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Abstract Parthanatos is a form of PARP-1-dependent pro-
grammed cell death. The induction of parthanatos is emerging
as a new strategy to kill gliomas which are the most common
type of primary malignant brain tumor. Oxidative stress is
thought to be a critical factor triggering parthanatos, but its
underlying mechanism is poorly understood. In this study, we
used glioma cell lines and H,O, to investigate the role of JNK
in glioma cell parthanatos induced by oxidative stress. We
found that exposure to H,O, not only induced intracellular
accumulation of ROS but also resulted in glioma cell death
in a concentration- and incubation time-dependent manner,
which was accompanied with cytoplasmic formation of PAR
polymer, expressional upregulation of PARP-1, mitochondrial
depolarization, and AIF translocation to nucleus.
Pharmacological inhibition of PARP-1 with 3AB or genetic
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knockdown of'its level with siRNA rescued glioma cell death,
as well as suppressed cytoplasmic accumulation of PAR poly-
mer and nuclear translocation of AIF, which were consistent
with the definition of parthanatos. Moreover, the phosphory-
lated level of JNK increased markedly with the extension of
H,0, exposure time. Either attenuation of intracellular ROS
with antioxidant NAC or inhibition of JNK phosphorylation
with SP600125 or JNK siRNA could significantly prevent
H,0,-induced parthanatos in glioma cells. Additionally, inhi-
bition of INK with SP600125 alleviated intracellular accumu-
lation of ROS and attenuated mitochondrial generation of su-
peroxide. Thus, we demonstrated that JNK activation contrib-
utes to glioma cell parthanatos caused by oxidative stress via
increase of intracellular ROS generation.

Keywords PARP-1 - JNK - ROS - Parthanatos - Glioma -
Oxidative stress

Abbreviations

PARP-1 Poly(ADP-ribose) synthetase 1

PAR Poly(ADP-ribose)

NAD+  Nicotinamide adenine dinucleotide

MAPK  Mitogen-activated protein kinase

INK c-Jun-N-terminal protein kinase

ERK1/2  Extracellular signal regulated kinases 1 and 2

AIF Apoptosis inducing factor

RIP-1 Receptor interacting protein-1
ROS Reactive oxygen species
LDH Lactate dehydrogenase

Nec-1 Necrostatin-1

3AB 3-Aminobenzamide

NAC N-acetyl-L-cysteine
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Introduction

Malignant glioma is the most common type of primary malig-
nant brain tumor with higher morbidity [1, 2]. Resistance to
apoptosis is found to make glioma cells survive currently used
chemotherapy or radiotherapy [2]. Poly(ADP-ribose) synthe-
tase 1 (PARP-1), as a highly expressed nuclear protein that
senses DNA-strand breaks and is involved in multiple facets
of DNA repair and maintenance of genomic stability in glioma
cells [3], was thought to be a factor responsible for the resis-
tance of glioma cells to apoptosis after being mildly activated,
and inhibition of PARP-1 activation has been a strategy to
recover the sensitivities of glioma cells to chemotherapy or
radiotherapy [4—7]. However, recent evidences have shown
that hyper-activation of PARP-1 leads to cell death [8, 9],
which is established as a new modality of programmed cell
death and named as “parthanatos” to distinguish it from
caspase-dependent apoptosis, necrosis, and other modalities
of cell death [3].

According to a cell death nomenclature committee,
parthanatos is defined by two main criteria. One is that exces-
sive poly(ADP-ribose) (PAR) synthesis should accompany
cell death, and the other is that the cell death should be
completely or partially prevented by PARP-1 deletion or in-
hibitor treatment [10]. Experimental studies reveal that
parthanatos is not only involved in multiple pathological con-
ditions such as diabetes, inflammation, cerebral hypoxia/is-
chemia, and head trauma [10-13] but also contributed to
chemical-induced death in cancer cells such as glioma, esoph-
ageal squamous-cell carcinoma, and gastric cancer [8, 9, 14].
As a distinct cell death pathway, parthanatos is characterized
by a series of choreographed biochemical events including
hyper-activation of PARP-1, cytoplasmic accumulation of
PAR polymer, mitochondrial depolarization, and nuclear
translocation of apoptosis inducing factor (AIF). Finally, the
nuclear AIF initiates chromatinolysis or condensation and re-
sults in cell death [3, 10].

Although the activation of PARP-1 is thought to be induced
by chromosomal DNA strand nicks and breaks due to the
attack of genotoxic agents [3], reactive oxygen species
(ROS) was also found to participate in the regulation of
parthanatos under the condition of genotoxic stress. Chiu et
al. proved that inhibition of ROS attenuated PARP-1-
dependent cell death in the mouse embryonic fibroblasts treat-
ed with MNNG, an alkylating agent that damages DNA di-
rectly [15]. Similarly, ROS was found in our previous study to
account for the hyper-activation of PARP-1 in the glioma cells
treated with deoxypodophyllotoxin [8]. However, it is still
poorly understood which signal pathway is involved in
PARP-1 hyper-activation in glioma cells under the condition
of oxidative stress, despite that mitogen-activated protein ki-
nase (MAPK) subfamily extracellular signal regulated kinase
(ERK) pathway was reported to participate in the regulation of

parthanatos caused by oxidative stress in human lym-
phocytes [16]. c-Jun-N-terminal protein kinase (JNK),
which is another subfamily of MAPK, could also be
activated by ROS and plays an important role in regu-
lation of programmed glioma cell death [17]. We thus
speculate that JNK might have a regulatory effect on
parthanatos caused by oxidative stress. Given that
H,0, is a member of ROS that also include superoxide
and hydroxyl radicals [18] and extensively used to in-
duce oxidative stress in various types of cancer cells
such as gastric carcinoma, cervical cancer, colorectal
cancer, breast cancer, and glioma [19-26], we thus used
human glioma cell lines and H,O, in this study to in-
vestigate the role of JNK in glioma cell parthanatos
during oxidative stress.

Materials and Methods
Reagents

H,0,, 3AB, N-acetyl-L-cysteine (NAC), U0126, SB203580,
and SP600125 were purchased from Sigma (St. Louis, MO).
Anti-PARP-1, anti-AlF, anti-JNK, anti-phosphor-JNK, and
anti-Histone 3 antibodies were from Abcam (Cambridge,
MA). Anti-PAR polymer antibody was from Calbiochem
(Danvers, MA). Anti-f3-actin antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA). Scramble small inter-
fering RNA (siRNA), PARP-1 siRNA, and JNK siRNA were
purchased from GenePharma Company (Suzhou, China).
Other reagents were purchased from Sigma.

Cell Lines and Culture

Human SHG-44, U251, and U87 glioma cells were obtained
from the cell bank of Shanghai Biological Institute, Chinese
Academy of Science (Shanghai, China). The cells were cul-
tured in DMEM supplemented with 10 % fetal bovine serum,
glutamine (2 mmol/L), penicillin (100 U/mL), and streptomy-
cin (100 pg/mL) and maintained at 37 °C and 5 % CO, in a
humid environment. Cells at the mid-log phase were used in
the experiments.

Cell Viability Assay

SHG-44 (1x10* cells/well), U251 (5x 10* cells/well), and
U87 (5% 10* cells/well) glioma cells were seeded onto 96-
well microplate and cultured for 24 h and then were treated
with target compounds at indicated concentrations for indicat-
ed periods. The cellular viability was assessed using an MTT
assay and was expressed as a ratio to the absorbance value at
570 nm of the control cells.
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LDH Release Cell Death Assay

SHG-44 (1 x 10* cells/well), U251 (5 x 10* cells/well), and U87
(5% 10* cells/well) glioma cells were seeded onto 96-well mi-
croplate and cultured for 24 h. Lactate dehydrogenase cytotox-
icity assay kit (Beyotime Biotech, Nanjing, China) was used to
assay cellular death rate. According to the manufacturer’s in-
structions, the absorbance value of each sample was read at
490 nm, and cell death ratio was calculated by using the fol-
lowing formula: cell death ratio % =(Asample— Acontrol/
Amax — Acontrol) x 100. Asample is the sample absorbance
value; Acontrol is the absorbance value of control group; and
Amax is the absorbance value of positive group.

Assessment of Cell Death and Measurement
of Mitochondrial Membrane Potential by Flow Cytometry

SHG-44 and U251 glioma cells were collected at indicated
time after being treated with target compounds. Then, the
Annexin V-FITC detection kit (Invitrogen, Grand Island,
NY) was used for assessment of cell death modality as de-
scribed by the manufacturer’s instruction. The collected cells
were washed twice with PBS and resuspended in 400 pL 1x
binding buffer (10 mM HEPES/NaOH, 140 mM NacCl,
2.5 mM CaCly, pH 7.4). Cells (100 uL) were transferred to
a 5-mL culture tube containing 5 uLL of Annexin V-FITC and
10 pL of propidium iodide and then incubated for 15 min at
room temperature in the dark. After 1x binding buffer was
added into each tube, the stained cells were analyzed by flow
cytometry (FACScan, Becton Dickinson, San Jose, CA). The
rate of cell death was analyzed using CELLquest software
(Becton Dickinson). Data acquisition was conducted by
collecting 20,000 cells per tube, and the numbers of viable
and dead cells were determined for each experimental
condition.

Mitochondrial membrane potential was determined by the
retention of the dye Rhodamine 123 (Beyotime Biotech,
Nanjing, China). The collected cells were washed twice with
PBS, incubated with 10 pg/mL Rhodamine 123 at 37 °C for
30 min, and washed with PBS, and the fluorescence intensities
of Rhodamine 123 were analyzed with flow cytometry.

Measurement of Intracellular ROS and Mitochondrial
Superoxide

SHG-44 (5 x 10* cells/well) and U251 (5 x 10* cells/well) gli-
oma cells were seeded onto 96-well microplate and cultured
for 24 h and then treated with target compounds. The average
level of intracellular H,O, was evaluated by using redox-
sensitive dye DCFH-DA (Beyotime Biotech, Nanjing,
China). All the experimental cells were washed twice in
PBS and stained in the dark for 30 min with 20 umol/L
DCFH-DA. After the cells were dissolved with 1 % Triton
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X-100, the fluorescence was measured at an excitation wave-
length of 485 nm and an emission wavelength 530 nm using a
fluorescence spectrometer (HTS 7000, Perkin Elmer, Boston,
MA). The H,O, levels were expressed as arbitrary unit per
milligram protein, then as the percentage of control.

Mitochondrial superoxide was assayed by using MitoSOX
red (Invitrogen company, Eugene, OR) as described by the
manufacturer’s instruction. The cells were incubated 10 min
with 2.0 ml MitoSOX reagent working solution at 5 umol/L at
37 °C in dark and washed with PBS. The red fluorescence
density was measured at an excitation wavelength of 510 nm
and an emission wavelength at 580 nm and was expressed as a
ratio to the fluorescence in control cells.

Other groups of SHG-44 and U251 glioma cells were seed-
ed onto a culture dish in a diameter of 3 cm and cultured for
24 h. After being treated with H,O,, the cells were stained
with DCFH-DA or MitoSOX red as described above and ob-
served under fluorescence microscope (Olympus 1X71,
Tokyo, Japan).

Immunocytochemical Staining

SHG-44 glioma cells (4 x 10°) were seeded onto a culture dish
with a diameter of 3 cm and cultured for 24 h. After being
treated with 250 pumol/L H,O, for an indicated time, the cells
were fixed in 4.0 % paraformaldehyde, washed with PBS, and
incubated with 1% Triton X-100 for 10 min. After the non-
specific antibody binding sites were blocked by 10 % goat
serum in PBS containing 0.3 % Triton X-100 and 0.5 % bo-
vine serum albumin (BSA), the cells were incubated with
primary antibodies against AIF (1:100) followed by incuba-
tion in Alexa-Fluor 488-conjugated goat anti-rabbit IgG
(1:200) for 30 min at room temperature. Then, all the cells
were incubated with Heochst33342 for 30 min. Finally, the
cells were visualized, and images were acquired under laser
scanning confocal microscope.

Transfection of siRNA

SHG-44 (5% 10° cells/mL) and U251 (15 x 10° cells/mL) gli-
oma cells were seeded onto a culture dish with a diameter of
10 cm. Transfection of siRNA was performed by using
Lipofectamine 2000 (Invitrogen, USA) according to the man-
ufacturer’s instructions. The siRNA targeting PARP-1 was 5'-
GAGCACUUCAUGAAAUUAUTT-3’, and the targeting
IJNK siRNA was 5-GCCCAGUAAUAUAGUAGUATT-3".
After siRNA transfection overnight, the cells were incubated
with H,O, at indicated dose for subsequent experiments.

Gel Electrophoresis and Western Blotting

The collected SHG-44 and U251 glioma cells by centrifuga-
tion following harvest with a scraper were homogenized with
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a glass Pyrex microhomogenizer (20 strokes) in ice-cold
Tris-buffered saline (TBS; 15 mmol/L, pH 7.6) containing
250 mmol/L sucrose, 1 mmol/L magnesium chloride,
2.5 mmol/L EDTA, 1 mmol/L EGTA, 1 mmol/L dithio-
threitol, 1.25 mg/mL pepstatin A, 10 mg/mL leupeptin,
2.5 mg/mL aprotinin, 1.0 mmol/L PMSF, 0.1 mmol/L so-
dium orthovanadate, 50 mmol/L sodium fluoride, and
2.0 mmol/L tetrasodium pyrophosphate. Homogenates
were centrifuged at 1000g for 10 min at 4 °C to obtain
the pallets containing nucleus and the supernatants includ-
ing cytoplasm. Protein was quantified by Bio-Rad protein
assay kit (Bio-Rad, Hercules, CA), and equal protein
amounts were electrophoresed on 10 % SDS gels and
transferred to PVDF membranes (Millipore, Billerica,
MA). Membranes were blocked with 3 % bovine serum
albumin in TBS for 30 min at room temperature, then
incubated overnight at 4 °C with anti-PAR polymer
(1:500, Calbiochem, Danvers, MA), anti-AIF (1:1000,
Abcam, Cambridge, MA), anti-PARP-1 (1:1000,
Abcam), anti-phosphor-JNK (1:1000, Abcam), anti-JNK
(1:1000, Abcam), anti-Histone-3 (1:2000, Abcam), and
[3-actin (1:1000, Santa Cruz Biotechnology). After being
incubated 1 h at room temperature with horseradish
peroxidase-conjugated IgG (1:1500, Cell Signaling
Technology, Danvers, MA), the membranes were washed
three times at room temperature with PBS (pH 7.4), and
immunoreactive proteins were visualized by enhanced
chemiluminescence (Amersham Biosciences, Piscataway
NJ) and exposure to Kodak® X-omat LS film (Eastman
Kodak Company, New Haven, CT). Densitometry was
performed with Kodak® 1D image analysis software
(Eastman Kodak Company).
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Fig. 1 H202 inhibited the viabilities of glioma cells and triggered cell
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Statistical Analysis

All data represent at least four independent experiments and
are expressed as mean=+SD. Statistical comparisons were
made using one-way ANOVA. P values of less than 0.05 were
considered to represent statistical significance.

Results
H,0;-Induced Glioma Cell Death

MTT assay was used to examine H,0O,-induced changes in the
viabilities of glioma cells. As shown in Fig. 1, when compared
with that of control group, the viabilities of SHG-44, U251,
and U87 glioma cells reduced obviously after 24 h exposure to
H,0O, at indicated concentrations (Fig. la—c).
Correspondingly, the cell death ratio increased significantly
as revealed by lactate dehydrogenase (LDH) release assay
(Fig. le, f). Thus, these data indicated that exogenous H,0,
induced glioma cell death in a concentration-dependent man-
ner, and 250 and 500 umol/L H,O, were used in the subse-
quent experiments.

H,0,-Induced Parthanatos in Glioma Cells

In order to investigate whether parthanatos contributes to the
glioma cell death caused by H,0,, the cytoplasmic level of
PAR polymer was firstly examined by western blotting. As
shown in Fig. 2, the cytoplasmic PAR polymer increased ob-
viously in a concentration-dependent manner when SHG-44
and U251 glioma cells were exposed for 24 h to H,O, at the
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dependent cell death in SHG-44, U251, and U87 cells. Data were shown
as mean+ SD from three independent experiments. *p <0.01 versus
0 pmol/L H,O, group
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dosages from 62.5 to 500 umol/L or in an incubation time-
dependent manner after the cells were incubated from 6 to
24 h with 500 umol/L H,O,. Meanwhile, the expressional
level of PARP-1 was upregulated markedly as well in either
cytoplasms or nuclei of glioma cells. These results indicated
that exposure to H,O, not only resulted in expressional up-
regulation of PARP-1 but also led to its hyper-activation in
glioma cells. Consistent with the finding from western blot-
ting showing that nuclear AIF increased with the elevation of
cytoplasmic PAR polymer, the images acquired by confocal
microscopy revealed that AIF accumulated markedly in the
nuclei of the SHG-44 cells exposed for 12 h to 250 wmol/L
H,0, (Fig. 2g). This result indicated that H,O,-induced mito-
chondrial damage might be associated with cytoplasmic PAR
polymer, because AIF is a protein located normally within
mitochondria. Furthermore, the mitochondrial membrane po-
tential that controls AIF release was measured by using flow
cytometry with Rhodamine 123 staining, showing that 24 h
exposure to H,O, induced concentration-dependent decline in
mitochondrial membrane potential (Fig. 3h). Therefore, these
results suggested exposure to H,O, resulted in expressional
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upregulation and hyper-activation of PARP-1, and the PAR
polymer which accumulated within the cytoplasm led to mi-
tochondrial depolarization and AIF translocation into the
nucleus.

To verify the role of PARP-1 in H,O,-induced glioma cell
death, PARP-1 was pharmacologically inhibited by its specific
inhibitor 3AB. MTT assay proved that pretreatment 1 h with
3AB at indicated doses increased significantly the viabilities
of the SHG-44 and U251 glioma cells exposed to H,O,
(Fig. 3a, b). Flow cytometry analysis with Annexin V and PI
double staining demonstrated that the reduced percentage of
living cells due to exposure to H,O, at 250 and 500 pwmol/L
was, respectively, improved by 500 umol/L 3AB from 74.82
and 39.36 to 88.58 and 55.11 % in SHG-44 cells and from
77.74 and 41.52 to 87.23 and 85.23 % in U251 cells
(Fig. 3c, d). Moreover, the glioma cells with positive staining
of Annnexin V (Annexin V+/PI-, Annexin+/PI+) were obvi-
ously mitigated. At molecular level, western blotting revealed
that 500 pmol/L 3AB inhibited the expressional upregulation
of PARP-1, suppressed the increase of cytoplasmic PAR poly-
mer, and mitigated nuclear accumulation of AIF (Fig. 3e—g).
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Fig. 3 Pharmacological inhibition of PARP-1 with 3AB protected
glioma cells against H202 toxicity. a, b MTT assay showed that
pretreatment with 3AB at indicated concentrations reversed
significantly H,O,-induced reduction in the viabilities of SHG-44 and
U251 cells (*p<0.01 versus the group treated with H,O, alone). ¢, d
Flow cytometry with Annexin V/PI double staining proved that
500 umol/L 3AB rescued H,O,-induced cell death in SHG-44 and
U251 cells. e-g Five hundred micromoles per liter of 3AB inhibited the

Moreover, mitochondrial depolarization at 24 h caused by
H,0, at either 250 or 500 umol/L was counteracted obviously
by administration of 3AB (Fig. 3h).
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increase of cytoplasmic PAR-polymer, suppressed the upregulation of
PARP-1 in both cytoplasm and nucleus, and mitigated AIF
translocation into nuclei in SHG-44 and U251 cells. h Flow cytometry
with Rhodamine 123 staining demonstrated that 500 umol/L 3AB
prevented H,O,-induced decline of mitochondrial membrane potential
at 24 h in SHG-44 cells. Data were shown as mean+SD from three
independent experiments

Then, we knocked down PARP-1 with siRNA to fur-
ther confirm its role in H,O,-induced glioma cell death.
As shown in Fig. 4, western blotting analysis proved
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Fig.4 Knockdown of PARP-1 with small interfering RNA prevented the
toxic effect of H202 on glioma cells. a, b Western blotting analysis
showed that ablation of PARP-1 with siRNA attenuated the
upregulation of PARP-1 in cytoplasm and nucleus and mitigated the
increase of nuclear AIF in SHG-44 and U251 cells. ¢ Knockdown of
PARP-1 with siRNA inhibited cytoplasmic formation of PAR polymer
in the SHG-44 and U251 cells that were exposed for 24 h to 250 umol/L

that, either in the absence of H,O, or being treated 24 h
with 250 pumol/L H,0,, the glioma cells transfected
with PARP-1 siRNA had a lower level of PARP-1, cy-
toplasmic PAR polymer, and nuclear AIF, respectively,
when compared with that in the scramble siRNA group
(Fig. 4). This indicated that H,O,-induced elevation in
both the cytoplasmic level of PAR polymer and the
nuclear level of AIF were regulated by PARP-1.
Moreover, MTT assay and flow cytometry analysis
proved that H,O,-induced reduction in the cellular via-
bilities and the living glioma cells (Annexin V—/PI-)
was reversed when PARP-1 was knocked down by
siRNA (Fig. 4d-f). Particularly, the cells with positive
staining of Annexin V were suppressed obviously after
being transfected with PARP-1 siRNA.

Therefore, these data suggested that the glioma cell death
induced by H,O, was PARP-1-dependent, which was in line
with the criterion used for determination of parthanatos [10].

@ Springer

B U251

Cytoplasm Nucleus

PARP-1 e @@@len == =« ue ww e PARP-1

AIF "= eoweeamames S=escoammees AlF

B-actin sessmmsmemm= e e eme = Histone-3
Scramble SiRNA - + - - + - - e e
PARP-1SiRNA - - + - - + - —_+ - -
H202 250pmol/lL - - - + + + - - -+ +

SHG-44 2 Control

@ Control
B Scramble SiRNA U251 2

B Scramble SiRNA

1.2 - O PARP-1SiRNA 1.2 -0 PARP-1 SiRNA
25 1 P<0.01 25 1 P,ﬂim
3 o8 .3 gos | —
2206 2206
S 0o -}
§ 504 § 504

~o0.2 ~0.2
0 0
H202 0 250 H202 250
(umol/L) (umoliL)
F U251
Control . Scramble SIRNA  PARP-1 SiRNA

F3AT% | 538%| 12.98% 4.80%| “12.45% 5.77%)

i e
|

P au@

ey

250pmol/L H202 0 pmol{L H202

2.99%

55 2
9% -, as.wv 2
41
.

37.09% °

5.63% 25.27%)

Annexin-V-FITC

H202. d MTT assay showed that the reduced cellular viabilities due to
250 umol/L H,0O, was partially reversed in both SHG-44 and U251 cells
transfected with PARP-1 siRNA. e, f Flow cytometry with Annexin V/PI
double staining proved that H,O,-induced cell death in SHG-44 and
U251 cells was inhibited when PARP-1 was knocked down by siRNA.
Data were shown as mean + SD from three independent experiments

Intracellular ROS Contributed to Glioma Cell
Parthanatos

Intracellular accumulation of ROS is a prominent feature of
oxidative stress, and we thus measured exogenous H,O,-in-
duced changes in the intracellular level of ROS by using
DCFH-DA. Observation under fluorescence microscope re-
vealed that the glioma cells exposed for 12 h to H,O, at
500 pmol/L had much brighter green fluorescence than the
cells in control group (Fig. 5a), indicating that H,O, induced
marked accumulation of intracellular ROS. Statistical analysis
of the fluorescence density showed that the intracellular ROS
increased continuously in glioma cells when the incubation
time with H,O, was extended from 1 to 12 h. Moreover, the
intracellular ROS level in the 500 umol/L group was signifi-
cantly higher than that in the 250 pwmol/L group at the incu-
bation time of 6 and 12 h (Fig. 5b, c). This indicated that
exogenous H,0, induced oxidative stress in glioma cells.
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Fig. 5 H,0,-induced overproduction of ROS could be inhibited by
antioxidant NAC. a Fluorescence microscopy with DCFH-DA staining
revealed that the green fluorescence in the glioma cells exposed for 12 h
to 500 umol/L H,O, was obviously brighter than that in control group. b,
¢ Statistical analysis of the fluorescence density showed that exogenous
H,0, induced intracellular accumulation of ROS in a concentration- and

In contrast, pretreatment with antioxidant NAC at 2 mmol/L
not only counteracted the increase of intracellular ROS in the
glioma cells exposed for 12 h to H,O, (Fig. 5d, ¢) but also
significantly reversed H,O,-induced reduction in the cellular
viabilities of glioma cells at 24 h (Fig. 6a, b). Flow cytometry
analysis demonstrated as well that the living cells were im-
proved significantly, when glioma cells were treated with
NAC prior to 24 h exposure to H,O, (Fig. 6¢, d).
Furthermore, western blotting showed that inhibition of
ROS level with NAC prevented H,O,-induced expressional
upregulation of PARP-1, cytoplasmic formation of PAR poly-
mer, and nuclear accumulation of AIF (Fig. 6e—g). Moreover,
mitochondrial membrane potential was maintained at a higher
level in the glioma cell pretreated with NAC when compared
with that in the cells treated with H,O, alone (Fig. 6h).
Therefore, these results indicated that ROS contributed to
H,0,-induced parthanatos in glioma cells.

Activation of JNK by ROS-Regulated Glioma Cell
Parthanatos

Since JNK is a stress response protein kinase that could be
activated by ROS [27], we investigated the role of JNK in
H,0,-induced parthanatos. Western blotting analysis showed
that 24 h exposure to H,O, at each indicated concentration did
not induce obvious changes in JNK level when compared with

incubation time-dependent manner (*p <0.01 versus control group and
1 h group; *p <0.05 versus 6 h). d, e Intracellular ROS level induced by
12 h exposure to exogenous H,O, was significantly mitigated by
pretreatment with 2 mmol/L NAC (¥p<0.01 versus the group treated
with H,O, alone)

that in the control cells but triggered concentration-dependent
upregulation of phosphorylated JNK (Fig. 7a). In contrast,
administration of antioxidant NAC at 2 mmol/L significantly
inhibited H,O,-induced JNK phosphorylation (Fig. 7b), indi-
cating that ROS contributed to JNK activation in the glioma
cells treated with H,O,.

Thus, JNK inhibitor SP600125 was used to test the role of
JNK activation in H,O,-induced glioma cell parthanatos. As
shown by western blotting analysis, prior administration of
20 umol/L SP600125 effectively counteracted the upregula-
tion of phosphorylated JNK caused by H,O, at either 250 or
500 umol/L (Fig. 7c). Moreover, MTT assay and flow cytom-
etry with Annexin V/PI double staining revealed that
SP600125 prevented the reduction of glioma cells’ viabilities
in a concentration-dependent manner (Fig. 7d), and 40 pmol/
L SP600125 rescued markedly the cell death resulting from
24 h exposure to H,O, (Fig. 7e, f). Western blotting analysis
showed that H,O,-induced cytoplasmic formation of PAR
polymer, upregulation of PARP-1, and nuclear accumulations
of AIF were all attenuated, when JNK activation was inhibited
by 40 pmol/L SP600125 (Fig. 7g—i). To further confirm the
role of JNK activation in H,O,-induced parthanatos, we
knocked down the JNK level with siRNA and examined its
effect on H,O,-induced changes in PARP-1, cytoplasmic PAR
polymer, and nuclear AIF. As proved by western blotting,
ablation of JNK effectively inhibited the increase of
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phosphorylated JNK caused by H,O,. Moreover, when com-
pared with that in the cells transfected with scramble siRNA,
the upregulation of PARP-1, cytoplasmic formation of PAR
polymer, and nuclear accumulation of AIF caused by H,O,
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cytoplasmic formation of PAR polymer, upregulation of PARP-1, and
nuclear accumulation of AIF were all suppressed by NAC. h NAC
inhibited H,O,-induced mitochondrial membrane potential decline at
24 h in SHG-44 glioma cells. Data were shown as mean+SD from
three independent experiments

were all obviously mitigated in the cells transfected with JNK
siRNA (Fig. 8a—d).

Therefore, these results suggested that JNK activation con-
tributed to H,O,-induced parthanatos in glioma cells.
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group treated with H,O, alone). e, f Flow cytometry with Annexin V/PI
double staining showed that 20 pwmol/L. SP600125 reversed H,O,-induced
cell death in SHG-44 and U251 glioma cells. g—i Western blotting revealed
that 20 pmol/L SP600125 suppressed H,O,-induced cytoplasmic formation
of PAR polymer, upregulation of PARP-1, and nuclear translocation of AIF
in SHG-44 and U251 cells. Data were shown as mean+SD from three
independent experiments
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JNK Increased Intracellular ROS Level via Regulation
of Mitochondrial Generation of Superoxide

Given that intracellular ROS accounted for glioma cell
parthanatos caused by exogenous H,O,, we examined the
changes of intracellular ROS when JNK was inhibited by
SP600125. As shown in Fig. 9a, b, the increased intracellular
level of ROS in the glioma cells exposed for 12 h to H,O, at
either 250 or 500 pmol/L was attenuated markedly by pretreat-
ment with JNK inhibitor SP600125 at 20 umol/L (Fig. 5d, e).

A SHG-44 B

SHG-44 U251
PAR | —170 kd
- . :3! : —130 kd
1 —100 kd
- 2 =70 kd
—50 kd
B-actin
Scramble SiRNA = + - - + - -+ = - + -
JNKSIRNA - - + - - + - - % - -
H202 250pmol/lL = - - + + + - - - 4 o+ o+
D U251
Cytoplasm Nucleus
PARP-1 = &= & S5 88 & | | &= & == & &= PARP-1

Alf = = = ——— —— e - AIF

—————— Histone-3

B-actin == = - ———

Scramble SiRNA = + - = + - -+ - = 4 =
JNK SiRNA - - + - - + - = =
H202250pmol/L - - - + + + i o

IJNK siRNA mitigated H,O,-induced cytoplasmic formation of PAR
polymer in SHG-44 and U251 cells. ¢, d Knockdown of JNK with
siRNA inhibited H,O,-induced upregulation of PARP-1 and nuclear
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Furthermore, MitoSOX, which is a specific probe for mito-
chondrial superoxide, was used to examine whether mitochon-
drion is the origin of intracellular ROS, because superoxide is
an important member of ROS. Observation under fluorescence
microscope revealed that the red fluorescence in the glioma
cells treated for 12 h with 500 umol/L H,O, was obviously
higher than that in control cells (Fig. 9c), indicating that exog-
enous H,O, induced overgeneration of mitochondrial superox-
ide. Moreover, statistical analysis of the fluorescence density
showed that superoxide was excessively generated in the
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Fig. 9 JNK regulated the generation of mitochondrial superoxide. a, b
Intracellular ROS level induced by 12 h exposure to exogenous H,O, was
significantly mitigated by pretreatment with 20 pmol/L SP600125
(*p<0.01 versus the group treated with H202 alone). ¢ Fluorescence
microscopy with MitoSOX staining showed the red fluorescence in the
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glioma cells exposed for 12 h to 500 umol/L H,O, was markedly brighter
than that in control group. d, f Statistical analysis of the fluorescence
density proved that 20 pmol/L SP600125 inhibited mitochondrial gener-
ation of superoxide caused by H,O, at 12 h (*»<0.01 versus control
group. *p <0.01 versus H,O, group)
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mitochondria of the glioma cells treated with H,O, at
500 umol/L, not at 250 umol/L (Fig. 9d, e). This indicated that
mitochondrial generation of superoxide is a factor leading to the
increase of intracellular ROS caused by exogenous H,O,. In
contrast, we found that SP600125 significantly counteracted
mitochondrial generation of superoxide caused by H,O, expo-
sure at 12 h (Fig. 9d, e). Thus, these results suggested that the
increase of intracellular ROS in the glioma cells exposed to
exogenous H,O, was partially due to the activation of JNK,
which promoted mitochondrial generation of superoxide.

Discussion

In this study, we demonstrated that exogenous H,O, triggered
PARP-1-dependent cell death (parthanatos) in glioma cells via
induction of intracellular accumulation of ROS. The phos-
phorylation of JNK caused by intracellular ROS contributed
to expressional upregulation and hyper-activation of PARP-1.
Moreover, the increase of intracellular ROS caused by exog-
enous H,O, was partially due to the activation of INK, which
promoted mitochondrial overgeneration of superoxide.
Therefore, our results suggested that oxidative stress contrib-
uted to glioma cell parthanatos via phosphorylation of JNK,
which improved intracellular ROS level via promotion of mi-
tochondrial superoxide generation.

Previous reports have shown that exogenous H,O, could
lead to apoptosis and necrosis in various types of cancer cell
lines, including gastric carcinoma, cervical cancer, colorectal
cancer, and breast cancer [19-26]. Although it was found that
H,0, induced caspase-dependent apoptosis and autophagic
cell death in glioma cells [23-26], the present study showed
that parthanatos also accounted for the programmed glioma
cell death caused by exogenous H,O,. As a new modality of
programmed cell death characterized by hyper-activation of
PARP-1 and overproduction of PAR polymer, parthanatos is
energy-independent and does not lead to the formation of
apoptotic body, which is different with apoptosis that is
energy-dependent and forms apoptotic body [28]. However,
parthanatos has some similarities with apoptosis including
phosphatidylserine flipping onto the outer plasma membrane,
dissipation of mitochondrial membrane potential, and chro-
matin condensation [28]. Flow cytometry analysis combined
with Annexin V and PI double staining is an effective method
to detect phosphatidylserine that flips onto the outer plasma
membrane and intracellular accumulation of PI. In this study,
the glioma cells with positive staining of Annexin V (Annexin
V+/PI—, Annexin+/PI+) decreased significantly when cyto-
plasmic PAR polymer was attenuated by inhibition of
PARP-1 with 3AB or siRNA (Figs. 3c, d and 4e, f), which
was consistent with the characteristic of parthanatos [28].
Interestingly, previous studies showed that PAR polymer also
plays a role in mediating cell death due to necrosis and

apoptosis [29], and caspase activation could accompany the
occurrence of parthanatos at late stage [28]. Additionally,
Zhao et al. found that parthanatos and RIP-1-mediated
necroptosis were both involved in remote lung injury in the
rats receiving ischemic renal allografts [30], indicating that
parthanatos could occur with other form of programmed cell
death.

Hyper-activation of PARP-1 is the key step to initiate
parthanatos, which accounts for the synthesis of PAR polymer
by using NAD+ [4]. PAR polymer is an effector of parthanatos
because it is cytotoxic, which was supported by the finding
that exogenous delivery of purified PAR polymer resulted in
cell death via induction of mitochondrial depolarization and
AIF translocation into the nucleus [4, 31]. In this study, we
found that H,O, induced significant accumulation of PAR
polymer in cytoplasm in a concentration- and incubation
time-dependent manner. In contrast, pharmacological inhibi-
tion of PARP-1 with 3AB or genetic knockdown of its level
with siRNA not only inhibited cytoplasmic accumulation of
PAR polymer but also rescued glioma cell death. These results
were in accordance with the criteria used for determination of
parthanatos [9]. Although PAR polymer influences cellular
destiny via causing mitochondrial depolarization as demon-
strated by our results showing that inhibition of cytoplasmic
accumulation of PAR polymer with 3AB reversed H,O,-in-
duced decline in mitochondrial membrane potential, it also
could covalently bind with cellular proteins to inhibit or acti-
vate their physiological functions. Andrabi et al. found that
PARP-1-mediated inhibition of glycolysis partially resulted
from PAR polymer binding to hexokinase to cause its dys-
function [32]. In this study, the smear bands detected by
anti-PAR antibody on western blotting membrane suggested
that PAR polymer might bind with cellular proteins in the
glioma cells exposed to H,O,.

Intracellular accumulation of ROS is a typical feature
of oxidative stress. Consistent with previous studies
showing that exposure to exogenous H,O, resulted in
intracellular accumulation of ROS in cancer cells
[19-22], we found as well that the intracellular ROS
increased significantly in human glioma cells exposed
to H,O,, which demonstrated that exogenous H,O,
caused oxidative stress in glioma cells. Despite that
DNA damage is thought to be a major factor leading
to the activation of PARP-1 [15], ROS has been found
recently to play an important role in regulating PARP-1
hyper-activation. Akhiani et al. reported that ROS-
generating myeloid cells and exogenous H,0, triggered
PARP-1-dependent accumulation of PAR polymer in hu-
man lymphocytes [16]. Mashimo et al. proved that
exposure to H,O, resulted in parthanatos in mouse
embryonic fibroblasts [29]. We reported previously
that inhibition of ROS level with antioxidant
NAC prevented glioma cell parthanatos induced by
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deoxypodophyllotoxin [8]. Consistently, we found in
this study that inhibition of ROS level with antioxidant
NAC counteracted H,O,-triggered glioma cell death via
inhibition of parthanatos, indicating that ROS is an ini-
tiator to glioma cell parthanatos.

In addition, we thought that the JNK pathway was involved
in H,O;-induced glioma cell parthanatos on the basis that
pharmacological inhibition of JNK with SP600125 or genetic
ablation of its level with siRNA significantly mitigated the
upregulation of PARP-1 and cytoplasmic formation of PAR
polymer. JNK is a subfamily of MAPK and associated with
cell proliferation, motility, metabolism, DNA repair, and death
[33]. As a stress-activated protein kinase, JNK was found to
be activated under the condition of oxidative stress and par-
ticipate in modulation of H,O,-induced programmed death in
cancer cells [33—35]. Consistently, our results in this study
showed that the phosphorylated level of JNK in the glioma
cells exposed to H,O, was obviously mitigated when intracel-
lular ROS level was counteracted by antioxidant NAC.
Although the mechanism underlying JNK activation induced
by ROS in glioma cells was not investigated in this study,
previous reports have shown that ROS modulates JNK acti-
vation primarily through two pathways. One is via ROS-
sensitive apoptosis signaling kinase 1 (ASK1) to phosphory-
late JNK [36], and the other is to maintain the level of phos-
phorylated JNK via inhibition of MAPK phosphatases-1
(MKP-1) which is involved in the inactivation of JNK [37,
38]. Additionally, another member of the MAPK family,
ERK, was reported to be associated with H,O,-induced
parthanatos in human lymphocytes [16], despite that we found
in this study that neither ERK1/2 inhibitor U0126 nor P38
inhibitor SB203580 could inhibit H,O,-induced parthanatos
in glioma cells (data not shown).

Despite that how H,0, led to the increase of intracellular
ROS in glioma cells was not reported previously, we proved
that inhibition of JNK with SP600125 attenuated the increase
of both intracellular ROS and mitochondrial superoxide
caused by H,O,. Particularly, accumulating evidences suggest
that JNK activation plays an important role in regulation of
intracellular ROS level. Hanawa et al. reported that phosphor-
ylated JNK promoted intracellular ROS via affecting mito-
chondrial bioenergetics after translocation into mitochondria
and inhibition of JNK phosphorylation with SP600125 that
suppressed the generation of ROS [39]. Furthermore, Win
et al. found that phosphorylated JNK impaired mitochondrial
respiration via interplay with Sab(Sh3bp5) [40]. Additionally,
Kim demonstrated that JNK inhibited the expression and ac-
tivity of catalase which accounts for transformation of H,O,
into water [31]. Therefore, we thought that activated JNK
enhanced the expression and the hyper-activation of PARP-1
via improvement of intracellular ROS level in glioma cells.

In conclusion, we demonstrated that oxidative stress fea-
tured by higher intracellular level of ROS initiated parthanatos
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in glioma cells via activation of JNK. The activated JNK con-
tributed to glioma cell parthanatos through improvement of
intracellular level of ROS.
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