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Abstract
We have shown previously that a weak 50 Hz magnetic field (MF) invoked the actin-cytoskeleton, and provoked cell migration at the cell level, probably through activating the epidermal growth factor receptor (EGFR) related motility pathways. However, whether the MF
also affects the microtubule (MT)-cytoskeleton is still unknown. In this article, we continuously investigate the effects of 0.4 mT, 50 Hz MF on the MT, and try to understand if the MT
effects are also associated with the EGFR pathway as the actin-cytoskeleton effects were.
Our results strongly suggest that the MF effects are similar to that of EGF stimulation on the
MT cytoskeleton, showing that 1) the MF suppressed MT in multiple cell types including
PC12 and FL; 2) the MF promoted the clustering of the EGFR at the protein and the cell levels, in a similar way of that EGF did but with higher sensitivity to PD153035 inhibition, and
triggered EGFR phosphorylation on sites of Y1173 and S1046/1047; 3) these effects were
strongly depending on the Ca2+ signaling through the L-type calcium channel (LTCC) phosphorylation and elevation of the intracellular Ca2+ level. Strong associations were observed
between EGFR and the Ca2+ signaling to regulate the MF-induced-reorganization of the
cytoskeleton network, via phosphorylating the signaling proteins in the two pathways,
including a significant MT protein, tau. These results strongly suggest that the MF activates
the overall cytoskeleton in the absence of EGF, through a mechanism related to both the
EGFR and the LTCC/Ca2+ signaling pathways.
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The cell motility depends on the transformation and reorganization of the cytoskeleton network, which mainly consists of actin filaments (F-actin), microtubules (MT), and intermediate
filaments. In stationary state, cells usually have obvious thick stress fiber bundles across cell
centers, polarized MT distributed from cell center to periphery, and focal adhesions (FA) scattered all over the cell; while in migrating cells, the cytoskeleton is reorganized with F-actin
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much thinner in cell centers while denser in lamellipodia, MT scarcely reaching cell periphery,
and FA more in leading edge and less in rear direction [1, 2].
The actin cytoskeleton transformation is the main force to drive cell motility, which is usually induced by activities of epithelial growth factor receptors (EGFRs) initiated actin turnover,
and results in protrusional organelle spreading in cell front. The processes rely on the EGFR-Protein kinase C (PKC)- mitogen-activated protein kinase (also called extracellular signal-regulated kinases, MAPK/Erk) pathways [3–5]. It was well known that epithelial growth factor
(EGF), the ligand of EGFR, induces cell migration in multiple normal and tumorous cell lines
[5, 6] through overall activation of cytoskeleton network of actin, MT, and FA etc. [7–9]. We
previously reported that a 30-min exposure of 0/1-0.5 mili Tesla (mT) power frequency magnetic field (MF) induced morphological and cytoskeletal changes in different cell lines [10–
12]. In a way similar to EGF stimulation, a 30 min, 0.4 mT MF specifically upgraded cell
migration, activated actin-cytoskeleton, induced a weakened F-actin network with denser filopodia and lamellipodia in leading edge, and re-distributed FA at cell level [13]. MF also
induced responses at the protein level on signaling molecules such as F-actin nucleation protein Arp2/3, F-actin stabilizer protein fascin and MLC, as well as FA component vinculin etc.
[13]. Nevertheless, it is still unclear if and how another cytoskeleton major component, MT, is
affected by MF.
The MT forms spindle, centriole, and flagella, implicating in cellular transportation, motility, and maintenance of the cell shape etc.. MT tips extend to the cell edge all around the
periphery in stationary cells, but rarely penetrate the protrusion structure (like lamellipodium)
in the leading edge in migrating cells [2]. In eukaryotic cells, MT emanates from microtubuleorganizing center (MTOC), which is the MT nucleation center located close to the nucleus
and undergoes reorientation towards the migration leading edge [2]. The MTOC is usually
centrosome, but non-centrosome MTOC sites also widely exist in differentiated cells [14].
When MT depolymerization occurs, the fibers are sheared into short segments [15–17]. The
MT dynamic instability participates in regulation of motility by coordinating F-actin transformation and FA renewal [2, 18]. MT possibly interacts with cortical actin network to determine
stationary or migratory state of the cell [2]. Especially, MT is important in neuron cells, where
it forms neural tubes, determines the position of axon, and participates in early neurite differentiation [19].
As another significant component of the cytoskeleton, it was well studied that MT is configured by numerous proteins bound to the assembled MT tubes, such as tau and other microtubule associated proteins (MAPs) [20]. Protein tau is under the regulation of EGFR through the
subsequent activation of MAPK/Erk depending on PKC phosphorylation [21–23]. Upon phosphorylated, the tau protein is less favored to bind to MT tubes, resulting in MT instability [24].
Recent researches found that the Alzheimer’s disease (AD) is associated with abnormally phosphorylated tau and EGFR signaling in the neuron cells [25, 26]. Additionally, the PKC-dependent MAPK/Erk activation is also essential for neural differentiation [27, 28]. Thus, we are
very curious if the MF would also influence the MT network via phosphorylating PKC and
tau.
EGFR, playing a key role overall in cell motility and activation of cytoskeleton, is a 170 KD
protype tyrosine kinase (RTK), mainly activated by EGF binding and other EGF agonists
including transforming growth factor α (TGFα) [29]. EGFR protein consists of a large extracellular ligand-binding region (domain I-IV) [30]. Upon ligand stimulation, the domain I and
III rearrange to place near enough to bind simultaneously to the same ligand [30]. This rearrangement indirectly facilitates domain II to program a deviation at the disulfide-bonded,
resulting in an extended formation to contact with opposite domain I of the other monomer,
termed exposure of dimerization arm [30]. The first step of EGFR activation is the ligand-
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induced dimerization, resulting in autophosphorylation at 5 tyrosine (Y) sites (Y992, Y1045,
Y1068, Y1148 and Y1173), enabling a signal transduction cascade by phosphorylation of its
substrates [31]. Phosphorylated Y1173 residue serves as a major docking site of EGFR [32, 33]
for the Src homology and collagen (Shc) proteins, which involve in MAPK/Erk signaling as
scaffold proteins [34]. EGFR Y1173 phosphorylation also activates MAPK/Erk pathway
through mediating PKC phosphorylation via phospholipase Cγ (PLCγ) and diacyl glycerol
(DAG) [35, 36]. By this manner, EGFR regulates the cell motility through the PKC-MAPK/
Erk pathway. Meanwhile, phosphorylation on S1046/1047 desensitizes EGFR and decreases its
affinity for ligand binding to recover the rest state [37]. We have previously revealed that the
0.4 mT 50 Hz MF alone induced EGFR clustering in solution of purified EGFR and in the
membrane of Chinese hamster lung (CHL) cells in the absence of ligand binding, and this
morphological change was blocked by the EGFR tyrosine kinase (TK) inhibitor PD153035
(PD) [38]. However, we do not know if these MF-effects are based on the physiological interaction among monomers and result in EGFR activation.
Calcium signaling also deeply participates in the EGFR induced cytoskeleton dynamics.
EGFR signaling is reported to crosstalk with the calcium-signaling pathway. On one hand, the
calcium receptors are able to transactivate EGFR [39, 40]. On the other hand, EGFR activation
upon EGF binding triggers Ca2+ influx through the plasma ion channels such as the L-type
Ca2+ channel (LTCC) [40–42]. Calmodulin (CaM) is the primary binding object of Ca2+, existing in cells usually in MARCKS sink [43]. However, CaM could not be released from this sink
unless MARCKS is phosphorylated by PKC [43], which is activated upon EGFR activation [35,
36], as well as by Ca2+ binding to CaM [44]. CaM/Ca2+ complex binds to the Ca2+/calmodulin-dependent protein kinase II (CAMK II) and regulates its phosphorylation [45]. Importantly, both PKC and CaMKII could activate MAPK/Erk signaling [3, 46, 47], which is
implicated in modulating the MT and F-actin networks through regulating proteins including
tau [24], fascin [48], Arp2/3 [49], MLC and vinculin [50] etc.. Hence, an optimal intracellular
2+
Ca level is required to regulate the actin [51, 52] and the MT [53] associated regulating proteins, thus to modulate the F-actin and MT networks, as well as to shift cell motility. Since MF
induced cell migration and cytoskeleton reorganization [13], an elevated intracellular calcium
level and enhanced activities of the calcium channel, CAMK II, CaM, and MARCKS by MF
are expected.
Power frequency MF, ubiquitous in daily life, belongs to the extremely low frequency MF
(ELF-MF). Whether exposure to weak ELF-MFs induces healthy problems in robust people
has turned into an acute environmental health issue, and results in vast studies focusing on
effect of the ELF-MFs, providing massive evidence and opinions conflicting with or supporting
to each other. It was reported that the power frequency MF disturbed the ligand/receptor
activities [54], promoted the cellular calcium intaking [55–58], and modulated the calcium
channels [59]. It was also reported that EGFR activated cytoskeleton transition highly
depended on a physiological Ca2+ level in cells, and the MF effects on the Ca2+ activities were
similar to those of the EGF [40–42], suggesting the MF induced EGFR-cytoskeleton transitions
involves the calcium mobilizing and signaling.
At the present stage, we do not have clear pictures to show, under the power frequency MF
exposure, 1) the microcosmic and dynamic MF-induced-EGFR protein interactions to form
clusters at molecule level; 2) based on the previous results on the actin-cytoskeleton, if and
how the fields activate the MT cytoskeleton via the EGFR clustering; 3) if the Ca2+ signal pathway is involved in the MF-induced-cytoskeleton effect. These are the main objects we focused
on in this paper.
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Results and discussions
MF evoked the MT network into a migration state depending on EGFR and
LTCC
MF depressed the microtubule network. We previously reported that the 0.4 mili Tesla
(mT), 50 Hz magnetic field (MF) exposure of 30 min altered the F-actin cytoskeleton, cell
shape, and induced cell migration [13]. Hence, we suspected that the microtubule (MT) network, another main component of cytoskeleton, would also be shifted into a migration state
by MF. To address this issue, β-tubulin, the MT monomer, was labeled to analyze the protein
distribution and content level. The results confirmed that MT in stationary state [2] appeared
as a clear network pattern, with pretty MT fibers emanating from the microtubule-organizing
center (MTOC) ring around the nucleus in cell center and reaching the cell periphery in sham
exposed FL cells (Fig 1A, Sham). However, after the MF exposure, the cell shape shifted, with
nucleus away from cell center. The MT turned into an unstable and typically migrating status
[60], with MTOC turning into half-ring shape and reoriented to face the migration leading
edge, the MT intensity decayed in cell leading edge (lamellipodia), and fewer MT fibers reaching cell periphery (Fig 1A, MF). Instead, several bright spots appeared (arrow heads in Fig 1A,
MF), possibly resembling depolymerized MT segments [15–17]. Meanwhile, it was found that,
compared to the sham, the average MT content per cell decreased 50.01% upon MF exposure
(Fig 1C). These MF effects were similar to those with EGF treatment (Fig 1A, EGF, and Fig
1C). Taken together, we showed here that MF could trigger MT into an instability state, possibly with higher speed of depolymerization and reassembly. As well known, it is the MT
dynamics or its dynamic instability, but not the presence of MT per se, that affects the cell
migration [60]. Moreover, we have demonstrated that both MF and EGF triggered cell motility
in FL cells [13]. Therefore, here we have shown that the MF invoked FL cells into a ready-tomigrate or migrating state in a way similar to EGF stimulation.
MT plays an extremely key role in the function of neuron cells during formation of neural
tubes, determination of the axon positions, differentiation of early neurites, and so on [61].
Therefore, we especially inspected the MF influence on the MT network in PC12 (pheochromocytoma 12) cells. The results showed that, similarly, the MTOC ring was intact and homogeneous in the sham-exposed cells, but broken and/or inhomogeneous in the MF or EGF
treated cells (Fig 1B). Surprisingly, several “black hollows” of microtubules were observed in
the cell body of MF and EGF treated cells (arrows in Fig 1B), with a loss of MT contents by
36.32% and 36.53%, respectively, when compared to sham (Fig 1D). Thus, similar to EGF, the
MF is likely able to activate the turnover of MT-cytoskeleton system in both FL and PC12 cells,
resulting in a weakened MT network. Moreover, the chronic exposure of MF was found to
enhance the differentiation rate in the middle stage (S1 Fig), though the causality relationship
between the effects of MF on MT and differentiation is unclear.
Motile cells are featured with focal adhesions (FA) denser in the leading edge and degraded
in the rear, rather than homogenously distributed all over the cell body in the stationary state
[2]. We previously observed that the FAs were formed and appeared in the lamellipodia in the
leading edge of FL cells while MF triggering cell migration [13], possibly through proteins paxillin and FAK ([62]. In PC12 cells, again, much higher FA density unequally appeared in cell
body periphery in the MF exposed cells, similar to the effects in the EGF treated cells (Fig 2).
These results confirmed that the MF functions similarly to EGF stimulation to trigger PC12
cells prone into migration state, as it did with FLs [13].
The MF effects on the MT network may associate with activation of EGFR and LTCC.
We have shown that PD inhibition of EGFR activation partially eliminated the depolymerization of stress fibers (F-actin) and the formation of protrusion structures induced by MF or
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Fig 1. MF induced changes in microtubule cytoskeleton. MF induced changes in MT in FL cells (A) and in PC12 cells (B); and the average gray value /
content of MT per cell was seen in C (FL) and D (PC12). Sham: sham exposure for 30 min; MF: 50 Hz 0.4 mT MF exposure for 30 min; EGF: 100 nM
EGF treated for 30 min; PNM and PNE: pretreated with 1 μM PD for 2 h and 20 μM NIF for 40 min before 50 Hz 0.4 mT MF exposure (PNM) or EGF
treatment (PNE) for 30 min. The horizontal bar represents 20 μm in A and 100 μm in B. The part in dashed square was further amplified, as shown in
the panels below, by 4 x for FL and 5x for PC12 cells. In C and D: more than 50 cells were measured for each group (see details in S1 Table); � and �� : pvalue < 0.05 and < 0.01 when compared to Sham by Student’s t-test, respectively.
https://doi.org/10.1371/journal.pone.0205569.g001

EGF [13]. Therefore, besides the EGFR pathway, there must be some other signaling molecules
involved in the mechanisms whereby MF exerted effects on cytoskeleton system. It was
reported that calcium signaling also plays important roles in regulating cytoskeleton reorganization and cell migration [51, 58]. Hence, we investigated the MF effects on L-type calcium
channel (LTCC), a typical calcium channel on cell membrane. When pretreating the FL cells
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Fig 2. MF induced more focal adhesion in PC12 cells periphery. The groups were treated as described in Fig 1 and in Materials and Methods.
The parts in dashed square were further amplified 2x, as indicated by the arrows. The horizontal bar represents 50 μm. The average gray value /
content of vinculin per cell was quantified for each group within at least 50 cells (see details in S1 Table) and was shown in the histogram; � : pvalue < 0.05 when compared with Sham by student’s t-test.
https://doi.org/10.1371/journal.pone.0205569.g002

with nifedipine (NIF) to inhibit LTCC alone, the MT and EGF induced F-actin depolymerization and morphology changes were also partially rescued (unpublished data in the lab and S2
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Fig). When simultaneously blocking the activations of both EGFR by PD and LTCC by NIF,
we found the MTOC ring was retained in FL after MF exposure (PNM, Fig 1A), and the “black
hollows” (PNM, Fig 1B) and redistribution of FA (PNM, Fig 2) induced by MF disappeared in
PC12, while the average content of MT per cell was recovered to the sham control level in both
cell lines (Fig 1C and 1D). Similarly, the EGF induced MT changes and FA alterations were
also diminished when EGFR and LTCC were simultaneously inhibited (PNE, Figs 1 and 2).
Thus, it suggests that the MF or EGF induced effects on the MT system are related to both the
EGFR and the LTCC signals. However, the function of the calcium signaling in the MFinduced MT instability was still unclear, and will be addressed in this paper later.
We previously showed that MF could induce FA redistribution, F-actin reorganization, and
cell motility in FL cells in a way similar to EGF stimulation [13]. Here we showed that the MF
exposure could induce MT instability in both FL and PC12 cells (Fig 1), and FA redistribution
in PC12 cells (Fig 2), and all these effects could be almost fully eliminated by inhibition of both
EGFR and LTCC. This reminisced the MF-induced EGFR clustering [38] and calcium intaking [55–58].Taken together, we demonstrated that MF could overall activate both F-actin and
MT cytoskeleton system and FA in a mechanism depending on both EGFR and calcium signals, triggering cells into a migrating or ready-to-migrate state.

MF induced redistribution, clustering, and activation of EGFRs
Since the MF-induced morphology transformation of the F-actin cytoskeleton system is
related to the EGFR pathway [13], and the MT is also under the regulation of EGFR [8], does it
mean the MF effects on the MT instability were initiated at the activation of the EGFR? To
address this question, we examined the EGFR responses to MF exposure at both protein and
cell levels.
MF enforced the EGFR clustering effect in the FL and PC12 cell lines. The first step of
EGFR activation is its dimerization/clustering [31], which is induced usually by extracellular
ligands such as EGF, TGF, and so on [39], but could be also affected by many physical factors
like MF [38]. We have found previously that MF induced the EGFR clusterization at both cell
and protein levels [38]. In this work, as shown in Fig 3A and 3B, immunofluorescence detection revealed MF induced EGFR clustering in both FL and PC12 cells, as indicated by the
bright green dots (arrows in Fig 3A and 3B, MF), which confirmed our previous observation
that the MF induced EGFR clustering in CHL cells [38]. For PC12 cells, especially, the EGFR
clusters emerged not only in the cell body, but also on the axons (Fig 3B, MF). Moreover, in
the sham cells, the EGFR could be visualized all over the cell body (Fig 3, Sham), with sheet of
proteins sometimes in FL cell periphery (arrowhead in Fig 3A, Sham), whilst upon MF exposure, the proteins were more concentrated around cell nucleus (Fig 3, MF), much fewer in cell
periphery, interestingly except for axons in PC12 cells (Fig 3B, MF). Similar and stronger clustering effects were observed in EGF treated cells (Fig 3, EGF). Both MF and EGF did not exert
significant influences on the total content of EGFR protein in both cell lines (Fig 3A and 3B,
histograms). These results indicated that the MF induced a morphological EGFR redistribution and clustering in a manner similar but interior to EGF did.
Next, we tried to inspect the protein interaction process in a deeper look to give a microcosmic picture of EGFR clustering, by comparing the fluorescence resonance energy transfer
(FRET) [63] signals which reflects EGFR clustering in cells and in solution of purified EGFR
monomers treated with sham, MF and EGF (see details in the Materials and Methods).
The typical fluorescence intensity (FI) in cells along the wavelength was shown for each
condition in Fig 4A. In this paper, we defined the FRET signal as the FI decrease at the donor
emission peak (519 nm) in FRET group respective to donor+acceptor (sum of groups with
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Fig 3. MF induced clustering and redistribution of EGFR. EGFR was labeled in green fluorescence in FL cells (A), and PC12 cells (B). The groups were treated as
described in Fig 1 and in Materials and Methods. The horizontal bar represents 50 μm in A, and 100 μm in B, respectively. The average gray value /content of EGFR per
cell was quantified in the bar chart, and more than 50 cells were measured for each group (see details in S1 Table), p-value > 0.05 when compared to the Sham by
Student’s t-test. For all experiments, the repeat times were seen in the S1 Table.
https://doi.org/10.1371/journal.pone.0205569.g003
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Fig 4. MF induced EGFR interaction. A: Fluorescence intensity of EGFR in differently treated FL cells. The plots represent the FI along wavelength in FRET groups of
FL cells treated with sham exposure for 30 min (Sham), 0.4 mT 50 Hz MF for 30 min (MF), 100 nM EGF for 30 min while sham exposed (EGF) or 0.4 mT 50Hz MF
exposed (MF+EGF), or pretreated with 1 μM PD for 2 h before 30 min treatment of 100 nM EGF (PD+EGF) or 0.4 mT 50 Hz MF (PD+MF). When cells were labeled
with only donor dye (donor) or only acceptor dye (acceptor), the indicated treatment did not change the FI, thus only one single plot was shown as example; donor
+ acceptor: the mathematically sum of the FI in the donor and in the acceptor. DEP: Donor’s emission peak; AEP: Acceptor’s emission peak. B: Quantification of the FI
decreases at donor emission peak from A. �� : p-value < 0.01 in MF, EGF, and MF+EGF group when compared with Sham by Student’s t-test. C: The DEP FI decrease
percentages in EGFR monomer solution with pretreatment of PD of a serial of concentration. D: Hill Plot analyses of the data in C; error bar was representative of Ln
(mean-sd); more details seen in Materials and Methods. E: Kd and IC50 of PD inhibition to purified EGFR proteins upon different treatments by Hill plot; � and �� : pvalue < 0.05 and < 0.01, respectively, when compared to Sham with the same labeling; #: the error bars in this group (shown in C) were so high that the extracted values
might not reflect the real case. The repeat time of the experiments was listed in S1 Table.
https://doi.org/10.1371/journal.pone.0205569.g004

donor alone or acceptor alone), which represents the intensity of energy exchange between
donor dye and acceptor dye when the distance between the two molecules is close enough to
a quantum scale. Therefore, the FRET signal strength indicates the quantitated amount of
EGFR molecule interactions occurred. Obvious FRET signals were seen under the conditions
of sham, MF, EGF, and MF+EGF at a degree of (21.58 ± 1.26)%, (30.47 ± 1.45)%, (39.42 ±
1.34)%, and (42.67 ± 1.64)%, respectively (Fig 4B), reflecting significant energy exchange
enforcements under these conditions. The FRET signal was readily seen in the sham group,
reflecting a control level of EGFR clustering occurred even in the absence of EGF in the serum
starved FL cells, possibly due to EGFR clustering in a ligand-independent manner [64] or
EGFR transactivation by other pathways [39, 40]. The increase of FRET signal in EGF treated
cells was significantly stronger than that in the MF treated cells, indicating EGF had a higher
efficiency on inducing the EGFR interaction than MF did (Fig 4B). The largest increase was
observed in the EGF+MF group, though the difference compared to EGF alone was not large
(Fig 4A and 4B), likely due to the possibility that 100 nM EGF stimulation triggered EGFR
interaction to an almost saturated extent, so that additional MF exposure to the EGF treatment
did not impact much further more. Nevertheless, these results implied that MF, even in present of EGF, is able to addictively enforce the EGFR monomers in cells to approach to a quantum-small distance between each other to form EGFR clusters.
PD inhibition of EGFR clustering is more efficient to MF than to EGF. It was known
that EGF induced EGFR oligomerization results in EGFR activation [30, 31], and both EGFR
oligomerization and activation could be blocked by PD153035 (PD) pretreatment on TK
domain [38, 65]. Hence, it is interesting to investigate the effects of MF on the TK domain. In
the previous work, we have seen that PD much inhibited the EGFR clustering in CHL cells and
the cytoskeleton activation in FL cells in both MF and EGF treated samples [13, 38]. In this
article, we found that in FL cell samples with 1000 nM PD pretreatment, the FRET signals
were almost totally eliminated in the sham condition (Fig 4A). Similarly, the FRET signals
were much depressed in both PD+MF and PD+EGF treated groups to a degree as subtle as
(0.74 ± 1.50)% and (2.53 ± 1.55)%, respectively (Fig 4A and 4B). These results indicated that
both the MF- and the EGF-induced EGFR clustering in cells was almost totally inhibited by
the PD, suggesting that the MF induces EGFR clustering probably through a mechanism similar to EGF does, which is related to the TK domain [65]. The FRET signal was even lower in
PD+MF than in PD+EGF (Fig 4B), but not significantly, indicating that PD inhibition to the
MF-induced EGFR clustering is somehow likely more effective than to that of EGF (Fig 4B).
To further address this issue, FRET experiments were carried out with purified EGFR protein monomers in a protein suspension (see Materials and methods for details) pretreated with
PD in a concentration dependent manner before exposure to MF or EGF. The results showed
that the FRET signals were gradually depressed in a [PD] dependent manner in all conditions
(Fig 4C), indicating that the EGFR clustering were overall constrained in the presence of PD.
Further Hill Plot analyses (Fig 4D) allowed to extract the apparent dissociation constant Kd
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values of PD-EGFR interaction from the FRET vs. [PD] plot. It was found that the apparent Kd
values were bigger in both MF group (2.39) and EGF group (4.43) than that in the sham (1.66)
(Fig 4E). This result indicates that both MF and EGF play a role by counteracting to PD inhibition, and that the MF effects may target to the TK domain of EGFR. This is a first-hand evidence that the MF shifts the apparent affinity of the receptor to its inhibitor. However, the MF
induced EGFR clustering was still more sensitive to PD inhibition than EGF induced, since the
Kd or IC50 was smaller in MF group than in EGF group (Fig 4E). Taking all these results
together, our evidence further confirmed the evidence that PD is able to block the MF triggered EGFR clustering, in a way similar but more efficient than it did to EGF induced
clustering.
MF elevated the EGFR phosphorylation levels. Finally, to understand if MF activates
EGFR, we checked the phosphorylation level of EGFR on the residue Tyr1173 (Y1173), one of
the first autophosphorylation sites upon EGFR dimerization and activation [31]. As shown in
Fig 5, under all conditions, the total EGFR protein content retained unchanged, confirming
the result by immunofluorescence in Fig 3. However, when compared to the sham, the level of
the phospho-EGFR Tyr 1173 (p-EGFR 1173) was significantly elevated by 40.17% with MF
exposure (Fig 5B, MF). A much more notable elevation was observed in the EGF treated samples, with an increase of 1276.19% (Fig 5B, EGF). This result suggested that MF might be able
to activate the EGFR, though with a lower efficiency than EGF did. We also examined the
EGFR phosphorylation level on the residue Ser1046/1047, whose phosphorylation regulates
the inactivation process of EGFR through reducing its sensitivity to EGF [37]. It was found
that the content of phospho-EGFR Ser1046/1047 (p-EGFR 1046/1047) in MF or EGF treated
groups was also enhanced by 19.99% or 20.89%, respectively, when compared to the sham.
These results imply that, while elevating EGFR activity, MF increases, but not depresses, the
EGFR de-sensitivity to its ligand. Together with the results that MF decreased the PD inhibition on the TK domain of EGFR (Fig 4C, 4D and 4E) and the secretion of EGFR ligand TGFalpha [13], MF is suggested to directly enhance EGFR activation at its catalytic site Tyr1173,
depending on a mechanism similar to EGF but with a less efficiency.
In summary, here we confirmed that MF could induce EGFR clustering [38] by both immunofluorescence (Fig 3) and FRET (Fig 4). The results implied that MF induced EGFR clustering in a mechanism similar to EGF stimulation, which was relative to PD inhibition (Fig 4)
[38, 65]. We also showed that MF activated EGFR (Fig 5) possibly due to EGFR autophosphorylation upon MF-induced clustering of EGFR monomers [31]. The findings that MF activated
EGFR reminisced our previous results that MF induced cell migration and F-actin reorganization through up-regulating the F-actin cytoskeleton signal proteins of fascin, MLCK, and
Arp2/3, which were all under the modulation of the EGFR pathway [13]. Moreover, MFinduced EGFR activation also modulated the MT instability, which will be described later.

A significant role of the calcium signaling in MF effects on cytoskeleton
It was observed that a control level of the membrane EGFR clustering was still seen in serumstarved control cells free of EGFR ligands (Fig 4A and 4B, Sham), implying the EGFR was
likely somehow transactivated by certain other element or elements. Therefore, it is interesting
to inspect if there are certain signaling pathways other than MF induced EGFR clustering may
also be on action upon MF exposure to activate EGFR.
The calcium signaling is well documented to cross talk with EGFR signaling: EGFR transactivation occurs upon evoking of the calcium signal pathway [39, 40], while Ca2+ entrance
across cytosol membrane and [Ca2+]i elevation happens in response to EGFR activation [40–
42]. As abovementioned in this article, MF-induced effects were associated with calcium
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Fig 5. MF activated EGFR. A: Western blot of EGFR and EGFR phosphorylation at residue Tyr1173 and Ser1046; B: relative gray value/content of the
proteins to the Sham groups after normalized with the GAPDH content, � and �� : p-value < 0.05 and < 0.01 when compared with Sham by Student’s ttest, respectively. The groups were treated as described in Fig 1 and in Materials and Methods.
https://doi.org/10.1371/journal.pone.0205569.g005

pathways, since simultaneous blockages of both EGFR and LTCC by PD and NIF not only
fully erased the MF-induced changes on MT stability and cell morphology (PNM and PNE in
Fig 1, and S2 Fig), but also seriously prevented the MF-induced redistribution and phosphorylation of EGFR proteins (PNM and PNE in Figs 3 and 5). Moreover, MF alone was reported to
stimulate Ca2+ entering the cytosol [55–58], which likely plays a role in the mechanism of MFinduced effects. Therefore, we were very interested in the calcium pathway in its role in MFinduced cytoskeleton responses.
To elicit the influence of MF on calcium signaling, the intracellular calcium [Ca2+]i was
stained with fluo-3 AM and measured by flow cytometry (FCM). The [Ca2+]i responds to the
Ca2+ flux upon extracellular calcium ([Ca2+]o) alterations. As shown in Fig 6A, low [Ca2+]o
due to EGTA chelation resulted in a 19.08% decrease of mean FI from 30.56 ±1.04 in sham
control (CON in Sham) to 24.73 ± 2.62 (EGTA in Sham). This effect was even more obvious in
the MF and EGF groups. MF (CON in MF) and EGF (CON in EGF) similarly elevated [Ca2+]i
to 39.87 ± 4.09 and 38.34 ± 1.53, respectively, leading to a respective 30.46% and 25.46%
increases relative to the CON in Sham (Fig 6A). These [Ca2+]i elevation by MF and EGF was
significantly, though not fully, eliminated by the pretreatment of NIF to inhibit LTCC (NIF).
This implies that the increased [Ca2+]i is possibly resulted from MF/EGF-triggered calcium
influx, mainly through NIF-sensitive LTCC. With a lower efficiency than NIF did, the PD inhibition to EGFR alone also constrained the MF- and EGF-induced [Ca2+]i elevation, indicating
that the significant [Ca2+]i elevations triggered by MF or EGF exposure partially relied on
EGFR activation. However, PD+NIF double blockages resulted in a mean FI value of
31.54 ± 2.55 in EGF or 28.07 ± 0.98 in MF, proximate to the CON in Sham, but respectively
20.88% or 29.60% lower than CON in EGF or MF group (Fig 6A), implying PD+NIF pretreatment could almost fully, even excessively, block the MF- or EGF-induced [Ca2+]i elevation.
The FCM results in FL cells were confirmed through the confocal method. Compared with
the sham, [Ca2+]i in FL was improved by 41.27% and 31.72% with MF and EGF treatment,
respectively (Fig 6B). Similarly, the MF and EGF treatments also increased in PC12 cells the
[Ca2+]i by 43.80% and 48.83%, respectively (Fig 6C). In both cell lines, the pretreatments of PD
+NIF prevented almost all the changes induced by MF or by EGF (PNE and PNM in Fig 6B
and 6C). All these results suggested that MF elevated [Ca2+]i in a manner depending on activation of both EGFR and LTCC.
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Fig 6. MF induced [Ca2+]i elevation. A: [Ca2+]i measured in FL cells by flow cytometric analyses. CON: control; EGTA: pretreated with as low as 1 μM [Ca2+]o by
EGTA chelation; NIF: pretreated with 0.02 mM NIF for 40 min; PD: pretreated with 1 μM PD for 2 h; PD+NIF: pretreated with 1 μM PD for 2 h and 0.02 mM NIF
for 40 min; Sham: sham exposed for 30 min; MF: exposed to 0.4 mT 50 Hz MF for 30 min; EGF: treated with 100 nM EGF for 30 min. �� and � : P-value < 0.01
and < 0.05, respectively, when compared with the corresponding CON in the same group by Student’s t-test. B and C: [Ca2+]i imaged by Fluo-4AM in FL (B) and
PC12 (C) cells; the groups were treated as described in Fig 1 and in Materials and Methods. The horizontal line represents 20 μm in B and 50 μm in C; for each cell
line, gray value of [Ca2+]i in at least 100 cells of each condition was quantified in the bar chart, � and �� : p-value < 0.05 and < 0.01, respectively, when compared with
CON of the same group. Details of the analyzed cell number and repeat times were listed in S1 Table.
https://doi.org/10.1371/journal.pone.0205569.g006
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Fig 7. Effects of MF on CaV1.2 and IP3R. A: Immunofluorescence staining of CaV1.2 subunit of LTCC in FL cells. The
groups were treated as described in Fig 1 and in Materials and Methods. The horizontal line represents 20 μm; average
gray value of CaV1.2 per cell in at least 50 cells in each condition was quantified in the histogram; p-value > 0.05 when
compared with Sham. B: Western blot assay (left) of p-CaV1.2 (top lane) and p-IP3R (middle lane) in FL cells; Sham:
sham-exposed; MF: exposed to 0.4 mT MF for 30 min; EGF: treated with 100 nM EGF for 30 min; NM: pretreated with
0.02 mM NIF for 40 min, then exposed to 0.4 mT 50 Hz MF for 30 min. Relative gray value / content of the proteins to
the Sham groups after normalized with the GAPDH was shown in the histogram (right). � : p-value < 0.05 by Student’s ttest when compared with Sham. Details of the analyzed cell number and repeat times were listed in S1 Table.
https://doi.org/10.1371/journal.pone.0205569.g007

To confirm that LTCC indeed plays a role in allowing calcium influx through the channel,
immunoblot experiments were conducted in FL cells. The results showed that the phosphorylation level of CaV1.2 (a key subunit of LTCC) was elevated by MF and EGF treatment (Fig
7B), though the total content was not significantly affected (Fig 7A and S3 Fig). Further analyses showed that, different from the EGF treatment, the MF mainly increased the phosphorylation level on the membrane CaV1.2, but not the proteins in cytosol (S3 Fig). These data
suggests that the MF might activate the functional membrane, but not the internalized, LTCC
to induce calcium influx [66]. One may argue that the [Ca2+]i may also be elevated due to Ca2+
release from intracellular calcium pools. However, the activation of IP3R, a ubiquitous calcium
channel mediating the release of intracellular calcium from endoplasmic reticulum in unexcitable cells [67], was not obviously detected upon MF or EGF treatment in FL cells (Fig 7B).
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This indicated that the observed evidences that MF or EGF induced [Ca2+] elevations are likely
due to a Ca2+ influx from extracellular source through MF- or/and EGFR activated LTCC.
Researchers have revealed that MF could induce calcium intaking [55–58]. Here we confirmed that MF elevated cellular calcium level (Fig 6) through invoking calcium influx via activated LTCC (Fig 7). The calcium influx was relying on MF treatment, and at least partially
dependent on EGFR activation (Fig 6), which reminisced the cross talks between the EGFR
and calcium pathways [40–42].

MF activated the MT network by evoking the signaling cascades involving
both EGFR and calcium
The calcium pathways played a key role in MF-induced MT instability. Since the above
results indicated that MF and EGF induced [Ca2+]i elevation (Fig 6) through activating LTCC
(Fig 7), we wonder if the downstreaming calcium signaling modulates MT instability. In cytosol, Ca2+ ions bind with CaM to form CaM/Ca2+ complex, which then regulates the phosphorylation of CAMKII [45]. Here, we observed that the phospho-CAMKII (p-CAMKII) level in
FL cells was enhanced by 45.3% upon MF exposure. A similar increase of 49.5% was seen in
the EGF treated sample (Fig 8C). The phosphorylated CaMKII protein was reported to directly
activate MAPK/Erk pathway [3, 46, 47], and the phosphorylation level of MAPK/Erk was
indeed increased upon the exposure of MF [68]. Activation of MAPK/Erk modulates MT
through tau, a member of microtubule-associated proteins (MAPs) binding on MT to stabilize
the fiber structure [24]. Upon phosphorylation, tau is released from the MT complex and MT
becomes destabilized [20]. Here, both the protein and the phosphorylation levels of tau were
investigated. It was found that the total tau protein content in FL cells was decreased by
14.45% or 30.70% with MF exposure or EGF treatment, respectively (Fig 8A and 8B). This
decrease possibly relies on the proteasome and autophagy to degrade the phosphorylated tau
[69]. In PC12 cells, no obvious decrease in total tau content was detected (Fig 8D). The level of
phosphorylated tau (p-tau), however, conversely increased in FL cells by 32.00% and 37.80%
in MF and in EGF treated groups, respectively. Therefore, MF is likely to destabilize MT network, in a way similar to EGF, by increasing tau phosphorylation level via Ca2+-CaMKII-MAPK/Erk-tau pathway (Fig 9).
MF destabilized MT through EGFR regulation. Besides the calcium pathway, it was also
well documented that p-EGFR1173 was able to phosphorylate PKC [35, 36] to activate MAPK/
Erk pathway[3, 46, 47] and thus to modulate cell motility [70]. We have found that the pEGFR1173 level increased upon MF treatment (p-EGFR1173, Fig 5). Therefore, it is reasonable
to investigate the influence of MF on PKC. The results showed that no change on the total
PKC content was detected upon MF exposure (PKC, Fig 8A and 8B)). However, when compared to the sham, the phosphorylated PKC (p-PKC) level was greatly promoted by 28.24% in
MF exposed cells. A similar but much more significant increase of 99.09% was observed in
EGF treated cells, with negligible changes seen in NIF and PD pretreated cells (p-PKC Fig 8A
and 8B), suggesting that MF activated PKC in a way similar to that of EGF, too. These results
imply that the MF may induce MT instability through EGFR-PKC-MAPK/Erk-tau pathway
(Fig 9).
EGFR activated by MF might exert effects on MT instability also through reinforcing calcium pathways. CaM is usually stored in Marcks sink, and can be released into cytosol upon
PKC activation of Marcks [43]. MF exposure did not significantly change the total content of
MARCKS (Fig 8A and 8B). However, compared to the sham, MF increased the level of pMARCKS by 19.35%, similar but interior to a 33.45% increase in EGF treated group. Thus, it
suggests that MF may amplify the activation of MARCKS, resulting in releasing more CaM
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Fig 8. MF activated signaling proteins relative to both EGFR and calcium. A and B: Western blot of the indicated proteins (A) and the relative gray value / content of
the proteins to the Sham groups after normalized with the GAPDH content (B); C: CaM and p-CAMKII by immunoblot (upper) and the quantification relative to the
Sham after normalized to GAPDH (lower); D: Protein tau in PC12 cells by immunofluorescence. The groups in A, B, and D were treated as described in Fig 1 and in
Materials and Methods; while the groups in C were treated as described in Fig 7B. � and �� in B and C: p-value < 0.05 and < 0.01 when compared with Sham by
Student’s t-test, respectively. In D, the horizontal bars represent 50 μm; the average gray value per cell computed from at least 80 cells in each condition was shown in
the histogram. The repeat time and analyzed cell number were described in detail in S1 Table.
https://doi.org/10.1371/journal.pone.0205569.g008
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Fig 9. A schematic of how MF affects microtubule stability via EGFR and calcium pathways and the cross talks between the two. Arrows with blunt ends
indicate inhibition relation. Red arrows: the EGFR-PKC-MAPK/Erk pathway [3–5]; blue arrows: the LTCC/CaMKII-MAPK/Erk pathway [46, 47]; dark red arrows:
influence of the EGFR-PKC-MAPK/Erk pathway on the LTCC/CaMKII-MAPK/Erk pathway [43]; dark blue arrows: influence of LTCC/CaMKII-MAPK/Erk
pathway on the EGFR-PKC-MAPK/Erk pathway [44–47]. The focal adhesions are also under the regulation of the MAPK/Erk pathway [50, 62].
https://doi.org/10.1371/journal.pone.0205569.g009

free into cytosol [43]. The total CaM level was also seen 18.5% increase upon MF exposure (Fig
8C). By this way, MF invokes more free CaM and higher level of [Ca2+]i (Fig 6), reinforcing
the possibility of CAMKII phosphorylation (Fig 9).
The above results presented an interesting evidence to strongly suggest that the MF signaling
transduction and exaggeration along the EGFR-PKC- MAPK/Erk [21–23] and the Ca2+-CaMKII- MAPK/Erk [44–47] pathways, and cross-talks occurrence between the two (Fig 9), showing
that MF exposure could finally increase the tau phosphorylation level and destabilize the MT
network though the signaling cascades. The tau hyperphosphorylation has been well known to
contribute to the genesis of the Alzheimer’s disease [25, 26, 71, 72]. Abnormality of tau signaling
has also been demonstrated to link with many other severe neuron degeneration diseases and
brain disorders like frontotemporal lobar degeneration [73]. It is not yet clear if MF exposure is
relative to the tauopathy, though, this work might shed a light on a possible mechanism by
which MF was probably able to induce a weaker but more dynamic and flexible MT cytoskeleton, inferring the potential association between MF and the development of some relative
illnesses.
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MF destabilized MT network depending on both the EGFR and the calcium pathways.
The MF induced MT instability involves both the EGFR and the LTCC pathways. One may
wonder if the two pathways exert functions independently or sequentially, or there are crosstalks between the two, which collaboratively leads to cytoskeleton reorganization. Our results
tend to the later possibility. There are several lines of clues indicated this hypothesis. First, NIF
inhibition of LTCC alone could not fully restore the MF induced CaMKII phosphorylation
(Fig 8C), and the MF induced morphological changes could be only fully erased by pretreatment of PD plus NIF, but not by either NIF or PD alone (S2 Fig and see the Fig 2 in [13]), indicating that these MF-induced changes depend on the activations of both the EGFR and
calcium pathways, but not one single of the two. Simultaneous PD+NIF inhibition of both
EGFR and LTCC also restored the effects of MF on MT reorganization (Fig 1A and 1B), cell
reshaping (S2 Fig), FA redistribution (Fig 2), EGFR clustering (Fig 3) and activation (Fig 5),
[Ca2+]i elevation (Fig 6), and activation of their downstream signaling proteins like PKC,
MARCKS, and tau (Fig 8), suggesting that all these MF-induced effects might rely on activation of both EGFR and LTCC pathways. Second, it has been reported that EGFR can be transactivated by the calcium [39, 40], while EGF can enhance [Ca2+]i [40–42]. Here, we’ve also
found that MF/EGF elevated [Ca2+]i level (CON in MF or EGF, Fig 6A). PD inhibition of
EGFR alone could significantly depressed the MF-induced [Ca2+]i elevation (PD in MF, Fig
6A), suggesting that the [Ca2+]i elevation upon MF exposure partially attributes to EGFR transactivation of the calcium channel. Calcium influx is documented to phosphorylate MAPK/Erk
via activation of EGFR, which can be blocked by LTCC inhibition [39, 40]. Last but not the
least, there are strong crosslinks between the two pathways. The EGFR activated PKC is able to
increase p-MARCKS to release CaM from MARCKS sink (Figs 8 and 9) [43], thus reinforces
the Ca2+-CaMKII-MAPK/Erk-tau signaling (Fig 9) [44–47]. Meanwhile, the Ca2+ and p-CaMKII in turn could contribute to PKC phosphorylation [44], probably therefore to strengthen
the PKC-MAPK/Erk pathway (Fig 9). Taken together, we showed intensive crosslinks between
the EGFR and LTCC-Ca2+ pathways, through which MF exerted its effects on MT instability
and reorganization, but could neither declare the sequence or order of activation of the two
pathways, nor separate the functions of the two pathways on MT reorganization.

Conclusions
Taking together with our previous results [13], we showed that the MF, in a way similar to EGF
but independent of the EGFR ligand, provoked both F-actin and MT cytoskeleton into a migrating/ready-to-migration state in epithelial and neuron cells. We report in this paper as the firsthand but primary evidence that the MF exposure induces the MT reorganization via activation of
both the EGFR-PKC-MAPK/Erk and the Ca2+-CaMKII-MAPK/Erk pathways, and cross talks
between them (Fig 9). Meanwhile, we have also shown that MF induces the formation and redistribution of focal adhesions, possibly through proteins paxillin and FAK, which are under the regulation of EGFR [62]. Relying on these EGFR and Ca2+ pathways and the crosstalk between
them, the MF signal is transformed into biological signal and transmitted along the signal transduction cascades. In this manner, the effects of MF could be exaggerated and might finally exert
influence to activate the overall F-actin- and MT-cytoskeleton, to trigger the growth of protrusional structures and focal adhesions, and to improve the cell migration in different cell lines.

Materials and methods
Reagents
Purified human-derived EGFR (#E2645), native EGF (#E9644), anti-phospho-CAMKII antibody (pThr287) (#SAB4504607), anti-β-Tubulin antibody (#T8328), Antipyrylazo III (APIII,
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#089F0935), and Nifedipine (NIF, #N7634) were obtained from Signa-Aldrich. The antiEGFR antibody (#2239), phospho-EGF Receptor (Tyr1173) (53A5) antibody (#4407), phospho-EGF Receptor (Ser1046/1047) antibody (#2238), phospho-PKC (pan) (βII Ser660) antibody (#9371), anti MARCKS (D88D11) antibody (#5607), phospho-MARCKS (Ser152/156)
antibody (#2741), anti-tau (tau46) antibody (#4019), phospho-tau (pSer404) antibody (#T74
44), anti-vinculin antibody (#4650), anti- phospho-IP3R (Ser1756) (#3760), anti-mouse secondary antibody conjugated to Alexa Fluor 488 (#4408) and to Alexa Fluor 555 (#4409), antirabbit secondary antibody conjugated to Alexa Fluor 488 (#4412) and to Alexa Fluor 555
(#4413) were purchased from Cell Signaling Technology. The EGF-Alexa 488 (#E13345) and
EGF-Alexa 555 (#E35350) were from Life Technologies. The anti-PKC beta 2 antibody [Y125]
(#ab32026) was purchased from Abcam, while the anti-GAPDH antibody (#AG019) and RIPA
lysis buffer (Cat: P0013B) were obtained from Beyotime. The protease inhibitor cocktail tablets
(#04693116001) were from Roche. Neuron growth factor (NGF, #556-NG) was from R&D systems. PD153035 (#234490) was purchased from Calbiochem. Goat anti-rabbit IgG (H + L)
(IRDye 800CW Conjugated) (#926–32211) and goat anti-mouse IgG (IRDye 800CW Conjugated) (#926–32210) were purchased from LI-COR biosciences. PhosphoSafe Extraction
Reagent (#71296) was from Merck Millipore. The Fluo-3 AM (#F1242) was bought from
Molecular Probes, while the Fluo-4 AM (#F14201) was from Invitrogen. Anti-CaV1.2
(#NBP1-42817) was from Novus Biologicals. Anti-phospho-CaV1.2 (Ser1928) (#A010-70) was
from Badrilla.

Cell culture, MF exposure, and experimental conditions
Human amniotic epithelium FL cells (a kind gift from Dr. Qunli Zeng, Zhejiang University)
were cultured in minimum essential medium (MEM, GIBCO), supplied with 15% fetal bovine
serum (FBS, GIBCO) [13]. The pheochromocytoma 12 (PC12, a kind gift from Dr. Yan-Ai
Mei, Fudan University) cells were maintained in the Kaighn’s modification of Ham’s F-12
medium (F12K, GIBCO), supplied with 10% FBS and 5% horse serum (GIBCO), or with 2%
FBS, 2% horse serum, and 50μg/mL neuron growth factor (NGF) when inducing differentiation. Both cell lines were maintained with streptomycin and penicillin (Beyotime, final concentration: 100 unites/mL each) in 37˚C incubator with 5% CO2 and humid atmosphere. The
FL cells at the 5th-7th generations and the PC12 cells with NGF treatment for 1 week, unless
otherwise mentioned, were used as the experimental substrates.
The MF exposure system was already described in [13]. Considering that the international
commission on non-ionizing radiation protection (ICNIRP) safety guideline for power frequency MF suggests a 0.2 mT limit intensity for the public and 1 mT for professionals [74], the
MF finally used in this study was 0.4 mT, 50 Hz. The sham-exposed cells were placed in the
same condition as in the MF group, except with the MF system in off-position [38].
The cells were divided into different groups: Sham was cells sham-exposed for 30 min; MF
was treated only with 0.4 mT MF for 30 min; EGF was treated with 100 nM EGF for 30 min in
sham condition; PD and NIF meant pretreatment of 1 μM PD for 2 h and 20 μM NIF for 40
min before sham exposure, respectively; and PNM or PNE were MF or EGF groups, respectively, with pretreatment of both 1 μM PD for 2 h and 20 μM NIF for 40 min. In FRET experiments (seen in the below section), sometimes 100 nM EGF was added while MF exposure for
30 min (EGF+MF).

Fluorescence resonance energy transfer experiments
Fluorescence resonance energy transfer (FRET) has been employed in detecting EGFR clustering [63]. Here the concentration ratio of the donor/acceptor dyes was set to be 1/2 to ensure
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that 80% of the donor particles have at least one acceptor partner [63], and the signal changes
at the donor’s emission peak (DEP) were computed as the FRET signal.
For the FRET experiments within cells, the FL cells were pretreated and sham/MF exposed
as aforementioned, then placed on ice bed, and rinsed with ice-cold PBS three times before
fixed with 4% paraformaldehyde for 3 h at 4˚C. After rinsing by PBS for 3 times, the cells were
collected by scraper and rinsed with PBS for another 3 times by spinning at 1000 g at room
temperature (RT). For each sample, around 2–3 million cells were resuspended in 5 mL PBS
with intensively pipetting and vortex to diffuse into single cell state, and then the cell suspension was split into 1mL aliquots as subgroups. The cells were incubated overnight at 4˚C in
dark, with 300 nM native EGF as background in the first aliquot, 100 nM of EGF-alexa 488
(Excitation/Emission (Ex/Em): 495/519 nm) plus 200 nM of native EGF as donor in the second aliquot, 200 nM EGF-Alexa 555 (Ex/Em: 555/565 nm) plus 100 nM of native EGF as
acceptor in the third aliquot, and 100nM EGF-alexa 488 plus 200 nM EGF-Alexa 555 as FRET
in the fourth aliquot. After rinsed with cold PBS 3 times by centrifugation at 1000 g for 10 min,
a 1 mL (1x105/mL) cell suspension for each subgroup was applied to measure the fluorescence
intensity (FI) signals. The repeat times of the experiments were listed in the S1 Table.
As for the experiments with purified protein, EGFR monomer solution was prepared with
PBS, and the final concentration was 5 μg/mL [38]. As the cell samples, after the indicated pretreatments and MF/sham exposure, the samples were carefully split into 4 groups and were
then labeled as background, donor, acceptor, and FRET with the EGF probes. To get rid of the
effects of EGF on EGFR oligomerization, the samples were also labeled with antibodies [75].
The anti-EGFR antibody (1: 200) was added 30 min before the secondary antibody. No secondary antibody, only secondary antibody conjugated with alexa-488 (1:400), only secondary
antibody conjugated with alexa-555 (1:200), or both antibodies were added in the group of
background, donor, acceptor or FRET, respectively. The repeat time m and total parallel number n of the experiments were listed in the S1 Table.
The FI signal was collected by a fluorescence spectrophotometer (HORIBA JY FM-4 from
Hitachi, Japan) with excitation spectrum of 495 nm. With a filter reducing signals < 510 nm,
FI was collected in the spectrum of 500–600 nm. The FI was normalized by the corresponding
background sample, and then the average FI within 515–525 nm was calculated as the DEP FI
to be used in the analyses. Finally, the percentage of DEP FI decrease relative to the donor+accepter was calculated as the parameter of FRET. In the [PD] dependent FRET experiments,
the samples were pretreated with the indicated [PD] for 2 h, and the IC50 and Kd were calculated from the FI decrease percentages at DEP with Hill-Plot function in Sigmaplot software.

Estimating [Ca2+]i by flow cytometry analysis
Measurement of cytosolic Ca2+ concentration ([Ca2+]i) was described elsewhere [76] with
minor modifications. In this study, we used Fluo3-AM, which has been shown as a reliable
membrane penetrated dye to detect changes in cytosolic calcium [77, 78], to stain calcium
ions.
To modulate the [Ca2+] in the extracellular matrix ([Ca2+]o), the [Ca2+]o was set to 1 μM, 1
mM or 10 mM by EGTA at pH 7.1. The [Ca2+]o was monitored and calibrated optically using
Antipyrylazo III (APIII) in serial standard [Ca2+] buffers of 0.1–11 mM to determine [Ca2+]o
[79].
FL cells were divided into 5 groups, with CON as control, with outside cell calcium [Ca2+]o
level as low as 1 μM by EGTA chelating in EGTA group, with pretreatment of 0.02 mM NIF
for 40 min (NIF), or with 1 μM PD for 2 h (PD), or with both 0.02 mM NIF for 40 min and
1 μM PD for 2 h (PD+NIF). Cells of each group were separated into 3 subgroups, and treated
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with sham, 100 nM EGF, or 0.4 mT 50 Hz MF for 30 min, respectively. After 3 times of rinse
with PBS, cells were incubated with 24.8 μg/ml Fluo-3/AM (Ex/Em: 488/525 nm) for 40 min at
37˚C in the dark, followed with PBS rinse for 3 times. A 0.5 ml (1×105/ml) cell suspension was
collected for each condition for flow cytometric measurements (FACScan, Becton Dickson,
Franklin Lakes, NJ, USA). The mean FI of each measurement was analyzed and normalized by
cell number using Cell Quest software (FACScan, Becton Dickson Company). The experiments were repeated as described in S1 Table.

Immunofluorescence
The FL and PC12 were seeded on glass coverslips in 6-well plates at 1x 104/mL and divided
into the aforementioned 5 groups. After indicated pretreatments and the sham/MF exposure,
the cells were rinsed with PBS for 3 times, 5 min each time, and then fixed by 4% paraformaldehyde for 10 min at room temperature (RT), followed by PBS rinse for 3 times, 5 min each
time. Then the cells were treated with 0.22% Triton X-100 for 10 min at RT, washed with PBS
3 times, 5 min each time. Corresponding primary antibody and secondary antibody were
applied in sequence to label each target protein according to the manufacture’s direction, both
for 1 h at RT, secondary antibody in dark, with 3 times of 5 min PBS rinse in between. To stain
Ca2+, the cells were manipulated as abovementioned, except to skip the Triton X-100 treatment and to incubate with Flou-4 AM (Ex/Emi: 494/506 nm) at a final concentration of
2.2 μmol/L at 4˚C in dark overnight. After labeling, the cells were rinsed by PBS for 3 times, 5
min per time. The coverslips were sealed on slides and then observed under the laser scanning
confocal microscope or fluorescence microscope. For each labeled protein and each condition,
the repeat time m, total parallel number n, and analyzed cell number were listed in S1 Table.
The amount of fluorescence in each cell was collected as average gray value per cell with the
software ImageJ 1.46 (NIH, http://rsb.info.nih.gov/ij/download.html). The average gray value
was computed based on data from 35–70 cells for each labeled protein in each condition (see
details in S1 Table), and normalized to the sham, so that no standard deviation was in sham
group.

Western blotting assays
Cells were treated as abovementioned, then immediately placed on ice and rinsed with cold
PBS once. After adding RIPA lysis buffer (or PhosphoSafe extraction reagent for the samples
to detect protein phosphorylation levels) with protease inhibitor according to manufacturer’s
direction, cells were scraped and centrifuged at 13,000 g at 4˚C for 10 min to remove the cell
debris. Each target protein was marked with its corresponding primary and secondary antibodies. The gray values of the protein bands were obtained by ImageJ and normalized to the
reference protein GAPDH and the sham group. The repeat time m and total parallel number n
were listed in S1 Table.

Statistics
The data was normalized to the sham, and was shown as mean or mean ± standard deviation
(sd, shown as error bar), except the sham group, which was normalized as 1. One exception
was in Fig 4D, where the data was shown as Ln(mean) and the error bar represented Ln(meansd). Student’ t-test was used to test the significance of differences relative to the sham, unless
otherwise specially indicated; significant difference and extremely significant difference were
inferred as � and �� if p-value < 0.05 or < 0.01, respectively. The parallel sample number and/
or analyzed cell number were listed in S1 Table.
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Supporting information
S1 Fig. Effects of MF on the differentiation of PC12 cells. A: Differentiating cells on the first
(left), third (middle), and seventh (right) day after adding the NGF to induce PC12 differentiation. Upper lane: Sham; lower lane: exposed to 50 Hz, 0.4 mT MF; the horizontal bar represents 200 μm. B: Percentage of differentiated cells from A. The differentiated cells were defined
as those with axon length longer than the cell body diameter. At each point, at least 200 cells
were examined; repeat time n = 3; � : p-value < 0.05 when compared to the Sham by Student’s
t-test.
(PDF)
S2 Fig. MF induced protrusions in FL cells that were not totally rescued by inhibiting
EGFR. FL cells were sham (A) or exposed to 0.4 mT 50 Hz MF (B) or treated with 100 nM
EGF (F) for 30 min; or FL cells were pretreated with 1 μM PD for 2 h (C) or 20 μM NIF for 40
min (D) or with both (E) before MF exposure (C-E) or EGF treatment (G) for 30 min. Arrow:
appearance of filopodia, arrowhead: lamellipodia. A-D and F was from [13].
(PDF)
S3 Fig. Effects of MF on CaV1.2 and IP3R. A: Contents of CaV1.2 in FL cells by Western blot
(left) and the relative gray value to the Sham group after normalized with the GAPDH content
(right); Sham: sham-exposed; MF: exposed to 0.4 mT MF for 30 min; p-value > 0.05 when
compared with Sham by Student’s test. B: p-CaV1.2 content in the membrane and cytoplasm
part of FL cells. The cytoplasm and membrane parts of the FL cells were separated and the pCaV1.2 content in each part was examined by Western blot and the quantification from 3
repeats was shown in the histogram. � : p-value < 0.05 when compared to the Sham by Student’s test.
(PDF)
S1 Table. Repeat times and analyzed cell numbers.
(PDF)

Acknowledgments
We thank for the kind experimental supports and scientific discussions from Dr. Yan-ai Mei
from Fudan University and Dr. Qunli Zeng from Zhejiang University.

Author Contributions
Conceptualization: Shude Chen, Ruohong Xia.
Funding acquisition: Ruohong Xia.
Investigation: Xia Wu, Juan Du, Weitao Song, Meiping Cao.
Methodology: Xia Wu.
Project administration: Shude Chen.
Writing – original draft: Xia Wu.
Writing – review & editing: Xia Wu, Ruohong Xia.

References
1.

Badley RA, Couchman JR, Rees DA. Comparison of the cell cytoskeleton in migratory and stationary
chick fibroblasts. Journal of muscle research and cell motility. 1980; 1(1):5–14. PMID: 7014630

PLOS ONE | https://doi.org/10.1371/journal.pone.0205569 October 12, 2018

22 / 27

MF induced MT reorganization depending on EGFR and Ca2+

2.

Wehrle-Haller B, Imhof BA. Actin, microtubules and focal adhesion dynamics during cell migration. The
International Journal of Biochemistry & Cell Biology. 2003; 35(1):39–50.

3.

Gan Y, Shi C, Inge L, Hibner M, Balducci J, Huang Y. Differential roles of ERK and Akt pathways in regulation of EGFR-mediated signaling and motility in prostate cancer cells. Oncogene. 2010; 29
(35):4947–58. https://doi.org/10.1038/onc.2010.240 PMID: 20562913.

4.

Jiang Q, Zhou C, Bi Z, Wan Y. EGF-induced cell migration is mediated by ERK and PI3K:AKT pathways
in cultured human lens epithelial cells. Journal of Ocular Pharmacology & Therapeutics. 2006; 22
(3):93–102.

5.

Sato H, Kuwashima N, Sakaida T, Hatano M, Dusak JE, Fellows-Mayle WK, et al. Epidermal growth
factor receptor-transfected bone marrow stromal cells exhibit enhanced migratory response and therapeutic potential against murine brain tumors. Cancer gene therapy. 2005; 12(9):757–68. https://doi.org/
10.1038/sj.cgt.7700827 PMID: 15832173.

6.

Harms BD, Bassi GM, Horwitz AR, Lauffenburger DA. Directional persistence of EGF-induced cell
migration is associated with stabilization of lamellipodial protrusions. Biophysical journal. 2005; 88
(2):1479–88. https://doi.org/10.1529/biophysj.104.047365 PMID: 15713602; PubMed Central PMCID:
PMC1305149.

7.

Chan AY, Raft S, Bailly M, Wyckoff JB, Segall JE, Condeelis JS. EGF stimulates an increase in actin
nucleation and filament number at the leading edge of the lamellipod in mammary adenocarcinoma
cells. J Cell Sci. 1998; 111 (Pt 2):199–211. Epub 1998/03/21. PMID: 9405304.

8.

Rea K, Sensi M, Anichini A, Canevari S, Tomassetti A. EGFR/MEK/ERK/CDK5-dependent integrinindependent FAK phosphorylated on serine 732 contributes to microtubule depolymerization and mitosis in tumor cells. Cell death & disease. 2013; 4:e815. https://doi.org/10.1038/cddis.2013.353 PMID:
24091658; PubMed Central PMCID: PMC3824663.

9.

Mezi S, Todi L, Orsi E, Angeloni A, Mancini P. Involvement of the Src-cortactin pathway in migration
induced by IGF-1 and EGF in human breast cancer cells. Int J Oncol. 2012; 41(6):2128–38. https://doi.
org/10.3892/ijo.2012.1642 PMID: 23023326.

10.

Chu KP, Cai ZY, Zhang DY, Zeng QL, Zhang YK, Chen SD, et al. Effect of 50 Hz power frequency magnetic field on microfilament cytoskeleton assembly of human amnion FL cells. Zhonghua yu fang yi xue
za zhi [Chinese journal of preventive medicine]. 2007; 41(5):391–5. Epub 2008/01/22. PMID:
18206012.

11.

Du J, Wu X, Qi H-X, Song W-T, Wang Z-D, Rao L-Y, et al. A preliminary study on the frequency effects
of weak extremely low frequency magnetic field on cellular actin skeleton assembly. Progress in Biochemistry and Biophysics. 2015; 42(8):758–69. https://doi.org/10.16476/j.pibb.2015.0131

12.

Chu K, Cai Z, Zhang Y, Xia r. Effect of 0.4 mT power frequency magnetic field on F-actin assembly of
CHL cells. Chinese Journal of Radiological Health. 2007; 16(3):259–61.

13.

Wu X, Cao MP, Shen YY, Chu KP, Tao WB, Song WT, et al. Weak power frequency magnetic field acting similarly to EGF stimulation, induces acute activations of the EGFR sensitive actin cytoskeleton
motility in human amniotic cells. PloS one. 2014; 9(2):e87626. https://doi.org/10.1371/journal.pone.
0087626 PMID: 24505297; PubMed Central PMCID: PMC3914819.

14.

Muroyama A, Lechler T. Microtubule organization, dynamics and functions in differentiated cells. Development (Cambridge, England). 2017; 144(17):3012–21. https://doi.org/10.1242/dev.153171 PMID:
28851722; PubMed Central PMCID: PMC5611961.

15.

Kapitein LC, Hoogenraad CC. Building the Neuronal Microtubule Cytoskeleton. Neuron. 2015; 87
(3):492–506. https://doi.org/10.1016/j.neuron.2015.05.046 PMID: 26247859.

16.

Conde C, Caceres A. Microtubule assembly, organization and dynamics in axons and dendrites. Nature
reviews Neuroscience. 2009; 10(5):319–32. https://doi.org/10.1038/nrn2631 PMID: 19377501.

17.

Mandelkow E, Mandelkow EM. Microtubules and microtubule-associated proteins. Current opinion in
cell biology. 1995; 7(1):72–81. Epub 1995/02/01. PMID: 7755992.

18.

Akhshi TK, Wernike D, Piekny A. Microtubules and actin crosstalk in cell migration and division. Cytoskeleton (Hoboken, NJ). 2014; 71(1):1–23. Epub 2013/10/16. https://doi.org/10.1002/cm.21150 PMID:
24127246.

19.

Woolf NJ, Priel A, Tuszynski JA. The cytoskeleton as a nanoscale information processor: electrical
properties and an actin-microtubule network model. Nanoneuroscience: Structural and Functional
Roles of the Neuronal Cytoskeleton in Health and Disease. Berlin, Heidelberg: Springer Berlin Heidelberg; 2010. p. 85–127.

20.

Kadavath H, Hofele RV, Biernat J, Kumar S, Tepper K, Urlaub H, et al. Tau stabilizes microtubules by
binding at the interface between tubulin heterodimers. Proceedings of the National Academy of Sciences of the United States of America. 2015; 112(24):7501–6. https://doi.org/10.1073/pnas.
1504081112 PMID: 26034266; PubMed Central PMCID: PMC4475932.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205569 October 12, 2018

23 / 27

MF induced MT reorganization depending on EGFR and Ca2+

21.

Anfuso CD, Giurdanella G, Motta C, Muriana S, Lupo G, Ragusa N, et al. PKCalpha-MAPK/ERK-phospholipase A2 signaling is required for human melanoma-enhanced brain endothelial cell proliferation
and motility. Microvascular research. 2009; 78(3):338–57. https://doi.org/10.1016/j.mvr.2009.09.001
PMID: 19747926.

22.

Guo K, Liu Y, Zhou H, Dai Z, Zhang J, Sun R, et al. Involvement of protein kinase C beta-extracellular
signal-regulating kinase 1/2/p38 mitogen-activated protein kinase-heat shock protein 27 activation in
hepatocellular carcinoma cell motility and invasion. Cancer science. 2008; 99(3):486–96. Epub 2008/
01/03. https://doi.org/10.1111/j.1349-7006.2007.00702.x PMID: 18167130.

23.

Lee JK, Kim NJ. Recent Advances in the Inhibition of p38 MAPK as a Potential Strategy for the Treatment of Alzheimer’s Disease. Molecules. 2017; 22(8):e1287. https://doi.org/10.3390/
molecules22081287 PMID: 28767069.

24.

Correa SA, Eales KL. The Role of p38 MAPK and Its Substrates in Neuronal Plasticity and Neurodegenerative Disease. Journal of signal transduction. 2012; 2012:649079. https://doi.org/10.1155/2012/
649079 PMID: 22792454; PubMed Central PMCID: PMC3389708.

25.

Lazarov O, Marr RA. Neurogenesis and Alzheimer’s disease: at the crossroads. Experimental neurology. 2010; 223(2):267–81. https://doi.org/10.1016/j.expneurol.2009.08.009 PMID: 19699201; PubMed
Central PMCID: PMC2864344.

26.

Augustinack JC, Schneider A, Mandelkow E-M, Hyman BT. Specific tau phosphorylation sites correlate
with severity of neuronal cytopathology in Alzheimer’s disease. Acta Neuropathologica. 2001; 103
(1):26–35. https://doi.org/10.1007/s004010100423

27.

Dumstrei K, Nassif C, Abboud G, Aryai A, Aryai A, Hartenstein V. EGFR signaling is required for the differentiation and maintenance of neural progenitors along the dorsal midline of the Drosophila embryonic
head. Development (Cambridge, England). 1998; 125(17):3417–26. Epub 1998/08/07. PMID:
9693145.

28.

Tsao HK, Chiu PH, Sun SH. PKC-dependent ERK phosphorylation is essential for P2X7 receptor-mediated neuronal differentiation of neural progenitor cells. Cell death & disease. 2013; 4:e751. Epub 2013/
08/03. https://doi.org/10.1038/cddis.2013.274 PMID: 23907465; PubMed Central PMCID:
PMCPMC3763436.

29.

Harris RC, Chung E, Coffey RJ. EGF receptor ligands. Experimental cell research. 2003; 284(1):2–13.
https://doi.org/10.1016/s0014-4827(02)00105-2 PMID: 12648462

30.

Ferguson KM. Structure-based view of epidermal growth factor receptor regulation. Annual review of
biophysics. 2008; 37:353–73. Epub 2008/06/25. https://doi.org/10.1146/annurev.biophys.37.032807.
125829 PMID: 18573086; PubMed Central PMCID: PMCPmc2745238.

31.

Purvis J, Ilango V, Radhakrishnan R. Role of network branching in eliciting differential short-term signaling responses in the hypersensitive epidermal growth factor receptor mutants implicated in lung cancer.
Biotechnology progress. 2008; 24(3):540–53. https://doi.org/10.1021/bp070405o PMID: 18412405;
PubMed Central PMCID: PMC2803016.

32.

Hsu CY, Hurwitz DR, Mervic M, Zilberstein A. Autophosphorylation of the intracellular domain of the epidermal growth factor receptor results in different effects on its tyrosine kinase activity with various peptide substrates. Phosphorylation of peptides representing Tyr(P) sites of phospholipase C-gamma. The
Journal of biological chemistry. 1991; 266(1):603–8. Epub 1991/01/05. PMID: 1845982.

33.

Wang F, Wang S, Wang Z, Duan J, An T, Zhao J, et al. Phosphorylated EGFR expression may predict
outcome of EGFR-TKIs therapy for the advanced NSCLC patients with wild-type EGFR. Journal of
experimental & clinical cancer research: CR. 2012; 31:65. https://doi.org/10.1186/1756-9966-31-65
PMID: 22901364; PubMed Central PMCID: PMC3548765.

34.

Wills MK, Tong J, Tremblay SL, Moran MF, Jones N. The ShcD signaling adaptor facilitates ligand-independent phosphorylation of the EGF receptor. Molecular biology of the cell. 2014; 25(6):739–52. https://
doi.org/10.1091/mbc.E13-08-0434 PMID: 24430869; PubMed Central PMCID: PMC3952845.

35.

Sturla LM, Amorino G, Alexander MS, Mikkelsen RB, Valerie K, Schmidt-Ullrichr RK. Requirement of
Tyr-992 and Tyr-1173 in phosphorylation of the epidermal growth factor receptor by ionizing radiation
and modulation by SHP2. The Journal of biological chemistry. 2005; 280(15):14597–604. Epub 2005/
02/15. https://doi.org/10.1074/jbc.M413287200 PMID: 15708852.

36.

Elkabets M, Pazarentzos E, Juric D, Sheng Q, Pelossof RA, Brook S, et al. AXL mediates resistance to
PI3Kalpha inhibition by activating the EGFR/PKC/mTOR axis in head and neck and esophageal squamous cell carcinomas. Cancer cell. 2015; 27(4):533–46. https://doi.org/10.1016/j.ccell.2015.03.010
PMID: 25873175; PubMed Central PMCID: PMC4398915.

37.

Countaway JL, Nairn AC, Davis RJ. Mechanism of desensitization of the epidermal growth factor receptor protein-tyrosine kinase. The Journal of biological chemistry. 1992; 267(2):1129–40. Epub 1992/01/
15. PMID: 1309762.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205569 October 12, 2018

24 / 27

MF induced MT reorganization depending on EGFR and Ca2+

38.

Jia C, Zhou Z, Liu R, Chen S, Xia R. EGF receptor clustering is induced by a 0.4 mT power frequency
magnetic field and blocked by the EGF receptor tyrosine kinase inhibitor PD153035. Bioelectromagnetics. 2007; 28(3):197–207. https://doi.org/10.1002/bem.20293 PMID: 17019730.

39.

Tomlins SA, Bolllinger N, Creim J, Rodland KD. Cross-talk between the calcium-sensing receptor and
the epidermal growth factor receptor in Rat-1 fibroblasts. Experimental cell research. 2005; 308(2):439–
45. https://doi.org/10.1016/j.yexcr.2005.04.032 PMID: 15950968.

40.

Rosen LB, Greenberg ME. Stimulation of growth factor receptor signal transduction by activation of voltage-sensitive calcium channels. Proceedings of the National Academy of Sciences of the United States
of America. 1996; 93(3):1113–8. Epub 1996/02/06. PMID: 8577724; PubMed Central PMCID:
PMCPMC40040.

41.

Che Q, Carmines PK. Angiotensin II Triggers EGFR Tyrosine Kinase-Dependent Ca2+ Influx in Afferent
Arterioles. Hypertension. 2002; 40(5):700–6. https://doi.org/10.1161/01.hyp.0000035524.10948.93
PMID: 12411465

42.

Baumgarten LB, Toscas K, Villereal ML. Dihydropyridine-sensitive L-type Ca2+ channels in human
foreskin fibroblast cells. Characterization of activation with the growth factor Lys-bradykinin. The Journal of biological chemistry. 1992; 267(15):10524–30. Epub 1992/05/25. PMID: 1375223.

43.

Neltner BS, Zhao Y, Sacks DB, Davis HW. Thrombin-induced phosphorylation of MARCKS does not
alter its interactions with calmodulin or actin. Cellular signalling. 2000; 12(2):71–9. Epub 2000/02/19.
PMID: 10679575.

44.

Brubaker-Purkey BJ, Woodruff RI. Vitellogenesis in the fruit fly, Drosophila melanogaster: antagonists
demonstrate that the PLC, IP3/DAG, PK-C pathway is triggered by calmodulin. Journal of insect science
(Online). 2013; 13:68. Epub 2013/11/16. https://doi.org/10.1673/031.013.6801 PMID: 24228869;
PubMed Central PMCID: PMCPMC3835028.

45.

Wayman GA, Tokumitsu H, Davare MA, Soderling TR. Analysis of CaM-kinase signaling in cells. Cell
calcium. 2011; 50(1):1–8. https://doi.org/10.1016/j.ceca.2011.02.007 PMID: 21529938; PubMed Central PMCID: PMC3236032.

46.

Dudek SM, Garcia JG. Cytoskeletal regulation of pulmonary vascular permeability. Journal of applied
physiology (Bethesda, Md: 1985). 2001; 91(4):1487–500. Epub 2001/09/25. https://doi.org/10.1152/
jappl.2001.91.4.1487 PMID: 11568129.

47.

Hutchinson TE, Zhong W, Chebolu S, Wilson SM, Darmani NA. L-type calcium channels contribute to
5-HT3-receptor-evoked CaMKIIalpha and ERK activation and induction of emesis in the least shrew
(Cryptotis parva). European journal of pharmacology. 2015; 755:110–8. https://doi.org/10.1016/j.
ejphar.2015.02.042 PMID: 25748600.

48.

Liang H, Gu M, Yang C, Wang H, Wen X, Zhou Q. Sevoflurane inhibits invasion and migration of lung
cancer cells by inactivating the p38 MAPK signaling pathway. Journal of anesthesia. 2012; 26(3):381–
92. https://doi.org/10.1007/s00540-011-1317-y PMID: 22349744.

49.

Singh S, Powell DW, Rane MJ, Millard TH, Trent JO, Pierce WM, et al. Identification of the p16-Arc subunit of the Arp 2/3 complex as a substrate of MAPK-activated protein kinase 2 by proteomic analysis.
The Journal of biological chemistry. 2003; 278(38):36410–7. https://doi.org/10.1074/jbc.M306428200
PMID: 12829704.

50.

Webb DJ, Donais K, Whitmore LA, Thomas SM, Turner CE, Parsons JT, et al. FAK-Src signalling
through paxillin, ERK and MLCK regulates adhesion disassembly. Nature cell biology. 2004; 6(2):154–
61. Epub 2004/01/27. https://doi.org/10.1038/ncb1094 PMID: 14743221.

51.

Yoneda M, Nishizaki T, Tasaka K, Kurachi H, Miyake A, Murata Y. Changes in actin network during calcium-induced exocytosis in permeabilized GH3 cells: calcium directly regulates F-actin disassembly.
The Journal of endocrinology. 2000; 166(3):677–87. Epub 2000/09/07. PMID: 10974661.

52.

Heo JS, Lee YJ, Han HJ. EGF stimulates proliferation of mouse embryonic stem cells: involvement of
Ca2+ influx and p44/42 MAPKs. American journal of physiology Cell physiology. 2006; 290(1):C123–
33. Epub 2005/08/19. https://doi.org/10.1152/ajpcell.00142.2005 PMID: 16107508.

53.

Liu G, Dwyer T. Microtubule dynamics in axon guidance. Neuroscience bulletin. 2014; 30(4):569–83.
https://doi.org/10.1007/s12264-014-1444-6 PMID: 24968808; PubMed Central PMCID: PMC5562624.

54.

Fitzsimmons RJ, Ryaby JT, Magee FP, Baylink DJ. IGF-II receptor number is increased in TE-85 osteosarcoma cells by combined magnetic fields. Journal of bone and mineral research: the official journal of
the American Society for Bone and Mineral Research. 1995; 10(5):812–9. Epub 1995/05/01. https://doi.
org/10.1002/jbmr.5650100519 PMID: 7639117.

55.

Walleczek J, Budinger TF. Pulsed magnetic field effects on calcium signaling in lymphocytes: dependence on cell status and field intensity. FEBS letters. 1992; 314(3):351–5. Epub 1992/12/21. PMID:
1468568.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205569 October 12, 2018

25 / 27

MF induced MT reorganization depending on EGFR and Ca2+

56.

Walleczek J, Liburdy RP. Nonthermal 60 Hz sinusoidal magnetic-field exposure enhances 45Ca2+
uptake in rat thymocytes: dependence on mitogen activation. FEBS letters. 1990; 271(1–2):157–60.
Epub 1990/10/01. PMID: 2226799.

57.

Lindstrom E, Lindstrom P, Berglund A, Mild KH, Lundgren E. Intracellular calcium oscillations induced
in a T-cell line by a weak 50 Hz magnetic field. Journal of cellular physiology. 1993; 156(2):395–8. Epub
1993/08/01. https://doi.org/10.1002/jcp.1041560223 PMID: 8344993.

58.

Komazaki S, Takano K. Induction of increase in intracellular calcium concentration of embryonic cells
and acceleration of morphogenetic cell movements during amphibian gastrulation by a 50-Hz magnetic
field. Journal of experimental zoology Part A, Ecological genetics and physiology. 2007; 307(3):156–62.
Epub 2007/04/03. https://doi.org/10.1002/jez.a.359 PMID: 17397069.

59.

Kavaliers M, Ossenkopp KP. Calcium channel involvement in magnetic field inhibition of morphineinduced analgesia. Naunyn-Schmiedeberg’s archives of pharmacology. 1987; 336(3):308–15. Epub
1987/09/01. PMID: 2446152.

60.

Ganguly A, Yang H, Sharma R, Patel KD, Cabral F. The role of microtubules and their dynamics in cell
migration. The Journal of biological chemistry. 2012; 287(52):43359–69. https://doi.org/10.1074/jbc.
M112.423905 PMID: 23135278; PubMed Central PMCID: PMC3527923.

61.

WN J., P Avner, TJ A. The Cytoskeleton as a Nanoscale Information Processor: Electrical Properties
and an Actin-Microtubule Network Model. Nanoneuroscience Biological and Medical Physics, Biomedical Engineering: Springer, Berlin, Heidelberg; 2009.

62.

Yang F, Liu H, Qi H-X, zhang J, Xia R-H, Wang X-H. Effect of 0.4 mT power frequency magnetic field on
the migration of human amniotic epithelial cells. Journal of Radiation Research and Radiation Processing. 2018;(3).

63.

Martin-Fernandez M, Clarke DT, Tobin MJ, Jones SV, Jones GR. Preformed oligomeric epidermal
growth factor receptors undergo an ectodomain structure change during signaling. Biophysical journal.
2002; 82(5):2415–27. Epub 2002/04/20. https://doi.org/10.1016/S0006-3495(02)75585-9 PMID:
11964230; PubMed Central PMCID: PMCPMC1302032.

64.

Mendelsohn J, Baselga J. Status of epidermal growth factor receptor antagonists in the biology and
treatment of cancer. Journal of clinical oncology: official journal of the American Society of Clinical
Oncology. 2003; 21(14):2787–99. Epub 2003/07/16. https://doi.org/10.1200/jco.2003.01.504 PMID:
12860957.

65.

Bos M, Mendelsohn J, Kim YM, Albanell J, Fry DW, Baselga J. PD153035, a tyrosine kinase inhibitor,
prevents epidermal growth factor receptor activation and inhibits growth of cancer cells in a receptor
number-dependent manner. Clinical cancer research: an official journal of the American Association for
Cancer Research. 1997; 3(11):2099–106. Epub 1998/11/17. PMID: 9815602.

66.

Green EM, Barrett CF, Bultynck G, Shamah SM, Dolmetsch RE. The tumor suppressor eIF3e mediates
calcium-dependent internalization of the L-type calcium channel CaV1.2. Neuron. 2007; 55(4):615–32.
Epub 2007/08/19. https://doi.org/10.1016/j.neuron.2007.07.024 PMID: 17698014; PubMed Central
PMCID: PMCPMC2384234.

67.

Mikoshiba K. IP3 receptor/Ca2+ channel: from discovery to new signaling concepts. Journal of neurochemistry. 2007; 102(5):1426–46. https://doi.org/10.1111/j.1471-4159.2007.04825.x PMID: 17697045.

68.

Liu LP. Power frequency magnetic fields inhibit U251 cell migration via blocking the acticity of MMP-9:
Fudan University; 2013.

69.

Rodriguez-Martin T, Cuchillo-Ibanez I, Noble W, Nyenya F, Anderton BH, Hanger DP. Tau phosphorylation affects its axonal transport and degradation. Neurobiology of aging. 2013; 34(9):2146–57. https://
doi.org/10.1016/j.neurobiolaging.2013.03.015 PMID: 23601672; PubMed Central PMCID:
PMC3684773.

70.

Iwabu A, Smith K, Allen FD, Lauffenburger DA, Wells A. Epidermal growth factor induces fibroblast contractility and motility via a protein kinase C delta-dependent pathway. The Journal of biological chemistry. 2004; 279(15):14551–60. Epub 2004/01/30. https://doi.org/10.1074/jbc.M311981200 PMID:
14747473.

71.

Grundke-Iqbal I, Iqbal K, Tung YC, Quinlan M, Wisniewski HM, Binder LI. Abnormal phosphorylation of
the microtubule-associated protein tau (tau) in Alzheimer cytoskeletal pathology. Proceedings of the
National Academy of Sciences of the United States of America. 1986; 83(13):4913–7. Epub 1986/07/
01. PMID: 3088567; PubMed Central PMCID: PMCPMC323854.

72.

Churcher I. Tau therapeutic strategies for the treatment of Alzheimer’s disease. Current topics in medicinal chemistry. 2006; 6(6):579–95. Epub 2006/05/23. PMID: 16712493.

73.

Medina M. An Overview on the Clinical Development of Tau-Based Therapeutics. Int J Mol Sci. 2018;
19(4). https://doi.org/10.3390/ijms19041160 PMID: 29641484.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205569 October 12, 2018

26 / 27

MF induced MT reorganization depending on EGFR and Ca2+

74.

ICNIRP. Guidelines for limiting exposure to time-varying electric and magnetic fields (1 Hz to 100 kHz).
Health physics. 2010; 99(6):818–36. Epub 2010/11/12. https://doi.org/10.1097/HP.0b013e3181f06c86
PMID: 21068601.

75.

Konig P, Krasteva G, Tag C, Konig IR, Arens C, Kummer W. FRET-CLSM and double-labeling indirect
immunofluorescence to detect close association of proteins in tissue sections. Laboratory investigation;
a journal of technical methods and pathology. 2006; 86(8):853–64. https://doi.org/10.1038/labinvest.
3700443 PMID: 16783395.

76.

Peiretti F, Fossat C, Anfosso F, Alessi MC, Henry M, Juhan-Vague I, et al. Increase in cytosolic calcium
upregulates the synthesis of type 1 plasminogen activator inhibitor in the human histiocytic cell line
U937. Blood. 1996; 87(1):162–73. Epub 1996/01/01. PMID: 8547638.

77.

Foller M, Sopjani M, Koka S, Gu S, Mahmud H, Wang K, et al. Regulation of erythrocyte survival by
AMP-activated protein kinase. FASEB journal: official publication of the Federation of American Societies for Experimental Biology. 2009; 23(4):1072–80. Epub 2008/12/04. https://doi.org/10.1096/fj.08121772 PMID: 19050047.

78.

Hermle T, Shumilina E, Attanasio P, Akel A, Kempe DS, Lang PA, et al. Decreased cation channel activity and blunted channel-dependent eryptosis in neonatal erythrocytes. American journal of physiology
Cell physiology. 2006; 291(4):C710–7. Epub 2006/05/26. https://doi.org/10.1152/ajpcell.00631.2005
PMID: 16723509.

79.

Feng W, Liu G, Xia R, Abramson JJ, Pessah IN. Site-selective modification of hyperreactive cysteines
of ryanodine receptor complex by quinones. Molecular pharmacology. 1999; 55(5):821–31. Epub 1999/
04/30. PMID: 10220560.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205569 October 12, 2018

27 / 27

