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Synopsis The exposure to non-thermal microwave electromagnetic field generated by mobile phones affects the expression of many proteins. This effect on transcription and protein stability can be mediated by the mitogen-activated protein kinase (MAPK) cascades, which serve as central signaling pathways, and govern essentially all stimulated cellular processes. Indeed, a long-term exposure of cells to mobile phone irradiation results in the activation of p38MAPKs as well as the ERK/MAPKs. Here we studied the immediate effect of irradiation on the MAPK cascades, and found that ERKs, but not stress related MAPKs are rapidly activated in response to various frequencies and intensities. Using signaling inhibitors we delineated the mechanism that is involved in this activation. We found that the first step is mediated in the plasma membrane by NADH oxidase, which rapidly generates reactive oxygen species (ROS). These ROS then directly stimulate matrix metalloproteinases and allow them to cleave and release heparin binding-EGF. This secreted factor, activates EGF receptor, which in turn further activates the ERK cascade. Thus, this study demonstrates for the first time a detailed molecular mechanism by which electromagnetic irradiation by mobile phones induces the activation of the ERK cascade and thereby induces transcription and other cellular processes.



Key words: mobile phone irradiation; ERK; NADH oxidase; reactive oxygen species; HbEGF; MMP.



-2-



© 2007 Biochemical Society



Biochemical Journal Immediate Publication. Published on 25 Apr 2007 as manuscript BJ20061653



ERK activation by mobile phone irradiation



Introduction The intensive use of cellular phones in the last 20 years had aroused concern about possible health problems that may be caused by the microwave irradiation that is associated with these phones [1]. The current safety standard for the use of mobile phone takes into consideration mainly heating, which is induced by their electromagnetic field. According to these parameters, which are measured by specific absorption rates (SARs, [2]), the amount of energy delivered is too low to trigger biological effects. However, it was shown that electromagnetic fields can affect living tissues by energies that are much lower than those causing changes in tissues’ temperature [3]. These temperature-insensitive responses can influence the physiology of cells either in culture [4] or even in organisms [5], but whether this effect can cause pathological changes in higher organisms is still controversial [6]. The response of cells to different types of electromagnetic fields has been demonstrated in various systems and conditions. One of the best-documented responses is the induction of transcription, which can be induced by short exposures to low frequency electric and magnetic fields [7]. In similarity to the above systems, the higher frequency (~900



MHz) electromagnetic irradiation emitted from mobile phones also induces expression of proteins in various cells [4, 8-11]. Among the proteins whose expression is induced by mobile phone irradiation are transcription factors such as c-Jun and c-Fos [10, 12], and heat shock proteins [13], such as Hsp27 [3] and HSP70 [14, 15], but HSP90 levels may be reduced [15]. The elevated expression of these proteins may participate in the induction of various cellular processes that seem to be induced by mobile phones [13], which include replication [4], cell cycle progression [16], and apoptosis [15, 17]. A main mechanism that regulates transcriptional activity in response to extracellular stimuli is the activation of the MAPK cascades. These cascades are a group of signal transduction pathways, which mediate the effects of various stimuli to regulate essentially all stimulated processes including proliferation, differentiation, metabolism and stress response [18-20]. Four canonical MAPK cascades have been identified so far. These are the extracellular signal-regulated kinase 1/2 (ERK1/2; ERKs), JNK1-3 (SAPK1), p38MAPK (SAPK2) and BMK1 (ERK5). Each of the cascades is composed of 3-6 tiers of protein -3-
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kinases and their signals are transmitted via a sequential phosphorylation and activation of the protein kinases in each of the tiers. Upon activation, the protein kinases in various tiers phosphorylate and activate a large number of regulatory proteins including a set of transcription factors, which allow the induction of gene expression. Indeed, it was shown that lengthy exposure to mobile phone irradiation can activate the p38MAPK, JNK and ERK cascades [3, 21], although reduction in p38MAPK levels has been reported as well [15]. These changes in MAPKs activity can consequently regulate the physiological response of the exposed cells and organisms, and therefore, are major regulators of the effects of electromagnetic fields at mobile phone frequency. However, in most systems, the ERK cascade is known to be functional within few minutes after activation [20], a time frame that has not been addressed for mobile phone irradiation, and is the subject of the current study. Using Rat1 and HeLa cells as well as isolated membranes of HeLa cells, we show that ERKs, but not JNKs or p38MAPKs, are rapidly activated in response to mobile phone irradiation at various frequencies and intensities. This activation is mediated by reactive oxygen species (ROS) that are produced upon irradiation by membranal NADH oxidase. The generated ROS then directly activate matrix metalloproteinases (MMPs) to release heparinbinding (Hb)-EGF, which further activate the ERK cascade. Thus, this study delineate, for the first time, a detailed molecular mechanism by which electromagnetic radiation at mobile phone frequency induces short-term MAPK activation.



Experimental procedures Stimulants, inhibitors, antibodies and miscellaneous reagents. GF109203X, PD098059, SB203580, AG1478, PP2, Anisomycin, MMPI-III, wortmannin and recombinant Hb-EGF were from Calbiochem (San Diego, CA). GM-6001 was from Biomol Research Laboratories (Plymouth Meeting, PA). N-Acetyl cytosine (NAC) and diphenyleneiodonium (DPI) as well as heparin immobilized on agarose were from Sigma Chemicals (St. Louis, Mo). Mouse monoclonal anti-active MAPK (pERK, pJNK and pP38), and rabbit polyclonal anti-ERK, anti-JNK, anti-PKB antibodies were from Sigma (Rehovot, Israel). Anti EGF receptor (EGFR), pEGFR-Tyr1173, and Hb-EGF (C-18), were from Santa Cruz Biotechnology (CA). -4-
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Cell culture, stimulation, harvesting and Western blotting. Rat1 and HeLa cells were obtained from the American Type Culture Collection (Rockville, MD) and grown in DMEM supplemented with 10% (v/v) heat-inactivated fetal calf serum (Gibco Laboratories, NY), 1% glutamine and antibiotics (100 units/ml penicillin and 100 µg/ml streptomycin). Cells were maintained in a humidified atmosphere containing 5% CO2 at 370C. For experiments, the cells were serum-starved in medium containing 0.1% fetal calf serum, 16 hours prior to stimulation. Following treatment, the cells were washed twice with ice-cold phosphate buffered saline and once with buffer A (50 mM β-glycerophosphate (pH 7.3), 1.5 mM EGTA, 1 mM EDTA, 1 mM dithiothreitol, and, 0.1 mM sodium orthovanadate). For determination of MAPK phosphorylation the cells were subsequently harvested in ice-cold homogenization buffer (Buffer H: Buffer A and, 1 mM benzamidine, 10µg/ml aprotinin, 10µg/ml leupeptin and, 2µg/ml pepstatin-A) and sonicated (50 watts, 2 X 7 sec), and cell lysates were subjected to centrifugation (20,000Xg, 15 min, 40C). The supernatant was assayed for protein content using the Coomassie protein assay (Pierce, Rockford, IL), and equal amounts of proteins were subjected to SDS-PAGE analysis and to Western blotting. The detection was carried on using alkaline phosphatase kit (Promega, WI, USA) or ECL (Amersham, UK) according to the manufacturer’s instructions. Irradiation of cells. Subconfluent cells in 6 cm dishes or suspended membranes were irradiated inside the humidified incubator. We used a frequency generator (signal generator, TGR1040; Thurlby Thandar Instruments; Huntingdon, UK), and amplifier of maximum 1 watt (ERA-3SM; Minicircuit, Seuol, Korea). The generator, located outside of the incubator, was set in the desired power and connected to power amplifier that was connected to a panel antenna that was fixed in the incubator. The emitting antenna was placed in the center of one shelve of the incubator in a distance of 10 cm from each plate. The walls of the incubator were covered with material absorbing irradiation to avoid reflections from the walls, and this created a homogenous irradiating field. A field meter was used to measure the density of irradiation in mW/cm2 in a particular area of the incubator. After the irradiation, the cells of each plate were washed, harvested and subjected to Western blotting as described above. To
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detect Hb-EGF, the medium of the cells was collected, the Hb-EGF was enriched as below, and subjected to Western blotting. The control plates were sham-irradiated. Enrichment of Hb-EGF from conditioned medium. The enrichment of Hb-EGF from the collected medium of the irradiated cells was done by heparin-agarose beads. Thus, 80 µl beads (50% v/v slurry) were added to 800µl of the collected medium, and incubated for 2 hours under constant shaking. Then, the beads were washed sequentially, once with RIPA buffer, twice with LiCl (0.5M) and twice with buffer A. After the last wash, the beads were boiled in sample buffer (40 µl, 7 min), spun down, and the supernatant containing the HbEGF was subjected to Western blot analysis with anti Hb-EGF antibody. Release of Hb-EGF from plasma membranes. HeLa cells were grown in 10 cm dishes to subconfluency, starved (16 hr 0.1% FCS), washed twice with ice-cold PBS and once with buffer A and scraped into 0.25 M sucrose in buffer H. The cells were then homogenized, and subjected to centrifugation (3000xg, 10 min) to get rid of nuclei. The supernatant was spun down again once in 10,000xg (10 min) to get rid of mitochondria and other organelles and once in high speed (100,000xg, 30 min; Optima ultracentrifuge). The pellet containing purified plasma membranes was suspended in 1 ml phosphate buffered saline to form a suspension. For each point in the irradiation experiment, 100 µl of the suspension were placed in a thin tube and irradiated. After the irradiation, the samples were spun-down again (100,000xg, 30 min) to get rid of membranes, and the supernatant containing Hb-EGF was subjected to Western blotting as above. NADH oxidases activity in plasma membranes. Plasma membranes of HeLa cells were prepared as described above, and suspended in 0.6 ml reaction buffer containing 250 µM NADH in PBS. The suspended membranes (membranes of 6x106 cells for each reactions) were then either irradiated at 875 MHZ at 37oC for various times or left untreated, after which the samples were transferred to 4oC. To determine NADH oxidase activity [22], the samples were incubated at 37oC for 15 min., and changes of NADH absorption at 340 nM were detected using Ultraspec 2000 spectrometer (Pharmacia Biotech).
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Results Mobile phone irradiation. In this study we examined the molecular mechanisms that sense and transmit mobile-phone-emitted electromagnetic irradiation in tissue culture cells. To do so we irradiated adherent tissue culture cell lines (Rat1 and HeLa) in 6 cm tissue culture plates using various frequencies and intensities. The irradiation system was set up in a normal 370C humidified incubator as described under Experimental Procedures. The panel antenna used for irradiation was in an average distance of 10 cm from the tissue culture plates, and the walls of the incubator were covered with irradiation-absorbing material to avoid reflections from the walls, thus creating a homogenous irradiation field. The temperature of the cell’s medium was measured throughout the experiment and was found unchanged (Δ


© 2007 Biochemical Society



Biochemical Journal Immediate Publication. Published on 25 Apr 2007 as manuscript BJ20061653



ERK activation by mobile phone irradiation



shown). In HeLa cells the irradiation slightly decreased the phosphorylation of JNK1 (Fig. 1C) and had no effect on the phosphorylation of p38MAPKα (Fig. 1C) and ERK5 (data not shown). The lack of effect of irradiation on the two stress-activated cascades, JNK and p38MAPK, indicates that the irradiation effect on ERKs is not stress-related, and strengthen the notion that the temperature of the system was not changed upon the irradiation. Kinetics of ERKs phosphorylation. In view of the fact that maximal ERKs phosphorylation was detected already at the relatively low intensity of 0.10 mW/cm2, we undertook to expend the intensity and time response studies. Thus, Rat1 and HeLa cells were irradiated in a frequency of 875 MHZ with intensities of 0.005, 0.03 and 0.11 mW/cm2 (Fig. 2). Small increase in phosphorylation (1.4 fold in Rat1 cells and 2 fold in HeLa) was detected already with the lowest intensity; the phosphorylation was higher in 0.03 mW/cm2 (2.2 folds in Rat1 cells and 2.7 fold in HeLa cells) and in 0.11 mW/cm2 was very close to the maximal phosphorylation induced by 0.27 mW/cm2 (3.3 fold in Rat1 cells and 3.6 fold in HeLa cells). In addition to the variation in intensity, we varied the frequency of irradiation in order to cover a wider range of mobile phone usage. Only small differences in ERKs phosphorylation were detected in Rat1 cells irradiated with intensity of 0.07 mW/cm2 of 800, 875 and 950 MHZ. Interestingly, higher differences in phosphorylation in Rat1 cells were detected for the 46 kDa ERK1b [23], which seems to be highest at 875 MHZ. Thus, it is possible that ERK1b is more sensitive to differences in the frequency of irradiation than ERK1 and ERK2. Irradiation-induced ERKs phosphorylation is mediated by reactive oxygen species and EGFR. In order to study the possible mechanisms of ERKs phosphorylation in response to mobile phone irradiation, we used various signaling inhibitors including NAC which is a scavenger of ROS, the EGFR inhibitor - AG1478, the PKC inhibitor - GF109203X, the Src inhibitor - PP2, the PI3K inhibitor – wortmannin, and the MEK inhibitor - PD098059. Using 875 MHZ irradiation at intensity of 0.230 mW/cm2 for both Rat1 and HeLa cells, we found that both NAC and AG1478 inhibit, while GF109203X and PP2 have no effect on the phosphorylation of ERKs in response to mobile phone irradiation (Fig. 3). Wortmannin slightly inhibited ERKs phosphorylation in HeLa but not in Rat1 cells, and as expected, PD098059 inhibited ERKs phosphorylation in both HeLa (Fig. 3B,C) and Rat1 cells (data not -8-
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shown). Thus all these results clearly indicate that the irradiation-induced ERKs phosphorylation is mediated by EGFR and ROS, and PI3K may have a partial effect downstream of the receptor in HeLa cells. Another clue for the mechanism of ERKs phosphorylation in response to mobile phone irradiation came from our finding that 2 minutes irradiation is enough to exert the full effect of ERKs phosphorylation (Fig. 4). Thus, when Rat1 or HeLa cells were irradiated with intensity of 0.21 mW/cm2 for different times, peak activity was detected 12 min after activation, but similar or even higher phosphorylation was obtained when the cells were irradiated for 2 min and then left in the incubator un-irradiated for additional 10 min. These results indicate that the initial event that is induced by irradiation is done within 2 min, and the signal that is induced by this event further proceed to cause full ERKs activation 10 min later. Alternatively, it is possible that the elevation in activity within the 10 min after shutting the irradiation off is due to inhibition of phosphatases that normally counteract ERKs activation [20]. Such inhibition of phosphatatses could be due to the production of reactive oxygen specifies (ROS) that are known to inhibit phosphatases of the MAPK cascades [24]. Role of MMPs and Hb-EGF in irradiation-induced ERKs phosphorylation. In view of the finding that EGFR mediates ERKs phosphorylation in response to mobile phone irradiation, we undertook to elucidate the mechanism that mediates this process. One of the mechanisms that we studied was the cleavage and release of Hb-EGF by activated MMPs, which is a mechanism involved in the activation of ERKs by some G-protein coupled receptors and stress responses [25]. For this purpose, we irradiated Rat1 and HeLa cells with mobile phone at frequency of 875 MHZ for 15 min in various intensities, and examined the release of Hb-EGF to the surrounding medium. Increase of Hb-EGF release upon mobile phone irradiation was detected in both Rat1 and HeLa cell lines (Fig. 5A), although the amount released from irradiated HeLa cells was much higher than that released from Rat1 cells. Therefore, we continued the study only with the better responders HeLa cells. The time course of Hb-EGF release in these cells was rapid, as a small elevation was detected already 2 min after irradiation. In correlation with ERKs activation, the released Hb-EGF was further increased at later times and especially when the irradiation was for 2 min followed by further -9-



© 2007 Biochemical Society



Biochemical Journal Immediate Publication. Published on 25 Apr 2007 as manuscript BJ20061653



ERK activation by mobile phone irradiation



incubation without irradiation for 5 or 10 min (Fig. 5A lower panel). We then used specific signaling inhibitors to identify upstream components that lead to this release. We found that the release of Hb-EGF from the HeLa cells was blocked by NAC as well as by the MMP inhibitor GM-6001 and MMPI-III (Fig. 5B) but not by EGFR inhibitor (data not shown). As expected, EGFR phosphorylation was induced by the irradiation as well (Fig. 5C), and in similarity to Hb-EGF release, this phosphorylation was inhibited by NAC and GM-6001. Finally, NAC (Fig. 3) and the MMP inhibitors GM-6001 and MMPI-III (Fig. 5D) inhibited also ERK phosphorylation upon irradiation of HeLa cells, supporting MMPs involvement upstream of EGFR/ ERKs activation. To further support the involvement of Hb-EGF in ERKs activation, we undertook to estimate the amount of released Hb-EGF, and verify the ability of such an amount to induce ERK activation. This was done by concentrating the Hb-EGF released to the serum freemedium both before and after irradiation. We found that the concentration procedure was efficient, as less than 15% of the Hb-EGF was lost during this procedure (data not shown). Western blot analysis of the concentrated Hb-EGF as compared with known amounts of commercial purified Hb-EGF revealed that the concentration of released Hb-EGF 5 min after irradiation was about 70 pg/ml increasing to ~220 pg/ml 15 min after irradiation (Fig. 6). These concentrations could indeed induce a significant phosphorylation of ERKs, in similarity to the one induced by the irradiation itself (Fig. 1). Taken together, these data indicate that ERKs phosphorylation upon mobile phone irradiation include production of ROS that activate MMPs, and consequently, release of Hb-EGF to activate EGFR and the ERK cascade. Irradiation-induced release of Hb-EGF from isolated plasma membranes. Activation of MMPs that leads to Hb-EGF release has previously been reported in several cellular systems [26]. However, it is still unclear whether this activation occurs by a direct ROS effect on membranal enzymes or mediated via ROS-dependent cytoplasmic proteins [27]. We therefore undertook to study whether the release of Hb-EGF in response to mobile phone irradiation can be executed in purified plasma membranes without the presence of cytoplasmic components. To do so, we purified plasma membranes from serum-starved HeLa cells, and - 10 -
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treated them with 875-MHZ mobile phone irradiation (0.300 mW/cm2). We found that HbEGF is released from these membranes 15 and 30 min after irradiation, and this release was significantly reduced when the membranes were preincubated with the inhibitors NAC and GM-6001 (Fig. 7A upper panel). The purity of the membranes was confirmed by probing the isolated membranes with anti-ERKs and anti EGFR antibodies that clearly showed that the membranes were devoid of any significant cytosoplasmic impurities (Fig. 7A lower panels). These results indicate that ROS are activating the MMPs at the plasma membranes, a process that does not seem to require the involvement of cytoplasmic components. A further validation of this notion came when we incubated isolated membranes from serum starved HeLa cells with H2O2. We found that also this treatment resulted in a release of Hb-EGF, without significantly changing the amount of EGFR (Fig. 7B). Quantification of these experiments (Fig. 7C) emphasized the significant effects of irradiation, H2O2, and the inhibitors, confirming the sequential role of ROS and MMPs in the release of Hb-EGF. Next we asked what is the component in the plasma membrane that is able to sense the cellular phone irradiation and convert it into ROS production. A membranal enzyme that can generate ROS is NADH oxidase, which can be stimulated by various other cellular stimulations [28, 29]. To examine a possible role of this enzyme in our system, we examined whether membranal NADH oxidase is activated upon irradiation. Indeed, we found that irradiation of isolated membranes for 5 and 10 min significantly elevated NADH oxidation activity (Fig. 8A), indicating that, as reported [30], NADH oxidase does exist in purified HeLa membranes, and its activity is induced upon radiation. NADPH did not serve as a substrate in the isolated membranes (as reported, [30]), and the activity towards NADPH was not enhanced by irradiation (data not shown). To show that the membranal NADH oxidase can induce Hb-EGF release we used DPI, which is a selective inhibitor of the NAD(P)H oxidase [31]. Pretreatment of isolated membranes with DPI significantly reduced the release of Hb-EGF, without affecting the EGFR (Fig. 8B). This inhibitory effect was shown also in intact HeLa cells, where DPI reduced the release of Hb-EGF and phosphorylation of ERKs upon irradiation (Fig. 8C). Therefore, it is likely that the irradiation in HeLa cells is sensed by the membranal NADH oxidase that is activate and induce the rest of the ROS-ERK pathway. - 11 -
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Discussion In this study we investigated the possible involvement of MAPK signaling in the cellular processes induced by irradiation induced by electromagnetic fields associated with mobile phones. Although activation of ERKs and p38MAPKs in response to mobile phone irradiation has previously been reported in several systems [13], very little is known about the immediate effects of this irradiation and the mechanisms by which it induces the MAPK cascades. We found that the ERK cascade is activated within 5 min and the peak activity is within 10-15 min of irradiation (Figs. 1 and 2). On the other hand, no phosphorylation of JNKs or p38MAPKs was detected in these short times after stimulation, although in similarity to the previous reports [3], longer exposures (4 hours) induced 2-3 fold activation of the stress-related p38MAPKs (data not shown). These results indicate that prior to the stress response, mobile phone irradiation induce an immediate effect in the cytoplasm that activate ERK signaling to further induce transcription of variety of genes [20]. The rapid induction of the ERK cascade raises the question as to what might be the mechanism involved in the perception or sensing of the mobile phone irradiation and how is the signal transmitted to the intracellular signaling machinery. Although mobile phone can induce thermal effects that are thought to activate cellular effects [32], it is unlikely that this is the cause of ERKs activation here. First, it is unlikely that the irradiation intensity of 0.005 for 5 min, which is enough to induce ERKs phosphorytlation can change the medium temperature at all, and indeed, no change in temperature could be detected in the medium even with higher intensities used in our experiments. Second, the fact that the stress related cascades, which are known to be activated by heat or other related stresses are not activated in the time course of our experiments indicate that the activation of ERKs is induced by other mechanisms. This fact, together with the relatively long wavelength of the mobile phone irradiation, necessitated the identification of the unprecedented molecular mechanisms for irradiation-stimulated ERKs phosphorylation, which is the subject of this manuscript. Our results using signaling inhibitors and isolated plasma membranes suggest that the phosphorylation of ERKs is induced through several steps (Fig. 9). The first step in the processes seems to be irradiation-induced generation of ROS, probably due to activation of - 12 -
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plasma membrane-associated NADH oxidase (Fig. 8). The generated ROS then activate membranal MMPs, which in turn cleave the anchored pro-Hb-EGF and thereby allow shedding of Hb-EGF to the surrounding medium. Finally, the released Hb-EGF binds to EGFR and activates it, to induce ERKs phosphorylation via the Ras-MEK pathway. Thus, production of ROS by mobile phone irradiation, a process, that has already been demonstrated in previous studies [33, 34], is suggested here to be induced by the activation of NADH oxidase, which seems to be the first acceptor of mobile phone irradiation. These events seem to occur within seconds and initiate the later activation of the pathway that leads to ERKs phosphorylation. Several components of the proposed model (Fig. 9) have been implicated in the activation of the ERK cascade in other cellular systems. Notably, it has been shown that the release of Hb-EGF upon stimulation significantly activates the ERK cascade in various systems [25, 35]. In particular, it is known that binding of ligands to GPCRs induces activation of MMPs such as MMP9 and MMP2 and those cleave the extracellular domain of the membranal pro-Hb-EGF and allow the shedding of the Hb-EGF and its binding to EGFR [36]. In similarity to GPCRs, irradiation and ROS seem to activate intracellular signaling pathways due to stimulation of EGFR [37], which is dependent on the tyrosine autophosphorylation of the latter [38]. Several mechanisms that may induce this irradiation/ROS-dependent activation have been proposed over the past years. These mechanisms included mainly activation of intracellular components such as inhibition of protein Tyr phosphatases [27] and induction of caveolar-induced cytoplasmic events [39]. Another suggested mechanism involves a covalent dimerization of the EGFR that forces its activation as proposed for the effect of peroxynitrite in A431 cells [40]. However, these two mechanisms are unlikely to take place in our system because the purified membranes (Fig. 7) do not contain the cytosolic components, and because no dimerization of EGFR was detected upon irradiation (data not shown). On the other hand, the inhibition of Hb-EGF production in plasma membranes by the ROS scavenger NAC and by MMPs inhibitors (Fig. 7) indicate that the effect of irradiation is mediated by activation of MMPs by generated ROS. This
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indicates a direct activation of MMPs by irradiation/ROS, which might act similarly to UVB irradiation-stimulated activation of MMP1 and MMP3 in human dermal fibroblasts [41]. One of the interesting questions raised in our study is the identity of the molecular acceptor of the mobile phone irradiation. Our results (Fig. 8) indicate that this acceptor may be NADH oxidase that seems to be localized in the plasma membrane [29], and convert the irradiation into ROS that subsequently activate MMPs. This mechanism is different from the pathways suggested in other reports in which NADH oxidase expression is induced downstream of the irradiation/ROS and possibly also downstream of ERKs themselves. For example, it was shown that enhancement of MMP2 and MMP9 in cardiac myocytes in response to doxorubicin is mediated by MAPK cascades, which are activated in a redox dependent mechanism [42]. Moreover, it was shown that MMP2 expression, but not activity, is induced in a p47phox containing NADH oxidase [43]. Finally, another example for such a mechanism is the involvement of transactivation of the EGFR in the upregulation of NOX1, a catalytic subunit of NADH oxidase [44]. Therefore, our findings are the first to demonstrate a role of membranal NADH oxidase in directly converting radiation energy into the production of ROS, which in turn initiate intracellular signaling cascades. An important question that is raised from the activity of NADH oxidase in the isolated membranes that were quite free of cytoplasmic components (Fig. 7) is the identity of the electron donors to the system. Normally, NAD(P)H oxidases use for this purpose NAD(P)H, which is thought to be localized mainly in the cytoplasm and therefore cannot be utilized in our isolated membranes. It is possible that in our isolated plasma membranes hydroquinone is used as the electron donor. This is based on a study by Kishi et al [30] who showed that in HeLa cells there is a transfer of electrons from cytoplasmic NADH (but not NADPH to molecular oxygen via quinones within the lipid bilayar of the plasma membrane. Therefore, the reduced quinones, (hydroquinones), are the natural substrates for the NADH oxidase of HeLa plasma membrane, and are likely to be used in the plasma membranes of HeLa cells used in our experiments. Furthermore, since it was shown that membranal NADH oxidase by itself can initiate intracellular signaling pathways [29], it is possible that this direct activation or the generated ROS can activate PI3K in a EGFR-independent manner. - 14 -
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Since PI3K can activate ERKs via a specific pathway [45], it is possible that the partial effect of the PI3K inhibitor (Fig.3) is a result of an independent mechanism acting in parallel to the EGFR-Ras pathway. In summary, we show here that ERKs are rapidly activated in response to mobile phone irradiation at various frequencies and intensities. This activation is mediated by ROS that are produced by NADH oxidase upon the irradiation, and directly activate MMPs. In turn, the activated MMPs cleave and release Hb-EGF, which then binds to EGFR, activate it and thereby stimulates the ERK cascade. These studies demonstrate for the first time a detailed molecular mechanism for electromagnetic irradiation-induced MAPK activation.
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ERK activation by mobile phone irradiation Legends to Figures Fig. 1 - Mobile phone irradiation induces ERKs, but not JNKs or p38MAPKs, phosphorylation. (A) Serum-starved Rat1 and HeLa cells were irradiated with frequency generator at 875 MHZ with intensity of 0.07 mW/cm2 for the indicated times. After irradiation the cells were harvested and subjected to Western blot analysis with anti phospho ERKs (pERK) and anti general ERKs (gERK). (B) Serum-starved Rat1 and HeLa cells were irradiated at 875 MHZ with intensities of 0.1, 0.2, 0.31 mW/cm2 for 10 minutes. ERKs phosphorylation was monitored as above. (C) Serum-starved Rat1 and HeLa cells were irradiated at 875 MHZ with intensity of 0.230 mW/cm2 for the indicated times. For positive control, serum-starved HeLa cells were also treated anisomycin (1 µg/ml, 15min), after which the cells were washed and harvested as above. JNKs and p38MAPKs phosphorylation was detected with the indicated antibodies.



Fig. 2 - Kinetics of ERKs phosphorylation upon mobile phone irradiation. (A) Serumstarved Rat1 cells were irradiated with frequency generator at 875 MHZ with intensities of 0.005, 0.029 and 0.110 and 0.310 mW/cm2 for the indicated times. ERKs phosphorylation was analyzed as described above. The results were quantified by densitometry, and the average and standard errors of three experiments are shown in the left panel. (B) Serumstarved HeLa cells were irradiated with at 875 MHZ at intensities of 0.005, 0.03, 0.11 mW/cm2 and 0.310 mW/cm2. ERKs phosphorylation was followed as described in A. (C) Serum-starved Rat1 cells were irradiated at 800, 875 and 950 MHZ with intensity of 0.070 mW.cm2 for the indicated times. ERKs phosphorylation was followed as described in A.



Fig. 3 – Use of inhibitors to identify mediators of irradiation-induced ERKs phosphorylation. (A) Serum-Starved Rat1 cells were incubated for 20 min with the following inhibitors: 2.5 mM NAC, 10 µM AG1478, 3 mM GF109203X, 5µM PP2 250 nM wormannin (Wor) or left untreated as a control (Con). After incubation the cells were either irradiated with frequency generator at 875 MHZ with intensity of 0.210 mW/cm2 for 10 min (+) or left untreated (-). ERKs phosphorylation was detected as described above. (B) Serum- 21 -
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Starved HeLa cells were incubated for 20 min with the following inhibitors: 10 µM AG1478 3 mM GF109203X, 25 µM PD98059, 250 nM wortmannin (Wor) 2.5 mM NAC, and 5µM PP2 or left untreated as a control (Con). After incubation the cells were either irradiated at 875 MHZ with intensity of 0.210 mW/CM2 for 10 min (+) or left untreated (-). ERKs phosphorylation was detected as described above. (C) Quantification of the inhibition experiment. Average and standard errors of 2 or 3 experiments are presented.



Fig. 4 - Continuous effect of irradiation on ERKs phosphorylation. Serum-starved Rat1(A) or HeLa (B) cells were irradiated with frequency generator of 875 MHZ at intensity of 0.17 mW/cm2 for 2 min, 12 min or were irradiated for 2 min and then left in the incubator without irradiation for additional 5 or 10 min (2+5, 2+10). ERKs phosphorylation was detected as described above.



Fig. 5 - Involvement of Hb-EGF, MMPs and ROS in irradiation induced ERKs phosphorylation. (A) Serum-starved Rat1 (upper panel) and HeLa (lower panel) cells were irradiated with frequency generator at 875 MHZ with intensities of 0.04, 0.09, 0.17 and 0.27 mW/cm2 for 10 min. For time course determination, serum starved HeLa cells were irradiated at 875 MHZ, 0.31 mW/cm2 for the indicated times (third panel). After stimulation, the starvation medium was collected, Hb-EGF was enriched using heparin beads (as described under Experimental Procedures), and subjected to a Western blot analysis with anti Hb-EGF antibody. (B) Serum-starved HeLa cells were incubated for 20 min with NAC (2.5 mM, upper panel), 0.5 µM GM-6001 and 0.4 µM MMPI-III (lower panel) or left untreated as a control. Then the cells were irradiated at 875 MHZ with the indicated intensities for 10 min. The release of Hb-EGF was detected as in A. (C) Serum-starved HeLa cells were incubated with NAC (2.5 mM, 20 min) GM-6001 (0.5 µM, 20 min) or left untreated. One plate from each treatment was irradiated (875 MHZ, 5 min, 0.21 mW/cm2), while the other was left untouched, and then cells were harvested in RIPA buffer and subjected to Western blot analysis with anti pEGFR or anti EGFR as indicated. (D) Serum-starved HeLa cells were treated with GM-6001 (0.5 µM, 20 min), MMPI (0.4 µM) or left untreated. Then the cells were irradiated - 22 -
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at 875 MHZ with intensity of 0.25 or 0.22 mW/cm2 as indicated. ERKs phosphorylation was detected as described above. Fig. 6 – The amount Hb-EGF released by irradiation is sufficient to induce ERK activation. (A) Serum starved HeLa cells were irradiated with frequency generator of 875 MHZ at intensity of 0.344 mW/Cm2 for 5, 10, and 15 minutes. Hb-EGF was enriched using heparin and subjected to a western blot analysis together with known concentrations of HbEGF (100, 200 pg). (B) Low concentrations of Hb-EGF (50,100 and 200 pg/ml) were used to stimulate ERK in serum starved HeLa cells. After stimulation for 2-15 min, the cells were harvested and subjected to a Western blot analysis with anti pERK and anti ERK antibodies.



Fig. 7 - Irradiation induces release of Hb-EGF from isolated plasma membranes. (A) Plasma membranes of serum-starved HeLa cells were isolated as described under Experimental procedures. The membranes (5 µl of net membranes dissolved in 100 µl PBS in each condition) were incubated with NAC (2.5 mM), GM-6001 (0.5 µM) or left untreated for 15 min. Then the membranes were irradiated with frequency generator at 875 MHZ at intensity of 0.200 mW/cm2 for the indicated times. The membranes were then subjected to a Western blot analysis with anti Hb-EGF antibody (upper panel). The membranes, as well as total cell extract (Total) were also analyzed with anti EGFR and ERKs antibodies (second and third panels). (B) Isolated plasma membranes from serum-starved HeLa cells prepared as above were incubated with 100 and 200 µM H2O2 for the indicated times. The amount of Hb-EGF and EGFR was determined with the proper antibodies. (C) Quantification (average and error bars) of the results of three distinct experiments.



Fig. 8 – NADH oxidase is involved in irradiation-induced release of Hb-EGF and phosphorylation of ERKs. (A) Plasma membranes of serum-starved HeLa cells were isolated as described under Experimental procedures. The membranes (5 µl of net membranes dissolved in 600 µl of buffer containing 250 µM NADH in PBS) were irradiated with frequency generator at 875 MHZ at intensity of 0.240 mW/cm2 for the indicated times. - 23 -
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NADH oxidase activity was determined as described under experimental Procedures. The results are average and standard errors of three distinct experiments. (B) Plasma membranes of serum-starved HeLa cells were either incubated with 12 µm DPI (15 min) or left untreated as indicated. Then the membranes were irradiated with frequency generator at 875 MHZ with an intensity of 0.200 mW/cm2 for the indicated times. The amount of Hb-EGF and EGFR was analyzed by Western blots with the indicated antibodies. (C) Serum-starved HeLa cells were incubated with 12 µM of DPI for 30 min (+) or left untreated as control (-). The cells were then irradiated at 875 MHZ with intensity of 0.200 mW/cm2 for 10 min. The amount of released Hb-EGF and phosphorylated ERKs was determined with the indicated antibodies as described in Figs.1 and 5.



Fig. 9 – Schematic representation of the proposed mechanism that mediates ERKs phosphorylation upon mobile phone irradiation. This activation is mediated by irradiation-induced activation of NADH oxidase that generates ROS at the plasma membranes. The ROS then directly activate MMPs, to cleave and release Hb-EGF, which further binds EGFR and activates the ERK cascade.
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