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Electric fields (EF) play an essential role in cancer cell migration. Numerous cancer cell types exhibit electrotaxis
under direct current electric fields (dcEF) of physiological electric field strength (EFs). This study investigated the
effects of doxycycline on the electrotactic responses of U87 cells. After EF stimulation, U87 cells migrated toward
the cathode, whereas doxycycline-treated U87 cells exhibited enhanced cell mobility but hindered cathodal
migration. We further investigated the expression of the metastasis-correlated proteins matrix metallopeptidase-
2 (MMP-2) and MMP-9 in U87 cells. The levels of MMP-2 in the cells were not altered under EF or doxycycline

stimulation. In contrast, the EF stimulation greatly enhanced the levels of MMP-9 and then repressed in
doxycycline-cotreated cells, accompanied by reduced cathodal migration. Our results demonstrated that an
antibiotic at a non-toxic concentration could suppress the enhanced cell migration accelerated by EF of physi-
ological strength. This finding may be applied as an anti-metastatic treatment for cancers.

1. Introduction

Electrotaxis is the directional migration of adherent cells in response
to an electric field (EF) [1,2]. Previous studies have reported that EF
plays crucial physiological roles, such as cell division [3], differentiation
[4], migration [5-8], and death [9]. Several studies have shown that
A549 (human lung adenocarcinoma cell line), H1650-M3 (non-small
cell lung cancer, NSCLC), HeLa (human cervical cancer cell line), HeLa
Tet-Off (tetracycline-off), HSC-3 (human oral squamous carcinoma cell
line), HT-1080 (human sarcoma cell line), MCF-7 (human breast cancer
cell line), NCI-H460 (human large cell lung carcinoma cell line),
NCI-H520 (human lung squamous cell carcinoma), NCI-H1975 (human
lung adenocarcinoma), and U-251 MG (human glioblastoma astrocy-
toma) cells migrate toward the cathode; whereas CL1-5 (human lung
cancer cell line), DAOY (human medulloblastoma cell line), HCC827
(human lung adenocarcinoma cell line), NCI-H1299 (human lung can-
cer cell line), MDA-MB-231 (human breast cancer cell line), PC-3-M
(human prostate cancer cell line), Sa0S-2 (human osteosarcoma cell
line), and T98G (human glioblastoma cell line) cells migrate toward the
anode under EF stimulation [1,10-27]. These reports have indicated
that EF functions as a key guiding cue and triggers the directional

migration of cancer cells. Since endogenous EF has been observed across
epithelium and endothelium [28-30], the effect of physiological EF on
cancer cell migration requires scrutinization.

Cancer metastasis is the primary cause of cancer morbidity and
mortality; most deaths (at least 2/3) caused by solid tumors are attrib-
uted to metastases [31]. Cancer cell migration and invasion are the
initial steps of metastasis [32]. According to the World Health Organi-
zation classification system, glioblastoma, the most common brain ma-
lignancy, is a highly aggressive brain tumor belonging to grade IV
gliomas [33]. It is thus important to investigate the effect of external
stimulations on cell migration using a glioblastoma cell line. U87 cells
are one of the most widely used glioblastoma model cells and are
therefore chosen in the present study. Previous studies have shown that
EF induces the biological response of U87 cells. In the work reported by
Carr et al. nanosecond pulsed electric fields (nsPEF) disrupted the
microtubule network and the microtubule growth dynamics [34]. In the
work performed by Soueidet et al. U87 cells kept the mitochondrial
potential and lost the plasma membrane integrity after nsPEF stimula-
tion [35]. Moreover, Petrov et al. reported that the pulsed EF causes a
change in mitochondrial activity in U87 cells [36]. These reports have
revealed that EF can affect the biological responses of U87 cells.
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Compared with normal brain tissue, matrix metalloproteinase-2
(MMP-2) and MMP-9 are highly expressed in glioblastomas. MMP-2
and MMP-9 regulate cellular proliferation, motility, invasion, and
angiogenesis of glioblastomas. In addition, the upregulation of MMP-2
and MMP-9 in tumor cells is correlated with an increased glioblastoma
malignancy grade [37-41].

Doxycycline is an antibiotic that is used to treat infections [42,43]
and as a potential anti-cancer agent against human breast cancer cells
[44], human osteosarcoma cells [45], and prostate cancer cells [46].
Moreover, doxycycline may help treat osteoblastic bone metastasis [47],
inhibit metastasis in prostate cancer [48], and suppress NCI-H446 lung
cancer cell metastasis [49]. To our knowledge, there has been rare
report regarding the effect of doxycycline on the metastasis of glio-
blastoma. Thus, it is critical to understand the effect of doxycycline
treatment on U-87 MG (U87) cells to identify efficient therapeutic
strategies.

Previously, we have observed that doxycycline diminishes the elec-
trotaxis of non-small cell lung cancer cells [26]. Since the combined
effect of EF and doxycycline on U87 cells has rarely been reported, we
investigated the EF-induced migration of U87 cells in the present work.
We explored the effect of doxycycline on U87 cell electrotaxis and
evaluated whether EF enhances the levels of peptidases, MMP-2 and
MMP-9, in U87 cells. Furthermore, the effect of doxycycline on the
EF-effected peptidase changes was examined.

2. Materials and methods
2.1. Electrotaxis chip design and fabrication

A home-developed electrotaxis chip modified from our previous
works was used to study U87 cell electrotaxis. The chip design and
detailed fabrication procedure were described in the previous works [1,
17,50-52]. The chip configuration for electrotaxis is shown in Fig. 1A.
The three PMMA sheets and the double-sided tape were patterned by
cutting using a CO» laser scriber—the three channels (Channel 1 to
Channel 3) form contamination-free regions for the cells therein. The
patterns on these layers were drawn using the AutoCAD package and
sent to the scriber for the cutting. All components of the layers were
disinfected via exposure to UV light for 30 min before the chip assembly.
The adaptors (the red, blue, and green cubes) adhered to the chip and
provided the leakage-free connection to medium (red and green adap-
tors) and agarose bridges (blue adaptors) through finger-tightened flu-
idic fittings [52]. Then, the assembled electrotaxis chip (Fig. 1B) was
placed in a vacuum chamber for 30 min to reach firm affixation, and the
obtained device allowed for long-term bubble-free cell culture.
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2.2. System used for the electrotaxis study

The system configuration has been adapted from previous studies
[26] and illustrated in Fig. 2A. To monitor the temperature of the
channels, a type-K thermocouple was clamped between the
indium-tin-oxide (ITO) heater and the electrotaxis chip, which was
placed on the ITO heater, which is transparent and does not interfere
with microscopic observation of the cells. A proportio-
nal-integral-derivative controller (PID controller, Model TTM-J4-R-AB;
Toho Electronics, Nagoya, Japan) controlled and maintained the ITO
surface temperature at 37 °C. Subsequently, the chip together with the
ITO heater was locked onto a programmable X-Y motorized stage, and
the cell morphology and migration within the channels of the electro-
taxis chip were monitored by an inverted phase-contrast microscope
(Model CKX41; Olympus, Center Valley, PA) connected with a digital
camera (Model 60D; Canon, Japan). For the application of the EF to the
electrotaxis chip, Ag (anode side) and AgCl (cathode side) electrodes as
electrical connections were inserted into the agar salt bridges, which
were filled with 3% agar and connected to the cell culture medium. A
home-built EF multiplexer was connected to a DC power supply (Model
GPS-3030DQ; GW Instek, Taiwan) to provide independent and precise
control of the current flow through individual channels. The multiplexer
adjusted the current of each channel using a variable resistor that was
serially connected to each channel. Then, the cells were subjected to
dcEF stimulation according to the timeline in Fig. 2B.

2.3. Cell culture and maintenance

The human glioblastoma U-87 MG (U87) cell line was obtained from
the Bioresource Collection and Research Center (BCRC, Taiwan). U87
cells were cultured in a complete medium of 90% minimum essential
medium supplemented with 10% fetal bovine serum, 2 mM r-glutamine,
0.1 mM non-essential amino acids, and 1.0 mM sodium pyruvate
(Thermo Fisher Scientific Inc., USA). The cells were incubated in flasks
(Nunc, Roskilde, Denmark) at 37 °C in a humidified atmosphere of 5%
CO and were subcultured every 3-4 days. All experiments were per-
formed using U87 cells within 10-25 passages from the source.

2.4. Cell viability assay

For cell viability measurement, U87 cells (2 x 10* cells/well) were
seeded in 96-well black plates (Corning 3603, Costar) and incubated for
24 h at 37 °C in a humidified atmosphere with 5% CO,. The culture
medium in the 96-well plate was then replaced by doxycycline-
containing medium, prepared as described below. Doxycycline

(8)

Fig. 1. Configuration of the electrotaxis chip. (A) Design for the assembly of the electrotaxis chip. The chip had connecting holes for the medium inlet, outlet, and
agar salt bridges. The cells were cultured in the cell culture regions. The cell culture region’s width, length, and thickness were 3 mm, 42 mm, and 70 pm,

respectively. (B) Photograph of the electrotaxis chip.
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Fig. 2. The System used in the electrotaxis study. (A) The entire system’s configuration. (B) The Experimental timeline of the electrical stimulation.

(D9891, Sigma-Aldrich) stock dissolved in DMSO was prepared and then
diluted with the culture medium to final concentrations from 5 pg/mL to
200 pg/mL. The final DMSO concentration was below 0.4% for all the
tests. The cells were then cultured for another 24 h. Then, the super-
natant was removed and 100 pL of Live-Dead cell staining reagent (ALX-
850-249, Enzo) was added to each well and incubated for 15 min at
37 °C. Subsequently, the fluorescence was measured using a fluores-
cence microplate reader (Synergy™ 2, BioTek).

2.5. Electrotaxis experiment

The detailed operation procedure used here was adopted from our
previous study [52]. First, the U87 cells were resuspended in a complete
medium and infused manually into the electrotaxis chip via the medium
outlet. After 4 h of incubation, the cells adhered to the cover glass.
Subsequently, a syringe pump was connected to the chip to pump fresh
medium at a flow rate of 20 pL/h for 18 h to allow cell growth. To
introduce the doxycycline inhibition, doxycycline with a final concen-
tration of 10 pg/mL in culture medium was continuously infused
through the channels at a flow rate of 20 pL/h for 24 h using a syringe
pump. To prevent the effect of fluid flow on cell migration, the medium
remained static during the electrotaxis experiment. In the channels of
the electrotaxis chip, a voltage of 20 V was applied across the anode and
the cathode to obtain an EF strength of 300 mV/mm. The acidity (pH) of
the medium surrounding the electrodes remained unchanged during the
EF stimulation [1]. The experimental setup was the same for the EF
stimulated group (EF group) and the control (CTL) group, except the EF
strength was set as 0 mV/mm in the latter. The strength of the EF applied
in the cells was calculated based on the culture medium conductivity, as
detailed in our previous report [17].

2.6. Quantitative analysis of MMP-2 and MMP-9 in U87 cells

The levels of MMP-2 and MMP-9 in the culture medium were
measured using Human MMP2 (ab267813, Abcam) and Human MMP9
(ab246539, Abcam) ELISA kit. After the EF stimulation, air was pumped
into the channel via the medium inlet, and the cell culture medium

extruded from the outlet was collected and centrifuged at 2000xg for 10
min to remove floating cells. The obtained culture supernatants were
stored at —20 °C until the analysis, as described below. First, the stan-
dard or sample was mixed with the MMP antibody and incubated at
room temperature for 1 h. After washing, the TMB (3, 3, 5, 5-tetra-
methylbenzidine) development solution provided by the ELISA kits was
added. After 10 min, the stop solution was added and the absorbance
was measured at 450 nm using a microplate reader (SPECTROstar™2",
BMG LABTECH). Before measuring the MMP levels of the samples, a
calibration curve was obtained by measuring standard MMP solutions
with concentrations from 0 to 80,000 pg/mL. The curve was then used to
calculate the MMP concentrations of the samples. Three samples were
obtained from three independent electrotaxis experiments. The mea-
surement of each sample has three technical replicates and was repeated
at least twice to ensure reproducibility and allow statistical evaluation.

2.7. Image analysis and data processing

2.7.1. Cell viability parameters analysis

The cell viability assayed by the Live-Dead staining was determined
as follows. Live cells can be stained with a cell-permeable green fluo-
rescent dye (excitation = 488 nm, emission = 518 nm). Dead cells can be
easily stained by propidium iodide (PI), a cell non-permeable red fluo-
rescent dye (excitation = 488 nm, emission = 615 nm). The following
cell viability parameters were analyzed.

(1) Fsample: labeled with a green fluorescent dye and PI—the fluo-
rescence at 518 nm in the experimental group.

(2) Fpin: the fluorescence at 518 nm in the control group, in which all
cells were alive and labeled with PIL.

(3) Fax: the fluorescence at 518 nm in the control group, in which all
cells were alive and labeled with the green fluorescent dye.

For cell viability analysis, the percentage of live cells was calculated
from the fluorescence readings defined above as follows:

Fsam emein
—mele 1 5 100 %

max Fmin

% Live cells =



H.-F. Chang and J.-Y. Cheng

The data are expressed as the mean + SD. In the electrotaxis assay,
statistical inferences between cell groups with different treatments were
conducted using the Student’s t-test or one-way analysis of variance
(ANOVA). In trajectory speed assay, two-way ANOVA using repeated
measures was performed with EF stimulation and doxycycline treatment
as independent variables. Significance was set at P < 0.05. Therefore,
the asterisk (*) denotes P < 0.05, double asterisks (**) denote P < 0.01,
and triple asterisks (***) denote P < 0.001.

2.7.2. Analysis of cell migration parameter

The time-lapse images (time interval, 10 min) obtained from phase-
contrast microscopy were analyzed using Wimasis WimTaxis (Wimasis
GmbH Munich, Germany), which is a tool that is used for the quanti-
tative evaluation of cell migration and is suitable for analyzing time-
lapse videos from phase-contrast observations. Over 100 cells from
three independent experiments were analyzed in each experimental
condition. The data were expressed as the mean + SEM. The following
cell migration parameters were analyzed.

(1) Distance of cell migration: the straight line distance (in pm) of the
cell’s centroid from the starting point to the final position in the
entire test.

(2) Migration speed: the average cell migration distance per hour.

(3) Directedness: the average cosine 6 (=Zcosf/n). The vector of each
cell from the starting point to the final position was first
measured. The angle between the vector and that of the applied
EF (positive to negative) is defined as 0, and the cell of numbers
used for the analysis is n. The directedness of a cell moving to-
ward the cathode and anode is +1 and —1, respectively.

(A)
0.80
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(4) Trajectory length: the migration length of each cell was measured
by the position differences between two consecutive time-lapse
images, and then the migration lengths were added up to
obtain the trajectory length.

(5) Trajectory speed: the total trajectory length divided by the total
elapsed time, where the total trajectory length is the accumulated
trajectory length of the entire track.

3. Results and discussion
3.1. Electrotaxis of human glioblastoma U87 cells

After the dcEF stimulation, the directedness of the U87 cells was 0.0
+ 0.1 and 0.3 £+ 0.1 in the CTL and EF groups, respectively. The
migration speed of U87 cells without the stimulation was 5.0 & 0.7 pm/
h and increased to 6.9 + 0.6 pm/h under the stimulation (Fig. 3A). Our
data (Fig. 3B) revealed that the U87 cells migrated toward the cathode
under 300 mV/mm dcEF. Overall, there were significant differences
between the directedness of the CTL and the EF groups (**P < 0.01). The
migration speed of U87 cells under the EF stimulation was slightly
higher than that detected in the CTL group (*P < 0.05).

Previous reports have shown that several types of cancer cells
migrate under 50-400 mV/mm dcEFs [1,11,12,17,53]. For example,
after dcEF stimulation, rat prostate cancer MAT-LyLu cells migrated
toward the cathode [53], human breast cancer MDA-MB-231 cells and
rat mammary adenocarcinoma MTLn3 cells migrated toward the anode
[11], lung adenocarcinoma CL1-5 cells migrated toward the anode [1],
human lung adenocarcinoma A549 cells migrated toward the cathode
[12], oral squamous cell carcinoma HSC-3 cells migrated toward the
cathode [17], and human U87 glioblastoma cells migrated toward the
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Fig. 3. Effect of EF on U87 cell migration. (A) The directedness and migration speed of U87 cells without (CTL) and with (EF) dcEF stimulation. Significance was set
at P < 0.05. The asterisk (*) denotes P < 0.05, double asterisks (**) denote P < 0.01, and triple asterisks (***) denote P < 0.001. (B) Polar plots of the migration of
U87 cells treated without doxycycline in the control (No EF) and EF groups. Each dot in the plots indicates the relative position of one cell in the experiments.
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cathode [54]. In our study, U87 cells migrated toward the cathode and
exhibited considerable electrotaxis after the dcEF stimulation. These
results are in accordance with previous observations that various cancer
cell types exhibit enhanced directional migration upon application of an
external EF. The migration direction and speed depend on cell types and
the origin of the dependency is poorly understood. However, there is a
tendency that more malignant cancer cells respond more actively to-
ward EF stimulation.

3.2. Viability of U87 cells after treatment with doxycycline

According to our previous study, human fetal lung fibroblast cell line
MRC-5, human large cell lung carcinoma cell line NCI-H460, and
human lung squamous cell carcinoma NCI-H520 cells incubated with
10 pg/mL doxycycline do not exhibit significant viability reduction
[26]. In the present study, the effect of doxycycline on the viability of
U87 cells was examined by treating cells with increasing concentrations
of the drug (5-200 pg/mL) for 24 h. As shown in Fig. 4A, the viability of
U87 cells decreased in response to high concentrations (80-200 pg/mL)
of doxycycline. Before studying the effect of doxycycline on electrotaxis,
we confirmed that doxycycline at 10 pg/mL had no noticeable effect on
the U87 cell viability after 24 h of incubation (Fig. 4B). In accordance
with the viability analysis, the cells’ morphology did not exhibit
apparent changes. A previous study has shown that doxycycline at low
concentrations (5-15 pg/mL) has no noticeable effect on U87 cell
viability [55]. Therefore, based on the observations described above, we
selected non-cytotoxic concentrations of doxycycline (10 pg/mL) as the
treatment concentration for the electrotaxis study and as the recom-
mended optimum dose for future use. This concentration is significantly
lower than the dose that caused an observable decrease in cell viability.

(A)
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3.3. Effect of doxycycline on the electrotaxis of U87 cells

Cell migration and invasion are the initial steps of cancer metastasis
[32]. Previous studies have demonstrated doxycycline’s anti-migration
and anti-metastasis effects [44,48,49,56]. Doxycycline inhibited cell
migration in human breast cancer MDA-MB-435 cells [44], suppressed
cell metastasis in prostate cancer [48], and inhibited cell metastasis in
NCI-H446 lung cancer [49] and breast cancer [56] cells. In this study,
U87 cells were grown in the electrotaxis chip and treated with or
without doxycycline. The directedness of doxycycline-treated U87 cells
without (Dox-CTL) and with (Dox-EF) dcEF stimulation is depicted in
Fig. 5A. The directedness of the Dox-EF group was 0.1 + 0.1 after dcEF
stimulation. Compared with the EF group (Fig. 3), the Dox-EF group
exhibited significantly reduced directedness (Fig. 5A) and less migration
toward the cathode (Fig. 5B). Our results indicate that doxycycline
hinders the EF-induced migration of U87 cells.

We further examined whether the reduced electrotactic response of
U87 cells in the Dox-EF group was caused by reduced cell motility. A
quantitative analysis of the trajectory speed of cells is shown in Fig. 6A.
The trajectory speed of the CTL, EF, Dox-CTL, and Dox-EF groups was
21.9 + 3.5, 25.4 + 4.0, 36.8 &+ 3.5, and 41.9 + 4.2 pm/h, respectively.
The U87 cells in the EF and the Dox-EF groups exhibited increased
motility (1.6 fold) (Fig. 6A and B). This result suggests that the doxy-
cycline treatment does not reduce cell motility. Our findings confirmed
that doxycycline impeded the electrotactic migration of U87 cells while
increasing the mobility of the cells. The above data suggest that doxy-
cycline may regulate tumor progression by inhibiting cell electrotaxis
but not activity. Therefore, we further examined EF stimulation’s effect
on proteins highly expressed in malignant glioblastoma cells.

100
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40 80 100

160 200
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Fig. 4. Effect of doxycycline on U87 cell viability. (A) Viability of U87 cells after treatment with doxycycline at different concentrations. Significance was set at P <
0.05. The asterisk (*) denotes P < 0.05, double asterisks (**) denote P < 0.01, and triple asterisks (***) denote P < 0.001. (B) The morphology of U87 cells treated
with doxycycline (Dox) at 0 and 10 pg/mL for 24 h shows no apparent difference. Scale bar: 200 pm.
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experiments.

3.4. Expression of MMP-2 and MMP-9 in U87 cells

In this study, we selected non-cytotoxic concentrations of doxycy-
cline to evaluate its effect on the electrotaxis of U87 cells. Previous
studies have shown that doxycycline inhibits various MMPs [57-59].
MMPs play critical roles in tumor growth [60], migration [61], invasion
[62], and angiogenesis [63]. Thus, the downregulation of MMP
expression and activity may inhibit the migration of cancer cells
[64-66]. Specifically, MMP-2 and MMP-9 enhance glioma tumor pro-
liferation, migration, invasion, and angiogenesis [67]. Based on the
findings of these previous works, we further investigated the effects of
physical stimulation (i.e., EF), chemical stimulation (i.e., doxycycline),
and combined stimulation on the expression levels of MMP-2 and
MMP-9.

Fig. 6C depicts the MMP-2 and MMP-9 levels in the CTL, EF, Dox-
CTL, and Dox-EF groups. We found that the levels of MMP-2 were
similar among all groups. In contrast, after the electrical stimulation, the
U87 cells expressed significantly higher levels of MMP-9 compared with
the CTL group (***P < 0.001). The EF-enhanced MMP-9 expression is
consistent with the observation that malignant cancer cells migrate
actively in physiological EFs [8,17,26]. Our result also showed that the
EF-enhanced high level of MMP-9 was greatly reduced in the Dox-EF
group compared with the EF group (***P < 0.001). This result indi-
cated that EF alone considerably upregulated MMP-9 and that the
doxycycline treatment mostly counteracted the enhancement. More-
over, although the motility of the U87 cells was enhanced by doxycy-
cline, the MMP-9 level was not increased in the Dox-CTL group

compared with the CTL group. Previous reports have indicated that the
suppression of the MMP-9 activity inhibited the wound healing migra-
tion (in vitro scratch assay) of human lung cancer cells [68], human
MCF-7 breast cancer cells [69], and human hepatocellular carcinoma
cells [70], and suppressed the migration of MDA-MB-231 human breast
cancer cells in an in vitro transwell migration assay [71]. These results
agree with ours, as the downregulation of MMP-9 reduced the migration
potential of U87 cells. Oh et al. reported that, after 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) treatment, MMP-9 was significantly upregu-
lated in TPC-1 human thyroid cancer cells and MCF-7 human breast
cancer cells, whereas the expression of MMP-2 remained unaltered.
Furthermore, silibinin inhibited TPA-induced cell migration and MMP-9
expression in TPC-1 and MCF-7 cells [72]. The finding of Oh et al. was
similar to ours in that the responses of MMP-2 and MMP-9 to external
stimuli differed. Our results suggest that MMP-9 is correlated with the
doxycycline-induced reduction of U87 cells electrotaxis. However,
reduction of EF-enhanced MMP-9 may not be the cause of the electro-
taxis reduction. This is because MMP-9 is a peptidase and, in this work,
the electrotaxis of the U87 cells on the glass surface involved no extra-
cellular matrix proteins. The proteins that participates in cell adhesion
and cellular motility, such as focal adhesion kinase (FAK), may be
involved.

Previous reports have indicated that doxycycline inhibits human
cancer cell migration by inhibiting the FAK signaling pathways [73,74].
FAK is a crucial protein tyrosine kinase that regulates the migration of
cancer cells [75]. Moreover, FAK and its phosphorylation play vital roles
in the secretion of MMP, which is associated with activated cancer cell
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Fig. 6. The effect of U87 cells treated without and with doxycycline (Dox) in the control (CTL) and electric field (EF) groups. (A) The trajectory speed of U87 cells in
the CTL, EF, Dox-CTL, and Dox-EF groups. (B) Effect of doxycycline and EF stimulation on the migration trajectories of the U87 cells. (C) MMP-2 and MMP-9 levels in
the CTL, EF, and doxycycline-treated groups. Significance was set at P < 0.05. The asterisk (*) denotes P < 0.05, double asterisks (**) denote P < 0.01, and triple
asterisks (***) denote P < 0.001.

migration [76]. For example, Sun et al. indicated that doxycycline in- the migration of human leukemic cells by suppressing the expression
hibits melanoma migration by inhibiting the expression and phosphor- and phosphorylation of FAK and inhibiting MMP-2 and MMP-9 [74].
ylation of FAK and the downregulation of MMP-2 and MMP-9 [73]. FAK is generally considered to be up-stream of MMP-9. Based on our
Furthermore, Wang et al. reported that doxycycline also partly inhibits findings and those from the previous studies, the combined effect of EF
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and doxycycline on the FAK protein expression level and the phos-
phorylation requires further investigation.

4. Conclusion

This study revealed that U87 cells migrated toward the cathode
under an EF strength of 300 mV/mm. Moreover, doxycycline treatment
reduced electrotaxis and reduced EF-enhanced MMP-9 levels of U87
cells. Although the molecular mechanisms underlying the inhibition of
glioblastoma cell electrotaxis by doxycycline are still unclear, our study
pointed out that understanding the role of doxycycline and MMP in EF-
induced U87 cell migration could help enhance the anti-metastasis
treatment of cancers in the future. Especially, our result correlated the
reduced EF responses of glioblastoma cells with antibiotic treatment and
pointed out that MMP-9 is a potential leverage point for reducing cancer
metastasis in vivo.
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