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Introduction

Eukaryotic cells have to deal constantly with the formation of reactive oxygen species (ROS) as a consequence of their aerobic metabolism. ROS production may have deleterious effects on the cells, and it has been traditionally related with aging and with a number of degenerative diseases [START_REF] Genestra | Oxyl radicals, redox-sensitive signalling cascades and antioxidants[END_REF] . However, it is now accepted that ROS play an important role regulating signal transduction pathways [START_REF] Tatla | The role of reactive oxygen species in triggering proliferation and IL-2 secretion in T cells[END_REF] and gene expression [START_REF] Goldstone | Oxidative signalling and gene expression during lymphocyte activation[END_REF] , although the molecular mechanisms are not fully understood.

ROS are generated in nearly all types of cells of multicellular organisms, either as a consequence of mitochondrial metabolism or as by-products of different enzymatic reactions. The main nonmitochondrial sources of ROS are NADPH oxidases (Nox) [START_REF] Nauseef | Biological roles for the NOX family NADPH oxidases[END_REF] . These proteins are membraneassociated multi-protein complexes that produce superoxide (O 2 -). The first complex to be described was the phagocyte NADPH oxidase, which produces huge amounts of superoxide and other ROS that are crucial for host defence. The catalytic subunit of this complex (gp91 phox or Nox2) is tightly bound to p22 phox protein, forming cytochrome b 558 , which in resting cells resides in intracellular vesicles, but upon stimulation migrates to the plasma membrane and, together with the cytosolic subunits (p47 phox , p67 phox , p40 phox and the GTPase Rac), forms an active NADPH oxidase complex [START_REF] Bedard | The NOX family of ROS-generating NADPH oxidases: physiology and pathophysiology[END_REF] . There are six homologues of Nox2 (Nox1, Nox3, Nox4, Nox5, Duox1 and Duox2); each has a specific pattern of expression, but their specific roles remain to be unravelled [START_REF] Nauseef | Biological roles for the NOX family NADPH oxidases[END_REF] .

A few recent reports have described the relevance of NADPH oxidase ROS production in the differentiation of different kind of cells [START_REF] Buggisch | Stimulation of ES-cell-derived cardiomyogenesis and neonatal cardiac cell proliferation by reactive oxygen species and NADPH oxidase[END_REF][START_REF] Tsatmali | Reactive oxygen species modulate the differentiation of neurons in clonal cortical cultures[END_REF] . It is therefore tempting to speculate that NADPH ROS production might be a general mechanism common to all types of cell differentiation.

However to confirm this, further studies should be carried out on other types of cell differentiation.

Haematopoiesis is probably one of the best examples of cell differentiation because haematopoietic stem cells (HSCs) are able to maintain the differentiation of all blood lineages throughout the life of the individual. ROS seem to be involved in the regulation of the lifespan [START_REF] Ito | Reactive oxygen species act through p38 MAPK to limit the lifespan of hematopoietic stem cells[END_REF] and self-renewal potential of HSCs [START_REF] Jang | A low level of reactive oxygen species selects for primitive hematopoietic stem cells that may reside in the low-oxygenic niche[END_REF] . In addition, it is known that haematopoietic cytokine signalling is accompanied by ROS formation [START_REF] Sattler | Hematopoietic growth factors signal through the formation of reactive oxygen species[END_REF] . Also, ROS can contribute to leukaemic cell transformation [START_REF] Silva | PTEN posttranslational inactivation and hyperactivation of the PI3K/Akt pathway sustain primary T cell leukemia viability[END_REF] . Bearing the foregoing in mind, it would be reasonable to assume that ROS production could play a direct role in haematopoietic differentiation. Nevertheless, there are almost no studies addressing this issue, with just one report describing the differentiation of a promonocytic cell line into macrophages [START_REF] Yamamoto | Role of catalase in monocytic differentiation of U937 cells by TPA: hydrogen peroxide as a second messenger[END_REF] . Moreover, to our knowledge there are no reports exploring the possible role of ROS and NADPH oxidases in the differentiation of HSCs or in other haematopoietic lineages other than macrophages, including megakaryocytic differentiation;

i.e. the process of maturation of megakaryocytes from HSCs that releases circulating platelets [START_REF] Szalai | Molecular mechanisms of megakaryopoiesis[END_REF] .

K562 and HEL cells are commonly used to study different aspects related to megakaryocytopoiesis because they undergo megakaryocytic differentiation in response to phorbol esters [START_REF] Tetteroo | Megakaryoblastic differentiation of proerythroblastic K562 cell-line cells[END_REF][START_REF] Weich | Platelet-derived growth factor. Phorbol ester induces the expression of the B-chain but not of the A-chain in HEL cells[END_REF] . Accordingly, our goal was to study the putative role of ROS in megakaryocytic differentiation using both cell lines, as well as human CD34 + cells, in order gain insight into the principles that might help in our understanding of how haematopoiesis is regulated and how NADPH oxidase ROS production helps general cell differentiation.

Our data show that ROS production is required for this differentiation process in both cell lines and in human HSCs. We also demonstrate that ROS production is due to a p22 phoxdependent NADPH oxidase activity, and that ROS are needed in order to achieve complete activation of the signalling pathways that lead to megakaryocytopoiesis.

RESULTS

ROS production is required for megakaryocytic differentiation

ROS formation in response to phorbol esters has been described in different systems [START_REF] Traore | Role of ROS and MAPK in TPA-induced ICAM-1 expression in the myeloid ML-1 cell line[END_REF] , including K562 cells overexpressing NADPH oxidase [START_REF] De | Functional reconstitution of the phagocyte NADPH oxidase by transfection of its multiple components in a heterologous system[END_REF] , but not in HEL cells.

Accordingly, we analysed intracellular ROS production by flow cytometry in K562 and HEL cells under PMA treatment. A rapid and significant increase in ROS levels was observed in both cells lines, with a peak within the first hour. In the presence of the antioxidant quercetin ROS levels were significantly lower (Figure 1A). To test whether ROS were important for megakaryocytic differentiation, cell differentiation experiments were carried out in the presence and absence of quercetin. The antioxidant partially blocked the differentiation of both cells lines: i) the level of the megakaryocytic markers (CD41 and CD61) was significantly lower in the presence of quercetin, and moreover ii)

the decrease in the expression in the erythrocytic marker GpA that accompanies megakaryocytic differentiation was also prevented in both cell lines (Figure 1B); iii) After PMA treatment the cells showed megakaryocytic morphological features: larger cells, with polylobulated or polysegmented nuclei and a basophilic cytoplasm. However, quercetin avoided the acquisition of these morphological features in both cell lines (Figure 1C and 1D). Quercetin did not affect cell viability (Supplementary figure 1A ) or cell proliferation (Supplementary figure 1B). Therefore, quercetin was indeed affecting cell differentiation.

Other antioxidants (NAC and trolox) were also able to reduce the intracellular levels of ROS (Supplementary figure 1C), and also hampered megakaryocytic differentiation (Supplementary figure 1D and1E) without affecting cell viability (Supplementary figure 1F) or cell proliferation (Supplementary figure 1G). The fact that three different antioxidants, with different mechanism of action [START_REF] Van Acker | Molecular pharmacology of vitamin E: structural aspects of antioxidant activity[END_REF][START_REF] Gitika | Quercetin protects C6 glial cells from oxidative stress induced by tertiary-butylhydroperoxide[END_REF][START_REF] Huber | Thiols and the chemoprevention of cancer[END_REF] hamper megakaryocytic differentiation suggests that ROS increase is indeed necessary for cell differentiation.

To test how important this initial burst of ROS is for the differentiation, we decided to wash-out the PMA stimulus shortly after the induction. The results show that, even with only 2 h of PMA treatment, there were a significant increase of megakaryocytic markers (CD41 and CD61) and a significant decrease of the erythrocytic marker GpA in both cell lines. Moreover, the levels of these markers were very similar to those reached when PMA is not eliminated (Supplementary Figure 2). This suggests that once the ROS burst has occurred, cells seem to be committed to differentiation.

In order to determine whether this observation was biologically meaningful, we carried out differentiation experiments with human CD34 + cells. TPO induced a rapid increase of intracellular ROS. In the presence of Trolox ROS levels were signifincantly lower (Figure 2B). Trolox and NAC inhibited the acquisition of the megakaryocytic morphological features (Figure 2C). Furthermore, the megakaryocytic marker levels (CD41, CD42b and CD61) were significantly lower in the presence of antioxidants (Figure 2D and2E). Cell viability was even higher when cells were differentiated in the presence of antioxidants (Supplementary Figure 3), which means that the antioxidants have indeed an effect on cell differentiation.

Taken together, these data support the notion that ROS production is required for megakaryocytic differentiation of both cell lines and human CD34 + cells, and strongly suggests that ROS production must also be important for in vivo megakaryocytopoiesis.

If ROS production were an essential event in the triggering of megakaryocytic differentiation, it would be expected that treatment with oxidizing agents such as H 2 O 2 might induce, at least to some extent, the expression of megakaryocytic markers. This hypothesis proved to be true, because H 2 O 2 induced the expression of some of megakaryocytic markers we analysed in both cell lines (data not shown).

Involvement of NADPH oxidase in ROS production and megakaryocytopoiesis

We next studied the origin of ROS. A likely possibility is that ROS production would be a consequence of some NADPH oxidase activated during the differentiation process. To test this hypothesis, we first measured NADPH oxidase activity. PMA induced an increase in NADPH oxidase activity in a dose-dependent manner (Supplementary Figure 4A). This increase was inhibited by one of the most common NADPH oxidase activity inhibitors, namely, DPI (Figure 3A). Moreover, in the presence of DPI, intracellular ROS levels were significantly lower in K562 and HEL cells (Figure 3B). Additionally, supplementary analyses showed that DPI treatment was also hindering the differentiation process: i) the compound prevented the increase in cell size (Figure 3C) and the acquisition of the megakaryocytic morphological features (Figure 3D); ii) the increase of megakaryocytic markers (CD41 and CD61) and the decrease of the erythrocytic marker GpA were partially inhibited by DPI (Figure 3E and supplementary Figure 4B); iii) DPI completely inhibited the formation of polyploid cells in both cell lines (Figure 3F). The shape of the peaks (Figure 3F) suggests that DPI would induce the accumulation of cells in G 2 -M phase, as has been shown recently [START_REF] Yamaura | NADPH oxidase 4 contributes to transformation phenotype of melanoma cells by regulating G2-M cell cycle progression[END_REF] . This would imply that ROS production might also be involved in cell cycle progression, thus being crucial for endomitosis. In this sense, while this manuscript was in preparation, a report appeared describing the potential role of NADPH oxidases in megakaryocyte polyploidization [START_REF] Mccrann | Differential expression of NADPH oxidases in megakaryocytes and their role in polyploidy[END_REF] , in agreement with our results (Figure 3F).

Under our experimental condition DPI did not affect cell viability (Supplementary Figure 4C) or mitochondrial potential (Supplementary Figure 4D). Moreover, a different NADPH oxidase inhibitor, apocynin, also hampered the differentiation process, the effect was however less pronounced than with DPI (Supplementary Figure 4E), without affecting cell viability (Supplementary Figure 4F) or cell proliferation (Supplementary Figure 4G).

Altogether these experiments show that inhibition of NADPH oxidase activity alters megakaryocytic differentiation, and this effect cannot be attributed to an indirect effect on cell viability.

This again shows that ROS production is needed for megakaryocytic differentiation, and strongly point to one or more NADPH oxidases as being necessary players in the differentiation process.

In order to know if the inhibition of ROS production was halting or delaying cell differentiation, we followed the differentiation at different times in the presence or absence of quercetin or DPI. In HEL cells both treatments seemed to slow down the differentiation because the markers levels were significantly lower in the presence of quercetin or DPI (Supplementary Figure 5A and5B), but their dynamic seemed to mirror that of PMA alone. In the case of K562 cells is more difficult to draw firm conclusions because although the expression of CD61 was slowed-down, the expression of CD41 seemed to be blocked by both treatments (Supplementary Figure 5C and5D).

p22 phox -dependent NADPH oxidase activity is involved in megakaryocytic differentiation p22 phox is a plasma membrane protein necessary for the integrity of different NADPH complexes to be maintained [START_REF] Bedard | The NOX family of ROS-generating NADPH oxidases: physiology and pathophysiology[END_REF] . Thus, the down-regulation of p22 phox levels should lead to a decrease in the levels of these enzymes. p22 phox was knocked-down by RNAi. The four sequences tested were able to decrease p22 phox protein levels (Figure 4A). As it could be expected, the NADPH oxidase activity was significantly lower when p22 phox protein was down-regulated (Figure 4B). This led to the inhibition of the differentiation process in both cell lines, since the levels of megakaryocytic markers (CD41 and CD61) were significantly lower and the decrease in the expression in the erythrocytic marker GpA, was also prevented when p22 phox protein levels was down-regulated (Figure 4C, 4D and 4E).

Moreover, p22 phox down-regulation did not reduce cell viability or proliferation (Supplementary Figure 6).

We next carried out p22 phox RNAi experiments in human CD34 + cells using the same target sequences than in the cell lines. After 7 days of TPO treatment almost 80% of the cells were differentiated (Figure 5A). Differentiation was hampered when cells were infected with shRNA directed against p22 phox , because the number of CD41/CD61 double-positive and CD42b positive cells (Figure 5B) and the levels of all megakaryocytic markers (Figure 5C) were significantly lower in these cells in comparison to control cells infected with the shRNA directed against luciferase.

These results, together with the results described in figures 3 and 4, suggest that one or more p22 phox NADPH oxidase-dependent complexes would be responsible for ROS production and that they would therefore be required for cell differentiation of both cell lines and human CD34 + cells. This strongly suggests that p22 phox NADPH oxidase-driven ROS production must also be important for in vivo megakaryocytopoiesis.

Analysis of signal transduction pathways activated during megakaryocytopoiesis

Since ROS could be affecting the signalling pathways that control megakaryocytic differentiation, we first decided to analyse the relevance of the signalling pathways activated during this specific differentiation. We detected the phosphorylation, and consequently the activation, of ERK and JNK in both cell lines, and the activation of AKT, STAT3 and STAT5 transcription factors in HEL cells (Supplementary Figure 7). The contribution of all these pathways to the differentiation process was analysed by the use of specific inhibitors. Regarding the expression of megakaryocytic markers (Table 1), a significant inhibition of their expression in both cells lines was observed when MEK was inhibited, this effect being more pronounced than with any other inhibitor. AKT inhibition also hindered the differentiation process. Surprisingly, however, the inhibition of PI3K had hardly any effect, suggesting a PI3K independent activation of AKT. The inhibition of JNK or JAK2 also had some effect, although limited to only some of the markers.

Regarding the state of the cells, only the inhibition of AKT diminished the percentage of viable cells, which could in part explain its effect on cell differentiation (Supplementary Figure 8).

In human CD34 + cells the picture was quite similar (Figure 6): the inhibition of MEK, AKT and JAK significantly decreased marker expression. The inhibition of PI3K seemed to increase CD42b levels significantly, but had no significant effect on CD41 or CD61 levels. Finally, the inhibition of JNK produced a significant increase in all megakaryocytic markers. These effects were also reflected in cell morphology, since the increase in cell size that accompanied the differentiation was prevented by the inhibition of MEK and AKT, but not by the inhibition of JNK (Fig 6D ).

NADPH oxidase ROS production is needed for the full activation of the signalling pathways that lead to megakaryocytic differentiation

Next we wondered whether these signalling pathways might somehow be affected by ROS.

To test this hypothesis, we analysed the activation of these pathways in the presence or absence of DPI. Our data showed that DPI hampered the activation of ERK in K562 (Figure 7A) and HEL cells stimulated with PMA (Figure 7B). DPI also seemed to hamper the weak activation of STAT3 and STAT5 in HEL cells stimulated with PMA (Figure 7B).

We then wondered whether this would also hold true for TPO signalling. As shown in figure 7C, DPI hampered the activation of AKT, STAT3 and STAT5 in HEL cells stimulated with TPO. Finally we looked at these signalling pathways in cells in which we had knocked-down the p22 phox protein. In these cells, the activation of ERK, STAT-5 or AKT was significantly lower with respect to the control cells (Figure 7D). Quantification analysis showed that the activation of all the signalling pathways needed for differentiation was significantly lower in the presence of DPI or in the cells where p22 phox had been knocked-down.

Overall, these results allow us to propose that NADPH oxidase-driven ROS production is required for complete activation of all signalling pathways needed for megakaryocytic differentiation. Thus, ROS would be acting upstream of all these signalling pathways.

DISCUSSION

The role of ROS as second messengers, the so-called "redox signalling", has been a recurrent theme in the field of signalling during the last few years. ROS production has mainly been related to cell growth [START_REF] Zhu | G-CSF induced reactive oxygen species involves Lyn-PI3-kinase-Akt and contributes to myeloid cell growth[END_REF] , only a few reports addressing their involvement in the triggering of specific differentiation programs being available [START_REF] Buggisch | Stimulation of ES-cell-derived cardiomyogenesis and neonatal cardiac cell proliferation by reactive oxygen species and NADPH oxidase[END_REF][START_REF] Tsatmali | Reactive oxygen species modulate the differentiation of neurons in clonal cortical cultures[END_REF][START_REF] Lee | A crucial role for reactive oxygen species in RANKL-induced osteoclast differentiation[END_REF] . Although ROS production in response to haematopoietic cytokines has long been known [START_REF] Sattler | Hematopoietic growth factors signal through the formation of reactive oxygen species[END_REF] , little is known about their possible involvement in haematopoiesis. Accordingly, we were therefore prompted to study this issue in depth using megakaryocytic differentiation as a system.

Here we show that ROS formation is required for megakaryocytic differentiation.

ROS formation was very rapid, in agreement with previous reports [START_REF] Iiyama | Reactive oxygen species generated by hematopoietic cytokines play roles in activation of receptor-mediated signaling and in cell cycle progression[END_REF] and was prevented by antioxidant treatment, which also hindered the differentiation process. The involvement of ROS was observed for both cell lines and primary cells studied, so it is also likely to occur also in vivo.

Different experimental approaches, such as the measurement of NADPH oxidase activity, the use of NADPH oxidases inhibitors, and p22 phox RNAi experiments, revealed that ROS production is a consequence of a p22 phox -dependent NADPH oxidase. In this sense, it should be noted that NADPH oxidases seem to be involved in ROS formation in response to G-CSF [START_REF] Zhu | G-CSF induced reactive oxygen species involves Lyn-PI3-kinase-Akt and contributes to myeloid cell growth[END_REF] . Therefore, we suggest that NADPH oxidase ROS production might be a mechanism common to all haematopoietic cytokines. Interesting issues in the future will be the identification of the specific NADPH oxidase(s) involved in megakaryocytic differentiation. It would be also interesting to analyse whether different haematopoietic cytokines work through specific NADPH oxidases. In this sense, it is known that HSCs express different Nox family members [START_REF] Piccoli | Bone-marrow derived hematopoietic stem/progenitor cells express multiple isoforms of NADPH oxidase and produce constitutively reactive oxygen species[END_REF] , whose particular roles are unknown, although according to our results it is possible that they could participate in the regulation of haematopoiesis.

Whichever the case, our results clearly show that NADPH oxidase activity is crucial in order for the redox signalling cascade that leads to megakaryocytic differentiation to be initiated.

TPO, probably the most important cytokine for megakaryocytopoiesis [START_REF] Guerriero | Inhibition of TPO-induced MEK or mTOR activity induces opposite effects on the ploidy of human differentiating megakaryocytes[END_REF] , activates different signalling pathways (JAK2/STAT, PI3K/AKT, MEK/ERK and JNK pathways) [START_REF] Abe | A novel MPL point mutation resulting in thrombopoietin-independent activation[END_REF] .

It has previously been proposed that the activation of ERK1/2 and JNK, together with the inhibition of p38 MAPK, would be crucial for K562 cell megakaryocytic differentiation [START_REF] Jacquel | A survey of the signaling pathways involved in megakaryocytic differentiation of the human K562 leukemia cell line by molecular and c-DNA array analysis[END_REF] .

Here we analysed the signalling pathways that are important for the megakaryocytic differentiation not only in K562, but also in HEL cells and human CD34 + cells. According to our results the inhibition of MEK, AKT and JAK2 prevented differentiation in all types of cells. The inhibition of JNK only had small effects in HEL cell differentiation, and the inhibition of PI3K had little effect on differentiation. The importance of MAPKs for megakaryocytopoiesis has long been known [START_REF] Whalen | Megakaryocytic differentiation induced by constitutive activation of mitogen-activated protein kinase kinase[END_REF] , so our data would support this. Previous reports have suggested that the PI3K/AKT pathway is not necessary for the differentiation of K562 cells [START_REF] Jacquel | A survey of the signaling pathways involved in megakaryocytic differentiation of the human K562 leukemia cell line by molecular and c-DNA array analysis[END_REF] , although other authors have related this pathway to the endomitosis process in CD34 + cells [START_REF] Guerriero | Inhibition of TPO-induced MEK or mTOR activity induces opposite effects on the ploidy of human differentiating megakaryocytes[END_REF] . Here, we demonstrate that whereas PI3K had no effect on differentiation, AKT inhibition strongly inhibited it, and these features were consistent in all types of cells studied. It is therefore likely that AKT would be activated through a mechanism not dependent on PI3K.

It is remarkable that the transient ROS burst proved to be so crucial for full activation of the signalling cascades and the triggering of the differentiation program to be achieved. Our results support this idea, because a PMA treatment of only two hours -time enough for the ROS burst to occur-is enough to induce cell differentiation. The ROS burst would be probably one of the first events during megakaryocytopoiesis, and according to our results ROS would be upstream of all the signalling cascades needed for differentiation. Nevertheless, the existence of a feed-forward loop is also possible; i.e., the assembly of the NADPH oxidase involved in differentiation might be under the control of some of the signalling pathways activated during the process, and the ensuing ROS production would have a positive effect leading to full activation of the signalling cascades. In this sense, it is important to note that NADPH oxidase complex assembly is dependent on p47 phox phosphorylation [START_REF] Bedard | The NOX family of ROS-generating NADPH oxidases: physiology and pathophysiology[END_REF] , that occurs in response to several different kinases [START_REF] El Benna | p47phox, the phagocyte NADPH oxidase/NOX2 organizer: structure, phosphorylation and implication in diseases[END_REF] , some of which are important for megakaryocytopoiesis.

The activation of different signalling pathways in response to ROS has been described previously [START_REF] Iiyama | Reactive oxygen species generated by hematopoietic cytokines play roles in activation of receptor-mediated signaling and in cell cycle progression[END_REF] , but the molecular mechanism underlying this observation is not completely understood. ROS seem to activate signalling cascades depending on the context; i.e. ROS production in response to G-CSF would be related to AKT activation but not to ERK activation [START_REF] Zhu | G-CSF induced reactive oxygen species involves Lyn-PI3-kinase-Akt and contributes to myeloid cell growth[END_REF] , whereas in our system ROS were involved in the activation of both pathways. Exactly how redox signalling produces these specific effects is an interesting question. One possibility would be that the different compartmentalization of NADPH oxidases 32 might activate different signals. Another possibility is that the molecular targets of ROS may differ, depending on the scenario. In our context, a key question for future studies would be to determine the mechanism by which ROS activate the signalling pathways required for megakaryocytic differentiation. One of the most widespread suggestions about the mechanism of action of ROS is the inhibition of the phosphatases that regulate these signalling pathways. In this regard, it has recently been shown that the inhibition of PP1α by ROS leads to the constitutive activation of the PI3K/AKT pathway in leukaemic cells [START_REF] Naughton | Bcr-Abl-mediated redox regulation of the PI3K/AKT pathway[END_REF] .

Additionally, it has been shown that ROS are also important for platelet release [START_REF] O'brien | 15-deoxy-delta12,14-PGJ2 enhances platelet production from megakaryocytes[END_REF] , this pointing to the importance of ROS not only in triggering the differentiation programs but also in terminal platelet release from mature megakaryocytes.

In sum, here we have shown for the first time that ROS production is required for megakaryocytic differentiation. A p22 phox -dependent NADPH oxidase activity is responsible for the ROS burst, leading to full activation of the signalling cascades required for differentiation. All the results obtained here hold true for cell lines and primary cells, and hence we propose that our observations may also be relevant for in vivo megakaryocytopoiesis. It will be interesting to identify the particular NADPH oxidase involved in this process and also to elucidate how ROS are able to activate the signalling cascades. These questions will be addressed in future studies. 

MATERIALS AND METHODS

Reagents

Cell lines

The human erythroleukaemic cell lines K562 and HEL were grown in RPMI medium supplemented with 10% FBS, 100 U/ml penicillin, 100 U/ml streptomycin and 2 mM Lglutamine. Cells (3x10 5 cells/ml) were treated with 20 nM PMA to induce megakaryocytic differentiation. With the exception of 50 µM AG490, which was added 60 min previously, all antioxidants or specific inhibitors were added 30 min before PMA at the following concentrations: 100µM NAC, 100 µM quercetin, 10 µM Trolox, 5 µM DPI, 10 µM U0126, 10 µM SP600125, 10 µM LY294002, 10 µM AKT Inhibitor X.

Human CD34 + purification

Human CD34 + cells were purified from adult peripheral blood volunteer donors or from umbilical cord blood. Low-density mononuclear cells (MNCs) were isolated by Ficoll-Hypaque density-gradient centrifugation, and CD34 + cells were then purified from Miltenyi MACS columns, according to the manufacturer's instructions. Cell purity, evaluated by flow cytometry with CD34 antibody, was around 98%. Cells were resuspended in Stem Cell Growth Medium (1x10 5 cells /ml) and subjected to megakaryocytic differentiation by treatment with 100ng/ml TPO during 7 days. Approval was obtained from the institutional review board of the University Hospital of Salamanca for these studies and informed consent for volunteer donors was provided according to the Declaration of Helsinki.

Differentiation analyses

Megakaryocytic differentiation was followed by the increase in megakaryocytic markers (CD42b, CD41 and CD61) and the decrease in the erythrocytic marker glycophorin A (GpA). Cells (5x10 4 ) were centrifuged, resuspended in 50 μl of PBS, and incubated 15 min at room temperature (in the darkness) after the addition of 5 μl of the corresponding antibody. Cells were then washed and resuspended in 200 μl of PBS. To determine DNA contents, cells were washed in PBS, fixed with 1:10 FACS lysing solution, permeabilized with 0.05% Triton X-100, and finally stained with 50 µg/ml PI. Samples were acquired with a FACScalibur Flow Cytometer using the CellQuest Pro Program (BD). The results were analysed with the WinMDI 2.9 Program. The increase in cell size was examined under an Olympus IX51 light microscope with a 40 x objective. Cells were also stained with May-Grünwald-Giemsa to visualize the morphological features of megakaryocytes;

i.e. larger cells, with polylobulated or polysegmented nuclei and a basophilic cytoplasm.

Measurement of intracellular ROS levels

The cell-permeant probe, 2',7'-dichlorofluorescein diacetate (DCFDA), which shows fluorescence when it is oxidized, was used to measure intracellular ROS. Cells were incubated with 10 μM DCFDA in RPMI plus 1% FBS at 37°C for 30 min, after which they were washed twice with PBS, resuspended in fresh complete medium and finally treated with 20 nM PMA. ROS production was measured by flow cytometry.

Measurement of extracellular O 2 -production

NADPH oxidase activity was followed by extracellular O 2 -production, that was measured by the SOD-inhibitable reduction of cytochrome C. Breafly, 2. 

Immunoblotting

Cells resuspended in MLB lysis buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 1%

Igepal, 10% glycerol, 10 mM MgCl 2 , 1mM EDTA, 25 mM NaF, 1mM Na 2 VO 4 , plus proteinase inhibitors) were incubated on ice for 20 min, and non-soluble material was eliminated by centrifugation. Protein concentrations were determined using the Bradford assay. The samples were then subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and the proteins were transferred onto polyvinylidene fluoride (PVDF) membranes, as described previously [START_REF] Hernandez-Hernandez | Alterations in erythrocyte membrane protein composition in advanced non-small cell lung cancer[END_REF] . Non-specific binding was blocked with 5% non-fat dry milk or 5% Top-Block. Incubation with primary antibodies at the appropriate dilution was performed at 4ºC overnight. Secondary antibody incubation was performed at room temperature for 1 h. Blots were visualized by chemiluminescence using ECL-Plus reagent.

p22 phox RNA interference p22 phox levels were down-regulated by RNA interference (RNAi) using the pSUPERneo/GFP vector carrying the Pol III-dependent H1 promoter [START_REF] Diaz-Hernandez | Knockdown of glutamate-cysteine ligase by small hairpin RNA reveals that both catalytic and modulatory subunits are essential for the survival of primary neurons[END_REF] . An oligonucleotide against firefly luciferase was used as a control [START_REF] Diaz-Hernandez | Knockdown of glutamate-cysteine ligase by small hairpin RNA reveals that both catalytic and modulatory subunits are essential for the survival of primary neurons[END_REF] . Four different p22 phox target sequences were used: 5'-CCATGTGGGCCAACGAACA-3', 5'-ACATGACCGCCGTGGTGAA-3', 5'-TACTTTGGTGCCTACTCCA-3', 5'-AGATCGGAGGCACCATCAA-3'. 10 7 cells were transfected with 25μg of DNA by electroporation using a Bio-Rad Gene Pulser (300 V, 60

Ohms, 960 μF). Transfected cells were selected by treatment with G418 for 2 weeks (0.25 mg/ml for K562, and 0.125mg/ml for HEL cells). Human CD34 + cells RNAi was performed as described before [START_REF] Carcamo-Orive | ERK2 protein regulates the proliferation of human mesenchymal stem cells without affecting their mobilization and differentiation potential[END_REF] . The H1-shRNA expression cassette was excised from pSUPER vector and cloned in the lentiviral pLVTHM plasmid using EcoRI-ClaI sites.

Viral particles were produced in human embryonic kidney 293T cells seeded in highglucose DMEM containing 10% FBS. pRRE, pREV, phCMV-GALV-TR and the lentiviral vector pLVTHM containing both the GFP reporter gene and the shRNA sequence were transfected in the packaging cell line by calcium phosphate precipitation in the presence of 25 μΜ chloroquine. Human CD34 + cells were seeded in 12-well retronectin-coated plates (5μg/cm 2 ) in which GALV-TR pseudotyped lentiviral vectors had been preloaded and were cultured in Stem Cell Growth Medium plus 100ng/ml TPO. The mean multiplicity of infection (MOI), determined using HT1 cells, was approximately 10 infectious particles/target cell. After 24 hours cells were transferred to a new well with fresh medium.

GFP expression was analysed by FACS analysis. Differentiation analyses were carried out on day 7.

Cell viability analysis

Cell cultures and differentiation were performed as described above. Cell viability was determined by the annexin V-PE/7-AAD apoptosis detection kit from BD Pharmigen.

Briefly, 5x10 5 cells were washed and resuspended in Binding Buffer (1:10 diluted in H 2 O).

5 μl of Annexin V-PE and 5 μl 7-AAD were added and incubated for 15 minutes. For every condition 50000 events were collected and analysed. The percentage of viable cells (Annexin V-PE/7-AAD double negative cells) was calculated with the WinMDI 2.9

Program.

MTT proliferation assay

Cell proliferation was studied by the MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide). Cells cultured and differentiated as described above were washed with PBS and then resuspended in PBS containing 0.5 mg/ml MTT and incubated at 37ºC during 75 minutes. Cells were then washed in PBS and finally resuspended in a suitable volume of DMSO. Absorbance was measured at 570 nm.

Mitochondrial potential assay

Mitochondrial potential was measured by the accumulation of TMRE (tetramethyl rhodamine ethyl ester). Cells cultured and differentiated as described above, were incubated with 10 nM TMRE in RPMI plus 1% FBS at 37°C for 30 min, after which they were washed twice with PBS, and resuspended in PBS. TMRE fluorescence was measured by flow cytometry.

Statistical analyses

Data are expressed as means ± SD. Statistical analyses were performed using Student's t-test. Differences were considered statistically significant when p < 0.05. 

  RPMI medium, fetal bovine serum (FBS), penicillin, streptomycin and L-glutamine were from LONZA (Barcelona, Spain). Recombinant human thrombopoietin (TPO) and Stem Cell Growth Medium were from Cellgenix GmbH (Freiburg, Germany). Phorbol 12myristate 13-acetate (PMA), 2',7'-dichlorofluorescein diacetate (DCFDA), propidium iodide (PI), dimethyl sulfoxide (DMSO), diphenyleneiodonium chloride (DPI), N-acetyl-Lcysteine (NAC), quercetin, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), chloroquine, Top-Block, anti-β tubulin and the selective inhibitor of c-Jun Nterminal kinase (JNK) SP600125, cytochrome C, NADPH, SOD, MTT, TMRE were from Sigma-Aldrich Spain. Phosphatidylinositol 3-Kinase (PI3K) specific inhibitor LY294002, AKT inhibitor X, JAK2 selective inhibitor AG490 and G418 sulphate were from Calbiochem, Darmstadt, Germany. MEK inhibitor U0126 was from Promega Biotech Iberica, Spain. Flow cytometry antibodies (CD42b-FITC, CD42b-PerCP, CD41-PE, CD61-APC, GpA-PE) were from Inmunostep, Salamanca, Spain. Antibodies against p-AKT (Ser 473), p-SAPK/JNK (Thr183/Tyr185), p-Stat3 (Tyr 705), p-Stat5 (Tyr 694) were from Cell Signalling Technology, Danvers MA, USA. Antibodies against p-ERK (E-4), ERK 1 (K-23), AKT 1/2/3 (H-136), JNK1 (FL), Stat3 (F-2), Stat5 (H-134) and p22 phox (C-17) were from Santa Cruz Biotechnology, CA, USA. Polyvinylidene fluoride (PVDF) membranes and ECL-Plus reagent were from GE Healthcare, Barcelona, Spain. CD34 + Microbead Kit was from Miltenyi Biotec, Madrid, Spain. FACS lysing solution and apoptosis detection kit were from BD Bioscience, Madrid, Spain. Retronectin was from Takara (France).

  5x10 5 cells were resuspended in 200 μl of PBS containing 250 μM citocrome C and 100 μM NADPH and stimulated with different concentrations of PMA in the presence or absence of 50 U of SOD or 50 μM DPI. Citochrome C reduction was recorded at 37ºC in an ELISA-reader at 550 nm. The amount of O 2 -released was calculated using an extinction coefficient of 21 mM -1 cm -1 .

Figure 1 .

 1 Figure 1. ROS production is required for megakaryocytic differentiation of K562 and HEL cells. (A) HEL and K562 cells were stimulated with 20 nM PMA and intracellular ROS production was measured by flow cytometry in cells labelled with DCFDA in the presence or absence of 100 μM quercetin at different time points. ROS levels were normalized to those of untreated cells. (B) Quercetin hindered the megakaryocytic differentiation; the results show the megakaryocytic marker (CD41 & CD61) or erythrocytic marker (GpA) fold-increase with respect to control cells in HEL and K562 cells (C) after 48 h of differentiation. For PMA-differentiated cells, control cells were treated with vehicle (dimethyl sulfoxide or DMSO) diluted 10 5 times. For PMA + quercetin treatment, control cells were treated with DMSO + 100 μM quercetin. The results are the means ± SD of 4 different experiments. +++ p < 0.001 reflects significant differences of PMA-treated cells with respect to undifferentiated cells. *** p < 0.001, ** p < 0.01, * p < 0.05 reflect significant differences of PMA + quercetin treatment when compared to PMA-treated cells. Cell staining with May-Grünwald-Giemsa of HEL (C) and K562 cells (D) treated with PMA for 96 h in the presence or absence of 100 μM quercetin.

Figure 2 .

 2 Figure 2. ROS production is required for megakaryocytic differentiation of human CD34 + cells. Human CD34 + cells were isolated from peripheral blood. (A) CD34 + cell purity was above 98%. (B) Intracellular ROS production in response to 100 ng/ml TPO was measured by flow cytometry in cells labelled with DCFDA in the presence or absence of 10 μM Trolox. ROS levels were normalized to those of untreated cells. Cells were differentiated by treatment with 100 ng/ml TPO in the presence or absence of 10 μM Trolox or 100 μM NAC for 7 days and the following analysis were carried on: (C) Cell staining with May-Grünwald-Giemsa; (D) Megakaryocytic differentiation marker levels (CD42b, CD41 & CD61), a representative experiment is shown; (E) The marker levels (means ± SD of 4 different experiments) are shown. +++ p < 0.001, ++ p < 0.01, + p < 0.05

Figure 3 .

 3 Figure 3. NADPH oxidase activity is required for megakaryocytic differentiation of K562 and HEL cells. (A) NADPH oxidase activity measured by extracellular superoxide (O 2 -) production in HEL and K562 cells in response to 20 μM PMA in the presence or absence of 50 U SOD or 50 μM DPI (means ± SD of 3 different experiments performed in triplicate). HEL and K562 cells were differentiated with 20 nM PMA in the presence or absence of 5 μM DPI, and the following parameters were analysed: (B) Intracellular ROS production was measured by flow cytometry cells labelled with DCFDA. ROS levels in response to PMA or PMA plus DPI were normalized to those of untreated cells; (C) Microphotograph of HEL cells treated with PMA alone or PMA plus DPI for 72 and 96h; (D) Cell staining with May-Grünwald-Giemsa of cells differentiated during 96h in the presence or absence of DPI; (E) Megakaryocytic marker expression was analysed by flow cytometry in cells differentiated during 48h in the presence or absence of DPI; the marker levels (means ± SD of 4 different experiments) are shown; (F) Polyploid cells were identified by PI staining after 48h of differentiation. +++ p < 0.001, + p < 0.05 when compared to PMA-untreated control cells; *** p < 0.001, ** p < 0.01, * p < 0.05 when compared to PMA-treated cells.

Figure 4 .

 4 Figure 4. A p22 phox -dependent NADPH oxidase activity is required for megakaryocytic differentiation of K562 and HEL cells. p22 phox expression was downregulated by RNAi experiments in HEL and K562 cells. Four different p22 phox target sequences were used (72/73, 74/75, 76/77 and 78/79) and a sequence directed against firefly luciferase was used as a control. (A) Immunoblot showing that the four shRNA used were able to reduce p22 phox levels in HEL and K562 cells. (B) NADPH oxidase activity measured by extracellular superoxide (O 2 -) production in HEL and K562 cells subjected to the RNAi experiments in response to 20 μM PMA (means ± SD of 3 different experiments performed in triplicate, *** p < 0.001). The different cells were subjected to

Figure 5 .

 5 Figure 5. A p22 phox -dependent NADPH oxidase activity is required for megakaryocytic differentiation of human CD34 + cells. . Human CD34 + cells isolated from umbilical cord blood cultured in Stem Cell Growth Medium plus 100ng/ml TPO. (A) CD34 + cell purity was above 98% after cell sorting (Day 0); CD41a, CD61 and CD42b protein expression was analysed at day 0; megakaryocytic differentiation was checked after 7 days of culture in the presence of TPO (100 ng/ml). A representative experiment is shown. (B) CD34 + cells were infected with lentivirus carrying an H1 promoter-shRNA cassette and GFP as a marker. Three different p22 phox target sequences (74/75, 76/77 and 78/79) and a sequence directed against firefly luciferase, used as a control. Percentages of cell differentiation (CD42b-positive cells and CD41/CD61-double-positive cells) in the GFP + cells of every single shRNA relative to the control (Luc GFP + infected cells) are shown. (C) Megakaryocytic marker levels were lower in cells infected with p22 phox shRNA target sequences (74/75, 76/77 and 78/79) than in control cells. Results show the mean ± SD of two independent experiments with each target sequence.

Figure 6 .

 6 Figure 6. Analysis of signalling pathways involved in the megakaryocytic differentiation of human CD34 + cells. Human CD34 + cells were subjected to differentiation by treatment with 100 ng/ml TPO in the presence or absence of specific inhibitors for MEK (10 µM U0126), JNK (10 µM SP600125), PI3K (10 µM LY294002), AKT (10 µM AKT Inhibitor X) and JAK2 (50 µM AG490). (A) CD34 + cell purity was above 99%. (B) A representative experiment showing the effect of these inhibitors on the expression of differentiation markers. (C) Megakaryocytic marker levels (means ± SD of 4 different experiments) are shown. +++ p < 0.001 when compared to undifferentiated

Figure 7 .

 7 Figure 7. ROS production is required for activation of the signalling pathways that control megakaryocytic differentiation. Activation of signalling cascades was analysed by immunoblotting with antibodies that recognized the phosphorylated/active forms of ERK, AKT, STAT3 and STAT5. The same membranes were stripped and reprobed to check the total levels of these proteins. In order to know if NADPH oxidase ROS production was important for the activation of these signalling cascades, their activation was analysed in the presence or absence of DPI, and in cells where the p22 phox RNAi had been performed. The levels of the phosphorylated/active forms were quantified and normalised respect to the total levels of these proteins; numbers are depicted below the blots. The histograms represent the percentage of activation reached in the different experimental conditions (means ± SD; n= number of different samples analysed coming from between 2 and 4 independent experiments, *** p < 0.001). (A) Levels of phosphorylated ERK in K562 cells stimulated with 20 nM PMA in the presence or absence of 5 μM DPI. (B) Levels of the phosphorylated forms of ERK, STAT3 and STAT5 in HEL cells stimulated with 20 nM PMA in the presence or absence of 5 μM DPI. (C) Levels of the phosphorylated forms of AKT, STAT3 and STAT5 in HEL cells stimulated with 100 ng/ml TPO in the presence or absence of 5 μM DPI. (D) Signalling pathway activation in cells where p22 phox protein had been down-regulated was impaired with respect to control cells. A representative experiment is depicted showing the activation of ERK in K562 cells and the activation of STAT5 and AKT in HEL cells.
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  Figure 5

Table 1 . Effect of different signalling pathway inhibitors on megakaryocytic marker expression in K562 and HEL cells

 1 Cells were treated with 20 nM PMA for 48 h in the presence or absence of 10 μM U0126 (MEK inhibitor), 10 μM LY294002 (PI3K inhibitor), 10 μM AKT Inhibitor X, 10 μM SP600125 (JNK inhibitor) or 50 μM AG490 (JAK inhibitor). The results show the megakaryocytic marker (CD42b, CD41 & CD61) or erythrocytic marker (GpA) fold-increase with respect to control cells. For PMA-differentiated cells, control cells were treated with vehicle (DMSO) diluted 10 5 times. For PMA + inhibitor

	K562

treatment, control cells were treated with DMSO + inhibitor. The means ± SD of 4 different experiments are shown. +++ p < 0.001, reflects significant differences of PMA-treated cells with respect to undifferentiated cells. *** p < 0.001, ** p < 0.01, * p < 0.05 reflect significant differences of different inhibitor treatments when compared to PMA-treated cells

Acknowledgments

This work was supported by MCINN (BFU2006-10362, BFU2009-10568 and CSD2007-00015), by JCyL (SA010A10-2 and SA126A071) and FIS (PS09/01075). J.L.S. was a recipient of a predoctoral fellowship from the Regional Government of Castile and León, Spain. We thank Dr C. Calés for providing us with HEL cells and Dr J.P. Bolaños for the pSuperLuc plasmid. We thank Dr M. Díez Campelo for her assistance with the morphological analysis. We also thank N. Skinner for reviewing the English version of this paper.

Conflict of interest

The authors declare that they have no conflict of interest