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ABSTRACT

Necroptosis is a form of programmed necrosis mediated by signaling complexes with
receptor-interacting protein 1 (RIP1) and RIP3 kinases as the main mediators.
However, the underlying execution pathways of this phenomenon have yet to be
elucidated in detail. In this study, a RIP1/RIP3 complex was formed in
2-methoxy-6-acetyl-7-methyljuglone (MAM)-treated HCT116 and HT29 colon

cancer cells. With this formation, mitochondrial reactive oxygen species (ROS) levels



increased, mitochondrial depolarization occurred, and ATP concentrations decreased.
This process was identified as necroptosis. This finding was confirmed by
experiments showing that MAM-induced cell death was attenuated by the
pharmacological or genetic blockage of necroptosis signaling, including RIP1
inhibitor necrostatin-1s (Nec-1s) and siRNA-mediated gene silencing of RIP1 and
RIP3, but was unaffected by caspase inhibitor z-vad-fmk or necrosis inhibitor
2-(1H-Indol-3-yl)-3-pentylamino-maleimide ~ (IM54).  Transmission  electron
microscopy (TEM) analysis further revealed the ultrastructural features of
MAM-induced necroptosis. MAM-induced RIP1/RIP3 complex triggered necroptosis
through cytosolic calcium (Ca**) accumulation and sustained c-Jun N-terminal kinase
(JNK) activation. Both calcium chelator BAPTA-AM and JNK inhibitor SP600125
could attenuate necroptotic features, including mitochondrial ROS elevation,
mitochondrial depolarization, and ATP depletion. 2-thenoyltrifluoroacetone (TTFA),
which is a mitochondrial complex Il inhibitor, was found to effectively reverse both
MAM induced mitochondrial ROS generation and cell death, indicating the complex
Il was the ROS-producing site. The essential role of mitochondrial ROS was
confirmed by the protective effect of overexpression of manganese superoxide
dismutase (MnSOD). MAM:-induced necroptosis was independent of TNFa, p53,
MLKL, and lysosomal membrane permeabilization. In summary, our study
demonstrated that RIP1/RIP3 complex-triggered cytosolic calcium accumulation is a
critical mediator in MAM-induced necroptosis through sustained JNK activation and

mitochondrial ROS production. Our study also provided new insights into the



molecular regulation of necroptosis in human colon cancer cells.
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Introduction
Necroptosis represents a form of regulated necrosis classically initiated by death
receptors, such as tumor necrosis factor receptor 1 [1]. Identified by Degterev et al.

[2], this form of cell death involves the kinase activity of receptor-interacting protein



1 (RIP1) and RIP3, which leads to the formation of a complex termed necrosome [3].
Necrosome formation results in RIP3 activation. Activated human RIP3 is
phosphorylated at Ser227, and the phosphorylated form subsequently causes the
phosphorylation of human mixed lineage kinase domain-like (MLKL) protein at
Thr357 and Ser358 sites. Consequently, the phosphorylated MLKL undergoes
oligomerization and membrane translocalization, which trigger pore formation in lipid
bilayers and loss of plasma membrane integrity [4-6]. Although the initial molecular
components of necroptotic pathways have been described, their downstream signaling
regulatory mechanisms have remained poorly understood.

Ca®" is a well-known second messenger involved in nearly every aspect of cellular
life [7]. In necroptosis, Ca®* influx is an important downstream event of MLKL
during TNF-induced necroptosis [4]. Cytosolic calcium accumulation can trigger
necroptosis by activating calcium-calmodulin kinase (CaMK) Il-mediated RIP1
phosphorylation, and this phenomenon indicates that Ca®* is an early upstream
regulator of necroptosis [8].

The evasion of programmed cell death is considered a hallmark of cancers, and this
condition can facilitate tumor initiation, progression, and drug resistance [9,10].
Necroptosis provides potential novel molecular targets and strategies for optional
therapeutic intervention because of its molecular mechanism and signaling regulation
distinct from those of apoptosis. The effectiveness of this strategy is temporarily
indicated by shikonin, a natural naphthoquinone [11]. This substance triggers

necroptotic cell death in MCF-7 and HEK293 cell lines, which can circumvent drug



resistance mediated by P-glycoprotein (P-gp), Bcl-2, and Bcl-xL [11]. Shikonin also
exhibits necroptotic potency toward glioma and osteosarcoma cells [12,13]. However,
its effect on necroptotic signaling remains unclear.
2-Methoxy-6-acetyl-7-methyljuglone (MAM), a natural naphthoquinone, was
isolated from Polygonum cuspidatu [14], Rhamnus fallax B [15], and Ventilago
calyculata[16] in 1983. However, its bioactivities have barely been reported [17-21].
In our previous work, MAM can induce necroptosis in A549 lung cancer cells and
apoptosis in MCF7 breast cancer cells and B16-F10 melanoma cells [22]. Nitric oxide
and JNK are essential mediators in this process. However, the detailed mechanisms of
MAM in necroptosis remain unclear. In our study, MAM could induce human colon
cancer cell death with non-apoptotic features. Basing on the formation of RIP1/RIP3
complex, the inhibitory effect of Nec-1s, and the respective phosphorylation of RIP1
and RIP3 at Ser166 and Ser227, we identified the cell death type as necroptosis. We
then observed that cytosolic calcium accumulation and sustained JNK activation were
the downstream events of RIP1/RIP3 complex. The blockage of calcium elevation
and JNK activation attenuated the production of downstream mitochondrial reactive
oxygen species (ROS), loss of mitochondria membrane potential (MMP), and
depletion of ATP. On the basis of these findings, we identified a natural necroptosis
inducer in human colon cancer cells for potential future applications and provided

new insights into the molecular regulation of necroptosis in human colon cancer cells.



Materials and methods
Cells and reagents

Human colon cancer cell lines HCT116 p53** and HCT116 p53™ cells were
generous gifts of Dr. Ronggui Hu (Institute of Biochemistry and Cell Biology,
Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, China).
HT29 cells were purchased from Cell Bank of Type Culture Collection of Chinese
Academy of Sciences (Shanghai, China). The cells were cultured in McCoy’s 5A
medium with 10% fetal bovine serum (Grand Island, NY, USA) and antibiotics at
37 °C in a humidified environment with 5% CO,. We used cells within 6 months from
resuscitation. MAM was isolated and purified from the dried rhizome of P.
cuspidatum as described previously [19]. Necrosulfonamide (NSA) was from EMD
Millipore Corporation (Darmstadt, Germany).
2-(1H-Indol-3-yl)-3-pentylamino-maleimide (IM-54) was from Abcam (Cambridge,
MA, USA). Nec-1s was from BioVision (Milpitas, CA, USA). BAPTA-AM was from
Molecular Probes (Eugene, OR). Ethylenebis(oxyethylenenitrilo)tetraacetic acid
(EGTA) and SP600125 were from Sigma Aldrich (St Louis, MO, USA). Cathepsin
inhibitor 1, E64, KN93, pepstatin A,
N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (Z-VAD-fmk) were from
Selleckchem (Houston, TX, USA). CsA and JC-1 were from Beyotime (Shanghai,
China). MitoSox Red was from Invitrogen (Carlsbad, CA, USA). Fluo-3/AM ester

and tetramethylrhodamine methyl ester (TMRM) were from Molecular Probes



(Eugene, OR, USA).

Cell viability assay

Cell viability studies were performed using the CellTiter-Glo luminescent assay
(Promega, Madison, WI, USA) according to the manufacturer’s instructions [23]. The
ICso values were calculated by nonlinear regression analysis using GraphPad Prism
software (San Diego, CA). Cell viability was also evaluated by CellTiter 96 AQueous
One Solution Cell Proliferation Assay (Promega) kit containing the tetrazolium
compound,
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetr
azolium, inner salt; MTS] according to the manufacturer’s protocols. The absorbance
at 490 nm with a microplate reader (FlexStation 3 microplate reader; Molecular

Devices, Sunnyvale, CA) is recorded.

Western blot analysis

Preparation of cell lysates, determination of protein concentrations, electrophoresis,
and immunoblotting were conducted as described previously [22]. The following
antibodies were obtained from Cell Signaling Technology (Beverly, MA, USA):
caspase 3 (9665S), caspase 8 (9746s), caspase 9 (9502s), GAPDH (5174S), JNK
(9252S), MLKL (14993S), pCaMKII (12716S), pJNK (4668S), pRIP1 (65746S),
RIP1 (3493S), RIP3 (13526S), horseradish peroxidase-conjugated secondary

antibodies (7074V). pMLKL(ab187091) and pRIP3(ab209384) were from Abcam



(Cambridge, UK). Chemiluminescence signals were collected and analyzed using a
ChemiDoc™ MP Imaging System with Image Lab 5.1 software (Bio-Rad, Hercules,

CA, USA).

Transfections

For siRNA knockdown, cells were transfected with indicated siRNAs using
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocols and assayed 48 h after transfection. The siRNA sequences are as follow
(5'-3"): RIP1 target sequence, AUCAAUCUGAGACUGUGUGAAGCCCATdT; RIP3
target sequence, GCAGUUGUAUAUGUUAACGAGCGGUCGITdT; MLKL target
sequence, CAAACUUCCUGGUAACUCAdTAT; JNK1 target sequence,
GACCUAAAUAUGCUGGAUATAT,; JNK2 target sequence,

GGAAGAAAGAAGCAAGAAUMTAT.

Co-immunoprecipitation

Cells were resuspended in IP Lysis Buffer (Pierce, Rockford, IL, USA) containing
1% PMSF and 1% protease inhibitor cocktail on ice for 15 min. After centrifugation,
the obtained supernatant was mixed with 40 pL protein A/G—agarose beads (Santa
Cruz, CA, USA) and 5 pL primary antibody against RIP3 overnight at 4 °C.
Immunoprecipitated protein was washed for at least six times with IP Lysis Buffer,

then boiled in SDS sample buffer for further immunoblotting assays.



MitoSox Red staining

MitoSox Red was employed to analyze the mitochondrial superoxide anion
generation. At the end of MAM incubation with or without inhibitors pretreatment for
the indicated time point, MitoSox Red (5 pM) was added to the culture medium and
stained for 30 min at 37 °C, followed by signal collection by a FACSCanto flow
cytometer (Becton-Dickinson, Oxford, UK).
Measurement of MMP

For the measurement of MMP, TMRM (100 nM) was applied after MAM insult to
cultures with and without inhibitor pretreatment for the indicated time point. The
TMRM signal was analyzed by flow cytometry.
5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1, 2
ug/mL, 30 min, 37 °C) was also used to monitor the MMP with IN Cell Analyzer
2000 (GE Healthcare, Little Chalfont, Buckinghamshire, UK). The results obtained
from flow cytometer were analyzed using FlowJo software (TreeStar, San Carlos, CA,
USA).
Aconitase activity

Cytosolic aconitase activity was monitored with a colorimetric assay kit (K716-100;
BioVision Incorporated, Mountain View, CA, USA) according to the manufacturer’s
instructions. For cytosolic aconitase assay, 10° cells were homogenized on ice in 0.1
mL cold assay buffer, followed by centrifugation at 800 g for 10 minutes at 4 ° C.
The supernatant was collected and considered as cytosolic lysates. For the

mitochondrial part, the supernatant was centrifuged at 20, 000 g for 15 minutes at



4 °C, then dissolve the pellet into 0.1 mL cold assay buffer followed by sonication for
20 seconds.
Measurement of calcium by Fluo-3/AM ester and GCAMP3

For the measurement of calcium, cells were incubated with Fluo-3/AM ester (5 uM,
30 min, 37 °C) after MAM challenge with and without inhibitor pretreatment. To
further confirm the involvement of calcium, cells were transfected with the GcaMP3
plasmid DNA (2.5 ug) using 5 uL Lipofectamine 3000. After transfection for 24 h,
cells were treated with MAM for various time points. Images were taken using a

confocal laser scanning microscopy (Leica, SP8, Germany).

Measurement of LMP

Lysotracker red (Beyotime, Shanghai, China) was used to monitor the functional
state of lysosome. After MAM treatment for different time points, lysotracker red (50
nM) was incubated for another 1 h at 37 °C, followed by flow cytometry analysis.
Acridine orange (AO) was another probe applied to determine the LMP. After cells
were treated with MAM, AO (10 pg/mL) was added to culture medium and incubated

for 15 min at 37 °C before image acquisition by IN Cell Analyzer 2000.

Apoptosis assay
Apoptosis assay was determined by PE Annexin V Apoptosis Detection Kit | (BD
Pharmingen, San Diego, CA, USA) according to the manufacturer’s instructions.

Caspase activities was assayed with the Caspase-Glo Assay Kit (Promega, Madison,



WI, USA) as our previous report [22].
Overexpression of manganese superoxide dismutase (MnNnSOD) in HCT116 cells

The HCT116 cells were transiently transfected with pMnSOD plasmid (Origene,
USA) tagged with Myc-DDK at the C-terminal or an empty vector using
lipofectamine 3000 (Life Technologies, USA) according to the manufacture’s
protocol.
Enzyme-linked immunosorbent assay for detection of TNFa

Cells were seeded onto 12-well plates. The next day, MAM suspended in culture
medium (1 mL) was added for the indicated time points. Enzyme-linked
immunosorbent assay (ELISA) assay was performed using a commercial ELISA kit
(EHC103a, eBioscience, Shenzhen, China) according to the manufacturer’s
instructions.
Monitoring necroptosis by high-resolution time-lapse imaging

HCT116 cells were loaded with fluorescent probes (TMRM, 100 nM; SYTOX
Green, 1 uM; Hoechst 33258, 5 pg/mL) for 30 min before treatment with MAM (10
uM). Cells were imaged using a Leica SP8 laser scanning confocal microscope (Leica,
Wetzlar, Germany) equipped with a HC PL APOCS2 63xx/1.40 oil objective (Leica,
Wetzlar, Germany). Three-dimensional live-cell imaging (X, y, z and t) was performed
in differential interference contrast and multiple fluorescence modes. For each
imaging event, z sections had a total depth of 11 um with a step size of 1 um. The

processing of images was performed using ImageJ software.



TEM assay

After MAM treatment for 8 h, cells were harvested and washed in 0.1 M PBS,
centrifuged at 1,500 rpm, and then immediately fixed with 1.6 % glutaraldehyde for 1
h at 4 °C. After fixing again in aqueous 2% osmium tetroxide, cells were dehydrated
in graded series of ethanol and embedded in Epon. Ultra-thin sections were cut and
stained with uranyl acetate and lead citrate. The samples were examined under a
transmission electron microscope (H-7650, Hitachi, Japan) at 80 kV.

Statistical analysis

Two-sided Student’s t-test was used to compare differences between two groups.
One-way analysis of variance (ANOVA) followed by Dunnett's post hoc test or
two-way ANOVA followed by Bonferroni post hoc test was used to compare
differences more than two groups. A P value of less than 0.05 was considered
statistically significant.

Results
MAM induces non-apoptotic cell death

The in vitro potency of MAM on colon cancer cell lines was determined by
measuring the cellular ATP levels. As shown in Fig. 1, the ATP levels in both HCT116
and HT29 cells decreased dramatically in a concentration-dependent manner in
response to MAM. The cellular ATP levels of both HCT116 and HT29 cells dropped
rapidly to the minimum as early as 8 h. 1Cso of MAM for HCT116 and HT29 cells

were 5.2 and 7.5 uM, respectively. We then examined if MAM induced apoptosis.



Hoechst 33258 was used to label nuclear DNA in living cells (Supplementary Video
1). No chromatin condensation, one of the essential characteristics of apoptosis, was
found. Instead, the cells showed signs of necrotic cell death morphology, with the loss
of plasma membrane integrity as evidenced by the increased SYTOX Green

fluorescence (Supplementary Video 1).
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Fig. 1. MAM caused ATP depletion in colon cancer cells. Dose- and time-response analysis
of MAM treatment on HCT116 and HT29 cells. Cells were treated with different
concentrations of MAM for 8, 12, and 24 h, the ATP levels were determined using the
CellTiter-Glo ATP-based luminescence assay. Error bars represent standard deviations of

three separate experiments.

MAM-induced cell death in both HCT116 and HT29 cells neither involved
externalization of phosphatidyl-serine on the cell membrane (Fig. 2A, B), a signal for
early apoptosis, nor could be attenuated by z-vad-fmk (Fig. 2C, D), a pan-caspase
inhibitor. After treatment with 10 and 20 uM MAM for 6 h, the necrotic (Annexin
V—/PI+) rates of HT29 cells were 9.97% and 29.4%, and late apoptotic (Annexin
V+/Pl+) rates were 13.1% and 13.6%, respectively. In contrast, no obvious elevation
of early apoptotic (Annexin V+/PI-) rates were observed. Similar results were found

in HCT116 cells. The rate of late apoptosis could be significantly decreased by



Nec-1s, indicating that MAM induced necroptotic cell death in colon cancer cells. To
exclude the role of apoptosis in MAM-induced colon cancer death, we examined the
activities of caspases 3/7, -8, and -9. MAM treatment for 8 h did not evidently affect
caspase 3/7 activities in HCT116 cells (Fig. 2E). On the contrary, the basal caspase
3/7 activities in HT29 cells were reduced to 70% of the control group (Fig. 2F).
Notably, both cell lines exhibited a severe decrease in basal caspase 8 and 9 activities
after MAM treatment. Furthermore, no cleavage of caspases 3, 8, and 9 was detected
by Western blot analysis (Fig. 2G, H). However, the expression of pro-form caspase 8
in both cell lines declined remarkably, and this finding was similar to the reduced
basal caspase 8 activity. Therefore, apoptosis was not responsible for MAM-induced
cell death in HCT116 and HT29 cells. This is further confirmed by the morphological
findings obtained by TEM. TEM analysis of MAM-treated cells showed no apoptotic
features (Fig. 21). Instead, the cells exhibited a typical necrotic cell death morphology,
including an increasing translucent cytoplasm, swelling of organelles (especially
mitochondria) with cell nuclei less affected. Along with its rapid effect on plasma
membrane integrity and ATP production, we hypothesized that MAM induced

necroptosis in these cells.
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Fig. 2. MAM-induced non-apoptotic cell death in colon cancer cells. HT29 (A) and HCT116
(B) cells were treated with different concentrations of MAM for 6 h in the presence or

absence of Nec-1s (50 and 20 uM, respectively) pretreatment for 1 h. The apoptosis was



detected with Annexin V-PE/7AAD double staining by flow cytometry. Effect of pan-caspase
inhibitor z-vad-fmk on MAM-induced HCT116 (C) and HT29 (D) cell death. Cells were
treated with z-vad-fmk (20 uM) for 2 h, followed by MAM treatment for another 8 h. Cell
viability was measured by MTS assay. Error bars represent standard deviations of three
separate experiments. (E and F) Caspase activities were determined using Caspase-Glo Assay
Kit after MAM treatment on HCT116 (E) and HT29 (F) cells. *P < 0.05; **P < 0.01,
analyzed by one-way ANOVA with Dunnett's post hoc test. (G and H) The expression levels
of caspase 3, 8, and 9 in the MAM-treated HCT116 (G) and HT29 (H) cells (10 and 20 uM,
respectively) were determined by Western blot analysis. *, non-specific bands. (I) TEM
analysis of MAM-treated HCT116 and HT29 cells for 8 hours (10 and 20 uM, respectively). a
and d, control cells; b and e, swollen mitochondria; ¢ and f, high-power magnifications
showing swollen and damaged mitochondria. Scale bars: 2 um (a, b, d and e); 0.5 pm (c); 1

um (f). Results are representative of at least three individual experiments.

MAM induced RIP1/RIP3-mediated necroptosis

The effect of Nec-1s on MAM-induced ATP levels was examined to confirm the
involvement of necroptosis in MAM-induced cell death. Nec-1s pretreatment
significantly reversed the ATP decline induced by MAM treatment (Fig. 3A, B). A
necrosis inhibitor IM-54 was also used to exclude the involvement of unregulated
necrosis [24]. IM-54 (10 uM) co-treatment did not influence the cytotoxicity of MAM
towards HCT116 and HT29 cells (Fig. 3C, D). The initiation of necroptosis requires

RIP1 and RIP3 [25]. RIP1 and RIP3 could induce autophosphorylation on serine



residue 166 (Serl66) and serine residue 227 (Ser227), respectively [5].
Phosphorylated RIP3 targets the phosphorylation of MLKL at the T357 and S358 and
thus compromises plasma membrane integrity [5]. Therefore, the phosphorylation of
RIP1, RIP3, and MLKL is considered a hallmark of necroptosis [26]. The expression
and phosphorylation of these proteins were detected to verify the occurrence of
necroptosis. The phosphorylation levels of RIP1 (Serl66) and RIP3 (S227) were
up-regulated after MAM treatment was administered. The phosphorylation of RIP1
was sustained, whereas the phosphorylation of RIP3 began to decrease at 8 h (Fig.
3E). The formation of RIP1/RIP3-containing necrosome complex was confirmed
through necrosome immunoprecipitation by using RIP3 antibody [27]. Interestingly,
RIP3 immunoprecipitation following MAM treatment revealed its interaction with
RIP1, which was weakened by Nec-1s (Fig. 3F). The phosphorylation of MLKL was
only observed in MAM-treated HT29 cells. We then detect whether these
observations correlate with cell death. The knockdown of RIP1 and RIP3 expression
in HCT116 cells partially reversed the viability of MAM-exposed cells, whereas the
knockdown of MLKL did not elicit any effect (Fig. 3G, for siRNA effects, see
Supplementary Fig. S1). The MLKL inhibitor necrosulfonamide (NSA), which targets
Cys86 of MLKL [28], also did not influence MAM-induced colon cancer cell death
(Fig. 3H). Similar effects were observed in HT29 cells.

Therefore, the pharmacological and genetic suppression of RIP1 and RIP3, not
MLKL, could attenuate MAM-induced cytotoxicity. These data indicated that MAM

induced RIP1/RIP3 necrosome formation and initiated necroptosis without affecting



MLKL.
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Fig. 3. MAM-induced RIP1/RIP3 dependent necroptosis in colon cancer cells. (A and B) The
MTS assay evaluating the effect of necroptosis inhibitor Nec-1s on MAM-induced HCT116
(A) and HT29 (B) cell death. Cells were treated with different concentrations of MAM for 8 h
in the presence or absence of Nec-1s pretreatment for 1 h. Error bars represent standard
deviations of three separate experiments. *P < 0.05; **P < 0.01; ***P < 0.001, analyzed by
two-way ANOVA with Bonferroni post hoc test. (C and D) The MTS assay evaluating the

effect of IM54 on MAM-induced HCT116 (C) and HT29 (D) cell death. Cells were treated



with different concentrations of MAM for 8 h with or without IM54 (10 uM) pretreatment for
1 h. (E) Immunoblots evaluating the expression of phosphorylated RIP1 (Serl66),
RIP3(5227), MLKL(T357/S358) and corresponding total forms protein expression in MAM
-treated HCT116 and HT29 cells (10 uM and 20 pM, respectively). GAPDH is used as a
loading control. (F) RIP1/RIP3 complex formation by immunoprecipitation using RIP3
antibody from MAM-treated HCT116 cells for 8 h. Immunoblots determining the RIP3 and
RIP1 expression in whole-cell lysates (WCL) and immunoprecipitates are included. (G)
Effects of RIP1, RIP3, or MLKL knockdown on necroptosis. HCT116 and HT29 cells were
transfected with siRNAs and then treated with MAM for 8 h. Cell viabilities were evaluated
by MTS assay. Error bars represent standard deviations of three separate experiments. *P <
0.05, analyzed by one-way ANOVA with Dunnett's post hoc test. (H) Effects of NSA on
necroptosis. Cells were treated with different concentrations of MAM for 8 h in the presence
or absence of NSA (10 uM) pretreatment for 1 h. Error bars represent standard deviations of

three separate experiments.

MAM induces mitochondrial ROS generation and loss of MMP

Necrosomes have been reported to impair mitochondria energy metabolism by
disturbing ROS homeostasis, leading to ATP depletion, mitochondrial depolarization,
and eventually cell death [3]. Thus, the cascade of events followed by the necrosome
complex formation was studied. The mitochondrial ROS production was evaluated by
flow cytometry using MitoSOX Red staining. As shown in Fig. 4A, the fluorescence

intensity increased in a time-dependent manner in MAM-treated HCT116 and HT29



cells (10 and 20 pM, respectively). This was later confirmed by the reactivation of
both cytosolic (c-) and mitochondrial (m-) aconitase, which is one of the most
sensitive target for superoxide [29] (Supplementary Fig. S2). Remarkably,
MAM-induced mitochondrial ROS generation in both cell lines was attenuated by
Nec-1s (Fig. 4B, Supplementary Fig. S2). This finding suggested that the RIP1/RIP3
necrosome complex played a critical role in regulating mitochondrial ROS generation.

To determine the site of MAM-induced intracellular ROS production, HCT116 and
HT29 cells were first incubated with either rotenone (Rot), an inhibitor of complex I,
TTFA, an inhibitor of Q-binding site of complex I, or antimycin A (AA), an inhibitor
of Qi-binding site of complex I11. In both cell lines MAM treatment resulted in a 3- to
4- fold increases in MitoSox Red intensity when compared to control group (Fig. 4C).
Among the three electron transport chain blockers, only TTFA decreased
MAM-induced fluorescence intensity nearly to the basal level. AA treatment alone
resulted in an increased fluorescence intensity in both cell lines. In addition, MAM
combined with AA treatment resulted in a 5- and 9- fold increases in fluorescence
intensity in HCT116 and HT29 cells, respectively. Similar effects were observed in
Rot-treated groups. These results suggested complex 11 as the source of mitochondrial
ROS.

As pharmacological inhibitors are not exactly specific to the expected cellular
target, we also performed experiments using molecular techniques. Overexpression of
mitochondrial antioxidant protein MnSOD completely prevented the cytotoxicity

effect of MAM when compared with the vector transfected cells (Fig. 4D).



Furthermore, MnSOD overexpression, as well as TTFA pretreatment, notably
protected against cell death upon treatment with MAM (Fig. 4E). Conversely, Rot and
AA pretreatment resulted in a slightly decrease of cell viability when compared to
MAM alone treated cells. Taken together, these results showed the crucial role of
mitochondrial superoxide in MAM induced oxidative stress and cell death.

The effect of MAM on MMP was assessed by time-lapse imaging with TMRM
(Supplementary Video 1). TMRM is a cell-permeant dye that accumulates in active
mitochondria with intact membrane potentials. Upon loss of MMP, TMRM ceases
accumulation and thus reduces fluorescence. TMRM levels decreased at an early time
point after HCT116 cells were incubated with MAM (10 uM) and then almost
disappeared after 6 h of treatment. Notably, MAM-induced loss of MMP was
dramatically reversed by Nec-1s pretreatment (Fig. 4F), indicating that loss of MMP
is one of the downstream execution pathways of RIP1/RIP3 containing necrosome.
The mitochondrial permeability transition (MPT) pore has been reported to be
involved in several forms of cell death [3]. The MPT pore component cyclophilin D
plays an important role in necrotic cell death [30,31]. However, cyclosporine A (CsA),
a cyclophilin D inhibitor, pretreatment showed no protective effect either on
MAM-induced mitochondrial depolarization (Supplementary Fig. S3A) or cell death
(Supplementary Fig. S3B). Taken together, these results showed that MAM induced

mitochondrial ROS generation and CsA-independent MMP loss.
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Fig. 4. Effect of Nec-1s and electron transport chain inhibitors on MAM-mediated
mitochondrial dysfunction. (A) Time response analysis of MAM treatment on mitochondrial
ROS generation. HCT116 and HT29 cells were treated with MAM (10 and 20 pM,
respectively) for the indicated time periods and then stained with MitoSox Red (5 uM) and

analyzed by flow cytometry. (B) Effect of Nec-1s on MAM-induced mitochondrial ROS



generation. HCT116 and HT29 cells were treated with MAM (10 and 20 uM, respectively)

for 4 h in the presence or absence of Nec-1s (20 and 50 uM, respectively) pretreatment for 1 h,

followed by MitoSox staining and flow cytometry analysis. (C) Effects of different electron

transport chain inhibitors on MAM-induced mitochondrial ROS generation. HCT116 and

HT29 cells were treated with MAM (10 and 20 uM, respectively) for 4 h in the presence or

absence of electron transport chain inhibitors (20 uM TTFA, 10 uM AA, 5 uM Rot)

pretreatment for 1 h, followed by MitoSox staining and flow cytometry analysis. (D) Effects

of overexpression of MnSOD or empty vector on MAM induced mitochondrial ROS

generation by flow cytometry analysis. HCT116 cells were transfected with vector encoding

human MnSOD or control empty vector (as described before), followed by MAM treatment

for 4 h. Then cells were stained with MitoSox Red (5 uM) and analyzed by flow cytometry.

(E)Effects of different electron transport chain inhibitors or overexpression of MnSOD on

MAM-induced cell death by MTS assay. HCT116 and HT29 cells were either pretreated with

electron transport chain inhibitors (20 uM TTFA, 10 uM AA, 5 uM Rot) for 1 h or transfected

with vector encoding human MnSOD or empty vector, followed by MAM (10 and 20 pM,

respectively) treatment for 8 h. MTS assay was used to evaluate cell viability. Error bars

represent standard deviations of three separate experiments. *P < 0.05; **P < 0.01, analyzed

by one-way ANOVA with Dunnett's post hoc test. (F) Effect of Nec-1s on MAM-induced loss

of MMP. HCT116 and HT29 cells were treated as described in (B), followed by TMRM

staining and flow cytometry analysis.



Cytosolic calcium accumulation and JNK activation is essential for cell death

Next, the molecular link between RIP1/RIP3 necrosome and MMP with
mitochondrial ROS imbalance was explored. Calcium has long been regarded as an
important cell death modulator [32]. Increased cytoplasmic calcium was reported to
trigger necroptosis in several experimental models by activating calcium-calmodulin
kinase (CaMK) 11, followed by RIP1 phosphorylation and activation [8]. With the
fluorescent probe Fluo-3/AM, we measured the intracellular calcium at different time
points by flow cytometry. A time-dependent accumulation of calcium was observed in
both HCT116 and HT29 cells (Fig. 5A). The elevation of cytosolic calcium was
further confirmed by GCaMP3, a genetically encoded calcium indicator [33]. The
GCaMP3 fluorescent signal was remarkably increased at 4 h after MAM treatment in
both HCT116 and HT29 cells (Supplementary Fig. S4). Inconsistent with the previous
report that cytosolic calcium functions at upstream of RIP1 activation [8],
MAM-induced calcium accumulation could be largely attenuated by RIP1 inhibitor
Nec-1s, which was comparable to that of BAPTA-AM, a permeable calcium chelator
(Fig. 5B). Furthermore, BAPTA-AM (1 pM) could confer protection against
MAM-induced cytotoxicity (Fig. 5C).

Considering that extracellular Ca** influx is a major mechanism of increased
intracellular Ca?* [34], we further examined MAM-triggered calcium accumulation.
On the basis of the data in Supplementary Fig. S5A, we selected 1 mM

ethyleneglycoltetraacetic acid (EGTA), a Ca®* chelating agent. EGTA pretreatment did



not protect HCT116 cells from MAM-induced cell death (Fig. 5D). This finding
indicated that cytosolic calcium accumulation was caused by Ca®* released from
stored intracellular Ca?* and not attributed to Ca’* influx from the extracellular
environment. Parallel experiments were conducted using HT29 cells, and similar

results were obtained (Supplementary Fig. S5B).
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Fig. 5. Cytosolic calcium is an essential mediator for necroptosis. (A) Time response analysis

of MAM on calcium concentrations indicated with Fluo-3/AM fluorescence intensity by flow



cytometry. HCT116 and HT29 cells were treated with MAM (10 and 20 uM, respectively) for
2 or 4 h, followed by Fluo-3/AM staining and flow cytometry. (B) Effect of necroptosis
inhibitor Nec-1s and calcium chelator BAPTA-AM on MAM-induced calcium elevation.
HCT116 and HT29 cells were treated with MAM (10 and 20 uM, respectively) for 4 h in the
presence or absence of Nec-1s (20 and 50 uM, respectively) or BAPTA (1 pM) pretreatment
for 1 h and then stained with Fluo-3/AM before flow cytometry analysis. (B) Protective effect
of BAPTA-AM on necroptosis. HCT116 and HT29 cells were pretreated with BAPTA (1 pM)
for 1 h and then challenged with MAM (10 and 20 uM, respectively) for another 8 h. Cell
viability was determined by MTS assay. Error bars represent standard deviations of three
separate experiments. **P < 0.01; ***P < 0.001, analyzed by two-way ANOVA with
Bonferroni post hoc test. (D) Extracellular calcium influx is not involved in necroptosis.
HCT116 cells were treated with MAM for 8 h with or without EGTA (1 uM) pretreatment for
2 h. Cell viability was measured by MTS assay.

We previously reported the important role of JNK activation in MAM-induced cell
death in several cell lines [22]. Here, the phosphorylation of JINK in MAM-treated
HCT116 and HT29 cells was detected as well (Fig. 6A). Similarly, a rapid JNK
activation was observed after MAM treatment for 1 h in both cell lines. This increase
of JNK phosphorylation was sustained for at least 4 h. To explore whether calcium
accumulation might be responsible for JINK activation, we pre-chelated the cytosolic
calcium with BAPTA-AM (1 uM) for 1 h and then treated with MAM for another 2 h.
Both calcium chelator BAPTA-AM and RIP1 inhibitor Nec-1s could suppress

MAM-induced JNK phosphorylation to the basal level, comparable to the SP600125



pretreated group (Fig. 6B). This suggests that RIP1 phosphorylation and calcium
accumulation resulted in sustained JNK activation. Furthermore, both JNK inhibitor
SP600125 and JNK knockdown significantly reversed MAM-induced cell death,
implying the essential role of JNK activation in MAM-induced necroptosis (Fig. 6C,
D, for siRNA knockdown efficiencies, Supplementary Fig. S6). It’s also worth to
mention that JNK activation occurred faster than the RIP1 phosphorylation. This
implies that RIP1/RIP3 complex and calcium are the main but not the only
contributors to JNK activation.

To further elucidate the relationship between RIP1/RIP3 complex and calcium
accumulation as well as JNK activation, we performed immunoprecipitation with
antibody against RIP3. Results showed that neither inhibition of INK by SP600125 or
specific siRNA nor calcium chelation by BAPTA-AM could affect the RIP1/RIP3
complex formation (Fig. 6E). These results support the finding that calcium
accumulation and JNK activation function downstream of RIP1/RIP3 complex

formation.
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Fig. 6. Sustained JNK activation triggered by calcium in necroptosis. (A) Immunoblots
evaluating expression of phosphorylated JNK (p-JNK) and JNK after the MAM treatment in
HCT116 (10 uM) and HT29 (20 uM) cells. GAPDH is used as a loading control. (B) Effect of
BAPTA-AM, Nec-1s, and SP600125 on JNK activation by western blot analysis. HCT116
cells were pretreated with BAPTA (1 uM), Nec-1s (20 uM), or SP600125 (5 uM) for 1 h and
then challenged with MAM (10 uM) for another 4 h. *, non-specific bands. (C) Effect of INK
inhibitor SP600125 on necroptosis. HCT116 cells were treated with MAM for 8 h in the
presence or absence of SP600126 (5 uM) pretreatment for 1 h. Cell viabilities were evaluated
by MTS assay. Error bars represent standard deviations of three separate experiments. *P <
0.05, analyzed by two-way ANOVA with Bonferroni post hoc test. (D) Effect of JNK

knockdown on necroptosis. HCT116 and HT29 cells were transfected with siRNAs and then



treated with MAM for 8 h. Cell viabilities were evaluated by MTS assay. Error bars represent
standard deviations of three separate experiments. *P < 0.05, analyzed by two-way ANOVA
with Bonferroni post hoc test. (E) Effects of JNK inhibition and calcium chelation on
RIP1/RIP3 complex formation by immunoprecipitation using RIP3 antibody from
MAM-treated HT29 cells for 8 h. HT29 cells were transfected with sSiRNASs or pretreated with
JNK inhibitor SP600125 or calcium chelator BAPTA-AM for 1 h, followed by MAM
treatment for another 8 h. Immunoblots determining the RIP3 and RIP1 expression in
whole-cell lysates (WCL) and immunoprecipitates are included.

CaMK 1, the downstream effector of calcium signaling, was reported to coordinate
calcium-induced necroptosis in human neuroblastoma [8]. It may also be a candidate
for JNK activation [35]. MAM induced CaMK Il phosphorylation in both HCT116
and HT29 cells in a time-dependent manner (Fig. 7A). However, pretreatment with
KN93, the CaMK I inhibitor, showed no effect on JNK activation and MAM-induced
cell death in either cell lines (Fig. 7B, C). Thus, CaMK Il phosphorylation is

increased but not indispensable for MAM-induced necroptosis in colon cancer cells.
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Fig. 7. Dispensable role of CaMKII in necroptosis. (A) Western blot of p-CaMKII protein
levels relative to GAPDH in MAM-treated HCT116 and HT29 cells (10 and 20 uM,
respectively). *, non-specific bands. (B) Effect of CaMKII inhibitor KN93 on MAM-induced
JNK activation by western blot analysis. HCT116 and HT29 cells were treated with MAM
(10 and 20 uM, respectively) for 8 h with or without KN93 pretreatment (10 uM) for 1 h. (C)
Dispensable role of KN93 on MAM-induced necroptosis. HCT116 cells were pretreated with
KN93 (10 uM) for 1 h and then challenged with MAM (10 uM) for another 8 h. Cell viability
was measured by MTS assay. Error bars represent standard deviations of three separate
experiments. n.s., no significance, analyzed by two-way ANOVA with Bonferroni post hoc

test.



Inhibition of JNK and chelation of calcium rescues cells from mitochondrial
ROS imbalance and depolarization

Considering the essential role of JNK activation and calcium accumulation in
MAM-induced necroptosis, we determined whether mitochondrial ROS imbalance
and depolarization were mediated by these factors. The suppression of JNK by
SP600125 and calcium chelation by BAPTA-AM could significantly protect cells
from the elevation of MitoSox Red fluorescence (Fig. 8A). The loss of TMRM
fluorescence was also blocked by either SP600125 or BAPTA-AM pretreatment (Fig.
8B). These results suggested that calcium accumulation and JNK activation might

function as the upstream mechanisms of mitochondrial dysfunction.
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Fig. 8. JNK and calcium regulate the mitochondrial dysfunction. (A) Effects of SP600125 and
BAPTA-AM on MAM-induced mitochondrial ROS generation. HCT116 and HT29 cells were
treated with MAM for 4 h with or without SP600125 (5 uM) and BAPTA-AM (1 uM)
pretreatment for 1 h and then stained with MitoSox Red before flow cytometry analysis. Data

are expressed in terms of relative intensity (RI) compared with control group. (B) Effect of



SP600125 and BAPTA-AM on MAM:-induced loss of MMP. HCT116 and HT29 cells were
treated as described in (A), and then stained with TMRM before flow cytometry analysis.
Data are expressed in terms of relative intensity compared with control group.

TNFa and LMP was not involved in MAM-induced necroptosis

Tumor necrosis factor-o. (TNFa) has been demonstrated to trigger necroptosis in a
number of cell types [36-39]. Autocrine production of TNFo was required for natural
compound-induced necroptosis [40]. We then detected whether autocrine production
of TNFa is involved in MAM-induced necroptotic cell death. The TNFa levels
maintained at low basal levels in both cell lines even after MAM treatment for 8 h
(below the minimum detection limit, data now shown), excluding the contribution of
TNFa in this process.

The connection between Ca®* homeostasis and lysosomal membrane
permeabilization (LMP) has been reported by the observation that TNF induced a
slight increase of intracellular calcium level resulting in enlarged lysosomes that were
prone to LMP [41]. LMP causes leakage of the lysosomal proteases, namely
cathepsins, into the cytosol, which could initiate necroptosis [42]. To further elucidate
the mechanisms underlying MAM-induced cell death, its effects on lysosomes was
studied. For this purpose, different methods were used to assess LMP. First,
Lysotracker red, which accumulates inside acidic organelles (lysosomes and late
endosomes), was used to monitor the lysosomes. No increase of Lysotracker red
fluorescence was detected in MAM-treated HCT116 cells during 4 h, whereas a slight

decrease was observed in MAM-treated HT29 cells (Supplementary Fig. S7A).



Considering that weakened Lysotracker fluorescence may reflect LMP and/or an
increase in lysosomal pH [42], the researchers used acridine orange (AO), a
lysosomotropic metachromatic fluorochrome, to check lysosomal alterations.
AO-stained cells exhibit weakened red fluorescence and strengthened blue
fluorescence after LMP [43]. Similar to that of Lysotracker red staining, no significant
alterations in red or blue fluorescence were observed in MAM-treated HCT116 cells,
indicating that LMP might not be involved in this process (Supplementary Fig. S7B).
To further exclude the role of LMP, cytotoxicity studies were carried out with
cathepsin inhibitors. Pepstatin A inhibited aspartic proteinases, mainly cathepsins D
and E [44]. E64D could rapidly inhibit the activities of the cysteine proteinases such
as cathepsins B, H, and L [45]. Cathepsin Inhibitor 1 is an inhibitor of cathepsin L, L2,
S, K, and B [46]. However, none of these inhibitors conferred protection of cells from
MAM-induced cell death (Supplementary Fig. S7C). Therefore, LMP was not

involved in MAM-induced necroptosis.

MAM induces necroptosis in a p53-independent manner

p53 has recently been reported to execute necroptosis by inducing cathepsin Q that
cooperates with ROS [47]. Cytotoxicity tests were performed with HCT116 p53**
and HCT116 p537 cells to explore the potential role of p53 in MAM-induced
necroptosis. Similar 1Cso were obtained in HCT116 p53** and HCT116 p53~ cells
(Supplementary Fig. S8). Therefore, MAM induced necroptosis in a p53-independent

manner.



Discussion

As an inducible, alternative form of programmed cell death, necroptosis has
attracted significant attention. It offers promising novel strategies for anti-cancer
therapy, especially for reversing drug resistance [48,49]. However, few natural
compounds that can trigger necroptosis exist, and even less is known about the
detailed molecular signaling pathways. For example, shikonin was proposed to
circumvent cancer drug resistance through induction of necroptosis [11,50].
Neoalbaconol-induced necroptosis mediated by RIP1/NF-kB-dependent expression of
TNFo and RIPK3-dependent generation of ROS [40]. However, the detailed
molecular pathways that crosslink RIP1 or RIP3 with the final cell demise remain to
be clarified. As RIP1 has important roles in both cell survival and cell death [51] and
could positively or negatively regulate necroptosis [52,53], detection of its total
protein expression as necroptotic biomarker was unconvincing. Instead, the
phosphorylation status should be evaluated simultaneously.

We previously reported the necroptotic and apoptotic effects of MAM on Ab549,
MCF7, and B16-F10 cells [22]. In the present study, MAM was identified as a
necroptosis inducer in human colon cancer cells. Cell cytotoxicity demonstrated
significant decrease in ATP levels (Fig. 1). Annexin V-7AAD double-staining assay
revealed no evident early apoptotic feature, which is consistent with the observation
that caspase 3, 8, and 9 were not cleaved and the broad-spectrum caspase inhibitor

z-VAD-fmk did not elicit protective effects (Fig. 2A, B, C, G, H). Caspase activities



decreased in both cell lines, and this finding further indicated that compromised
caspase activities, especially caspase 8, facilitated necroptosis (Fig. 2D, E) [54,55].
The involvement of necroptosis was further confirmed by detecting RIP1/RIP3
complex formation and RIP1 and RIP3 phosphorylation (Fig. 3E, F). Moreover, both
pharmacological inhibition of RIP1 by small molecule Nec-1s and genetic
suppression of RIP1 and RIP3 by corresponding si-RNA could partially reverse
MAM-induced cytotoxicities. Therefore, RIP1 and RIP3 played essential roles in
mediating MAM-induced necroptosis.

Either calcium overload or JNK activation is involved in the conditioning and
execution of necroptosis [25,56]. Robust and sustained JNK activation induced by
hydrogen peroxide has been reported in MAM-induced cell death in A549, MCF7,
and B16-F10 cells in our previous study [22]. In this study, early and prolonged JNK
activation was also observed, which was triggered by the elevated Ca**. This finding
was confirmed by genetically encoded GCAMP 3 calcium indicator by confocal
microscope and Fluo-3 AM staining by flow cytometry. Furthermore, both inhibition
of JNK activation by SP600125 and calcium accumulation by calcium chelator
BAPTA-AM confer protections against MAM-induced mitochondrial ROS elevation,
loss of MMP, and the final ATP depletion. To the best of our knowledge, this is the
first report to show the interaction between JNK activation and calcium elevation in
mediating necroptosis. The failure of EGTA to protect cells from MAM-induced cell
death revealed that the increase in calcium levels was caused by the release of stored

intracellular Ca®* and not by the influx of extracellular Ca**. However, the release of



Ca®* from the endoplasmic reticulum, the main organelle for Ca* storage [57], should
be further clarified.

ROS production has been reported to be executioner and mediator of necroptosis
[58, 59]. In this context, complex Il inhibitor TTFA attenuated MAM induced
mitochondrial ROS generation and cell death, indicating the important role of
complex Il in ROS induction and mitochondrial dysfunction. The protective effect of
overexpression of MnSOD further confirmed the role of mitochondria in ROS
production and cell death. Blocking electron transport chain using compounds such as
AA and Rot has long been reported to increase mitochondrial ROS production [60].
The observation that complex | inhibitor Rot and complex 11l inhibitor AA increased
MAM induced ROS generation accompanied by slightly enhanced cytotoxicity of
MAM further proofed the mitochondrial ROS deleterious. A better understanding of
how mitochondrial complex Il modulates ROS generation and cell death would offer
new perspectives to interfere with necroptosis under pathophysiological conditions.

CaMKII functions as a RIP3 substrate in ischemia- and oxidative-induced
myocardial necroptosis [61]. This substrate is responsible for RIP1 phosphorylation in
human neuroblastoma cells [8]. In our study, the inability of KN93 to promote
MAM-induced JNK activation and cell death precludes the involvement of CaMKI|I
phosphorylation in MAM-induced necroptosis, although CaMKII phosphorylation
levels increased in a time-dependent manner.

MLKL phosphorylation triggers its oligomerization and membrane localization and

consequently causes membrane rupture [4-6], which has been recognized as an



important biomarker and final executor of necroptosis in vitro. MLKL was
phosphorylated at T357/S358 in MAM-treated HT29 cells but not in HCT116 cells.
However, NSA, which targets Cys86 of MLKL to inhibit its membrane translocation
[5,28], and si-RNA-mediated knockdown of MLKL failed to protect MAM-induced
cell death. These results suggested that the membrane was ruptured in a
MLKL-independent manner. Although NSA attenuates neoalbaconol-induced cell
death [40], its role in natural compound-induced necroptosis has yet to be determined
and fully elucidated [11-13,50]. Calcium influx mediated by MLKL has been
considered a major mechanism of plasma membrane rupture during necroptosis [4].
However, our study demonstrated that the increase in intracellular calcium levels was
not caused by the influx of extracellular calcium, and the chelation of extracellular
Ca®" with EGTA showed no protective effect against MAM-induced cell death. These
findings suggested that a MLKL=-independent Ca®* increase in the process of
necroptosis might occur.

TNF signaling pathway exemplifies the induction of necroptosis [3]. Autocrine
TNFa has also been reported to be involved in natural-compound-induced necroptosis
[40]. However, no autocrine TNFo was detected in this study. The involvement of
other triggers, such as CD95L and TNF-related apoptosis-inducing ligand [38], in the
upstream of RIP1/RIP3 necrosome formation should be further classified. High
intracellular Ca?* levels could facilitate LMP, leading to the release of hydrolytic
enzymes, especially cathepsins, which are detrimental to cells [3]. LMP can function

as the cause or consequence of regulated necrosis [3] and can act as a mediator of



natural compound-induced necroptosis [62]. However, MAM did not affect LMP, and
cathepsins failed to prevent cell death. Thus, LMP was not included in our study. p53
has been proposed to regulate MPT-mediated necrosis [63,64], but the precise
mechanism remains unclear [65]. In our study, neither MPT nor p53 dependence was
detected.

In summary, MAM was identified as a necroptosis trigger in human colon cancer
cells (Fig. 9). Necroptotic signaling is dependent on RIP1/RIP3 complex formation,
followed by calcium accumulation and subsequently resulted in JNK activation.
Increased calcium levels and sustained JNK activation induced mitochondrial
dysfunction and caused cell death. MAM-induced necroptosis was independent of
TNFa, p53, MLKL, and LMP. These results provided new insights into the molecular

regulation of necroptosis in human colon cancer cells.

o
O\
o OH o
Vi

[ = ¥ Cytosol

Cell membrane

\ er227 2
TR >, S @K
BAPTA- AM-/\ /\

o Awm¢
°
o\//o o o H,0,

00,

ATPY

C Il: mitochondrial complex |1 * Mitochondrion
o : superoxide anion

Fig. 9. Schematic representation of necroptotic signaling stimulated by MAM in human colon

cancer cells. MAM induces autophosphorylation of RIP1 and RIP3 at serl66 and ser227,



respectively, leading to RIP1/RIP3 necrosome formation. Then, RIP1/RIP3 necrosome caused
calcium accumulation, followed by JNK activation, which could also be activated by other
unknown pathways. As the downstream effects of JNK activation, mitochondrial dysfunction
is induced which consists of deleterious ROS generation derived from mitochondrial complex

I1, loss of MMP, and ATP depletion.
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Highlights

® MAM, a natural naphthoquinone, induces RIP1/RIP3 complex dependent
necroptosis in human colon cancer cells.

® Calcium accumulation and JNK activation function downstream of RIP1/RIP3
necrosome formation.

® Mitochondrial ROS originated from complex Il is playing an essential role in

mediating MAM induced necroptosis.

SUPPLEMENTARY FIGURES

Supplementary Video 1. Morphological analysis of cell death induced by MAM on HCT116
cells. HCT116 cells were treated with MAM (10 uM), and then monitored by live-cell
imaging in four different channels: differential interface contrast (DIC), the mitochondrial
potential probe TMRM (red), the cell impermeable DNA dye SYTOX Green (green), and the
cell permeable DNA marker Hoechst 33258 (blue), in a humidified atmosphere containing 5%
CO2 at 37°C. Cells were monitored every 15 min for 8 h. Time is indicated as hours:minutes
after the addition of MAM. Results are representative of at least three independent

experiments. Scale bar: 25 pm.
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Supplementary Figure S1. Knockdown efficiencies of siRNA for RIP1, RIP3, and MLKL
on protein expression by western blot analysis after 48 h. GAPDH is used as a loading control.

*, non-specific bands.
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Supplementary Figure S2. Reactivation of aconitase activity by Nec-1s in HCT116 and
HT29 cells. HCT116 and HT29 cells were treated with MAM (10 and 20 uM, respectively)
for 4 h in the absence or presence of Nec-1s pretreatment (20 and 50 uM, respectively) for 1 h.
Aconitase activity was measured according to the manufacturer’s instructions. Error bars
represent standard deviations of three separate experiments. *P < 0.05; **P < 0.01, analyzed

by two-way ANOVA with Bonferroni post hoc test.
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Supplementary Figure S3. CsA-dependent MPT is not involved in necroptosis. (A) Effect of

CsA on mitochondrial membrane potential. HCT116 cells were treated with or without CsA



(5 uM) for 1 h and then challenged with MAM for another 4 h. Images were captured by IN
Cell Analyzer 2000 after JC-1 staining (2 pg/mL, 30 min, 37 °C). Scale bar: 10 um. (B) MTS
assay evaluating effect of CsA on cell death. HCT116 cells were treated with MAM (10 uM)
for 8 h in the presence or absence of CsA (5 uM) pretreatment for 1 h. Error bars represent
standard deviations of three separate experiments. n.s., no significance, analyzed by two-way

ANOVA with Bonferroni post hoc test.
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Supplementary Figure S4. Detection of calcium with encoded calcium indicator GCaMP3.
HCT116 and HT29 cells were transfected with GCaMP3 plasmid for 24 h, followed by MAM
(10 and 20 pM, respectively) or vehicle control (DMSO) treatment for 4 h. Images were

captured by a confocal microscope. Scale bar: 5 pm.
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Supplementary Figure S5. Extracellular calcium influx is not involved in necroptosis. (A)

MTS assay evaluating the cytotoxicity of EGTA. HCT116 and HT29 cells were treated with



different concentrations of EGTA for 8 h. (B) Effect of EGTA on necroptosis. HT29 cells
were treated with MAM for 8 h in the presence or absence of EGTA (1 mM) pretreatment for
1 h. MTS assay was used to test the cell viability. Error bars represent standard deviations of
three separate experiments. n.s., no significance, analyzed by two-way ANOVA with

Bonferroni post hoc test.

Supplementary Figure S6. Knockdown efficiency of siJNK on protein level by western blot
analysis. HCT116 cells were transfected with si-JINK or si-Ctrl (scrambled siRNA) for 48 h.

GAPDH is used as a loading control.
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Supplementary Figure S7. LMP is not involved in necroptosis. (A) Time response analysis
of MAM treatment on Lysotracker Red staining intensity. HCT116 or HT29 cells were treated
with MAM for the indicated time periods, and then stained with Lysotracker Red for 1 h,
followed by flow cytometry analysis. (B) LMP evaluation by AO staining. HCT116 cells were
treated with MAM (10 uM) for the indicated time periods and then stained with AO, followed
by image capture using IN Cell Analyzer 2000. Scale bar: 10 um. (C) Effects of various
cathepsin inhibitors on MAM-induced cell death. HCT116 cells were pretreated for 2 h with
various inhibitors (Pepstatin A, 50 uM; E64, 50 uM; Cathepsin Inhibitor 1, 80 uM) or vehicle
control (DMSO), followed by addition of MAM (10 uM) for another 8 h. Error bars represent
standard deviations of three separate experiments. n.s., no significance, analyzed by one-way

ANOVA with Dunnett's post hoc test.
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Supplementary Figure S8. MAM-induced necroptosis is in a p53-independent manner. ICsy
values of MAM against HCT116 p53** and HCT116 p53” cells after 8 h incubation. n.s., no

significance, analyzed by Student’s t test.





