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                                                                                                                        Abstract

                                                            Background Mobilization of hematopoietic stem/progenitor cells from the bone marrow to the peripheral blood by granulocyte colony-stimulating factor is the primary means to acquire stem cell grafts for hematopoietic cell transplantation. Since hematopoietic stem/progenitor cells represent a minority of all blood cells mobilized by granulocyte colony-stimulating factor, the underlying mechanisms need to be understood in order to develop selective drugs.Design and Methods We analyzed phenotypic, biochemical and genetic changes in bone marrow cell populations from granulocyte colony-stimulating factor-mobilized and control mice, and linked such changes to effective mobilization of hematopoietic stem/progenitor cells.Results We show that granulocyte colony-stimulating factor indirectly reduces expression of surface vascular cell adhesion molecule 1 on bone marrow hematopoietic stem/progenitor cells, stromal cells and endothelial cells by promoting the accumulation of microRNA-126 (miR126)-containing microvescicles in the bone marrow extracellular compartment. We found that hematopoietic stem/progenitor cells, stromal cells and endothelial cells readily incorporate these miR126-loaded microvescicles, and that miR126 represses vascular cell adhesion molecule 1 expression on bone marrow hematopoietic stem/progenitor cells, stromal cells and endothelial cells. In line with this, miR126-null mice displayed a reduced mobilization response to granulocyte colony-stimulating factor.Conclusions Our results implicate miR126 in the regulation of hematopoietic stem/progenitor cell trafficking between the bone marrow and peripheral sites, clarify the role of vascular cell adhesion molecule 1 in granulocyte colony-stimulating factor-mediated mobilization, and have important implications for improved approaches to selective mobilization of hematopoietic stem/progenitor cells.
                                                            
                                                            Introduction
Hematopoietic stem/progenitor cells (HSPC) reside in bone marrow niches that support their survival and function.1 A variety of compounds can induce mobilization of HSPC from the bone marrow to the peripheral circulation. In the clinical setting, granulocyte colony-stimulating factor (G-CSF) is the most commonly used inducer of HSPC mobilization, which has become the preferred source of HSPC for autologous and allogeneic hematopoietic reconstitution.2,3 Although it is effective and safe, G-CSF mobilizes committed myeloid cells in vast excess of HSPC, and these cells are mobilized only after 5 to 7 days of treatment.4 Thus, a better understanding of the mechanisms of action of G-CSF could provide a means to pursue a more selective and rapid mobilization of HSPC.
Mechanistic studies demonstrated that expression of G-CSF receptor (R) in hematopoietic cells is required for G-CSF-induced HSPC mobilization.5 However, hematopoietic stem cells do not generally express G-CSFR,6 and transplant studies demonstrated that G-CSF mobilizes HSPC that do or do not express G-CSFR equally effectively,5 suggesting that G-CSF induces HSPC mobilization indirectly. Cell depletion and other genetic experiments provided evidence that neutrophils and/or monocytes are key intermediate regulators of HSPC mobilization by G-CSF.7,8
Compelling evidence established that CXCR4 and its unique ligand SDF1/CXCL12 are essential for the retention of granulocytes and other myeloid-lineage cells in the bone marrow, and that disruption of CXCR4 signaling is sufficient for mobilization of neutrophils and other myeloid-lineage cells to the peripheral circulation.9–12 Patients with WHIM (warts, hypogammaglobulinemia, infections, myelokathexis) are neutropenic because of reduced neutrophil mobilization attributable, in most cases, to “gain-of-function” mutations of CXCR4.13,14 Selective deletion of CXCR4 in myeloid cells causes a redistribution of neutrophils from the bone marrow to the blood resulting in neutrophilia.10 AMD3100, a synthetic inhibitor of SDF1 binding to CXCR4, promotes neutrophil mobilization when injected into mice and humans.11
G-CSF reduces CXCR4 expression in myeloid cells,15,16 and SDF1 expression in bone marrow stromal cells, osteoblasts and endothelial cells, which are the main source of SDF1 at this site.12,17–19 G-CSF also promotes the release of neutrophil proteases, including neutrophil elastase, cathepsin-G and MMP-9, generating a proteolytic environment in the bone marrow.7,20 Yet, the linkage between those changes induced directly by G-CSF in neutrophils, monocyte/macrophages and potentially other cells, and the indirect HSPC mobilizing effect of G-CSF is unclear. Some studies suggested that CXCR4 is critical to mobilization of hematopoietic progenitors by G-CSF,17 but other mechanisms have also been proposed and conclusive evidence is lacking.2,7,20
Based on the observation that neutrophils and monocytes are critical to HSPC mobilization by G-CSF, we hypothesized that at least some of the changes induced by G-CSF on these cells may serve to promote the accompanying HSPC mobilization. We further considered the possibility that agents which more selectively promote the mobilization of HSPC in preference to neutrophils, such as BIO5192 a small molecule inhibitor of very latent antigen 4 (VLA4; also known as α4β1 integrin) binding to vascular cell adhesion molecule 1 (VCAM1)21 and antibodies to VLA4 or VCAM1,22–26 may provide valuable mechanistic insights into G-CSF-induced HSPC mobilization.
Design and Methods
Mice
All mice (C57BL/6; 4–8 weeks of age) were housed in animal facilities at the National Institutes of Health; animal studies approved by the NCI Institutional Animal Care and Use Committee were conducted in accordance with institutional guidelines. G-CSF mobilization was induced as described previously.27
Cells and microvesicles preparation
Bone marrow cells were obtained by flushing femora and tibiae; Lin cells were derived with Mouse Lineage Cell Depletion Kit (Miltenyi Biotech) as described by the manufacturer. Progenitor cells were derived from Lin cells by positive sorting of live (DAPI-negative or with LIVE/DEAD kit, Invitrogen/Molecular Probes) APC-labeled Sca-1APCeFluor 780-labeled cKit cells, gating out cells expressing CD45, TER119, 7–4, CD11b, CD19, Ly-6G/C and CD5 (all biotin-labeled antibodies followed by FITC-streptavin). LinTer115CD45 cells were sorted (FACSVantage SE; BD Biosciences) from Lin cells after staining with CD45 and TER119 biotin-labeled antibodies and FITC-streptavin. VE-cadherin cells were obtained from Lin cells by positive sorting of live, APC-labeled VE-cadherin cells (all antibodies and FITC-streptavidin from BD Pharmingen). Microvesicles were prepared essentially as described elsewhere28 from bone marrow extracellular fluid. Details on microvescicle preparation and cell culture are provided in the Online Supplementary Design and Methods.
Transfection, RNA isolation and real-time polymerase chain reaction
A precursor to miR126 (premiR126, Ambion PM12841), a precursor control (Ambion 17110) or a Cy3-labeled premiR control (AM17120) was transfected into freshly derived Lin bone marrow cells (5×10 cells/transfection) or MS-5 cells (after trypsinization/washing 5×10 cells/transfection) using the Amaxa system (4DNucleofector protocol for mouse T cells). After 18 h culture (bone marrow cells: 2×10 cells/mL, in DMEM supplemented with 10% serum, 25 ng/mL stem cell factor, 25 ng/mL cKit ligand and 10 ng/mL interleukin-3; MS-5 cells: 1×10 cells/mL in αMEM supplemented with 10% fetal bovine serum), transfection efficiency was assessed by Cy3 (premiR control) and DAPI fluorescence detected by flow cytometry. We isolated total RNA using TRIsol reagent (Invitrogen). Real-time polymerase chain reactions (PCR) were performed using Assay-on-Demand Taqman probes for mouse CXCR4, CXCR2, VCAM1, and GAPDH (Applied Biosystems). We used a miRVANA isolation kit to isolate miR, a Taqman microRNA reverse transcription kit for amplification, and miR126 and miR16 Taqman probes (all from Applied Biosystems) for the real-time PCR.
Flow cytometry, immunocytochemistry and immunoblotting
Cells were stained with panels of antibodies, analyzed by FACSCalibur cytofluorometer (BD Biosciences) and the results acquired from 10 live cells analyzed with CELLQuest software (BD Biosciences). Details on flow cytometry are provided in the Online Supplementary Design and Methods.
Fluorescence and bright-field images were acquired through a Nikon Eclipse E600 microscope equipped with Plan Apo 40X/0.95 DIC M, 60X/1.40 oil DIC H, and 100X/1.40 oil DIC H lenses, and photographed with a digital camera (Retiga 1300, Qimaging). Images obtained with IPLab for Windows software (Scanalytics) were imported into Adobe Photoshop.
Protein extracts prepared in NP-40 lysis buffer with protease inhibitor cocktail setIII (Calbiochem), 50 mM NaF, and 1 mM sodium orthovanadate were resolved through 4–12% Bis Tris gels (Invitrogen). After protein transfer, the nitrocellulose membranes were immunoblotted with specific rat anti-mouse antibodies to VCAM1/CD106 (R&D Systems) and re-probed with goat IgG anti-actin antibodies (Santa Cruz Biotechnology).
Statistical analysis
Group differences were evaluated by the non-parametric Mann-Whitney U test for sample sizes ≥5 and the two-tailed Student’s t test for sample sizes ≤5. P values less than 0.05 were considered statistically significant.
Results
Granulocyte colony-stimulating factor modulates surface vascular cell adhesion molecule 1 in bone marrow hematopoietic stem/progenitor cells and non-hematopoietic stromal and endothelial cells
Administration of G-CSF induces characteristic changes in the expression of CXCR4 and CXCR2 in bone marrow myeloid cells.15,29 We now examined whether such changes are also observed in HSPC, which account for <0.5% of bone marrow cells and include cells with hematopoietic reconstitution potential. Administration of G-CSF significantly reduced (P<0.05) surface CXCR4 levels in unselected bone marrow cells (“All cells”), in Gr1 (immature neutrophils and monocytes) and in Gr1 (mature neutrophils; do not stain for the monocyte marker CD115/M-CSFR) (Online Supplementary Figure S1A). By contrast, G-CSF administration was not associated with a significant change in either the percentage or mean fluorescence intensity (MFI, data not shown) of surface CXCR4 cells within the LincKitSca-1 cell population (Online Supplementary Figure S1B). In addition, surface expression of CXCR7, the alternative SDF1 receptor, was low and minimally changed in LincKitSca-1 cells after G-CSF administration (data not shown). Consistently, we found that LincKitSca-1 cells from control and G-CSF-mobilized mice responded similarly to SDF-1 in trans-well migration assays over a wide range (1–100 ng/mL) of chemokine concentrations (Online Supplementary Figure S1C).
G-CSF administration induced a significant increase in surface CXCR2 expression in “All” marrow cells, including the Gr1 and Gr1 cell populations (P<0.05 all comparisons) (Online Supplementary Figure S1D), but not within the LincKitSca-1 cell population (Online Supplementary Figure S1E). By real-time PCR, we found that levels of CXCR4 and CXCR2 mRNA were similar in LincKitSca-1 cells sorted from untreated and G-CSF-mobilized bone marrows, but they differed markedly in the unsorted bone marrows (Online Supplementary Figure S2). These results indicated that administration of G-CSF is not typically associated with changes in surface CXCR4 and CXCR2 levels in bone marrow HSPC, and suggested that changes in surface CXCR4 and CXCR2 expression are not required for HSPC mobilization by G-CSF.
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Figure 1.G-CSF administration is associated with decreased surface VCAM1 expression on HSPC, Lin−Ter119−CD45− and VE-cadherin+ cells from the bone marrow. Cell surface VCAM1 in (A) Lin−cKithiSca-1hi cells (representative results, left; group results, right); (B) Lin−Ter119−CD45− and (C) VE-cadherin+ cells in bone marrow from mice mobilized with G-CSF or left untreated (5–10/group). Bar graphs reflect the means ± SD. (D) Relative levels of VCAM1 mRNA (left; measured by quantitative PCR; n=6), cell-associated protein (middle; immunoblotting results from 3 bone marrows combined) and cell surface (right; representative flow cytometry profile) in bone marrow cells from mice mobilized with G-CSF or left untreated. *denotes P<0.05.
We looked for potential changes induced by G-CSF in HSPC, focusing on integrin α4 and VCAM1. Surface levels of integrin α4 expression were similar in LincKitSca-1 cells from untreated and G-CSF-treated mice; virtually all LincKitSca-1 cells expressed surface integrin α4 with similar MFI within bone marrows from control and G-CSF-treated mice (data not shown). By contrast, we found that G-CSF mobilization was associated with a statistically significant (P<0.05) decrease in the proportion of surface VCAM1-positive LincKitSca-1 cells (Figure 1A). VCAM1 MFI was also reduced on LincKitSca-1 cells from a mean of 572 units to a mean of 304 units. However, we found no difference in the levels of VCAM1 mRNA in sorted LincKitSca-1 cells from non-mobilized and G-CSF-mobilized mice (Online Supplementary Figure S3). The reduction in the proportion of surface VCAM1-positive HSPC was comparable in magnitude to the reduction in bone marrow HSPC induced by G-CSF.30
We also found a marked reduction in the proportion of VCAM cells within the non-hematopoietic bone marrow LinTer11CD45 cells (which include stromal cells) (Figure 1B) and the LinVE-cadherin cells (likely endothelial cells) (Figure 1C).
A global reduction of VCAM1 expression induced by G-CSF was evident by analysis of mRNA, protein and surface expression in unselected bone marrow cells from G-CSF-mobilized and non-mobilized bone marrows (Figure 1D). These results raise the possibility that modulation of surface VCAM1 contributes to HSPC mobilization by G-CSF.
miR126 regulates vascular cell adhesion molecule 1 expression in hematopoietic and non-hematopoietic cells
In silico analysis identified VCAM1 3′-UTR mRNA as a target of miR126; experimental studies documented that miR126 inhibits VCAM1 expression in endothelial cells.31 We examined whether miR126 can regulate VCAM1 expression in HSPC, in VE-cadherin bone marrow cells, and in the MS-5 bone marrow stromal cell line. We transfected Lin bone marrow cells and MS-5 cells with a precursor RNA to miR126, a precursor control or with a Cy3-labeled pre-miR control. After 18 h, 36–96% of the bone marrow cells and >62% of MS-5 cells transfected with the fluorescent pre-miR control were fluorescent (data not shown). In three experiments, pre-miR126 transfection of primary Lin bone marrow cells increased levels of miR126 (relative to miR16 used as a control) by >35-fold in comparison to control (representative results, Figure 2A, left).
Forced expression of miR126 in the Lin bone marrow cells induced minimal change in the relative levels of VCAM1 mRNA (Figure 2A, middle), but caused a decrease in the proportion of surface VCAM1-positive Sca1cKit cells within this population (Figure 2A, right). We confirmed that forced expression of miR126 in sorted Sca1cKit cells (>22-fold increase in miR126 levels) reduced the percentage of Sca1cKit cells that expressed surface VCAM1 (Figure 2B), and additionally found that forced expression of miR126 in VE-cadherin bone marrow cells (>28-fold increase in miR126 levels) reduced the percent surface VCAM1 cells in bone marrow VE-cadherin-expressing cells compared to the control (Figure 2C). Similar effects were observed in MS-5 cells transfected (>25-fold increase in miR126 levels) with the miR126 precursor (Figure 2D). Thus, miR126 can reduce VCAM1 protein expression in HSPC and non-hematopoietic bone marrow cells without significantly affecting VCAM1 mRNA levels, similar to its previously reported effects in endothelial cells.31
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Figure 2.miR126 regulates VCAM1 expression in bone marrow cells. (A) Transfection of pre-miR126 or a pre-miR control in Lin− bone marrow cells (representative experiment of 3): relative levels of miR126 (mir126/miR16; left), VCAM1 mRNA (middle), and surface VCAM1 (right) were measured 18 h after transfection. Surface levels of VCAM1 on Lin−cKithiSca-1hi (B), VE-cadherin+ (C) and MS5 cells (D) 18 h after transfection with pre-miR126 or control. The results are expressed as % means (n=3 ± SD). *denotes P<0.05.
Regulation of miR126 in bone marrow following granulocyte colony-stimulating factor mobilization
We examined whether G-CSF modulates levels of miR126 in bone marrow. GCSF mobilization significantly reduced levels of miR126 in cells (Figure 3A left), but increased levels of miR126 in the cell-free fraction of flushed bone marrows (obtained after removal of cells, filtration through 0.45 μm filters, ultracentrifugation and pellet suspension in 1/10 the original volume) (Figure 3A right). Similarly, addition of G-CSF in culture decreased somewhat the levels of miR126 in bone marrow cells and promoted the accumulation of miR126 in the culture supernatant after 24 h of culture (Online Supplementary Figure S4).
We measured the levels of miR126 in bone marrow HSPC and non-hematopoietic cells. The LincKitSca-1 cells sorted from G-CSF-mobilized bone marrows (n=9; 3 bone marrows combined for 3 sortings) contained significantly more miR126 compared to the LincKitSca-1 cells from untreated mice (n=9) (Figure 3B). Similarly, the LinTer119CD45 cells sorted from G-CSF-mobilized bone marrows (n=9; 3 bone marrows combined for 3 sortings) contained significantly more miR126 than the LinTer119CD45 cells from untreated mice (n=9) (Figure 3C). We measured VCAM1 mRNA levels in these cell populations. The LincKitSca-1 and the LinTer119CD45 cells sorted from G-CSF-mobilized or untreated bone marrows contained similar levels of VCAM1 mRNA (Online Supplementary Figure S5). Thus, G-CSF administration is associated with a complex redistribution of miR126 in the bone marrow: an overall reduction in cells with a relative increase in HSPC and LinTer119CD45 cells; and an increase in the extracellular bone marrow compartment.
Microvesicle production and transfer to hematopoietic stem/progenitor cells, and non-hematopoietic cell subsets
miRNA are found intracellularly and are released into the extracellular compartment through “exosomes” and apop-totic bodies, which play various roles in intracellular communication.32,33 Electron microscopy of the cell-free fraction from G-CSF-mobilized bone marrows revealed large numbers of vesicles resembling exosomes (Figure 4A) and others (not shown) morphologically similar to neutrophil-derived apoptotic bodies described in the bone marrow.34 Similar, but fewer, particles were visualized in the cell-free fraction of non-mobilized bone marrows (not shown).
We examined whether miR126, detected in the purified microvesicles (Online Supplementary Figure S6), might be delivered by microvesicles to bone marrow HSPC and to subsets of non-hematopoietic cells. We labeled microvesicles (purified following protocols used for exosome preparation) from G-CSF-mobilized and non-mobilized bone marrow cells with a red (PKH26) or green (PKH67) fluorescent lipid dye, and after washing we incubated them (for 18 h) with cells from control or G-CSF-mobilized bone marrows (Figure 4B). A low proportion (2.8%-6.7%) of all bone marrow cells acquired red fluorescence, suggesting low-level microvesicle uptake by bone marrow cells. Only a minority (0.5%–1.6%) of Gr1 cells picked up the dye, regardless of the source of the “exosome” preparations (bone marrow from G-CSF-treated or untreated mice) or the derivation of the Gr1 cells from G-CSF-mobilized or not mobilized marrows (Figure 4B). By contrast, we found that a greater proportion of bone marrow Sca1cKit HSPC (14%–24%), LinCD45 cells (14%–17%) and VE-cadherin cells (55%-70%; likely endothelial) acquired the microvesicle fluorescence in comparison to the Gr1 cells, indicative of preferential uptake (Figure 4B). The source of the “exosome” preparations (from G-CSF mobilized or non-mobilized bone marrows) and the source of cells incubated with the microvesicles affected the magnitude of uptake minimally (Figure 4B). After incubation with PKH-labeled “exosome” preparations from G-CSF-mobilized bone marrows and imaging, we found that a proportion of bone marrow Sca1cKit cells, primary human umbilical vein endothelial cells (HUVEC) and the mouse MS-5 cells exhibited a dot-like cytoplasmic fluorescence attributable to endocytosis of the labeled exosomes (Figure 4C). Consistent with exosome-mediated transfer of miR126, we found that the relative content of miR126 was increased in Sca1cKit and in LinTer119CD45 bone marrow cells, and in HUVEC and MS-5 cells that had been incubated for 18 h with exosome preparations from G-CSF-mobilized bone arrows (Figure 4D).
[image: ]

Figure 3.G-CSF administration regulates miR126 distribution in the bone marrow. (A) G-CSF administration reduced relative levels of miR126 in bone marrow cells (left) and increased these levels in the cell-free fraction (right) (mean ± SD; 5–8 mice/group untreated and G-CSF-treated). (B) Relative levels of miR126 (miR126/miR16) in unfractionated bone marrow cells (Pre-sort) and in Lin−Sca-1hicKithi cells sorted from these cells. (C) Relative levels of miR126 in bone marrow cells and in Lin−Ter119−CD45− cells sorted from these cells. The results in B and C reflect relative mean (± SD) miR126 levels measured in nine untreated and nine G-CSF-mobilized bone marrows (3 each combined prior to sorting). *denotes P<0.05.
We examined whether microvesicles from G-CSF-mobilized bone marrows, which contain more miR126 than those from non-mobilized bone marrows (Online Supplementary Figure S6), reduce VCAM1 cell surface expression. Gating on Sca-1cKit bone marrow progenitors that had incorporated the fluorescent microvesicles, we found that VCAM1 mean fluorescence intensity (MFI) was significantly reduced when the exosomes were derived from G-CSF-mobilized bone marrows (Figure 4E). When gating instead on the non-fluorescent Sca-1cKit cells, we found that VCAM1 MFI values changed minimally after incubation with the microvesicles (Figure 4E).
[image: ]

Figure 4.Microvesicle uptake by bone marrow cells and their effects on surface VCAM1 levels. (A) Electron microscopy images of microvesicles from the cell-free fraction of a G-CSF-mobilized bone marrow (scale bars=100 nm). (B) Uptake of PKH-labeled exosome preparations (Exo) from bone marrow of G-CSF-mobilized or untreated mice (5 bone marrows each) by (from the top): unfractionated, Gr1+, Sca-1hicKithi, Lin−CD45− and VE-cadherin+ bone marrow cell populations. The results are means ± SD. (C) Microscopy images of bone marrow cells co-expressing Sca-1 (blue), cKit (green) and PKH (red) after incubation with PKH-labeled exosomes (top); endothelial cells (HUVEC middle) and bone marrow stromal cells (MS-5 bottom) unstained (captured by the bright field) or stained for (blue) DAPI and (green) PKH (captured by fluorescent microscopy); original magnification (100x). (D) Relative levels of miR126 in bone marrow cell populations, HUVEC and MS-5 cells after incubation in medium only or with microvesicle preparations from G-CSF-mobilized bone marrows (means ± SD; 3 independent experiments). (E) VCAM1 MFI was measured on Sca-1hicKithi cells from bone marrows incubated with PKH-labeled exosome preparations from untreated or GCSF-mobilized bone marrows. VCAM1 MFI was measured on Sca-1hicKithi cells with or without microvesicle-derived fluorescence (means ± SD of 3 independent experiments). The % VCAM1+ cells was measured in Lin−Ter119−CD45− (F) and VE-cadherin+ (G) bone marrow cells that had either acquired or not acquired microvesicle-derived PKH fluorescence after 18 h of incubation. Microvescicles were from untreated and G-CSF-mobilized bone marrows. The results reflect the means ± SD of three independent experiments. *denotes P<0.05.
Gating on the LinTer119CD45 cells that had acquired the fluorescent microvescicles, we found a significant reduction in the percentage of VCAM1 cells after incubation with microvesicles from G-CSF-mobilized in comparison to non-mobilized bone marrows (Figure 4F). No such VCAM1 reduction was observed in the LinTer119CD45cells that had not acquired the fluorescent microvescicles (Figure 4F). A similar reduction of surface VCAM1 was observed in VE-cadherin bone marrow cells that had acquired the fluorescent microvesicles (Figure 4G). Thus, miR126-containing microvesicles from G-CSF-mobilized bone marrows can reduce levels of VCAM1 surface expression in HSPC, LinTer119CD45 and VE-cadherin cells.
Defective mobilization of hematopoietic stem/progenitor cells by granulocyte colony-stimulating factor in miR126-deficient mice
If miR126 is important for HSPC mobilization by G-CSF, miR126-deficient mice may be defective at mobilizing HSPC with G-CSF. Previous studies showed that miR126-null mice have a distinctive vascular phenotype with leaky vessels and hemorrhages; approximately 40–50% of mice die in utero or perinatally.35,36 We mobilized with G-CSF groups of 13-week old miR126 and miR126 littermates and compared them to non-mobilized mice.
Blood cell counts showed that G-CSF treatment induced an increase in circulating white blood cells and neutrophils in miR126 mice, albeit lower than that displayed by their miR126 littermates (Figure 5A). Colony assays showed that blood from the G-CSF-mobilized miR126 mice contained significantly fewer CFU-c compared to the miR126 controls, whereas blood from untreated miR126 and miR126 mice contained no colony precursors (Figure 5B). We detected some variability within the mobilized miR126 mice, consistent with the variability of other defective phenotypes in these mice.35 Thus, these results indicate that miR126-null mice are defective at mobilizing HSPC after G-CSF treatment.
Discussion
In the present study, we show that administration of G-CSF is associated with reduced expression of VCAM1 in bone marrow HSPC, stromal and endothelial cells, and provide evidence that miR126 contributes to this reduction. Consistently, we found that miR126-deficient mice mobilize poorly in response to G-CSF. Thus, these results identify miR126 as a regulator of HSPC trafficking from the bone marrow to the peripheral blood, and clarify the role of VCAM1 in G-CSF mobilization. A schematic representation of this process is shown in Online Supplementary Figure S7.
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Figure 5.Defective HSPC mobilization in G-CSF-treated miR126-deficient mice. (A) Control miR126+/+ and miR126−/− littermates were mobilized with G-CSF or left untreated. Neutrophils, lymphocytes, monocytes and immature bone marrow cells were counted; the results reflect the group means ± SD (n=3). (B) CFU-c were measured in the peripheral blood of control miR126+/+ and miR126−/− littermates untreated or mobilized with G-CSF. The results represent group means ± SD (n=3) for the mobilized mice; no colonies developed from blood of untreated mice. *denotes P<0.05.
Previous studies have established a critical role of VCAM1/VLA4 interactions in the retention and mobilization of HSPC from the bone marrow. Conditional deletion of VCAM1 or α4-integrin in hematopoietic, stromal and endothelial cells by a Tie2-driven cre transgene increased the release of hematopoietic progenitors from the bone marrow into the circulation.37,38 Antibodies to VCAM1, to α4 integrin,22,24,25 and BIO5192, a small molecule inhibitor of VLA4 (α4β1 integrin) binding to VCAM1,21 promoted the mobilization of HSPC in mice and/or humans, providing strong evidence that disruption of an interaction between VLA4 and VCAM1 promotes HSPC mobilization.37 However, a link between G-CSF mobilization of HSPC and modulation of VCAM1/VLA4 in the bone marrow has previously been missing. G-CSF was reported to lower VCAM1 expression in bone marrow stromal cells,20 and it was suggested that enzymatic cleavage of VCAM1 on these stromal cells removes a critical retention ligand for HSPC, which express VLA4.20,39,40 However, since enzyme-deficient mice mobilized HSPC normally with G-CSF, and since VCAM1-deficient HSPC mobilized normally when transplanted into normal recipients, it was concluded that a reduction in VCAM1 in bone marrow stromal cells is not required for the mobilization of HSPC by G-CSF.40,41 In contrast to this conclusion, mice lacking VCAM1 in hematopoietic, endothelial and stromal cells mobilized HSPC poorly in response to G-CSF, in spite of having a normal number of bone marrow progenitors.37
Apoptotic bodies and exosomes have emerged as important conduits for intercellular communication as they can transfer microRNA, mRNA and proteins to other cells and have, therefore, been implicated in many cell functions.33 Exosomes are found in many tissues, including the bone marrow and blood,42 and apoptotic bodies are abundant in the bone marrow as they are largely a physiological product of neutrophil death in this site.43 Interestingly, in the setting of atherosclerotic lesions, endothelium-derived apoptotic bodies were found to be enriched in miR126, and to trigger the incorporation of Sca1 progenitors into the atherosclerotic plaques, in part through stimulation of SDF1 expression.33 In addition, human CD34 peripheral blood HSPC mobilized by G-CSF contained significantly higher levels of miR126 compared to peripheral blood mononuclear cells.44
G-CSF regulation of CXCR4 has gained much attention as a critical pathway for HSPC release in response to G-CSF. While the role of CXCR4 in the mobilization of myeloid cells, particularly with a contribution of CXCR2, is well-documented,7,8,10,13–16,45 its role in the mobilization of HSPC is not well documented. Previous studies showed that G-CSF administration in man induces a gradual increase in the expression of CXCR4 on bone marrow progenitors (CD34 or CD38 cells) over 5 days of treatment.18 Here we found that CXCR4 and CXCR2 did not change significantly on bone marrow HSPC after G-CSF administration. Several studies have documented that CXCR4 antagonists promote HSPC mobilization.2,18,46 Based on the observation that G-CSF was ineffective at enhancing HSPC mobilization to blood and spleen of mice with CXCR4 bone marrows, but that an antagonist of VLA4/VCAM1 induced a 2-fold increase in HSPC mobilization,17 it was suggested that G-CSF is ineffective at mobilizing CXCR4-null HSPC. An alternative explanation, supported by the current results, is that the absence of CXCR4 on myeloid lineage cells prevents G-CSF-induced neutrophil/monocyte mobilization, which is indirectly required for HSPC mobilization by G-CSF as these cells are a source of miR-containing microvescicles. Recent studies have linked miR126 to the regulation of SDF1 expression in endothelial cells.33,47 Since G-CSF reduces the SDF1 content in the bone marrow,12,17–19 the role of miR126 in the regulation of bone marrow SDF1 is potentially important.
We found that G-CSF promotes the accumulation of miR126-containing microvescicles in the bone marrow extracellular compartment, and that miR126 delivered by these microvescicles reduces surface VCAM1 expression in bone marrow HSPC and other non-hematopoietic cells. VCAM1 is critical to the retention of HSPC in the bone marrow. Thus, our study provides new insights for understanding the pathways of HSPC mobilization and identifies miR126 as a mobilizing agent for HSPC.
Great progress has been made in the understanding of miR function and development of delivery technologies offering the possibility for miR to emerge as a new class of potentially important therapeutics.
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