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Reactive Oxygen Species Derived from NOX3 and NOX5 Drive Differentiation of Human Oligodendrocytes
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Reactive oxygen species (ROS) are signaling molecules that mediate stress response, apoptosis, DNA damage, gene expression and differentiation. We report here that differentiation of oligodendrocytes (OLs), the myelin forming cells in the CNS, is driven by ROS. To dissect the OL differentiation pathway, we used the cell line MO3-13, which display the molecular and cellular features of OL precursors. These cells exposed 1–4 days to low levels of H2O2 or to the protein kinase C (PKC) activator, phorbol-12-Myristate-13-Acetate (PMA) increased the expression of specific OL differentiation markers: the specific nuclear factor Olig-2, and Myelin Basic Protein (MBP), which was processed and accumulated selectively in membranes. The induction of differentiation genes was associated with the activation of ERK1-2 and phosphorylation of the nuclear cAMP responsive element binding protein 1 (CREB). PKC mediates ROS-induced differentiation because PKC depletion or bis-indolyl-maleimide (BIM), a PKC inhibitor, reversed the induction of differentiation markers by H2O2. H2O2 and PMA increased the expression of membrane-bound NADPH oxidases, NOX3 and NOX5. Selective depletion of these proteins inhibited differentiation induced by PMA. Furthermore, NOX5 silencing down regulated NOX3 mRNA levels, suggesting that ROS produced by NOX5 up-regulate NOX3 expression. These data unravel an elaborate network of ROS-generating enzymes (NOX5 to NOX3) activated by PKC and necessary for differentiation of OLs. Furthermore, NOX3 and NOX5, as inducers of OL differentiation, represent novel targets for therapies of demyelinating diseases, including multiple sclerosis, associated with impairment of OL differentiation.
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INTRODUCTION

Reactive oxygen species (ROS), including hydrogen peroxide (H2O2), superoxide anion ([image: image]) and hydroxyl radical (•OH), are highly reactive molecules generated by the chemical transformation of oxygen inside the cells. High levels of ROS induce cell damage causing oxidation of macromolecules and play an important role in the pathogenesis of many disorders, including inflammatory and neurodegenerative diseases (Maes et al., 2011). However, controlled ROS generation play a physiological role in redox-sensitive gene expression and cell signaling by regulating physiological processes (Sauer et al., 2001; D’Autréaux and Toledano, 2007).

A growing body of evidence links cell differentiation with ROS generation (Burdon and Rice-Evans, 1989; Rao and Berk, 1992). Redox sensitive signaling pathways have also a role in the development of nervous system cells (Morrison, 2001; Kageyama et al., 2005; Kennedy et al., 2012). In addition, in the adult brain the oxygen tension is one of important factor driving the proliferation and differentiation of Neural Stem Cells (NSC) (Panchision, 2009). A direct role of ROS in neuronal differentiation has been demonstrated in vitro in PC12 (Katoh et al., 1997) or neuroblastoma cells (Nissen et al., 1973). ROS dependent signaling is also involved in glial cells specification and differentiation (Cavaliere et al., 2012). In oligodendrocyte (OL) a key determinant of the balance between self-renewal and differentiation is the intracellular redox state of precursor cells (Smith et al., 2000). OLs are responsible in CNS for myelin sheath formation assuring the fast saltatory transmission of the action potentials in neurons. In the adult brain, the turnover of OLs and myelination take place continuously ensuring continuous myelin formation. OLs originate from OL precursor cells (OPCs) (Clemente et al., 2013). These cells progress through pre-OLs, immature OLs and mature non-myelinating OLs, before reaching their final stage of post-mitotic myelin forming cells. Each step of maturation is characterized by the expression of specific markers (Baumann and Pham-Dinh, 2001). It is likely that any redox unbalance in OPC or OL may alter terminal differentiation and seriously compromise the formation of myelin forming cells. Multiple sclerosis (MS) is an inflammatory autoimmune disease characterized by multifocal demyelinating lesions in the white matter of CNS. OL replacement and remyelination rarely occur in MS lesions (Franklin and Ffrench-Constant, 2008; Lopez Juarez et al., 2015), suggesting that impaired OL differentiation may represent the ultimate consequence of OL-targeted inflammation. It is known that inflammation leads to the activation of oxidative stress and, as a consequence, high levels ROS can be achieved within MS lesions influencing the local environment where OPCs maturation and remyelination occurs (di Penta et al., 2013).

Our data suggest that maturation of OL is tightly associated to redox balance and the two NOX3 and 5 enzymes seem to be relevant modulators of ROS homeostasis in OL. ROS are generated by different systems such as mitochondrial electron transport chain enzymes, xanthine/xanthine oxidase system and membrane NADPH oxidases (NOXs), which were originally found in phagocytic cells. In mammalian there are seven NOX genes encoding distinct catalytic subunits, namely NOXs 1-5 and DUOX1-2 (Bedard and Krause, 2007). There are several structural and functional differences among NOXs isoforms (Lambeth, 2004). NOX1-4 share a common structure characterized by six trans-membrane helices and a short N-terminus. The catalytic subunits of NOX1-4 are associated with the integral membrane protein, p22phox. NOX1-3 require membrane translocation of cytosolic components for their activity. NOX5 is activated by calcium ions. NOXs isoforms are differentially expressed in cells and tissues; in many cases, multiple NOXs are expressed in the same cell type with different subcellular localization and functions (Santillo et al., 2015).

NOX-derived ROS seem to be involved in NMDA-induced OL differentiation in the subventricular region in rat brain (Cavaliere et al., 2013). However, little is known about the modulation of NOX expression during OLs differentiation and the role of the different NOX isoforms. This is relevant because different subcellular localization of NOXs may determine the availability of ROS in specific cell compartments (Li et al., 2006; Oakley et al., 2009; Prosser et al., 2011). However, we wish to note that most of our knowledge about the biology of OLs derives from studies in rodents and therefore the role of NOXs-dependent redox signaling in human model of OL differentiation has not yet been thoroughly addressed.

Here we sought to evaluate the involvement of redox signaling dependent by NOXs isoforms in the molecular mechanisms leading to human OLs differentiation. To this end we evaluated the effects of low levels of H2O2 and the involvement of the membrane-bound superoxide generating NADPH oxidase NOXs in human OL differentiation.

We report that OL cells MO3-13, with the phenotypic characteristics of human OPCs, express NOX3 and NOX5 isoforms and when exposed to low H2O2 levels (200 μM H2O2), express early and late OL differentiation markers. Moreover, OL differentiation, induced by 100 nM Phorbol-12-Myristate-13-Acetate (PMA) in the absence of serum, is dependent on ROS generated by these two NOXs isoforms.

MATERIALS AND METHODS

Cell Cultures

The MO3-13 cells (CELLution Biosystem Inc., Canada) are an immortal human–human hybrid cell line with the phenotypic characteristics of primary OLs, derived from the fusion of a 6-thioguanine-resistant mutant of a human rhabdomyosarcoma with OLs obtained from adult human brain. They were grown in Dulbecco’s Modified Eagles Medium (DMEM; GIBCO Invitrogen), containing 4.5 g/L glucose (GIBCO, Auckland, New Zealand), supplemented with 10% Fetal Bovine Serum (FBS; Sigma S. Louis, USA), 100 U/ml penicillin and 100 μg/ml streptomycin. The cells were kept in a 5% CO2 and 95% air atmosphere at 37° C.

PMA and H2O2 Cell Treatment

The cells were differentiated in FBS-free DMEM, supplemented with 100 nM of Phorbol-12-Myristate-13-Acetate (PMA; Sigma–Aldrich) until 4 days and the FBS-free medium containing PMA was replaced every day.

To study the effects of chronic H2O2 treatment on OL differentiation, MO3-13 cells were incubated with 200 μM of H2O2 until 4 days in complete medium in the absence of any other differentiation stimulus and the medium containing H2O2 was replaced every day.

When not differentiated cells were compared to 1 or 4 days differentiated cells, the treatments were staggered to allow harvesting all cell samples at the same time.

Flow Cytometric Assay of Cell Viability

The toxicity of H2O2 treatment was tested by cytofluorimetric analysis of Propidium Iodide (PI) staining of PMA-differentiated (4 days) and not differentiated MO3-13 cells. Both cell samples, plated in 35 mm Petri dishes, were treated with increasing doses of H2O2 (200, 400, 600, 800, and 1000 μM) for 18 h in medium without serum. After trypsinization and wash in PBS, the cells were resuspended in 500 μl of PBS and 1 μg/ml of PI was added before the flow cytometric analysis of PI-positive cells performed with a FCSscan apparatus (Becton-Dickinson). Data were analyzed using WinMDI 2.9 software.

Inhibitors Treatment and PKC Depletion

MO3-13 cells were preincubated for 1 h with 1-(4-Hydroxy-3-methoxyphenyl)ethanone, also known as Apocynin (50 μM, Sigma–Aldrich) or for 30 min with Bisindolylmaleimide VIII acetate (BIM, 100 μM, Sigma–Aldrich), N-acetyl Cysteine (NAC, 200 μM, Sigma–Aldrich), Cu,Zn superoxide dismutase (SOD1, 400 ng/ml) and then stimulated for 4 days with PMA (100 nM) or with H2O2 (200 μM).

Protein kinase C-depleted MO3-13 cells were prepared by treating the cells with PMA 1 μM for 24 h in medium containing 0.2% FBS (Rogers et al., 1990) and then stimulated with H2O2 (200 μM) for 30min.

Western Blotting Analysis

MO3-13 cell lysates were obtained in RIPA buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP40, 0.5% deoxycholate, 0.1% sodium dodecyl sulphate (SDS) containing 2.5 mM Na-pyrophosphate, 1 mM β-glycerophosphate, 1 mM NaVO4, 1 mM NaF, 0.5 mM phenyl-methyl-sulfonyl-fluoride (PMSF), and a cocktail of protease inhibitors (Roche Applied Bioscience). The cells were kept for 15 min at 4°C and disrupted by repeated aspiration through a 21-gage needle. Cell lysates were centrifuged for 10 min at 11,600 × g and the pellets were discarded. Fifty micrograms of total proteins were subjected to SDS – 10% polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions. After electrophoresis, the proteins were transferred onto a nitrocellulose filter membrane (GE-Healthcare, Amersham PI, UK) with a Trans-Blot Cell (Bio-Rad Laboratories, Berkeley, CA, USA) and transfer buffer containing 25 mM Tris, 192 mM glycine, 20% methanol. For proteins detection membranes were placed in 5% non-fat milk in tris-buffered saline, 0.1% Tween 20 (TBST, Bio-Rad Laboratories) at room temperature for 2 h to block the non-specific binding sites. Filters were incubated with specific rabbit polyclonal antibodies against Olig-2 (Millipore), p-Creb (Ser 133) (Millipore), NOX3 (abcam), NOX5 (abcam), p-PKCα (Ser657) (Upstate) or a specific mouse polyclonal antibody against p-Erk (Santa Cruz Biotecnology, INC.), and then incubated with a peroxidase-conjugated anti-rabbit or anti-mouse secondary antibody (GE-Healthcare, UK). Peroxidase activity was detected with the enhanced chemiluminescence (ECL) system (GE-Healthcare). To normalize for sample loading and protein transfer the membranes were then stripped and reprobed with an anti α-tubulin antibody (Sigma–Aldrich) or an anti Total Erk 1–2 (Santa Cruz Biotecnology, INC.). Protein bands were revealed by ECL and, when specified, quantified by densitometry using ImageJ software.

Flow Cytometric Analysis of Myelin Basic Protein (MBP)

Cells were grown to semiconfluency in 60-mm culture dishes. After detachment by trypsin, 5 × 105 cells are suspended in 1 mL of phosphate buffered saline (PBS) and fixed overnight with 1% formaldehyde at room temperature. Next, cells were permeabilized with 0.1% Triton X-100 for 40 min at 4°C, washed 4x with PBS containing 2% FBS, 0.01% NaN3, 0.1% Triton X-100 (buffer A), and incubated for 45 min at 4° C with 1:50 dilution of rabbit polyclonal anti-human MBP Ig. The cells were then washed twice with the same buffer and incubated for 45 min at 4°C with Cy3-conjugated anti-(rabbit IgG) Ig at 1:50 dilution. Control cells were incubated with Cy3-conjugated anti-(rabbit IgG) Ig alone. After two washes in buffer A, cells were resuspended in PBS and analyzed by flow cytometry using FACSCAN (BD, Heidelberg, Germany) and WINMDI 2.9 software.

Fluorimetric Determination of ROS and Superoxide Levels

Reactive oxygen species levels were determined by the membrane-permeant ROS sensitive fluorogenic probe 5,6-carboxy-2′, 7′-dichlorofluoresceindiacetate, DCHF-DA (Molecular Probes, Leiden, The Netherlands). MO3-13 cells were grown to semi-confluence in 24 multiwell plates and incubated for 18 h in medium containing 0.2% FBS before the experiments. Cells were preincubated for 30 min with NAC (200 μM) or SOD1 (400 μg/ml). The cells were washed twice with PBS and incubated in the same buffer with 10 μM DCHF-DA for 10 min. Then, cells were washed three times with PBS containing 10 mM glucose, 1.2 mM MgCl2 and 1.2 mM CaCl2 and dichlorofluorescein (DCF) fluorescence was measured at different time intervals using the plate reader Fluoroskan Ascent FL fluorometer (Thermo Electron Oy, Vantaa, Finland) and data analyzed by Ascent software.

Superoxide levels were assayed by flow cytometry using two different fluorescent probes, Dihydroethidium (DHE) (Molecular ProbeTM) or the mitochondria-targeted equivalent MitoSOXTMRed reagent (Molecular ProbeTM). MO3-13 cells were grown to semi-confluence in 60-mm culture dishes and incubated for 18 h in medium containing 0.2% FBS.

For the DHE staining the cells were preincubated for 30 min with Cu,Zn superoxide dismutase (SOD1, 400 ng/ml) and stimulated for 30 min with PMA (100 nM). After incubations the cells were washed twice with PBS and incubated with DHE (10 μM) for 30 min at 37°C, protected from light. For the MitoSOXTMRed staining the cells were stimulated for 30 min with PMA (100 nM), washed twice with PBS and incubated in the same buffer with 5 μM MitoSOXTMRed reagent for 10 min at 37°C, protected from light.

Then, for both assays, the cells were washed twice with PBS, trypsinized and centrifuged at 2000 rpm for 5 min, and then resuspended in PBS. The cells were analyzed using FACSCAN flow cytometer (BD, Heidelberg, Germany) and WINMDI 2.9 software.

Immunofluorescence Confocal Microscopy

MO3-13 cells were grown on glass coverslip under culture conditions described in the specific experiments. Then, the medium was removed and cells immediately fixed in 3.7% Paraformaldehyde in PBS with 2% Sucrose, pH 7.4, for 5 min at 22°C, and, after two washes in PBS with 2% Sucrose, permeabilized for 10 min at 4°C with 0.01% Saponin (Sigma–Aldrich, from quillaja bark) in PBS for MBP staining; cells were permeabilized for 5 min at 4°C with 0.1%Triton X-100 in 20 mM Hepes, 300 mM Sucrose, 50 mM NaCl, 3 mM MgCl2 for Olig-2 staining.

The cells, after blocking with 20% FBS in PBS with 0.01% Saponin for 30 min at 4°C, were labeled with primary rabbit-polyclonal anti human MBP antibody (Millipore Upstate) or after blocking with 20% FBS in PBS for 30 min at 4°C, were labelled with primary rabbit polyclonal anti human Olig-2 antibody (Millipore). The cells were washed and labeled with secondary Cy3-conjugated anti-rabbit IgG (Jackson ImmunoResearch, USA). Controls were incubated with secondary antibodies alone. After treatment with nuclear marker, 4′,6-diamidino-2-phenylindole (DAPI), the coverslips were briefly washed first, in PBS and then in distilled water, and finally mounted on glass slides for microscopy examination. Cells were analyzed with a Zeiss LSM 510 Meta laser scanning confocal microscope.

Afterward, images were analyzed using the ImageJ software: we set the threshold on the maximum fluorescent value of the sample treated only with secondary antibody, and quantified 25 cells for each sample. Regions of interest (ROI) were defined to restrict the analysis to a spatially confined cellular area.

RNA Interference

Human NOX3, NOX5 and PKCα small interfering RNAs ON-TARGETplus (siRNAs) were obtained from Dharmacon (USA). Transfection was carried out by Neon Transfection System by Life Technology (Invitrogen). The experimental conditions were optimized for MO3-13 cells: voltage 1700, width 20 ms, 1 pulse and transfection efficiency (70 ± 7%) was evaluated using 2 μg of Green Fluorescent Protein (GFP). Percent of GFP positive cells were evaluated after 48 h of transfection by flow cytometry using FACSCAN (BD, Heidelberg, Germany) and WINMDI software.

Cells were dissociated by a brief treatment with trypsin-ethylenediaminetetraacetic acid (EDTA), and counted. siRNAs were introduced into each 1 × 106 dissociated cells in 300 μl volume according to manufacturer’s instructions; electroporated cells were then seeded into culture dishes containing pre-warmed culture media.

NOX3 and NOX5 knockdowns were tested by immunoblot and RT-PCR too. PKCα knockdown was tested by immunoblot for p-PKCα. As controls were used “non-targeting” (NT) scrambled siRNAs. In all experiments siRNAs were used at a final concentration of 100 nM.

RNA Isolation

Total RNA was extracted using TRIzol reagent according to the protocol provided by the manufacturer (Sigma–Aldrich). Total RNA (1 μg) was reverse transcribed using Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Science) by oligo-dT primers for 30 min at 55°C in a 20 μl reaction volume.

Qualitative PCR

Qualitative PCR was performed using Hot Master Taq DNA Polymerase (5PRIME) in 20 μl final volume containing 0.2 mM dNTP, 0.2 μM of the specific primers and 100 ng of sample cDNA. The PCR conditions used were 94°C 2 min, (94°C 30 s, 60°C 30 s, 70°C 30 s) and 70°C 5 min in GeneAmp PCR Sysyem 9700 (Applied Biosystem Inc, USA). The reactions were carried out at different cycles (30–35).

Real-Time PCR

Real-time PCR was performed using LightCycler480 II System (Roche) in 96-well optical reaction plates and in a 20 μl final volume containing 10 μl of LightCycler480 SYBR GREEN I Master (Roche Applied Science), 1 μl of each gene-specific primer and 50 ng of sample cDNA. Gene-specific primers were designed to selectively amplify MBP, Olig-2, NOX1, NOX2, NOX3, NOX4 and NOX5, and relative expression values were normalized using glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The SYBR GREEN fluorescence was measured at each extension step. The Threshold Cycle (Ct) reflects the cycle number at which the fluorescence generated crosses an arbitrary threshold. Melting curve analysis was performed to determine the specificity of the reaction. Real-time PCR was conducted in triplicate for each sample and the mean value was calculated.

Primers used in these studies are the following:

MBP: (F), CTC CAT CGG GCG CTT CTT TG (R), CGG GTG GTG TGA GTC CTT GT

OLIG-2: (F), CCA GAG CCC GAT GAC CTT TTT (R), CAC TGC CTC CTA GCT TGT C

Human NOX1 (F), TTA ACA GCA CGC TGA TCC TG (R), CAC TCC AGT GAG ACC AGC AA

Human cytochrome b-245, beta polypeptide (CYBB, alias NOX2): (F), GGA GTT TCA AGA TGC GTG GAA ACT A (R), GCC AGA CTC AGA GTT GGA GAT GCT

Human NOX 3: (F), CCA GGG CAG TAC ATC TTG GT (R), CCG TGT TTC CAG GGA GAG TA

Human NOX4: (F), GCT TAC CTC CGA GGA TCA CA (R), CGG GAG GGT GGG TAT CTA A

Human NOX5: (F), ATC AAG CGG CCC CCT TTT TTT CAC (R), CTC ATT GTC ACA CTC CTC GAC AGC

Human GAPDH: (F), AGG CTG AGA ACG GGA AGC (R), CCA TGG TGG TGA AGA CGC

Statistical Analysis

Statistical differences were evaluated using a Student’s t-test for unpaired samples.

RESULTS

Differential Effects of H2O2 on Viability of MO3-13 Precursor or Differentiated Cells

To evaluate whether ROS influence human OLs differentiation, we analyzed the effects of H2O2 on the expression of specific OL differentiation markers. To this end, we used human OL MO3-13 cells which express phenotypic markers of primary OPCs. These cells, when cultured in serum-free medium, supplemented with 100 nM of PMA arrest growth and differentiate to mature OLs (McLaurin et al., 1995; Buntinx et al., 2003).

To investigate the impact of H2O2 on OL differentiation, we first determined the survival of cells exposed to increasing concentration of H2O2. Cell viability was assessed by flow-cytometric analysis either on precursor or on PMA-differentiated MO3-13 cells in the absence (Figure 1) or in the presence of serum (Supplementary Figure S1). Differentiated cells were more susceptible to death induced by high oxidative stress in both conditions (with or without serum). On the basis of dose-response curves we conclude that 200 μM of H2O2, did not alter survival of differentiated or undifferentiated cells. This is the main reason why we used this dose in all the subsequent experiments.


[image: image]

FIGURE 1. Dose-dependent effect of H2O2 on cell viability. Not differentiated (N.D.), growing in complete medium, and differentiated (PMA) MO3-13 cells were stimulated with increasing doses of H2O2 and cell viability was evaluated by cytofluorimetry after Propidium Iodide (PI) staining. The MO3-13 cells were differentiated in FBS-free DMEM supplemented with 100 nM of PMA for 4 days. The graphs show the mean ± SEM values relative to control of three independent experiments. ∗p < 0.05, ∗∗p < 0.01 vs. Control; #p < 0.05 vs. Corresponding dose.



MO3-13 Cells Exposed to H2O2 Differentiate

MO3-13 cells express low levels of the OL differentiation markers MBP and Olig-2 (Supplementary Figure S2). MBP is one of the major proteins of CNS myelin sheath and constitutes as much as 30% of its protein content (Baumann and Pham-Dinh, 2001), while Olig-2 is a specific OL transcription factor essential for OL lineage commitment both in vivo and in vitro (Lu et al., 2002; Samanta and Kessler, 2004).

The effects of PMA and H2O2 on these two differentiation markers were evaluated after 1 and 4 days of treatment. Indirect immunofluorescence and flow cytometric analysis showed that MBP levels progressively increase after 1 and 4 days of treatment (Figure 2A). Similarly, PMA or H2O2 progressively increased mRNA levels of MBP after 1 and 4 days of treatment (Figure 2B).
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FIGURE 2. Phorbol-12-Myristate-13-Acetate and H2O2 induce MBP expression levels. (A) MBP protein levels in MO3-13 cells treated for 1 and 4 days with 100 nM PMA in medium without serum or with 200 μM H2O2. Immunoreactivity for MBP was evidenced by indirect immunofluorescence and flow cytometric analysis, using primary antibodies against MBP and CY3-conjugated anti rabbit IgG as secondary antibodies. 10,000 cells were counted for each sample. N.D. indicates Not Differentiated cells, growing in complete medium. The graph shows the mean ± SEM values of three independent experiments. The insert shows the histograms of a representative experiment; the red histogram denotes the sample treated with secondary antibodies alone. (B) Real-time-PCR analysis of MBP mRNA levels in MO3-13 cells treated for 1 and 4 days with 100 nM PMA in medium without serum or with 200 μM H2O2. N.D. indicates Not Differentiated cells, growing in complete medium. Expression values were normalized using glucose-6-phosphate-dehydrogenase mRNA (G6PD). The histogram shows means ± SEM values relative to control of three independent experiments. (C) Confocal images of MBP immunoreactivity of MO3-13 cells after 1 and 4 days of differentiation with 100nM PMA in medium without serum or with 200 μM H2O2. Cells were stained with the nuclear dye DAPI (blue) and with primary anti human MBP antibodies and CY3-conjugated anti rabbit IgG as secondary antibodies (red). Control (Ctr) was treated with secondary antibodies and DAPI alone. N.D. indicates Not Differentiated cells, growing in complete medium. The table under the images shows means ± SEM values obtained by the quantitative analysis of 25 cells for each sample. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. N.D.



Confocal microscopy confirmed the increase of MBP levels after PMA or H2O2 treatment (Figure 2C). The distribution of the protein in the cell processes and membrane patches confirms the differentiation in mature OLs (Barbarese et al., 1988). Also, Olig-2 protein (Figure 3A) and mRNA (Figure 3B) levels significantly increased following 1 or 4 days of treatment with PMA or H2O2. Confocal microscopy analysis confirmed the increase of Olig-2 protein after PMA or H2O2 treatments (Figure 3C).
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FIGURE 3. Phorbol-12-Myristate-13-Acetate and H2O2 induce Olig-2 expression levels. (A) Western blotting analysis of Olig-2 levels in MO3-13 cells treated for 1 and 4 days with 100 nM PMA in medium without serum or with 200 μM H2O2. N.D. indicates Not Differentiated cells, growing in complete medium. The histogram shows the values (means ± SEM) relative to control obtained by densitometric analysis of Olig-2 normalized to α-Tubulin of three independent experiments. (B) Real-time-PCR analysis of Olig-2 m-RNA levels in MO3-13 cells treated for 1 and 4 days with 100 nM PMA in medium without serum or with 200 μM H2O2. N.D. indicates Not Differentiated cells, growing in complete medium. Expression values were normalized using glucose-6-phosphate-dehydrogenase mRNA (G6PD). The histogram shows means ± SEM values relative to control of three independent experiments. (C) Confocal images of Olig-2 immunoreactivity of MO3-13 cells after 1 and 4 days of differentiation with 100 nM PMA in medium without serum or with 200 μM H2O2. Cells were stained with the nuclear dye DAPI (blue) and with primary anti human Olig-2 antibodies followed by CY3-conjugated anti rabbit IgG as secondary antibodies. Control (Ctr) was treated with secondary antibodies and DAPI alone. N.D. indicates Not Differentiated cells, growing in complete medium. For each image are shown three panels: on the left Olig-2 (red); on the center nuclei (blue); on the right the merged image. The table under the images shows means ± SEM values obtained by the quantitative analysis of 25 cells for each sample. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. N.D.



Increased expression of MBP and Olig-2 is associated with higher phosphorylation levels of extracellular signal regulated kinase 1-2 (ERK1-2) and of cyclic AMP responsive element binding protein 1 (CREB), which are selectively activated by neurotransmitters or growth factors at specific stages of OL development (Sato-Bigbee et al., 1999; Johnson et al., 2000; Fyffe-Maricich et al., 2011). ERK1-2 and CREB control OPCs differentiation at early (Syed et al., 2013) and late stages, promoting myelin growth in fully differentiated myelinating OLs (Afshari et al., 2001; Ishii et al., 2013).

The levels of P-ERK1-2 and P-CREB increased rapidly after PMA or H2O2 stimulation. PMA and H2O2 significantly induced P-ERK1-2 and P-CREB levels as soon as 5 and 30 min, respectively (Figures 4A,B) and the levels of both phosphoproteins remained high during the 4 days of treatment (Figures 4C,D).
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FIGURE 4. Phorbol-12-Myristate-13-Acetate and H2O2 induce ERK1-2 and CREB phosphorylation levels. (A,B) Western blotting analysis of p-ERK1-2 (A) and p-CREB (B) levels in MO3-13 cells treated for 5 or 30 min with 100 nM PMA in medium without serum or with 200 μM H2O2. (C,D) Western blotting analysis of p-ERK1-2 (C) and p-CREB (D) levels in MO3-13 cells treated for 1 or 4 days with 100 nM PMA in medium without serum or with 200 μM H2O2. N.D. indicates Not Differentiated cells, growing in complete medium. The histograms show the values (means ± SEM) relative to control (N.D.) obtained by densitometric analysis of protein bands normalized to α-Tubulin of three independent experiments. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. N.D.



PKC Signaling Mediate H2O2-Induced OPC Differentiation

To evaluate whether PMA and H2O2 effects on MO3-13 precursor cells differentiation are linked and converge on the PKC pathway, we first assessed the activation of PKC by H2O2. Both treatments increased the phosphorylation levels of the α subunit of PKC (Figure 5A). Then, we depleted the cells of PKC by long-term treatment (24 h) with 1 μM PMA in medium containing 0.2% FBS before stimulating them for 30 min with H2O2 200 μM. This treatment leads to a strong down-regulation of P-PKCα levels that become undetectable by immunoblot (Figure 5B). PKC depletion inhibits the induction of CREB and ERK1-2 phosphorylation levels by H2O2 (Figures 5C–E). Similar results were obtained by knock-down experiments by using specific PKCα siRNA (Figures 5F–I).
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FIGURE 5. Protein kinase C mediates H2O2 effects. (A) Western blotting analysis of P-PKCα expression levels in MO3-13 cells incubated for 18 h in medium containing 0.2% FBS and then stimulated with H2O2 (200 μM) or PMA (100 nM) for 30 min. The histogram shows the values (means ± SEM) relative to control obtained by densitometric analysis of protein bands normalized to α-Tubulin of three independent experiments. Under the histogram is shown a representative experiment.∗p < 0.05 vs. control (Ctr). (B–E) PKC depletion was obtained by treatment of MO3-13 cells for 24 h with 1 μM PMA in medium containing 0.2% FBS. Then cells were stimulated for 30 min with H2O2 (200 μM) before Western blotting analysis of p-PKCα (B), P-ERK1-2 (C) and P-CREB (D) expression levels. n.d., not detectable. The histograms show the values (means ± SEM) relative to control obtained by densitometric analysis of protein bands normalized to α-Tubulin of three independent experiments. (E) A representative experiment is shown. ∗p < 0.05, ∗∗p < 0.01 vs. control (Ctr); #p < 0.05, ##p < 0.01 vs. H2O2. (F–I) MO3-13 cells were transfected by electroporation with siRNA to PKCα or control, scrambled siRNA (Scrambled) as described in Materials and Methods. 24 h after transfection, cells were stimulated with H2O2 (200 μM) for 30 min in medium containing 0.2% FBS and total proteins were extracted and subjected to immunoblot analysis of p-PKCα (F), P-ERK1-2 (G) and P-CREB (H) expression levels. The histograms show the values (means ± SEM) relative to control obtained by densitometric analysis of protein bands normalized to α-Tubulin of three independent experiments. (I) A representative experiment is shown. ∗p < 0.05, ∗∗p < 0.01 vs. Scrambled (Scr.); #p < 0.05, ##p < 0.001 vs. Scrambled (Scr.) + H2O2. (J–M) Western blotting analysis of p-ERK1-2 (J) p-CREB (K), and Olig-2 (L) expression levels in MO3-13 cells stimulated with H2O2 (200 μM) or PMA (100 nM) for 4 days in the presence or absence of BIM (100 μM). N.D. indicates Not Differentiated cells, growing in complete medium. The histograms show the values (means ± SEM) relative to control obtained by densitometric analysis of protein bands normalized to α-Tubulin of three independent experiments. (M) A representative experiment is shown. (N) Confocal images of MBP immunoreactivity of MO3-13 cells after 4 days of treatment with 100 nM PMA in medium without serum or with 200 μM H2O2 in the presence or absence of BIM (100 μM). Cells were stained with nuclear dye DAPI and with primary anti human MBP antibodies and CY3-conjugated anti rabbit IgG as secondary antibodies. N.D. indicates Not Differentiated cells, growing in complete medium. The table under the images shows means ± SEM values obtained by the quantitative analysis of 25 cells for each sample. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. N.D.; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. PMA; § p < 0.05, §§ p < 0.01 vs. H2O2.



To further evaluate whether PCK signaling mediates H2O2 effects on MO3-13 precursor cells differentiation we used the PKC α-β-γ inhibitor BIM. Figures 5J–M shows that pretreatment of the cells with, BIM completely reversed the induction by PMA or H2O2 of P-ERK1-2, P-CREB and Olig-2. The PKC inhibitor also reversed long term effects of PMA and H2O2 (4 days) on MBP protein levels as shown by confocal microscopy analysis (Figure 5N).

These data link H2O2 and PKC signals and suggest that PKC is upstream and downstream H2O2 because the PKC depletion or inhibition prevents H2O2 induction of differentiation.

ROS Derived from NOX3 and NOX5 Mediate PMA-Induced MO3-13 Cells Differentiation

To define precisely the link between H2O2 and PKC we measured the effects of PMA on ROS levels. PMA stimulation significantly and rapidly (15 min) induced ROS levels, measured as DCF fluorescence (Figure 6A). ROS levels remained higher compared to the controls for 4 days of continuous treatment (data not shown). To evaluate the nature of DCF signal we used two different superoxide fluorescent probes, DHE or the mitochondria-targeted equivalent MitoSOX–Red. Flow cytometry experiments shows that PMA increases superoxide levels (DHE staining) without affecting mitochondrial superoxide production (Mito-SOX-Red staining) (Figure 6B).
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FIGURE 6. Phorbol-12-Myristate-13-Acetate pro-differentiative effects rely on NOX dependent ROS. (A) MO3-13 cells were grown in complete medium, preincubated with antioxidants (200 μM NAC or 400 μg/ml SOD1), incubated with 10 μM of the ROS sensitive probe DCHF-DA and then stimulated with PMA 100 nM in absence of serum. ROS levels were measured by fluorometric analysis at various times.The graphs show the mean ±SEM values relative to control of three independent experiments. ∗p < 0.05 vs. corresponding time points of not stimulated samples (Ctr) #p < 0.05, ##p < 001 vs. corresponding time points of PMA stimulated samples. (B) MO3-13 cells were incubated for 18 h in medium containing 0.2% FBS. For the DHE staining the cells were preincubated for 30 min with SOD1 (400 ng/ml) and stimulated for 30 min with PMA (100 nM). For MitoSOX staining cells were incubated for 30 min with PMA (100 nM). Superoxide levels were measured by flow cytometry. The graphs show the mean ±SEM values relative to control (Ctr) of three independent experiments. The inserts show the hystograms of representative experiments; the red histogram denotes the sample treated with secondary antibodies alone. ∗p < 0.05 vs. control; #p < 0.05 vs. PMA. (C) MO3-13 cells were grown in complete medium, pre-incubated in the absence and presence of 200 μM NAC or 400 μg/ml SOD1 for 30 min and stimulated for 4 days with 100 nM PMA in the absence of serum before being collected and analyzed by Western Blotting. N.D. indicates Not Differentiated cells, growing in complete medium. The histogram shows the values (means ± SEM) relative to control obtained by densitometric analysis of Olig-2 normalized to α-tubulin compared to undifferentiated control of three independent experiments. ∗p < 0.02 vs. N.D.; #p < 0.05 vs. PMA (D–G) Western blotting analysis of p-ERK1-2 (D), p-CREB (E) and Olig-2 (F) expression levels in MO3-13 cells stimulated with PMA (100 nM) for 4 days in serum-free medium in the presence or absence of Apocynin (50 μM). N.D. indicates Not Differentiated cells, growing in complete medium. The histograms shows the values (means ± SEM) relative to control obtained by densitometric analysis of protein bands normalized to α-Tubulin compared to undifferentiated control of three independent experiments. ∗p < 0.05 vs. N.D.; #p < 0.05 vs. PMA. (G) A representative experiment is shown.



To demonstrate a direct link between PMA-induced ROS and cell differentiation, we evaluated the effects of the generic ROS scavenger NAC and of the superoxide scavenger enzyme superoxide dismutase1 (SOD1). Externally added SOD1 is internalized by endocytosis exerting intracellular antioxidant activity (Dini and Rotilio, 1989; Mondola et al., 2002). The antioxidants were able not only to reduce PMA-dependent ROS production but also PMA-induction of Olig-2 (Figures 6A–C).

The main sources of ROS are NOX enzymes and the data shown above suggest that PMA and/or H2O2 may induce these enzymes. We measured the expression of many NOX-DUOX enzymes in MO3-13 cells by semi-quantitative and real-time PCR. Besides the dual oxidases DUOX1 and 2 (Damiano et al., 2012), we found that MO3-13 cells express NOX3 and NOX5 (Supplementary Figure S3; Figure 7). Therefore, to test whether these enzymes were mediators of PMA effects on MO3-13 precursor cells differentiation, we exposed the cells stimulated by PMA to apocynin. Apocynin is an inhibitor of NOX enzymes; specifically it inhibits the interaction of the cytosolic subunit p47phox with the catalytic membrane subunit gp91phox of NOXs and therefore apocynin inhibits NOX1, NOX2, and NOX3, enzymes that are dependent for their activity on membrane translocation of cytosolic subunits. Figures 6D–G shows that in the presence of apocynin, PMA failed to induce P-ERK1-2, P-CREB and Olig-2 levels (after 4 days of treatment), suggesting an involvement of NOXs-derived ROS in PMA-induced differentiation.
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FIGURE 7. Phorbol-12-Myristate-13-Acetate and H2O2 induce NOX3 and NOX5 m-RNA levels in MO3-13 cells. Real-time-PCR analysis of NOX3 (A) and NOX5 (B) mRNA levels in MO3-13 cells treated for 1 and 4 days with 100 nM PMA in medium without serum or with 200 μM H2O2. N.D. indicates Not Differentiated cells, growing in complete medium. Expression values were normalized using glucose-6-phosphate-dehydrogenase mRNA (G6PD). The histograms show means ± SEM values relative to control in eight independent experiments. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. N.D.



We next evaluated the effects of PMA and H2O2 on NOX3 and NOX5 expression. Figures 7A,B show that PMA and H2O2 induce NOX3 and NOX5 mRNA levels in MO3-13 cells. The timing of induction was slightly different: H2O2 induced NOX3 and NOX5 mRNA in 1 day, while PMA progressively increased NOX3 and NOX5 in 4 days of treatment.

To demonstrate the direct link between the increased expression of NOX3 and NOX5 by PMA and H2O2 and their role in OL differentiation, we performed knock-down experiments by using specific NOX3 and NOX5 siRNA. We were able to significantly reduced NOX3 and NOX5 protein and mRNA levels in OLs (Figures 8A–D). Unexpectedly, we found that NOX5 silencing down-regulated basal protein and mRNA levels of NOX3 (Figures 8A,C). NOX3 silencing did not modify basal NOX5 expression levels (Figures 8B,D). These data indicate that NOX5 regulates the expression of NOX3. Inhibition of both genes prevented PMA effects on MBP and Olig-2 mRNA levels, demonstrating that NOX3 and NOX5 are essential for OL differentiation (Figures 8E,F).
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FIGURE 8. NOX3 or NOX5 silencing inhibits PMA-induced differentiation. MO3-13 cells were transfected by electroporation with siRNA to NOX3 (siRNA NOX3) or NOX5 (siRNA NOX5) or control, scrambled siRNA (Scrambled) as described in Section “Materials and Methods.” Twenty four hours after transfection, total proteins were extracted and subjected to immunoblot analysis of NOX3 (A) and NOX5 (B). The histograms show the mean ±SEM values relative to control scrambled obtained by densitometric analysis of proteins bands normalized for α-Tubulin of three independent experiments. A representative experiments is shown on the left of each histogram. ∗p < 0.05 vs. Scrambled. (C,D) mRNA from cells treated as in (A) was extracted and NOX3 (C) or NOX5 (D) mRNA levels were analyzed by Real-time-PCR as described in Section “Materials and Methods.” The graphs show the mean ± SEM values relative to scrambled control of three independent experiments. (E,F) mRNA from cells treated as in (A) was extracted and MBP (E) or Olig-2 (F) mRNA levels were analyzed by Real-time-PCR as described in Section “Materials and Methods.” The graphs show the mean ±/ SEM values relative to scrambled control of three independent experiments. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. Scrambled; #p < 0.05, ##p < 0.01, vs. Scrambled + PMA.



DISCUSSION

We report here that ROS produced by the NOX isoforms NOX3 and NOX5, induce OL differentiation. As cell model, we used the human OL precursor cells MO3-13 that, following PMA treatment in the absence of serum, assume the morphological and biochemical features of mature OLs. To monitor the progress of differentiation, we measured the expression of OLs differentiation markers, MBP and Olig-2 and the phosphorylation of ERK1-2 and CREB.

Reactive oxygen species can induce cellular and DNA damage or differentiation, depending on levels and the source of production. It is known that in rat glial precursor cells the redox state is a central modulator of OLs differentiation (Smith et al., 2000). Our data indicate that ROS produced by NOX3 and NOX5 induce differentiation of OL. However, in MO3-13 cells H2O2 is bi-functional: at low doses promotes differentiation, at higher doses induces cell death. It is worth noting that differentiated cells become more sensitive to death induced by H2O2 compared to MO3-13 precursor cells, while proliferating oligodendroglia like (OLN 93) cells are more resistant to the apoptotic effect of H2O2 compared to differentiated cells (Kameshwar-Rao et al., 1999). The enhanced sensitivity to oxidative stress of differentiated cells may reflect the amplification of a NOX-dependent ROS release leading to an unbalance of the redox state and cell death. In agreement with our findings, NOX inhibitors reduce H2O2-induced cell death of differentiated neuronal cells (Bertoni et al., 2011).

This is the first report showing the expression of NOX isoforms (3 and 5) in human OLs. The Ca2+-dependent NOX5, is expressed in many tissues (Bánfi et al., 2001; Bedard and Krause, 2007) including cells of the cardiovascular system (Bedard et al., 2012). However, NOX5 is absent in rodents and this may explain the lack of data on its expression and function in OLs, because many studies on neuro-glial specification and differentiation were performed with these models. As to NOX3, this enzyme is highly expressed in vestibular and cochlear sensory epithelia and in the spiral ganglion in the inner ear (Bánfi et al., 2004) and its activity has been linked to deafness and to the ototoxicity of drugs and toxins (Mukherjea et al., 2006). Data available on NOX3 in the nervous system are limited, except a report on its increased expression in Alzheimer brain (de la Monte and Wands, 2006).

Our data show that differentiation of OL requires NOX3 and NOX5. PKC seems to be the central inducer of differentiation. PKC is upstream of ROS, because it phosphorylates the cytosolic subunit p47phox stimulating its membrane localization and enzymatic activation (Fontayne et al., 2002). But PKC is also downstream of ROS as shown by PKC activation by H2O2. The output of ROS-PKC-ROS cascade is the phosphorylation of ERK1-2 and CREB, which can be sustained for 1–4 days. ROS inhibition of tyrosine phosphatases acting on MEK may contribute to the long lasting ERK1-2 and CREB1 phosphorylation (Jiang et al., 2011). Moreover, NOX3 and NOX5 are linked, since depletion of NOX5 reduces the expression of NOX3. We have reported a similar crosstalk between NOXs in another cell system (Damiano et al., 2012). This is not surprising due to the modulation of NOX3 and NOX5 mRNA levels by ROS. In particular, NOX5-derived ROS modulate basal NOX3 expression as shown by the down regulation of NOX3 protein and mRNA levels by NOX5 silencing. On the contrary, even if NOX3 or NOX5 constitutively produces ROS (Ueno et al., 2005; Wang et al., 2014), NOX3 silencing does not affect basal NOX5 expression. Both NOX3 and NOX5 are localized in the plasma-membrane (Brown and Griendling, 2009), and the activity of NOX5 is calcium dependent. We hypothesize that calcium modulation of NOX5 cooperates with ROS in the induction of NOX3 and probably of other genes involved in OL differentiation. PKC is activated by calcium (Cullen, 2003) and apocynin inhibits NMDA-induced OLs differentiation (Cavaliere et al., 2013) or differentiation of MO3-13 precursor cells. Collectively, these data suggest that ROS and calcium are essential for OL differentiation.

Many membrane receptors activate NOXs, and ROS produced following ligand-receptor interaction, function as second messenger molecules mediating several cellular events (Serù et al., 2004; Svegliati et al., 2005; Baroni et al., 2006; Gabrielli et al., 2008; Damiano et al., 2012, 2015). P-ERK1-2 and P-CREB levels increase after acute treatment with PMA or H2O2 in MO3-13 cells and the effects of PMA preceded that of H2O2. Therefore, we propose that ROS produced by NOX enzymes stabilize membrane receptors involved in OLs differentiation, thus amplifying downstream signals relying on PKC, ERK1-2 and CREB (Figure 9). At the moment we do not know which receptor is involved in vivo in the redox-dependent signaling leading to OL differentiation and therefore this point needs further investigation. ERK1-2 signaling and CREB phosphorylation seem to have a role in the stimulation of MBP expression and represent signals triggering the final steps of OL maturation (Sato-Bigbee et al., 1999). Accordingly, we found that sustained treatment of MO3-13 cells with H2O2 exerts long term effects on P-ERK1-2 and P-CREB, demonstrating a role of ROS signaling at early and late steps of OLs differentiation.
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FIGURE 9. Scheme of PKC/ROS signaling pathways involved in OLs differentiation. ROS produced by NOX3/5 amplify PMA activated PKC, ERK1-2 and CREB signaling increasing the expression of the differentiation markers MBP and Olig-2. In the figure is also depicted the possible role of NOX3/5 derived ROS in the stabilization of membrane receptor(s) leading to OLs differentiation.



A key feature in the development of demyelinating MS lesions is the loss of OLs (Noseworthy et al., 2000). OLs and OPC are highly sensitive to oxidative stress for the low levels of antioxidant defense systems and high intracellular iron content (Thorburne and Juurlink, 1996). It is evident that fine tuning of the type and the levels of ROS generated by NOXs may have profound effects on OPC differentiation and survival.

Traditional disease-modifying therapies for MS based on immunomodulatory and immunosuppressive drugs are mainly aimed at reducing the relapse rate and the formation of new lesions in the relapsing-remitting multiple sclerosis (RRMS) patients, but they are relatively ineffective in preventing the progression of disability. Recently, major attention has been paid to regenerative treatments able to prevent neurodegeneration and favoring remyelination (Zhang et al., 2013). Our data linking OL differentiation with NOX3 and NOX5 expression and activity, suggest that NOX enzymes can represent potential targets of new regenerative therapies ending and reversing the progression of the lesions in MS.
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