
TRAIL-activated stress kinases suppress apoptosis
through transcriptional upregulation of MCL-1
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Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a potentially useful anticancer agent with exquisite
selectivity for cancer cells. Unfortunately, many cancers show or acquire resistance to TRAIL. In this study we report that TRAIL
activates a TGF-b-activated kinase 1-mitogen-activated protein kinase (MAPK) kinase 3 (MKK3)/MKK6-p38 pathway in
prostate cancer cells that transcriptionally upregulates expression of the antiapoptotic BCL-2 family member MCL-1. TRAIL
alone triggered robust formation of the ‘death-inducing signaling complex’ (DISC), activation of the initiator caspase-8, and
truncation of the BH3-only protein BID (tBID). Nevertheless, simultaneous disruption of the p38 MAPK pathway was required to
suppress MCL-1 expression, thereby allowing tBID to activate the proapoptotic BCL-2 family member BAK and stimulate
mitochondrial outer membrane permeabilization (MOMP). Release of the inhibitor-of-apoptosis (IAP) antagonist, Smac/DIABLO,
from the intermembrane space was sufficient to promote TRAIL-induced apoptosis, whereas release of cytochrome c and
activation of the apoptosome was dispensable. Even after MOMP, however, mitochondrial-generated reactive oxygen species
(ROS) activated a secondary signaling pathway, involving c-Jun N-terminal kinases (JNKs), that similarly upregulated MCL-1
expression and partially rescued some cells from death. Thus, stress kinases activated at distinct steps, before and after
mitochondrial injury, mediate TRAIL resistance through maintenance of MCL-1 expression.
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The tumor necrosis factor (TNF) family of cytokines has
critical roles in inflammation and immune surveillance.1

Among them, TNF-related apoptosis-inducing ligand (TRAIL;
also known as Apo2L) has emerged as a promising anticancer
therapy, because of its remarkable capacity to induce
apoptosis (programmed cell death) in cancer cells with little
to no toxicity to normal cells.2 Membrane-bound TRAIL
initiates the extrinsic (death receptor) pathway in target cells
by binding to its trimerized receptors, TRAIL-R1 and TRAIL-
R2 (also known as DR4 and DR5), resulting in receptor
aggregation and recruitment of the adapter protein
Fas-associated death domain (FADD) and procaspase-8.
This complex of TRAIL receptors, FADD, and procaspase-8 is
often referred to as the ‘death inducing signaling complex’
(DISC), and recruitment of procaspase-8 to the DISC leads to
its dimerization and subsequent activation.3

In some cells (designated type I cells), the apoptotic signal
from active caspase-8 is sufficient to activate the downstream
effector procaspase-3 and induce apoptosis. However, in
other cells (designated type II cells), there is insufficient

activation of procaspase-3 – or caspase-3 is inhibited by an
inhibitor-of-apoptosis (IAP) protein such as X-linked IAP
(XIAP) – and hence the apoptotic signal must be further
amplified by engaging the intrinsic (mitochondrial) pathway.4,5

In this instance, caspase-8 cleaves and activates the BH3-
only protein BID, which in turn activates the proapoptotic
BCL-2 family members, BAX or BAK, and induces mitochon-
drial outer membrane permeabilization (MOMP). After
MOMP, additional apoptogenic proteins are released into
the cytoplasm, including the IAP antagonist, second mito-
chondrial activator of caspases (Smac; also known as
DIABLO), and cytochrome c, the latter of which activates
yet another caspase-activating complex, known as the
Apaf-1Kcaspase-9 apoptosome.
In addition to inducing apoptosis, TRAIL receptor stimula-

tion also leads to activation of various signaling pathways,
including activation of the IkB kinase (IKK) complex, mitogen-
activated protein kinases (MAPKs), and c-Jun N-terminal
kinases (JNKs).6–8 Although not required for apoptosis,
TRAIL receptors reportedly undergo internalization and
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caspase-8-dependent formation of a secondary signaling
complex.6,9 This intracellular complex contains receptor-
interacting protein 1 (RIP1) and TNF receptor-associated
factor 2 (TRAF2), which then signal for the activation of IKK
and the stress kinases, p38 MAPKs and JNKs, through
ill-defined mechanisms.6 Notably, TNF induces robust activa-
tion of these pathways, and in particular, activation of the
transcription factor NF-kB by IKK suppresses TNF-induced
apoptosis in most cell types through upregulation of various
antiapoptotic genes.10 TRAIL, in comparison, generally
activates these pathways to a lesser extent and their
importance in regulating TRAIL-induced cell death remains
unclear.6

Despite its promise as an anticancer agent, a significant
problem associated with TRAIL-based therapy is that many
tumors possess or acquire resistance to TRAIL. Expression of
TRAIL ‘decoy’ receptors, TRAIL-R3 and TRAIL-R4, has been
proposed to mediate TRAIL resistance by competing with
TRAIL-R1 and TRAIL-R2 for TRAIL,11 and at high expression
levels, cellular FLICE-like inhibitory protein (c-FLIP) inhibits
apoptosis by competing with caspase-8 for binding to
FADD.12,13 Finally, overexpression of antiapoptotic BCL-2
family members, including BCL-2, BCL-xL, and MCL-1, is
associated with TRAIL resistance,14–16 particularly in type II
cells, because of their abilities to prevent MOMP and the
release of cytochrome c or Smac/DIABLO.4

Gene ablation studies indicate that MCL-1 is essential for
peri-implantation, the development andmaintenance of B and
T lymphocytes, and the survival of hematopoietic cells.17,18

MCL-1 is highly regulated at the transcriptional level in
hematopoietic cells through the transcription factors SRF/
ETS, STAT3, CREB, and PU.1,19–22 and at the post-
translational level through a complex interplay involving three
kinases (ERK, JNK, andGSK-3b) and at least two E3 ubiquitin
ligases (MCL-1 ubiquitin ligase E3 (MULE) and b-TrCP).23–28

ERK-mediated phosphorylation of human MCL-1 at Thr-163
prolongs its half-life,25 although recent studies by Davis
and colleagues27,28 indicate that JNK phosphorylates mouse
MCL-1 at Thr-144 (analogous to Thr-163 in human MCL-1),
which in turn enhances its phosphorylation by GSK-3b at
Ser-140.28 GSK-3b-mediated phosphorylation of mouse/
human MCL-1 at Ser-140/Ser-159 then promotes its ubiquitina-
tion by E3 ligases and subsequent degradation by the 26S
proteasome.
In this study, we explored the mechanisms responsible for

TRAIL resistance in prostate cancer cells. Remarkably, we
found that TRAIL activates a TGF-b-activated kinase 1
(TAK1)-MKK3/MKK6-p38 pathway that transcriptionally
upregulates the expression of MCL-1 and suppresses BAK
activation, MOMP, and cell death, despite caspase-8 activa-
tion and robust BID cleavage. Disruption of the p38 MAPK
signaling pathway downregulated MCL-1 and sensitized cells
to TRAIL-induced MOMP and apoptosis. However, reactive
oxygen species (ROS), generated by injured mitochondria,
activated a secondary JNK pathway in some cells that
upregulated MCL-1 expression and afforded partial protection
from death. Thus, we show for the first time that stress kinases
activated by TRAIL at distinct steps in the extrinsic pathway
mediate TRAIL resistance through maintenance of MCL-1
expression levels.

Results

TRAIL activates an antiapoptotic TAK1-MKK3/MKK6-
p38 MAPK signaling pathway in resistant prostate
cancer cells. In an effort to determine the mechanism(s)
of TRAIL resistance in human prostate cancer cells, DU145
cells were exposed to recombinant TRAIL and examined for
activation of various stress and growth-related kinases
(Figure 1a). Notably, p38-a and its downstream
target, MAPK-activated protein kinase 2 (MK2), were
phosphorylated within 2 h of treatment (before cell death),
whereas other stress kinases, such as JNKs, were only
weakly activated at later time points (Figure 1a). ERKs were
constitutively active in naive cells, but TRAIL did not enhance
their activation, nor did it activate AKT/PKB (Figure 1a; data
not shown). The importance of p38-a activation was evident
when cells were cotreated with TRAIL and the selective
p38-a and p38-b inhibitor, SB203580, as the combination
led to a significant increase in apoptosis (Figure 1b).
TRAIL activated the initiator caspase-8 and the effector
caspase-3 (as determined by caspase processing and
DEVDase activity), particularly in the presence of SB203580
(Figure 1c). Cell death was fully inhibited by benzyloxy-
carbonyl-Val-Ala-Asp-(OMe)fluoromethyl ketone (z-VAD-fmk);
however, this polycaspase inhibitor had no effect on the
activation of p38-a, further establishing p38-a activation as an
early upstream event (Figures 1b and c, top panel, lanes 5–8).
This was an important observation, because although few
studies have addressed how TRAIL activates p38-a, the
adapter protein RIP1 and caspase-8 activity were previously
thought to be essential.6 The sensitization of DU145 cells to
TRAIL was due to the specific inhibition of p38 MAPKs, as
transfection with a constitutively active form of p38-a (CA)
largely rescued cells from TRAIL/SB203580-induced cell death,
but only when accompanied by a mutation in the ‘gate-keeper’
residue (T106M), which lowers the affinity of SB203580 for the
ATP-binding pocket (Figures 1d–f).29

As TNF reportedly activates p38-a through the activation of
TAK1 or apoptosis signal-regulating kinase 1 (ASK1),30,31 we
next sought to determine whether either of these MAP3Ks
was essential for TRAIL-mediated activation of p38-a.
Exposure of DU145 cells to TRAIL resulted in the phosphor-
ylation/activation of TAK1 within B30–60min, before (or
concomitant with) activation of p38-a (Figures 1a and g, inset),
and did so in a caspase-independent manner (Figure 1h,
lanes 1, 2, and 4), whereas ASK1 failed to undergo
phosphorylation at Thr-845 (data not shown). 5Z-7-oxozeae-
nol, a resorcylic lactone of fungal origin, has been reported to
selectively inhibit TAK1.32 Therefore, we pretreated cells with
5Z-7-oxozeaenol and found that it inhibited TRAIL-induced
activation of TAK1 and p38-a (Figure 1h, lanes 1–3 and 5),
and correspondingly, potentiated TRAIL-induced apoptosis at
levels comparable to TRAIL plus SB203580 (Figure 1g).
Finally, to confirm our results with 5Z-7-oxozeaenol, we
determined the effects of dominant-negative TAK1 and p38-a
mutants on TRAIL-induced activation of p38-a and apoptosis
in DU145 cells (Figure 1i). Dominant-negative MKK3 and
MKK6 mutants were also examined, as these two MAP2Ks
have redundant but essential roles in TNF-dependent activa-
tion of p38 MAPKs.33 As expected, disruption of the TAK1-
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MKK3/MKK6-p38 MAPK pathway, at any step, suppressed
the phosphorylation/activation of p38-a and resulted in
significant sensitization of cells to TRAIL-induced cell death
(Figure 1i).

p38 MAPKs suppress TRAIL-induced apoptosis down-
stream of the DISC by inhibiting MOMP and the release
of Smac/DIABLO. Our initial results suggested a model in
which TRAIL receptor stimulation resulted in the activation of

a pro-survival TAK1-MKK3/MKK6-p38 MAPK pathway
and a pro-death TRAIL-R1/TRAIL-R2-FADD-caspase-8
pathway (Figure 2a). It remained unclear, however, precisely
how p38-a activation prevented apoptosis. To address this
question, we first analyzed the effects of SB203580 on
formation of the TRAIL DISC. As shown in Figure 2b,
SB203580 had no effect on recruitment of the adapter protein
FADD to TRAIL-R2, or the subsequent recruitment and
activation of the initiator procaspase-8. Cell surface
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expression of TRAIL-R1 was very low when compared with
TRAIL-R2, such that only TRAIL-R2 was detected within the
DISC (data not shown). As previously noted, c-FLIP
overexpression can inhibit the activation of procaspase-8
within the DISC and is often cited as a cause of TRAIL
resistance. However, SB203580 had no effect on the basal
levels of c-FLIP in whole lysates (Figure 2c, compare lanes 1
and 2), and despite repeated attempts, c-FLIP could not be
detected within the DISC (Figure 2b). In contrast, an
examination of mitochondria revealed that inhibition of p38
MAPKs was required for TRAIL-induced MOMP, as
determined by the mitochondrial release of cytochrome c
and Smac/DIABLO into the cytosol and a loss in
mitochondrial inner membrane potential (Dcm) (Figure 2d).
Cytochrome c induces formation of the apoptosome and

sequential activation of caspases-9 and -3.34. However, in the
case of death receptor stimulation, it is often the release of
Smac/DIABLO, rather than cytochrome c, that is critical for
cell killing.4 In these instances, active caspase-8 processes
procaspase-3, but caspase-3 is inhibited by IAPs, and
cytosolic Smac/DIABLO is required to antagonize IAPs and
relieve the inhibition of caspase-3.4 We therefore stably
infected cells with a lentivirus expressing dominant-negative
caspase-9 (C287A), a potent inhibitor of the apoptosome,34 or
transiently transfected cells with a ubiquitin-Smac/DIABLO
fusion construct that produces mature cytosolic Smac/
DIABLO.35 Overexpression of dominant-negative caspase-9
had no effect on TRAIL/SB203580-induced apoptosis in
DU145 cells (Figure 2e), although it clearly inhibited the
activation of endogenous caspase-9 in cytochrome c/dATP-
activated lysates (Figure 2f). Smac/DIABLO, on the
other hand, potentiated TRAIL-induced cell death, even in
the absence of SB203580 (Figure 2g). A recent study
suggests that loss of XIAP can sensitize BID-deficient
hepatocytes and pancreatic b-cells to FasL/CD95L-induced
apoptosis in vivo, essentially phenocopying MOMP and
the release of Smac/DIABLO.36 However, SB203580
had no effect on the expression levels of XIAP (Figure 2h,
lanes 1 and 2). Thus, the TAK1-MKK3/MKK6-p38 MAPK
pathway seemed to suppress TRAIL-induced apoptosis in

large part by preventing MOMP and the release of Smac/
DIABLO.

p38 MAPKs inhibit TRAIL-induced MOMP, in spite of
BID activation, through transcriptional upregulation of
MCL-1. Death receptors normally engage the mitochondrial
pathway through caspase-8-dependent cleavage and
activation of the proapoptotic BH3-only protein BID.37

Although controversial, truncated BID (tBID) and other
BH3-only proteins then directly activate the multidomain
proapoptotic BCL-2 family members, BAX or BAK (direct
activation model), and/or antagonize the antiapoptotic Bcl-2
family members, BCL-2, BCL-xL, or MCL-1, thereby relieving
their inhibition of BAX or BAK (indirect activation model).38,39

We treated DU145 cells with TRAIL±SB203580 and
examined them for BID cleavage and downstream BAK
activation. Remarkably, exposure to TRAIL alone induced
near-complete BID cleavage (Figure 3a, lane 5), but in the
absence of SB203580, tBID failed to induce the
conformational change in BAK required for its activation
(Figure 3b, compare TRAIL with TRAILþSB). Thus,
consistent with our previous DISC results, TRAIL receptor
stimulation induced significant caspase-8 activation and BID
cleavage, but tBID was unable to induce BAK oligomerization
and MOMP unless the antiapoptotic p38 MAPK pathway was
disrupted (Figures 2b and d; 3a and b).
Given the aforementioned results, we considered that p38

MAPKs might regulate the expression of BCL-2, BCL-xL, or
MCL-1. Indeed, after treatment with SB203580, basal MCL-1
(but not BCL-2 or BCL-xL) expression levels were reduced,
both at the protein and transcriptional levels (Figure 3c, lanes
1 and 2; Figure 3d), whereas TRAIL treatment alone led to an
increase in MCL-1 expression (Figure 3c, lanes 1 and 3;
Figure 3d). Surprisingly, when used in combination, MCL-1
levels were largely maintained, but it was important to note
that these assays were performed at 8 h, when the combina-
tion of TRAIL plus SB203580 induced significant apoptosis
(Figure 3c, lane 4; Figure 3d). Subsequent time course
experiments revealed that SB203580 suppressed the basal
and upregulated expression of MCL-1 by TRAIL during the

Figure 1 TRAIL activates a TAK1-MKK3/MKK6-p38 MAPK pathway that suppresses apoptosis. (a) DU145 prostate cancer cells were treated with recombinant
TRAIL (500 ng/ml) for 0.5–8 h, and cells were immunoblotted for various active phosphorylated kinases, including p-p38a (Thr-180/Tyr-182), p-MK2 (Thr-222), p-JNK
(Thr-183/Tyr-185), and p-ERK (Thr-202/Tyr-204). (b, c) Cells were treated with TRAIL±SB203580 (50mM) ±z-VAD-fmk (50 mM) and assayed for cell death by annexin V/PI
staining and flow cytometry. Each bar represents the mean of three separate experiments±S.E.M. Cells were also immunoblotted for phosphorylated p38, as well as active
caspase-8 (p18 large subunit) and caspase-3 (p20, p19, and p17 large subunits). Caspase-3/7 DEVDase activity was also measured, as described in the Materials and
Methods. (d, e) DU145 cells were transiently transfected with expression plasmids encoding EGFP, constitutively active (D176A/F327S) p38-a (EGFP-p38a-CA), or p38a-CA
containing a T106M ‘gate-keeper’ mutation (EGFP-p38a-CA (T106M)). Cells were then exposed to TRAIL for 8 h, stained with Hoechst 33258, and assayed for apoptosis by
measuring the percentage of GFPþ cells with condensed nuclei using fluorescence microscopy. Each bar represents the mean of three separate experiments±S.E.M. Note
that EGFP-p38a-CA undergoes autophosphorylation and phosphorylates endogenous p38-a, but is sensitive to SB203580, whereas EGFP-p38a-CA (T106M) is only weakly
inhibited by SB203580. (f) As shown in the crystal structure (PDB: 1A9U; rendered with UCSF chimera), the fluorophenyl ring in SB203580 binds into a hydrophobic groove in
the ATP binding pocket of p38-a, with one edge of the ring lying between the side chains of Thr-106 and Leu-104.55 Substitution of Thr-106, that is, the ‘gate-keeper’, with a
bulkier and more hydrophobic methionine residue (naturally found in p38-g and p38-d) reduces the affinity of SB203580 for p38-a and p38-b.29 (g, h) Cells were cotreated with
TRAIL±5Z-7-oxozeaenol (5Z-7-oxo; 1 mM) ±z-VAD-fmk (50 mM) and were blotted for phosphorylated p-TAK1 (Thr-184/Thr-187) and p-p38 (Thr-180/Tyr-182). The asterisk
denotes a nonspecific band. In addition, cells were treated with TRAIL±5Z-7-oxozeaenol or SB203580 and were assayed for cell death by annexin V/PI staining and flow
cytometry. Each bar represents the mean of three separate experiments±S.E.M. (i) DU145 cells were transiently transfected with pEGFP for 24 h, along with empty vectors
(pcDNA3-FLAG; pcDNA3-HA; and pcDNA6-Myc), or those expressing dominant-negative mutants of TAK1 (K63A), MKK3 (S189A/T193A), MKK6 (S207A/T211A), or p38-a
(D168A). Cells were then exposed to TRAIL for 8 h, stained with Hoechst 33258, and assayed for apoptosis by measuring the percentage of GFPþ cells with condensed
nuclei. Each bar represents the mean of three separate experiments±S.E.M. Cell lysates were also immunoblotted for FLAG-TAK1-DN, HA-MKK3-DN, HA-MKK6-DN, Myc-
p38-DN, and endogenous p-p38a
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8 h, stained with Hoechst 33258, and assayed for the percentage of GFPþ apoptotic cells. Each bar represents the mean of three separate experiments±S.E.M. NS, not
statistically significant. (h) DU145 cells were treated with TRAIL±SB203580 and immunoblotted for changes in XIAP expression over a time course (0.5–8 h)
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first 2–3 h of treatment and that MCL-1 levels did not rebound
until later (X4h) after the activation of caspases (Figure 3e,
lanes 4–8; Figure 3f). To confirm that the loss of MCL-1
expression was due to a decrease in transcription and was not
the result of an increase in protein turnover, we transiently
expressed MCL-1 from a CMV promoter and followed the
turnover of MCL-1 in the presence of cycloheximide, an
inhibitor of protein synthesis. As ERK-dependent phosphor-
ylation of MCL-1 at Thr-163 has been shown to regulate the
turnover of MCL-1,25 we compared the effects of SB203580
with the ERK inhibitor U0126. As shown in Figure 3g, whereas
treatment with U0126 led to rapid turnover of MCL-1 (lower
panels), inhibition of p38 MAPKs with SB203580 had no such
effect (upper panels). Thus, collectively, the data argued
strongly that p38 MAPK activity regulated the expression of
MCL-1 at the transcriptional level.
We next confirmed the importance of MCL-1 for mediating

TRAIL resistance using several approaches. First, we found
that ectopic expression of EGFP-MCL-1 significantly inhibited
cell death induced by TRAIL plus SB203580 (Figure 3h),
whereas selective downregulation of endogenous MCL-1 by
RNA interference (RNAi) sensitized cells to TRAIL alone, at a
level comparable to scrambled control cells treated with
TRAIL plus SB203580 (Figure 3i). Second, as the BH3-only
proteins, NOXA and BAD, selectively antagonize MCL-1 and
BCL-2/BCL-xL/BCL-w, respectively,

40 we expressed NOXA
or BAD as mCherry fusion proteins and found that only NOXA
sensitized DU145 cells to TRAIL (Figure 3j). Thus, although
TRAIL receptor stimulation led to near-complete cleavage of
BID, the intracellular concentration of tBID was apparently
insufficient to fully antagonize MCL-1 and alleviate the
inhibition of BAK by MCL-1; or alternatively, MCL-1 seques-
tered all of the available tBID and prevented its activation of
BAK. Perhaps more consistent with the latter interpretation,
knockdown of MCL-1 by RNAi failed to induce spontaneous
BAK activation, whereas treatment of MCL-1-deficient cells
with TRAIL alone (which triggered BID cleavage) induced
significant BAK activation, similar to that observed in TRAIL/
SB203580-treated vector control cells (compare Figure 3k
with b). Similarly, ectopic expression of NOXA alone failed to
induce apoptosis (Figure 3j), whereas overexpression of tBID
alone induced apoptosis, and when combined with SB203580
(which inhibited basal p38 activity and downregulated basal
MCL-1 levels), killedB90% of transfected cells (Figure 3l). In
short, the data indicated that disruption of the TAK1-MKK3/
MKK6-p38 MAPK pathway, after TRAIL receptor stimula-
tion, prevented the upregulation of MCL-1 and facilitated
tBID-induced BAK activation, MOMP, and cell death.

Inhibition of p38 MAPKs potentiates TRAIL-induced
apoptosis in BAX-expressing and androgen receptor-
positive prostate cancer cells. Although downregulation of
MCL-1 by SB203580 sensitized DU145 cells to TRAIL, these
prostate cancer cells do not express BAX, the androgen
receptor, or prostate-specific antigen, all of which are
commonly observed in primary prostate cancers.41,42 We
therefore expanded our studies to include DU145 cells,
stably transfected with BAX, and LNCaP prostate cancer
cells, which naturally express both BAX and BAK and are
androgen receptor and prostate-specific antigen

positive.41,42 As shown in Figure 4a, re-expression of BAX
in DU145 cells sensitized them to TRAIL, but cotreatment
with SB203580 still resulted in a further increase in cell
death. This observation was not surprising given that MCL-1
sequesters tBID, and tBID is reportedly required to activate
both BAK and BAX.39 LNCaP cells also showed resistance to
TRAIL, and inhibition of p38 MAPKs with SB203580 similarly
downregulated MCL-1 expression and sensitized these cells
to TRAIL-induced apoptosis (Figures 4b and c).

TRAIL-induced MOMP activates a ROS-dependent JNK
pathway that upregulates MCL-1 expression and
partially rescues cells from apoptosis. As already
noted, SB203580 inhibited TRAIL-activated p38 MAPKs,
thereby preventing the expression of MCL-1 in DU145 cells
during the first 2–3 h after treatment with TRAIL and
sensitized the cells to apoptosis (Figures 1 and 3e). MCL-1
expression levels, however, partially rebounded X4 h later,
concomitant with caspase activation (Figures 3e and f; data
not shown). To characterize this resurgence in MCL-1
expression and to assess its potential effect on cell death,
we treated DU145 cells with TRAIL±SB203580 and once
again assayed them for the activation of several kinases,
including JNKs, ERKs, and AKT. Interestingly, JNKs were
robustly activated, as determined by autophosphorylation
and downstream phosphorylation of c-Jun, but only in cells
cotreated with TRAIL plus SB203580 (Figure 5a, lane 4;
Figure 5b, lane 4). More importantly, a cell-permeable
peptide inhibitor of JNK (derived from JNK interaction
protein) inhibited JNK activity (Figure 5e inset, lanes 3 and
4), prevented entirely the rebound in MCL-1 expression
(Figure 5c, lanes 6 and 8; Figure 5d), and further sensitized
the cells to apoptosis (Figure 5e; compare TRAILþSBþ JIP
with TRAILþSB, Po0.05). In contrast, in LNCaP cells, JNK
activity was not upregulated after treatment with TRAIL plus
SB203580 (Figure 5b, lane 8), MCL-1 levels failed to fully
rebound (Figure 4c), and LNCaP cells were correspondingly
more sensitive to apoptosis than DU145 cells (Figure 4b,
TRAILþSB; Po0.05).
ROS have been implicated in the TNF-dependent activation

of JNKs through activation of ASK1 and/or inhibition of MAPK
phosphatases (MKPs),31,43 leading us to speculate that
TRAIL might similarly stimulate the production of ROS and
activate JNKs. Indeed, TRAIL treatment triggered the gen-
eration of ROS in DU145 cells, but only in the presence of
SB203580 (Figure 6a), and the ROS scavenger, catalase,
inhibited both the activation of JNKs and the resurgence in
MCL-1 expression (Figure 6c, lanes 6 and 7). In contrast,
TRAIL plus SB203580 failed to stimulate the production of
ROS in LNCaP cells, in accordance with its inability to activate
JNK in these cells (Figures 5b and 6b). Given that caspase-
dependent cleavage of BID and downregulation ofMCL-1 was
required to induce MOMP after exposure to TRAIL plus
SB203580 (Figure 3) and that mitochondrial perturbation
often leads to the production of ROS,44 we speculated that
mitochondrial-generated ROS might be responsible for the
activation of JNKs. As predicted, in DU145 cells, inhibition of
caspases with z-VAD-fmk inhibited the production of ROS, the
activation of JNKs, and the resurgence in MCL-1 expression
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after treatment with TRAIL plus SB203580 (Figure 6c, lanes 6
and 8; Figure 6d).
However, TNF reportedly stimulates ROS production up-

stream of mitochondria.31,43,45 Therefore, rather than inhibiting
the cleavage of all caspase-8 substrates, some of which might
theoretically mediate ROS production upstream of mitochon-
dria, we instead knocked down the expression of BID to

selectively prevent tBID-induced MOMP. Remarkably, partial
depletion of BID was sufficient to suppress TRAIL/SB203580-
induced mitochondrial injury (as determined by Dcm) and the
generation of ROS (Figures 6e and f), whereas knockdown of
MCL-1 sensitized cells to TRAIL alone, resulting in a loss in
Dcm with a concomitant increase in ROS (Figures 6g and h).
Finally, to this point, all of our ROS assays were performed
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using an oxidant-sensitive fluorescent dye, DCFDA (20,70-
dichlorodihydrofluorescein diacetate), which is largely cytoso-
lic. Therefore, to more directly assay mitochondria for ROS
production, we transfected cells with a mitochondrial-localized
circularly permuted yellow fluorescent protein, inserted into the
regulatory domain of the oxidant-sensitive E. coli transcription
factor OxyR (pHyPer-Mito).46 As shown in Figures 6i and j,
control cells and those treated with SB203580 or TRAIL alone
showed little activation of the pHyPer-Mito probe. In stark
contrast, cells cotreated with TRAIL plus SB203580 – a
combination that induced MOMP, cytochrome c release, and
a loss in Dcm (Figure 2d) – showed a profound increase in
mitochondrial fluorescence (Figures 6i and j).
Taken together, the data in DU145 cells supported a model

in which TRAIL plus SB203580 induced BID activation and
downregulation of MCL-1, resulting in MOMP, cytochrome c
release, a loss in Dcm, increased ROS production, activation
of JNKs, and ultimately, a resurgence in the expression of
MCL-1 (Figure 7). Thus, even during times of profound stress,
for example, after mitochondrial injury, the affected cells
initiated a complex secondary survival pathway that con-
verged upon MCL-1, reemphasizing the importance of MCL-1
as a regulator of TRAIL-induced cell death.

Discussion

TNF activates various antiapoptotic signaling pathways that
typically subvert an otherwise proapoptotic extrinsic pathway,
resulting in minimal (if any) death in most cell types.10 TRAIL,
in comparison, induces apoptosis selectively in tumor cells,
but unfortunately B50% of tumors possess or acquire
resistance to TRAIL. Previous studies have shown that
TRAIL, similar to TNF, activates ERK, JNK, and p38 MAPKs,
but themagnitude of the responses is generally modest, and it
remains unclear whether these pathways have significant
roles in mediating TRAIL resistance. In this study, we have
shown for the first time that stimulation of TRAIL receptors
activates a TAK1-MKK3/MKK6-p38 MAPK pathway in
prostate cancer cells that is largely responsible for the
transcriptional upregulation of MCL-1 and subsequent resis-
tance to apoptosis (Figures 1, 3, and 4). Importantly, exposure
to SB203580 had no effect on c-FLIP expression levels, and

TRAIL treatment alone led to robust DISC formation,
caspase-8 activation, and near-complete BID cleavage, ruling
out a prominent role for c-FLIP in mediating TRAIL resistance
(Figure 2). Endogenous tBID however did not induce
apoptosis unless MCL-1 expression levels were downregu-
lated through simultaneous inhibition of the TRAIL-activated
p38 pathway, knockdown of MCL-1 by RNAi, or antagonism of
MCL-1 by ectopically expressed NOXA (Figure 3).
The fact that overexpression of tBID could induce apopto-

sis, whereas NOXA could not, suggests that there was simply
insufficient generation of endogenous tBID after TRAIL
treatment to fully antagonize MCL-1 and directly activate
BAK. However, our data do not fully exclude either the direct
or indirect activation models as previously posited, and
indeed, recent studies suggest that these models are not
mutually exclusive, in that BIM (which similar to tBID is
proposed to be a ‘direct activator’) antagonizes antiapoptotic
BCL-2 family members and directly activates BAX in vivo.47

Regardless, our studies reveal the critical importance of
maintaining MCL-1 expression levels to suppress TRAIL-
induced apoptosis, a fact that is further emphasized by our
discovery that even after MOMP, mitochondrial-generated
ROS stimulated a secondary JNK pathway that also
transcriptionally upregulated the expression of MCL-1 and
partially rescued a fraction of DU145 cells from death (Figures
5 and 6). It remains unclear why TRAIL plus SB203580 did not
trigger the production of ROS or engage the secondary
ROS-JNK-MCL-1 pathway in LNCaP cells. However, in
DU145 cells, mitochondria were clearly the source of ROS, as
caspase-8 inhibition and BID knockdown suppressed
(whereas MCL-1 knockdown enhanced) losses in Dcm and
ROS production (Figure 6). Mitochondrial-generated ROS are
most likely produced at complex III, because of inefficient
electron transfer after the release of cytochrome c, or perhaps
at complex I, because of caspase-dependent cleavage of
NDUFS4 (Figure 7).44

The notion that cells may survive after MOMP is
controversial in cancer cells, although normal postmitotic
neurons and cardiomyocytes seem to survive MOMP so
long as caspases are inhibited.48 We cannot rule out
the possibility that low levels of tBID might induce mild
injury to mitochondria, in a small fraction of cells, resulting in

Figure 3 TRAIL stimulates BID cleavage, but p38 inhibition is essential to suppress MCL-1 expression, facilitate BAK activation and MOMP, and induce apoptosis. (a, b)
DU145 cells were treated with TRAIL (500 ng/ml) ±SB203580 (50 mM) ±z-VAD-fmk (50 mM), immunoblotted for BID cleavage, and assayed for BAK activation by flow
cytometry using an epitope-specific antibody that recognizes its active conformation. The cells in (b) were stably transfected with a scrambled shRNA plasmid and served as
controls for (k); identical results were obtained in untransfected cells. (c, d) Cells were treated with TRAIL±SB203580 and assayed for expression of antiapoptotic
multidomain BCL-2 family members, MCL-1, BCL-2, and BCL-xL, at the protein (immunoblotting) and/or transcriptional (qRT-PCR) levels. (e, f) Time course experiments were
performed (as described above) to assess temporal changes in MCL-1 expression after treatment with TRAIL±SB203580. (g) DU145 cells were transiently transfected with
pcDNA3-MCL-1 for 24 h, after which cycloheximide (CHX; 1 mM) was added, along with either SB203580 (50mM) or the ERK inhibitor U0126 (10 mM). Turnover was then
assessed by immunoblotting MCL-1 over a 3-h time course. (h) DU145 cells were transiently transfected with pEGFP or pEGFP-MCL-1 for 24 h (see inset for immunoblot of
expressed proteins), exposed to TRAIL±SB203580 for 8 h, stained with Hoechst 33258, and assayed for the percentage of GFPþ apoptotic cells. Each bar represents the
mean of three separate experiments±S.E.M. (i) DU145 cells were transfected with pSuper-scramble or pSuper-MCL-1 to stably knockdown the expression of MCL-1 by RNAi
(see inset for knockdown of MCL-1). Cells were then exposed to TRAIL±SB203580 and assayed for cell death by annexin V/PI staining and flow cytometry. Each bar
represents the mean of three separate experiments±S.E.M. (j) DU145 cells were transiently transfected with pmCherry, pmCherry-NOXA, or pmCherry-BAD for 24 h (see
inset for immunoblot of expressed proteins), exposed to TRAIL±SB203580 for 8 h, stained with Hoechst 33258, and assayed for the percentage of mCherryþ apoptotic
cells. Each bar represents the mean of three separate experiments±S.E.M. (k) DU145 cells were depleted of MCL-1 by RNAi and assayed for BAK activation after treatment
with TRAIL±SB203580, as described in (b). (l) DU145 cells were transiently transfected with EGFP or tBID-EGFP for 24 h (see inset for immunoblot of expressed proteins),
exposed to DMSO or SB203580 for 8 h, stained with Hoechst 33258, and assayed for the percentage of GFPþ apoptotic cells. Each bar represents the mean of three
separate experiments±S.E.M.
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ROS production, JNK activation, and upregulation of MCL-1,
before (or in the absence of) frank rupture of the outer
mitochondrial membrane. Irrespective, our results are in
stark contrast to TNF signaling, in which ROS are produced
by NADPH oxidases upstream of mitochondria and in
turn activate ASK-1 or inactivate MKPs, resulting in prolonged
JNK activation, MOMP, and apoptosis.31,43,45 At this
stage, the transcription factor(s) responsible for p38-a
and JNK-dependent upregulation of MCL-1, after treatment
with TRAIL and TRAIL plus SB203580, respectively, remain
unknown and are currently under investigation. STAT3 and

PU.1 have previously been implicated in MCL-1 expression;
however, PU.1 is generally restricted to hematopoietic
tissues, and dominant-negative mutants of STAT1, STAT3,
and ATF2 (a p38-a and JNK-targeted transcription
factor) failed to potentiate TRAIL-induced apoptosis (data
not shown).
Finally, there are several clinical implications that arise from

our studies, particularly related to the use of small-molecule
BCL-2 antagonists and Smac mimetics. There is currently
legitimate excitement surrounding the use of BCL-2 antago-
nists, such as ABT-737, in the treatment of tumors made
resistant to conventional chemotherapy through overexpres-
sion of antiapoptotic BCL-2 family members. Similar to
BAD, however, ABT-737 selectively targets BCL-2, BCL-xL,
and BCL-w, but not MCL-1, and thus is unlikely to synergize
with TRAIL in the treatment of MCL-1-overexpressing tumors.
One potential approach for bypassing the antiapoptotic BCL-2
family members altogether could be to use Smac mimetics,
which antagonize IAPs and liberate active caspases-3 and -7
after their initial processing by caspase-8. Indeed, consistent
with previous studies in other cancer cell types, from our
laboratory and others, we found that release of Smac (rather
than cytochrome c) was essential for TRAIL-induced
apoptosis in DU145 prostate cancer cells (Figure 2). Smac
mimetics however reportedly induce apoptosis by stimulating
autoubiquitination and degradation of cellular IAP1 (cIAP1)
and cIAP2, resulting in activation of the noncanonical
NF-kB pathway and upregulation of TNF. Consequently, it
remains unclear how effective these agents will be in vivo or
whether they will show significant side effects due to the
production of TNF. Our studies suggest that TRAIL might
instead be used effectively in combination with clinically
available p38 MAPK inhibitors for the treatment of cancers
expressing MCL-1.

Materials and Methods
Reagents and antibodies. SB203580 (cat. no. 1020) was obtained from
Tocris Bioscience (Ellisville, MO, USA), and 5Z-7-oxozeaenol (cat. no. NP-009245)
was purchased from AnalytiCon Discovery GmbH (Potsdam, Germany). TAT-TI-
JIP153–163 (cat. no. 420134) and U0126 (cat. no. 662005) were obtained from
Calbiochem (Gibbstown, NJ, USA). Antibodies to p-p38 MAPK (Thr-180/Tyr-182;
cat. no. 9211), p-ERK (Thr-202/Tyr-204; cat. no. 9101), p-JNK (Thr-183/Tyr-185;
cat. no. 9251), p-c-Jun (pSer-73; cat. no. 9165), p-MAPKAPK2 (pThr-222; cat. no.
3316), p-AKT (Ser-473; cat. no. 9271), p-TAK1 (Thr-184/Tyr-187; cat. no. 4531),
BCL-2 (cat. no. 2876), BCL-xL (cat. no. 2762), BID (cat. no. 2002), myc tag (cat. no.
2276), EGFP (cat. no. 2555), and active caspase-3 (cat. no. 9662) were purchased
from Cell Signaling Technology (Danvers, MA, USA). c-FLIP antibody (cat. no. ALX-
804-127-C100) was obtained from Alexis Biochemicals (San Diego, CA, USA), and
caspase-8 and Smac/DIABLO antibodies were generously provided by Dr. X-M Sun
and Professor GM Cohen (MRC Toxicology Unit, Leicester, UK). Antibodies to
FADD (cat. no.610399) and cytochrome c (cat. no.556433) were purchased from
BD Biosciences (San Jose, CA, USA), and antibodies to MCL-1 (cat. no. sc-12756)
and actin (cat. no. CP01-100UL) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA) and Oncogene Research Products (Cambridge, MA, USA),
respectively. TRAIL-R2 antibody (cat. no. 2019) was obtained from ProSci
Incorporated (Poway, CA, USA), and antibodies to FLAG (cat. no. F3165) and
Hemagglutinin (cat. no. MMS-101P) tags were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and Covance (Princeton, NY, USA), respectively. RFP/
mCherry antibody (cat. no. PM005) was obtained from MBL International (Woburn,
MA, USA).

Cloning. The human MCL-1 cDNA encompassing the entire coding region
(1.1 kb) was amplified by reverse transcription-PCR (RT-PCR) with the following two
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Figure 4 Inhibition of p38 MAPKs potentiates TRAIL-induced apoptosis in
androgen receptor-positive and BAX-expressing prostate cancer cells. (a) BAX-
deficient DU145 cells, and those stably expressing BAX (see inset for immunoblot of
expressed proteins), were treated with TRAIL (500 ng/ml)±SB203580 (50mM) and
assayed for cell death by annexin V/PI staining and flow cytometry. (b, c) LNCaP
prostate cancer cells, which express both BAX and BAK, as well as the androgen
receptor and prostate-specific antigen,41,42 were similarly immunoblotted for MCL-1
and assayed for their sensitivity to TRAIL±SB203580
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primers (MCL1F: 50-CCAAGATCTATGTTTGGCCTCAAAAGAAACGC-30; MCL1R:
50-CCGGAATTCCTATCTTATTAGATATGCCAAACC-30), digested, and cloned into
the BglII–EcoRI sites (underlined) of pEGFP-C1 (Clontech, Mountain View, CA,
USA). The cDNAs of human BAD and NOXA were obtained by RT-PCR with the
following primers (BADF: 50-CCGCTCGAGCTATGTTCCAGATCCCAGAGTTTG-30;
BADR: 50-CGCGGATCCTCACTGGGAGGGGGCGGAG-30; NOXAF: 50-CCGCTCG
AGCTATGCCTGGGAAGAAGGCGCG-30; NOXAR: 50-CGCGGATCCTCAGGTTCC
TGAGCAGAAGAG-30), digested, and cloned into the XhoI–BamHI sites (underlined)
of pmCherry-C1 (Clontech). For the generation of shRNAs, oligonucleotides to MCL-1
(sense: 50-GATCCCCAGTCCGATTACCGCGTTTCTTCAAGAGAGAAACGCGGTA
ATCGGACTTTTTTTC-30; antisense: 50-TCGAGAAAAAAAGTCCGATTACCGCGTT
TCTCTCTTGAAGAAACGCGGTAATCGGACTGGG-30) or a scrambled control
(sense: 50-GATCCCCACCGTCGATTTCACCCGGGTTCAAGAGACCCGGGTGAA
ATCGACGGTTTTTTTC-30; antisense: 50-TCGAGAAAAAAACCGTCGATTTCACCC
GGGTCTCTTGAACCCGGGTGAAATCGACGGTGGG-30) were annealed to
generate sticky ends (underlined) and immediately cloned into the BglII–XhoI sites
of pSuper.retro.puro (OligoEngine, Seattle, WA, USA). The boxed sequence
corresponds to the 9-nt hairpin that is generated after transcription.

A cDNA encoding p38-a (kindly provided by Dr. Kevin N Dalby, University of
Texas at Austin, Austin, TX, USA) was subcloned into pcDNA6 with an N-terminal
myc tag (Invitrogen, Carlsbad, CA, USA), and a kinase-dead (D168A) mutant was
subsequently incorporated by site-directed mutagenesis. A constitutively active
mutant of p38-a (D176A/ F327S; obtained from Professor David Engelberg, Hebrew
University, Israel)49 was subcloned into the XhoI–BamHI sites of the pEGFP-C1
vector (Clontech), and an SB203580-resistant mutation (T106M) was incorporated

by site-directed mutagenesis.29 Dominant-negative mutants of TAK1 (K63A), MKK3
(S189A/T193A), and MKK6 (S207A/T211A) were generously provided by Dr. Xin
Lin (University of Texas, M.D. Anderson Cancer Center, Houston, TX, USA) and Dr.
Jiahuai Han (Scripps Research Institute, La Jolla, CA, USA).50,51 pEBB-ubiquitin-
Smac/DIABLO, which is designed to express a mature form of Smac in the cytosol,
was provided by Dr. Colin S Duckett (University of Michigan Medical School,
Ann Arbor, MI, USA).35 Wild-type caspase-9 was cloned into the FG9 lentiviral
vector (kindly provided by Dr. Casey W. Wright, UT-Austin, Austin, TX, USA),
and a dominant-negative mutation (C287A) was incorporated by site-directed
mutagenesis.

Cell culture and transfections. DU145 prostate cancer cells were grown in
RPMI-1640, supplemented with 5% fetal bovine serum (Atlanta Biologicals,
Lawrenceville, GA, USA), 5% Fetalplex (Gemini Bio-products, West Sacramento,
CA), 1% penicillin–streptomycin (100 units/ml), and 2 mM glutamine. Cells were
maintained at 371C in humidified air containing 5% CO2 and were routinely
passaged every 3 days. For transient transfections, cells were transfected with 1mg/
ml plasmid DNA using TransIT-LT1 transfection reagent (Mirus Bio, Madison, WI,
USA), and in the case of stable shRNA knockdowns (pSuper-mcl-1), cells were
selected for 10 days in 1 mg/ml of puromycin and then isolated as individual clones.
For siRNA experiments, DU145 cells were transiently transfected with 40 nM of BID
siRNA (nucleotides 35–53: 50-GGGATGAGTGCATCACAAA-30)52 or control siRNA
(50-TTCTCCGAACGTGTCACGT-30) (Shanghai GenePharma Co., Shanghai,
China) using TransIT-TKO Transfection Reagent.
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Quantitation of apoptosis. Cells were harvested by trypsinization, washed
with PBS, and resuspended in annexin-V binding buffer (10 mM HEPES, pH 7.4, 140 mM
NaCl, 2.5 mM CaCl2) containing annexin-V-fluorescein isothiocyanate (FITC) and

propidium iodide (PI; Roche Applied Sciences, Indianapolis, IN, USA). Annexin V was
expressed, labeled with FITC, and purified in-house. FITC- and/or PI-labeled cell
populations were analyzed by flow cytometer (Beckman-Coulter, Fullerton, CA, USA).
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DEVDase assay. Cells were pretreated with SB203580 (50mM) for 2 h,
cotreated with TRAIL (500 ng/ml) for an additional 8 h, and collected for analysis.
The cells were then washed twice with PBS, resuspended in lysis buffer (50 mM
Tris, pH 7.5, 1 mM EDTA, 10 mM EGTA, and 10 mM digitonin), and incubated for
10 min at 371C. Cytosolic fractions were obtained by centrifugation at 15 000� g for
10 min and were subsequently incubated for 30 min at 371C with an equal volume of
assay buffer (20 mM HEPES, pH 7.4, 100 mM NaCl, 0.05% NP-40, and 5 mM
MgCl2) containing the fluorescent substrate, Asp-Glu-Val-Asp-7-amino-4-
methylcoumarin (DEVD-AMC). DEVDase activities were measured (lex/
lem¼ 360/450 nm) in a 96-well plate format using a Wallac Victor3 1420
Multilabel counter (PerkinElmer, Waltham, MA, USA). To confirm the effectiveness
of our dominant-negative (DN) caspase-9 (C287A) construct, lysates were prepared
from cells stably expressing caspase-9-DN and activated by adding cytochrome c
(10mM), dATP (2 mM), and MgCl2 (2 mM). After a 30-min incubation at 371C,
DEVD-AMC was added and all samples were assayed for DEVDase activity.

Digitonin-based subcellular fractionation. Cells, treated with
TRAIL±SB203580 (as described above), were assayed for MOMP. In brief,
cells were washed with PBS and lysed for 10 min on ice in 100ml of digitonin lysis
buffer (75 mM KCl, 1 mM NaH2PO4, 8 mM Na2HPO4, 250 mM sucrose, and 60mg/ml
of digitonin) containing protease inhibitors (1 mM PMSF, 2mg/ml of aprotinin, 2mg/ml
of leupeptin, and 2mg/ml of pepstatin). The cells were then pelleted by centrifugation
at 15 000� g for 10 min, and the supernatant (cytosol) was obtained. The remaining
pellet (mitochondria) was then resuspended in lysis buffer (20 mM Tris-HCl, 135 mM
NaCl, 10% glycerol, 50 mM NaF, 5 mM Na3VO4, and 0.2% NP-40) with protease
inhibitors for 20 min on ice. Finally, the supernatant and pellet fractions were
immunoblotted with antibodies to Smac/DIABLO and cytochrome c.

Isolation of TRAIL signaling complexes. Cells were pretreated with
SB203580 (50 mM) for 2 h, followed by a 30-min treatment with biotinylated TRAIL
(bTRAIL; 500 ng/ml). The cells were then washed three times with ice-cold PBS to
remove any unbound ligand and lysed for 30 min on ice in 3 ml of lysis buffer (30 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 10% (v/v) glycerol, 1% (v/v) Triton X-100, 10 mM
glycerophosphate, 1 mM sodium orthovanadate, and 5 mM NaF) with protease
inhibitors (1 mM PMSF, 2mg/ml of aprotinin, 2 mg/ml of leupeptin, and 2mg/ml of
pepstatin). Lysates were cleared by centrifugation at 13 000� g for 30 min and
bTRAIL complexes precipitated overnight at 41C using streptavidin-conjugated to
Sepharose beads (Amersham Biosciences, Pittsburgh, PA, USA). After overnight
incubation, the beads were washed four times with lysis buffer, and 60 ml of
2� Laemmli sample buffer were added to the beads.

Quantitative RT-PCR. Cells were plated at a density of 0.6� 106 cells. After
24 h, the cells were treated with different combination treatments at the indicated
time points. Total RNA was extracted using Qiagen RNeasy Mini kit (Valencia, CA,
USA), and reverse transcription was performed from 2mg of total RNA using oligo-
dT and AMV reverse transcriptase (Promega, Madison, WI, USA), according to the
manufacturer’s instructions. The primer sequences were designed as follows:
qMCL1F: 50-AAGCCAATGGGCAGGTCT-30; qMCL1R: 50-TGTCCAGTTTCCGAA
GCAT-30; qGAPDHF: 50-TGCACCACCAACTGCTTAGC-30; qGAPDHR: 50-GGCA
TGGACTGTGGTCATGAG-30.53 Quantitative RT-PCR was performed with SYBR
Green dye using an ABI 7900HT (Perkin-Elmer Applied Biosystems, Foster City,
CA, USA), according to the manufacturer’s instructions. PCR reactions were
performed in triplicate, and the relative amount of MCL-1 cDNA was calculated by
the comparative CT method.54 CT values obtained for the different samples were
normalized to corresponding CT values of GAPDH.

Western blot analysis. After SDS-PAGE, proteins were transferred to
Hybond-N Nitrocellulose (Amersham Biosciences). Membranes were blocked in
Tris-buffered saline (TBS) containing 5% non-fat dry milk and 0.1% Tween-20
(TBS-T), before incubation with the primary antibody for 1 h. The membranes were
then washed with TBS-T followed by exposure to the appropriate horseradish
peroxidase-conjugated secondary antibody for 1 h. Immunostained proteins were
visualized on Kodak X-ray film using the enhanced chemiluminescence (ECL)
detection system (Amersham Biosciences).

ROS quantification. To measure ROS, cells were pretreated with SB203580
(50mM) for 2 h±zVAD-fmk (50mM) for 1 h. TRAIL (500 ng/ml) was then added for 8 h
and incubated with 20,70-dichlorodihydrofluorescein diacetate (DCFDA, 10mM; Molecular
Probes, Carlsbad, CA, USA) for 30 min. Excess DCFDA was removed by washing the
cells twice with PBS at room temperature, and labeled cells were then trypsinized, rinsed,
and resuspended in PBS. Oxidation of DCFDA to the highly fluorescent 20,70-dichloro-
fluorescein (DCF) is proportionate to ROS generation and was analyzed by flow
cytometry. To measure mitochondrial-generated ROS, pHyPer-Mito, a mitochondrial-
localized oxidant-activated fluorescent protein, was transfected into cells and cells were
treated with TRAIL±SB203580 (as described above). Fluorescence intensity,
corresponding to mitochondrial-generated H2O2, was analyzed by flow cytometry and
images were captured using fluorescence microscopy.

Determination of BAK activation. To detect activated BAK, control and
treated cells were fixed for 5 min in 0.25% paraformaldehyde, washed twice with
PBS, and incubated for 30 min at room temperature in a PBS buffer containing
100mg/ml digitonin and a conformation-specific mouse anti-BAK antibody (1 : 30;
AM03, Calbiochem). Cells were then washed, incubated with 0.25 mg of Alexa Fluor
488 goat anti-mouse antibody (Invitrogen) for 30 min in the dark, washed again, and
analyzed using flow cytometry.
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Figure 7 Model of TRAIL-activated proapoptotic and antiapoptotic pathways.
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of the adapter protein FADD and activation of procaspase-8 within the DISC.
Caspase-8 subsequently processes procaspase-3, but active caspase-3 is rapidly
inhibited by IAPs, including XIAP. Caspase-8 also cleaves and activates BID, and
tBID would normally induce BAK-dependent MOMP and release the IAP antagonist
Smac/DIABLO. However, TRAIL receptor stimulation simultaneously activates an
antiapoptotic TAK1-MKK3/MKK6-p38 MAPK signaling pathway that transcrip-
tionally upregulates MCL-1, which in turn sequesters/neutralizes tBID. Disruption of
this signaling pathway at any step sensitizes cells to TRAIL, but remarkably, even
after mitochondrial injury, mitochondrial-generated ROS activate a secondary JNK
pathway that similarly leads to transcriptional upregulation of MCL-1 and partial
protection from cell death. As shown in the inset, ROS are most likely produced as a
result of inefficient electron transfer, after the release of cytochrome c, or perhaps in
response to caspase-dependent cleavage of complex I proteins including
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