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A B S T R A C T

Accumulating evidence indicates that necroptosis contributes to cardiovascular diseases. We recently reported
suppression of autophagy by necroptotic signals in cardiomyocytes and protective action of rapamycin. Here we
examined the mechanism by which mTORC1 inhibition protects cardiomyocytes from necroptosis. Necroptosis
of H9c2 cells was induced by treatment with tumor necrotic factor-α (TNF) and z-VAD-fmk (zVAD), and the
extent of necroptosis was determined as the level of LDH release (as % of total). TNF/zVAD increased RIP1-RIP3
interaction and LDH release from 3.4 ± 1.3% to 46.1 ± 2.3%. The effects of TNF/zVAD were suppressed by an
mTORC1 inhibitor, rapamycin, and an mTORC1/2 inhibitor, Ku-0063794, but not by a p70s6K inhibitor, PF-
4708671. Protection by rapamycin was not abolished by inhibitors of TAK1, IKKα/β, and cIAP, endogenous
necroptosis suppressors upstream of RIP1. Rapamycin and Ku-0063794 suppressed TNF/zVAD-induced RIP1-
Ser166 phosphorylation and increased phosphorylation of RIP1-Ser320, an inhibitory phosphorylation site,
though such an effect on RIP1-Ser320 was not observed for PF-4708671. Protective effects of rapamycin on TNF/
zVAD-induced RIP1-RIP3 binding and necroptosis were undetected in cells transfected with RIP1-S320A. In
TNF/zVAD-treated cells, rapamycin and a RIP1 inhibitor, necrostatin-1, increased nuclear localization of tran-
scriptional factor EB (TFEB) and promoted autolysosome formation from autophagosomes in a TFEB-dependent
manner. Knockdown of TFEB expression attenuated rapamycin-induced protection from necroptosis in TNF/
zVAD-treated cells. The results suggest that mTORC1 inhibition promotes autophagy and protects cardiomyo-
cytes from necroptosis by a TFEB-dependent mechanism and that inhibition of RIP1 by increased phosphor-
ylation at Ser320 is crucial in the cardiomyocyte protection afforded by mTORC1 inhibition.

1. Introduction

Necroptosis, a form of programmed necrosis, has been shown to con-
tribute to the pathogenesis of inflammatory diseases including viral in-
fection, inflammatory bowel disease [1–4] and cardiac diseases [5–8]. In
addition, recent studies have shown that caspase-8 and TAK1 levels were
downregulated in end-stage heart failure [9,10], which increases the
propensity for necroptosis [10–12]. The most widely investigated initiator
of the necroptotic pathway is tumor necrosis factor-α (TNF). Activation of
the TNF receptor induces rapid recruitment of TNF receptor I-associated
death domain protein (TRADD), receptor-interacting protein 1 (RIP1),

TNF receptor-associated factor 2 (TRAF2), and cellular inhibitor apoptosis
proteins (cIAPs), subsequently leading to the formation of a cytosolic
death-inducing signaling complex (complex IIa) including Fas-associated
death domain (FADD) and caspase-8. Formation of complex IIa is followed
by self-cleavage of caspase-8, leading to caspase-3-mediated apoptosis
[1–4]. When activation of caspase-8 is perturbed, necroptosis is induced by
formation of canonical necrosomes consisting of RIP1 and RIP3, which
leads to plasma membrane disruption by translocation of oligomerized
mixed lineage kinase domain-like (MLKL) molecules [1–4,13–17]. In
contrast to necroptosis of inflammatory cells and fibroblasts, cardiomyo-
cyte necroptosis has not been characterized fully.
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Autophagy is an endogenous protective machinery against pathological
stresses including myocardial infarction [18–21]. In addition, a bidirec-
tional effect of autophagy on programmed cell death including apoptosis
and necroptosis has been reported [22–25]. Recently, we examined the
crosstalk between autophagy and necroptosis in H9c2 cardiomyoblasts
[26]. Stimulation of the TNF receptor together with suppression of caspase
activity by z-VAD-fmk (zVAD), a pan-caspase inhibitor, induced RIP1/
RIP3-dependent necroptosis. Activation of the necroptotic pathway by
TNF/zVAD did not affect phosphorylation of protein kinases that inhibit
autophagy (Akt and p70s6K, a kinase downstream of the mechanistic target
of rapamycin [mTORC1]) and/or activate autophagy (AMPK, ULK1 and
PKA) [26]. However, TNF/zVAD disturbed fusion of autophagosomes and
lysosomes, suppressing autophagic flux [26]. Interestingly, treatment with
rapamycin restored TNF/zVAD-induced disturbance of autophagic flux,
which was associated with mitigation of necroptosis. However, molecular
mechanisms by which rapamycin improved autophagic flux and prevented
necroptosis in TNF/zVAD-treated cells remained unclear. To address the
issues, the present study was designed to systematically examine the effect
of mTORC1 inhibition on signaling pathways regulating necroptosis and
autophagy. We particularly focused on regulatory mechanisms of RIP1 by
mTORC1 and a role of transcriptional factor EB (TFEB) in impairment of
autophagy by activation of necroptosis signals.

2. Methods

2.1. Chemical compounds

TNF-α, bafilomycin A1, Ku-0063794, PF-4708671, 5z-7-oxozeaenol,
TPCA-1, and nutlin-3 were purchased from Sigma Aldrich (St. Louis,
MO). Z-Val-Ala-DL-Asp-fluoromethylketone (zVAD) from Promega
(Madison, WI), necrostatin-1 from Calbiochem (San Diego, CA), rapa-
mycin from Cell Signaling Technology (Beverly, MA), and BV6 from
ApexBio Technology (Houston, TX) were used. Vectors of green fluor-
escent protein-red fluorescent protein-LC3 tandem protein (RFP-GFP-
LC3) were obtained from Addgene (Osaka, Japan).

2.2. Cell culture and transfection

H9c2 cells, rat cardiomyoblast cells, were obtained from ATCC
(American Type Culture Collection). The cells were cultured in
Dulbecco's Modified Eagle's Medium (4.5 g/L glucose) supplemented
with 10% fetal bovine serum and antibiotics. Knockdown of RIP3, MLKL,
ULK1, and p53 was performed by transfection of siRNA against rat RIP3
(L-096899, Dharmacon, Lafayette, CO), rat MLKL (L-11341-00-0005,
Dharmacon), rat ULK1 (L-081408-02-0005, Dharmacon), and rat p53 (L-

Fig. 1. Effects of mTOR inhibitors and a p70s6K in-
hibitor on TNF/zVAD-induced cell death.
(A) Experimental protocols. H9c2 cells were treated with
a vehicle (V), TNF-α (T; 50 ng/ml), or TNF-α and zVAD
(T/Z, zVAD; 20 μM). Samples for analyses were collected
at 4, 8 and 24h after the addition of each agent. (B)
Effects of mTOR inhibitors and a p70s6K inhibitor on
Akt/mTOR/p70s6K signaling. Representative Western
blots for phosphorylated and total p70s6K, S6 and Akt
are shown. p-p70s6K=phospho-Thr389-p70s6K, p-
S6=phospho-Ser235/236-ribosomal protein S6,
pAkt=phospho-Ser473-Akt. Vinculin was used as a
loading control. V=vehicle, Rap=rapamycin, Ku=
Ku-0063794, PF=PF-4708671. Asterisk (*) indicates
band shifts of dephosphorylated p70s6K. (C) Effects of
mTOR inhibitors and a p70s6K inhibitor on T/Z-induced
cell death. LDH release into the culture medium as a
percentage of the total cellular LDH activity was used as
an index of cell death. N=6 in each group. *p < 0.05
vs. V. †p < 0.05 vs. T/Z+V.
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040642-00-0005, Dharmacon) using Lipofectamine™ RNAiMAX (Thermo
Fisher Scientific, Waltham, MA) according to the manufacturer's pro-
tocol. The HA-RIP1-WT plasmid (RIP1-WT) (pCMV-HA-C Vector; Takara
Bio Inc. 635690, Shiga, Japan), HA-RIP1-Ser414A (RIP1-S414A), HA-
RIP1-Ser320A (RIP1-S320A), HA-RIP1-Ser320D (RIP1-S320D), and HA-
RIP1-Ser335A (RIP1-S335A) were transfected into H9c2 cells using
FuGENE HD (Promega, Madison, WI). A QuikChange Lightening muta-
genesis kit (Stratagene) was used for site-directed mutagenesis of RIP1,
and the primer sets for mutated RIP1 were as follows: RIP1-S414A
(forward, 5′-gaagcgaagggtcgcccatgacccctttg-3′; reverse, 5′-caaaggggt-
catgggcgacccttcgcttc-3′), RIP1-S320A (forward, 5′-cccagttttgaagagaat-
gtttgctctgcagcatgactg-3′; reverse, 5′-cagtcatgctgcagagcaaacattctcttcaaaa-
ctggg-3′), RIP1-S320D (forward, 5′-gaagagaatgtttgacctgcagcatgact-3′;
reverse, 5′-agtcatgctgcaggtcaaacattctcttc-3′), RIP1-S335A (forward, 5′-cct
ccaagcaggtcaaatgcagaacaacccggt-3′; reverse, 5′-accgggttgttctgcatttgacc-
tgcttggagg-3′). Experiments were completed 24–48 h after transfection.

Neonatal rat ventricular myocytes (NRVM) were isolated from the
whole heart of 1–3 days old rats. In brief, the hearts were minced, di-
gested with trypsin overnight at 4 °C. The day after, tissue was dis-
sociated by stepwise collagenase treatment for a few minutes at 37 °C.
Cells were pre-plated twice for 60min to eliminate fibroblasts and en-
rich the culture for cardiac myocytes. The non-adherent myocytes were
then plated at a density of 1200 cells/mm2 in plating medium con-
sisting of 199 medium supplemented with HEPES, MEM non-essential
amino acids, glucose, glutamine, 10% FBS, vitamin B12, penicillin,
streptomycin, on fibronectin coated plates. The next day cells were
washed and fresh medium with 2% FBS was added. The cells were
maintained at 37 °C in the presence of 5% CO2 in a humidified in-
cubator.

2.3. Experimental protocols

H9c2 cells were assigned to 4-h, 8-h or 24-h treatment with the
combination of 2.89 μM (50 ng/ml) TNF-α and 20 μM zVAD (TNF/
zVAD), TNF-α alone, or a vehicle (Fig. 1A). The doses of TNF-α and
zVAD were selected as doses that induce 50% cell death after 24-h
treatment based on the results of our previous study [26]. Inhibitors of
RIP1 (50 μM of necrostatin-1), mTORC1 (10 nM of rapamycin), both
mTORC1 and mTORC2 (1 μM of KU-0063794), p70s6K (30 μM of PF-
4708671), TAK1 (10–100 nM of 5z-7-Oxozeaenol), IKKα/β (100–250 nM
of TPCA-1), cIAP (0.3–1 nM of BV6), p53 (10 μM of pifithrin-α), MDM2
(10 μM of nutlin-3) and autophagic flux (100 nM of bafilomycin A1) were
each added to the culture medium at the same time as cells received
TNF/zVAD or its control agents. Transfection with siRNA of RIP3, MLKL,
ULK1, and p53 was performed 24–48 h before the addition of pharma-
cological agents.

2.4. Western blotting and immunoprecipitation

To obtain whole cell lysates, samples were homogenized in a lysis
buffer (CelLytic M, Sigma Aldrich, St. Louis, MO), a protease inhibitor
cocktail (Complete mini, Roche Molecular Biochemicals, Mannheim,
Germany), and a phosphatase inhibitor cocktail (PhosSTOP, Roche
Molecular Biochemicals). The homogenate was centrifuged at 13,000g
for 15min to obtain the supernatant. Fractionation of nuclei and cytosol
were performed by the method reported by Yonekawa et al. [27]. Protein
concentration was determined using the Bradford assay. Equal amounts
of proteins were electrophoresed on 7.5% or 12.5% polyacrylamide gels
and then blotted onto PVDF membranes (Millipore, Bedford, MA). After
blocking had been performed with a TBS-T buffer containing 5% nonfat
dry milk or 5% BSA, the blots were incubated with antibodies that re-
cognize the following: phospho-p70s6K (Thr389) and p70s6K, phospho-
Akt (Ser473) and total Akt, phospho-ribosomal protein S6 (Ser237/238)
and total ribosomal protein S6, phospho-RIP1 (Ser166), phospho-RIP1
(Ser321), and RIP1, RIP3, TRAF2, cIAP, TAK1, caspase-8, phospho-
AMPK (Thr172) and AMPK, phospho-ACC (Ser79) and ACC, phospho-

ULK1 (Ser317) and phospho-ULK1 (Ser757), phospho-p38 (Thr180/
Tyr182) and p38, phospho-IKKα/β (Ser176/180) and IKKβ, phospho-
IκBα (Ser32) and IκBα, phospho-p65 (Ser536) and p65, p62, LC3, PUMA
(Cell Signaling Technology, Beverly, MA); ULK1 and FADD (Abcam,
Cambridge, UK); MLKL (Merck Millipore, Damstadt, Germany); TFEB
(Proteintech, Chicago, IL); p53, cylindromatosis 1, A20 (Santa Cruz
Biotechnology, Dallas, TX); RIP1 (BD Biosciences, San Jose, CA); and
vinculin (Sigma Aldrich, St Louis, MO). To examine phosphorylation at
the RXX(S*/T*) motif of rat RIP1, anti-phospho-RXRXX(S*/T*) antibody
(cat#10001, Cell Signaling) that cross reacts with phospho-RXX(S*/T*)
motifs was used since anti-phospho-RXX(S*/T*) was unavailable at the
time we commenced the present project. Immunoblotted proteins were
visualized by using an Immobilon Western detection kit (Millipore,
Billerica, MA). Protein interactions were analyzed by immunoprecipita-
tion experiments. Precleared cell lysates (500 μg) were incubated with
2 μg of anti-RIP1 antibody, 3 μl of anti-p62 antibody, or 5 μl of anti-RIP3
antibody in ice-cold lysis buffer at 4 °C overnight with rotation. Anti-
body-protein complexes were collected with magnet beads and washed
with ice-cold lysis buffer. Immunoprecipitates were subjected to Western
blotting as described above. Proteins detected by Western blotting were
quantified by measuring intensities of individual bands by using Image J
software (National Institutes of Health).

2.5. LDH activity assay

The extent of cell death was determined by quantifying lactate de-
hydrogenase (LDH) released into the culture medium as previously re-
ported [26]. LDH activity in the culture medium and LDH activity after
freeze-thawing of the cells (total cellular LDH activity) were measured by
using a CytoTox 96 Non-Radioactive Cytotoxicity assay kit (Promega,
Madison, WI) according to the manufacturer's protocol. LDH release from
cells was expressed as a percentage of the total cellular LDH activity.

2.6. Fluorescence microscopy experiments

Assessment of autophagic flux: An assay using the RFP-GFP-LC3
tandem construct was performed to monitor autophagic flux as pre-
viously reported [26,28]. Transfection of the RFP-GFP-LC3 tandem
construct enables detection of autophagosomes as yellow puncta (la-
beling by signals of both REP and GFP) and autolysosomes as red
puncta (signal of RFP alone after quenching of the GFP signal by acidic
pH). Using fluorescence microscopy, images were captured at 1, 4, and
8 h after the addition of each pharmacological agent. For each sample,
40 images were taken at a magnification of 630×, and areas of yellow
or red puncta were quantified by pixel counts after cutting off back-
ground fluorescence using a threshold value.

Assessment of the localization of TFEB: Cells were fixed with 4%
paraformaldehyde after pretreatment with a vehicle, TNF/zVAD, ra-
pamycin, TNF/zVAD+rapamycin, Ku-0063794, TNF/zVAD+Ku-
0063794, necrostatin-1 or TNF/zVAD+necrostatin-1 for 4 h. The cells
were then washed with PBS, blocked with 3% BSA and 0.1% Triton in
PBS for 30min, and incubated overnight in PBS containing 3% BSA and
anti-TFEB antibodies (Proteintech, Rosemont, IL). The bound anti-
bodies were labeled with an Alexa Fluor(R) 488 anti-rabbit secondary
antibody. For each sample, 50 images were taken at a magnification of
630× using confocal microscopy, and areas of nuclear or cytosolic
TFEB were quantified by pixel counts after cutting off background
fluorescence using a threshold value.

To quantify the total volume of lysosomes, H9c2 cells were stained
with Lysotracker Red (50 nM) for 5min and visualized using fluores-
cence microscopy. Prior to staining with Lysotracker Red, cells were
pretreated with a vehicle, TNF/zVAD, rapamycin (10 nM), or TNF/
zVAD and rapamycin for 8 h. For each sample, 50 images were taken
using confocal microscopy, and areas of Lysotracker Red-staining as
percentages of cell areas were quantified by pixel counts after cutting
off background fluorescence using a threshold value.
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2.7. mRNA quantification

Total RNA was isolated from cells by using an RNeasy Fibrous Tissue
Mini Kit (Qiagen, Valencia, CA). First-strand sDNA was synthesized using a
SuperScript VILO™ cDNA synthesis Kit (Life Technologies). DNA amplifi-
cation was performed in StepOne™ (Life Technologies) by using Taqman
Universal Master Mix (Applied Biosystems, Inc) and the oligonucleotide
primers for rat TNF-α (Rn99999017_m1), rat Atg9 (Rn01442245_g1), rat
MCOLN1 (Rn01403276_m1), rat β-actin (Rn00667869_m1, Applied
Biosystems, Inc.). All assays were performed in duplicate and by the
standard curve method using serial cDNA dilution.

2.8. Tissue sampling from myocardial ischemia/reperfusion in vivo for
biochemical analyses

Tissue sampling in a rat model of myocardial ischemia/reperfusion in
vivo was performed as in our previous studies with slight modifications
[29]. In brief, male Sprague-Dawley (SD) rats (10 to 12weeks old) were
anesthetized with pentobarbital sodium (80mg/kg, intraperitoneal in-
jection) and ventilated with a Harvard Model 683 respirator (Harvard
Apparatus, South Natick, NA). The chest was opened via a left thor-
acotomy, and a coronary snare was prepared around the left main cor-
onary artery. A saline-filled catheter was inserted into a carotid artery for
monitoring for blood pressure. The catheter placed in the carotid artery
was connected into a Nihon-Kohden SCK-590 pressure transducer. An
electrocardiogram was recorded by precordial bipolar electrodes. Rectal
temperature was adjusted within 37.5 °C–38.5 °C by using a heating lamp
when necessary. After 30min of stabilization, rats underwent 20min of
left coronary artery occlusion and 5min of reperfusion, and the vehicle
(DMSO) or rapamycin (1mg/kg) was administered intravenously at
5min before reperfusion. Myocardial ischemia and reperfusion were
confirmed by the appearance of regional cyanosis and ST segment ele-
vation on an electrocardiogram and visible hyperemia on the ventricular
surface, respectively. At 5min after reperfusion, hearts were excised,
immediately soaked in ice-cold saline, quickly mounted onto a Langen-
dorff apparatus, and perfused with ice-cold saline to wash out blood. The
coronary artery was re-occluded and Evans blue dye was infused into the
aorta to negatively mark the area at risk, from where myocardial tissue
was quickly sampled and frozen in liquid nitrogen. The frozen tissues
were stored at −80 °C until use for immunoprecipitation or im-
munoblotting. Frozen heart samples were homogenized in ice-cold buffer
(CelLytic™ MT Cell Lysis Reagent) including 0.5mmol/L Na3VO4, a
protease inhibitor cocktail (Complete mini, Roche Molecular Biochem-
icals, Mannheim, Germany), and 1mmol/l phenylmethylsulfonyl
fluoride. The homogenate was centrifuged at 13,000g for 15min to ob-
tain the supernatant for western blotting and immunoprecipitation.

2.9. Statistical analysis

Data are presented as means± standard error of the mean. One-way
analysis of variance (ANOVA) was used to detect significant differences
between group means in the treatment groups. When ANOVA indicated
a significant overall difference, multiple comparisons of the groups
were performed by the Tukey post-hoc test. A difference was considered
to be statistically significant if p was<0.05. All of above statistical
analyses were performed using EZR software (Jichi Medical University,
Saitama, Japan).

3. Results

3.1. TNF/zVAD induced RIP1/RIP3/MLKL-dependent cell death in H9c2
cells

Treatment with TNF-α alone induced cleavage of RIP1 and caspase-3,
and addition of zVAD to TNF-α (TNF/zVAD) prevented TNF-α-induced
cleavage of RIP1 and caspase-3 (Supplemental Fig. 1A, B). TNF/zVAD

increased LDH release from 3.4 ± 1.3% in the vehicle-treated control to
46.1 ± 2.3% (Supplemental Fig. 1C). TNF/zVAD-induced cell death was
suppressed by necrostatin-1 (5.9 ± 0.9%), a RIP1 inhibitor
(Supplemental Fig. 1C). The effect of RIP1 inhibition on TNF/zVAD-in-
duced cell death was mimicked by siRNA-mediated knockdown of RIP3
or MLKL (Supplemental Fig. 1D, E). These results confirmed that TNF/
zVAD induces necroptosis through a RIP1/RIP3/MLKL-dependent
pathway in H9c2 cells. Induction of necroptosis by TNF/zVAD was
confirmed in neonatal rat cardiomyocytes as well (Supplemental Fig. 2).

3.2. mTORC1 inhibition suppressed necroptosis through a p70s6K-
independent pathway

Rapamycin, an allosteric mTORC1 inhibitor, reduced phosphoryla-
tion of p70s6K and S6 but preserved phosphorylation of Akt-Ser473, a
downstream target of mTORC2 (Fig. 1B). On the other hand, Ku-
0063794, an ATP-competitive mTOR inhibitor, reduced Akt-Ser473
phosphorylation together with reduction in the phosphorylation levels
of p70s6K and S6 (Fig. 1B). Treatment with rapamycin reduced TNF/
zVAD-induced cell death from 45.0 ± 1.3% in the vehicle-treated
control to 22.8 ± 1.3% (Fig. 1C) as did in a previous study [26]. Ku-
0063794 mimicked the effect of rapamycin on TNF/zVAD-induced cell
death (23.5 ± 1.4%), indicating that inhibition of mTORC1 but not
inhibition of mTORC2 attenuates necroptosis. In contrast, inhibition of
p70s6K activity by PF-4708671 had no effect on TNF/zVAD-induced
cell death (44.8 ± 1.9%). Thus, the cytoprotective effect of mTORC1
inhibition is unlikely to be mediated by suppression of p70s6K activity.

3.3. Protective effect of mTORC1 inhibition on necroptosis was not
mediated by regulators upstream of RIP1 activation

To examine whether the transition process from TNF receptor activa-
tion to formation of complex IIa is modulated by mTORC1 inhibition, we
first determined protein levels of components involved in the canonical
TNF-triggered necroptotic pathway. However, there were no significant
changes by rapamycin in protein levels of TRAF2, transforming growth
factor β-activated kinase 1 [TAK1], I kappa B kinase β [IKKβ], cIAP, A20,
and cylindromatosis [CYLD] or necrosome components (FADD, caspase-8,
RIP3, and MLKL) as shown in Supplemental Figs. 3–5. The extent of TNF-
induced RIP1 cleavage was not changed by rapamycin, indicating that
transition from complex I to complex IIa was not modulated. Treatment
with TNF or TNF/zVAD induced modest phosphorylation of p38MAPK
and significant phosphorylation of p65, indexes of TAK1 and NFκB ac-
tivity, respectively (Supplemental Figs. 3–5). Rapamycin did not modulate
TNF or TNF/zVAD-induced p38MAPK phosphorylation but significantly
reduced p65 phosphorylation 4-h after stimulation with TNF or TNF/
zVAD. Since an earlier study showed that RIP1 activation increased TNF
transcription, which was exaggerated in the presence of zVAD [30], we
postulated that upregulation of autocrine TNF production might be sup-
pressed by mTORC1 inhibition. However, this possibility was excluded by
the finding that rapamycin did not reduce TNF/zVAD-induced elevation of
TNF mRNA level (Supplemental Fig. 6).

Next, we examined whether increased activity of endogenous ne-
croptosis suppressors (TAK1, IKKα/β, and/or cIAP) is involved in the
protective effect of mTORC1 inhibition. Doses of 5s7, a TAK1 inhibitor,
were selected according to results of pilot experiments (Supplemental
Fig. 7). Doses of TPCA-1, an IKKα/β inhibitor, and BV6, a cIAP in-
hibitor, were selected according to the reported IC50 values and results
of a previous study [11]. Addition of 5s7, TPCA-1, and BV6 to TNF/
zVAD exaggerated TNF/zVAD-induced cell death, indicating that TAK1,
IKKα/β, and cIAP serve as endogenous suppressors of canonical TNF-
induced necroptosis also in H9c2 cells, but the agents did not abolish
protection afforded by rapamycin (Fig. 2A–C).
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Fig. 2. Effects of inhibitors of endogenous necroptosis suppressors upstream of RIP1 on rapamycin-induced protection and effects of mTOR and p70s6K inhibitors on
phosphorylation of RIP1.
(A–C) Effects of 5z7 (A), a TAK1 inhibitor, TPCA-1 (B), an IKKα/β inhibitor, and BV6 (C), a cIAP inhibitor, on rapamycin-induced protection from T/Z-induced cell
death. V=vehicle, T/Z=TNF-α and zVAD, Rap= rapamycin. N= 5 in each group. *p < 0.05 vs. V. †p < 0.05 vs. T/Z. (D) Effects of mTOR inhibitors (Rap, Ku)
and a p70s6K inhibitor (PF) on T/Z-induced RIP1-Ser166 phosphorylation. Representative Western blots and summarized data are shown. Ku=Ku-0063794,
PF= PF-4708671. N=5 in each group. *p < 0.05 vs. V. †p < 0.05 vs. T/Z+V. (E) Effects of mTOR inhibitors (Rap, Ku) and a p70s6K inhibitor (PF) on RIP1
phosphorylation at Ser320 in T/Z-treated cells. Representative Western blots and summarized data are shown. N=4 in each group. *p < 0.05 vs. T/Z. †p < 0.05
vs. T/Z+Rap.
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3.4. Inhibition of mTORC1 partially blocked TNF/zVAD-induced RIP1-
Ser166 phosphorylation but increased phosphorylation of RIP1-Ser320, an
inhibitory phosphorylation site

Since previous studies showed that the extent of RIP1-Ser166
phosphorylation, an autophosphorylation site in the RIP1 kinase do-
main, positively correlates with RIP1 activity [31,32], we examined the
effect of mTORC1 inhibition on TNF/zVAD-induced RIP1-Ser166
phosphorylation. TNF/zVAD increased RIP1-Ser166 phosphorylation
by 3.4 fold compared with its vehicle control, which was completely
blocked by treatment with necrostatin-1 (Supplemental Fig. 8).
mTORC1 inhibition by rapamycin or Ku-0063794 and inhibition of
p70s6K by PF-4708671 modestly reduced RIP1-Ser166 phosphorylation
(Fig. 2D), indicating that mTORC1/p70s6K pathway partly regulates
RIP1-Ser166 phosphorylation. Since PF-4708671 failed to protect cells
from TNF/zVAD-induced necroptosis (Fig. 1C), the results suggest that
modest reduction in RIP1-Ser166 phosphorylation is insufficient for
explaining the protection afforded by mTORC1 inhibition.

In contrast to the role of RIP1-Ser166, serine residues in the inter-
mediate domain of RIP1 have been reported to negatively regulate RIP1
activity [12,33–37]. Three serine residues were identified as IKKα/β-
mediated inhibitory phosphorylation sites on RIP1 [34], one of which is
human RIP1-Ser416 (rat RIP1-Ser414). Phosphorylation of Ser320 or
Ser336 in RIP1 has been reported to contribute to the suppression of
RIP1 activity by activation of MAPK-activated protein kinase 2 (MK2)
and reduction in TNF-induced cell death [35–37]. These serine residues
exist on the RXX(S*/T*) motif of the amino acid sequence of rat RIP1.
Using an antibody that detects phosphorylation of Ser/Thr in the RXX
(S*/T*) motif [38], we examined the effect of mTORC1 inhibition on
phosphorylation of RXX(S*/T*) motif in RIP1. p-RXX(S*/T*) signals in
the RIP1 immunoprecipitates were detected in the vehicle controls,
which were not modified by TNF/zVAD (Supplemental Fig. 9A). Ra-
pamycin and Ku-0063794, but not PF-4708671, increased p-RXX(S*/
T*) signals in the RIP1 immunoprecipitates in TNF/zVAD-treated cells
(Supplemental Fig. 9A–B). Such an effect of rapamycin on RIP1-RXX
(S*/T*) phosphorylation signals after TNF/zVAD treatment was ob-
served in cells transfected with RIP1-WT, RIP1-S414A and RIP1-S335A,
but not in cells transfected with RIP1-S320A (Supplemental Fig. 9C).
Western blottings using p-Ser320-RIP1 specific antibody showed that
rapamycin and Ku-0063794, but not PF-4708671, increased RIP1-
Ser320 phosphorylation in total cell lysates (Fig. 2E) and RIP1 im-
munoprecipitates (Supplemental Fig. 10) of TNF/zVAD-treated cells.

Rapamycin reduced RIP1-RIP3 binding after TNF/zVAD treatment
(Fig. 3A), and its effect on RIP1-RIP3 interaction was mimicked by Ku-
0063794 but not by PF-4708671 (Fig. 3B). TNF/zVAD similarly increased
interaction of RIP1-WT with RIP3 and interaction of RIP1-S320A with
RIP3 (Fig. 3C–D). However, rapamycin failed to suppress TNF/zVAD-in-
duced increase in RIP3-RIP1-Ser320A interaction (Fig. 3D). The findings
suggest that phosphorylation of RIP1 at Ser320 is necessary for rapamycin
to significantly suppress TNF/zVAD-induced RIP1-RIP3 binding.

3.5. mTORC1 inhibition failed to prevent necroptosis of cells with RIP1-
S320A

To examine the role of RIP1-Ser320 phosphorylation in cytoprotection,
we compared the effects of mTORC1 inhibition on necroptosis in RIP1-
WT-expressed cells and RIP1-S320A-expressed cells. Although the trans-
fection efficiencies of RIP1 plasmids were low (20–40%), suppression of
LDH release after TNF/zVAD by rapamycin was significantly attenuated in
RIP1-S320A-transfected cells compared with LDH release in RIP1-WT-
transfected cells (Fig. 4). To examine whether RIP1-S320 phosphorylation
is sufficient for protection from necroptosis, RIP1-S320D was transfected
into H9c2 cells. LDH release after TNF/zVAD treatment in RIP1-320D-
transfected cells was not significantly different from that in RIP1-WT-
transfected cells (Fig. 4), suggesting that phosphorylation of RIP1-Ser320
alone is insufficient for prevention of necroptosis. Rapamycin suppressed

TNF/zVAD-induced cell death in cells expressing RIP1-Ser320D to an ex-
tent similar to that in cells expressing RIP1-WT. Since rapamycin induced
reduction in RIP1-Ser166 phosphorylation (Fig. 2D) together with increase
in RIP1-Ser320 phosphorylation (Fig. 2E), it is likely that both Ser320
phosphorylation and Ser166 dephosphorylation in RIP1 are important for
mTORC1 inhibition to achieve significant RIP1 inactivation and cytopro-
tection from necroptosis.

3.6. Like rapamycin treatment, RIP1 inhibition relieved TNF/zVAD-induced
suppression of autophagy

In a previous study [26], we found that TNF/zVAD and bafilomycin A1
increased LC3-II levels to comparable levels and that the combination of
TNF/zVAD and bafilomycin A1 did not further increase LC3-II level. Using a
tandem RFP-GFP-LC3 reporter, we showed the time-course of numbers of
autophagosomes and autolysosomes after TNF/zVAD treatment, which in-
dicated suppression of autophagic flux by TNF/zVAD and restoration of
autophagic flux by rapamycin [26] In the present study, we confirmed the
effects of TNF/zVAD with and without bafilomycin A1 on LC3-II protein
level (Supplemental Fig. 11) and the effects of TNF/zVAD and rapamycin on
autophagic flux by using a tandem RFP-GFP-LC3 construct; rapamycin in-
creased both autophagosomes (yellow puncta) and autolysosomes (red
puncta) with a reduced autophagosome-to-autolysosome ratio, indicating
increase in autophagic flux, and that TNF/zVAD increased autophagosomes
and autolysosomes without a reduction in the autophagosome-to-autolyso-
some ratio (Fig. 5A–C). Necrostatin-1, RIP1 inhibitor, mimicked the effect of
rapamycin on the autophagosome-to-autolysosome ratio in TNF/zVAD-
treated cells, while necrostatin-1 had no effect on autophagic flux in vehicle-
treated cells (Fig. 5A–C). In contrast to necrostain-1, RIP3 knockdown had
no effect on the number of autophagosomes and autolysosomes or the au-
tophagosome-to-autolysosome ratio in TNF/zVAD-treated cells (Supple-
mental Fig. 12). Together with the findings indicating inactivation of RIP1
by mTORC1 inhibition (Figs. 2 and 3), the results suggest that inhibition of
RIP1 activity, not inhibition of RIP1-RIP3 interaction, by rapamycin relieves
TNF/zVAD-induced suppression of autophagic flux.

3.7. TNF/zVAD reduced nuclear TFEB level, and the effect of TNF/zVAD
was prevented by inhibition of RIP1 or mTORC1

Since our previous study [26] showed that impaired autophagy by
TNF/zVAD was associated with suppressed fusion of autophagosomes
with lysosomes, we examined the possibility that TFEB, a master reg-
ulator of lysosome biogenesis, is modified by activation of necroptotic
signals. In vehicle-treated H9c2 cells, approximately 40% of TFEB sig-
nals were detected in the nucleus, and TNF/zVAD significantly reduced
nuclear TFEB (Fig. 6A, B). Necrostatin-1 preserved the nuclear TFEB
level in TNF/zVAD-treated cells (Fig. 6A, B). Inhibition of mTORC1 by
rapamycin or Ku-0063794 enhanced nuclear TFEB signals both with
and without TNF/zVAD treatment (Fig. 6C, D). Nuclear translocation of
TFEB by inhibition of mTORC1 or RIP1 in TNF/zVAD-treated cells was
confirmed by determination of TFEB proteins in cytosolic and nuclear
fractions (Fig. 6E). Interestingly, TNF/zVAD increased phosphorylation
of ERK1/2, which was inhibited by necrostatin-1 (Supplemental
Fig. 13). The mRNA levels of Atg9b and mucolipin 1 (MCOLN1), TFEB
target genes, were comparable in TNF/zVAD-treated cells and vehicle-
treated cells, but treatment with rapamycin or necrostatin-1 sig-
nificantly increased the level of MCOLN1 mRNA in TNF/zVAD-treated
cells (Supplemental Fig. 14). In addition, treatment with rapamycin
increased the total volume of lysosomes as shown by areas stained with
Lysotracker Red in vehicle- and TNF/zVAD-treated cells (Fig. 7).

3.8. Knockdown of TFEB expression prevented the protective effects of RIP1
inhibition on autophagy and necroptosis in TNF/zVAD-treated cells

The effect of suppression of TFEB protein level on autophagic flux
with and without RIP1 inhibition was examined by using the tandem
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RFP-GFP-LC3 construct. Inhibition of RIP1 by necrostatin-1 increased
autolysosomes and significantly reduced the autophagosome-autolyso-
some ratio after TNF/zVAD treatment in control siRNA transfected cells
(Fig. 8A–D). However, such effects of necrostatin-1 were not detected in

TFEB siRNA-transfected cells. Results of Western blotting analyses for
LC3-II showed that LC3-II accumulation induced by TNF/zVAD was
prevented by necrostatin-1 and that such an effect of necrostatin-1 was
lost in TFEB siRNA-transfected cells (Supplemental Fig. 15). TFEB
knockdown inhibited rapamycin-induced restoration of autophagic flux
in TNF/zVAD-treated cells also (Supplemental Fig. 16). TFEB knock-
down did not affect the extent of TNF/zVAD-induced cell death, but it
significantly attenuated the protective effect of rapamycin on ne-
croptosis (Fig. 8E). These findings indicate that TFEB is indispensable
for mTORC1 inhibition-induced restoration of autophagic flux and
suppression of necroptosis.

3.9. Rapamycin suppressed TNF/zVAD-induced p53 upregulation, but p53
was dispensable for TNF/zVAD-induced necroptosis

Treatment with TNF and treatment with TNF/zVAD increased the
p53 protein level in H9c2 cells by 1.6 or 1.8 fold, respectively, and
rapamycin suppressed increase in the p53 protein level by TNF/zVAD
(Supplemental Fig. 17). However, the extent of TNF/zVAD-induced cell
death was not changed by interventions that downregulate or upregu-
lates p53 activity (Supplemental Figs. 18 and 19).

3.10. Rapamycin increased RIP1-Ser320 phosphorylation in hearts in vivo

Inhibition of mTORC1 or RIP1 upon reperfusion has been shown to
limit myocardial infarct size after ischemia/reperfusion in vivo
[7,8,39,40]. Thus, we examined whether rapamycin increases RIP1-
Ser320 phosphorylation in rat hearts. Tissues were sampled from left

Fig. 3. Effects of mTOR inhibitors and a p70s6K
inhibitor on RIP1-RIP3 interaction in cells treated
with TNF/zVAD.
Representative immunoblots and group means are
shown. (A) RIP1-RIP3 interaction in vehicle-treated
and TNF/zVAD-treated cells. N= 4 in each group.
V= vehicle, T/Z=TNF-α and zVAD,
Rap= rapamycin. *p < 0.05 vs. V. †p < 0.05 vs.
T/Z. L/C= lysate control. (B) RIP1-RIP3 interaction
in cells treated with TNF/zVAD alone, TNF/zVAD
and Ku-0063794, and TNF/zVAD and PF-4708671.
N=4 in each group. V= vehicle, T/Z=TNF-α and
zVAD, Ku=Ku-0063794, PF=PF-4708671.
*p < 0.05 vs. V. (C) RIP1-RIP3 interaction in cells
transfected with HA-RIP1-WT (RIP1-WT). N=3 in
each group. *p < 0.05 vs. V. L/C= lysate control.
(D) Effect of rapamycin on RIP1-RIP3 interaction in
cells transfected with HA-RIP1-Ser320A (RIP1-
S320A). N= 3 in each group. *p < 0.05 vs. V.

Fig. 4. Role of RIP1-S320 phosphorylation in rapamycin-induced suppression
of necroptosis.
LDH release into the culture medium as a percentage of total cellular LDH ac-
tivity is shown. Cells were transfected with the HA-RIP1-WT plasmid (RIP1-
WT), HA-RIP1-Ser320A (RIP1-S320A) or HA-RIP1-Ser320D (RIP1-S320D) 24 h
before treatment with a vehicle (V), TNF/zVAD (T/Z), or TNF/zVAD+rapa-
mycin (T/Z+Rap) for 24 h. N=6 in each group. *p < 0.05 vs. V. †p < 0.05
vs. T/Z+Rap-treated cells transfected with RIP1-WT.
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ventricular regions subjected to 20-min ischemia/5-min reperfusion in
vivo for Western blotting. Administration of rapamycin at 5min before
reperfusion significantly increased RIP1-Ser320 phosphorylation by
almost twofold in the myocardium (Supplemental Fig. 20).

4. Discussion

There are three salient findings in the present study. First, we found
a novel mTORC1-mediated RIP1 regulation, i.e., inhibition of RIP1-
Ser320 phosphorylation, and its major role in modulation of ne-
croptosis. Second, we obtained circumstantial evidence that the lyso-
some is a major target for mTORC1 inhibition to restore autophagy
from its impairment by necroptotic signals. Third, we showed that

mTORC1 inhibition is a distinct protective strategy from strategies to
inhibit necroptosis signals upstream of RIP1 and to inhibit p53 upre-
gulation.

Kinase activity of RIP1 is mainly regulated by post-transcriptional
modification on its kinase domain [41]. Degterev et al. identified
Ser14/15, Ser20, Ser161, and Ser166 as autophosphorylation sites of
RIP1 [31]. The extent of RIP1-Ser166 phosphorylation positively cor-
relates with RIP1 activity [32]. In addition, phosphorylation of Ser in
the intermediate domain of RIP1 has been shown to negatively mod-
ulate RIP1-dependent cell death [12,33]. Furthermore, recent studies
have shown that MK2 directly phosphorylates RIP1 at Ser320, leading
to suppression of TNF-mediated apoptosis and necroptosis [35–37]. In
the present study, mTORC1 inhibitors and a p70s6 kinase inhibitor, PF-

Fig. 5. Autophagic flux assessed by tandem RFP-GFP-LC3.
(A) Representative images of H9c2 cells transfected with tandem RFP-GFP-LC3 plasmids at 4 h after pharmacological treatments (magnification 630×). V= vehicle,
Rap= rapamycin, Nec1= necrostatin-1, T/Z=TNF-α and zVAD. (B) Group mean data for images captured 4 h after the addition of each drug. Areas of yellow
puncta (autophagosomes) and red puncta (autolysosomes) were quantified. N=15 in each group. a.u. = arbitrary units. *p < 0.05 vs. V. (C) Group mean data for
the ratio of yellow puncta area to red puncta area. *p < 0.05 vs. V.
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4708671, similarly reduced RIP1-Ser166 phosphorylation (Fig. 2D),
while mTORC1 inhibitors, but not PF-4708671, protected cells from
necroptosis (Fig. 1C). Thus, we postulated an additional mechanism for
mTORC1 inhibitors to inhibit RIP1 activity and examined effects of
mTORC1 inhibition on the intermediate domain of RIP1. Signals for p-
RXX(S*/T*) in RIP1 immunoprecipitates were significantly increased
by mTORC1 inhibitors but not by PF-4708671 (Supplemental Fig. 9A,
B), and experiments using mutants of RIP1-Ser320, 335 and/or 414
revealed that increased phosphorylation at Ser320 in RIP1 was re-
sponsible for increased signals of the p-RXX(S*/T*) motif of RIP1 by
mTORC1 inhibition (Supplemental Fig. 9C). RIP1 phosphorylation at
Ser320 by rapamycin and Ku-0063794, but not by PF-4708671, in TNF/
zVAD-treated cells was confirmed by the use of antibodies that speci-
fically detect RIP1 phosphorylation at Ser320 (Fig. 2E and Supple-
mental Fig. 10). Furthermore, rapamycin failed to protect cells ex-
pressing HA-RIP1-S320A from necroptosis (Fig. 4). On the other hand,

there was no significant difference in the extent of TNF/zVAD-induced
cell death between cells expressing RIP1-WT and those expressing RIP1-
S320D (Fig. 4), suggesting that phosphorylation of RIP1-Ser320 alone is
not sufficient for protection from TNF/zVAD-induced cell death. Taken
together, the findings suggest that both Ser320 phosphorylation and
Ser166 dephosphorylation in RIP1 are important for mTORC1 inhibi-
tion to achieve significant RIP1 inactivation and cytoprotection from
necroptosis.

A few possibilities can be speculated for the mechanism by which
mTORC1 inhibition increased phosphorylation of RIP1-Ser320. First,
IKKα/β might mediate phosphorylation at the intermediated domain of
RIP1. Dondelinger et al. showed that IKKα/β-mediated RIP1 phos-
phorylation preserves RIP1 in complex I after TNF receptor activation,
leading to protection from RIP1-dependent apoptosis/necroptosis [33].
Three serine residues (Ser166, Ser331, and Ser416 in the rat) were
identified as IKKα/β-mediated putative phosphorylation sites on RIP1

Fig. 6. Effects of TNF/zVAD, RIP1 inhibition and
mTORC1 inhibition on intracellular localization of
TFEB.
(A, C) Representative images of H9c2 cells stained
with anti-TFEB antibodies and Hoechst 33342 at 4 h
after pharmacological treatments (magnification
630×). V= vehicle, Rap= rapamycin, Ku=Ku-
0063794, T/Z=TNF-α and zVAD,
Nec1= necrostatin-1. (B, D) Group mean data for the
ratio of nuclear TFEB to cytosolic TFEB. Anti-TFEB
antibody-positive area was quantified by using Image
J. N=45–55 in each group. a.u. = arbitrary units.
*p < 0.05 vs. cells treated with a vehicle of T/Z and
a vehicle of Rap and Ku. †p < 0.05 vs. cells treated
with T/Z and a vehicle of Rap and Ku. (E)
Representative immunoblots for TFEB protein in cy-
tosolic and nuclear fractions and summarized data
for TFEB in nuclear fractions. Histon-H3 and α-tu-
bulin were used as loading controls of nuclear and
cytosolic fractions, respectively. N=4 in each group.
*p < 0.05 vs. T/Z.
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[34]. However, mTORC1 inhibition actually suppressed TNF/zVAD-
mediated enhancement in IKKα/β activity (Supplemental Figs. 3–5),
arguing against the possibility that IKKα/β contributed to mTORC1
inhibition-mediated RIP1-Ser320 phosphorylation. Second, MK2, which
directly phosphorylates RIP1 at Ser320 [35–37], might be modulated
by mTORC1 inhibition, though a study showed that mTORC1 inhibitors
downregulated translation of MK2 [42]. By the use of MALDI-TOF/MS
in post hoc experiments, we identified heat shock protein (Hsp) 27 in the
RIP1 immunoprecipitates. Hsp27 has been reported to interact with
MK2 [43,44], and MK2 and Hsp27 have several proline-directed sites
potentially phosphorylated by mTOR complexes. Thus, there is the
possibility that mTORC1 inhibition-induced changes in activity of MK2
and Hsp27 or affinity of MK2-Hsp27-RIP1 complex modulate phos-
phorylation of RIP1 at Ser320. Third, TORC1 inhibition might modulate
the sensitivity of RIP1-Ser320 to its upstream signals by a change in the
p62-RIP1 interaction. In a previous study, we observed that rapamycin
significantly inhibited TNF/zVAD-induced complex formation of p62
and RIP1 ([26], Fig. 9). A p62 binding site (Lys377) and Ser320 in RIP1
are close [41], and prevention of p62 binding to RIP1 by mTORC1 in-
hibition might therefore change the sensitivity of Ser320 to its upstream
signals (Fig. 9). Nevertheless, further investigation is necessary for
clarifying the mechanism of RIP1 inactivation by mTORC1 inhibition.

Following up a previous study [26], we searched for the mechanism
by which mTORC1 inhibition improved autophagy in cells with acti-
vated necroptotic signals. Multiple steps of autophagic flux are regu-
lated by mTORC1 [45,46]. mTORC1 suppresses ULK1 activation by

phosphorylating ULK1-Ser757, leading to disruption of the ULK1-AMPK
complex [47]. mTORC1 inhibits transcriptional activity of TFEB, a
master gene of lysosome biogenesis [48], by phosphorylation at Ser142
and Ser211, which promotes its cytoplasmic localization [49,50]. ERK
is also reported to regulate TFEB function by phosphorylation of TFEB
at Ser142 [49]. Interestingly, Yonekawa et al. [27] recently reported
that siRNA-mediated knockdown of RIP1 reduced ERK activity, leading
to acceleration of autophagic flux through TFEB-mediated upregulation
of lysosomal function.

Consistent with the findings by Yonekawa et al. [27], the effect of an
mTORC1 inhibitor on autophagic flux in TNF/zVAD-treated cells was
mimicked by a pharmacological inhibitor of RIP1 (Fig. 5, Supplemental
Fig. 15). Furthermore, TNF/zVAD increased phosphorylation of ERK1/
2, which was abolished by necrostatin-1 (Supplemental Fig. 13). An
increase in nuclear TFEB by mTORC1 inhibition was observed not only
in normal cells but also TNF/zVAD-treated cells (Fig. 6). Furthermore,
increased levels of nuclear TFEB by rapamycin and by necrostatin-1
were associated with upregulated expression of mucolipin 1, a key ly-
sosomal Ca2+ channel, that controls both lysosomal biogenesis and
reformation (Supplemental Fig. 14) and with increase in lysosome vo-
lume (Fig. 7). On the other hand, involvement of activated TAK1 and
IKK complex [51–53] is unlikely to be involved in promotion of au-
tophagy by mTORC1 inhibition because rapamycin attenuated TNF/
zVAD-induced p38MAPK phosphorylation, an index of TAK1 activity,
and p65 phosphorylation, an index of IKKα/β activation (Supplemental
Figs. 3–5). Taken together, the present findings support the notion that
not only ULK1 activation but also RIP1 inhibition, which promotes
lysosomal function via TFEB, contributes to restoration of autophagy by
mTORC1 inhibition in TNF/zVAD-treated cardiomyocytes.

Suppression of TFEB expression abolished the protective effects of
an mTORC1 inhibitor on both autophagy and necroptosis in TNF/
zVAD-treated cells (Fig. 8). An important question is whether the re-
storation of autophagy contributes to the protection against ne-
croptosis. Unfortunately, we could not answer to this question by use of
ULK1 knockdown or bafilomycin A1 in the present study, though we
previously reported that knockdown of Atg 5 expression significantly
attenuated protection afforded by rapamycin against necroptosis [26].
Rapamycin reduced ULK1-Ser757 phosphorylation, which reportedly
promotes autophagy by mTORC1 inhibition, but knockdown of ULK1
expression alone tended to suppress TNF/zVAD-induced necroptosis
(Supplemental Fig. 21). Bafilomycin A1 at a dose of 100 nM sig-
nificantly suppressed TNF/zVAD-induced cell death and bafilomycin
A1 at doses of 25, 50 and 100 nM did not eliminate the protection af-
forded by rapamycin (Supplemental Fig. 22). A possible explanation for
apparent protection from necroptosis by bafilomycin A1 and ULK1
knockdown is interruption of necroptotic signaling that is mediated by
autophagosomal proteins [24,25]. Because of cross-talk between au-
tophagy and necroptosis signaling [24–26], the impact of intervening
autophagy on cell death is likely to be different depending on the step at
which autophagy intervened. TFEB is known to coordinate cytokine
production and regulate mitophagy [54]. In addition, TFEB positively
regulates lysosomal exocytosis by induction of MCOLN1 [55], a gene
that was significantly upregulated by inhibition of RIP1 and mTORC1 in
the present study (Supplemental Fig. 14). Nevertheless, the present
findings indicate that TFEB activation is indispensable for mTORC1
inhibition-induced suppression of necroptosis, and further study is ne-
cessary for clarifying possible involvement of autophagy-dependent and
-independent mechanisms in the protection afforded by activated TFEB.

Since mTORC1 has multiple functions besides regulation of autop-
hagy, we examined the possibility that modification of intracellular
signaling upstream of RIP1 by mTORC1 inhibition is involved in the
protection of H9c2 cells from necroptosis. Treatment with rapamycin
induced no significant changes in the protein levels of regulators up-
stream of RIP1 (TRAF2, TAK1, IKKβ, cIAP, A20, and CYLD) or in the
levels of cleaved RIP1 in TNF-treated cells (Supplemental Figs. 3–5).
Furthermore, the protective effect of rapamycin on TNF/zVAD-induced

Fig. 7. Effects of rapamycin on lysosome volume in TNF/zVAD-treated cells.
(A) Representative images of H9c2 cells stained with Lysotracker Red at 4 h
after pharmacological treatments (magnification 200×). V= vehicle, T/
Z=TNF-α and zVAD, Rap= rapamycin. (B) Group mean data for Lysotracker
Red-stained area as % of total cell area in images captured 4 h after the addition
of each drug. *p < 0.05 vs. V. †p< 0.05 vs.Rap.
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Fig. 8. Effects of TFEB knockdown on restoration of autophagic flux by necrostatin-1 and on suppression of necroptosis by rapamycin in TNF/zVAD-treated cells.
(A) Representative blots for TFEB in H9c2 cells with or without knockdown of TFEB. (B) Representative images of H9c2 cells transfected with tandem RFP-GFP-LC3
plasmids at 4 h after pharmacological treatments (magnification 630×). V=vehicle, Nec1=necrostatin-1, T/Z=TNF-α and zVAD. (C) Group mean data for
images captured 4 h after the addition of each drug. Areas of yellow puncta (autophagosomes) and red puncta (autolysosomes) were quantified. N=35–40 in each
group. a.u. = arbitrary units. *p < 0.05 vs. V. (D) Group mean data for the ratio of yellow puncta area to red puncta area. *p < 0.05 vs. V. †p < 0.05 vs. cells
transfected with control siRNA and treated with both TNF/zVAD and necrostatin-1. (E) LDH release into the culture medium as a percentage of total cellular LDH
activity. Cells were transfected with control siRNA or TFEB siRNA 24 h before treatment with a vehicle (V), TNF/zVAD (T/Z), vehicle+rapamycin (V+Rap), or TNF/
zVAD+rapamycin (T/Z+Rap) for 24 h. N=4 in each group. *p < 0.05 vs. vehicle-treated and control siRNA-transfected cells. †p < 0.05 vs. T/Z-treated and
control siRNA-transfected cells. ‡p < 0.05 vs. T/Z+Rap-treated and control siRNA-transfected cells.
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cell death was preserved in cells treated with inhibitors of TAK1, IKKα/
β, and cIAP (Fig. 2A–C). The findings indicate that the regulators up-
stream of RIP1 in TNF receptor signaling are not targets for mTORC1
inhibition to protect H9c2 cells from necroptosis. The possibility of
contribution of p53 suppression to the protective effect of mTORC1
inhibition was also excluded by the findings that reduction of p53 ex-
pression or activity or increase in p53 expression did not change level of
necroptosis induced by TNF/zVAD (Supplemental Figs. 17–19).

H9c2 cells have similarities to neonatal cardiomyocytes, including
responses to stress, but there are significant differences between H9c2
cells and adult cardiomyocytes. Thus, mechanisms by which mTORC1
inhibition suppresses RIP1 activity and upregulates TFEB function in
H9c2 cells might not be extrapolated to adult cardiomyocytes.
However, several studies have shown that inhibition of mTORC1 or
RIP1 activity upon reperfusion limits myocardial infarct size
[7,8,39,40], and we found that administration of rapamycin before
reperfusion significantly increased RIP1-Ser320 phosphorylation in rat
hearts in vivo (Supplemental Fig. 20). The findings support the notion
that regulation of RIP1 by mTORC1 is operative and contributes to
protection of adult cardiomyocytes.

5. Conclusions

Increase in RIP1-Ser320 in addition to reduction of RIP1-Ser166
phosphorylation plays a major role in mTORC1 inhibition to attenuate
RIP1 activation by necroptotic signals in cardiomyocytes. Suppression
of RIP1 activity by the dual mechanisms promotes autophagy and
prevents necroptotic cell death of cardiomyocytes by a TFEB-mediated
mechanism (Fig. 9). The mechanism by which mTORC1 inhibition in-
creases RIP1-Ser320 remains to be further investigated.
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