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Abstract

Cerium oxide nanoparticles (nanoceria) are versatile engineered nanoparticles (ENPS) due to their
unique redox properties. We and others have previously demonstrated naked nanoceria could act
as antioxidants to protect cells against oxidative damage. While the redox properties may be
beneficial, the genome-wide effects of nanoceria on gene transcription and associated biological
processes remain elusive. Here we applied functional genomic approach to examine the genome-
wide effects of nanoceria on global gene transcription and cellular functions in mouse neuronal
cells. Importantly, we demonstrated nanoceria induced chemical- and size-specific changes in the
murine neuronal cell transcriptome. The nanoceria specially contributed more than 83% of
uniquely altered gene population and associate with a unique spectrum of genes related to
neurological disease, cell cycle control and growth. These observations suggest an in-depth
assessment of potential health effects of naked nanoceria and other naked nanoparticles is both
necessary and imminent.
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Background

Despite nanomaterials having been used in a broad range of industrial and consumer
products, the biological effects after exposure remain largely unknown. Nano cerium oxide
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(Ce0Oy) or nanoceria are popular engineered nanoparticles (ENPs) used in various
applications, including catalysis, solar cells, fuel additives and chemical abrasives.!
However, its main application, in the field of catalysis, stems from its unique properties
compared to other materials. Ceria, especially in nano form, is a special material for two
reasons. First, it is able to undergo significant reduction of its cerium cations from a +4 to
+3 oxidation state and the accompanying loss of oxygen without structural (i.e., phase)
changes.? That is, it can become increasingly non-stoichiometric while still maintaining its
characteristic cubic fluorite structure.3 Second, oxygen transport through the lattice is rapid.*

In the catalysis field, nanoceria is used for its oxygen storage capacity (OSC)® or ability to
store and release oxygen. An example of this is the diffusion of oxygen out of its lattice, in
an environment free of gaseous oxygen, which allows carbon monoxide (CO) to be
converted to carbon dioxide.® The OSC of ceria and its mixed oxides is helpful in
facilitating a number of other reactions including steam reforming of methane,’ three-way
catalysis in the automobile,8 and the water-gas shift reaction.® However, nanoceria’s oxygen
storage capabilities stem not only from the interior of the nanoparticles, but also from the
surface,10 and, since catalysis is a surface science, are worthy of additional consideration.
To explain the ease in reducing the surface of ceria (i.e., creating oxygen vacancies), one
study suggests that surface oxygen may not be as strongly bound as bulk oxygen,! allowing
for the facile formation of oxygen vacancies. Oxygen vacancies are important surface sites,
because they have been found to bind adsorbates more strongly than normal oxide sites and
may assist in the dissociation of the adsorbed species.12 13

Other than its industrial applications, ceria’s biochemical properties have been explored in
recent years. Biomedical and toxicity studies of nanoceria, which focused predominantly on
its redox properties, have resulted in contradictory conclusions about its effects. We, and
others, have previously documented that naked nanoceria particles may act as antioxidants
and protect cells against oxidative damage,1# 15 ionizing radiation!® and improve cardiac
function.1” Other reports found it to be cytotoxic!® 19 and induce oxidative stress.20 These
studies mainly focused on the redox capability of nanoceria reacting with reactive oxygen
species (ROS) or its intermediates (ROI), and evaluated the cellular responses in oxidative
stress condition. Under normal/basal conditions the genome-wide response of cells to
nanoceria exposure remains largely unknown. Since nanoceria has the potential in
biomedical applications, the assessment of their cellular effects and the associated molecular
mechanisms are urgently needed. In this study, we report that nanoceria induced a unique set
of genes related to neurological and cell cycle regulation, which are validated by expression
and functional assays.

Preparation of particles

Two cerium oxide particles of different sizes (6 nm, CeO-6 and ~100 nm, CeO-M) and
Al,O3 at 300 nm (AIO) were selected for experiment. CeO, nanoparticles were prepared by
combining 0.04M Ce(NO3)3* 6H,0 and 0.5M hexamethylenetetramine (HMT) as described
previously.2! The CeO-M was prepared by annealing similarly prepared CeO, nanoparticles
for 12 hours at 1200°C. HMT burns off in the annealing process but the particles were re-
coated with HMT to be consistent with the the unannealed CeO, nanoparticles. The size of
these particles was determined by analysis of x-ray diffraction data, collected with an Inel
XRG 3000 (Cu K radiation (A=1.54056A), by using the Debye-Scherrer equation.22 AlIO
was obtained from Buehler (Lake Bluff, IL).
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All particles were sonicated for optimizing the microarray experiment. The sonicated
mixture was diluted with 9 ml of FBS and added to the corresponding amount of DMEM to
make 10% FBS by volume. The final particle concentration was 20 pg/ml in all experiments.
Particles were freshly prepared prior to each experiment. HT22 hippocampal nerve cell line
is a subclone of HT4 cells. Culture dishes were incubated for 8 hours in 5% CO, at 37°C on
an orbital shaker at constant speed in order to maintain a uniform suspension of the particles.
Control cells were incubated in DMEM containing 10% sonicated FBS without particles. All
experiments were done in duplicate

Microarray and data analysis

Gene expression was determined from duplicate microarray experiments using Mouse
Genome 430 2.0 microarray (Affymetrix, Santa Clara, CA). Gene expression profiles were
analyzed with Partek Genomic Suite 6.3 (Partek, St. Louis, MO) and used for data
acquisition and normalization by robust multiarray average (RMA\) algorithm. Genes
specifically expressed in cells treated with CeO-6 were uploaded to the Ingenuity Pathway
Analysis program (Ingenuity Systems, Mountain View, CA) to explore transcriptional
profiles and to identify potential gene networks induced by the particles in the model. The
Global Functional Analysis feature identified biological functions most significantly
associated with the gene list. Querying the Ingenuity Pathways Knowledge Base for
relationships that described a gene’s role in cellular and organismal function. The
significance value associated with a function in Global Functional Analysis was expressed
as p-value by right-tailed Fisher Exact Test. P-value of less than 0.01 was taken as
significant.

Western blot

Whole-cell lysates were extracted using the nuclear extract kit (Active Motif, Carlsbad, CA),
according to the manufacture’s protocol. Twenty micrograms of extract was mixed with
Laemmli loading buffer (containing p-mercaptoethanol) and heated at 100°C for 5 minutes
prior to loading onto 4-12% Tris-glycine precast gels and electrophoresed at 140 V for 90
minutes. Proteins were transferred to 0.45 um nitrocellulose membranes (Invitrogen,
Carlsbad, CA) for 2 h at 20 V at room temperature using the mini-cell Module (Invitrogen,
Carlsbad, CA). Primary antibody against Htt (#2733), cyclin D1(#2922), p16(#4824),
p21(#2946), and p53 (#9282) (Cell signaling technology, Danvers, MA) were diluted in 5%
nonfat powdered milk in 0.5% TBS-Tween 20 in 1:200 dilution. The blot was incubated
with SuperSignal West Pico substrate (Pierce, Rockford, IL) and exposed to Kodak X-
OMAT film (Kodak, Rochester, NY).

Quantitative real-time RT-PCR

RNA was isolated using the RNeasy mini kit (QIAGEN Inc., Valencia, CA) according to the
manufacturer's instruction. For cDNA synthesis, 500 ng total RNA was transcribed with
cDNA transcription reagents using SuperScriptlll reverse transcriptase and oligo(dT)12-18
(Invitrogen) according to the manufacturer's instructions. Primers were designed using
Perkin Elmer Primer Express® software. All primers were designed to be intron-spanning to
preclude amplification of genomic DNA. To normalize relative levels of expression, p-actin
was used as an internal reference control. Real-time RT-PCR was performed on an Applied
Biosystems Gene Amp® 7900HT Sequence Detection System (Foster City, CA). Standard
reaction volume was 10ul and contained 1X SYBR RT-PCR buffer, 3 mM MgCly, 0.2 mM
each of dATP, dCTP, dGTP, 0.4 mM dUTP, 0.005 U AmpliTag Gold, 0.002 U AmpErase
UNG erase enzyme, 0.35ul cDNA template and 50 nM of oligonucleotide primer. Initial
steps of RT-PCR were 2 min at 50°C for UNG erase activation, a 10-min hold at 95°C and
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consisted of a 15-sec melt at 95°C, a 1-min annealing/extension at 60°C for a total of 30
cycles and incubated at 60°C for 1 min in the final step. The identity of the PCR products
was confirmed by melting curve analysis with ABI SDS 2.0 software. The expression level
of a gene in a given sample was represented as 2-AACt[ACT(medium)] gnd ACT =

[CT (experimentan)] = [CT (housekeeping)l- All reactions were performed in triplicate.

DNA flow cytometry and proliferation assay

Results

HT22 cells were synchronized by serum deprivation for 48 h in 6-well plates at a
concentration of 5 x 10° cells/well. Fresh medium with 10% FBS with or without particles
was added and incubated for 8, 16 or 24 h. Both live monolayer cells and dead nonadhesive
cells were collected and counted by haemocytometer with trypan blue solution (Invitrogen).
For each sample, 1 x 10° cells were washed twice in buffer solution from the CycleTest Plus
DNA Reagent Kit (Becton Dickinson, San Jose, CA) and resuspended in 250 pL of trypsin
buffer. DNA staining for cell cycle was quantified by FACScan flow cytometer using
CellQuest software (Becton Dickinson). Cell cycle and DNA degradation of cells were
analyzed by ModFit LT software (Verity Software House, Topsham, MA). Sub-G1 cell
populations were considered to be apoptotic. The induction of apoptosis was confirmed by
examining the cells under fluorescent microscopy after double staining with propidium
iodide and Annexin V-FITC according to the manufacturer’s instructions (Trevigen,
Gaithersburg, MD). To measure cellular proliferation in response to particles, cells were
seeded at a density of 1 x 104 per well in 24-well gelatin-coated plates and treated at 20 pg/
ml as described. Cell viability was assessed using colorimetric 3-(4,5-dimethylthiazol-2-
yl)-2,5-dipheny! tetrazolium bromide (MTT) assay (Chemicon, Billerica, MA ) on days 0, 1,
3 and 5 according to manufacturer’s protocol. Cell viability was measured by the absorbance
on an ELISA plate by setting the optical density of ELISA reader at 570 nm and a reference
wavelength of 630 nm.

Using whole-genome expression microarray analysis we studied the transcriptional response
of murine neuronal cells (HT22) following exposure to 6 nm nanoceria (CeO-6). The
nanoparticles of ceria, prepared by aqueous precipitation as previously described, 2324 were
6 nm in size. Compared to micron-sized ceria, nanoceria has an expanded lattice2> due to the
nature of ionic bonding in nanoparticles28 and a considerable concentration of Ce3* cations,
which are larger in size than Ce** cations (Figure 1).27 Moreover, the concentration of both
Ce3* ions and oxygen vacancies, which exist in a 2:1 ratio in the ceria lattice, increases as
the crystallite size decreases. Therefore, 6 nm crystallites would be expected to be more
easily reduced or oxidized compared to 12 nm crystallites. Note that such differences in the
concentration of point defects (i.e., Ce3* in CeO, and oxygen vacancies) as a function of
size will not be apparent in TEM images.

We controlled for the effect of particle size using 100 nm diameter cerium oxide (CeO-M),
and for its chemical properties by using 300 nm diameter aluminum oxide particles (AlO).
Nanoceria were subjected to sonication and agitation to prevent aggregation and
sedimentation prior to incubation with cells to obtain consistent gene expression results (see
methods). Principal Component Analysis (PCA) was applied to the microarray datasets to
detect global gene-expression patterns in HT22 cells following exposure to CeO-6, CeO-M,
AIlO or “no particle” controls. The data revealed that each treatment produced a distinct gene
expression pattern as evidenced by four spatial groups (treatment with CeO-6, CeO-M, AlO,
Ctrl) - implying particle-specific responses of the cells (Figure 2, A). The datasets
(represented by colored dots in the PCA diagram) suggested the expression profile of
particle-treated groups were more similar as compared to the “no particle” control. The
relationship between the sample groups and the gene expression signatures were highlighted
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by one-way hierarchical gene cluster analysis (Figure 2, B). The denogram segregated the
data into two major clusters, namely particle exposure in the first branch, as contrasted to the
“no-particle exposure” group; these data validated the results obtained from the PCA
analysis. Further analysis on the particle exposure group observed gene signatures that were
indicative of chemical and size properties of the particles. The chemical differences between
cerium oxides and aluminum oxide were indicated by two cluster subgroups in the figure. In
addition, we observed that the size of the cerium oxide particles affected the gene expression
pattern: HT22 cells treated with nanoceria exhibited a distinct gene expression signature
compared to non-nano-sized cerium oxide particles. These data indicate particle size has an
active effect on cellular behavior similar to the recent report for conjugated particles.2
These results underscore the notion that nanoparticles may not be viewed as simple
“carriers” for use in biomedical applications.

To identify genes differentially expressed following CeO-6, CeO-M and AlO exposure, one-
way ANOVA with a false discovery rate (FDR) of < 0.01, and a fold change of + 1.5 was
applied. 706 differentially expressed genes were identified in the CeO-6 group (p<0.001),
489 in the CeO-M group (p<0.0001) and 350 in the AlO group (p<0.0008). To reveal unique
gene signatures associated with each particle, a proportional Venn diagram was constructed
by superimposing the differentially expressed genes from each group (Figure 2, C). We
identified 1545 (706+489+350) genes significantly induced by particle exposure, and of
these 276 (20+26+230, 17%) expressed genes were unique dependent on the particle they
were exposed to. It is noteworthy that the largest number of “unique” genes occurred in the
presence of nanoceria. Approximately 83% (230/276) of unique genes were derived from
nanoceria group (Supplementary Materials Table S1), while CeO-M- and AlO-specific
genes contributed only 9.4% (26/276) and 7.2% (19/276), respectively. One-fifth (321/1545,
20.8%,) of the total differentially expressed genes were common to all groups indicating
their effect was independent of particle chemistry and size. CeO-6 and CeO-M shared more
commonly expressed genes (136, light-green) than either did with AlO (19, purple and 6,
yellow respectively, Figure 2, C). The expression changes of these 136 genes were reflective
of differences in the chemical properties rather than the molecular size of cerium oxide and
aluminum oxide. The nanoscale effect in cerium oxide was evidenced by the number of
CeO-6-specific genes (230) as contrasted to CeO-M-specific genes (26).

Venn diagram analysis clearly demonstrated that exposure to nanoceria particles results in
the largest number of particle-specific gene alterations. We focused on the 230 signature
genes following nanoceria exposure to obtain insight into the responsible molecular events.
We postulated the change in gene expression profile was coordinated through modules or
gene networks that shared a common biological function. We utilized ingenuity pathway
analysis to dynamically generate significant biological networks based on its biological
knowledge base of relationships between genes, proteins, drugs and diseases. Initially we
attempted functional analysis to identify known disease models that resembled the nanoceria
gene signature. The top biological functions associated with each gene network were
determined by identifying relationships between the genes in the network and their cellular
and organismal function. The results were ‘weighted” based on their statistical significance
and gene number of involved genes; “neurological disease” and “cancer” models were
suggested [13 genes (p= 0.0004) and 57 genes (0=0.0005), respectively] as relevant
potential biological responses of the cell model. Other relevant disorders that passed the
statistical test included cardiovascular disease (7 genes), viral function (7 genes) and
organismal injury (10 genes). These were excluded in subsequent analysis on their low
probability and the lack of relevance to the cell model.

Subsequently genes were sorted by their biological function and relevance to the disease
model. Interestingly, after nanoceria exposure we observed profound down-regulation (>3
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fold) of the huntingtin (Htt) gene in various pathways within the neurological disease model
(Figure 3, A, Supplementary Materials Table S2 and Figure 5, A). Htt is known to be
important in various developmental processes; complete knockout of mouse Htt is
embryonic lethal 22-31 while mice carrying less than 50% of wild-type Hit display
malformations of the cortex and striatum32: 33, To obtain biological insight into the
interaction of Htt and other genes we created an Htt-centric gene network (Figure 3, B)
including those genes whose expression is affected by nanoceria (Figure 4, A) to highlight
its involvement in neurological pathophysiology. In the cancer model, genes involved in cell
cycle-related processes were over-represented (Supplementary Materials Table S3); this
suggests nanoceria might perturb cell cycle control. Cell cycle analysis confirmed nanoceria
inhibited cell cycle progression from G1 to S phase (c). Gene network analysis implied
nanoceria inhibited the G1/S transition via regulators such as 7P53, p21 (CDKN1A) and
p16 (CDKNZA), which led to downstream effects on other genes (Figure 4, B,
Supplementary Materials Table S3 and Figure 5, B). Induction of p27 (CDK1A) and 7P53
were observed starting at 8 h, but there was no indication of altered p16expression (Figure
4, 0), suggesting inhibition of the cell cycle effect may be mediated by a p53 and p21
dependent mechanism. It was surprising to find that nanoceria increased the expression of
cyclin D, since this would be expected to enhance, rather than inhibit, progression through
G1. Thus, these particles may not simply act as a brake at the G1/S transition but rather, they
may disrupt normal regulation of cell cycle components. In addition, we observed increased
apoptosis during exposure as assessed by the sub-G1 population (Figure 4, D) that led to
growth inhibition starting at 48 h (Figure 6).

Discussion

The present study demonstrates cellular exposure to naked nanoceria particles induces
changes in gene expression. Previous research on nanoceria, prepared in a similar manner,
but with 0.0375M Ce(NO3)3* 6H,0 rather than the 0.04M concentration used in this
study,2* shows that the precipitated nanoparticles tend to be octahedrons or truncated
octahedrons, as seen in typical transmission electron microscopy images of such particles
(Figure 1) with crystallographic planes having {111} Miller indices primarily exposed at the
nanoparticle surface. The nanoparticles, moreover, have a high surface area and few linear
or planar defects. Therefore, we believe nanoceria prepared in this study better could give
better evaluation. Importantly, these gene expression changes (biological responses) are
related to the size and chemical/physical characteristics of nanoceria. Whether other naked
ENPs have similar properties remains unclear.

The exact mechanism(s) by which nanoceria interacts with neuronal cells and causes such
unique genomic alterations remains largely unknown at this moment. However, abundant
research on ceria in the catalysis field has shown that the surface of nanoceria is a dynamic
place, and it is here where reactive oxygen species like peroxides and superoxides have been
observed to form when molecular oxygen, O, adsorbs on a defect site.34 35 This tendency is
the basis for a recently developed hydrogen peroxide sensor that incorporates 3-5 nm ceria
nanoparticles in its design.36 Some suggested these unstable oxygen species are part of
reaction pathways to catalyze redox reactions on doped ceria such as CO oxidation,37 diesel
soot oxidation3® and reactions in other oxides.3% These species may also help to re-
oxygenate oxygen vacancies on the surface of ceria, 041 which is an important step in the
redox cycle in various biological pathways. Superoxide species, in particular, have been
shown by theoretical calculations to be key entities in low temperature oxygen buffering,*?
which is the ability to attenuate rapid variations in oxygen partial pressure.3 Moreover, the
surface of ceria is a region of rapid oxygen transport. For instance, at 400°C, the surface
oxygen diffusion coefficients are high compared to other oxides; combined with a small
amount of rhodium metal, these coefficients for cerium oxide and silicon oxide are
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6x10716m/s and 3x10720m/s, respectively—a four order of magnitude difference.** Oxygen
hopping even occurs at room temperature according to a recent atomic force microscopy
study.4>

Given these unique properties of nanoceria, We speculate the unique effects of nanoceria
may result from size-dependent interactions with membrane receptors.28 We also postulated
it could induced directly at the transcriptional level or indirectly through affecting other
genomic programs, including affecting other cellular pathways (e.g. ROS related genes or
pathways, which we have shown in our previous study) or factors that lead to altered gene
expression regulation and protein activities (Supplementary Materials Figure S3). To answer
that properly we need to apply various approaches to show interaction evidence between
nanoceria and the genome. This will be addressed in our next study.

Neural cell apoptosis occurs in neurodegenerative diseases,*6 and deletion or down-
regulation of Htt may also lead to apoptosis.?’ Due to the limitations of current in-vitro
model, it is not clear whether similar apoptotic and growth effect are cell-type specific and
will lead to similar neurological effects. Interestingly, the apoptotic and growth inhibition
properties of naked nanoceria could be a novel way to control cancer cell proliferation. In
fact, gold nanoparticle was recently shown to sensitize radiotherapy of prostate cancer cell
by altering cell cycle regulation.*8: 49 Since current application of nanoparticles in cancer
treatment have been largely applied as a vehicle for drug delivery,%: 51 targeted delivery of
un-conjugated nanoceria or other nanoparticles could be a potential alternative in cancer
treatment. This simple approach might reduce the cost of treatment and would not cause side
effects from the conjugated drug. Nevertheless, the mechanism and potential interaction of
Htt and p53/p21 in apoptosis and growth regulation need to be further studied.

Finally, we have demonstrated the utility of novel analytical methods applied to genomic
datasets. This approach helps identifying underlying biological processes and builds
molecular networks to explore novel biological pathways associated with nanoceria.
Exposure to these nanoparticles led to extensive and unique gene alterations in a murine
neuronal cell model. Previous studies of nanoceria have predominantly focused on the
potential beneficial effects of its redox capacity, whereas our study provides evidence that
the biological responses to nanoceria in an oxidative stress-free state may be detrimental.
The consequences of nanoceria exposure in the neuronal cell model were largely associated
with down-regulation of Htt and deregulation of its related pathways, inhibition of the G1/S
transition, induction of apoptosis, and growth inhibition. This preliminary study has only
focused on one cell model, it is important to validate whether nanoceria would produce
similar consequences with other cell types, such as skin fibroblasts and lung cells, which are
the immediate targets in the exposure route to these particles. Nevertheless, the
demonstration that nanoceria impacts cell regulation makes it reasonable to speculate that
other naked ENPs may have corresponding unique biochemical effects. The results obtained
with this /n vitro cell model following exposure to nanoceria may not be extrapolated as
evidence of /n vivo (human) consequences, but they do identify the potential health effects
of these nanoparticles, particularly since nanoparticles are known to penetrate through skin®2
lung®3 and the blood-brain barrier>*. In addition, since these particles evoke biological
responses independent of the presence of conjugated materials, our results suggest the
further study on the potential biological side effects of released of naked nanoparticles from
the conjugated form (e.g. linked to drugs or other active components) need to be considered.
In summary, our results validate concerns about the un-regulated use of nanoparticles in
consumer products, and the potential side effects of nanoparticles on cellular processes
cannot be overlooked.
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Figure 1.

High resolution TEM images of pure nanoceria. (A) Single crystallite, showing multiple
lattice planes, subject to a Fast Fourier Transform (FFT) and the resulting diffraction pattern.
(B) Schematic of the diffraction pattern including the indexed crystallographic planes and
the beam direction. (C) Two crystallites of different size. (D) Two crystallites in which the
left shows multiple planes while the right displays only a single set of its atomic planes
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Microarray analysis on HT22 cell exposed to particles of different sizes and chemistry. (A)
Principal Component Analysis (PCA) of four HT22 groups: 1. No particle control, 2. CeO-6,
3. CeO-M and 4. AlO. 64.1% of the data were represented in the scatter plot and were
divided among the three PCA component vectors: PC#1 (x-axis), PC #2 (y-axis), and PC#3
(z-axis). Biological duplicates were included in each group. (B) Unsupervised hierarchical
clustering of expressed genes for HT22 cells exposed to different particles indicated two
distinct clusters which segregated the particle-treated and non-treated group. Each row
represents a sample and each column represents a gene. Red color represents over-expressed
genes while blue color represents down-regulated genes, fold change is indicated on the
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bottom bar. (C) Comparison of global gene expression profiles of cells treated with different

particles. One-way ANOVA analysis comparing gene expression of each treated group to
control was performed, and the Venn diagram was produced by overlaying each group.
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Figure 3.

Htt-centric gene network in HT22 cells in response to nanoceria treatment. (A) Expression
validation demonstrated Htt RNA and protein are down-regulated upon nanoceria exposure.
Upper panel: semi-quantitative RT-PCR, lower panel: Western blot analysis using antibody
against Htt. Beta-actin was used as control. (B) The interaction of Htt with other signature
genes in response to nanoceria exposure is shown. Red indicates up-regulated genes, green
represents down-regulated genes. Genes with a white background were not part of the
nanoeria gene signature, but were integrated into the computationally generated network
based on evidence in the knowledge base with strong biological relevance to that network.
Known neurological disorders associated with Htt were indicated by connections to Htt. Top
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biological functions in this network include nervous system development and function,
cellular assembly and organization, and cell signaling.
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Cell cycle related network in HT22 cells in response to nanoceria treatment. (A) Distribution
of HT22 cells at different stages of the cell cycle at 0, 8, 16 and 24 h post exposure to the
particles. (B) The involvement of key cell cycle regulators and other signature genes in

response to nanoceria exposure is illustrated. Red indicates up-regulated genes, green

indicates down-regulated genes. Genes with a white background were not part of the
nanoceria gene signature, but were integrated into the computationally generated network
based on evidence in the knowledge base with strong biological relevance to that network.
Top biological functions in this network include cell cycle, DNA replication, recombination
and repair, and connective tissue development. (C) Immunoblot demonstrating changes in
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expression of several key cell cycle control proteins at specific time intervals after nanoceria

exposure. D: Percentage of apoptotic HT22 cells as assessed by the sub-G1 population. The
data are expressed as fold increase relative to 0 h (mean £SD).
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Figure5.

Validation of microarray results in the gene networks. (A) Htt gene network. (B). The cell
cycle related gene network. In both studies, genes that were specifically altered by nanoceria
exposure in the corresponding gene network were selected from the microarray experiment
(Black bar) and validated by real-time RT-PCR (Grey bar). The data are presented as fold
change in nanoceria treated cells compared to the control HT22 cells.
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Figure6.
Proliferation assay of cells exposed to different particles. Five-day proliferation of CeO-6,

CeO-M, AIO and Control-exposed samples was assessed using MTT proliferation assay.
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