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A B S T R A C T

Non-thermal plasma (NTP) is a potential new therapeutic modality for cancer. However, its mechanism of action
remains unclear. Herein, we studied the effect of NTP on mesothelioma cells and fibroblasts to understand its
anti-proliferative efficacy. Interestingly, NTP demonstrated greater selective anti-proliferative activity against
mesothelioma cells relative to fibroblasts than cisplatin, which is used for mesothelioma treatment. The anti-
proliferative effect of NTP was enhanced by pre-incubation with the cellular iron donor, ferric ammonium citrate
(FAC), and inhibited by iron chelation using desferrioxamine (DFO). Three oxidative stress probes (CM-
H2DCFDA, MitoSOX and C11-BODIPY) demonstrated reactive oxygen species (ROS) generation by NTP, which
was inhibited by DFO. Moreover, NTP decreased transferrin receptor-1 and increased ferritin-H and -L chain
expression that was correlated with decreased iron-regulatory protein expression and RNA-binding activity. This
regulation was potentially due to increased intracellular iron in lysosomes, which was demonstrated via the Fe
(II)-selective probe, HMRhoNox-M, and was consistent with autophagic-induction. Immunofluorescence using
LysoTracker and Pepstatin A probes demonstrated increased cellular lysosome content, which was confirmed by
elevated LAMP1 expression. The enhanced lysosomal biogenesis after NTP could be due to the observed increase
in fluid-phase endocytosis and early endosome formation. These results suggest NTP acts as a stressor, which
results in increased endocytosis, lysosome content and autophagy. In fact, NTP rapidly increased autophagosome
formation, as judged by increased LC3B-II expression, which co-localized with LAMP1, indicating autophago-
lysosome formation. Autophagic-induction by NTP was confirmed using electron microscopy. In summary, NTP
acts as a cellular stressor to rapidly induce fluid-phase endocytosis, lysosome biogenesis and autophagy.

1. Introduction

Malignant mesothelioma is a rare, but highly aggressive cancer in
humans that occurs after exposure to asbestos [1,2]. The average
survival time after initial diagnosis was 13.7 months in 1992 [3] and
has not significantly improved after several decades [4]. The pathogen-
esis of the disease involves the inhalation of asbestos fibers that damage
the mesothelial cells lining the somatic cavity. The most likely

mechanism of asbestosis carcinogenicity involves both direct and
indirect genotoxicity [1,5–7]. Direct genotoxicity involves the penetra-
tion of cells by asbestos fibers, which can result in DNA strand breaks,
micronuclei formation and aneuploidy [6,8,9]. Indirect genotoxic
activity can result from the ability of asbestos fibers to generate
reactive oxygen species (ROS) [10], which may be facilitated by
increased local iron levels [11–13].

Furthermore, it has been demonstrated in laboratory studies using
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animals that the administration of a redox-active iron chelator accel-
erated mesothelioma development induced by asbestos exposure [14].
Interestingly, the chromosomal aberrations that are mediated by
asbestos fibers can be counteracted by redox-inactive iron chelators
and ROS scavengers/antioxidants [15,16]. These latter studies with the
recently developed ligand, deferasirox, underline the role of iron and
oxidative stress in the pathogenesis of malignant mesothelioma
[13,17,18].

Currently, the treatment of malignant mesothelioma involves the
combination of surgery, chemotherapy (including folate antagonists
and platinum-based drugs, such as cisplatin) and radiotherapy [19,20].
However, success with these therapeutic regimens has been dismal,
strongly demonstrating the need for new and effective treatments [21].
An interesting new form of therapy involves the generation of non-
thermal plasma (NTP) [22–24]. NTP is a partially ionized gas in which
energy is stored predominantly as free electrons and the temperature
remains as low as body temperature [25,26]. For many years, NTP has
been used in a variety of applications, such as low-temperature plasma
chemistry and the removal of gaseous pollutants [27,28]. However, in
more recent years, the use of NTP has expanded to prion inactivation
and biomedical applications, where it may have potential for the
treatment of septic wounds and cancer [29,30].

Recent studies have demonstrated that NTP shows antitumor
activity in vitro against a range of tumor cell-types, including glioblas-
toma, colorectal carcinoma, melanoma, breast cancer and hepatocel-
lular carcinoma, via the induction of DNA damage, cell cycle arrest and
apoptosis [22,31,32]. Interestingly, DNA damage resulting from the
treatment of cells with NTP activates cellular signaling through the
activation of ataxia-telangiectasia mutated and Rad3-related (ATR) to
phosphorylate the histone variant H2AX in the vicinity of the DNA
damage [25]. We recently showed that NTP exposure can cause not
only single- and double-strand DNA breaks, but also base modifications
and pyrimidine dimers [33].

Studies in vivo in mice bearing glioblastoma xenografts have
demonstrated that NTP decreased tumor volume, increased lifespan
and resulted in an accumulation of cells in the S phase of the cell cycle
[22,34,35]. Furthermore, using syngeneic and xenograft head and neck
tumor models, NTP resulted in a decrease in tumor size and a reduction
in the activation of oncogenic protein kinase B (AKT), which may be
due to increased mitochondrial E3 ubiquitin protein kinase 1 (MUL1)
expression [23,36].

While the cellular response to NTP in terms of ROS generation, cell
cycle arrest and apoptosis has been characterized, the role of iron, ROS
and autophagy in terms of the biological efficacy of NTP has not been
assessed. This is important to evaluate, considering that iron can
potentiate ROS generation, and thus, tumor cell killing. The current
investigation demonstrates for the first time that NTP is selectively
cytotoxic to mesothelioma cells and induces a cellular stress response
probably mediated via iron-induced ROS generation. This response
consists of a marked increase in fluid-phase endocytosis/pinocytosis,
early endosome formation, lysosome biogenesis and autophagy. The
pronounced induction of autophagy by NTP is important in terms of
understanding the cellular mechanism of action of this new treatment
modality.

2. Materials and methods

2.1. Materials

Cells were grown in 96-well plates and 60 mm dishes (Thermo
Fisher Scientific, Waltham, MA). Ferric ammonium citrate (FAC) and
desferrioxamine (DFO) were purchased from Sigma-Aldrich (St. Louis,
MO).

2.2. Cell culture

The human fibroblast cell line IMR 90SV was obtained from the
Riken Cell Bank (Ibaraki, Japan) and Rat-1, a rat fibroblast cell line,
was from Riken BRC (Tsukuba, Japan). The rat SM2 (sarcomatoid sub-
type) and EM2 (epithelioid sub-type) malignant mesothelioma cells
were established from rats injected with asbestos using an established
protocol [14]. All the cells were grown in RPMI-1640 medium (Wako,
Osaka, Japan) containing 10% fetal bovine serum (Biowest, Nuaillé,
France) and 1% antibiotic-antimycotic solution (Invitrogen, Carlsbad,
CA), hereafter referred to as complete medium. The cells were main-
tained at 37 °C in a humidified incubator at 5% CO2.

2.3. Non-thermal plasma

NTP was generated by following a well-established procedure [37]
using a Habahiro (wide orifice) instrument (from Prof. M. Hori, Plasma
Nanotechnology Research Center, Nagoya University, Nagoya, Japan)
by applying 10 kV from a 60 Hz commercial power supply using 2
electrodes that were 20 mm apart. The NTP was of ultra-high electron
density (approximately 2×1016 cm−3) that had an O density of
approximately 4×1015 cm−3, as previously reported [35]. Argon was
used as the gas for generating NTP and implemented at a flow rate of
2 L/min, and the distance between the plasma source and samples was
fixed at L=8 mm. In all the experiments, cells in complete media were
treated with NTP for 30–120s/25 °C and then returned to 37 °C for
various incubation periods. For studies using 96-well plates, a cover
was utilized to treat each well. As a relevant control, studies were
performed using Argon alone under the same experimental conditions.

2.4. Cell viability assay

In these studies, 5000 cells/well were seeded in 96-well plates (Cat.
#167008, Thermo Fisher Scientific) and incubated for 24 h/37 °C. The
cells were then treated with NTP for 30–120 s/25 °C. After a 24 h/37 °C
incubation in complete medium, the cell count reagent SF (Cat. #07553
Nacalai Tesque, Kyoto, Japan) was used to determine the viability of
the cells after treatment with NTP.

2.5. Analysis of reactive oxygen species production

General oxidative stress in cells was assessed using the chloromethyl
derivative of 2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA;
Cat. #c6827, Thermo Fisher Scientific). Mitochondrial superoxide was
assessed using MitoSOX (Cat. #M36008, Thermo Fisher Scientific), and
lipid peroxidation was detected by BODIPY 581/591 C11 (Cat.
#D3861, Thermo Fisher Scientific). Cells were treated with NTP and
after 0.5 h/37 °C were stained with either CM-H2DCFDA (10 µM),
MitoSOX (5 µM), or BODIPY 581/591 C11 (2 µM) in HBSS(+) for
0.5 h. The cells were then collected and analyzed using flow cytometry
(Gallios BD, Beckman Coulter, Brea, CA) to detect ROS and lipid
peroxidation.

2.6. Protein extraction and immunoblotting

Before treatment with NTP, mesothelioma cells (2.5×105) or IMR
90SV fibroblasts (1×106) were plated onto 60-mm dishes and incu-
bated for 48 h/37 °C. After treatment with NTP at different doses, cells
were then incubated for 24 h/37 °C in complete medium and subse-
quently collected and lysed to extract proteins. The primary antibodies
used for immunoblotting were against transferrin receptor 1 (Cat.
#clone H64.8; 1/500 dilution; Invitrogen), ferritin heavy (H) chain
(Cat. #sc-25617; 1/200 dilution; Santa Cruz Biotechnology, Dallas,
TX), ferritin light (L) chain (Cat. #ab69090; 1/1000 dilution; Abcam,
Cambridge, UK), LAMP1 (Cat. #ab25630; 1/200 dilution), and LC3B
(Cat. #D11, 1/1000 dilution; Cell Signaling Technology, Danvers, MA.
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In studies assessing the expression of the transcription factor EB (TFEB),
nuclear and cytoplasmic fractions were collected after centrifugation
(200 x g/5 min/4 °C), and an antibody against TFEB (Cat. #13372,
Proteintech, Rosemont, IL; 1/1000 dilution) used for immunoblotting.
Antibodies against β-actin (Cat. #clone AC-15; 1/2000 dilution; Sigma)
and lamin B (Cat. #sc-6217, Santa Cruz Biotechnology; 1/300 dilution)
were used as protein-loading controls for the cytoplasmic and nuclear
fractions, respectively.

2.7. Iron Regulatory Protein (IRP)-Iron-Responsive Element (IRE)–binding:
native gel shift assay

To assess IRP-IRE-binding activity, a Light Shift Chemiluminescent
RNA EMSA Kit was used according to the protocol provided by the
manufacturer (Cat. #77016, Thermo Fisher Scientific). Briefly, cytoso-
lic cell extracts (1.5 μg) were incubated with biotinylated IRE-RNA in
1× binding buffer, 5% (v/v) glycerol, 0.1 mg/mL tRNA, and nuclease-
free water in a total volume of 20 μL at room temperature (RT) for
20 min. The mixture was then electrophoresed on 6% (w/v) non-
denaturing polyacrylamide gels in 0.5× TBE buffer at 150 V for 3 h.
The transfer was performed using biodyne B nylon membranes and a
semi-dry transfer apparatus. The transferred RNA was cross-linked to
the membranes with a UV transilluminator for 5 min at RT. To detect
biotinylated RNA with chemiluminescence, the Chemiluminescent
Nucleic Acid Detection Module (Cat. #89880, Thermo Fisher
Scientific) was used.

2.8. Immunofluorescence using confocal microscopy

After SM2 cells were treated with NTP for 60 s, they were then
incubated for 2, 4, or 8 h/37 °C. The cells were then fixed with 4% (w/
v) paraformaldehyde for 10 min/RT, washed 3 times using PBS,
incubated with 0.1% (v/v) Triton X100 and blocked for 1 h at RT with
3% (w/v) BSA. The cells were then incubated overnight at 4 °C with
primary antibodies against LAMP1 (Cat. #ab25630; 1/2000 dilution;
Abcam) or LC3B (Cat. #D11; 1/1000 dilution; Cell Signaling
Technology), washed 3 times with PBS and incubated with the
secondary antibodies, CF™488A and CF™568 (Biotium, Inc., Fremont,
CA), respectively. A Zeiss confocal microscope (LSM880, Carl Zeiss,
Oberkochen, Germany) was used to observe cellular morphology. The
fluorescence intensity and Mander's overlap for image co-localization
were measured using ImageJ 4.7v software (National Institutes of
Health, Bethesda, MD). Fifty cells were quantified with ImageJ software
for integration of each fluorescence (wavelength) area via excluding the
cellular background. The relative intensity per cell in arbitrary units is
shown.

2.9. Catalytic Fe(II) imaging

HMRhoNox-M, a catalytic Fe(II)-specific probe, was synthesized and
characterized, as described [38]. In these studies, 2×104 SM2 cells
were plated into glass bottom dishes (Cat. #D11131H, Matsunami,
Osaka, Japan) and incubated overnight. After treatment with NTP
(60 s), the cells were incubated for 0.5 h/37 °C with HMRhoNox-M
(10 µM) in HBSS(+) and LysoTracker Green DND99 (Cat. #L7528,
ThermoFisher Scientific) simultaneously (200 nM). The cells were then
washed 3 times with HBSS(+) and imaged using the confocal micro-
scope described above. The cells were then stained with Hoechst 33342
(Cat. #H1399, Thermo Fisher Scientific) and counted.

2.10. Assessment of lysosomal membrane permeability and lysosomal
content

Live cell imaging with the confocal microscope described above was
used to detect lysosomal content by observing a potent inhibitor of
lysosomal enzymes, pepstatin A, using BODIPY FL-pepstatin A (Cat.

#P12271; Thermo Fisher Scientific). SM2 cells were treated with or
without NTP for 60 s and subsequently incubated for 4 h/37 °C. The
cells were then stained with BODIPY FL-pepstatin A (10 µM) for 30 min
and also with Hoechst 33342 (1 μg/mL).

2.11. Fluid-phase endocytosis and early endosome marker analysis

Cells were incubated with the fluid-phase endocytosis marker,
pHrodo Red Dextran (10 μg/mL; P10361, Thermo Fisher Scientific)
[39] in medium and treated with NTP for 60 s. After an incubation for
0, 2, 4 or 8 h, the cells were then fixed and incubated with an antibody
against the well-characterized early endosomal marker, EEA1 [40] (Cat.
#610457, BD BioSciences Pharmingen, San Diego, CA; 1:1000) at 4 °C
overnight. After 3 washes with PBS and then incubation with the
secondary antibody, CF™488A, the Zeiss confocal microscope above
was used to observe cellular morphology. The fluorescence intensity
and Mander's overlap coefficient for image co-localization were mea-
sured using ImageJ 4.7v software.

2.12. Transmission electron microscopy

SM2 cells were treated with or without NTP (60 s) and then
incubated for 6 h/37 °C. Then, glutaraldehyde (2 mM) in PBS (1 mM)
was used to fix the samples, implementing standard protocols [41].
Transmission electron microscopy using a JEM-1400PLUS (JEOL,
Tokyo, Japan) instrument was then performed.

2.13. Statistical analysis

The results were expressed as the mean± standard error of the
mean (SEM; 3 experiments). The statistical analysis was performed
using Student's t-test and two-way ANOVA (Bonferroni post-hoc test)
with GraphPad Prism 5 software (GraphPad Software, La Jolla, CA).

3. Results

3.1. NTP demonstrates selective anti-proliferative activity against malignant
mesothelioma cells relative to a non-tumorigenic fibroblast cell line

Previous studies have assessed the anti-proliferative activity of NTP
against various cancer cell-types in vitro relative to normal cells
[32,42,43]. To assess the efficacy and selectivity of NTP, our initial
experiments examined the activity of NTP relative to the commonly
used cytotoxic agent, cisplatin, in malignant mesothelioma cells (SM2
and EM2) relative to a non-tumorigenic fibroblast cell line [44] (IMR
90SV; Fig. 1Ai). Notably, cisplatin was used as an appropriate reference
chemotherapeutic, as it is widely used for the treatment of malignant
mesothelioma [45].

Cisplatin demonstrated little selective activity against malignant
mesothelioma cells relative to the fibroblast cell line after a 24-h
incubation (Fig. 1Ai). In fact, the IC50 of cisplatin in both malignant
mesothelioma cells (i.e., EM2 cells: 3.4± 1.5 µM; SM2 cells:
10.0±1.2 µM) was within the range found for the IMR 90SV fibroblast
cell line (9.9± 1.2 µM).

In studies using NTP, the cells were treated in complete medium for
30–120 s with NTP prior to a 24-h incubation, after which, cellular
proliferation was assessed (Fig. 1Aii). This treatment protocol with NTP
enabled an appropriate dosage schedule to assess its anti-proliferative
efficacy, which was time-dependent, and permitted the comparison to
previous studies examining the activity of NTP against non-neoplastic
cells [33]. In contrast to cisplatin, NTP demonstrated greater selective
(p<0.001) anti-proliferative activity after treatment times of 60, 90
and 120 s against both malignant mesothelioma cell lines relative to the
IMR 90SV fibroblast cell line (Fig. 1Aii). We obtained similar results
using the rat fibroblast cell line, Rat-1, which was significantly
(p<0.001) more resistant to the anti-proliferative activity of NTP than
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the SM2 and EM2 mesothelioma cell lines after 60, 90 and 120 s
(Supplementary Fig. S1). Hence, non-neoplastic cells were less sensitive
to the anti-proliferative effects of NTP than neoplastic cells. As a
relevant control for NTP treatment, which involves the use of argon gas,
SM2 cells were treated with the same argon stream under identical
experimental conditions, but without electrical activation. Notably,
argon alone had no significant (p>0.05) effect on cellular proliferation
(Fig. 1B).

In conclusion, these in vitro studies support the use of NTP as a
potential selective therapeutic strategy against malignant mesothelio-
ma cells.

3.2. Contrasting effects of iron-loading and -depletion on the anti-
proliferative efficacy of NTP against malignant mesothelioma cells

Considering the selective anti-proliferative effect of NTP on malig-
nant mesothelioma cells (Fig. 1Aii), studies were designed to under-
stand the mechanism of this activity. Previous studies have indicated
that the major biological effector of the anti-proliferative activity of
NTP is ROS generation [32,46]. As cellular iron levels can potently
mediate and accelerate the toxicity of ROS via Fenton/Haber-Weiss
chemistry [47,48], studies were designed to assess the effects of cellular
iron-loading and -depletion on the anti-proliferative efficacy of NTP
using the SM2 mesothelioma cells (Fig. 1C(i, ii)).

In these studies, SM2 cells were loaded with iron during a 3 h/37 °C
pre-incubation with a well-characterized cellular Fe donor, ferric
ammonium citrate (FAC; 6.6, 13.3, or 19.9 µg/mL) [49], in complete
medium. The cells were then treated with NTP for 30 s, and the
incubation continued in the same medium for 24 h/37 °C (Fig. 1Ci).
Notably, the studies in Fig. 1Aii demonstrated that treatment of SM2
cells with 30 s of NTP did not lead to marked anti-proliferative efficacy
after 24 h. Hence, this sub-optimal NTP dose was used to assess if FAC

could potentiate its anti-proliferative efficacy (Fig. 1Ci). In fact, pre-
incubation with FAC (at 6.6, 13.3, or 19.9 µg/mL) resulted in a marked
and significant (p<0.001) increase in the anti-proliferative efficacy of
NTP.

Considering that cellular iron-loading potentiated the activity of
NTP, studies were then designed to investigate the effect of iron-
depletion using the redox-inactive and clinically implemented “gold
standard” chelator, DFO (12.5–37.5 µM), that is known to decrease
cellular iron levels [49,50]. In these studies, cells were pre-incubated
for 3 h/37 °C with or without DFO (12.5, 25 and 37.5 µM) in complete
medium and then treated with NTP for 90 s, and the incubation
continued in the same medium for 24 h/37 °C (Fig. 1Cii). A 90 s
treatment with NTP was determined, as shown in Fig. 1Aii, to result
in marked anti-proliferative activity, and therefore, the effect of DFO in
preventing this response was tested. Interestingly, incubation with DFO
at all concentrations tested markedly and significantly (p<0.001)
prevented the anti-proliferative activity of NTP (Fig. 1Cii). In fact, DFO
at a concentration of 12.5 µM totally inhibited the anti-proliferative
activity of NTP. The observed decrease in cellular viability that
occurred with increasing DFO levels in the presence of NTP was
probably due to the ability of the chelator to bind intracellular iron
[51] and inhibit growth and viability (Fig. 1Cii).

In summary, these studies with FAC and DFO demonstrate that
cellular iron plays a significant role in the anti-proliferative activity of
NTP in malignant mesothelioma cells.

3.3. Treatment of malignant mesothelioma cells with NTP results in iron-
dependent intracellular ROS generation

Considering the marked effect of DFO in inhibiting the anti-
proliferative activity of NTP (Fig. 1C), studies were designed to examine
the NTP-mediated ROS generation after incubation with this chelator

Fig. 1. Non-thermal plasma (NTP) demonstrates selective, iron-dependent anti-proliferative activity against malignant mesothelioma cells relative to fibroblasts. (Ai, ii) IMR
90SV human lung fibroblast cells and SM2 (sarcomatoid sub-type) and EM2 (epithelioid sub-type) rat malignant mesothelioma cells were treated with cisplatin (0.5–100 µM) or NTP
(30–120 s), and the cell viability was examined after an incubation of 24 h/37 °C. (B) SM2 cells were treated with argon (Ar; control) or NTP (30–120 s), and the cell viability was
assessed after an incubation of 24 h/37 °C. (Ci) SM2 cells were loaded with iron during a 3 h/37 °C pre-incubation with the cellular Fe donor, ferric ammonium citrate (FAC; 6.6, 13.3, or
19.9 µg/mL), in complete medium. The cells were then treated with NTP for 30 s, and the incubation continued in the same medium for 24 h/37 °C. The viability was then assessed. (Cii)
SM2 cells were pre-incubated for 3 h/37 °C with or without DFO (12.5, 25 and 37.5 µM) in complete medium and then treated with NTP for 90 s, and the incubation continued in the
same medium for 24 h/37 °C. The cellular viability was then examined. The results are shown as the mean± SEM (n=3). ***, p<0.001 vs. control.
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(Fig. 2Ai–iii). To assess intracellular ROS generation, three well-
characterized redox-sensitive probes were utilized, namely, CM-
H2DCF-DA (10 µM; Fig. 2Ai), MitoSOX (5 µM; Fig. 2Aii) and C11-
BODIPY (2 µM; Fig. 2Aiii) [52–54].

In these studies, SM2 cells were pre-incubated with complete
medium or medium containing DFO (12.5 µM) for 3 h/37 °C and then
treated with NTP for 60 s. The incubation of the cells was then
continued for 30 min/37 °C (Fig. 2Ai–iii). A 60 s-dose of NTP was
utilized because it caused significant cytotoxicity, but not complete
cellular ablation. Thus, this protocol enabled the measurement of
cellular ROS. The cells were then collected and incubated with either
of the 3 redox-sensitive probes and flow cytometric analysis then
performed (Fig. 2Ai–iii). Incubation with DFO alone did not markedly
affect the cytometric profiles relative to control (CTRL) cells. However,
for all three probes, treatment with NTP resulted in a change in the
cytometric profile, indicating ROS generation in the cells. This effect
was markedly prevented by pre-incubation with the chelator, DFO (NTP
+DFO), suggesting the role of iron in NTP-generated ROS
(Fig. 2Ai–iii). Notably, for both H2DCFDA and C11-BODIPY, treatment
of cells with NTP resulted in a marked 8–16-fold increase in the
oxidation of the probe relative to the CTRL cells (Fig. 2Ai, iii), whereas
for MitoSOX, there was only a 2-fold increase (Fig. 2Aii).

It may be suggested that the differential ROS-induced oxidation of
the probes could be affected by their intracellular compartmentaliza-
tion, which has been reported for these agents. In fact, CM-H2DCFDA
has been reported to detect cytoplasmic ROS [55], MitoSOX is thought
to detect mitochondrial ROS [56], and C11-BODIPY assesses membrane
lipid peroxidation [57]. Overall, these studies demonstrate that NTP
results in the iron-dependent generation of ROS in cells. Furthermore,
considering these results, a 60 s-dose of NTP was used for all subse-
quent studies, as it was sufficiently active, but maintained cellular
viability at a level that allowed subsequent analysis.

3.4. Cell-type-dependent sensitivity to NTP is associated with intracellular
ROS generation

Next, the studies in Fig. 2Bi then assessed the effect of a 60 s-dose of
NTP (NTP 60 s) on ROS generation in the malignant mesothelioma cell
lines (SM2 and EM2) that were sensitive to NTP relative to the more
resistant fibroblast cell-type (IMR 90SV; Fig. 1Aii). Notably, among
these 3 cell-types, the IMR 90SV fibroblast cell line demonstrated the
lowest fold-change (1.3–2-fold) in the generation of ROS by NTP
relative to the CTRL for the 3 redox-sensitive probes, CM-H2DCFDA
(Fig. 2Bi), MitoSOX (Fig. 2Bii) and C11-BODIPY (Fig. 2Biii). In
contrast, for both the SM2 and EM2 malignant mesothelioma cell lines,
the fold change in ROS generation after incubation with NTP relative to
the CTRL was significantly (p<0.001) greater for each individual
probe than that found for the fibroblasts (Fig. 2Bi–iii). Again, for each
cell-type, it was shown that the fold-change between the CTRL and
NTP-treated cells was least for the MitoSOX probe (Fig. 1Bii). Collec-
tively, these studies in Figs. 1Aii and 2Bi–iii demonstrate the positive
relationship between the sensitivity of cells to the anti-proliferative
activity of NTP and the generation of cellular ROS.

3.5. NTP decreased IRP1/2 and TfR1 expression and increased ferritin-H/L
levels

The studies above demonstrate that the cellular Fe donor, FAC, can
potentiate the anti-proliferative activity of NTP (Fig. 1Ci). In contrast,
the iron chelator, DFO, can offset the anti-proliferative activity of NTP
(Fig. 1Cii) and prevent its ability to induce ROS (Fig. 2Ai–iii).
Considering this, these studies indicate a role for iron in the efficacy
of NTP. Hence, our experiments then assessed the effect of NTP on the
expression of proteins involved in iron metabolism, as these could be
influenced by this treatment and play a role in its mechanism of action
(Fig. 2A). Immunoblotting was used to first assess the expression of
IRP1 and IRP2, which are major regulators of iron metabolism through

Fig. 2. NTP results in iron- and cell-type-dependent ROS generation. (Ai–iii) SM2 malignant mesothelioma cells were treated with NTP (60 s) with or without a pre-incubation with
DFO (12.5 µM) for 3 h/37 °C. The cells were then incubated for an additional 30 min/37 °C in the absence of DFO, and ROS generation was detected by flow cytometry using the probes
CM-H2DCFDA, MitoSOX, or C11-BODIPY. (Bi–iii) IMR 90SV cells, SM2 cells and EM2 cells were treated with or without NTP (60 s) and then incubated for an additional 30 min/37 °C,
and ROS generation was determined using the probes CM2-DCFDA, MitoSOX, or C11-BODIPY. The data in Ai, ii, iii are typical flow cytometry profiles from 3 experiments. Bi–iii are
shown as the mean± SEM (n=3). ***, p<0.001 vs. control.
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their ability to post-transcriptionally alter transferrin receptor 1 (TfR1)
and ferritin expression [58,59].

In these studies, SM2 mesothelioma cells were treated for 60 s with
NTP and then incubated in complete medium for 0.5–24 h/37 °C.
Relative to the 0 h time point, the expression of both IRP1 and IRP2
proteins was significantly (p<0.001) decreased after NTP exposure
times of 4–24 h and 0.5–24 h, respectively (Fig. 3A, B). Furthermore, a
significant (p<0.001–0.05) decrease in TfR1 was observed from 2 to
24 h (Fig. 3C). Examining ferritin-H (FtH; Fig. 3D) and ferritin-L (FtL;
Fig. 3E) expression, there was transient and significant (p<0.001)
increase between 4–18 h and 2–4 h, respectively. For both FtH and FtL,

the increase in their levels was subsequently followed by a decrease in
expression. In fact, FtH decreased after 24 h to the levels found at the
0 h time point (Fig. 3D), while there was a significant (p<0.001)
decrease in FtL after a 24 h incubation relative to the 0 h time point
(Fig. 3E). For both FtH and FtL, the transient increase in expression
followed by the decrease could be interpreted to suggest an initial
cellular response to NTP treatment to store iron, which is then
subsequently followed by a decrease in storage.

The decrease in TfR1 and the increase in FtH and FtL expression
could be due, in part, to the decrease in IRP1 and -2 levels that occurred
after NTP exposure at 0.5–24 h. Indeed, the significant alterations in
TfR1, FtH and FtL expression occurred at approximately the same time
(i.e., from 2 to 4 h incubation), as the significant alterations in IRP1 and
IRP2 levels, which were first observed at 4 and 0.5 h, respectively
(Fig. 3A, B).

As a relevant control to the investigations above, to assess the
immediate effects of NTP on protein expression, cells were exposed to
NTP (60 s) followed by no incubation period (Supplementary Fig. S2).
These studies demonstrated no significant (p>0.05) alterations in
protein expression and are in contrast to results shown in Fig. 3 and
other subsequent studies (i.e., Figs. 5B, D, 6B, C ), where NTP is
followed by incubations of 0.5–24 h/37 °C. These results demonstrate
that the changes observed in protein expression are a cellular response
requiring metabolic alteration and were not due to a direct effect of the
ionizing activity of NTP.

Overall, the data in Fig. 3 suggest that NTP results in a biological
effect that generally resembles the cellular response observed after iron-
loading, namely, decreased total IRP1 and IRP2 levels, decreased TfR1
and increased FtH and FtL expression [58].

3.6. NTP decreases the binding of IRPs to the IRE mRNA probe

The western blot analysis above of IRPs, particularly the down-
regulation of IRP2 and TfR1 and the transient up-regulation of FtH and
FtL chains, suggested an increase in cellular iron content after NTP
treatment. Both the regulation of TfR1 and FtH and FtL chains by iron is
mediated through the well-described IRP-IRE mechanism [58,60]. As
IRP-IRE-binding is reduced upon increased intracellular iron, studies
assessed this using a well-characterized gel-shift assay [61,62]
(Fig. 4A).

In these studies, SM2 cells were treated with NTP for 60 s and then
incubated for 0–8 h. As SM2 cells are derived from rats, IRP1 and IRP2
migrate in native gels as separate entities, with IRP1 migrating above
IRP2 [63,64]. As a positive control to increase IRP-IRE binding, SM2
cells were also incubated with DFO (100 µM) for 24 h/37 °C, as it is
known to induce cellular iron-depletion and pronounced IRP-IRE-
binding activity (Fig. 4A). Indeed, after treatment with DFO, IRP1-
IRE-binding activity was marked, with very little IRP2-IRE-binding
being evident. At the 0–8 h time point after NTP treatment, only the
IRP1 band was detected (Fig. 4A), indicating that IRP2-IRE-binding was
below the detection limit using this methodology. Clearly, this result
was in contrast to the more sensitive western analysis, where IRP2
protein expression was readily detected (Fig. 3B).

The binding of IRP1 to the IRE mRNA probe was slightly decreased
following NTP and a 2 h incubation and this became a significant
(p<0.001–0.05) decrease in IRP1-IRE binding after a 4- and 8-h
incubation after NTP treatment (Fig. 4A). The decrease in IRP1-IRE
binding is consistent with the reduction observed in total IRP1 protein
levels between 4–24 h and the down-regulation of TfR1 and up-
regulation of FtH and FtL levels measured by western blotting
(Fig. 3A, C-E). Collectively, the studies in Figs. 3 and 4A suggest an
increase in cellular iron levels after NTP treatment and the regulation of
TfR1, FtH and FtL expression via the well-characterized IRP-IRE
regulatory mechanism [58,60].

Fig. 3. NTP induces decreased total IRP1, total IRP2 and TfR1 protein expression,
while transiently increasing FtH- and FtL-chain protein levels in SM2 malignant
mesothelioma cells. The cells were treated with NTP (60 s) and then incubated in
medium for either: 0, 0.5, 1, 2, 4, 8, 18, or 24 h/37 °C. The cells were then collected, and
the expression of: (A) IRP1, (B) IRP2, (C) TfR1, (D) FtH and (E) FtL was examined in NTP-
treated SM2 cells using western blot analysis. Densitometry was utilized to quantify
changes. The blots shown are from typical experiments of the 3 performed, while the
densitometry is shown as the mean±SEM (n=3). *, p<0.05; ***, p<0.001 vs. control.
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3.7. NTP induces increased lysosomal iron levels

Considering the marked alterations in iron homeostasis proteins
that indicated an increase in cellular iron levels after NTP (Figs. 3, 4A),
studies were then designed to investigate cellular ferrous iron levels
using the catalytic Fe(II)-specific probe HMRhoNox-M (red) [38] and its
co-localization with the lysosomal-specific marker LysoTracker (green)
[65]. These assays examining the co-localization of catalytic Fe(II)
within lysosomes were performed as it is well known that the lysosome
plays a key role in cellular iron metabolism, particularly with respect to
the catabolism of ferritin and the release of iron from this protein
[66,67].

In these studies, SM2 cells were treated with or without NTP (60 s),
followed by incubation in complete medium for 4 h/37 °C (Fig. 4B).
Cells without NTP treatment demonstrated weak punctate staining after
incubation with the HMRhoNox-M (red) and LysoTracker probes
(green) that showed co-localization in the merge (yellow), having a
Mander's co-localization coefficient of 0.75 (Fig. 4B). These observa-
tions suggested that under basal conditions, lysosomes contained low
quantities of catalytic iron, which is in good agreement with the known
role of the lysosome in degrading ferritin and other iron-containing
proteins via autophagy [66,67].

Interestingly, there was a marked and significant (p<0.001)
increase in the intensity of the punctate HMRhoNox-M and
LysoTracker staining after NTP treatment (Fig. 4B). This increase in
the intensity of staining from both probes was accompanied by a
significant (p<0.001) increase in their co-localization, as indicated by
the Mander's co-localization coefficient increasing from 0.75 to 0.83
(Fig. 4B). The increase in Lysotracker staining suggested an increase in
the number of lysosomes after NTP exposure, which is known to occur
after exposure to other stress stimuli [68]. Further, the increase in
catalytic iron detected by HMRhoNox-M is consistent with the induc-

tion of the catabolic autophagic process, with the liberation of iron from
iron-containing proteins such as ferritin, etc.

3.8. NTP increases cellular lysosomal content via endocytosis/pinocytosis

The lysosome number per cell and lysosomal iron levels were
increased after treatment with NTP (Fig. 4B), suggesting a potential
increase in autophagy, which is involved in cellular iron turnover via
the lysosome [69]. Recently, it has been shown that cellular stress
stimuli can result in increased endocytosis and lysosome formation
[68,70,71]. Thus, it was hypothesized that this process may be
responsible for the increased autophagy after NTP. To examine this
hypothesis, confocal microscopy was used to examine the immuno-
fluorescent staining of the early endosome marker, early endosomal
antigen 1 (EEA1), and the uptake of pHrodo Red Dextran, which is a
marker of non-specific, fluid-phase endocytosis [70] (Fig. 5A).

Treatment of SM2 cells with NTP (60 s) followed by an incubation
for 4 or 8 h caused a significant (p<0.001) time-dependent increase in
pHrodo Red Dextran uptake (red) after 4 h or 8 h relative to the 0 h
control. In contrast, EEA1 (green) staining increased significantly
(p<0.05) after 4 h relative to the 0 h control and then decreased to
near control levels at 8 h (Fig. 5A). Limited co-localization (yellow) in
the merge was only observed after 2, 4 and 8 h of incubation, with the
Mander's co-localization coefficient at these time points being 0.18,
0.32 and 0.40, respectively (Fig. 5A). Similarly, western analysis also
suggested a slight, but significant (p<0.001–0.05) increase in EEA1
expression after exposure to NTP at 4, 18 and 24 h of incubation
(Fig. 5B). Together, these results suggested that NTP resulted in a
progressive time-dependent increase in non-specific fluid-phase pino-
cytosis (as judged by pHrodo Red Dextran uptake) leading to EEA1-
stained endosomes, as observed for other stress stimuli [68].

Fig. 4. NTP decreases the binding of IRP to IRE mRNA and promotes an increase in lysosomal ferrous iron in malignant mesothelioma SM2 cells. (A) SM2 cells were treated
with NTP for 60 s and incubated for 0–8 h/37 °C. As a positive control, to induce increased IRP-IRE binding the cells were also incubated for 24 h with the specific iron chelator,
desferrioxamine (DFO; 100 µM). A gel shift assay for IRE mRNA was performed using the Light Shift Chemiluminescent RNA EMSA Kit. (B) After treatment with NTP (60 s) and an
incubation of 4 h/37 °C, the cells were stained for 30 min/37 °C with either LysoTracker Green DND-26 (green; 200 nM) or HMRhoNox-M (red; 10 µM). The yellow punctate staining
demonstrates the electronic merge (Merge) of LysoTracker and HMRhoNox-M. The cells were examined using live cell imaging via confocal microscopy. The data are typical photographs
from 3 experiments, with the data analysis shown as the mean± SEM (n=3). *, p<0.05; ***, p<0.001 vs. 0 h. Scale bar=20 µm. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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To further examine the hypothesis that NTP acted as a cellular stress
to increase lysosome formation, our studies then assessed the co-
localization of the well-characterized lysosomal markers, Pepstatin A
Bodipy FL conjugate (green) and LysoTracker (red; Fig. 5C). Under
control conditions, both markers in SM2 cells resulted in weak punctate
staining with some co-localization being evident in the merge (yellow;
Mander's co-localization coefficient: 0.47), suggesting low lysosomal
content. After treatment of SM2 cells with NTP (60 s) and an incubation
of 4 h, there was a marked and significant (p<0.05) increase in the
staining of both lysosomal markers resulting in yellow fluorescence,
which is indicative of co-localization in the merge (Mander's co-
localization coefficient: 0.45) (Fig. 5C).

Furthermore, as another indicator of lysosome formation after NTP,
western analysis was performed to assess the well characterized
lysosomal marker, LAMP1 [72]. This was examined by exposing SM2
cells to NTP for 60 s and then incubating these cells for 0.5–24 h/37 °C
(Fig. 5D). Relative to the 0 h time point, there was a significant
(p<0.001) increase in LAMP1 expression after 4 and 8 h relative to
the 0 h time point. This increase was followed by a significant
(p<0.001) decrease in LAMP1 levels after 18 and 24 h of incubation
(Fig. 5D). These results can be speculated to suggest the induction of

lysosomal biogenesis for autophagy by NTP followed by the catabolism
of LAMP1 during this catabolic process. Such kinetics of LAMP1
expression during the induction of autophagy have been demonstrated
under other experimental conditions [73]. In summary, these results in
Figs. 4 and 5 demonstrate that NTP increases cellular lysosomal content
and may result in the induction of autophagy.

3.9. NTP induces autophagy in mesothelioma cells

The results above in Figs. 4B, 5C, and D demonstrate that NTP
induces a marked increase in lysosomes, which are known to be
involved in autophagy [73,74]. To directly assess the induction of
autophagy, LC3B, a classical marker of the autophagosome that directly
correlates with autophagosome number [75] was examined.

In initial studies, SM2 mesothelioma cells were treated for 60 s with
NTP or the control and then incubated with complete medium for
0–8 h, and the presence of LC3-containing autophagosomes was
assessed by confocal microscopy (Fig. 6A). Relative to the 0 h time
point, NTP induced a pronounced and significant (p<0.001) increase
in LC3B fluorescence (red) intensity, which peaked after a 2-h incuba-
tion and then decreased up to 8 h (Fig. 6A). In contrast, treatment of

Fig. 5. NTP increases pHrodo Red Dextran uptake by cells suggesting stimulation of fluid-phase endocytosis and it also induces endosome and lysosome formation in
malignant mesothelioma SM2 cells. (A) Cells were treated with NTP (60 s) and then incubated for 0, 2, 4 or 8 h/37 °C with pHrodo Red Dextran (10 µg/mL) and EEA1 antibody (1/
1000 dilution). The cells were then examined using confocal microscopy, and nuclear counterstaining was performed using DAPI. (B) SM2 cells were treated with or without NTP (60 s)
and then incubated for 0.5, 1, 2, 4, 8, 18 or 24 h/37 °C. The cells were collected, and the expression of EEA1 (1:1000) was assessed by western blot analysis. (C) SM2 cells were treated
with or without NTP (60 s) and then incubated for 4 h/37 °C. The cells were then incubated for an additional 30 min/37 °C with the lysosomal markers, LysoTracker Red (200 nM) and
Pepstatin A-BODIPY FL conjugate (1 µM). The electronic merge (Merge; yellow) between LysoTracker Red (red fluorescence) and Pepstatin A-BODIPY FL (green fluorescence) is shown.
The cells were observed using live cell imaging via confocal microscopy. (D) SM2 cells were treated under the same conditions as (B), and the expression of LAMP1 (1:500) was assessed
by western blot analysis. The data are typical of 3 experiments, and the analysis/densitometry is shown as the mean± SEM (n=3). *, p<0.05; **, p<0.01; ***, p<0.001 vs. control.
Scale bar=20 µm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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SM2 cells with NTP resulted in a significant (p<0.001) time-depen-
dent increase in LAMP1 levels (green) at 4 h and 8 h of incubation
(Fig. 6A). Examination of the co-localization of LAMP1 and LC3B
indicated a significant (p<0.001) increase in yellow fluorescence in
the merge, which demonstrated a time-dependent increase up to 8 h
and a corresponding increase in the Mander's co-localization coefficient
from 0.46 at 0 h, to 0.71 after an 8-h incubation (Fig. 6A). The increase
in LC3B suggested the presence of autophagosomes [76], while the co-
localization of LC3 and the LAMP1 lysosomal marker suggested
autophagolysosome formation [77]. Notably, the fluorescent vesicles
which may comprise autophagolysosomes (yellow overlay fluores-
cence) as well as other LAMP1 positive constituents of the lysosomal
compartment, show a considerable size increase between 0 and 8 h
(Fig. 6A). The reason for this observation may be the maturation of
these vesicles into active digestive organelles.

To quantitatively evaluate lysosome and autophagolysosome for-
mation, immunoblotting was performed to determine the LAMP1 and
LC3B levels after a 60-s treatment of SM2 cells with NTP followed by
0–24 h incubation in complete medium (Fig. 6B). In these studies, and
in agreement with the analysis from confocal microscopy (Fig. 6A), and
the western analysis in Fig. 5D, the LAMP1 band was significantly
(p<0.001) increased after 4 and 8 h relative to the 0 h control and

then decreased (Fig. 6B). On the other hand, two LC3B bands were
found at 17 and 14 kDa at all time points, which are well known to
correspond to LC3B-I and LC3B-II, respectively [75] (Fig. 6B). The
conversion of LC3B-I to LC3B-II via lipidation is critical for autophago-
some formation, and hence, a low level of autophagy was demonstrated
in the control cells, as expected [78]. Upon a 60-s treatment with NTP,
the levels of LC3B-I expression were not significantly (p>0.05) altered
at all incubation times relative to the 0-h control (Fig. 6B). In contrast, a
marked and significant (p<0.001) increase in the LC3B-II level
relative to the control was evident after a 0.5 h incubation and peaked
at 2 h and then decreased (Fig. 6B). This observation was in good
agreement with the confocal microscopy analysis in Fig. 6A.

As additional evidence for the induction of autophagy in SM2 cells
after exposure to NTP, the expression and subcellular localization of the
transcription factor EB (TFEB) was examined, which is known to be
pivotal for lysosomal biogenesis and autophagy [79]. As entrance into
the nucleus is required for TFEB transcriptional activity [80], its
expression in nuclear and cytoplasmic fractions were assessed as a
function of time (0–24 h) after a 60 s exposure to NTP (Supplementary
Fig. S3). In these studies, nuclear TFEB levels were rapidly and
significantly (p<0.001) increased 0.5 h after the NTP dose and peaked
after 1 h to levels> 3.5-fold that found at 0 h. After 1 h, nuclear TFEB

Fig. 6. NTP-induced autophagy is observed in malignant mesothelioma SM2 cells and is potentiated by incubation with iron as ferric ammonium citrate (FAC). (A) The cells
were treated with NTP (60 s), and after an incubation of 0, 2, 4 or 8 h/37 °C, they were fixed with 4% paraformaldehyde at room temperature. After blocking, SM2 cells were then
incubated with anti-LAMP1 (1:500) and anti-LC3B (1:1000) antibodies overnight at 4 °C. The cells were observed using confocal microscopy. Scale bar=20 µm. (B) SM2 cells were
treated with or without NTP (60 s) and then incubated for 0.5, 1, 2, 4, 8, 18 or 24 h/37 °C. The cells were collected, and the expression of LAMP1 and LC3B-I and -II was assessed by
western blot analysis. β-actin was used as a loading control. * indicates the significance value for LC3B, while # indicates the significance for LAMP1. **, p<0.01; ***, p<0.001 vs.
control. ###, p<0.001 vs. control. (C) IMR 90SV fibroblasts, SM2 cells and EM2 cells were treated with NTP (60 s) and then incubated for 2 h/37 °C. The cells were collected, and the
expression of LAMP1 and LC3 was assessed by western blot analysis. β-actin was used as a loading control. (D) SM2 cells were pre-incubated with or without FAC (6.6 µg/mL) for 3 h/
37 °C and then treated with NTP (30 s). The cells were then incubated for a further 4 h/37 °C, fixed and stained with anti-LAMP1 and anti-LC3B antibodies. These data are typical
photographs from 3 experiments with the analysis/densitometry shown as the mean±SEM (n=3). Scale bar=20 µm.
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expression then gradually decreased as a function of time up until 18 h,
where its levels were similar to that at 0 h (Supplementary Fig. S3). The
increase in nuclear TFEB was accompanied by a general decrease in
cytoplasmic TFEB at time points 0.5–18 h after the exposure to NTP.
Thus, in summary, these results were consistent with the translocation
of TFEB from the cytosol into the nucleus.

The effect of NTP treatment on the conversion of LC3-I–LC3-II was
then assessed using IMR 90SV fibroblasts relative to SM2 and EM2
mesothelioma cells after a 4 h incubation (Fig. 6C). Both LC3B-I and
LC3B-II expression were markedly and significantly (p<0.001) higher
in untreated IMR 90SV fibroblasts than in untreated SM2 and EM2
mesothelioma cells. There was a slight, but significant (p<0.01)
increase in LC3B-I and II upon NTP treatment of fibroblasts (Fig. 6C).
In contrast, using SM2 and EM2 cells, treatment with NTP induced a
marked and significant (p<0.001) increase in LC3B-II expression
relative to untreated control cells (Fig. 6C). These data suggested that
LC3B-II autophagic marker demonstrated a more robust increase in the
tumorigenic mesothelioma cells relative to the non-tumorigenic fibro-
blasts. This response correlates to the increased susceptibility of both
SM2 and EM2 cells to NTP relative to the non-tumorigenic IMR 90SV
fibroblasts (Fig. 1Aii).

In summary, NTP markedly induced: (i) LC3B-II, suggesting autop-
hagosome formation; (ii) the rapid nuclear translocation of TFEB that is
important for lysosomal biogenesis and autophagy; and (iii) the
generation of autophagolysosomes, as demonstrated by the co-staining
of LAMP1 and LC3B.

3.10. NTP increases LAMP1 and LC3B to a greater extent after incubation
with FAC

Since NTP increased lysosomal content (Fig. 5C, D; Fig. 6A, B), and
as FAC was shown to increase the efficacy of NTP in terms of decreasing
cell viability (Fig. 1Ci), studies were then performed using confocal
microscopy to assess the effect of FAC on LAMP1 and LC3B expression

(Fig. 6D). In these experiments, SM2 mesothelioma cells were pre-
incubated with complete medium with or without FAC (6.6 µg/mL) for
3 h/37 °C, treated for 30 s with NTP and then incubated for a further
4 h/37 °C. Confocal microscopy was then performed to detect LAMP1
and LC3B expression.

Interestingly, incubation with FAC alone resulted in a slight increase
in LC3B-I/II and a significant (p<0.001) increase in punctate LAMP1
staining relative to cells incubated with medium alone (Fig. 6D).
Treatment with NTP itself (30 s) followed by a 4-h incubation, resulted
in no change in LC3B expression (Fig. 6D). Furthermore, NTP alone led
to an increase in LAMP1 expression that was significantly (p<0.001)
greater than that of the untreated control (Fig. 6D), and this was in
good agreement with the western analysis examining LAMP1 levels
(Fig. 6B). The combination of NTP treatment and incubation with FAC
resulted in the most marked and significant (p<0.001) increase in
LC3B and LAMP1 expression, which was greater than all other
conditions (Fig. 6D). Moreover, the co-localization of LAMP1 and
LC3B in the overlap (yellow) was only significant (p<0.001) for the
FAC and NTP combination relative to the control without FAC and NTP.
In fact, after treatment with FAC and NTP, the Mander's overlap
coefficient was 0.66, which was markedly increased relative to the
value observed for either the control without FAC or NTP (0.24), FAC
(0.29) or NTP alone (0.25; Fig. 6D). These studies suggest that FAC
potentiates the effects of NTP in inducing LC3B and LAMP1 expression,
probably due to an iron-dependent increase in cellular ROS levels.

3.11. Electron microscopic identification of structures consistent with
increased endocytosis and autophagic vacuoles after NTP

The results above strongly suggest that NTP induces fluid-phase
endocytosis in SM2 cells (Fig. 5A), increased early endosome levels
(Fig. 5A, B), lysosome formation (Fig. 5C, D), and autophagy (Fig. 6).
Hence, to further validate these changes, we performed transmission
electron microscopy to assess the presence of endosomes, lysosomes

Fig. 7. Transmission electron micrographs demonstrating vesicle structures consistent with endosome-like vesicles and organelles of the autophagic pathway. Electron
micrographs showing the ultrastructure of SM2 cells treated with or without NTP (60 s) and then incubated for 4 h/37 °C. Ai, Bi, Ci, Di Control (CTRL) micrographs. Yellow arrowheads
indicate endosome-like vesicles. White arrowheads indicate mitochondria (M). The nucleus (N) is indicated by an asterisk. Aii, Bii, Cii, Dii NTP-treated micrographs. Yellow arrowheads
indicate endosome-like vesicles. Pre-autophagic structures (PAS), autophagosomes (AP), or autophagolysosomes (AL) are shown by white or red arrows. The nucleus (N) is indicated by
an asterisk. Scale Bar Ai, Bi, Ci, Di: 0.5 µm; Aii, Bii, Dii 0.5 µm; Cii 1 µm. The results are typical micrographs from 3 different experiments. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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and autophagic vacuoles in SM2 cells after NTP (60 s) and a 4 h/37 °C
incubation relative to the control cells (Fig. 7). These studies confirmed
the results obtained with confocal microscopy above and demonstrated
the presence of structures that were morphologically consistent with
increased endosomes and autophagic organelles after NTP relative to
mitochondria (M) and the nucleus (N; indicated by asterisk; Fig. 7).

Relative to the CTRL (Fig. 7Ai), and close to the plasma membrane
in the NTP-treated cells (Fig. 7Aii), there was a pronounced increase in
small vesicles consistent with endosomes with sizes up to ~60 nm in
diameter. This observation is in good agreement with the effect of NTP
on increasing pHrodo Red Dextran uptake by cells via fluid-phase
endocytosis (Fig. 5A) and EEA1 expression (Fig. 5B), which is a classical
marker of early endosomes [81]. These results also concur with
previous studies using other stress stimuli, where increased fluid-phase
endocytosis, early endosome formation and elevated lysosome levels
were reported [68].

In addition, in CTRL SM2 cells, very few autophagic vacuoles were
apparent (Fig. 7Ai–Di), again in good agreement with studies assessing
LC3B expression (Fig. 6; indicative of autophagosomes; [73,82]) and
also LC3B col-localization with LAMP1 (Fig. 6A; indicative of autopha-
golysosomes [83]). However, upon treatment with NTP (60 s) followed
by a 4-h incubation in complete medium, there was a marked alteration
in cellular morphology with a pronounced increase in autophagic
vacuoles being obvious (Fig. 7Bii–Dii). These vacuoles were up to
~500 nm in size and had morphological characteristics typical of
various stages of organelles in the autophagic progression pathway
[84]. For example, in Fig. 7Bii, Cii, and Dii, organelles consistent with
the morphology of the pre-autophagic structure (i.e., phagophore; PAS),
autophagosome (AP) and late-stage autophagolysosome (AL) [84] were
observed. These data are consistent with the results from Fig. 6A
demonstrating the co-localization of LC3B and LAMP1 and Fig. 6B
demonstrating the marked increase in LC3B-II, which are classical
markers of the autophagolysosome and autophagosome, respectively,
and indicate autophagic induction [85,86].

In summary, NTP induces a cellular stress response probably
mediated through ROS generation (Fig. 2), which results in a marked
increase in fluid-phase endocytosis/pinocytosis, early endosome for-
mation, lysosome biogenesis and autophagy (Figs. 6–8).

4. Discussion

For the first time, NTP was demonstrated to induce a stress response
in malignant mesothelioma cells that constituted increased oxidative
stress, endocytosis, lysosome formation, and autophagy. This effect was
important to characterize in terms of understanding the anti-prolifera-
tive activity and efficacy of NTP against neoplastic mesothelioma cells.
While previous studies have assessed the effect of NTP on many tumor
cell-types in culture, these studies have been confined to assessing
alterations in proliferation, cell cycle arrest and DNA damage [87–89].
At present, due to resistance mechanisms, new regimens of cancer
treatment are crucial to explore, and NTP represents a new therapeutic
strategy. However, the mechanisms responsible for the anti-tumor
efficacy of this form of ionizing radiation remain largely unknown
and were the subject of this investigation.

An important observation in the current study was the selective
anti-proliferative activity of NTP against malignant mesothelioma cells
relative to non-tumorigenic fibroblast cell lines. This finding was in
contrast to the general lack of selectivity observed with the chemother-
apeutic, cisplatin, which is used for the treatment of malignant
mesothelioma. This selectivity indicates that NTP has potential anti-
tumor activity that could be related to the differences observed in ROS
generation between the normal and tumor cells in 3 different assays.
This difference in the production of ROS could be related to a variety of
differences between normal and neoplastic cells, including: (i) iron
content; (ii) anti-oxidative systems; (iii) autophagic processing; and
(iv) rates of proliferation [90].

Each of these latter factors has been demonstrated to be distinctly
different between normal and neoplastic cells. For example, first,
neoplastic cells are known to commonly internalize iron from transfer-
rin at higher rates due to marked expression of the transferrin receptor
1 [91,92]. Second, tumor cells generally express lower levels of anti-
oxidant enzymes, such as glutathione peroxidase, catalase and super-
oxide dismutase relative to normal cells [93], and thus, are oxidatively-
stressed [94]. Third, autophagic processing is known to be increased in
most contexts in cancer cells to facilitate oncogenesis, tumor growth
and survival [95]. Finally, cancer cell growth is generally more rapid in
vivo than that of normal cells, which could lead to susceptibility to NTP
due to alterations in iron metabolism that cause increased levels of
cellular iron that can result in enhanced ROS [96].

Considering this latter factor, a critical finding in this investigation
was the novel demonstration that cellular iron-loading with FAC could
potentiate the efficacy of NTP. Moreover, the effect of NTP could also
be potently inhibited by cellular iron chelation using DFO, which is
known to deplete iron pools [97]. The effect of iron in facilitating NTP
activity is probably related to its ability to generate intracellular ROS
that facilitates the iron-catalyzed Fenton/Haber-Weiss reaction, which
potentiates oxidative stress through increased cytotoxic radical genera-
tion [98]. Interestingly, the effect of iron on potentiating NTP activity is
similar to the enhanced activity of ionizing radiation (i.e., photon
beam) observed in iron-loaded prostate cancer cells [99]. Again, this
may be due to the ability of iron to potentiate ROS generation via
Fenton/Haber-Weiss chemistry [47,100,101].

Regarding the potentiating interaction of iron in terms of NTP
efficacy, studies were designed to assess the expression of proteins
involved in the metabolism of this metal ion after treatment of cells
with NTP. A transient increase in the expression of the FtH and FtL and
decrease in TfR1 levels were observed after NTP treatment of malignant
mesothelioma cells (Fig. 3C, D). This response may indicate increased
levels of cellular labile iron [102–104]. In fact, it is well known that
elevated cellular iron levels increase ferritin and decrease TfR1 by a

Fig. 8. Schematic demonstrating the response of malignant mesothelioma cells to
NTP with the production of ROS that is induced through the reaction with cellular
iron. This acts as a stress stimulus that leads to increased fluid-phase endocytosis,
lysosomal biogenesis and autophagy. The induction of ROS by NTP (demonstrated by
the CM-H2DCFDA, MitoSOX, and C11-BODIPY probes) results in cellular stress that leads
to increased fluid-phase endocytosis (demonstrated by pHrodo Red Dextran uptake) and
the increased formation of endosomes and lysosomes (shown via western blot analysis as
well as confocal and electron microscopy). Treatment of cells with NTP results in a
marked and rapid nuclear translocation of the transcription factor, TFEB, which is a
master regulator of lysosomal biogenesis and autophagy. The initiation of autophagy
promotes the removal of damaged cellular constituents after NTP-induced ROS genera-
tion and the liberation of iron from iron-containing proteins (demonstrated by co-
localization of catalytic Fe(II)-selective probe, HMRhoNox-M, and Lysotracker) that can
be used for repair, or stored in ferritin.
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mechanism that involves the sensing of iron by IRP1 and IRP2 [58]. A
notable response in this study was the marked down-regulation of both
IRP1 and IRP2 protein levels after NTP treatment, which could
potentially be responsible for the effects on ferritin and TfR1 expres-
sion. At the same time, the decreased binding of IRP1 to the IRE as
judged by the gel-retardation assay again confirmed that cytoplasmic
iron was significantly increased after NTP treatment.

Of interest, NTP increased FtH to a greater extent than FtL, and this
may be related to the role of FtH in oxidizing Fe(II) to catalytically
inactive Fe(III) within ferritin, which is protective, as demonstrated
under other conditions [105]. This would result in decreased levels of
cellular iron that have been shown here to facilitate anti-proliferative
activity of NTP in malignant mesothelioma cells (Fig. 1Ci). Evidence of
a transient increase in cellular iron that could up-regulate ferritin-H and
down-regulate TfR1 was indicated in our studies using the specific Fe
(II) probe HMRhoNox-M, which demonstrated increased co-localization
with the LysoTracker probe after NTP exposure. This observation was
consistent with increased cellular levels of lysosomes (Figs. 4B and 6B,
C) and substantial evidence that NTP resulted in autophagy
(Figs. 6A–D, 7Bii–Dii; Suppl. Fig. S3). These data included the rapid
nuclear translocation of TFEB that is a major regulator of lysosomal
biogenesis and autophagy [106,107] (Fig. S3). The marked up-regula-
tion of TFEB in the nucleus occurred 0.5 h after NTP exposure and was
observed concurrently with the increase in LC3B. Collectively, these
studies indicate a mechanism by which NTP induces autophagy (Fig. 8)
via ROS generation (Fig. 2Ai–iii), increased fluid-phase endocytosis
(Fig. 5A), an increase of early endosomes (Fig. 5A, B) and lysosomes
(Fig. 5C, D), and the induction of autophagic vesicles (Fig. 7).

Such a response to NTP involving autophagy could be induced as a
protective repair mechanism that leads to the cellular turnover of
proteins and organelles that include iron-containing constituents,
leading to the liberation of the metal in lysosomes (as observed in
Fig. 4B). Hence, the lysosomes that accumulate in NTP-treated cells are
functional in terms of degradative capacity. A similar cellular response
has been reported in cells incubated under other stress stimuli, e.g.,
hypo- and hyper-glycemic conditions, in which ROS generation was
shown to induce fluid-phase endocytosis and increase lysosome forma-
tion [68,108]. However, this is the first report demonstrating that NTP
also acts via this mechanism. In fact, we propose a link between stress-
triggered endo-/pinocytosis (heterophagy) and the pronounced autop-
hagy observed after NTP treatment. Nonetheless, the fusion of autop-
hagosomes with lysosomes, which are not derived from an endo-/
pinocytosis process e.g., de-novo synthesized lysosomes, could also
substantially contribute to the enhanced autophagy observed. Consid-
ering this, it is notable that TFEB is markedly increased after NTP that is
involved in lysosomal biogenesis and autophagy (Supplemental Fig. S3)
and autophagy is known to be induced by ROS through the regulation
of the activity of autophagy-related 4 (ATG4) [109]. The ROS generated
via NTP (Fig. 2) could be responsible for inducing this latter effect.

In terms of a comparison of the effects of NTP to other therapeutic
modalities, it is of interest that ionization radiation has been reported to
act somewhat similarly to NTP, leading to increased ROS generation
[110] and the induction of autophagy [111]. In fact, autophagy has
been reported to result in the catabolism of damaged cellular consti-
tuents and represents a key repair mechanism. Recently, it was reported
that hepatoma cells may protect themselves from iron-dependent
oxidative stress during lysosomal membrane permeabilization and the
subsequent cytotoxicity by increasing the lysosomal content of metal-
lothionein [112]. Such a response may be related to the observations in
the current investigation. However, metallothioneins are generally
known to be involved in the sequestration of other metal ions, such
as zinc and copper, and thus, it may represent another protective
mechanism against oxidative stress.

In summary, this investigation has demonstrated for the first time
that NTP markedly increases cellular ROS levels with the generation of
these species being dependent on intracellular iron. Hence, through this

mechanism, NTP acts as a stress stimulus and results in an increase in
endocytosis, early endosome and lysosome biogenesis, and the induc-
tion of autophagy (Fig. 8). Interestingly, NTP treatment led to a
decrease in TfR1 expression and a transient increase in FtH- and FtL-
chain, suggesting an increase in cellular iron levels. This latter effect
after NTP probably was caused by the rapid induction of autophagy that
is a catabolic response, which can induce the liberation of iron from
cellular constituents (Fig. 8). Hence, it can be suggested that these
observations represent an initial repair response to the stress induced
by NTP-generated ROS. These results are important for understanding
the mechanism of NTP action, as it is a burgeoning therapeutic option
for the treatment of cancer.
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