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Cold atmospheric plasma induces stress granule formation
via an elF2a-dependent pathway

This article reveals triggering of complex mechanism

of stress granule formation following exposure of
neuroblastoma cells to streamers of gaseous plasma.
Stochastically distributed streamers induce cellular stress
response involving numerous signaling pathways.
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Cold atmospheric plasma is an ionized gas that shows promise in regenerative medical treatments, yet

the mechanisms underlying its effects are still poorly understood. Plasma treatment promotes cell growth

or cell death depending on the cell type and exposure parameters. To date, no early cell response to

plasma, such as stress granule (SG) formation has been addressed. Cytoplasmic SGs are formed as an

immediate cell response to acute stress stimuli by recruitment of over 140 proteins intertwined with cyto-

plasmic RNAs that leads to transient suspension of protein translation. Encouraged by the plasma effects

in regenerative medicine and oncology, the atmospheric pressure plasma jet with argon gas flow is being
utilized to treat SH-SY5Y cells with an inducible expression of the stress granule marker G3BP1, to gain an
insight into early cell response to plasma and SG formation dynamics. Plasma effectively induces SG for-
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1. Introduction

Cold atmospheric plasma (CAP), hereafter referred to as
plasma, is an ionized gas produced by discharges in noble
gases or air under atmospheric pressure.’ Though plasma
treatment has shown great promise in wound healing and
cancer cell killing,” the exact mechanisms remain unknown.
Most studies (72%) have been performed with plasma jet and
argon as a working gas.”> Though the first studies focused on
direct plasma treatment, in recent years indirect plasma treat-
ments have gained importance.” In the latter, plasma is used
for the preparation of a plasma-activated medium to which
cells or tissues are exposed.>®’” Though plasma induces physi-
cal effects, in the plasma-activated media, its chemical effects,
i.e., the production of reactive oxygen nitrogen species (RONS),
pervade. In cells, these may induce membrane changes,
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mation in the exposed cells in a flow/time-dependent manner, with the SG assembly clearly prompted by
plasma-induced oxidative stress. Plasma causes SG formation via elF2a-signaling, which is repressed with
the SG formation inhibitor ISRIB. This insight into the early cell response to plasma treatment may lead to
improved therapies in regenerative medicine and cancer treatment.

increase the production of intracellular reactive oxygen species
(ROS), cause DNA double-strand breaks, and lead to
apoptosis.>® Because of poor understanding of the signaling
pathways triggered by plasma in different cells and tissues,
only 7 clinical trials have been completed so far (ClinialTrials.
gov).

Regarding the plasma in vitro effects, a moderate plasma
treatment of fibroblasts increases their S-phase progression,
the secretion of the epidermal growth factor (EGF) and the
transforming growth factor-f1 (TGF-f1), and the expression of
phosphorylated p65 and cyclin D1 proteins, but decreases the
expression of inhibitor kappa B (IkB) protein." Likewise, the
in vivo plasma treatment also enhances the proliferation of
fibroblasts," lymphocytes’ and endothelial cells.'® Strikingly,
cancer cells seem to be more sensitive to plasma treatment
than normal cells due to their higher basal level of ROS,
increased expression of aquaporins and cholesterol compo-
sition of the membrane.” Their response to plasma treatment
seems to depend, inter alia, on cell survival pathways involving
p53, NF-kB, JNK, and caspases.”™ ™ Overall, it is accepted
that plasma treatment causes oxidative stress to cells, which
when mild enough and short-lasting leads to increased cell
performance (proliferation and regeneration), whereas higher
or longer plasma exposures lead to uncontrollable cell death
(necrosis) or stepwise programmed cell death (apoptosis).

At the cellular level, the response of a cell to various stress
stimuli starts with a halt of protein translation. This is caused
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by stress-induced recruitment of over 140 proteins that inter-
twined with cytoplasmic RNAs to form stress granules (SG).
These transient RNA-protein complexes represent fibrillo-
granular membraneless structures, whose size and compo-
sition depend on the type and duration of the stress.'®*' As
SGs contain mRNAs, translation initiation components, and
proteins affecting the mRNA function, their formation is in
most respects advantageous for cells, as it minimizes their
energy expenditure for control over proteins and RNA stabiliz-
ation during stress. Research on SG formation, has in this
respect been mainly focused on SG-nucleating proteins, such
as G3BP1 (RasGAP SH3 domain binding protein 1), whose
overexpression induces SG assembly and eIF2a phosphoryl-
ation.” End of stress usually leads to SG disassembly and
reboot of cell metabolism and protein translation, provided
the stress stimuli does not exceed the toxicity threshold.'**?
Though plasma effects have been extensively addressed in
cancer and regeneration, to date, this initial cell response to
plasma involving translation inhibition and SG formation has
not been evaluated.

A key protein complex in the regulation of protein synthesis
is the eukaryotic translation initiation factor 2 (eIF2) that is
composed of five subunits (a, B, y, 8 and £).'® In response to
stress, phosphorylation of elF2a at serine 51 converts elF2 to a
competitive inhibitor of guanine nucleotide exchange factor
elF2B, which prevents GDP/GTP exchange for elF2-GTP-
tRNAMet. This inhibits 43S pre-initiation complex formation
and cap-dependent translation, which leads to SG
formation."'® SG formation, for many, but not all forms of
stress, relies on the phosphorylation of elF2a.'” Integrative
stress response inhibitor (ISRIB) - a drug-like eIF2B complex
activator, can reverse the effect of elF2a phosphorylation by
promoting the formation of the active decameric form of elF2
and stabilizing it."® ISRIB also makes cells resistant to the
effects of eIF2a phosphorylation and blocks the SG assembly.
Moreover, its addition to SG-containing cells can induce rapid
disassembly of SG and liberation of mRNAs into an actively
translating pool.'®"°

Though many effects of plasma have been demonstrated in
in vitro studies,>**>" none of these have addressed early stress
response of the cells to plasma treatment, involving stress
granule (SG) formation. It is hypothesized that plasma, similar
to known oxidative stress insults such as arsenite, could
trigger SG formation. Should plasma trigger remain under tox-
icity threshold, a dynamic process of SG formation could then
be reversed upon plasma stress withdrawal, leading to SG dis-
assembly, reboot of cell metabolism and vitality. This principle
of increasing the vitality of the cells by plasma treatment is
being utilized in regenerative medicine, where wound healing
was found to be enhanced upon plasma exposure.>*> But SG
assembly could also lead to irreversible inclusion formation,
causative for the progression of degenerative diseases such as
amyotrophic lateral sclerosis (ALS) and frontotemporal demen-
tia (FTD).>*** The mechanisms underlying the SG response to
plasma could thus be imperative for understanding both the
regenerative and toxicity effects of SG formation.
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To provide the primary knowledge on plasma-induced SG
signaling and plasma-cell interactions, we employed an argon
atmospheric pressure plasma jet to treat our established
SH-SY5Y cells stably expressing mScarletI-G3BP1-Myc protein
and monitored them for SG assembly. Two already character-
ized stressors, arsenite (oxidative stress) and sorbitol (osmotic
stress), were evaluated simultaneously for acute stress treat-
ment to allow for SG characteristic comparisons, as well as to
implicate the underlying mechanisms of SG response to
plasma exposure. The response dependence on elF2a was
demonstrated with ISRIB inhibitor, where fine-tuning via
elF2a levels was implicated in the regulation of SG formation.
Our results provide primary insight into plasma-induced SG
signaling and plasma-cell interactions. Managing the regu-
lation of SG in cells may help us to design improved plasma
therapies that can be used directly or as adjuvants in regenera-
tive medicine and oncology.

2. Experimental
2.1.

Neuroblastoma cells SH-SY5Y (ATCC® CRL-2266™) — a subline
of the parental line SK-N-SH (ATCC® HTB-11™), were pur-
chased from ATCC and utilized in this study. FlpIn G3BP1
SH-SY5Y cells were generated (see the ESIt) and cultured as a
monolayer in DMEM/F12 medium 1:1 (Sigma) supplemented
with 10% FBS (tetracycline-free) and penicillin-streptomycin
solution in a CO, incubator (5%) at 37 °C and 95% air humid-
ity. When plated into 24- and 96-well plates, trypan blue exclu-
sion assay (0.4% trypan blue solution) was used for counting
them. All the experiments were conducted with the cells of
passages between 19 and 30.

Cell line maintenance

2.2. Generation of FlpIn G3BP1 SH-SY5Y cells

A pcDNAG6/TR vector (Thermo Fisher Scientific) was introduced
into SH-SY5Y cells for high-level expression of the tetracycline
repressor protein. pcDNA6/TR vector was linearized with Fspl
restriction enzyme (NEB), purified with PCR Clean-up
(Macherey-Nagel) and used for the transfection of SH-SY5Y
cells using Xfect transfection reagent (TaKaRa) according to
manufacturer’s instructions. For 48 h, cells were exposed to
selection medium containing tetracycline-free FBS (Gibco) and
blasticidine S at 5 pg mL™" (Sigma-Aldrich). Single-cell cloning
of resistant cells was performed with dilution plating, followed
by cell sorting for the homogenous expression of repressor
proteins. To test the efficiency of repression, cells were trans-
fected with a plasmid containing eGFP under a Tet operator.
As the resulting SH-SY5Y-TR-eGFP cells exhibited no residual
eGFP expression upon the addition of 1 pg mL™" of doxycy-
cline (Sigma-Aldrich), the original SH-SY5Y-TR cells were
selected for FlpIn SH-SY5Y-TR-FRT cell line development. To
introduce the FRT recombination site into the cells, pFRT/
lacZeo was linearized with Apal (NEB) restrictase, purified with
PCR Clean-up and transfected into SH-SY5Y-TR cells (Xfect,
TaKaRa). Forty-eight hours later, cells were subjected to a

This journal is © The Royal Society of Chemistry 2020
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selection medium containing tetracycline-free FBS and 300 pg
mL ™" Zeocin (Thermo Fisher Scientific). They were single-cell
cloned via dilution plating. Clones of SH-SY5Y-TR-FRT cells
were expanded for Southern blot analysis and performance
testing (pcDNA5-FRT-TO-eGFP). FlpIn SH-SY5Y-TR-FRT cells
containing a single FRT insertion site were used for the gene-
ration of an inducible SH-SY5Y-TR-FRT-mScarletI-G3BP1-Myc
cell line. Gene sequence of G3BP1 was produced by PCR using
oligonucleotides (5"-ctccGGTACCGAGCTCGGATCCGTGAT
GGAGAAGCCTAG, 3'-CTGTTCtccggagctGATGCTAGCCTGCCGTG
GCGCAAGC) and SH-SY5Y cDNA as a template. All the sub-
sequent steps involved Gibson cloning (CloneEZ PCR Cloning
kit, GenScript). Myc tag was inserted into the pcDNA5-FRT/TO
vector cut by Eco321 and Notl (Fast Digest, Thermo Scientific),
by annealing the oligonucleotides (5-ATCagctccggaGAACAG
AAGCTGATCAGCGAAGAGGATCTGtaGC, 3-GCGGCCGCtaCAGA
TCCTCTTCGCTGATCAGCTTCTGTTCtcegga  gctGAT).  Then
mScarletl sequence (red fluorescent protein) was added to the
N-terminal of Myc post cutting the pcDNA5-FRT/TO-Myc vector
by BspTI and Kpnl. In the end, G3BP1 sequence was inserted
between Myc-tag and mScarletl via BamHI and Eco321 restric-
tion of the vector. SH-SY5Y-TR-FRT cells were co-transfected
with pcDNA5-FRT-TO-mScarletl-G3BP1-Myc and pOG44 vectors
at 1:9 ratio and a stable SH-SY5Y-TR-FRT-mScarletI-G3BP1-Myc
cell line was established by hygromycin (110 pg pL ™) selection.

2.3. Plasma treatment

An indirect discharge source - atmospheric plasma jet was uti-
lized. The argon carrier gas discharge was operated in a non-
sealed electrode arrangement to produce plasma as published
elsewhere.>*® The single-electrode plasma needle jet con-
sisted of a copper wire with a diameter of 0.1 mm, inserted
inside of a 50 mm long and 1.2 mm inner diameter boro-
silicate glass tube. The copper wire was connected to a com-
mercial 31 kHz high voltage alternating current power supply
(Conrad Electronic). The output root mean square voltage was
set to 2.3 kV and the electric current flow through an electrode
of 1 mA. The carrier gas argon, with 99.99% purity, was set
initially to flow rates from 2-4 SLM (standard liters per
minute), but 3 SLM were used in the subsequent experiments.
The cells were placed at a distance of 25 mm from the plasma
nozzle during the treatment. The combination impact of flow
rate, incubation time after treatment and treatment duration
on SG formation was analyzed in SH-SY5Y-TR-FRT-
mScarletI-G3BP1-Myc cells grown in 24- and 96-well plates.
Accordingly, the medium containing the cells was changed
prior treatment (500 pL per 24-well plates and 100 pL per
96-well plates). Hence during plasma treatments, the cells were
covered with growth medium, which was left on them for
respective incubation periods (denoted for each experiment),
until their fixation and processing for microscopy analyses.

2.4. Induction and inhibition of stress granule (SG)
formation

For the induction of SG formation, cells were exposed to
sodium arsenite (Flucka analytical), sorbitol (Sigma-Aldrich)

This journal is © The Royal Society of Chemistry 2020
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and plasma. They were plated into 24-well plates (140 000 cells
per well). 24 h later, the cells were treated with arsenite (0.3,
0.5 and 1 mM) and sorbitol (0.4, 0.6 and 0.8 M) for 1.5 h.
Plasma effect was tested at flow rates 1-4 SLM, and at 10, 20,
40, 60 and 80 s exposure, followed by 1, 2, 4, 12 and 24 h incu-
bation. In the subsequent experiments, cells were exposed to
plasma at a flow rate of 3 SLM for 20 s, followed by 2 h incu-
bation. A modulator of the integrative stress response — ISRIB
has been shown to inhibit SG formation via the elF2uo/elF2B
pathway.”” The ISRIB (Sigma-Aldrich) inhibitor was dissolved
in DMSO to a stock solution of 2 mM concentration. Cells were
treated 1 h prior SG induction with 125 nM, 250 nM, 500 nM,
1 um and 2 pM ISRIB in 500 pL of DMEM/F12 medium.

2.5. Resazurin reduction-based cell viability assay

Resazurin reduction-based assays were used to explore the
effects of arsenite and plasma on the viability of
SH-SY5Y-TR-FRT-mScarletl-G3BP1-Myc cells. These were
seeded in 100 pL of culture media (1 x 10° cells per mL) into
96-well plates. Twenty-four hours later, they were exposed to
plasma for 5, 10, 20, 40, 80 and 160 seconds at flow rates of 2
and 3 SLM, or treated with 0.15, 0.3, 0.5 and 1 mM arsenite.
Argon and non-treated cells served as a control for the plasma
and arsenite treatments, respectively. Metabolic activity/pro-
liferation of the cells was assessed by the resazurin assay.
Twenty pL of 0.4 mg ml™" resazurin solution (Sigma-Aldrich)
was added to each well and incubated for 2, 3, 4, 5 and 24 h
prior absorbance measurements (Tecan) at 578 nm and
630 nm wavelengths. Results normalized to the absorbance of
the controls were presented.

2.6. Immunocytochemistry

For immunocytochemistry, the SH-SY5Y-TR-FRT-
mScarletI-G3BP1-Myc cells were seeded onto coverslips into
24-well plates (140 000 cells per 0.5 mL per well) and left to
attach. They were exposed to plasma treatments as described
previously. Upon 2 hours of incubation, the media was
removed, and the cells were washed 3x with PBS and fixed in
4% paraformaldehyde for 20 min. After PBS washes, the cells
were permeabilized with 0.1% Triton for 10 min and incubated
in 10% FBS for 1 h. Then, they were incubated overnight with
mouse anti-eIF2a (SantaCruz Biotechnology; 1:50) and rabbit
anti-phosphorylated eIF2a (Novus Biologicals; 1:200) anti-
bodies, followed by washing and 1 h staining with secondary
antibodies (anti-Ms_Alexa 488, anti Rb_Alexa647, 1:5000; Cell
Signaling). Before the last wash, cells were exposed to DAPI
(0.1 pg mL™") for 5 min (Thermo Fisher) and mounted with
ProLong Gold (Life Technologies). Slides were analyzed by con-
focal microscopy (Zeiss) using ZEN software.

2.7. Western blot analysis of eIF2a phosphorylation

For western blot analyses, the SH-SY5Y-TR-FRT-
mScarletI-G3BP1-Myc cells were seeded in duplicates into
24-well plate (140 000 cells per well) in 500 pl of media and left
to attach. They were treated with 0.125, 0.25, 0.5, 1.0 and
2.0 pM ISRIB 0.5 h prior plasma (3 SLM, 20 s) and 0.5 mM

Biomater. Sci, 2020, 8, 5293-5305 | 5295
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arsenite treatment. Upon 1.5 h and 2 h of incubation, respect-
ively, total proteins were extracted from the cells using 30 pl of
RIPA buffer (20 mM Tris-HCI1 (pH 7.4), 150 nM NaCl, 1 mM
EDTA, 1% NP-40, 10% glycerol, 1 mM sodium orthovanadate,
10 mM NaF, 10 mM f-glycerophosphate) per well. Five puL of 6x
Laemmli buffer were added to the samples, boiled for 8 min at
95 °C and then 15 pl of the same was loaded onto 4-12% SDS
pre-cast gels (Novex Gels, Thermo Fisher Scientific). Upon
semi-dry transfer (Trans-Blot Turbo Transfer System, Bio-Rad,
12 min, 25 V, 2.5 A), onto the nitrocellulose membrane, this
was blocked in 3% milk TBST for 1 h and stained overnight
with rabbit anti-e[F2a (Novus Biologicals; 1:1000) and mouse
anti-phosphorylated elF2a (SantaCruz Biotechnology, 1:200),
followed by 1 h of incubation with the secondary antibodies
anti-Ms-HRP and anti-Rb Dylight663 (Cell Signaling). The
bands were detected directly (fluorescence) or with the use of
Clarity™ Western Substrate (Bio-Rad).

2.8. Image and statistical analyses

Image analyses were performed using the Image] program
using the module for SG quantification. Cells with/without
stress granules were counted using a cell counter tool and
then separate cells were analyzed using a SG counter plugin
(number of smoothest: 30; number of smoothest after subtrac-
tion: 3; threshold: 2000; min particle size: 1; max particle size:
1000; circularity: 0.6). All the experiments were performed in
duplicate and repeated three times. The data were recorded as
average + SEM. The differences among averages were tested for
significance by two-way analyses of variance (ANOVA), and
Dunnett’s test was adopted for post hoc comparisons. P-value <
0.05 was considered statistically significant.

3. Results

3.1. FlpIn SH-SY5Y-mScarletI-G3BP1-Myc cells proved
suitable for SG analyses

To provide primary knowledge on plasma-induced cell/SG sig-
naling and plasma-cell interactions, we first established a
stable FlpIn SH-SY5Y-mScarletl-G3BP1-Myc cell line with an
inducible expression of G3BP1 protein, indicative of SG for-
mation, that binds also with TIA-1 protein.*® To validate our
FlpIn SH-SY5Y-mScarletI-G3BP1-Myc cell model, the cells were
monitored for SG formation with the use of known stressors:
sodium arsenite (oxidative stress) and sorbitol (osmotic stress)
(Fig. 1A and B) and proved to exhibit a dose-dependent
response at published time points by exhibiting an increased
concentration of mScarletl-G3BP1 fusion protein in granular
structures (ESI Fig. S1A and Bf). To demonstrate that these
structures are indeed SGs, we stained the stressed cells for
PABP, another RNA-binding protein found in $Gs.*® A distinct
co-localization of G3BP1 and PABP was observed in these gran-
ular structures (Fig. 1A). Since plasma effects are known to be
cell and device-type dependent,”® we next optimized the
plasma treatment conditions by exposing FlpIn SH-SY5Y cells
to plasma at different flow rates for various duration intervals

5296 | Biomater. Sci, 2020, 8, 5293-5305
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and monitored them for the formation of SGs after 24 h (ESI,
Fig. S2At), 4 h (ESI, Fig. S2B7) and 2 h (ESI, Fig. S2C¥) of incu-
bation. Due to known dynamics of SG assembly/disassembly,
only sparse SGs were observed upon 24 h of incubation in the
plasma-treated cells. Plasma flow rate (standard liter per
minute, SLM) and duration of treatment was found to be
crucial, as 4 SLM, and 60 to 80 s duration interval proved toxic
to cells by changing their morphology and lowering their
adhesion (less cells attached, more floating). In contrast,
plasma flow rates of 2 and 3 SLM and 2 h incubation period
were proved to be the best for monitoring SG formation in
FlpIn SH-SY5Y-mScarletl-G3BP1-Myc cells, where peak
numbers of SGs were detected 2 h after stress stimuli (plasma)
(ESI, Fig. S37), and most of the SGs disassembled upon 24 h
incubation. Besides arsenite and sorbitol, plasma confirmed
to induce SG formation in FlpIn SH-SY5Y-mScarletI-G3BP1-
Myec cells.

To further fine-tune the parameters of plasma-induced SG
assembly in FlpIn SH-SY5Y-mScarletI-G3BP1-Myc cells, shorter
incubation periods and duration intervals were tested. These
confirmed 20 s duration of plasma treatment, followed by
1-2 h incubation to exhibit the best effects (Fig. 1C).
Regarding the plasma flow rates, 3 SLM more than doubled
the effect of 2 SLM by causing 23% of the cell population to
respond to plasma treatment with SG formation upon 2 h
incubation (Fig. 1D). No such effect was observed upon 1 h
incubation, when only 6-8% of the cells treated with either
plasma flow rate formed SG. The effects of 2 SLM (Fig. 1E) and
3 SLM (Fig. 1F) of plasma flow rates were then compared to
arsenite and sorbitol SG induction effects. Plasma at flow rates
of 3 SLM showed similar effectiveness to sorbitol with respect
to the formation of SG in the cells, with both being only one-
third as effective as arsenite treatment that induced SG for-
mation in over 90% of the cells. Moreover, when evaluating
the SG numbers in the individual cells that responded to
plasma, arsenite and sorbitol stress by SG formation (Fig. 1G),
plasma treatment (3 SLM, 2 h) highly resembled the arsenite
one by inducing the formation of more SGs within the cells as
compared to sorbitol treatment, where groups of 1-2 and 3-4
SGs per cells appeared to predominate, and groups above 10
SGs per cells found lacking.

3.2. Plasma induces SG formation via an oxidative stress
pathway

Dynamics of SG formation and assembly was shown to be
trigger/stress-dependent and resulted in a distinct morphology
of SGs."* Thus, the quantitative effect of plasma on SG mor-
phology was examined in comparison with the effects of
arsenite, a known oxidative stress inducer, and with sorbitol,
an osmotic stress inducer as a control (Fig. 2). Relative area of
all SGs, as well as relative size of a single SG per individual
cell, together with the cell size, all evaluated in relation to the
number of SGs per cell, were examined in cells responding to
plasma (Fig. 2A-D), arsenite (Fig. 2E) and sorbitol (Fig. 2F) by
using Image J-Stress granule quantification module. The area
of all SGs in the cells relative to the number of SGs per cell in

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Plasma induces SG formation. This is regarding the cell numbers comparative to (A) arsenite and (B) sorbitol treatment, with the quantity of

SG per cell similar to arsenite effect. (C) Plasma was shown to provide hig

hest % of cells responding with SG formation at 20 s treatment duration,

flow rates 2 and 3 SLM and 2 h incubation time. (D) Treatment with 3 SLM plasma doubled the effect of 2 SLM plasma upon 2 h incubation. (E)
Quantification of cells with SG upon plasma (3 SLM, 20 s), sorbitol and arsenite treatment after 1 h and (F) 2 h incubation. (G) Quantification of the
number of SG per individual cell, (all together 100 cells with SG were counted) upon plasma, arsenite and sorbitol treatment. Scale bar 20 pm,

arrows denote SGs. *p < 0.5, **p < 0.01 and ***p < 0.001 were considered s

plasma-treated cells increased in the range of 5-10 SGs per
cells similar to that in arsenite treatment, whereas the relative
size of SGs per cell in plasma-treated cells remained constant
as compared to a decrease observed after the arsenite treat-
ment. As seen in the 2nd column panels, the constant size of

This journal is © The Royal Society of Chemistry 2020

ignificant. Data are presented as average + SEM.

the plasma-induced SGs appeared independent of the number
of SGs present in the cell, similar to sorbitol-induced SGs,
though the latter appeared halved in size. Sorbitol treatment
negatively affected the
accounted for the constant size of SGs. In contrast, the size of

relative cell size, this probably
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Fig. 2 Quantitative analysis of cells responding with SG formation and SG features. The relative area of all SGs per cell, the relative size of a SG per
cell and the relative cell size were quantified in cell treated with plasma at (A) 2 SLM and (B) 3 SLM after 1 h incubation, and (C) 2 SLM and (D) 3 SLM
after 2 h incubation; and in (E) 0.5 mM arsenite and (F) 0.6 M sorbitol both after 1.5 h incubation. Data are presented as average + SEM.
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plasma and arsenite-treated cells increased similarly relative to
the number of SGs per cell (compare 3rd column panels).
Altogether our data demonstrate similarities between plasma
and arsenite effects on SG formation, suggesting the oxidative
stress pathway as the underlying mechanism for the effects of
both.

3.3. Plasma-induced SG formation in cells does not induce
cell death

Since both arsenite and plasma treatments induced an
increase in the relative cell size (Fig. 2) and changed cell mor-
phology to a more rounded shape indicative of their toxicity,
we further investigated the impact of arsenite and plasma on
the metabolic activity of the cells after 2, 3, 4 and 5 h and cell
viability per cell death after 24 h of incubation. A resazurin
assay was utilized for determining the cell metabolic activity/
viability upon 2 SLM (Fig. 3A) and 3 SLM (Fig. 3B) plasma
treatments in comparison with the arsenite treatment
(Fig. 3C). Due to the 96-well plate format of these experiments
(media volume of 100 pL), 5-times lower exposure times were
used, where 4 s exposure corresponded to previous 20 s
exposure of cells grown in a 24-well plate (media volume,
500 pL). The treatment with the plasma flow rate of 2 SLM
decreased the metabolic activity of the cells more than the
treatment of the cells with a plasma flow rate of 3 SLM. Later,
flow rate confirmed not to exhibit toxicity in cells, as it
increased cell recovery to above 75% of the metabolic activity/
viability of the control cells upon 24 h at all exposure times
tested (compare Fig. 3A and B) and showed to sustain cell vital-
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ity and not drive cells towards apoptosis or necrosis as no
increase in apoptotic or necrotic cell nuclei stained with
Hoechst was observed between plasma-treated and non-treated
cells (Fig. 3D). The metaphase cells were counted per several
visual fields on the slides (at least 800 cells per tested con-
dition) and no difference was noted in their numbers among
the treated and non-treated cells. From these, we conclude
that plasma used under the conditions set in our experiments
does not have any effect on the cell cycle either. In contrast,
arsenite at all concentrations tested was noted to increase cell
metabolism up to 5 h, with all concentrations resulting after
24 h as insignificant (p < 0.01) with a 40% viability drop
(Fig. 3C), accompanied by a significant increase of apoptotic
and necrotic cells (Fig. 3D). To investigate the plasma non-
toxic effect on SG formation, its flow rate of 3 SLM, 20 s
exposure and 2 h incubation were used in the subsequent
experiments.

3.4. Plasma induces SG formation via an elF2a-dependent
pathway

The exact mechanisms, via which plasma affects cellular pro-
cesses, have not yet been defined. Moreover, none of the
studies so far addressed the plasma mechanism of SG for-
mation. Linking previous knowledge on plasma RONS gene-
ration in cell media®>° with oxidative stress induced in cells by
arsenite®” that is known to be causative for SG formation via
activated elF2a pathway, we utilized ISRIB, a known integrative
inhibitor of elF2a pathway'® to investigate plasma induced SG
formation. Cells were treated with various concentrations of
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Fig. 3 Cell viability and apoptosis/necrosis analyses of plasma and arsenite treated cells. Resazurin assay was performed with cells exposed for 2, 4,
8,12 and 16 s to (A) 2 SLM and (B) 3 SLM flow of plasma and (C) different arsenite concentrations. Hoechst staining enabled nuclear integrity analysis
(D) to determine 3 SLM plasma (left) and 0.5 mM arsenite (right) effect on cell mitosis, apoptosis and necrosis (by evaluation of morphology of

Hoechst stained cell nuclei). Data are presented as average + SEM.
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ISRIB 1 h before either the control arsenite (0.5 mM) (Fig. 4A- decreased both arsenite (Fig. 4A and B) and plasma (Fig. 4E

D) or plasma (3 SLM, 20 s) (Fig. 4E-H) treatment. Upon 2 h and F) induced SG formation in a dose-dependent manner,
incubation, Image] analysis demonstrated that ISRIB with even the lowest 125 nM ISRIB concentration used to
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Fig. 4 Plasma induces SG formation via elF2a-dependent pathway. Cells were treated with 0.5 mM arsenite (A—D) or 3 SLM, 20 s plasma and ISRIB concen-
tration ranging from 125 nM—-2 pM (E—H). The % of cells with SGs (B, C, F and G) and the number of SGs per cell (D and H) was determined for each treat-
ment by ImageJ analysis. Images were taken under 63x magnification, scale bars 20 ym, and arrows denote SGs. Data are presented as average + SEM.
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account for a 30% decrease in both. Inhibition of arsenite-
induced SG formation by 2 uM ISRIB was only 3.8-fold (92% to
24%), whereas nearly a 7-fold decrease of SG formation was
observed in plasma-treated cells (27% to 4%), which confirms
the involvement of elF2a pathway in the plasma-induced SG
formation. Likewise, ISRIB in both arsenite- and plasma-
treated cells decreased the number of SGs per cell (Fig. 4C and
G). In the case of arsenite, the size of SGs was found to
decrease along with an increase of their number (Fig. 4D -
upper panel), whereas ISRIB seemed to stabilize their smaller
size (Fig. 4D - lower panel). In contrast, in plasma-treated
cells, the size of SGs appears independent of their number per
cell (Fig. 4H - upper panel), which upon ISRIB treatment
decreases markedly in relation to the number of SGs per cell
(Fig. 4H - lower panel). Although this suggests the activation
of oxidative stress response pathways in cells treated with
plasma to occur by a similar fashion as in arsenite-treated
cells, some observed differences imply on possible activation
of other pathways.

3.5. ISRIB inhibition of SG formation coincides with reduced

levels of phosphorylated elF2a

As oxidative stress always results in the phosphorylation of
elF2a (p-eIF2a), quantitative assessment of the changes of
elF2a and p-eIF2a levels in ISRIB and arsenite or plasma-
treated cells was performed. The selectivity of anti p-eIF2a and
anti elF2a antibodies was first tested in arsenite-treated cells
(Fig. 5A), and followed by western blot analyses of total protein
lysates of 0.5 mM arsenite (Fig. 5B) and plasma (3 SLM, 20 s)
(Fig. 5C) treated cells, pre-treated with different concentrations
of ISRIB - a modulator of the integrative stress response.

The phosphorylation of elF2a was confirmed to occur in
arsenite (Fig. 5D and E) and plasma (Fig. 5F) treated cells,
where p-eIF2a was found to decrease after the ISRIB treatment
in a dose-dependent manner in both. However, the relative
amount of elF2a seems to double upon arsenite treatment as
compared to plasma, though p-elF2a is found to be present in
the treated cells at similar levels. Accordingly, the ratio of
p-elF2a/elF2a decreases for 90% upon ISRIB treatment in
arsenite-treated cells (Fig. 5E), whereas the p-eIF2a/eIF2a ratio
decreases for only 40% (Fig. 5G) in plasma-treated ones.
Together this implies on the level of eIF2a phosphorylation to
play a part in the ISRIB effectiveness and the existence of
alternative negative feedback loop mechanisms to fine-tune
plasma-induced SG formation via the p-eIF2a pathway.

4. Discussion

Plasma-exposed eukaryotic cells in vitro demonstrate the
effects such as cell detachment, cell migration/proliferation
alterations, apoptosis or necrosis, all depending on cell type
and exposure parameters.”***' But to our knowledge, our
study is the first to address plasma-induced SG formation in
eukaryotic cells. For this reason, we established FlpIn-
SH-SY5Y-mScarletl-G3BP1-Myc cell line with inducible G3BP1

This journal is © The Royal Society of Chemistry 2020
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protein expression, indicative of SG formation that can be
easily monitored due to G3BP1 fusion to mScarletl red fluo-
rescent protein. Since SG formation begins with self-oligomeri-
zation of core proteins G3BP1 (RasGAP SH3 domain binding
protein 1) and TIA-1 (T-cell intracellular antigen 1), this very
early involvement with SG makes protein G3BP1 a suitable
tracker of SG assembly/disassembly dynamics. Moreover, while
individual SG proteins vary widely in their dynamic properties,
recent studies investigated cores with G3BP1; it was concluded
that the dynamic behavior of SG cores are remarkably similar
throughout their assembly."* This makes our cell model
indeed promising in providing new knowledge on SG for-
mation, since G3BP1 expression is under inducible promoter
avoiding the overproduction of the protein, that was shown
otherwise to per se engage in interactions and aggregation
events mediated by low-complexity sequences and internally
disordered domains.™

Plasma was shown to produce ROS and plenty of long-life
(03, NO, NO, and H,0,) and short-life (OH™, O and electroni-
cally excited O) neutral particles and charged particles (ions
and electrons), causing additional ROS production in the
treated fluids.>®*° These ROS proved to induce cell prolifer-
ation at low concentrations and cause cell death at high con-
centrations." Presumably, ROS produced by plasma first
causes the formation of long-life reactive species, which may
upon moving across the cell membrane by active transport,
modify ROS concentrations in the cells' to a similar extent as
these are changed during arsenite-induced oxidative stress
response.” For this reason, plasma effects on SG formation
were compared with arsenite effects in our study, particularly
to resolve whether the same arsenite pathway of SG formation
involving the phosphorylation of elF2a could be activated by
plasma as well. Indeed, SG formation for many, but not all
forms of stress, relies on the translation initiation factor eIF2u
and its phosphorylation on serine 51. This prevents GDP/GTP
exchange for eIF2-GTP-tRNAMet. As a result, the 43S pre-
initiation complex is not generated, cap-dependent translation
is inhibited and SG are produced.'* By comparing the effects
of plasma and arsenite on SG formation dynamics, we were
able to provide the very first explanation of plasma-induced SG
dynamics, their characteristics and point to a pathway that is
most likely, but not solely responsible for SG formation during
plasma insult (see the scheme in Fig. 6).

Since plasma effects were published to be device-type
dependent,*® our treatment conditions needed to be deter-
mined  experimentally. =~ We  utilized  FlpIn-SH-SY5Y-
mScarletI-G3BP1-Myc cells to demonstrate that plasma treat-
ment indeed induces the formation of SG in the cells. This
process is very dynamic and was shown to result in peak
numbers of SGs 2 h after stress stimuli (plasma and arsenite),
with most of the SGs disassembling upon 24 h incubation.
The persistence of some SGs implicates also on prolonged
plasma effect. Moreover, plasma was shown to induce top
numbers of SGs at 20 s exposure at a flow rate of 3 SLM, which
also sustained cell vitality and did not drive cells towards apop-
tosis or necrosis. In our experimental setup, only longer treat-
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Fig. 5 ISRIB reduces the levels of p-elF2a in stressed Flpin SH-SY5Y cells. (A) Cells stained for p-elF2a and elF2a confirm arsenite induction of elF2a
pathway. Western blot analyses of cells pre-treated with 2 pM. ISRIB followed by (B) arsenite and (C) plasma treatment. Quantitative analyses per-
formed in Imaged (D and F) to evaluate relative amounts of p-elF2a and elF2a and (E and G) calculate their ratio. Scale bars 20 um, and arrows

denote SGs. Data are presented as average + SEM.

ment times of 60-80 s caused cell detachment and massive
cell death, which has already been suggested to increase the
concentration of ROS above toxicity threshold,"®*> proving
detrimental to cells in our setup. Consistently, plasma

5302 | Biomater. Sci., 2020, 8, 5293-5305

exposure times below 20 s were noted by other authors to
induce proliferation of fibroblasts, whereas the ones lasting for
over 30 s caused swelling of the fibroblasts and their death.
Our viability results are also in agreement with the notion that
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Fig. 6 Workflow of our study where plasma jet with argon plasma flow was utilized for stress granule induction in SH-SY5Y cells that showed elF2a
signaling dependent and inhibited by ISRIB, the integrative inhibitor of stress response. Plasma induced stress granule formation via possible induc-
tion of oxidative stress response signaling (by oxidative reactive species) within the cells that involves elF2a phosphorylation, which is inhibited by

ISRIB.

over time cells can became resistant to increased ROS levels
present below the threshold levels, and possibly ROS concen-
trations decreased during prolonged incubation.>**® Yet the
viability of our cells upon plasma treatment differed between
the flow rates used, where 2 SLM appeared more toxic than 3
SLM. This could possibly be explained by vigorous plasma
mixing with air at lower flow rates and plasma flow needed to
produce long-life versus short-life reactive species' that could
underlie this differential effect.

Due to the resemblance of plasma effects
pounds®® causing ROS production and oxidative stress, we
characterized plasma induced SGs in comparison with the
ones induced by arsenite. Our results are indicative of oxi-
dative stress to play, but not to have the sole role in plasma
induced SG formation. Detailed analysis of SGs formed upon
sorbitol, arsenite and plasma treatment revealed higher simi-
larity of plasma induced SGs to arsenite induced ones.
However, plasma (3 SLM, 2 h) did not seem to be considered
as a strong inducer of oxidative stress as compared to arsenite
(0.5 mM), since the percentage of cells with SGs appeared
much lower after the plasma treatment. Also, the plasma
induced SGs appeared smaller than the arsenite ones, imply-
ing they probably do not proceed to the SG assembly step,
when several smaller SGs fuse into larger ones and is a charac-
teristic of oxidative stress.>® The decreased strength of plasma
effect is in line with recent notion that besides oxidative stress,
plasma could be also triggering endoplasmic reticulum stress
by protein denaturation.>®

During protein synthesis, mRNAs have to pass two transla-
tional checkpoints. The first one is under the control of

47,2132 (0 aom-

This journal is © The Royal Society of Chemistry 2020

mechanistic target of rapamycin (mTOR) and the other one is
at the assembly of the eIF2/GTP/tRNAiMet complex that is
dependent of the phosphorylation of translation initiation
complex elF2a. SGs form when stressors show effect on either
one of the two regulatory checkpoint units. Most often, SG for-
mation is triggered by elF2a phosphorylation.>” We demon-
strated that similar to oxidative stress inducer - arsenite,
plasma also triggers the process of SG formation via the elF2a
pathway. By using ISRIB - an inhibitor of eIF2a pathway that
acts downstream of all eIF2a kinases and exclusively inhibits
this pathway,"***3° we confirmed ISRIB to almost completely
inhibit plasma induced SG formation, and to reduce arsenite
induced SG formation to a much lesser extent. This is in line
with the notion that ISRIB does not restore protein synthesis
to 100% after saturation levels are reached, but it usually
restores it to 70% only.”® Moreover, our western blot analyses
confirmed the phosphorylation of elF2a protein to occur
during arsenite and plasma treatments. Although ISRIB was
revealed to act downstream of elF2a,'® we showed that in our
setup, ISRIB also decreases the level of p-eIF2a in arsenite as
well as in plasma treated cells. The decrease of the relative
level of phosphorylated eIF2a compared to a positive control
was more pronounced after sodium arsenite than plasma treat-
ment. Consistent with that, ISRIB was shown to lower the
levels of p-eIF2a in pancreatic ductal adenocarcinoma cells.**
The difference in the ISRIB inhibition level of SG formation
upon arsenite and plasma exposure probably originates from
the lower level of eIF2a phosphorylation. Quantitative analysis
revealed lower number of cells to form SGs upon plasma treat-
ment, which corresponds to nearly halved levels of phosphory-
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lated eIF2a. This, together with the fact that these levels
exhibit less pronounced ISRIB dose dependence, points
toward the existence of putative feedback loop in the elF2a sig-
naling during plasma induced SG formation. By this, ISRIB
though not described to inhibit p-eIF2a by direct binding,
could regulate the p-elF2a signaling.

5. Conclusions

In conclusion, we revealed that plasma treatment induces SG
formation in FlpIn SH-SY5Y-mScarletl-G3BP1-Myc cells under
conditions sustaining cell viability. Plasma induced SGs
resemble arsenite induced SGs in nearly all characterized fea-
tures. Joint characteristics of both SG types imply on plasma
induced SGs to be formed via pathways triggered by oxidative
species and involving eIF2a phosphorylation. The use of ISRIB
- a selective inhibitor of eIF2a pathway confirmed plasma
induced SG formation to be elF2a pathway dependent. Our
results provide the very first characterization of plasma
induced SG. By demonstrating the levels of eIF2a phosphoryl-
ation to play a part in ISRIB effectiveness, and pointing to an
alternative feedback loop in p-elF2a pathway that could be
used to fine-tune plasma induced SG formation, we provide an
insight into the plasma mechanism of stress granule for-
mation that may in future lead to improved therapies utilizing
cell vitality boosting in regenerative medicine, where plasma is
gaining inevitable importance.
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