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ARTICLE INFO ABSTRACT

Keywords: Glioblastoma (GBM) are the most malignant brain tumors in humans and have a very poor prognosis.
MAM Temozolomide (TMZ), the only chemotherapeutic drug for GBM treatment, induced apoptosis but frequently

Glioblastoma ) developed resistance. Non-apoptotic cell death offers an alternative strategy to fight cancers. Our previous
E‘ggrlammﬂl Necrosis studies showed that 2-methoxy-6-acetyl-7-methyljuglone (MAM), a natural product, induced necroptosis in lung

and colon cancer cells. The current study is designed to investigate its therapeutic potentials for GBM with in
vitro and in vivo models. The protein expression of NAD(P)H: quinone oxidoreductase 1 (NQO1) in human GBM
specimens were detected by immunohistochemistry. Effect of MAM on NQO1 was measured by recombinant
protein and cellular thermal shift assay. The roles of NQO1 activation, superoxide (O,-) generation, calcium
(Ca%™) accumulation, and c-Jun N-terminal kinase (JNK1,/2) activation in MAM-induced cell death in U87 and
U251 glioma cells were investigated. The effect of MAM on tumor growth was tested with a U251 tumor xe-
nograft zebrafish model. Results showed that the NQO1 expression is positively correlated with the degree of
malignancy in GBM tissues. MAM could directly bind and activate NQO1. Furthermore, MAM treatment induced
rapid O,- generation, cytosolic Ca®* accumulation, and sustained JNK1/2 activation. In addition, MAM sig-
nificantly suppressed tumor growth in the zebrafish model. In conclusion, MAM induced GBM cell death by
triggering an O,-/Ca®* /JNK1/2 dependent programmed necrosis. NQO1 might be the potential target for MAM
and mediated its anticancer effect. This non-apoptotic necrosis might have therapeutic potentials for GBM
treatment.

1. Introduction

Glioblastoma (GBM) is the most common and aggressive type of
primary malignant brain tumor, classified as high-grade IV glioma by
the World Health Organization (WHO). The average survival is no
longer than one year, even though the patients accepted surgery in
combination with postoperative radiotherapy and chemotherapy [1].
Temozolomide (TMZ) is the primary systemic chemotherapy agent used
in the treatment of GBM [2]. However, TMZ cause cognitive impair-
ment due to normal brain cell damage, and higher doses of TMZ are
proscribed due to dose-limiting bone marrow suppression with severe
leukopenia and thrombocytopenia. Moreover, resistance to apoptosis is
associated with poor prognosis to currently used chemotherapy and
radiotherapy [3]. Elucidation of novel cell death pathways for killing

glioma cells may lead to more effective treatment strategies.

NAD(P)H: quinone oxidoreductase 1 (NQO1, EC 1.6.99.2) is a two-
electron oxidoreductase involved in phase II detoxifying reactions [4].
NQO1 can catalyze and revert of a wide variety of compounds, in-
cluding quinones nitroaromatic compounds, imidazoles and iron (III)
ions [5]. NQO1 is highly expressed in most human solid tumors, in-
cluding colon cancer, breast cancer, pancreas cancer, liver cancer and
lung cancer [6-9]. Particularly, the expression of NQO1 was enhanced
in GBM cell lines, which may be a priority target of GBM [10]. Notably,
several NQO1 bioactivatable quinones such as B-Lapachone [11], and
deoxynyboquinones [12], showed significant anticancer effect. Espe-
cially, B-Lapachone and its analogs have been in clinical trials for the
treatment of cancer [11,13-15].

Our previous studies showed that 2-methoxy-6-acetyl-7-
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ca?* calcium A¥Ym mitochondrial membrane potential
CaMKII calcium-calmodulin dependent protein kinase II NAC N-acetyl-L-cysteine
DHE dihydroethidium NQO1 NAD(P)H: quinone oxidoreductase 1
DIC dicoumarol O,- superoxide
Dil 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine PI propidium iodide
perchlorate PTU 1-phenyl-2-thiourea
DMSO  dimethyl sulfoxide ROS reactive oxygen species
DTT dithiothreitol SiRNA  small interfering RNA
EGTA ethylene glycol tetraacetic acid TMRM  tetramethylrhodamine methyl ester
GBM glioblastoma T™MZ temozolomide
GSH glutathione TCGA  the Cancer Genome Atlas
hpf hour post-fertilization WHO world health organization
JC-1 5,5’,6,6’-tetrachloro-1,17,3,3’-  tetraethylbenzimidazolyl- Z-VAD-fmk benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylk-
carbocyanine iodide etone

methyljuglone (MAM), a natural naphthoquinone, induced necroptosis
in lung and colon cancer cells [16-18]. Given its ability to cross the
blood-brain barrier [19], it is of interest to test its effect on GBM. Here,
we showed that MAM triggered a unique NQO1-dependent pro-
grammed necrosis in GBM cells, which might provide novel therapeutic
potentials to combat GBM.

2. Materials and methods
2.1. Cells and reagents

U87 and U251 cells purchased from Cell Bank of Type Culture
Collection of Chinese Academy of Sciences (Shanghai, China) were
cultured in DMEM with 10% FBS and 1% PS at 37 °C in a humidified
environment with 5% CO,. MAM (> 97%) was purified from the dried
rhizome of P. cuspidatum as our previous report [16]. Dihydroethidium
(DHE), Fluo-3AM ester, tetramethylrhodamine methyl ester (TMRM),
Hoechst 33342, Propidium iodide (PI) and BAPTA-AM were purchased
from Molecular Probes (Eugene, OR, USA). N-acetyl-L-cysteine (NAC),
ethylene glycol tetraacetic acid (EGTA) and SP600125 were purchased
from Sigma Aldrich (St Louis, MO, USA). Dicoumarol (DIC), KN93 and
benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone (Z-VAD-
fmk) were purchased from Selleckchem (Houston, TX, USA). Glu-
tathione (GSH), catalase, dithiothreitol (DTT) and 5,5’,6,6’-tetrachloro-
1,1/,3,3’- tetraethylbenzimidazolylcarbocyanine iodide (JC-1) were
purchased from Beyotime (Shanghai, China). 1,1’-dioctadecyl-3,3,3’,3’-
tetramethylindocarbocyanine perchlorate (Dil) and Mitosox Red were
purchased from Invitrogen (Carlsbad, CA, USA). Antibodies for GAPDH
(5174S), p-JNK1/2 (4668S), JNK1/2 (9252S), p-CaMKII (127168S),
NQO1 (3187S), HMGB1 (3935s) and horseradish peroxidase-con-
jugated secondary antibodies (7074 V) were purchased from Cell Sig-
naling Technology (Beverly, MA, USA).

2.2. NQO1 activity assay

NQO1 activity assay was performed as previously described
[20,21]. Briefly, NQO1 enzymatic activity was measured using the
decrease in NADH absorbance at 340 nm with a FlexStation 3 micro-
plate reader (Molecular Devices, Sunnyvale, CA). The reaction mixture
in a final volume of 200 pL containing 50 pg of cell extracts or 50 ng of
recombinant NQO1 protein (BioVision, Milpitas, CA, USA), 5 uM FAD,
200 pM NADH and Tris-HCl buffer (25 mM Tris-HCl, pH 7.5, 0.7 mg/
mL BSA, 0.01% Tween 20).

2.3. Cellular thermal shift assay

Cellular thermal shift assay (CETSA) was performed as previously

described [22,23]. Briefly, cell extracts were prepared and treated with
MAM or dimethyl sulfoxide (DMSO) for 1 h at room temperature. Each
sample was aliquoted into 7 tubes and then heated at indicated tem-
perature for 5 min using an Eppendorf Thermomixer with gentle
mixing. Subsequently, cell lysates were centrifuged at 15,000 rpm for
20 min at 4 °C, and then the supernatant was analyzed by Western
blotting. For quantitation, band intensities were normalized to the
mean of the lowest temperature bands, in which protein levels stayed
constant.

2.4. Molecular docking

The NQO1 crystal structure was obtained from RCSB Protein Data
Bank (PDB ID: 2F10) [24]. MAM was drawn by ChemDraw and mini-
mized the energy by Chem3D. The NQO1 and MAM was docked with
AutoDock 4.2 [25]. AutoDockTools were used to prepare the protein
and ligand. .The docking results were visualized by Chimera 1.13.1
[26].

2.5. Cell viability assay

The LDH release was determined with an LDH assay kit (Beyotime
Biotech, Nanjing, China) following the manufacturer's instructions.

2.6. Western blotting

After the cell lysates and whole-zebrafish lysates were prepared and
collected, the protein contents were determined by BCA protein assay
kit (Pierce Biotechnology). Then equal amount of protein from each
sample was separated by SDS/PAGE gel electrophoresis and transferred
to PVDF membranes. Signals of chemiluminescence intensity were ac-
quired using a ChemiDoc™ MP Imaging System and analyzed with
Image Lab software (Bio-Rad, Hercules, CA, USA) as previously de-
scribed [16,17].

2.7. Transfection of small interfering RNA (siRNA)

For siRNA knockdown, cells were transfected with indicated siRNAs
by using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer's introductions. The NQO1 siRNA (5-GAACCUCA
ACUGACAUAUA-3’) and Scrambled siRNA were purchased from
Genepharma Company (Shanghai, China).

2.8. Caspase activity assay

The caspase 3/7, 8 and 9 activities were determined using Caspase-
Glo Assay Kits (Promega, Madison, WI, USA) according to the
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Fig. 1. MAM is an NQO1 substrate. (A)
Binding mode of MAM in NQOI1 crys-
talline structures obtained with a mo-
lecular docking calculation. Close-up
view of the interaction between MAM
and surrounding residues in NQO1 is
shown in the right panel. NQO1 chains
B is represented by a yellow cartoon
and chains D is pink. MAM (green),
FAD (gray) and the residues in the ac-
tive binding site are shown in sticks.
(B) MAM interacts with NQO1 in GBM
cell lines. Western blotting image and
the cellular thermal shift assay curves
show that MAM increased the thermal
stability of NQO1 protein in both U87
and U251 cells. Data are represented as
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2.9. Annexin V/7AAD double staining

Flow cytometry with human Annexin V (PE)/7AAD (BD Biosciences,
San, Jose, CA, USA) double staining was used to distinguish apoptosis
and necrosis. Briefly, after treatment of MAM, cells were harvested at
the indicated time points followed by incubation with Annexin V/7AAD
solution for 15 min at room temperature in the dark. The samples were
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immediately analyzed by flow cytometry using a FACSanto™
(BD Biosciences).

system

2.10. PI staining assay

The PI staining was performed as a previous report [27]. After
treatment with MAM, cells were incubated with PI (5 pug/mL) for
15 min at room temperature. Images were captured using an inverted
fluorescent microscope Olympus IX73 (Olympus Corporation, Tokyo,
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Fig. 2. MAM induced NQO1-dependent non-apoptotic cell death. (A) MAM induced non-apoptotic cell death in GBM cells. Cells were treated with MAM for 8 h, the
cell death was detected with Annexin V-PE/7AAD double staining by flow cytometry. (B) PI staining analysis of MAM treated GBM cells. Cells were treated with MAM
for 8 h, and then stained with PI. Images were capture using a fluorescence microscope. Bar = 200 um. (C) LDH release was determined using an LDH assay kit after
MAM treatment on U87 cells for 8 h. (D) Caspase 3/7 activities were determined using Caspase-Glo Assay Kit after MAM or TMZ treatment on GBM cells. TMZ was
the positive control. (E) U87 and U251 cells were treated with Z-VAD-fmk (20 uM) for 1 h, followed by MAM treatment for another 8 h. Cell viability was measured
by MTT assay. (F) The MTT assay evaluating the effect of NQO1 inhibitor DIC on MAM-induced GBM cell death. Cells were treated with MAM for 8 h in the presence
or absence of DIC pretreatment for 1 h. Cell viability was measured by MTT assay. (G) Effects of NQO1 knockdown on MAM-induced GBM cell death. Cells were
transfected with siRNA of NQO1 or NC (Negative Control) and then treated with MAM for 8 h. Cell viabilities were evaluated by ATP assay. Error bars represent
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Japan).
2.11. Measurement of intracellular superoxide (O-)

After treatment with MAM at different time points with or without
inhibitors, the average level of intracellular O,- was evaluated by using
the fluorescent probe DHE. All the samples were stained in the dark for
30 min with DHE (10 uM). The fluorescence was analyzed immediately
by FACScanto™ flow cytometer (BD Biosciences) using the PE channel.

2.12. Measurement of intracellular calcium ( ca®h)

Measurement of calcium by Fluo-3AM was performed as our pre-
vious report [17]. Treated cells were incubated with 5 uM Fluo-3AM
ester at 37 °C for 30 min. The fluorescence was analyzed immediately
by FACScan™ flow cytometer (BD Biosciences) using the FITC channel.

2.13. Measurement of mitochondrial membrane potential (A¥m)

Treated cells were stained with JC-1 (2 pg/mL) at 37 °C for 30 min
in the dark and images were acquired with IN Cell Analyzer 2000 (GE
Healthcare, Little Chalfont, Buckinghamshire, UK). Besides, the AWm
was further detected with TMRM (100 nM), incubated at 37 °C for
30 min, followed by flow cytometry analysis using the PE channel.

2.14. MitoSox red staining

To determine the mitochondrial O,- levels, cells were loaded with
MitoSox Red (5 uM) at 37 °C for 30 min after MAM insults in the pre-
sence or absence of various inhibitors, followed by flow cytometry
analysis using the PE channel.

2.15. Zebrafish xenograft model

Wild type zebrafish were used to establish U251-derived xenograft
zebrafish model in this study. Zebrafish were maintained according to
standard procedures. 2 h post-fertilization (hpf), larvae were treated
with PTU (1-phenyl-2-thiourea, 0.2 mM) to remain transparent for
microscopic analysis. 48 hpf larvae were anesthetized with 0.003%
tricaine (Sigma, St Louis, MO, USA) and positioned on a 10 cm dish
coated with 3% agarose. U251 cells were labeled with Dil (Invitrogen,
Carlsbad, CA, USA) according to previously reported [28]. Cell sus-
pensions were microinjected into 48 hpf larvae by a Nanoject II auto-
Nanoliter Injector (Drummond Scientific Company, Broomall, PA) with
an injection volume 4.6 nL. Approximately 200 cells were injected into
the yolk sac of larvae, which were then maintained in fish water/PTU
with Penicillin/Streptomycin (1:100) at 28 °C. After injection after
24 h, zebrafish were treated with MAM or TMZ for 3 days. Images were
captured at 0- and 3-day time points post-injection using a fluorescent
microscope (SMZ18, Nikon, Tokyo, Japan). All experiments were ap-
proved by the Animal Research Ethics Committee of the University of
Macau.

2.16. Statistical analysis

All data represent at least 3 independent experiments and are ex-
pressed as Means = SD. Statistical comparisons were made using one-
way analysis of variance (ANOVA) followed by Dunnett's post hoc test.
P-values of less than 0.05 were considered to represent statistical sig-
nificance.
3. Results
3.1. GBM showed increased expression of NQO1

ONCOMINE analysis revealed that NQO1 mRNA expression was
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significantly higher in GBM patients’ tissues than normal samples across
a wide variety of datasets in GBM cancer type. NQO1 transcripts were
increased 2.8 folds in GBM samples versus normal tissues in a dataset
with 31 samples derived from the Cancer Genome Atlas (TCGA) data-
base (Supplementary Fig. 1D). Immunohistochemical analyses con-
firmed the increased protein expression of NQO1 in GBM specimens
(Supplementary Fig. 1A). Pathology-assisted dissection of tumor com-
pared with associated normal tissue from different grade glioma pa-
tients confirmed elevated NQO1 expression levels in tumors compared
with normal tissues (Supplementary Fig. 1B). Besides, compared with
stage II, NQO1 showed a significantly higher level of expression in GBM
advanced clinical stages (stage III-IV) (Supplementary Fig. 1C).

3.2. MAM activated NQO1 in GBM cells

Molecular docking analysis showed that MAM could be buried in
the activation pocket of NQO1. The plane of MAM paralleled to the
isoalloxazine ring of the NQO1 that forms one side of the catalytic
pocket. In this pocket, it interacts with NQO1 monomers and FAD
through a series of hydrophobic and hydrogen bonds. MAM formed
hydrogen bonds with residues TYR126, TYR128 and could enhance the
binding stability (Fig. 1A). CETSA assay revealed that MAM treatment
could enhance the stability of NQO1 protein (Fig. 1B). Furthermore,
MAM increased NQO1 activity in in vitro assay using purified re-
combinant NQO1. Co-treatment with DIC, an NQO1 inhibitor, sup-
pressed NQO1 activity almost to basal level (Fig. 1C). Similar results
were obtained with cellular extracts prepared from glioma cells
(Fig. 1D). Interestingly, NQO1 protein expression was also upregulated
by MAM (Fig. 1E and F).

3.3. MAM-induced NQO1 dependent non-apoptotic necrosis

Cytotoxicity assay showed that MAM treatment dramatically de-
creased the cell viability of both line cells in concentration- and time-
dependent manners (Supplementary Figs. 2A and 2B). The cellular ATP
levels dropped rapidly in concentration-dependent manners in both line
cells as well (Supplementary Fig. 2C), while TMZ, the only clinical
agent available for glioma treatment, showed no effect on ATP level
(Supplementary Fig. 2F). A significant reduction in colony formation in
MAM treated glioma cells was observed (Supplementary Fig. 2D). MAM
treatment increased percentages of 7AAD positive cells in Annexin V/
7AAD double staining (Fig. 2A). Increased PI penetration and LDH re-
lease were observed in MAM treated cells (Fig. 2B and C). MAM
treatment showed no effect on cleavage of caspases 3, 7, and 9
(Supplementary Fig. 2H) and caspase 3/7, 8 and 9 activities (Fig. 2D
and Supplementary Fig. 2G). In contrast, the caspase 3/7 activities were
significantly increased in TMZ treated cells (Fig. 2D). Z-VAD-fmk
showed no effect on MAM-induced cell death (Fig. 2E). Both silence
NQO1 by siRNA and inhibition its activity by DIC significantly reversed
MAM-induced cell death (Fig. 2F and G).

3.4. MAM-induced programmed necrosis via O-

MAM treatment triggered significant intracellular O,- generation in
a time-dependent manner in both cell lines (Fig. 3A). Co-treatment of
NAC, a reactive oxygen species (ROS) scavenger, effectively inhibited
MAM-induced O,- formation (Fig. 3B), cytotoxicity, and morphological
features (Fig. 3C, D and E). Similarly, GSH, catalase, or DTT pretreat-
ment completely reversed MAM-induced cell death (Fig. 3F, G, and H).
MAM-induced O,- could also be significantly reversed by DIC pre-
treatment (Fig. 3I).

3.5. MAM-induced programmed necrosis via O,- mediated cytosolic Ca®™*

A remarkable increase in the cytosolic Ca®>* accumulation was ob-
served after MAM treatment (Fig. 4A), which was further confirmed by
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Fig. 4. MAM induced cytosolic Ca®>* accumulation is essential for cell death. (A) Time response analysis of MAM on Ca®* concentrations indicated with Fluo-3AM
fluorescence intensity by flow cytometry. Cells were treated with MAM for 2 h, 4 h or 8 h, followed by Fluo-3AM staining and flow cytometry. (B) Effects of Cca?*
chelator BAPTA-AM on MAM-induced Ca®" elevation. Cells were pretreated with BAPTA-AM for 1 h and then exposure for MAM for another 8 h, followed by Fluo-
3AM staining and flow cytometry analysis. (C) Effect of BAPTA-AM on MAM-induced cell death. Cells were treated with MAM for 8 h in the presence or absence of
BAPTA-AM pretreatment for 1 h, and then cell viability was determined by MTT assay. (D) Effect of NAC on MAM-induced Ca®* accumulation. Cells were treated
with MAM for 8 h with or without NAC pretreatment for 1 h, followed by Fluo-3AM staining and flow cytometry analysis. (E) Western blotting analysis evaluating the
expression of p-CaMKII protein in MAM treated cells for different time. GAPDH is used as a loading control. (F) Effect of CaMKII inhibitor KN93 on MAM-induced cell
death. Cells were treated with MAM for 8 h in the presence or absence of KN93 pretreatment for 1 h, and then cell viability was determined by MTT assay. Error bars

represent standard deviations of the separate experiments. ***p < 0.001, analyzed by one-way ANOVA with Dunnett's post hoc test.

GCaMP3 (Supplementary Figs. 3A), a genetically encoded calcium in-
dicator [29]. Pretreatment with BAPTA-AM, a permeable CaZ* che-
lating agent, and NAC blocked MAM-induced Ca®* accumulation
(Fig. 4B and D). Furthermore, BAPTA-AM pretreatment remarkably
reversed MAM-induced cell death (Fig. 4C). While EGTA, an im-
permeable Ca®™* chelating agent, and Ca®>" free medium failed to do so
(Supplementary Figs. 3B, 3C, 3D and 3E). MAM induced calcium-cal-
modulin dependent protein kinase II (CaMKII) phosphorylation in a
time-dependent manner (Fig. 4E). KN93, a CaMKII inhibitor, sig-
nificantly reversed MAM-induced cell death (Fig. 4F). These results
indicated that O,- triggered cytosolic Ca®* accumulation mediated
MAM-induced cell death.

3.6. MAM-induced programmed necrosis via Ca®* mediated JNK1/2
activation

A rapid activation of JNK1/2 as early as 0.5 h after MAM treatment
and lasted for at least 2 h (Fig. 5A). JNK1/2 inhibitor SP600125 pre-
treatment significantly reversed MAM-induced cell death (Fig. 5B).
Furthermore, NAC and BAPTA-AM pretreatment could abolish MAM-
induced JNK1/2 phosphorylation (Fig. 5C and D). However, SP600125
showed no effect on O,- generation (Fig. 5E) and Ca?* accumulation
induced by MAM (Fig. 5F). These results suggested that Ca®>* accu-
mulation induced-JNK1/2 activation mediated MAM-induced cell
death.
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staining or Fluo-3AM and flow cytometry analysis.

3.7. MAM-induced programmed necrosis involved mitochondrial
dysfunction

MitoTracker staining showed that mitochondria became fragmented
into small dots scattered throughout the cell after MAM treatment for
1-2 h. Intracellular big bubbles were observed after MAM treatment for
4 h and penetration of PI was observed after MAM treatment for 8 h
(Fig. 6A). MAM induced severe AWm collapse as determined by JC-1
and TMRM staining, which could be significantly prevented by pre-
treatment of DIC, catalase, SP600125, and BAPTA-AM (Fig. 6B and C).
MitoSox Red results showed that MAM induced a large amount of mi-
tochondrial O,- generation, which could be significantly prevented by
pretreatment of DIC, catalase, SP600125, or BAPTA-AM (Fig. 6D).
Thus, these results indicated the involvement of mitochondrial dys-
function in MAM-induced programmed necrosis.

3.8. MAM inhibited glioma in zebrafish xenograft model

In U251-derived xenograft zebrafish model, MAM treatment dra-
matically inhibited tumor growth at 3 days after injection. The

inhibitory effect of MAM at 50 nM was comparable to that of TMZ at
100 pM (Fig. 7A and B). No cleavage of caspases 3, 7, and 8 was ob-
served (Fig. 7C). In contrast, increased phosphorylation of JNK1/2 and
HMGBI1 were detected.

4. Discussion

We previously reported the anticancer effects and mechanisms of
MAM in lung, breast, and colon cancers [16-18]. Here, we investigated
the anticancer effect of MAM in GBM cells. The main findings of this
study included: (1) MAM is a bioactive substrate of NQO1. (2) MAM
triggered an NQO1 dependent non-apoptotic necrosis mediated by O,-/
Ca®* /JNK1/2. (3) MAM inhibited malignant glioma growth in vivo.

Our data mining results were consistent with previous reports that
the expression of NQO1 in numerous solid tumors, including glioma,
was increased [14,30-32]. Especially, we found that NOQ1 expression
in GBM specimens was positively related to the degree of malignancy.
As NQO1 has been considered as a potential target for cancer therapy
[33,34], GBM might be the cancer type of interest.

The cytotoxic effect of MAM as evaluated by MTT, ATP, and colony
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Fig. 6. Involvement of mitochondrial dysfunction in MAM-induced cell death in GBM cells. (A) U251 cells were treated with MAM for the indicated time points
followed by Mitotracker (5 pM) and PI staining and then captured by Leica SP8 inverted confocal microscope. Bar = 10 um. (B) U251 cells were treated with MAM
for 4 h with or without pretreatment of various inhibitors (DIC, catalase, SP600125, BAPTA-AM) for 1 h, followed by JC-1 staining. Images were captured with an IN
Cell Analyzer 2000. Bar = 50 pm. (C and D) U251 cells were pretreated with various inhibitors (DIC, catalase, SP600125, BAPTA-AM) for 1 h, followed by MAM
insult for another 4 h. Cells were stained with mitochondrial potential probe TMRM (C) or MitoSox Red (D) before flow cytometry analysis. Cata: catalase. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

formation assays showed that it inhibited malignant glioma cells with treatment showed no effect on caspases 3/7 activities and caspase
ICso values at 7.5 uM, which is more effective than TMZ. TMZ Kkills cleavage. Furthermore, the pan-caspase inhibitor Z-VAD-fmk failed to
glioma cells by induction of apoptosis [35,36]. In contrast, MAM reverse MAM-induced cell death. Thus, MAM induced non-apoptotic
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cell death. This was confirmed by Annexin V/7AAD double staining
assay. The penetration of PI and increased LDH release revealed the
membrane integrity injury. Collectively, these results suggested that
MAM induced non-apoptotic necrosis in GBM cells.

Recent research has identified quite a few types of regulated ne-
crosis, such as RIP3/MLKL mediated necroptosis, iron/GPX4/ACSL4
mediated ferroptosis, etc [37,38]. Here, we demonstrated that MAM
could directly bind and activate NQO1, suggesting that MAM might
preferentially target NQO1. Both NQO1 silence and activity inhibition
protected against MAM-induced cell death suggesting that MAM-in-
duced necrosis was NQO1-dependent. The critical role of NQO1 was
further confirmed that MAM has no cytotoxicity to NQO1 null
H596 cells (Supplementary Fig. 4). Thus, MAM triggered an NQO1-
dependent necrosis in GBM cells.

Our previous studies established the critical roles of ROS in MAM-
induced cell death in lung cancer, breast cancer, melanoma, and colon
cancer cells [16-18]. Here, we further identified that MAM caused a
rapid increase of O,-. ROS scavengers NAC, GSH, catalase, and DTT
attenuated MAM induced cell death, indicating the important role of
O,-. The inhibitory effect of MAM-induced O,- by DIC revealed that the
O,- was caused by NQO1 activation.

Ca®* and JNK1/2 play important roles in various types of pro-
grammed cell death [39,40]. MAM-triggered intracellular Ca** accu-
mulation was confirmed by two methods. MAM-induced cell death was
inhibited by the cell-permeant Ca®* chelator BAPTA-AM while EGTA
and calcium-free medium failed to do so. This suggested the important
role of Ca®* accumulation. Though the exact mechanism of Ca®* in-
crease needs further investigation, it was not from the extracellular
import and thus may differ from that of necroptosis. The increased
phosphorylation levels of CaMKII and the inhibitory effect of KN93
indicated the involvement of CaMKII in MAM-induced programmed

necrosis. We also observed sustained JNK1/2 activation and SP600125,
the JNK1/2 inhibitor, significantly inhibited MAM-induced cell death
without affecting O, generation and Ca®* accumulation. While NAC
and BAPTA-AM significantly inhibited MAM-induced JNK1/2 activa-
tion. These data suggested that JNK1/2 was the downstream signal of
0,-/Ca®*. Besides, the reversal effects of DIC, catalase, SP600125, and
BAPTA-AM on MAM-induced AWm decrease and mitochondria O,-
generation suggested that mitochondria dysfunction might be the final
consequence of MAM, resulting in the rapid decrease of cellular ATP
levels. Collectively, these in vitro results demonstrated that MAM-in-
duced an NQO1 dependent programmed necrosis mediated by O,-/
Ca®*/INK1/2.

MAM significantly inhibited tumor growth in U251-derived xeno-
graft zebrafish model. Especially, the inhibitory effect at 50 nM was
comparable to that of 100 pM TMZ suggesting that MAM was more
efficient than TMZ. Furthermore, no-cleavage of caspases and increased
expression of JNK1/2 and HMGBI1 indicated that the in vivo anticancer
effect might be apoptosis-independent, which needs further investiga-
tion to elucidate.

In conclusion, as depicted in Fig. 8, MAM triggered a non-apoptotic
regulated necrosis by targeting NQO1 mediated by O,-/Ca®* /JNK1/2
in GBM cells. It inhibited tumor growth in a zebrafish xenograft model.
Though the therapeutic potentials of MAM for glioma treatment need
further investigation, the present study provided a new strategy for
fighting glioma by induction of regulated necrosis.
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Fig. 8. Schematic representation of the NQO1 mediated programmed necrosis
induced by MAM in vitro and in vivo. MAM triggered NQO1 activation by di-
rectly binding and targeting NQO1 and subsequent inducing O,- production.
Ca®* production and JNK1/2 activation functioned as the downstream effector
of NQOL1 triggered O,- generation. Mitochondrial dysfunction was the final step
of MAM-triggered programmed necrosis. For the in vivo effect, MAM inhibited
tumor growth in zebrafish xenograft model possibly through the induction of
programmed necrosis. AWm, mitochondrial membrane potential; O,-, super-
oxide.
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