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Neural stem cells are characterized by self-renewal and multipotency, and a capacity to regenerate in
response to brain injury or neurodegenerative disease. Silicon dioxide nanoparticles (SiO, NPs) are novel
materials, which enable the delivery of specific payloads to stem cells; for example, genes or proteins, to
enable cell-fate manipulation, or tracer materials, to enable in vivo tracing. However, little is known
about the dose-dependent cytotoxicity of SiO, NPs, and how exposure to SiO, NPs changes mRNA
expression profiles in neural stem cells. In this study, a mouse C17.2 neural stem cell line was treated
with 90 nm monodisperse fluorescein isothiocyanate-SiO, NPs at 0, 100, 200 and 400 pg mL™? for
48 hours. Internalization of SiO, NPs was observed in C17.2 cells in a dose-dependent manner. SiO, NP
exposure induced apoptosis and inhibited cell proliferation in the C17.2 cell line at dosage levels of
200 pg mL~! and above. Microscopically, mitochondrial swelling and cristae fracture were observed.

Furthermore, next generation RNA sequencing (RNA-Seq) indicated that high-dose SiO, NP exposure
Received 28th August 2017 ifically inhibited transcription of glutathione-S-transf (GST) including GSTM1, GSTM7
Accepted 29th Septernber 2017 specifically inhibited transcription of glutathione-S-transferase genes, including ,

and GSTT1. These results suggest that application of high-dose SiO, NPs to the nervous system may

DOI: 10.1039/c7ra09512k cause neurotoxicity, induce apoptosis and reduce neural stem cell proliferation by inhibiting GST gene
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1. Introduction

Nanoparticles (NPs) are a new technology that is increasingly
finding applications in industry and everyday life, including in
electronics,? food production,** cosmetics® and pharmaceu-
tical products.®” Silicon dioxide nanoparticles (SiO, NPs) are
one of the most widely used inorganic NPs. Monodisperse SiO,
NPs are considered to have good biocompatibility,® and thus
have great potential for applications in the biomedical and
biotechnological fields. A number of recent studies have
revealed that some SiO, NPs have the ability to cross biological
barriers, including the blood-brain barrier,”™* opening up the
possibility of applications in the central nervous system (CNS).

SiO, NPs can bind a DNA payload, through modification of
specific surface amino groups, and have been successfully used
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as a non-viral vector for gene delivery.”>** For example, a DNA

plasmid of fibroblast growth factor receptor type 1, carried by
organically modified silica (ORMOSIL) nanoparticles, has been
demonstrated to inhibit the proliferation of neural stem/
progenitor cells in the mouse subventricular zone and the
adjacent rostral migratory stream." SiO, NPs have also been
used as carriers of proteins to manipulate cell function. For
example, delivery of SiO, NP-anti-pAkt induced cell death in rat
neural stem cells (NSCs),” and uptake of GFP-FRATtide-SiO,
NPs led to inhibition of GSK-3p and elevation of the B-catenin
pathway in rat NSCs, thus maintaining the self-renewal and
undifferentiated state of the NSCs.*

Besides acting as a delivery vector for biological molecules,
SiO, NPs have also been used for tracing of NSCs in vivo. For
example, through doping with magnetic iron, SiO, NPs can be
used as magnetic resonance imaging (MRI) probes for stem-cell
tracking.”* Also, Gd**-incorporated mesoporous  SiO,
(Gd,0;@Si0,) nanoparticles have been used to label trans-
planted NSCs, allowing them to be monitored as a hyperintense
signal by 3T MRI from 4 to 14 days in the living brain.*® Finally,
Fe;0,@Si0,-(fluorescein isothiocyanate)-CD133 nano-
composites, a four-in-one system, have recently been used in
magnetic cell collection, magnetic and optical imaging, and
specific tracking of NSCs."”

Considering the wide range of possible applications of SiO,
NPs, from lab research to industry, to medical therapyj, it is very

This journal is © The Royal Society of Chemistry 2017
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important to study their potential adverse effects on human
health and the environment. Resolving the safety and toxicity
issues associated with this kind of nanomaterial will not only be
beneficial to industry, but will also facilitate development of
biomedical applications, for drug delivery, bioimaging and
biosensors.

Numerous studies have been carried out into the toxicity of
SiO, NPs. However, most research has focused on cytotoxicity in
the respiratory system. For example, it has been demonstrated
that SiO, NPs trigger anti-oxidative gene expression in the RAW
267.4 macrophage cell line, but not in the A549 lung epithelial
cell, but they induce an inflammatory response in both cell-
types.” In human lung cancer cells, SiO, NP exposure causes
oxidative stress, with increased levels of reactive oxygen species
(ROS) and lactate dehydrogenase (LDH), and a reduced gluta-
thione (GSH) level.”

However, very few toxicity studies have been performed in
the neurological system. They are urgently needed, given the
large demand for safe therapies that are able to cross the blood-
brain barrier (BBB). One candidate target cell in the brain is the
neural stem cell (NSC), an endogenous, CNS stem cell (mainly
found in the hippocampus and subventricular zone of the adult
brain), which is capable of self-renewal, and differentiation, for
repair and regeneration of the nervous system damage.**>*
Manipulation of the fate-determination of NSCs (e.g. using SiO,
NPs) could lead to treatments for diseases such as Alzheimer's
disease and Parkinson's disease.

Several studies have exposed NSCs to SiO, NPs, to test
internalization, cell viability and mitochondrial activity.**>
However, the effect of SiO, NPs on NSC proliferation and death,
and the underlying mechanisms, are still unclear. The recent
development of next-generation RNA sequencing (so-called
RNA-Seq) allows for high-throughput mapping and quantifica-
tion of gene transcripts,”®*” and therefore enables us to study
these effects more closely. RNA-Seq has already shown great
potential in studying the biomedical compatibility of nano-
materials, and environmental risk assessment.*>®

In this study, we used a C17.2 mouse NSC line as a model to
explore the potential harmful effect of SiO, NPs on the CNS. To
do this, we fabricated a fluorescein isothiocyanate (FITC)-
functionalized SiO, with ~90 nm diameter. Fluorescence-
activated cell sorting, immunocytochemistry staining and
confocal microscopy were used to detect the effects of SiO, NPs
on apoptosis and proliferation of NSCs.

Furthermore, previous reports have focused on very specific
cellular effects of SiO, NPs, rather than on the overall internal
state of the cell, thus limiting the scope and generalizability of
their findings. To try and address these limitations, we here
present the results of RNA-Seq analysis of NSC gene expression
profiles following exposure to SiO, NPs. This allows us to
identify all genes whose expression is affected by SiO, NPs, and
specifically those which may be associated with cytotoxicity, to
provide deeper insights into the underlying molecular mecha-
nisms of toxicity.

Here we show that high-dose SiO, NPs can down-regulate the
expression of GSTM1, GSTM7 and GSTT1, leading to mito-
chondrial damage in NSCs, which suggests that SiO, NPs
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cytotoxicity is caused by induced oxidative stress. This study
therefore provides a unique and novel insight into the cytotox-
icity of SiO, NPs, and illustrates the value of using RNA-Seq in
future studies, in order to better understand and hopefully
mitigate the toxicity of SiO, nanoparticles, so they can be safely
used for new therapies.

2. Experimental section
2.1 Materials

3-Aminopropyltriethoxysilane (APTES, 98%), fluorescein iso-
thiocyanate (FITC, 95%), ammonium hydroxide (NH,OH, 28-
30% as NH;) and tetraethyl orthosilicate (TEOS, 98%) were
purchased from Alfa Aesar Ltd (Shanghai, China). Absolute
ethyl alcohol was acquired from Beijing Chemical Reagent
Company (Beijing, China). All materials were used as received
and without further purification. Deionized water was used in
all experiments.

2.2 Preparation of FITC precursor solution

FITC-APTES stock solution was prepared as follows. 20 mg FITC
was stirred with 12 uLL APTES in 10 mL ethanol overnight, in the
dark, at room temperature, to achieve APTES-modified FITC.
The resulting FITC-APTES solution was stored in the dark at
—20 °C for later use.

2.3 Synthesis and characterization of SiO, NPs

To prepare green fluorescein-doped silica nanoparticles (FITC-
SiO, NPs) for visible cellular internalization, we used a modified
Stober process, as described in a previous report.>**° Briefly, an
excess of FITC-APTES solution was slowly added to a mixture
containing 150 mL ethanol, 15 mL TEOS and 15 mL deionized
water. Next, 1 mL ammonia solution dispersed in ethanol was
added dropwise, and the mixture was stirred at room temper-
ature in a dark place. Finally, the mixed solution was centri-
fuged and washed with ethanol and water several times, to
remove free FITC-APTES and ammonium ions.

To reduce the cytotoxicity of the synthesized SiO, NPs, the
SiO, NP mixture was dialyzed against purified water for 1 day
using a dialysis tube (3.0 kDa molecular cut-off), to remove
impurities, especially ammonium ions. The synthesized FITC-
SiO, NPs were then re-dispersed in sterile deionized water, or
penicillin-streptomycin solution, and stored in a dark place for
future use.

The size and morphology of the as-synthesized SiO, NPs
were observed using a scanning electron microscope (SEM,
S-4800, Hitachi) and a field emission transmission electron
microscope (TEM, JEM-2100PLUS, JEOL Ltd.). The hydrody-
namic diameter distributions and zeta potential of the SiO, NPs
were measured by dynamic light scattering (DLS) on a Nano-
Brook ZetaPlus (Brookhaven). The green fluorescence of the as-
synthesized SiO, NPs was observed under ultraviolet illumina-
tion (365 nm wavelength).

RSC Adv., 2017, 7, 47552-47564 | 47553
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2.4 Cell culture and SiO, NP treatment

C17.2 NSC line was purchased form CellBank Australia, which
was originally supplied by European Collection of Authenti-
cated Cell Cultures (ECACC). As previously described, the C17.2
NSC line was cultured in Dulbecco’s Modified Eagle's Medium
(DMEM, Hyclone), supplemented with 10% fetal bovine serum
(FBS, Gibco BRL), 100 units per mL penicillin and 100 ug mL™"
streptomycin (Invitrogen), and kept at 37 °C, 95% humidity and
5% CO, atmosphere.**? In this work, all the biological samples
were from the mouse C17.2 NSC line.

For sample preparation, SiO, NPs were dispersed for 10
minutes using a sonicator (Qsonica Q700) to prevent aggrega-
tion. C17.2 NSCs were then seeded in six-well plates, and
cultured for 5 hours, before exposing to SiO, NPs at doses of
0 (vehicle control), 100, 200 and 400 pg mL™". To evaluate the
long-term influence on stem cell proliferation, the C17.2 NSCs
were cultured with SiO, NPs for 48 hours.>?

2.5 Cultured cell imaging

After treatment with FITC-SiO, NPs for 48 hours, cell images
were obtained using a Leica inverted microscope (Leica
DMI3000B). The fluorophore of SiO, NPs was excited with
a mercury lamp with a 482 nm bandpass filter. Both phase-
contrast images and fluorescence images were captured in the
same field for all four groups. Image analysis was performed by
overlying fluorescence and phase contrast images.

2.6 Immunocytochemical staining

For immunocytochemical staining, coverslips seeded with
C17.2 cells were rinsed once in 0.01 M PBS, fixed with 4%
paraformaldehyde (PFA) for 30 minutes, and then washed three
times with 0.01 M PBS for 10 minutes. Fixed cells were perme-
ated for 15 minutes in 0.3% Triton-X 100 and blocked in 3%
bovine serum albumin (BSA) for 20 minutes, to reduce non-
specific binding.

Coverslips were then incubated with the primary antibody,
rabbit anti-Ki67 (1 : 500, CST) in 1% BSA overnight at 4 °C, then
washed three times with 0.01 M PBS, and incubated with Alexa
Fluor 568-conjugated secondary antibody (1 : 500; goat anti-
rabbit, Invitrogen) for 1 hour at 37 °C. After washing three
times with 0.01 M PBS, the nuclei were counterstained with
4’ ,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich).

Staining was visualized and quantified using a confocal
laser-scanning microscope (Zeiss LSM 800, Carl Zeiss) and
analyzed using Zeiss imaging software. For viewing the distri-
bution of FITC-SiO, NPs, orthogonal projections of the confocal
Z-stack were analyzed.

2.7 Flow cytometry

For analysis of the cell cycle, C17.2 cells, which had been
exposed to SiO, NPs for 48 hours, were dissociated using TryPLE
(Gibco) and fixed in 70% ethanol. A FACS cell cycle kit (Yueya
Institute of Biotechnology) was used according to the manu-
facturer's instructions. The cell cycle of C17.2 cells was detected
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using flow cytometry (FACS Calibur, BD Biosciences) and
analyzed with Flow]Jo 7.2 software.

An apoptosis assay was performed with propidium iodide/
APC-Annexin V (BD Pharmingen™) according to the manufac-
turer's instructions. Briefly, cells were harvested and re-
suspended with 400 pL Annexin V binding buffer at a concen-
tration of 10° cells per mL. Then, 5 pL propidium iodide and 5
uL APC (allophycocyanin)-conjugated Annexin V were added to
100 pL aliquots of cell solution, and incubated at room
temperature for 15 minutes in the dark. The cell apoptosis assay
was performed within 1 hour post-staining on the flow
cytometer.

2.8 Transmission electron microscopy (TEM)

TEM was performed to verify SiO, NP internalization and detect
the subcellular effects, as previously described.** Briefly, after 48
hour of SiO, NP exposure, C17.2 cells were harvested, centri-
fuged at 200 g for 10 min and fixed in 3% glutaraldehyde. Then
the pellets were post-fixed in 1% osmium tetroxide, dehydrated
with an ascending acetone series, ending with propylene oxide,
and embedded in epoxy resin 618. Ultra-thin sections were cut
with a diamond knife (diatome) and post-stained with uranyl
acetate and lead citrate. Sections on copper grids were analyzed
with a JEM-1400 Plus (JEOL) electron microscope at an oper-
ating voltage of 120 kv.

2.9 RNA-Seq and bioinformatic analysis

Three samples of the C17.2 NSC line, treated with 200 pg mL ™"
SiO, NPs, were collected for RNA extraction with TRIzol reagent
(Sigma Aldrich). For convenience, this is referred to in the
Results section as the “SiO, NP-200” group. A second group,
consisting of three vehicle control (0 pg mL™"' SiO, NPs)
samples, underwent the same analysis. This is referred to in the
Results section as simply the “control” group.

mRNA was enriched with oligo (dT) magnetic beads and
fragmented into short fragments using fragmentation buffer.
The fragments were enriched by PCR amplification to construct
transcriptome libraries. Primary raw reads, produced by Illu-
mina HiSeq 4000 (Illumina), were qualified and filtered to
obtain clean reads.

Gene expression levels were calculated using FPKM (frag-
ments per kilobase of transcript per million fragments mapped)
methods. Differentially Expressed Genes (DEGs) between the
two groups were analyzed using the NOISeq method. Genes
with a fold-change greater than 1.5-fold and a diverge proba-
bility more than 0.8 were considered to be DEGs.**

The KEGG (Kyoto Encyclopedia of Genes and Genomes)
database was used to perform pathway analysis of these DEGs.
KEGG analysis identifies significantly-enriched metabolic
pathways or signal transduction pathways in DEGs, compared
to the whole-genome background.*® Based on the KEGG data-
base, “pathway-act-network” analysis was used to construct an
interactive network for graphical representation of central
pathways, using Cytoscape (open http://
www.cytoscape.org).*®

source,
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Table 1 RT-PCR primers used in this study
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Gene specificity Primer

GSTM1
GSTM7
GSTT1
GSTP1
GAPDH

Next, we constructed a co-expression network based on
DEGs. Pairs of genes with Pearson's correlation coefficients
>0.99 were used to construct the network. k-Core scoring was
used to infer the location of a gene in the network, and the &-
Core difference (difk-Core) between the control and SiO, NP-200
groups was used to identify core regulatory genes.*”

2.10 Real-time quantitative polymerase chain reaction (RT-
qPCR)

RT-qPCR was performed as previously described.*® Briefly, total
RNA was extracted from the cell pellets using TRIzol reagent
(Sigma Aldrich), according to manufacturer's instructions. RNA
samples were quantified and qualified using a spectrophotom-
eter (NanoDrop-2000) and then reverse-transcribed into cDNA
using a PrimeScript® RT Reagent Kit (Takara). Quantitative PCR
was then performed using a CFX96 Real-time PCR System (Bio-
Rad) using SYBR Green qPCR Mix (Takara), according to the
manufacturer's instructions.

Relative expression levels were normalized to GAPDH and
were calculated using the 222" method. RT-PCR was per-
formed with the following primers (Table 1). Amplification was
performed under the following conditions: 5 min at 94 °C, 35
cycles of 30 s at 94 °C, 30 s at 65 °C, 30 s at 72 °C, 10 min at 72 °C
and storage at 4 °C.

2.11 Statistical analysis

All data are presented in this manuscript as mean + SEM.
Statistical comparison was performed using SPSS (Statistical
Package for the Social Sciences), version 19 (IBM corporation,
Armonk, NY, USA). The effect of SiO, NP dose (factor: dose;
levels: 4) was analyzed using one-way ANOVA. Tukey's or Tam-
hane's T2 post hoc tests were used for pairwise comparisons.
Statistical significance was established with a threshold p-value
<0.05.

3. Results and discussion
3.1 Synthesis and characterization of SiO, NPs

We successfully synthesized SiO, NPs, which had an average
diameter of around 90 nm under SEM (e.g. Fig. 1A and B). The
hydrodynamic diameter was larger (~150 nm), due to superior
dispersibility in water (Fig. 1C). Dispersion of SiO, NPs was also
achieved in penicillin-streptomycin solution (e.g. Fig. 1D). We
successfully achieved conjugation of FITC onto the surface of
SiO, NPs, as evidenced by bright green fluorescence of the final
FITC-SiO, NPs under UV illumination (e.g. Fig. 1E).

This journal is © The Royal Society of Chemistry 2017

Forward, 5'-CCTATGATACTGGGATACTGGAACG-3’ reverse, 5'-GGAGCGTCACCCATGGTG-3'
Forward, 5'-TCCGTGTGGATATTCTGGAG-3' reverse, 5'-CCTCATCATTCCAGGGAGTT-3’
Forward, 5'-GTTCTGGAGCTGTACCTGGATC-3' reverse, 5'-AGGAACCTTATACTTGTGTGCC-3'
Forward, 5'-TTGCTCAAGCCCACTTGTCTGT-3' reverse, 5-CAGGGCCTTCACGTAGTCATTC-3'
Forward, 5'-AATCTCCACTTTGCCACTG-3' reverse, 5'-CCTCGTCCCGTAGACAAAA-3’

3.2 Phagocytosis of FITC-SiO, NPs by C17.2 neural stem cells

After being exposed to SiO, NPs for 48 hours, C17.2 NSCs
engulfed SiO, NPs in a dose-dependent manner. Compared
with the vehicle control group (e.g. Fig. 2A), SiO, NP-treated
groups showed obvious phagocytosis of FITC-SiO, NPs.
Orthogonal projections of confocal microscopy indicated that
the FITC-SiO, NPs were localized on the nuclear surface, but not
inside the cell nucleus (e.g. Fig. 2B-D).

Flow cytometry was used to quantify the level of phagocytosis
by the NSCs after exposure to different concentrations of SiO,
NPs (Fig. 2E). The relative fluorescent intensities were 3.9 +
0.3%, 100.0 + 7.2%, 505.3 £ 24.1% and 731.0 £ 52.7%
following treatment with 0 (control), 100, 200 and 400 ug mL ™"
doses of FITC-SiO, NPs, respectively. Phagocytized FITC fluo-
rescence intensities from flow cytometry clearly and signifi-
cantly increased (compared to control) following treatment with
100, 200 and 400 pg mL~" FITC-SiO, NPs (Fig. 2F; 100 ug mL ™"
vs. control, p < 0.05; 200 pg mL ™! vs. control, p < 0.01;
400 pg mL™" vs. control, p < 0.05).

Engulfment of SiO, NPs has been previously demonstrated
in both mouse and human NSCs. Further to these reports, our
results confirm phagocytosis of SiO, NPs by NSCs using
confocal scanning microscopy, and flow cytometry. This is
essential for the future development of nanoparticles for
biomedical applications, such as in therapy-delivery or cell-
tracing.

3.3 Effect of FITC-SiO, NPs on apoptosis and proliferation of
C17.2 neural stem cells

NSCs contribute to brain repair by cell replacement, trophic
support and immunomodulation.>****® The homeostasis of
stem cell pools in the brain mainly depends on the
balance between proliferation and cell death of NSCs.*
Though SiO, NPs are useful as biomaterial carriers and
nervous system tracing agents, their adverse effects on NSCs
have not been sufficiently evaluated. Therefore, we next
studied the influence of SiO, NPs on apoptosis and prolif-
eration of NSCs.

FITC fluorescence was observed clearly in cells treated with
200 and 400 pg mL ™" FITC-SiO, NPs. However, we found that
cell numbers reduced in these two groups, compared with the
control group (Fig. 3C-D vs. Fig. 3A). Flow cytometry (FACS)
analysis was performed for quantitative evaluation of the
number of NSCs present in each of the SiO, NP treatment
groups. The proportion of live cells significantly decreased

RSC Adv., 2017, 7, 47552-47564 | 47555
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Fig.1 Characterization of FITC-SiO, NPs. Representative images of FITC-SiO, NPs under (A) SEM and (B) TEM. (C) Diameter distribution of FITC-
SiO, NPs, assessed by dynamic light scattering (DLS). Blue line shows the cumulative distribution. (D) Representative example of dispersion in
penicillin-streptomycin solution, (E) fluorescent photograph of 90 nm FITC-SiO, NPs under 365 nm UV light.

following treatment with 200 pg mL™' (20.8% reduction indicating increased cell death in these doses. No significant
compared to control; p < 0.001) and 400 pg mL " (38.6% difference was observed in proportion of live cells between the
reduction; p < 0.001) FITC-SiO, NPs (Fig. 3E-H and M), 100 ug mL ' group and control group (p > 0.05).
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Fig. 2 C17.2 neural stem cell line engulfs FITC-SiO, NPs in a dose-dependent manner. (A—-D) Representative merged images from fluorescent
confocal microscopy of C17.2 cells, following treatment with FITC-SiO, NPs at doses of O (control), 100, 200 and 400 ug mL™?, respectively.
Green channel, FITC; blue channel, DAPI nuclear counterstain; scale bar = 20 pm (E) representative flow cytometry analysis of phagocytosis by
NSCs of FITC-SiO, NPs at 0, 100, 200 and 400 pg mL™L. (F) Quantitative group data for relative fluorescence intensity indicating the degree of
engulfment of FITC-SiO, NPs by C17.2 NSCs. Data are expressed as a percentage, normalized such that the value for the 100 pg mL™* group was
equal to 100% (n = 3). Bars show mean 4+ SEM. *p < 0.05, **p < 0.01.
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Fig. 3 High-dosage SiO, NPs induces cell death and apoptosis in C17.2 neural stem cells. (A—D) Representative phase contrast images of C17.2 NSCs,
showing morphological changes following treatment with FITC-SiO, NPs at doses of 0 (control), 100, 200 and 400 ug mL™?, for 48 hours. Scale bar =
200 pm. (E—H) Representative FACS output of live cell proportions following SiO, NP treatment. (I-L) Quantification of apoptosis by dual-staining with
Annexin V and propidium iodide. (M) Quantitative group data of proportion (%) of live cells in C17.2 cell sample following SiO, NP treatment (n = 3). (N)
Proportion (%) of cells in C17.2 cell sample showing early apoptosis (Annexin V+/propidium iodide—), following SiO, NP treatment (n = 3). (O)
Proportion (%) of cells in C17.2 cell sample showing late apoptosis (Annexin V+/propidium iodide+), following SiO, NP treatment (n = 3). (P) Proportion
(%) of cells in C17.2 cell sample showing early or late apoptosis, following SiO, NP treatment (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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Apoptosis is a form of programmed cell death (PCD) that
occurs during nervous system development, and also following
cell damage under pathological conditions.**** To specifically
explore the effect of FITC-SiO, NPs on NSC apoptosis, we used
propidium iodide/APC-Annexin V with FACS to detect apoptotic
cells.

We found that proportions of early apoptotic cells increased
after exposure to 200 and 400 pg mL~ " FITC-SiO, NPs, relative to
the control group (Fig. 3I-L, N and O). In contrast, we saw no
significant difference in proportions of late apoptotic cells
between any of the groups. However, SiO, NP treatment did
markedly increase the proportion of total apoptotic cells at
doses of 200 (3.3-fold increase vs. control; p < 0.01) and
400 pg mL~" (2.3-fold increase vs. control; p < 0.05) (Fig. 3P;
control, 6.7 4 1.3; 200 ug mL ™%, 22.4 4 5.3; 400 ug mL ™ *, 15.5 &
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2.5). However, there was no significant effect of the 100 pg mL ™"
SiO, NP dose (p > 0.05 vs. control) on the number of early, late or
total apoptotic cells.

Self-renewal is one of the classical properties of stem cells. It
is the ability to go through numerous cycles of cell division
without differentiation. Ki67 is a protein that is expressed
during all active phases of cell division, and is associated with
cell self-renewal.**

Using immunocytochemical staining, we found that FITC-
SiO, NPs reduced the proportion of Ki67-positive C17.2 NSCs.
FITC-SiO, NP treatment for 48 hours at 200 pg mL ™' reduced
the proportion of Ki67-positive cells by 27.0%, relative to control
(p < 0.05) and 400 pg mL ™" reduced the proportion by 33.0%
(p < 0.01 vs. control) (Fig. 4I). No significant difference was
observed between the 100 pg mL™~" group and control group.
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Fig.4 Effect of SiO, NPs on proliferation of C17.2 neural stem cells. (A—D) Representative merged images from fluorescent confocal microscopy
of C17.2 cells, following treatment with FITC-SiO» NPs at doses of O (control), 100, 200 and 400 pg mL™2, respectively. Scale bar = 100 pm; red,
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Fig. 5 TEM images of cell membranes and mitochondria of C17.2 neural stem cells, following incubation with SiO, NPs at various doses. (A-D)
Representative TEM images, showing the internalization of SiO, NPs at all three active doses. Arrowhead, internalized SiO, NPs. Scale bar = 2 um.
(E-H) High-power views of boxed areas in (A-D), to show mitochondria. Scale bar = 0.5 um.

To further explore this effect, we next detected the phases of
the cell cycle in NSCs by FACS (Fig. 4E-H). A proliferation index
(PI) was calculated as the proportion of the total cell cycle spent
in either S-phase or G2/M-phase. The PI was 0.53 + 0.03 for the
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control group and 0.49 + 0.06 for 100 ug mL™* group (p > 0.05).
The PI decreased significantly in 200 ug mL ™" treated group
(22.9% lower than control; p < 0.05) and 400 pug mL ™" treated
group (24.1% lower than control; p < 0.05) (Fig. 4]). These
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4 5

Fig. 6 Distribution of DEGs in and KEGG pathway analysis of C17.2 neural stem cells treated with SiO, NPs. (A) Scatter-plots showing all
expressed genes: control group expression level vs. SiO, NP-200 group expression level. Orange, gene up-regulated by SiO, NP; blue, gene
down-regulated; brown, gene not regulated. (B) Pie chart, showing the distribution of dysregulated mRNAs. (C) Hierarchical clustering of
differently expressed mRNAs in control and SiO, NP-200 NSCs. Each row represents a single mRNA and each column represents one tissue
sample. Red, high relative expression; blue, low relative expression. (D) KEGG pathway analysis for differently expressed mRNAs.
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results support the hypothesis that FITC-SiO, NPs interfere with
NSC proliferation.

Taken together, these data suggest that biomedical usage of
Si0, NPs, at doses over 200 pg mL ™", might damage NSCs, by
inducing apoptosis and inhibiting their proliferation.
However, no significant effect was detected following a dose of
100 pg mL ™" of SiO, NPs.

3.4 Influence of FITC-SiO, NP exposure on the subcellular
characteristics of C17.2 neural stem cells

The main mechanisms of nanotoxicity are induction of reactive
oxygen species (ROS) and mitochondrial damage.* It has been
shown, in a PC12 neuronal cell line, that nano-size silicon
dioxide exposure increases ROS levels, and correspondingly
decreases the level of glutathione, suggesting that SiO, NPs
cause a ROS-related neurotoxicity.*®
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Our TEM studies of NSCs treated with FITC-SiO, NPs
revealed SiO, NPs aggregated in intracellular vesicles, as well as
deformed nuclei and condensed chromatin (Fig. 5B-D, F and H)
that were not seen in control experiments (Fig. 5A). We also
observed SiO, NP phagocytosis at all doses of FITC-SiO, NPs.

Mitochondria of C17.2 NSCs in the control group exhibited
well-defined double membranes and well-organized cristae
(Fig. 5E). The same was also seen in the NSCs treated with 100
ug mL~" FITC-SiO, NP (Fig. 5F). However, the mitochondria of
NSCs treated with 200 pug mL™" SiO, NPs were swollen, and
mitochondrial cristae were ruptured or absent (Fig. 5G). After
exposure to 400 ug mL™' SiO, NPs for 48 hours, the cell
membrane of NSCs was completely disrupted, forming vacuo-
lated cytoplasm and organelles (Fig. 5H). TEM confirmed that
SiO, NPs entered the cytoplasm but not the nuclei of the NSCs.

Mitochondrial damage was thus observed in NSCs with SiO,
NP at dosage levels of 200 ug mL™' and above, which is
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consistent with the toxicity suggested by the other experiments
presented here. Mitochondria are the major organelles that
clear ROS from the cell, and it is likely that mitochondrial
damage caused by SiO, NPs leads to the accumulation of ROS,
leading to broader cytotoxicity.

3.5 Changes in gene expression profile induced by FITC-SiO,
NPs

mRNA sequencing was used to analyze the impact of SiO, NPs
on the whole gene expression profile of C17.2 NSCs. A total of
more than 6.8 billion clean reads were generated from all six
cDNA libraries, using the Illumina HiSeq 4000 platform. Gene
expression in NSCs exposed to exposing to 200 ug mL~" was
compared to vehicle controls. For convenience, we hereafter
refer to this SiO, NP treatment group as “SiO, NP-200”, and the
vehicle control (0 pg mL ") group simply as “control”. Fold-
changes greater than 1.5 and diverge probability values of
more than 0.8 were set as the threshold for defining differen-
tially expressed genes (DEGs).*”*®

We found 42 up-regulated and 77 down-regulated DEGs in
NSCs in the SiO, NP-200 group (Fig. 6A and B). DEG expression
levels in the control group and SiO, NP-200 group were plotted
in a heat-map (Fig. 6C), and KEGG analysis was used to further
examine the underlying mechanistic effects of SiO, NPs on
NSCs. Ten particularly important pathways in NSCs were tested,
including metabolism of xenobiotics by cytochrome P450,
leishmaniasis, pertussis, drug metabolism by cytochrome P450,
platinum drug resistance, chemical carcinogenesis, pathways in
cancer, prostate cancer, glutathione metabolism and HTLV-I
infection (Fig. 6D).

A pathway-act-network was constructed according to the
interactions assigned between pathways in the KEGG database,
to further screen core pathways of NSCs exposed to SiO, NPs
(Fig. 7). We identified three main pathways as being particularly
important in FITC-SiO, NP-induced gene expression in NSCs:
the apoptosis pathway, the MAPK signaling pathway, and the
PI3K-Akt signaling pathway. MAPK signaling is related to stem
cell maintenance in NSCs,” and PI3K-Akt signaling regulates
proliferation of NSCs.**** The pathway-act-network indicated
that apoptosis and proliferation were both involved following
SiO, NP treatment, which supports the findings presented in
previous sections of this report.

We also constructed co-expression networks for the control
group and SiO, NP-200 group, based on the DEG data. Here, the
co-expression network in the control group contained 104
network nodes and 348 connections. Of these, 272 were positive
connections and 76 were negative connections (Fig. 8A). The
network in the SiO, NP-200 group comprised 110 network nodes
and 337 connections. 196 were positive and 141 negative
(Fig. 8B). In this case, these were three genes from the
glutathione-S-transferase (GST) gene family, namely GSTM1,
GSTM7 and GSTT1 (Fig. 8C).

To validate the results of our mRNA-sequencing analysis, we
also performed RT-qPCR of these core genes. We found that
GSTM1, GSTM7 and GSTT1, but not GSTP1 (used as a negative
control), were down-regulated in the SiO, NP-200 group,

This journal is © The Royal Society of Chemistry 2017
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compared to the control group (Fig. 9A-D). We therefore
confirmed specific GSTs as core genes, underlying the mecha-
nism by which SiO, NPs cause cytotoxicity in NSCs.

GSTs are a family of phase II detoxification enzymes, which
catalyze the conjugation of a reduced form of glutathione to
xenobiotic substrates.** Previously, Shi and colleagues have
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found that SiO, nanoparticles induce cytotoxicity in the MCF-7
cell line (a human breast carcinoma line), and overexpression of
microsomal glutathione transferase 1 reverses this toxicity.*
Our results demonstrate similar findings in NSCs, and go
beyond previous work, by confirming specific GST gene
expression changes, using RT-qPCR.

Taken together, these results suggest that drugs targeting the
GST genes should be investigated for their potential to mitigate
the adverse toxicity associated with SiO, NPs. This may facilitate
development of SiO, NP therapies that can be safely given to
human patients.

4. Conclusions

We have shown that SiO, NPs exert cytotoxicity on NSCs at
dosage levels of 200 ug mL ™" and above. In this series of
experiments, SiO, NPs reduced the proportion of live cells,
increased the apoptosis level and inhibited proliferation of
C17.2 NSCs. Our results suggest that the toxicity of SiO, NPs is
induced via mitochondrial damage. RNA-Seq analysis indicated
that metabolism of xenobiotics by cytochrome P450, drug
metabolism by cytochrome P450 and glutathione metabolism
were involved in the toxicity of SiO, NPs on the C17.2 cell line.

47562 | RSC Adv., 2017, 7, 4755247564

Specific subtypes of the glutathione-S-transferase gene, namely
GSTM1, GSTM7 and GSTT1, were inhibited in the C17.2 cell line
after SiO, NP treatment. Our findings demonstrate the cyto-
toxicity of SiO, NPs on NSCs, help elucidate the underlying
mechanism or toxicity, and suggest the GST pathways as
possible therapeutic targets for future study.
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