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Abstract

Tumor necrosis factor related apoptosis inducing ligand
(TRAIL) belongs to the Tumor necrosis factor (TNF) family of
death-inducing ligands, and signaling downstream of TRAIL
ligation to its receptor(s) remains to be fully elucidated.
Components of the death-inducing signaling complex (DISC)
and TRAIL signaling downstream of receptor activation were
examined in TRAIL - sensitive and -resistant models of human
rhabdomyosarcoma (RMS). TRAIL ligation induced DISC
formation in TRAIL-sensitive (RD, Rh18, Rh30) and TRAIL-
resistant RMS (Rh28, Rh36, Rh41), with recruitment of FADD
and procaspase-8. In RD cells, overexpression of dominant-
negative FADD (DNFADD) completely abolished TRAIL-
induced cell death in contrast to dominant-negative caspase-
8 (DNC8), which only partially inhibited TRAIL-induced
apoptosis, growth inhibition, or loss in clonogenic survival.
DNC8 did not inhibit the cleavage of Bid or the activation of
Bax. Overexpression of Bcl-2 or Bcl-xL inhibited TRAIL-
induced apoptosis, growth inhibition, and loss in clonogenic
survival. Bcl-2 and Bcl-xL, but not DNC8, inhibited TRAIL-
induced Bax activation. Bcl-xL did not inhibit the early
activation of caspase-8 (o4 h) but inhibited cleavage of Bid,
suggesting that Bid is cleaved downstream of the mitochon-
dria, independent of caspase-8. Exogenous addition of
sphingosine also induced activation of Bax via a caspase-8-
and Bid-independent mechanism. Further, inhibition of
sphingosine kinase completely protected cells from TRAIL-
induced apoptosis. Data demonstrate that in RMS cells, the
TRAIL signaling pathway circumvents caspase-8 activation of
Bid upstream of the mitochondria and that TRAIL acts at the
level of the mitochondria via a mechanism that may involve
components of the sphingomyelin cycle.
Cell Death and Differentiation (2003) 10, 729–739. doi:10.1038/
sj.cdd.4401232
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Introduction

Tumor necrosis factor (TNF)-related apoptosis inducing
ligand (TRAIL/Apo-2L) is a member of the TNF family of
death-inducing ligands that include FasL (Apo-1L; CD95) and
TNF-a (reviewed in Ashkenazi and Dixit1). TRAIL binds to at
least four membrane-bound receptors, of which two (DR4,
DR5) contain a functional death domain capable of transmit-
ting an apoptotic signal.2–4 DcR1 lacking an intracellular
domain,5,6 and DcR2 containing a truncated death domain,7,8

are decoy receptors that bind TRAIL without transmission of a
cell death signal. Few normal cell populations are sensitive to
TRAIL,1,9 in contrast to diverse types of malignant and
transformed cell lines, which are highly sensitive to TRAIL.1

TRAIL resistance in malignant cells has not generally
correlated with the relative levels of expression of DR4 and
DR5 or the decoy receptors,10 suggesting the involvement of
alternate mechanisms.

In TRAIL signaling and apoptosis, following ligation of
TRAIL to DR4 or DR5 and trimerization of the receptor, a
death-inducing signaling complex (DISC) is formed by
recruitment of both FADD and procaspase-8.11–13 The role
of FADD as the main adaptor protein has been debated since
overexpression of DR4 induced cell death in FADD-deficient
mouse embryonic fibroblasts,14 and a dominant-negative
FADD (DNFADD) did not inhibit TRAIL-induced apoptosis in
activated T lymphocytes.15 Caspase-8 is activated in the
DISC, which can be inhibited by simultaneous recruitment of
the inhibitory protein c-FLIP,16,17 analogous to the recruitment
of these proteins to the Fas complex. The role of caspase-8 in
death receptor-induced apoptosis has been established in
experiments in mouse embryonic fibroblasts from caspase-8
‘knockout’ mouse embryos.18 However, the majority of data in
this regard have been generated by using the synthetic
caspase-8 inhibitor IETD-FMK, although the specificity of
these chemical inhibitors is limited.19 Since caspase-8
‘knockout’ is lethal in embryos, studies examining death
receptor sensitivity in various differentiated tissues have not
been possible. We therefore sought to study the role of FADD
and caspase-8 in TRAIL-induced apoptosis in a specific

Cell Death and Differentiation (2003) 10, 729–739
& 2003 Nature Publishing Group All rights reserved 1350-9047/03 $25.00

www.nature.com/cdd



histiotype of malignant rhabdomyoblasts by specifically
employing dominant-negative constructs of these proteins.
We also employed Bcl-xL and Bcl-2 to identify the involvement
of the mitochondrial pathway in TRAIL-induced cytotoxicity in
these cells.

Depending on the cell type, downstream of DISC formation
caspase-8 can directly activate caspase-3 and downstream
effector caspases and initiate apoptosis (type I;20). Alterna-
tively, through an amplification loop mediated via the
mitochondria (type II), caspase-8 activates the proapoptotic
molecule Bid by cleavage, and truncated Bid translocates to
the mitochondria causing the recruitment of Bax. Type II but
not type I signaling is inhibited by Bcl-2 and Bcl-xL.21

Proapoptotic factors are subsequently released into the
cytosol including cytochrome c, which forms an apoptosome
complex with Apaf-1 and caspase-9, promoting activation of
caspase-9, caspase-3 and downstream caspases, which also
includes caspase-8 in the amplification loop.22 A modified type
II pathway has also been identified in response to cytotoxic
drugs and UV radiation, where caspase-3 rather than
caspase-8 catalyzes the cleavage of Bid downstream of the
mitochondria, thereby causing a feedback loop for the
amplification of mitochondrial cytochrome c release.23

Another pathway implicated in death receptor-mediated
apoptosis involves the generation of sphingosine and
ceramide, which is generated by hydrolysis of the membrane
sphingophospholipid sphingomyelin.24 Ceramide signaling is
involved in cellular responses to a variety of apoptotic stimuli,
and ceramide may be produced upon activation of neutral or
acidic sphingomyelinases (SMases) or via de novo synthesis
by ceramide synthase.25,26 The role of this pathway in death
receptor-induced apoptosis may depend on cell type and
occurs only in type II cells.27–29 Natural ceramide has
reversed resistance to Fas-mediated apoptosis in acidSMase
�/� hepatocytes.30 Ceramide and sphingosine act directly at
the level of the mitochondria and induce the release of
cytotochrome c in a caspase-independent manner, leading to
activation of caspase-9 and executioner caspases together
with activation of caspase-8 and the processing of Bid.29

However, whether ceramide or sphingosine play a role in
TRAIL-induced apoptosis has yet to be elucidated.

In the current study, we demonstrate that in pediatric RMS
cells, a DISC is formed in both TRAIL-sensitive and -resistant
RMS cell lines with recruitment of FADD and procaspase-8 to
the receptor complexes. Overexpression of Bcl-2 or Bcl-xL
inhibited TRAIL-induced apoptosis and loss in clonogenic
survival, indicating RD cells were type II. Following TRAIL
treatment, cleavage of Bid was a late event, the kinetics
similar to cleavage of caspase-3 and not caspase-8, and was
inhibited by Bcl-xL. Expression of DNFADD completely
inhibited TRAIL-induced apoptosis, in contrast to DNC8,
which displayed minimal effect on TRAIL-induced cell death.
Bcl-2 and Bcl-xL, but not DNC8, inhibited TRAIL-induced Bax
activation. Exogenous addition of sphingosine also induced
activation of Bax via a caspase-8 and Bid independent
mechanism, similar to the mechanism of TRAIL-induced
Bax activation. Further, inhibition of sphingosine kinase
completely protected cells from TRAIL-induced apoptosis.
Data demonstrate that in RMS cells, the TRAIL signaling
pathway circumvents caspase-8 activation of Bid upstream of

the mitochondria and that TRAIL acts at the level of the
mitochondria via a mechanism that may involve the ceramide,
sphingosine, and sphingosine-1-phosphate (SPP) signaling
pathway.

Results

TRAIL-induced apoptosis in human RMS cell lines

Of the six human RMS cell lines examined, apoptosis was
induced by TRAIL in RD, Rh30 and Rh18, but not in Rh28,
Rh36 or Rh41 (Figure 1; 200 ng/ml, 72 h exposure). RD was
the most sensitive line with 72% apoptosis induced at 72 h,
and in Rh30 and Rh18, 60 and 46% apoptosis, respectively.

DISC formation occurs in TRAIL -sensitive and -
resistant RMS cell lines

Of the two TRAIL receptors that can signal apoptosis, RMS
cell lines express DR5 and not DR4.31 Recruitment of FADD
and procaspase-8 to DR5 was determined following immu-
noprecipitation of the DISC from RD, Rh18 and Rh30
following TRAIL exposure (TRAIL-sensitive; 500 ng/ml, 0–
120 min; Figure 2). In RD cells examined, DISC formation was
determined to be maximal at 60 min during TRAIL exposure.
DR5 was detected in the DISC as a doublet, consistent with
the reported cleavage of the full-length 49 kDa protein into a
43 kDa form.13 RD, Rh18 and Rh30 express high levels of c-
FLIPL,31 and detailed examination of DISC formation in RD
demonstrated the presence of c-FLIPL (Figure 2). To examine
whether DISC formation was deficient in TRAIL-resistant
RMS cell lines, Rh28, Rh36 and Rh41 were treated with
TRAIL and the DISCs immunoprecipitated (Figure 2). FADD
was recruited to the DISC in all three cell lines. Procaspase-8
was recruited in Rh41, but not in Rh36, where caspase-8
expression was absent.31 In Rh28, procaspase-8 was
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Figure 1 TRAIL-induced apoptosis determined by FACS analysis of the sub-
G1 compartment following exposure to TRAIL (200 ng/ml) for 72 h. Data
represent the mean 7SD of two determinations at each time point
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expressed at a low level,31 and hence was visible but difficult
to detect within the DISC. C-FLIP expression was absent in
Rh28 and Rh36.31 TRAIL-resistant cell lines were therefore
capable of forming a DISC following ligation of TRAIL to DR5.

TRAIL-induced cell death in RD requires FADD
independent of caspase-8

In TRAIL-sensitive RD cells, retroviral transduction of
DNFADD eliminated TRAIL-induced apoptosis as determined
by FACS analysis, and completely inhibited TRAIL-induced
loss in clonogenic survival (Figure 3). In contrast, when RD
was transduced with DNC8, only a small reduction (E10%) in
TRAIL-induced apoptosis was observed (Figure 4a). Simi-
larly, only a marginal reduction in the extent of growth
inhibition (Figure 4B) and loss in clonogenic survival (Figure
4c) were observed following TRAIL exposure of DNC8-
transduced RD cells.

Influence of DNC8 on cleavage of Bid and
activation of Bax

Transduction of RD with DNC8 did not inhibit the cleavage
of Bid during the first 16 h of TRAIL exposure (200 ng/ml;
Figure 5a). Further, TRAIL-induced activation of Bax con-
tinued in the presence of DNC8 expression (Figure 5b), as
determined by Western analysis. However, it was of interest
that DNC8 inhibited early caspase-8 activation using a
caspase-8 activity assay, within the first 4 h of TRAIL

exposure, during the time frame when the TRAIL-induced
DISC was formed (Figure 5c).

RD cells do not express procaspase-10

Expression of procaspase-10 was analyzed by Western
analysis in the six RMS cell lines and also in Jurkat lymphoma
cells. Procaspase-10 was not detected in rhabdomyoblasts,
but was expressed at a high level in Jurkat cells (Figure 6).

RD cells are Type II for TRAIL signaling

In RD cells overexpressing Bcl-2 or Bcl-xL, TRAIL-induced
apoptosis was completely inhibited (Figure 7a) as was TRAIL-
induced growth inhibition (Figure 7b) and loss in clonogenic
survival (Figure 7c), indicating that cells were type II for TRAIL
signaling. The influence of expression of DNC8, Bcl-xL or Bcl-
2 on the activation of Bax in RD cells was subsequently
determined (Figure 8). Following transduction with a Bcl-2 or
Bcl-xL retrovirus, activation of Bax was inhibited within 8 h of
TRAIL exposure. In contrast, in the presence of DNC8,
activation of Bax demonstrated no inhibition (Figure 8).

Cleavage of Bid parallels caspase-3 activation, and
is inhibited by Bcl-xL

The activation of caspases -8, -9 and -3 and the cleavage of
Bid were examined in RD cells and in RD transduced with a
Bcl-xL retrovirus, following TRAIL (200 ng/ml) for up to 24 h
(Figure 9). Procaspase-8 was cleaved to p18-caspase-8

Figure 2 Recruitment of FADD, procaspase-8 and c-FLIP to the DISC immunoprecipitated in (a) TRAIL-sensitive RMS cell lines or (b) TRAIL-resistant RMS cell lines,
following treatment of cells with TRAIL (500 ng/ml) for up to 120 min, as described in Materials and Methods. Components of the DISC were probed with specific
antibodies as described in Materials and Methods
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within 1 h of TRAIL exposure. Activation of caspase-8
increased for the next 3 h and then subsequently declined.
Caspase-8 activation kinetics were not influenced by expres-
sion of Bcl-xL. In contrast, the onset of Bid cleavage was
detected later (2–4 h) and continued for 24 h, with kinetics
similar to the activation of caspase-3. Caspase-9 was also
cleaved, commencing at 2 h. Cleavage of Bid, caspase-3 and
caspase-9 were all inhibited by overexpression of Bcl-xL,
suggesting that Bid cleavage occurred downstream of the
mitochondria, independent of caspase-8.

Sphingosine induces caspase-8-independent
apoptosis and activation of Bax

Exogenous sphingosine induced apoptosis in a concentra-
tion-dependent manner in RD cells after 24 h incubation
(3mM, 37%; 10 mM, 71%; 30 mM, 91.5%; Figure 10a).
Activated Bax was detected by immunoprecipitation in RD
cells commencing at 2 h following sphingosine (10mM)
treatment, either in the presence or absence of a synthetic
inhibitor of caspase-8, IETD-FMK (10 mM), similar to the
kinetics of Bax activation during TRAIL-induced apoptosis. No
detectable cleavage of procaspase-8 or Bid was detected by
western analysis (Figure 10b).

Inhibition of sphingosine kinase prevents TRAIL-
induced apoptosis

In this study, the role of ceramidase that converts ceramide to
sphingosine using the alkaline ceramidase inhibitor D-erythro
(1S, 2R)-D-erythro-2-(N-myristoylamino)-1-phenyl-1-propa-
nol (MAPP), and the role of sphingosine kinase using the
inhibitor DL-threo-dihydrosphingosine (DHS; Figure 11) were
examined (Figure 12). Pretreatment of RD cells with MAPP
(20mM) for 4 h partially inhibited apoptosis induced by low
concentrations of TRAIL (3–10 ng/ml) subsequently added for
24 h, but did not significantly affect apoptosis induced at
higher TRAIL concentrations (30–100 ng/ml). However, treat-
ment of RD with DHS (100 mM) for 4 h completely inhibited
TRAIL-induced apoptosis at all TRAIL concentrations follow-
ing 24 h exposure (Figure 12).

Discussion

A DISC is formed in TRAIL-sensitive and -resistant
RMS

Formation of the DISC is a major initiation step in death
receptor-induced apoptosis mediated by members of the TNF
receptor superfamily following binding of their specific ligands.
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Figure 3 RD cells transduced with retroviral vector alone (RD-VC), or vector containing a DNFADD cDNA, were treated with TRAIL for 24 h and (a) the extent of
apoptosis (subG1) or (b) loss in clonogenic survival were determined. Data represent the mean 7SD of (a) two or (b) three determinations at each TRAIL concentration.
(c) Overexpression of DNFADD in RD cells as described in Materials and Methods
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It has been demonstrated that recruitment of FADD and
procaspase-8 to the DISC following ligation of DR4 and DR5
by TRAIL occurs with subsequent release of active caspase-8
from the DISC in the induction of apoptosis.11–13 This is
analogous to DISC formation following ligation of Fas.32–37 In
TRAIL-sensitive RD, Rh18 and Rh30, and TRAIL-resistant
Rh28 and Rh41, a DISC was formed among DR5, FADD and
procaspase-8, suggesting that the defect(s) in TRAIL signal-
ing in TRAIL-resistant RMS cell lines occurred downstream of
DISC formation. However, it is evident that FADD was
recruited to the DISC in higher levels in TRAIL-resistant
compared to TRAIL-sensitive cell lines, although the reason
for this is unknown.

TRAIL-induced cell death requires FADD and
mitochondrial signaling, but is independent of
caspase-8

From assays of the sub-G1 fraction by FACS analysis and
clonogenic survival following treatment of RD cells with

TRAIL, cytotoxicity was completely inhibited in the presence
of DNFADD, demonstrating the absolute requirement for
FADD in TRAIL-induced cell death of RD. Further, cytotoxicity
was inhibited by Bcl-2 or Bcl-xL overexpresssion, indicating
that TRAIL signaling via the mitochondria was required for the
induction of cell death, and that RD cells were type II for TRAIL
signaling. Caspase-8 was activated early, by 1 h after the
initiation of TRAIL exposure, and this early event could be
inhibited by DNC8. However, of interest was the fact that
DNC8 demonstrated little influence on TRAIL-induced cyto-
toxicity. In typical type II signaling, caspase-8 activation at the
DISC is weak, thereby requiring mitochondrial amplification
through a feedback loop to generate sufficient activation of
downstream effector caspases, including caspase-8, to
generate an apoptotic response.20 However, caspase-8
activation with the generation of the cleavage product, p18-
caspase-8, was detected immediately following DISC forma-
tion in RD, suggesting that the TRAIL-induced apoptotic
signal was independent of caspase-8. Additional support for
this concept is demonstrated from the kinetics of activation of
caspases 9 and -3 together with the cleavage of Bid, which
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Figure 4 RD cells transduced with retroviral vector alone (RD-VC), or vector containing a DNC8 cDNA, were treated with TRAIL for 24 h and (a) the extent of apoptosis
(sub-G1), (b) influence on growth inhibition or (c) loss in clonogenic survival were subsequently determined. Data represent the mean 7SD of two determinations at
each TRAIL concentration. (d) Overexpression of DNC8 in RD cells was detected by Western analysis as described in Materials and Methods
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follows the kinetics of downstream effector caspase activation
and not the kinetics of activation of caspase-8. Further,
cleavage of all three proteins was inhibited by Bcl-xL in
contrast to caspase-8 cleavage, which was not inhibited by
Bcl-xL, suggesting that the cleavage of Bid occurred down-
stream of the mitochondria, via a modified type II signaling
pathway previously observed for the induction of apoptosis by
chemotherapeutic agents and UV irradiation.23 In addition,
TRAIL-induced activation of Bax was inhibited by Bcl-xL and
Bcl-2 but not by DNC8, suggesting that an alternative
mechanism exists for TRAIL-induced activation of Bax at
the level of the mitochondria in RD RMS cells, independent of
caspase-8.

Lack of role for caspase-10

In addition to a caspase-8-dependent mechanism,
alternative mechanisms of death-receptor-induced cell
death have been identified. Recruitment of procaspase-10
to the DISC is considered to be a potential alternative

to the recruitment of procaspase-8 in TRAIL-induced apop-
tosis. In one study, procaspase-10 was detected in the
TRAIL-induced DISC of BJAB cells,38 although in other cell
lines procaspase-10 was not identified as a component
of the DISC induced by TRAIL.11,12 However, neither RD
cells nor other RMS cell lines expressed detectable levels
of caspase-10. Therefore, caspase-10 is not responsible
for TRAIL-induced caspase-8-independent cell death
in RD cells. In peripheral T lymphocytes, RIP was found
to induce necrosis independent of caspase-8.39 How-
ever, downregulation of RIP expression by antisense oligo-
nucleotides has sensitized RD cells to TRAIL-induced
apoptosis and inhibited the induction of NF-kB (unpublished
observations), suggesting that RIP is a survival factor in
this cell type.

Activation of Bax by exogenous sphingosine is
independent of Bid and caspase-8

To explain the lack of effect of early caspase-8 activation on
mitochondrial Bax activation, we sought a mechanism for Bax
activation that may be caspase-independent. To this end, the
sphingolipids sphingosine and ceramide were considered.
Sphingosine is the product of ceramide hydrolysis catalyzed
by ceramidases, and has been shown to be rapidly produced
during TNF-a -mediated apoptosis in human neutrophils40 and
rat cardiomyocytes.41 Sphingosine as well as C2-ceramide
have induced cytochrome c release from mitochondria in a
caspase-independent manner, leading to the activation of
caspase-9 and effector caspases, and the processing of the
substrate Bid, in a Bcl-xL-sensitive manner.42 Treatment with
exogenous C2-ceramide has also resulted in increased
sphingosine levels, and both sphingosine and C2-ceramide
have induced apoptosis in Jurkat cells, inhibited by over-
expression of Bcl-2, where characteristics of cell death have
mirrored Fas-induced apoptosis.42 Ceramide-induced apop-
tosis has also been determined to be Bax dependent.43

In Fas-mediated apoptosis, the role of ceramide is
controversial. However, resistance to Fas- mediated apopto-
sis has correlated with resistance to ceramide-mediated
apoptosis by virtue of defective release of cytochrome c in
human melanoma cells.25 Natural ceramide has reversed Fas
resistance of acidSMase �/� hepatocytes, derived from
acidSMase �/� mice, that are type II cells.30

Further, FADD was determined to be required for Fas-
induced generation of ceramide in response to Fas ligation,44

and for TNF-induced activation of acidSMase.45 Data suggest
that endogenous ceramide or sphingosine can induce
apoptosis in the apoptotic execution phase, independent of
events upstream of the mitochondria. However, no evidence
is currently available to suggest that sphingolipids may play a
role in TRAIL-mediated cell death. We therefore examined the
effect of exogenous sphingosine on activation of Bax, and the
effect of inhibitors of endogenous sphingosine or SPP
synthesis on TRAIL-induced apoptosis in RD rhabdomyo-
blasts. Clearly, exogenous sphingosine induced apoptosis
and activation of Bax, independent of the cleavage of Bid or
activation of caspase-8, consistent with the mechanism of
TRAIL-induced apoptosis demonstrated in RD. Further,
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Figure 6 Expression of procaspase-10 in rhabdomyosarcoma cell lines and
Jurkat cells determined by western analysis
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pretreatment with DHS, a cell-permeable and competitive
inhibitor of sphingosine kinase, completely abrogated the
concentration-dependent cell death mediated by TRAIL,
thereby implying an essential requirement for SPP in TRAIL-
induced apoptosis in rhabdomyoblasts. Additionally, inhibition
of alkaline ceramidase using MAPP to raise intracellular
ceramide levels by blocking the hydrolysis of ceramide to
sphingosine thereby limited the amount of sphingosine

available for conversion to SPP and inhibited cell death
induced at low but not high concentrations of TRAIL. MAPP
did not completely inhibit TRAIL-induced apoptosis at low
concentrations, and is likely to reflect the involvement of other
ceramidases (reviewed in Hannun et al.46). Our data are
suggestive of a primary role for SPP as the primary signaling
intermediate in TRAIL-induced apoptosis in RMS cell lines
rather than ceramide or sphingosine as would be predicted
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from studies of the signal transduction of the related cytokine
family members TNF-a and Fas (reviewed in Hannun and
Luberto47). It is likely that rather than an elevation in a single
intermediate of the sphingomyelin cycle being responsible for
TRAIL-induced apoptosis, it is the ratios of bioactive lipids
capable of intracellular signaling relative to one another that
are of importance (see the reviews of Hannun et al.46 and
Payne et al.48). Clearly, further investigations are required to
elucidate the exact role of the sphingomyelin cycle in TRAIL-
induced apoptosis of rhabdomyosarcoma cells in vitro.

In summary, we have identified two levels at which TRAIL
signaling may be regulated in rhabdomyoblasts: (1) FADD but
not caspase-8 is clearly required for the induction of apoptosis
by TRAIL, and (2) the importance of Bax activation indepen-
dent of caspase-8 is demonstrated. Therefore, between
FADD at the level of the DISC and activation of Bax at the
level of the mitochondria, there exists a caspase-8-indepen-
dent pathway for the induction of cell death by TRAIL, which
may involve components of the ceramide signaling pathway. It
has been demonstrated that once activated, Bax can kill cells
independent of caspase activation, and may explain why
caspase inhibitors may not inhibit apoptosis in clonogenic
survival assays.49 It is evident that TRAIL signaling down-
stream of the mitochondria via a modified type II pathway
occurs in RMS cells.

Materials and Methods

Cell lines

Rh18, Rh28, Rh30, Rh36 and Rh41 cell lines utilized in this study were
established at SJCRH. RD and Jurkat cell lines were obtained from ATCC.
Characteristics of four cell lines have been described.50–52 RMS cell lines
were cultured in RPMI 1640 medium containing 10%FBS (Gibco), as
described.

Figure 8 Expression of the activated form of Bax determined by i. p. /Western
analysis in TRAIL- treated (200 ng/ml) RD-VC, RD-DNC8, RD-Bcl-xL or RD-Bcl-2
cells

Figure 9 Cleavage of caspase-8 and expression of Bid, procaspase-9 and procaspase-3 during treatment of RD-VC or RD-Bcl-xL for up to 24 h with TRAIL (200 ng/
ml). Expression was determined by Western analysis
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Figure 10 (a) Increasing concentrations of sphingosine (0.3–30 mM) induced
apoptosis (sub-G1) in RD cells following exposure for 24 h. Data represent the
mean 7SD of two determinations at each time point. (b) Activation of Bax and
levels of procaspase-8, Bid and b-actin determined by i. p./Western analysis in
RD cells treated with sphingosine (10 mM) for increasing incubation times
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Production of recombinant human TRAIL

The cDNA of the extracellular domain of TRAIL corresponding to amino
acids 114–281 was subcloned into the pET17/b (Novagen) bacterial
expression vector and expressed in the BL21(DE3) pLysE (Novagen)
bacterial host. Following induction of TRAIL expression using isopropyl-b-
thio-galactosidase (IPTG; 1 mM), bacterial pellets were harvested, and
TRAIL was purified following passage through a nickel column (Ni-NTA)
followed by a size exclusion column (Amersham), according to published
procedures.53

Measurement of apoptosis

Malignant myoblasts were plated at a density of 400 000–500 000 cells/
well in six-well plates. Following overnight attachment, cells were treated
for 72 h with TRAIL (200 ng/ml) or for 24 h in the concentration range of
0.3–100 ng/ml. In additional experiments, RD cells were treated under the
same conditions with increasing concentrations of sphingosine (0.3–
30mM; Calbiochem;#567725) for 24 h, or pretreated with MAPP
(20 mM;Biomol;#SL221) or DHS (100 mM;Biomol;#SL205) prior to TRAIL
(1–100 ng/ml) for a further 24 h. Both the floating cells and attached cells
were pooled following trypsinization, fixed in 70% ethanol, and stored at
�201C prior to analysis. Apoptotic cells were detected as a sub-G1
fraction following propidium iodide staining and analysis using a Becton
Dickinson FACScan.54,55

Clonogenic survival

RD was plated at a density of 3000 cells per well in 2 ml medium. Following
overnight attachment, cells were treated for 72 h with TRAIL (1–100 ng/

ml). Clonogenic survival was determined after a further 7 days, as
described previously.31

DISC formation

Immunoprecipitation of receptor complexes following treatment of RD or
Rh30 cells for time periods up to 120 min with 500 ng/ml flag-tagged
TRAIL (Upstate), and analysis of components of the DISC were conducted
as described by Bodmer et al.11 Proteins were evaluated by western
analysis described below.

Western analyses

Western analyses were conducted as described.20,31 Primary antibodies
employed were:caspase-8 (MBL;#M058-3), caspase-9 (MBL;#M054-3),
caspase-10 (MBL;#M059-3), FADD (Transduction Laboratories;
#F36620), c-FLIP (Kamiya;#PC-020), caspase-3 (BD; #556425), Bid
(BD;#550365), Bax (BD; #554104) and actin (Sigma; A4700). Secondary
antibodies were HRPO-conjugated goat anti-mouse IgG1 and rabbit anti-
goat IgG (Southern Biotechnology), and sheep-anti-mouse Ig and donkey
anti-rabbit Ig (Amersham). Activation of caspase-8, -3 and -9 was
determined by the decrease of procaspase protein levels and by the
detection of cleaved fragments of active caspases. Cleavage of Bid was
examined by the loss of the full-length (22 kDa) protein.

Retroviral expression vectors

The retroviral expression vectors pMSCV-I-GFP (expressing GFP) and
pMSCV-DNC8, (expressing dominant-negative mutant caspase-8, and
GFP separated by an IRES sequence) and pMSCV-DNFADD (expressing
the death domain only of FADD) were kind gifts from Dr. Jill M Lahti and Dr
Vincent J. Kidd (St. Jude Children’s Research Hospital, Memphis, TN,
USA) and have been described previously.56 pMSCV-Bcl-2, which
expresses human Bcl-2 protein, was kindly provided by Dr. John
Cleveland (St. Jude Children’s Research Hospital, Memphis, TN, USA).
pMSCV-Bcl- xL, which expresses the human Bcl-xL, was generated by
subcloning the human Bcl-xL cDNA into the EcoR1 site of the pMSCV-I-
GFP vector. Retroviral supernatants were prepared as previously
described.57 RD cells were incubated overnight in a 50% mixture of
RPMI 1640 medium and supernatant in the presence of polybrene (8 mg/
ml;Sigma). After replacement of this medium with fresh viral supernatants
and culture media, RD cells were incubated at 371C for an additional 48 h.
The viral-transferred cells were sorted by expression of GFP using
fluorescence-activated cell sorting, and stable GFP-positive cells were
selected. The expression of DNFADD (indicated by the presence of a
lower molecular weight band of the truncated protein), DNC8, Bcl-2 and
Bcl-xL was confirmed by Western blotting. RD (2� 106) cells transfected
with retroviral expression vectors (VC, DNC8, Bcl- xL) were plated in
10 cm culture dishes (Corning), and after overnight attachment the cells
were treated with TRAIL (200 ng/ml) for increasing incubation times.
Subsequently, both floating and attached cells were collected and
analyzed by Western blotting.
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Sphingomyelinase
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Figure 11 Partial sphingomyelin cycle relevant to metabolic inhibitors used in the study
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induced apoptosis in RD cells. Cells were pretreated with MAPP (20 mM) or DHS
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mean 7SD of 10 determinations.
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Immunoprecipitation of active Bax

To detect conformationally active Bax, RD cells were transduced with
retroviral expression vectors and treated in 50% confluent T175 flasks
(Falcon) with TRAIL (200 ng/ml) or with sphingosine (10 mM) in the
presence or absence of the synthetic caspase-8 inhibitor IETD-FMK
(10 mM;Enzyme Systems Products) for increasing incubation times. Both
attached and floating cells were collected and lysed in CHAPS lysis
buffer.58 After preclearing, the activated Bax immunoprecipitated with the
monoclonal antibody clone 6A7 (BD;#5564871), which reacts only with
Bax in its conformationally active state in this buffer. Bax was detected by
polyclonal anti-Bax serum (BD;#554104).

Caspase activity assay

Caspase activity was determined according to the manufacturer’s
instructions (Clontech; ApoAlert caspase-8 (#K2028)). Transduced RD
cells (2� 106; (RD-VC, RD-DNC8) were plated in 10 cm culture dishes
(Corning). After overnight attachment, cells were treated with TRAIL
(1mg/ml) for increasing incubation times. Both floating and attached
cells were collected. Caspase activity in cell lysates was determined from
the fluorescence of the cleaved (AFC) substrate measured in a
fluorometer.
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