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 We have previously reported that AD5-10, a novel agonistic monoclonal antibody against DR5, possessed a strong 
cytotoxic activity in various tumor cells, via induction of caspase-dependent and -independent signaling pathways. 
The present study further demonstrates that reactive oxygen species (ROS) were generated in abundance in Jurkat 
leukemia cells upon AD5-10 stimulation and that ROS accumulation subsequently evoked sustained activation of 
c-Jun N-terminal kinase (JNK), loss of mitochondrial membrane potential, and release of endonuclease G (Endo G) 
from mitochondria into the cytosol. The reducing agent, N-acetylcysteine (NAC), effectively inhibited the sustained 
activation of JNK, release of Endo G, and cell death in Jurkat cells treated by AD5-10. Moreover, a dominant-nega-
tive form of JNK (but not of p38) enhanced NF-κB activation, suppressed caspase-8 recruitment in death-inducing 
signaling complexes (DISCs), and reduced adverse effects on mitochondria, thereby inhibiting AD5-10-induced cell 
death in Jurkat leukemia cells. These data provide novel information on the DR5-mediated cell death-signaling path-
way and may shed new light on effective strategies for leukemia and solid tumor therapies.
Keywords: AD5-10, ROS, JNK, DR5, TRAIL
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Introduction

Tumor necrosis factor related apoptosis-inducing li-
gand (TRAIL), a member of the tumor necrosis factor 
(TNF) superfamily, selectively induces cell death in can-
cer cells without cytotoxicity to most normal cells either 
in vitro or in vivo. These are two functional receptors for 

TRAIL, DR4 (TRAIL-R1) and DR5 (TRAIL-R2), each 
containing a cytoplasmic death domain (DD), which trig-
gers cell death upon TRAIL binding. Three decoy recep-
tors, DcR1 (DcR1/TRAIL-R3), DcR2 (TRAIL-R4), and 
osteoprotegerin, block TRAIL-induced cell death [1, 2]. 
Binding of TRAIL to DR4 or DR5 leads to trimeriza-
tion of the receptor, resulting in the recruitment of Fas-
associated death domain protein (FADD), caspase-8, 
and receptor-interacting protein (RIP) to form the death-
inducing signaling complex (DISC) [3, 4]. DISCs initiate 
a caspase cascade by activating apical caspase-8, which 
cleaves and activates the downstream caspases 3, 6, and/
or 7, leading to cell death [4]. Hence, agonistic monoclo-
nal antibodies (mAbs) specific for human DR4 or DR5, 
which selectively kill tumor cells, have become attractive 
candidates for cancer therapy. 

Apart from the classical caspase cascade, c-Jun N-
terminal kinase (JNK) and p38 MAP kinase are often 
activated in cell death [5]. As sensors of environmental 
stress, activation of JNK and p38 can be triggered by 
many factors, especially chemotherapeutic agents, ul-
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traviolet radiation, and ischemia [5, 6]. Cytokines of the 
TNF superfamily are also important inducing signals for 
JNK and p38 activation and even cell death [7, 8]. Previ-
ous studies have shown that TNFα or Fas ligand (FasL) 
can induce instantaneous activation of JNK within 20 
min and subsequently sustain JNK activation [9-13]. 
p38 was also activated in cells treated with TNFα or 
FasL [11]. Sakon et al. [10] and Kamata et al. [9] have 
demonstrated that TNFα-induced generation of reactive 
oxygen species (ROS) sustained JNK and p38 activation, 
respectively. Ventura et al. [14] have provided evidence 
that JNK is able to potentiate TNFα-induced production 
of ROS. Taken together, these results suggest that JNK 
and ROS work together in a positive feedback loop to 
accelerate programmed cell death. However, there is still 
no detailed information on DR4- or DR5-mediated acti-
vation of JNK or p38. How is JNK or p38 activated by 
TRAIL or agonistic mAbs? Does the activation of JNK 
or p38 directly augment cell death mediated by DR4/
DR5? These questions remain to be satisfactorily an-
swered. Various chemotherapeutic agents were combined 

with TRAIL in previous studies [15-17], despite the 
fact that chemotherapeutic agents have complicated ef-
fects on cell survival and death. Many chemotherapeutic 
agents are reported to enhance TRAIL-induced apoptosis 
in tumor cells via ROS production and mitochondrial 
dysfunction [18-22].

In our previous study, we reported a novel anti-human 
DR5 monoclonal antibody, AD5-10, with strong cyto-
toxic effects on various tumor cells. In the present study, 
we further investigated the molecular mechanisms of the 
signaling pathway initiated by AD5-10. We demonstrate 
that AD5-10-induced cell death in Jurkat cells occurs via 
ROS generation, sustained JNK activation, loss of mito-
chondrial membrane potential, and Endo G release from 
mitochondria to the cytosol. 

Results

AD5-10 induces ROS generation and GSH level reduc-
tion in Jurkat leukemia cells

Oxidative stress is often closely associated with cell 

Figure 1 AD5-10 induces ROS production and reduces GSH level in Jurkat cells. Cells were treated with AD5-10 (40 ng/ml) 
or TRAIL (40 ng/ml) or left untreated for the indicated timepoints. Cell viability was detected by MTS assay (A), ROS produc-
tion was detected with DCFA2 fluorescence (B) and quantitated (C), and GSH and GSSG levels were analyzed (D). Error 
bars represent the standard deviation from the mean value obtained from triplicate. Data are representative of three indepen-
dent experiments.
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death. Overproduction of reactive oxygen species (ROS) 
and reduction of GSH level are considered to promote 
cell death in response to a variety of signals and in vari-
ous pathophysiological settings [14, 23]. Jurkat cells, 
which highly express DR5, but express few DR4 mol-
ecules [24], were shown to be senstive to TRAIL and 
AD5-10 in our previous report [2]. To investigate wheth-
er the change of cellular redox state is involved in DR5-
mediated cell signaling, Jurkat cells were treated with 
AD5-10 (40 ng/ml) or TRAIL (40 ng/ml) for various 
timepoints. Cell viability was detected by the MTS assay, 
and ROS generation was measured by 4 µM 2′,7′-dichlo-
rofluorescin-diacetate (DCFA) staining, followed by flow 
cytometry. DCFA is a redox sensitive dye that can be 
cleaved by intracellular esterases in the presence of ROS 

and then converted into the fluorescent species 2′,7′-di-
chlorfluorescin (DCF). DCF fluorescence thus represents 
the generation of ROS. The ratio of reduced glutathione 
(GSH) to oxidized glutathione (GSSG) was detected by a 
GSH/GSSG assay kit. Both AD5-10 and TRAIL reduced 
cell viability in Jurkat cells in a time-dependent manner 
(Figure 1A). The DCF fluorescence intensity in AD5-
10-treated cells was dramatically amplified over the time 
course (Figure 1B), indicating that there was a sixfold 
increase in ROS generation in AD5-10-treated Jurkat 
cells within 4 h (Figure 1C). However, there was no sig-
nificant ROS production in TRAIL-treated cells (Figure 
1B and 1C). Correspondingly, GSH and GSSG content 
in AD5-10-treated Jurkat cells showed a time-dependent 
reduction, but no changes were observed in the cells 

Figure 2 NAC and GSH inhibit AD5-10-induced cell death in Jurkat cells. Cells were treated with AD5-10 (40 ng/ml) or TRAIL 
(40 ng/ml) in the absence or presence of indicated concentration of NAC (A, C) or GSH (B, D) for 4 h. Cell viability (A, B) was 
detected by MTS assay, and apoptosis (C, D) was analyzed by Annexin-V-FITC and PI staining, followed by flow cytometry. 
(E) Cells treated with AD5-10 (40 ng/ml) or left untreated in the absence or presence of 50 mM NAC for the indicated time-
points were used for western blot analysis of caspase-8 and PARP cleavage with the indicated specific antibodies. Error bars 
represent the standard deviation from the mean value obtained from triplicate. Data are representative of three independent 
experiments.
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treated with TRAIL (Figure 1D). These data demonstrate 
that AD5-10 specifically induces ROS generation and 
GSH level reduction in Jurkat leukemia cells.

NAC inhibits AD5-10-induced cell death
To further evaluate the role of redox state in AD5-10-

induced cell death, Jurkat cells were treated with AD5-10 
(40 ng/ml) or TRAIL (40 ng/ml) or left untreated for 4 h 
in the presence or absence of N-acetyl-L-cysteine (NAC) 
or reduced glutathione (GSH), which are classical thiol 
antioxidants capable of acting as ROS scavengers. Cell 
viability was detected by the MTS assay, and cell death 
was detected by Annexin-V/PI staining followed by 
flow cytometry. As shown in Figure 2, in the presence of 
NAC (Figure 2A) or GSH (Figure 2B), cell viability of 
AD5-10-treated cells was increased in a dose-dependent 
manner, but no such effect was observed in cells treated 
with TRAIL. Flow cytometry analysis showed that 
about 45% of Jurkat cells treated with AD5-10 were 
Annexin-V-positive, but that only approximately 22% 
were Annexin-V-positive when treated with AD5-10 in 
the presence of 50 mM NAC (Figure 2C) or GSH (Figure 
2D). Signaling pathway analysis by western blot showed 
that pro-caspase-8 and its substrate PARP were cleaved 
in cells treated with AD5-10 for 2 and 4 h and that NAC 
pretreatment efficiently inhibited their cleavage (Figure 
2E). These data confirm that NAC markedly reduces 
death in Jurkat cells treated with AD5-10, suggesting that 
ROS and redox state have significant effects on the DR5-
mediated cell death pathway. 

NAC inhibits AD5-10-induced mitochondrial dysfunction
Mitochondria are a dynamic organelle sensitive to 

various stimuli. They are both the source and the target 
of ROS, and the buildup of ROS is thought to greatly 
impair their normal function. To clarify whether mito-
chondrial function is affected by AD5-10-induced ROS 
production, Jurkat cells were treated with AD5-10 or 
left untreated for 60 min, 120 min, and 240 min in the 
presence or absence of 50 mM NAC. Mitochondrial 
membrane potential was detected by JC-1, and oxidation 
of cardiolipin was evaluated with nonyl-acridine orange 
(NAO) staining followed by flow cytometry. JC-1 ac-
cumulates in mitochondria as aggregates, resulting in 
red fluorescence in non-apoptotic cells. The monomeric 
form, which fluoresces green, is found in apoptotic as 
well as necrotic cells. NAO is used to detect cardiolipin, 
which loses the ability to bind NAO when oxidized by 
ROS. As shown in Figure 3A and 3B, the green fluores-
cence of JC-1 increased, and the mass of primary car-
diolipin was reduced significantly in Jurkat cells treated 
with AD5-10 over the time course. These results indicate 

that mitochondrial membrane potential decreased and 
cardiolipin was oxidized. NAC treatment effectively 
blocked cardiolipin oxidation and the reduction in mito-
chondrial membrane potential in Jurkat cells treated with 
AD5-10. Bcl-2 family proteins are also critical factors in 
apoptosis, especially in cell death associated with oxida-
tive stress [25]. As shown by western blotting in Figure 
3C, Bid was cleaved in cells treated with AD5-10 in a 
time-dependent manner, whereas the cellular expression 
of other family members, such as Bcl-2, Bcl-xl, Bik, and 
Bad, did not change. Again, NAC pretreatment effec-
tively inhibited the cleavage of Bid induced by AD5-10.

Loss of mitochondrial membrane potential, oxidative 
stress, and Bid cleavage may severely damage mitochon-
dria, leading to the release of pro-apoptotic factors, in-
cluding cytochrome c (Cyt c), endonuclease G (Endo G), 
and apoptosis inducing factor (AIF) [25-27] into the cy-
tosol. Cyt c release results in the activation of caspase-9 
[26], and the release of Endo G and AIF is involved in a 
caspase-independent death pathway [27, 28]. To evaluate 
the involvement of the release of pro-apoptotic factors 
from mitochondria in DR5-mediated cell death, Jurkat 
cells were treated with AD5-10 (40 ng/ml) or TRAIL 
(40 ng/ml) or left untreated for 4 h in the presence or 
absence of 50 mM NAC. Mitochondrial, cytosolic, and 
nuclear fractions were isolated and subjected to western 
blot analysis using specific antibodies. As shown in Fig-
ure 3D, NAC effectively inhibited the release of AIF and 
Endo G in the cells treated with AD5-10, whereas it had 
little effect in the cells treated with TRAIL. Furthermore, 
the increase of Endo G in the nuclear fraction was sup-
pressed by NAC in a dose-dependent manner, whereas the 
amount of nuclear AIF was not notably altered (Figure 3E). 

To further demonstrate the localization of Endo 
G, Jurkat and HCT116 cells were treated with AD5-
10 (40 ng/ml) or left untreated for 4 h in the presence 
or absence of 50 mM NAC. Cells were then probed 
with 4′,6-diamidino-2-phenylindole (DAPI) and FITC-
labeled anti-Endo G antibody, followed by confocal laser 
microscopy. As shown in Figure 3Fa and 3Fj, Endo G 
(green) was normally localized in the cytoplasm around 
the nucleus (blue) in control cells (Figure 3Fb, c, k and l). 
After a 4-h treatment with AD5-10, Endo G levels in the 
cytoplasm were reduced (Figure 3Fd and 3Fm). Endo G 
appeared to be confined to the nucleus (Figure 3Fe, f, n 
and o), indicating that Endo G translocated to the nucleus 
upon stimulation with AD5-10. Moreover, pretreatment 
with 50 mM NAC blocked the translocation of Endo G 
induced by AD5-10 (Figure 3Fg, h, i, p, q, and r).

These data indicate that AD5-10-induced ROS ac-
cumulation in Jurkat cells further impairs mitochondrial 
membrane potential, leading to oxidation of lipoproteins 
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and Endo G translocation. All of these effects are sup-
pressed by NAC.

NAC inhibits AD5-10-induced sustained activation of JNK
TNFα or FasL can activate JNK and p38 in various 

cells [10-14]. These factors are closely associated with 
necrotic cell death [6-9]. ROS have also been identi-

fied as major mediators of TNF-induced JNK activa-
tion in murine embryonic fibroblasts (MEFs) [11, 14]. 
To investigate the role of JNK and p38 activation in 
AD5-10-induced cell death, Jurkat cells were treated as 
described above, and JNK and p38 activation was de-
tected by western blot analysis. As shown in Figure 4A, 
phosphorylated JNK (p-JNK) levels were transiently 

Figure 3 NAC inhibits AD5-10-induced mitochondrial dysfunction in Jurkat cells. Cells were treated with AD5-10 (40 ng/ml) or 
left untreated in the absence or presence of 50 µM NAC for the indicated timepoints. Mitochondrial membrane potential (Dym) 
was determined with JC-1 (40 nM) staining (A), and oxidative damage to mitochondria was evaluated by NAO staining (B) 
followed by flow cytometry. Expression of Bcl-2 family proteins was detected by western blot with specific antibodies (C). In 
addition, cells were treated with AD5-10 (40 ng/ml) or TRAIL (40 ng/ml) or left untreated in the absence or presence of 50 µM 
NAC for 4 h, and mitochondrial and cytosolic fractions were isolated and subjected to immunoblot analysis to determine the 
release of cytochrome c, Endo G and AIF (D). Meanwhile, nuclear and cytoplasmic fractions were isolated and subjected to 
immunoblot analysis to determine the expression level of Endo G and AIF (E). Immunofluorescence imaging of Endo G trans-
location in Jurkat and HCT116 cells was observed by confocal laser microscope (F), in which cells were treated with AD5-10 
(40 ng/ml) in the absence (d, e, f, m, n, and o) or presence (g, h, I, p, q, and r) of 50 mM NAC for 4 h and stained with DAPI (b, 
e, h, k, n, and q) or antibodies against Endo G (a, d, g, j, m, and p). Untreated cells were used as controls (a, b, c, j, k, and l). 
Images from each staining were also merged (c, f, I, l, o, and r). Error bars represent the standard deviation from the mean 
value obtained from triplicate. Data are representative of three independent experiments.
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increased in the cells treated with AD5-10 at 5 to 15 min, 
were undetectable at 30 and 60 min, and were detectable 
again from 2 to 4 h. These results suggest that sustained 
activation of JNK was induced by AD5-10, whereas no 
sustained activation of p38 (in the form of phospho-p38) 
was observed. It is very interesting to note that NAC 
pretreatment completely abolished AD5-10-induced 
sustained JNK activation, but not transient JNK or p38 
activation (Figure 4A). Moreover, only transient, but not 

sustained, JNK activation was observed in Jurkat cells 
treated with TRAIL, and NAC pretreatment had little 
affect on the pattern of TRAIL-induced JNK activation 
(Figure 4B). These data suggest that AD5-10-induced 
ROS production within the cell results in sustained JNK 
activation.

JNK deficiency inhibits AD5-10-induced cell death
To further confirm the role of JNK in AD5-10-induced 

Figure 4 NAC inhibits AD5-10-induced sustained JNK activation in Jurkat cells. Cells were incubated with AD5-10 (40 ng/ml) (A) 
or TRAIL (40 ng/ml) (B) in the absence or presence of 50 mM NAC for the indicated timepoints. Phosphorylation of JNK and 
p38 was detected by western blot assay using specific antibodies.

Figure 5 AD5-10-induced cell death is inhibited by JNK deficiency. Wild type Jurkat cells (WT Jurkat) and cells stably trans-
fected with HA-JNK DN (MJ2) (A) or Flag-p38 DN (MP4) (B) were treated with AD5-10 (40 ng/ml) or TRAIL (40 ng/ml) for 4 h. 
Cell viability (C) was tested by the MTS assay. Apoptosis was analyzed by Annexin-V-FITC and PI staining, followed by flow 
cytometry (D).
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cell death, Jurkat cells were transfected with vectors 
expressing HA-JNK dominant-negative mutant (DN) or 
FLAG-p38 DN. The resultant stable cell lines, MJ2 with 
HA-JNK DN (Figure 5A) and MP4 with FLAG-p38 DN 
(Figure 5B), were treated with AD5-10 (40 ng/ml) or 
TRAIL (40 ng/ml) or left untreated for 4 h. Cell viability 
and the rate of apoptosis were measured by MTS and 
Annexin-V/PI staining followed by flow cytometry, re-
spectively. As shown in Figure 5C and 5D, cell viability 
of MJ2 cells (deficient in JNK activity) was remarkably 
increased. JNK deficiency also significantly reduced 
AD5-10-induced cell death, whereas p38 deficiency had 
no effect. However, wild-type (WT) Jurkat, MJ2, and 
MP4 cells all showed similar sensitivities to TRAIL. 
These data suggest that JNK, but not p38, participates in 
the process of AD5-10-induced cell death. 

JNK deficiency inhibits AD5-10-induced mitochondrial 
dysfunction

To further evaluate the role of JNK in AD5-10-induced 

cell death, wild-type Jurkat and MJ2 cells were treated 
with AD5-10 or left untreated for 4 h, and mitochondrial 
membrane potential, cardiolipin oxidation, and Endo G 
and AIF translocation were assayed. As shown in Fig-
ure 6, AD5-10 induced more green fluorescence of JC-1 
(Figure 6A) in wild-type Jurkat cells than that in MJ2 
cells. Primary cardiolipin levels (Figure 6B) in MJ2 cells 
remained the same as in controls, indicating that JNK de-
ficiency inhibited AD5-10-induced loss of mitochondrial 
membrane potential and rapid oxidation of cardiolipin. 
Furthermore, western blot analysis showed that Endo G 
levels (Figure 6C) in the cytosolic fraction of MJ2 cells 
treated with AD5-10 were much less than those in wild-
type Jurkat cells. This analysis suggests that JNK defi-
ciency inhibited the translocation of Endo G from mito-
chondria to the cytosol, whereas there was no remarkable 
difference in AIF translocation (Figure 6D). Quantitative 
data reinforce this distinction. These data illustrate that 
JNK deficiency inhibits AD5-10-induced mitochondrial 
dysfunction.

Figure 6 AD5-10-induced mitochondrial damage is inhibited by JNK deficiency. MJ2 cells were treated with AD5-10 (40 ng/
ml) for 4 h. Wild type Jurkat cells were used as a control. Mitochondrial membrane potential (Dym) was determined with JC-1 
(40 nM) staining (A), and oxidative damage to mitochondria was evaluated by NAO staining (B), followed by flow cytometry. 
Mitochondrial and cytosolic fractions were isolated from the cells treated with AD5-10 (40 ng/ml) in the absence or presence 
of 50 mM NAC for 4 h and subjected to immunoblot analysis to determine the level of Endo G (C) and AIF (D) by specific anti-
bodies. Quantitative data obtained are included.
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JNK deficiency decreases the recruitment of caspase-8 to 
DISCs and increases IκB phosphorylation

In order to elucidate the molecular components in-
volved in AD5-10-triggered signaling through DR5, 
death-inducing signaling complexes (DISCs) recruited by 
DR5 in wild type Jurkat and MJ2 cells were co-immuno-
precipitated from cell lysates after AD5-10 treatment and 
analyzed by western blot. In MJ2 cells, AD5-10 induced 
assembly of DISCs containing DR5, FADD, and RIP, but 
not caspase-8, which is normally part of this complex in 
wild-type Jurkat cells (Figure 7A). This finding suggests 
that JNK deficiency inhibits the recruitment of caspase-8 
to FADD and partially explains the resistance of MJ2 
cells to AD5-10 treatment. 

Activated NF-κB serves as an anti-apoptotic factor by 
upregulating the expression of caspase inhibitory pro-
teins, and death receptor signaling often involves JNK 
phosphorylation and NF-κB activation [29, 30]. To de-
termine whether NF-κB is involved in the reduced AD5-
10 sensitivity in JNK-deficient cells, wild-type Jurkat 
and MJ2 cells were treated with AD5-10 or left untreated 
for various times, and NF-κB activation, represented by 
IκB phosphorylation, was detected by western blot. As 
shown in Figure 7B, IκB was phosphorylated in a time-
dependent manner by AD5-10 in both MJ2 and wild-type 
Jurkat cells. Basal phosphorylation of IκB  was markedly 
increased in JNK-deficient MJ2 cells, providing strong 
support for the idea that NF-κB was highly activated in 
the cells, leading to resistance to AD5-10 treatment.

Discussion

TRAIL and agonistic monoclonal antibodies (mAbs) 
specific for human DR4 or DR5 selectively kill tumor 
cells both in vitro and in vivo. This effect occurs without 
cytotoxicity to most normal cells, which makes these 
molecules attractive candidates for cancer therapy. The 
anti-human DR5 monoclonal antibody AD5-10 possesses 
a strong tumoricidal activity, without toxicity to normal 
tissues and cells. AD5-10 binds specifically to DR5 with-
out competition with TRAIL and triggers both caspase-
dependent and -independent signaling pathways [2]. 

In the present study, we found that, unlike TRAIL 
and other reported agonistic antibodies to DR5 [31, 32], 
AD5-10 induces ROS production and decrease of GSH 
and GSSG content in a time-dependent manner in Jurkat 
leukemia cells. Addition of ROS scavengers such as GSH 
or the antioxidant NAC effectively suppresses AD5-10-
triggered cell death, loss of mitochondrial membrane po-
tential, and oxidation of cardiolipin in the mitochondrial 
membrane, indicating that redox state plays a critical 
role in the cell death process. Physiologically, ROS and 
GSH work to keep a redox balance, which maintains an 
environment conducive to cell survival [33, 34]. How-
ever, overproduction of ROS or lack of GSH may rapidly 
damage the normal function of mitochondria, leading to 
cell death. We have demonstrated that activation of DR5 
alone is able to mediate overproduction of ROS and a 
corresponding decrease in GSH (Figure 1). Because Jur-
kat T-lymphocytes lack conventional NADPH oxidase 
enzymes, which are used for oxidative bursts in granu-
locytes, increased demand for energy production due to 
increased cellular respiration is likely responsible for 
higher superoxide levels in these cells [35].

JNK and p38 can be activated under diverse envi-
ronmental stress conditions in various cell types. Prior 
studies on receptor-mediated JNK and p38 activation 
mostly focused on the TNF receptor superfamily, es-
pecially that of TNFα [9-14]. TNFα receptor-mediated 
JNK and p38 activation is generally rapid and transient, 
reaching a peak after approximately 10 min and then 
declining to basal levels in MEF or DKO cells. In NF-
κB downregulated cells, JNK and p38 are constitutively 
active, although their activity can be inhibited by the 
antioxidant butylated hydroxy anisole (BHA), but not the 
pan-caspase inhibitor Z-VAD [11]. Wicovsky et al. [36] 
reported that JNK induces caspase activity in response to 
TNFα in a cell type-specific manner. We have shown in 
the present study that AD5-10 induces transient JNK and 
p38 activation within 15 min. Sustained JNK activation, 
but not p38 activation, was observed 2 h later (Figure 
4A), when NF-κB was also activated. These results were 

Figure 7 JNK deficiency reduces the recruitment of caspase-8 
in DISCs and enhances IκB phosphorylation in Jurkat cells. 
MJ2 cells were treated with AD5-10 (40 ng/ml) for the indicated 
timepoints. Wild type Jurkat cells were used as a control. The 
recruitment of DR5, caspase-8, FADD and RIP as DISC compo-
nents (A) and IκB phosphorylation (B) were detected by west-
ern blot assays using the indicated specific antibodies.
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in contrast with reports by Sakon et al. [10] and Deng 
et al. [11], which showed that TNFα and Fas were only 
able to mediate ROS production and sustained JNK acti-
vation if NF-κB was inhibited. It is possible that the acti-
vation of NF-κB induced by DR5 was not strong enough 
to affect JNK phosphorylation, because inhibition of 
NF-κB activation by Leu-Leu-Norleucinal (LLNL) did 
enhance JNK activation (data not shown). Alternatively, 
differences in cell type, stimuli, or even specific intracel-
lular conditions may have caused these discrepancies. 
NAC, an antioxidant, completely inhibits long-term JNK 
activation but has no effect on the transient activation of 
JNK or p38 in Jurkat cells, results which are identical to 
those reported by Deng et al. [11].

The involvement of JNK in receptor-mediated pro-
grammed cell death remains controversial [37, 38]. Pre-
vious evidence suggests that transient JNK activation is 
associated with gene expression during cell proliferation 
or differentlation, whereas sustained JNK activation may 
promote cell death in cell type- and stimulus-dependent 
manners [10, 36]. First, JNK phosphorylation activates 
the transcription factor AP-1, which translocates to the 
nucleus to regulate the expression of various genes, such 
as FasL, p53, c-myc, and bcl-2 family members. Second, 
ROS are specifically detected in mitochondria or sub-
mitochondrial particles [39], inducing the oxidation of 
mitochondrial proteins. JNK activation by ROS further 
induces the loss of mitochondrial membrane potential, 
phosphorylation of downstream proteins such as Bim, 
Bcl-xl and Bcl-2, and cleavage of Bid [39, 40], leading 
to subsequent release of various proapoptotic factors. 
Recently, Zhou et al. [41] provided evidence that phos-
phorylated JNK translocates to mitochondria and sub-
sequently phosphorylates the E1α subunit of pyruvate 
dehydrogenase. Phosphorlyation leads to a decline in py-
ruvate dehydrogenase activity and, consequently, a shift 
to anaerobic pyruvate metabolism, leading to necrosis. 

Endo G and AIF are two inducing signals that have 
been implicated in non-apoptotic or necrotic programmed 
cell death (PCD), because they can be translocated into 
the nucleus and induce DNA fragmentation [30, 42]. We 
have shown that both AD5-10 and TRAIL induce AIF 
and Endo G release from mitochondria into the cytosol 
(Figure 3D). NAC blocks the release of additional AIF 
and Endo G into the cytoplasm and the translocation of 
Endo G into the nucleus in AD5-10-treated cells (Fig-
ure 3D-3F). We speculate that ROS-dependent Endo G 
translocation is responsible for the downstream DNA 
fragmentation seen in AD5-10-induced PCD. Further-
more, stable Jurkat cells expressing a dominant-negative 
form of JNK exhibit less sensitivity to AD5-10, which 
is consistent with reduced damage to mitochondria and 

less translocation of Endo G (Figure 6A-6C). In addi-
tion, basal IκΒ phosphorylation is markedly increased in 
JNK-deficient cells. Activated NF-κB may upregulate the 
caspase-inhibitory proteins FLIP, IAPs, and Bcl-2 [43], 
which may further influence the recruitment of subunits 
to DISCs, accounting for the reduced recruitment of cas-
pase-8 in our assay (Figure 7A). All these data help ex-
plain the reduced sensitivity of MJ2 cells to AD5-10 and 
provide further evidence that JNK is closely involved in 
AD5-10-induced cell death.

It is interesting to note that AD5-10-induced cell 
death is different from that induced by TRAIL in terms 
of ROS production and JNK activation. However, the 
mechanisms behind these differences remain to be de-
termined. We speculate that different agonists are able 
to bind their receptors by distinct mechanisms, resulting 
in the recruitment of different components to the DISC. 
Several observations support this hypothesis. First, AD5-
10 and TRAIL do not compete for binding to DR5, indi-
cating that they have different binding sites [2]. Second, 
the affinity of AD5-10 for DR5 is much higher than that 
of TRAIL for DR5 [2]. Third, TRAIL and DR5 act as 
trimers, whereas antibodies exist as dimers. The differ-
ing oligomerization states of ligands and their receptors 
may affect the configuration of the receptors, resulting 
in different signals. Park et al. [32] has shown that an 
antibody against DR5 triggered recruitment of TRAF2 
and TRADD, but not of caspase-8 or FADD, leading to 
autophagy. Further investigation is needed to explore the 
differences between AD5-10- and TRAIL-induced apop-
tosis. 

Although there is no firm correlation between specific 
cellular proteins and apoptosis, because PCD involves di-
verse and complex processes, it is now evident that mul-
tiple pathways lead to cell death, depending on stimulus 
and cell type [44, 45]. We have demonstrated that over-
production of ROS induces secondary JNK activation, 
and plays a critical role in AD5-10-induced cell death. 
How AD5-10 (but not TRAIL) induces ROS accumula-
tion and how JNK impairs the function of mitochondria 
remain to be investigated. Because DR5 is expressed in 
most cancer cells and is closely associated with tumori-
genicity and chemosensitivity, further study of its signal-
ing pathways will provide additional information about 
the mechanisms of PCD and may outline new strategies 
for leukemia and solid tumor therapies. 

Materials and Methods

Cell lines, reagents, and antibodies
Jurkat and HCT116 cells were purchased from the American 

Type Culture Collection (ATCC, Rockville, MD, USA). Cells 
were cultured in RPMI 1640 medium (Invitrogen, CA, USA), 
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supplemented with 10% heat-inactivated fetal calf serum (Hy-
clone, Logan, UT, USA), penicillin (100 U/ml), and streptomycin 
(100 mg/ml) at 37 °C in a humidified atmosphere of 5% CO2. JNK 
and p38 dominant-negative plasmids were kindly provided by Dr 
Shimin Hu (University of Pennsylvania). Recombinant human 
TRAIL (residues 114-281) without any epitope tag was purchased 
from KOMA Biotech (Shenzhen, China). AD5-10 was prepared as 
previously described by Guo et al. [2]. Reduced glutathione (GSH) 
was purchased from Promega (Madison, WI). G418 was obtained 
from Alexis (Lausen, Switzerland). Anti-caspase-8 and anti-Endo 
G antibodies were purchased from Calbiochem (La Jolla, CA). 
Anti-Bcl-2, anti-Bax, anti-Bik, anti-Bad, anti-JNK, anti-p38, and 
anti-IκB antibodies were purchased from Santa Cruz (CA, USA). 
Antibodies against the phosphorylated forms of p38 (p-38), JNK 
(p-JNK) and IκB (p-IκB) were purchased from Cell Signaling 
Technology, Inc. (Beverly, MA). Anti-PARP, anti-actin and N-
acetylcysteine (NAC) were purchased from Sigma (CA, USA). 
Horseradish peroxidase (HRP)-conjugated anti-mouse IgG, anti-
rabbit IgG and anti-goat IgG were purchased from ZhongShan Co. 
(Beijing, China).

Cell viability assay
Jurkat cells were seeded in 96-well plates (4 × 104 cells/well) 

and preincubated with NAC or GSH or left untreated for 30 min 
before the addition of other stimulants. After the desired time, 
cell viability was measured by the CellTiter 96 AQueous non-
radioactive kit (MTS, Promega, Madison, WI), according to the 
manufacturer’s instructions.

Cell death assay
Treated cells were stained using an Annexin V/PI kit, accord-

ing to the manufacturer’s instructions (BD Biosciences Clontech, 
NY). The cells were harvested, washed once with cold phosphate-
buffered saline (PBS) and stained with 200 µl of binding buffer 
containing Annexin-V-FITC for 30 min on ice. PI was added to 
the buffer 5 min later, then 300 µl binding buffer were added, and 
cells were assayed by flow cytometry (FACScan, Becton Dickin-
son, Germany). 

Measurement of ROS
ROS levels were measured in live cells by an ROS detection 

kit from BiYunTian Co. (Jiangsu, China). Cells (1 × 106/ml) were 
incubated in complete medium containing 4 mM DCFA for 20 min 
at 25 °C, washed twice and then resuspended in complete medium. 
Finally, DCF fluorescence in live cells was detected by flow cy-
tometry (FACScan, Becton Dickinson, Germany).

Measurement of intracellular GSH
Intracellular GSH level was measured by a GSH and GSSG 

assay kit from BiYunTian Co. (Jiangsu, China). Briefly, treated 
cells were harvested, washed twice with PBS and then lysed in 
lysis buffer. The lysate was assayed for GSH and GSSG levels by 
CellTiter 96 AQueous, according to the manufacturer’s instruc-
tions. 

Mitochondrial membrane potential
Loss of mitochondrial membrane potential in cells was detected 

by the mitochondrial selective dye JC-1 (Molecular Probes, Eu-
gene, OR). Treated Jurkat cells were harvested, suspended in 1 ml 

of complete medium containing 10 mg JC-1 at 25 °C for 20 min, 
and washed twice with culture medium. Cell pellets were then re-
suspended in 0.5 ml complete medium and subjected to flow cy-
tometry (FACScan, Becton Dickinson, Germany).

Western blot analysis
Treated cells were washed once with PBS and lysed in lysis 

buffer. The lysates were subjected to SDS-PAGE, and the proteins 
in the gel were subsequently electrotransferred to a polyvinylidene 

difluoride (PVDF) membrane (Millipore, Boston). After being 
blocked with 5% nonfat dry milk in TBS-T for 1-2 h at room tem-
perature, the PVDF membrane was incubated at 4 °C overnight 
with the indicated primary antibody, diluted in TBS-T containing 
5% nonfat dry milk. The membrane was then washed three times 

with TBS-T and probed with HRP-conjugated secondary antibod-
ies at room temperature for 1.5-2 h. After being washed four times 
with TBS-T, proteins were visualized with the ECL system (Mil-
lipore, Boston).

Preparation of cytosolic and mitochondrial fractions
Cytosolic and mitochondrial fractions were prepared as de-

scribed [46]. Cells were harvested, washed twice with cold PBS 
and then incubated overnight at 4 °C with 1.0 ml cold lysis buffer 
containing 20 mM HEPES-KOH (pH 7.5), 10 mM KCl, 1.5 mM 
MgCl2, 1 mM sodium EDTA, 1 mM sodium EGTA, 250 mM su-
crose, 5 mg/ml pepstatin A, 10 mg/ml leupeptin and 2 mg/ml apro-
tinin. The lysates were centrifuged at 1 000 rpm for 5 min, after 
which supernatants were centrifuged at 39 000 rpm for 30 min, 
and the pellets were re-suspended in 30 µl lysis buffer. Samples in 
1× SDS loading buffer were boiled for 5 min and then loaded on a 
12% polyacrylamide gel for SDS-PAGE.

Electro-transfection
Jurkat cells were transfected with Flag-pcDNA3-P38-DN or 

HA-pcDNA3-JNK-DN using the Jurkat nucleofector kit (Amaxa), 
according to the manufacturer’s instructions. The cells were 
seeded in 6-well plates in complete medium, and G418 (800 mg/
ml) was added after 24 h of culture. G418-resistant clones were 
isolated about 20 days later and then used in further experiments.

Confocal laser microscopic analysis
Endo G release was observed by confocal laser microscopy. 

Cells were fixed on slides with 4% paraformaldehyde in PBS. 
Cells were incubated with 5% nonfat dry milk in PBS-T for 1 h at 
room temperature and then incubated at 4 °C overnight with the 
indicated primary antibody, diluted in PBS-T containing 5% non-
fat dry milk. After being washed three times with PBS-T, the cells 
were probed with FITC-conjugated secondary antibodies at room 
temperature for 2 h. After three washes, the cells were stained with 
4′,6-diamidino-2-phenylindole (DAPI) for 5min. Slides were ob-
served under a confocal laser-scanning microscope (LSM 510UV/
META, Carl Zeiss Microimaging, Thomwood, New York).

Immunoprecipitation
Cells (3 × 107) were incubated with or without AD5-10 for 5 

min, harvested and washed twice with cold PBS. Next, the cell 
pellets were lysed in 1 ml ice-cold lysis buffer (50 mM Tris-HCl, 
pH 7.5, 150 mM NaCl, 10% glycerol, 10 mM NaF, 1% NP-40, 5 
mg/ml pepstatin A, 10 mg/ml leupeptin and 2 mg/ml aprotinin) for 
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30 min. Cell debris was pelleted by centrifugation for 10 min at 
13 000 rpm, and immune complexes were precipitated using 30 ml 
of protein A Sepharose (Sigma) for 2 h at 4 °C. After centrifuga-
tion and three washes in lysis buffer, immunoprecipitated material 
was suspended in 1× SDS-loading buffer, boiled for 5 min, and 
resolved on SDS-PAGE.

Statistical analysis
All data were expressed as mean values ± standard deviation 

(s.d.), and Student’s t test was used for evaluating statistical sig-
nificance. P values were considered statistically significant when 
less than 0.05.
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