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Recently, a type of regulated necrosis (RN) called necroptosis was identified to be involved in many pathophysiological processes
and emerged as an alternative method to eliminate cancer cells. However, only a few studies have elucidated components of
TRAIL-mediated necroptosis useful for anticancer therapy. Therefore, we have compared this type of cell death to tumor necro-
sis factor (TNF)-mediated necroptosis and found similar signaling through acid and neutral sphingomyelinases, the mitochon-
drial serine protease HtrA2/Omi, Atg5, and vacuolar H�-ATPase. Notably, executive mechanisms of both TRAIL- and TNF-me-
diated necroptosis are independent of poly(ADP-ribose) polymerase 1 (PARP-1), and depletion of p38� increases the levels of
both types of cell death. Moreover, we found differences in signaling between TNF- and TRAIL-mediated necroptosis, e.g., a lack
of involvement of ubiquitin carboxyl hydrolase L1 (UCH-L1) and Atg16L1 in executive mechanisms of TRAIL-mediated necrop-
tosis. Furthermore, we discovered indications of an altered involvement of mitochondrial components, since overexpression of
the mitochondrial protein Bcl-2 protected Jurkat cells from TRAIL- and TNF-mediated necroptosis, and overexpression of
Bcl-XL diminished only TRAIL-induced necroptosis in Colo357 cells. Furthermore, TRAIL does not require receptor internaliza-
tion and endosome-lysosome acidification to mediate necroptosis. Taken together, pathways described for TRAIL-mediated
necroptosis and differences from those for TNF-mediated necroptosis might be unique targets to increase or modify necroptotic
signaling and eliminate tumor cells more specifically in future anticancer approaches.

The molecular pathways of regulated cell death (RCD) consist
of important coordinated processes that govern the function-

ality and viability of each cell. Moreover, the precise control of
RCD is crucial to maintain cellular homeostasis, and dysfunction
of this equilibrium can lead to cancer progression (1). RCD can be
divided into three main groups: caspase-dependent cell death,
caspase-independent cell death, and autophagic cell death (2).
While caspase-dependent extrinsic apoptosis and intrinsic apop-
tosis (which may involve both caspase-dependent and caspase-
independent mechanisms) have been extensively studied over the
last decades, signaling pathways of caspase-independent regulated
necrosis (RN) remain poorly understood, and only a few studies
are available in the literature. During inhibition of caspases [e.g.,
by benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone
(zVAD)], death receptors (e.g., tumor necrosis factor [TNF],
TNF-related apoptosis-inducing ligand [TRAIL], or CD95) and
Toll-like receptors (TLRs) (e.g., TLR-3 and TLR-4) have been
shown to induce RN that is tightly orchestrated by a set of signal
transduction pathways and catabolic mechanisms. The types of
RN (i.e., mitotic catastrophe, parthanatos, netosis, entosis, and
cornification) are characterized and named according to the acti-
vation of specific signaling molecules (3); e.g., caspase-indepen-
dent RN, induced by death receptors and promoted by the phos-
phorylation of the serine/threonine kinases RIPK1 and RIPK3 and
mixed-lineage kinase domain-like protein (MLKL), is called
necroptosis (4). Recently, we have shown that TNF and TRAIL
together with pharmacological caspase inhibition (i.e., by zVAD)
are able to induce necroptosis in cancer cells (5). Furthermore, we
were able to show that necroptosis induced by TRAIL, which is
one of the most promising alternative molecules for cancer ther-

apy, can be used for cancer cell reduction (6). However, only
necroptosis induced by TNF, which is known to cause strong sys-
temic toxic side effects (7) and neurotoxicity (8), has been inves-
tigated in detail so far. Many executive mechanisms, such as the
involvement of ceramide and the serine protease HtrA2/Omi, the
subsequent ubiquitination of UCH-L1 (9, 10), or the lack of poly-
(ADP-ribose) (PAR) polymerase 1 (PARP-1) involvement (11),
have been identified for TNF-induced necroptosis. Moreover, the
increased expression of antiapoptotic proteins such as cFLIP,
Bcl-XL, or XIAP and the diminished expression of proapoptotic
molecules such as caspases or Bid allow cancer cells to evade apop-
totic cell death (12). Thus, RN induced under caspase-compro-
mised conditions, e.g., by naturally occurring substances (13) or
drugs (14), arose as an alternative way to eliminate cancer cells.
Although TRAIL-mediated necroptosis is emerging as the focus of
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anticancer therapy, signaling pathways are still incompletely un-
derstood, and only a few studies, e.g., about the inhibitory action
of TRAF2 (15) or the involvement of ceramide (16) during
TRAIL-induced necroptosis, are available. Moreover, direct com-
parisons and analyses of differences in signaling pathways be-
tween TNF- and TRAIL-mediated necroptosis in the context of
future anticancer therapies are still missing.

In this study, we addressed this gap and investigated the roles of
various signaling molecules (including acid sphingomyelinase [A-
SMase]/neutral sphingomyelinase [N-SMase], Atg5, HtrA2/Omi,
PARP-1, p38�, UCH-L1, and Atg16L1) in RIPK1-dependent
TRAIL-mediated necroptosis in comparison to TNF-mediated
necroptosis. Taken together, our data provide new insights into
the signaling of TRAIL- and TNF-mediated necroptosis and show
differences in both forms that might be critical for their applica-
tion in future anticancer approaches.

MATERIALS AND METHODS
Reagents. Highly purified soluble human recombinant killerTRAIL, spi-
roepoxide, and 3-O-methyl-sphingomyelin (3-OMS) were obtained from
Enzo Life Sciences (Lörrach, Germany). Highly purified human recombi-
nant TNF (hrTNF) was provided by BASF Bioresearch (Ludwigshafen,
Germany). zVAD, N-benzyloxycarbonyl-Asp-Glu-Val-Asp-O-methyl-
fluoromethylketone (zDEVD), and N-benzyloxycarbonyl-Ile-Glu-Thr-
Asp-O-methyl-fluoromethylketone (zIETD) were purchased from
Bachem (Bubendorf, Switzerland). Nec-1s (7-Cl-O-Nec-1) was ob-
tained from BioVision (Milpitas, CA). 7-Aminoactinomycin D (7-AAD)
was obtained from BD Biosciences (Heidelberg, Germany). Tricyclode-
can-9-yl (D609) was purchased from Biomol (Hamburg, Germany).
Fumonisin B1, 3-methyladenine (3-MA), 5-[5-(2-nitrophenyl)furfuryli-
dine]-1,3-diphenyl-2-thiobarbituric acid (Ucf-101), and benzyloxycarbonyl-
Phe-Phe-fluoromethylketone (zFF) were obtained from Merck Millipore
(Schwalbach, Germany). Zoledronic acid was purchased from Novartis
(Basel, Switzerland). ARC39 (1-aminodecan-1,1-biphospho acid) was de-
scribed previously (17), and TP064/14e (1-O-dodecylsulfonyl-myoinosi-
tol-3,5-biphosphate) was described previously (18). Desipramine hydro-
chloride, imipramine hydrochloride, and GW4869 {N,N=-bis[4-(4,5-
dihydro-1H-imidazol-2-yl)phenyl]-3,3=-p-phenylene-bis-acrylamide
dihydrochloride hydrate} were obtained from Sigma-Aldrich (Steinheim,
Germany). Radicicol (RC) was purchased from Tebu-Bio (Offenbach,
Germany). Geldanamycin (GA) and bafilomycin A1 (BafA1) were
purchased from LC Laboratories (Woburn, MA). 3-Aminobenzamide
(3-AB) was obtained from TCI Europe (Eschborn, Germany), N-(5,6-
dihydro-6-oxo-2-phenanthridinyl)-2-acetamide hydrochloride (PJ-34)
was obtained from Bio-Techne (Wiesbaden-Nordenstad, Germany), and
olaparib (AZD2281) was purchased from Axon (Groningen, Nether-
lands). Birinapant (TL32711) was provided by ChemieTek (Indianapolis,
IN). Butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT),
cycloheximide (CHX), (2S,3S)-trans-epoxysuccinyl-L-leucylamido(4-gua-
nidino)butane (E-64), tert-butyl hydroperoxide (BuOOH), benzyloxycarbo-
nyl-Phe-Ala-fluoromethylketone (zFA), tosyl phenylalanyl chloromethyl ke-
tone (TPCK), chloroquine diphosphate salt (CQ), LDN57444, LDN91946,
WIKI4, and XAV939 were purchased from Sigma-Aldrich. PitSop2 and dy-
nasore were obtained from Abcam (Cambridge, UK). (L-3-trans-(Propyl-
carbamoyl)oxirane-2-carbonyl)-L-isoleucyl-L-proline methyl ester (Ca-
074 Me) was obtained from the Peptide Institute (Minoh-Shi, Osaka,
Japan). CM-H2DCFDA (5= [and 6=]-chloromethyl-2=7=-dichlorodihy-
drofluorescein diacetate acetyl ester) and CMTMRos MitoTracker orange
were purchased from Life Technologies (Darmstadt, Germany). Annexin
V-Fluos was obtained from Roche (Mannheim, Germany). Chemical
compounds not listed were obtained from Merck and Sigma-Aldrich and
were of molecular-grade purity.

Cell culture. Human Jurkat and HT-29 cell lines were obtained from
the American Type Culture Collection (ATCC) (Manassas, VA). RIPK1-

deficient and Bcl-2-overexpressing Jurkat cells were originally obtained
from Brian Seed (Massachusetts General Hospital, Boston, MA). Jurkat
Fas-associated death domain protein (FADD)-deficient cells that were
additionally stably transfected with TNF-R2, referred to as Jurkat I.42 cells
(19), were a kind gift from Francis Ka-Ming Chan (Worcester, MA). The
pancreatic carcinoma Colo357 cell line overexpressing Bcl-XL or trans-
fected with a vector was described previously (20). A818-6 human pan-
creatic adenocarcinoma cells were described previously (21). Murine
“genuine” L929ATCC cells were directly obtained from the ATCC. The
L929Ts cell line is referred to as a “TRAIL-sensitive” subline, and the
L929sA cell line is a TNF-hypersensitive subline of L929, both of which
were described previously (16). NIH 3T3 cells naturally expressing RIPK3
and therefore sensitive to necroptosis were described previously (22). Im-
mortalized HtrA2/Omi-deficient mouse embryonic fibroblasts (MEFs)
and their wild-type counterparts were originally generated by Julian
Downward (Cancer Research UK Signal Transduction Laboratory, Lon-
don, UK) (23) and provided by Thomas Langer (University of Cologne
Institute for Genetics). Immortalized PARP-1-deficient MEFs and wild-
type cells were donated by Françoise Dantzer (École Supérieure de Bio-
technologie de Strasbourg, Illkirch-Graffenstaden, France) (24). Immor-
talized Atg16L1-deficient MEFs and their wild-type controls were
obtained from Philip Rosenstiel (Institute of Clinical Molecular Biology,
Christian Albrechts University, University Hospital Schleswig-Holstein,
Kiel, Germany) and Paul Saftig (Christian Albrechts University, Institute
of Biochemistry, Unit of Molecular Cell Biology and Transgenic Research,
Kiel, Germany) (25). Immortalized Atg5-deficient MEFs and their wild-
type counterparts were generated and described previously by Keil et al.
(26). MEFs stably expressing the wild-type Atg5 protein and the Atg5
T75A mutant were described previously (27). p38�-deficient MEFs and
their wild-type counterparts were obtained from Angel Nebreda (Institute
for Research in Biomedicine, Barcelona, Spain) and were described pre-
viously (28). Cells were cultivated in Dulbecco’s modified Eagle’s me-
dium (DMEM) (MEFs), McCoy’s medium (HT-29 and A818-6),
RPMI 1640 (Colo357), or a mixture of Click’s medium and RPMI 1640
medium (all other cell lines) supplemented with 10% (vol/vol) fetal
bovine serum and 2 mM L-glutamine and additionally supplemented
with 1 mM sodium pyruvate (HT-29), 50 �M �-mercaptoethanol in
0.9% (wt/vol) NaCl (all other cell lines), and 100 �g/ml each of strep-
tomycin and penicillin in a humidified incubator containing 5% (wt/
vol) CO2.

Measurement of loss of plasma membrane integrity. Cells were
seeded into 12-well plates at a density of 1 � 105 cells/well. After treat-
ment, both detached and adherent cells were collected by centrifugation
(5 min at 400 � g at 4°C). Cells were resuspended in phosphate-buffered
saline (PBS)–5 mM EDTA and stained with 2 �g/ml propidium iodide
(PI) solution. The red fluorescence of 10,000 cells was then measured by
using a FACSCalibur analyzer (BD Biosciences, San Diego, CA).

Measurement of intracellular ATP levels. The cellular ATP content as
an indicator of cell viability was determined with a microplate reader
(Tecan, Crailsheim, Germany) by using a bioluminescence assay (Cell
Titer Glo assay kit; Promega, Mannheim, Germany) according to the
manufacturer’s instructions.

Measurement of reactive oxygen species levels. Following stimula-
tion, cells were detached and centrifuged as described above; washed twice
with PBS; and stained with 30 �M dihydroethidium (DHE) for 15 min, 10
�M CM-H2DCFDA for 30 min, or 2 �g/ml PI solution added 1 min
before measurement. The green or red fluorescence of 10,000 cells was
measured by flow cytometry. The level of reactive oxygen species (ROS)
was measured by flow cytometry and is shown as the fold change in rela-
tive fluorescence units (RFUs) in comparison to those for untreated con-
trol cells, normalized to a value of 1.

Flow cytometric analysis of ��m. After treatment, cells were washed
with PBS and resuspended in a total volume of 100 �l of 150 nM
CMTMRos for 30 min at 37°C in the dark. Afterwards, cells were centri-
fuged (5 min at 400 � g at room temperature [RT]) and fixed in 4%
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(wt/vol) paraformaldehyde for 15 min at 37°C in the dark, and 10,000 cells
were analyzed by flow cytometry.

Flow cytometric analysis of membrane integrity and phosphatidyl-
serine externalization. Following treatment, cells were washed with PBS
and stained with a mixture of 2% (vol/vol) annexin V-Fluos and 5%
(vol/vol) 7-AAD in staining buffer (10 mM HEPES [pH 7.4], 140 mM
NaCl, 5 mM CaCl2) for 15 min at 37°C in the dark, and 10,000 cells were
measured by flow cytometry.

RNA interference. Silencer Select small interfering RNAs (siRNAs)
specific for murine HtrA2/Omi(1) (catalogue number s82292), HtrA2/
Omi(2) (catalogue number s82293), murine UCH-L1 (catalogue number
s75710), and murine (catalogue number s62053) and human (catalogue
number s1097) PARP-1 were obtained from Life Technologies. A total of
1 � 106 cells were transfected with 150 pmol siRNA by using Cell Line
Nucleofector kit V (Amaxa, Cologne, Germany) and the T-20 (L929Ts) or
X-001 (Jurkat) program. Each transfection experiment was validated by
using a negative control consisting of a scrambled siRNA that does not
target any gene (siNT) (catalogue number AM4611). The efficiency of
downregulation after siRNA transfection was analyzed by Western blot-
ting for the proteins of interest.

Immunological reagents. Cells were harvested after treatment and
lysed at 4°C in TNE buffer (50 mM Tris [pH 8.0], 1% [vol/vol] NP-40, 150
mM NaCl, 3 mM EDTA, 1 mM sodium orthovanadate [Na3VO4], 5 mM
sodium fluoride [NaF], and a complete protease inhibitor cocktail
[Roche]). Identical amounts of protein per lane were resolved by electro-
phoresis on SDS-polyacrylamide gels and transferred onto nitrocellulose
membranes by Western blotting. Reactive proteins were detected by using
antibodies specific for Atg16L1 (D5D6, catalogue number 8089; Cell Sig-
naling), �-actin (catalogue number A1978; Sigma), Bcl-XL (2H12, cata-
logue number 551020; BD), Bcl-2 (catalogue number sc-509; Santa Cruz),
I�B� (Ser32) (14D4, catalogue number 2859; Cell Signaling), I�B� (C-21,
catalogue number sc-371G; Santa Cruz), p-p65 (Ser536) (93H1, catalogue
number 3033; Cell Signaling), p65 (C22B4, catalogue number 4764; Cell
Signaling), HtrA2/Omi (catalogue number ab32092; Abcam), LC3 (cata-
logue number 0231-100/LC3-5F10; nanoTools), PAR (catalogue number
551813, component 51-8114KC; BD Pharmingen), PARP-1 (catalogue
number 9542; Cell Signaling), p38� (5F11, catalogue number 9217; Cell
Signaling), RIPK1 (catalogue number 610459; BD Biosciences), murine
RIPK3 (catalogue number PRS2283; Sigma), human RIPK3 (catalogue
number PAB0287; Abnova), UCH-L1 (polyclonal antibody [PAb]
CL95101; Cedarlane), and UCH-L1 (monoclonal antibody [MAb] de-
scribed previously [9]) and the LumiGLO chemiluminescent substrate
(Cell Signaling, Danvers, MA) and captured on Amersham Hyperfilm
ECL (GE Healthcare, Munich, Germany). Equal loading as well as effi-
ciency of transfer were routinely verified for all Western blots by reprob-
ing the membranes for �-actin.

Transient expression of Atg16L1 constructs. The Atg16L1 construct
was provided by Philip Rosenstiel (Institute of Clinical Molecular Biology,
Christian Albrechts University, University Hospital Schleswig-Holstein,
Kiel, Germany). Briefly, for each transfection point, 1 � 106 MEFs were
electroporated by the use of a basic primary fibroblast Nucleofector kit
(catalogue number VAPI-1002; Lonza, Cologne, Germany) with the
A-023 program for 48 h, followed by cytotoxicity assays and measurement
of the loss of plasma membrane integrity by fluorescence-activated cell
sorter (FACS) analysis.

Internalization study by using ImageStream. Briefly, for internaliza-
tion studies, cells were detached by using ice-cold PBS-EDTA, cooled on
ice for 15 min, and labeled with either Fc-tagged TNF (purified from 293T
cell supernatants) or Fc-tagged TRAIL (kindly provided by Henning Wal-
czak, UCL, Cancer Institute, London, UK) coupled to protein G-Alexa
Fluor 488 (catalogue number P-11065; Thermo Fisher, Darmstadt, Ger-
many), which was added and incubated for 30 min on ice. zVAD was
added for the final 20 min of incubation. After washing of the cells with
cooled PBS, synchronous receptor internalization was allowed for 30 min
by adding 50 �l prewarmed medium without fetal calf serum (FCS) and

incubating the cells in the dark at 37°C. Internalization was stopped by the
addition of cold PBS to the cells. Plasma membranes were stained with
CellMask Deep Red plasma membrane stain (catalogue number C10046;
Thermo Fisher, Darmstadt, Germany) for 5 min on ice. Subsequently,
cells were centrifuged and fixed in 2% paraformaldehyde prior to mea-
surement. Image acquisition was performed by using an Image-
StreamX Mark II imaging flow cytometer (Amnis Corporation, Seattle,
WA) equipped with INSPIRE software. For each assay, 10,000 images
were acquired at a �60 magnification. Data analysis was performed by
using IDEAS software (Amnis Corporation).

Microscopic observations. Cells undergoing RCD were visualized
with an Axiovert 10 light microscope with achrostigmat objectives with a
resolution (magnification/aperture) of 32�/0.40 or 20�/0.30, and im-
ages were digitalized with a Nikon DS-5M-L1 Digital Sight camera system.

Statistical analysis. P values were calculated by using Student’s t test.
The statistical significance of increased or decreased values is indicated in
the figure legends.

RESULTS
TRAIL triggers RIPK1-dependent necroptosis after caspase-8
inhibition. As we have shown previously (5, 6, 16), TRAIL in
combination with the pancaspase inhibitor zVAD (Fig. 1A), and,
for some human cancer cells, additionally after sensitization with
a protein synthesis inhibitor (i.e., CHX), is able to induce RIPK1-
dependent necroptosis (Fig. 1B). The role of RIPK1 during
TRAIL-mediated necroptosis was confirmed by genetic ablation
(Fig. 1B) or the application of two inhibitors of the 90-kDa heat
shock protein (HSP90) (29), GA and RC (Fig. 1C), which are
known to downregulate the protein level of RIPK1 (30). Further-
more, the main role of RIPK1 during necroptosis was confirmed
for all analyzed cell lines (L929Ts, NIH 3T3, Jurkat, and HT-29),
as Nec-1s (analogue of Nec-1, a specific and stable RIPK1 inhibi-
tor, but lacking the targeting effect on the immunomodulatory
enzyme indoleamine 2,3-dioxygenase [IDO] [31]) prevented the
execution of TRAIL-mediated necroptosis (Fig. 1D). Moreover,
TRAIL-mediated necroptosis, compared to caspase-dependent
apoptosis, is characterized by the late-stage externalization of
phosphatidylserine and a loss of mitochondrial membrane poten-
tial (Fig. 1E and F).

Furthermore, we started to compare a broad range of signaling
events during TRAIL- and TNF-induced necroptosis. One of the
previously described differences between TRAIL- and TNF-medi-
ated necroptosis is the dependence on the presence of FADD (Fas-
associated protein with a death domain), one of the adaptor mol-
ecules building the death-inducing signaling complex (DISC). As
it was previously shown that necroptosis is induced by TNF alone
or by the combination of TNF and zVAD in Jurkat cells lacking
FADD (32), TRAIL- or TRAIL-zVAD-mediated necroptosis is not
executed in cells lacking FADD (Fig. 1G). Since there are already
indications of differences in the signaling of TRAIL- and TNF-
induced necroptosis, we analyzed and compared further signaling
events to describe the diversity and similarities in TRAIL- and
TNF-mediated necroptosis.

TRAIL-mediated necroptosis is inhibited by Ca-074 Me-de-
pendent mechanisms. It was shown previously that commonly
used caspase inhibitors also interfere with other proteases at
higher concentrations, including cathepsins and calpains (33).
Thus, we investigated if, similarly to the inhibition of caspases (by
zVAD) (Fig. 1A), the inhibition of cathepsins and calpains may
lead to the initiation of TRAIL-mediated cell death. Interestingly,
zFA, a broad-range inhibitor of cathepsins B, L, and S, and zFF, a
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FIG 1 (A) TRAIL-induced necroptosis is enhanced by inhibition of caspase-8. To further characterize TRAIL-mediated necroptosis, we evaluated the necessity
of caspase inhibition for the induction of this type of cell death. In the time-dependent manner, we compared the effects of the inhibition of effector caspase-3
(by zDEVD) and initiator caspase-8 (by zIETD). Only inhibition of caspase-8 (by zIETD or the pancaspase inhibitor zVAD) enhanced cell death mediated by
TRAIL and strongly sensitized cells to TRAIL. Cells were left untreated or stimulated with 30 ng/ml killerTRAIL and 20 �M zDEVD, zIETD, or zVAD for 14 or
24 h. (B to D) TRAIL-induced necroptosis is mediated through RIPK1. (B) Wild-type (WT) (RIPK1�/�) and RIPK1-deficient (RIPK1�/�) Jurkat cells were left
untreated or stimulated with 50 ng/ml killerTRAIL, 50 �M zVAD, and 2 �g/ml CHX for 20 h. Insets show control Western blots for endogenous RIPK1 and
�-actin as a loading control. (C) Cells were left untreated or preincubated with 1 �g/ml GA or 5 �g/ml RC (L929Ts), 0.5 �g/ml GA or 5 �g/ml RC (NIH 3T3),
or 1 �g/ml GA or 0.5 �g/ml RC (Jurkat) for 24 h and stimulated afterwards with 30 ng/ml killerTRAIL and 20 �M zVAD (L929Ts); 100 ng/ml killerTRAIL and
20 �M zVAD (NIH 3T3); or 50 �g/ml killerTRAIL, 50 �M zVAD, and 2 �g/ml CHX (Jurkat) for 24 h. The fraction of surviving cells is displayed relative to cells
that were treated as described above, except that no TRAIL-zVAD (TRAIL-zVAD-CHX) was added. (D) Cells were pretreated for 2 h with 50 �M Nec-1s and
subsequently treated with either 30 ng/ml (14 h for L929Ts cells and 16 h for HT-29 cells), 50 ng/ml (20 h for Jurkat cells), or 100 ng/ml (NIH 3T3) killerTRAIL
in combination with 20 �M (L929Ts, NIH 3T3, and HT-29) or 50 �M (Jurkat) zVAD and additionally with 2 �g/ml (Jurkat) or 5 �g/ml (HT-29) CHX. Shown
are means 	 standard deviations (n � 9), with differences being considered significant at a P value of 
0.001 (***) (as determined by a t test). The morphology
of untreated cells undergoing TRAIL-mediated necroptosis and TRAIL-induced necroptosis inhibited by Nec-1s is shown. Bar, 100 �m. (E) Necroptotic cell
death induced by TRAIL is not accompanied by early phosphatidylserine exposition. An involvement of apoptosis in TRAIL-induced necroptosis was excluded,
as phosphatidylserine, detected by using annexin V, was exposed to the outer membrane only during the late phase of cell death and was accompanied by a
simultaneous loss of membrane integrity, which was measured by the uptake of 7-AAD. Cells were treated with 20 �M zVAD and 30 ng/ml (L929Ts) or 100 ng/ml
(NIH 3T3) killerTRAIL or with 50 ng/ml killerTRAIL, 50 �M zVAD, and 2 �g/ml CHX (Jurkat). (F) Loss of ��m is a late event during TRAIL-induced
necroptosis. Cells were treated as described above for panel E. Mitochondrial membrane potential was measured after the indicated times. Shown are means 	
standard deviations (n  4 [A], n  3 [B], n  4 [C], n � 3 [D], n  3 [E], and n  3 [F]), with differences being considered significant at P values of 
0.05 (*),

0.01 (**), and 
0.001 (***) (as determined by a t test). (G) Deficiency in FADD inhibits TRAIL-mediated necroptosis. Jurkat I.42 cells (FADD deficient and
TNF-R2 positive) were pretreated or not with 50 �M zVAD and treated with 50 ng/ml killerTRAIL for 14 to 24 h (two independent experiments; n  5). n.s.,
nonsignificant.
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cathepsin inhibitor which inhibits only cathepsins B and L (34),
slightly enhanced the cytotoxicity of TRAIL alone (Fig. 2A). How-
ever, zFA and zFF did not enhance TRAIL-induced cell death to
the level mediated by the combination of TRAIL and zVAD. Sim-
ilarly to TRAIL-mediated apoptosis, both the inhibitors zFA and
zFF slightly increased the level of TRAIL-zVAD-mediated necrop-
tosis. However, these effects might rather be inhibitor-specific ef-
fects due to lysosomal dysfunction leading to increased cell death,

which is not necessarily associated with necroptosis (35). There-
fore, the addition of the general cysteine protease inhibitor E-64
did not influence TRAIL-induced apoptosis or necroptosis in
L929Ts cells (Fig. 2A). Taken together, the role of cysteine pro-
teases in the initiation of TRAIL-mediated necroptosis or indica-
tions of the involvement of calpains or cathepsins in the execution
of TRAIL-zVAD-induced necroptosis were not found.

On the other hand, treatment with Ca-074 Me, an inhibitor of
cathepsins B and L (36) that is believed to affect cathepsin-inde-
pendent mechanisms upstream of lysosomal breakdown (37), di-
minished the execution of TRAIL-zVAD-induced necroptosis in
murine L929Ts and L929sA cells. Surprisingly, no inhibitory effect
of Ca-074 Me was observed for TNF-zVAD-induced necroptosis
in murine cells (Fig. 2B and C), pointing to differences in the
executions of TRAIL- and TNF-induced necroptosis. Intrigu-
ingly, this same inhibitor protected human Jurkat and HT-29 cell
lines from both TRAIL- and TNF-mediated necroptosis (Fig. 2D
and E), indicating that differences in the execution of TRAIL- or
TNF-induced necroptosis might be cell type and/or species spe-
cific.

Activities of A-SMase and N-SMase trigger TRAIL-mediated
necroptosis. TRAIL-induced apoptosis is accompanied by signal-
ing through ceramide (38). Moreover, recent studies identified
ceramide as being pivotal for TNF-mediated necroptosis (10);
therefore, we investigated whether ceramide is similarly involved
in signaling during TRAIL-mediated necroptosis. Ceramide
might be generated from diverse pathways, including the de novo
pathway, synthesis from sphingosine by ceramide synthase, and
the hydrolysis pathway executed by A-SMase or N-SMase. Thus,
we verified which metabolic pathway led to the generation of
ceramide during TRAIL-induced necroptosis using inhibitors
of A-SMase (ARC39, zoledronic acid, TP064/14e, D609, desip-
ramine, and imipramine), N-SMase (3-OMS, spiroepoxide,
and GW4869), and ceramide synthase (fumonisin B1).

In murine L929Ts and NIH 3T3 cells, the A-SMase inhibitors
ARC39, zoledronic acid (not for NIH 3T3 cells), and D609 re-
duced TRAIL-mediated necroptosis (Fig. 3A and C). This is sim-
ilar to TNF-induced necroptosis, during which the A-SMase in-
hibitors ARC39 and zoledronic acid (not for Jurkat I.42 cells)
protected cells from death (Fig. 3B to E). Moreover, the role of
A-SMase (inhibited by ARC39) during TRAIL-mediated necrop-
tosis was confirmed for human A818-6 cells as well (Fig. 3F).
These data corroborated previously reported observations, prov-
ing the pivotal role of A-SMase in necroptosis (10). Furthermore,
for the first time, we have shown that two inhibitors of N-SMase,
3-OMS and spiroepoxide, reduced the rate of TRAIL-mediated
(Fig. 3A and C) and TNF-mediated (Fig. 3B to E) necroptosis.
These data suggest an as-yet-unexplored role of N-SMase in the
execution of necroptosis.

In addition, fumonisin B1, an inhibitor of ceramide synthase,
was not able to protect cells from either TRAIL-mediated (Fig. 3A
and C) or TNF-mediated (Fig. 3B and D) necroptosis. This find-
ing is in consensus with data from previous studies proving that
the inhibition of ceramide synthase, e.g., through the sphingosine
analogue FTY720 (39), did not protect cells from but rather en-
hanced necroptosis (40).

Participation of mitochondria in TRAIL-mediated necrop-
tosis. Mitochondria have been implicated as an important fac-
tor in the regulation of necroptosis (41), and increased produc-
tion of ROS during TNF-mediated necroptosis was described

FIG 2 (A) TRAIL-induced apoptosis and necroptosis are enhanced by zFA
and zFF. L929Ts cells were incubated with 30 ng/ml killerTRAIL (for apopto-
sis) or 20 �M zVAD (prestimulation for 30 min) and subsequently incubated
with 30 ng/ml killerTRAIL (for necroptosis) in the absence or presence of 20
�M zFA, zFF, or E-64 for 16 h. (B to E) TRAIL-mediated necroptosis is inhib-
ited by Ca-074 Me. L929Ts (B), L929sA (C), Jurkat (D), and HT-29 (E) cells
were pretreated with Ca-074 Me for 2 h and stimulated with either 30 ng/ml
(14 h for L929Ts cells and 16 h for HT-29 cells) or 50 ng/ml (20 h for Jurkat
cells) killerTRAIL or 100 ng/ml (5 h for L929Ts cells, 16 h for HT-29 cells, and
20 h for Jurkat cells) hrTNF in combination with 20 �M (L929Ts and HT-29)
or 50 �M (Jurkat) zVAD and additionally with 2 �g/ml (Jurkat) or 5 �g/ml
(HT-29) CHX. Shown are means 	 standard deviations (n  4 [A] and n  9
[B to E]), with differences being considered significant at P values of 
0.05 (*)
and 
0.001 (***) (as determined by a t test). n.s., nonsignificant.
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previously (42). Similarly, we observed an accumulation of
ROS during TRAIL-mediated necroptosis in all investigated
cell lines (Fig. 4A). Moreover, the radical scavenger BHA (but
not BHT), which was found to protect cells from hydroxyl
radicals generated by BuOOH (Fig. 4A), also protected cells
from the TRAIL-induced generation of ROS (Fig. 4A) and si-
multaneously abolished TRAIL-induced necroptosis in the
murine L929Ts and NIH 3T3 cell lines (Fig. 4B). However, in
human Jurkat cells, ROS production was not observed, and there-

fore, the radical scavenger BHA did not protect cells from TRAIL-
mediated necroptosis. This suggests that ROS are not uniformly
and essentially involved in TRAIL-induced necroptosis. Similar
data for a cell type-specific involvement of ROS in TRAIL-induced
necroptosis were described recently for human pancreatic
MiaPaCa-2 and BxPC-3 cells (43). Differences in the effectiveness
of the radical scavengers BHA and BHT in protection from
TRAIL-mediated necroptosis might be explained by the addi-
tional role of BHT in blocking the formation of advanced glyca-

FIG 3 TRAIL- and TNF-induced necroptosis are mediated by ceramide that is generated by A-SMase and N-SMase. (A to D) Cells were pretreated for 2 h with
the indicated concentrations of inhibitors of A-SMase (ARC39, zoledronic acid, TP064/14e, D609, desipramine, and imipramine), N-SMase (3-OMS, spiroep-
oxide, and GW4869), and ceramide synthase (fumonisin B1), with the subsequent addition of 30 ng/ml killerTRAIL and 20 �M zVAD for 14 h (L929Ts) (A), 100
ng/ml hrTNF in combination with 20 �M zVAD for 5 h (L929Ts) (B), 100 ng/ml killerTRAIL and 20 �M zVAD for 16 h (NIH 3T3) (C), and 100 ng/ml hrTNF
and 20 �M zVAD for 16 h (NIH 3T3) (D). (E) Inhibitors of A-SMase and N-SMase protect human Jurkat I.42 cells (FADD deficient and TNF-R2 positive) from
TNF-mediated necroptosis. Cells were treated with the indicated concentrations of inhibitors and stimulated afterwards with 100 ng/ml hrTNF in combination
with 50 �M zVAD for 6 h. (F) Inhibitors of A-SMase, HtrA2/Omi, UCH-L1, and vacuolar H�-ATPase protect the human pancreas adenocarcinoma cell line
A818-6 from TRAIL-mediated necroptosis. Cells were pretreated for 2 h (or 3 h for LDN57444) with the indicated concentrations of inhibitors with the
subsequent addition of 100 ng/ml killerTRAIL in combination with 50 �M zVAD for 24 h. Morphological changes of human A818-6 pancreas adenocarcinoma
cells after induction of TRAIL-mediated necroptosis in combination with inhibitors of A-SMase, HtrA2/Omi, and vacuolar H�-ATPase were observed. Cells
were pretreated for 2 h with 10 �M ARC39, 25 �M Ucf-101, or 10 �M BafA1 with the subsequent addition of 100 ng/ml killerTRAIL in combination with 50 �M
zVAD for 24 h. Arrowheads in micrographs show typical necroptotic morphologies. Bar, 100 �m. Shown are means 	 standard deviations (n  3 [A to D] and
n  9 [E and F]), with differences being considered significant at P values of 
0.05 (*), 
0.01 (**), and 
0.001 (***) (as determined by a t test).
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tion end (AGE) products generated due to enhanced glycolysis
(44). As ROS are described to trigger the stress-activated protein
kinase p38� (45), we investigated its role in necroptosis. Here, the
absence of p38� augmented both TRAIL- and TNF-mediated
necroptosis (Fig. 4C). This might be caused by an increased acti-
vation of NF-�B, which, under certain conditions, may mediate
cell death (46). The canonical NF-�B dimer consists of p50 and
p65 and is activated by the inducible phosphorylation, ubiquity-
lation, and degradation of I�B�, leading to the nuclear transloca-
tion of p50 and p65 (46). Here, we observed that although the
levels of I�B� in both cell lines were comparable, MEFs lacking
p38� in the unstimulated state and upon stimulation with cyto-
kines in combination with zVAD or CHX showed higher levels of
phosphorylated I�B� (p-I�B�) (Fig. 4D), which signals NF-�B
for proteasomal degradation. Furthermore, we observed phos-
phorylation of p65 at S536, which is independent of I�B� regula-
tion (47) and is required for the enhanced transcriptional activity
of NF-�B (48). In line with this, p65 was more strongly phosphor-
ylated at S536, and its overall level was slightly higher in p38�-
deficient cells (Fig. 4E), which altogether implicate a stronger
transcriptional activation potential of NF-�B in p38�-deficient
cells and consequently may lead to a faster execution of cell death.
TNF-mediated phosphorylation of NF-�B p65 on S536 was de-
scribed previously by Sakurai and coworkers (49), and similarly,
we observed this for TRAIL- and TNF-mediated necroptosis and
apoptosis, especially in cells lacking p38�. Although the applica-
tion of CHX has no negative effect on the execution of cell
death (as shown by FACS analyses) (Fig. 4C), the negative ef-
fect of CHX on the NF-�B pathway is clearly presented in Fig.
4D and E. In both cell lines (p38��/� and p38��/�), the ad-
ministration of CHX diminished the intensity of the corre-
sponding bands of p-I�B� and p-p65 compared to cell death
induced without the administration of CHX. As the level of
p-I�B� was per se higher in cells lacking p38� and phosphory-
lation of p65 was stronger in cells lacking p38� than in wild-
type cells, we assumed that this pathway was one of the possible
pathways to increase the execution of cell death; however,
other mechanisms and multiple effects may account for the
observed phenotype.

To further investigate the role of mitochondrial pathways in
necroptosis, we analyzed the involvement of the mitochondrial

FIG 4 (A and B) ROS are not uniformly the executioners of TRAIL-mediated
necroptosis. (A) All tested cell lines were pretreated or not with 150 �M BHA
or BHT for 1 h, with the subsequent addition of 30 ng/ml (14 h for L929Ts
cells), 100 ng/ml (16 h for NIH 3T3 cells), or 50 ng/ml (20 h for Jurkat cells)
killerTRAIL; 20 �M zVAD (L929Ts and NIH 3T3); or 50 �M zVAD and 2
�g/ml CHX (Jurkat). Each cell line was treated with 1 mM BuOOH for 24 h as
a positive control for ROS production. (B) Cells were treated as described
above for panel A, and loss of membrane integrity was measured. (C) Lack of
p38� increases execution of TRAIL- and TNF-mediated necroptosis. p38�-
deficient immortalized MEFs and their wild-type counterparts were prestimu-
lated for 30 min with or without 20 �M zVAD and with or without 1 �g/ml

CHX with the subsequent addition of 100 ng/ml killerTRAIL or 100 ng/ml
hrTNF for 24 h. (D and E) Deficiency in p38� increases phosphorylation of
I�B� and phosphorylation of p65 during TRAIL- and TNF-induced cell death.
Cells were stimulated as described above for panel C for 1 h, followed by total
lysis and Western blot analyses. Shown are Western blots for total I�B�, phos-
phorylated (Ser32) I�B� (p-I�B�), total p65 (*, unspecific band), and phos-
phorylated (Ser536) p65 (p-p65); p38� served as a control for deficiency, and
�-actin served as a loading control. (F and G) Overexpression of Bcl-XL and
Bcl-2 protects cells from TRAIL-mediated necroptosis. (F) Wild-type and Bcl-
2-overexpressing Jurkat cells were stimulated with 50 ng/ml killerTRAIL or
100 ng/ml hrTNF, 50 �M zVAD, and 5 �g/ml CHX for 20 h. (G) Colo357 cells
stably overexpressing Bcl-XL or an empty vector were stimulated with 100
ng/ml killerTRAIL or 100 ng/ml hrTNF alone or in combination with 5 �g/ml
CHX, 50 �M zVAD, and 1 �M the Smac mimetic birinapant (B) for 24 h.
Shown are means 	 standard deviations (panels A and B show data from one
representative experiment for one repetition out of four) (n  9 [C, F, and G]),
with differences being considered significant at a P value of 
0.001 (***) (as
determined by a t test). n.s., nonsignificant. Insets show control Western blots
for endogenous p38�, Bcl-2, Bcl-XL, and �-actin, which served as a loading
control.
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protein Bcl-2, which is a downstream target of p38� and is con-
sidered to be phosphorylated by p38�, leading to the attenuation
of its prosurvival properties (50). We examined whether the pres-
ence of Bcl-2 might have prosurvival properties during necropto-
sis. In line with this, the overexpression of Bcl-2 in Jurkat cells
increased the viability of these cells during TNF-mediated necrop-
tosis and similarly advanced the survival of cells during TRAIL-
mediated necroptosis (Fig. 4F). Correspondingly, the role of
another mitochondrial prosurvival protein, Bcl-XL, during TNF-
and TRAIL-mediated necroptosis and apoptosis was analyzed.
The overexpression of Bcl-XL in Colo357 cells strongly inhibited
the execution of both TRAIL- and TNF-mediated apoptosis, even
though TRAIL- and TNF-mediated apoptosis were induced in
combination with the protein synthesis inhibitor CHX, proving
both the prosurvival and antiapoptotic potentials of each protein
after overexpression (Fig. 4F and G). Surprisingly, the overexpres-
sion of Bcl-XL revealed differences in signaling between TRAIL-
and TNF-induced necroptosis. Whereas TRAIL-mediated
necroptosis in Colo357 cells was diminished after overexpression

of Bcl-XL, this protein did not influence TNF-mediated necrop-
tosis (Fig. 4G). We confirmed this effect independently by induc-
ing TRAIL- and TNF-mediated necroptosis in combination with
the Smac mimetic birinapant (Fig. 4G). These results support the
hypothesis that TRAIL and TNF may induce necroptosis through
distinct mechanisms.

Serine protease HtrA2/Omi but not ubiquitin protein hydro-
lase UCH-L1 executes TRAIL-induced necroptosis. Previously,
we showed that the serine protease HtrA2/Omi executes TNF-
mediated necroptosis (9). To find out whether TRAIL-mediated
necroptosis is also executed by serine proteases, the chymotryp-
sin-like serine protease inhibitor TPCK was used. The addition of
TPCK protected all tested cell lines from TRAIL-mediated
necroptosis (Fig. 5A), indicating a putative role of serine proteases
during this type of cell death. Furthermore, pharmacological in-
hibition of the mitochondrial serine protease HtrA2/Omi by the
specific inhibitor Ucf-101 reduced the levels of TRAIL-mediated
necroptosis in murine and human cells (Fig. 3F and 5B and C). On
the other hand, the downregulation of HtrA2/Omi did not rescue

FIG 5 TRAIL-mediated necroptosis is executed through the chymotrypsin-like serine protease HtrA2/Omi. (A) Cells were stimulated with 20 �M zVAD and 30
ng/ml (14 h for L929Ts cells) or 100 ng/ml (16 h for NIH 3T3 cells) killerTRAIL; 50 �M zVAD, 2 �g/ml CHX, and 50 ng/ml killerTRAIL (20 h for Jurkat cells);
or 20 �M zVAD, 5 �g/ml CHX, and 30 ng/ml killerTRAIL (16 h for HT-29 cells) in the presence of the indicated concentrations of TPCK. (B) Cells were
pretreated for 2 h with Ucf-101, with the subsequent addition of 30 ng/ml killerTRAIL, 20 �M zVAD (14 h for L929Ts cells), and additionally 5 �g/ml CHX (16
h for HT-29 cells). (C) L929Ts cells (top) and HT-29 cells (bottom) were stimulated as described above for panel B, and necroptotic changes in morphology
(arrowheads) were investigated by microscopic observation. Bar, 100 �m. (D) Cells were transfected with two different siRNAs specific for murine HtrA2/Omi
(siRNAs 1 and 2) or a nontargeting control siRNA (NT). At 72 h posttransfection, cells were stimulated with 30 ng/ml killerTRAIL and 20 �M zVAD for 14 h.
Measurement of intracellular ATP levels served as an indicator of cell viability. Control Western blots show downregulation of endogenous murine HtrA2/Omi
in transfected but untreated cells and �-actin as a loading control. (E) Wild-type (WT) or HtrA2/Omi-deficient (HtrA2/Omi�/�) MEFs were incubated with 30 ng/ml
killerTRAIL, 20 �M zVAD, and 1 �g/ml CHX for 16 h. Insets show control Western blots for endogenous HtrA2/Omi and the RIPK1 and RIPK3 kinases pivotal for
signaling of necroptosis; �-actin served as a loading control. (F) Impact of HtrA2/Omi deficiency on morphology of MEFs undergoing TRAIL-mediated necroptosis.
Cells were stimulated as described above for panel E. Arrowheads indicate cell morphology typical of necroptosis. Bar, 100 �m. Shown are means 	 standard deviations
(n  4 [L929Ts and NIH 3T3], n  6 [Jurkat and HT-29] [A and B], and n  9 [E]; panel D shows data from one representative experiment in two repetitions out of two),
with differences being considered significant at P values of 
0.05 (*), 
0.01 (**), and 
0.001 (***) (as determined by a t test).
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murine cells from TRAIL-mediated necroptosis (Fig. 5D), proba-
bly due to an insufficient reduction of HtrA2/Omi expression
(and, thus, activity). However, genetic ablation of HtrA2/Omi
nearly completely protected cells from TRAIL-mediated necrop-
tosis (Fig. 5E and F). Moreover, we previously showed that TNF-
mediated necroptosis is accompanied by HtrA2/Omi-dependent
monoubiquitination of the ubiquitin protein hydrolase UCH-L1
(9), which probably leads to its activation (51) and to the execu-
tion of TNF-mediated necroptosis. Therefore, we investigated the
role of UCH-L1 during TRAIL-mediated necroptosis. Measure-
ments of the loss of membrane integrity after inhibition of
UCH-L1 with the specific inhibitors LDN57444 and LDN91946
(Fig. 3F and 6A and B) revealed that only TNF-induced and not
TRAIL-induced necroptosis is mediated by UCH-L1 activity. In
line with this finding, the downregulation of UCH-L1 did not
rescue cancer cells from TRAIL-mediated necroptosis (Fig. 6C).
Instead, an enhancement of TRAIL-mediated necroptosis was ob-
served after the inhibition of UCH-L1 in certain cell lines (Fig. 3F
and 6A and B). In line with previously reported data, the HtrA2/
Omi-dependent disappearance of the main form of UCH-L1 (25
kDa) and the appearance of a monoubiquitinated, activated form
of UCH-L1 (ca. 35 kDa [9]) were observed only during TNF-
mediated necroptosis and not during TRAIL-mediated necropto-
sis (Fig. 6D). Similarly, time course analyses confirmed the lack of
HtrA2/Omi-dependent monoubiquitination of UCH-L1, which
might execute TRAIL-mediated necroptosis (Fig. 6E). These data
corroborate the concept that TRAIL-mediated necroptosis is reg-
ulated by signaling pathways that are different from those of TNF-
mediated necroptosis.

Vacuolar H�-ATPase but not lysosomal flux executes
TRAIL-mediated necroptosis. Since we confirmed the role of ser-
ine proteases in proteolytic processes during necroptosis, we were
interested in whether other forms of cellular decomposition, e.g.,
“autophagic degradation,” might contribute to TRAIL- and TNF-
mediated necroptosis. In contrast to L929Ts cells, which do not
induce cell death in response to the caspase inhibitor zVAD (Fig.
7A), in L929ATCC cells, the pancaspase inhibitor zVAD alone
induces autophagy (52). This was verified in L929ATCC cells by
the inhibition of zVAD-induced autophagy by the addition of the
autophagy inhibitor 3-MA (Fig. 7A and B). On the contrary,
zVAD-induced autophagy was not inhibited with CQ or BafA1,
which are not strict inhibitors of autophagy but rather inhibit
lysosomal acidification and activation of vacuolar H�-ATPase (V-
ATPase), respectively. Importantly, in L929Ts cells, BafA1 was
able to reduce the level of TRAIL-mediated necroptosis, whereas
TNF-mediated necroptosis was diminished by both the inhibitors
CQ and BafA1 (Fig. 7A and B). Further investigation of human
cell lines revealed that similarly to murine cells, TNF-mediated
necroptosis is decreased by inhibition with CQ and BafA1 in
JurkatFADD�⁄�⁄TNFR2�⁄� cells (Fig. 7A), but TRAIL-mediated
necroptosis is diminished only with BafA1 and might even be
increased when inhibitors of autophagy (3-MA) or lysosomal flux
(CQ) are applied (Fig. 3F). These data suggest clear differences in
the executions of TRAIL- and TNF-mediated necroptosis that
might have future clinical consequences.

Atg5 but not Atg16L1 or receptor internalization promotes
TRAIL-mediated necroptosis. We have demonstrated that
TRAIL-induced necroptosis is a signaling pathway distinct from
autophagy; however, some studies suggest that necrosome assem-

bly occurs on autophagosomal membranes, e.g., after treatment
with obatoclax, an inhibitor of the antiapoptotic protein Bcl-2
(53), or with the multityrosine kinase inhibitor sorafenib (54). An
involvement of the autophagic machinery during necroptosis is
still controversial, as necroptosis was shown to be independent of
autophagy in murine T cells lacking caspase-8 and FADD (55), but
murine T cells deficient for caspase-8 and expressing dominant
negative FADD undergo necroptosis via the activation of au-
tophagy by RIPK1 (56). An interaction of Atg5 with caspase-8,
FADD, and RIPK1 was proposed previously for T cell receptor-
mediated T cell activation (57) but was not shown to play a role in
TRAIL- or TNF-mediated necroptosis. Here, we confirm the piv-
otal role of Atg5 for both types of necroptosis (Fig. 7C and D), as
Atg5-deficient cells were protected from TRAIL-zVAD-CHX-,
TNF-zVAD-, and TNF-zVAD-CHX-induced necroptosis. These
effects were reversed in Atg5-deficient cells by the reexpression of
wild-type Atg5 (Atg5RE) (Fig. 7C and D), probably due to the
obligatory role of Atg5 in the formation of necrosome membranes
that aggregate RIPK1 and RIPK3 (53). Moreover, we investigated
whether there is further cross talk between p38� and Atg5, as it
was described previously that p38� phosphorylates Atg5 at thre-
onine 75 to inhibit autophagy. Here, we showed that preventing
the phosphorylation of T75 on Atg5, which leads to enhanced
basal autophagy (26), did not enhance the level of TRAIL- or
TNF-mediated necroptosis (Fig. 7C and D), confirming that
p38�-mediated phosphorylation of Atg5 does not execute
TRAIL- and TNF-induced necroptosis but that solely the presence
of Atg5 is pivotal for necroptosis. Furthermore, considering Atg5
to associate with RIPK1 and Atg16L (56), the putative role of
Atg16L1 during TRAIL- and TNF-mediated necroptosis was ad-
dressed. Surprisingly, only TNF-mediated and not TRAIL-medi-
ated necroptosis was abrogated by the lack of Atg16L1 (Fig. 7E and
F). However, the protective effects of Atg16L1 were completely
abolished in the presence of CHX, suggesting that Atg16L1, in
contrast to Atg5, has to first be synthesized in order to be involved
in TNF-mediated necroptosis. Of note, TRAIL-mediated necrop-
tosis (irrespective of protein synthesis inhibition by CHX) was
rather boosted by the lack of Atg16L1 (Fig. 7E and F), as was all
TRAIL-, TNF-, TRAIL-CHX-, and TNF-CHX-mediated apopto-
sis. All effects were only poorly reversed by the reexpression of
wild-type Atg16L1 (Atg16L1RE) (Fig. 7E), as the transfection pro-
cedure for MEFs lacking Atg16L1 was toxic and presented low
efficacy. In MEFs possessing or not possessing Atg5 or Atg16L1,
TRAIL- and TNF-induced necroptosis was inhibited by the addi-
tion of the RIPK1 inhibitor Nec-1s, in contrast to TRAIL- and
TNF-induced apoptosis, which were unaffected by the absence of
Atg5 or Atg16L1 or the addition of Nec-1s (Fig. 7C and E).

In addition to the distinct roles of Atg5 and Atg16L1 in the
formation of signaling membranes and indications of the inter-
nalization of TNF-R1 during apoptosis (58), the role of receptor
internalization during the initiation of TRAIL-mediated necrop-
tosis in comparison to TNF-mediated necroptosis was analyzed.
For this purpose, PitStop2, an inhibitor of clathrin-independent
endocytosis (59), and dynasore, an inhibitor of dynamin essential
for clathrin-dependent coated-vesicle formation (60), were ap-
plied. Neither PitStop2 nor dynasore inhibited TRAIL-mediated
necroptosis, but both inhibitors abrogated TNF-mediated
necroptosis (Fig. 7G). This finding suggests that clathrin-depen-
dent as well as clathrin-independent events and TNF internaliza-
tion are responsible for TNF-mediated necroptosis. On the con-
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FIG 6 Ubiquitinated, active UCH-L1 is not involved in the execution of TRAIL-mediated necroptosis. (A) Cells were prestimulated for 3 h with the indicated
concentrations of the UCH-L1 inhibitor LDN57444 (top) or LDN91946 (bottom), with the subsequent addition of either 30 ng/ml killerTRAIL and 20 �M zVAD
for 14 h; 100 ng/ml hrTNF and 20 �M zVAD for 5 h (L929Ts); 50 ng/ml killerTRAIL, 50 �M zVAD, and 2 �g/ml CHX for 20 h (Jurkat); or 30 ng/ml killerTRAIL,
20 �M zVAD, and 5 �g/ml CHX for 16 h (HT-29). (B) L929Ts cells were treated as described above for panel A, and afterwards, necroptotic changes in
morphology (arrowheads) were observed by microscopy. Bar, 100 �m. (C) Cells were transfected with siRNAs specific for murine UCH-L1 (siRNA) or a
nontargeting control siRNA (NT). At 24 h posttransfection, cells were stimulated with 30 ng/ml killerTRAIL and 20 �M zVAD for 14 h. Measurement of
intracellular ATP levels served as an indicator of cell viability. Shown are means 	 standard deviations (n  4 [A] and n  3 [C], each with five repetitions, relative
to untreated cells), with statistical significance at P values of 
0.05 (*), 
0.01 (**), and 
0.001 (***) (as determined by a t test). n.s., nonsignificant. Control
Western blots show downregulation of endogenous murine UCH-L1 (PAb) and �-actin as a loading control. (D) MEFs deficient for HtrA2/Omi and their
wild-type counterparts were left untreated or treated with 100 ng/ml hrTNF or 30 ng/ml killerTRAIL, 20 �M zVAD, and 1 �g/ml CHX for 16 h. * and *** indicate
the disappearance of the main form of UCH-L1 (MAb and PAb, respectively). ** indicates the appearance of an active, ubiquitinated form of UCH-L1 (PAb). (E)
Cells were treated as described above for panel D, omitting hrTNF, for the indicated times. Further PAbs for UCH-L1 were used to analyze the appearance of the
active form of UCH-L1. WB, Western blot.
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FIG 7 Continued on following page
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trary, TRAIL-mediated necroptosis is independent of receptor
internalization and signaled distinctly from TNF-mediated
necroptosis. Data from the internalization study were quantified
by calculating the percentages of the ligand-receptor complexes
that were not associated with cell surface staining (Fig. 7H). Si-
multaneously, we observed that plasma membrane (Fig. 7H, red)-
localized TNF receptor-ligand complexes (green) were clearly in-
ternalized alone or in combination with the caspase inhibitor
zVAD. On the contrary, TRAIL receptor-ligand complexes (Fig.
7I, green) stayed on the cell surface (red) irrespective of the induc-
tion of TRAIL-mediated apoptosis or TRAIL-zVAD-mediated
necroptosis.

The data described above suggest that autophagy per se does
not play a role in necroptosis but rather that certain elements of
the autophagic machinery might interact with components of the
necroptotic pathway and are differently involved in the execution
of TRAIL- or TNF-mediated necroptosis. Furthermore, TNF re-
ceptor but not TRAIL is internalized during both caspase-depen-
dent and -independent cell death, indicating distinct mechanisms
of cell death induction for both cytokines.

PARP-1 is not involved in TRAIL-mediated necroptosis.
Necroptosis mediated by TNF was previously described to be in-
dependent of and distinct from PARP-1 activation (11). On the
contrary, TRAIL was previously described to induce necroptosis
dependent on PARP-1 under acidic-pH conditions (31). Three
PARP-1 inhibitors, PJ-34, 3-AB, and olaparib, rescued cells from
the formation of TRAIL-zVAD-mediated PAR chains in a concen-
tration-dependent manner (Fig. 8A). Furthermore, although the
PARP-1 inhibitor PJ-34 protected murine cells from TRAIL-me-
diated necroptosis, other potent inhibitors of PARP-1, such as
3-AB or olaparib, did not rescue cells from this type of cell death
(Fig. 8B). This was additionally demonstrated by the downregu-
lation of PARP-1, which did not protect cells from TRAIL-medi-
ated necroptosis (Fig. 8C). In line with these data, knockout of

PARP-1 did not abolish TRAIL-mediated necroptosis and even
elevated the level of cell death (Fig. 8D), comparably to the down-
regulation of PARP-1 (Fig. 8C). Indeed, the inhibition of PARP-1
in some cell lines (such as HT-29) increased the level of TRAIL-
mediated necroptosis (Fig. 8B), suggesting that PARP-1 inhibitors
might be used for combinatory therapy in order to amplify
TRAIL-mediated necroptosis during the elimination of cancer
cells. Further analyses confirmed that the activation of PARP-1 by
the DNA-damaging agent N-methyl-N=-nitro-N-nitrosoguani-
dine (MNNG) follows a rapid (30 min after induction of cell
death) loss of intracellular ATP (Fig. 8E), in contrast to TRAIL-
mediated necroptosis, which was characterized by a slower reduc-
tion of ATP together with an increased level of cell death. Simi-
larly, the loss of intracellular NAD� was not an early event during
TRAIL-mediated necroptosis and was accompanied by an in-
creasing loss of membrane integrity (Fig. 8F). Taken together,
these data suggest that under conditions of physiological pH,
PARP-1 does not execute TRAIL-mediated necroptosis, but tar-
geting members of the poly(ADP-ribose) polymerase family such
as PARP-1 might be useful for increasing the level of TRAIL-me-
diated necroptosis. Accordingly, we investigated whether the in-
hibition of further members of the poly(ADP-ribose) polymerase
family, such as tankyrases 1 and 2, by XAV939 and WIKI4, respec-
tively, similar to the inhibition of PARP-1, might increase the level
of TRAIL-mediated necroptosis. Consistent with the above-de-
scribed results, both inhibitors of tankyrases enhanced the level of
TRAIL-mediated necroptosis (Fig. 8G), suggesting an as-yet-un-
explored role of the Wnt/�-catenin signaling pathway in TRAIL-
mediated necroptosis, which might be targeted for future combi-
natory therapy.

DISCUSSION

TRAIL is known to have no effect on healthy tissue, while it selec-
tively induces apoptosis in cancer cells in vitro and in vivo. Because

FIG 7 (A and B) Autophagy does not play a crucial role in TNF- or TRAIL-mediated necroptosis in L929Ts or Jurkat I.42 cells. (A) L929ATCC cells were
prestimulated for 2 h with the indicated concentrations of inhibitors of autophagy (3-MA), lysosome formation (CQ), or vesicle acidification (BafA1) and
stimulated afterwards for 24 h with 20 �M zVAD. L929Ts cells were pretreated for 2 h with 3-MA, CQ, or BafA1 and stimulated with 20 �M zVAD, 30 ng/ml
killerTRAIL for 14 h, or 100 ng/ml hrTNF for 5 h. Jurkat I.42 (FADD-deficient and TNF-R2-positive) cells were pretreated for 2 h with the indicated
concentrations of 3-MA, CQ, or BafA1 before the addition of 50 �M zVAD in combination with 100 ng/ml hrTNF for 6 h. (B) Morphological analyses of the
influence of 3-MA, CQ, or BafA1 on zVAD-induced autophagy in L929ATCC cells (top) and TRAIL-mediated (middle) and TNF-mediated (bottom) necrop-
tosis in L929Ts cells. Cells were stimulated as described above for panel A. Bar, 100 �m. (C) Atg5 is required for both TRAIL- and TNF-mediated RIPK1-
dependent necroptosis. Atg5-deficient immortalized MEFs, their wild-type counterparts, and Atg5-deficient cells retransfected with wild-type Atg5 (Atg5RE) or
mutated Atg5 (Atg5T75A) were prestimulated or not with 50 �M Nec-1s for 2 h, followed by the addition of 30 ng/ml killerTRAIL or 100 ng/ml hrTNF, 20 �M
zVAD, and/or 1 �g/ml CHX to induce necroptosis or 100 ng/ml hrTNF or 30 ng/ml killerTRAIL together with 1 �g/ml CHX to induce apoptosis for 18 h. In order
to verify their authenticity, all cell lines were left untreated in full medium or treated for 2 h with Earle’s balanced salt solution (EB SS) to induce autophagy by
starvation accompanied by the appearance of LC3-II as an indicator of autophagy. Insets show Western blots for LC3 under normal and starvation conditions
(Earle’s balanced salt solution), with �-actin serving as a loading control. (D) Morphological analyses of necroptosis in Atg5-deficient cells retransfected with
wild-type Atg5 (Atg5RE), mutated Atg5 (Atg5T75A), and their wild-type counterparts. Cells were stimulated as described above for panel C. The bar in micro-
photographs is 100 �m. (E) Lack of Atg16L1 protects cells from TNF-mediated but not TRAIL-mediated necroptosis. Atg16L1-deficient immortalized MEFs,
their wild-type counterparts, and Atg16L1-deficient cells transiently retransfected for 48 h with wild-type Atg16L1 (Atg16L1RE) were prestimulated or not with
50 �M Nec-1s for 2 h, followed by stimulation with 30 ng/ml killerTRAIL or 100 ng/ml hrTNF together with 20 �M zVAD and/or 1 �g/ml CHX to induce
necroptosis or with 30 ng/ml killerTRAIL or 100 ng/ml hrTNF together with 1 �g/ml CHX to induce apoptosis for 24 h. The authenticity of all cell lines and
efficiency of transfection with Atg16L1 were verified by Western blotting, with �-actin serving as a loading control. (F) Morphological analyses of necroptosis in
Atg16L1-deficient and wild-type MEFs and MEFs retransfected with wild-type Atg16L1 (Atg16L1RE). Cells were stimulated as described above for panel E.
Arrowheads indicate typical necroptotic morphology. Bar, 100 �m. (G) Receptor internalization is necessary for TNF-mediated but not for TRAIL-mediated
necroptosis. L929Ts cells were prestimulated for 1 h with the indicated concentrations of PitStop2 or dynasore and stimulated with 30 ng/ml killerTRAIL and 20
�M zVAD or with 100 ng/ml hrTNF and 20 �M zVAD. Shown are means 	 standard deviations (n  6 for L929Ts and n  4 for Jurkat I.42 cells [A], n  3 [C],
and n  6 [A]), and data were considered significant at a P value of 
0.001 (***) (as determined by a t test). (H) TNF but not TRAIL receptor is internalized
during necroptosis in L929Ts cells. Cell surface-bound receptors were coupled to Fc-TNF or Fc-TRAIL ligands labeled with protein G-Alexa Fluor 488 alone or
in combination with 20 �M zVAD at 4°C, followed by a temperature shift to 37°C for 30 min. A minimum of 10,000 cells were analyzed for each sample.
Internalization Wizard was used to measure the ratio of the intensity inside the cell to the intensity of the entire cell (percent). (I) Representative images of cells
(bright field) with a stained plasma membrane and TNF or TRAIL ligand-receptor complexes. Colocalization of ligand-receptor complexes with the plasma
membrane (yellow) and internalization of TNF ligand-receptor complexes but not TRAIL ligand-receptor complexes were observed after 30 min of stimulation.
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of the low efficacy of TRAIL-based antitumor monotherapy and
increasing resistance of TRAIL-induced apoptotic pathways dur-
ing tumor evolution (61), alternative TRAIL-based but apoptosis-
independent therapies are needed (reviewed in reference 62).
Therefore, TRAIL-induced necroptosis became a promising
pathway for the elimination of a broad range of cancer cells (5).
However, TRAIL-induced necroptosis might be activated by syn-
ergistic stimulation, i.e., after TRAIL receptor ligation during ex-
position of cancer cells to the acidic extracellular milieu (31), the
combination of TRAIL with the chemotherapeutic drug sirtinol
(histone deacetylases inhibitor) (63), or the sensitization of tumor
cells with various protein synthesis inhibitors (64) (e.g., the anti-
leukemia drug homoharringtonine) under caspase-compromised
conditions in combination with TRAIL (6). Nonetheless, only
TNF-induced necroptosis is intensively studied, although the ex-
ecution of TNF-mediated necroptosis is associated with systemic
inflammation (65) and cannot be used as an alternative in anti-
cancer therapy. Therefore, the signaling mechanisms that may be
used for the regulation of TRAIL-induced necroptosis in cancer
cells require further investigation. Here, we present novel differ-

ences in signaling between TRAIL- and TNF-mediated necropto-
sis (Fig. 9), which may be used as new molecular targets for the
development of potentiated TRAIL-specific, innovative, experi-
mental therapies. Of note, current clinical trials involve a rather
“weak” recombinant form of soluble TRAIL or agonistic antibod-
ies that specifically target TRAIL receptors, which have only a
modest agonistic capacity to render effective TRAIL-based ther-
apy (reviewed in references 66–68). In our study, we used soluble
TRAIL possessing a linker peptide that promotes trimerization
to form a more stable oligomer and mimics the natural cluster-
ing of TRAIL receptors on the cell surface. Therefore, it is im-
portant to design potential new TRAIL-based treatments with
TRAIL of increased stability and improved in vivo performance
(see reference 66).

For the first time, we show that death receptor-induced
necroptosis, depending on which death receptors are triggered,
may be initiated through distinct mechanisms. Internalization of
the receptor is crucial only for TNF-mediated and not for TRAIL-
mediated necroptosis, as a disturbance of clathrin-dependent and
-independent signaling did not affect TRAIL-mediated necropto-

FIG 8 (A to F) TRAIL-mediated necroptosis is not mediated by PARP-1. (A) L929Ts cells were pretreated for 2 h with the indicated concentrations of PARP-1
inhibitors and treated with 30 ng/ml killerTRAIL and 20 �M zVAD for 14 h. Furthermore, total lysates were prepared, and the quantitative presence of PAR
chains was analyzed by Western blotting, with �-actin serving as a loading control. (B) Cells were pretreated as described above for panel A and stimulated with
30 ng/ml (14 h for L929Ts cells and 16 h for HT-29), 50 ng/ml (20 h for Jurkat cells), or 100 ng/ml (16 h for NIH 3T3 cells) killerTRAIL in combination with 20
�M (L929Ts, NIH 3T3, and HT-29) or 50 ng/ml (Jurkat) zVAD and additionally with 2 �g/ml (Jurkat) or 5 �g/ml (HT-29) of CHX. (C) L929Ts or Jurkat cells
were transfected using nucleofection (nucleofected) with siRNA that does not target any RNA sequence (NT) or with siRNA specific for murine or human
PARP-1 (siRNA). Seventy-two hours after transfection, the cells were stimulated with 30 ng/ml killerTRAIL and 20 �M zVAD (5 h for L929Ts cells) or 50 ng/ml
killerTRAIL, 50 �M zVAD, and 2 �g/ml CHX (24 h for Jurkat cells). (D) Wild-type (WT) and PARP-1-deficient MEFs were stimulated with 50 ng/ml
killerTRAIL, 20 �M zVAD, and 1 �g/ml CHX for 24 h. Insets show Western blots for PARP-1, with �-actin serving as a loading control. (E and F) L929Ts, NIH
3T3, Jurkat, and HT-29 cells were stimulated with 0.5 mM MNNG for 15 min and left in fresh medium without MNNG as a control for the indicated periods of
time or were stimulated with 30 ng/ml (L929Ts and HT-29), 50 ng/ml (Jurkat), or 100 ng/ml (NIH 3T3) killerTRAIL in combination with 20 �M (L929Ts, NIH
3T3, and HT-29) or 50 �M (Jurkat) zVAD and additionally with 2 �g/ml (Jurkat) or 5 �g/ml (HT-29) of CHX for the indicated periods of time before their
intracellular ATP content (E) and intracellular NAD� content and loss of membrane integrity as determined by PI staining (F) were measured. (G) TRAIL-
mediated necroptosis is increased by WIKI4 and XAV939. HT-29 cells were prestimulated for 2 h with the indicated concentrations of inhibitors and stimulated
with 100 ng/ml killerTRAIL, 50 �M zVAD, and 5 �g/ml CHX for 24 h. Shown are means 	 standard deviations (n  3 [B], n  6 [C], n  9 [D], and n  2 [E
and F]), with differences being considered significant at P values of 
0.05 (*), 
0.01 (**), and 
0.001 (***) (as determined by a t test). n.s., nonsignificant.
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sis. Furthermore, the lack of Atg16L1 attenuated the execution of
only TNF-induced necroptosis, as Atg16L1 may associate with
clathrin heavy chains to form early autophagosome precursors
(69) and internalize (independently from autophagy) clathrin-
bound vesicle structures together with the TNF receptor. On the

contrary, deficiencies in Atg16L1-regulated endocytosis and
further exocytosis pathways (25) potentiated TRAIL-induced
necroptosis, probably through sustained cellular stress. On the
other hand, the role of Atg5 was common to both TRAIL- and
TNF-mediated necroptosis, probably due to the fact that Atg5

FIG 9 Overview of similarities and differences in signaling pathways of TRAIL- and TNF-mediated necroptosis in cancer cells. Death receptors such as
TRAIL-R1/2 or TNF-R1 under caspase-compromised conditions (and, for some cancer cell lines, after sensitization with protein synthesis inhibitors) are able to
mediate necroptosis. During necroptosis death receptors may be (for TNF-R1) internalized in a clathrin-dependent or clathrin-independent manner followed
by receptosome formation or (for TRAIL-R1/R2) signaled without receptor internalization directly through formation of a necrosomal initiation complex. In the
course of the first steps of necroptosis, membranes and membrane-bound molecules (e.g., Atg5 for TNF-R1 and TRAIL-R1/R2 and Atg16L1 for TNF-R1) are
recruited to the necrosomal initiation complex consisting of, e.g., FADD (indispensable for TRAIL-R1/2 but not for TNF-R1) and, crucial for the execution of
both TNF- and TRAIL-mediated necroptosis, proteins RIPK1 and RIPK3 (not shown), which are assembled in a filamentous fibril-like manner. Deficiency in
some membrane-bound proteins such as Atg5 may inhibit the execution of TRAIL- and TNF-induced necroptosis. However, deficiency in other proteins such
as Atg16L1 or inhibition of clathrin-dependent and -independent events reduces the level of TNF-induced necroptosis but enhances or has no influence,
respectively, on TRAIL-induced necroptosis. Further phosphorylation events for RIPK1, RIPK3, and its downstream effector MLKL are necessary to execute
necroptosis (not shown). The lack of the adaptor protein FADD within the necrosomal initiation complex abrogates the execution of TRAIL-induced necroptosis
(Fig. 1G), but it potentiates the execution of TNF-induced necroptosis (88). As a consequence of necroptosis initiation, secondary messengers (i.e., ceramide) are
produced by A-SMase and N-SMase as intracellular signals to promote necroptosis. As a result, a myriad of executive mechanisms in various cellular compart-
ments is promoted to accomplish the execution of necroptosis. Inhibition of prosurvival pathways such as PARP-1, tankyrases (analyzed here only for TRAIL),
and p38� leads to enhancement of TRAIL- and TNF-induced necroptosis. The executive, necroptotic pathway is built up by some common mechanisms, shared
by both TRAIL- and TNF-induced necroptosis, that result in the same outcome, while they have been modulated (e.g., through inhibition, deficiency, or
overexpression). However, among those executive mechanisms, some differences existed in TRAIL- or TNF-induced necroptosis. While for TNF-induced
necroptosis inhibition of certain executive components led to a decrease in the level of cell death, e.g., through inhibition of lysosomal acidification and inhibition
of UCH-L1, for TRAIL-induced necroptosis, on the contrary, modulation of those components led to an increase in or had no influence on the level of
necroptosis. Along the way, some unique executive mechanisms were identified to play a role exclusively in TNF-induced necroptosis, such as monoubiquiti-
nation of UCH-L1. Moreover, overexpression of Bcl-XL did not influence TNF-induced necroptosis, but it reduced TRAIL-mediated necroptosis. The involve-
ment of particular signaling molecules in the promotion or inhibition of TRAIL- and TNF-mediated necroptosis is described in detail in Discussion.
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might control further downstream signaling events, e.g., through
its interaction with FADD (70), recruitment to caspase-8 (56), and
control of membrane formation and complete membrane closure
(27). Further differences in signaling between TRAIL- and TNF-
mediated necroptosis that might be used for modification of
TRAIL-based anticancer therapies were shown for the involve-
ment of lysosomal and vacuolar compartments in the execution of
necroptosis. Vacuolar H�-ATPase played an executive role in
both types of necroptosis, as a role for Atp6v1g2 (ATPase, H�-
transporting, lysosomal V1 subunit G2), a multisubunit enzyme
that mediates the acidification of intracellular compartments, in
TNF-mediated necroptosis was described previously (71). Vacu-
olar H�-ATPase may contribute to necroptosis by the maturation
or acidification of cargo vesicles, promoting endogenous protein
degradation (72) or receptor endocytosis (73). However, the
suppression of the function of lysosomal enzymes by the lysoso-
motropic agent CQ inhibited only TNF-induced necroptosis and
either did not influence or rather enhanced the execution of
TRAIL-induced necroptosis in a cell type-specific manner. This
may be due to a dependence of TRAIL-induced necroptosis on
executive mechanisms other than lysosomal acidification, as CQ
was previously identified to mediate mitochondrial protein deg-
radation (74).

For TRAIL-induced necroptosis, we identified the serine pro-
tease HtrA2/Omi as a common executioner of necroptosis, simi-
larly to caspase-independent necrosis induced by imatinib (75)
and TNF (9, 76). Although the mechanism of how Omi/HtrA2
mediates TRAIL-mediated necroptosis requires further investiga-
tion, we demonstrated that HtrA2/Omi-dependent monoubiq-
uitination of UCH-L1 was present during TNF- but not TRAIL-
induced necroptosis. Importantly, the application of inhibitors
specific for UCH-L1 exacerbates rather than ameliorates TRAIL-
mediated necroptosis. Thus, influencing UCH-L1 during TRAIL-
mediated necroptosis might rather be a potentiation factor and
suggests that this unique point might be used to develop rational
combination therapies using this signal transduction modulator.

There are several similar uniformly regulatory mechanisms for
TRAIL- and TNF-mediated necroptosis (Fig. 9). Both TRAIL- and
TNF-mediated necroptosis might be pharmacologically modu-
lated by radicicol and geldanamycin, as they are already applied
for treatment of neuronal injury (77) or sepsis (78). In addition,
bisphosphonate-based A-SMase inhibitors or N-SMase inhibitors
may be used for the therapeutic control of necroptosis-based
pathophysiological events or TRAIL- and TNF-mediated necrop-
tosis. Further therapeutic regulation of TRAIL- and TNF-medi-
ated necroptosis may be achieved by the application of Ca-074
Me, similarly as it protected U937 cells from staurosporine-in-
duced necroptotic conditions (14). Ca-074 Me may decrease the
execution of necroptosis by decreasing the accumulation of
amyloid fibers (79), which have been described to promote the
oligomerization of the pivotal signaling molecules RIPK1 and
RIPK3 during necroptosis (80). Both TRAIL- and TNF-mediated
necroptosis can be attenuated by the overexpression of Bcl-2.
However, differences in signaling between TRAIL- and TNF-me-
diated necroptosis were found for the overexpression of another
Bcl-2 family member, Bcl-XL. We were able to show that Bcl-XL
overexpression decreased the levels of TRAIL-induced necropto-
sis, but it did not influence TNF-mediated necroptosis. The de-
tailed mechanism of these differences requires further studies.
Surprisingly, another group presented data showing that the over-

expression of Bcl-XL might likewise prevent the execution of
TNF-mediated necroptosis (81). We consider that differences be-
tween our results and those reported previously by Irrinki and
coworkers might be caused by different levels of Bcl-XL expres-
sion in completely different cell lines (MEFs in the study by Irrinki
et al. and human pancreatic adenosquamous carcinoma Colo357
cells in our study). Of note, the influence of Bcl-XL on the execu-
tion of TRAIL-induced necroptosis is reasonable, since PGAM5,
which promotes necroptosis (82), was identified as an interaction
partner of Bcl-XL (83). Taken together, Bcl-2 and Bcl-XL levels in
cancer cells might be prognostic markers for the application of
TRAIL-mediated necroptotic anticancer therapy, as increased lev-
els of these proteins imply a rather ineffective outcome of therapy.

In order to reach an advantageous enhancement of TRAIL-
induced necroptosis during anticancer therapy, inhibition of pro-
survival pathways should be applied (Fig. 9). Here, the lack of
p38� augmented the necroptotic response to both TRAIL and
TNF, probably due to the activation of cell death pathways by
NF-�B, as its prodeath activities under certain conditions and in
certain cell types were described previously (reviewed in refer-
ences 84 and 85). Although Ye and coworkers previously showed
that suppression of the p38 –NF-�B survival signaling pathway
promoted TNF-induced necroptosis in L929Ts cells (86), we con-
firmed only that the suppression of p38� increased necroptosis.
On the contrary, we have found that a deficiency of p38� caused
the activation of NF-�B, accompanied by an increased level of
necroptosis. These discrepancies may be due to analyses of NF-�B
degradation performed by Ye and coworkers at only late time
points, without direct analyses of early degradation of I�B� or
activation of p65 during cell death in p38�-deficient cells. There-
fore, high levels of p38� in highly proliferating tumor cells (87)
might be disadvantageous, and rather, decreasing the level of p38�
might enhance TRAIL-based antitumor therapy. To confer the
prosurvival effect of p38� during necroptosis and enhance the
elimination of cancer cells, a combinatory therapy of TRAIL-me-
diated necroptosis and p38� inhibitors in phase II/III clinical tri-
als should be considered. Similarly, we showed that inhibition of
PARP-1 or associated components, e.g., tankyrases, may be a ther-
apeutic target to potentiate the execution of TRAIL-induced
necroptosis in cancer cells. Importantly, our results demonstrate
that TRAIL-mediated necroptosis, similarly to TNF-induced
necroptosis (11), is not executed through the PARP-1 pathway in
the physiological milieu. This may have important clinical impli-
cations, as the inhibition of PARP-1 does not abolish TRAIL-in-
duced necroptosis but, as shown here, rather enhances caspase-
independent cell death in some cancer cell lines.

Taken together, the results of our study for the first time reveal
details of various signaling pathways of TRAIL-mediated necrop-
tosis that were not studied previously. Additionally, we found dif-
ferences in signaling between TRAIL- and TNF-mediated necrop-
tosis that might be used for the potentiation of anticancer
approaches based on TRAIL-mediated necroptosis.
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