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Abstract
TNFα and TRAIL, two members of the tumor necrosis factor family, share many common signalling
pathways to induce apoptosis. Although many cancer cells are sensitive to these proapoptotic agents,
some develop resistance. Recently we have demonstrated that up-regulation of c-Fos/AP-1 is
necessary, but insufficient for cancer cells to undergo TRAIL-induced apoptosis. Here we present a
prostate cancer model with differential sensitivity to TNFα and TRAIL. We show that inhibition of
NF-κB or activation of AP-1 can only partially sensitize resistant prostate cancer cells to proapoptotic
effects of TNFα or TRAIL. Inhibition of NF-κB by silencing TRAF2, by silencing RIP or by ectopic
expression of IκB partially sensitized resistant prostate cancer. Similarly, activation of c-Fos/AP-1
only partially sensitized resistant cancer cells to proapoptotic effects of TNFα or TRAIL. However,
concomitant repression of NF-κB and activation of c-Fos/AP-1 significantly enhanced the
proapoptotic effects of TNFα and TRAIL in resistant prostate cancer cells. Therefore, multiple
molecular pathways may need to be modified, in order to overcome cancers that are resistant to
proapoptotic therapies.
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INTRODUCTION
TNF (tumor necrosis factor) family members regulate a variety of biological processes such
as cell development, differentiation, tumorigenesis, cell proliferation, cell survival and/or
apoptosis 1. Among TNF members, Tumor Necrosis Factor α (TNFα) and Tumor Necrosis
Factor-related Apoptosis Ligand (TRAIL) are two cytokines that possess strong anti-tumor
activity. Both TNFα and TRAIL are capable of inducing cell death in cancer cells. However,
TNFα is associated with significant cytotoxicity, which limits its clinical utility 1. In contrast,
TRAIL promotes apoptosis in cancer cells with limited damage to normal cells, therefore, it is
associated with minimal cytotoxicity – making TRAIL an ideal anti-cancer agent from the TNF
family members 2, 3. Although many cancers are sensitive to TNFα and TRAIL-induced
apoptosis, some develop resistance.
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Both TNFα and TRAIL induce apoptosis through activating specific receptors. TNFα activates
TNF receptor 1 (TNFR1) 4 and TNF receptor 2 (TNFR2) 5, while TRAIL activates DR4
(TRAIL-R1), DR5 (TRAIL-R2) and three other decoy receptors 6. Although TNFα- and
TRAIL-induced apoptosis share many common intracellular pathways, there are some
distinguishing differences between the two. TRAIL interacts with specific death domain
receptors, DR4 and DR5, to rapidly induce intracellular cytoplasmic formation of the DISC
(Death Inducing Signaling Complex) 3, 7, 8. DISC formation may involve the recruitment of
caspase-8, FADD, TRADD, TRAFs, and RIP to the death domain of the activated receptor in
order to induce the extrinsic apoptosis pathway 9.

In contrast to DISC formation by TRAIL-induced apoptosis, DISC formation induced by
TNFα involves two sequential signaling complexes 10. Complex I consists of TNFR1, TRAF2,
RIP and the adaptor TRADD, and it may rapidly activate NF-κB, thereafter increasing the
expression of the anti-apoptotic molecule, c-FLIP, a homologous and competitive inhibitor of
caspases 8/10 10. In a second step, caspase 8/10 and FADD can be recruited into the released
complex I of TRAF2, RIP, TRADD and death domain, and assemble complex II. Complex II
transduces signals of cell death when complex I fails to activate NF-κB.

NF-κB is a transcription factor that regulates death domain mediated apoptosis 11. NF-κB
subunits, RelA/p65, cRel, RelB, NF-κB1/p50 and NF-κB2/p52, can form homodimeric or
heterodimeric complexes. NF-κB is sequestered in the cytoplasm by its specific inhibitor IκB.
IκB can be phosphorylated by IκB kinase (IKK) and quickly degraded via proteasome-
mediated pathway, resulting in the rapid nuclear translocation of NF-κB and activation of NF-
κB. Therefore, proteasome inhibitors such as MG132 can inhibit NF-κB activity by suppressing
the degradation of IκB 12. NF-κB and its important modulators, TRAF2 and RIP, in TNFα-
induced apoptosis have been well characterized 13. However, the effects of NF-κB on TRAIL
signaling remain controversial -- while some reports suggest that NF-κB activation protects
cells from TRAIL-induced apoptosis 14–16, others suggest that NF-κB may promote apoptosis
17. These discrepancies indicate that the role of NF-κB in TRAIL-induced apoptosis is unclear,
and other important pathways may need to be considered when evaluating the true NF-κB
function in regulating TRAIL-induced apoptosis.

Previously, we have found that TRAIL-induced apoptosis can be regulated by c-Fos 18, 19, a
member of the AP-1 transcriptional factors 20. We have found that c-Fos, has a novel
proapoptotic function in TRAIL-induced apoptosis in addition to its well-known oncogenic
function. We have demonstrated that up-regulation of c-Fos/AP-1 is necessary, but insufficient
for cancer cells to undergo TRAIL-induced apoptosis 19.

In the present study we identified a prostate cancer cell model with differential sensitivity to
TNFα- and TRAIL-induced apoptosis. We demonstrate that in order for prostate cancer cells
to be sensitive to TNFα or TRAIL, cancer cells reduce NF-κB activity and/or increase AP-1
activity. In resistant cancer cells, inhibition of NF-κB alone or activation of AP-1 alone can
only partially sensitize cancer cells to TNFα or TRAIL. However, concomitant inhibition of
NF-κB and activation of AP-1 significantly sensitizes prostate cancer cells to TRAIL- or
TNFα-induced apoptosis. Therefore, multiple molecular pathways may need to be modified,
in order to overcome cancers that are resistant to proapoptotic therapies.

MATERIALS AND METHODS
Materials

Recombinant human TRAIL/TNFSF10 and TNF-α/TNFSF1A were obtained from R&D
System Inc. (Minneapolis, MN). Antibodies to RIP and c-Fos, Horseradish peroxidase-
conjugated secondary antibodies (goat-anti-mouse, goat-anti-rabbit, goat-anti-rat antibodies)
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were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Antibodies to TRAF2
and GAPDH were obtained from Abcam (Cambridge, MA). Antibodies to IκB and cleaved
PARP were obtained from Cell signaling Technology, Inc. (Danvers, MA).

Cell Culture Material, Cell viability, Western Blot assays and Apoptosis
PC3 and LNCaP were obtained from the American Type Culture Collection (ATCC)
(Manassas, VA). PC3-TR is a TRAIL resistant subline of PC3 cells that was derived in our
laboratory 21. Cells were grown in RPMI 1640 medium supplemented with 2 mmol/L L-
glutamine, 10% FBS and 5% penicillin at 37°C with 5% CO2. Cell viability was determined
by MTT method (Roche Diagnostics, Indianapolis, IN) and Western Blot assays were carried
out as previously described 21.

Flow cytometry was used to assess the sub-G1 DNA population of cells undergoing apoptosis.
Cells were harvested, washed twice with cold PBS, and fixed with cold 70% ethanol for at
least 1 hour at 4°C. Cells were washed twice with DNA extraction buffer (192 mM
Na2HPO4, 4 mM citric acid, pH 7.8). Cells were incubated with propidium iodide (PI; 50 µg/
ml, Molecular Probes, Eugene, OR) and RNase A at room temperature for 30 minutes before
analyzed by flow cytometry. All results were from at least triplicate experiments.

Transfection of Plasmids and siRNA and Luciferase Assay
pNF-κB luciferase (25 ng/well) and pAP-1 luciferase reporter plasmids (25 ng/well) were
purchased from Stratagene (La Jolla, CA). Renilla Luciferase Reporter was purchased from
Promega (Madison, WI). TRAF2-specific siRNA and RIP-specific siRNA were purchased
from Santa Cruz Biotechnology Inc (Santa Cruz, CA). Negative control siRNA was purchased
from Qiagen (Valencia, CA). pCMV-IκB-M plasmid was purchased from BD Biosciences
(Franklin Lakes, NJ). Full length human c-Fos cDNA was provided by Dr. L Shemshedini,
University of Toledo, OH 22. The plasmids and siRNA were transfected as previously described
18, 19, 21.

Luciferase Assay—Cells were seeded into 24-well plates. When the cells were 80%
confluent, both AP-1 luciferase reporter (25 ng/well) and Ranilla reporter (5 ng/well) from
Stratagene (La Jolla, CA) or NF-κB reporter (25 ng/well) and Ranilla reporter from Stratagene
(La Jolla, CA) were co-transfected into cells. Here, Ranilla served as an internal control for
transfection efficiency. After 24 hours of transfection, cells were treated with TRAIL (100 ng/
ml) or TNFα (100 ng/ml) for 4 hours, and then both attached and floating cells were collected,
prepared and further detected by using Dual-Luciferase Reporter Assay System (Promega,
Madison, WI). Samples were stored at −20°C until detection. All results represent average of
at least three independent experiments ± SD.

Cell Extracts and Electrophoretic Mobility Shift Assay (EMSA)
Frozen cell pellets were resuspended in 4 volume of lysis buffer: 20 mM HEPES (pH 7.9), 0.2
mM EDTA, 0.2 mM EGTA, 10% glycerol, 10 mM Na molybdate, 2 mM Na pyrophosphate,
2 mM Na orthovanadate, 0.5 mM spermidine, 0.15 mM spermine, 50 µM TPCK, 25 µM TLCK,
1 µg/mL each of aprotinin, pepstatin A, and leupeptin, 0.5 mM benzamidine, 1 mM DTT, and
0.5 mM PMSF. KCl was added to 400 mM final, and the extracts were incubated at 4°C for
30 min and centrifuged at 10,000 g for 5 min. The supernatant contained the whole cell extracts.
The reactions were made using 3 µl of whole cell extract and 0.1–0.5 ng of 32P-labeled double-
stranded specific oligonucleotides (5,000–25,000 cpm) and run on 5–7% polyacrylamide gels
containing 0.5x Tris glycine EDTA. Gels were dried with Bio-Rad gel dryer (Hercules, CA)
and imaged using Kodak BioMax MR Film (Fisher Scientific, Atlanta, GA). General AP-1 gel
shift oligonucleotide was obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The
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reaction containing 90% non-labeled and 10% 32P-labeled oligonucleotides prober was used
as control.

RESULTS
Prostate cancer cell lines have differential sensitivity to TRAIL- and TNFα-induced apoptosis

To evaluate the sensitivity of prostate cancer cells to proapoptotic agents, LNCaP, PC3, and
PC3-TR cells, a subline of PC3 cells which is resistant to TRAIL treatment 21, were treated
with TRAIL or TNFα in time-dependent and dose-dependent experiments. We found that PC3
cells were very sensitive to TRAIL, whereas, LNCaP and PC3-TR cells were resistant to
TRAIL-induced apoptosis even with long exposures of 24, 48, and 72 hours (Fig. 1A and data
not shown). In contrast, LNCaP cells were sensitive to TNFα in a dose- and time-dependent
manner while PC3 and PC3-TR cells were resistant at 24, 48, and 72 hour exposures (Fig. 1B
and data not shown). The results indicate that PC3 cells are sensitive to TRAIL- but resistant
to TNFα-induced apoptosis. In contrast, LNCaP cells are sensitive to TNFα-induced apoptosis
but resistant to TRAIL, while PC3-TR cells are resistant to both TRAIL- and TNFα-induced
apoptosis. As a marker of apoptosis, cleaved PARP products was used to detect differential
response of these cells to TRAIL or TNFα-induced apoptosis. Cleaved PARP was dramatically
increased in TRAIL-sensitive PC3 cells or TNF-α sensitive LNCaP cells after treatment for 4
and 24 hours. However, cleaved PARP was only slightly increased in TRAIL-resistant or
TNFα-resistant cells (Fig. 1C). These findings provide an in vitro prostate cancer model with
differential sensitivity to TRAIL and TNFα, and enable us to investigate common and
differential proapoptotic pathways for TRAIL- and TNFα-induced apoptosis.

Resistance of prostate cancer cells to TRAIL or TNFα correlate with increased NF-κB and
decreased AP-1 activities

Since NF-κB is a key regulator of TNFα-induced apoptosis 23, and we have recently
demonstrated that c-Fos/AP-1 activity is necessary, but insufficient for cancer cells to undergo
TRAIL-induced apoptosis 18, 19, we wished to evaluate the role of both NF-κB and AP-1
activities in mediating TRAIL-induced and TNFα-induced apoptosis in prostate cancer cells.
We found that NF-κB activity increased at one hour after TRAIL treatment in PC3-TR and
LNCaP cells, which are both resistant to TRAIL-induced apoptosis. At 24hr after TRAIL
treatment, the NF-κB activity was nearly 4 fold higher compared to the basal levels in the
TRAIL-resistant cells. In contrast, in the TRAIL-sensitive PC3 cells NF-κB activity maintained
at the same level and then decreased to 30% of basal level after 24 hours of TRAIL-treatment
because most cells died at 24 hour treatment (Fig. 2A).

In a similar fashion, NF-κB activity in TNFα-resistant cell lines, PC3 and PC3-TR, increased
as soon as 30 minutes after TNFα treatment and reached 10 folds higher than basal level at 48
hours after TNFα treatment. In contrast, NF-κB activity in LNCaP cells, which are sensitive
to TNFα-induced apoptosis and have very low basal NF-κB activity 24, 25, was maintained at
the same level even at 48 hours after treatment (Fig. 2B).

Given our prior findings that the AP-1 family members play a critical role in regulating TRAIL-
induced apoptosis in prostate cancer cells 18, 19, we wished to evaluate the role of AP-1 family
members in regulating both TRAIL-induced and TNFα-induced apoptosis. Luciferase reporter
assay for AP-1 activity demonstrated that the AP-1 activity was dramatically increased after
treatment with TRAIL in TRAIL-sensitive PC3 cells, but not in TRAIL-resistant PC3-TR and
LNCaP cells, even though the baseline AP-1 activity was very low in LNCaP cells
(Supplementary Data S1). However, at 24 hours after the treatment, the AP-1 activity was
barely detectable in PC3 cells, mostly because majority of the PC3 cancer cells were dead at
this time point (Fig. 2C).
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AP-1 activity also increased in the TNF-α sensitive LNCaP cells after treatment with TNFα,
but to a lesser degree than the TRAIL-sensitive prostate cancer cells after TRAIL treatment
(Figs. 2C and 2D). Treatment with TNFα had no significant effect on AP-1 luciferase activity
in the TNFα-resistant cells (PC3 and PC3-TR).

Table 1 summarizes our initial findings, which demonstrates that either down-regulation of
NF-κB and/or upregulation of AP-1 activities are important components for cancer cells to be
sensitive to TNFα-induced or TRAIL-induced apoptosis. Therefore, we postulate that
decreased NF-κB activity and/or increased AP-1 activity may be important for sensitization of
prostate cancer cells to TRAIL and TNFα treatments.

Silencing TRAF2 or RIP suppresses NF-κB activation and sensitize PC3 and PC3-TR cells to
TNFα or TRAIL treatments

TRAF2 and RIP, two critical components of DISC 26, play a critical role in activation of NF-
κB. Therefore, we evaluated the protein levels for TRAF2 and RIP in PC3 (sensitive to TRAIL
but resistant to TNFα) and PC3-TR (resistant to both TRAIL and TNFα) cells. The PC3-TR
cells are a subline of PC3 cells that were generated in our lab 21, and the two cell lines serve
as a good model to investigate the molecular differences and similarities between TRAIL and
TNFα sensitivity in cancer cells. We found that in PC3 cells, which are sensitive to TRAIL-
induced apoptosis, the protein levels of both TRAF2 and RIP decreased and became
undetectable at 4 hours after treatment with TRAIL. In contrast, the protein levels of TRAF2
and RIP were maintained in PC3 cells after treatment with TNFα, even after 24 hours of
treatment (Fig. 3A). In PC3-TR cells, which are resistant to both TRAIL and TNFα, protein
levels for TRAF2 and RIP were maintained after either TRAIL or TNFα treatments (Fig. 3A).
We also observed modest reduction of TRAF2 and RIP in LNCaP cells (sensitive to TNFα and
resistant to TRAIL) after TNFα treatment (data not shown). These results suggest that reduction
of TRAF2 and RIP levels, two important NF-κB modulators, correlate with whether prostate
cancer cells will undergo apoptosis after treatment with TRAIL and TNFα.

In order to examine the effects of TRAF2 and RIP on NF-κB’s activity and the effect they may
exert on prostate cancer cells, we silenced the expression of TRAF2 and RIP in PC3 and PC3-
TR cells. As shown previously, NF-κB activity was induced in PC3 cells after treatment with
TNFα, while silencing TRAF2 and/or RIP effectively suppressed NF-κB activation by 2–4
folds (Fig. 3B, top panel). Similarly in PC3-TR cells, the activation of NF-κB in response to
TRAIL and TNFα treatment was suppressed by silencing TRAF2 or RIP expression (Fig. 3 C
and D, top panel). Therefore, TRAF2 and RIP function as NF-κB activators in prostate cancer
cells in response to TRAIL or TNFα treatments.

Next, we wished to determine whether suppression of NF-κB by silencing TRAF2 and/or RIP
can affect the prostate cancer cells’ response to exposure to apoptotic agents. We found that
both PC3 and PC3-TR cells were more prone to undergo apoptosis when treated with either
TNFα or TRAIL (Figs. 3B, 3C and 3D, bottom panels). Silencing both TRAF2 and RIP did
not have an additive effect in reducing the NF-κB activity or enhancing apoptosis, suggesting
that TRAF2 and RIP function in series and have equivalent effects on NF-κB activity and
sensitization of prostate cancer cells to undergo apoptosis.

IκB partially sensitizes resistant cancer cells to TRAIL and TNFα-induced apoptosis
Since modulation of TRAF2 and RIP can affect NF-κB’s activation, and affect prostate cancer
cells’ response to TNFα- and TRAIL-induced apoptosis (Fig. 3), here we wished to determine
whether direct inhibition of NF-κB can modulate prostate cancer cells’ sensitivity to TNFα and
TRAIL. To inhibit NF-κB, we ectopically expressed, IκB, an inhibitory subunit of NF-κB 11.
pCMV-IκBα-M expresses IκBα with a point mutation which abrogates IκBα’s ability to be
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phosphorylated and subsequently degraded 27. After ectopic expression of pCMV-IκB (Fig.
4A and B – Western Blots), NF-κB’s activity was reduced in PC3 and PC3-TR cells and could
not be activated when the cells were treated with TNFα or TRAIL (Fig. 4 A & B – upper
panels). Subsequently, PC3 cells were treated with TNFα, and PC3-TR cells were treated with
TRAIL or TNFα. The cells which expressed pCMV-IκBα-M were partially sensitized to
TNFα (PC3 and PC3-TR cells) and TRAIL (PC3-TR cells) by demonstrating a lower
percentage of viable cells (Fig. 4 A and B – lower panels). Therefore, although NF-κB is a key
modulator of apoptosis in cancer cells 23, inhibition of NF-κB activity only partially sensitizes
prostate cancer cells toward proapoptotic agents. Next, we wished to investigate other key
regulators of TNFα-induced and TRAIL-induced apoptosis which may work in parallel with
NF-κB’s activities.

Activation of AP-1 sensitizes resistant prostate cancer cells to TRAIL- and TNFα-induced
apoptosis

In addition to NF-κB’s role in regulating apoptosis in cancer cells, we have found that c-Fos/
AP-1 represses the anti-apoptotic gene, c-FLIP(L), and primes prostate cancer cells to undergo
TRAIL-induced apoptosis 19. We have demonstrated that activation of c-Fos/AP-1 is necessary
but insufficient for TRAIL-induced apoptosis. In addition, we have demonstrated that AP-1 is
activated in sensitive prostate cancer cells after treatment with either TRAIL or TNFα (Fig. 2).
Here we wished to determine whether activation of c-Fos/AP-1 could affect TRAIL- and/or
TNFα-induced apoptosis. We found that ectopic expression of wild type c-Fos led to increased
expression of c-Fos and AP-1 activity and converted TRAIL-resistant prostate cancer cells
(PC3-TR and LNCaP) and TNFα-resistant prostate cancer cells (PC3 and PC3-TR) to a more
sensitive phenotype, respectively (Fig. 5 A and B).

To test whether inhibition of c-Fos/AP-1 activity can alter the phenotype of TRAIL-sensitive
(PC3) and TNFα-sensitive (LNCaP) prostate cancer cells, we inhibited the AP-1 activity by a
dominant negative form of c-Fos/AP-1 (i.e. A-Fos) 28. We found that ectopic expression of A-
Fos, reduced AP-1 luciferase activity in PC3 and LNCaP cells after TRAIL and TNFα
treatments, respectively (Fig. 5 C and D, top panels). Reductions in AP-1 activity were
associated with changing the phenotype of TRAIL-sensitive (PC3) and TNFα-sensitive
(LNCaP) cells to a more resistant phenotype (Fig. 5 C and D, bottom panel).

This data demonstrates that AP-1 activity has a direct role in mediating TRAIL and TNFα
apoptotic mediated responses. Therefore, manipulating AP-1 activity can alter sensitivity of
prostate cancer cells to proapoptotic agents like TRAIL and TNFα.

Concomitant reduction of NF-κB and increase of AP-1 activities sensitize a significant
portion of prostate cancer cells to TRAIL- or TNFα-induced apoptosis

Our results showed that both NF-κB and AP-1 activity play essential roles in modulating
sensitivity of prostate cancer cells to TRAIL- and TNFα-induced apoptosis. Suppressing NF-
κB or increasing AP-1 activities alone partially sensitizes the cells to TRAIL- and TNFα-
induced apoptosis. We postulate that combination of decreased NF-κB and increased AP-1
activities could potentiate the proapoptotic effects of TRAIL and TNFα. Therefore, IκBα-M
and c-Fos were simultaneously introduced into prostate cancer cells in order to repress NF-
κB and activate AP-1, respectively, in TRAIL-resistant (PC3-TR and LNCaP) or TNFα-
resistant (PC3 and PC3-TR) prostate cancer cells. Concomitant expression of IκzBα-M and c-
Fos (Fig. 6A) led to a much higher percentage of apoptosis (TRAIL treatment in PC3-TR and
LNCaP cells; TNFα treatment in PC3 and PC3-TR cells) (Fig. 6B & C) than manipulating
either gene family alone (Fig. 4 and Fig 5). These results suggest that simultaneous activation
of AP-1 and inhibition of NF-κB can significantly enhance the efficacy of proapoptotic agents
like TRAIL and TNFα.
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DISCUSSION
Although TRAIL and TNFα share many similar intracellular pathways, TNFα is associated
with significant cytotoxicity, limiting TNFα’s clinical utility as a cancer therapeutic agent.
Therefore, identifying similarities and differences between TRAIL-induced and TNFα-
induced apoptosis can help differentiate between proapoptotic signals which may be
responsible for the cytotoxicity that is associated with some proapoptotic agents. Here, we have
identified a prostate cancer model where prostate cancer cells are differentially sensitive to
TRAIL- and TNFα-induced apoptosis. We show that reduction of NF-κB activity or
enhancement of AP-1 activity alone can only partially sensitize resistant prostate cancer cells
to proapoptotic effects of TRAIL or TNFα. However, concomitant reduction of NF-κB and
enhancement of AP-1 activities sensitize a high percentage of resistant prostate cancer cells to
TRAIL- or TNFα-induced apoptosis.

NF-κB is a key transcription factor that suppresses TNFα-induced apoptosis. Although the
precise basis for this signaling pathway continues to be explored, many studies have suggested
that NF-κB mediated cell survival may be closely related to its downstream anti-apoptotic
genes such as c-FLIP 29, Bcl-2 , IAPs, XIAP and Survivin 30. In our prostate cancer model,
NF-κB activation serves as a survival signal which protects cells from apoptosis whether
induced by TNFα or TRAIL. In the presence of TNFα and TRAIL, NF-κB activity increased
in TRAIL-resistant (PC3-TR and LNCaP) and TNFα-resistant (PC3-TR and PC3) cancer cells
(Fig. 2, A and B). On the other hand, NF-κB activity was decreased or maintained at low level
in TRAIL-sensitive (PC3) and TNFα-sensitive (LNCaP) cells (Fig. 2, A and B).

We tested the expression of the well-documented NF-κB activating proteins TRAF2 and RIP
in different prostate cancer cell lines after TRAIL and TNFα treatments. Although, some
investigators have suggested that TRAF2 may have little role in TRAIL-induced NF-κB
activation 31, our present prostate cancer model suggests that silencing TRAF2 leads to
reduction of NF-κB activity and partially sensitizes prostate cancers to TRAIL-induced
apoptosis (Fig. 3, C, D and E). This finding suggests that in addition to regulating TNFα-
induced apoptosis, TRAF2 also plays an important role in TRAIL-induced apoptosis by
regulating activation of NF-κB in prostate cancer cells. In addition to TRAF2, we found that
RIP, another important regulator of DISC formation 26, regulates NF-κB and sensitivity of
prostate cancer cells to TRAIL and TNFα (Fig. 3).

The relationship and interactions between TRAF2 and RIP for activation of NF-κB activation
are controversial. Our results showed that simultaneous silencing of TRAF2 and RIP did not
have any added benefit in reducing activity of NF-κB, or enhancing cell death, as compared
to silencing of TRAF2 or RIP alone (Fig. 3, C, D and E). These results suggest that TRAF2
and RIP regulate activation of NF-κB in “series”, and not in a “parallel” cell signalling pathway
– a finding that is consistent with previous reports that TRAF2-mediated ubiquitination leads
to the activation of downstream kinases including RIP 32. However, NF-κB activation mediated
by TRAF2 and RIP may be different between TRAIL-induce and TNFα-induced apoptotic
pathways. After TNF binds to its receptor, RIP, TRADD and TRAF2 form complex I. Binding
of TRAF2 to TNF DISC is TRADD dependent and complex I can activate NF-κB directly
33. In contrast, TRAIL-induced formation of DISC complex I requires FADD but not TRADD,
while DISC complex II recruits RIP and TRADD 10, 33.

The precise mechanism of dual regulation of NF-κB and AP-1 is under investigation in our
lab. We postulate that c-FLIP, a key anti-apoptosis molecule, may play an important role in
mediating both NF-κB and AP-1 related pathways, in prostate cancer cells. We have shown in
the past that c-FLIP(L) is an important regulator of TRAIL-induced apoptosis 21, 34, and its
expression is negatively regulated by c-Fos/AP-1 19. Since c-FLIP’s expression can be induced

Zhang et al. Page 7

Int J Cancer. Author manuscript; available in PMC 2009 July 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



by NF-κB 29, and in the present study, and our prior work we have shown that AP-1’s activity
is required for cancer cells to be sensitive to TNFα and TRAIL, c-FLIP(L) may function as a
common gene for cross-coupling NF-κB and AP-1 activities in prostate cancer cells undergoing
apoptosis. Since there are three functional c-FLIP isoforms – c-FLIP(L) 35 , c-FLIP(s) 36 and
FLIP(R) 37, each isoform may function differently in mediating the cross-talk between the NF-
κB and AP-1 related pathways.

Although TRAIL- and TNFα-induced apoptosis may share some common pro-apoptotic
pathways 38, Other important pathways such as Akt 39 and mitogen-activated protein kinases
(MAPKs) 40 may differentially regulate TRAIL and TNFα signaling. We believe that
regulation of TRAIL and TNFα signaling requires cross talks between multiple regulatory
signaling networks, some of which include NF-κB and AP-1. For example, it has been
suggested that AP-1 may directly regulate NF-κB by direct interactions with the NF-κB
subunit, p65 41, 42. Other examples of potential cell signalling cross talks include Akt induction
of NF-κB by phosphorylating I κB 43. Yet, another example is NF-κB’s ability to inhibit JNK
and promote c-FLIP(L) in order to promote survival signals 44. In order to balance NF-κB’s
survival signals, JNK has been shown to activate the E3 ubiquitin ligase, ITCH, thereby
inhibiting c-FLIP(L) and potentiating proapoptotic signals 44.

In addition to the extrinsic pathway which is mediated by death receptors such as TNF and
TRAIL receptors, the intrinsic pathway is regulated largely by the Bcl-2 family. Most epithelial
cancer cells including prostate cancer are type II cells. The apoptosis process in these cells
utilizes both intrinsic and extrinsic pathways. We have found that inhibition of caspase 8/10
(extrinsic pathway) and caspase 9 (intrinsic pathway) and caspase 3 can completely block
TRAIL-induced apoptosis in PC3 cells (X. Zhang and A. Olumi, unpublished data). Many
groups have shown the important role of Bcl-2 family members in mediating TRAIL or
TNFα signaling pathways. However, the role of c-Fos/AP-1 in relation to Bcl-2 activity remains
to be explored. Since c-Fos is translocated from the cytoplasm to the mitochondria after TRAIL
treatment 45, it is possible that c-Fos/AP-1 activities may also play an important role in
mediating the intrinsic apoptotic pathway and the Bcl-2 machinery.

Since normal development, growth and malignant progression of prostate cells are all
dependent on androgens, one may postulate that androgens or the androgen-receptor may affect
interactions in TRAIL- and TNFα-induced apoptosis. In fact, it’s been shown that the c-FLIP
(L) promoter region contains multiple androgen-response element sequences 46. In our model
system, we evaluated the hormone-dependent LNCaP cells to a series of hormone-independent
LNCaP sub-lines 47. We did not find any difference of sensitivity to TRAIL-induced apoptosis,
c-Fos or c-FLIP(L) expression between the hormone-dependent or the hormone-independent
sub-lines (data not shown). Therefore, our preliminary studies does not suggest that androgen-
dependence of prostate cancer cells may play a key role in TRAIL-induced apoptosis.

Conclusion
Our study demonstrates that concomitant reduction of NF-κB and enhancement of AP-1
activity potentiates the proapoptotic effects of TRAIL- and TNFα-induced apoptosis.
Therefore, multiple molecular pathways, such as NF-κB and AP-1, may need to be modulated
in order to overcome TRAIL or TNFα resistance for cancer therapies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Prostate cancer cell lines PC3, PC3-TR and LNCaP have differential sensitivity to TRAIL and
TNFα. PC3, PC3-TR and LNCaP cells were treated with TRAIL (A) or TNFα(B) with
increasing concentrations and different time-course. Cell viability was measured by the MTT
method at 24 and 48 hours after treatment. Error bars (SD) represent results of at least three
independent experiments. (C) PARP cleavage product protein levels in PC3, PC3-TR and
LNCaP cells after treatment with TRAIL (100 ng/ml) or TNFα (100 ng/ml) for 4 and 24 hours.
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Figure 2.
Alterations in NF-κB and AP-1 activities correlate with sensitivity to TRAIL and TNFα in
prostate cancer cells. NF-κB (A & B) and AP-1 (C & D) luciferase activities in PC3, PC3-TR
and LNCaP cells in response to TRAIL (100 ng/ml) (A & C) and TNFα (100 ng/ml) (B &
D). Error bars (SD) represent results of at least three independent experiments.
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Figure 3.
TRAF2 and RIP as modulators of NF-κB and regulators of TRAIL- and TNFα-induced
apoptosis. (A) Reduction of TRAF2 and RIP protein levels correlated with sensitivity to
TRAIL- and TNFα-induced apoptosis. (B) Silencing TRAF2, RIP or both reduced NF-κB
activity (top panel) and partially sensitized PC3 cells to TNFα (bottom panel). Western blots
were performed with TRAF2- and RIP-specific antibodies to detect the efficiency of RNAi.
Non-specific siRNA was used as negative control. GAPDH was used as loading control. (C)
Silencing TRAF2, RIP or both reduced NF-κB activity (top panel) and partially sensitized
PC3-TR cells to TRAIL (bottom panel). Western blots were performed to detect the efficiency
of RNAi. (D) Silencing TRAF2, RIP or both reduced NF-κB activity (top panel) and partially
sensitized PC3-TR cells to TNFα (bottom panel). Apoptosis is measured by flow cytometric
analysis of the sub-G1 population. Error bars (SD) are results of at least three independent
experiments.
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Figure 4.
Inhibition of NF-κB activity by IκBα-M sensitizes prostate cancer cells to TRAIL- and
TNFα-induced apoptosis. (A) NF-κB luciferase activity (top panel), cell viability (middle
panel) of PC3 cells with ectopic expression of IκBα-M or control vector (Western blot -- bottom
panel) with or without TNFα treatment for 24 hours. (B) NF-κB luciferase activity (top
panel), cell viability (middle panel) of PC3-TR cells with ectopic expression of IκBα-M or
control vector (Western blot -- bottom panel) with or without TRAIL or TNFα treatment for
24 hours. Transfection of empty vector was used as control (−). Cell viability was measured
by MTT assay. Error bars (SD) are results of at least three independent experiments. “*” Refers
to statistically significant differences between indicated groups.
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Figure 5.
Increased AP-1 activity partially sensitizes resistant prostate cancer cells to TRAIL or TNFα,
while inhibition of AP-1 activity partially reduced sensitivity to TRAIL and TNFα in prostate
cancer cells. (A) Ectopic expression of c-Fos (bottom panel), increased AP-1 activity (top
panel ) and partially sensitized TRAIL resistant PC3-TR and LNCaP cells to TRAIL (middle
panel). (B) Ectopic expression of c-Fos (bottom panel) increased AP-1 activity (top panel) and
partially sensitized TNFα resistant PC3 and PC3-TR cells to TNFα (middle panel). (C) Ectopic
expression of A-Fos (an AP-1/c-Fos dominant negative) inhibited AP-1 activity (top panel)
and partially reduced TRAIL-induced cell death in PC3 cells (bottom panel). (D) Ectopic
expression of A-Fos inhibited AP-1 activity (top panel) and partially reduced TNFα-induced
cell death in LNCaP cells (bottom panel). “−” Indicates transfection of empty vector was used
as control. Error bars (SD) are results of at least three independent experiments. “*” Refers to
statistically significant differences between indicated groups.
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Figure 6.
Concomitant inhibition of NF-κB and potentiation of AP-1 activities markedly changes
TRAIL- or TNFα-resistance in prostate cancer cells. (A) Simultaneous ectopic expression of
c-Fos and IκBα-M in prostate cancer PC3, PC3-TR and LNCaP cells. (B) TRAIL-induced cell
death in PC3-TR and LNCaP cells before and after co-transfection of c-Fos and IκBα-M. (C)
TNFα-induced cell death in PC3 and PC3-TR cells before and after co-transfection of c-Fos
and IκBα-M. Error bars (SD) are results of at least three independent experiments. “*” Refers
to statistically significant differences between indicated groups.
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