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ABSTRACT (erium oxide nanoparticles (nanoceria) are widely =
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used in a variety of industrial applications including UV filters and
catalysts. The expanding commercial scale production and use of
ceria nanoparticles have inevitably increased the risk of release
of nanoceria into the environment as well as the risk of human

exposure. The use of nanoceria in biomedical applications is also
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being currently investigated because of its recently characterized
antioxidative properties. In this study, we investigated the impact of

ceria nanoparticles on the lysosome-autophagy system, the main et s

catabolic pathway that is activated in mammalian cells upon autangagle cay

internalization of exogenous material. We tested a battery of ceria nanoparticles functionalized with different types of biocompatible coatings
(N-acetylglucosamine, polyethylene glycol and polyvinylpyrrolidone) expected to have minimal effect on lysosomal integrity and function. We found that
ceria nanoparticles promote activation of the transcription factor EB, a master regulator of lysosomal function and autophagy, and induce upregulation of
genes of the lysosome-autophagy system. We further show that the array of differently functionalized ceria nanoparticles tested in this study enhance
autophagic clearance of proteolipid aggregates that accumulate as a result of inefficient function of the lysosome-autophagy system. This study provides a
mechanistic understanding of the interaction of ceria nanoparticles with the lysosome-autophagy system and demonstrates that ceria nanoparticles are
activators of autophagy and promote clearance of autophagic cargo. These results provide insights for the use of nanoceria in biomedical applications,
incdluding drug delivery. These findings will also inform the design of engineered nanoparticles with safe and precisely controlled impact on the
environment and the design of nanotherapeutics for the treatment of diseases with defective autophagic function and accumulation of lysosomal storage
material.
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erium oxide nanoparticles (nanoceria)

are used in an increasingly diverse

number of applications. The optical
properties and ability to filter ultraviolet rays
make nanoceria a highly promising material
for applications such as UV blockers and
filters." Nanosized ceria is also used as cat-
alyst or cocatalyst in a number of reactions,
such as water—gas shift, due to its high
oxygen storage capacity and high activity
in redox reactions.”* Oxygen vacancies are
rapidly formed and eliminated by redox
cycling between cerium(lll) and cerium(Iv),* ¢
generating large clusters of Ce** ion groups
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exposed to gas reactants that can partici-
pate in a range of chemical reactions on the
surface of Ce0,.”~"" It was recently shown
that CeO, nanoparticles can enhance the
combustion of the soot collected on the
diesel particulate filters, thus enhancing fuel
efficiency and reducing the exhaust emis-
sions when added to diesel fuels.'*~

The expanding commercial scale produc-
tion and use of CeO, nanoparticles have
inevitably increased the risk of release of
nanoceria to the environment as well as the
risk of human exposure. Much of the con-
cern associated with the use of nanoceria as
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industrial catalyst in fact is related to the potential
effects not only on the environment'® but also on
human health.'® '8 On the other hand, recent studies
elucidated the antioxidant properties of CeO, nano-
cystals, which were reported to scavenge free radicals
or reactive oxygen species (ROS) and protect cells from
oxidative stress.’®~?? The antioxidant properties of
nanoceria were specifically investigated in light of
potential therapeutic implications®> and, particularly,
neuroprotective function.?* Ceria nanoparticles were
shown to function as radical scavengers and protect
from radiation-induced cellular damage.*>?° Further-
more, nanoceria can prevent radical oxygen-induced
retinal degeneration.?”?® Collectively, these findings
indicate that nanoceria may provide a promising
material for biomedical applications. Evidence of the
potential cytotoxic impact of ceria nanoparticles, how-
ever, was also reported as CeO, nanoparticles were
found to lower viability and reduce membrane integ-
rity in human lung cancer cells.?® CeO, nanoparticles
were also observed to affect cell viability by inducing
activation of apoptosis and autophagic cell death.'83° 32
However, the molecular mechanism involved in
CeO,-induced activation of these cellular pathways
remains unclear.

A variety of engineered nanoparticles, includ-
ing rare earth oxide nanocrystals,>® once they are
internalized into cells, induce activation of autophagy,
which is the main catabolic pathway that regulates
degradation of aggregated proteins, damaged orga-
nelles, and pathogens.*® Not surprisingly, attempts
have been made to identify surface coating peptides
that reduce the autophagy inducing properties of
engineered nanoparticles*' Clearance is mediated
by sequestration of intracellular cargo into double-
membrane vesicles called autophagosomes.*® Fusion
of autophagosomes with lysosomes, cytoplasmic or-
ganelles containing a battery of hydrolytic enzymes,
results in the formation of autophagolysosomes where
degradation takes place. Increasing evidence suggests
that nanoparticles are sequestered into autophago-
somes when internalized into cells.34~36383° However,
compartmentalization of nanoparticles into auto-
phagosomes is not necessarily always followed by
clearance of autophagosomes by the lysosomes and
may result instead in autophagy dysfunction and
accumulation of autophagosomes. Gold nanoparticles,
for instance, may impair lysosomal function, leading to
blockage of the autophagic flux.*> Moreover, while
autophagy is generally considered a prosurvival path-
way activated under conditions of stress or starvation,
proapoptotic mechanisms can be also induced in
association with autophagy activation**~** and may
be specifically induced upon nanoparticle mediated
induction of autophagy.3'#¢4

Previous evidence suggests that ceria nanoparticles,
similar to a number of metal oxide nanomaterials, may

33-38
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impact cellular pathways?*3'*84% and, particularly,

the autophagy system.3%3'" However, the molecular
mechanisms underlying upregulation of the autopha-
gic response upon exposure to ceria nanoparticles are
still unclear. In this study, we investigated the impact of
ceria nanoparticles on the lysosome-autophagy sys-
tem with the ultimate goal to understand whether
ceria-induced upregulation of autophagy results in
coordinated activation of lysosome and autophago-
some formation and fusion and consequent increase in
autophagic clearance or in blockage of autophagic
flux.

Evidence of the integrated and coregulated roles of
lysosomes and autophagosomes emerged from the
recent discovery of an overarching regulatory gene
network (CLEAR, coordinated lysosomal expression
and regulation)50 and its master regulator, the tran-
scription factor EB (TFEB). TFEB regulates the expres-
sion of genes encoding lysosomal proteins,*>>" the
processing of lysosomal proteins,®* and the expression
of autophagy genes.>® This evidence points to the role
of TFEB at the crossroad of the regulatory mechanisms
that coordinate the autophagy and lysosomal path-
ways and, importantly, to the function of TFEB as a
regulator of autophagic clearance.>*>*

To test the impact of ceria nanoparticles on the
autophagy system we tested a library of ceria nano-
particles of 43 + 0.5 nm inner core coated with
different types of biocompatible coatings: N-acetyl-
glucosamine (GIcNAc), polyethylene glycol (PEG) and
polyvinylpyrrolidone (PVP). These surface coatings are
commonly used in biological and pharmaceutical ap-
plications of nanomaterials. For instance, GIcNAc-
decorated nanoparticles enhance uptake and delivery
of therapeutic molecules both in vitro and in vivo.>®>”
PEG is widely used to enhance biocompatibility of
nanoparticles in biomedical applications®® and im-
proves brain tissue penetration of large nanoparticles
through the brain blood barrier.>® PVP is a nontoxic,
biocompatible material that prevents agglomeration
and enhances the blood circulation time of nano-
particles®® commonly used in MRI contrast agents
and drug delivery systems.®%2 Importantly, the three
surface coatings selected in this study represent both
negative and neutral interfaces, which do not change
acidification of lysosomes or lysosomal integrity.®®
Lysosomal membrane permeabilization is in fact pro-
posed as a potential mechanism of nanoparticle-
induced cytotoxicity®® and was observed in cells ex-
posed to nanoparticles presenting cationic surface
modifications that may cause lysosomal rupture
through a “proton sponge” effect.®® Negative and
neutral interfaces were thus selected to avoid potential
confounding factors and investigate the impact of
nanoceria on the autophagy-lysosome system.

To investigate the molecular mechanism of auto-
phagy induction by ceria nanoparticles we used an
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in vitro model system of TFEB activation, namely Hela
cells that overexpress TFEB. Inefficient autophagic
activity results in aberrant accumulation of intracellular
substrates, which may lead to the development of
pathologic conditions, such as lysosomal storage
disorders.°®%” Particularly, neuronal ceroid lipofusci-
noses (NCL) are a group of more than 12 genetically
distinct neurodegenerative lysosomal storage dis-
orders affecting children and young adults.?®%° The
hallmark of this family of diseases is the aberrant intra-
cellular accumulation of autofluorescent ceroid lipo-
pigment.”® Interestingly, TFEB activation was shown to
lower the accumulation of ceroid lipopigment in fibro-
blasts derived from NCL patients.”" To investigate the
outcome of ceria-mediated induction of autophagy
and determine whether it results in enhancement
of autophagic clearance, we used fibroblasts derived
from a patient with late infantile neuronal ceroid
lipofuscinosis (LINCL) that accumulates the autophagic
substrate ceroid lipopigment.

We found that all differently functionalized ceria
nanoparticles used in this study activate TFEB and
enhance autophagic clearance of ceroid lipopigment
in LINCL fibroblasts. In summary, this study provides a
detailed mechanistic understanding of the impact of
ceria nanoparticles on the autophagy system, provid-
ing evidence for the first time that cell exposure to
nanoceria results in autophagy induction and en-
hanced clearance of toxic cellular waste.

RESULTS AND DISCUSSION

Synthesis and Characterization of Ceria Nanoparticles. Nano-
crystalline CeO, were synthesized using the high tem-
perature cerium precursor decomposition method, re-
sulting in nanocrystals with near spherical shape and
narrow diameter distribution (D = 43 £+ 0.5 nm in
organic solvents; Figure 1A).7? CeO, nanocrystals
capped with oleylamine were first dispersed in hexane
due to their hydrophobicity, and subsequently phase
transferred into water by the ligand exchange method,
using different phase transfer agents (GIcNAc, PEG and
PVP).Phase transferred water-soluble CeO, nanocrystals
presented unaltered morphologies and were colloidally
stable as shape and hydrodynamic diameters remained
constant for more than six months (data not shown).
Representative results obtained using GlcNAc coated
CeO, (CeO,—GIcNAC) are reported in Figure 1B,C: phase
transferred CeO,—GIcNAc displayed a 4.3 + 0.5 nm
diameter, as determined using transmission electron
microscopy (TEM), and X-ray diffraction (XRD) analyses
revealed a cubic fluorite nanocrystal structure. Function-
alization with GIcNAc, PEG, and PVP resulted in com-
pact surface coating as shown in Figure 1D. The hydro-
dynamic diameters of aqueous dispersion of CeO,
nanocrystals were measured by dynamic light scatter-
ing (DLS) (Figure 1D). CeO,—GlcNAc and CeO,—PEG200
were found to have small hydrodynamic diameters
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Figure 1. Characterization of ceria nanoparticles. (A) TEM
analyses of monodisperse nanocrystals phase transferred
to ultrapure water using GIcNAc (scale bar, 20 nm). (B) Size
distribution of ceria nanoparticles (CeO,—GIcNAc) deter-
mined by TEM (4.3 £ 0.5 nm). (C) Structure (cubic fluorite)
of nanocrystalline cerium oxide verified by XRD; the diffrac-
tion patterns (black) match to the reference (JCPDS Card
#34—0394 (vertical red lines)). (D) Hydrodynamic diameter
of CeO, nanoparticles coated with GlcNac, PEG200, PEG1K,
PVP10K, PEG10K, PVP40K determined by DLS analyses. Data
are reported as mean £ SD (n = 3).

(20.2 £ 0.9 and 20.5 £ 0.8 nm, respectively) due to
the low molecular weight of the surface coatings. High
molecular weight PEG (PEG1K and 10K) and PVP
(PVP10K and 40K) coatings resulted in a larger hydro-
dynamic diameter (CeO,—PEG1K: 259 £+ 05 nm;
CeO,—PEG10K: 29.6 + 0.7 nm; CeO,—PVP10K: 25.9 +
0.4 nm; and CeO,—PVP40K: 32.8 &= 0.5 nm), with the PVP
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Figure 2. Ceria nanoparticles promote TFEB activation and upregulate the CLEAR network in HeLa/TFEB cells. (A) Confocal
microscopy analyses of TFEB subcellular localization in HelLa cells stably transfected with TFEB-3xFLAG treated with 100 ppm
of CeO, nanoparticles for 24 h. Colocalization of DAPI (blue) and TFEB-3xFLAG (red) is shown in merged images (purple).
Representative images are reported. The scale bar is 10 um. UT, untreated. (B) Percentage of cells with nuclear localization
of TFEB-3xFLAG upon nanoceria treatment. Representative fields containing 50—100 cells were analyzed to calculate
the percentage of cells with TFEB-3xFLAG nuclear localization in HeLa/TFEB cells (p < 0.01). Data are reported as mean =+ SD
(n=3). UT, untreated. (C) Relative mRNA expression levels of representative genes of the lysosome system in HeLa cells stably
transfected with TFEB-3xFLAG treated with 100 ppm of CeO, nanoparticles for 24 h. mRNA expression levels of GBA, HEXA,
LAMP1 were obtained by gRT-PCR, corrected by the expression of the house-keeping gene GAPDH and ACTB, and normalized
to those of untreated cells (dashed line). Data are reported as mean + SD (n = 3; p < 0.05). (D) Relative mRNA expression levels
of representative genes of the autophagy system in HeLa/TFEB cells treated with 100 ppm of CeO, nanoparticles for 24 h.
mRNA expression levels of MAPLC3B, SQSTM1, and BECN1 were obtained as described in (C). Data are reported as mean + SD

(n = 3; p < 0.05). (E) Cellular uptake of CeO, nanoparticles (100 ppm; 24 h) in HeLa/TFEB cells quantified by ICP-MS.

surface coatings leading to a slightly smaller hydrody-
namic diameter compared to the same molecular weight
PEG surface coatings because of the wrapping surface
structure formed by the PVP coating (compare 259 +
04 nm CeO,—PVP10K to 29.6 £ 0.7 nm CeO,—PEG10K).”

Measurements of the nanoparticles' zeta potentials
were conducted to characterize the surface charge
of water-soluble ceria nanoparticles. All the surface
coatings used resulted in negative to neutral charges
(CeO,—GIcNAc: —136 + 1.5 mV; CeO,—PEG200:
—26 + 1.8 mV; CeO,—PEG1K: —2.0 £ 1.5 mV; CeO,—
PEG10K: —4.4 £+ 2.4 mV; CeO,—PVP10K: =53 = 1.1 mV;
CeO,—PVP40K: —6.8 + 3.0 mV), as expected,’*””
which we hypothesized induce minimal changes on
lysosome integrity and function.®® GIcNAc-coated nano-
particles were found to present the most negatively
charged surface due to the presence of acetyl groups
and hydroxyl groups on the nanoparticle surface.
PEG- and PVP-coated nanoparticles were found to
present more neutral surface charges most likely be-
cause neither the ether groups of the PEG coating nor
the pyrrolidone groups of the PVP coating present a
local negative charge.

SONG ET AL.

Ceria Nanoparticles Activate TFEB and Upregulate Cellular
Clearance Networks. To investigate whether CeO, nano-
particles activate autophagy, we first analyzed the
transcriptional regulatory network that controls auto-
phagy activation upon cell treatment with CeO, nano-
crystals. Specifically, we monitored the transcription
factor EB (TFEB), a key hub in the regulation of cellular
clearance networks>® that controls the expression of
genes involved in lysosomal biogenesis (the CLEAR
network)®' and autophagy.>® TFEB localizes predomi-
nantly in the cytoplasm in resting cells and translocates
into the nucleus upon activation, under conditions that
result in enhancement of autophagic activity.>® To
investigate the impact of CeO, nanoparticles on TFEB,
we first monitored TFEB subcellular localization in a
model system of TFEB activation consisting of Hela
cells stably transfected for the expression of TFEB-
3xFLAG (Hela/TFEB cells).*® Cells were treated with
CeO, nanocrystals (100 ppm; 24 h) and TFEB intracel-
lular localization was evaluated by confocal micro-
scopy using DAPI nuclear stain and an anti-FLAG
antibody (Figure 2A). As expected, TFEB was barely
detectable in the nucleus of untreated HelLa/TFEB cells.
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Administration of CeO, nanoparticles, however, pro-
moted TFEB nuclear localization in cells exposed to
CeO; nanoparticles coated with GIcNAc, PEG and PVP
(Figure 2A). TFEB nuclear localization was quantified by
calculating the fraction of Hela/TFEB cells exposed
to CeO, nanoparticles that presented nuclear localiza-
tion of TFEB (Figure 2B). TFEB nuclear localization was
observed in 3.8 + 2.8% of untreated HelLa/TFEB cells.
The fraction of cells presenting TFEB nuclear localiza-
tion was found to increase to over 50% of the total
population after 24 h of treatment with the library of
CeO, nanoparticles (CeO,—GIcNAc: 61.8 £ 5.0%; CeO,—
PEG200:62.1 4 4.5%; CeO,—PEG1K: 62.7 £ 4.8%; CeO,—
PVP10K: 57.1 & 2.4%; CeO,—PEG10K: 56.1 £ 2.1%; CeO,—
PVP40K: 53.8 & 3.5%) (Figure 2B; p < 0.01), demonstrating
that CeO, nanoparticles activate TFEB in Hela/TFEB
cells. Cell treatment with 2-hydroxypropyl-3-cyclodextrin
(100 mM; 24 h), a known TFEB activator’® included here
for comparison, resulted in 88.2 4= 1.0% of TFEB nuclear
localization (Figure S1, Supporting Information).

To test whether nanoceria-induced nuclear translo-
cation of TFEB results in upregulation of the lysosome
system, which is observed upon TFEB activation,”® we
monitored the expression of representative genes of
the CLEAR network upon exposure to CeO, nanopar-
ticles. HeLa/TFEB cells were treated with CeO, nano-
particles (100 ppm; 72 h) and the mRNA expression
levels of TFEB targets were monitored by quantitative
RT-PCR (qRT-PCR) (Figure 2C). We found that CeO,
nanoparticles coated with GIcNAc, PEG, and PVP caused
significant upregulation of TFEB targets, namely, GBA
(Glucocerebrosidase; between 2.1- and 3.6-fold), HEXA
(Hexosaminidase A; between 2.3- and 4.6-fold), and
LAMP1 (Lysosome-associated membrane glycoprotein
1, between 2.2- and 4.1-fold) (Figure 2C; p < 0.05).

To test whether CeO, nanoparticle-induced activa-
tion of TFEB also results in upregulation of the autophagy
system, we tested the expression of representative genes
involved in different steps of the autophagic pathway.
Cells were treated with CeO, nanoparticles (100 ppm;
72 h) and mRNA levels were tested by quantitative
RT-PCR. We detected upregulation of MAPLC3, (microtubule-
associated light chain protein 3; between 1.4- and 4.0-fold),
which is essential for the formation of autophagic
vesicles; SQSTM1 (p62; between 2.1- and 3.6-fold),
which is essential for cargo recognition; and BECN1
(Beclin-1; between 2.0- and 3.0-fold), which is required
for the formation of autophagosomes (Figure 2D;
p < 0.05). Interestingly, MAPLC3B and SQSTM1 are
known to be direct targets of TFEB.>'>3

Collectively, these results indicate that cell expo-
sure to CeO, nanoparticles results in activation of TFEB
and transcriptional upregulation of genes involved in
autophagy-mediated cellular clearance.

To quantify cellular uptake of CeO, nanoparticles
used in this study and, particularly, to determine
whether the efficiency of cellular uptake affects

SONG ET AL.

activation of TFEB and autophagy, we measured the
extent of CeO, nanoparticle internalization in Hela/
TFEB cells using quantitative inductively coupled plas-
ma mass spectrometry (ICP-MS). Cell growth was
not affected by treatment with CeO, nanoparticles
(100 ppm; 24 h), as determined by cell count (data
not shown). Cells were washed with PBS and incubated
with acidic solution to remove membrane-binding
nanocrystals and allow accurate measurement of in-
tracellular nanocrystal concentration. The concentra-
tion of cerium atoms was measured by ICP-MS and the
number of CeO, nanoparticles internalized by the cells
was calculated as described in the Methods. The six
differently functionalized CeO, nanocrystals were ob-
served to have comparable internalization efficiency,
suggesting that the different surface coatings used in
this study (GIcNAc, PEG1K and 10K, and PVP10K and
40K) have similar effect on the cellular uptake of CeO,
nanocrystals (Figure 2E).

Ceria Nanoparticles Activate the Lysosome-Autophagy Sys-
tem. Activation of autophagic clearance may lead to
induction of apoptosis,**~** suggesting that in addi-
tion to a prosurvival function, autophagy may also
function as a prodeath pathway. The functional inter-
action between autophagy and apoptosis is still sub-
ject of intense debate.**~*>77~7° However, evidence
suggests that autophagy-associated cell death may
result from either excessive induction of apoptosis or
blockage of downstream steps of the autophagy
pathway.**~*>8 To investigate whether cell treatment
with CeO, nanoparticles, under conditions that result
in activation of TFEB and transcriptional upregulation
of the lysosome-autophagy system, affects the apop-
totic pathway, we tested induction of early and late
apoptosis in Hela cells exposed to CeO, nanoparticles
(100 ppm; 24 h). Particularly, we measured mem-
brane rearrangement, characteristic of early apoptosis
(annexin V binding), and membrane fragmentation,
characteristic of late apoptosis (propidium iodide (PI)
binding), using the Cyto-GLO annexin V-FITC apoptosis
detection kit as previously described.®?’ None of the
CeO, nanoparticles tested caused a considerable
apoptotic response compared to untreated cells (FITC
binding affinity, p < 0.01; Pl binding population,
p < 0.01; Figure 3A,B). Taxol (50 nM) was used here as
positive control because it is known to stabilize micro-
tubules leading to cell cycle arrest and apoptosis
induction.®? Minimal changes in induction of early
apoptosis and no significant changes in induction of
late apoptosis were observed after prolonged expo-
sure to the differently functionalized ceria nanoparti-
cles under the same conditions (Figure S2). To confirm
that CeO, nanoparticles used in this study do not
induce cytotoxicity under the conditions resulting in
autophagy activation, we measured cell viability and
cytotoxicity using LIVE/DEAD Viability/Cytotoxicity Kit.
Cells were treated with CeO, nanocrystals (100 ppm; 24 h)
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Figure 3. Ceria nanoparticles activate the lysosome-autophagy system. (A) Annexin V binding affinity change (%) in HeLa/
TFEB cells treated with CeO, nanoparticles (100 ppm) or taxol (50 nM) for 24 h normalized to untreated cells (p < 0.01). The
results obtained from each replicate were obtained from the analysis of 10 000 cells. Data are reported as the mean + SD
(n = 3). (B) Propidium iodide (PI) binding population change (%) of cells treated with CeO, nanoparticles (100 ppm) or taxol
(50 nM) for 24 h normalized to untreated cells (p < 0.01). The results obtained from each replicate were obtained from the
analysis of 10 000 cells. Data are reported as the mean + SD (n = 3). (C) Lysosomal activity of HeLa/TFEB cells treated with CeO,
nanoparticles (100 ppm) or chloroquine (10 «M and 20 M) for 24 h evaluated using the fluorogenic substrate DQ Green
BSA. The results obtained from each replicate were obtained from the analysis of 10 000 cells. Data are reported as mean + SD
(n = 3). UT, untreated; CQ, chloroquine. (D) Western blot analyses of LC3 isoforms (cytoplasmic LC3-I and autophagosome-
associated LC3-Il) in HeLa/TFEB cells treated with CeO, nanoparticles (100 ppm) or chloroquine (10 «M) for 24 h, and detected

using an LC3 antibody. GAPDH served as loading control. UT, untreated; CQ, chloroquine.

and cell viability was evaluated by confocal micro-
scopy. None of the six differently surface functionalized
CeO, nanoparticles caused cell death under the con-
ditions used in this study (Figure S3).

These results suggest that the CeO, nanoparticles
used herein presenting various surface coatings and
hydrodynamic diameters (Figure 1D) do not induce
activation of apoptosis and cytotoxicity in HeLa/TFEB
cells under conditions that result in transcriptional
upregulation of autophagy, in agreement with pre-
viously reported evidence of low acute cytotoxicity
observed under similar conditions.?*%3

As described above, autophagy-mediated cellular
clearance relies on the coordinated activation of lyso-
some and autophagosome biogenesis and function,
which are essential for degradation of autophagic
substrates.®* Hence, not only both branches of the
lysosome-autophagy system need to be transcription-
ally upregulated, but also need to be functionally
active to avoid blockage of the autophagic flux.

Previous studies suggest that depending on the
material's charge and composition, nanoparticles
may cause impairment of lysosomal function. Under
these conditions, transcriptional upregulation of
autophagy genes and increased formation of auto-
phagosomes is ultimately associated with decreased
autophagic clearance.*? To investigate the impact of

SONG ET AL.

CeO, nanoparticles on lysosomal function, we quantified
the lysosomal degradation capacity of HeLa/TFEB treated
with CeO, nanoparticles. Specifically, HeLa/TFEB cells
treated with CeO, nanoparticles (100 ppm; 24 h) were
labeled with the fluorogenic substrate DQ Green BSA, a
bovine serum albumin derivative conjugated to the
self-quenched dye BODIPY.® Proteolysis of DQ-BSA by
lysosomal hydrolases results in release of the fluores-
cent product BODIPY. Therefore, cell fluorescence in-
tensity in this assay is an indication of lysosomal
activity. Cells treated with CeO, nanocrystals displayed
fluorescence intensity comparable to or higher than
untreated cell, indicating that none of CeO, nanopar-
ticles impairs lysosomal function (Figure 3C). The lyso-
somal inhibitor chloroquine (CQ; 10 and 20 xM)®® was
used as a control in this study and resulted in decrease
in cell fluorescence in a concentration dependent
fashion. These results confirm that cell treatment with
CeO, nanocrystals, under conditions that result in
upregulation of the gene network underlying the
lysosome-autophagy system, do not impair lysosomal
function, which is necessary for productive clearance
of autophagic material.

To investigate whether TFEB activation and up-
regulation of autophagy genes upon exposure to
CeO; nanoparticles results in altered formation of auto-
phagosomes, we monitored the processing of LC3,
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Figure 4. Ceria nanoparticles promote TFEB activation and clearance of ceroid lipopigment in LINCL fibroblasts. (A) Confocal
microscopy analyses of ceroid lipopigment (green) and TFEB (red) in LINCL fibroblasts treated with CeO, nanoparticles
(100 ppm for 3 days) and evaluated by detecting green autofluorescence and binding of anti-TFEB antibody, respectively. The
scale bar is 10 um. UT, untreated. (B) Quantification of ceroid lipopigment fluorescence intensity. Data are reported as mean +
SD (n = 15; p < 0.01). UT, untreated. (C) Relative mRNA expression levels of representative genes of the lysosome system in
LINCL fibroblasts treated with 100 ppm of CeO, nanoparticles for 3 days. mRNA expression levels of GBA, HEXA, LAMP1 were
obtained as described in Figure 2C. Data are reported as mean + SD (n = 3; p < 0.05). (D) Relative mRNA expression levels of
representative genes of the autophagy system in LINCL fibroblasts treated with 100 ppm of CeO, nanoparticles for 3 days.
mRNA expression levels of MAPLC3B, SQSTM1, and BECN 1 were obtained as described in Figure 2C. Data are reported as mean

+ SD (n = 3; p < 0.05).

a protein found on the membrane of autophagosomes®”
and widely used as marker of autophagy activation .
Upon activation of autophagy, the cytosolic form of
LC3 (LC3-l) is conjugated to phosphatidylethanola-
mine (LC3-ll), which is recruited to autophagosomal
membranes.®® Although the actual molecular weight
of LC3-Il is larger than that of LC3-l, LC3-Il migrates
faster than LC3-1 on SDS-PAGE due to its hydrophobi-
city and thus displays a lower apparent molecular
weight (14 kDa).®? LC3-ll can be therefore detected
and distinguished from LC3-| by Western blot analyses
using an LC3-specific antibody.> The amount of LC3-II
in HeLa/TFEB cells was found to increase upon expo-
sure to CeO, nanoparticles (100 ppm; 24 h), indicating
that treatment with CeO, nanocrystals enhances the
formation of autophagic vesicles (Figure 3D).

Taken together, these results confirm that cellular
uptake of CeO, nanoparticles results in upregulation of
the lysosome-autophagy system and does not cause
impairment of lysosomal function and consequent
activation of autophagy-associated cell death.

Ceria Nanoparticles Promote Autophagic Clearance of Ceroid
Lipopigment in LINCL Fibroblasts. A variety of cellular

SONG ET AL.

substrates are normally degraded by autophagy and
are found to accumulate under pathologic conditions
characterized by insufficient autophagic activity.5*
To verify that cell exposure to CeO, nanoparticles
under conditions that result in activation of TFEB and
upregulation of autophagy leads to enhanced cellular
clearance, we used an in vitro model of accumulation of
autophagic cargo. Specifically, we used fibroblasts
derived from a patient with late infantile neuronal
ceroid lipofuscinosis (LINCL), which are characterized
by accumulation of ceroid lipopigment, a lipofuscin-
like autofluorescent material.”® Accumulation of ceroid
lipopigment in these cells is caused by mutations in the
gene encoding Tripeptidyl peptidase (TPP1), which
results in deficiency in TPP1 activity.”®

To test the effect of CeO, nanoparticles on the
accumulation of ceroid lipopigment, LINCL fibroblasts
were incubated with the different types of CeO, nano-
particles (100 ppm for 3 days). Confocal microscopy
analyses showed that CeO, nanoparticle treatment
promotes clearance of ceroid lipopigment as shown
by the loss of autofluorescence (Figure 4A, green).
The accumulation of autofluorescent material in cells
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Figure 5. Ceria nanoparticles induced clearance of ceroid lipopigment parallels activation of autophagy in LINCL fibroblasts.
(A) Confocal microscopy analyses of ceroid lipopigment (green), LC3 (red), and LAMP-2 (blue) in LINCL fibroblasts treated with
100 ppm of CeO, nanoparticles for 3 days, evaluated by detecting green autofluorescence, binding of anti-LC3 antibody, and
binding of anti-LAMP-2 antibody, respectively. Colocalization of LC3 and LAMP-2 is shown in merged images (purple). UT,
untreated. (B) Quantification of LC3-LAMP-2 colocalization. Data are reported as mean & SD (n = 15; p < 0.01). UT, untreated.

exposed to nanoparticles was quantified as described
in the Methods and average values, which were calcu-
lated over multiple images from replicate samples,
were normalized to those obtained from untreated
cells (Figure 4B). The fluorescence intensity of ceroid
lipopigment in LINCL fibroblasts decreased to approxi-
mately 50—60% of that of untreated cells after treat-
ment with CeO, nanoparticles (CeO,—GIcNAc: 51.2 +
11.5%; CeO,—PEG200:63.2 + 10.2%; CeO,—PEGIK:
59.6 + 12.9%; CeO,—PVP10K: 66.0 £ 10.9%; CeO,—
PEG10K: 68.0 + 11.9%; CeO,—PVP40K: 64.5 + 13.1%;
Figure 4B; p < 0.01), indicating that cell treatment with
Ce0, nanoparticles promotes clearance of ceroid
lipopigment.

To confirm that treatment of LINCL cells with CeO,
nanoparticles, under conditions that result in clearance
of ceroid lipopigment, induce TFEB activation, we also
evaluated TFEB subcellular localization. Partial nuclear
localization of TFEB was observed in untreated LINCL
fibroblasts likely due to lipopigment-induced lysosomal
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stress.>® Administration of CeO, nanoparticles resulted
in an increase of TFEB nuclear localization in LINCL
fibroblasts (Figure 4A, red), confirming that CeO,-
induced clearance of ceroid lipopigment parallels acti-
vation of TFEB.

To confirm that nanoceria-induced nuclear translo-
cation of TFEB in LINCL fibroblasts results in upregula-
tion of genes involved in lysosomal biogenesis and
function, we tested the expression of representative
genes of the CLEAR network in LINCL cells treated
with CeO, nanoparticles (100 ppm; 72 h), as described
above. We found CeO, nanoparticle treatment to
cause significant upregulation of GBA (from 1.5- to
2.8-fold), HEXA (from 1.5- to 2.7-fold), and LAMP1 (from
1.5- to 2.7-fold) (Figure 4C; p < 0.05). To test whether
the autophagy system was also transcriptionally acti-
vated, we measured the expression of genes of the
autophagic pathway. We detected significant upregu-
lation of MAPLC3 (from 2.7- to 4.4-fold), SQSTM1 (from
1.8- to 2.9-fold), and BECNT (from 2.2- to 3.7-fold)
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Figure 6. Ceria nanoparticles localize in the cytoplasm and in autophagic vesicles in LINCL cells. TEM analyses of LINCL
fibroblasts treated with (A) CeO,—PEG200 and (B) CeO,—PEG1K. Representative images of nanoparticles accumulation in the
cytoplasm (left) and in autophagic vesicles (right). Scale bar is 500 nm. Cellular uptake of (C) CeO,—PEG200 and (D)
Ce0,—PEG1K upon treatment with chlorpromazine (20 M) in LINCL cells quantified by ICP-MS. CPZ, chlorpromazine.

(Figure 4D; p < 0.05). Taken together, these results
demonstrate that TFEB activation and upregulation of
genes of the lysosome-autophagy system parallels the
reduced accumulation of ceroid lipopigment in cells
exposed to CeO, nanoparticles.

To confirm enhancement of autophagic flux in cells
presenting reduced accumulation of ceroid lipopig-
ment, we tested the extent to which cell treatment
with CeO, nanoparticles results in autophagosome-
lysosome fusion and formation of autophagolyso-
somes, which is necessary for clearance of cargo.*’
To this end, we evaluated the colocalization of LC3, a
protein that is found on the membrane of auto-
phagosomes,®® with LAMP-2, a protein that resides
on the membrane of lysosomes.”® LINCL fibroblasts
were treated with the library of CeO, nanoparticles
(100 ppm; 3 days). Accumulation of ceroid lipopigment
was also monitored by detecting cell autofluorescence
(Figure 5A, green). Colocalization of LC3 (red) and
LAMP-2 (blue) is shown in merged images (purple).
Treatment with CeO, nanoparticles resulted in en-
hanced formation of autophagosomes as indicated
by the appearance of punctate LC3 structures. Coloca-
lization of LC3 and LAMP-2 was quantified as described
in the Methods and average values were calculated
over multiple images and replicate samples (Figure 5B).
We observed up to 3-fold increase in the extent of
colocalization of LC3 and LAMP-2 in LINCL fibroblasts
treated with CeO, nanoparticles compared to un-
treated cells (untreated: 8.6 + 3.7%; CeO,—GIcNAc:
18.8 £ 2.0%, CeO,—PEG200:18.7 £ 2.6%; CeO,—PEG1K:
18.8 + 2.1%; CeO,—PVP10K: 23.8 + 2.5%; CeO,—PEG10K:
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20.9 £ 2.6%; CeO,—PVP40K: 25.7 + 1.2%) (Figure 5B;
p < 0.01), confirming that CeO, nanoparticles promote
fusion of autophagosomes and lysosomes and forma-
tion of autophagolysosomes.

Intracellular localization of CeO, nanoparticles in
LINCL fibroblasts was verified by TEM analyses of
representative CeO, nanoparticles used in this study
(CeO,—PEG200 and CeO,—PEG1K). TEM images re-
vealed that the CeO, nanoparticles localize either in
the cytoplasm or in autophagic vesicles in LINCL
fibroblasts (Figure 6A,B and Figure S4). Ceria nanopar-
ticles appeared to form aggregates both in the cyto-
plasm and in autophagic vesicles, most likely due to
the high ionic strength conditions of the intracellular
environment, which is conducive to nanoparticle
aggregation.’™®? To investigate whether internaliza-
tion of these CeO, nanoparticles occurs via endocyto-
sis, we evaluated the intracellular concentration of
CeO, nanoparticles upon cell treatment with the
clathrin-mediated endocytosis inhibitor chlorpromazine.
Cells were treated with chlorpromazine at concentra-
tions (20 uM) that result in partial inhibition of endo-
cytosis®® and do not induce cytotoxicity or affect
membrane integrity, thus allowing establishing a cor-
relation between endocytosis and nanoparticle inter-
nalization. We found the intracellular concentrations
of CeO,—PEG200 and CeO,—PEGTK nanoparticles
upon treatment with chlorpromazine to decrease to
545 + 14.7% and 60.6 + 14.6% of the intracellular
concentration of CeO,—PEG200 and CeO,—PEG1K
nanoparticles in untreated cells (Figure 6C,D). While
the intracellular fate of CeO, nanoparticles remains to
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be determined and, particularly, whether cytoplasmic
localization occurs upon endosomal escape and
whether it precedes autophagosome localization,
evidence of CeO,—PEG200 and CeO,—PEG1K seques-
tration in double membrane autophagic vesicles
(Figure 6A,B) confirms the interaction of nanoceria
with the autophagy system.

In summary, these results demonstrate that cell
exposure to CeO, nanoparticles induces upregulation
of the autophagy system, enhances autophagic activ-
ity, and promotes clearance of the autophagic sub-
strate ceroid lipopigment in a model of neuronal ceroid
lipofuscinosis.

CONCLUSIONS

Because of their unique properties, nanomaterials
interact with biological components and systems,
many of which also operate at the nanoscale level.
Not surprisingly, nanoparticles of different material,
size, and composition were observed to activate auto-
phagy, the main catabolic pathway that is activated
to degrade foreign or toxic materials, such as viruses
and pathogens.®*%> We speculated that when nano-
particles are internalized into cells, like any type of
nanosized material perceived by the cell as foreign or
toxic, they may stimulate the reaction of cellular clear-
ance mechanisms. In this study, we investigated the
response of the lysosome-autophagy system to expo-
sure to ceria nanoparticles. We report herein that ceria
nanoparticles activate TFEB, a master regulator of
lysosomal biogenesis and autophagy, thereby induc-
ing upregulation of the pathway at the transcriptional
level. We found that CeO, nanoparticles activate auto-
phagy without inducing cytotoxicity or apoptosis and
promote clearance of toxic aggregates in disease cells
that have an inefficient lysosomal system.

Recent studies suggest that lysosomal impairment
may be associated with the mechanism of nanoparti-
cle-induced cytotoxicity. Nanoparticles presenting ca-
tionic surfaces were specifically reported to disrupt
lysosomes by inducing a “proton sponge” effect.®
Unlike other types of nanomaterials that once inter-
nalized by cells induce enhanced formation of
autophagosomes, but also impair lysosome function,

METHODS

Reagents and Cell Cultures. Cerium nitrate hexahydrate
(Ce(NO3)3-6H,0), oleylamine, 1-octadecene, N-acetyl-p-glucos-
amine (GIcNAc), Polyethylene glycol (PEG200, PEG1K, PEG10K),
Polyvinylpyrrolidone (PVP10K and PVP40K) were purchased
from Sigma-Aldrich. Hexane, acetone, and ethanol were pur-
chased from Fisher Scientific.

Cell culture medium was purchased from Lonza. Chloro-
quine (CQ) was from Sigma-Aldrich. DQ Green BSA was from
Invitrogen.

Fibroblasts derived from patients with late infantile neuro-
nal ceroid lipofuscinosis type 2 (LINCL) were obtained from
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thereby disrupting the autophagic flux,**°%?” CeO,
nanoparticles do not impair lysosomes, but promote
clearance, thus ultimately resulting in enhanced de-
gradation of autophagic cargo. This study provides a
mechanistic understanding of the interaction of ceria
nanoparticles with this important cellular catabolic
pathway, thus furthering our understanding of the
environmental impact of ceria nanoparticles and lay-
ing the foundation for the design of nanotherapeutics
for the treatment of diseases characterized by ineffi-
cient autophagic activity and accumulation of storage
material.

The fate of the ceria nanoparticles upon activation of
the autophagy system and upregulation of autophagic
clearance remains to be determined. In vitro studies
revealed that metal nanoparticles including gold,
superparamagnetic iron oxide, and quantum dots,
are removed from cells through exocytosis.”®*° Exo-
cytosis of autolysosomes was previously reported as a
mechanism of TFEB-mediated clearance’" and it is thus
likely to be induced by nanoparticle autophagy acti-
vators, such as the six differently surface functionalized
CeO, nanoparticles analyzed in this study.

Inefficient autophagic clearance underlies the devel-
opment and progression of a number of human dis-
eases, ranging from neurodegenerative diseases to
cancer. For instance, affected cells from patients with
lysosomal storage disorders present accumulation of
proteolipid and glycoprotein substrates.'® Among
lysosomal storage disorders, NCLs are the most devas-
tating inherited disorders of childhood and the most
common cause of neurodegeneration in children in
the US. In this study, we demonstrated that nanoceria
promotes clearance of ceroid lipopigment deposits in
cells derived from a patient affected by LINCL, which is
characterized by a defective lysosome-autophagy sys-
tem. While it remains to be demonstrated whether
CeO, nanoparticles enhance clearance of other auto-
phagic cargos, results from this study provide proof of
principle evidence of the use of nanomaterials as a
platform for the development of nanotherapeutics that
enhance TFEB-mediated activation of autophagy, with
tremendous implications for the treatment of diseases
characterized by storage of autophagic substrates.

Coriell Cell Repositories (GM16486). HelLa cells stably trans-
fected for the expression of TFEB-3xFLAG were a generous gift
of Dr. Sardiello.*® Cells were grown at 37 °C in 5% CO, in
Dulbecco's Modified Eagle Medium, supplemented with heat-
inactivated fetal bovine serum (20% FBS for LINCL fibroblasts
and 10% FBS for Hela cells) and 1% glutamine Pen-Strep. The
medium was replaced every 3 or 4 days and monolayers were
passaged with TrypLE Express.

Synthesis of Monodisperse Ceria Nanocrystals. Nanocrystalline
cerium oxides were synthesized using the cerium precursor
decomposition method at high temperature.”” Cerium nitrate
hexahydrate (10 mmol, 4.34 g) were mixed with oleylamine
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(30 mmol, 8.02 g) in 1-octadecene (120 mmol, 30 g) and stirred
vigorously at room temperature. The reaction mixture was
dissolved in 1-octadecene at 80 °C, forming yellow cerium-
oleylamine mixture. This cerium precursor was decomposed at
260 °C and near-spherical ceria nanocrystals with narrow
diameter distribution (o < 10%) were prepared after 2 h reaction
at 260 °C under ultrahigh purity nitrogen condition. The result-
ing dark brown ceria nanocrystals were purified by addition of
25 mL of ethanol and precipitated by adding 25 mL of acetone.
The precipitates were separated from unreacted cerium
precursor, oleylamine, and 1-octadecene by centrifugation at
6000 rpm for 30 min. The purification process was repeated
3 times and purified ceria nanocrystals were redispersed in
hexane.

Phase Transfer of Ceria Nanocrystals. Water-soluble nanocrystals
were produced using various phase transfer agents (GIcNAc,
PEG200, PEG1K, PEG10K, PVP10K, and PVP40K). Specifically,
1 mL of ceria nanocrystal/hexane solution ([Ce] = 6820 mg/L)
was mixed with the phase transfer agent (GIcNAc (1.8 mg),
PEG200 (1.2 mg), PEG1K (1.0 mg), PEG10K (1.0 mg), PVP10K
(0.05 mg), or PVP40K (0.08 mg)) in 15 mL of ultrapure water
(Millipore, 18.2 MQ-cm). This suspension was then sonicated
using a probe-sonicator (Hielscher UP50H) for 20 min at 80%
amplitude and full cycle. The phase transferred nanocrystals
were purified by ultracentrifugation at 45 000 rpm for 4 h and by
membrane filtration (Ultrafiltration cellulose membranes,
30 kDa MWCO) using a stirred Cell (Amicon) to remove the
excess of free phase transfer agents left in the supernatant. The
purification was repeated 3 times and phase transferred ceria
nanocrystals were stored in ultrapure water.

Characterization of Ceria Nanocrystals. TEM specimens were pre-
pared by dropping the nanocrystal solution on ultrathin carbon
type A 400 mesh copper grids (Ted Pella Inc.). The TEM micro-
graphs were taken on a JEOL 2100 field emission gun TEM
operated at 200 kV with a single tilt holder. Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) was used to
measure the concentration of ceria nanocrystals. ICP-AES anal-
ysis was carried out using a PerkinElmer ICP-AES instrument
equipped with autosampler. Hydrodynamic radius and surface
charge of water-soluble ceria nanocrystals were analyzed at
25 °C using DLS and zeta potential using a Malvern Nano ZS
system by Malvern Instruments (Malvern Zetasizer Nanoseries,
Malvern, UK).

Cellular Uptake of Ceria Nanocrystals. 10° cells were plated in
each well of 6-well plates and incubated overnight to allow cell
attachment. Ceria nanoparticles were diluted in complete
medium and added to cell cultures to a final concentration of
100 ppm. Cells were exposed to ceria nanoparticles for 24 h,
washed with PBS and incubated with acidic solution (50 mM
glycine, 100 mM sodium chloride, 2 mg/mL polyvinylpyrroli-
done (MW: 40K), pH 3) to remove membrane-binding nano-
crystals as previously described.'®! After acid strip, cells were
washed with DI water, collected and digested with 1% HNOs.
The amount of ceria nanoparticles internalized by the cells was
quantified using inductively coupled plasma mass spectrome-
try (ICP-MS; PerkinElmer ELAN9000): the concentration of ce-
rium atoms in each well was measured, and the number of ceria
nanoparticles was calculated on the basis of the number of
atoms in each particle as previously described.”?

To prepare TEM samples, LINCL fibroblasts were seeded in
6 well plates to 70—80% confluence, cultured in the presence of
ceria nanoparticles for 24 h, washed with PBS and fixed with 2%
paraformaldehyde and 3% glutaraldehyde in 0.1 M PBS. After
fixation, the samples were washed in 0.1 M cacodylate buffer
and treated with 0.1% Millipore-filtered buffered tannic acid,
postfixed with 1% buffered osmium tetroxide for 30 min, and
stained en bloc with 1% Millipore-filtered uranyl acetate. The
samples were washed several times in water, then dehydrated
in increasing concentrations of ethanol, infiltrated, and em-
bedded in LX-112 medium. The samples were polymerized in a
60 °C oven for 2 days. Ultrathin sections were cut in a Leica
Ultracut microtome (Leica, Deerfield, IL), stained with uranyl
acetate and lead citrate in a Leica EM Stainer, and examined in a
JEM 1010 transmission electron microscope (JEOL, USA, Inc.,
Peabody, MA) at an accelerating voltage of 80 kV. Digital images
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were obtained using AMT Imaging System (Advanced Micro-
scopy Techniques Corp, Danvers, MA).

Immunofluorescence Assays. Cells were seeded on glass cover-
slips, cultured in the presence of ceria nanoparticles as indicated
in each experiment, and fixed with 4% paraformaldehyde for
30 min. Cells were then permeabilized with 0.1% Triton-X for
5 min and incubated with 8% BSA for 1 h. Following incubation
for 1 h with primary antibodies (rabbit anti-FLAG (Sigma-
Aldrich; 1:1000), mouse anti-TFEB (Abcam; 1:100), rabbit anti-
LC3 (MBL; 1:2000), or mouse anti-LAMP2 (Biolegend; 1:2000)
antibodies), cells were washed three times with 0.1% Tween-20/
PBS, and then incubated with secondary antibodies for 1 h
(Dylight 549 goat antirabbit (KPL, 1:500) and Dylight 649 goat
antimouse (KPL, 1:500) antibodies. Images were obtained using
an Olympus 1X81 confocal microscope and colocalized using
the Fluoview software. Images were quantitatively analyzed
using NIH ImageJ analysis software and MATLAB.

Quantitative RT-PCR. Quantitative RT-PCR was performed as
previously described.'®? Cells were incubated with ceria nano-
particles for indicated time lengths before total RNA was
extracted using rnaGEM reagent (ZyGEM). cDNA was synthe-
sized from total RNA using qScript cDNA SuperMix (Quanta
Biosciences). Total cDNA amount was measured by NanoDrop
2000 (Thermo Scientific). qRT-PCR reactions were performed
using cDNA, PerfeCTa SYBR Green FastMix (Quanta Biosciences)
and corresponding primers (Table S1) in the CFX96 Real-Time
PCR detection system (Bio-Rad). Samples were heated for 2 min
at 95 °C and amplified in 45 cycles of 1 s at 95 °C, 30 s at 60 °C,
and 30 s at 72 °C. Analyses were conducted using CFX manager
software (Bio-Rad) and the threshold cycle (Cy) was extracted
from the PCR amplification plot. The ACy value was calculated as
previously described’® to normalize the Cr of each target gene
to that of the housekeeping genes GAPDH and ACTB. The relative
mRNA expression level of each target gene in treated cells
was normalized to that measured in untreated cells: relative
mRNA expression level = 2[7(ACT (treated cells) — AG; (untreated cells))]v
Each data point was evaluated in triplicate and measured three
times.

Apoptosis Assays. Apoptosis assay was conducted as pre-
viously described.’® Briefly, cells were collected after 24 h of
incubation with ceria nanoparticles. Cell toxicity was tested
using the CytoGLO Annexin V-FITC Apoptosis Detection Kit
(IMGENEX) according to the manufacturer's instructions and
analyzed by flow cytometry (FACSCanto II, Beckon Dickingson)
with a 488 nm Argon laser.

Cell Viability Assays. Cell viability assay was performed using
LIVE/DEAD Viability/Cytotoxicity Kit (Molecular Probes). Cells
were seeded on glass coverslips and cultured in the presence of
ceria nanoparticles for 24 h. Cells were washed twice with PBS,
and then incubated with 2 uM calcein AM and 4 uM ethidium
homodimer (EthD-1) reagents according to the manufacturer's
instructions. Images were obtained using an Olympus 1X81
confocal microscope and colocalized using the Fluoview
software.

DQ-BSA Assays. DQ-BSA assay was conducted as previously
described.*? Cells were incubated with ceria nanoparticles for
24 h, washed with PBS, and then incubated in DMEM medium
containing 10 ug/mL DQ Green BSA (Molecular Probes) for 3 h
at 37 °C. Cells were then washed again with PBS and analyzed
by flow cytometry (FACSCanto I, Beckon Dickingson) with a
488 nm Argon laser.

Western Blot Analyses. Cells were incubated with ceria nano-
particles for 24 h, collected and lysed with the complete lysis-M
buffer containing the protease inhibitor cocktail (Roche). Total
protein concentrations were determined by Bradford assay
(Thermo Scientific) and each sample was diluted to the same
protein concentration. Aliquots of cell lysates were separated by
15% SDS-PAGE gel. Western blot analyses were performed
using primary antibodies (rabbit anti-LC3 (MBL), or rabbit anti-
GAPDH (Santa Cruz Biotechnology) antibodies) and HRP-con-
jugated goat antirabbit (Santa Cruz Biotechnology) as the
secondary antibody. Blots were visualized using Luminata Forte
Western HRP substrate (Millipore).

Quantification of Inmunofluorescence Images. The accumulation
of ceroid lipopigment was quantified as previously described by
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measuring the brightness density of each image and calculating
the ratio of brightness density of CeO, nanoparticle treated cells
over that of untreated cells.”® Average values were taken over
multiple images from replicate samples.

Colocalization of LC3 and LAMP-2 was quantified by calcu-
lating the number of pixels presenting brightness (0—255 gray
scale) of red and blue above a predefined threshold (gray scale
>30) and with ratio of red to blue within a predefined range
(0.5—2). The percentage of colocalization was calculated by
normalizing the number of pixels presenting LC3 and LAMP-2
colocalization by the total number of pixels presenting either
LC3 or LAMP-2 signal in each cell over the entire image. Average
values were calculated over multiple images and replicate
samples.

Statistical Analyses. All data is presented as mean =+ SD, and
statistical significance was calculated using a two-tailed t-test.
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