
Abstract. Fenretinide (N-[4-Hydroxyphenyl]retinamide;
4HPR) is a semisynthetic retinoid that induces apoptosis in
a variety of malignancies. Fenretinide has been examined
in clinical trials as a cancer chemopreventive and chemo-
therapeutic agent. Oxidative stress induced by fenretinide has
been shown to mediate apoptosis through a mitochondrial
pathway by the induction of a transcription factor CCAAT/
enhancer binding protein homologous protein (CHOP) and
Bak. In this study, we report that fenretinide induces death
receptor 5 (DR5)/TRAIL-R2 up-regulation via the induction
of the transcription factor CHOP in colon cancer cell lines.
Fenretinide induced DR5 expression at protein and mRNA
levels. Furthermore, fenretinide increased DR5 promoter
activity and the enhanced activity decreased by mutation
of the CHOP binding site. CHOP was also up-regulated by
fenretinide at the promoter level. We also showed that
combined treatment with fenretinide and TRAIL induced
synergistic apoptosis in colon cancer cell lines. The synergistic
apoptosis was markedly blocked by DR5/Fc chimeric protein.
Fenretinide and TRAIL cooperatively activated caspase-3, -8,

-10 and -9 and cleavage of Bid and PARP, and this activation
was also blocked in the presence of DR5/Fc chimeric protein.
These results indicate that fenretinide-induced apoptosis is
sensitized by TRAIL. Therefore, combined treatment with
fenretinide and TRAIL might be a promising model for the
treatment of colorectal cancer.

Introduction

Colorectal cancer is the fourth most common and ranks as the
second leading cause of cancer death in the United States (1).
Despite improvements in therapy against advanced colorectal
cancer, the overall impact of chemotherapies remains limited
and it is hard to prevent recurrences; hence, newer and more
effective therapeutic regimens are clearly needed.

Fenretinide (N-[4-Hydroxyphenyl]retinamide; 4HPR) is a
semisynthetic retinoid that induces apoptosis in cell lines
derived from a variety of malignancies (2). The apoptotic path-
way triggered by fenretinide remains unsettled. Both retinoic
acid receptor (RAR)-independent and RAR-dependent
effects of fenretinide-induced apoptosis have been described
(3-6). In the RAR-independent pathway, the upstream signaling
events induced by fenretinide include an increase in intracellular
levels of ceramide, which is subsequently metabolized to GD3
(4,7,8). GD3 triggers the activation of reactive oxygen species
(ROS) leading to the induction of 12-lipoxygenase (12-Lox)
(8). The oxidative stress mediates apoptosis via the induction
of the transcription factor CCAAT/enhancer binding protein
(C/EBP) homologous protein (CHOP) and the Bcl-2-family
member protein Bak (8-10). Bak, which may be directly
regulated by CHOP, induces the release of cytochrome-c
from mitochondria. Cytochrome-c may activate caspase-9,
which in turn activates caspase-3 to initiate the downstream
processes of apoptosis (9,11). Fenretinide may exert greater
therapeutic activity, because in contrast to other classical
retinoic acids, it is able to induce apoptosis rather than dif-
ferentiation and shows synergistic responses with chemo-
therapeutic drugs, such as cisplatin, carboplatin or etoposide,
in different cell types (12,13). On the basis of these results,
fenretinide has been examined in clinical trials as a cancer
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chemopreventive agent in a variety of malignancies, including
a Phase III study (14).

Tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL/Apo2L) induces apoptosis selectively in cancer
cells in vitro and in vivo, and has little or no toxicity to normal
cells (15,16). Therefore, TRAIL is one of the most promising
agents for cancer therapeutics and was recently examined in
a Phase I study (17). However, some tumor types exhibit
resistance to TRAIL (18).

Death receptor 5 (DR5; also called TRAIL-R2, or KILLER)
is a member of the tumor necrosis factor receptor family.
DR5 mediates TRAIL-induced apoptosis through the formation
of a death-inducing signaling complex and caspase activation
(19-22). Silencing of DR5 expression causes tumor cell growth
and resistance against anti-tumor agents (23). Therefore,
DR5 is considered to be an attractive candidate for use in
cancer therapy.

In this study, we report, for the first time, that fenretinide
up-regulates DR5 expression via the induction of the
transcription factor CHOP, and combined treatment with
fenretinide and TRAIL induces synergistic apoptosis in colon
cancer cells. 

Materials and methods

Reagents. Fenretinide and soluble recombinant human TRAIL/
Apo2L were purchased from Toronto Research Chemicals
(North York, Canada) and PeproTech (London, UK), respect-
ively. Recombinant human DR5 (TRAIL-R2)/Fc chimera
protein, and the caspase inhibitors zVAD-fmk, zDEVD-fmk,
zIETD-fmk, zLEHD-fmk and zAEVD-fmk, were purchased
from R&D Systems (Minneapolis, MN). 

Cell culture. Human colon cancer, SW480, SW620, HCT116
and HT29 cells were maintained in DMEM with 10% fetal
bovine serum, 4 mmol/l L-glutamine, 100 U/ml penicillin
and 100 μg/ml streptomycin. DLD-1 and HCT15 cells
were maintained in RPMI-1640 with 10% fetal bovine serum,
2 mmol/l L-glutamine, 100 U/ml penicillin and 100 μg/ml
streptomycin. Cells were incubated at 37˚C in a humidified
atmosphere containing 5% CO2. 

RNase protection assay and Northern blot analysis. Northern
blot analysis was performed as previously described (24) using
a full-length DR5 cDNA as a probe. The RNase protection
assay was also performed as previously described (24). 

Western blot analysis. Western blot analysis was performed
as described previously (24). Rabbit polyclonal anti-GADD153
(CHOP) (1:200) antibody (Santa Cruz Biotechnology, Santa
Cruz, CA), rabbit polyclonal anti-DR5 (1:250) antibody
(Cayman Chemical, Ann Arbor, MI), mouse monoclonal
anti-Bid (1:1,000), anti-caspase-8 (1:1,000), anti-caspase-9
(1:1,000), or anti-caspase-10 (1:1,000) antibodies (MBL,
Nagoya, Japan), mouse monoclonal anti-procaspase-3 (1:10)
antibody (Immunotech, Marseille, France), rabbit mono-
clonal cleaved caspase-3 (1:1,000) antibody (Cell Signaling
Technology, Beverly, MA) or mouse monoclonal anti-ß-actin
antibody (Sigma Chemical Co., St. Louis, MO) were used
as the primary antibodies. The signal was developed with

the enhanced chemiluminescence system (ECL, Amersham
Pharmacia Biotech, Piscataway, NJ).

Plasmid preparation. pDR5PF and its deletion mutants, such
as pDR5/BamHI, pDR5/-1188, pDR5/-605, pDR5/-347,
pDR5/-318, pDR5/-301, pDR5/-252 and pDR5/-198, were
described previously (25,26). pDR5/mtCHOP, which has a
mutation in the CHOP binding site at -272/-269, was generated
with a site-directed mutagenesis kit (Stratagene, La Jolla, CA)
using the following synthesized oligonucleotides: sense,
5'-CGCTTGCGGAGGAGGTAGTTGACGAGAC-3'; and
antisense, 5'-AGAGTCTCGTCAACTACCTCCTCCGC-3'.
The reporter plasmid CHOP 3K, which contains the CHOP
promoter, was described previously (27).

Transfection and luciferase assay. Colon cancer cells (1x105

cells) were seeded in 6-well plates, and were transfected
with a series of DR5 reporter plasmids and a vacant vector
plasmid (1.0 μg) using the DEAE-dextran method (CellPhect,
Amersham Pharmacia Biotech). Twenty-four hours after the
transfection, luciferase activities were measured and normalized
with the protein concentrations. Luciferase assays were carried
out in triplicate, and the experiments were repeated several
times. Data were analyzed using Student's t-test, and the
differences between solvent DMSO and fenretinide treatment
were regarded as significant when P<0.05.

Detection of apoptosis. Colon cancer cells were treated with
or without fenretinide (15 or 20 μM). Twenty-four hours
after the treatment, cells were treated with or without TRAIL
(10-100 ng/ml) for twelve hours, and then harvested. Cells
were fixed with 0.1% Triton X-100 and treated with RNase A
(Sigma). The nuclei were stained with propidium iodide
(Sigma). DNA fragmentation was quantified as the percentage
of cells with hypodiploid DNA (sub-G1). The DNA contents
were measured using a FACSCalibur flow cytometer and
CellQuest software (Becton Dickinson, Franklin Lakes, NJ).
For all assays, 10,000 events were counted. Detection of
apoptosis was carried out in triplicate. 

Small interfering RNAs. The CHOP and LacZ small interfering
RNA (siRNA) sequences were previously described (26)
(synthesized by Proligo, Kyoto, Japan). The LacZ siRNA
was used as an siRNA control. In brief, 1 day prior to the
transfection, SW620 cells were seeded without antibiotics at
a density of 30-40%. CHOP and LacZ siRNAs (20 nmol/l)
were transfected into cells using a modified Oligofectamine
protocol (Invitrogen, Carlsbad, CA), in which the volume of
Oligofectamine was reduced to one-third of the recommended
volume to limit toxic effects. Twenty hours after transfection,
cells were treated with fenretinide (20 μM) for 24 h and/or
with TRAIL (25 ng/ml) for an additional 12 h, and then
harvested.

Results

Effects of fenretinide on the death receptor-related gene in
SW480 cells. To date, the role of the mitochondrial pathway
in fenretinide-induced apoptosis has been well elucidated.
However, the effect of fenretinide has not been examined in
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the death-receptor pathway. Therefore, we investigated the
effects of fenretinide on the expression of death receptor-
related genes using an RNase protection assay. As shown
in Fig. 1A, DR5 mRNA was significantly up-regulated by
fenretinide in SW480 human colon cancer cells. TRAIL
expression slightly increased. DR4 and TNFRp55 were not
altered. Fas and RIP were down-regulated. 

Fenretinide induces DR5 mRNA and protein in colon cancer
cell lines. To confirm DR5 up-regulation by fenretinide, we
carried out Western and Northern blotting. As shown in
Fig. 1B and C, we found that fenretinide increased the DR5
protein expression in a dose- and time-dependent manner in

SW480 human colon cancer cells. In other colon cancer cell
lines, the DR5 protein expression was also increased by
fenretinide in a dose-dependent manner (Fig. 1D). We also
found that fenretinide increased DR5 mRNA expression in a
dose-dependent manner in colon cancer cell lines (Fig. 1E
and F). 

Exogeneous TRAIL enhances fenretinide-induced apoptosis
in colon cancer cell lines. We demonstrated that fenretinide
specifically and drastically induced DR5 expression. Therefore,
we hypothesized that exogenous TRAIL, a ligand for DR5,
might enhance fenretinide-induced apoptosis due to its ability
to increase DR5 expression. We examined the effect of
combined treatment with fenretinide and TRAIL on apoptosis
by measuring the sub-G1 population. As a single agent,
fenretinide weakly induced apoptosis, whereas TRAIL scarcely
induced apoptosis, even in high concentrations. However,
combined treatment with fenretinide and TRAIL markedly
induced apoptosis (Fig. 2). 
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Figure 1. Fenretinide induces DR5 expression in colon cancer cell lines.
A, RNase protection assay showing the induction of DR5 mRNA and its
cognate receptors by fenretinide treatment in SW480 cells. Lane 1, 1/50
probes not treated with RNase; lane 2, RNase-protected probes following
hybridization with yeast tRNA; lanes 3 and 4, total RNA from SW480 cells
treated with 20 μM fenretinide or solvent DMSO for 24 h. The house-
keeping genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
ribosomal protein L32 are shown as loading controls. B and C, SW480 cells
were treated with the indicated concentrations of fenretinide for 24 h (B)
and with 20 μM of fenretinide for the indicated periods (C). Western
blotting was performed as described in Materials and methods. ß-actin was
used as a loading control. Arrows show DR5 protein bands. D, Western
blotting was performed in a variety of colon cancer cell lines as described
in B. Arrows show DR5 protein bands. E, SW480 cells were treated with
the indicated concentrations of fenretinide for 24 h. Northern blotting was
performed as described in Materials and methods. Ethidium bromide-stained
28S and 18S ribosomal RNA are shown as controls. UT, treated with
medium only; CT, treatment with 0.1% DMSO. F, Colon cancer cells were
treated with 20 μM of fenretinide for 24 h. Northern blotting was performed
as described in E. 

Figure 2. Sensitization to fenretinide-induced apoptosis by TRAIL in colon
cancer cell lines. SW480 cells and other colon cancer cell lines were
treated with 0.1% of DMSO, 15 or 20 μM of fenretinide for 24 h, and were
subsequently treated with TRAIL at the indicated concentrations for 12 h.
Apoptosis was determined by flow cytometry analysis of the DNA fragmen-
tation of propidium iodide-stained nuclei as described in Materials and
methods. Percentages of sub-G1 are shown as a bargraph. Columns, means
of triplicate experiments; bars, SD.
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DR5/Fc chimera protein and caspase inhibitors block apoptosis
enhanced by the combination with fenretinide and TRAIL.
We estimated that TRAIL and its receptors participated in the
apoptosis mediated by combined treatment with fenretinide
and TRAIL. In order to confirm the interaction between
TRAIL and its receptor, we employed human recombinant
DR5/Fc chimera protein to block TRAIL from interaction
with its receptor. As shown in Fig. 3A, human recombinant
DR5/Fc chimera protein efficiently blocked apoptosis. This
result indicates that apoptosis caused by the combined treat-
ment of fenretinide and TRAIL is mediated through its
receptors. We also demonstrated that caspase-3, -8, -10, -9
inhibitors and zVAD-fmk pancaspase inhibitor efficiently
blocked the apoptosis induced by treatment with fenretinide
and TRAIL (Fig. 3B). These observations were concurrent
with previous reports on the role of caspase in TRAIL-mediated
apoptosis (28-30). Next, we carried out Western blot analysis
to confirm the effect of combined treatment with fenretinide
and TRAIL on the activation of caspases. As shown in Fig. 3C,

fenretinide and TRAIL synergistically induced the activation
of caspase-3, -8, -10, -9 and the cleavage of BH3 interacting
domain death agonist (Bid) and poly[ADP-ribose] poly-
merase (PARP). Bid is cleaved downstream of TRAIL and
subsequently mediates between the death receptor and mito-
chondrial pathways (30). PARP is a substrate of caspases and
a marker of apoptosis (31). Moreover, the DR5/Fc chimera
and the zVAD-fmk pancaspase inhibitor efficiently blocked
the activation of these caspases and the cleavage of Bid and
PARP (Fig. 3C). These results indicate that the apoptosis
mediated by combined treatment with fenretinide and TRAIL
occurs via both the death receptor pathway and the mito-
chondrial pathway in a caspase-dependent manner.

CHOP is involved in the induction of DR5 expression by
fenretinide in colon cancer cell lines. To investigate the
mechanism of the DR5 up-regulation by fenretinide, we
carried out a luciferase assay, using a series of DR5 reporter
plasmids. At first, we found that the promoter activity of
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Figure 3. Death receptors participate in sensitization to fenretinide-induced apoptosis by TRAIL in colon cancer cell lines. A, DR5/Fc chimeric protein blocks
the enhancement of fenretinide-induced apoptosis by TRAIL. Colon cancer cell lines were treated with or without fenretinide (15 or 20 μM) and/or DR5/Fc
chimera (1 μg/ml) for 24 h; thereafter, they were treated with 10 or 25 ng/ml of TRAIL. Apoptosis was determined by flow cytometry analysis of the DNA
fragmentation of propidium iodide-stained nuclei, as described in Materials and methods. Columns, means of triplicate experiments; bars, SD. B,
enhancement of fenretinide-induced caspase activation by TRAIL. Colon cancer cell lines were treated with fenretinide (15 or 20 μM) and/or various caspase
inhibitors (20 μM), such as VAD, zVAD-fmk pancaspase inhibitor; C-3, zDEVD-fmk caspase-3 inhibitor; C-8, zIETD-fmk caspase-8 inhibitor; C-10,
zAEVD-fmk caspase-10 inhibitor; C-9, zLEHD-fmk caspase-9 inhibitor for 24 h; thereafter, they were treated with the 10 or 25 ng/ml of TRAIL. C, cleavage
of caspase-3, -8, -10, -9, Bid and PARP in SW480 was assessed by Western blotting. ß-actin was used as a loading control.
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pDR5PF, a luciferase reporter plasmid containing a 2.5-kbp
fragment of the DR5 promoter region, was increased by
fenretinide in SW480 cells (Fig. 4A). This result suggests that
fenretinide regulates DR5 expression through transcription.
We investigated the fenretinide-responsive elements on the
DR5 promoter, using a series of 5'-deletion mutants. As shown
in Fig. 4A, the luciferase activity from pDR5/-301, as well as
pDR5PF, was increased by fenretinide. On the other hand,
pDR5/-252 showed a lack of response following fenretinide
treatment, suggesting that the major fenretinide-responsive
elements are located in a 50-bp region between -301 and -252
in the DR5 promoter. This region contains a potential CHOP-
binding site. To determine whether this CHOP-binding site is
responsible for the transactivation of the DR5 promoter by
fenretinide, we introduced a site-directed mutation into the
site to generate pDR5/mtCHOP from pDR5/-347. Luciferase
assays with these plasmids demonstrated that the mutation
abrogated the activation of the DR5 promoter by fenretinide
in SW480 cells (Fig. 4B) and other colon cancer cells (Fig. 4C),
indicating that CHOP is associated with the DR5 up-regulation
by fenretinide in colon cancer cells.

CHOP is increased by fenretinide treatment in colon cancer
cell lines. The result of luciferase assays shows that CHOP

is involved in the fenretinide-mediated induction of DR5.
Indeed, fenretinide induced CHOP protein expression in a
dose- and time-dependent manner in SW480 cells (Fig. 5A).
As shown in Fig. 5B, combined treatment with fenretinide
and TRAIL induced CHOP protein, while this was not blocked
by zVAD-fmk pancaspase inhibitor and DR5/Fc chimera
protein. In other colon cancer cell lines, fenretinide induced
CHOP protein expression in a dose-dependent manner
(Fig. 5C). We also found that fenretinide increased CHOP
mRNA expression in a dose-dependent manner in SW480
cells (Fig. 5D) and other colon cancer cell lines (Fig. 5E).
Moreover, fenretinide also enhanced CHOP promoter activity
(Fig. 5F). These results indicate that CHOP is also induced
by fenretinide at a transcriptional level through the promoter.

CHOP siRNA blocks DR5 induction by fenretinide and partially
reduces fenretinide-induced apoptosis enhanced by TRAIL in
colon cancer cells. To examine whether the DR5 up-regulation
mediated by CHOP relates to the sensitization of fenretinide-
induced apoptosis by TRAIL, we employed CHOP siRNA.
Transiently transfected CHOP siRNA partly inhibited the
apoptosis induced by fenretinide and TRAIL (Fig. 6). The
induction of DR5 protein by fenretinide was also partially
reduced by CHOP siRNA. These findings together suggest
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Figure 4. CHOP is associated with the fenretinide-mediated induction of
DR5. A, induction of the DR5 promoter activity by fenretinide in SW480
cells. SW480 cells were transiently transfected with the reporter plasmids.
Twenty-four hours after transfection, the cells were treated with or without
20 μM of fenretinide for 24 h, and cell lysates were harvested for luciferase
assay, as described in Materials and methods. Columns, means of triplicate
experiments; bars, SD; *P<0.05. B and C, mutation of the CHOP-binding
site attenuates the DR5 promoter activity enhanced by fenretinide in SW480
cells (B) and other colon cancer cell lines (C). The luciferase assay was
performed as described in A. 
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Figure 5. Fenretinide up-regulates CHOP expression in colon cancer cell lines.
A-C, Western blotting was performed as described in Fig.1 and Materials and
methods. D and E, Northern blotting was performed as described in Fig. 1 and
Materials and methods. F, activation of the CHOP promoter activity by
fenretinide in colon cancer cell lines. The luciferase assay was performed as
described in Fig. 4 and Materials and methods. Colon cancer cell lines were
transiently transfected with the reporter plasmids containing the CHOP
promoter and the luciferase gene (CHOP 3K) or control plasmid pGVB2. 

Figure 6. Down-regulation of DR5 by CHOP siRNA partially reduces
fenretinide-induced apoptosis enhanced by TRAIL in SW620 cells. CHOP
siRNA or LacZ control siRNA was introduced into SW620. Twenty hours after
the transfection, cells were treated with fenretinide (20 μM) for 24 h and/or
TRAIL (25 ng/ml) for 12 h. Apoptosis was determined by flow cytometry as
described in Materials and methods. Columns, means of triplicate experiments;
bars, SD; *P<0.01. Western blotting was performed after treatment with
fenretinide (20 μM) for 24 h. ß-actin was used to ensure equal gel loading. 

Figure 7. Novel mechanisms of enhanced apoptosis by combination with
fenretinide and TRAIL in colon cancer cell lines. TRAIL enhances
fenretinide-induced apoptosis due to the amplification in activation of
multiple caspases through both mitochondrial and death receptor pathways.
Fenretinide induces the transcription factor CHOP and Bak. Bak, which may
be directly regulated by CHOP, acts on the mitochondria and subsequently
activates caspase-9 and -3 to initiate the downstream processes of apoptosis. In
the present study, CHOP induced by fenretinide up-regulates DR5 expression
at a transcription level through the promoter region. DR5 mediates the
TRAIL-induced apoptosis through caspase-8 or -10 and caspase-3 activation.
In addition, Bid subsequently mediates between the death receptor and mito-
chondrial pathways.
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that CHOP is partially involved in the up-regulation of DR5
expression by fenretinide and that the induction of DR5 by
fenretinide is at least partly responsible for the apoptosis by
the combination of fenretinide and TRAIL.

Discussion

Since fenretinide can induce apoptosis rather than differen-
tiation and shows synergistic responses with chemotherapeutic
drugs, in contrast to other classical retinoic acids, it has been
examined in clinical trials as a cancer chemopreventive and
chemotherapeutic agent (13,14). Current trials are underway
to re-examine both the dose and schedule of fenretinide as a
single agent administration to achieve the expected plasma
levels that induce cytotoxicity in vitro (14,32). Furthermore,
to increase the efficiency of cancer therapy, fenretinide has
been widely investigated in ongoing trials in combination
with other agents, such as paclitaxel, cisplatin or tamoxifen
(14,33).

We recognized that fenretinide also induced apoptosis in
human colon cancer cell lines. It has been well elucidated for
its role in the mitochondrial pathway in fenretinide-induced
apoptosis (9). However, death-receptor pathway has mostly
not been examined with regard to apoptosis. Therefore, we
investigated the effects of fenretinide on the expression of
death receptor-related genes, and found that DR5 is especially
increased by fenretinide among the death receptor-regulated
genes. 

DR5 is an apoptosis-inducing receptor for TRAIL (19).
Therefore, at first, we attempted to determine whether
fenretinide-inducing apoptosis was affected by TRAIL in
SW480 colon cancer cells. Consequently, exogenous TRAIL
significantly enhanced fenretinide-induced apoptosis, whereas
fenretinide induced weak apoptosis (Fig. 2). TRAIL is a
promising agent for cancer therapy; however, many tumors
remain resistant to treatment with TRAIL (18). In fact, several
colon cancer cell lines were resistant to TRAIL, even in high
concentrations. We also found that fenretinide up-regulated
DR5 expression, and combined treatment with fenretinide
and TRAIL induced synergistic apoptosis in human colon
cancer cell lines (Fig. 2). In conclusion, combined treatment
with fenretinide and TRAIL may have the potential to
overcome the resistances to both agents. To add significance
to this study, as the next step, we need to examine whether
the combination of TRAIL and fenretinide can effectively
kill tumor cells in vivo.

We demonstrated here that fenretinide acts as a DR5
inducer. Fenretinide also induces DR5 expression at a protein
level. A recent report has indicated that fenretinide induces DR5
in meningioma cell lines (34), but the molecular mechanism
underlying DR5 up-regulation has not been investigated.
In this study, we showed for the first time that fenretinide
induces DR5 up-regulation via the induction of the transcription
factor CHOP. CHOP is a growth arrest and DNA damage-
inducible transcription factor (35). The expression of CHOP
is highly induced in response to a variety of cellular stresses,
including nutrient deprivation, oxidative stress and endoplasmic
reticulum stress (36-38). We identified that the CHOP-binding
site is crucial as the fenretinide-responsive element in the DR5
promoter (Fig. 4). CHOP siRNA at least partly inhibited DR5

expression induced by fenretinide and prevented the apoptosis
induced by fenretinide and TRAIL (Fig. 6), suggesting that
DR5 up-regulation by CHOP is one of mechanisms required
to sensitize colon cancer cells to the apoptosis by fenretinide
and TRAIL. A recent report indicated that ceramide cluster
DR5 receptors into caveolae as a means to TRAIL sensitization
without up-regulating DR5 membrane expression (39). This
pathway might also affect the apoptosis induced by the
combination of fenretinide and TRAIL, which may explain
the reason why the inhibition by CHOP siRNA was partial.
We previously demonstrated that tunicamycin and proteosome
inhibitor MG132 up-regulate DR5 at a transcriptional level
via the induction of the transcription factor CHOP (26,40).
These findings together indicate that a variety of stimuli up-
regulating CHOP possess the ability of DR5 up-regulation.
Moreover, we showed for the first time that CHOP is also
up-regulated by fenretinide through the promoter region.
However, the responsive elements induced by fenretinide have
not yet been elucidated. Thus, further analysis is required to
completely reveal the fenretinide-signaling pathway.

A recent report has shown that fenretinide enhances
TRAIL-mediated apoptosis in ovarian cancer cells (41).
However, they could not detect DR5 up-regulation. The
discrepancy between this report and our results may be due
to differences of cell types and experimental conditions.
Previous reports demonstrated that DR5 expression was
highly correlated with sensitivity to TRAIL in Jurkat subclones
(42) and that DR5 overexpression by an expression vector
could overcome TRAIL resistance in cancer cells (43-45).
Therefore, DR5 up-regulation by fenretinide may at least be
partially responsible for the sensitization of TRAIL-induced
apoptosis.

Our findings provide important possibilities regarding the
combined treatment with fenretinide and TRAIL. More than
half of malignant tumors possess an inactivating mutation in
the p53 tumor-suppressor gene (46,47) and its inactivation
contributes to the resistance to chemotherapeutic agents (48).
Fenretinide has been reported to kill cancer cells in a p53-
independent manner (3). On the other hand, DR5 is a down-
stream gene of p53, and p53 transactivates DR5 via a p53-
binding site on intron 1 of the DR5 gene (49-51). However,
in this study, we show that the CHOP-binding site is responsible
for the transactivation of the DR5 promoter by fenretinide in
human colon cancer cell lines. In addition, all human colon
cancer cell lines except for HCT116 in this study have a
mutation in the p53 gene. Therefore, these results indicate
that fenretinide up-regulates DR5 in a p53-independent manner.
Furthermore, the combined treatment with fenretinide and
TRAIL may be useful for the treatment of p53-deficient tumor
cells. 

We have demonstrated that fenretinide up-regulates DR5
expression via the transcription factor CHOP in human colon
cancer cell lines. CHOP plays critical roles in mitochondrial
and death-receptor pathways in fenretinide-induced apoptosis
(Fig. 7). The results theoretically demonstrate that the combined
treatment with fenretinide and TRAIL has the possibility of
overcoming the limitation of fenretinide as a single agent.
Therefore, combined treatment with fenretinide and TRAIL
might be a promising model for the treatment of colorectal
cancer.

INTERNATIONAL JOURNAL OF ONCOLOGY  30:  679-687,  2007 685

679-687  30/1/07  12:55  Page 685



Acknowledgments

This study was supported in part by the Japanese Ministry of
Education, Culture, Sports, Science and Technology.

References

1. Jemal A, Murray T, Ward E, et al: Cancer statistics, 2005. CA
Cancer J Clin 55: 10-30, 2005.

2. Wu JM, Di Pietrantonio AM and Hsieh TC: Mechanism of fen-
retinide (4-HPR)-induced cell death. Apoptosis 6: 377-388, 2001.

3. Corazzari M, Lovat PE, Oliverio S, Di Sano F, Donnorso RP,
Redfern CP and Piacentini M: Fenretinide: a p53-independent
way to kill cancer cells. Biochem Biophys Res Commun 331:
810-815, 2005.

4. Lovat PE, Ranalli M, Annichiarrico-Petruzzelli M, et al: Effector
mechanisms of fenretinide-induced apoptosis in neuroblastoma.
Exp Cell Res 260: 50-60, 2000.

5. Fanjul AN, Delia D, Pierotti MA, Rideout D, Yu JQ and Pfahl M:
4-Hydroxyphenyl retinamide is a highly selective activator of
retinoid receptors. J Biol Chem 271: 22441-22446, 1996.

6. Clifford JL, Menter DG, Wang M, Lotan R and Lippman SM:
Retinoid receptor-dependent and -independent effects of N-(4-
hydroxyphenyl)retinamide in F9 embryonal carcinoma cells.
Cancer Res 59: 14-18, 1999.

7. Maurer BJ, Metelitsa LS, Seeger RC, Cabot MC and Reynolds CP:
Increase of ceramide and induction of mixed apoptosis/necrosis
by N-(4-hydroxyphenyl)-retinamide in neuroblastoma cell lines.
J Natl Cancer Inst 91: 1138-1146, 1999.

8. Lovat PE, Oliverio S, Ranalli M, et al: GADD153 and 12-
lipoxygenase mediate fenretinide-induced apoptosis of neuro-
blastoma. Cancer Res 62: 5158-5167, 2002.

9. Lovat PE, Oliverio S, Corazzari M, et al: Induction of GADD153
and Bak: novel molecular targets of fenretinide-induced apoptosis
of neuroblastoma. Cancer Lett 197: 157-163, 2003.

10. Lovat PE, Di Sano F, Corazzari M, et al: Gangliosides link the
acidic sphingomyelinase-mediated induction of ceramide to 12-
lipoxygenase-dependent apoptosis of neuroblastoma in response
to fenretinide. J Natl Cancer Inst 96: 1288-1299, 2004.

11. Green DR: Apoptotic pathways: the roads to ruin. Cell 94:
695-698, 1998.

12. Lovat PE, Ranalli M, Bernassola F, et al: Synergistic induction
of apoptosis of neuroblastoma by fenretinide or CD437 in
combination with chemotherapeutic drugs. Int J Cancer 88:
977-985, 2000.

13. Lovat PE, Corazzari M, Goranov B, Piacentini M and Redfern CP:
Molecular mechanisms of fenretinide-induced apoptosis of
neuroblastoma cells. Ann NY Acad Sci 1028: 81-89, 2004.

14. Malone W, Perloff M, Crowell J, Sigman C and Higley H:
Fenretinide: a prototype cancer prevention drug. Expert Opin
Investig Drugs 12: 1829-1842, 2003.

15. Ashkenazi A, Pai RC, Fong S, et al: Safety and antitumor
activity of recombinant soluble Apo2 ligand. J Clin Invest 104:
155-162, 1999.

16. Walczak H, Miller RE, Ariail K, et al: Tumoricidal activity of
tumor necrosis factor-related apoptosis-inducing ligand in vivo.
Nat Med 5: 157-163, 1999.

17. Fesik SW: Promoting apoptosis as a strategy for cancer drug
discovery. Nat Rev Cancer 5: 876-885, 2005.

18. Zhang L and Fang B: Mechanisms of resistance to TRAIL-
induced apoptosis in cancer. Cancer Gene Ther 12: 228-237, 2005.

19. MacFarlane M, Ahmad M, Srinivasula SM, Fernandes-Alnemri T,
Cohen GM and Alnemri ES: Identification and molecular
cloning of two novel receptors for the cytotoxic ligand TRAIL.
J Biol Chem 272: 25417-25420, 1997.

20. Pan G, Ni J, Wei YF, Yu G, Gentz R and Dixit VM: An antagonist
decoy receptor and a death domain-containing receptor for TRAIL.
Science 277: 815-818, 1997.

21. Sheridan JP, Marsters SA, Pitti RM, et al: Control of TRAIL-
induced apoptosis by a family of signaling and decoy receptors.
Science 277: 818-821, 1997.

22. Walczak H, Degli-Esposti MA, Johnson RS, et al: TRAIL-R2: a
novel apoptosis-mediating receptor for TRAIL. EMBO J 16:
5386-5397, 1997.

23. Wang S and El-Deiry WS: Inducible silencing of KILLER/DR5
in vivo promotes bioluminescent colon tumor xenograft growth
and confers resistance to chemotherapeutic agent 5-fluorouracil.
Cancer Res 64: 6666-6672, 2004.

24. Nakata S, Yoshida T, Horinaka M, Shiraishi T, Wakada M and
Sakai T: Histone deacetylase inhibitors upregulate death receptor
5/TRAIL-R2 and sensitize apoptosis induced by TRAIL/APO2-L
in human malignant tumor cells. Oncogene 23: 6261-6271, 2004.

25. Yoshida T, Maeda A, Tani N and Sakai T: Promoter structure
and transcription initiation sites of the human death receptor
5/TRAIL-R2 gene. FEBS Lett 507: 381-385, 2001.

26. Shiraishi T, Yoshida T, Nakata S, et al: Tunicamycin enhances
tumor necrosis factor-related apoptosis-inducing ligand-induced
apoptosis in human prostate cancer cells. Cancer Res 65:
6364-6370, 2005.

27. Saito S, Takahashi S, Takagaki N, Hirose T and Sakai T: 15-
Deoxy-D12,14-prostaglandin J2 induces apoptosis through
activation of the CHOP gene in HeLa cells. Biochem Biophys
Res Commun 311: 17-23, 2003.

28. Muhlenbeck F, Haas E, Schwenzer R, et al: TRAIL/Apo2L
activates c-Jun NH2-terminal kinase (JNK) via caspase-
dependent and caspase-independent pathways. J Biol Chem
273: 33091-33098, 1998.

29. Walczak H, Bouchon A, Stahl H and Krammer PH: Tumor
necrosis factor-related apoptosis-inducing ligand retains its
apoptosis-inducing capacity on Bcl-2- or Bcl-xL-overexpressing
chemotherapy-resistant tumor cells. Cancer Res 60: 3051-3057,
2000.

30. Yamada H, Tada-Oikawa S, Uchida A and Kawanishi S:
TRAIL causes cleavage of bid by caspase-8 and loss of mito-
chondrial membrane potential resulting in apoptosis in BJAB
cells. Biochem Biophys Res Commun 265: 130-133, 1999.

31. Simbulan-Rosenthal CM, Rosenthal DS, Iyer S, Boulares AH
and Smulson ME: Transient poly(ADP-ribosyl)ation of nuclear
proteins and role of poly(ADP-ribose) polymerase in the early
stages of apoptosis. J Biol Chem 273: 13703-13712, 1998.

32. Garaventa A, Luksch R, Lo Piccolo MS, et al: Phase I trial and
pharmacokinetics of fenretinide in children with neuroblastoma.
Clin Cancer Res 9: 2032-2039, 2003.

33. Otterson GA, Lavelle J, Villalona-Calero MA, et al: A phase I
clinical and pharmacokinetic study of fenretinide combined with
paclitaxel and cisplatin for refractory solid tumors. Invest New
Drugs 23: 555-562, 2005.

34. Puduvalli VK, Li JT, Chen L and McCutcheon IE: Induction
of apoptosis in primary meningioma cultures by fenretinide.
Cancer Res 65: 1547-1553, 2005.

35. Matsumoto M, Minami M, Takeda K, Sakao Y and Akira S:
Ectopic expression of CHOP (GADD153) induces apoptosis in
M1 myeloblastic leukemia cells. FEBS Lett 395: 143-147, 1996.

36. Carlson SG, Fawcett TW, Bartlett JD, Bernier M and Holbrook NJ:
Regulation of the C/EBP-related gene gadd153 by glucose
deprivation. Mol Cell Biol 13: 4736-4744, 1993.

37. Guyton KZ, Xu Q and Holbrook NJ: Induction of the mammalian
stress response gene GADD153 by oxidative stress: role of AP-1
element. Biochem J 314: 547-554, 1996.

38. Zinszner H, Kuroda M, Wang X, et al: CHOP is implicated in
programmed cell death in response to impaired function of the
endoplasmic reticulum. Genes Dev 12: 982-995, 1998.

39. Martin S, Phillips DC, Szekely-Szucs K, Elghazi L, Desmots F
and Houghton JA: Cyclooxygenase-2 inhibition sensitizes human
colon carcinoma cells to TRAIL-induced apoptosis through
clustering of DR5 and concentrating death-inducing signaling
complex components into ceramide-enriched caveolae. Cancer
Res 65: 11447-11458, 2005.

40. Yoshida T, Shiraishi T, Nakata S, et al: Proteasome inhibitor
MG132 induces death receptor 5 through CCAAT/enhancer-
binding protein homologous protein. Cancer Res 65: 5662-5667,
2005.

41. Cuello M, Coats AO, Darko I, et al: N-(4-hydroxyphenyl)
retinamide (4HPR) enhances TRAIL-mediated apoptosis through
enhancement of a mitochondrial-dependent amplification loop
in ovarian cancer cell lines. Cell Death Differ 11: 527-541,
2004.

42. Jang YJ, Park KS, Chung HY and Kim HI: Analysis of the
phenotypes of Jurkat clones with different TRAIL-sensitivities.
Cancer Lett 194: 107-117, 2003.

43. Mitsiades N, Poulaki V, Mitsiades C and Tsokos M: Ewing's
sarcoma family tumors are sensitive to tumor necrosis factor-
related apoptosis-inducing ligand and express death receptor 4
and death receptor 5. Cancer Res 61: 2704-2712, 2001.

44. Kuang AA, Diehl GE, Zhang J and Winoto A: FADD is
required for DR4- and DR5-mediated apoptosis: lack of TRAIL-
induced apoptosis in FADD-deficient mouse embryonic fibro-
blasts. J Biol Chem 275: 25065-25068, 2000.

KOUHARA et al:  FENRETINIDE UP-REGULATES DR5 EXPRESSION686

679-687  30/1/07  12:55  Page 686



45. Yeh WC, Pompa JL, McCurrach ME, et al: FADD: essential for
embryo development and signaling from some, but not all,
inducers of apoptosis. Science 279: 1954-1958, 1998.

46. Greenblatt MS, Bennett WP, Hollstein M and Harris CC:
Mutations in the p53 tumor suppressor gene: clues to cancer
etiology and molecular pathogenesis. Cancer Res 54: 4855-4878,
1994.

47. Levine AJ: p53, the cellular gatekeeper for growth and division.
Cell 88: 323-331, 1997.

48. Velculescu VE and El-Deiry WS: Biological and clinical
importance of the p53 tumor suppressor gene. Clin Chem 42:
858-868, 1996.

49. Wu GS, Burns TF, McDonald ER III, et al: KILLER/DR5 is a
DNA damage-inducible p53-regulated death receptor gene. Nat
Genet 17: 141-143, 1997.

50. Takimoto R and El-Deiry WS: Wild-type p53 transactivates
the KILLER/DR5 gene through an intronic sequence-specific
DNA-binding site. Oncogene 19: 1735-1743, 2000.

51. Wu GS, Burns TF, McDonald ER III, et al: Induction of the
TRAIL receptor KILLER/DR5 in p53-dependent apoptosis but
not growth arrest. Oncogene 18: 6411-6418, 1999.

INTERNATIONAL JOURNAL OF ONCOLOGY  30:  679-687,  2007 687

679-687  30/1/07  12:55  Page 687


