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Abstract

Activation of the transcription factor, nuclear factor-KB (NF-KB),
results in up-regulation of not only antiapoptotic genes but
also proapoptotic genes, including death receptor 4 (DR4) and
death receptor 5 (DR5). Therefore, NF-KB activation either
suppresses or promotes apoptosis depending on the type of
stimulus or cell context. We showed previously that the
synthetic retinoid, 6-[3-(1-adamantyl)-4-hydroxyphenyl]-2-
naphthalene carboxylic acid (CD437), effectively induces
apoptosis particularly in androgen-independent prostate
carcinoma cells. This effect was associated with the ability of
CD437 to induce the expression of DR4 and DR5. In the
present study, we examined the hypothesis that NF-KB
activation plays a role in CD437-induced death receptor
expression and apoptosis. Treatment of DU145 cells with
CD437 resulted in a rapid decrease (z3 hours) of IKBA, which
was accompanied by increased translocation of the NF-KB
subunit p65 from the cytoplasm to the nucleus and increased
NF-KB DNA-binding activity (z4 hours). The NF-KB inhibitor,
helenalin, inhibited CD437-induced IKBA reduction and p65
nuclear translocation. Accordingly, it also abrogated CD437-
induced up-regulation of DR4, activation of caspase-8 and
caspase-3, and increased DNA fragmentation. Overexpression
of an IKBA dominant-negative mutant blocked not only
CD437-induced p65 nuclear translocation but also DR4 up-
regulation, caspase activation, and DNA fragmentation. CD437
was unable to decrease IKBA protein levels and up-regulate
DR4 expression in CD437-resistant DU145 cells. Moreover,
knockdown of Fas-associated death domain, caspase-8, and
DR4, respectively, suppressed CD437-induced apoptosis. Col-
lectively, these results indicate that CD437 activates NF-KB via
decreasing IKBA protein and thereby induces DR4 expression
and subsequent apoptosis in DU145 cells. (Cancer Res 2005;
65(14): 6354-63)

Introduction

Nuclear factor-nB (NF-nB) activation is thought to be associated
with cell resistance to apoptosis via up-regulation of the expression

of multiple antiapoptotic genes, such as Bcl-2 and Bcl-XL . However,
increasing evidence suggests the opposite role of NF-nB activation
by up-regulating the expression of some proapoptotic genes during
induction of apoptosis by certain stimuli (1, 2). One example is
that NF-nB activation induces the expression of both death
receptor 4 (DR4) and death receptor 5 (DR5) genes, leading to
enhancement of tumor necrosis factor (TNF)–related apoptosis-
inducing ligand (TRAIL)–induced apoptosis (3). Many studies have
shown that NF-nB activation in human prostate cancer represents
a survival pathway leading to resistance to apoptosis, whereas
inhibition of NF-nB by either small molecules or dominant-negative
InBa mutant often sensitizes prostate cancer cells to apoptosis
induced by various agents, including TNF-a, taxanes, and other
cytotoxic agents (4–11). However, proapoptotic effects of NF-nB
activation in prostate cancer cells have also been reported (12, 13).
For example, LNCaP cells stably expressing InBa superrepressor
(SR-InBa) exhibited resistance to apoptosis induced by TNF-a (12).
Therefore, it seems that the role of NF-nB in regulation of apoptosis
is agent dependent or cell context dependent.
Retinoids, a class of natural and synthetic vitamin A analogues,

have been shown to be effective in prostate cancer prevention and
treatment in vitro , in animal models, and in clinical trials (14, 15).
Recently, the novel synthetic retinoid, 6-[3-(1-adamantyl)-4-hydrox-
yphenyl]-2-naphthalene carboxylic acid (CD437), has attracted
more attention because it is a potent inducer of apoptosis in a
variety of cancer cell lines, including prostate cancer cells (15, 16)
and is effective in inhibiting tumor growth in animal models
(17, 18). Importantly, this agent selectively induces apoptosis in
human cancer cells while sparing their normal counterparts
(19, 20), warranting further evaluation of its clinical potential as
a cancer therapeutic agent.
CD437 preferentially induces apoptosis in androgen-indepen-

dent prostate cancer cells, although it also kills androgen-
dependent cancer cells (21) and is ineffective in inducing apoptosis
of normal prostate epithelial cells.4 Moreover, it augments TRAIL-
induced apoptosis only in androgen-independent prostate cancer
cells (21). Thus, CD437 and its analogues may have potential as
excellent candidate drugs for therapy of prostate cancer, particu-
larly androgen-independent prostate cancer, either alone or in
combination with other agents, such as TRAIL.
The mechanisms by which CD437 induces apoptosis in human

cancer cells remain unclear (16, 22, 23). Like other chemothera-
peutic agents, CD437 has been reported to increase NF-nB activity
in CD437-sensitive but not CD437-resistant leukemia cell lines (24).
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Moreover, other apoptosis-inducing synthetic retinoids, which are
structurally related to CD437, have been shown to inhibit TNF-a-
induced NF-nB activation in several solid cancer cell lines, which
may account for induction of apoptosis by these agents (25).
Therefore, it is important to understand the role of NF-nB in the
process of apoptosis induced by CD437.
Our previous study has shown that CD437 effectively induces

apoptosis in DU145 human prostate cancer cells, which is
accompanied by an up-regulation of death receptor mRNAs,
including DR4 and DR5 (21). The current study addresses the
question whether CD437 induces NF-nB activation and, if so,
what role of NF-nB activation plays in death receptor up-
regulation and apoptosis induction by CD437 using DU145 cell
line as a system. Our results indicate that CD437 activates NF-
nB via decreasing InBa levels and this effect is actually required
for CD437-induced DR4 up-regulation and apoptosis, thus
highlighting a novel mechanism underlying CD437-induced
apoptosis.

Materials and Methods

Reagents. CD437 was provided by Galderma R&D (Sophia Antipolis,

France). The NF-nB inhibitor, helenalin (26), was purchased from Biomol

(Plymouth Meeting, PA). All these agents were dissolved in DMSO at a
concentration of 10 or 20 mmol/L and stored in the dark at �80jC. Stock
solution was diluted to the desired final concentrations with growth medium

just before use. Other reagents were purchased from Sigma Chemical Co.

(St. Louis, MO). Soluble recombinant human TRAIL was purchased from
PeproTech, Inc. (Rocky Hill, NJ). Mouse monoclonal anti-caspase-3, anti-DR4,

and TRAIL and rabbit polyclonal anti-DcR1 antibody were purchased from

Imgenex (San Diego, CA). Rabbit polyclonal anti-DR5 antibody was
purchased form ProSci, Inc. (Poway, CA). Rabbit polyclonal anti-DcR2

antibody was purchased from Calbiochem (San Diego, CA). Rabbit

polyclonal anti–X-linked inhibitor of apoptosis (XIAP) and anti–poly(ADP-

ribose) polymerase (PARP) and mouse monoclonal anti-caspase-8 and
survivin antibodies were purchased from Cell Signaling Technology, Inc.

(Beverly, MA). Mouse monoclonal anti-InBa and anti-Bcl-2 and rabbit

polyclonal anti-Bcl-XL antibodies were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA). Mouse monoclonal anti–Fas-associated
death domain (FADD) antibody was purchased from Upstate (Charlottes-

ville, VA). Mouse monoclonal anti–FLICE inhibitory protein (FLIP) antibody

was purchased from Alexis Biochemicals (San Diego, CA). Rabbit polyclonal
anti-h-actin antibody was purchased from Sigma Chemical.

Cell lines and cell culture. DU145 and LNCaP human prostate cancer

cell lines were purchased from the American Type Culture Collection

(Rockville, MD). C4-2B, an androgen-independent prostate cancer cell line
derived from LNCaP, was described previously (27). CD437-resistant DU145

cell line (DU145/CR) was established by exposing cells to gradually

increased concentrations of CD437 from the initial 0.1 Amol/L to the final

10 Amol/L over a 6-month period. The resistant cells were maintained in the
complete medium containing 1 Amol/L CD437. However, the acquired

resistance of this cell line to CD437 is stable because it did not lose any

resistance after CD437 was withdrawn from the medium for up to 5 months.
These cell lines were grown in monolayer culture in RPMI 1640

supplemented with glutamine and 5% fetal bovine serum at 37jC in a

humidified atmosphere consisting of 5% CO2 and 95% air.

Cell survival assay. Cells were seeded in 96-well cell culture plates
and treated on the second day with the indicated agents either alone or

in combination. At the end of treatment, cell number was estimated by the

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay

as follows: MTT (10 AL, 5 mg/mL) in PBS was added to each well. After the
plate was incubated at 37jC for 4 hours, the medium containing MTT was

removed and isopropyl alcohol (100 AL) was added to each well. Plates were

then analyzed for color absorbance measured at 575 nm using a Spectra

Microplate Reader (Molecular Devices, Sunnyvale, CA).

Detection of apoptosis. Cells were seeded in 96-well plates and treated
with the given agents on the second day. After 24-hour treatment, cells were

subjected to measurement of DNA fragmentation by detecting cytoplasmic

histone-associated DNA fragments (mononucleosome and oligonucleo-

somes) formed during apoptosis using a Cell Death Detection ELISAPlus kit
(Roche Molecular Biochemicals, Indianapolis, IN) according to the

manufacturer’s instructions. In addition, we detected cleavage of caspases

and PARP as another indicator of apoptosis using Western blot analysis as

described below.
Western blot analysis. The procedures for preparation of whole-cell

protein lysates and for Western blotting were described previously (28).

Whole-cell protein lysates (50 Ag) were electrophoresed through 7.5% to

12% denaturing polyacryamide slab gels and transferred to an Immuno-Blot
polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA) by electro-

blotting. The blots were probed or reprobed with the primary antibodies;

then, antibody binding was detected using secondary antibodies and the
SuperSignal West Pico Chemiluminescent Substrate (Pierce Biotechnology,

Inc., Rockford, IL) according to the manufacturer’s protocol.

Northern blot analysis. Total cellular RNA was prepared using

TriReagent (Sigma Chemical) for Northern blot analysis as described

previously (29). Total cellular RNA (30 Ag) was loaded in each lane. Human

DR5 cDNA was obtained from Dr. W.S. El-Deiry (University of Pennsylvania

School of Medicine, Philadelphia, PA). Human DR4 cDNA was purchased

from Alexis Biochemicals. Glyceraldehyde-3-phosphate dehydrogenase

cDNA probe was purchased from Ambion, Inc. (Austin, TX).

Adenoviral infection. Adenovirus harboring an empty vector (Ad-CMV)

or a dominant-negative InBa mutant (Ad-SR-InBa; ref. 30) was generously
provided by M.W. Mayo (University of Virginia School of Medicine,

Charlottesville, VA). They are replication-defective, E1-deleted adenoviruses

expressing transgenes under the control of the cytomegalovirus (CMV)

promoter. Adenovirus was amplified in 293 cells and purified by banding in
a cesium chloride density gradient. Cells plated 12 hours before infection

were washed with PBS and infected with different multiplicities of infection

(MOI) of Ad-SR-InBa or control adenovirus carrying vector only (Ad-CMV)
in serum-free RPMI 1640. After 2-hour absorption, the medium was

aspirated and fresh medium was added. The cells were cultured for 48 hours

and then treated with CD437.

Indirect immunofluorescence assay. Cells were cultured in chamber
slides and treated on the second day with given agents. After 6 hours, the

slides were washed with PBS and fixed with 3.7% formaldehyde in PBS for

20 minutes at room temperature. The cells were rinsed with PBS and then

incubated with Superblock (Scytek, Logan, UT). After washing with PBS
thrice, the cells were incubated with rabbit anti-human Rel/p65 antibody

(Santa Cruz Biotechnology) at 1:100 dilution in 0.1% bovine serum albumin

(BSA)/PBS for 1.5 hours at room temperature. The slides were then washed
again with PBS thrice and exposed to rhodamine isothiocyanate-conjugated

donkey anti-rabbit IgG antibody at 1:100 dilution (Jackson Immuno

Research, West Grove, PA) in 0.1% BSA/PBS for 60 minutes at room

temperature. Finally, the slides were washed and mounted. The fluorescent
image was reviewed and photographed with a Nikon E800 laser scanning

fluorescent microscope (Nikon, Melville, NY).

Electrophoretic mobility shift assay. The nuclear extract was prepared
as described previously (31). Electrophoretic mobility shift assay (EMSA)
was carried out using the Gel-Shift Assay Kit (Promega, Madison, WI)

following the manufacturer’s manual. The synthetic double-stranded

oligonucleotide containing a NF-nB-binding site (5V-AGTTGAGGG-
GACTTTCCCAGGC-3V) was purchased from Santa Cruz Biotechnology

and labeled with [g-32P]ATP (4,000 Ci/mol; ICN Radiochemicals, Irvine, CA)

using T4 polynucleotide kinase. For each competition assay, an f100-fold

molar excess of unlabeled competitor oligonucleotide was preincubated
with the given nuclear extract for 10 minutes at room temperature before

the labeled probe was added. The oligonucleotide containing a mutant NF-

nB-binding site (5V-AGTTGAGGCGACTTTCCCAGGC-3V) was also purchased

from Santa Cruz Biotechnology. For the gel supershift assay, each antibody
(0.5 Ag) was preincubated with the given nuclear extract for 30 minutes at

room temperature before addition of the labeled probe. Specific antibodies

for p65 and p50 were purchased from Santa Cruz Biotechnology.
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Gene silencing with small interfering RNA. Gene silencing was
achieved by small interfering RNA (siRNA) transfection. High-purity control

(i.e., nonsilencing) siRNA oligonucleotides that target the sequence 5V-
AATTCTCCGAACGTGTCACGT-3V were purchased from Qiagen (Valencia,

CA). FADD, caspase-8, and DR5 siRNA duplexes that target the sequences 5V-
AACGTCATATGTGATAATGTG-3V, 5V-AACTACCAGAAAGGTATACCT-3V,
and 5V-AAGACCCTTGTGCTCGTTGTC-3V, respectively, as described previ-

ously (32–34), were synthesized by Qiagen. DR4 SleathTM siRNA was

synthesized from Invitrogen (Carlsbad, CA). Its sense sequence is 5V-
GGGUUACACCAAUGCUUCCAACAAU-3V. The nonsilencing control Stealth

siRNA was purchased from Invitrogen. To improve gene silencing, we

transfected the same cells twice using the same siRNA with a 48-hour

interval between the two transfections (34). Twenty-four hours after the
second transfection, cells were replated in fresh medium supplemented with

5% fetal bovine serum and treated on the second day with CD437, as

indicated. Except for SleathTM siRNAs that were transfected into cells with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruc-

tion, other siRNA duplexes were transfected with the RNAiFect transfection

reagent (Qiagen) following the manufacturer’s protocol. Gene silencing

effects were evaluated by Western blot analysis.

Results

CD437 increases nuclear factor-KB–binding activity. Our
previous study has shown that CD437 potently induces apoptosis
and increases death receptor mRNA levels in DU145 cells (21).
Therefore, we used the DU145 cell line to examine whether CD437
activates NF-nB in human prostate cancer cells. As shown in Fig. 1,
increased protein binding to oligonucleotide containing NF-nB
(complex I) was observed in nuclear extracts from cells treated
with CD437 for 4 to 24 hours (Fig. 1A , lanes 2-5) compared with
nuclear proteins extracted from untreated cells (Fig. 1A , lane 1).
NF-nB-binding activity increased at 4 hours, peaked at 12 hours,
and declined but remained high at 24 hours after cells were
exposed to CD437. As a positive control, TNF-a induced a rapid
increase in NF-nB-binding activity, which reached a peak after only
a 4-hour treatment (Fig. 1A , lane 7) but decreased markedly after
24 hours. Therefore, it seems that CD437 induces a relatively slow
but sustained increase in NF-nB-binding activity in comparison
with TNF-a.
Two complexes (I and II) were detected in EMSA. We believed

that the complex I was the specific one consisting of p50 and p65
subunits based on the following observations: (a) TNF-a, a classic
NF-nB activator, potently increased the amount of complex I. (b)
Although the presence of 100-fold excess mole of unlabeled
oligonucleotide containing a wild-type NF-nB-binding site reduced
the amounts of both complex I and complex II, it only completely
competed out complex I (Fig. 1B , lanes 2 and 5). (c) In the presence
of a p65 antibody, the amount of complex I was dramatically
reduced, accompanied by the appearance of a shifted band without
changing the amounts of complex II (Fig. 1C , lanes 3 and 6). In
addition, the presence of a p50 antibody was able to cause the
appearance of a shifted band. Correspondingly, we observed a
slight decrease only in the amount of complex I (Fig. 1C , lanes 2
and 5).
CD437 decreases IKBA levels and induces p65 nuclear

translocation. One common mechanism causing NF-nB activation
by various stimuli is enhanced degradation of InBa protein, which
allows p65 protein to be released and to be translocated from
cytoplasm to nucleus leading to increased NF-nB-binding activity
or activation (1, 2). Therefore, we next examined whether CD437
affected InBa protein levels. As shown in Fig. 2A , cells treated with
CD437 exhibited decreased levels of InBa, which occurred as early

as 3 hours after exposure to CD437, indicating that CD437
treatment results in a rapid decrease of InBa protein levels. The
decrease in InBa protein levels was also observed in other prostate
cancer cell lines, particularly in C4-2B cells (Fig. 2B).
Correspondingly, we further examined the effect of CD437 on

p65 translocation from cytoplasm to nucleus. In the untreated cells,
p65 protein was located primarily in cytoplasm as expected.
However, in cells treated with CD437 for 6 hours, p65 was clearly
located in nucleus similar to what we observed in cells treated with
TNF-a (Fig. 3A). Thus, it seems that CD437 decreases InBa levels
and induces p65 nuclear translocation.
The nuclear factor-KB inhibitor, helenalin, abrogates

CD437-induced apoptosis. Because the experiments described
indicate that CD437 activates NF-nB, we asked what role NF-nB
activation plays in regulating CD437-induced apoptosis. Initially,
we speculated that CD437-induced apoptosis would be enhanced
in the presence of a NF-nB inhibitor because NF-nB activation
often leads to resistance to apoptosis. To test this hypothesis, we
examined the effect of CD437 on apoptosis induction in the
presence of the NF-nB inhibitor helenalin. Unexpectedly, we found
that CD437-induced DNA fragmentation was abrogated in cells
cotreated with CD437 and helenalin (Fig. 3B). In a similar fashion,

Figure 1. CD437 increases NF-nB DNA-binding activity. Nuclear proteins were
extracted from DU145 cells treated with 1 Amol/L CD437 or 10 ng/mL TNF-a
for the indicated times (A) and incubated with 32P-labeled oligonucleotide
containing NF-nB-binding site. The specificity was assured by performing the
EMSA in the presence of 100-fold excess mole of wild-type (W ) or mutant (M)
NF-nB oligonucleotide (B ). In addition, the EMSA was also conducted in the
presence of 0.5 Ag antibody against p50 or p65 (C ). In experiments B and C ,
nuclear proteins extracted from cells treated with 1 Amol/L CD437 for 12 hours or
with 10 ng/mL TNF-a for 4 hours were used. The major two complexes were
named as complex I and complex II, respectively. N.S., nonspecific; Ab,
antibody.
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CD437-induced cleavage of caspase-8, caspase-3, and PARP was
also suppressed by helenalin (Fig. 3C). These results show that
helenalin suppresses CD437-induced apoptosis. To assure that
helenalin functions as a NF-nB inhibitor, we examined its effects on
InBa reduction and p65 nuclear translocation induced by CD437.
As shown in Fig. 3D , helenalin prevented InBa decrease caused by
CD437. Moreover, p65 failed to translocate to the nucleus from
cytoplasm in cells cotreated with CD437 and helenalin (Fig. 3A).
These results indicate that helenalin functions as a NF-nB inhibitor

to block CD437-induced NF-nB activation. Taken together, we
suggest that NF-nB activation by CD437 is actually an essential
event leading to induction of apoptosis.
Overexpression of a dominant-negative IKBmutant prevents

cells from CD437-induced apoptosis. Considering the concern
about the possibility of low specificity of small molecules, we then
examined the effect of CD437 on apoptosis induction in cells
overexpressing SR-InBa via adenoviral infection. Before conducting
this experiment, we first examined the expression of SR-InBa after
adenoviral infection and evaluated its effect on CD437-induced p65
nuclear translocation. As shown in Fig. 4A , we detected SR-InBa
expression in cells infected with Ad-SR-InBa ranging from 5 to 20
MOI but not in parental or Ad-CMV-infected cells. Moreover,
infection of cells with 20 MOI Ad-SR-InBa was sufficient to prevent
p65 translocation from cytoplasm to nucleus, which was not the
case in cells that were infected with 20 MOI Ad-CMV (Fig. 4B).
Therefore, we chose 20 MOI of adenovirus in the subsequent
experiment to infect cells and then treated cells with CD437 followed
by evaluating cell survival and apoptosis. CD437 effectively
decreased the survival of parental or Ad-CMV-infected cells but
this effect was inhibited in cells infected with Ad-SR-InBa (Fig. 4C),
indicating that blockage of NF-nB activation by SR-InBa protects
cells from CD437-induced cell death. Furthermore, we noted that
CD437 elevated DNA fragmentation and induced PARP cleavage in
both parental and Ad-CMV-infected cells but failed to do so in Ad-
SR-InBa-infected cells (Fig. 4D and E), again indicating that SR-InBa
overexpression confers cell resistance to apoptosis induction by
CD437. Therefore, these results further support the critical role of
NF-nB activation in mediating CD437-induced apoptosis.
Activation of nuclear factor-KB mediates death receptor

up-regulation induced by CD437. Our previous study showed
that CD437 up-regulates the expression of both DR4 and DR5 at
the mRNA level in DU145 cells (21). Given that both DR4 and DR5

Figure 2. CD437 decreases InBa levels in DU145 (A) and other prostate cancer
cell lines (B). After DU145 cells were treated with 1 Amol/L CD437 for the
indicated times (A) or the indicated concentrations of CD437 for 16 hours (B),
the cells were subjected to preparation of whole-cell protein lysates. InBa was
detected by Western blot analysis using an InBa-specific antibody.

Figure 3. Helenalin inhibits p65 nuclear
translocation (A ), increase of DNA
fragmentation (B ), caspase activation (C ), and
InBa reduction (D ) induced by CD437. A,
DU145 cells were treated with DMSO, 1 Amol/L
CD437, and 20 Amol/L helenalin + 1 Amol/L
CD437 for 6 hours. In addition, cells were
treated with 10 ng/mL TNF-a, which served as
a positive control. p65 translocation was
detected using indirect immunofluorescence
staining. B, DU145 cells were treated with the
indicated agents alone or combinations for 24
hours. DNA fragmentation was evaluated using
a Cell Death Detection ELISA kit. Columns,
mean of triplicate determinations; bars , SD. C,
DU145 cells were treated with DMSO (lane 1),
2 Amol/L CD437 alone (lane 2), CD437 + 20
Amol/L helenalin (lane 3 ), or helenalin alone
(lane 4) for 20 hours. Whole-cell protein
lysates were prepared and subjected to
Western blot analysis for detection of cleavage
of caspase-8, caspase-3, and PARP. CF,
cleaved fragment. D, DU145 cells were treated
with 1 Amol/L CD437 alone, 20 Amol/L
helenalin alone, and CD437 combined with
helenalin. After 8 hours, the cells were
subjected to preparation of whole-cell protein
lysates and detection of InBa by Western blot
analysis.
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are NF-nB-regulated genes (3) and our finding that NF-nB
activation is required for CD437-induced apoptosis in this study,
we wondered whether NF-nB activation contributed to CD437-
induced death receptor up-regulation in this cell line. Therefore, we
examined the effects of CD437 on death receptor expression in the
presence of a NF-nB inhibitor or SR-InBa. By Western blot analysis,
we detected a dose-dependent increase in either DR4 or DR5
protein levels in cells treated with different concentrations of CD437
(Fig. 5A), which is consistent with DR4 and DR5 up-regulation by
CD437 at mRNA levels as we have shown previously using Northern
blot analysis (21). However, we noted that DR4 protein increase was
more pronounced than DR5 protein increase in response to CD437
treatment (Fig. 5A). In the presence of helenalin, CD437-induced
DR4 up-regulation was suppressed (Fig. 5B). Interestingly, helenalin
alone increased DR5 protein levels. Cells concurrently treated with
CD437 and helenalin showed the highest levels of DR5 expression
(Fig. 5B), indicating that the CD437 and helenalin combination
augments DR5 up-regulation at protein levels. In the cells infected
with Ad-CMV or Ad-SR-InBa, CD437 still increased DR4 expression
in Ad-CMV-infected cells but failed to do so in cells infected
with Ad-SR-InBa. Similarly, DR5 was increased by CD437 in Ad-
CMV-infected cells but not in Ad-SR-InBa-infected cells (Fig. 5C).
Therefore, we conclude that NF-nB activation also contributes to
death receptor up-regulation by CD437 in DU145 cells. Because we
did not find an increase of DR5 expression in cells overexpressing
SR-InBa, we suggest that DR5 up-regulation by helenalin is due to
other mechanisms independent of NF-nB suppression.

To get a clue on how helenalin combined with CD437 showed
augmented increase in DR5 protein, we further examined the effect
of helenalin on CD437-induced death receptor expression at the
mRNA levels by Northern blot analysis. As shown in Fig. 5D ;
helenalin itself did not up-regulate either DR4 or DR5 mRNA levels.
It actually abolished CD437-induced up-regulation of both DR4 and
DR5 mRNAs. Therefore, we suggest that helenalin increases DR5
expression or enhances CD437-induced DR5 expression at the
protein levels via a post-transcriptional mechanism.
CD437 neither decreases IKBA protein levels nor increases

death receptor 4 expression in CD437-resistant DU145 cells. To
further show the roles of NF-nB activation and death receptor
induction in CD437-induced apoptosis, we established a CD437-
resistant DU145 cell line (DU145/CR) and then compared the effects
of CD437 on InBa protein levels and death receptor expression
between parental DU145 and DU145/CR cell lines. The IC50s of
CD437 in DU145 and DU145/CR were 0.36F 0.1 Amol/L (n = 3) and
10.5 F 1.32 Amol/L (n = 3), respectively, indicating that DU145/CR
cells were f29-fold more resistant than DU145 to CD437 Fig. 6A ,
DU145/CR cells remained unchanged in resistance to CD437 after
they were cultured in CD437-free medium for up to 5 months,
indicating that the acquired CD437 resistance in DU145 is stable
(data not shown). As we have shown already, CD437 decreased InBa
protein levels and increased the expression of DR4 and DR5 in
parental DU145 cells. Compared with DU145/CR cells, the parental
DU145 cells exhibited relatively low basal levels of InBa and very
high basal levels of DR4, which were not furthermodulated by CD437

Figure 4. Expression of the exogenous
SR-InBa (A) suppresses p65 nuclear
translocation (B ) and protects cells from
CD437-induced decrease of cell survival
(C), increase of DNA fragmentation (D ),
and PARP cleavage (E). A, detection of
SR-InBa in DU145 cells infected with
Ad-SR-InBa. DU145 cells were infected
with the indicated MOIs of adenovirus
carrying vector (Ad-CMV ) or SR-InBa
(Ad-SRIjBa ). After 48 hours, the cells
were subjected to preparation of whole-cell
protein lysates. SR-InBa was detected by
Western blot analysis using an antibody
specifically against InBa. B, detection of
CD437-induced p65 nuclear translocation
in cells infected with Ad-CMV or
Ad-SR-InBa. DU145 cells were infected
with 20 MOI of Ad-CMV or Ad-SR-InBa for
48 hours and then treated with 2 Amol/L
CD437 for 12 hours. The cells were fixed
and subjected to staining of p65 protein
using the indirect immunofluorescence
assay. C-E, evaluation of the effects of
SR-InBa expression on CD437-induced
apoptosis. DU145 cells were infected
with 20 MOI of Ad-CMV or Ad-SR-InBa for
48 hours and then treated with the
indicated concentrations of CD437 for
24 hours. Cell survival (A ) was estimated
using MTT assay. Points, mean of four
replicate determinations; bars, SD. DNA
fragmentation (B ) was measured using a
Cell Death Detection ELISA kit. Columns,
mean of triplicate determinations; bars,
SD. PARP cleavage (C ) was detected by
Western blot analysis using a specific
PARP antibody.
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treatment. However, CD437 still induced DR5 expression although
this effect was delayed in DU145/CR cells (i.e., 6 hours in DU145 cells
versus 12 hours in DU145/CR cells; Fig. 6B). TRAIL expression was
not detectable and also not induced by CD437 in both DU145 and
DU145/CR cell lines (Fig. 6B). Thus, it seems that both InBa decrease
and DR4 up-regulation are important for CD437-induced apoptosis.
CD437-resistant DU145 cells exhibit high levels of FLICE

inhibitory protein and resistance to CD437-mediated enhance-
ment of tumor necrosis factor–related apoptosis-inducing
ligand–induced apoptosis. Because DU145/CR cells have in-
creased levels of DR4 without undergoing apoptosis, it suggests
that this cell line may have acquired resistant mechanisms, likely
downstream of DR4, that prevent cells from undergoing apoptosis.
Therefore, we examined and compared basal expression levels of
several antiapoptotic genes and their modulation by CD437 between
DU145 and DU145/CR cell lines. As presented in Fig. 6C , we failed to
detect DcR1 and DcR2 expression in both cell lines and found that
CD437 did not modulate their expression, either. XIAP, Bcl-2, and
Bcl-XL had compared basal levels between the two cell lines and their

expression was not altered by CD437. Survivin was expressed and its
expression was down-regulated with comparable levels in both cell
lines. The expression of FLIPL, a protein that inhibits death
receptor–mediated extrinsic apoptotic signaling (35–37), was not
detected in DU145 cells. However, its levels were very high in DU145/
CR cells, although its expression was not modulated by CD437. Thus,
it seems that FLIP plays a critical role in cell resistance to CD437.
These findings also suggest the importance of death receptor–
mediated extrinsic apoptotic pathway in CD437-induced apoptosis.
Our previous work has shown that CD437 augments TRAIL-

induced apoptosis in DU145 cells (21). If FLIP increase is a critical
event leading to resistance to CD437, we speculated that the CD437-
resistant cell lines would be resistant to CD437-mediated enhance-
ment of TRAIL-induced apoptosis. Therefore, we further compared
the effects of a CD437 and TRAIL combination on apoptosis
induction between DU145 and DU145/CR cell lines. The data
presented in Fig. 6D clearly show that the combination of CD437
and TRAIL augmented induction of apoptosis in DU145 cells but
not in DU145/CR cells. Thus, it seems that DU145/CR cells exhibit
resistance to CD437-mediated enhancement of TRAIL-induced
apoptosis, further supporting an important role of death receptor–
mediated extrinsic apoptotic pathway in CD437-induced apoptosis.
The death receptor 4–mediated extrinsic apoptotic pathway

contributes to CD437-induced apoptosis. Our previous work (21)
and current findings suggest the importance of death receptor
modulation in CD437-induced apoptosis in DU145 cells. To show
the involvement of the death receptor–mediated extrinsic apoptotic
pathway in CD437-induced apoptosis, we silenced the expression of
FADD and caspase-8, two essential components in mediating
extrinsic apoptosis (36, 37), respectively, with siRNA and then
examined their effect on CD437-induced apoptosis. Compared with
cells transfected with the control siRNA (lanes 1-3), cells transfected
with FADD siRNA (lanes 4-6) exhibited very low levels of FADD and
cells transfected with caspase-8 siRNA (lanes 7-9) had very low
levels of caspase-8 (Fig. 7A), indicating that the expression of both
FADD and caspase-8 were successfully silenced. After exposure to
CD437, increased levels of the cleaved caspase-8 and caspase-3 were
detected primarily in control siRNA-transfected cells (lanes 1-3) but
not apparently in cells transfected with either FADD siRNA (lanes 4-6)
or caspase-8 siRNA (lanes 7-9 ; Fig. 7A). The levels of the cleaved
PARP (both p89 and p24) in control siRNA-transfected cells were
also higher than those in cells transfected with either FADD siRNA
or caspase-8 siRNA (Fig. 7A). These results indicate that silencing of
either FADD or caspase-8 expression inhibited CD437-induced
caspase activation. Accordingly, we found that the amounts of DNA
fragments induced by CD437 in both FADD-silenced and caspase-8-
silenced cells were apparently lower than those in control siRNA-
transfected cells (Fig. 7B), indicating that silencing of either FADD
or caspase-8 expression also suppressed CD437-induced DNA
fragmentation. Collectively, these results show that the death
receptor–mediated extrinsic apoptotic pathway contributes to
CD437-induced apoptosis, at least in DU145 cells.
Our results suggest an important role of DR4 up-regulation in

CD437-induced apoptosis. Therefore, we further silenced the
expression of DR4 and then examined its effect on CD437-induced
apoptosis. As presented in Fig. 8A , CD437 increased DR4 expression
in control siRNA-transfected cells. In cells transfected with DR4
siRNA, the basal levels of DR4 were decreased and no up-regulation
of DR4 by CD437 was detected, indicating that CD437-induced DR4
up-regulation was suppressed. CD437 decreased the levels of
proforms of caspase-8 and capase-3, elevated levels of cleaved

Figure 5. Effects of helenalin and SR-InBa overexpression on up-regulation of
death receptor expression by CD437. A, CD437 increased the expression of
DR4 and DR5 at the protein levels. After DU145 cells were treated with the
indicated concentrations of CD437 for 15 hours, whole-cell protein lysates were
prepared and subjected to detection of death receptor expression. B, helenalin
suppressed the up-regulation of DR4, but not DR5, induced by CD437.
Whole-cell protein lysates were prepared from DU145 cells treated with 2 Amol/L
CD437 alone or in combination with 20 Amol/L helenalin as indicated for 15
hours. C, overexpression of the SR-InBa blocked CD437-induced death receptor
up-regulation. DU145 cells were first infected with Ad-CMV or Ad-SR-InBa for 48
hours and then treated with 2 Amol/L CD437. After an additional 15 hours, the
cells were subjected to preparation of whole-cell protein lysates. In the above
experiments, Western blot analysis was used to detect death receptor
expression using specific DR4 or DR5 antibody. D, helenalin abrogated
CD437-induced up-regulation of both DR4 and DR5 at mRNA levels. DU145
cells were treated with 1 Amol/L CD437 in the absence or presence of 20 Amol/L
helenalin for 8 hours. Total cellular RNA was then prepared and subjected to the
detection of death receptor expression by Northern blot analysis.
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PARP, and increased amounts of DNA fragments in cells transfected
with control siRNA but not apparently in cells transfected with DR4
siRNA (Fig. 8A and B). These results show that suppression of DR4
up-regulation protects cells from CD437-induced apoptosis. In a
similar way, we also silenced the expression of DR5 and analyzed its
effect on CD437-induced apoptosis. We actually found no difference
in the cleavage of caspase-8, caspase-3, and PARP and an increase in
DNA fragmentation by CD437 between control siRNA-transfected
and DR5 siRNA-transfected cells albeit with a successful knockdown
of DR5 expression (Fig. 8C and D), suggesting that DR5 is not
important for CD437-induced apoptosis in DU145 cells. Collectively,
these results indicate that DR4 up-regulation plays a critical role in
mediating CD437-induced apoptosis, at least in DU145 cells.

Discussion

InBa ubiquitination and its subsequent degradation by the 26S
proteasome leading to nuclear translocation of p65 and an increase
in NF-nB DNA binding is the primary mechanism of NF-nB
activation in cells on stimulation (1, 2). After NF-nB activation,
cancer cells become either resistant or sensitive to induction of
apoptosis dependent on stimuli and cell-specific background (1, 2).
In this study, we found that CD437 apparently reduced InBa levels
in DU145 and other prostate cancer cell lines. Helenalin was
reported to inhibit NF-nB activation via suppressing InB degrada-
tion (38). Our data showed that helenalin prevented reduction of
InBa induced by CD437, suggesting that CD437 may decrease the
InBa levels via promoting its degradation. This notion was further

supported by our unpublished observations that reduction of InBa
levels by CD437 could be inhibited by the proteasome inhibitor PS-
341 but not by the pan-caspase inhibitor Z-VAD-FMK, the calpain
inhibitor ALLN, or the cathepsin inhibitor leupeptin.5 In addition to
reduction of InBa levels, CD437 induced p65 nuclear translocation
and increased NF-nB DNA binding. Thus, we conclude that CD437
activates NF-nB through promoting InBa degradation and
inducing p65 nuclear translocation in DU145 cells. In opposition
to our initial hypothesis that suppression of NF-nB activation
would sensitize the cells to CD437-induced apoptosis, a blockade of
CD437-induced NF-nB activation through either a pharmacologic
interference (i.e., using a NF-nB inhibitor) or a molecular approach
(i.e., overexpression of SR-InBa) failed to enhance CD437-induced
apoptosis. Instead, they abrogated CD437-induced apoptosis.
Moreover, CD437 failed to decrease InBa levels in DU145/CR cells,
further suggesting a critical role of InBa degradation in CD437-
induced apoptosis. Therefore, we conclude that NF-nB activation is
actually required for CD437-induced apoptosis in DU145 cells.
It has been shown that several types of cancer therapeutic

agents with apoptosis-inducing activity, including DNA-damaging
agents and taxanes, also activate NF-nB and induce apoptosis
(39–46). Moreover, NF-nB activation is obligatory to trigger drug-
induced apoptosis in certain types of cancer cells (39, 41, 44–46).
Ponzanelli et al. (24) reported that CD437 increased NF-nB activity

Figure 6. Establishment of DU145/CR cells (A ),
effects of CD437 on the expression of InBa, DR4,
TRAIL, and DR5 (B) and other antiapoptotic
proteins (C ) in DU145/CR cells, and comparison of
enhancement of TRAIL-induced apoptosis by
CD437 between DU145 and DU145/CR cell lines
(D ). A, DU145/CR cell line, which was established
as described in Materials and Methods, was
exposed to the indicated concentrations of CD437
for 48 hours and then subjected to estimation of
cell numbers using the sulforhodamine B assay.
Points, mean of four replicate determinations;
bars, SD. B and C, both DU145 and DU145/CR
cell lines were treated with 2 Amol/L CD437 for the
indicated times and then subjected for preparation
of whole-cell protein lysates and detection of the
indicated proteins by Western blot analysis.
Recombinant human TRAIL and cell protein
lysates from cells infected with lentivirus carrying
DcR1 and DcR2 genes, respectively, were used as
protein control standards (Std. ). D, both DU145
and DU145/CR cell lines were treated with 0.5
Amol/L CD437, 40 ng/mL TRAIL, and CD437 +
TRAIL, respectively. After 24 hours, the cells were
subjected to measurement of DNA fragmentation
with the Cell Death Detection ELISA kit. Columns,
mean of triplicate determinations; bars, SD.

5 F. Jin et al., unpublished data.
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in CD437-sensitive but not CD437-resistant leukemia cells,
although they did not show the biological significance of NF-nB
activation in regulating CD437-induced apoptosis. Our current
study shed light on the essential role of NF-nB activation in
mediating CD437-induced apoptosis in certain human cancer cells.
It has been shown that NF-nB regulates apoptosis via transcrip-

tional regulation of multiple apoptosis-related genes, including
those that are antiapoptotic and proapoptotic (1, 2). A recent study
has shown that both DR4 and DR5 are NF-nB-regulated genes (3).
Given that CD437 induces the expression of both DR4 and DR5 in
DU145 cells, it was plausible to speculate that CD437 up-regulates
DR4 and/or DR5 expression via a NF-nB-mediated mechanism.
Indeed, we found that the presence of helenalin or overexpression of
SR-InBa abrogated DR4 up-regulation by CD437, demonstrating

that CD437 induces DR4 expression via a NF-nB-dependent
mechanism. Unexpectedly, helenalin alone also increased DR5
expression and further enhanced DR5 expression when combined
with CD437. The mechanism underlying up-regulation of DR5
expression by helenalin is unclear, but it is not likely to be a result of
NF-nB suppression because inactivation of NF-nB by SR-InBa
overexpression did not show increased DR5 expression. We found
that overexpression of SR-InBa abrogated DR5 protein increase
induced by CD437, which was apparently different from the
enhanced effect of helenalin on CD437-induced DR5 protein
expression. Considering the specificity of SR-InBa, we conclude
that CD437 also induces a NF-nB-dependent up-regulation of DR5.
This was further supported by our finding that helenalin failed to
increase DR5 expression and still abrogated CD437-induced DR5
expression at mRNA levels. At the present time, the mechanism
underlying the increase of DR5 protein by helenalin in combination
with CD437 is not clear but is most likely to be post-transcriptional
and NF-nB independent.
It is well documented that death receptor–mediated extrinsic

apoptotic signaling requires recruitment of FADD and caspase-8,
which results in caspase-8 activation and subsequent activation of
its downstream caspase cascades and apoptosis (36, 37). Therefore,
disruption of this pathway by either overexpression of dominant-
negative mutants or gene silencing is a widely used strategy to test
the importance or involvement of death receptor–mediated
extrinsic apoptotic pathway in apoptosis induced by various
stimuli. In this study, silencing of both FADD and caspase-
8 expression with siRNA attenuated the ability of CD437 to activate
caspase-8 and caspase-3 (including PARP) and to increase DNA
fragmentation. Thus, we conclude that the death receptor–
mediated extrinsic apoptotic signaling pathway contributes to
CD437-induced apoptosis, at least in DU145 cells.
Increased DR4 protein seems more predominant than DR5

protein increase on CD437 treatment. Despite the finding that
helenalin antagonized CD437-induced apoptosis, it enhanced
CD437-induced DR5 protein expression, suggesting that DR5
induction alone is insufficient to confer CD437-induced apoptosis.
In contrast, however, suppression of NF-nB activation either by a
NF-nB inhibitor or the overexpression of SR-InBa abrogated CD437-
induced DR4 up-regulation and hence its subsequent apoptotic
induction. Thus, DR4 up-regulation may be more closely associated
with NF-nB-dependent induction of apoptosis by CD437. In DU145/
CR cells, CD437 was unable to induce DR4 expression as it lost
ability to decrease InBa levels. However, it remained active in
increasing DR5 expression in DU145/CR cells. These data further
support a critical role of DR4 induction in NF-nB-dependent
induction of apoptosis by CD437. Moreover, we found that silencing
DR4, but not DR5, with siRNA impaired the ability of CD437 to
induce caspase activation and to increase DNA fragmentation, thus
providing direct and compelling evidence for the involvement of
DR4 up-regulation in mediating CD437-induced apoptosis. We
noted that TRAIL expression was not detected in both DU145 and
DU145/CR cells. CD437 also did not modulate its expression in
either of the cell lines. Because DR4 can trigger apoptosis
independent of ligand binding (47, 48), this finding suggests that
CD437 may induce apoptosis via a ligand-independent activation of
DR4-mediated apoptotic signaling in DU145 cells.
We noted that the basal levels of DR4 were higher in DU145/CR

cells than in their parental CD437-sensitive DU145 cells. It seems
that DU145/CR cells have established or acquired survival
mechanisms that can override CD437-triggered apoptotic death

Figure 7. Silencing of FADD and caspase-8 expression, respectively,
suppressed CD437-induced caspase activation (A) and DNA fragmentation (B).
DU145 cells were cultured in a 24-well plate and on the second day transfected
twice with control (Ctrl ), FADD, or caspase-8 (Casp-8 ) siRNA with a 48-hour
interval in between transfections. Forty hours after the second transfection, cells
were treated with the indicated concentrations of CD437 for 24 hours. A,
FADD expression and cleavage of caspase-8, caspase-3, and PARP were
assessed by Western blot analysis. The spot between lanes 4 and 6 is a
nonspecific background material. B, DNA fragmentation was evaluated with the
Cell Death Detection ELISA kit. Columns, mean of triplicate determinations;
bars, SD.
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signaling after a long-term selection. Thus, the high basal levels of
DR4 in CD437/CR cells are likely the consequence of cell response to
long-term CD437 exposure and are compensatively elevated in order
for cells to commit apoptotic death or overcome the resistance. We
noted that the basal levels of DR5 were not altered in the resistant
cell line. These results actually imply that DR4 modulation plays a
more important role than DR5 induction in CD437-induced
apoptosis. In fact, this is indeed the case based on our data that
silencing DR4, but not DR5, with siRNA impaired the ability of CD437
to induce caspase activation and to increase DNA fragmentation.
It is known that both extrinsic and intrinsic apoptotic pathways

are negatively regulated by several antiapoptotic proteins, includ-
ing DcR1, DcR2, FLIP, survivin, XIAP, Bcl-2, and Bcl-XL (36, 37). One
possibility is that the expression of some of these proteins is up-
regulated in DU145/CR cells. By comparing the expression of these
proteins and their modulation by CD437 between DU145 and
DU145/CR cell lines, we found that FLIPL stood up to be the only
molecule that was up-regulated in DU145/CR cells. Because the
main function of FLIP is to negatively regulate death receptor–
mediated extrinsic apoptotic signaling via suppressing caspase-
8 activation (35), FLIP up-regulation in DU145/CR cells can be
interpreted as an acquired event for cells to override DR4-mediated

apoptotic signaling. In agreement, we found that CD437 also failed
to enhance TRAIL-induced apoptosis in DU145/CR cells. Thus, it
seems that FLIP up-regulation is a major mechanism by which cells
become resistant to CD437. These findings further support the
critical role of DR4-mediated extrinsic apoptotic pathway in
CD437-induced apoptosis.
In summary, the current study has shown that the synthetic

retinoid CD437 activates NF-nB through promoting InBa degra-
dation. As a result, DR4 expression is up-regulated leading to
induction of apoptosis through activation of the extrinsic apoptotic
pathway. Therefore, our findings in this study reveal a novel
mechanism underlying CD437-induced apoptosis involving NF-nB
activation and subsequent DR4 up-regulation.
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Figure 8. Effects of silencing DR4 (A ) and DR5 (C )
expression, respectively, on CD437-induced caspase
activation (A and C ) and DNA fragmentation (B and D ).
DU145 cells were cultured in a 24-well plate and on the second
day transfected twice with control (Ctrl ), DR4, or DR5 siRNA
with a 48-hour interval in between transfections. Forty hours
after the second transfection, cells were treated with the
indicated concentrations of CD437 (A and B ) or 2 Amol/L
CD437 (C and D ) for 24 hours. A and C, expression of DR4
and DR5 and cleavage of caspase-8, caspase-3, and PARP
were assessed by Western blot analysis. B and D, DNA
fragmentation was evaluated with the Cell Death Detection
ELISA kit. Columns, mean of triplicate determinations;
bars, SD.
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