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Background: A controlled approach as opposed to conventional toxic drugs to activate p53 is applicable for tumors and

metabolic and inflammatory diseases.

Results: A 0.1-ms pulse width mild electrical stimulation (MES) activated p53 function in epithelial cell lines.
Conclusion: MES induced p53 phosphorylation via p38 MAPK signaling and G, cell cycle arrest without cell death.
Significance: MES works as a non-cytotoxic and controllable p53 activator.

Exogenous low-intensity electrical stimulation has been used
for treatment of various intractable diseases despite the dearth
of information on the molecular underpinnings of its effects.
Our work and that of others have demonstrated that applied
electrical stimulation at physiological strength or mild electrical
stimulation (MES) activates the PI3K-Akt pathway, but whether
MES activates other molecules remains unknown. Considering
that MES is a form of physiological stress, we hypothesized that
it can activate the tumor suppressor p53, which is a key modu-
lator of the cell cycle and apoptosis in response to cell stresses.
The potential response of p53 to an applied electrical current of
low intensity has not been investigated. Here, we show that p53
was transiently phosphorylated at Ser-15 in epithelial cells
treated with an imperceptible voltage (1 V/cm) and a 0.1-ms
pulse width. MES-induced p53 phosphorylation was inhibited
by pretreatment with a p38 MAPK inhibitor and transfection of
dominant-negative mutants of p38, MKK3b, and MKK®6b,
implying the involvement of the p38 MAPK signaling pathway.
Furthermore, MES treatment enhanced p53 transcriptional
function and increased the expression of p53 target genes p21,
BAX, PUMA, NOXA, and IRF9. Importantly, MES treatment
triggered G, cell cycle arrest, but not cell apoptosis. MES treat-
ment had no effect on the cell cycle in HCT116 p53_/ ~ cells,
suggesting a dependence on p53. These findings identify some
molecular targets of electrical stimulation and incorporate the
p38-p53 signaling pathway among the transduction pathways
that MES affects.

Endogenous and exogenous electrical currents exert some
influence over how cells behave and interact with one another
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at the cellular and organismal levels. The endogenous biological
electrical system is driven by exchange of extracellular and
intracellular ions and is an integral part in maintaining basic
physiological functions (1). In recent years, exogenous electri-
cal stimulation has been used for the treatment of cranial nerve
dysfunction, inflammation, bone injury, pain, and cancer cell
penetration for drug delivery (2—6). Given the mounting evi-
dence on the positive effects of exogenous electrical current, it
is not surprising that it has been employed in a clinical setting
(2,7, 8), notwithstanding that the molecular mechanisms of its
action are not well understood. A possible mechanism of the
effects of applied electrical stimulation could be the activation
of signal transduction pathways, as proposed by Seegers et al.
(9). Indeed, studies by our group and others have demonstrated
that electrical stimulation activates the PI3K-Akt pathway,
resulting in the process of wound healing (10) and amelioration
of hyperglycemia (11, 12). We have also shown that, together
with heat shock, which elevates the level of the heat shock pro-
tein Hsp72, mild electrical stimulation (MES)? attenuates
hepatic ischemia/reperfusion injury in mice (13-15), amelio-
rates the diabetic phenotype and protects pancreatic 3-cells in
a diabetes mouse model (11, 16), reduces inflammatory mark-
ers in healthy male subjects (17), and decreases proteinuria and
renal inflammation in an Alport syndrome mouse model (18).
In the latter disease model, MES was shown to activate not only
the PI3K-Akt pathway but also the p38 MAPK signaling path-
way (18). It is not surprising that, like other forms of physiolog-
ical mechanical stresses such as shear stress, MES can activate
the signal transduction pathways described above (9, 19).
Because we found previously that MES exerts protective effects
(11, 14, 18) and other reports have shown that electrical current
impedes tumor cell proliferation (20, 21), we asked whether
MES affects the expression of p53, a tumor suppressor known
for its cell-protective functions via a network of signaling
pathways.

2 The abbreviations used are: MES, mild electrical stimulation; 5-FU, 5-fluorou-
racil; DN, dominant-negative; pps, pulses/s; LDH, lactate dehydrogenase.
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p53 is activated by diverse cell stresses such as DNA damage,
cell starvation, oncogene activation, telomere elongation, cell
adhesion, and heat and mechanical stresses (22-28). It is pre-
dicted that there are still other biological stresses that can acti-
vate p53. Of note, there have been no reports on the effects of
low-intensity electrical current on the p53 protein. p53 is rap-
idly degraded by the ubiquitin-proteasome system in normal
cellular states, but factors that lead to p53 activation can phos-
phorylate and stabilize p53 (29). Activated p53 is translocated
to the nucleus to act as a transcription factor for its numerous
target genes. These target genes are effectors of cell cycle arrest,
DNA repair, and apoptosis (30). In addition to the antiprolif-
erative genes up-regulated by p53, some molecules involved in
metabolism and in response to inflammation have been
reported to be targets of p53 (31, 32). Many studies have also
shown that p53 is crucial in anti-inflammatory responses (33—
37) and in the transcription of the innate immune receptor
TLR3 (Toll-like receptor 3) (38). Hence, functional activation of
p53 could be beneficial not only for therapeutic application in
cancer but also for treatment of inflammatory diseases. In this
study, we investigated whether MES, an applied electrical cur-
rent of physiological strength, can activate p53 in epithelial
cells. Our results are the first to reveal that MES can activate
p53 and its target genes, leading to G, phase arrest. These find-
ings add to our growing knowledge of the underlying mecha-
nisms of the effects of electrical stimulation.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—5-Fluorouracil (5-FU) was pur-
chased from Wako (catalog no. 068-01401). SB203580 was
from Calbiochem (catalog no. 559389). The following antibod-
ies were obtained from Santa Cruz Biotechnology: anti-p53
(DO-1; sc-126), anti-p21 (C-19; sc-397), anti-MDM?2 (SMP14;
sc-965), normal mouse IgG (sc-2025), and anti-actin (I-19;
sc-1616). Anti-phospho-p53 (Ser-15; catalog no. 9284), anti-
p38 (catalog no. 9212), anti-phospho-p38 (Thr-180/Tyr-182;
catalog no. 9211), and anti-phospho-ATF2 (Thr-71; catalog no.
9221) antibodies were from Cell Signaling Technology. HRP-
conjugated secondary antibodies were from Jackson Immu-
noResearch Laboratories.

Cell Culture, Treatment, and Transfection—Human colorec-
tal cancer HCT116 p53*/" and HCT116 p53~/~ cells were
kind gifts from Dr. Bert Vogelstein (The Johns Hopkins Univer-
sity, Baltimore, MD). Cells were maintained in DMEM/Ham’s
F-12 medium supplemented with 10% (v/v) FBS, 100 IU/ml
penicillin, and 100 pg/ml streptomycin. Human lung adenocar-
cinoma cells (A549), human hepatoma cells (HepG2), and
human embryonic kidney cells (HEK293) were obtained from
American Type Culture Collection. These cell lines were main-
tained in DMEM containing 10% FBS and antibiotics. All cell
lines were cultured at 37 °C in a humidified atmosphere of 5%
CO, as described previously (39). HCT116 cells were treated
with 10 um SB203580 or dimethyl sulfoxide (control) for 1 h
before treatment with MES. Transient transfection of plasmids
was performed using HilyMax transfection reagent (catalog no.
H357, Dojindo Molecular Technologies) following the recom-
mended protocol. HilyMax diluted with Opti-MEM I (catalog
no. 31985, Invitrogen) was mixed with total DNA at a DNA/
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HilyMax ratio of 1:4, and the complex was added to subconflu-
ent cells. The dominant-negative (DN) constructs transfected
into cells, p38-DN, MKK3b-DN, and MKK6b-DN, were
described previously (40).

MES Treatment—For MES treatment, cells were plated on
6-cm culture dishes and treated at 80% confluency. MES treat-
ment of cells has been described previously (11). Briefly, the
culture plate cover had slits at two sides designed to accommo-
date insulated wires bearing a pair of flat rubber electrodes,
which were fitted at the walls of the culture plate and in contact
with the culture medium. The electrodes were connected to a
Model WF1973 multifunction generator (NF Corp.). Electrical
stimulation of cells was delivered using 6 V (~1 V/cm) and 55
pulses/s (pps) with the indicated pulse widths 0f0.01, 0.1, 1, and
10 ms (12) or without pulse (e ms). After the indicated treat-
ment times, the culture media were replaced with fresh media,
and cells were re-incubated until the assays were performed.

Immunoblotting and Immunoprecipitation—For the detec-
tion of p53, phospho-p53 (Ser-15), p21, and actin, cells were
lysed on ice for 30 min with immunoprecipitation lysis buffer
(41) containing 1% protease inhibitor mixture (Sigma). Samples
were diluted with dilution buffer (41) and mildly sonicated.
Samples were centrifuged, and lysates were collected. For
analysis of p38, phospho-p38, phospho-ATF2, and cleaved
caspase-3 expression, cells were snap-frozen in liquid nitrogen
and then scraped with lysis buffer (11) containing 1% protease
inhibitor mixture. Samples were centrifuged, and supernatants
were collected. To recover nuclear extracts, the cell pellet was
resuspended in 400 ul of cold buffer containing 10 mm HEPES
(pH 7.9), 10 mMm KCl, 0.1 mm EDTA, 0.1 mm EGTA, 1 mm
dithiothreitol, and 0.5 mm phenylmethylsulfonyl fluoride by
gentle pipetting. The cells were allowed to swell on ice for 15
min, after which 25 ul of a 10% solution of Nonidet P-40 (Naca-
lai Tesque) was added, and the tube was vigorously vortexed for
10 s. The homogenate was centrifuged for 30 s in a microcen-
trifuge. The nuclear pellet was resuspended in 50 ul of ice-cold
buffer containing 20 mm HEPES (pH 7.9), 0.4 m NaCl, 1 mm
EDTA, 1 mm EGTA, 1 mm dithiothreitol, and 1 mm phenyl-
methylsulfonyl fluoride, and the tube was vigorously rocked at
4 °C for 15 min on a shaking platform. The nuclear extract was
centrifuged for 5 min in a microcentrifuge at 4 °C, and the
supernatant (~55 ul) was frozen in aliquots at —80 °C. Protein
lysates were subjected to SDS-PAGE and Western blot analysis.
To analyze the interaction between p53 and MDM2 or phos-
pho-p38, MES-treated HCT116 cells were first cross-linked
with 1 mwm dithiobis(succinimidyl propionate) (catalog no.
22586, Thermo Scientific) for 30 min at room temperature. The
cells were then lysed with immunoprecipitation lysis buffer or
radioimmune precipitation assay buffer. Cell lysates were incu-
bated for 12 h at 4 °C with 2 ug of anti-p53 monoclonal anti-
body or mouse control IgG, and reacted proteins were immo-
bilized in protein G-Sepharose beads (catalog no. 17-0618-01,
GE Healthcare) for p53/MDM?2 interaction. Cell lysates were
incubated with 2 ug of anti-p53 monoclonal antibody or mouse
control IgG conjugated to protein G magnetic beads (catalog
no. DB10003, VERITAS) for 1 h at room temperature for p53/
phospho-p38 interaction. Immunoprecipitates were washed,
eluted, and subjected to immunoblotting. Blots of protein
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TABLE 1
Primers used for quantitative PCR
Primer Forward Reverse

Human p21 5'-CTGGAGACTCTCAGGGTCGAAA-3' 5'-GATTAGGGCTTCCTCTTGGAGAA-3'
Human BAX 5'-TTTGCTTCAGGGTTTCATCC-3’ 5'-CAGTTGAAGTTGCCGTCAGA-3’
Human NOXA 5'-GCTGGAAGTCGAGTGTGCTA-3' 5'-CCTGAGCAGAAGAGTTTGGA-3'
Human PUMA 5'-GACGACCTCAACGCACAGTA-3’ 5'-AGGAGTCCCATGATGAGATTGT-3’
Human IRF9 5'-CAAGTGGAGAGTGGGCAGTT-3’ 5'-ATGGCATCCTCTTCCTCCTT-3’
Human GAPDH 5'-TCCACTGGCGTCTTCACC-3' 5’'-GGCAGAGATGATGACCCTTTT-3'

lysates, immunoprecipitated samples, or input fraction were
probed with the indicated antibodies and visualized using
SuperSignal (catalog no. 34077, Pierce).

Quantitative RT-PCR—Total RNA was isolated using
RNAiso reagent (catalog no. 9109, Takara Bio Inc.) following
the manufacturer’s instructions. Real-time quantitative
RT-PCR analyses were carried out with SYBR Green Master
Mix (catalog no. 4309155, Applied Biosystems) as described
previously (38). The threshold cycle values for each gene ampli-
fication were normalized by subtracting the threshold cycle
value calculated for GAPDH (internal control). The normalized
gene expression values are expressed as the relative quantity of
gene-specific mRNA. The sequences of primers used for quan-
titative PCR are listed in Table 1.

ChIP Assay—ChIP assay was performed as described previ-
ously (38). Cross-linking of HCT116 cells was performed using
formaldehyde (1% final concentration). After adding the stop
reaction buffer (0.125 m glycine), cells were washed with PBS,
lysed on ice using cell lysis buffer (38), and then homogenized in
a Dounce homogenizer. The crude nuclei were resuspended in
nuclear lysis buffer and incubated on ice for 10 min. The sam-
ples were sonicated on ice and microcentrifuged. The chroma-
tin solution was precleared and immunoprecipitated with 2 ug
of anti-p53 mouse monoclonal antibody or mouse IgG. Wash-
ing, cross-link reversal, and DNA extraction were performed as
described previously (38). The primers used recognize a frag-
ment of the human p21 or GAPDH promoter (42).

Flow Cytometry—Cultured cells were trypsinized and col-
lected 6 h after MES treatment. Cells were fixed and permeabi-
lized with 70% ethanol in PBS at 4 °C. Cells were incubated on
ice for 1 h with 10 pg/ml propidium iodide (catalog no. P-4170,
Sigma) and 0.2 mg/ml RNase in PBS, protected from light. Pro-
pidium iodide-stained cells were analyzed using a FACSCanto
flow cytometer (BD Biosciences). 3 X 10* cells from each sam-
ple were counted, and the cell cycle phase ratio was assessed.

Lactate Dehydrogenase Assay—Cells were assayed for lactate
dehydrogenase (LDH) release according to the protocol
described previously (43). Briefly, media were collected and
centrifuged at 12,000 rpm for 15 min. Supernatants were trans-
ferred to fresh tubes, and cell pellets were lysed by the addition
of 1% Triton X-100 solutions for 30 min at 37 °C. The remaining
attached cells in plates were also lysed with 1% Triton X-100
solution. Culture media and lysates were subjected to LDH
assay using a cytotoxicity detection kit (catalog no. 11644793,
Roche Applied Science) according to the manufacturer’s
instructions. LDH release is expressed as the percentage of
LDH in the medium over the total LDH (medium and lysate).
Values are means = S.D. of triplicate testing for a representative
experiment. At least two independent experiments were
performed.
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Statistical Analysis—For statistical analysis, the data were
analyzed by Student’s ¢ test or by one-way analysis of variance
with Dunnett’s test or the Tukey-Kramer multiple comparison
test (JMP software, SAS Institute) as indicated in the figure
legends. A p value of <0.05 was considered statistically
significant.

RESULTS

MES at a Pulse Width of 0.1 ms Induces Phosphorylation of
p53in HCT116 Cells—It has been suggested that pulse width is
an important factor that decides the effect of electrical stimu-
lation on human cancer cells (44), but whether electrical stim-
ulation impacts on the tumor suppressor protein p53 is unclear.
To test whether electrical stimulation can activate p53, we
treated HCT116 cells with electrical current at different pulse
widths. Utilizing the MES conditions we employed previously
(12), cells plated in 6-cm culture dishes were stimulated for 10 min
with low-intensity current maintained at 6 V or ~1 V/cm and 55
pps at various pulse widths (0.01, 0.1, 1, or 10 ms) or in the absence
of pulse (e ms) (Fig. 14 and supplemental Fig. S14). Protein
lysates, extracted from cells 1 h after MES treatment, were ana-
lyzed by immunoblotting. Intriguingly, we detected an increase
in phosphorylation of p53 at Ser-15 at 0.01-, 0.1-, and 1-ms
pulse widths (Fig. 1B, p-p53). Quantification analysis showed
that MES at a 0.1-ms pulse width significantly induced p53
phosphorylation, whereas 0.01- and 1-ms pulse widths tended
to increase phosphorylated p53 expression (Fig. 1C). A 10-ms
millisecond pulse width and « ms did not alter the level of
phosphorylated p53 compared with the control. These data
suggest that electrical stimulation at a 0.1-ms pulse width can
induce p53 phosphorylation. To investigate whether phospho-
rylation of p53 by MES is dependent primarily on pulse width or
whether itis also affected by electrical input energy, we assessed
the effect of MES at a lower energy, which was achieved by
changing the reference voltage (V;) point from —3 V, the V,
used in the above experiments, to 0 V while maintaining the
amplitude of the waveform at 6 V. The electrical input energy
(P) at 0-6 V (Pyy_gy) is lower than that of —3 to +3 V
(P_zv—+3v) as shown in supplemental Fig. S1 (A—C). Compar-
ison of the effect of MES with different electrical energies
revealed that p53 was phosphorylated at relatively similar levels
(Fig. 1D), implying that phosphorylation of p53 by MES
depends mainly on pulse width rather than electrical input
energy. In the subsequent experiments, we used P_s\,.__ 5y»
consistent with the conditions in the previous studies we
undertook (11, 12, 18).

MES Phosphorylates p53 Transiently and Cumulatively in
Several Epithelial Cell Lines—To further characterize the effect
of MES on p53 phosphorylation, we assessed the sustainability
of p53 activation by MES at 1, 3, and 6 h after treatment. The

JOURNAL OF BIOLOGICAL CHEMISTRY 16119



MES Activates p53 and Induces G, Arrest

A N 18.2 ms
+3VT repetition rate MES(ms) con 001 01 1 10 oo
0 (55 pps)
p-p53|"~ i T — ,‘,__|
-3V » time -

p53| "“-._..-_—.|

pulse width (ms)

o (DC) actin |——-—-._.._.__|
=
—> —“—> i L > C: 5] *
S
8 2.0 A
D MES g
x 1.5 -
con B3~+3 0~+6 (V) g
p-p53| — — | 2 1.0 -
o
S 05
= | .
[0
£ o4
TN | — — —
actin | | MES (ms) con 0.01 0.1 1 10 oo

FIGURE 1. MES at a pulse width of 0.1 ms induces phosphorylation of p53. A, pulse shape with the indicated pulse width in milliseconds of the electrical
stimulation used for treatment. DC, direct current. B, HCT116 cells were treated for 10 min with MES (1 V/cm, 55 pps) at various pulse widths (0.01, 0.1, 1, and
10 ms) or in the absence of pulse (2 ms). Cell lysates were extracted 1 h after MES treatment. Phospho-p53 (Ser-15; p-p53) and p53 were detected by Western
blot analysis. Actin served as a loading control. con, control. G, blots of phospho-p53 were quantified by densitometry using Image Gauge software (version
4.23, Fujifilm). Quantified blots were normalized to actin and are expressed as -fold increase relative to the control. Error bars indicate the mean £ S.D. (n = 3).
*,p < 0.05 (assessed by analysis of variance with Dunnett’s multiple comparison test). D, cells were treated for 30 min with MES (0.1 ms) at an amplitude of 6
V with a reference voltage (V,) at —3 or 0V, and lysates were recovered 1 h after treatment. Cell lysates were analyzed by immunoblotting with the indicated

antibodies. Actin served as an internal control.

data revealed that MES-induced p53 phosphorylation was
highest at 1 h after treatment and then dipped and returned to
the basal level at 3 and 6 h post-treatment, respectively (Fig.
2A), indicating a transient effect of MES on p53 activation. We
also determined whether longer MES treatment times could
increase the level of phosphorylated p53. A time-dependent
increase in phospho-p53 expression was observed. MES treat-
ment for 30 min resulted in a higher expression level of phos-
phorylated p53 compared treatment for 10 or 20 min (Fig. 2B).
These results suggest that phospho-p53 accumulates upon
MES treatment. The activation of p53 by MES was observed not
only in HCT116 cells but also in other human epithelial cell
lines such as lung adenocarcinoma A549 cells, hepatoma
HepG2 cells, and embryonic kidney HEK293 cells (Fig. 2C).
Images of the cells revealed no differences in cellular morphol-
ogy after MES treatment compared with control cells (supple-
mental Fig. S2), suggesting that MES does not induce cellular
damage.

MES Induces p53 Phosphorylation at Ser-15, but Not at
Ser-20 or Ser-46, and p53 Translocation to the Nucleus—Previ-
ous studies revealed that a variety of p53 functions are selec-
tively regulated by post-transcriptional modification of p53.
Ser-15, Ser-20, and Ser-46 of p53 are known to be key regula-
tory phosphorylation sites of p53 function. The level of p53
activation by MES treatment (0.1 ms, 1 V/cm, 55 pps) for 30
min was somewhat similar to that induced by a 24-h treatment
with 1 um 5-FU, a DNA-damaging reagent that activates p53
(Fig. 3A). These data imply that, under the conditions we
employed, MES could activate p53 to a relatively mild degree
and at a faster time compared with 5-FU. MES treatment for 30
min specifically phosphorylated Ser-15 of p53, but not Ser-20
or Ser-46 (Fig. 3A). In contrast, treatment with 5-FU at low (5
M) and high (10 and 50 um) doses increased the phosphory-
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FIGURE 2. MES phosphorylates p53 transiently and cumulatively in sev-
eral epithelial cell lines. A, HCT116 cells were treated with MES (0.1 ms) for
10 min, and protein lysates were isolated at 0, 1, 3, or 6 h after treatment.
p-p53, phospho-p53. B, cells were treated with MES (0.1 ms) for 0, 10, 20, or 30
min, and protein lysates were recovered 1 h after treatment. C, HCT116, A549,
HEK293, and HepG2 cells were treated with MES (0.1 ms) for 10 min, and
lysates were extracted 1 h after treatment. con, control. For A-C, cell lysates
were analyzed by immunoblotting with the indicated antibodies. Actin
served as an internal control.

lation of Ser-15, Ser-20, and Ser-46, respectively (Fig. 34). p53
expression was negatively regulated by the E3 ubiquitin ligase
MDM2. MES inhibited p53/MDM2 interaction 1 h after treat-
ment (Fig. 3B). MES treatment under this condition had no
effect on the cytosolic expression level of non-phosphorylated
p53. However, nuclear expression of non-phosphorylated p53
was increased by MES (Fig. 3C). These data suggest that MES-
induced p53 Ser-15 phosphorylation inhibits p53/MDM?2
interaction and enhances basal p53 nuclear translocation.
MES Induces p53 Phosphorylation via p38 MAPK Signaling—
The results described above prompted us to ask how MES
increases p53 phosphorylation. A well known mediator of p53
phosphorylation, p38, is activated by DNA damage, osmotic
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FIGURE 3. MES enhances phosphorylation of p53 at Ser-15 and p53 recruitment to the nucleus. A, HCT116 cells were treated with MES (0.1 ms) for 30 min,
and lysates were recovered 1 h after MES treatment; or cells were treated with 5-FU at the indicated concentrations for 24 h. Protein lysates were analyzed by
Western blotting using the indicated antibodies. p-p53, phospho-p53; con, control. B, HCT116 cells were cross-linked 1 h after MES treatment. Protein lysates
were immunoprecipitated (/P) with anti-p53 antibody (DO-1) or mouse IgG. Immunoprecipitated lysates and input samples were immunoblotted (/B) and
analyzed using the indicated antibodies. C, cytosolic proteins and nuclear extract of HCT116 cells were recovered 1 h after MES treatment. Protein lysates were
analyzed by Western blotting using the indicated antibodies. y-Tubulin and HDAC2 serve as internal controls of the cytosol and nuclear fractions, respectively.

shock, and many other biological stresses and directly interacts
with p53 and other substrates to phosphorylate them (45-47).
To investigate the role of p38 in MES-induced p53 phosphory-
lation, we used the p38-specific inhibitor SB203580. HCT116
cells were pretreated with dimethyl sulfoxide (control) or
SB203580 (10 uM) for 1 h before treatment with MES (0.1 ms, 1
V/cm, 55 pps) for 30 min. Interestingly, SB203580 inhibited the
MES-induced phosphorylation of p53 (Fig. 4, A and B). MES
also increased the levels of phosphorylated p38 and phosphor-
ylated ATF2, which is a p38 downstream molecule (Fig. 4A4).
The phosphorylation of ATF2 by MES treatment was sup-
pressed by pretreatment with SB203580. In contrast, inhibition
by SP600125 and KU55933, antagonists of the JNK1/2 and
ATM (ataxia telangiectasia mutated) pathways, respectively,
which are also known to affect p53 activation (48, 49), did not
block the MES-induced phosphorylation of p53 (supplemental
Fig. S3). The DN mutant of p38 and those of MKK3b and
MKK®6b, which are p38 signal mediators, also inhibited MES-
induced p53 phosphorylation (Fig. 4C). Next, we checked the
interaction of p53 and p38 proteins using the immunoprecipi-
tation method after MES treatment. The p53/phospho-p38
interaction was detected in MES-treated cells (supplemental
Fig. S4). Collectively, these data suggest that MES induces acti-
vation of p38 MAPK signaling and association of p53 and phos-
pho-p38 proteins. The interaction between p53 and phospho-
p38 leads to p53 phosphorylation.

MES Can Enhance p53 Transcriptional Activity—We next
determined whether MES-induced p53 activation has the
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potential to promote the transcriptional function of p53.
HCT116 wild-type (p53*/") and p53 knock-out (p53 /") cells
were treated with MES (0.1 ms, 1 V/cm, 55 pps) for 30 min. The
mRNA expression of known p53 target genes such as p21 (50),
BAX (51), NOXA (52), PUMA (53) and IRF9 (54) was analyzed
by real-time quantitative PCR. The mRNA levels of these p53
target genes were up-regulated 4 h after MES treatment in
HCT116 p53™*/* cells, but not in HCT116 p53~/~ cells (Fig. 5,
A-E). Consistent with these data, p21 protein expression was
increased after MES treatment in HCT116 wild-type cells (Fig.
2A). Next, to determine whether MES enhances the binding of
p53 to its target gene promoter, we analyzed the recruitment of
p53 to the p21 promoter region by ChIP assay of nuclear lysates
from HCT116 p53™/" cells 3 h after MES treatment and 12 h
after 5-FU treatment at 50 um. Although the effect of MES was
weaker than that of 5-FU, immunoprecipitation with anti-p53
antibody, but not with control IgG, and subsequent PCRs
revealed that MES increased the recruitment of p53 to the p21
promoter region (Fig. 5F). These results show that MES is capa-
ble of stimulating the transcriptional activity of p53.

MES Induces p53-dependent G, Arrest with No Cytotoxicity—
Because activation of p53 impacts the cell cycle and apoptosis,
we assessed the effect of MES on these p53 functions. We per-
formed propidium iodide staining on MES-treated HCT116
p53*/* and HCT116 p53~'" cells and analyzed the cell cycle
progression by flow cytometry. Interestingly, MES treatment
(0.1 ms, 1 V/cm, 55 pps) for 30 min statistically increased the
G,/M population in HCT116 p53™/" cells. In contrast, MES
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FIGURE 4. MES induces p53 activation via the MKK3b-MKK6b-p38 pathway. A, HCT116 cells were cultured for 1 h in the presence of dimethyl sulfoxide
(control (con)) or 10 um SB203580 and then treated with MES (0.1 ms, 1 V/cm, 55 pps) for 30 min. Protein lysates were extracted 1 h after MES treatment and
analyzed by Western blotting using the indicated antibodies. The experiments were performed in triplicate. p-p53, phospho-p53. B, densitometric analysis of
phosphorylated p53 expression was performed using Image Gauge software. The quantified blots were normalized to actin. Error bars indicate the mean = S.D.
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increased the S phase population but had no effect on the G,/M
population in HCT116 p53~/" cells. The G, population was
decreased in both cell lines by MES treatment (Fig. 6, A and B).
These data indicate that MES can induce p53-dependent G,
arrest in HCT116 cells. Consistent with the role of p38 MAPK
in the activation of p53 by MES, pretreatment with SB203580
inhibited the effect of MES on cell cycle distribution (Fig. 6C).
MES at e ms did not affect cell cycle distribution (Fig. 6C), in
line with the data showing that MES at e ms did not increase
phosphorylated p53 (Fig. 1, B and C). p53 also mediates cell
death by regulating apoptosis-related genes (29). To evaluate
the potential apoptotic effect of MES, we analyzed cell death by
LDH assay. No change in LDH release was observed between
the control and MES-treated groups (Fig. 6D). Furthermore,
cleaved caspase-3, a marker of cell apoptosis, was not detected
by immunoblotting in MES-treated cells (Fig. 6E). These data
show that MES-induced p53 activation results in G, arrest, but
not cell apoptosis.

DISCUSSION

Applied low-intensity electrical current closely resembles
the currents produced by the human body and is the most com-
mon type of current used in research (55). A number of studies
using low-intensity current have shown that it impacts on cell
proliferation and signal transduction pathways (9, 56). Because
electrical stimulation can disrupt cancer cell replication (20)
and can be considered a form of physical stressor, we analyzed
its effect on p53, a protein that is responsive to cell stresses and
an important modulator of the cell cycle. In this study, we found
that application of imperceptible voltage (1 V/cm) and short
pulse width (0.1 ms) electrical stimulation led to the activation
of p53, which subsequently resulted in G, arrest. Although
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MES-induced p53 activation up-regulated apoptosis-related
genes such as BAX, NOXA, and PUMA (Fig. 5, B-D), it did not
lead to induction of cell apoptosis. This is thought to be due to
the transient and mild effect of p53 activation by MES (Figs. 24
and 3A). In addition, DNA damage-independent and reversible
p53 activation has a tendency to induce G, arrest rather than G,
arrest (57). G, arrest in the absence of DNA damage is known to
prevent apoptosis caused by metabolic stress in HCT116 cells
(58, 59). For these reasons, MES treatment induced p53-depen-
dent G, phase cell cycle arrest without instigating apoptosis
(Fig. 6). Intriguingly, MES treatment slightly induced S phase
arrest under conditions in which the p38-p53 signaling path-
way was disrupted in HCT116 cells, such as in the absence of
p53 (Fig. 6, A and B) or inhibition of the p38 pathway (Fig. 6C).
We previously showed that MES also activates the MAPKs
JNK1 and JNK2 (18), which were reported to promote S phase
arrest (59). It is possible that, in the absence of a functional
p38-p53 signaling pathway, MES activates JNK1/2, leading to S
phase arrest.

MES transiently phosphorylated p53 at Ser-15 and increased
the p53 expression level in the nucleus (Figs. 24 and 3C). Phos-
phorylation of p53 at Ser-15 and Ser-20 inhibits interaction
between MDM2 and p53 (29). It has been reported that biolog-
ical stress induces p53 Ser-46 phosphorylation and leads to
apoptosis when thresholds are exceeded (60). This step is
important for stabilizing the p53 protein (29). Thus, we inves-
tigated MES-induced p53 phosphorylation at Ser-15, Ser-20,
and Ser-46 and found that MES can induce p53 phosphoryla-
tion at Ser-15, but not at Ser-20 or Ser-46 (Fig. 34). This site-
specific phosphorylation is apparently sufficient for the
observed increase in p53-mediated G, arrest. As to why MES
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FIGURE 5. p53 target genes are up-regulated by MES in HCT116 wild-type (p53*/*) cells. A~E, HCT116 p53 ™/ and HCT116 p53 /™ cells were treated with
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phosphorylates Ser-15 and not Ser-20 and Ser-46 is unknown.
It could be an as yet unexplored characteristic of MES and a
combination of factors such as the conditions we employed
here that caused the Ser-15 phosphorylation. It is notable that
the 0.1-ms pulse width, but not the 10-ms pulse width, induced
Ser-15 phosphorylation. Moreover, the absence of pulse (o ms)
did not affect the level of phosphorylated p53 (Fig. 1, B and C),
suggesting that a specific pulse width, i.e. 0.1 ms, is important
for MES-induced Ser-15 phosphorylation of p53.

It was reported previously that 0.1-ms high-voltage electrical
stimulation induces transmembrane potential across the cell
plasma membrane (3). Here, we observed that the cellular p38-
p53 pathway responded to a 0.1-ms MES pulse width regardless
of electrical input energy (Fig. 1D). The mechanism of how cells
receive and react to a specific pulse width of MES is unclear, but
our results suggest that the MKK3b-MKK6b-p38 MAPK path-
way is a key signaling pathway of MES-induced p53 phosphor
ylation. p38 activation is mediated by ATM or other unknown
pathways in the DNA damage response (61). However, ATM
inhibition did not alter MES-induced p53 phosphorylation
(supplemental Fig. S3), implying the involvement of an uniden-
tified electrical pulse-sensing molecule in the stimulation of the
MKK3b-MKK6b-p38-p53 pathway by MES. Recently, we
showed that MES accumulates a cell membrane receptor, spe-
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cifically the insulin receptor, in lipid rafts and initiates ligand-
independent signal transduction (62). However, lipid raft
depletion did not abrogate MES-induced p38 and p53 phos-
phorylation (supplemental Fig. S5). This result suggests that
MES activates the MKK3b-MKK6b-p38-p53 pathway through
a lipid raft-independent mechanism. It is plausible that non-
lipid raft-associated cell membrane proteins could be similarly
affected by MES, such as the EGF receptor, TGF-f receptor,
and transient receptor potential channel, which are upstream
of the MKK3b-MKK6b-p38 MAPK pathway (63, 64).
Methods of p53 activation such as irradiation and hyperther-
mia and DNA-damaging reagents are clinically applied for can-
cer treatment because of the tumor-suppressive functions of
p53. Moreover, p53 has fundamental roles not only in tumor
suppression but also in suppression of the inflammatory cyto-
kine response and metabolism (31, 65, 66). The influence of p53
on these biological events is independent of its apoptotic func-
tions; thus, the approach to induce p53 activity in this context
would be different from that of inducing p53 to promote apo-
ptosis. Interestingly, MES treatment exerted a p53-dependent
anti-inflammatory effect on the LPS-stimulated inflammatory
cytokine response in mouse peritoneal macrophages (supple-
mental Fig. $6). This finding indicates that MES-induced mild
and transient p53 activation has the potential to attenuate
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