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                                                                                                                        Abstract

                                                            Primary myelofibrosis is characterized by clonal myeloproliferation, dysmegakaryopoiesis, extramedullary hematopoiesis associated with myelofibrosis and altered stroma in the bone marrow and spleen. The expression of CD9, a tetraspanin known to participate in megakaryopoiesis, platelet formation, cell migration and interaction with stroma, is deregulated in patients with primary myelofibrosis and is correlated with stage of myelofibrosis. We investigated whether CD9 participates in the dysmegakaryopoiesis observed in patients and whether it is involved in the altered interplay between megakaryocytes and stromal cells. We found that CD9 expression was modulated during megakaryocyte differentiation in primary myelofibrosis and that cell surface CD9 engagement by antibody ligation improved the dysmegakaryopoiesis by restoring the balance of MAPK and PI3K signaling. When co-cultured on bone marrow mesenchymal stromal cells from patients, megakaryocytes from patients with primary myelofibrosis displayed modified behaviors in terms of adhesion, cell survival and proliferation as compared to megakaryocytes from healthy donors. These modifications were reversed after antibody ligation of cell surface CD9, suggesting the participation of CD9 in the abnormal interplay between primary myelofibrosis megakaryocytes and stroma. Furthermore, silencing of CD9 reduced CXCL12 and CXCR4 expression in primary myelofibrosis megakaryocytes as well as their CXCL12-dependent migration. Collectively, our results indicate that CD9 plays a role in the dysmegakaryopoiesis that occurs in primary myelofibrosis and affects interactions between megakaryocytes and bone marrow stromal cells. These results strengthen the “bad seed in bad soil” hypothesis that we have previously proposed, in which alterations of reciprocal interactions between hematopoietic and stromal cells participate in the pathogenesis of primary myelofibrosis.
                                                            
                                                            Introduction
Primary myelofibrosis (PMF) is a Philadelphia chromosome-negative myeloproliferative neoplasm characterized by clonal myeloproliferation, dysmegakaryopoiesis and extramedullary hematopoiesis associated with myelofibrosis and altered bone marrow (BM)/splenic stroma.1 The myeloproliferative process features an increased number of CD34 hematopoietic stem/progenitor cells with hypersensitivity to cytokines, which have been attributed to the presence of mutations including Jak2 and MPL.32 More recently, various other mutations affecting epigenetics,54 the spliceo-some6 and metabolism7 have been discovered and have been correlated with a worse prognosis8 and with leukemic transformation.4 The myeloproliferation is associated with massive mobilization of CD34 hematopoietic stem/progenitor cells, including megakaryocyte progenitors, from the BM to the spleen, which was suggested to be partly due to down-regulation of the expression of CXCR4, one of the two CXCL12 receptors.9 PMF megakaryocytes are characterized by prominent proliferation, a dysplastic appearance with a plump nucleus and altered nuclear/cytoplasmic maturation. They also have changes in the process of apoptosis depending on the stromal context. Indeed, a para-apoptotic process was observed in BM biopsies,10 contrasting with data from molecular studies11 and CD34 hematopoietic stem/progenitor cell cultures,12 which showed a reduction of the apoptotic process. Furthermore, evidence is accumulating that altered stromal cells in the BM and spleen of PMF patients may contribute to the hematopoietic clone emergence/development through mutually dependent interactions with clonal hematopoietic cells.1

CD9, a four transmembrane glycoprotein that belongs to the tetraspanin family,13 has recently been reported to be deregulated in PMF. It is strongly expressed on platelets14 and was first cloned from megakaryocyte libraries.15 Treatment of K562 cells with tetradecanoylphorbol-13-acetate induces megakaryocytic differentiation associated with up-regulation of CD9 expression which precedes the appearance of GPIIb/IIIa.16 We have previously demonstrated that CD9 participates in normal megakaryopoiesis and platelet formation through its action on megakaryocyte demarcation membrane separation.17 In PMF patients, CD9 molecular expression is increased in CD34 cells,18 as well as in megakaryocytes microdissected from BM biopsies, and is reported to be correlated with the stage of BM fibrosis.19 Beside its role in megakaryopoiesis, CD9 is suggested to regulate interactions with the microenvironment by promoting the recruitment of numerous molecular partners grouped in lipid-rich microdomains, including integrins that are receptors for extracellular matrix components such as collagen, laminin and fibronectin.13 CD9 also participates in cell adhesion/motility20 and, in CD34 cells, the CD9-mediated mobilization involves the CXCL12/CXCR4 axis.21

Taking into account the role of CD9 in megakaryopoiesis and in BM stromal interactions, we analyzed the role of CD9 in the pathogenesis of PMF. Herein, we show that CD9 takes part in the alterations affecting the survival, differentiation and CXCL12/CXCR4-mediated migration of PMF megakaryocytes. We also demonstrate that CD9 is involved in the altered interactions between megakaryocytes and BM mesenchymal stromal cells (MSC) isolated from patients, participating in the dysmegakaryopoiesis of PMF.
Methods
Peripheral blood and bone marrow samples
Peripheral blood and BM samples from PMF patients (n=174) and non-mobilized healthy donors (HD; n=76) were obtained from the French/European networks, A.M. Vannucchi (Florence, Italy), and the Blood Transfusion Center of Armies (Clamart, France) according to the Helsinki declaration and with approval from Institutional Ethics Committees.
CD34+ cell selection and bone marrow mesenchymal stromal cells
CD34 cells were selected from mononuclear cells from peripheral blood or BM samples from PMF patients and HD using the Miltenyi miniMACS system.22

BM MSC were obtained from BM biopsies (PMF patients) or hip surgery (HD) by incubating BM mononuclear cells (5×10/mL) for 48–72 h in plastic flasks. Adherent MSC were cultured in DMEM + 10% SVF in 5% CO2 for three passages.
Phenotypic analysis
Cells (5×10) were labeled with 2 μg/mL monoclonal antibodies: CD105-PE/clone-166707, CD9-FITC/clone-209306, HLA-DR-FITC/clone-L203 (R&D systems); CD73-PE/clone-AD2, CD62P-PE/clone-AC1.2, CD90-PE/clone-5E10, CXCR4-PE/clone-12G5 (BD Biosciences); CD41-FITC/CD41-PE (clone-P2, IOTest Beckman-Coulter); and CD9-biotinyled/clone-SYB (a kind gift from E. Rubinstein and C. Boucheix). Membrane antigen fluorescence was quantified using Cellquest software on a FACScalibur (Becton-Dickinson); 5×10 live cells were analyzed.
Megakaryocytes derived from CD34+ cultures
CD34 cells (5×10/500 μL/well) were cultured in SYN.H medium containing recombinant human (rh) interleukin (IL)-3 (2 ng/mL), rhIL-6 (1 ng/mL), rhIL-11 (40 ng/mL), and rh thrombopoietin (Tpo) (50 ng/mL) (Preprotec, France) giving rise to more than 85% of megakaryocytes after 10 to 14 days of culture. In some experiments, cultures were treated with monoclonal antibodies (anti-CD9/clone-SYB: 10 μg/mL). For RNA silencing, cells were cultured for 6 days and distributed in 250 μL 24-well plates with or without scrambled control or specific short interfering (si) RNA (1 μg/10 cells) and MISSION II vector (1/50; Sigma).
Colony-forming units-megakaryocyte
Circulating CD34 cells (5×10) were seeded in Megacult C containing type-I bovine collagen (Stem Cell), rhIL-3 (1 μg/mL), rhIL-6 (10 μg/mL), and rhTpo (10 μg/mL). Colony-forming units-megakaryocyte (CFU-Mk) were quantified, on the basis of CD41 immunostaining, after 10 days of culture at 37°C in 5% CO2.
Analysis of intracellular phosphorylation
Cells were fixed for 1 h in formol-2% and overnight in ethanol-70% (4°C). After washes in PBS-0.5%+BSA-Triton-0.25X, cells were incubated with phosphorylated protein monoclonal antibodies (Cell Signaling, USA), washed and incubated with a secondary anti-rabbit Alexa-fluor-488nm coupled antibody (Invitrogen, France). Live cells (10) were analyzed on FACScalibur with Cellquest software.
Western blotting
Cell lysates (10 cells), obtained as described previously,22 were subjected to sodium dodecylsulfate polyacrylamide gel electrophoresis, transferred onto nitrocellulose membranes and blotted using primary monoclonal antibodies (Cell Signaling, USA). Membranes were revealed with fluorescent anti-mouse or anti-rabbit IgG. Fluorescence signals were detected on an Odyssey System (Li-cor, USA) and quantified by using ImageJ version 1.43u.
In vitro migration assay
Transwell migration assays were performed as described elsewhere.22 Cells (10) were loaded on the top chamber in RPMI/0.5% BSA and CXCL12 (100 ng/mL, R&D System) was added or not to the bottom chamber. Cells were incubated for 24 h or 48 h (siRNA treatment); the migration percentage was calculated after quantification of live cells in both chambers.
Quantitative real-time polymerase chain reaction analysis
Samples of total RNA were treated with RNase-free-DNase and converted into cDNA using the Reverse-Transcription kit (Applied-Biosystem). cDNA (2 μL) was added to a Quantitech SybrGreen amplification reaction (Qiagen, Courtaboeuf, France) in a final volume of 20 μL containing 10 pmol of each primer (Online Supplementary Table S1). Relative quantification was normalized to RPL38 using the 2 method.23

Statistical analysis
Results are expressed as mean ± standard deviation. Statistical differences between patients and controls or between conditions were validated by unpaired or paired t-tests, respectively, with P<0.05 being considered statistically significant. Paired data are represented in dot plots with lines between significant conditions.
Results
CD9 expression is deregulated during megakaryopoiesis in primary myelofibrosis
CD9 is reported to participate in megakaryopoiesis and in platelet formation. We therefore evaluated whether its expression was modulated during PMF megakaryopoiesis.
As previously described,1918
Figure 1A illustrates that CD9 mRNA was increased 2.54-fold in PMF circulating CD34 cells compared to CD34 cells from unmobilized HD [(1.531±0.7413 arbitrary units (AU), n=12 versus 0.6019±0.0928 AU, n=7, respectively; P=0.0023]. Surprisingly, when quantified by flow-cytometry, the level of expression of CD9 on the membrane of circulating CD34 cells from patients was heterogeneous compared to that on circulating CD34 or CD42bCD34 cells from non-mobilized HD controls (259.5±58.54 AU, n=14 and 218.5±47.02 AU, n=10, respectively; Figure 1B). Heterogeneity in the CD9 expression on CD34 cells between patients was ranked, discriminating three groups according to the level of CD9 expression (544.8±195.5 AU, n=9; 234.9±44.38 AU, n=14 and 97.09±33.18 AU, n=23) (Figure 1B). Figure 1C shows that most of the patients with a low number of platelets had low expression of CD9 on CD34 cells. When quantified on platelets, the global CD9 membrane expression level was significantly lower in patients than in HD (116.1±150.4 AU, n=3 versus 406.4±83.73 AU, n=4, respectively; P=0.01; Figure 1D).
[image: ]

Figure 1.CD9 expression is deregulated during PMF dysmegakaryopoiesis. (A) Expression of CD9 transcripts normalized to RPL38 by QRT-PCR in CD34+ cells from healthy donors (HD) and primary myelofibrosis (PMF) patients. (B) CD9 membrane expression (MFI) by flow cytometry on CD34+ cells purified from the peripheral blood (PB) of HD and PMF patients and CD9 membrane expression ranking (gray bars: PMF patients; white bars: HD). (C) Correlation between the CD9 membrane expression level on PMF CD34+ cells and the patient’s platelet count. (D) CD9 expression level on HD and PMF circulating platelets determined by flow cytometry (MFI). (E) Co-expression of CD9 and CD41 on PMF megakaryocytes derived from HD and PMF circulating CD34+ cells (D10 of culture). (F) Membrane expression analysis of CD9 on megakaryocytes (Mks) derived from CD34+ cells purified from the bone marrow (BM) or PB of HD and PMF patients (D10 of culture) by flow cytometry. (G) Western blot analysis and quantification of CD9 expression in Mks derived from circulating CD34+ cells from HD and PMF patients (D10 of culture).
We further analyzed CD9 expression during in vitro megakaryocyte differentiation. At the end of in vitro megakaryocyte differentiation on day (D) 10, a lower proportion of megakaryocytes derived from PMF circulating CD34 cells co-expressed CD9 and CD41 compared to the proportion from HD with a different expression profile (Figure 1E). The higher proportion of CD9 cells that did not co-express CD41 in PMF patients is most likely mainly due to megakaryocyte progenitors (Online Supplementary Figure S1).
Actually, CD9 expression on megakaryocytes derived from PMF CD34 cells was significantly reduced (988.2±788.2 AU, n=11) as compared to the expression on those derived from HD cells, independently of whether these cells were isolated from BM (2322±617 AU, n=6) or peripheral blood (1628±252.68.3 AU, n=11) (versus HD BM: P=0.0014 and versus HD peripheral blood: P=0.0092) (Figure 1F). The reduction of CD9 protein expression on PMF megakaryocytes was further confirmed by western blot analysis (HD: 73.73±0.51 versus PMF: 28.54±10.50; P=0.01) (Figure 1G). Taken together, our results show deregulation of CD9 expression during PMF megakaryopoiesis.
CD9 participates in dysmegakaryopoiesis in primary myelofibrosis
The differential CD9 expression during megakaryopoiesis incited us to investigate the potential role of CD9 in the dysmegakaryopoiesis that characterizes PMF.

Figure 2A shows that cell surface CD9 engagement by antibody ligation (Syb clone, 10 μg/mL) during in vitro megakaryocyte differentiation from PMF CD34 cells stimulated megakaryocyte differentiation, as evidenced by an increased number of CFU-Mk (189.3±108.7, n=8 versus 99.63±63.91 for anti-CD9-treated cells and IgG-treated control cells, respectively, for 5,000 CD34 seeded cells; P=0.002) at D10 of culture. This was associated with an increase in CFU-Mk size and with the presence of large megakaryocytes in colonies. A similar effect of Syb monoclonal antibody was observed in liquid culture, with the presence of mature megakaryocytes with multi-lobulated nuclei and large granular cytoplasm in Syb-treated cultures, contrasting with dysplastic immature micromegakaryocytes with hypolobulated nuclei observed in untreated PMF cells. This differentiating effect was also associated with increased expression of megakaryocyte differentiation markers such as CD41 (1030±308.8 AU for anti-CD9-treated cells versus 769.5±228.3 AU for IgG-treated control cells, n=4, P=0.01) and CD62p (91.75±24.02 AU for anti-CD9-treated cells versus 60.0±11.34 AU for IgG-treated control cells, n=4, P=0.04) (Figure 2B).
[image: ]

Figure 2.CD9 is involved in PMF dysmegakaryopoiesis. Effect of monoclonal antibody (mAb) ligation of surface CD9 (clone-SYB; 10 μg/mL) on (A) PMF megakaryocyte (Mk) colonies obtained from PMF circulating CD34+ cells in semi-solid collagen culture and (B) in liquid cultures (D8–10 of culture) on cell maturation (Giemsa) as well as CD41 and CD62p membrane expression (MFI) determined by flow cytometry, (C) on percentage of apoptotic annexin V+ cells and Bcl-XL expression level (MFI) determined by flow cytometry, (cells were gated on megakaryocytic cells derived from PMF CD34+ cell culture in the presence of a cocktail of cytokines including IL3, IL6, IL11 and TPO; a red quadrant corresponding to the addition of annexin V+ and pre-aptototic propidiumiodide− (IP) cells and of annexin V+ and post-apoptotic IP+ cells was drawn to define the total proportion of apoptotic cells), (D) on GATA-1 expression as shown by QRT-PCR and western blot analyses and by immunofluorescence microscopy and (E) on modulation of c-myb expression by QRT-PCR analysis.
Antibody ligation of CD9 on megakaryocytes derived from PMF CD34 cells also increased the percentage of PMF annexin-V apoptotic cells associated with megakaryocyte maturation and reduced the level of anti-apoptotic Bcl-xL expression compared to those of IgG-treated control cells (15.92±11.51%. versus 23.45±8.81%, n=5, P=0.02 and 45.48±29.10 AU versus 16.8±16.95 AU, n=5, P=0.03, respectively) (Figure 2C).
We further studied the effect of cell surface CD9 engagement by antibody ligation on GATA-1 and c-Myb (two transcriptional regulators whose expression has opposing effects on megakaryocyte differentiation) during in vitro megakaryocyte differentiation of PMF CD34 cells (D8–D10). Figure 2D shows that the molecular and protein expression of GATA-1, reported to be down-regulated in PMF megakaryocytes,24 was increased after anti-CD9 monoclonal antibody treatment compared to that of IgG-treated control cells (1.153±0.5487 versus 0.5744±0.2921, P=0.04, n=5, respectively in quantitative real-time polymerase chain reaction (QRT-PCR) experiments and 0.77 versus 0.55 for the Gata-1/Actin ratio in western blot analysis). The increase in GATA-1 protein expression after CD9 ligation was also confirmed by immunocytochemistry (Figure 2D). In contrast, the expression of c-Myb was 8.32-fold higher in PMF megakaryocytes than in HD megakaryocytes (37.26±66.44 versus 4.47±3.89, n=6; P=0.03) and its over-expression was reduced after CD9 antibody ligation (15.53±4.40 versus 10.5±4.82, n=4, P=0.007) in all tested patients (Figure 2E).
Altogether our results show that targeting CD9 through cell surface ligation with Syb monoclonal antibody restores the in vitro maturation of PMF megakaryocytes and suggest that CD9 participates in the dysmegakaryopoieis observed in patients with PMF.
CD9 controls Akt/MAPK balance during dysmegakaryopoiesis in primary myelofibrosis
A balance between Akt (Akt, GSK3β) and MAPK (JNK, p38, p42/p44) signaling pathways is reported to be critical for megakaryopoiesis. We, therefore, studied whether cell surface CD9 engagement by antibody ligation (Syb clone, 10 μg/mL) modified the Akt/MAPK balance in megakaryocytes derived from PMF CD34 cultures (D6–8) in the presence of Tpo.

Figure 3A shows that cell surface CD9 engagement by antibody ligation reduced the phosphorylation level of Akt in PMF megakaryocytes, as evaluated by flow cytometry [mean fluorescence intensity (MFI) normalized to IgG-treated control cells over time: −11.93±7.215 AU, P=0.02; −7.865±3.524 AU, P=0.007; −3.495±1.724 AU, P=0.007, n=4] and western blot analysis (phospho-Akt Thr308 and Ser473 normalized to total Akt: 0.28 versus 0.80 for anti-CD9 monoclonal antibody-treated cells versus IgG-treated control cells). It also slightly decreased PTEN expression normalized to actin expression (0.51 versus 0.64 for anti-CD9 monoclonal antibody-treated cells versus IgG-treated control cells; data not shown) and decreased the phosphorylation level of downstream GSK3β on serine 9 in PMF megakaryocytes (phospho-GSK3β Ser9 normalized to total GSK3β: 0.31 versus 0.56 for anti-CD9 monoclonal antibody-treated cells versus IgG-treated control cells). In contrast, as shown by flow cytometry, a similar concentration of anti-CD9 monoclonal antibody induced an increase phosphorylation of: (i) JNK (MFI normalized to IgG-treated control cells over time: 12.01±8.48 AU, P=0.04; 15.21±9.82 AU, P=0.03; 25.59±18.68 AU, P=0.04; n=4), and (ii) p38 MAPK (MFI normalized to IgG-treated control cells over time: 3.563±1.449 AU, P=0.02; 11.12±7.55 AU, P=0.04; 14.39±10.78 AU, P=0.04; n=4) (Figure 3B). This increased phosphorylation was confirmed by immunocytology and by western blot analysis of PMF megakaryocytes (phospho-p38α Thr180 and Tyr182 normalized on total p38α: 0.64 versus 0.41 anti-CD9 monoclonal antibody-treated cells versus IgG-treated control cells). We also observed a 2-fold increase in the expression of Jun/AP1, a transcription factor downstream of p38 and JNK, as shown by QRT-PCR (0.064 ± 0.057 versus 0.031±0.339; P=0.02, n=7, fold change = +2.03) (Figure 3B); phosphorylation of ser73 Jun normalized to total Jun was also found to be increased (0.81 versus 0.52, Figure 3B). In contrast, a similar anti-CD9 treatment did not modulate the level of phosphorylation of MAPK p42/p44 (data not shown). Collectively, our results show that CD9 controls the balance of the Akt/MAPK signaling pathways during PMF dysmegakaryopoiesis.
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Figure 3.CD9 controls Akt/MAPK balance during PMF dysmegakaryopoiesis. Analysis by cytometry, microscopy and western blot of (A) phospho-Akt (Thr308 and Ser473), - GSK3β (Ser9) levels (MFI), or (B) phospho-p38 (Thr180 and Tyr182) and phospho-JNK levels (MFI) in megakaryocytes (Mk) derived from PMF circulating CD34+ cells (D6 of culture in the presence of Tpo) at 2, 24, and 48 h after anti-CD9 monoclonal antibody (mAb) (clone-SYB; 10 μg/mL) treatment. (A and B) Data were normalized either to IgG control values or to total protein level. (B) QRT-PCR analysis of AP1 transcript expression level in Mk derived from PMF circulating CD34+ cells, treated or not with anti-CD9 mAb (clone-SYB; 10 μg/mL) and normalized to actin level.
CD9 mediates megakaryocyte-mesenchymal stromal cell interactions in primary myelofibrosis
Taking into account the role of MSC in megakaryocyte proliferation and migration,25 we further studied whether CD9 influenced interactions between megakaryocytes and BM MSC and consequently played a role in megakaryocyte deregulation.
Tetraspanin CD9 has been shown to interact with stromal cells through cell surface molecules including CD44, immunoglobulin-like domain containing receptors and integrins within the teraspanin web, named the interactome (“Human Protein Reference Database” and “BioGRID 3.1” interactions on the website of the National Institute of Health).272613 We, therefore, first studied whether the CD9 interactome genes involved in hematopoietic cell and MSC interactions were deregulated in patients. To that purpose, we isolated MSC from the BM of PMF patients (PMF-MSC) and HD (HD-MSC) and verified that cells from both origins expressed the canonical CD73CD105CD90 phenotypic profile of MSC and that they did not express CD45, CD34 hematopoietic markers or HLA-DR (Online Supplementary Figure S2). Then, based on a gene set established on the NCBI database CD9 interactome (Online Supplementary Table S2), we applied gene set enrichment analysis to compare transcriptomes between BM PMF-MSC and HD-MSC (GEO submission number GSE44426), and evidenced a deregulation of CD9 interactome genes in PMF-MSC compared to HD-MSC (Online Supplementary Table S2 and Online Supplementary Figure S3). This deregulation was associated with a down-regulation of CD9 expression on PMF-MSC as compared to HD-MSC, both at transcriptional level (QRT-PCR normalized to the RPL38 housekeeping gene: 14.36±6.028, n=11 versus 21.87±12.56, n=9 for PMF patients and HD, respectively; P=0.05) and protein level (MFI by flow cytometry: 7.38±0.76 AU, n=3 versus 13.07±2.63 AU, n=4 for PMF patients and HD, respectively; P=0.008) (Figure 4A).
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Figure 4.CD9 mediates PMF megakaryocyte-mesenchymal stromal cell interactions. (A) Analysis of CD9 transcript (QRT-PCR) and membrane expression (flow cytometry) levels in MSC isolated from the bone marrow of PMF patients (BM-MSC). (B) Effect of 2 days of co-culture between PMF megakaryocytes (Mk) derived from CD34+ culture (at D6 of Mk culture) and BM-MSC on the number of PMF Mk in suspension. (C) Effect of surface CD9 ligation by anti-CD9 monoclonal antibody (mAb) (clone-SYB; 10 μg/mL) on the proportion of PMF Mk derived from CD34+ culture in apoptosis (annexin V+ cells) and in the cell cycle phases (S+G2M cells) as well as on the cell count of non-adherent PMF Mk in the co-culture with BM MSC. (D) Effect of surface CD9 ligation by anti-CD9 mAb on the proportion of adherent PMF CD45+ hematopoietic cells obtained after co-culture on BM MSC isolated from HD or PMF patients and on adherent PMF Mk in co-culture with MSC isolated from the BM of either HD or PMF patients as shown by Giemsa staining and immunostaining (CD41+ Mk, in pink and CD105+ MSC, in orange).
Subsequently, we compared the effects of PMF-MSC and HD-MSC on the survival and proliferation of megakaryocyte progenitors derived from PMF CD34 cells in megakaryocyte culture medium (at D6) and analyzed the effect of CD9 membrane ligation by Syb on these processes (from D6 to D8–D10). Figure 4B shows that the number of non-adherent PMF megakaryocytes was higher when PMF hematopoietic cells were co-cultured on PMF-MSC rather than on HD-MSC (from 100,000 implanted hematopoietic cells/mL to 232,600±68,197/mL and 149,800±52,060/mL at D6 of co-culture, respectively; n=5, P=0.03) (Figure 4B).
The higher number of non-adherent PMF megakaryocytes recovered after co-culture on PMF-MSC resulted from: (i) a lower percentage of annexin V apoptotic cells (17.68±2.79%, n=5 versus 25.65±6.47%; n=5; P=0.01) (Figure 4C); and (ii) a higher percentage of Ki67IP cycling (S+G2M) cells (63.27±16.62%, n=5 versus 55.23±16.97% n=5, P=0.002) (Figure 4C) which was associated with the presence of PMF CD41 megakaryocytes in mitosis (Figure 4D). CD9 ligation using Syb monoclonal antibody reduced the number of PMF megakaryocytes in suspension in all tested patients (232,600±68,197 versus 155,600±26,604, n=5; P=0.04; Figure 4C), demonstrating the participation of CD9 in this process. As expected, this was associated with an increased percentage of apoptotic cells (29.38±7.55% versus 17.68±2.79%, n=5; P=0.006) and a reduced proportion of Ki67IP cycling (S+G2M) cells (49.01±19.01% versus 62.27±16.62%, n=5; P=0.003) (Figure 4C).
The higher number of PMF megakaryocytes in suspension is also compatible with their differential adhesion to PMF-MSC or HD-MSC. Cytometric analysis showed that, after trypsin treatment, a lower fraction of CD45 hematopoietic cells was recovered in the adherent phase of co-cultures with MSC from patients than MSC from HD, suggesting that PMF megakaryocytes were less adhesive to PMF-MSC than to HD-MSC (Figure 4D). Here again, the altered adhesion of megakaryocytes to PMF-MSC was inhibited after CD9 ligation with Syb monoclonal antibody (Figure 4D), confirming the involvement of CD9 in the deregulated in vitro megakaryocyte-MSC interactions in PMF.
CD9 mediates megakaryocyte migration in response to CXCL12 in primary myelofibrosis
The CD9-mediated altered PMF megakaryocyte adhesion to stroma incited us to study the involvement of CD9 in the increased megakaryocyte mobilization/migration observed in the peripheral blood of patients with PMF. Phenotypic analysis performed on megakaryocyte cultures at D10 showed that all CD41 megakaryocytes from PMF patients co-expressed CXCR4 (Figure 5A). Actually, like megakaryocyte CD41 cells from HD BM, megakaryocytes from PMF patients conserved a high level expression of CXCR4 receptor responsible for CXCL12-induced migration. Figure 5B shows that the percentage of cells co-expressing CD9 and CXCR4 was higher in the CD41 population than in the CD41 one, suggesting an increased co-expression of CD9 and CXCR4 during PMF megakaryocyte differentiation. Interestingly, cell surface CD9 engagement by Syb antibody ligation reduced the mRNA expression of both CXCR4 (0.028±0.015, n=4 versus 0.048±0.16, n=4; P=0.04) and CXCL12 (0.0044±0.0026, n=4 versus 0.0096±0.0013, n=4; P=0.03) in megakaryocytes derived from PMF CD34 cultures as compared to control IgG-treated cells (Figure 5C), suggesting the possible role of CD9 in the CXCL12/CXCR4-mediated process of megakaryocyte migration. As ligation of CD9 by Syb monoclonal antibody induced cell aggregates,26 we further investigated the functional participation of CD9 on PMF megakaryocyte migration in response to CXCL12 by treating megakaryocytes with siRNA CD9. We first verified that addition of siRNA CD9 down-regulated the CD9 expression in megakaryocytes derived from PMF CD34 cells (D9 of differentiation) at both transcript level (2.32±2.78 AU, n=6, versus 5.78±6.66 AU, n=6; P=0.04; fold change = −2.49, in siRNA CD9 versus siRNA control treated cells, respectively) and protein level (50% reduction 72 h after lipofection) (Figure 5D). We further demonstrated that a 2-fold reduction of CD9 expression inhibited the CXCL12-dependent migration of PMF megakaryocytes derived from CD34 cells, as shown by a strong reduction of the percentage of migrating cells after siCD9 treatment as compared to siRNA control treated cells (115.5±20.9%, n=3 and 474.7±169.7%, n=3; respectively; P=0.03) (Figure 5D). Silencing CD9 also significantly reduced the Tyr576/577 phosphorylation level of FAK, the focal adhesion kinase participating in megakaryocyte migration, as compared to siRNA control treated cells (15.42±10.54 MFI, n=5 and 24.12±15.22 MFI, n=5; respectively; P=0.04).
[image: ]

Figure 5.CD9 mediates PMF megakaryocyte migration in response to CXCL12. (A) Expression of CXCR4 on CD41+ PMF megakaryocytes (Mk) derived from PMF circulating CD34+ cells (D8–10 of culture) by flow cytometry and microscopy as compared to Mk derived from healthy donors (unmobilized peripheral blood or bone marrow). (B) CD9 and CXCR4 coexpression on CD41low and CD41high PMF cells. (C) Effect of surface CD9 ligation by anti-CD9 monoclonal antiboby (mAb) (clone-SYB; 10 μg/mL) on CXCR4 and CXCL12 transcript expression normalized to RPL38 by QRT-PCR in Mk derived from PMF circulating CD34+ cells (D8–10 of culture). (D) Effect of silencing CD9 using siRNA CD9 (1 μg/106 cells) in Mk derived from PMF circulating CD34+ cells (D8–10 of culture) on the CD9 transcript and protein expression levels analyzed by QRT-PCR (at 48 h) and by flow cytometry (at 72 h), respectively, and on the percentage of migrating PMF Mk in a Boyden chamber in response to CXCL12 (100 ng/mL) as compared to passive diffusion and on the phospho-FAK (Tyr 576/577) expression level (MFI).
Discussion
PMF is a chronic myeloproliferative neoplasm with numerous alterations of megakaryocytes,27 which are reported to play key roles in the pathophysiological process. Tetraspanin CD9, known to participate in normal megakaryocytic differentiation,17 has been described to be deregulated in myeloproliferative neoplasms and especially in PMF.18 In the present study, we analyzed the potential contribution of CD9 to PMF dysmegakaryopoiesis. Our results show that CD9 (i) is deregulated during PMF megakaryopoiesis; (ii) participates in PMF dysmegakaryopoiesis through modulation of megakaryocyte maturation, apoptosis and Akt/MAPK signaling pathway balance; and (iii) mediates altered megakaryocyte interactions with MSC from the BM of patients as well as altered megakaryocyte migration in response to CXCL12 chemokine.
We found that the CD9 gene was highly expressed in CD34 cells from PMF patients. As described by Guglielmelli et al., such a high CD9 gene expression appears to be related to PMF patients since it allows their discrimination from healthy subjects and from patients with polycythemia vera and essential thrombocythemia.18 Interestingly, however, we showed that the mean level of CD9 membrane expression is heterogeneous on PMF CD34 cells and is reduced during in vitro megakaryocyte differentiation to be lower on platelets from patients than on those from HD, suggesting a deregulation of CD9 during PMF megakaryopoieisis. PMF dysmegakaryopoieis is characterized by a defect of megakaryocyte maturation and apoptosis; cell surface CD9 engagement by antibody ligation restored the in vitro PMF megakaryocyte maturation and the apoptotic process known be involved in megakaryocyte differentiation.28 As reported for cancer cells,29 targeting CD9 restores apoptosis in PMF megakaryocytes and is accompanied by a normalization of the anti-apoptotic Bcl-xL protein expression abnormally over-expressed in PMF megakaryocytes.12 Ligation of CD9 on PMF megakaryocytes also induces increased phosphorylation of JNK and p38 MAPK associated with up-regulation of downstream AP1 as well as with a reduction of Akt/GSK3β phosphorylation, two signaling pathways the balance of which is reported to drive megakaryopoiesis.30 The expression of c-myb, which also participates in megakaryopoiesis,3231 is decreased during megakaryocyte differentiation33 and is regulated by GSK3β34 and p38/JNK.35 In PMF, the increased c-myb expression observed in megakaryocyte derived from CD34 cells is therefore consistent with reduced megakaryocyte maturation. Consequently, the reduction of c-myb expression after CD9 ligation is compatible with its participation in PMF dysmegakaryopoiesis through CD9 deregulation.
PMF is characterized by the egress of CD34 progenitors and of micro-megakaryocytes from BM into peripheral blood.37361 By participating in the tetraspanin network, CD9 can interact with molecules within rich lipid microdomains where the G protein-coupled receptors are regulated.13 As an example, CD9 is reported to participate in CXCL12-dependent CD34 cell migration through modulation of CXCR4 receptor expression.21 As evidenced by bioinformatics prediction (Online Supplementary Figure S4), myb regulatory sites are present in the promoter regions of CXCL12 and CXCR4 genes, confirming that they are both target genes of c-myb.3938 In PMF, our results showing that CD9 regulates CXCR4 and CXCL12 transcriptional expression (Figure 5) and that this process is reversed by silencing c-myb (data not shown), suggest a link between CD9, the CXCL12/CXCR4 axis and c-myb in the deregulated process of megakaryocyte migration. Thus, the reduced CD9 expression during PMF megakaryopoieisis may render megakaryocytes less sensitive to the CXCL12 chemotactic gradient present in the BM, contributing to their mobilization. This hypothesis is in agreement with the presence of micro-megakaryocytes in the peripheral blood of PMF patients36 and with the role of reduced CXCR4 expression in the increased PMF CD34 cell migration.9

In patients with myeloproliferative neoplasms, while hematopoietic cells may have acquired similar mutations such as JAK2
, MPL or CALR,41407 alterations in megakaryopoiesis differ according to the disease phenotype,42 suggesting that other factors, such as environmental ones, likely participate in the dysmegakaryopoiesis. In PMF, the BM microenvironment is impaired and splenic stromal cells are reported to exhibit altered differentiation and functional characteristics.43 Our present data, showing altered expression of CD9 on hematopoietic and stromal cells from PMF patients as well as modulated expression on osteoblasts in advanced stages of the disease,19 suggest that CD9 and the tetraspanin web participate in the altered interplay between hematopoietic and stromal cells in patients. The reduced adhesion of megakaryocyte to PMF-MSC associated with increased survival and proliferation in co-cultures with stroma, which was corrected after cell surface CD9 ligation, strengthens our hypothesis.
In conclusion, while the underlying mechanism for alterations in CD9 expression in PMF is still unknown, this study indicates that CD9 plays a role in PMF dysmegakaryopoiesis and affects interactions between megakaryocytes and BM stromal cells. Our results strengthen the “bad seed in bad soil” hypothesis that we have proposed in which alterations of the interplays between hematopoietic and stromal cells participate in the pathogenesis of the disease.1 Taking into account the role of megakaryocytes and stromal cells in the pathogenesis of PMF, they are of importance with regards to the recent development of new therapeutic strategies. Indeed, by regulating the apoptotic process, targeting CD9 may improve the dysmegakaryopoiesis that characterizes PMF, as demonstrated in human cancer cells.44 In the same way, the role of the Akt pathway driven by CD9 in PMF megakaryocytes is consistent with the findings of a recent study that established Akt as a rational therapeutic target for the treatment of patients with myeloproliferative neoplasms.45 In brief, our results indicate original therapeutic avenues targeting hematopoietic cell-stroma interactions in PMF.
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