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ARTICLE INFO ABSTRACT

Keywords: Chromatinolysis refers to enzymatic degradation of nuclear DNA and is regarded as one of the crucial events
MLKL leading to cell death. Mixed-lineage kinase domain-like protein (MLKL) has been identified as a key executor of

Chromatinolysis necroptosis, but it remains unclear whether MLKL contributes to necroptosis via regulation of chromatinolysis.

N;CYOPtOSIS In this study, we find that shikonin induces MLKL activation and chromatinolysis in glioma cells in vitro and in

ghl.ima. vivo, which are accompanied with nuclear translocation of AIF and y-H2AX formation. In vitro studies reveal
1Konin

that inhibition of MLKL with its specific inhibitor NSA or knockdown of MLKL with siRNA abrogates shikonin-
induced glioma cell necroptosis, as well as chromatinolysis. Mechanistically, activated MLKL targets mi-
tochondria and triggers excessive generation of mitochondrial superoxide, which promotes AIF translocation
into nucleus via causing mitochondrial depolarization and aggravates y-H2AX formation via improving in-
tracellular accumulation of ROS. Inhibition of nuclear level of AIF by knockdown of AIF with siRNA or miti-
gation of y-H2AX formation by suppressing ROS with antioxidant NAC effectively prevents shikonin-induced
chromatinolysis. Then, we found that RIP3 accounts for shikonin-induced activation of MLKL, and activated
MLKL reversely up-regulates the protein level of CYLD and promotes the activation of RIP1 and RIP3. Taken
together, our data suggest that MLKL contributes to shikonin-induced glioma cell necroptosis via promotion of
chromatinolysis, and shikonin induces a positive feedback between MLKL and its upstream signals RIP1 and
RIP3.

1. Introduction necroptosis.

DNA is one of the most essential molecules in eukaryotic cells and

Mixed-lineage kinase domain-like protein (MLKL) has been identi-
fied as a key executor of necroptosis, which is a new type of pro-
grammed cell death with morphological similarities to necrosis [1-3].
After being recruited to necrosome complex consisting mainly of re-
ceptor interacting serine-threonine protein kinases 1 (RIP1) and 3
(RIP3), MLKL is phosphorylated by RIP3 at T357 and S358 and then
activated [1]. When the activated MLKL forms homotrimer, it produced
multiple biological effects such as disrupting cell membrane, inducing
cation channels in plasma membrane and triggering formation of
NLRP3 inflammasome [1-6]. However, it is still unclear whether acti-
vated MLKL could lead to other biological effects during the process of

contains all the information necessary for maintaining cellular physio-
logical functions [7]. Chromatinolysis refers to enzymatic degradation
of nuclear DNA [8]. Proper degradation of DNA could prevent disease
occurrence. However, excessive degradation of DNA makes cell death
program irreversible and facilitates nucleus disassembly, and thus is
regarded as one of the key events leading to cell death [7]. Chromati-
nolysis has been studied extensively in the case of apoptosis. It was
found that DNA is cleaved into large fragments (50-200kb), then
cleaved into nucleosomal units (180 bp) and finally degraded into oli-
gonucleotides or smaller molecule by deoxyribonuclease (DNase) [9].
Although less is known about the factors or mechanisms responsible for
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chromatinolysis in necroptosis, accumulating evidences have shown
that nuclear translocation of apoptosis inducing factor (AIF) from mi-
tochondria and y-H2AX formation contributed to chromatinolysis in
necroptotic cells [7,10].

Shikonin is a naphthoquinone isolated from Lithospermum ery-
throrhizon. It exerted therapeutic effect on various types of cancers
such as glioma, osteosarcoma, breast cancer, colon cancer and multiple
myeloma via activation of necroptosis pathway [11-15]. RIP1 and RIP3
were both reported to contribute to shikonin-induced glioma cell ne-
croptosis [11], but in which the role of MLKL remains elusive. In our
previous study, we found that the nuclei in shikonin-treated glioma
cells were electron-lucent under transmission electronic microscope
[16], indicating induction of chromatinolysis might be a pathway via
which shikonin triggered glioma cell necroptosis. Therefore, we in-
vestigated in this study whether MLKL is involved in shikonin-induced
glioma cell necroptosis and its role in regulation of chromatinolysis.

2. Materials and methods
2.1. Reagents

Shikonin, NAC (N-Acetyl Cysteine), and MnTBAP (metalloporphyrin
Mn (III) tetrakis (4-benzoic acid) porphyrin) were all purchased from
Sigma (St.Louis, MO). NSA (Necrosulfonamide) was from Selleckchem
company (Houston, TX). Shikonin was dissolved in PBS to a storage
concentration of 50 mmol/L. Anti-RIP1, anti-RIP3, anti-phospho-RIP3
at Ser227, anti-H2A antibodies were purchased from Abcam company
(Cambridge, MA). Anti-phospho-RIP1at Ser166 antibody was from cell
signaling company (Danvers, MA). Anti-B-Actin antibody was from
Santa Cruz Biotechnology (Santa Cruz, CA). Other reagents were pur-
chased from Sigma (St. Louis, MO).

2.2. Cell line and culture

Human SHG-44, U87 and U251 and rat C6 glioma cells were all
obtained from Shanghai Institute of Cell Biology, Chinese Academy of
Sciences (Shanghai, China). They were cultured in DMEM supple-
mented with 10% fetal bovine serum, 2 mmol/L glutamine, penicillin
(100 U/mL) and streptomycin (100 pg/mL), and maintained at 37 °C
and 5% CO, in a humid environment. Cells in the mid-log phase were
used in the experiments.

2.3. Lactate dehydrogenase release cell death assay

The cells were seeded onto 96-well microplate and cultured 24 h.
Lactate dehydrogenase cytotoxicity assay kit (Beyotime Biotech,
Nanjing, China) was used to assay cellular death rate. According to the
manufacturer's instructions, 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 %= (A sample — A control/A max — A
control) x 100. A sample: sample absorbance value; A control: the
absorbance value of control group; A max: the absorbance value of
positive group.

2.4. Assessment of necrosis by flow cytometry

SHG-44 and U251 glioma cells were collected and then the Annexin
V-FITC detection kit (Invitrogen, Grand Island, NY) was used for as-
sessment of cell death modality as described by the manufacture's in-
struction. The collected cells were washed twice with PBS, and re-
suspended in 400 puL 1 X binding buffer, and then transferred to a 5-mL
culture tube containing 5 pL of annexin V-FITC and 10 pL of propidium
iodide. After incubation for 15 minat room temperature in the dark,
1 x binding buffer was added into each tube and the stained cells were
analyzed by flow cytometry (FACScan, Becton Dickinson, San Jose,
CA). The rate of cell death was analyzed using CELLquest software
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(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.

2.5. Mitochondrial membrane potential assay

The SHG-44 and U251 glioma cells were collected and stained with
JC-1 according to manufacturer's instruction (Beyotime Biotech,
Nanjing, China). Then, the ells were analyzed by flow cytometry
(FACScan, Becton Dickinson, San Jose, CA).

Another group of SHG-44 cells seeded onto a culture dish with a
diameter of 3 cm were treated as the same as above described, and then
observed under fluorescence microscope (Olympus IX71, Tokyo,
Japan).

2.6. Measurement of mitochondrial superoxide

Mitochondrial superoxide was assayed by using MitoSOX red
(Invitrogen company, Eugene, OR) as described by manufacture's in-
struction. The SHG-44 cells seeded onto 96-well microplate were in-
cubated 10min with 2.0 mL MitoSOX reagent working solution at
5 umol/L at 37 °C in dark, and then washed with PBS. The red fluor-
escence 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.

Another group of SHG-44 glioma cells seeded onto a culture dish
with a diameter of 3 cm were treated as described above, and observed
under fluorescence microscope (Olympus IX71, Tokyo, Japan).

2.7. Transfection of small interfering RNA (siRNA)

SHG-44 (15 x 10°cells/ml) and U251 (15 x 10°cells/ml) cells
were seeded onto a culture dish in a diameter of 10 cm. Transfection of
siRNA was performed by using Lipofectamine 2000 (Invitrogen, USA)
according to the manufacturer's instructions.

The MLKL siRNA (5- CCUCUGUGGAUGAAAUCUUTT-3"), AIF
SiRNA (5-GCAGUGGCAAGUUACUUAUTT-3), RIP3 siRNA (5- CCAG
CACUCUCGUAAUGAUTT -3’), and scrambled siRNA (5-UUCUCCGAA
CGUGUCACGUTT-3") were all purchased from GenePharma Company
(Suzhou, China). After siRNA transfection overnight, the cells were
incubated with shikonin at indicated dosage for subsequent experi-
ments.

2.8. Rat C6 tumor xenograft in mice

Twenty athymic BALB/c nude mice (aged 4 weeks, weight 20-22 g,
Beijing Vital River laboratory animal technology company, China) were
housed in a specific pathogen-free environment under the condition of
12-h light/12-h dark cycle, free access to food and water, and accli-
matised to their surroundings for three days. The rats were cared in
accordance with the guidelines for experimental animals of Jilin
University and the study was approved by the ethics committee of the
first hospital of Jilin University (Changchun, China). A total of 1 x 107
logarithmically growing C6 cells in 100 pL of PBS were subcutaneously
injected into the right flank of each mouse. Therapeutic experiments
were started when the tumor reached about 150 mm? after 7 days. The
mice were allocated to receive intraperitoneal injections of vehicle
(control group, n = 10/group), 2 mg/kg body weight shikonin in the
same volume 50 pL once two days for four times (n = 10/group in each
group). The tumor size was measured using a slide caliper, and the
tumor volume was calculated using the formula: 0.5 X A X B2, in
which A is the length of the tumor and B is the width. On the next day of
the last treatment, the mice were euthanized by cervical dislocation.
After being excised and weighed, the tumors were frozen immediately
in liquid nitrogen for western blotting analysis.
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2.9. Gel electrophoresis and western blotting

The collected glioma cells by centrifugation following harvest with
a scraper and the frozen xenografted glioma tissue were homogenized
with a glass Pyrex microhomogenizer (20 strokes) in ice cold Tris
buffered saline (TBS; 15 mmol/L, pH 7.6) containing 250 mmol/L su-
crose, 1 mmol/L magnesium chloride, 2.5 mmol/L EDTA, 1 mmol/L
EGTA, 1 mmol/L dithiothreitol, 1.25mg/mL pepstatin A, 10 mg/mL
leupeptin, 2.5 mg/mL aprotinin, 1.0 mmol/L PMSF, 0.1 mmol/L sodium
orthovanadate, 50 mmol/L sodium fluoride, and 2.0 mmol/L tetra-
sodium pyrophosphate. Homogenates were centrifuged at 1000 g for
10 min at 4 °C to obtain the supernatants. The protein content was de-
termined using Bio-Rad protein assay kit. After SDS electrophoresis and
transfer to PVDF membranes, the membranes were blocked with 3%
bovine serum albumin in TBS for 30 min at room temperature, then
incubated overnight at 4 °C with primary antibodies. After incubation
with horseradish peroxidase-conjugated secondary antibody and the
blots were washed, immunoreactive proteins were visualized on a
chemi-luminescence developer (ChemiScope 5300, Clinx Science
Instrument Company, Shanghai) and then the density was quantified by
using software of Image J.

2.10. Co-immunoprecipitation

The collected SHG-44 glioma cells by centrifugation following
harvesting with a scraper were homogenized as described above, and
then centrifuged at 15,000 x g for 15 min at 4 °C to get the supernatant.
The protein content was determined using Bio-Rad protein assay kit and
protein concentrations were normalized. 400 ug protein samples were
pre-cleared with isotype IgG control antibody (Abcam) and Protein A/G
agarose (Millipore). 40 uL Protein A/G agarose prepared by incubation
with 10 yuL primary in 50 pL lysis buffer overnight at 4 °C was added
into the protein samples, and then incubated overnight at 4 °C. Then the
mixture was precipitated by high-speed freezing centrifugation at
12000 rpm for 10s. To remove non-specifically bound proteins, the
sediment was washed three times with lysis buffer. Agarose-bound
immunocomplexes were then released by denaturing solution in
loading buffer before performing a Western blot analysis.

2.11. Immunocytochemical staining

The cells seeded onto a culture dish in a diameter of 3 cm were fixed
in ethanol, washed with PBS, and incubated with 1%Triton X-100 for
10 min. After the nonspecific antibody binding sites were blocked by
5% BSA (bovine serum albumin), the cells were incubated with primary
antibody against anti-AIF antibody (1:100) or phospho-H2AX at serine
139 (1:100), respectively. Then, the cells incubated with in Cy3-con-
jugated goat anti-rabbit IgG (1:200) for 1 hat room temperature, fol-
lowed by incubation with Heochst33258 for 30 min. Another group of
SHG-44 cells were incubated with 100 nmol/L Mitotracker red for
30 min at 37 °C before fixation in ethanol. After the nonspecific anti-
body binding sites were blocked, the cells were incubated with anti-
phospho-MLKL at S358 antibodies (1:100) followed by incubation in
Cy3-conjugated goat anti-rabbit IgG (1:200) for 1h and then with
Heochst33258 for 30 minat room temperature. Finally, all the cells
were visualized under laser scanning confocal microscope (Olympus
FV1000, Tokyo, Japan).

2.12. Extraction of genomic DNA and agarose gel electrophoresis

The cells were harvested by using 0.25% trypsin and collected by
centrifugation for 10 min at 2000 rev/min. Then, the collected cells
were incubated overnight at 55 °C with constant shaking in 200 pL of
SDS lysis buffer to extract the genomic DNA. A volume of each sample
equivalent to 10 ug of DNA was mixed with 6 x DNA loading dye and
subjected to gel electrophoresis on a 1% agarose gel. DNA bands on the
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gel were visualized by UV transillumination and gel images were cap-
tured on the Gel Doc instrument (Bio-Rad Laboratories, Hercules, CA).

2.13. Transmission electron microscopy

After the cells were harvested using 0.25% trypsin and then washed
with PBS, they were collected by centrifugation for 10 min at 2000 re-
volutions per minute. Then, the cells were fixed in ice-cold 2.5% glu-
taraldehyde in PBS (pH 7.3), rinsed with PBS, post-fixed in 1% osmium
tetroxide with 0.1% potassium ferricyanide, dehydrated through a
graded series of ethanol (30%-90%) and embedded in Epon resin
(Energy Beam Sciences, Agawam, MA, USA). Semithin (300 nm) sec-
tions were cut using a Reichart Ultracut ultra microtome, stained with
0.5% toluidine blue and examined under a light microscope. Ultrathin
sections (65nm) were stained with 1% uranyl acetate and 0.1% lead
citrate and examined using a JEM2000EX transmission electron mi-
croscope (JEOL, Pleasanton, CA, USA).

2.14. Hoechst 33258 staining

The cells were seeded on coverslips in 6-well culture plates for 24 h,
and then treated with shikonin for 2hat 37 °C. After being washed
twice with PBS, the cells were incubated with Hoechst 33258 dye (1 pug/
mL) for 5min at room temperature. After a final wash with PBS, the
samples were visualized at 60 X magnification under a laser scanning
confocal microscope (Olympus FV1000, Tokyo, Japan). The cells with
chromatinolysis features were counted in five view fields which were
selected randomly from each sample by a pathologist blind to this
study, and presented as the percentage of total cells.

2.15. Statistical analysis

All data represent at least 4 independent experiments and are ex-
pressed as mean * SD. Statistical comparisons were made using One-
way ANOVA. P-values of less than 0.05 were considered to represent
statistical significance.

3. Results
3.1. Shikonin induced chromatinolysis in glioma cells

In our previous study, we have found that shikonin significantly
inhibited the viabilities of SHG-44, U251, U87 and C6 glioma cells in a
concentration-dependent manner and the IC50 values of shikonin at 3h
were respectively 4 pumol/L in SHG-44 cells, 6 ymol/L in C6 cells,
10 umol/L in U251 cells and U87 cells [17]. Thus, these dosages of
shikonin were also used in this study.

Given that chromatinolysis is one of the final events leading to cell
death [7], we investigated whether shikonin could induce chromati-
nolysis in glioma cells. To address this issue, transmission electron
microscopy was used to examine shikonin-induced changes in chro-
matin. Compared with the smoothly outlined nucleus that contained
clumps of heterochromatin (arrow heads) in control cells, the nucleus in
the cells treated with shikonin for 3h became electron-lucent despite
the nuclear membrane was intact (Fig. 1A). This indicated that shikonin
might induce chromatin degradation in glioma cells. Consistently, laser
scanning confocal microcopy revealed that the nuclei detected by
Hoechst 33258 which is a kind of blue fluorescence dyes and often used
to stain nuclear DNA became hollowed in shikonin-treated cells when
compared with the ones in control cells (Fig. 1B). Then, we analyzed
the kinetics of shikonin-induced morphological changes in the nuclei of
SHG-44 and U251 cells by counting the hollowed nuclei. It was found
that the percentage of the hollowed nuclei to all the counted nuclei was
improved significantly when shikonin treatment was extended from 1 h
to 3h (Fig. 1C). Considering that shikonin did not induce disruption in
nuclear membrane and the volume of nucleus was in large volume, we
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Fig. 1. Shikonin induced chromati-
nolysis in glioma cells.

(A)The representative images acquired
by using transmission electronic mi-
croscope showed that nucleus in the
SHG-44 and U251 glioma cell treated
with shikonin at IC50 values for 3 h
became electron-lucent with intact nu-
clear membrane, whereas the one in
control group was outlined smoothly
and contained clumps of hetero-
chromatin (arrow heads). (B)
Fluorescence microcopy combined with
Hoechst 33258 staining revealed that
the nuclei in the SHG44 and U251
glioma cells treated with shikonin at
IC50 values for 3 h became hollowed
when compared with those in control
cells. (C) The formation of hollowed
nuclei induced by shikonin were im-
proved significantly when the incuba-
tion time was extended from 1 h to 3 h.
(D)Agarose gel electrophoresis proved
that the genomic DNA extracted from
shikonin-treated U251, U87, SHG44
and C6 cells presented continuous
smear bands, which became more ap-

= Control
= 1h

" 2h
= 3h

U251

0 15 30 60120

parent with the extension of treatment time from 15min to 120min. These results indicated that shikonin induced chromatinolysis in glioma cells. The values are

expressed as mean =+

thought that shikonin might induce DNA degradation (chromatinolysis)
in glioma cells.

To demonstrate that shikonin could induce chromatinolysis in
glioma cells, nuclear DNA was extracted from U251, U87, SHG-44 and
C6 glioma cells which were treated with shikonin at the dosage of IC50
values for the indicated time and electrophoresed on agarose gel.
Agarose gel electrophoresis is often used to separate DNA fragmenta-
tion induced by various stresses. In the condition of necrosis, DNA
displayed smear bands on agarose gel [18]. Consistently, we found that
the nuclear DNA extracted from the cells treated with shikonin pre-
sented continuous smear bands on agarose gel when compared with
that in control group (Fig. 1D). Moreover, the smear bands became
more apparent with the extension of shikonin treatment time from
15min to 120min. Thus, these data further verified that shikonin in-
duced degradation of nuclear DNA.

3.2. MLKL contributed to shikonin-induced chromatinolysis and glioma cell
necroptosis

Accumulating evidences have demonstrated that shikonin induced
glioma cell necroptosis via activation of RIP1 and RIP3 [11,17], in
which the role of MLKL remains elusive. Thus, western blotting was
used to analyze shikonin-induced changes in MLKL in U251, U87, SHG-
44 and C6 glioma cells. As shown in Fig. 2A, when compared with those
in control group, the protein levels of MLKL and phospho-MLKL (the
active form of MLKL) were both obviously up-regulated in shikonin-
treated cells, and their levels increased markedly when the incubation
time was extended from 30min to 120min. This indicated that shikonin
induced MLKL activation in a time-dependent manner.

To examine the role of MLKL activation in shikonin-induced glioma
cell death, the cells were treated with MLKL inhibitor NSA at 10 pmol/L
for 1 h and then incubated with shikonin at indicated concentrations for
3h. As shown by LDH release assay, pretreatment with NSA sig-
nificantly prevented the glioma cell death induced by shikonin at lower
or higher dosages (Fig. 2B). Flow cytometry analysis combined with
Annexin V-PI double staining is a usual method to differentiate necrotic
cells from apoptotic ones. The cells at early stage of apoptosis are only
positive to Annexin V, and the ones at late stage of apoptosis are

SEM (n = 5 view fields). *: p < 0.01 versus control group.
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positive to both Annexin V and PI. By contrast, the necrotic cells could
be stained with either PI alone, or with Annexin V and PI [16]. Con-
sistent with previous report [16], our data showed that shikonin in-
duced time-dependent improvement in the cells positively stained with
PI or both Annexin V and PI (Fig. 2C). This indicated that shikonin
induced necrosis in glioma cells. However, pretreatment with NSA
obviously decreased shikonin-induced glioma cell necrosis (Fig. 2D).
Moreover, western blotting analysis revealed that shikonin-induced
improvement in MLKL and phospho-MLKL were both prevented in the
cell pretreated with NSA (Fig. 2E). Thus, these data suggested that
MLKL regulated shikonin-induced glioma cell necrosis.

To further clarify the role of MLKL in shikonin-induced glioma cell
death, small RNA interference (siRNA) was introduced to knock down
of MLKL. When compared with the cells transfected with scrambled
siRNA, shikonin-induced MLKL phosphorylation was mitigated when
MLKL was knocked down with siRNA (Fig. 2F). Then, Flow cytometry
analysis combined with Annexin V-PI double staining demonstrated
that knockdown of MLKL with siRNA significantly prevented shikonin-
induced glioma cell necrosis (Fig. 2G). This verified that MLKL con-
tributed to shikonin-induced glioma cell necroptosis.

Notably, agarose gel electrophoresis of the nuclear DNA extracted
from the cell treated with or without shikonin revealed that the smear
bands of DNA induced by shikonin were alleviated obviously in the
presence of MLKL inhibitor NSA or when MLKL was genetically
knocked down with siRNA (Fig. 2H and I). Therefore, these data in-
dicated that MLKL contributed to shikonin-induced glioma cell ne-
croptosis via promotion of chromatinolysis.

3.3. MLKL promoted shikonin-induced y-H2AX formation via improvement
of ROS

To clarify why MLKL could regulate chromatinolysis, we in-
vestigated its role in regulation of y-H2AX (phospho-H2AX at ser139)
formation that is a marker of DNA double strand breaks (DSBs) and
regarded as a key step leading to chromatinolysis [10]. As shown by
western blotting analysis, the level of y-H2AX was improved markedly
in the cells treated with shikonin for 3 h, which was reinforced with the
increases of shikonin dosages (Fig. 3A). Moreover, many foci of y-H2AX
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(A) Western blotting revealed that shikonin induced time-dependent upregulation of MLKL and phosphorylation of MLKL in U251, U87, SHG44 and C6 glioma cells.
(B) LDH release assay demonstrated that pretreatment with MLKL specific inhibitor NSA prevented shikonin-induced glioma cell death. (C) Flow cytometry analysis
combined with annexinV/PI double staining proved that shikonin induced time-dependent improvement in the cells that were positively stained with PI alone or with
Annexin V and PI. (D) Flow cytometry analysis showed that shikonin-induced glioma cell necrosis was inhibited in the presence of NSA. (E) Western blotting analysis
showed that NSA suppressed shikonin-induced improvement in the protein levels of MLKL and phospho-MLKL. (F) Knockdown of MLKL with siRNA prevented
shikonin-induced expressional upregulation and phosphorylation of MLKL. (G)Flow cytometry analysis in combination with AnnexinV/PI double staining showed
that knockdown of MLKL with siRNA prevented shikonin-induced glioma cell necrosis. (H) Agarose gel electrophoresis proved that pretreatment with NSA abrogated
shikonin-induced chromatinolysis in SHG-44 and U251 glioma cells. (I) Agarose gel electrophoresis demonstrated as well that knockdown of MLKL with siRNA

prevented shikonin-induced chromatinolysis in SHG-44 and U251 glioma cells. The values are expressed as mean + SEM (n =

(Red) were also observed in the nuclei (Blue) of shikonin-treated cells
by using laser scanning confocal microscopy (Fig. 3B). Concomitantly,
the phosphorylated levels of ataxia telangiectasia-mutated (ATM) and
DNA-dependent protein kinase catalytic subunit (DNAPKcs) which are
responsible for H2AX phosphorylation were both improved in shikonin-
treated cells (Fig. 3A). By contrast, pretreatment with MLKL inhibitor
NSA at 10umol/L for 1h or knockdown of MLKL with siRNA sig-
nificantly mitigated shikonin-induced upregulation of phospho-ATM,
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5 per group). *: p < 0.01.

phospho-DNAPKcs and y-H2AX (Fig. 3A and C). Therefore, these data
indicated that MLKL promoted shikonin-induced y-H2AX formation via
causing phosphorylation of ATM or DNAPKGcs.

Given that the activation of ATM and DNAPKcs are both secondary
to DNA DSBs [10], we examined the role of MLKL in regulation of DNA
DSBs by using neutral comet assay that is specifically designed to detect
DNA DSBs. As shown in Fig. 3D, the cells treated with shikonin at IC50
values for 2h had long comet tails when compared with the ones in
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Fig. 3. MLKL promoted shikonin-induced y-H2AX formation via improvement of ROS.

(A) Western blotting analysis showed that shikonin induced dosage-dependent improvement in y-H2AX, phospho-ATM and phospho-DNAPKcs in SHG-44 and U251
glioma cells, which was prevented in the presence of MLKL inhibitor NSA. (B) Laser scanning confocal microscopy revealed that shikonin triggered formation of y-
H2AX (Red) in nucleus (Blue). (C) Knockdown of MLKL with siRNA prevented shikonin-induced phosphorylation of ATM and DNAPKcs and formation of y-H2AX. (D)
Neutral comet assay showed that majority of the SHG-44 and U251 cells treated with shikonin for 2 h had long comet tails, which were obviously inhibited when the
cells were pretreated with MLKL inhibitor NSA or antioxidant NAC. (E) Statistical analysis demonstrated that pretreatment with NSA or NAC prevented shikonin-
induced increases in the cells with comet tails and improvement of DNA content in the comet tails. (F) Representative images of the SHG-44 cells positively stained
with ROS probe DCFH-DA under fluorescence microscope (20 x ). When compared with the control cells, the green fluorescence in the cells treated with shikonin at
the dosage of IC50 values for 2 h was improved obviously, which was mitigated by pretreatment with NSA or NAC. (G) Statistical analysis of the fluorescence
intensity detected by DCFH-DA demonstrated that NSA or NAC effectively suppressed shikonin-induced accumulation of intracellular ROS. (H) Western blotting
analysis proved that shikonin-induced formation of y-H2AX was prevented in the presence of NAC. (I) LDH release assay showed that shikonin-induced glioma cell
death was inhibited in the presence of NAC. (J) Agarose gel electrophoresis revealed that pretreatment with NAC inhibited shikonin-induced chromatinolysis. The
values are expressed as mean * SEM (n = 5 per group). *: p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

control group (Fig. 3D), which was also supported by the statistical nucleus.

analysis data showing that shikonin treatment not only obviously in- To address the role of nuclear AIF in shikonin-treated glioma cells,
creased the cells with comet tails, but also improved the DNA content in we introduced siRNA to knock down AIF. Compared with the cells
the comet tails (Fig. 3E). However, the increases of the cells with comet transfected with scrambled siRNA, shikonin-induced improvement of
tails and the improvement of DNA content in the comet tails induced by nuclear AIF was obviously inhibited when AIF was knocked down with

shikonin were both inhibited in the presence of NSA (Fig. 3D and E). siRNA (Fig. 4D). Moreover, LDH release assay showed that knockdown
This suggested that MLKL participated in regulation of shikonin-in- of AIF prevented shikonin-induced glioma cell death (Fig. 4E). Notably,

duced DNA DSBs in glioma cells. agarose gel electrophoresis of the nuclear DNA demonstrated that the
Considering that ROS could lead to DNA DSBs [19], we examined smear band of DNA resulting from shikonin treatment was markedly
the effect of activated MLKL on shikonin-induced overproduction of mitigated in the cells with knocked down AIF (Fig. 4F). This indicated
ROS. As revealed by fluorescence microscopy, when compared with that AIF contributed to shikonin-induced chromatinolysis and glioma
that in control cells, the green fluorescence detected by ROS probe cell death.
DCFH-DA became much brighter in the cells incubated with shikonin at Then, we examined whether activated MLKL could regulate nuclear
the concentration of IC50 values for 2h (Fig. 3F), which was also translocation of AIF by using western blotting analysis and found that
confirmed by the data from statistical analysis of the green fluorescence inhibition of MLKL with NSA or knockdown of MLKL with siRNA could
intensity (Fig. 3G). This suggested that shikonin induced improvement effectively inhibit shikonin-induced improvement in nuclear AIF
of intracellular ROS in glioma cells. By contrast, pretreatment with NSA (Fig. 4G and H). This indicated that activated MLKL aggravated shi-
10 pmol/L for 1 h significantly prevented shikonin-induced increase in konin-induced nuclear translocation of AIF.

green fluorescence, indicating that MLKL promoted shikonin-induced
overproduction of ROS (Fig. 3F and G).

To verify the role of ROS in shikonin-induced DNA DSBs, the cells
were pretreated with antioxidant NAC at 5mM for 1h and then in-
cubated with shikonin at IC50 values for 2h. We found that NAC not
only prevented shikonin-induced overproduction of ROS (Fig. 3F and
G), but also suppressed shikonin-induced increases in the cells with
comet tails, improvement of the DNA content in comet tail, y-H2AX
formation and glioma cell death (Fig. 3D, E, H and I). This indicated
that ROS contributed to shikonin-induced DNA DSBs. Notably, agarose
gel electrophoresis of the extracted nuclear DNA revealed that the
smear band of DNA due to shikonin treatment was alleviated in the
presence of NAC (Fig. 3 J).

Therefore, these results indicated that MLKL aggravated shikonin-
induced chromatinolysis via promotion of ROS production.

3.5. Activated MLKL disturbed mitochondrial function

Given that mitochondrion is the normal location of AIF and AIF
release from mitochondria is controlled by mitochondrial membrane
potential [21], we examined whether shikonin treatment could result in
mitochondria depolarization by using JC-1 staining. JC-1 presents high
red fluorescence after accumulation in mitochondria, but exists in the
cytoplasm when mitochondrial membrane potential depletes and emits
green fluorescence. As shown in Fig. 5A and B, both fluorescence mi-
croscopy and flow cytometry analysis demonstrated that treatment with
shikonin at the dosage of IC50 values for 2h resulted in significant
reduction of mitochondrial membrane potential. Considering that
overproduced mitochondrial superoxide is a factor leading to mi-
tochondrial membrane potential depletion, we examined shikonin-in-
duced changes in the level of mitochondrial superoxide by using Mi-

3.4. MLKL aggravated shikonin-induced nuclear translocation of AIF tosox red (a specific probe for mitochondrial superoxide). Fluorescence
microscopy revealed that the red fluorescence detected by Mitosox red
Because AIF translocation from mitochondria to nuclei contributed was much brighter in the cells treated with shikonin than that in the
to both apoptotic and necrotic chromatinolysis [20], we examined control cells (Fig. 5C). Statistical analysis of the red fluorescence den-
whether shikonin could induce nuclear translocation of AIF. As shown sity demonstrated as well that shikonin induced excessive generation of
by western blotting analysis, mitochondrial AIF was decreased ob- mitochondrial superoxide (Fig. 5D). By contrast, pretreatment with
viously, but cytoplasmic and nuclear levels of AIF were both improved mitochondrial superoxide inhibitor MnTBAP at 40 pmol/L for 1 h could
in the SHG-44 and U251 cells that were treated with shikonin for 2h significantly prevent shikonin-induced mitochondrial generation of
(Fig. 4A). This indicated that shikonin induced mitochondrial release of superoxide (Fig. 5C and D) and mitochondrial depolarization (Fig. 5A
AIF and promoted AIF translocation into nucleus. Then, we found that and B). Moreover, shikonin-induced abnormal increases of intracellular
both the decreases of mitochondrial AIF and the increases of nuclear ROS, nuclear translocation of AIF and upregulation of y-H2AX were all
AIF in SHG-44, U251, U87 and C6 cell became more apparent when inhibited in the presence of MnTBAP (Fig. 5 E, F and G). This indicated
shikonin treatment was extended from 15min to 120min (Fig. 4B). the mitochondrial superoxide participated in regulation of shikonin-
Moreover, laser scanning confocal microscopy showed as well that AIF induced nuclear translocation of AIF and y-H2AX formation.
accumulated in the nucleus of the cell treated with shikonin, when Notably, pretreatment with NSA also prevented shikonin-induced
compared with that in control cell (Fig. 4C). This indicated that shi- mitochondrial generation of superoxide (Fig. 5C and D) and mi-
konin induced AIF release from mitochondrion and accumulation in tochondrial depolarization (Fig. 5A and B). Moreover, knockdown of
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cytoplasmic and nuclear AIF. (B)Shikonin induced time-dependent reduction of AIF in mitochondria, but improvement of AIF in cytoplasm and nucleus in SHG-44,
U87, U251 and C6 glioma cell. (C) Representative images acquired with laser scanning confocal microscopy demonstrated that shikonin treatment resulted in
accumulation of AIF (Red) in nucleus (Blue) of SHG-44 cell. (D) Knockdown of AIF with siRNA prevented shikonin-induced improvement in nuclear AIF. (E) LDH
release assay proved that knockdown of AIF prevented shikonin-induced death in SHG-44 and U251 glioma cells. (F) Agarose gel electrophoresis proved that
knockdown of AIF inhibited shikonin-induced chromatinolysis in SHG-44 and U251 cells. (G and H) Shikonin-induced improvement of nuclear AIF levels were

inhibited in the presence of MLKL inhibitor NSA or when MLKL was knocked down with siRNA. The values are expressed as mean
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p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

65

SEM (n = 5 per group). *:



Y. Ding, et al.

DCFH-DA Fluodensity L

Shikonin

Control

Shikonin

Cancer Letters 467 (2019) 58-71

Shikonin

NSA

MnTBAP

Control Shikonin NSA MnTBAP \ 7 @s00% | ° % 8751%
g1y ! [
S|l .
2 o o
=3 % 3
3 e e
= ® ®
°
21 - 2
o | ., -
2 Se %
=E\“ 10! °'\" 10! 102 :uﬁ
JC-1 green fluorescence
Control Shikoni 2 2
C A — D g o E Control Shikonin
S
Q =
€15
o
So
Lo 4
m 5 5 5 ©
NSA+Shikonin MnTBAP+Shikonin é 50.5 rE—r T ——
0
NSA === ===
MnTBAP - - - + - - - +
Shikonin - 444 -101010
(umollL) “sHG-44 U251
1.6 - . = G SHG-44 U251 H - 1.6 -
-‘-0_ 1.4 - ;_l - 5 Al = == == = e 0 5 - —— %’€1'44
€ 1.2 - ‘ ‘—':. E’E 1.2 4
[<] 4
o 1 1 [V R e ———————— . R
2 o8- o rg08
o
£ 0.6 0| TH2AX == o e e e 320.6«
£ 04 H g4
0.2 E AIF ke dadadlil A2 41 L 2 0.2 -
0 - 2 0.
MnTBAP - + — +  — + — + H2A s mmem == sc'sai""‘;’l':d T S S
S(h'i:‘(glr;li_l;——44 - -1010 MhTBAP = + — + — + — + — + = + MLKLSIRNA - — + — — + iy s iy A
: SHG-44 U251 Shikonin -= = 2 2 4 4 - - 5 51010 Shikonin - - - + + + - - - + 4+ +
(umollL) SHG-44 U251
> *
.‘é 3 | e s J SHG-44 U251
8 = Mitochondria Mitochondria
88 VLKL % s s s s o s s
e
gg p_MLKL PR R R s e e e —
2 g
2 |
E x ) 0] P Rl S pep———

Scrambled
SiRNA ~—+ - - +- -+ = -4~
MLKLSIRNA - - + = = + = I=hl v S
Shikonin - - - + + + - - -t 4+ +
SHG-44 U251

Bright-field Hoechst Mitotracker

Shikonin

p-MLKL

Time(min) 0 15 30 60 120

Merge

66

Magnified

0 15 30 60 120

vv-OHS

(caption on next page)



Y. Ding, et al. Cancer Letters 467 (2019) 58-71

Fig. 5. MLKL activation resulted in mitochondria damage.

(A) Fluorescence microscopy combined with JC-1 staining revealed that the red fluorescence decreased obviously in the SHG-44 and U251 cells treated with shikonin
at the dosages of IC50 values for 1 h, which was reversed in the presence of MLKL inhibitor NSA or mitochondrial superoxide inhibitor MnTBAP. (B) Flow cytometry
analysis with JC-1 staining showed as well that shikonin-induced depletion of mitochondrial membrane potential was obviously inhibited in the presence of NSA or
MnTBAP. (C) Representative images of the SHG-44 glioma cells incubated with mitochondrial superoxide probe Mitosox red under fluorescence microscope (20 X ).
Shikonin treatment resulted in significant improvement in the red fluorescence, which was mitigated in the presence of MLKL inhibitor NSA or mitochondrial
superoxide inhibitor MnTBAP. (D) Statistical analysis of the intensity of the red fluorescence detected by Mitosox red revealed that pretreatment with NSA or
MnTBAP suppressed the generation of mitochondrial superoxide induced by shikonin. (E) Representative images of the SHG-44 cells stained with ROS probe DCFH-
DA under fluorescence microscope showed that shikonin-induced improvement in the green fluorescence was markedly inhibited in the presence of MnTBAP (20 X ).
(F) Statistical analysis of the fluorescence intensity demonstrated that MnTBAP effectively suppressed shikonin-induced accumulation of intracellular ROS. (G)
Western blotting analysis revealed that shikonin-induced nuclear translocation of AIF was inhibited when the cells were pretreated with MnTBAP. (H) Knockdown of
MLKL with siRNA mitigated shikonin-induced improvement of intracellular ROS. (I) The overproduced mitochondrial superoxide caused by shikonin was prevented
when MLKL was knocked down with siRNA. (J) Western blotting showed that shikonin treatment induced obvious improvement of MLKL and phospho-MLKL in
mitochondria. (K) The representative confocal images showed that phospho-MLKL (green) localized at mitochondria (red) in the SHG-44 cells treated with shikonin
at the dosage of IC50 value for 2 h. The values are expressed as mean + SEM (n = 5 per group). *: p < 0.01. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

MLKL with siRNA not only prevented shikonin-induced improvement of siRNA and RIP3 siRNA and then incubated with shikonin at the dosage
intracellular ROS, but also mitigated the abnormal increase of mi- of IC50 values for 3h. As revealed by western blotting analysis,
tochondrial superoxide caused by shikonin (Fig. 5H and I). Thus, we knockdown of RIP3 with siRNA not only prevented shikonin-induced
isolated mitochondria by using differential centrifuge and examined the phosphorylation of RIP3, but also mitigated the phosphorylated level of

protein levels of MLKL and its active form phospho-MLKL in mi- MLKL (Fig. 7A). Then, co-immunoprecipitation was used to test whe-
tochondria by using western blotting analysis. As shown in Fig. 5J, ther MLKL was recruited to RIP3 in the presence of shikonin. As shown
when compared with those in control cells, mitochondrial levels of in Fig. 7B, when RIP3 was immunoprecipitated with its antibody, MLKL
MLKL and phospho-MLKL were both improved by shikonin in a time- was co-immunoprecipitated as well. Moreover, the levels of RIP3 and
dependent manner. Consistently, laser scanning confocal microscopy co-immunoprecipitated MLKL were both improved when the dosage of
revealed that shikonin induced accumulation of phospho-MLKL (green) shikonin was increased from 2umol/L to 4 pumol/L. Thus, these in-
on mitochondria (Red) (Fig. 5K). This indicated that activated MLKL dicated that RIP3 regulated shikonin-induced activation of MLKL.

disturbed mitochondrial function, which resulted in excessive genera- Then, we tested whether activated MLKL could reversely regulate its
tion of mitochondrial superoxide. upstream signal RIP3. As revealed by western blotting analysis, shi-

konin-induced expressional upregulation of RIP3 and phospho-RIP3
(the active form of RIP3) were both inhibited in the SHG-44 and
U251 cells pretreated with MLKL inhibitor NSA at 10 umol/L for 1 h
(Fig. 7C). Similar results could be found when MLKL was knocked down
with siRNA (Fig. 7D). To clarify why MLKL could reversely regulate the
activation of RIP3, we examined the protein levels of phospho-RIP1
(the active form of RIP1) and CYLD, because RIP3 could be activated by
RIP1 and CYLD could promote RIP1 activation via deubiquitinating it
[22,23]. We found that the up-regulated levels of RIP1, phospho-RIP1
and CYLD induced by shikonin were all prevented in the presence of
NSA or when MLKL was knocked down with siRNA (Fig. 7C and D).
This indicated that activated MLKL could reversely promote the acti-
vation of RIP1. Given that ROS could promote the activation of RIP1
and RIP3 [11], the SHG-44 and U251 cells were pretreated with anti-
oxidant NAC at 5mmol/L for 1h and then incubated with shikonin at
the dosage of IC50 values for 3h. As revealed by western blotting
analysis, we found that shikonin-induced improvement in the protein
levels of CYLD, phospho-RIP1 and phospho-RIP3 were all prevented in
the presence of NAC (Fig. 7E). Moreover, co-immunoprecipitation
analysis proved that the interaction between RIP3 and MLKL induced
by shikonin was inhibited in the cells pretreated with NAC (Fig. 7F).
This indicated that ROS reinforced shikonin-induced activation of RIP1
and RIP3. Considering that MLKL could promote shikonin-induced ac-
cumulation of intracellular ROS, we thought that MLKL reversely reg-

3.6. Shikonin induced MLKL activation and chromatinolysis in glioma cells
in vivo

To test whether shikonin could induce MLKL activation and chro-
matinolysis in vivo, C6 glioma cells were xenografted subcutaneously
into the flank of nude mice as reported previously [17]. After being
treated with shikonin at the dosage of 2mg/kg once two days, the
volume of the xenografted glioma was obviously smaller than that in
control group at day 8 (Fig. 6A). Statistical analysis of the tumor vo-
lume proved as well that shikonin treatment significantly inhibited the
growth of xenografted glioma (Fig. 6B). Then, we sacrificed the mice
and conducted agarose gel electrophoresis of the extracted nuclear DNA
from the removed gliomas. It was found the genomic DNA extracted
from shikonin-treated gliomas also presented smear band on agarose
gel (Fig. 6Q), indicating that shikonin-induced chromatinolysis in vivo.
Furthermore, we isolated cytoplasm, nucleus and mitochondrion frac-
tions by using differential centrifuge and analyzed the levels of target
proteins in different fractions. As shown by western blotting analysis,
phospho-MLKL was induced to up-regulate by shikonin not only in
cytoplasm, but also in mitochondria (Fig. 6D). This indicated that shi-
konin induced MLKL activation and activated MLKL accumulated at
mitochondria. We also found that shikonin treatment resulted in de-
creases in mitochondrial AIF, but improved cytoplasmic and nuclear
levels of AIF (Fig. 6E and F). Moreover, nuclear levels of y-H2AX, ulate the activation of its upstream signals RIP1 and RIP3 via im-
phospho-ATM and phospho-DNAPKcs were all up-regulated in shi- provement of ROS generation.
konin-treated gliomas (Fig. 6G). Therefore, these indicated that shi-
konin induced nuclear translocation of AIF and y-H2AX formation in
glioma cells in vivo.

4. Discussion

In summary, we found in this study that shikonin induced MLKL

3.7. Shikonin induced a positive feedback between MLKL and its upstream activation and chromatinolysis in glioma cells in vitro and in vivo,
signals which were accompanied with nuclear translocation of AIF and y-H2AX
formation. In vitro studies revealed that inhibition of MLKL with its

Given that shikonin could induce activation of RIP3 and activated specific inhibitor NSA or knockdown of MLKL with siRNA abrogated
RIP3 accounts for MLKL phosphorylation during the process of ne- shikonin-induced glioma cell death, as well as chromatinolysis.
croptosis [1,17], the cells were respectively transfected with scrambled Mechanistically, activated MLKL targeted mitochondria and triggered
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Fig. 6. Shikonin induced MLKL activation and chromatinolysis in glioma cells in vivo.

(A)Representative images of the mice with xenografted glioma. (B) Shikonin treatment inhibited the growth of xenografted glioma. (C)Agarose gel electrophoresis of
the extracted nuclear DNA from the gliomas treated with or without shikonin showed that shikonin induced chromatinolysis in vivo. (D) Western blotting analysis
showed that shikonin induced obvious upregulation of MLKL and phospho-MLKL in mitochondria. (E and F) Shikonin improved both cytoplasmic and nuclear levels
of AIF, but decreased mitochondrial AIF level. (G) Shikonin induced y-H2AX formation and activation of ATM and DNAPKcs. The values are expressed as

mean * SEM (n = 10 per group). *: p < 0.01.

excessive generation of mitochondrial superoxide, which promoted AIF
translocation into nucleus via causing mitochondrial depolarization and
vy-H2AX formation through improving intracellular accumulation of
ROS. By contrast, inhibition of nuclear level of AIF by knocking down of
AIF with SiRNA or mitigation of y-H2AX formation by suppressing ROS
with antioxidant NAC effectively prevented shikonin-induced chroma-
tinolysis. Then, we found that RIP3 interacted with and activated MLKL
during the process of shikonin-induced glioma cell necroptosis.
Notably, activated MLKL was found to reversely up-regulate the protein
level of CYLD and promote the activation of RIP1 and RIP3 via im-
provement of intracellular ROS levels. Taken together, our data sug-
gested that MLKL contributed to shikonin-induced glioma cell ne-
croptosis via regulation of chromatinolysis, and shikonin induced a
positive feedback between MLKL and its upstream signals RIP1 and
RIP3 (Fig. 8).

Chromatinolysis was found to be involved in apoptosis and necrosis
[24,25]. It was found that DNA was cleaved into fragments of ap-
proximate 180-200bp by activated endonucleases such as caspase-ac-
tivated DNase (CAD) and endonuclease G in the cells stressed with
apoptosis inducers [7]. However, chromatinolysis in necrotic cells was
rapid and DNA was cleaved randomly [25]. This explained why the
nuclear DNA extracted from apoptotic cells presented ladder bands
after being electrophoresed on agarose gel, whereas the DNA extracted
from necrotic cells displayed continuous smear pattern [25]. In this
study, clumps of chromatin (a complex of DNA and histone protein)
which appeared in control cells could not be observed in shikonin-
treated cells under transmission electronic microscope. Moreover, shi-
konin induced time-dependent enhancement of smear DNA bands on
agarose gel. By contrast, the random cleavage of DNA and the glioma
cell death induced by shikonin were both prevented in the presence of
MLK inhibitor NSA or when MLKL was genetically knocked down with
siRNA. This suggested that MLKL contributed to shikonin-induced
glioma cell death via promotion of chromatinolysis.

Although the mechanism responsible for necrotic chromatinolysis
remains elusive, several endonucleases such as DNasel and DNasey
were reported to regulate necrotic chromatinolysis [26,27]. However,
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nuclear translocation of AIF and yH2AX formation was respectively
demonstrated to play important roles in promotion of chromatinolysis
during the process of necroptosis [10]. As a flavoprotein normally
contained in mitochondrial inter-membrane space, AIF functioned as an
endonuclease to degrade DNA after being truncated and redistribution
into nucleus [28]. Within nucleus, AIF was recruited by yYH2AX and
then cooperated with cyclophilin A to form a DNA-degrading complex
[10,28]. It was also reported that AIF was also required for nuclear
recruitment of macrophage migration inhibitory factor (MIF), which is
a newly-found nuclease that could cleave genomic DNA into large
fragments [29]. Thus, AIF played an important role in regulation of
chromatinolysis. In this study, we found that shikonin induced time-
dependent nuclear translocation of AIF and yH2AX formation. Although
AIF cleaves DNA in large scale (approximate 50kbp) in the condition of
apoptosis, it was also proven to cleaving DNA randomly when ATP
generation was inhibited [19]. Our previous report showed that shi-
konin which could inhibit PKM2 and induced significant decrease of
ATP via causing glycolysis dysfunction in glioma cells [30,31]. This
might explain why the DNA extracted from shikonin-treated cells dis-
played smear band on agarose gel after electrophoresis. Particularly, we
found in this study that shikonin-induced random cleavage of DNA was
prevented when AIF was knocked down with siRNA, indicating that AIF
contributed to shikonin-induced chromatinolysis.

Accumulating evidences demonstrated that oxidative stress char-
acterized with intracellular accumulation of ROS could promote chro-
matinolysis, given that ROS could lead to both yH2AX formation and
nuclear translocation of AIF. It was found that improvement of mi-
tochondrial superoxide generation by using rotenone (an inhibitor of
mitochondrial respiratory chain) resulted in mitochondrial depolar-
ization in PC12 cells [32,33]. Moreover, in the glioma cells that were
stressed with hydrogen peroxide which is a member of ROS, AIF was
found to translocate from mitochondria into nucleus [34]. Previous
report showed that shikonin treatment could lead to time-dependent
overproduction of ROS in glioma cells [17]. In this study, we found
shikonin induced abnormal generation of mitochondrial superoxide,
whereas suppression of mitochondrial superoxide with MnTBAP
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Fig. 7. RIP3 contributed to shikonin-induced MLKL activation and MLKL reversely promoted the phosphorylation of RIP1 and RIP3.

(A) Western blotting analysis showed that knockdown of MLKL with siRNA prevented shikonin-induced phosphorylation of RIP3 and MLKL. (B) Co-im-
munoprecipitation revealed that MLKL was co-immunoprecipitated when RIP3 was immunoprecipitated with its antibody. Moreover, the levels of co-im-
munoprecipitated MLKL and phospho-MLKL were both improved with the increase of shikonin dosage from 2umol/L to 4 pmol/L. (C) Western blotting analysis
proved that shikonin-induced improvement in the protein levels of RIP1, phospho-RIP1, RIP3, phospho-RIP3 and CYLD were suppressed in the presence of MLKL
inhibitor NSA. (D) Knockdown of MLKL with siRNA prevented shikonin-induced expressional upregulation of RIP1, RIP3 and CYLD, and phosphorylation of RIP1 and
RIP3. (E) The improved level of CYLD, RIP1 and RIP3 and the increased phosphorylation of RIP1 and RIP3 resulting from shikonin treatment were all prevented in
the presence of NAC. (F) Co-immunoprecipitation analysis showed that NAC inhibited shikonin-induced interaction between RIP3 and MLKL. These indicated that
MLKL reversely regulate the activation of its upstream signals RIP1 and RIP3 via improvement of ROS generation.

O

oooooooooooooo+oo OO0 OO0 OCOOCTOOCOOO OO OO OO
COCOOCOOCOTOOOER OO OO OO OO OO OO OO

g
~ DNA \\

DNA DSBs I

%pc()( |

\Chmmatlnolysls /

\-/

Fig. 8. Schematic model for the role of MLKL in shikonin-induced necroptosis and chromatinolysis.
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inhibited mitochondrial depolarization and nuclear accumulation of
AIF. Additionally, ROS could attack DNA to produce DNA DSBs, which
resulted in activation of ATM and DNAPKcs, and then yH2AX formation
[35]. It was found in this study that shikonin induced DNA DSBs, for-
mation of yH2AX and activation of ATM and DNAPKcs, which were all
abrogated when intracellular ROS levels were suppressed by anti-
oxidant NAC. Notably, agarose gel electrophoresis proved that shi-
konin-induced chromatinolysis was also inhibited in the presence of
NAC. Briefly, oxidative stress contributed to shikonin-induced chro-
matinolysis.

Shikonin could improve intracellular ROS in glioma cells via mul-
tiple pathways such as activation of NADPH oxidase and lipoxygenases
[36]. In this study, we found that activated MLKL aggravated shikonin-
induced oxidative stress given that inhibition of activated MLKL with
NSA obviously mitigated shikonin-induced accumulation of in-
tracellular ROS. Consistently, previous studies showed as well that ac-
tivated MLKL was involved in improving intracellular ROS levels. Zhao
et al. reported that MLKL was required for ROS production during the
process of TNF-induced necrosis in colorectal carcinoma HT-29 cells
[37]. Schenk et al. proved that knockdown of MLKL decreased BV6/
TNFa-induced ROS generation in human FADD-deficient Jurkat cells
[38]. Although how MLKL regulates ROS generation is still elusive, it
was reported that activated MLKL could bind with mitochondrial car-
diolipin, which is an important component of mitochondrial inner
membrane and supports assembly and interaction of mitochondrial
respiratory chain complexes and supercomplexes [39,40]. In this study,
we found that the activated MLKL induced by shikonin relocated on
mitochondria. Inhibition of MLKL with NSA suppressed obviously shi-
konin-induced excessive generation of mitochondrial superoxide, and
mitigation of mitochondrial superoxide with MnTBAP prevented the
increases of intracellular ROS. Thus, activated MLKL might promote
shikonin-induced generation of ROS via disturbing mitochondrial re-
spiratory chain in glioma cells.

The activation of MLKL is mainly regulated by its upstream signal
RIP3 after it was recruited into the necrosome complex consisting of
RIP1 and RIP3 [41]. In this study, we found that MLKL was bound to
RIP3 by using co-immunoprecipitation, and knockdown of RIP3 with
siRNA significantly suppressed shikonin-induced MLKL phosphoryla-
tion. Previously, it was reported that shikonin induced necroptosis in
glioma, osteosarcoma and pancreatic cancer via activation of RIP1 and
RIP3 [17,42,43]. In this study, we demonstrated that MLKL was a
downstream signal of RIP1 and RIP3 in shikonin-induced glioma cell
necroptosis. Notably, we found in this study that inhibition of MLKL
activation with NSA or knockdown of MLKL with siRNA obviously at-
tenuated shikonin-induced phosphorylation of both RIP1 and RIP3 and
expressional upregulation of CYLD. Similarly, knockdown of MLKL with
siRNA was reported to inhibit necrosome assembly in the cortical
neurons stressed by oxygen glucose deprivation plus caspase inhibitor
z-VAD treatment [44]. Thus, these suggested that MLKL could reversely
regulate shikonin-induced activation of RIP1 and RIP3 in glioma cells.

Although it remains unclear about the factors accounting for the
regulatory effect of MLKL on the activation of RIP1 and RIP3, recent
studies demonstrated that ROS could regulate the process of ne-
croptosis. Zhao et al. reported that hydrogen peroxide induced ne-
croptosis in rat nucleus pulposus cells through activation of RIP1 and
RIP3 pathway [45]. Huang et al. found that ROS enhanced the inter-
action between RIP1 and RIP3 in colorectal cancer cells challenged by
hypoxia [46]. Therefore, ROS played an important role in promotion of
necrosome complex formation and activation of RIP1 and RIP3. In this
study, we found that mitigation of ROS with antioxidant NAC markedly
prevented shikonin-induced phosphorylation of RIP1 and RIP3 and
expressional upregulation of CYLD. Considering that activated MLKL
could increase the levels of intracellular ROS, we thought that activated
MLKL reversely enhance shikonin-induced activation of RIP1 and RIP3
and expressional upregulation of CYLD via improvement of in-
tracellular ROS. Therefore, we thought that shikonin induced a positive

70

Cancer Letters 467 (2019) 58-71

feedback between MLKL and its upstream signals RIP1 and RIP3 in
glioma cells.

In conclusion, we demonstrate that in this study that shikonin in-
duces activation of MLKL in a time-dependent manner, and activated
MLKL contributes to glioma cell necroptosis via triggering of chroma-
tinolysis by promotion of nuclear translocation of AIF and y-H2AX
formation. Moreover, MLKL enhances shikonin-induced activation of its
upstream signals RIP1 and RIP3 via improvement of intracellular ROS
by disturbing mitochondrial function.
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