
Differential susceptibility to TRAIL of normal versus
malignant human urothelial cells

LP Steele1, NT Georgopoulos1,2, J Southgate2, PJ Selby1 and

LK Trejdosiewicz*,1

1 Institute of Molecular Medicine, Epidemiology & Cancer Research, St James’s
University Hospital, Leeds, UK

2 Jack Birch Unit for Molecular Carcinogenesis, Department of Biology,
University of York, York, UK

* Corresponding author: LK Trejdosiewicz, Lymphoepithelial Interactions
Laboratory, Cancer Research Building, Institute of Molecular Medicine,
Epidemiology & Cancer Research, St James’s University Hospital, Leeds LS9
7TF, UK. Tel: þ 44(0) 113 206 5266; Fax: þ 44(0) 113 242 9886;
E-mail: l.k.trejdosiewicz@leeds.ac.uk

Received 06.4.05; revised 16.11.05; accepted 16.11.05; published online 13.1.06
Edited by GM Cohen

Abstract
Comparing normal human urothelial (NHU) cells to a panel
of six representative urothelial cell carcinoma (UCC)-derived
cell lines, we showed that while TRAIL receptor expression
patterns were similar, susceptibility to soluble recombinant
crosslinked TRAIL fell into three categories. 4/6 carcinoma
lines were sensitive, undergoing rapid and extensive death;
NHU and 253J cells were partially resistant and HT1376 cells,
like normal fibroblasts, were refractory. Both normal and
malignant urothelial cells underwent apoptosis via the same
caspase-8/9-mediated mechanism. Rapid receptor down-
regulation was a mechanism for evasion by some UCC cells.
TRAIL resistance in malignant urothelial cells was partially
dependent on FLIPL and was differentially mediated by
p38MAPK, whereas in normal cells, resistance was mediated
by NF-jB. Importantly, extensive killing of UCC cells could
be induced using noncrosslinked TRAIL after prolonged
exposure, with no damage to their homologous, normal
urothelial cell counterparts.
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Introduction

Tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL) is a member of the TNF family capable of
inducing apoptosis following ligation of one or both of the
TRAIL death receptors, TRAIL-R1 (DR4) and TRAIL-R2
(DR5),1,2 and assembly of a death-inducing signaling complex
(DISC).3 Although some components of the DISC remain
unknown, recruitment of both the Fas-associated death
domain (FADD) and of caspase-8 is necessary for TRAIL-
induced apoptosis.4 TRAIL can also bind to two decoy
receptors, TRAIL-R3 (decoy receptor 1, DcR1) and TRAIL-
R4 (DcR2), which lack a functional cytoplasmic death domain
and consequently are incapable of transducing apoptotic
signals. Although decoy receptors may serve to protect
normal cells from TRAIL-induced apoptosis,5 the exact nature
of their function remains poorly understood. Recent evidence
suggests that, rather than occurring at the level of the
receptor, TRAIL resistance may be mediated via intracellular
mechanisms.6

TRAIL was initially thought to exhibit a high degree of tumor
cell specificity in vitro and in vivo,7 although subsequent
findings showed that somemalignant cells are resistant8,9 and
more recent data details significant killing of normal epithelial
cell types by certain recombinant TRAIL preparations.10–12 Of
the four preparations reported, three consist of the extra-
cellular domain of TRAIL fused at the amino terminus to
a leucine zipper,5 a FLAG polypeptide epitope tag13 or a
polyhistidine (His) tag,5 respectively. The fourth is an
untagged soluble trimeric TRAIL preparation optimized for
zinc content, which has been shown to have an antitumor
effect in an animal model without causing hepatotoxicity.14

The potency of soluble TRAIL preparations appears to be
a function of ligand crosslinking, as His-tagged TRAIL
(His-TRAIL) is thought to form multimeric aggregates capable
of overcoming the resistance of some normal cell types5 and
crosslinking FLAG-tagged TRAIL with anti-FLAG antibody
enhances its apoptotic capability.15 These findings have
important implications for the use of TRAIL as a cancer
therapeutic and highlight the need to assess the toxicity of
monomeric versus multimeric TRAIL preparations against
normal and malignant cells of the same tissue and cell-type
derivation.
Although urothelial cell carcinoma (UCC) of the urinary

bladder is a common malignancy, patterns of TRAIL receptor
expression and susceptibility of UCC cells to TRAIL-induced
apoptosis have not been studied extensively16,17 and nothing
is known of the responses of normal human urothelial (NHU)
cells to TRAIL. We have developed a highly reproducible and
robust system for the culture of NHU cells,18,19 the validity and
relevance of which as a model for normal urothelial cell
behavior is evidenced by findings that the cells can be induced
to express genes specific to urothelial terminal differentia-
tion.20 Thus, our aims were to assess the apoptotic suscept-
ibility of normal and malignant human urothelial cells as a
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function of TRAIL receptor expression and ligand crosslinking,
together with a determination of the molecular mechanisms
involved in any differential apoptotic susceptibilities or
resistance to TRAIL-mediated apoptosis. To these ends, we
used a representative panel of UCC-derived cell lines that
have been extensively characterized in the literature and
which accurately recapitulate the grade and stage of the
tumors of origin in vitro and in vivo.21,22

Results

TRAIL receptor expression

NHU- and UCC-derived cells showed broadly similar patterns
of TRAIL receptor surface expression (Figure 1a). NHU cells
expressed TRAIL-R1 and TRAIL-R2, but no TRAIL-R3
(DcR1) and very low levels of TRAIL-R4 (DcR2). In all, 5/6
of the UCC cell lines were positive for TRAIL-R1, although
expression was low in 253J and undetectable in VM-CUB-3
cells. TRAIL-R2 was expressed by all UCC-derived lines,
being highest in the anaplastic EJ and 253J, and lowest in
the well-differentiated RT4 and HT1376 cells. NHU cells
expressed levels of TRAIL-R2 comparable to EJ and 253J
cells. Neither TRAIL-R3 nor TRAIL-R4 was detectable on any
UCC-derived line (Figure 1a). Jurkat andHFF control cell lines
both expressed TRAIL-R2 at levels comparable to NHU cells,
with no detectable surface expression of TRAIL-R1 or decoy
receptors (Figure 1a).

Cytokine regulation of TRAIL receptor expression

Although many TNFR family members are upregulated by
proinflammatory cytokines, we found that neither archetypal
proinflammatory (e.g. IFNg) nor anti-inflammatory (e.g. IL-4)
cytokines were able to induce significant upregulation of any
of the TRAIL receptors, although they did induce upregulation
of other TNFR members.23 Expression of TRAIL-R1 and
TRAIL-R2 was unchanged overall, or underwent very small
changes, and there was no evidence of de novo DcR
expression by any of the UCC lines (Supplementary Table).

Differential apoptotic susceptibilities of urothelial
cells to TRAIL

The cell lines tested fell into three categories according to
apoptotic response to His-TRAIL: sensitive (RT4, RT112, VM-
CUB-3, EJ and Jurkat), partially resistant (NHU and 253J) and
refractory (HT1376 and HFF) (Figure 1b).
His-TRAIL induced rapid and extensive apoptosis in the

sensitive cell lines, as evidenced by phase-contrast micro-
scopy, Annexin V/propidium iodide (PI) and caspase-3/7
activation assays (Supplementary Figure 1), typically with up
to 80% cell death at 6 h. The sensitivity of the highly anaplastic
EJ line was comparable to that of the positive-control Jurkat
cells (Figure 1b). TRAIL-blocking antibody completely abro-
gated the killing (not shown).
NHU cells showed a moderate dose-related degree of

sensitivity to His-TRAIL up to 100 ng/ml (Figure 1b) and
concentrations above 100ng/ml did not result in further killing
(not shown). 253J cells did not undergo more than 20%

apoptosis, whereas HT1376 cells were completely resistant,
as were the normal fibroblasts, in agreement with other
reports.24

Thus, normal urothelial cells, unlike normal fibroblasts,
showed a degree of sensitivity to His-TRAIL, although
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Figure 1 TRAIL receptor expression and apoptotic susceptibility of normal and
malignant human urothelial cells. (a) Expression of receptors TRAIL-R1–4 by
urothelial cells was assessed by flow cytometry using 10 mg/ml primary antibody
as indicated, followed by PE-conjugated secondary antibody (open histograms).
Negative controls (secondary antibody alone; filled histograms) were included to
determine background fluorescence. Results are expressed as log10 fluores-
cence (FL-2) intensity. Histogram plots are representative of at least three
independent experiments. (b) NHU and UCC cells were seeded in six-well plates,
cultured for 24 h and incubated with His-TRAIL (0–100 ng/ml) for 6 h. Apoptosis
was assessed by Annexin V/PI labeling. Bars represent means (7S.D.) of
percentage apoptotic/dead cells of duplicate wells and are representative of at
least three independent experiments. *Indicates Po0.01 and **represents
Po0.001, respectively, by ANOVA with Dunnett post-test correction
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susceptibility to TRAIL-induced apoptosis in UCC-derived
lines was independent of degree of anaplasty and TRAIL
receptor expression levels.

Ligand crosslinking and duration of exposure

To determine the contribution of crosslinking to the efficacy of
soluble TRAIL on malignant versus normal urothelial cells, we
used TRAIL tagged with the FLAG polypeptide epitope, with
and without a crosslinking anti-FLAG antibody, in addition to
His-TRAIL, to compare the responses of three TRAIL-
sensitive UCC-derived cell lines (RT4, RT112 and EJ) with

NHU cells. Crosslinked FLAG-TRAIL was almost as effective
as His-TRAIL at inducing apoptosis in NHU and the TRAIL-
sensitive UCC cells (Figure 2a). By contrast, noncrosslinked
FLAG-TRAIL did not induce any apoptosis in NHU cells, even
at 100 ng/ml. The apoptotic susceptibility of UCC lines to
FLAG-TRAIL was considerably reduced when crosslinker
was omitted (Figure 2a).
Owing to the reduced efficacy of the noncrosslinked

preparation, we examined the effects of prolonged exposure.
NHU cells remained refractory, even at 18 h (Figure 2b). By
contrast, noncrosslinked FLAG-TRAIL induced high levels of
death in TRAIL-sensitive UCC lines and in Jurkat cells,
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Figure 2 Effect of degree of ligand crosslinking on TRAIL-induced apoptosis. (a) NHU and UCC cells were treated for 6 h with control medium or His-TRAIL (open
bars), FLAG-TRAIL crosslinked by 2 mg/ml anti-FLAG antibody (c-FLAG-TRAIL, pale bars) or FLAG-TRAIL alone (dark bars) at the concentrations indicated. Apoptosis
was assessed by flow cytometry using Annexin V-FITC/PI labeling. (b) NHU and UCC cells were treated with FLAG-TRAIL alone for 18 h at the concentrations indicated.
Apoptosis was assessed as above. Bars represent means of percentage apoptotic/dead cells (7S.D.) of duplicate wells and are typical of three independent
experiments. * and **indicate Po0.01 and Po0.001, respectively, by ANOVA with Dunnett post-test correction
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comparable to those observed with 100 ng/ml of His-TRAIL for
6 h (cf Figure 1b). As expected, TRAIL-resistant HFF cells
remained refractory to FLAG-TRAIL, irrespective of duration
of exposure (Figure 2b).

TRAIL receptor involvement in apoptosis and
evasion of TRAIL-induced death

Since TRAIL-R1 and TRAIL-R2 may be differentially involved
in transmitting apoptotic signals,15,25 we used specific
receptor-blocking antibodies. TRAIL-R1 blocking almost
completely abrogated TRAIL-mediated killing of EJ
(Figure 3a) and NHU cells (not shown), whereas TRAIL-R2
blocking had no effect. The two antibodies were neither
additive nor synergistic (Figure 3a). However, TRAIL-R2
blocking inhibited TRAIL-mediated killing of VM-CUB-3
and Jurkat cells (not shown), both of which express
only TRAIL-R2. Thus, although His-TRAIL can transmit a
proapoptotic signal via either death receptor, it appears
to do so preferentially via TRAIL-R1 when this receptor is
expressed.
Despite the high susceptibility of some UCC cell lines to

TRAIL, it is unknown whether a fraction of cells might survive,
and if so, by what mechanism. We therefore exposed
urothelial cells to extremely high concentrations of His-TRAIL
(up to 1000 ng/ml) for an extended period (36 h) and assessed
cell survival by thymidine incorporation assays after with-
drawal of TRAIL. By this criterion, few proliferative RT4 or
RT112 cells survived, whereas significant precursor uptake
was observed in EJ cells (Figure 3b), indicating that a fraction
of cells had survived and proliferated. The surviving EJ cells
had completely lost expression of both TRAIL-R1 and TRAIL-
R2 after 36 h exposure to His-TRAIL (Figure 3c) without de
novo induction of decoy receptors. However, after a further 7
days in the absence of agonist, TRAIL receptor expression
had recovered by approximately 50% (Figure 3c). Collec-
tively, these findings imply that some tumor cells may escape
TRAIL-mediated apoptosis by downregulation of TRAIL
receptors without the need for concomitant induction of DcR
expression.

Mechanisms of TRAIL-mediated apoptosis

As the crosslinked His-TRAIL preparation induced rapid and
effective killing in susceptible cell types, this preparation was
used for studies aimed to identify themolecular mechanism(s)
of susceptibility or partial resistance to TRAIL-mediated
apoptosis. In both partially resistant (NHU) and susceptible
(EJ) cell types, pan-Caspase (z-VAD-FMK) and caspase-8
(z-IETD-FMK) inhibitors were potent inhibitors of TRAIL-
mediated apoptosis, with lesser effects seen with caspase-9
inhibitor (z-LEHD-FMK) (Figure 4a). These findings suggest
that although TRAIL-induced apoptosis principally invokes the
cell-extrinsic pathway, there is crosstalk with the cell-intrinsic
pathway.
To determine whether TRAIL resistance is mediated via a

protein synthesis-dependent mechanism, cells were pre-
treated with cycloheximide (CHX). CHX pretreatment did not
affect TRAIL receptor expression (data not shown) but

augmented the susceptibility of partially resistant cells
(Figure 4b) to levels comparable to those of sensitive cells
(cf Figure 1b). CHX had no effect on the TRAIL-refractory cells
(Figure 4b). In cells where killing was augmented by CHX, His-
TRAIL induced high levels of caspase activation following
CHX pretreatment, unlike the minimal activation induced in
control cultures (Figure 4c). Thus, the mechanisms of
resistance of partially resistant and refractory cells are
fundamentally different, with the former relying on active
protein synthesis.

Effects of TRAIL on antiapoptotic protein
expression

Antiapoptotic proteins, such as isoforms of FLIP (FADD-like
IL-1b-converting enzyme-like inhibitory protein) and the IAP
(inhibitor of apoptosis) proteins, can mediate TRAIL resis-
tance.26,27 In the case of FLIP, FLIPL and FLIPS isoforms, as
well as a 43 kDa cleavage fragment (FLIP43), bind to the DISC
and block caspase-8 cleavage and hence activation of the
apoptotic cascade.28 As no previous studies have investi-
gated how TRAIL regulates the expression of antiapoptotic
proteins in human urothelial cells, we determined their
expression in normal and malignant cells following treatment
with His-TRAIL.
Partially resistant NHU and UCC-derived cell lines ex-

pressed baseline levels of FLIPL, FLIPS, IAP-2 and XIAP
(Figure 5a). However, there was no detectable IAP-1 in NHU
cells and only very low levels in the UCC-derived lines (not
shown). Following treatment with His-TRAIL, NHU cells
underwent a rapid loss of FLIPL, which was accompanied by
the appearance of the 43 kDa FLIP fragment (FLIP43),
whereas FLIPS, IAP-2 and XIAP expression was unchanged
(Figure 5a). 253J cells, which are slightly more TRAIL
resistant than NHU, exhibited no apparent change in FLIPL

and FLIPS levels, although, as with NHU cells, FLIP43 was
induced after 30min of exposure to His-TRAIL. Interestingly,
expression of IAP-2 and XIAP increased in the presence
of His-TRAIL. By contrast, TRAIL-insensitive HT1376 cells
demonstrated no loss of FLIPL, FLIPS, IAP-2 or XIAP,
whereas highly sensitive EJ cells showed decreases of FLIPL,
IAP-2 and XIAP, while FLIPS expression was lost after 30min
(Figure 5a).
Since CHX sensitized NHU and 253J cells to TRAIL-

induced apoptosis, we investigated the effects of CHX on
FLIP, IAP-2 and XIAP expression. Exposure to His-TRAIL
following CHX pretreatment led to decreases in FLIPL and
FLIP43 and a loss of FLIPS expression in NHU and 253J cells
(Figure 5b). However, XIAP was not changed in either cell
type and IAP-2 underwent only a small decrease in 253J cells.
Interestingly, TRAIL-insensitive HT1376 cells also lost ex-
pression of FLIPL and FLIPS, although they were not
sensitized to apoptosis by CHX pretreatment. As with NHU
and 253J cells, IAP-2 and XIAP expression was unaffected.
These results suggest that the increased susceptibility of NHU
and 253J cells to TRAIL-induced apoptosis following CHX
pretreatment is primarily associated with inhibition of FLIP
synthesis.
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The role of NF-jB and p38MAPK pathways in
TRAIL-induced apoptosis

The p38MAPK and NF-kB signaling pathways have previously
been implicated in apoptotic resistance following receptor

ligation by soluble TRAIL.29,30 We therefore examined
the potential involvement of these pathways in mediating
the resistance of partially resistant cells using the highly
specific pharmacological inhibitors SB202190 and CAPE,
respectively.
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Caffeic acid phenethyl ester (CAPE) has been shown to
inhibit translocation of NF-kB.31 To confirm the efficacy of
CAPE in our system, we showed that pre-treatment of 253J
cells with CAPE alone or with a combination of CAPE and
TRAIL abrogated translocation of the p50 and p65 nuclear
factor (NF)-kB subunits to the nucleus (Supplementary Figure
2). SB202190 specifically inhibits the activity of p38MAPK by
competing for the ATP-binding sites of the a and b isoforms.32

This inhibitor has been used very extensively in the literature
and has previously been shown to block p38MAPK-mediated
phosphorylation of ATF-2 in our laboratories.33

Although both inhibitors dose-dependently increased
TRAIL-induced death (Figure 6a), inhibition of NF-kB resulted
in the highest degree of apoptosis in NHU cells, whereas in
253J cells, resistance was almost exclusively dependent on
the p38MAPK pathway (Figure 6a). Owing to the apparent
association between susceptibility to TRAIL and loss of
antiapoptotic proteins such as FLIP, we examined the
possibility that changes in the expression of FLIP following
combined treatment of urothelial cells with TRAIL and NF-kB/
p38MAPK inhibitors could explain the differential apoptotic
responses observed. Neither inhibitor had any effect on
baseline expression of FLIP, IAP-2 and XIAP. Treatment with
TRAIL in the presence of either inhibitor did not induce any
notable changes in XIAP expression in NHU cells, whereas
inhibition of NF-kB induced downregulation of FLIPL, FLIPS

and to a lesser extent FLIP43 (Figure 6b). By contrast, in 253J
cells, inhibition of p38MAPK and NF-kB led to decreases in
FLIPL and FLIP43 although the decreases were more
pronounced following inhibition of p38MAPK (Figure 6b). These
observations are concordant with the differential effects of
NFk-B and p38MAPK inhibition on apoptosis in NHU and 253J
cells, respectively (Figure 6a). Collectively, the findings from
our inhibitor studies clearly demonstrate a close correlation
between sensitization to TRAIL-induced apoptosis and
reduction of FLIP and suggest that resistance in normal cells
is mainly dependent on the NF-kB pathway, whereas tumor
cells rely more on the p38MAPK pathway to escape death.

Effect of FLIPL knockdown on TRAIL-induced
apoptosis

Protein synthesis blockade and inhibition of NF-kB and
p38MAPK pathways indicated a correlation between loss of
FLIP and sensitization to apoptosis. However, these inhibitors

may effect changes in multiple targets capable of altering
TRAIL responsiveness. Therefore, to determine whether
FLIP specifically protects against TRAIL-induced apoptosis
in resistant urothelial cells, we used siRNA technology to
knockdown FLIPL expression. We used two small interfering
RNAs (siRNAs) previously shown to knockdown FLIPL

expression,26,34 as detailed in Materials and Methods. FLIPL

siRNA F1 did not reduce FLIPL protein expression (Figure 7a)
and had no effect on TRAIL-mediated apoptosis (Figure 7b).
However, FLIPL siRNA F2 resulted in marked reduction of
FLIPL protein levels in NHU and 253J cells (Figure 7a) and
induced a 3–4-fold increase in TRAIL-induced apoptosis in
253J cells (Po0.001). By contrast, despite the diminution
of FLIPL protein expression, NHU cells only underwent an
approximately two-fold increase in apoptosis (Po0.01)
(Figure 7b). A combination of the two siRNAs gave no greater
effect than the FLIPL siRNA F2 alone, as expected. Thus, it
appears that FLIPL provides a significant level of protection
against TRAIL-induced apoptosis in malignant urothelial cells.

Discussion

Few reports have addressed the putative tumor-selectivity of
TRAIL by comparing carcinoma cells directly with their normal
epithelial homologues,11,35 and susceptibility to TRAIL-
induced apoptosis in malignant urothelial cells has received
scant attention.16,17 Our study is the first to systematically
examine the relationship between TRAIL receptor expression
and apoptotic susceptibility, and to address mechanisms of
resistance to TRAIL-induced apoptosis of UCC-derived cells
in comparison with their normal urothelial cell counterparts.
Our findings demonstrate that normal urothelial cells, unlike

normal fibroblasts, are only partially resistant to crosslinked
TRAIL. Although the majority of UCC cells have lost
resistance and undergo rapid and extensive death, a
spectrum of responses exists in carcinoma cells, as some
are refractory and others are partially resistant, as exemplified
by HT1376 and 253J cells, respectively. Our findings also
support the suggestion that sensitivity of normal epithelial
cells is related to the degree of TRAIL crosslinking.11,12

However, the tumor-selective effect of TRAIL could be
significantly enhanced by using a noncrosslinked preparation
and extending exposure time.
The strength of the TRAIL signal, thought to be a function of

the degree of ligand crosslinking, is likely to determine the
speed and efficiency by which TRAIL ligation induces DISC

Figure 3 Receptor blocking and recovery of viable urothelial cells following treatment with His-TRAIL. (a) EJ cells were seeded in 96-well plates and preincubated for
1 h with 10 mg/ml each of TRAIL-R1- and TRAIL-R2-blocking antibodies used alone or in combination as indicated; irrelevant isotype-matched antibodies at equivalent
concentrations (10 and 20 mg/ml) served as controls. His-TRAIL (100 ng/ml) was added for 6 h, after which media were replaced with media containing [3H]thymidine
(0.5mCi/well) for a final 6 h. Cells were harvested onto glass-fibre filtermats and [3H]thymidine incorporation (expressed as counts per minute, cpm) was assessed by
liquid scintillation spectrometry. Percentage growth inhibition was calculated as (S�E)�100/S, where S¼ c.p.m. in control cultures and E¼ c.p.m. in test cultures, after
background subtraction. Open bars represent cells cultured in control medium, filled bars represent TRAIL-treated cells and are means of five replicate wells (7S.D.).
Results are representative of two independent experiments. (b) NHU and UCC cells were seeded in 96-well plates and cultured with His-TRAIL at the concentrations
indicated for 36 h prior to culture in growth medium containing [3H]thymidine (0.5mCi/well) for a final 12 h. [3H]thymidine incorporation was assessed as in (a). Bars show
means of sextuplicate wells (7S.D.) and are representative of two experiments. * and **indicate Po0.01 and Po0.001, respectively, by ANOVA with Dunnett post-test
correction. (c) EJ cells were seeded in six-well plates and treated with control medium or 1000 ng/ml His-TRAIL for 36 h in duplicate. Surviving live cells were harvested
and assessed for TRAIL receptor expression by flow cytometry; negative controls comprised secondary antibody alone (filled histograms). A proportion of the surviving
cells were retained and cultured in normal growth medium for a further 7 days, harvested and assessed for TRAIL receptor expression as above
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Figure 4 Effects of caspase and protein synthesis inhibition on TRAIL-induced apoptosis. (a) NHU and EJ cells were seeded in six-well plates and with preincubated
medium, DMSO solvent control or 50 mM of pan-caspase (z-VAD-FMK) or caspase-8 (z-IETD-FMK) inhibitor for 1 h. Cells were cultured for a further 6 h with control
medium (open bars) or His-TRAIL (100 ng/ml, shaded bars) and apoptosis was assessed by Annexin V-FITC/PI flow cytometry. Bars represent means (7S.D.) of
duplicate wells and are representative of two experiments. (b) Partially resistant (NHU, 253J) and refractory (HT1376, HFF) cells were seeded in six-well plates and
preincubated with medium alone (open bars), DMSO solvent control (pale bars) or cycloheximide (CHX; dark bars) at 0.1 mg/ml (NHU) or 1mg/ml (HT1376, 253J and
HFF) for 1 h. Cells were then cultured for 6 h with His-TRAIL (10 and 100 ng/ml) and apoptosis was assessed by Annexin V-FITC/PI flow cytometry. Bars represent
means (7S.D.) of duplicate wells and are pooled data from two independent experiments. (c) 253J cells were seeded in 24-well plates and precultured in medium,
DMSO solvent control or CHX (1 mg/ml) for 1 h as indicated, followed by culture in medium (gray histograms) or His-TRAIL (50 ng/ml, black histograms). Activation of
caspases-3/7, -8 and -9 was assessed after 3 h by flow cytometry (Materials and Methods). Representative data from two independent experiments are shown.
Percentages of caspase-positive cells are as indicated. w, * and **indicate Po0.05, Po0.01 and Po0.001, respectively, by ANOVA with Tukey post-test correction
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formation and subsequent caspase activation. We found that
prolonged exposure of malignant cells to noncrosslinked
TRAIL eventually translated into a strong apoptotic signal
resulting in extensive cell death. This dependency of a strong
apoptotic effect on a high degree of ligand and consequently
receptor crosslinking appears to be a common feature of the
TNF superfamily. Our present findings mirror our previous
observations in the CD40 system, whereby the degree of
receptor crosslinking is fundamental to functional outcome.23

The apoptotic sensitivity of urothelial cells did not appear to
be related to TRAIL receptor expression pattern, as DcR
expression was essentially absent and some of the sensitive
UCC-derived cells expressed a lower level of TRAIL death
receptors than their relatively resistant normal cell counter-
parts. Our studies also demonstrate that the death signal in
normal and transformed cells is transmitted principally by
TRAIL-R1, consistent with observations in keratinocytes36

and in primary chronic lymphocytic leukemic cells,37 although
TRAIL-R2 can transmit an equally potent death signal in
urothelial cells if TRAIL-R1 is absent. Thus, in the urothelial

system, a crosslinked His-TRAIL preparation can trigger
apoptosis via either death receptor, suggesting that the
functional receptor may be cell- and/or context-specific. Also
worth noting is our finding that TRAIL receptor expression was
relatively unaffected by archetypal regulatory cytokines,
reminiscent of the situation described in thyroid epithelial
cells.38

Our observations reveal a novel mechanism of carcinoma
cell escape from TRAIL-induced death, with the rapid
emergence of a subset of TRAIL receptor-negative cells.
Although evolution of colon carcinoma cells with partially
deficient TRAIL-R1 transport to the cell surface has recently
been described, this only occurred after long-term culture and
clonal selection.39 By contrast, in our study, TRAIL-resistant
cell populations arose rapidly, yet recovered receptor
expression following removal of TRAIL. It is possible that
high concentrations of TRAIL induce a negative-feedback
loop which decreases receptor expression in surviving cells. It
would be interesting to determine whether such a mechanism
serves to protect epithelial cells from TRAIL toxicity under
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physiological circumstances, and ultimately allows tumor cells
to evade TRAIL-mediated elimination.
An examination of the apoptotic pathways showed that

TRAIL-mediated death in normal and malignant urothelial
cells occurred via caspase-8 and -9, in agreement with
previous studies demonstrating that TRAIL can trigger both
the extrinsic and intrinsic death pathways.40 Therefore,
although NHU cells have a higher threshold and require a
more potent apoptotic signal than many of their malignant
counterparts, once triggered, a common death effector
mechanism is engaged in both normal and tumor cells, even
when apoptosis requires inhibition of protein synthesis.
The several-fold increase in apoptotic sensitivity following

protein synthesis blockade in NHU and 253J cells implies that
partial resistance is mediated by intracellular anti-apoptotic
proteins,41 rather than by decoy receptors. These findings are
consistent with those reported in keratinocytes.35 Intracellular
factor(s), such as FLIP and IAPs, have previously been
implicated in TRAIL resistance in some bladder16 and
hepatocellular carcinoma cells.42 Furthermore, a previous
study has correlated levels of FLIP mRNA with TRAIL
resistance in malignant urothelial cells.43 However, our study
is the first to correlate apoptotic susceptibility in malignant and
normal urothelial cells with expression of FLIP at the protein
level. Highly sensitive cells underwent rapid loss of FLIPL

whereas TRAIL-refractory cells showed no change in FLIP
expression. In partially resistant cells, FLIP underwent
processing to the 43 kDa fragment (FLIP43). FLIP43 is thought
to remain bound at the DISC, blocking apoptosis28 and
therefore generation of this fragment would explain the
partial resistance of these cells. Following blockade of protein
synthesis, partially resistant cells showed a decrease in
FLIPL, FLIPS and FLIP43 which coincided with activation of
caspase-8, -9 and -3 and increased levels of apoptosis. By
contrast, neither IAP-2 nor XIAP were affected.
In agreement with recent observations,44 our studies

demonstrate that FLIPL is a key determinant in mediating
TRAIL resistance in malignant urothelial cells. Sensitization to
TRAIL-induced apoptosis after pretreatment with CHX, CAPE
or SB202190 correlated with decreases in FLIPL and FLIPS,
and siRNA knockdown experiments showed a marked
increase in apoptotic susceptibility that correlated with the
degree of loss of FLIPL protein expression. FLIPL-mediated
protection from TRAIL toxicity, however, appears to bemore a
feature of malignant cells as downregulation of FLIPL did not
increase susceptibility to TRAIL-mediated apoptosis in normal
urothelial cells to the same extent. At present, the contribution,
if any, of FLIPS in mediating TRAIL resistance in urothelial
cells is unknown and it is possible that FLIPL and FLIPS

isoforms act in concert. It would be interesting to determine
the apoptotic response of TRAIL-resistant cells following
knockdown of both FLIPL and FLIPS isoforms.
Recent studies have implicated p38MAPK and NF-kB

signaling pathways as key mediators of TRAIL resis-
tance.45,46 We report that TRAIL-induced apoptosis was
potentiated by inhibition of NF-kB in normal cells and p38MAPK

blockade in malignant cells, respectively, and in both cases
apoptotic susceptibility directly correlated with the degree of
loss of FLIPL and FLIP43. The precise role of NF-kB and
p38MAPK pathways in resistance to TRAIL-induced apoptosis

remains unclear. It has been reported that p38MAPK is required
for NF-kB-driven gene transcription in response to TNFa47

and can critically affect NF-kB activation.48,49 However, since
sensitization of NHU cells occurred mainly following inhibition
of NF-kB and the p38MAPK inhibitor preferentially increased
tumor cell susceptibility to TRAIL, it is unlikely that p38MAPK

functions solely along the NF-kB signaling axis in either
normal or malignant cells.
Although clearly important, involvement of antiapoptotic

factors cannot be the only mechanism of resistance to TRAIL-
mediated death, as both normal fibroblasts and carcinoma-
derived HT1376 cells remained refractory even after inhibition
of protein synthesis, despite downregulation of FLIP isoforms.
The resistance of HT1376 cells may reflect a loss of
expression of a vital component(s) of the TRAIL pathway,
such as FADD. However, what confers complete resistance
to TRAIL in normal cells of non-epithelial origin, such as
fibroblasts, is intriguing. Work in our laboratory has shown
that both human and murine fibroblasts are completely
refractory to TRAIL and FasL even at extremely high
concentrations of agonist, yet become massively susceptible
if exposed to membrane-presented ligand or if these death
ligands are expressed intracellularly (unpublished observa-
tions), in agreement with previously published reports.50,51

Resistance of mesenchymal cells to strong apoptotic signals,
although physiologically vital, constitutes an unexplored field
that could provide insights into mechanisms of tumor cell
evasion.
In conclusion, we have demonstrated a differential sensi-

tivity to TRAIL-induced apoptosis in normal versus malignant
human urothelial cells, independent of tumor grade and TRAIL
receptor expression. It appears that, despite some vulner-
ability of normal cells to crosslinked TRAIL, it is possible to
achieve a high degree of tumor-specific apoptosis in
malignant urothelial cells. We also show that FLIPL is a major
determinant of apoptotic susceptibility in malignant urothelial
cells and that p38MAPK inhibition sensitizes resistant tumor
cells to apoptosis by downregulating FLIP and its derivatives.
Furthermore, the differential usage of NF-kB versus p38MAPK

pathways by normal versus tumor cells to ameliorate the
proapoptotic effects of TRAIL and the selective protection
of malignant urothelial cells via FLIPL suggests possible
avenues for therapeutic intervention to promote the differ-
ential killing of malignant cells.

Materials and Methods

Cell culture

NHU cell lines were established from urothelial tissues obtained during
surgery from patients with no history of urothelial cancer, as
described,18,19 following Local Research Ethics Committee approval
and patient consent. NHU cell lines were cultured in complete keratinocyte
serum-free medium (KSFM) (Gibco-BRL, Paisley, UK) containing 30 ng/ml
cholera toxin (Sigma Chemical Co., Poole, UK)18,19 and used between
passages 2–6.

Six established human UCC-derived cell lines were studied, comprising
RT4, HT1376, RT112, VM-CUB-3, 253J and EJ, to encompass
phenotypes ranging from well differentiated to highly anaplastic.22 Normal
human foreskin fibroblasts (HFF) were from Cancer Research UK Cell
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Services (Clare Hall Laboratories, UK) and the TRAIL-sensitive Jurkat J6
cell line was from the European Collection of Animal Cell Cultures (Porton
Down, UK). Established cell lines were maintained in a 1 : 1 (v/v) mixture of
RPMI 1640 and DMEM (Sigma Chemical Co) with 5 or 10% fetal bovine
serum (TCS Cellworks, Bucks, UK).

Cell death and proliferation assays

Apoptosis was determined by phase-contrast microscopy and quantified
by flow cytometry by criteria of Annexin V-FITC/PI (BD Pharmingen,
Oxford, UK) labeling as described,23 or by expression of activated
Caspase-3/7, -8 and -9, using FAM FLICA Caspase Detection Kits
according to the manufacturer’s instructions (Serotec, Oxford, UK). Cells
were analyzed on a FACSCaliburt instrument using CellQuest Prot
software (BD, Oxford, UK), acquiring 5000 events per sample.

Thymidine incorporation assays23 were used to estimate the recovery
of viable, proliferative cells following exposure to TRAIL. Cells were plated
in replicate wells of 96-well plates and allowed to attach prior to exposure
to TRAIL, with addition of [3H]thymidine (0.5 mCi/well) for the final 6 h.
Cells were harvested onto glass-fiber filter mats and precursor
incorporation was assessed by liquid scintillation spectrometry.

TRAIL receptor expression and cytokine
modulation

Expression of TRAIL receptors was determined by flow cytometry23 using
antibodies to TRAIL-R1 (#HS101), TRAIL-R2 (#HS201), TRAIL-R3
(#HS301) and TRAIL-R4 (#HS402) (Alexis Corp, Nottinghamshire, UK)
and a secondary phycoerythrin (PE)-conjugated goat anti-mouse Ig
(F[ab]’2 fragment) antibody (Southern Biotechnology Associates from
Cambridge Biosciences, Cambridge, UK).

To determine the effects of pro- and anti-inflammatory cytokines on
TRAIL receptor expression, urothelial cells were treated with TNFa,
interferon (IFN)g (0–1000 U/ml), transforming growth factor (TGF)b or
interleukin (IL)-4 (0–100 U/ml) in duplicate. Cells were harvested after 72 h
and receptor expression was examined by flow cytometry. Biological
activity of the cytokines was confirmed using established positive controls.

TRAIL receptor ligation and functional blocking
studies

Cells were treated with various concentrations of His-TRAIL or FLAG-
TRAIL (Alexis Corp) for time periods as indicated. FLAG-TRAIL was used
alone or in the presence of crosslinker (anti-FLAG antibody, Alexis Corp)
at 2mg/ml. Growth medium-alone controls were included in all assays. For
some experiments, cells were pretreated with CHX (Sigma Chemical Co.)
for 1 h at pretitered concentrations of 1 mg/ml for UCC-derived cell lines
and 0.1mg/ml for NHU cells.23 For antibody blocking experiments, cells
were preincubated with 10mg/ml of anti-TRAIL (#2E5), anti-TRAIL-R1
(#HS101) or anti-TRAIL-R2 (#HS201) (Alexis Corp) for 1 h prior to addition
of His-TRAIL to final concentrations of 10 and 100 ng/ml. An irrelevant
IgG1 antibody served as a negative control. For caspase inhibition
experiments, cells were preincubated with inhibitors of caspase-8 (z-IETD-
FMK), caspase-9 (z-LEHD-FMK) or pan-Caspase (z-VAD-FMK; Calbio-
chem, Notts, UK) at 50 mM for 1 h prior to addition of TRAIL. Apoptosis
was assessed by Annexin V/PI after 6 h. Caspase inhibitors were
reconstituted in dimethyl sulfoxide (DMSO) and solvent-only controls were
included in all experiments.

Western blot analysis

1.5� 106 urothelial cells were seeded in 100 mm dishes (Falcon), allowed
to adhere overnight, and treated with 50 ng/ml His-TRAIL for up to 2 h, or
preincubated with CHX or 50mM of pharmacological inhibitors (SB202190
and Caffeic Acid Phenethyl Ester (CAPE), Alexis Corp.) for 1 h prior to
addition of 50 ng/ml His-TRAIL for a further 90 min. Western blots were
carried out as described.23 Membranes were probed with antibodies
against cFLIP (NF-6) (Alexis Corp), XIAP (Transduction Laboratories),
IAP-1 and IAP-2 (BD Pharmingen). The specificity of the IAP-2 antibody
(clone F30–2285) was verified by immunblotting using COS-7 cells
transfected with human IAP-1 and IAP-2 expression constructs
(Supplementary Figure 3). In total, 20 mg protein was loaded per track
and antibody binding was detected using an Odyssey system (LI-COR
Biosciences UK, Cambridge, UK). Equal track loading was confirmed
using monoclonal antibody against b-actin (Sigma).

RNA interference (RNAi) studies

siRNAs were purchased from Ambion and reconstituted to a concentration
of 40mM according to the manufacturer’s instructions. Two previously
published siRNA oligonucleotides against FLIPL were used as well as an
irrelevant (green fluorescent protein-specific) control siRNA. The
sequences were

FLIPL siRNA F1: 50-AACUGCUCUACAGAGUGAGGC-30,26

FLIPL siRNA F2: 50-AACAUCCACAGAAUAGACCUG-30,34 and
Control (Con) 50-AAGGACGACGGAAACUACAAG-30.
Urothelial cells were transfected with either 100 nM (this concentration

was optimized following initial titration experiments) of F1 or F2 siRNAs
alone or in combination. Control transfections using equivalent
concentrations of Con siRNA were included in each experiment.
Transfections were carried out in serum-free media using OligofectAMINE
(Invitrogen) for 6–7 h. Media were then replenished with serum and
supplements and cells were cultured in the continued presence of siRNA
overnight. Cells were then treated with either normal growth medium or
50 ng/ml His-TRAIL and apoptosis was assessed 6 h later by AnnexinV-
FITC/PI assay. In parallel, cell lysates were prepared from urothelial cells
treated as above and separated by SDS-PAGE as described previously.23

Membranes were probed for FLIPL and equal track loading was confirmed
using a monoclonal antibody against b-actin.

NF-jB activity assay

Activation of NF-kB in control versus CAPE-treated urothelial cells was
determined using the TransAMt NF-kB Family Kit (Active Motif,
Rixensart, Belgium) according to the manufacturer’s instructions. Briefly,
urothelial cells were seeded in 100 mm dishes, allowed to adhere
overnight, and cultured in normal growth media or 50 mM CAPE for 1 h
prior to the addition of 50 ng/ml His-TRAIL for a further 60 min. Nuclear
fractions were prepared using the Active Motif Nuclear Extract Kit
according to the manufacturer’s instructions. In total, 10 mg of extract was
applied to a 96-well plate containing an immobilized NF-kB consensus site
(50-GGGACTTTCC-30). Primary antibodies directed against the p50 and
p65 subunits of NF-kB were added followed by an HRP-conjugated
secondary antibody. Activity was determined by absorbance at 450 nm.
The specificity of the assay was confirmed by competition experiments
using NF-kB wild-type or mutated oligonucleotide.

Statistical analysis

Means and standard deviations were used as descriptive statistics. For
determination of statistical significance, Instat GraphPAD (San Diego, CA,
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USA) was used for one-way analysis of variance (ANOVA) with Dunnett or
Tukey post-test corrections.
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