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Abstract Purpose. Tumor  necrosis  factor-related
apoptosis-inducing ligand (TRAIL) is a member of the
tumor necrosis factor (TNF) family that preferentially
kills tumor cells. In this study, we sought to determine
whether chemotherapeutic agents augment TRAIL-in-
duced cytotoxicity in human prostate cancer cells, and
whether this sensitivity can be blocked by overexpres-
sion of bcl-2. Methods: Prostate cancer cells, PC3 and
LNCaP, were treated with TRAIL alone, drug alone or
a combination of both for 24 h. Cytotoxicity was de-
termined by DNA fragmentation and clonogenic sur-
vival assay. Results: Treatment with the conventional
chemotherapeutic agents cisplatin (2 and 5 pg/ml), eto-
poside (10 pM and 20 pM) and doxorubicin (30 and
60 nM) dramatically augmented TRAIL-induced apop-
tosis in LNCaP and PC3 cells. TRAIL-induced apop-
tosis was partially abrogated by overexpression of bcl-2
in these two cell lines when it was used in combination
with the above agents. Similar results were obtained
using clonogenic survival assays where bcl-2 overex-
pression was also found to marginally protect against
TRAIL- and chemotherapy-induced cell killing. Con-
clusions: This study demonstrates that combination
treatment of prostate cancer cells with TRAIL and
chemotherapeutic agents overcomes their resistance by
triggering caspase activation. This greater than additive
effect of cotreatment with TRAIL and chemotherapy
may provide the basis for a new therapeutic approach to
induce apoptosis in otherwise resistant cancer cells.
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Introduction

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL, or Apo2L) is a novel anticancer agent that has
been shown to be capable of inducing apoptosis in a va-
riety of human tumor cells both in vitro and in vivo [1, 11,
44]. TRAIL appears to be nontoxic when given systemi-
cally, and this enhances its potential as a cancer thera-
peutic agent. TRAIL can bind to and interact with five
distinct receptors of the tumor necrosis factor (TNF)
receptor family: DR4, DRS, DcR1, DcR2 and osteopro-
tegrin [1, 11]. Binding of TRAIL to its receptors DR4 and
DRS5 leads to recruitment of the adaptor molecule FADD
which then results in cleavage and activation of caspase 8.
Recent studies have shown that a number of cancer cell
lines are resistant to the apoptotic effects of TRAIL sug-
gesting that soluble recombinant TRAIL alone may be
ineffective for cancer therapy [13, 19, 20, 32]. However,
many chemotherapeutic agents can synergize with
TRAIL to induce significant cell death [30], indicating
that combination therapy may be a possibility. Several
chemotherapeutic agents as well as TRAIL mediate
apoptosis, and may induce apoptosis by engaging the
same pathways. In addition, treatment with DNA-
damaging agents such as cisplatin and etoposide can
upregulate DR4 and DRS5 expression, thereby enhancing
TRAIL-induced apoptotic cell death [8, 10, 19, 41].

Bcl-2 and Bcel-xLL have been shown to block the
apoptotic response to cancer therapeutics such as radi-
ation and chemotherapeutic drugs and protect cells from
apoptosis induced by FasL, TNF and TRAIL [12, 14,
41]. The present study was designed to evaluate the
combined effects of TRAIL and chemotherapeutic
agents on prostate cancer cells (PC3 and LNCaP) that
are resistant to TRAIL when used alone and to examine
the effect of overexpression of bcl-2 on their suscepti-
bility to this combination.



Materials and methods

Cells

The human prostate cancer cell lines PC3 (mutant p53 and an-
drogen-insensitive) and LNCaP (wild-type p53 and androgen-sen-
sitive) were used to study the effect of TRAIL in combination with
chemotherapeutic drugs. Neomycin control and bcl-2-expressing
counterpart lines were generated as described previously [2, 14] and
maintained in RPMI-1640 medium supplemented with 10% fetal
bovine serum, 10,000 U/ml of penicillin-streptomycin, 2 mM
L-glutamine and G418 (200 pg/ml).

Recombinant human TRAIL/chemotherapeutic drugs

TRAIL was obtained from R&D Systems (Minneapolis, Minn.).
This recombinant bioactive TRAIL is a non-disulfide-linked ho-
motrimer. Etoposide (VP16; Bristol Laboratories Oncology Prod-
ucts, Bristol Myers Squibb Company, Princeton, N.J.), Adriamycin
PFS (Doxorubicin hydrochloride, Dox; Pharmacia & Upjohn,
Kalamazoo, Mich.), Cisplatin (CDDP; Bristol Laboratories
Oncology Products) were used at the concentrations indicated.

Apoptosis-inducing treatments

To determine if chemotherapeutic drugs sensitized tumor cells
when used in combination with TRAIL, prostate cancer cells were
exposed to VP16 (10 and 20 nM), CDDP (2 and 5 pg/ml) or Dox
(30 and 60 nM) and TRAIL (8 ng/ml) for 24 h. The levels of
apoptosis induced were determined using an assay for DNA frag-
mentation that is based on the solubility of low molecular weight
DNA in solutions of low salt concentration [35]. Briefly, cells la-
beled by '*C-TdR incorporation for one cycle were treated with the
chemotherapeutic drug of choice and TRAIL for 24 h to induce
apoptosis. After treatment, cells were washed with phosphate-
buffered saline (PBS) and then lysed with 0.5 ml lysis buffer
(10 mM Tris, 1| mM EDTA, 0.2% Triton X-100, pH 7.5) on ice for
20 min. The chromatin was pelleted by centrifugation at 14,000 g
for 10 min. The supernatant (fragmented DNA) was removed and
the chromatin pellet was solubilized in 1 ml Soluene (Packard,
Meriden, Ct.). Radioactivity was determined using a liquid scin-
tillation counter (Packard Instruments, Downers Grove, Ill.). DNA
fragmentation is expressed as the percentage of radioactivity found
in the supernatant fraction compared to the total radioactivity
(pellet plus supernatant).

Clonogenic survival

The effectiveness of the combination of TRAIL and chemothera-
peutic drugs was assessed by clonogenic assays. Briefly, PC3 neo or
PC3 bcl-2 cells were treated with TRAIL and chemotherapeutic
drug at the indicated concentrations for 24 h. Known numbers of
cells were then replated in 100-mm culture dishes and returned to
the incubator to allow macroscopic colony development. The sur-
viving fractions following given treatments were calculated based
on the survival of untreated cells.

Western blot analysis

Cells were harvested after treatment, rinsed in ice-cold PBS and
lysed in lysis buffer containing 50 mM HEPES (pH 7.9), 0.4 M
NaCl, 1 mM EDTA, 2 pg/ml leupeptin, 2 pg/ml aprotinin, 5 pg/ml
benzamidine, 0.5 mM phenylmethyl-sulfonylfluoride and 1%
NP-40. The lysed cells were centrifuged at 14,000 rpm to remove
any cellular debris. Protein concentrations of the lysates were de-
termined using the Bio-Rad Dc protein assay system (Hercules,
Calif.). Equal amounts of protein were separated by 12% SDS-
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PAGE, transferred to Immobilon (Millipore, Bedford, Mass.) and
blocked with 5% nonfat dried milk in Tris-buffered saline/Tween-
20 (0.05% v/v) for 1 h at room temperature. The membrane was
incubated with the respective primary antibody overnight. Anti-
bodies for caspase 3 and caspase 8 were obtained from Pharmingen
(San Diego, Calif.). After washing, the membrane was incubated
with an anti-rabbit horseradish peroxidase antibody (diluted
1:2000; Amersham Pharmacia Biotech, Arlington Heights, Ill.) for
1 h. Following several washes, the blots were developed by
enhanced chemiluminescence (Amersham, Arlington Heights, I11.).

Statistical analysis

Data were analyzed using the paired z-test (Sigma Plot 5.02v,
Richmond, Calif.). Data are presented as the means+SEM. A
difference was regarded as significant if P <0.05.

Results

Treatment with a combination of soluble human
TRAIL and chemotherapeutic agents enhances
apoptosis

The cytotoxic effect of TRAIL in combination with the
commonly used chemotherapeutic agents CDDP, VP16
and Dox in neo control and bcl-2-overexpressing human
prostate cancer cell lines, LNCaP and PC3, was evalu-
ated using a DNA fragmentation assay. Both cell lines
were relatively resistant to low doses of TRAIL when
used alone; however, even these low levels were sup-
pressed in the bcl-2-overexpressing lines (Figs. 1a and
2a).

Toxicity was augmented when TRAIL was combined
with each of the chemotherapeutic agents. CDDP alone
at concentrations of 2 and 5 pM induced only about 1%
apoptosis in the PC3 neo cells (Fig. 1a). The toxic effect
of the combination was greater than additive at both
concentrations of cisplatin in PC3 neo cells yielding 9%
and 18% apoptosis, respectively. In LNCaP neo cells
exposure to CDDP alone was more toxic than in PC3
cells producing 21% and 44% apoptosis at 2 and 5 pg/ml
respectively (Fig. 2a). The combination of TRAIL and
CDDP produced a greater than additive effect in the
LNCaP neo control cells over either agent used alone;
62% apoptosis was induced by the combination of 5 pg/ml
CDDP plus TRAIL (P=0.059).

Similar to the findings observed with CDDP,
TRAIL-induced apoptosis was found to be augmented
in the presence of VP16. VP16 alone had minimal tox-
icity and induced only 0.73% and 0.86% apoptosis at 10
and 20 uM in the PC3 neo cells whereas combinations of
TRAIL and VP16 induced 9.7% and 10.3% apoptosis
(P=0.027 and 0.027 at 10 and 20 pM, respectively;
Fig. 1b). A greater than additive effect was observed in
the LNCaP cells when TRAIL was combined with VP16
(Fig. 2b). Dox at 30 and 60 nM enhanced TRAIL-
induced apoptosis in the PC3 neo cells from 0.5% and
0.47% to 16.4% and 19%, respectively (P=0.003
and 0.005; Fig. 1c). However, the toxicities of Dox and



48

30
(a) *p=0‘042 @ PC3 neo
25 O PC3 bel-2

£ 20
=
2
g
£ s #p=0.041
g
£
=10
<
4
a
0 L il i  p
N > & > > &
& & & <8 < <
(@ W < X NS
& & oS o
&S S A o
& &
& fod
25
(b) W PC3neo
O PC3 bel-2

20

15 #p=0.027  *p=0.027

DNA Fragmentation (%)
> w ;

AN » D RS
s & @“\ & &
N S ~ N N
9 © Q\b & &
N‘Q Q \“o ’»Qo
© o
M &
Ky
25

(c) M PC3 neo #p=0.005
o~ 20 0 PC3 Bel-2 *p=0.003
S
3
=
S
E 15
=
@
g
F 10
£
[
z
=] 5

0 ——
> > >
& & & & &
N N < &
< & S 4 &
& N ";Q§\ @§
& &
° Q°

Fig. 1a—c. Dose-response curves for apoptosis induction follow-
ing administration of TRAIL and chemotherapeutic drugs in PC3
neo and bcl-2-overexpressing cells. Cells were treated with (a)
CDDP (2 and 5 pM), (b) VP16 (40 and 60 pM) or (¢) Dox (30
and 60 nM) alone or in combination with TRAIL (8 ng/ml) for
24 h. Induction of apoptosis was assayed by DNA fragmentation.
Overexpression of bcl-2 suppressed the apoptotic response with all
three agents

TRAIL in combination were only additive in LNCaP
neo cells where Dox appeared to suppress DNA frag-
mentation at the higher concentration (Fig. 2c). In
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Fig. 2a—c. Dose-response curves for apoptosis induction following
administration of TRAIL and chemotherapeutic drugs in LNCaP
neo and bcl-2-overexpressing cells. Cells were treated with (a)
CDDP (2 and 5 pM), (b) VP16 (40 and 60 puM) or (¢) Dox (30 and
60 nM) alone or in combination with TRAIL (8 ng/ml) for 24 h.
Induction of apoptosis was assayed by DNA fragmentation.
Overexpression of bcl-2 suppressed the apoptotic response with
all three agents

contrast to the neo controls, apoptosis following any
TRAIL and drug combination was uniformly
suppressed in the bcl-2-expressing lines.



Overexpression of bcl-2-enhanced clonogenic
survival in PC3 cells treated with TRAIL
and chemotherapeutic agents

The apoptosis assays described above were carried out ata
single time-point following treatment and therefore may
not have reflected the total toxicity that may have been
expressed over time. Therefore, we also determined the
survival of prostate cancer cells exposed to combinations
of chemotherapeutic agents and TRAIL using clonogenic
assays. Lower drug concentrations were used for the
clonogenic assays due to the higher degrees of toxicity
measured by this assay compared to the DNA fragmen-
tation assay. CDDP, VP16 and Dox caused a dose-de-
pendent decrease in clonogenic survival (Fig. 3). TRAIL
alone had only slight toxic effects, reducing cell survival to
62% and 88% in the neo and the bcl-2-overexpressing
lines, respectively. The survival assays shown in Fig. 3 in
which TRAIL was used were normalized to the plating
efficiency obtained with TRAIL alone. In relation to the
neo control cells, the bcl-2-overexpressing cells showed a
reproducible enhancement of clonogenic survival for at
least two of the three drugs (P=0.027 for both 0.5 and
1 pg/mlof CDDP and P=0.002 and 0.047 at Sand 10 uM
of VP16). The addition of TRAIL to the treatments sen-
sitized the neo control cells to a small but reproducible
degree for all drugs at both concentrations. This effect of
TRAIL was even smaller or completely absent in the bcl-
2-expressing cells.

Chemotherapeutic agents augment TRAIL-induced
toxicity through caspase activation

Caspase activation is considered to be the final com-
mon pathway leading to induction of apoptosis in
many systems [38]. To identify whether apoptosis in-
duced by TRAIL in combination with chemothera-
peutic agents was mediated by caspase activation, PC3
cells were incubated with TRAIL alone, chemothera-
peutic agents alone or their combination at the con-
centrations listed above. Activation of caspase 3 was
detected both as cleavage of the proform and forma-
tion of the cleavage product using Western blot anal-
ysis. Caspase 3 was partially cleaved in cells treated
with CDDP, VP16, Dox, or TRAIL when used alone
compared to untreated controls (Fig. 4). The combi-
nation of TRAIL and chemotherapeutic agents ap-
peared to result in an enhanced activation of caspase 3.
Bcl-2 expression in the PC3 cells blocked activation of
caspase 3 (Fig. 4). Similar results were obtained
with caspase 8, where cells treated with TRAIL in
combination with chemotherapeutic agents (Fig. 5)
produced cleavage of the pro-caspase form and for-
mation of the cleavage product. As was observed in the
case of caspase 3, bcl-2 overexpression blocked caspase
8 activation. Interestingly, TRAIL alone was able to
partially activate both caspase 3 and caspase 8 even
though it did not induce apoptosis by itself.
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Fig. 3a—c. Clonogenic survival curves for PC3 neo and bcl-
2-overexpressing cells following exposure to TRAIL (8 ng/ml) in
combination with (a) CDDP (0.5 and 1 pg/ml), (b) VP16 (5 and
10 uM) or (¢) Dox (30 and 60 nM). Survival was assessed by
colony forming assays following 24-h exposures to both TRAIL
and each drug. Each data point represents the mean + SE of two or
three independent experiments each done in triplicate

Discussion

The cytokine TRAIL is a promising agent for cancer
therapy and is presently under investigation for future
clinical studies. A critical aspect of TRAIL as a potential
anticancer agent is that its cytotoxic activity appears to
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TRAIL alone had some ability to activate caspase 3 processing as
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as a loading control
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Fig. 5. Combination treatment with TRAIL plus chemotherapeu-
tic drugs results in caspase 8 activation in PC3 cells. Activation of
caspase 8 was detected in neo control cells when TRAIL was
combined with CDDP, VP16 or Dox on the basis of processing of
the pro-caspase form and generation of the cleavage product.
TRAIL alone had some ability to activate caspase 8 processing as
observed by the generation of the cleavage product. Actin was used
as a loading control

be specifically directed towards cancer cells resulting in
less systemic toxicity by sparing normal cells [20]. In
spite of this fact, TRAIL will probably not be used
clinically as a single agent. This has spurred considerable
effort to examination of combinations of TRAIL and
other modalities including chemotherapy and radiation
therapy [10, 24, 26, 29, 33]. There are several reports that
point to the fact that TRAIL-induced cell death is en-
hanced in combination with chemotherapeutic agents.
Lacour et al. [22] have demonstrated that CDDP and
Dox can sensitize colon cancer cells to TRAIL-induced
cytotoxicity by increasing TRAIL-mediated caspase 8
and caspase 3 activation. Hepatocellular carcinoma
(HCC) cell lines are also significantly sensitized to
TRAIL-induced apoptosis by chemotherapeutic agents
such as Dox, camptothecin, 5-fluorouracil and paclit-

axel. Sensitization of these HCC cell lines has been
found to be independent of the p53 status [42].

TRAIL and chemotherapeutic agents have also been
shown to act cooperatively to induce apoptosis in ma-
lignant mesothelioma cells, and ovarian, breast, bladder,
renal and pancreatic cell lines [5, 6, 9, 19, 23, 26, 42]. In a
recent study Nimmanapalli et al. [33] have demonstrated
that pretreatment with paclitaxel enhances Apo-2L/
TRAIL-induced apoptosis of prostate cancer cells by
inducing death receptors 4 and 5 protein levels. As
compared with treatment with each agent alone, the
sequential treatment with paclitaxel followed by Apo-
2L/TRAIL resulted in greater processing of caspase 8,
Bid, procaspase 9, and caspase 3 as well as greater
cytosolic accumulation of cytochrome c.

In the present study, we demonstrated that the
combinations of chemotherapeutic drugs (CDDP, VP16
and Dox) and TRAIL resulted in enhanced cell killing in
the human prostate cancer lines tested. This was evident
using two different assays for tumor cell inactivation,
apoptosis induction and loss of clonogenic survival. Use
of these different assays allowed a wider range of drug
concentrations to be examined. Based on these results, it
appears that certain chemotherapeutic agents may ab-
rogate TRAIL resistance. The mechanisms underlying
the resistance to TRAIL are not completely known. The
loss of p53 function has been related to the loss of
chemosensitivity and poor prognosis of carcinomas [28].
We found no clear correlation between p53 status and a
greater than additive interaction of TRAIL and che-
motherapy. For example, PC3 harbors mutant p53
whereas LNCaP is wild type for p53. In addition, since
LNCaP cells are androgen-sensitive and PC3 cells are
not, there was no correlation with androgen sensitivity.
A greater-than-additive effect was observed in both these
cell lines with at least two of the three chemotherapeutic
agents tested. Toxicity was observed in LNCaP neo cells
treated with VP16 but the toxicity of the combination
with TRAIL appeared to be only additive. Thus, there
were some differences in response to this combination of
agents between LNCaP and PC3 lines. This may reflect
some fundamental differences in the effects of these
drugs on these cell lines.

One possible mechanism that could explain an in-
teraction between TRAIL and chemotherapeutic agents
is an enhanced activation of caspases. We observed that
when chemotherapeutic drugs or TRAIL were used
alone, only a weak activation of caspases was detected.
However, when used in combination a greater degree of
caspase activation was detected in the form of decreases
in the amount of procaspase forms and release of active
caspase for both caspase 3 and 8. This is consistent with
the results of several recent studies showing caspase
cleavage in cancer cells derived from different organs
upon treatment with TRAIL and chemotherapeutic
agents [5, 19, 20]. However, since activation of caspases
is downstream of apoptosis initiation, the exact mecha-
nism responsible for enhanced caspase activation in this
context has yet to be elucidated.



One factor that does appear to have a substantial effect
on TRAIL-induced apoptosis is bcl-2 expression [27]. The
bcl-2 oncoprotein is abnormally expressed in a variety of
human malignancies. Overexpression of bcl-2 has been
shown to delay apoptosis both in vitro and in vivo in many
cell and tissue types [4, 15, 18, 31, 40] and to block che-
motherapeutic drug-induced apoptosis [34, 37, 39].
Whereas cytotoxic drugs damage tumor cells by a variety
of mechanisms (e.g. DNA cleavage, DNA alkylation,
topoisomerase II inhibition), ultimately such damage
must be translated into signals for apoptosis. In this
regard, overexpression of bcl-2 or bel-xL has been shown
to prevent proteolytic processing and activation of casp-
ases in response to chemotherapy-induced damage [16,
17]. The two prostate cancer lines examined in this study
displayed lower levels of apoptosis and suppressed
caspase processing when bcl-2 was ectopically expressed.

Although it is widely accepted that bcl-2 is a survival
factor for many cell types [21] and that overexpression of
bcl-2 results in chemoresistance through blocking of
apoptosis [25, 36], the ability of bcl-2 to protect against
apoptosis induced by TRAIL in combination with che-
motherapeutic drugs has been examined to a lesser ex-
tent. Since most studies on apoptosis do not include
assessment of clonogenic survival, we investigated the
ability of bcl-2 to enhance clonogenic cell survival as
assessed using a colony forming assay in cells treated
with TRAIL and chemotherapeutic agents. Clonogenic
survival assays complement assessment of apoptosis
because they are sensitive to all modes of cell death and
sum these effects over a longer period of time. Despite
profound inhibition of apoptotic cell death as assessed
by DNA fragmentation, for all agents tested, bcl-2
overexpression led to a less-dramatic but nonetheless
reproducible and significant enhancement of clonogenic
survival following a 24-h exposure to TRAIL and/or any
of the chemotherapeutic agents tested.

The results of several previous studies indicate that
bcl-2 overexpression does not enhance clonogenic sur-
vival following exposure to chemotherapeutic agents
such as etoposide or doxorubicin [7]. A previous study in
our laboratory has shown that overexpression of bcl-2
among small cell lung cancer cell lines suppresses
apoptosis but does not correlate with loss of clonogenic
survival following treatment with etoposide [3]. This
previous finding is similar to those of other studies
concerning bcl-2 expression in human tumor cells of
epithelial origin. For example, Yin and Schimke [43]
have examined the response of HeLa cells, in which bcl-2
expression is under the control of a tetracycline-re-
pressible promoter, to aphidicolin. Aphidicolin induces
apoptosis that is blocked when bcl-2 expression is
allowed, but bcl-2 expression does not enhance clono-
genic survival in this cell system following aphidicolin
treatment. The conclusions from these studies was
that although bcl-2 is able to block the appearance
of apoptotic features following exposure to chemother-
apeutic drugs, it does not enhance clonogenic survival.
Therefore, our observation here of an increase in
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clonogenic survival in the bcl-2-overexpressing human
prostate cancer lines treated with TRAIL and chemo-
therapeutic drugs suggests that the ability of bcl-2 to
suppress apoptosis may impact tumor response in this
case.

In summary, our results indicate that chemothera-
peutic agents can sensitize cells to TRAIL-mediated cell
killing in human prostate cancer cells, thereby raising
hopes that such strategies may be useful in the treatment
of this disease. However, continued efforts should be
made to elucidate the biochemical mechanism respon-
sible for the inhibition of apoptosis by bcl-2 and develop
strategies for reversing this resistance to enhance tumor
response to drug and cytokine-based therapies.
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