between the coagulation 

systems and inflammation, cellular metabolism, angiogenesis, and innate immunity.144–146 

Blood coagulation and primary hemostasis evolved as important defense mechanisms to 

prevent bleeding,147 and a primary function of the vascular TM/aPC/EPCR pathway is to 

counterbalance intravascular thrombosis and maintain endothelial quiescence. With new 

functions emerging in our understanding of EPCR in BM LT-HSCs and the challenge of 

deciphering the mechanisms of the tight regulation by distinct PAR1 signaling,6 new 

questions arise on the relevance of the hemostatic system for human stem cell physiology, 

and future studies will enhance our understanding of the role of PAR1 and NO signaling in 

clinical G-CSF– and AMD3100-induced HSPC mobilization. As was previously suggested, 

PAR1 expression might be a good predictor of the efficacy of stem cell mobilization,99 and 

further strategies to manipulate PAR1 signaling and its downstream effectors might be 

beneficial in individuals who do not respond efficiently to currently mobilization protocols 

and are therefore termed poor mobilizers. Another fundamental question is whether 

imbalanced coagulant activity, often observed in elderly patients, might be a relevant target 

to improve HSPC mobilization and BM transplantation.

Stem cells in the BM were characterized as NOlow (Ref. 6) and reactive oxygen species 

(ROS)low-expressing cells.148 While it has yet to be determined whether there is an overlap 

between the two cell populations, it was previously suggested that high levels of ROS are 

reversible, and reduction of ROS levels in the stem cell would induce reduced cycling and 

restore long-term repopulation potential.148 Since circulating cells express higher levels of 

NO,6 one can speculate that restoration of low NO levels might be beneficial to improve 

stem cell retention potential upon BM transplantation.

The leukemic stem cell paradigm refers to the ability of a subpopulation of cancer cells to 

initiate tumorigenesis by undergoing self-renewal and differentiation. It becomes clear that 

the high frequency of relapse after conventional cytotoxic chemotherapies predicts that 

leukemic stem cells are resistant to standard therapy, suggesting that targeting the stem cell 

population will likely lead to improved patient outcomes. It is also becoming evident that the 

BM microenvironment is linked with primary leukemic stem cell resistance to therapy. The 

potential for unraveling how EPCR signaling and the anticoagulant microenvironment 

participates in malignant hematological disorders might provide new approaches for 

improved cancer therapy.
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Figure 1. 
PAR1 signaling balances EPCR+ long-term repopulating stem cell BM retention and 

trafficking. (1) TM+/aPC+ endothelial cells form an anticoagulant niche for EPCR+ LT-

HSCs in the BM. Binding of the anticoagulant protease aPC to EPCR on the LT-HSC 

surface induces PAR1 signaling, leading to the restriction of nitric oxide (NO) production 

and thereby initiating Cdc42–GDP polarity, downregulation of its GTP activity, and VLA4-

dependent adhesion. The TM/aPC pathway may be linked to BM megakaryocytes, which 

secrete PF4, stabilizing the thrombin–TM complex, thereby promoting aPC generation and 

induction of EPCR+ LT-HSC retention. (2) Physiologic stress, inflammation, injury, and 

cytokines transiently increase thrombin generation, which in turn activates extrinsic 

metalloproteases, such as C5a and MMPs, promoting HSC detachment from the BM. (3) 

The thrombin–PAR1 axis initiates NO generation, causing LT-HSCs to become NOhigh, 

leading to enhanced Cdc42–GTP activity and reduced VLA4 affinity and promoting TACE-

mediated EPCR shedding. In parallel, thrombin also induces PAR1-dependent CXCL12 

secretion from BM stromal cells into the circulation, followed by PAR1 and CXCR4 

upregulation on the surface of BM HSPCs, leading to increased CXCL12-induced 

chemoattraction of responsive HSPCs to the blood. (4) It remains to be determined which 

signals initiate aPC generation in the BM and how EPCR− stem cells home back to the BM. 

How do circulating and mobilized HSCs, which lack surface EPCR expression (but may 

express intracellular EPCR), re-express EPCR upon their BM homing, lodgment, and 

repopulation?
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Figure 2. 
The two faces of PAR1 signaling pathways: the nitric oxide switch in BM EPCR+ long-term 

repopulating stem cells. PAR1 acts as rheostat that, when activated by thrombin or aPC, 

induces two different signaling cascades, which balance LT-HSC BM retention versus 

trafficking to the blood circulation by switching the intracellular nitric oxide (NO) 

generation machinery. The aPC–EPCR–PAR1 axis (bottom) restricts NO generation, 

preserving the stem cells in a NOlow state that leads to reduced surface CXCR4 expression, 

polar Cdc42 with reduced GTP activity, and increased VLA4-mediated adhesion, thus 

promoting LT-HSC retention in the BM. The thrombin–PAR1 axis (top) initiates NO 

generation, leading to increased PAR1 and CXCR4 expression and function, enhanced 

Cdc42-GTP activity loading, and TACE/ADAM17 activation and EPCR shedding, thus 

promoting HSC trafficking.
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