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Autophagy is an intracellular process that regulates the degradation of

cytosolic proteins and organelles. Dying cells often accumulate autophago-

somes. However, the mechanisms by which necroptotic stimulation induces

autophagosomes are not defined. Here, we demonstrate that the activation of

necroptosis with TNF-a plus the cell-permeable pan-caspase inhibitor Z-VAD

induces LC3-II and LC3 puncta, markers of autophagosomes, via the recep-

tor-interacting protein kinase 3 (RIPK3) in intestinal epithelial cells. Surpris-

ingly, necroptotic stimulation reduces autophagic activity, as evidenced by

enlarged puncta of the autophagic substrate SQSTM1/p62 and its increased

colocalization with LC3. However, necroptotic stimulation does not induce

the lysosomal-associated membrane protein 1 (LAMP1) nor syntaxin 17,

which mediates autophagosome–lysosome fusion, to colocalize with LC3.

These data indicate that necroptosis attenuates autophagic flux before the

lysosome fusion step. Our findings may provide insights into human diseases

involving necroptosis.

Keywords: autophagy; necroptotic stimulation; necrostatin-1; RIPK3;

SQSTM1/p62; STX17

Autophagy is an intracellular degradation process that

delivers cytoplasmic materials to lysosomes [1]. It is an

essential process that maintains cellular and tissue

homeostasis. Following autophagy induction, the isola-

tion membrane encloses a small portion of the cyto-

plasm and then closes. This forms a double-membrane

structure termed the autophagosome. LC3 is conju-

gated to phosphatidylethanolamine to form LC3-II,

which is localized to isolation membranes and

autophagosomes. ATG16L1 plays a pivotal role in

canonical autophagy processes and is recruited to the

isolation membrane. When an endosome fuses with an
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autophagosome, it results in the formation of an

amphisome. The autophagosome or the amphisome

fuses with the lysosome to form the autolysosome and

degrade internal contents [2]. At the time of starvation

in mammals, syntaxin 17 (STX17) is recruited to the

autophagosome and mediates autophagosome–lyso-
some fusion. Therefore, depleting STX17 causes the

accumulation of autophagosomes. Lysosomal-associ-

ated membrane protein 1 (LAMP1) is distributed

among autophagic and endolysosomal organelles.

LAMP1-positive organelles are often referred to as

lysosomal compartments. Sequestosome 1 (SQSTM1/

p62) is a ubiquitous protein that is regulated through

stress-responsible transcription factors [3]. It targets

ubiquitinated cargo, including aggregates, damaged

mitochondria, and microbes, for selective autophagy

[4]. SQSTM1/p62 binds to polyubiquitin via its C-ter-

minal ubiquitin-associated domain [5] and LC3, where

it is degraded by autophagy. It has been observed that

SQSTM1/p62 accumulates when autophagy is inhib-

ited, but decreases when autophagy is induced. Autop-

hagic flux is often defined as a measure of autophagic

degradation activity. Hence, the degradation of

SQSTM1/p62 is widely used as a marker to monitor

autophagic flux.

Necroptosis is a genetically regulated form of necro-

tic cell death [6–8] that can be induced by the addition

of TNF-a to caspase-8 inhibited cells. Inactivation of

caspase-8 by chemical inhibitors, such as the cell-

permeable pan-caspase inhibitor Z-VAD, as well as

FADD or caspase-8 deficiency, prevents the cleavage

of receptor-interacting protein kinase 1 (RIPK1) to

permit the activation of necroptosis in cells stimulated

by TNF-a. RIPK1/RIPK3, critical mediators of

necroptosis, has been implicated in various human dis-

eases [9–12]. Several studies have indicated that human

RIPK1 deficiency can result in intestinal inflammation

[13,14]. RIPK1, RIPK2, and RIPK3 function is essen-

tial for cell death and inflammation, which is regulated

by TNFAIP3/A20 [15–17]. Dying cells often accumu-

late autophagosomes [18], which may be termed ‘cell

death with autophagy’ rather than ‘cell death by

autophagy’. [19]. Previous studies have shown that

necroptosis signals induce autophagy [20–24]. Specifi-

cally, it has been demonstrated that RIPK3 regulates

the formation of the SQSTM1/p62-LC3 complex,

which is regulated by caspase 8 and TNFAIP3/A20

[25]. However, the TNF-a stimulation-dependent LC3-

II accumulation mechanism is poorly understood. A

recent paper demonstrated that LC3-II accumulation

during necroptosis occurs independently of autophagy

activation in mouse dermal fibroblasts [23]. Here, we

demonstrate that necroptotic stimulation with TNF-a

plus Z-VAD increases LC3-II and LC3 puncta but

does not induce autophagic flux in intestinal epithelial

cells.

Materials and methods

Cell culture and reagents

Cells from the human colorectal cancer cell lines HT29 and

HCT116 were cultured in Dulbecco’s modified Eagle med-

ium (D5796; Sigma-Aldrich, St. Louis, MO, USA) with

10% fetal bovine serum (S1820; Biowest SAS, Nuaill�e,

France) and 1% penicillin/streptomycin (26253-84; Nacalai

Tesque, Inc., Kyoto, Japan) at 37°C. Cells were transiently

transfected with plasmids using Lipofectamine 2000

(11668019; Invitrogen, Carlsbad, CA, USA) following the

manufacturer’s instructions. Recombinant human TNF-a
(300-01A; PeproTech Corp., Rocky Hill, NJ, USA) was

dissolved in RNase-free water at a concentration of

100 lg�mL�1 for a final concentration of 50 ng�mL�1.

Z-VAD (3188-V; Peptide Institute, Inc., Osaka, Japan) and

necrostatin-1 (Nec-1; RIPK1-specific inhibitor; 480065;

Sigma-Aldrich) were dissolved in dimethyl sulfoxide at a

concentration of 50 mM for a final concentration of 50 lM.
Torin-1 (42427; Tocris Bioscience, Bristol, UK) was dis-

solved in dimethyl sulfoxide to a final concentration of

50 nM. MG-132 (tlrl-mh132; InvivoGen, San Diego, CA,

USA) was dissolved in dimethyl sulfoxide to a final concen-

tration of 5 lM. Mouse Ripk3 cDNA was cloned into

pCR3.1 2XFLAG. Myc-human RIPK3 and MRX-IP GFP-

STX17 plasmids have been described previously [2,25].

Microscopy analysis

Cells were washed with phosphate-buffered saline (PBS;

14249–24; Nacalai Tesque, Inc.) and fixed in 4%

paraformaldehyde (09154–85; Nacalai Tesque, Inc.) for

10 min at 4 °C. Fixed cells were then washed with PBS,

permeabilized with 50 µg�mL�1 digitonin (BN2006; Invitro-

gen) in PBS for 5 min, and then blocked with 3% bovine

serum albumin (01863–48; Nacalai Tesque, Inc.) in PBS for

30 min. Cells were then incubated for 1 h with anti-LC3

(M152-3; MBL International Corporation, Nagoya, Japan),

anti-c-Myc (A-14; sc-789; Santa Cruz Biotechnology, Inc.,

Dallas, TX, USA), anti-Myc-Tag (71D10; 2278; Cell Sig-

naling Technology, Inc., Danvers, MA, USA), anti-FLAG

(F7425; Sigma-Aldrich), anti-SQSTM1/p62 (PM045; MBL

International Corporation), anti-LAMP1 (ab24170; Abcam,

Cambridge, UK), or anti-ATG16L1 (D6D5; 8089; Cell Sig-

naling Technology). After washing, cells were incubated

with Alexa Fluor 488-conjugated anti-mouse secondary

antibody (A11001; Invitrogen), 488-conjugated anti-rabbit

antibody (A21206; Invitrogen), 594-conjugated anti-

mouse secondary antibody (A21203; Invitrogen), or 594-
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conjugated anti-rabbit antibody (A21207; Invitrogen) for

1 h. The nucleolus was stained using VECTASHIELD�
Mounting Medium with DAPI (H-1200; Vector Laborato-

ries, Inc., Burlingame, CA, USA). For aggresome detection,

ProteoStat� aggresome detection dye (ENZ-51035-0025;

Enzo Life Sciences, Inc., Farmingdale, NY, USA) was used

according to the manufacturer’s protocol with minor modi-

fications (permeabilizing solution, 5% Digitonin). Cells

were incubated with anti-SQSTM1/p62 (PM045; MBL

International Corporation) for 1 h. After washing in PBS,

cells were incubated with Alexa Fluor 647-conjugated anti-

rabbit secondary antibody (A32733; Invitrogen), washed

again with PBS, and stained with ProteoStat� aggresome

detection dye for 30 min at room temperature. A Texas

Red filter set was used to view the ProteoStat� dye. Images

were acquired using a confocal laser microscope (FV10i;

Olympus Corp., Tokyo, Japan) with a 609 oil-immersion

objective lens. The numbers of puncta per cell were counted

manually or processed using IMAGEJ software (National

Institutes of Health, Bethesda, MD, USA) for quantitative

analysis.

Immunoblotting

HT29 cells were incubated in lysis buffer [20 mM Tris/HCl,

pH 7.5; 150 mM NaCl; 0.2% NP-40 (23640–65; Nacalai Tes-

que, Inc.); 10% glycerol; and protease and phosphatase inhi-

bitor cocktail] on ice for 20 min and then centrifuged at

14 000 g for 20 min. Samples were resolved on NuPAGE

precast 4–12% Bis/Tris gels (NP0323; Invitrogen) and trans-

ferred to polyvinylidene difluoride membranes. The following

antibodies and reagents were used for immunoblotting stud-

ies: anti-b-actin (A5441; Sigma-Aldrich), anti-LC3 (M152-3;

MBL International Corporation), and anti-SQSTM1/p62

(PM045; MBL International Corporation). Secondary anti-

bodies [mouse anti-rabbit (211-032-171) and goat anti-mouse

(115-035-174)] were purchased from Jackson ImmunoRe-

search Inc. (West Grove, PA, USA).

Statistical analysis

Data are expressed as the mean � standard deviation. Sta-

tistical significance was calculated using an unpaired Stu-

dent’s t test or one-way ANOVA followed by Tukey’s test.

Statistical analysis was performed using PRISM 5.0

(GraphPad, San Diego, CA, USA).

Results

TNF-a plus Z-VAD stimulation induced LC3

puncta in intestinal epithelial cells

To investigate whether necroptosis stimulation medi-

ated autophagy in intestinal epithelial cells, we used

TNF-a plus Z-VAD as a necroptotic stimulation

[7,8,10,12]. HT29 cells, expressing endogenous RIPK3,

were stimulated with TNF-a plus Z-VAD, and LC3

conversion was analyzed. The LC3-II form was

increased in a time-dependent manner in HT29 cells

(Fig. 1A). The LC3 puncta formation assay was per-

formed to confirm whether increases in the LC3-II

form were due to an increase in autophagosomes.

Microscopic analysis reveals that TNF-a plus Z-VAD

stimulation increased LC3 puncta (Fig. 1B,C). To

understand the role of RIPK1/RIPK3 in LC3 puncta

formation, cells were treated with the RIPK1 inhibitor

Nec-1 [20]. Without necroptosis stimulation, Nec-1

treatment reduced LC3 puncta compared with no

treatment. Therefore, baseline LC3 puncta may be

influenced by endogenous RIPK1/RIPK3 expression.

Further, LC3 puncta induced by TNF-a plus Z-VAD

were suppressed by Nec-l treatment. These data indi-

cate that TNF-a plus Z-VAD induced LC3 puncta

through RIPK1/RIPK3 in HT29 cells.

Next, the intestinal epithelial cell line HCT116,

which lacks RIPK3 expression [26], was used to clarify

the role of RIPK3 in the increased LC3 puncta

observed following TNF-a plus Z-VAD treatment. To

confirm RIPK3 dependency of this phenomenon, Myc-

RIPK3 was introduced into HCT116 cells and the

LC3 puncta in Myc-expressing cells were analyzed

(Fig. 1D). Although LC3 puncta were not increased

when cells stimulated by TNF-a plus Z-VAD were

treated with a control vector, the introduction of Myc-

RIPK3 enhanced LC3 puncta stimulated by TNF-a
plus Z-VAD. Furthermore, RIPK3 kinase-dead

mutant (K51A) did not induce LC3 puncta (Fig. 1E).

Taken together, these data indicate that TNF-a plus

Z-VAD stimulation induces LC3 puncta via RIPK3 in

intestinal epithelial cells.

TNF-a plus Z-VAD stimulation enlarged the

puncta size of SQSTM1/p62 via RIPK3

SQSTM1/p62 protein is primarily known as a media-

tor of selective autophagy. SQSTM1/p62 localizes to

cargo and degrades when autophagy flux is increased

[3,4]. Therefore, SQSTM1/p62 protein expression was

examined in HT29 cells using immunoblotting

(Fig. 2A). Surprisingly, increased SQSTM1/p62 expres-

sion was observed after TNF-a plus Z-VAD stimula-

tion. Confocal microscopy revealed that SQSTM1/p62

puncta size increased in a stimulus-dependent manner

(Fig. 2B). These data indicate that TNF-a plus

Z-VAD-induced LC3 puncta are not simply a result of

autophagy flux. The RIPK3-deficient HCT116 cells

were used to further examine the role of RIPK3 in
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Fig. 1. TNF-a plus Z-VAD stimulation induced LC3 puncta in intestinal epithelial cells. (A) LC3 conversion assay. HT29 cells were treated with

TNF-a (50 ng�mL�1) plus Z-VAD (50 lM), cells were lysed, and protein extracts were immunoblotted for the indicated proteins. (B) HT29 cells

were stimulated with TNF-a, Z-VAD, or TNF-a plus Z-VAD for 12 h and were stained with anti-LC3 antibody. n = 10 per group. (C) LC3 puncta

formation assay. HT29 cells were stimulated with TNF-a plus Z-VAD alone, Nec-1 alone, or TNF-a plus Z-VAD and Nec-1 (50 lM) for 3 h. HT29

cells were stained with anti-LC3 antibody. (D) HCT116 cells were transfected with Myc-tagged human RIPK3 plasmids or empty vector for 48 h

and stimulated with TNF-a plus Z-VAD for the last 3 h. HCT116 cells were stained with anti-c-Myc and anti-LC3 antibodies. Data are shown as

mean � SD, n = 20 per group. ** indicates P < 0.01, and *** indicates P < 0.001. Scale bars indicate 10 lm. Data are representative of three

independent experiments. (E) HCT116 cells were transfected with FLAG-tagged mouse RIPK3 plasmids or RIPK3 K51A mutant (kinase-dead

mutant) for 48 h and stimulated with TNF-a plus Z-VAD for the last 3 h. HCT116 cells were stained with anti-FLAG and anti-LC3 antibodies.
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SQSTM1/p62 puncta (Fig. 2C). SQSTM1/p62 puncta

size was measured in HCT116 cells transfected with

Myc-RIPK3. SQSTM1/p62 puncta sizes were not

increased when cells stimulated by TNF-a plus

Z-VAD were treated with a control vector. Surpris-

ingly, SQSTM1/p62 puncta size was increased in a

stimulus-dependent manner in RIPK3-transfected cells.

These results indicate that TNF-a plus Z-VAD stimu-

lation simultaneously enhanced LC3 puncta expression

and SQSTM1/p62 puncta size in a RIPK3-dependent

manner. These data also indicate that necroptotic

stimulation might block autophagy flux.

TNF-a plus Z-VAD stimulation enhanced

SQSTM1/p62-LC3, but not aberrant aggresome

Upon the induction of autophagy, a small portion of

the cytoplasm is enclosed by the isolation membrane.
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Fig. 2. TNF-a plus Z-VAD stimulation enlarges SQSTM1/p62 puncta size via RIPK3. (A) Immunoblot analysis in HT29 cells. HT29 cells were

stimulated with TNF-a plus Z-VAD, cells were lysed, and protein extracts were immunoblotted for the indicated proteins. (B) HT29 cells

were stimulated with TNF-a plus Z-VAD and stained with anti-SQSTM1/p62 antibody. (C) HCT116 cells were transfected with Myc-tagged

human RIPK3 plasmids or empty vector for 48 h, then stimulated with TNF-a plus Z-VAD for the last 12 h, and stained with anti-c-Myc

antibody and anti-SQSTM1/p62 antibody. Data are shown as mean � SD, n = 20 per group. ** indicates P < 0.01, and *** indicates

P < 0.001. Scale bars indicate 10 lm. Data are representative of independent experiments.
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To detect the isolation membrane, we analyzed

ATG16L1-LC3 colocalization (Fig. 3A). As a positive

control of autophagy activation, cells were stimulated

with Torin-1, which is a potent and selective mTOR

inhibitor [27]. We found increased ATG16L1-LC3

colocalization after 1-h treatment with Torin-1 but not

with TNF-a and Z-VAD. Although the possibility

remains that TNF-a and Z-VAD may induce

ATG16L1-LC3 colocalization at a different time point,

no colocalization occurred at this time point. To inves-

tigate autophagy flux, colocalization of SQSTM1/p62

and LC3 puncta was observed (Fig. 3B). Microscopic

analysis revealed increased SQSTM1/p62-LC3 puncta

colocalization in HT29 cells following TNF-a plus Z-

VAD treatment, indicating that necroptotic stimula-

tion may block degradation of SQSTM1/p62 and LC3.

SQSTM1/p62 localizes to cargo fated for degradation

during autophagy. Therefore, to address the possibility

that SQSTM1/p62-LC3 puncta might be aberrant

aggregates (not necessarily autophagosomes) formed in

dying cells, we stained SQSTM1/p62 with aggresome

detection dye (Fig. 3C). As a positive control, aggre-

somes were induced in HT29 cells by stimulation with

the proteasome inhibitor MG-132. After MG-132 stim-

ulation, SQSTM1/p62 proteins strongly accumulated,

and SQSTM1/p62 and aggresome detection dye

strongly colocalized. However, we did not observe the

induction of SQSTM1/p62 aggresome colocalization

following TNF-a and Z-VAD treatment. These data

suggest that SQSTM1/p62-LC3 double-positive areas

are not aberrant aggregates at this time point. Taken

together, these data indicate that necroptotic stimula-

tion may decrease the degradation of SQSTM1/p62

and LC3.

Autophagy flux is attenuated before the

lysosome fusion step in necroptosis-induced cells

A previous study showed that necroptosis pathway

may reduce autolysosomal function [23]. Therefore,

necroptotic stimulation may control fusion of the

autophagosome or amphisome and lysosome. To inves-

tigate this process, colocalization of the lysosome

marker LAMP1 with LC3 was quantified in HT29 cells

(Fig. 4A). Although the total number of LC3 puncta

was increased (Fig. 1B), the percent of LAMP1-LC3

colocalization was not altered following TNF-a plus

Z-VAD. These data indicate that autolysosomes were

not induced by necroptotic stimulation and that

autophagosomes accumulated following TNF-a plus

Z-VAD treatment. Thus, necroptotic stimulation may

block autophagosome and lysosome fusion. Mature

autophagosomes that have acquired STX17 fuse with

lysosomes to degrade components [2,28]. STX17-LC3

colocalization was quantified to observe whether TNF-

a plus Z-VAD influenced autophagosome–lysosome

fusion (Fig. 4B). Cells were transfected with GFP-

STX17, and LC3 colocalization was analyzed using

microscopy. GFP-STX17 colocalized with LC3 follow-

ing Torin-1 treatment. However, GFP-STX17 and LC3

colocalization was not enhanced by necroptotic stimu-

lation. These findings indicate that necroptotic stimula-

tion restricts STX17 recruitment. Taken together, these

findings suggest that necroptotic stimulation reduced

autophagic flux before the autophagosome–lysosome

fusion step (Fig. 4C).

Discussion

In the present study, we demonstrate that TNF-a
plus Z-VAD stimulation increases LC3 puncta

accumulation and SQSTM1/p62 puncta size via

RIPK3. These puncta are not aberrant aggresomes

induced by the secondary effect of dead cells.

Necroptotic stimulation reduced autophagic

flux before the autophagosome–lysosome fusion

step. These findings provide new insights into

the regulation of autophagic flux in dying

cells.

Necroptosis is a well-known type of programmed

cell death. Previous studies have shown that necrop-

tosis signals induce autophagy [20–24]. Furthermore,

several studies have demonstrated that necroptosis

signals and autophagy are reciprocal, tightly regu-

lated processes [29,30]. On the other hand, the

mechanism of TNF-a stimulation-dependent LC3-II

accumulation caused by necroptosis is poorly under-

stood. Previous studies have shown that necroptotic

stimulation induces LC3-II in different cell types

[20,21,24]. Herein, we showed that necroptosis stim-

ulation (TNF-a plus Z-VAD) increased LC3 puncta

in human intestinal epithelial cells (Fig. 1A–E). Our

results are consistent with the previous studies that

TNF-a induced LC3-II in L929, H9C2, and Jurkat

cells. SQSTM1/p62, known as a mediator of selec-

tive autophagy, localizes to the cargo and degrades

when autophagy flux is increased [3,4]. In contrast,

recent work has shown interesting evidence that

SQSTM1/p62 expression might be increased follow-

ing TNF-a plus Z-VAD stimulation [24]. We also

observed an increase in SQSTM1/p62 expression

after necroptosis stimulation (Fig. 2A–C). Aggre-

some detection dye further indicates that SQSTM1/

p62-LC3-positive structures are not aberrant aggre-

gates (Fig. 3C). We also performed electron micro-

scopy to evaluate the SQSTM1/p62-LC3-positive
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structures (data not shown). Surprisingly, we

observed an increase in the number of single-mem-

brane structures enclosing the cytoplasmic materials

following TNF-a and Z-VAD stimulation. These

autophagic vacuoles may be amphisomes. These

findings also suggest that necroptotic stimulation

reduced autophagic flux before the autophagosome–
lysosome fusion step. We will further examine these

autophagic vacuoles structures by immunoelectron

microscopy in the future.

The necroptosis pathway has been implicated as

both an adaptive and pathogenic component of many

human diseases involving inflammatory processes,

including atherosclerosis, myocardial ischemia, sepsis,

inflammatory bowel disease, and neurodegenerative

diseases [9]. Several studies have suggested increased

activation of autophagy during necroptosis by only the

assessment of LC3 accumulation. However, the molec-

ular crosstalk between necroptosis and autophagy

remains poorly defined. A recent paper has shown that

activated MLKL attenuates autophagy during necrop-

tosis [23]. We provide additional evidence that the

accumulation of LC3 occurring during necroptosis is

not caused by autophagy activation but by its inhibi-

tion. This is very important in the context of inflam-

mation control. Autophagy is critical not only for

pathogen clearance but also for cytokine production

during inflammation. Our findings caution against

how to control inflammation in necroptosis-related

diseases and provide critical insights into the regula-

tion of necroptosis and autophagy.

In conclusion, we discovered that TNF-a plus

Z-VAD treatment reduces autophagic flux via RIPK3.

These findings provide new insights into understanding

human diseases involving necroptosis.
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