
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=kaup20

Autophagy

ISSN: 1554-8627 (Print) 1554-8635 (Online) Journal homepage: www.tandfonline.com/journals/kaup20

Attenuation of TNFSF10/TRAIL-induced apoptosis
by an autophagic survival pathway involving
TRAF2- and RIPK1/RIP1-mediated MAPK8/JNK
activation

Weiyang He, Qiong Wang, Jennings Xu, Xiuling Xu, Mabel T. Padilla,
Guosheng Ren, Xin Gou & Yong Lin

To cite this article: Weiyang He, Qiong Wang, Jennings Xu, Xiuling Xu, Mabel T. Padilla,
Guosheng Ren, Xin Gou & Yong Lin (2012) Attenuation of TNFSF10/TRAIL-induced apoptosis
by an autophagic survival pathway involving TRAF2- and RIPK1/RIP1-mediated MAPK8/JNK
activation, Autophagy, 8:12, 1811-1821, DOI: 10.4161/auto.22145

To link to this article:  https://doi.org/10.4161/auto.22145

View supplementary material 

Published online: 10 Oct 2012.

Submit your article to this journal 

Article views: 3007

View related articles 

Citing articles: 17 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=kaup20
https://www.tandfonline.com/journals/kaup20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.4161/auto.22145
https://doi.org/10.4161/auto.22145
https://www.tandfonline.com/doi/suppl/10.4161/auto.22145
https://www.tandfonline.com/doi/suppl/10.4161/auto.22145
https://www.tandfonline.com/action/authorSubmission?journalCode=kaup20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=kaup20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.4161/auto.22145?src=pdf
https://www.tandfonline.com/doi/mlt/10.4161/auto.22145?src=pdf
https://www.tandfonline.com/doi/citedby/10.4161/auto.22145?src=pdf
https://www.tandfonline.com/doi/citedby/10.4161/auto.22145?src=pdf


©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Autophagy	 1813

Autophagy 8:12, 1813–1823; December 2012; © 2012 Landes Bioscience

 Basic Research Paper Basic Research Paper

*Correspondence to: Guosheng Ren, Xin Gou and Yong Lin; Email: rgs726@163.com, gouxincq@163.com and ylin@lrri.org
Submitted: 05/01/12; Revised: 09/04/12; Accepted: 09/10/12
http://dx.doi.org/10.4161/auto.22145

Introduction

Tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL/TNFSF10) is a promising anticancer agent that is 
undergoing preclinical and clinical studies for treating solid 
tumors including lung cancer.1-4 TNFSF10 alone or in combina-
tion with other chemotherapeutics has shown promising antican-
cer activities through induction of apoptosis.4 However, primary 
or acquired resistance to TNFSF10 in cancer cells has been docu-
mented and the molecular basis for TNFSF10 resistance is still 

Although it is known that tumor necrosis factor-related apoptosis-inducing ligand (TNFSF10/TRAIL) induces autophagy, 
the mechanism by which autophagy is activated by TNFSF10 is still elusive. In this report, we show evidence that 
TRAF2- and RIPK1-mediated MAPK8/JNK activation is required for TNFSF10-induced cytoprotective autophagy. TNFSF10 
activated autophagy rapidly in cancer cell lines derived from lung, bladder and prostate tumors. Blocking autophagy 
with either pharmacological inhibitors or siRNAs targeting the key autophagy factors BECN1/Beclin 1 or ATG7 effectively 
increased TNFSF10-induced apoptotic cytotoxicity, substantiating a cytoprotective role for TNFSF10-induced autophagy. 
Blocking MAPK8 but not NFkB effectively blocked autophagy, suggesting that MAPK8 is the main pathway for TNFSF10-
induced autophagy. In addition, blocking MAPK8 effectively inhibited degradation of BCL2L1/Bcl-xL and reduction of the 
autophagy-suppressing BCL2L1–BECN1complex. Knockdown of TRAF2 or RIPK1 effectively suppressed TNFSF10-induced 
MAPK8 activation and autophagy. Furthermore, suppressing autophagy inhibited expression of antiapoptosis factors 
BIRC2/cIAP1, BIRC3/cIAP2, XIAP and CFLAR/c-FLIP and increased the formation of TNFSF10-induced death-inducing 
signaling complex (DISC). These results reveal a critical role for the MAPK8 activation pathway through TRAF2 and RIPK1 
for TNFSF10-induced autophagy that blunts apoptosis in cancer cells. Thus, suppression of MAPK8-mediated autophagy 
could be utilized for sensitizing cancer cells to therapy with TNFSF10.
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elusive.5-7 Therefore, understanding the underlying mechanisms 
for TNFSF10 resistance in cancer cells is important for improv-
ing the value of TNFSF10 as an anticancer therapeutic.

TNFSF10 induces apoptotic cell death in cancer by bind-
ing to its functional death receptors, death receptor (DR) 
4 (TNFRSF10A/TRAIL-R1) and DR5 (TNFRSF10B/
TRAIL-R2) to activate the extrinsic apoptosis pathway. TRAIL 
also activates c-Jun N-terminal kinase (MAPK8/JNK) and 
the transcription factor nuclear factor-κB (NFkB).1 The liga-
tion of TNFSF10 to TNFRSF10A or TNFRSF10B promotes 



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

1814	 Autophagy	 Volume 8 Issue 12

in cancer cells derived from different human tumors. The conver-
sion of MAP1LC3B-I (LC3B-I) to MAP1LC3B-II (LC3B-II), a 
hallmark of autophagy, was readily detected in the bladder can-
cer cell line UM-UC3, lung cancer cell line A549 and prostate 
cancer cell line PC3 as early as 1 h after TNFSF10 treatment 
(Fig. 1A and B; Fig. S1A). Consistent with autophagy induc-
tion, the expression level of the autophagic protein SQSTM1/
p62 was gradually reduced in TNFSF10-treated cells (Fig. 1A 
and B; Fig. S1A). To further confirm that the observed changes 
of MAP1LC3B and SQSTM1 were specifically due to autophagy, 
a MAP1LC3B and SQSTM1 turnover assay to detect autophagy 
flux was conducted. In this experiment, the lysosome inhibitor 
chloroquine (CQ) was used to determine whether TNFSF10 
increased MAP1LC3B-II production and did not simply sup-
press MAP1LC3B-II clearance. In all three cell lines, while 
either TNFSF10 or chloroquine alone caused moderate increases 
of MAP1LC3B-II, the incubation of cells with both TNFSF10 
and chloroquine further elevated MAP1LC3B-II expression (Fig. 
1C and D; Fig. S1B). Similarly, TNFSF10-induced reduction of 
SQSTM1 was also effectively blocked by CQ (Fig. 1C and D). 
These autophagy flux results strongly suggested that TNFSF10 
induces autophagy in cancer cells.23 Furthermore, with transfec-
tion of a GFP-LC3 plasmid, we examined MAP1LC3B puncta 
formation, another hallmark of autophagy, after TNFSF10 
treatment in A549 cells. Indeed, TNFSF10 strongly augmented 
the number of cells with increased MAP1LC3B puncta and 
MAP1LC3B puncta formation within the cell (Fig. 1E and F).24 
Taken together, these results strongly suggested that TNFSF10 
induces autophagy in different types of human cancer cells.

Autophagy protected cancer cells against TNFSF10-induced 
cytotoxicity. To determine the role of autophagy in TNFSF10-
induced cancer cell cytotoxicity, we first employed different 
autophagy inhibitors, wortmannin (WTM), 3-methyladenine 
(3MA) and CQ, for blocking autophagy at different steps of the 
autophagic pathway.23 While the inhibitors by themselves had 
little cytotoxicity, they remarkably increased TNFSF10-induced 
cell death in all the three cancer cell lines (Fig. 2A and B; Fig. 
S1C). Both 3MA and wortmannin blocked TNFSF10-induced 
autophagy, which was shown by reduced basal MAP1LC3B-II 
and autophagic flux (Fig. 2C; Fig. S2). To further confirm these 
observations, siRNA targeting ATG7 or BECN1 was used to 
block autophagy. Knockdown of either ATG7 or BECN1, which 
was confirmed by western blot (Fig. 2D), effectively potenti-
ated TNFSF10-induced cytotoxicity (Fig. 2D). The BECN1 and 
ATG7 siRNAs effectively blocked TNFSF10-induced increase of 
MAP1LC3B-II (Fig. 2E). These results were in agreement with 
previous reports that TNFSF10-induced autophagy is a cytopro-
tective signal against TNFSF10-induced cell death.22,25,26

Autophagy suppressed TNFSF10-induced apoptotic signal-
ing. We then examined if blocking autophagy affects TNFSF10-
induced activation of the extrinsic apoptosis pathway. When 
the UM-UC-3 and A549 cells were pretreated with wortman-
nin, TNFSF10-induced activation of CASP8 and CASP3 was 
strongly potentiated. Consistent with caspase activation, the 
cleavage of PARP1, a biomarker of apoptosis, was also substan-
tially enhanced (Fig. 3A and C). Using GST-TNFSF10 as a 

the formation of the death-inducing signal complex (DISC), 
which consists of death receptors, FADD, CASP8/caspase-8 and 
CFLAR/c-FLIP. Through a self-cleavage process, CASP8 is acti-
vated in the DISC to trigger activation of downstream effector 
caspases such as CASP3 /caspase-3 and CASP7/caspase-7.8 In cells 
with a weak CASP8-CASP3 signaling cascade, TNFSF10’s apop-
totic effect requires CASP8-mediated cleavage of the BH3-only 
BCL2/Bcl-2 family member BID to activate the intrinsic apoptosis 
pathway.8 There are mechanisms that tightly control TNFSF10-
induced apoptosis, which are utilized by cancer cells to counter-
act TNFSF10’s cytotoxicity. These include NFkB activation to 
upregulate expression of antiapoptosis factors such as CFLAR 
and BIRC2,9,10 and competitive inhibition of TNFRSF10A/B by 
decoy receptors (DcR) 1 (TNFRSF10C/TRAIL-R3) and DCR2 
(TNFRSF10D/TRAIL-R4), and osteoprotegerin (TNFRSF11B/
OPG) to suppress formation of a functional DISC that mediates 
apoptosis.11 In addition, we have identified a cellular signaling 
pathway consisting of EGFR, CFLAR, MCL1, PTGS2/Cox-2 
and TGM2 for acquired TNFSF10 resistance.12-14

Autophagy is an intracellular catabolic process involved in 
degradation and recycling of long-lived proteins and organelles, 
which is important for cell survival under nutrient-starvation 
conditions, and for housekeeping through removal of exhausted, 
redundant and unwanted cellular components.15,16 However, in 
certain circumstances autophagy leads to cell death.15,16 During 
autophagy, cytosolic elements are first sequestered by a double-
membrane vesicle to create autophagic vacuoles called auto-
phagosomes, which are subsequently fused to lysosomes to form 
autolysosomes, where sequestered components are degraded by 
lysosomal enzymes.15,16 The autophagy process is regulated by 
autophagy factors such as ATG7, ATG5 and BECN1, which play 
critical roles at different stages.15,16 The anti-apoptotic BCL2 fam-
ily proteins such as BCL2 and BCL2L1/BCL-xL bind BECN1 to 
inhibit autophagy and dissociation of these BCL2 family proteins 
from BECN1 promotes autophagy.17 In accordance with its con-
tradictory roles in cell death control, the effects of autophagy in 
cancer cells’ response to chemotherapy are also complex: either 
protecting against or promoting therapy-induced death.18-20

It has been reported that TNFSF10 is able to induce auto-
phagy in certain cancer cells,21 protecting them by blunting 
TNFSF10’s cytotoxicity and possibly contributing to TNFSF10 
resistance.22 However, how TNFSF10 induces autophagy has 
not been elucidated. In this report, we investigated TNFSF10-
induced cellular signaling pathways for autophagy induction and 
found that MAPK8 activation mediated by TRAF2 and RIPK1 
is crucial for TNFSF10-induced authophagy. Further, we showed 
that inhibiting autophagy promoted TNFSF10 DISC formation, 
suppressed anti-apoptotic factors, and potentiated TNFSF10-
induced apoptosis in cancer cells. Thus, suppression of MAPK8-
mediated autophagy could be a useful approach for sensitizing 
cancer cells to therapy with TNFSF10.

Results

TNFSF10 induced autophagy in different human cancer cells. 
We first investigated if TNFSF10 was able to induce autophagy 



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Autophagy	 1815

blocking agent IKBKB inhibitor had little effect on TNFSF10-
induced autophagy (Fig. 4A and B). These inhibitors were effec-
tive in suppressing their respective pathways (Fig. 4A and B).14 
Consistent with the cytoprotective role of autuphagy, block-
ing MAPK8 also substantially potentiated TNFSF10-induced 
cell death (Fig. 4C and D). Furthermore, blockage of MAPK8 
potentiated TNFSF10-induced apoptosis, which was shown by 
enhancement of CASP8 activation and PARP1 cleavage (Fig. 
4E). These results suggested that MAPK8 was the main pathway 
for TNFSF10 to induce cytoprotective autophagy.

MAPK8 mediated autophagy though degradation of 
BCL2L1 and reduction of the BCL2L1–BECN1 complex. 
In starvation-induced autophagy, MAPK8 phosphorylates the 
prosurvival BCL2 family of proteins to disrupt the complex of 

ligand, a GST pull-down experiment was conducted to examine 
the formation of TNFSF10 DISC. As shown in Figure 3B and D, 
blocking autophagy with chloroquine significantly increased the 
recruitment of FADD and CASP8 to form DISC. These results 
suggested that autophagy attenuates TNFSF10’s cytotoxicity, at 
least in part, through suppressing TNFSF10-induced apoptotic 
signaling.

Inhibiting MAPK8 activation suppressed TNFSF10-
induced autophagy and potentiated TNFSF10’s cytotoxic-
ity. To determine the signaling pathways that are involved in 
TNFSF10-induced autophagy, we used specific inhibitors for 
MAPK8 and NFkB to interfere with autophagy induction. The 
MAPK8 inhibitor completely abolished TNFSF10-induced 
autophagy (Fig. 4A and B; Fig. S3). In contrast, the NFkB 

Figure 1. TNFSF10 induced autophagy in cancer cells. (A and B) The cells were treated with TNFSF10 (60 ng/ml for UM-UC-3, 200 ng/ml for A549 and 
150 ng/ml for PC-3) for indicated times. The indicated proteins were detected by western blot. ACTB was detected as a loading control. (C and D) The 
cells were pretreated with chloroquine (CQ, 20 μM) for 30 min and then treated with TNFSF10 (60 ng/ml for UM-UC-3 and 200 ng/ml for A549) for an 
additional 2 h (for MAP1LC3B) and 8 h (for SQSTM1). The indicated proteins were detected by western blot. ACTB was detected as a loading control.  
(E) A549 stably transfected with GFP- LC3 were treated with TNFSF10 (200 ng/ml) for 1 h or remained untreated. Photographs were taken under a  
fluorescence microscope. (F) Quantification of cell numbers with GFP-LC3 puncta (left) and number of puncta per positive cell. Data shown are the 
mean ± SD *p < 0.01.
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by blocking caspases with z-VAD (Fig. S4B), suggesting that 
this degradation is unlikely the result of caspase-mediated cleav-
age.28 Suppressing MAPK8 but not NFkB restored the BCL2L1 
level, suggesting that MAPK8 mediated TNFSF10-induced 
BCL2L1 decrease (Fig. 5B). Suppression of either MAPK8 or 
NFkB had little effect on the expression level of MCL1 and 
BCL2 (Fig. 5B). Because MAPK8 dissociates the complex of 
BCL2L1 and BECN1 to trigger autophagy,29,30 we examined 

these proteins with BECN1, which promotes the initiation of 
autophagy.27 Thus, we examined if TNFSF10-induced MAPK8 
activation modulated the prosurvival BCL2 family of proteins. 
A decreased expression level of BCL2L1 was detected as early 
as 1 h post-TNFSF10 treatment. A slight decrease of MCL1 
expression was also detected while BCL2 was largely unaf-
fected (Fig. 5A; Fig. S4A). The degradation of BCL2L1 was 
suppressed by blocking lysosomal degradation with CQ but not 

Figure 2. Autophagy protected cancer cells against TNFSF10-induced cytotoxicity. (A and B) The cells were pretreated with 3MA (10 mM), CQ (20 μM), 
or wortmannin (1 μM) for 30 min and then treated with TNFSF10 (60 ng/ml for UM-UC-3 and 200 ng/ml for A549) for 24 h. Cell death was measured by 
LDH release assay. (C) UM-UC-3 cells were pretreated with different inhibitors (CQ, 20 μM; wortmannin, 1 μM; 3MA, 10 mM) for 30 min and then treated 
with TNFSF10 (60 ng/ml) for an additional 2 h (for MAP1LC3B) and 8 h (for SQSTM1), respectively. The indicated proteins were detected by western blot. 
ACTB was detected as a loading control. (D) Upper, UM-UC-3 cells were transfected with the indicated siRNAs (10 nM) for 24 h and then treated with 
TNFSF10 (60 ng/ml) for an additional 24 h. Cytotoxicity was detected by LDH release assay. Data shown are the mean ± SD *p < 0.01. Lower, UM-UC-3 
cells were transfected with the indicated siRNAs (10 nM) for 24 h. The indicated proteins were detected by western blot. (E) UM-UC-3 cells were trans-
fected with the indicated siRNAs (10 nM) for 24 h, and then treated with TNFSF10 (60 ng/ml) for an additional 2 h (for MAP1LC3B) and 8 h (for SQSTM1). 
The indicated proteins were detected by western blot. ACTB was detected as a loading control.
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a BECN1–BCL2 complex was also detected, TNFSF10 had no 
detectable effects on this complex (Fig. 5C and D; Fig. S4C and 
S4D). In contrast, no MCL1 was coimmunoprecipitated with 
BECN1, suggesting that the interaction of BECN1 and BCL2L1 
was specifically involved in TNFSF10-induced autophagy regu-
lation. These results suggested that TNFSF10-induced MAPK8 
activated BECN1 for autophagy by alleviating the suppression of 
BCL2L1 on BECN1.

if TNFSF10 induced reduction of the complex consisting of 
BCL2L1 and BECN1, by immunoprecipitation. The results 
showed that BECN1 was constitutively bound to BCL2L1, 
which was reduced after TNFSF10 treatment causing a decrease 
of BCL2L1 expression (Fig. 5C; Fig. S4C). Interestingly, the 
reduction of the BECN1–BCL2L1 interaction was restored 
when MAPK8 was blocked, which was associated with the res-
toration of BCL2L1 expression (Fig. 5D; Fig. S4D). Although 

Figure 3. Autophagy suppressed TNFSF10-induced apoptotic signaling. (A and B) UM-UC-3 and A549 cells were pretreated with wortmannin  
(1 μM) for 30 min and then treated with TNFSF10 (60 ng/ml for UM-UC-3 and 200 ng/ml for A549) for an additional 4 h. CASP8, CASP3, and PARP1 were 
detected by western blot. GADPH was detected as a loading control. (B and D) DISC formation detected by GST pull-down assay. The cells were pre-
treated with CQ (20 μM) for 30 min, then treated with GST-TNFSF10 (60 ng/ml and 200 ng/ml for A549) for 15 min or left untreated. GST-TNFSF10  
(60 ng/ml) was added to lysates from unstimulated cells to preciptate unstimulated TNFSF10 receptors. GST-TNFSF10-bound proteins were analyzed 
for the presence of TNFRSF10B, FADD, and CASP8 by western blot. GADPH was detected as loading and negative control.
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anti-apoptotic proteins from TNFSF10-induced reduction of 
these proteins.

Because anti-apoptotic proteins are regulated by degrada-
tion through the proteasome and lysosome crosstalk,31 we fur-
ther investigated the mechanisms of downregulation of these 
factors during autophagy blockage. The proteasome inhibi-
tor MG-132 effectively restored the expression of BIRC2 in 
TNFSF10-treated cells (Fig. 6C). The cathepsin B inhibitor, 
which inhibits a subgroup of lysosomal proteases, and CQ, 
which prevents acidification required for lysosomal enzymes 
to function, also slightly increased BIRC2 expression without 
affecting the BIRC2 modification. These results suggested that 

Autophagy suppressed TNFSF10-induced degradation 
of anti-apoptotic proteins. We further investigated whether 
autophagy regulated anti-apoptotic factors. TNFSF10 treat-
ment caused a slight decrease of BIRC2, BIRC3, XIAP and 
CFLAR. When the cells were cotreated with TNFSF10 and 
wortmannin, a dramatic decrease of these proteins was observed  
(Fig. 6A and B). Inhibition of autophagy through knockdown  
of either ATG7 or BECN1 also effectively potentiated 
TNFSF10-induced degradation of these anti-apoptotic proteins  
(Fig. S5). A similar effect of MAPK8 inhibition on these  
proteins was also detected (Fig. 6A and B). These results  
suggested that MAPK8-mediated autophagy protected these 

Figure 4. Inhibiting MAPK8 activation suppressed TNFSF10-induced autophagy and potentiated TNFSF10’s cytotoxicity. (A and B) UM-UC-3 and 
A549 cells were pretreated with the indicated inhibitors (SP600125, 10 μM; IKBKB inhibitor, 50 μM) for 30 min and then treated with TNFSF10 (60 ng/
ml for UM-UC-3 and 200 ng/ml for A549) for an additional 1 h. phospho-MAPK8 and MAP1LC3B were detected by western blot. ACTB was detected as 
a loading control. (C and D) UM-UC-3 and A549 cells were pretreated with SP600125 (10 μM) for 30 min and then treated with TNFSF10 (60 ng/ml for 
UM-UC-3 and 200 ng/ml for A549) for an additional 24 h. Cytotoxicity was detected by LDH release assay. Data shown are the mean ± SD *p < 0.01.  
(E) UM-UC-3 cells were pretreated with SP600125 (10 μM) for 30 min and then treated with TNFSF10 (60 ng/ml) for an additional 4 h. CASP8 and PARP1 
were detected by western blot. ACTB was detected as a loading control.
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required both RIPK1 and TRAF2 (Fig. 7A), consistent with our 
previous finding in mouse embryonic fibroblasts.9 Consistent 
with the role of MAPK8 in autophagy induction, suppressing 
RIPK1 or TRAF2 inhibited TNFSF10-induced autophagy (Fig. 
7A and B). Further, knockdown of RIPK1 or TRAF2 effec-
tively potentiated TNFSF10-induced cytotoxicity (Fig. 7C and 
D). Knockdown of expression of RIPK1 and TRAF2 was con-
firmed by western blot (Fig. 7E and F). Although RIPK1 and 
TRAF2 may protect cells against apoptosis through other mech-
anisms such as NFkB, these results suggested that mediation of 
MAPK8-associated autophagy also contributed to the cytopro-
tective activities of RIPK1 and TRAF2.

Discussion

In this study, we first confirmed that TNFSF10 induced protec-
tive autophagy in different cancer cell lines. By dissecting the 
TNFSF10-induced signaling pathways, we then investigated the 
mechanism by which TNFSF10 activated autophagy. The results 
showed that the MAPK8 activation, mediated by RIPK1 and 
TRAF2, played a pivotal role in TNFSF10-induced autophagy. 
Furthermore, we found that degradation of the anti-apoptotic 
factors BIRC2, BIRC3, XIAP and CFLAR and enhancement 
of TNFSF10 DISC formation were involved in the promotion 
of TNFSF10-induced cytotoxicity by inhibiting autophagy. 
Therefore, inhibiting MAPK8 pathway-mediated autophagy 

both proteasome and lysosome were involved in TNFSF10-
induced and autophagy-mediated BIRC2 degradation. In con-
trast, the cathepsin B inhibitor, but not MG132 protected from 
TNFSF10-induced BIRC3, XIAP and CFLAR reduction, sug-
gesting that the lysosomal but not the proteasomal pathway was 
involved in degradation of these proteins (Fig. 6C). Importantly, 
CQ suppressed SP600125-triggered BIRC2, BIRC3, XIAP and 
CFLAR decreases to different extents (Fig. 6C), suggesting that 
MAPK8-mediated protection of these anti-apoptotic proteins 
involved lysosomal degradation. This observation was consis-
tent with the report that autophagy inhibition compromises the 
ubiquitin-proteasome pathway.32 In addition, the pan-caspase 
inhibitor z-VAD also protected BIRC2 but had little effect 
on BIRC3, XIAP and CFLAR (Fig. 6C). Whether apoptosis 
or caspase-like protease activity in the proteasome mediates 
BIRC2 degradation needs further investigation. Nevertheless, 
these results suggested that the degradation of anti-apoptotic 
proteins involved different mechanisms, and both the protea-
some and lysosome were involved during TNFSF10-induced 
autophagy.

RIPK1 and TRAF2 modulated TNFSF10-induced and 
MAPK8-mediated autophagy. We next investigated factors in 
the TNFSF10 receptor signaling cascade for TNFSF10-induced 
MAPK8 activation and autophagy. Knocking down either RIPK1 
or TRAF2 partially inhibited TNFSF10-induced MAPK8 acti-
vation, suggesting that TNFSF10-induced MAPK8 activation 

Figure 5. MAPK8 mediated autophagy through degradation of BCL2L1 and dissociation of the BCL2L1–BECN1 complex. (A) A549 cells were treated 
with TNFSF10 (200 ng/ml) for indicated times. The expression of proteins was detected by western blot. GADPH was detected as a loading control.  
(B) A549 cells were pretreated with the indicated inhibitors (SP600125, 10 μM; IKBKB inhibitor, 50 μM) for 30 min and then treated with TNFSF10  
(200 ng/ml) for an additional 1 h. BCL2L1 and BCL2 were detected by western blot. GADPH was detected as a loading control. (C) A549 cells were 
treated with TNFSF10 (200 ng/ml) for indicated times (h). The proteins were detected by western blot after co-immunoprecipitation with a BECN1  
antibody. (D) A549 cells were pretreated with the SP600125 (10 μM) for 30 min or untreated, then treated with TNFSF10 (200 ng/ml) for 1 h. The indi-
cated proteins were detected by western blot after co-immunoprecipitation with a BECN1 antibody. GAPDH was detected as a loading control.
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the tested cells suppression of MAPK8 
promoted TNFSF10’s cytotoxicity. 
These observations reflected the com-
plexity of MAPK8 in cell-death regu-
lation, which may involve cell type 
specificity and alternative functions of 
MAPK8 isoforms.36 Consistent with a 
previous report for starvation-induced 
autophagy,27 TNFSF10-induced 
MAPK8 activation caused dissocia-
tion of the BCL2L1–BECN1 com-
plex. The released BECN1 triggers 
initiation of autophagy.27 However, 
we were unable to detect TNFSF10-
induced BCL2 phosphorylation. 
Instead, we found that TNFSF10 
caused BCL2L1 degradation and sup-
pressed the BCL2L1–BECN1 complex 
through MAPK8 activation. The deg-
radation of BCL2L1 was suppressed 
by blocking lysosomal degradation 
with CQ but not by blocking apopto-
sis with z-VAD. The exact mechanism 
by which MAPK8 mediates BCL2L1 
degradation for autophagy certainly 
deserves further study. Among the 
anti-apoptotic members of the BCL2 
family, we found BCL2L1 and BCL2 
but not MCL1 could bind to BECN1, 
and only the BCL2L1–BECN1 com-
plex was suppressed by TNFSF10. 
This suggested that different anti-
apoptotic members of the BCL2 
family may be differently involved in 
autophagy, which is shown in a recent 
report.37

With a siRNA approach, we found 
that both RIPK1 and TRAF2 were required for TNFSF10-
induced MAPK8 activation in cancer cells, which was consistent 
with our previous finding in mouse embryonic fibroblasts.9 More 
importantly, knockdown of RIPK1 or TRAF2 effectively sup-
pressed autophagy and potentiated TNFSF10-induced cell death. 
These results established a pathway consisting of RIPK1, TRAF2 
and MAPK8 for TNFSF10-induced protective autophagy.

How autophagy inhibits TNFSF10-induced apoptotic cell 
death is not fully understood. We clearly showed that suppression 
of autophagy enhanced TNFSF10 DISC formation. TNFSF10-
mediated autophagy counter-balances apoptosis by sequestering 
the large CASP8 subunit in autophagosomes for lysosomal deg-
radation.25 In agreement with this report, we found that suppress-
ing autophagy substantially increased the large CASP8 subunit 
(p43). In addition, we found that autophagy also inhibited basal 
and TNFSF10-induced degradation of anti-apoptotic factors 
including IAPs and CFLAR that are involved in TNFSF10 resis-
tance.12 Thus, autophagy seems to suppress TNFSF10-induced 
cancer cell death in two ways: (1) by blocking apoptotic signaling 

will increase TNFSF10’s anticancer activity and circumvent 
TNFSF10 resistance in cancer cells.

TNFSF10 induces autophagy in leukemia (Jurkat), breast 
cancer (MCF7) and colon cancer (HCT 116) cell lines, and auto-
phagy is protective against TNFSF10’s cytotoxicity in these can-
cer cells.22,25,26 However, the role of autophagy in a cell’s fate can 
be cell type-specific.15,16 Furthermore, how TNFSF10 induces 
autophagy in cancer cells is still elusive. Therefore, in this study 
we first confirmed that TNFSF10 was able to induce protective 
autophagy in lung, prostate and bladder cancer cell lines and 
then went on to investigate the signaling pathways required for 
TNFSF10-induced autophagy. The results identified the MAPK8 
pathway as the main pathway for TNFSF10-induced autophagy. 
Blocking MAPK8 effectively suppressed TNFSF10-induced auto-
phagy. As a kinase with multiple cellular functions, MAPK8 can 
be either pro-apoptotic or anti-apoptotic: transient MAPK8 acti-
vation is prosurvival while sustained MAPK8 activation results 
in cell death.33-35 Although it is reported that MAPK8 contrib-
utes to TNFSF10-induced cell death, we clearly showed that in 

Figure 6. MAPK8 mediated autophagy-associated degradation of anti-apoptotic proteins. (A–C) UM-
UC-3 and A549 cells were pretreated with the indicated inhibitors (SP600125, 10 μM; wortmannin,  
1 μM; MG132, 10 μM; cathepsin B inhibitor, 10 μM; CQ, 20 μM; z-VAD, 10 μM) for 30 min and then 
treated with TNFSF10 (60 ng/ml for UM-UC-3 and 200 ng/ml for A549) for an additional 4 h. The indi-
cated proteins were detected by western blot. ACTB was detected as a loading control.
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or -independent manner, is well documented. It has been 
reported that SQSTM1 binds and promotes full activation of 
CASP8 for enhancing cell death, suggesting a pro-apoptosis role 
of SQSTM1. Our results indicated that SQSTM1 had a cyto-
protective role through mediating TNFSF10-induced autophagy. 
Although the role and mechanism of SQSTM1 in regulating 
CASP8 activation deserve further study, our results clearly sug-
gested that SQSTM1-mediated autophagy protected cancer cells 
against TNFSF10-induced apoptosis.

through inhibiting CASP8 and, (2) by enhancing anti-apop-
totic pathways through stabilizing IAPs and CFLAR. Notably, 
although MCL1 was stabilized by MAPK8 similarly to BCL2L1, 
it seemed that MCL1 was not involved in autophagy regula-
tion. Therefore, each prosurvival BCL2 protein may function 
differently in protecting cancer cells from TNFSF10-induced 
cytotoxicity.

The involvement of autophagy components such as BECN1 
and SQSTM1 in apoptosis regulation, in an autophagy-dependent 

Figure 7. RIPK1 and TRAF2 modulated TNFSF10-induced and MAPK8-mediated autophagy. (A and B) UM-UC-3 cells were transfected with negative 
control or siRNAs against RIPK1 or TRAF2. Twenty-four h post-transfection, the cells were treated with TNFSF10 (60 ng/ml) for for an additional 2 h (for 
MAP1LC3B) and 8 h (for SQSTM1). The indicated proteins were detected by western blot. GAPDH was detected as a loading control. (C and D) UM-UC-3 
and A549 cells were transfected with the indicated siRNAs for 24 h and then treated with TNFSF10 (60 ng/ml for UM-UC-3 and 200 ng/ml for A549) for 
an additional 24 h. Cytotoxicity was detected by LDH release assay. Data shown are the mean ± SD *p < 0.01. (E and F) UM-UC-3 and A549 cells were 
transfected with the indicated siRNAs (10 nM) for 24 h. The indicated proteins were detected by western blot. ACTB was detected as a loading control.
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(pH 7.6), 0.5% NP40, 250 mM NaCl, 3 mM EDTA, 3 mM 
EGTA, 2 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride, 20 
mM β-glycerophosphate, 1 mM sodium vanadate, and 1 μg/ml 
leupeptin]. Equal amounts of protein from each cell lysate were 
resolved by 12% or 15% SDS-PAGE and analyzed by western 
blot. The proteins were visualized by enhanced chemilumines-
cence according to the manufacturer’s instructions (Millipore, 
WBKLS0500).39 Each experiment was repeated at least three 
times and representative results are shown. For immunoprecipita-
tion, cells were cultured in 60 mm dishes, treated as indicated in 
figure legends, and lysed in M2 buffer. Immunoprecipitation was 
performed as described previously.40 Briefly, 20 μl Protein A aga-
rose beads (50%) were coupled to 1 μg BECN1 antibody in PBS 
for 2 h at room temperature. Then 1 mg cell lysates were added 
and incubated with the beads by rotating overnight at 4°C. The 
beads were washed seven times with M2 buffer. The immunopre-
cipitants were eluted off the beads using electrophoresis sample 
buffer. The samples were boiled for 5 min and loaded on 12% 
SDS-PAGE gel. Proteins of interest were detected by western blot.

GST-pull-down and DISC analysis. UM-UC-3 cells were 
treated with 50 ng/ml of GST-TNFSF10 for 15 min, 30 min or left 
untreated. Cells were then washed twice with ice-cold PBS and 
lysed with 0.5 ml M2 buffer. The soluble fraction was incubated 
with 20 μl of (50%) glutathione-sepharose beads (Pharmacia,) 
for 3 h or overnight on a rotator at 4°C. GST-TNFSF10 (60 ng/
ml) was added to the lysates prepared from nonstimulated cells 
to precipitate the nonstimulated receptors. After five washes with 
M2 buffer, the bound proteins were eluted by boiling for 3 min 
in SDS-PAGE loading buffer and resolved in 12% SDS/PAGE. 
The presence of TNFRSF10B, FADD, CASP8, and CFLAR was 
then determined by western blot.12

Knockdown protein expression by RNAi. UM-UC-3 and 
A549 cells were seeded in a 6-well plate and 48-well plate the day 
before transfection at 50% confluence. SiRNA was transfected 
with siRNA INTERFERin™ (Polyplus-transfection, 409-10). 
Twenty-four hours after transfection, the expression of proteins 
of interest was measured by western blot, and remaining cells 
were treated for cytotoxicity assays.

Fluorescence microscopy. A549 cells stably tranfected with 
GFP-MAP1LC3B were grown on glass coverslips, treated with 
TNFSF10 (200 ng/ml) for 1 h, then examined under a fluo-
rescence microscope. Images shown are representative of three 
independent experiments. The percentage of punctate cells and 
average of puncta per positive cell were calculated.24

Statistical analysis. Data are expression as means ± SDs. 
Statistical significance was examined by one-way ANOVA.

In all analyses, p < 0.05 was considered statistically significant.
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The proteasome and lysosome impact one another and are 
involved in autophagy. Although autophagic protein degradation 
is lysosomal, autophagy also promotes ubiquitin-proteasomal 
protein degradation.32 In our study, we found that both lysosomal 
and proteasomal degradation were involved in regulating anti-
apoptotic proteins during TNFSF10-induced apoptosis. During 
TNFSF10-induced signaling, proteasome activity is required for 
BIRC2 degradation while the lysosome is involved in degradation 
of BIRC2/BIRC3 (c-IAPs) and CFLAR. Interestingly, both these 
protein degradation mechanisms are impacted by autophagy.

In summary, the results of this study identified a pathway con-
sisting of TRAF2, RIPK1 and MAPK8 for TNFSF10-induced 
protective autophagy in cancer cells. Suppression of MAPK8-
mediated autophagy through targeting the key components of 
this pathway could be useful for sensitizing cancer cells to ther-
apy with TNFSF10.

Materials and Methods

Reagents and antibodies. Glutathione S-transferase (GST) 
TNFSF10 was prepared as described previously.9,12 Antibodies 
against BCL2 (sc-7328), BECN1 (sc-48341), GAPDH (sc-32233) 
and TRAF2 (sc-877) were from Santa Cruz Biotechnology. 
Anti-phospho-MAPK8 (44682G) was from Invitrogen. Anti-
FADD (556402), -BIRC2 (AF8181), -BIRC3 (552782), -CASP3 
(559565), -TNFRSF10B (557868), -MAPK81 (554286), 
-SQSTM1 (610832), -RIPK1 (610458), -CASP8 (551242) and 
-poly(ADP-ribose) polymerase (PARP1, 611038) were from BD 
Biosciences. Anti-ACTB (A1978) and Anti-MAP1LC3B (L7543) 
were purchased from Sigma-Aldrich. Antibodies for BCL2L1 
(2762) and XIAP (2042) were from Cell Signaling. Antibodies 
against CFLAR (AAP-440c) and MCL1 (3035-100) were from 
Alexis and BioVision, respectively. Anti-ATG7 (PA5–17216) 
was from Thermo Scientific. The MAPK8 inhibitor SP600125 
(129-56-6), IKBKB/IKK inhibitor II (354812-17-2), MG132 
(474790), cathepsin B inhibitor (219385) and wortmannin 
(19545-26-7) were from Calbiochem. Chloroquine (CQ, 50-63-
5) was from Sigma-Aldrich. 3-Methyladenine (3MA, sc-205596) 
was from Santa Cruz Biotechnology. Short-interfering RNAs 
(ATG7 siRNA, M020112 and RIPK1 siRNA, M-00445-02-005) 
for selected genes and the nontargeting siRNA (Silencer® nega-
tive control #1 siRNA) were obtained from Dharmacom. BECN1 
siRNA (sc-29797) and TRAF2 siRNA (sc-29509) were from 
Santa Cruz Biotechnology.

Cell culture. UM-UC-3, PC-3 and A549 cells were obtained 
from American Type Culture Collection and grown in RPMI 1640 
supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 
100 units/ml penicillin, and 100 μg/ml streptomycin.

Cytotoxicity assay. A cytotoxicity assay based on the release of 
lactate dehydrogenase (LDH) was conducted using a CytoTox96 
Non-Radioactive Cytotoxicity Assay (Promega, G1782). Cells 
were seeded in 48-well plates at 70–80% confluence. After over-
night culture, cells were treated as indicated in each figure leg-
end. LDH release was determined as described previously.38

Western blotting and immunoprecipitation. Cell lysates were 
prepared by suspending cells in M2 buffer [20 mM TRIS-HCl 
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www.landesbioscience.com/journals/autophagy/article/22145

References
1.	 Abdulghani J, El-Deiry WS. TRAIL receptor signal-

ing and therapeutics. Expert Opin Ther Targets 2010; 
14:1091-108; PMID:20819019; http://dx.doi.org/10.
1517/14728222.2010.519701.

2.	 Stegehuis JH, de Wilt LH, de Vries EG, Groen 
HJ, de Jong S, Kruyt FA. TRAIL receptor targeting 
therapies for non-small cell lung cancer: current status 
and perspectives. Drug Resist Updat 2010; 13:2-
15; PMID:20036602; http://dx.doi.org/10.1016/j.
drup.2009.11.001.

3.	 Leong S, Cohen RB, Gustafson DL, Langer CJ, 
Camidge DR, Padavic K, et al. Mapatumumab, an 
antibody targeting TRAIL-R1, in combination with 
paclitaxel and carboplatin in patients with advanced 
solid malignancies: results of a phase I and phar-
macokinetic study. J Clin Oncol 2009; 27:4413-
21; PMID:19652058; http://dx.doi.org/10.1200/
JCO.2008.21.7422.

4.	 Hellwig CT, Rehm M. TRAIL signaling and syn-
ergy mechanisms used in TRAIL-based combina-
tion therapies. Mol Cancer Ther 2012; 11:3-13; 
PMID:22234808; http://dx.doi.org/10.1158/1535-
7163.MCT-11-0434.

5.	 Lane D, Côté M, Grondin R, Couture MC, Piché 
A. Acquired resistance to TRAIL-induced apopto-
sis in human ovarian cancer cells is conferred by 
increased turnover of mature caspase-3. Mol Cancer 
Ther 2006; 5:509-21; PMID:16546965; http://dx.doi.
org/10.1158/1535-7163.MCT-05-0362.

6.	 Song JJ, An JY, Kwon YT, Lee YJ. Evidence for two 
modes of development of acquired tumor necro-
sis factor-related apoptosis-inducing ligand resistance. 
Involvement of Bcl-xL. J Biol Chem 2007; 282:319-
28; PMID:17110373; http://dx.doi.org/10.1074/jbc.
M608065200.

7.	 Wenger T, Mattern J, Penzel R, Gassler N, Haas 
TL, Sprick MR, et al. Specific resistance upon len-
tiviral TRAIL transfer by intracellular retention of 
TRAIL receptors. Cell Death Differ 2006; 13:1740-
51; PMID:16470224; http://dx.doi.org/10.1038/
sj.cdd.4401867.

8.	 Wang X. The expanding role of mitochondria in apop-
tosis. Genes Dev 2001; 15:2922-33; PMID:11711427.

9.	 Lin Y, Devin A, Cook A, Keane MM, Kelliher M, 
Lipkowitz S, et al. The death domain kinase RIP is 
essential for TRAIL (Apo2L)-induced activation of 
IkappaB kinase and c-Jun N-terminal kinase. Mol 
Cell Biol 2000; 20:6638-45; PMID:10958661; http://
dx.doi.org/10.1128/MCB.20.18.6638-6645.2000.

10.	 Wajant H. TRAIL and NFkappaB signaling--a com-
plex relationship. Vitam Horm 2004; 67:101-32; 
PMID:15110174; http://dx.doi.org/10.1016/S0083-
6729(04)67007-5.

11.	 Wajant H, Gerspach J, Pfizenmaier K. Tumor thera-
peutics by design: targeting and activation of death 
receptors. Cytokine Growth Factor Rev 2005; 16:55-
76; PMID:15733832; http://dx.doi.org/10.1016/j.
cytogfr.2004.12.001.

12.	 Wang X, Chen W, Zeng W, Bai L, Tesfaigzi Y, Belinsky 
SA, et al. Akt-mediated eminent expression of c-FLIP 
and Mcl-1 confers acquired resistance to TRAIL-
induced cytotoxicity to lung cancer cells. Mol Cancer 
Ther 2008; 7:1156-63; PMID:18483303; http://
dx.doi.org/10.1158/1535-7163.MCT-07-2183.

13.	 Chen W, Bai L, Wang X, Xu S, Belinsky SA, Lin Y. 
Acquired activation of the Akt/cyclooxygenase-2/Mcl-1 
pathway renders lung cancer cells resistant to apoptosis. 
Mol Pharmacol 2010; 77:416-23; PMID:19933775; 
http://dx.doi.org/10.1124/mol.109.061226.

14.	 Li Z, Xu X, Bai L, Chen W, Lin Y. Epidermal 
growth factor receptor-mediated tissue transglutamin-
ase overexpression couples acquired tumor necrosis 
factor-related apoptosis-inducing ligand resistance and 
migration through c-FLIP and MMP-9 proteins in 
lung cancer cells. J Biol Chem 2011; 286:21164-
72; PMID:21525012; http://dx.doi.org/10.1074/jbc.
M110.207571.

15.	 Todde V, Veenhuis M, van der Klei IJ. Autophagy: prin-
ciples and significance in health and disease. Biochim 
Biophys Acta 2009; 1792:3-13; PMID:19022377; 
http://dx.doi.org/10.1016/j.bbadis.2008.10.016.

16.	 Mizushima N, Komatsu M. Autophagy: renova-
tion of cells and tissues. Cell 2011; 147:728-41; 
PMID:22078875; http://dx.doi.org/10.1016/j.
cell.2011.10.026.

17.	 Pattingre S, Tassa A, Qu X, Garuti R, Liang XH, 
Mizushima N, et al. Bcl-2 antiapoptotic proteins inhib-
it Beclin 1-dependent autophagy. Cell 2005; 122:927-
39; PMID:16179260; http://dx.doi.org/10.1016/j.
cell.2005.07.002.

18.	 Notte A, Leclere L, Michiels C. Autophagy as a mediator 
of chemotherapy-induced cell death in cancer. Biochem 
Pharmacol 2011; 82:427-34; PMID:21704023; http://
dx.doi.org/10.1016/j.bcp.2011.06.015.

19.	 Bonapace L, Bornhauser BC, Schmitz M, Cario G, 
Ziegler U, Niggli FK, et al. Induction of autopha-
gy-dependent necroptosis is required for childhood 
acute lymphoblastic leukemia cells to overcome glu-
cocorticoid resistance. J Clin Invest 2010; 120:1310-
23; PMID:20200450; http://dx.doi.org/10.1172/
JCI39987.

20.	 Wu WK, Coffelt SB, Cho CH, Wang XJ, Lee CW, 
Chan FK, et al. The autophagic paradox in cancer ther-
apy. Oncogene 2012; 31:939-53; PMID:21765470; 
http://dx.doi.org/10.1038/onc.2011.295.

21.	 Mills KR, Reginato M, Debnath J, Queenan B, Brugge 
JS. Tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL) is required for induction of autophagy 
during lumen formation in vitro. Proc Natl Acad Sci 
U S A 2004; 101:3438-43; PMID:14993595; http://
dx.doi.org/10.1073/pnas.0400443101.

22.	 Han J, Hou W, Goldstein LA, Lu C, Stolz DB, Yin 
XM, et al. Involvement of protective autophagy in 
TRAIL resistance of apoptosis-defective tumor cells. 
J Biol Chem 2008; 283:19665-77; PMID:18375389; 
http://dx.doi.org/10.1074/jbc.M710169200.

23.	 Mizushima N, Yoshimori T, Levine B. Methods in 
mammalian autophagy research. Cell 2010; 140:313-
26; PMID:20144757; http://dx.doi.org/10.1016/j.
cell.2010.01.028.

24.	 Klionsky DJ, Abeliovich H, Agostinis P, Agrawal DK, 
Aliev G, Askew DS, et al. Guidelines for the use and 
interpretation of assays for monitoring autophagy 
in higher eukaryotes. Autophagy 2008; 4:151-75; 
PMID:18188003.

25.	 Hou W, Han J, Lu C, Goldstein LA, Rabinowich H. 
Autophagic degradation of active caspase-8: a cross-
talk mechanism between autophagy and apoptosis. 
Autophagy 2010; 6:891-900; PMID:20724831; http://
dx.doi.org/10.4161/auto.6.7.13038.

26.	 Hou W, Han J, Lu C, Goldstein LA, Rabinowich 
H. Enhancement of tumor-TRAIL susceptibility by 
modulation of autophagy. Autophagy 2008; 4:940-3; 
PMID:18769107.

27.	 Wei Y, Pattingre S, Sinha S, Bassik M, Levine B. 
JNK1-mediated phosphorylation of Bcl-2 regulates 
starvation-induced autophagy. Mol Cell 2008; 30:678-
88; PMID:18570871; http://dx.doi.org/10.1016/j.
molcel.2008.06.001.

28.	 Clem RJ, Cheng EH, Karp CL, Kirsch DG, Ueno K, 
Takahashi A, et al. Modulation of cell death by Bcl-XL 
through caspase interaction. Proc Natl Acad Sci U S 
A 1998; 95:554-9; PMID:9435230; http://dx.doi.
org/10.1073/pnas.95.2.554.

29.	 Zhou F, Yang Y, Xing D. Bcl-2 and Bcl-xL play impor-
tant roles in the crosstalk between autophagy and apop-
tosis. FEBS J 2011; 278:403-13; PMID:21182587; 
http://dx.doi.org/10.1111/j.1742-4658.2010.07965.x.

30.	 Allen JE, El-Deiry WS. Oxaliplatin uses JNK to 
restore TRAIL sensitivity in cancer cells through Bcl-
xL inactivation. Gastroenterology 2011; 141:430-4; 
PMID:21699898; http://dx.doi.org/10.1053/j.gas-
tro.2011.06.026.

31.	 Korolchuk VI, Menzies FM, Rubinsztein DC. 
Mechanisms of cross-talk between the ubiquitin-pro-
teasome and autophagy-lysosome systems. FEBS Lett 
2010; 584:1393-8; PMID:20040365; http://dx.doi.
org/10.1016/j.febslet.2009.12.047.

32.	 Korolchuk VI, Mansilla A, Menzies FM, Rubinsztein 
DC. Autophagy inhibition compromises degradation 
of ubiquitin-proteasome pathway substrates. Mol Cell 
2009; 33:517-27; PMID:19250912; http://dx.doi.
org/10.1016/j.molcel.2009.01.021.

33.	 Lin A, Dibling B. The true face of JNK activation in 
apoptosis. Aging Cell 2002; 1:112-6; PMID:12882340; 
http://dx.doi.org/10.1046/j.1474-9728.2002.00014.x.

34.	 Ventura JJ, Cogswell P, Flavell RA, Baldwin AS Jr., 
Davis RJ. JNK potentiates TNF-stimulated necro-
sis by increasing the production of cytotoxic reac-
tive oxygen species. Genes Dev 2004; 18:2905-15; 
PMID:15545623; http://dx.doi.org/10.1101/
gad.1223004.

35.	 Yu C, Minemoto Y, Zhang J, Liu J, Tang F, Bui TN, 
et al. JNK suppresses apoptosis via phosphorylation of 
the proapoptotic Bcl-2 family protein BAD. Mol Cell 
2004; 13:329-40; PMID:14967141; http://dx.doi.
org/10.1016/S1097-2765(04)00028-0.

36.	 Mahalingam D, Keane M, Pirianov G, Mehmet H, 
Samali A, Szegezdi E. Differential activation of JNK1 
isoforms by TRAIL receptors modulate apoptosis of 
colon cancer cell lines. Br J Cancer 2009; 100:1415-
24; PMID:19352384; http://dx.doi.org/10.1038/
sj.bjc.6605021.

37.	 Xu P, Das M, Reilly J, Davis RJ. JNK regulates 
FoxO-dependent autophagy in neurons. Genes Dev 
2011; 25:310-22; PMID:21325132; http://dx.doi.
org/10.1101/gad.1984311.

38.	 Wang X, Ju W, Renouard J, Aden J, Belinsky SA, Lin 
Y. 17-allylamino-17-demethoxygeldanamycin syner-
gistically potentiates tumor necrosis factor-induced 
lung cancer cell death by blocking the nuclear fac-
tor-kappaB pathway. Cancer Res 2006; 66:1089-95; 
PMID:16424045; http://dx.doi.org/10.1158/0008-
5472.CAN-05-2698.

39.	 Bai L, Chen W, Chen W, Wang X, Tang H, Lin 
Y. IKKbeta-mediated nuclear factor-kappaB activa-
tion attenuates smac mimetic-induced apoptosis in 
cancer cells. Mol Cancer Ther 2009; 8:1636-45; 
PMID:19509265; http://dx.doi.org/10.1158/1535-
7163.MCT-09-0068.

40.	 Devin A, Cook A, Lin Y, Rodriguez Y, Kelliher M, 
Liu Z. The distinct roles of TRAF2 and RIP in IKK 
activation by TNF-R1: TRAF2 recruits IKK to TNF-
R1 while RIP mediates IKK activation. Immunity 
2000; 12:419-29; PMID:10795740; http://dx.doi.
org/10.1016/S1074-7613(00)80194-6.




