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Although signaling by death receptors involves the recruitment of common components into their death-
inducing signaling complexes (DISCs), apoptosis susceptibility of various tumor cells to each individual
receptor differs quite dramatically. Recently it was shown that, besides caspase-8, caspase-10 is also recruited
to the DISCs, but its function in death receptor signaling remains unknown. Here we show that expression of
caspase-10 sensitizes MCF-7 breast carcinoma cells to TRAIL- but not tumor necrosis factor (TNF)-induced
apoptosis. This sensitization is most obvious at low TRAIL concentrations or when apoptosis is assessed at
early time points. Caspase-10-mediated sensitization for TRAIL-induced apoptosis appears to be dependent on
caspase-3, as expression of caspase-10 in MCF-7/casp-3 cells but not in caspase-3-deficient MCF-7 cells
overcomes TRAIL resistance. Interestingly, neutralization of TRAIL receptor 2 (TRAIL-R2), but not TRAIL-
R1, impaired apoptosis in a caspase-10-dependent manner, indicating that caspase-10 enhances TRAIL-R2-
induced cell death. Furthermore, whereas processing of caspase-10 was delayed in TNF-treated cells, TRAIL
triggered a very rapid activation of caspase-10 and -3. Therefore, we propose a model in which caspase-10 is
a crucial component during TRAIL-mediated apoptosis that in addition actively requires caspase-3. This might
be especially important in systems where only low TRAIL concentrations are supplied that are not sufficient
for the fast recruitment of caspase-8 to the DISC.

Apoptosis is a fundamental process essential for normal
tissue homeostasis and development that plays a physiological
role in deletion of activated lymphocytes at the end of an
immune response and in elimination of virus-infected or on-
cogenically transformed cells (25, 31, 47). Hence, dysregulation
of apoptosis may be directly involved in several human diseases
including degenerative and autoimmune diseases, neoplasia,
and immunodeficiency syndromes. Based on their tremendous
cytotoxic potential, death ligands such as tumor necrosis factor
(TNF), CD95 ligand (CD95L), and TRAIL (TNF-related apo-
ptosis-inducing ligand) were considered promising cancer ther-
apeutic agents. This view was supported by the finding that, in
contrast to chemotherapeutic drugs and radiation therapy that
usually require the p53 tumor suppressor gene, death ligands
can induce apoptosis independently of p53. However, severe
toxic side effects preclude TNF and CD95L from use in sys-
temic anticancer therapy (8). On the other hand, a totally
different picture emerged with the death ligand TRAIL. Al-
though identified by sequence homology to CD95L and TNF,
TRAIL was found to selectively kill tumor cells, whereas nor-
mal cells were left unharmed by this cytokine (50, 51). This was
also confirmed by in vivo studies as systemic administration of
TRAIL suppressed tumor growth in SCID mice and nonhu-
man primates without being toxic to normal tissues (2, 52). In

addition, in mouse models, TRAIL was used successfully in
locoregional treatment of glioblastoma xenografts (37) and
was shown to be necessary for natural killer cell-mediated
suppression of liver metastasis (40, 44).

These data appear particularly surprising in view of the
assumption that different death receptors induce apoptosis via
similar mechanisms recruiting identical signaling components
such as the adaptor molecule Fas-associated death domain
(FADD) and procaspase 8 to their respective death-inducing
signaling complexes (DISCs) (5, 27, 38, 51, 53). Even more
puzzling were the observations that various tumor cells are
resistant to apoptosis induction by TNF or CD95L but sensi-
tive towards TRAIL (3, 29, 35, 46). Susceptibility to TRAIL-
induced apoptosis was originally believed to be influenced by
the expression levels of two additional TRAIL receptors
(TRAIL-R3/DcR1/TRID and TRAIL-R4/DcR2/TRUNDD)
(1, 14, 51). These receptors are not able to transduce apoptotic
signals due to the lack of a functional intracellular death do-
main, but they still bind TRAIL and thereby act as so-called
decoy receptors. However, in subsequent studies, no correla-
tion was found between the expression of either of these decoy
receptors and TRAIL sensitivity, indicating the possible exis-
tence of additional signaling components that distinguish
death receptor-mediated pathways (50).

One of these components was postulated to be caspase-10,
the second death effector domain (DED)-containing initiator
caspase besides caspase-8 (49). Four different splice variants of
caspase-10 have been reported (caspase-10a/Mch4, caspase-
10b/FLICE2, caspase-10c and caspase-10d) that are abun-
dantly expressed in fetal tissues, suggesting a role in embryonic
development (12, 32, 49). In addition, based on sequence ho-
mology to caspase-8, caspase-10 has been proposed to be in-

* Corresponding author. Mailing address: Institute of Molecular
Medicine, University of Düsseldorf, Building 23.12, Universitätsstrasse
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volved in death receptor signaling; however, studies investi-
gating this hypothesis yielded conflicting results. For
instance, several reports documented that caspase-8, but not
caspase-10, is the crucial initiator caspase in death receptor
signaling, as various caspase-8-deficient tumor cells were
resistant to CD95L and TRAIL although caspase-10 was
expressed in these cells (19, 21, 45). On the other hand,
caspase-10 mutations have recently been associated with a
rare immunological disorder, called autoimmune lympho-
proliferative syndrome, a disease that was originally be-
lieved to be restricted to mutations in the CD95 receptor-
ligand system (56). These caspase-10-inactivating mutations
were proposed to be causative for the disease (autoimmune
lymphoproliferative syndrome type II), as mature dendritic
cells and activated peripheral T cells from these patients
were resistant to TRAIL when compared to the TRAIL-
sensitive phenotype of healthy control cells. These
caspase-10 mutations did not affect apoptosis susceptibility
to TNF or CD95L, indicating again a crucial role for
caspase-10 specifically in TRAIL signaling. Other apoptosis-
inactivating caspase-10 mutations were also found in several
primary tumors as well as in tumor cell lines of different
origin (15, 34, 39).

The first evidence for a more specific role of caspase-10 was
provided by a study demonstrating that TRAIL-induced apo-
ptosis was blocked by a dominant-negative caspase-10b but not
by a dominant-negative caspase-8 mutant, although the latter
efficiently blocked death by ligation of TNF receptor 1 (TNF-
R1) (33, 49). Although initially not detected due to unknown
reasons or the unavailability of a specific caspase-10 antibody
(4, 23, 42), the recruitment of caspase-10 to death receptor-
signaling complexes has now been confirmed by several inde-
pendent studies (24, 41, 55). However, whereas two of these
studies demonstrated that both caspase-8 and caspase-10 sig-
nal apoptosis through either the CD95 or the TRAIL death
receptors independently from each other (24, 55), the other
report postulated that caspase-10 cannot substitute for
caspase-8 (41). Thus, although there is no doubt that
caspase-10 is recruited to death receptor-signaling complexes,
its role, if any, appears to be redundant for the function of
caspase-8. Neither of these studies, however, provided a de-
tailed comparison of death receptor-induced apoptosis and
caspase activation in the absence or presence of these initiator
caspases. In addition, as the carboxy-terminal half of
caspase-10 that is involved in substrate recognition and binding
differs greatly from that of caspase-8, different roles for both
caspases in death receptor-induced apoptosis are conceivable
(12, 49).

Therefore, we compared apoptosis signaling by TRAIL and
TNF in MCF-7 breast carcinoma cells in the presence and
absence of caspase-10. We found that expression of caspase-10
accelerated TRAIL-induced but not TNF-induced apoptosis in
a remarkable caspase-3-dependent manner. Sensitization by
caspase-10 was most evident when low cytokine doses were
used or when apoptosis signaling and induction were assessed
at early time points. Our results further indicate that caspase-
10 is a proximal caspase activated in TRAIL signaling, at least
under low dose treatment, an observation that might be par-
ticularly important in systems in which only low, but physio-
logically relevant, TRAIL concentrations are available.

MATERIALS AND METHODS

Cell lines, reagents, and antibodies. HeLa H21 cervical carcinoma cells (16)
and MCF-7 breast carcinoma cells were maintained in RPMI 1640 supplemented
with 10% heat-inactivated fetal calf serum, 10 mM glutamine, 100 U of penicillin
/ml, and 0.1 mg of streptomycin/ml (all from PAA Laboratories, Linz, Austria).
MCF-7/casp-3 cells stably expressing caspase-3 (18) and the various MCF-7
transfectants stably expressing caspase-10a or caspase-10b in the absence or
presence of caspase-3 were maintained in the same medium supplemented with
either 400 �g of neomycin/ml (Invitrogen, Karlsruhe, Germany), 200 �g of
hygromycin/ml (Gibco), or a combination of both. The monoclonal antibodies
directed against caspase-3 and caspase-8 were from R&D Systems (Wiesbaden,
Germany) and from BioCheck (Münster, Germany), respectively. The monoclo-
nal caspase-10 antibody (clone 4C1) was from MBL International (Nagoya,
Japan). The caspase-3 substrate DEVD-AMC (N-acetyl-Asp-Glu-Val-Asp-ami-
nomethylcoumarin) and the caspase-8 substrate IETD-AMC (N-acetyl-Ile-Glu-
Thr-Asp-aminomethylcoumarin) were from Biomol (Hamburg, Germany). Hu-
man recombinant TNF with a specific activity of 4 � 107 U/mg of protein was
obtained from Knoll AG (Ludwigshafen, Germany). Leucine zipper-tagged
TRAIL (LZ-TRAIL) was a gift from Henning Walczak (Heidelberg, Germany).
His-tagged TRAIL and the monoclonal antibodies recognizing the four TRAIL
receptors were from Alexis (Lausen, Switzerland).

cDNAs and reverse transcription (RT)-PCR. The cDNAs encoding the CASP-
10a and -10b isoforms were obtained by PCR from Jurkat cells and from human
spleen cDNA (Clontech), respectively, by using the Pfu DNA polymerase. The
following oligonucleotide primers were used: 5CASP-10a/b (5�-AAA GGA TCC
GCT AGC ATG AAA TCT CAA GGT CAA CAT TGG TAT TCC-3�), 3CASP-
10a (5�-TTT CTC GAG TAT TGA AAG TGC ATC CAG GGG CAC-3�), and
3CASP-10b (5�-AAA GAA TTC CTA GGA AAC GCT GCT CCA CCT GC
G-3�). The PCR products were cloned into the plasmid pIRES1hyg (CASP-10b),
an expression vector encoding a hygromycin resistance gene, or into the expres-
sion plasmid pcDNA4zeo (CASP-10a/b), carrying the Zeocin resistance gene.
Note that the pIRES1hyg/CASP-10b cDNA used to generate the main MCF-7/
casp-3/casp-10b clone that was used throughout this study contained the original
CASP-10 stop codon resulting in the expression of an untagged caspase-10b
protein. The various MCF-7 clones described in Fig. 7 were generated with the
pcDNA4zeo/CASP-10a/b cDNAs and express caspase-10–Myc/His fusion pro-
teins. No obvious difference was observed between tagged and untagged caspase-
10 proteins. The PCR products were fully sequenced and confirmed to be wild
type. For detection and nucleotide sequence analysis of CASP-10b cDNA from
various cell lines, total cellular RNA was purified using an RNAeasy kit (QIA-
GEN, Hilden, Germany). RNA (5 �g) was reverse transcribed using Superscript
II (Life Technologies), and the cDNA was amplified with the above-mentioned
primers.

Stable transfection of MCF-7 and MCF-7/casp-3 cells. Caspase-3-deficient
and -proficient MCF-7 cells were stably transfected with the above-described
expression constructs by using the SuperFect reagent (QIAGEN). Forty hours
posttransfection, cells were trypsinized and reseeded in selection medium con-
taining 600-�g/ml concentrations of the appropriate antibiotic. Individual clones
were picked and further cultured in 200-�g/ml concentrations of the appropriate
antibiotic. To exclude the introduction of mutations in caspase-10 during the
generation of the stable clones, the cDNAs encoded by the plasmid were reiso-
lated from the single clones and sequenced. No mutations were found in the
clones used.

Preparation of cell extracts and Western blotting. Cell extracts were prepared
as described previously (17). To confirm equal loadings, protein concentrations
were determined with the Bio-Rad protein assay. Subsequently, proteins were
separated under reducing conditions on a sodium dodecyl sulfate-polyacrylamide
gel and electroblotted onto a polyvinylidene difluoride membrane (Amersham,
Braunschweig, Germany). Following incubation with the various antibodies, the
proteins were visualized by enhanced chemiluminescent staining using ECL
reagents (Amersham Biosciences, Freiburg, Germany).

Measurement of cell death. Cell death was assessed by microscopic examina-
tion or was measured with the standard TNF cytotoxicity assay (crystal violet
assay) that is based on the staining of viable cells (16). Briefly, cells (2 � 105/ml)
were seeded into 96-well microtiter plates in 100 �l of culture medium. Cells
were incubated with the death stimuli for the indicated times at 37°C, and viable
cells were stained with 20% methanol containing 0.5% crystal violet and solu-
bilized in 33% acetic acid. The absorbance was measured at an optical density of
590 nm (A590). Percent specific cell death is defined as 100 � (A590 of test well
� 100/A590 of untreated well). Each experiment was performed independently at
least three times and an individual experiment was carried out in triplicate.
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Fluorescence-activated cell sorter analyses. Cells were mechanically detached,
washed with phosphate-buffered saline (PBS), and resuspended in PBS contain-
ing 1% bovine serum albumin. Cells were incubated for 60 min at room tem-
perature with the monoclonal antibodies against TRAIL-R1 (HS101),
TRAIL-R2 (HS202), or control mouse immunoglobulin G1 (mIgG1) at 10 �g/
ml. Cells were washed twice in PBS, resuspended in PBS containing 1% bovine
serum albumin, and incubated with R-phycoerythrin-conjugated goat anti-mouse
IgG (1:100; Jackson ImmunoResearch) for 30 min at room temperature. After
extensive washing with PBS, receptor expression was determined by flow cyto-
metric analyses using the FL2-histogram profile. All flow cytometric analyses
were performed on a FACSCalibur (Becton Dickinson, Heidelberg, Germany)
with the CellQuest analysis software.

siRNA design and transient transfection. The small interfering RNAs
(siRNAs) against caspase-8 and caspase-10 were designed using three indepen-
dent selection programs from Dharmacon (Lafayette, Colo.), Ambion, and from
the Genomics Institute of the Novartis Research Foundation (siRNA Picker)
and applying published standard criteria. The selected sequence for caspase-8
was 5�-AA-GGGUCAUGCUCUAUCAGAU-dTdT-3�. The two caspase-10
siRNA duplexes, 5�-AA-AGGAAGCCGAGUCGUAUCA-dTdT-3� and 5�-AA-
GAACUCCUCUAUAUCAUAC-dTdT-3� , did not suppress expression of any
of the caspase-10 isoforms, whereas the caspase-10 siRNA with the sequence
5�-AAAAAUAAGCAUGCAGGUAGU-dTdT-3� suppressed only caspase-10b
expression, without influencing expression of the other caspase-10 isoforms.
Therefore, the siSMART-pool against caspase-10 was purchased from Dharma-
con (catalog no. M-004402-01). As a control for the specificity of the siRNA-
mediated gene suppression, we used siRNA duplexes against luciferase (siGL3)
with the following sequence: 5�-AA-CTTACGCTGAGTACTTCGA-dTdT-3�.

siRNAs were delivered by Dharmacon as double-stranded RNA oligonucleo-
tides and transfected into cells by using LipofectAMINE 2000 (Invitrogen) at a
final concentration of 25 nM siRNA plus 4 �l of LipofectAMINE 2000/105

cells/ml in a six-well plate format with a final volume of 2 ml. Forty-eight hours
after the siRNA treatment, cells were incubated with TRAIL and assayed either
by Western blotting for caspase-8 and caspase-10 expression or with the fluoro-
metric assay for caspase-3 (DEVDase) activity (see below).

Fluorometric assay of caspase activity. Caspase activity was determined as
described previously (11). Briefly, cell lysates were incubated with 50 �M flu-
orogenic caspase-3 substrate DEVD-AMC or the caspase-8 substrate IETD-
AMC in 200 �l of buffer containing 50 mM HEPES (pH 7.4), 100 mM NaCl,
10% sucrose, 0.1% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonate}, and 10 mM dithiothreitol. The release of aminomethylcoumarin
was measured by fluorometry using an excitation wavelength of 360 nm and an
emission wavelength of 475 nm.

RESULTS

Tumor cells display different sensitivities towards TNF- and
TRAIL-induced apoptosis. It is well documented that apopto-
sis induction by the various death receptors, including TNF-
R1, relies on the recruitment of FADD and caspase-8 into
their respective DISCs, implying redundant signaling path-
ways. However, several tumor cell lines are resistant to TNF or
CD95L but sensitive to apoptosis induction by TRAIL (3, 29,
35, 46). These observations indicate that different mechanisms
or additional signaling components must exist for the individ-
ual death receptor pathways. In an attempt to understand
these differences, we initially compared apoptosis susceptibil-
ities of HeLa H21 cervical carcinoma cells and MCF-7 breast
carcinoma cells to TNF and TRAIL. In the absence of protein
biosynthesis inhibitors such as cycloheximide, HeLa H21 cells
are resistant to TNF (16) but can be easily killed by TRAIL in
a dose-dependent manner (Fig. 1A and B). On the other hand,
MCF-7 cells that are devoid of caspase-3 due to the functional
deletion of the CASP-3 gene (18) respond to these death re-
ceptor ligands in exactly the opposite way. They are sensitive
towards TNF but remarkably do not undergo apoptosis in
response to TRAIL, even when high doses of up to 100 ng/ml
of this cytokine are used. Higher TRAIL concentrations, how-

ever, also yielded apoptosis in MCF-7 cells (data not shown).
Interestingly, expression of caspase-3 in MCF-7 cells restored,
at least partially, TRAIL sensitivity, indicating that, in contrast
to TNF, caspase-3 appears to be required for TRAIL signaling.
Notably, when compared to the parental MCF-7 and the HeLa
H21 cells, MCF-7/casp-3 cells were killed by TRAIL with an
intermediate efficiency. In particular, whereas approximately
17 and 37% of H21 cells were killed by TRAIL concentrations
as low as 12.5 and 25 ng/ml, respectively, apoptosis of MCF-
7/casp-3 cells was only observed when higher TRAIL doses
starting from 50 ng/ml were used (Fig. 1B). Together, these
results therefore indicate that, in the cell lines used, TNF and
TRAIL most likely utilize different signaling pathways and/or
components.

Thus, we wondered whether MCF-7 cells, in addition to
caspase-3, also lack other important signaling components that
might be required for an efficient apoptosis induction by
TRAIL. One of these components might be the initiator
caspase-10 that was recently found to be recruited into the
TNF, CD95, and TRAIL signaling complexes following stim-
ulation with their respective ligands (24, 28, 41). Indeed,
caspase-10 expression analyses supported our assumption, as
at least two isoforms of this caspase, namely, caspase-10a and
caspase-10b, were abundantly expressed in TRAIL-sensitive

FIG. 1. Different apoptosis susceptibilities of caspase-10-deficient
and -proficient tumor cells to TNF and TRAIL. HeLa H21, MCF-7,
and MCF-7/casp-3 cells were incubated with the indicated concentra-
tions of TNF (A) or LZ-TRAIL (B). After 24 h, cell death was assessed
by the crystal violet assay, a cytotoxicity assay that is based on the
staining of viable cells (16). One representative experiment out of
three performed in triplicate is shown. (C) RT-PCR analysis for
caspase 10b mRNA expression. Reverse-transcribed GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase) mRNA was included as a con-
trol. (D) Western blots demonstrating the expression levels of caspase-
3 (upper panel) and the two caspase-10 isoforms (caspase-10a and
caspase-10b) (lower panel) in the various tumor cell lines.

2810 ENGELS ET AL. MOL. CELL. BIOL.



HeLa H21 cells but were conspicuously absent in both MCF-7
lines (Fig. 1D). This finding was also confirmed by RT-PCR
analysis that even demonstrated the complete lack of
caspase-10 mRNA transcripts in MCF-7 and MCF-7/casp-3
cells (Fig. 1C).

Expression of caspase-10b sensitizes MCF-7/casp-3/casp-
10b cells to TRAIL-induced but not TNF-induced apoptosis.
To examine a possible role for caspase-10 in TRAIL signaling,
MCF-7/casp-3 cells were stably transfected with an expression
vector encoding caspase-10b, as this isoform was previously
suggested to be involved in TRAIL killing (49). Several clones
were analyzed by RT-PCR and Western blotting and one clone
was chosen initially for further experiments (Fig. 1C and D).
First we compared TRAIL- and TNF-induced apoptosis in
caspase-10-deficient and -proficient MCF-7/casp-3 cells. We
found that the presence of caspase-10b specifically accelerated
TRAIL-induced apoptosis in a remarkable dose- and time-
dependent manner, whereas the response of both MCF-7
clones to various TNF concentrations did not differ signifi-
cantly (Fig. 2). After 16 h, more than 60% of MCF-7/casp-3/
casp-10b cells were killed by only 25 ng of TRAIL/ml, a con-
centration that was not sufficient to induce apoptosis in
caspase-10-deficient MCF-7/casp-3 cells. In agreement with
Fig. 1B, apoptosis induction of MCF-7/casp-3 cells was only
achieved with TRAIL concentrations starting from 50 ng/ml
(41%), a dose that resulted in the death of more than 85% of
their caspase-10b-expressing derivatives. Furthermore, al-
though apoptosis of MCF-7/casp-3/casp-10b cells was consis-
tently observed at an earlier time point regardless of the
TRAIL concentration applied, both cell lines showed a similar
response to this cytokine at later time points when higher
TRAIL concentrations of 100 or 200 ng/ml were used. In
contrast, the presence of caspase-10b did not significantly af-
fect the response of MCF-7/casp-3/casp-10b cells to TNF (Fig.
2) even when TNF doses as low as 1 ng/ml were used that are
barely capable of inducing apoptosis in either cell line (data
not shown). These results indicate that caspase-10b might be
an essential component of the TRAIL but not of the TNF
signaling pathway.

Consistent with these observations, treatment of MCF-7/
casp-3/casp-10b cells with 25 ng of TRAIL/ml was sufficient to
induce processing of caspase-3 and caspase-8, as evidenced by
the appearance of the active p17 caspase-3 subunit and by the
decrease of the p53/p55 procaspase-8 levels, respectively (Fig.
3A). In contrast, both events were only triggered in MCF-7/
casp-3 cells by using TRAIL at a concentration of 50 ng/ml.
Kinetic analyses further confirmed these results and showed
that treatment with a single dose of 25 ng of TRAIL/ml re-
sulted in the processing of caspase-8 and caspase-3 in MCF-7/
casp-3/casp-10b cells but not in caspase-10-deficient MCF-7/
casp-3 cells (Fig. 3B). Processing of both caspases directly
correlated with their activation profile, as demonstrated by the
cleavage of the fluorogenic caspase-3 and caspase-8 substrates
DEVD-AMC and IETD-AMC, respectively (Fig. 3C). Please
note that in MCF-7/casp-3/casp-10b cells both caspases
reached their maximum activity after a 4-h treatment with 25
ng of TRAIL/ml and declined thereafter, whereas only a mar-
ginal caspase-3 and caspase-8 activity was observed in similarly
treated MCF-7/casp-3 cells. In contrast, a significant activation
of caspase-3 and caspase-8 by 25 ng of TNF/ml was only

achieved at later time points (between 8 and 12 h), which was,
however, similar in both cell lines (Fig. 3B and C). Thus,
expression of caspase-10b appears to sensitize these cells to
TRAIL-induced apoptosis by reducing the threshold of
TRAIL concentrations required to activate caspase-3 and
caspase-8.

His-tagged TRAIL also accelerates caspase-3 and caspase-8
processing in a caspase-10-dependent manner. As TRAIL sig-
naling, at least in some cases (50), can depend on the TRAIL
preparations used, we performed similar experiments using a
His-tagged TRAIL preparation. Initial experiments revealed
that His-TRAIL displays an approximately three- to fourfold
higher activity than LZ-TRAIL in our system (data not
shown). This might be explained by the fact that His-TRAIL
tends to form higher-molecular-weight aggregates, rendering it

FIG. 2. Increased TRAIL sensitivity of MCF-7/casp-3/casp-10b
cells. Caspase-10-deficient MCF-7/casp-3 and caspase-10b-expressing
MCF-7/casp-3/casp-10b cells were incubated with the indicated con-
centrations of either LZ-TRAIL (A) or TNF (B). After the indicated
times, cell death was assessed by the crystal violet assay. One repre-
sentative experiment out of four performed in triplicate is shown.
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more potent than LZ-TRAIL, which only forms trimers (50).
Nevertheless, dose-response analyses confirmed the results ob-
tained before (Fig. 3) and revealed that caspase-10b-expressing
MCF-7/casp-3/casp-10b cells required much lower TRAIL
concentrations to efficiently activate caspases than did caspase-
10b-deficient MCF-7/casp-3 cells (Fig. 4A). Whereas process-
ing of caspase-3 and caspase-8 into their active subunits was
readily detectable in MCF-7/casp-3/casp-10b cells by using as
little as 4 ng of His-TRAIL/ml, a two- to fourfold higher
concentration of His-TRAIL was required to achieve compa-
rable effects in caspase-10b-deficient MCF-7/casp-3 cells (Fig.

4A, right panels). Noteworthy, even higher His-TRAIL con-
centrations such as 8 or 16 ng/ml were less effective in caspase-
10-deficient MCF-7/casp-3 cells, as judged by the lower levels
of active caspase-3 and caspase-8 fragments and a less pro-
cessed procaspase-8 compared to those in MCF-7/casp-3/casp-
10b cells (Fig. 4A, right panels). We also analyzed the activa-
tion profile of caspase-10. Similar to the processing of
caspase-8, activation of caspase-10b starts with the proteolytic
cleavage of the small p12 subunit, resulting in the appearance
of an intermediate p47 product that consists of the prodomain
and the large (p17) catalytic subunit. Caspase-10b processing
into the p47 fragment was only observed in His-TRAIL-stim-
ulated MCF-7/casp-3/casp-10b cells (Fig. 4A, upper right
panel) but not when the cells were treated with TNF (Fig. 4A,
upper left panel). In addition, both cell lines responded in a
similar dose-dependent manner to TNF with the processing of
caspase-8 and caspase-3 (Fig. 4A, left panels), supporting our
hypothesis that caspase-10 might play a role in TRAIL but not
in TNF signaling.

Analyses of the caspase activation profiles using the fluoro-
genic substrates confirmed the results obtained by immuno-
blotting and showed, over the entire concentration range, an
activation of both caspase-3 and caspase-8 in His-TRAIL-stimu-
lated MCF-7/casp-3/casp-10b cells that was reproducibly stronger
than in similarly treated MCF-7/casp-3 cells (Fig. 4B). Again,
TNF induced a similar degree of caspase-3 and caspase-8 activa-
tion in both cell lines at all concentrations tested (data not
shown).

Caspase-10 did not only lower the threshold of caspase ac-
tivation but also the kinetics of their activation profile in re-
sponse to His-TRAIL. Similar to that observed with LZ-
TRAIL, caspase-3 and caspase-8 activation occurred much
faster and with a greater efficiency in MCF-7/casp-3/casp-10b
cells than in their caspase-10-deficient counterparts (Fig. 5).
This was particularly evident at a low His-TRAIL concentration
(Fig. 5A) but also when the cells were treated with His-TRAIL at
a concentration that is able to induce caspase activation in the
absence of caspase-10 (Fig. 5B). Again, the kinetics of caspase-3
and caspase-8 activation in response to TNF were remarkably
similar in both cell lines (Fig. 5). Altogether, these results indicate
that the sensitizing effect of caspase-10 is also evident with
TRAIL versions that have different capabilities of receptor oli-
gomerization.

Expression of caspase-10b does not alter the expression
levels of the TRAIL receptors. TRAIL signaling is mediated by
two receptors, TRAIL-R1 and TRAIL-R2, which upon stim-
ulation initiate DISC formation (14, 27). In addition, many
cells also express two so-called decoy receptors (TRAIL-R3
and TRAIL-R4) that are unable to transduce signals due to the
lack of a functional intracellular death domain. To investigate
whether introduction of the CASP-10 gene resulted in an al-
teration of TRAIL receptor expression, which then might ex-
plain the observed sensitization effect, the various cell lines
including the TRAIL-sensitive HeLa H21 cell line were ana-
lyzed by surface staining for the expression of the individual
TRAIL receptors. However, TRAIL-R1 and TRAIL-R2 were
almost equally expressed within one cell line and, more impor-
tantly, their expression levels did not differ significantly be-
tween MCF-7, MCF-7/casp-3, and MCF-7/casp-3/casp-10b
cells (Fig. 6A). In addition, no significant differences between

FIG. 3. Accelerated processing and activation of caspase-8 and
caspase-3 in MCF-7/casp-3/casp-10b cells, specifically in TRAIL-me-
diated signaling. (A) Western blot analyses for the status of the
caspase-8 proform (upper panel) and the active p17 subunit of
caspase-3 (lower panel) in extracts of MCF-7/casp-3 and MCF-7/casp-
3/casp-10b cells treated for 4 h with the indicated concentrations of
TRAIL. (B) Western blot analyses for the status of the caspase-8
proform (upper panels) and caspase-3 (lower panels) in extracts of
MCF-7/casp-3 (left panels) and MCF-7/casp-3/casp-10b cells (right
panels) treated for the indicated times with TNF or TRAIL at a
concentration of 25 ng/ml. The protein band that is marked with an
asterisk is of unknown origin and serves as a loading control.
(C) Caspase-3 (DEVDase) and caspase-8 (IETDase) enzymatic activ-
ities in extracts of MCF-7/casp-3 and MCF-7/casp-3/casp-10b cells
treated for the indicated times with TNF or TRAIL at a concentration
of 25 ng/ml.
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these cells were observed with regard to the expression levels
of TRAIL-R3 and TRAIL-R4 that were, however, not as abun-
dantly expressed as the two apoptosis-inducing TRAIL recep-
tors (Fig. 6B). Together, these data indicate that the observed
acceleration of TRAIL signaling in MCF-7/casp-3/casp-10b
cells is not caused by an altered expression of any of the
TRAIL receptors.

Both caspase-10 isoforms, 10a and 10b, sensitize caspase-
3-proficient, but not caspase-3-deficient, MCF-7 cells to
TRAIL-induced apoptosis. Next, we examined the possibility
that the observed acceleration of TRAIL signaling by caspase-
10b is due to a clonal artifact. In addition, we wanted to
determine whether caspase-10a can substitute for caspase-10b
and whether either isoform can accelerate TRAIL killing also
in caspase-3-deficient MCF-7 cells. For this purpose, we gen-
erated MCF-7 and MCF-7/casp-3 clones that stably express
either caspase-10a or caspase-10b in the absence or presence,
respectively, of caspase-3. Several individual clones were se-
lected and analyzed for their expression levels of the two
caspase-10 isoforms by immunoblotting (Fig. 7A). Both caspase-

10b- and caspase-10a-expressing MCF-7/casp-3 clones, M3B31
and M3A28, respectively, were significantly more sensitive to-
wards TRAIL-induced apoptosis than were caspase-10-deficient
MCF-7/casp-3 cells (Fig. 7B). This observation not only confirms
our previous results but also demonstrates that acceleration of
TRAIL-induced apoptosis can be mediated by either caspase-10
isoform. Interestingly, caspase-3-deficient MCF-7 cells expressing
caspase-10a or caspase-10b were as resistant to TRAIL killing as
parental MCF-7 cells (Fig. 7C), implying the requirement for
caspase-3 in this process. On the other hand, when expressed in
MCF-7/casp-3 cells, the apoptosis sensitizing effect of the
caspase-10 isoforms was only observed in TRAIL signaling but
not in TNF signaling. When compared to their respective paren-
tal MCF-7 lines, the caspase-10-expressing MCF-7 clones were
killed by TNF to the same extent in the absence or presence of
caspase-3 (data not shown).

So far, our data not only provide strong evidence that
caspase-10 specifically enhances TRAIL-induced apoptosis,
they also suggest that caspase-3 might be required for this
effect (Fig. 1B and 7C). This view was further supported by our

FIG. 4. Accelerated caspase activation in MCF-7/casp-3/casp-10b cells is also induced by His-tagged TRAIL. (A) Western blot analyses for
processing of caspase-10, caspase-8, and caspase-3 in MCF-7/casp-3 and MCF-7/casp-3/casp-10b cells treated with the indicated concentrations of
TNF or His-TRAIL. Because TRAIL signaling proceeds with faster kinetics, TRAIL-treated cells were harvested after 4 h, whereas extracts of
TNF-stimulated cells were prepared after 8 h. (B) The same extracts that were used in panel A for immunoblotting were analyzed for caspase-
3 (DEVDase) and caspase-8 (IETDase) enzymatic activity. AU, arbitrary units.
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finding that 25 ng of LZ-TRAIL/ml, a concentration that is not
sufficient to activate caspase-8 in MCF-7 (data not shown) or
MCF-7/casp-3 cells, also failed to activate this initiator caspase
in the caspase-3-deficient but caspase-10b-proficient MCF-7/
casp-10b clone (Fig. 7E). As shown before (Fig. 3C), activation
of caspase-8 by this concentration of TRAIL was only achieved
in MCF-7/casp-3/casp-10b cells, a cell line in which both
caspases are present (Fig. 7E). In contrast, TNF treatment
induced comparable levels of caspase-8-like activity in both
MCF-7/casp-3 and MCF-7/casp-3/casp-10b cells, whereas acti-
vation of caspase-8 in parental MCF-7 (data not shown) and
MCF-7/casp-10b cells was only observed at a later time point
(Fig. 7D). Similar results were obtained when the processing of
caspase-8 was assessed by Western blot analyses (data not
shown). These results demonstrate that only caspase-3, but not
caspase-10, is required for TNF-induced caspase-8 activation
which is in line with our observation that caspase-10 specifically
accelerates TRAIL-induced, but not TNF-induced, apoptosis.
Also note in this experiment that in contrast to TNF, TRAIL
signaling proceeded with much faster kinetics, as evidenced by the
early induction of caspase-8-like proteolytic activity (Fig. 7E).

Modulation of caspase-10 expression affects TRAIL-R2 sig-
naling. To analyze whether a particular TRAIL receptor is
involved in the sensitizing activity of caspase-10, we performed
cell death assays in the absence or presence of neutralizing
antibodies to either TRAIL-R1 or TRAIL-R2. TRAIL-in-
duced apoptosis was strongly inhibited in both cell lines re-
gardless of the presence of caspase-10 when TRAIL-R1 was
blocked by the neutralizing antibodies (Fig. 8A). In contrast,
blocking TRAIL-R2 had no or only a marginal effect on
TRAIL killing of caspase-10-deficient MCF-7/casp-3 cells but
was able to block, at least partially, apoptosis of MCF-7/casp-

3/casp-10b cells (Fig. 8A). As this was observed reproducibly
with both TRAIL preparations, His-TRAIL and LZ-TRAIL,
these data provide evidence that the sensitizing effect of
caspase-10 is mediated via TRAIL-R2.

So far, our results were obtained from overexpression stud-
ies in MCF-7 cells. In order to also verify the sensitizing role of
caspase-10 in another cellular model system, we asked whether
suppression of caspase-10 expression would impair TRAIL-
induced caspase activation in HeLa cells. To this end, we
employed the SMART-pool siRNA technology, as three indi-
vidual caspase-10 siRNAs could not suppress expression of all
caspase-10 isoforms and hence had no effect on TRAIL sig-
naling (data not shown). However, when the SMART-pool
caspase-10 siRNA was transiently transfected into HeLa cells,
a significant reduction of the detectable caspase-10 isoforms
was observed which correlated well with a 42.8% inhibition of
TRAIL-induced DEVDase activity (Fig. 8B, lane 3). This in-

FIG. 5. Kinetics of caspase activation in caspase-10-expressing and
-deficient MCF-7/casp-3 cells. MCF-7/casp-3 and MCF-7/casp-3/casp-
10b cells were treated with TNF or His-TRAIL at concentrations of 4
ng/ml (A) or 12 ng/ml (B). After the indicated time points, cell extracts
were prepared and analyzed for caspase-3 (DEVDase) and caspase-8
(IETDase) activity. AU, arbitrary units.

FIG. 6. Similar expression levels of agonistic and antagonistic
TRAIL receptors in HeLa H21, MCF-7, MCF-7/casp-3, and MCF-7/
casp-3/casp-10b cells. (A) Fluorescence-activated cell sorter analysis
showing expression of TRAIL-R1 (left panels, thick line) and
TRAIL-R2 (right panels, thick line) of the indicated cell lines. The thin
line represents the IgG control. (B) Quantitative analysis of the ex-
pression of the individual TRAIL receptors as indicated by the number
of specifically stained phycoerythrin (PE)-positive cells.
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hibition was even more pronounced when the cells were
treated with the caspase-8 siRNA (Fig. 8B, lane 2). Together,
these results are in line with our previous data and show that
caspase-10 is crucial for TRAIL signaling and that the sensi-
tizing effect of caspase-10 is not only restricted to the MCF-7
cell system but can also be observed in HeLa cells.

Processing of caspase-10 is an early event in TRAIL-in-
duced, but not in TNF-induced, apoptosis. Next we performed
DISC analyses using low TRAIL and TNF concentrations.
However, all our attempts to precipitate DISC components
failed (data not shown). This is most likely due to the fact that
all DISC analyses are usually performed with microgram

amounts of either ligand or receptor antibodies (24, 41).
Hence, it is possible that very low nanogram levels of cytokines
as used in the present study are not sufficient to pull down any
of these components. A similar observation was also made
earlier (M. Sprick, personal communication).

Nevertheless, we finally analyzed the kinetics of caspase
activation in TNF- or TRAIL-treated MCF-7/casp-3/casp-10b
cells. Treatment of MCF-7/casp-3/casp-10b cells with TRAIL
resulted in an early activation of caspase-10b which was already
detectable 1 h after stimulation, as demonstrated by the ap-
pearance of the p47 intermediate fragment (Fig. 9). Caspase-3
processing following TRAIL treatment occurred at approxi-
mately the same time, whereas activation of caspase-8, as ev-
idenced by the appearance of the p41/43 fragments, was first
detectable after 2 h. In contrast, when the cells were treated
with TNF, caspase-10b activation was only observed at 8 h, a
time point at which caspase-8 and caspase-3 were already ac-
tivated (Fig. 9). Thus, although different affinities of the anti-
bodies might account for some of the observed differences in
the kinetics, our results indicate that activation of caspase-10 in
TNF signaling occurs downstream of caspase-8 and caspase-3,
whereas under the same conditions caspase-10 is a proximal
caspase recruited to and processed at the TRAIL DISC.

DISCUSSION

Although intensively studied recently, the role of caspase-10
in death receptor signaling remains obscure. Whereas a num-
ber of studies indicate that caspase-10 might be crucial for
apoptosis signaling (29, 30, 33, 49, 56), other reports suggest
that caspase-10 is not important or even not involved in sig-
naling by death receptor ligands (4, 19, 41, 42). More recent
reports, however, postulate that caspase-10 signals apoptosis
through different death receptor systems (24, 28, 55). More-
over, the finding that inactive caspase-10 mutant proteins im-
paired apoptosis signaling by all death receptors (56) indicates
that the various death receptors recruit identical signaling
components including caspase-10 into their DISCs. However,
the question remains why some tumor cell lines display differ-
ent apoptosis susceptibilities to these death receptors (3, 29,
35, 46). Many different mechanisms can account for this phe-
nomenon, including the expression of decoy receptors or other
antiapoptotic proteins such as FLIP (FLICE-inhibitory pro-
tein) or members of the Bcl-2 and IAP (inhibitors of apoptosis
protein) families (1, 50). However, in several studies, no cor-
relation could be found between apoptosis susceptibility and
expression of either of these proteins (10, 22, 30, 35, 58),
implying the existence of additional mechanisms that affect
death receptor pathways (54).

The results presented here provide strong evidence that
caspase-10 might be a critical DISC component distinguishing
death receptor-mediated signaling events especially at low cyto-
kine concentrations. TRAIL-induced but not TNF-induced apo-
ptosis and caspase activation were accelerated in a time- and
dose-dependent manner in the presence of this initiator caspase.
Furthermore, caspase-10 processing was found to be an early
event in TRAIL signaling that was first observed 1 h following
stimulation. In contrast, processing of caspase-10 induced by TNF
was only evident at 8 h, a time point at which caspase-3 and
caspase-8 were already activated. Thus, it appears that caspase-10

FIG. 7. Expression of caspase-10a and caspase-10b sensitizes
MCF-7/casp-3, but not caspase-3-deficient MCF-7 cells, to TRAIL-
induced apoptosis. (A) Western blot analyses for the expression levels
of caspase-10a (55 kDa) and caspase-10b (59 kDa) in the indicated cell
lines. (B) Cell death assessment of MCF-7/casp-3 cells and MCF-7/
casp-3 cells stably expressing caspase-10a (M3A28) or caspase-10b
(M3B31) that were treated with the indicated concentrations of
TRAIL. Cell death was assessed after 24 h by the crystal violet assay.
One representative experiment out of two performed in triplicate is
shown. (C) Cell death assessment of MCF-7 cells and MCF-7 cells
stably expressing caspase-10a (MA25, MA30, and MA36) or caspase-
10b (MB26) that were treated with the indicated concentrations of
TRAIL. Cell death was assessed after 24 h by the crystal violet assay.
One representative experiment out of two performed in triplicate is
shown. (D and E) Assessment of the caspase-8 (IETDase) activity in
extracts of MCF-7/casp-3, MCF-7/casp-10b, and MCF-7/casp-3/casp-
10b cells that were treated for the indicated times with TNF or TRAIL
at a concentration of 25 ng/ml. AU, arbitrary units.
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functions as an initiator caspase in TRAIL signaling but not in
TNF signaling, at least in MCF-7 cells. Like caspase-10, caspase-3
was also found to be activated early (1 h) in TRAIL-induced
apoptosis of MCF-7/casp-3/casp-10 cells, which is consistent with
the role of caspase-10 as an initiator caspase capable of activating

caspase-3 (12). On the other hand, processing and activation of
caspase-8 induced by low TRAIL concentrations in these cells
was only evident after 1.5 to 2 h, suggesting that under these
conditions (low TRAIL concentrations) caspase-10 might be an
important initiator caspase processed at the TRAIL DISC. Sup-
portive evidence for our finding includes a recent study suggesting
that caspase-10 is involved in spontaneous, but not in TNF-in-
duced, apoptosis of neutrophils (13).

Our findings are consistent with a biophysical study per-
formed with fluorescent resonance energy transfer analyses
that revealed an interaction of FADD DED with caspase-10
DED that was much stronger than with caspase-8 DED (55).
In addition, the TRAIL DISC of BJAB cells was shown to
contain higher caspase-10 levels than the CD95 DISC, whereas
either DISC recruited almost similar amounts of caspase-8
following stimulation with their respective ligands (41). It
seems surprising that such a preferential recruitment of
caspase-10 was not detected in more recent studies that thor-
oughly compared the composition of the CD95 and TRAIL
DISCs (24, 41). It should be noted, however, that DISC anal-
yses are generally performed with microgram concentrations
of the respective death ligands. Thus, the reason for the missed
detection of a preferential caspase-10 recruitment is probably
due to a technical detail that makes is impossible to perform
DISC analyses with such low cytokine concentrations as the
nanogram range that was used in the present study (data not
shown; also M. Sprick, personal communication).

Our data also suggest that the caspase-10-mediated sensitiza-
tion to TRAIL-induced apoptosis which is not restricted to the

FIG. 8. (A) TRAIL-R2 signaling is enhanced by caspase-10. Crystal violet-based cell death assessment of His-TRAIL (upper panels)- and
LZ-TRAIL (lower panels)-induced apoptosis in the presence or absence of neutralizing antibodies to TRAIL-R1 and TRAIL-R2 (each 10 �g/ml).
(B) Down-regulation of caspase-10 expression impairs TRAIL signaling in HeLa cells. HeLa cells were transiently transfected with either the
control luciferase (GL3) siRNA (lane 1) or with caspase-8 (lane 2) or caspase-10 (lane 3) siRNA duplexes. Forty-eight hours following transfection,
cells were treated for 1 h with TRAIL (0.1 �g/ml) and assayed by Western blotting for caspase-8 and caspase-10 expression (upper panel). The
same lysates were assayed for DEVDase activity using the fluorometer in the kinetic mode (lower panel). RFU, relative fluorescence units.

FIG. 9. Early processing of caspase-10 in TRAIL signaling but not
in TNF signaling. Western blot analyses for the status of caspase-10,
caspase-8, and caspase-3 in extracts of MCF-7/casp-3/casp-10b cells
treated for the indicated times with TNF or TRAIL at a concentration
of 25 ng/ml.
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MCF-7 system (impaired TRAIL signaling in HeLa cells trans-
fected with caspase-10 siRNA) most likely proceeds via TRAIL-
R2, as only neutralizing antibodies to this receptor impaired
TRAIL killing in a caspase-10-dependent manner. This view is
supported by recent DISC analyses demonstrating a substantially
reduced recruitment of caspase-10, but not of caspase-8, in the
presence of neutralizing TRAIL-R2 antibodies, whereas blocking
of TRAIL-R1 reduced the recruited levels of both caspases to
similar amounts (41). Based on the aforementioned finding that
FADD interacts much more strongly with caspase-10 than with
caspase-8 (55), it appears plausible that especially under the latter
conditions in which almost equal amounts of caspase-8 and
caspase-10 are recruited to the TRAIL-R2 DISC, the presence of
caspase-10 might influence TRAIL sensitivity.

As mentioned above, caspase-8 activation with low LZ- or
His-TRAIL concentrations (25 and 4 ng/ml, respectively) was
only achieved in MCF-7/casp-3/casp-10b but not in caspase-
10-deficient MCF-7/casp-3 cells. This result suggests that ei-
ther caspase-10 facilitates the recruitment of caspase-8 to the
DISC or activation of caspase-8, at least under the conditions
applied, is mediated downstream of the TRAIL DISC. As
caspase-10 and caspase-8 are not able to activate each other in
proximity (7), and because expression of caspase-10 in caspase-
3-deficient MCF-7 cells did not result in an enhanced caspase-
8 activation, this might argue for the second hypothesis. Thus,
it appears that in our system using low TRAIL concentrations,
caspase-3 is responsible for the DISC-independent activation
of caspase-8, an event that was also observed recently in drug-
induced apoptosis (11, 57). Such a scenario would be consis-
tent with our finding that caspase-3 is essential for efficient
TRAIL killing, as expression of this effector caspase alone was
sufficient to increase TRAIL sensitivity of MCF-7 cells, at least
partially. Moreover, the acceleration of TRAIL killing due to
the expression of caspase-10 was only observed in the presence
of caspase-3. Finally, the recent observation that Bax-deficient
cells are completely resistant to TRAIL-induced apoptosis (9,
20, 26) not only suggests the requirement of mitochondrial
events but might also explain the necessity for the presence of
caspase-3. This is further emphasized by recent findings dem-
onstrating that overexpression of Bcl-2 or Bcl-xL inhibited
TRAIL-induced apoptosis, whereas this was only partially
achieved with a dominant-negative caspase-8 construct (36).

There are also several other possibilities that could explain
our observation of a preferential involvement of caspase-10 in
TRAIL signaling but not in TNF signaling. During revision of
the manuscript it was reported that, in contrast to the TRAIL
receptors, apoptotic TNF-R1 signaling proceeds via two se-
quential complexes (28). Thus, following TNF stimulation, a
first complex is formed at the cell membrane, which contains
TNF-R1, the adapter protein TRADD, and the NF-�B acti-
vating signaling components RIP and TRAF2. Upon dissocia-
tion of TNF-R1 from complex I, a second different complex is
formed in the cytosol, which recruits the apoptotic machinery
such as FADD and caspase-8. Although caspase-10 was also
found in the complex II, it is conceivable that caspase-8 and
caspase-10 have different accessibilities for either the mem-
brane-bound TRAIL receptor complexes or the cytosolic ap-
optosis-signaling complex of TNF. A more selective recruit-
ment of both initiator caspases could also be affected by
different signaling components in the signaling complexes as

well as by still-unknown posttranslational modifications that
have been found to occur. In addition, in some cell types,
caspase-8 but not caspase-10 is localized at mitochondria or
other subcellular compartments (6, 43; also our own unpub-
lished observations), which might also differentially control the
recruitment of both caspases to membrane versus cytosolic
signaling complexes.

Together, our data provide strong evidence that especially
under conditions where only limited TRAIL concentrations are
present or when apoptosis is assessed at early time points,
caspase-10 is crucial for TRAIL-induced apoptosis. Although
abundantly expressed in fetal tissues (32), caspase-10 was found
to be frequently mutated or down-regulated in multiple tumor
cell lines, including breast cancer lines, further supporting our
conclusion (15, 24, 34, 39, 55). Interestingly, a recent report dem-
onstrated that TRAIL, but not CD95L, induced the activation of
caspase-10 in colon carcinoma cells, which correlated well with
the loss of the mitochondrial membrane potential and release of
cytochrome c occurring with much faster kinetics in TRAIL- than
in CD95L-induced apoptosis (48). However, it remains to be
further elucidated whether the early caspase-10 recruitment also
distinguishes TRAIL- from CD95-induced signaling.
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