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Abstract: Iron oxide-based nanoparticles have been repeatedly shown to affect lysosomal-mediated
signaling. Recently, nanoparticles have demonstrated an ability to modulate autophagic flux via
lysosome-dependent signaling. However, the precise underlying mechanisms of such modulation
as well as the impact of cellular genetic background remain enigmatic. In this study, we investigated
how lysosomal-mediated signaling is affected by iron oxide nanoparticle uptake in three distinct
hepatic cell lines. We found that nanoparticle-induced lysosomal dysfunction alters sub-cellular
localization of pmTOR and p53 proteins. Our data indicate that alterations in the sub-cellular
localization of p53 protein induced by nanoparticle greatly affect the autophagic flux. We found that
cells with high levels of Bcl-2 are insensitive to autophagy initiated by nanoparticles. Altogether,
our data identify lysosomes as a central hub that control nanoparticle-mediated responses in hepatic
cells. Our results provide an important fundamental background for the future development of
targeted nanoparticle-based therapies.

Keywords: nano-bio interactions; iron oxide nanoparticles; autophagy; lysosomes; magnetic
resonance imaging; p53

1. Introduction

Despite decades of research, iron oxide-based nanoparticles (NPs) still attract researchers’
attention in different areas of biomedical studies [1-3]. Iron oxide NPs have been successfully
implemented in widespread biomedical applications, including targeted drug delivery, imaging,
biosensors, and different therapeutic modalities [1-7]. The application of iron oxide-based NPs as
magnetic resonance imaging (MRI) contrast agents initially found a way to clinical approval [8,9].
However, such contrast agents have been withdrawn or discontinued due to various side effects [8-
11], clearly indicating their overlooked cytotoxic potential. Indeed, studies revealed that oxidative
stress due to excessive reactive oxygen species (ROS) accumulation is a source of iron oxide NP-
triggered cytotoxicity [12-16]. Furthermore, more recent studies have shown that certain NP
concentrations can induce significant cellular responses without noticeable oxidative stress [17]. In
fact, we have already reported the evidence that subcytotoxic doses of NPs may induce alteration in
subcellular signaling [18]. However, revealing the precise molecular mechanisms of such actions of
nanoparticles requires more intensive studies.

Cells 2020, 9, 1015; d0i:10.3390/cells9041015 www.mdpi.com/journal/cells



Cells 2020, 9, 1015 2 of 24

A growing body of evidence has identified the liver as a predominant end point of the majority
of intravenously administered nanoparticles—for review see [19]. In fact, particles with diameter of
~150-200 nm have been shown to penetrate the space of Disse and directly interact with hepatocytes
[19,20]. Such an direct interaction of particles with hepatocytes allows them to be excreted from the
body via the hepatobiliary pathway [19]. Surprisingly, reports about responses of hepatic cells to NP
sub-lethal treatment are limited [19]. In fact, a direct comparison of the observed effects on closely
related cell lines is lacking [16,19,20].

It becomes evident that dextran decoration of iron oxide NPs shell results in predominant
endocytic uptake of NPs, especially if cells are unequipped for phagocytosis [21-23]. In addition, such
nanoparticles will eventually reach lysosomes via the endo-lysosomal pathway [24]. It is worth
noting here that lysosomal membranes are important regulators of the activity of mammalian target
of rapamycin (mTOR), a key kinase that controls cell growth and proliferation [25]. In turn, mTOR
actively participates in autophagy regulation and nutrient uptake control [18,26]. All these studies
clearly indicate that lysosomes play a role of central hub in nutrient sensing, transcriptional
regulation, and metabolic homeostasis within the cell [27]. It is important to add that a number of
studies demonstrated that NPs can modulate mTOR activity [18]. Moreover, iron oxide NPs
modulate autophagic flux [28,29]. Collectively, all these studies support that iron oxide NPs regulate
cellular signaling via lysosomal-based modulation of mTOR activity. However, the specific role and
underlying mechanism of lysosomal-induced signaling, especially in hepatic cells, are still poorly
understood. Moreover, there is a lack of studies showing how the genetic background of different
cells from a similar lineage may affect resultant signaling.

Therefore, in this study, we investigated in detail the signaling that originates from lysosomes
upon iron oxide NPs uptake in hepatic cell lines and defined contribution of cellular genetic
background in these processes. Our findings provide a holistic analysis of key proteins that contribute
to lysosomal-mediated signaling in distinct hepatic cell lines.

2. Materials and Methods

2.1. Chemicals and Antibodies

All chemicals and antibodies used for this study are compiled in Table S1 and S2 of
Supplemental Materials including manufacturers, catalogue numbers and dilutions.

2.2. Cell Culture

Human hepatoblastoma HepG2 cell line (American Type Culture Collection, ATCC), and
human hepatocellular carcinoma cell lines Alexander (PLC/PRE/5, ATCC) and Huh7 (Japanese
Collection of Research Bioresources, JCRB) were used in this study. Cells were cultured in EMEM
medium (ATCC) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific) and 1%
Penicillin/ Streptomycin (Thermo Fisher Scientific). Cell cultures were cultivated in a humidified 5%
CO2 atmosphere at 37 °C. Cell culture medium was replaced once a week.

2.3. Nanoparticles

In this study we used core-shell iron oxide NPs purchased from Chemicell (Chemicell GmbH,
Berlin, Germany). The particles consist of a magnetite core coated with carboxymethyldextran shell.
The surface can be modified with different kinds of fluorescent dyes allowing their detection using
fluorescent microscopic techniques. We purchased green fluorescent (Ex: 476 nm, Em: 518 nm)
labelled magnetic particles nano-screenMAG-CMX and non-fluorescent magnetic particles
fluidMAG-CMX. Both types of NPs have 200 + 20 nm (mean + SD) the hydrodynamic diameter and
similar physicochemical characteristics. Thorough physicochemical characterization of the particles
has been performed previously in a number of publications [7,30-33]. Here, we utilize them solely as
a NP model. The average size and zeta potential of the particles were measured using a Zetasizer
Nano (Malvern Instruments).
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2.4. Nanoparticle-Protein Interaction

Nanoparticles (5, 50 and 100 ug Fe mL™) were incubated either in PBS, or in EMEM medium
(ATCC) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific) for 2 h at 37 °C.
The particles were collected by strong NdFeB magnet and washed extensively with PBS. The proteins
associated with the particles were eluted and denaturated in sample loading buffer and separated by
gel electrophoresis. As control, EMEM medium supplemented with 10% fetal bovine serum was
used. Gels were stained with Coomassie blue (AppliChem).

2.5. Cell Viability Assay

Viability of the cells was analysed using well-established alamarBlue viability assay (Thermo
Fisher Scientific). AlamarBlue assay is based on the cleavage of resazurin to resorufin by viable cells,
which results into the increasing of overall fluorescence intensity. This fact allows accurate
fluorometric quantification of the percentage of metabolically active cells in the culture. We
performed alamarBlue viability assay in accordance with the manufacturer’s instructions and our
verified treatment protocol [34]. Briefly, cells were seeded onto 96-well plates at the density of 5000
cells per well and treated with different concentration of nanoparticles for 24 h. After the treatment,
alamarBlue reagent was added to each sample and incubated for 2 h at 37 °C. Fluorescence intensity
(using excitation between 530 and 560 nm and emission at 590 nm) was measured using a TECAN
microplate reader SpectraFluor Plus (TECAN, Mannedorf, Switzerland). Readings were done in
quadruplicates; three independent experiments were performed for each measurement.
Additionally, we performed a crosscheck to ensure that NPs themselves do not interfere with the
assay reagent (data not shown).

2.6. Lipid Peroxidation Assay

Detection of lipid peroxidation upon nanoparticle treatment was done using BODIPY™ 581/591
C11 lipid peroxidation sensor (Thermo Fisher Scientific). The fluorescent probe is intrinsically
lipophilic and undergoes native-like transport and metabolism in cells [35]. Upon oxidation the
BODIPY™ 581/591 C11 exhibit a shift of the fluorescence emission peak from ~590 nm to ~510 nm,
resulting in decrease of red fluorescence [36,37]. Thus, the intensity of red fluorescence can be used
as an indicator of lipid peroxidation under oxidative stress [38,39]. We performed a lipid peroxidation
assay in accordance with the manufacturer’s instructions and previously published protocols [38,39].
Briefly, cells were seeded onto 96-well clean bottom plates at the density of 5000 cells per well and
treated with different concentration of nanoparticles for 24 h. Cells were incubated with the lipid
peroxidation sensor at concentration of 1 uM for 30 min at 37 °C. Fluorescence intensity (Ex: 540 nm;
Em: 595 nm) was measured by a TECAN microplate reader SpectraFluor Plus (TECAN, Mannedorf,
Switzerland). Readings were done in quadruplicates. Three independent experiments were
performed for each measurement. Normalized fluorescence data are presented as means + SEM.
Additionally, we performed a crosscheck that NPs themselves do not interfere with the assay reagent
(data not shown).

2.7. Analysis of Nanoparticles Uptake Kinetics

We assessed NPs uptake kinetics by fluorometric quantification. Cells onto 96-well clean bottom
plates at the density of 5000 cells per well and treated with different concentration of fluorescently-
labelled NPs for 2, 6, 8, and 24 h. Afterwards, cells were washed with PBS three times and incubated
with 0.1% TrypanBlue in order to quench the fluorescent signal of NPs attached to the cell surface.
TrypanBlue is widely used as a quencher of FITC fluorescence and is excluded from viable cells [40—-
42]. The NPs uptake was assessed by measuring of fluorescent intensity (Ex: 485 nm; Em: 540 nm)
using TECAN microplate reader SpectraFluor Plus (TECAN, Mannedorf, Switzerland). Readings
were done in quadruplicates; three independent experiments were performed for each measurement.

2.8. Immunofluorescence
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Immunofluorescence staining was used in order to monitor NP subcellular localization,
cytoskeleton dynamics and assessment of intracellular signaling events. Cells were seeded in 6-
channel p-Slides (Ibidi, Martinsried) at density 15,000 cells per well. Afterwards, cells were treated
with different NP concentrations for indicated periods of time. After the treatment cells were washed
with PBS and fixed with 4% paraformaldehyde in PBS pH 7.4 at room temperature for 10 min.
Samples were permeabilized with 0.5% Triton X-100 before the staining. Immunofluorescence
staining was performed on fixed cells using primary antibodies against different proteins
summarized in Supplementary Table S2 and AlexaFluor 568- or AlexaFlour 488-conjugated
secondary antibodies. Dilutions and catalogue numbers of used primary antibodies are given in
Supplementary Table S2. Stained cells were imaged using spinning disk confocal microscopy IXplore
SpinSR (Olympus, Tokyo, Japan). Image] software (NIH) was used for image processing.

2.9. Lysosomal Integrity Assay

Cells were seeded onto 96-well clear bottom plates (BD Biosciences) at a density of 5000 cells per
well. After cells were incubated with cell culture media (EMEM, 10% FBS) containing different
concentrations of nanoparticles for 24 h. For lysosomal stability assessment, we utilized an acridine
orange (AO) assay. The AO assay was performed in accordance with our previously verified protocol
[6,34]. Briefly, cells with incorporated nanoparticles were labeled with 5 pg mL* AO in culture
medium for 15 min at 37 °C. Following nanoparticle treatment, cells were cultured at 37 °C for
indicated periods of time and the intensity of orange fluorescence was then measured using a
microplate reader SpectraFluor Plus (TECAN, Mannedorf, Switzerland). Readings were done in
quadruplicates. Three independent experiments were performed for each measurement. Normalized
fluorescence data are presented as means + SEM.

Additionally, we evaluated the lysosomal integrity microscopically. Cells were seeded in 6-
channel p-Slides (Ibidi, Martinsried) at density 15000 cells per well. Then cells were stimulated with
NPs for 24 hours. After, cells were labeled with 5 ug mL-* AO in culture medium for 15 min at 37 °C
and imaged using spinning disk confocal microscopy IXplore SpinSR (Olympus, Tokyo, Japan). As
positive control treatment with 20 % ethanol for 10 min was used.

2.10. Assessment of Mitochondrial Membrane Potential

Cells were seeded in 6-channel p-Slides (Ibidi, Martinsried) at density 15000 cells per well. Then
cells were treated with different NP concentrations for indicated periods of time. Afterwards, cells
were stained with 1 uM JC-1 probe, and imaged using spinning disk confocal microscopy IXplore
SpinSR (Olympus, Tokyo, Japan). As positive control, treatment with 20% ethanol for 20 min was
used. JC-1 is very selective and sensitive dye to assess mitochondria potential, which enters into
mitochondria and reversibly changes color from red to green, as the membrane potential decreases
[43]. When cells have high mitochondrial Am®, JC-1 spontaneously forms complexes known as J-
aggregates with intense red fluorescence. On the other hand, in cells with low Am®, JC-1 remains in
the monomeric form, which shows mostly green fluorescence.

2.11. Cell Extracts and Western Blot Analysis

Aliquots of whole cell lysates containing equal amounts of protein were obtained using lysis
buffer RIPA (Millipore) in accordance with the manufacturer’s instructions and our verified protocol
[14,44]. For isolation of nuclear and cytoplasmic extracts from the cells NE-PER Nuclear and
Cytoplasmic Extraction Kit (Thermo Fisher Scientific) was used according to the manufacturer’s
guidelines. Protein lysates were subjected to SDS-PAGE electrophoresis, and transferred to PVDF
membranes. The membranes were blocked with 5% (w/v) fat free dried milk or alternatively with 5%
(w/v) bovine serum albumin (BSA) for 1h. Afterwards, membranes were incubated with various
specific primary antibodies listed in Supplementary Table S2 at 4 °C overnight. Chemiluminescence
signals were detected using an imaging system GBOX CHEMI XRQ (Syngene, Synoptics group) and
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acquisition software GeneTools (Syngene, Synoptics group). Densitometric quantification of blots
was done using GeneTools quantification software (Syngene, Synoptics group).

2.12. Detection of Intracellular ROS Levels

ROS levels were measured using Cellular ROS/Superoxide Detection Assay Kit (Abcam,
Cambridge, United Kingdom). Briefly, cells were seeded in 6-channel pi-Slides (Ibidi, Martinsried) at
density 15,000 cells per well and treated with 50 pg Fe mL-' NPs for 24 h. Following this, cells were
labeled with Oxidative Stress Detection Reagent (Green) for ROS detection and Superoxide Detection
Reagent (Orange) according to the manufacturer’s instructions (Abcam, Cambridge, United
Kingdom). Stained cells were imaged using spinning disk confocal microscopy IXplore SpinSR
(Olympus, Tokyo, Japan). As positive control treatment with 1 mM H2O: for 30 min was used.

2.13. Nanoparticle Quantifications from Confocal Microscopy Images

For intracellular nanoparticle quantification, cells were seeded in 6-channel p-Slides (Ibidi,
Martinsried) and incubated with different concentrations of fluorescently-labelled NPs. Then, cells
were stained with CellMask Orange (Thermo Fisher Scientific) and Hoechst 33342 (Thermo Fisher
Scientific). Stained cells were imaged using spinning disk confocal microscopy IXplore SpinSR
(Olympus, Tokyo, Japan). The stacks of confocal cross-sections obtained by confocal microscopy were
evaluated applying the digital method Particle_in_Cell-3D based on the Image] software and free to
download at Image] Documentation Portal [45]. By applying this method, intra- and extracellular
space were automatically differentiated. The confocal fluorescence image of the cell membrane is
transformed into a mask of the cell in each measured confocal plane. By applying this mask to the
corresponding particle image, the NPs are classified. The method automatically differentiates
between NPs in the intracellular and extracellular space and NPs close to the cellular membrane, the
transition or enlarged membrane region. NPs which are present in this transition region are passing
the first step of cellular uptake. As NPs are often present as clusters or aggregates inside the cell, it is
not possible to quantify them by counting the individual spots. This problem is solved by using the
fluorescence intensities to estimate the number of NPs. It is then possible to estimate the absolute
number of NPs that has been taken up into the cytoplasm [46].

2.14. Super-Resolution Spinning Disk Confocal Microscopy

In order to perform super-resolution imaging of cytoskeleton and lysosomes, we utilized novel
IXplore SpinSR Olympus super-resolution imaging system (Olympus, Tokyo, Japan). Cells were
seeded in 6-channel p-Slides (Ibidi, Martinsried) and incubated with different concentrations of
fluorescently-labelled NPs. Then cells were stained for F-actin, tubulin or LysoTracker™ Red DND-
99. Dilutions and catalogue numbers of used antibodies and chemicals are given in Supplementary
Table S1 and S2. Fluorescence images were taken with the acquisition software cellSens (Olympus,
Tokyo, Japan). Image] software (NIH) was used for image processing and quantification.

2.15. Statistical Analysis

Quantitative results are present as mean + SEM. The statistical significance of differences
between the groups was determined using ANOVA with subsequent application of Newman-Keuls
test. All statistical analyses were performed using MaxStat Pro 3.6. Differences were considered
statistically significant at (*)p <0.05.

Fluorescence microscopy analysis (namely analysis of lysosomal size and circularity,
colocalization of proteins Rab7/LAMP1, cellular localization of p53) was subjected to quantitative
assessment in accordance with rigorously defined guidelines [47]. For a quantitative analysis of the
images, we utilized the published guidance for quantitative confocal microscopy [48,49]. Images from
three independent experiments were subjected to quantitative analysis. In each experiment 10
randomly selected fields from each sample were imaged. In order to determine sample size, we
utilized a previously described statistical method [50]. According to this method, the sample size for
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95 % confidence level and 0.8 statistical power corresponds to 20. Thus, at least 20 randomly selected
cells were used in fluorescence microscopy quantification.

The sample size determination was assessed utilizing a statistical method described in [50],
taking into assumption 95% confidence level and 0.9 statistical power.

3. Results

3.1. Effect of IRON Oxide Nanoparticles on Cell Viability and Oxidative Stress

As amodel of NPs, we selected previously well-characterized core-shell iron oxide nanoparticles
coated with carboxymethyldextran shell (mean hydrodynamic diameter of about 200 nm) [7,30-33].
This selection was done due to physiological relevance of such type of NPs. Indeed, iron oxide NPs
with dextran-based shell with diameter larger than 200 nm are known to be rapidly (a plasma half-
life of less than 10 min) accumulate in the liver [1,51,52]. This makes such particles an attractive
candidate as MRI contrast agent for liver imaging [1,51-53]. In fact, Kupffer cells have been shown to
take up NPs on a broad size scale as first line of uptake [14,19,53,54]. However, recent studies indicate
that particles with relatively big diameter comparable with liver sinusoidal fenestrations (~ 150-200
nm) can penetrate the space of Disse and directly interact with hepatocytes [19,20]. Surprisingly, in
literature there are very few reports about responses of hepatic cells to sub-lethal treatment with NPs,
for review see [19]. Moreover, most of the research is done utilizing only one cell line without direct
comparison of the observed effects on closely related cell lines [16,19,20]. Therefore, in this study, we
chose three hepatic cell lines (HepG2, Huh?7, and Alexander cells).

The physicochemical properties of the nanoparticles investigated in this study are summarized
in Figure S1. The physicochemical analysis revealed that both the fluorescent and unlabeled NPs have
a comparable hydrodynamic diameter around 200 nm (Supplementary Figure Slb,c), which was
doubled for both particles after 2 h incubation in medium with 10% serum (Supplementary Figure
S1b,c). Fluorescent and unlabeled NPs had a slightly negative zeta potential ~—2 mV (Supplementary
Figure Slc). After incubation with the medium both NPs showed similar zeta potential change
(Supplementary Figure Slc). Thus, these data imply that NP labeling had no impact on size and zeta
potential of the NPs. Of note, it is well known that in protein-rich liquids NPs become coated with
proteins and other biomolecules, which results in formation of so-called protein corona [55]. Protein
corona may play an important role in determining subsequent cellular responses to NP treatment
[55], including effects on mTOR signaling [56]. However, the used NPs showed very weak zeta
potential (Supplementary Figure Slc). Such potential resulted in fast protein corona formation that
was independent of NP concentration (Supplementary Figure S2).

First, we confirmed that the sub-lethal treatment of three cell lines cells with the NPs had no
toxic response during 24 h treatment (Figure 1a). Moreover, there was no observable oxidative stress
upon the treatment with NPs (Figure 1b). Additionally, we analyzed the accumulation of intracellular
ROS followed by NP treatment. We used distinct fluorescent probes for total ROS and superoxide
anion (Oz). Indeed, neither total ROS nor superoxide were elevated upon NP treatment (Figure 1c
and Supplementary Figure S3). Contrarily, positive control (treatment with 1 mM H2O2) treatment
showed marked elevation of total ROS and superoxide in all three cell lines (Figure 1c and
Supplementary Figure S3). These data confirmed the absence of oxidative stress upon the treatment
with NPs.
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Figure 1. Assessment of the nanoparticle uptake and biocompatibility in three distinct hepatic cell
lines. (a) Cytotoxicity of nanoparticles in three distinct cell lines: Alexander, HepG2, Huh?7.
Cytotoxicity was assessed using alamarBlue assay. Data are expressed as means = SEM (n = 4). (b)
Detection of lipid peroxidation using BODIPY™ 581/591 C11 lipid peroxidation sensor (ThermoFisher
Scientific). Data are expressed as means + SEM (n = 3). (¢) NP treatment did not induce intracellular
ROS / Superoxide (O2) production and different subcellular accumulation. Cells were treated for 24
h with nanoparticles 50 pug Fe mL-'. NP-treated cells were stained with ROS/Superoxide Detection
Assay Kit and imaged by confocal microscopy. Representative images out of three independent
experiments are shown. Positive control 1 mM H20O:2 for 30 min was used.

Next, we checked the uptake kinetics of the NP to be sure that within given time frame cell take
enough material. Indeed, all three cell lines showed concentration- and time-dependent uptake of
NPs (Figure 2a,b). We observed uptake saturation after 12 h of incubation with 100 pg Fe mL-" of NPs
(Figure 2b). In fact, after the intravenous injection of physiologically relevant doses of iron oxide
nanoparticles (10-40 mmol Fe/kg), blood levels may reach up to 50 pg Fe mL-! and within 30 min
after injection nanoparticles are taken up by liver [14,57-59].
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Figure 2. Assessment of the nanoparticle uptake in three distinct hepatic cell lines. Assessment of the
uptake kinetics of fluorescently labeled nanoparticles by Huh7, HepG2 and Alexander cells. The
fluorescence intensity increase upon nanoparticle treatment was detected by a fluorescent microplate
reader. (a) depicts concentration-dependent uptake kinetics. (b) shows time-dependent uptake
kinetics, when cells were treated with NPs 100 pg Fe mL™ for indicated periods of time. The data are
expressed as mean + SEM, n =4 each.

3.2. Nanoparticle Uptake and Cytoskeleton Remodeling

Further, to confirm sub-cellular localization of NPs after uptake we performed high-resolution
confocal microscopy (Figure 3a). 3D reconstruction of the optical sectioning confirmed that NPs were
distributed inside cellular volume already after 12 h of treatment (Figure 3b).

Additionally, we quantified NP number adsorbed to the membrane and ingested by the cells
(Figure 3c). This quantification confirmed dose-dependent nanoparticle uptake in all three cell lines
(Figure 3c). Indeed, HepG2 showed less capability for NP internalization comparing with Alexander
and Huh? cells (Figure 3c). It is worth noting here that we did not find any observable changes in
overall shape or size of the cells upon NP uptake in comparison with control (Figure 3a).

Recent studies have shown that NPs may induce cytoskeletal remodeling without oxidative
stress involvement [17,60,61]. Thus, we checked whether treatment with NPs for 24 h results in
cytoskeletal changes. Indeed, already conventional confocal microscopy revealed substantial re-
organization of F-actin and tubulin (Supplementary Figure S4). To clearly see the cytoskeletal
remodeling under higher resolution, we utilized novel super-resolution spinning disk microscopy.
This type of microscopy is quite similar to structured illumination microscopy and reaches a spatial
resolution of 120 nm [62]. Super-resolution imaging confirmed F-actin and tubulin remodeling under
NP treatment in all three cell lines (Figure 4a,b).
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Figure 3. Quantification of the nanoparticle uptake in three distinct hepatic cell lines. (a)
Representative high-resolution confocal images of cells incubated with nanoparticles. Huh7, HepG2
and Alexander cells were treated for 12 h with NPs 50 ug Fe mL™ (green). Cell membranes were
labeled with CellMask™ Orange (red). (b) 3D reconstruction of NP-labelled cells. Cells were treated
like in (a) and 3D rendering was done using Image] software. (c¢) Quantification of nanoparticle
uptake. Cells were treated with different nanoparticle concentrations for 12 h. After the treatment
cells were labeled with CellMask™ Orange and imaged using IXplore SpinSR Olympus microscopy
system. Number of particles per cell was calculated using image processing by Particle_in_Cell_3D
macro in Image]J. Data are expressed as mean + SEM of at least three independent experiments (1 =30
cells).

3.3. Nanoparticles Alter Lysosomal Function

It is widely accepted that cells engulf nanomaterials by endocytosis process and finally traffic
them to the lysosomes [63-65]. Thus, it is not a surprise that lysosomes play a crucial role in
determining the fate of the nanomaterial [63-65]. Overall, lysosomes have been found to actively
participate and regulate important parts of cellular metabolism, such as nutrient sensing,
transcriptional regulation, and metabolic homeostasis [27,66,67].

Recent studies even postulate the lysosome-centric signaling networks as pivotal hub for
nutrient sensing and metabolic adaptation, for review see [27]. Taking all these together, we
hypothesized that lysosomes are a central hub for iron oxide nanoparticle-mediated cellular signaling
that is tightly dependent on the genetic background of the affected cells. Firstly, we assessed that NPs
end up in lysosomes.
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(a) Alexander HepG2 Huh7
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Control
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Figure 4. Cytoskeleton remodeling under NP treatment. (a) IXplore SpinSR Olympus super-

resolution microscopy of F-actin staining (green). Cells were treated for 24 h with nanoparticles 50 ug
Fe mL", fixed and stained for F-actin. Binarization was done using Image]J software. (b) Cells were
treated with NPs as in a. After the treatment cells were fixed and stained for tubulin (red). Super-
resolution imaging was done using IXplore SpinSR Olympus super-resolution system.

Confocal microscopy study revealed lysosomal localization of NPs after the treatment (Figure
5a,c and Supplementary Figure S5). Moreover, accumulation of NPs in lysosomes led to lysosomal
size and shape alterations (Figure 5b,d,e). Upon NP treatment, lysosomes in all three cell lines
increased their size significantly (Figure 5b,d). Additionally, the circular shape of lysosomes under
NP treatment changed to more irregular one (Figure 5b,e). Importantly, those alterations in lysosomal
size and shape were very similar in all three cell lines. However, when we checked lysosomal
acidification utilizing the acridine orange lysosomal integrity assay, lysosomal activity was
significantly impaired in Alexander and Huh7 cells (Figure 5f). Indeed, lysosomal acidification
impairment caused by NPs was most profound in Huh? cells (Figure 5f). Importantly, the observed
NP-impaired lysosomal activity was mild and did not result in strong lysosomal damage as
compared to positive control treatment (Supplementary Figure S6). In fact, it is well known that
strong lysosomal damage decreases of the autophagic flux [68-70], whereas mild lysosomal
impairment promotes autophagy as a surviving mechanism [71]. This is exactly what we observed in
Huh? cells upon NP treatment.
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Figure 5. Lysosomal impairment induced by nanoparticles. (a) Localization of fluorescently labeled
nanoparticles (green) in lysosomal compartments. Cells were treated for 12 h with nanoparticles 50
ug Fe mL™ and labeled with LysoTracker™ Red DND-99 (red). Nuclei were stained with hoechst
33342 nuclear stain (blue). Merge of green and red gives yellow color. Labeled cells were then imaged
using spinning disk confocal microscopy. (b) IXplore SpinSR Olympus super-resolution microscopy
of lysosomes. Cells were treated for 12 h with nanoparticles 50 pug Fe mL™ (green) and labeled with
LysoTracker™ Red DND-99 (red). Scale bar for the zoomed insert is 1 um. (c) Colocalization analysis
of nanoparticles and lysosomes from images (a) is presented. Quantifications performed using Image]J
are presented as means of n =25 cells. (d) Measurements of the lysosomal diameter upon nanoparticle
uptake. Super-resolution images (b) were quantified using Image] software. Quantifications are
presented as means of 1 =34 cells. (***) p <0.001 denotes significant differences with respect to control
(no particles treatment). (e) Assessment of lysosomal circularity out of super-resolution images (b).
Circularity was calculated using Image] software. Quantifications are presented as means of n =34
cells. (***) p < 0.001 denotes significant differences with respect to control (no particles treatment). (f)
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Lysosomal integrity as measured by acridine orange (AO) red fluorescence decrease. Cells were
treated with indicated concentrations of nanoparticles for 24 h, stained with AO and then the
fluorescence intensity was measured using a fluorescent microplate reader. The data are expressed as
mean + SEM, n=3 each. (**) p < 0.01 denotes significant differences. (g) Nanoparticles impair
maturation of pro-cathepsin B in Alexander and Huh? cells but not in HepG2. Cells were stimulated
with nanoparticles at indicated concentrations for 12 h. Expression of cathepsin B was analyzed by
immunoblotting. Positive control—serum starvation for 12 h. Actin denotes loading control.
Densitometric quantification of blots is shown in Figure S7 of Supplemental Materials.

A range of biological functions is regulated by lysosomal cathepsins. Deregulation of cathepsins
(specifically, cathepsins B) is a validated hallmark of lysosomal dysfunction [72,73]. Therefore, we
analyzed how NP treatment affect cathepsins B. Consistent with lysosomal integrity (Figure 5f and
Supplementary Figure S6), there was no noticeable effect on cathepsins B expression in HepG2 cells
(Figure 5g and Supplementary Figure S7). However, Alexander and Huh? cells treated with NPs
showed increased expression of cathepsins B (Figure 5g and Supplementary Figure S7). Moreover, in
both cell lines NPs inhibited conversion of pro-cathepsin B into the proteolytically active mature form
(Figure 5g and Supplementary Figure S7). These data clearly indicate that NP treatment results in
lysosomal dysfunction in Alexander and Huh? cells. In line with lysosomal integrity observations
(Figure 5f and Supplementary Figure S6), Huh7 were the most sensitive in terms of lysosomal
dysfunction upon NP treatment (Figure 5g and Supplementary Figure S7). As a result of severe
lysosomal damage, cathepsins are released from lysosomal lumen to cytosol and cause damage of
mitochondria, which augment autophagy [68-70]. Thus, we checked mitochondria damage by JC-1
staining. Indeed, NP treatment resulted in reduction of mitochondrial membrane potential (Am®) in
Alexander and Huh? cells, as evidenced by the fluorescent intensity decrease of retained JC-1 red
aggregates (Supplementary Figure S8). However, we did not observe any changes in the
mitochondrial integrity in response to NPs (Supplementary Figure S8). Thus, these data confirm only
mild lysosomal impairment induced by NPs.

The end point of NP trafficking by the cell is a formation of mature endolysosomes [63-65],
which are characterized by the presence of Rab7/LAMP1-vesicles [74,75]. Indeed, NPs treatment lead
to significant increase in Rab7/LAMP1 colocalization in all three cell lines (Figure 6a and
Supplementary Figure S9), indicating that NP treatment leads to the formation of terminal endocytic
vesicles. Interestingly, in HepG2 and Huh? cells NP treatment resulted in increased expression of
total Rab7 protein (Figure 6b), whereas Alexander cell showed no differences in Rab7 expression
(Figure 6b).

3.4. Iron Oxide Nanoparticles Modulate Autophagic Flux and Mtor Activity in Hepatic Cells

Emerging evidence suggest that various types of nanoparticles, including iron oxide, modulate
autophagy in a lysosome-dependent manner [28,63,71,76-78]. Indeed, it is widely accepted that NPs
may induce autophagy dysfunction via either overstimulation of autophagic flux or inhibition of
autophagosome degradation [28,63,71,76-78]. In fact, the detailed mechanism of how iron oxide NPs
affect autophagy function is not fully understood. Therefore, we further evaluated how iron oxide
NP affect the activity of crucial autophagy-related proteins. Expression of LC3 protein represents a
classical autophagic marker [79,80].

Indeed, consistently, with the increased cathepsins B expression (Figure 5g) and mild lysosomal
impairment (Figure 5f and Supplementary Figure 56) we found elevated levels of LC3 protein upon
NP treatment in Alexander and Huh? cells (Figure 6b). In line with autophagic flux induction in
Alexander cells, we found down-regulation of mTOR phosphorylation (Figure 6b).
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Figure 6. Nanoparticle treatment-induced autophagic flux is cell line dependent. (a) Colocalization
analysis of nanoparticles and Rab7 protein. Cells were treated for 12 h with nanoparticles 50 ug Fe
mL7, fixed and immunostained for LAMP1 (red) and Rab7 (green). Labeled cells were then imaged
using spinning disk confocal microscopy. Colocalization quantifications were done in Image] and
presented as means of n =25 cells. (***) p <0.001 denotes significant differences with respect to control
(no particles treatment). (b) Cells were stimulated with nanoparticles at indicated concentrations for
12 h. Expressions of pmTOR, mTOR, Rab7 and LC-3 were analyzed by immunoblotting. Positive
control —serum starvation for 12 (Alexander, Huh7) and 14 (HepG2) h. Actin denotes loading control.
Graphs show densitometric quantification of blots. (*) p < 0.05, (**) p <0.01 and (***) p <0.001 denotes
significant differences with respect to control (no particles treatment). (c¢) Confirmation of autophagic
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flux by formation of cellular autophagosome punctae containing LC3-II. Cells were treated for 12 h
with nanoparticles 50 ug Fe mL, fixed and immunostained for mTOR (red) and LC3 (green). Labeled
cells were then imaged using spinning disk confocal microscopy. Arrows indicate formation of
cellular autophagosome punctae. Positive control —serum starvation for 12 (Alexander, Huh?7) and 14
(HepG2) h. Nuclei were stained with Hoechst 33342.

In fact, the mammalian target of the rapamycin (mTOR) is a well-known regulator of autophagy,
which elevated enzymatic activity in phosphorylated form inhibits autophagy [26,27]. When
autophagic flux is executed, LC3-phosphatidylethanolamine conjugate (LC3-II) accumulates in
autophagosome membranes, which can be detected by the puncta formation in microscopy
immunofluorescent analysis [79,80]. Indeed, in Alexander cells NP treatment did not result in
lipidation of LC3 (Figure 6b,c and S10). Contrary, NP treatment in Huh? cells resulted in autophagic
flux execution confirmed by the accumulation of lipid-conjugated LC3 (Figure 6b,c and
Supplementary Figure S10). In order to validate autophagic flux in Huh7, we utilized inhibitor of
lysosomal degradation (bafilomycin A1). Indeed, co-treatment of Huh7 with NPs and bafilomycin A:
increased the number of LC3-positive puncta confirming activated autophagy (Supplementary
Figure S11). These data clearly indicate distinct autophagic responses in hepatic cells. In Alexander
cells one can see deregulation of autophagy upon NP treatment, whereas in Huh7 nanoparticles
support autophagic flux. However, unexpectedly, NPs induced elevated mTOR phosphorylation in
Huh?7 cells (Figure 6b).

It is worth noting here, that HepG2 cells showed neither significant increase in LC3 protein
levels, nor LC3 lipidation (Figure 6b,c and Supplementary Figure S510). HepG2 were as well
insensitive to NP treatment in terms of mTOR phosphorylation (Figure 6b).

A number of studies clearly indicate that NPs modulate mTOR activity [18,81,82]. Still, the
precise molecular mechanisms of mTOR signaling affected by NPs are largely unknown [18].
Therefore, we further analyzed how sub-cellular distribution and activity of mTOR might be altered
by NPs. Consistently with all above discussed data, we found no changes in mTOR activity neither
in the nucleus nor in the cytosol of HepG2 cells treated with NPs (Figure 7a—c and Supplementary
Figure 512). Interestingly, in Alexander cells NP treatment resulted in down-regulation of mTOR
phosphorylation in the nucleus but not in cytosol (Figure 7a—c and Supplementary Figure 512).
Contrary, Huh?7 treatment with NPs led to increased mTOR activity in cytosol, whereas nuclear
mTOR levels were un-changed (Figure 7a—c and Supplementary Figure 512). As a matter of fact,
classical mTOR signaling is determined at the lysosomes, where mTORCI is phosphorylated at the
lysosomal surface [25-27]. Of note, a number of studies showed that phosphorylated mTOR can be
found in nucleus [83-88], but the exact role of mTOR in the nucleus remains enigmatic [84,87]. Indeed,
increased mTOR nuclear localization has been associated with poor prognosis in patients with
different types of cancer [86,89].

3.5. p53 Sub-Cellular Localization Mediates Hepatic Cell Response to IRON Oxide Nanoparticles

The fact, that NP-cell interactions vary greatly in distinct cell types, is widely accepted [16,63—
65,90,91]. However, studies that directly compare NP-mediated effects in different cell lines of the
same lineage are still rather limited. Summarizing all the above discussed results, we can clearly
conclude that iron oxide NPs trigger very distinct, however related, signaling events in three hepatic
cell lines. Therefore, the next logical step is to evaluate what the molecular prerequisites of such
different responses are.

It is worth noting here, that Huh7 cells express the highest level of p53 protein in comparison
with Alexander and HepG2 cells [34,92-94]. Therefore, we checked the sub-cellular distribution of
p53 protein in Alexander, HepG2, and Huh7 cells.
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Figure 7. Sub-cellular localization of pmTOR is affected by nanoparticles. (a) The cytosolic (CE) and

nuclear extracts (NE) from cells treated with indicated concentrations of nanoparticles. Cells were

treated for 12 h with nanoparticles. HDAC2 serves as a nuclear marker. Expressions of pmTOR was
analyzed by immunoblotting. Positive control — serum starvation for 12 (Alexander, Huh?7) and 14
(HepG2) h. Actin denotes loading control. (b) Densitometric quantification of blots (a). The data are
expressed as mean + SEM. (*) p < 0.05, (**) p <0.01 and (***) p < 0.001 denotes significant differences
with respect to control (no particles treatment). (c) Sub-cellular localization of pmTOR upon

nanoparticle treatment. Representative confocal microscopic images and linescans of three cell lines.
Cells were treated for 12 h with nanoparticles 50 ug Fe mL, fixed and immunostained for pmTOR
(green). Positive control —serum starvation for 12 (Alexander, Huh?7) and 14 (HepG2) h. Nuclei were
stained with Hoechst 33342.

Quantitative confocal imaging analysis revealed that Huh7 express the highest total p53 protein
levels (Figure 8a,b and Supplementary Figure 513). Additionally, Alexander and Huh? cells showed
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nuclear localization of p53, whereas HepG2 had only cytosolic p53 (Figure 8a,b). Again, nuclear p53
protein levels were significantly higher in Huh?7 in comparison with Alexander cells (Figure 8a,b).
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Figure 8. Nanoparticles affect p53 nuclear shuttling. (a—b) Representative confocal microscopic
images and quantification of p53 sub-cellular localization in distinct cell lines. Huh7, HepG2 and
Alexander cells were fixed and immunostained for p53 (red). Nuclei were stained with Hoechst 33342.
Labeled cells were then imaged using spinning disk confocal microscopy (a). Quantification of p53
cellular fluorescence (b) was done by Image] and presented as means of n = 20 cells. (###) p < 0.001
denotes significant differences. (c¢) Expressions of pmTOR and mTOR were analyzed in whole cell
lysates of HepG2, Huh?7, Alexander cells by immunoblotting. Actin—control of equal protein loading.
The graphs show densitometric quantification of pmTOR/mTOR ratio. Quantification performed
using Image]. The data are expressed as mean + SEM, n = 5-6. (###) p < 0.001 denotes significant
differences. (d—e) Representative confocal microscopic images and quantification of p53 sub-cellular
localization in distinct cell lines upon nanoparticle treatment. Cells were treated for 12 h with
nanoparticles 50 ug Fe mL7, fixed and immunostained for p53 (red). Labeled cells were then imaged
using spinning disk confocal microscopy (d). Positive control —serum starvation for 12 h. Nuclei were
stained with Hoechst 33342. Quantification of p53 cellular fluorescence (e) was done by Image] and
presented as means of n=20 cells. (##) p <0.01 and (###) p <0.001 denote significant differences.

Of note, both Huh7 and Alexander cell express mutated p53, and in contrast, HepG2 cells have
wild type form of p53 [92,93]. In addition, mutated p53 has been shown to enhance the mTOR activity
[95,96]. Thus, we compared level of mTOR endogenous phosphorylation in three cell lines. Indeed,
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in cells with mutated p53, namely Alexander and Huh?, ratio of phosphorylated TOR protein to total
mTOR level was significantly higher than in HepG2 (Figure 8c). In contrast, HepG2 cells show neither
elevated mTOR endogenous phosphorylation (Figure 8c) nor nuclear p53 localization (Figure 8a,b)
comparing to Huh7 and Alexander cells. However, HepG2 cells possess elevated levels of the anti-
apoptotic Bcl-2 comparing to Huh7 and Alexander cells [34,94,97]. Taking into account the reported
fluctuations concerning Bcl-2 expression in HepG2 cells in the literature [98,99], we analyzed Bcl-2
protein levels in all three cell lines. Immunoblot analysis of Bcl-2 expression revealed, that HepG2
express higher levels of the anti-apoptotic Bcl-2 when compared to Huh7 and Alexander cells
(Supplementary Figure 514).

In fact, Bcl-2 shows as well anti-autophagic activity by stabilizing lysosomal membrane and
preventing lysosomal destabilization [100,101]. As a result, cancer cells, that express elevated Bcl-2
levels, are more chemoresistant to the standard treatments that activate either apoptosis or
autophagic cell death [102,103]. Not surprisingly, we found that HepG2 cells upon NP treatment did
not exhibit lysosomal dysfunction (Figure 5g) and destabilization (Figure 5f and Supplementary
Figure S6). Additionally, cytoskeletal reorganization upon NP treatment in HepG2 is mild (Figure 4).
In fact, cytoskeletal dynamics is crucial in autophagy progression [104]. Thus, mild cytoskeletal
reorganization attenuates autophagy execution. It was shown that Bcl-2 family members may affect
cytoskeletal dynamics and cell movement [105]. Therefore, it may be plausible that high Bcl-2 levels
influence cytoskeletal reorganization in HepG2 cells. However, NP treatment resulted in formation
of terminal endocytic vesicles (Figure 6a), this in turn did not lead to execution of autophagy (Figure
6b,c).

Contrary to HepG2, endogenously elevated mTOR phosphorylation (Figure 8c) together with
p53 mutation in Alexander and Huh?7 cells make those cell lines susceptible to lysosomal dysfunction
triggered by iron oxide NPs. However, Alexander cells in response to NPs showed impaired
autophagy execution comparing with Huh? (Figure 6b,c). Taking into account active role of p53 in
autophagy regulation and crosstalk with mTOR signaling axis [95,96,106-108], we analyzed how NP
treatment would affect p53 sub-cellular localization. Indeed, NPs decreased nuclear and increased
cytosolic localization of p53 in Alexander cells (Figure 8d,e and Supplementary Figure S15).
Treatment of Huh? cells led to significant decrease of cytosolic p53 (Figure 8d,e and Supplementary
Figure S15). Consistent with data on autophagy activation (Figure 6b,c) and lysosomal dysfunction
(Figure 5f,g and Supplementary Figure S6), HepG2 cells were nonresponsive in terms of p53
localization under NP treatment (Figure 8d,e and Supplementary Figure S15).

4. Discussion

Iron oxide NPs with a dextran-based shell are known to elicit delayed cytotoxic effects in various
cell types via excessive accumulation of reactive oxygen species [12-15,58,109-113]. However, recent
studies indicate that sub-lethal treatment of cells with different types of NPs leads to observable
morphological changes [17,60,61,114,115]. In addition, even nanoparticle concentrations that do not
induce oxidative stress alter cellular morphology significantly [17]. However, the origin of a signal
that drives morphological changes upon sub-lethal treatment of cells with NPs remains unclear.

Summarizing all the data, we can derive that sub-lethal treatment with iron oxide NP leads to
NP accumulation in lysosomes. This lysosomal accumulation of NPs induces alterations in lysosomal
size and shape and progressive impairment of lysosomal function. Such lysosomal impairment is, in
fact, mild comparing to dramatic progressive LMP caused by ethanol treatment (Supplementary
Figure S6). Mild lysosomal dysfunction has been shown to support autophagic flux [71], which is in
line with our findings. The resulting lysosomal dysfunction affects sub-cellular localization of
pmTOR and p53. Progressive lysosomal dysfunction leads to initiation of autophagic flux, which is
supported by the nuclear p53. In contrast, cytosolic p53 and high levels of Bcl-2 inhibit autophagy.

Of note, Alexander cells upon NP treatment show elevation of cathepsin B (Figure 5g) and LC3
levels (Figure 6b), but do not bear lipidated form of LC3 (Figure 6c). Importantly, NP treatment of
Alexander cells leads to contemporary high cytoplasmic levels of p53 (Figure 8d,e). It should be
stressed here that the subcellular localization of p53 differently affects autophagic flux [116]. In fact,
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it has been shown that cytoplasmic p53 inhibits autophagy [117]. However, nuclear p53 activates the
autophagic pathway [116]. These data confirm our findings implicating that autophagic flux
execution upon NP treatment is impaired in Alexander cells.

We can propose a tentative signaling scheme of NP-hepatic cell interactions (Figure 9).
Altogether, our data imply that the control hub of nanoparticle-mediated responses within the cell is
the lysosome. Logically, the expression of proteins that regulate lysosomal function (e.g. Bcl-2 and
p53) greatly contributes to the cellular response to NPs. Indeed, the genetic background of the cells
predisposes their reaction to NPs. One has to take into account levels of Bcl-2 expression when
targeting lysosomes with NPs to induce apoptosis or autophagy. It is worth noting here that, in this
study, we used liver tumour cell lines. Further research is needed to assess how autophagic flux
would be executed in non-cancer cells. Our results are of great importance for the future development
of targeted nanoparticle-based therapies of various pathological conditions.
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Nucleus
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p53

e LC3-II

\
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Figure 9. Scheme of lysosomal dysfunction upon nanoparticle treatment. Sub-lethal doses of iron

oxide nanoparticles are endocytosed into lysosomes in hepatic cells within 12 h. Accumulation of
nanoparticles in lysosomal compartments leads to progressive impairment of lysosomal function. The
resulted lysosomal dysfunction probably affects sub-cellular localization of pmTOR and p53.
Progressive lysosomal dysfunction leads to initiation of autophagic flux, which is supported by
nuclear p53. Contrary cytosolic p53 and high levels of Bcl-2 inhibit autophagy.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4409/9/4/1015/s1, Table
S1: Chemicals and fluorescent probes used in the study, Table S2: Antibodies used in the study, Figure SI:
Physicochemical characterization of fluorescent (NPs-Fl) and non-fluorescent (NPs) carboxymethyldextran-
coated iron oxide nanoparticles, Figure S2: Nanoparticle-protein interaction, Figure S3: NP treatment did not
induce intracellular ROS/Superoxide (O27) production and different subcellular accumulation, Figure S4:
Cytoskeleton remodeling under NP treatment, Figure S5: Localization of fluorescently labeled nanoparticles
(green) in lysosomal compartments, Figure S6: Lysosomal integrity as measured by acridine orange (AO) red
fluorescence decrease, Figure S7: Densitometric quantification of blots represented in Figure 5g, Figure S8:
Assessment of mitochondria integrity and induction of mitochondrial membrane depolarization by NP
treatment, Figure S9: Colocalization analysis of nanoparticles and Rab7 protein, Figure S10: Confirmation of
autophagic flux by formation of cellular autophagosome punctae containing LC3-II, Figure S11: Confirmation
of autophagic flux induced by NP in Huh?7 cells, Figure S12: Sub-cellular localization of pmTOR upon
nanoparticle treatment, Figure S13: Representative confocal microscopic images of p53 sub-cellular localization
in distinct cell lines, Figure S14: Bcl-2 was analyzed in whole cell lysates of HepG2, Huh7 and Alexander cells
by immunoblotting, Figure S15: Representative confocal microscopic images of p53 sub-cellular localization in
distinct cell lines upon nanoparticle treatment, Uncropped immunoblot scans.



Cells 2020, 9, 1015 19 of 24

Author Contributions: Conceptualization of the study was performed by O.L. and A.D. Data curation was
conducted by M.U,, B.S., A.F,, M.L. and O.L. Formal analysis was conducted by M.U,, B.S,, M.L., O.L., A.F.,, M.].
and S.K. Investigation was performed by M.U,, B.S,, M.L,, OL.,, A.D., AF, M.J. and S.K. Methodology was
performed by M.U,, B.S., M.L. and O.L. Project administration was performed by O.L. and A.D. Data analysis
was performed by M.U,, B.S,, M.L.,, O.L., M.J. and S.K. Supervision was performed by O.L. Validation was
performed by M.J. and S.K. Original draft was written by O.L., M.U., B.S., and M.L. Review and editing of the
manuscript was performed by A.F,, M.]., SK. and A.D.

Funding: This research was funded by the Czech Ministry of Education, Youth and Sports (Project No.
LTC19040).

Acknowledgments: The authors acknowledge the MH CZ—DRO Institute for Clinical and Experimental
Medicine —IKEM, IN 00023001.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wu, W, Jiang, C.Z,; Roy, V.A. Designed synthesis and surface engineering strategies of magnetic iron oxide
nanoparticles for biomedical applications. Nanoscale 2016, 8, 19421-19474.

2. Shi, J.J.; Kantoff, P.W.; Wooster, R.; Farokhzad, O.C. Cancer nanomedicine: progress, challenges and
opportunities. Nat. Rev. Cancer 2017, 17, 20-37.

3. Davis, M.E,; Chen, Z.; Shin, D.M. Nanoparticle therapeutics: an emerging treatment modality for cancer.
Nat. Rev. Drug Discov. 2008, 7, 771-782.

4. Xie, W.; Guo, Z; Gao, F.; Gao, Q.; Wang, D.; Liaw, B.S,; Cai, Q.; Sun, X.; Wang, X.; Zhao, L. Shape-, size-
and structure-controlled synthesis and biocompatibility of iron oxide nanoparticles for magnetic
theranostics. Theranostics 2018, 8, 3284-3307.

5. Martinez-Banderas, A.IL; Aires, A.; Quintanilla, M.; Holguin-Lerma, J.A.; Lozano-Pedraza, C.; Teran, F.J.;
Moreno, ].A.; Perez, J.E.; Ooi, B.S.; Ravasi, T., et al. Iron-based core-shell nanowires for combinatorial drug
delivery and photothermal and magnetic therapy. Acs Appl. Mater. Interfaces 2019, 11, 43976-43988.

6. Lunov, O.; Uzhytchak, M.; Smolkova, B.; Lunova, M.; Jirsa, M.; Dempsey, N.M.; Dias, A.L.; Bonfim, M.;
Hof, M.; Jurkiewicz, P., et al. Remote actuation of apoptosis in liver cancer cells via magneto-mechanical
modulation of iron oxide nanoparticles. Cancers 2019, 11, 1873.

7. Uzhytchak, M.; Lynnyk, A.; Zablotskii, V.; Dempsey, N.M.; Dias, A.L.; Bonfim, M.; Lunova, M.; Jirsa, M.;
Kubinova, S.; Lunov, O., et al. The use of pulsed magnetic fields to increase the uptake of iron oxide
nanoparticles by living cells. Appl. Phys. Lett. 2017, 111, 243703.

8.  Wang, Y.-XJ. Superparamagnetic iron oxide based MRI contrast agents: Current status of clinical
application. Quant. Imaging Med. Surg. 2011, 1, 35-40.

9. Wang, Y.X]J.; Idee, ] M. A comprehensive literatures update of clinical researches of superparamagnetic
resonance iron oxide nanoparticles for magnetic resonance imaging. Quant. Imaging Med. Surg. 2017, 7, 88—
122.

10. Bobo, D.; Robinson, K.J.; Islam, J.; Thurecht, K.J.; Corrie, S.R. Nanoparticle-based medicines: A review of
FDA-approved materials and clinical trials to date. Pharm. Res. 2016, 33, 2373-2387.

11.  Kendall, M.; Lynch, I. Long-term monitoring for nanomedicine implants and drugs. Nat. Nanotechnol. 2016,
11, 206-210.

12.  Hsiao, ].K,; Chu, H.H.; Wang, Y.H.; Lai, CW.; Chou, P.T.; Hsieh, S.T.; Wang, J.L.; Liu, H.M. Macrophage
physiological function after superparamagnetic iron oxide labeling. Nmr Biomed. 2008, 21, 820-829.

13. Lunov, O,; Syrovets, T.; Buchele, B.; Jiang, X.; Rocker, C.; Tron, K.; Nienhaus, G.U.; Walther, P.; Mailander,
V.; Landfester, K., et al. The effect of carboxydextran-coated superparamagnetic iron oxide nanoparticles
on c-Jun N-terminal kinase-mediated apoptosis in human macrophages. Biomaterials 2010, 31, 5063-5071.

14. Lunov, O.; Syrovets, T.; Rocker, C.; Tron, K,; Nienhaus, G.U.; Rasche, V.; Mailander, V.; Landfester, K,;
Simmet, T. Lysosomal degradation of the carboxydextran shell of coated superparamagnetic iron oxide
nanoparticles and the fate of professional phagocytes. Biomaterials 2010, 31, 9015-9022.

15. Bae, J.E; Huh, M.I; Ryu, B.K;; Do, J.Y,; Jin, 5.U.; Moon, M.].; Jung, ].C.; Chang, Y.; Kim, E.; Chi, 5.G,, et al.
The effect of static magnetic fields on the aggregation and cytotoxicity of magnetic nanoparticles.
Biomaterials 2011, 32, 9401-9414.



Cells 2020, 9, 1015 20 of 24

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Mirshafiee, V.; Sun, B.; Chang, C.H.; Liao, Y.P.; Jiang, W.; Jiang, J.; Liu, X.; Wang, X.; Xia, T.; Nel, A.E.
Toxicological profiling of metal oxide nanoparticles in liver context reveals pyroptosis in kupffer cells and
macrophages versus apoptosis in hepatocytes. Acs Nano 2018, 12, 3836-3852.

Ma, X.; Hartmann, R.; Jimenez de Aberasturi, D.; Yang, F.; Soenen, S.J.H.; Manshian, B.B.; Franz, J.;
Valdeperez, D.; Pelaz, B.; Feliu, N., et al. Colloidal gold nanoparticles induce changes in cellular and
subcellular morphology. Acs Nano 2017, 11, 7807-7820.

Lunova, M.; Smolkova, B.; Lynnyk, A.; Uzhytchak, M.; Jirsa, M.; Kubinova, S.; Dejneka, A.; Lunov, O.
Targeting the mTOR signaling pathway utilizing nanoparticles: A critical overview. Cancers 2019, 11, 82.
Zhang, Y.N.; Poon, W.; Tavares, A.J.; McGilvray, I.D.; Chan, W.C.W. Nanoparticle-liver interactions:
Cellular uptake and hepatobiliary elimination. J. Control. Release 2016, 240, 332-348.

Tsoi, KM.; MacParland, S.A.; Ma, X.Z.; Spetzler, V.N.; Echeverri, ].; Ouyang, B.; Fadel, S.M.; Sykes, E.A.;
Goldaracena, N.; Kaths, .M., et al. Mechanism of hard-nanomaterial clearance by the liver. Nat. Mater. 2016,
15, 1212-1221.

Peng, M.L.; Li, HL.; Luo, Z.Y.; Kong, J.; Wan, Y.S.; Zheng, L.M.; Zhang, Q.L.; Niu, H.X.; Vermorken, A;
Van de Ven, W., et al. Dextran-coated superparamagnetic nanoparticles as potential cancer drug carriers
in vivo. Nanoscale 2015, 7, 11155-11162.

Tassa, C.; Shaw, S.Y.; Weissleder, R. Dextran-coated iron oxide nanoparticles: a versatile platform for
targeted molecular imaging, molecular diagnostics, and therapy. Acc. Chem. Res. 2011, 44, 842-852.

Lunov, O.; Zablotskii, V.; Syrovets, T.; Rocker, C.; Tron, K.; Nienhaus, G.U.; Simmet, T. Modeling receptor-
mediated endocytosis of polymer-functionalized iron oxide nanoparticles by human macrophages.
Biomaterials 2011, 32, 547-555.

Behzadi, S.; Serpooshan, V.; Tao, W.; Hamaly, M.A.; Alkawareek, M.Y.; Dreaden, E.C.; Brown, D.; Alkilany,
A.M.,; Farokhzad, O.C.; Mahmoudi, M. Cellular uptake of nanoparticles: journey inside the cell. Chem. Soc.
Rev. 2017, 46, 4218-4244.

Sabatini, D.M. Twenty-five years of mTOR: Uncovering the link from nutrients to growth. Proc. Natl. Acad.
Sci. USA. 2017, 114, 11818-11825.

Jung, C.H.; Ro, S.H.; Cao, J.; Otto, N.M.; Kim, D.H. mTOR regulation of autophagy. Febs Lett. 2010, 584,
1287-1295.

Lim, C.Y.; Zoncu, R. The lysosome as a command-and-control center for cellular metabolism. J. Cell Biol.
2016, 214, 653-664.

Jin, RR; Liu, L.; Zhu, W.C,; Li, D.Y,; Yang, L.; Duan, ].M.; Cai, Z.Y.; Nie, Y.; Zhang, Y.J.; Gong, Q.Y., et al.
Iron oxide nanoparticles promote macrophage autophagy and inflammatory response through activation
of toll-like Receptor-4 signaling. Biomaterials 2019, 203, 23-30.

Cordani, M.; Somoza, A. Targeting autophagy using metallic nanoparticles: a promising strategy for cancer
treatment. Cell. Mol. Life Sci. 2019, 76, 1215-1242.

Lu, Y.C; Luo, P.C,; Huang, CW,; Leu, Y.L; Wang, T.H.; Wei, K.C.; Wang, H.E.; Ma, Y.H. Augmented
cellular uptake of nanoparticles using tea catechins: effect of surface modification on nanoparticle-cell
interaction. Nanoscale 2014, 6, 10297-10306.

Hua, X;; Tan, S.; Bandara, H.M.; Fu, Y,; Liu, S.; Smyth, H.D. Externally controlled triggered-release of drug
from PLGA micro and nanoparticles. PloS ONE 2014, 9, e114271.

Marcus, M.; Karni, M.; Baranes, K.; Levy, I.; Alon, N.; Margel, S.; Shefi, O. Iron oxide nanoparticles for
neuronal cell applications: uptake study and magnetic manipulations. ]. Nanobiotechnology 2016, 14, 37.
Domey, J.; Bergemann, C.; Bremer-Streck, S.; Krumbein, I.; Reichenbach, J.R.; Teichgraber, U.; Hilger, L.
Long-term prevalence of NIRF-labeled magnetic nanoparticles for the diagnostic and intraoperative
imaging of inflammation. Nanotoxicology 2016, 10, 20-31.

Lunova, M.; Smolkova, B.; Uzhytchak, M.; Janouskova, K.Z,; Jirsa, M.; Egorova, D.; Kulikov, A.; Kubinova,
S.; Dejneka, A.; Lunov, O. Light-induced modulation of the mitochondrial respiratory chain activity:
possibilities and limitations. Cell. Mol. Life Sci. 2019, 10.1007/s00018-019-03321-z.

Bai, J.; Pagano, R.E. Measurement of spontaneous transfer and transbilayer movement of BODIPY-labeled
lipids in lipid vesicles. Biochemistry 1997, 36, 8840-8848.

Naguib, Y.M. A fluorometric method for measurement of peroxyl radical scavenging activities of lipophilic
antioxidants. Anal. Biochem. 1998, 265, 290-298.



Cells 2020, 9, 1015 21 of 24

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Drummen, G.P.C; van Liebergen, L.C.M.; Op den Kamp, J.A.F.; Post, J.A. C11-BODIPY581/591, an
oxidation-sensitive fluorescent lipid peroxidation probe: (Micro)spectroscopic characterization and
validation of methodology. Free Radic. Bio. Med. 2002, 33, 473-490.

Cheloni, G.; Slaveykova, V.I. Optimization of the C11-BODIPY581/591 Dye for the Determination of Lipid
Oxidation in Chlamydomonas reinhardtii by Flow Cytometry. Cytom. Part. A 2013, 83, 952-961.

Pap, EH.W.; Drummen, G.P.C.; Winter, V.J.; Kooij, T.W.A.; Rijken, P.; Wirtz, KW.A_; Op den Kamp, J.A.F.;
Hage, W.J.; Post, J.A. Ratio-fluorescence microscopy of lipid oxidation in living cells using C11-
BODIPY581/591. Febs Lett. 1999, 453, 278-282.

Vranic, S.; Boggetto, N.; Contremoulins, V.; Mornet, S.; Reinhardt, N.; Marano, F.; Baeza-Squiban, A.;
Boland, S. Deciphering the mechanisms of cellular uptake of engineered nanoparticles by accurate
evaluation of internalization using imaging flow cytometry. Part. Fibre Toxicol. 2013, 10, 2.
Jevprasesphant, R.; Penny, J.; Attwood, D.; D'Emanuele, A. Transport of dendrimer nanocarriers through
epithelial cells via the transcellular route. . Control. Release 2004, 97, 259-267.

Hachani, R.; Birchall, M.A.; Lowdell, M.W.; Kasparis, G.; Tung, L.; Manshian, B.B.; Soenen, S.J.; Gsell, W.;
Himmelreich, U.; Gharagouzloo, C.A., et al. Assessing cell-nanoparticle interactions by high content
imaging of biocompatible iron oxide nanoparticles as potential contrast agents for magnetic resonance
imaging. Sci. Rep. 2017, 7, 7850.

Zuliani, T.; Duval, R,; Jayat, C.; Schnebert, S.; Andre, P.; Dumas, M.; Ratinaud, M.H. Sensitive and reliable
JC-1 and TOTO-3 double staining to assess mitochondrial transmembrane potential and plasma membrane
integrity: interest for cell death investigations. Cytom. Part. A 2003, 54, 100-108.

Lunov, O.; Zablotskii, V.; Churpita, O.; Lunova, M.; Jirsa, M.; Dejneka, A.; Kubinova, S. Chemically
different non-thermal plasmas target distinct cell death pathways. Sci. Rep. 2017, 7, 600.

Torrano, A.A.; Blechinger, J.; Osseforth, C.; Argyo, C.; Reller, A.; Bein, T.; Michaelis, J.; Brauchle, C. A fast
analysis method to quantify nanoparticle uptake on a single cell level. Nanomedicine 2013, 8, 1815-1828.
Blechinger, J.; Bauer, A.T.; Torrano, A.A.; Gorzelanny, C.; Brauchle, C.; Schneider, S.W. Uptake kinetics and
nanotoxicity of silica nanoparticles are cell type dependent. Small 2013, 9, 3970-3980.

Hamilton, N. Quantification and its applications in fluorescent microscopy imaging. Traffic 2009, 10, 951—
961.

Jonkman, J.; Brown, C.M.; Wright, G.D.; Anderson, K.I.; North, A.]J. Tutorial: guidance for quantitative
confocal microscopy. Nat. Protoc. 2020, 10.1038/s41596-020-0313-9.

Lee, ].Y.; Kitaoka, M. A beginner's guide to rigor and reproducibility in fluorescence imaging experiments.
Mol. Biol. Cell 2018, 29, 1519-1525.

Dell, R.B.; Holleran, S.; Ramakrishnan, R. Sample size determination. Ilar J. 2002, 43, 207-213.

Estelrich, J.; Sanchez-Martin, M.].; Busquets, M.A. Nanoparticles in magnetic resonance imaging: from
simple to dual contrast agents. Int. ]. Nanomed. 2015, 10, 1727-1741.

Wei, H.; Bruns, O.T.; Kaul, M.G.; Hansen, E.C.; Barch, M.; Wisniowska, A.; Chen, O.; Chen, Y.; Li, N.;
Okada, S., et al. Exceedingly small iron oxide nanoparticles as positive MRI contrast agents. Proc. Natl. Acad.
Sci. USA. 2017, 114, 2325-2330.

Wang, H.L.; Thorling, C.A.; Liang, X.W; Bridle, K.R.; Grice, J.E.; Zhu, Y.A.; Crawford, D.H.G.; Xu, Z.P.;
Liu, X.; Roberts, M.S. Diagnostic imaging and therapeutic application of nanoparticles targeting the liver.
J. Mater. Chem. B 2015, 3, 939-958.

Feliu, N.; Docter, D.; Heine, M.; Del Pino, P.; Ashraf, S.; Kolosnjaj-Tabi, J.; Macchiarini, P.; Nielsen, P.;
Alloyeau, D.; Gazeau, F., et al. In vivo degeneration and the fate of inorganic nanoparticles. Chem. Soc. Rev.
2016, 45, 2440-2457.

Docter, D.; Westmeier, D.; Markiewicz, M.; Stolte, S.; Knauer, S.K.; Stauber, R.H. The nanoparticle
biomolecule corona: lessons learned - challenge accepted? Chem. Soc. Rev. 2015, 44, 6094-6121.

Lunova, M.; Prokhorov, A.; Jirsa, M.; Hof, M.; Olzynska, A.; Jurkiewicz, P.; Kubinova, S.; Lunov, O.;
Dejneka, A. Nanoparticle core stability and surface functionalization drive the mTOR signaling pathway
in hepatocellular cell lines. Sci. Rep. 2017, 7, 16049.

Yu, M.; Zheng, J. Clearance pathways and tumor targeting of imaging nanoparticles. Acs Nano 2015, 9,
6655-6674.

Feng, Q.; Liu, Y.; Huang, J.; Chen, K.; Huang, J.; Xiao, K. Uptake, distribution, clearance, and toxicity of
iron oxide nanoparticles with different sizes and coatings. Sci. Rep. 2018, 8, 2082.



Cells 2020, 9, 1015 22 of 24

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Hamm, B,; Staks, T.; Taupitz, M.; Maibauer, R.; Speidel, A.; Huppertz, A.; Frenzel, T.; Lawaczeck, R.; Wolf,
K.J.; Lange, L. Contrast-enhanced MR imaging of liver and spleen: first experience in humans with a new
superparamagnetic iron oxide. J. Magn. Reson. Imaging 1994, 4, 659-668.

Panariti, A.; Miserocchi, G.; Rivolta, I. The effect of nanoparticle uptake on cellular behavior: disrupting or
enabling functions? Nanotechnol. Sci. Appl. 2012, 5, 87-100.

Mao, Z.; Xu, B.; Ji, X.; Zhou, K; Zhang, X.; Chen, M.; Han, X,; Tang, Q.; Wang, X.; Xia, Y. Titanium dioxide
nanoparticles alter cellular morphology via disturbing the microtubule dynamics. Nanoscale 2015, 7, 8466—
8475.

Hayashi, S.; Okada, Y. Ultrafast superresolution fluorescence imaging with spinning disk confocal
microscope optics. Mol. Biol. Cell 2015, 26, 1743-1751.

Rathore, B.; Sunwoo, K.; Jangili, P.; Kim, J.; Kim, ].H.; Huang, M.N.; Xiong, J.; Sharma, A.; Yang, Z.G.; Qu,
J.L., et al. Nanomaterial designing strategies related to cell lysosome and their biomedical applications: A
review. Biomaterials 2019, 211, 25-47.

Zhang, X.Q.; Xu, X,; Bertrand, N.; Pridgen, E.; Swami, A.; Farokhzad, O.C. Interactions of nanomaterials
and biological systems: Implications to personalized nanomedicine. Adv. Drug Deliv. Rev. 2012, 64, 1363—
1384.

Nel, A.E.; Madler, L.; Velegol, D.; Xia, T.; Hoek, E.M.V.; Somasundaran, P.; Klaessig, F.; Castranova, V.;
Thompson, M. Understanding biophysicochemical interactions at the nano-bio interface. Nat. Mater. 2009,
8, 543-557.

Xu, H.; Ren, D. Lysosomal physiology. Annu. Rev. Physiol. 2015, 77, 57-80.

Sorkin, A.; von Zastrow, M. Endocytosis and signalling: intertwining molecular networks. Nat. Rev. Mol.
Cell Biol. 2009, 10, 609-622.

Dikic, L; Elazar, Z. Mechanism and medical implications of mammalian autophagy. Nat. Rev. Mol. Cell Biol.
2018, 19, 349-364.

Rodriguez-Muela, N.; Hernandez-Pinto, A.M.; Serrano-Puebla, A.; Garcia-Ledo, L.; Latorre, S.H.; de la
Rosa, E.J.; Boya, P. Lysosomal membrane permeabilization and autophagy blockade contribute to
photoreceptor cell death in a mouse model of retinitis pigmentosa. Cell Death Differ. 2015, 22, 476-487.
Song, X.B.; Liu, G,; Liu, F,; Yan, Z.G.; Wang, Z.Y; Liu, Z.P.; Wang, L. Autophagy blockade and lysosomal
membrane permeabilization contribute to lead-induced nephrotoxicity in primary rat proximal tubular
cells. Cell Death Dis. 2017, 8, €2863.

Wang, F.; Salvati, A.; Boya, P. Lysosome-dependent cell death and deregulated autophagy induced by
amine-modified polystyrene nanoparticles. Open Biol. 2018, 8, 170271.

Qi, X.; Man, S.M.; Malireddi, R.K,; Karki, R.; Lupfer, C.; Gurung, P.; Neale, G.; Guy, C.S.; Lamkanfi, M.;
Kanneganti, T.D. Cathepsin B modulates lysosomal biogenesis and host defense against Francisella
novicida infection. J. Exp. Med. 2016, 213, 2081-2097.

Cermak, S.; Kosicek, M.; Mladenovic-Djordjevic, A.; Smiljanic, K.; Kanazir, S.; Hecimovic, S. Loss of
cathepsin B and L leads to lysosomal dysfunction, NPC-like cholesterol sequestration and accumulation of
the key Alzheimer's proteins. Plos ONE 2016, 11, e0167428.

Humphries, W.H.t.; Szymanski, C.J.; Payne, C.K. Endo-lysosomal vesicles positive for Rab7 and LAMP1
are terminal vesicles for the transport of dextran. Plos ONE 2011, 6, €26626.

Cheng, X.T.; Xie, Y.X.; Zhou, B.; Huang, N.; Farfel-Becker, T.; Sheng, Z.H. Characterization of LAMP1-
labeled nondegradative lysosomal and endocytic compartments in neurons. J. Cell Biol. 2018, 217, 3127-
3139.

Zhao, X.Y.; Wei, S.S,; Li, Z.].; Lin, C.; Zhu, Z.F.; Sun, D.S,; Bai, R.P.; Qian, J.; Gao, X.W.; Chen, G.D., et al.
Autophagic flux blockage in alveolar epithelial cells is essential in silica nanoparticle-induced pulmonary
fibrosis. Cell Death Dis. 2019, 10, 127.

Wang, J.; Yu, Y,; Lu, K;; Yang, M,; Li, Y.; Zhou, X.; Sun, Z. Silica nanoparticles induce autophagy
dysfunction via lysosomal impairment and inhibition of autophagosome degradation in hepatocytes. Int.
J. Nanomed. 2017, 12, 809-825.

Dukhinova, M.S,; Prilepskii, A.Y.; Shtil, A.A.; Vinogradov, V.V. Metal oxide nanoparticles in therapeutic
regulation of macrophage functions. Nanomaterials 2019, 9, 1631.

Galluzzi, L.; Bravo-San Pedro, ].M.; Levine, B.; Green, D.R.; Kroemer, G. Pharmacological modulation of
autophagy: therapeutic potential and persisting obstacles. Nat. Rev. Drug Discov. 2017, 16, 487-511.



Cells 2020, 9, 1015 23 of 24

80.

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

Chen, Q.; Kang, J.; Fu, C.Y. The independence of and associations among apoptosis, autophagy, and
necrosis. Signal. Transduct. Target. Ther. 2018, 3, 18.

Loos, C.; Syrovets, T.; Musyanovych, A.; Mailander, V.; Landfester, K.; Simmet, T. Amino-functionalized
nanoparticles as inhibitors of mTOR and inducers of cell cycle arrest in leukemia cells. Biomaterials 2014,
35, 1944-1953.

Hulea, L.; Markovic, Z.; Topisirovic, 1.; Simmet, T.; Trajkovic, V. Biomedical potential of mTOR modulation
by nanoparticles. Trends Biotechnol. 2016, 34, 349-353.

Jhanwar-Uniyal, M.; Jeevan, D.; Neil, ]J.; Shannon, C.; Albert, L.; Murali, R. Deconstructing mTOR
complexes in regulation of Glioblastoma Multiforme and its stem cells. Adv. Biol. Regul. 2013, 53, 202-210.
Jiang, Y. mTOR goes to the nucleus. Cell Cycle 2010, 9, 868.

Zhou, X,; Clister, T.L.; Lowry, P.R.; Seldin, M.M.; Wong, G.W.; Zhang, ]. Dynamic visualization of mTORC1
activity in living cells. Cell Rep. 2015, 10, 1767-1777.

Dobashi, Y.; Suzuki, S.; Sato, E.; Hamada, Y.; Yanagawa, T.; Ooi, A. EGFR-dependent and independent
activation of Akt/mTOR cascade in bone and soft tissue tumors. Mod. Pathol. 2009, 22, 1328-1340.

Betz, C.; Hall, M.N. Where is mTOR and what is it doing there? J. Cell Biol. 2013, 203, 563-574.

Li, H.; Tsang, C.K.; Watkins, M.; Bertram, P.G.; Zheng, X.F. Nutrient regulates Torl nuclear localization
and association with rDNA promoter. Nature 2006, 442, 1058-1061.

Audet-Walsh, E.; Dufour, C.R.; Yee, T.; Zouanat, F.Z.; Yan, M.; Kalloghlian, G.; Vernier, M.; Caron, M.;
Bourque, G.; Scarlata, E., et al. Nuclear mTOR acts as a transcriptional integrator of the androgen signaling
pathway in prostate cancer. Gene Dev. 2017, 31, 1228-1242.

Serpooshan, V.; Sheibani, S.; Pushparaj, P.; Wojcik, M.; Jang, A.Y.; Santoso, M.R,; Jang, ].H.; Huang, H.;
Safavi-Sohi, R.; Haghjoo, N., et al. Effect of cell sex on uptake of nanoparticles: The overlooked factor at the
nanobio interface. Acs Nano 2018, 12, 2253-2266.

Lunov, O.; Syrovets, T.; Loos, C.; Beil, J.; Delacher, M.; Tron, K.; Nienhaus, G.U.; Musyanovych, A.;
Mailander, V.; Landfester, K., et al. Differential uptake of functionalized polystyrene nanoparticles by
human macrophages and a monocytic cell line. Acs Nano 2011, 5, 1657-1669.

Cagatay, T.; Ozturk, M. p53 mutation as a source of aberrant beta-catenin accumulation in cancer cells.
Oncogene 2002, 21, 7971-7980.

Bressac, B.; Galvin, K.M.; Liang, T.J.; Isselbacher, K.J.; Wands, J.R.; Ozturk, M. Abnormal structure and
expression of p53 gene in human hepatocellular carcinoma. Proc. Natl. Acad. Sci. USA. 1990, 87, 1973-1977.
Smolkova, B.; Lunova, M.; Lynnyk, A.; Uzhytchak, M.; Churpita, O.; Jirsa, M.; Kubinova, S.; Lunov, O.;
Dejneka, A. Non-thermal plasma, as a new physicochemical source, to induce redox imbalance and
subsequent cell death in liver cancer cell lines. Cell. Physiol. Biochem. 2019, 52, 119-140.

Zhang, Z.Y.; Hong, D.; Nam, S.H.; Kim, ].M.; Paik, Y.H.; Joh, JW.; Kwon, C.H; Park, ].B.; Choi, G.S.; Jang,
K.Y, et al. SIRT1 regulates oncogenesis via a mutant p53-dependent pathway in hepatocellular carcinoma.
J. Hepatol. 2015, 62, 121-130.

Agarwal, S.; Bell, C.M.; Taylor, S.M.; Moran, R.G. p53 deletion or hotspot mutations enhance mTORC1
activity by altering lysosomal dynamics of TSC2 and Rheb. Mol. Cancer Res. 2016, 14, 66-77.

Ni, Z; Wang, B.; Dai, X; Ding, W.; Yang, T.; Li, X,; Lewin, S.; Xu, L.; Lian, J.; He, F. HCC cells with high
levels of Bcl-2 are resistant to ABT-737 via activation of the ROS-JNK-autophagy pathway. Free Radic. Biol.
Med. 2014, 70, 194-203.

Luo, D.; Cheng, S.C.; Xie, Y. Expression of Bcl-2 family proteins during chemotherapeutic agents-induced
apoptosis in the hepatoblastoma HepG2 cell line. Br. |. Biomed. Sci. 1999, 56, 114-122.

Li, CH,; Li, W.Y,; Hsu, LN,; Liao, Y.Y.; Yang, C.Y.; Taylor, M.C.; Liu, Y.F.; Huang, W.H.; Chang, HH.;
Huang, H.L., et al. Recombinant aflatoxin-degrading F420H2-dependent reductase from mycobacterium
smegmatis protects mammalian cells from aflatoxin toxicity. Toxins 2019, 11, 259.

Johansson, A.C.; Appelqvist, H.; Nilsson, C.; Kagedal, K.; Roberg, K.; Ollinger, K. Regulation of apoptosis-
associated lysosomal membrane permeabilization. Apoptosis 2010, 15, 527-540.

Mrschtik, M.; Ryan, K.M. Lysosomal proteins in cell death and autophagy. Febs J. 2015, 282, 1858-1870.
Nedeljkovic, M.; Damjanovic, A. Mechanisms of chemotherapy resistance in triple-negative breast cancer-
How we can rise to the challenge. Cells 2019, 8, 957.

Mentoor, I.; Engelbrecht, A.M.; van Jaarsveld, P.J.; Nell, T. Chemoresistance: Intricate interplay between
breast tumor cells and adipocytes in the tumor microenvironment. Front. Endocrinol. 2018, 9, 758.

Kast, D.J.; Dominguez, R. The cytoskeleton-autophagy connection. Curr. Biol. 2017, 27, R318"CR326.



Cells 2020, 9, 1015 24 of 24

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.
117.

Bonneau, B.; Nougarede, A.; Prudent, J.; Popgeorgiev, N.; Peyrieras, N.; Rimokh, R.; Gillet, G. The Bcl-2
homolog Nrz inhibits binding of IP3 to its receptor to control calcium signaling during zebrafish epiboly.
Sci. Signal. 2014, 7, ral4.

Mantovani, F.; Collavin, L.; Del Sal, G. Mutant p53 as a guardian of the cancer cell. Cell Death Differ. 2019,
26, 199-212.

Zhou, X.; Hao, Q.; Lu, H. Mutant p53 in cancer therapy-the barrier or the path. J. Mol. Cell Biol. 2019, 11,
293-305.

Vijayakumaran, R.; Tan, K.H.; Miranda, P.J.; Haupt, S.; Haupt, Y. Regulation of mutant p53 protein
expression. Front. Oncol. 2015, 5, 284.

Oude Engberink, R.D.; van der Pol, S.M.; Dopp, E.A.; de Vries, H.E.; Blezer, E.L. Comparison of SPIO and
USPIO for in vitro labeling of human monocytes: MR detection and cell function. Radiology 2007, 243, 467—
474,

Erofeev, A.; Gorelkin, P.; Garanina, A.; Alova, A.; Efremova, M.; Vorobyeva, N.; Edwards, C.; Korchev, Y.;
Majouga, A. Novel method for rapid toxicity screening of magnetic nanoparticles. Sci. Rep. 2018, 8, 7462.
Patil, R.M.; Thorat, N.D.; Shete, P.B.; Bedge, P.A.; Gavde, S.; Joshi, M.G.; Tofail, S.A.M.; Bohara, R.A.
Comprehensive cytotoxicity studies of superparamagnetic iron oxide nanoparticles. Biochem. Biophys. Rep.
2018, 13, 63-72.

Soenen, S.J.; Himmelreich, U.; Nuytten, N.; De Cuyper, M. Cytotoxic effects of iron oxide nanoparticles and
implications for safety in cell labelling. Biomaterials 2011, 32, 195-205.

Wang, L.; Wang, Z.].; Li, XM.; Zhang, Y.; Yin, M.; Li, J.; Song, H.Y.; Shi, ].Y.; Ling, D.S.; Wang, L.H., et al.
Deciphering active biocompatibility of iron oxide nanoparticles from their intrinsic antagonism. Narno Res.
2018, 11, 2746-2755.

Lipski, A.M.; Pino, C.J.; Haselton, F.R.; Chen, LW.; Shastri, V.P. The effect of silica nanoparticle-modified
surfaces on cell morphology, cytoskeletal organization and function. Biomaterials 2008, 29, 3836-3846.
Falagan-Lotsch, P.; Grzincic, E.M.; Murphy, C.J. One low-dose exposure of gold nanoparticles induces
long-term changes in human cells. Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 13318-13323.

Denisenko, T.V.; Pivnyuk, A.D.; Zhivotovsky, B. p53-autophagy-metastasis link. Cancers 2018, 10, 148.

Paz Hernandez, M.; Oses, C.; Pefia, D.; Criollo, A.; Morselli, E. Chapter 10—Mutant p53 located in the
cytoplasm inhibits autophagy. In Autophagy: Cancer, Other Pathologies, Inflammation, Immunity, Infection, and
Aging, Hayat, M.A., Ed. Academic Press: Cambridge, MA, USA, 2016; pp. 189-203.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



