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Abstract. Background/Aim: Silica nanoparticles (nano-SiO,)
are widely used in many industrial areas and there is much
controversy surrounding cytotoxic effects of such nanoparticles.
In order to determine the toxicity and possible molecular
mechanisms involved, we conducted several tests with two
breast cancer cell lines, MDA-MB-231 and Hs578T. Materials
and Methods: After exposure to nano-SiO,, growth, apoptosis,
motility of breast cancer cells were monitored. In addition,
modulation of signal transduction induced by nano-SiO, was
detected through western blot analysis. Results: Treatment of
nano-SiO, repressed the growth of breast cancer cell lines. It
also increased apoptosis and reduced cell motility. Moreover,
exposure to nano-SiO, significantly disturbed the dimerization
of epidermal growth factor receptor (EGFR), followed by down-
regulation of its downstream cellular sarcoma kinase (c-SRC)
and signal transducer and activator of transcription 3 (STAT3)
signaling cascades. Conclusion: Nano-SiO, has a cytotoxic
effect on MDA-MB-231 and Hs578T breast cancer cells via
modulation of EGFR signaling cascades.

Nanoparticles have gathered great scientific interest due to
their distinct physical and chemical properties compared to
bulk materials (1). Silica nanoparticles (nano-SiO,) are
among the most well-known, since SiO, itself is abundant in
the form of quartz, which comprises almost 10% of the crust
of earth (2). Nano-SiO, is used in many industrial
applications such as cosmetics, printer toners, and foods (2).
There are also several reports which have found that nano-
Si0O, is not cytotoxic (3, 4). However, many contradictory
studies describe the cytotoxic effect of nano-SiO, through
disruption of endothelial cell function or silicosis (5, 6, 7).
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Accordingly, in order to identify the cytotoxicity of nano-
SiO, as well as to validate the potentiality of these
nanoparticles as an anticancer agent, we monitored the
influence of nano-SiO, on cancer cell growth, survival,
motility, and apoptosis using cultured breast cancer cells.

Materials and Methods

Preparation of nanoparticles. Nano-SiO, with 30 nm diameter was
purchased from Kisker-biotech (Steinfurt, Germany). Stock solution
was made by diluting the particles in phosphate-buffered saline
(PBS) to 5 mg/ml after sonication at 60 kHz for 20 min. Before
immediate use, the stock solution was subjected to sonication under
the same conditions.

Cell culture and exposure to nano-SiO,. Human breast carcinoma cell
lines MDA-MB-231 and Hs578T were obtained from the American
Type Culture Collection (catalog no. CRM-HTB-26 and HTB-126)
and maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 U/ml
penicillin, and 100 mg/ml streptomycin. The cells were maintained
in an incubator supplemented with 5% CO, in humidified air at 37°C.
Each exposure to nano-SiO, was performed using a mixture of stock
solution and normal culture medium and the mixture was prepared
immediately before treatment. Culture medium mixed with an
equivalent amount of PBS solution was used as a negative control.

Antibodies. Antibodies specific to phosphor-epidermal growth factor
receptor (p-EGFR), caspase-3, poly ADP ribose polymerase (PARP),
phosphor-signal transducer and activator of transcription 3 (p-
STAT3) (Y705), p-STAT3 (S727), phosphor-focal adhesion kinase
(p-FAK), FAK, phosphor-cellular sarcoma kinase (p-SRC), and SRC
were purchased from Cell Signaling Technology (Beverly, MA,
USA). Antibodies against -tubulin (H-235), cyclin D1 (A-12),
cyclin B1 (D-11), p27 (C-19), fibronectin (A-11), survivin (D-8),
and STAT3 (H-190) were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Antibodies for EGFR detection were obtained
from Abcam (Cambridge, UK).

Cell proliferation assay. The cells were seeded at 2x10% cells per
well in 12-well cell culture plates. After 24 h, nano-SiO, was added
at final concentration of 100 pg/ml. Every 24 h for 4 days, the
number of cells was counted with a hemocytometer in triplicate.
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Two-dimensional colony formation assays. The cells were seeded at
100 cells per well in 6-well cell culture plates. Nano-SiO, was
added 3 days post cell-seeding at final concentration of 100 ug/ml.
After an additional 5 days, the cells were stained with 0.5% crystal
violet for 30 min. After washing with PBS, the number of colonies
was counted under an optical microscope. The experiments were
performed in triplicate.

MTT assays. Cell viability was measured using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide (MTT)
thiazolyl blue assay. Briefly, the cells were seeded in 96-well cell
culture plates at 1x103 cells per well. After 24 h, nano-SiO, was
added at different concentration and cells were incubated for another
24 or 48 h. MTT (Sigma, St. Louis, MO, USA) was added to each
well at a final concentration of 1 mg/ml and incubated for 3 h at 37°C.
Formazan was dissolved in dimethyl sulfoxide (DMSO; Sigma), and
the optical density was measured at 590 nm using a Multiskan Ex
spectrophotometer (Thermo Labsystems, Vantaa, Finland).

Doxorubicin  treatment. Doxorubicin was purchased from
Calbiochem (Darnstadt, Germany). Before treatment of cells,
doxorubicin was initially dissolved in DMSO at the concentration
of 10 mM and the stock solution of doxorubicin was diluted and
added at final concentration of 10, 50, 100, 500, or 1000 nM to the
cells with 100 or 200 pg/ml of nano-SiO,. After 24 h, the viability
of the cells was measured with MTT assay.

Cell-cycle analysis by flow cytometry. After exposure to nano-SiO,
at final concentration of 100 ug/ml for 24 h, the cells were fixed in
100% ice-cold methanol for 3 h at —20°C. Fixed cells were
incubated in 50 pg/ml propidium iodide (PI) in PBS containing 1
mg/ml RNase for 30 min. Cell cycle analysis was performed using
a FACScan flow cytometer (Becton-Dickinson Biosciences,
Mountain View, CA, USA) and the data were analyzed using Cell
Quest software. The entire experimental procedure was performed
independently at least three times.

Cell adhesion assays. The cells were seeded at 5x105 cells per well
in 12-well cell culture plates with 100 pg/ml nano-SiO,. After 3 h,
unattached cells were washed out, and the number of attached cells
was estimated with a hemocytometer. The experiments were
repeated at least three times independently.

Wound-healing assays. Before seeding, cells were exposed to
100 pg/ml nano-SiO, for 24 h. The SiO,-treated cells were
harvested and re-seeded at 4x105 cells in each well of 6-well cell
culture plates and incubated for 24 h. After an additional 24 h-
incubation in serum-free medium, wounded areas were generated
by scraping the culture plates with a pipette tip, and wound
closure was observed under a microscope. The ratio of wound-
healing (%) was calculated using the following formula: [(width
of wounded area at 0 h — width of wounded area at xh)/width of
wounded area at 0 h]x100, where x=24, 48, or 72.

Transwell migration and invasion assays. After exposure of cells to
100 pg/ml nano-SiO, for 24 h, the cells were suspended in serum-
free medium and seeded in 8-um pore size trans-well chambers
(Corning, NY, USA). Cells in serum-free medium were transferred
into the upper chamber at 1x10% cells per chamber, and the lower
chambers were filled with serum-containing culture medium. After
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18 h, the cells on the bottom surface of the polycarbonate
membranes were stained with 0.5% crystal violet, and the number
of cells was calculated using an optical microscope. Cell invasion
assays were performed with the same method using matrigel-filled
upper chambers.

Western blot analysis. Cells exposed to 100 pg/ml nano-SiO, for 24
h were lysed in a lysis buffer [20 mM Tris—HCI (pH 7.4), 0.1 mM
EDTA, 150 mM NaCl, 1% NP-40, 0.1% Triton X-100, 0.1% sodium
dodecyl sulfate (SDS), 20 mM NaF, 1 mM Na3VO4, 1xprotease
inhibitor (Roche, Basel, Switzerland)]. The lysates were boiled with
SDS sample buffer, separated on SDS-polyacrylamide gel
electrophoresis gels, and blotted onto nitrocellulose membranes
(Whatman, Dassel, Germany). After blocking with 5% skim milk
for 1 h, the membranes were incubated with appropriate primary
antibodies. After 18 h, they were further incubated with horseradish
peroxidase-conjugated secondary antibodies. Protein bands were
visualized with the Dyne ECL STAR Western Blotting Detection
Kit (Dyne Bio, Seongnam, Korea).

Gefitinib treatment. Gefitinib was obtained from Biaffin GmbH
(Kassel, Germany). Before treatment of cells, stock solution of
gefitinib was initially made by dissolving in DMSO at 10 uM. The
stock solution was further diluted in cell culture medium at a final
concentration of 10 nM and added to breast cancer cells. Culture
medium mixed with an equivalent amount of DMSO was used as a
negative control.

Quantitative real-time polymerase chain reaction (qPCR). After
exposure to 100 pg/ml nano-SiO, for 24 h, RNA was isolated from
the cells using Trizol reagent (MRC, Cincinnati, OH, USA).
Quantitative real-time PCR was performed with a SYBR FAST
gPCR kit (KAPA) in a Thermal Cycler Dice (Takara, Otsu, Shiga,
Japan), according to the manufacturer’s instructions. The C(t) value
was normalized using glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). Primers were: GAPDH: forward: 5’-TCA GTG GTG
GAC CTG ACC TGA CC-3’, reverse: 5°-TGC TGT AGC CAA ATT
CGT TGT CAT ACC-3’; fibronectin: forward: 5’-GTT GTT ACC
GTG GGC AAC TCT GTC-3’, reverse: 5’-AAA GCC TAA GCA
CTG GCA CAA CAG-3’; survivin: forward: 5’-CTT GGA GGG
CTG CGC CTG CAC CC-3’, reverse: 5’- CTG GCT CCC AGC
CTT CCA GCT CCT TG-3’; FAK: forward: 5°-ATG GCA GCT
GCT TAC CTT GAC CCC A-3’, reverse: 5°-TGC ATT GCC CCG
CAT CTC CCA-3".

Covalent crosslinking. After the cells were exposed to 100 pg/ml
nano-SiO, for 24 h, 1 mM bis(sulfosuccinimidyl)suberate (BS3)
(Thermo Scientific, Rockford, IL, USA) crosslinking reagent was
added for 30 min at 4°C. Crosslinking reactions were terminated by
10 mM Tris (pH 7.5) treatment for 5 min. The detection of dimerized
EGFR was monitored by western blots using antibody to EGFR.

Results

Nano-SiO, has cytotoxic effects on breast cancer cells. To
investigate the cytotoxic effect of nano-SiO, on breast cancer
cells, we first measured the growth of human breast cancer
cell lines MDA-MB-231 and Hs578T with and without nano-
SiO,. As shown in Figure 1A, cell proliferation significantly
decreased upon exposure to nano-SiO,. To confirm the anti-
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proliferative effect of these nanoparticles, we further
measured the number of colonies formed (Figure 1B).
Compared to control cells, the number of colonies decreased
significantly following SiO, treatment. Next, we performed
MTT assays to examine the effect of nano-SiO, on cancer
cell viability (Figure 1C). Upon 24-h exposure to nano-SiO,
at concentrations above 50 pg/ml, cell viability decreased
slightly in both cell lines. After 48 h of treatment, there was
a significant reduction in cell viability of MDA-MB-231 for
all dosages of nano-SiO, and of Hs578T cells for dosages
over 100 pg/ml. To examine the effect of nano-SiO, on
doxorubicin-induced cancer cell death, we next monitored
the combined effect of the anticancer drug doxorubicin and
nanoparticles on breast cancer cells (Figure. 1D). Co-
treatment with nano-SiO, additively increased doxorubicin
toxicity. However, there was no significant additional
decrease of cell viability when SiO, concentration was
increased two-fold from 100 pg/ml to 200 pg/ml, except in
the case of 1000 nM doxorubicin-treated Hs578T cells.

Nano-SiO, alters cell-cycle distribution and induces
apoptosis of breast cancer cells. To identify the mechanism
responsible for the decrease in cancer cell viability, we
further analyzed cell-cycle profiles (Figures 2A). There was
a significant increase in the sub-G; fractions in nano-SiO,-
exposed cancer cells, indicating that nano-SiO, activated
apoptotic signals. Therefore, we monitored the proteins
related to apoptosis after exposure to nano-SiO, (Figure 2B).
Activation of caspase-3 through its cleavage and subsequent
induction of PARP cleavage are hallmarks of cellular
apoptosis (8). Alteration of protein levels of cyclin B1, cyclin
D1, p27 and survivin are also considered common
phenomena of apoptosis (9-12). Therefore, we investigated
the amount of these proteins after exposure of breast cancer
cells to nano-SiO,. We found that the cleaved form of PARP
and caspase-3 increased and the amount of cyclin D1, cyclin
B1 and survivin decreased significantly upon nano-SiO,
treatment, while the p27 level remained unchanged. These
results indicate that nano-SiO, reduces cancer cell viability
through induction of apoptosis of breast cancer cells.

Nano-SiO, disturbs cancer cell adhesion and migration. In
addition to the harmful effects of nano-SiO, on cell growth, the
disturbance of cell motility by nanoparticles has been reported
(13). Therefore, we also investigated whether nano-SiO,
disturbs the cellular motility of breast cancer cells. We found
that treatment with nano-SiO, disturbed adherence of breast
cancer cells to the surface of cell culture plates (Figure 3A).
Next, we monitored the rate of wound-healing (Figure 3B).
When the cancer cells were exposed to nano-SiO,, cellular
motility was severely impaired. Together, the results in Figure
3C and D provide evidence that the migratory and invasive
abilities of the cancer cells were disturbed by nano-SiO,.

Nano-SiO, exerts cancer cell cytotoxicity via modulation of
EGFR signaling cascades. EGFR is a receptor tyrosine
kinase overexpressed in many breast carcinomas and has
roles in cell survival, growth, migration, and invasion (14-
18). Therefore, we examined whether exposure to nano-SiO,
affects EGFR signaling (Figure 4A). Among the various
signaling cascades, we focused on the EGFR/c-SRC/STAT3
signaling cascade (19, 20). STAT3 is activated by c-
SRC_mediated phosphorylation (21, 22) and is a known
transcription factor for cyclin B1, cyclin D1 and survivin
(23-25). We found that the phosphorylation of EGFR
decreased after nano-SiO, exposure, without any alteration
of total EGFR. In addition, phosphorylation of c-SRC was
reduced, followed by a decrease of STAT3 phosphorylation.
We also confirmed the repression of the STAT3 targets,
including cyclin B1, cyclin D and survivin. Additionally, we
monitored the protein levels of FAK and fibronectin, which
play important roles in cellular motility (26-28). There were
significant decreases in the total amounts of fibronectin and
FAK, as well as of phosphorylated FAK. We further
examined the transcript level of SiO,-treated cancer cells,
and found down-regulation of FAK, fibronectin, and survivin
expression to be induced by exposure to nanoparticles
(Figure 4B). To determine whether these phenomena
occurred via disturbance of EGFR downstream signaling
cascades, we employed a parallel set of experiments using
gefitinib, a specific inhibitor of EGFR (29). We found a
similar shift of molecular patterns after gefitinib treatment
(Figure 4A).

Based on these findings, we next hypothesized that the
decrease of EGFR phosphorylation occurs through the
disturbance of EGFR dimerization. EGFR activates its
downstream signaling via formation of homo- and hetero-
dimers with avian erythroblastosis oncogene B (ERBB)
family proteins after ligand binding (18). Therefore, we
investigated whether nano-SiO, exposure disrupted the
formation of EGFR dimers (Figure 4C). In both cancer cell
lines, the amount of dimerized EGFR significantly decreased
on exposure to nano-SiO,, indicating that nano-SiO, disturbs
EGFR dimerization.

Discussion

Nano-SiO, is one of the most well-known nanoparticles
and has been applied in many industrial fields such as
cosmetics and drugs (2). We monitored the cytotoxicity of
nano-SiO, in breast cancer cell lines. We found a
disturbance in cancer cell growth (Figures 1A and B),
viability (Figure 1C), and sensitivity toward doxorubicin
induced by nano-SiO, (Figure 1D). Furthermore, the
cancer cells exposed to nano-SiO, exhibited increased
apoptosis (Figure 2), and changes in several markers of
apoptosis (Figure 2B).
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Many researchers studying the cytotoxicity of
nanoparticles have focused on the acute-phase cytotoxicity of
them based on cell viability or gene expression. However, the
impact of nanoparticles on cell viability is only part of the
picture, since nanoparticles can affect other aspects of cellular
phenomena such as cellular movement (13). Accordingly, we
investigated the motility of cancer cells as well as cell
growth, survival, and apoptosis after nano-SiO, treatment. We
found that nano-SiO, disrupted cellular adhesion, migration,
and invasion, and we further attempted to elucidate the
mechanism(s) responsible for those phenomena.

Since EGFR is important in cancer cell migration and
invasion as well as cell survival and growth (16-18), we
analyzed a possible modulation of the EGFR signaling cascade
by nano-SiO,. We found that nano-SiO, treatment down-
regulated EGFR, c-SRC, and STAT3 phosphorylation. In
addition, expression of FAK, fibronectin, cyclins, and survivin
decreased upon the nanoparticle through western blot and gRT-
PCR. Although we do not have a mechanistic explanation for
the transcriptional down-regulation of these genes, these results
are in accordance with previous findings that blockage of
EGFR signaling leads to down-regulation of these genes (30-
32). Accordingly, we further detected the decreased
dimerization of EGFR by nano-SiO, (Figure 4C). However,
given that EGFR is a member of the ERBB family and can
also form heterodimers with other ERBB family members (18),
it is possible that the EGFR blot for dimer shown in Figure 4C
may contain EGFR heterodimers as well as homodimers.

We used gefitinib as an inhibitor of EGFR signaling, and
it also down-regulated EGFR downstream. However,
considering that gefitinib blocks the tyrosine kinase domain
of EGFR, gefitinib itself might not be regarded as a perfect
positive control for disruption of EGFR dimerization.
Furthermore, some reports demonstrate that it plays a role in
EGFR dimerization via formation of inactive EGFR dimers
or blockage of interactions between EGFR and its ligand
EGF, even though the final consequence is still blockage of
EGFR downstream signaling (33, 34). Therefore, other
methods for monitoring EGFR dimerization may be required
in order to fully understand the effect of nano-SiO, on EGFR
dimerization.

We found that nano-SiO, influenced activation of EGFR
through interruption of its dimerization and led to down-
regulation of signaling molecules, followed by adverse effects
on cancer cell-proliferation and migration. Our results imply
that disturbance of cell surface receptor functioning might be
another reason for the cytotoxic effects of nanoparticles,
although some reports implicate the generation of reactive
oxygen species as a potential mechanism responsible for
nano-Si0,-induced cytotoxicity (6, 35). In this regard, we
propose that cytotoxic effect of nano-SiO, in breast cancer
cells involves the disturbance of EGFR dimerization and
subsequent modulation of downstream signaling cascades.
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