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Abstract The extrinsic apoptosis pathway is triggered by
the binding of death ligands of the tumor necrosis factor
(TNF) family to their appropriate death receptors (DRs) on
the cell surface. One TNF family member, TNF-related
apoptosis-inducing ligand (TRAIL or Apo2L), seems to
preferentially cause apoptosis of transformed cells and can
be systemically administered in the absence of severe toxic-
ity. Therefore, there has been enthusiasm for the use of
TRAIL or agonist antibodies to the TRAIL DR4 and DR5
in cancer therapy. Nonetheless, many cancer cells are very
resistant to TRAIL apoptosis in vitro. Therefore, there is
much interest in identifying compounds that can be com-
bined with TRAIL to amplify its apoptotic eVects. In this
review, I will provide a brief overview of apoptosis signal-
ing by TRAIL and discuss apoptosis-sensitizing agents,
focusing mainly on the proteasome inhibitor bortezomib
(VELCADE) and some novel sensitizers that we have
recently identiWed. Alternative ways to administer TRAIL
or DR agonist antibodies as therapeutic agents will also be
described. Finally, I will discuss some of the gaps in our
understanding of TRAIL apoptosis signaling and suggest
some research directions that may provide additional infor-
mation for optimizing the targeting of the extrinsic apopto-
sis pathway for future cancer therapy.
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Abbreviations
TRAIL TNF-related apoptosis-inducing ligand
c-FLIP Cellular FLICE-inhibitory protein
IAP Inhibitor of apoptosis protein
FADD Fas-associated death domain
DISC Death-inducing signaling complex
Smac/DAIBLO Second mitochondrial activator of casp-

ases/direct IAP-binding protein with low pI

Introduction

Multicellular organisms maintain homoeostasis by the con-
trolled elimination of cells that are no longer needed or are
damaged by a cell suicide pathway known as apoptosis.
Aberrant regulation of apoptotic cell death mechanisms is
an important pathological factor in a variety of major
human diseases. Failure to appropriately engage this path-
way is one of the hallmarks of cancer development and pro-
gression, and many cancer cells exhibit signiWcant
resistance to apoptosis signaling. However, although cancer
cells have acquired molecular modiWcations that restrain
apoptosis, they are nevertheless constantly driven to initiate
this pathway by genomic and other aberrations. Thus, it is
hoped that if these molecular blocks on apoptosis can be
bypassed or evaded, cancer cells may be more sensitive to
apoptosis than are normal cells. In mammalian cells, apop-
tosis occurs through two distinct molecular pathways. The
intrinsic or mitochondrial pathway is activated by intracel-
lular events and depends on the release of proapoptotic fac-
tors from the mitochondria. Standard chemotherapy and
radiotherapy for cancer predominately initiate apoptosis via
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the intrinsic pathway and thus may positively select for
cancer cells that can evade intrinsic apoptosis signaling. By
contrast, the extrinsic apoptosis pathway receives signals
through the binding of extracellular protein death ligands to
proapoptotic death receptors (DRs). In some cancer cells
following extrinsic apoptosis signaling, cell death can still
occur in the absence of intrinsic apoptosis. Both pathways
lead to the hierarchical activation of specialized proteases
called caspases. The activation of the caspase enzyme cas-
cade leads to the unique morphological and biochemical
features of apoptosis such as plasma membrane “blebbing,”
cell shrinkage, chromatin condensation, and internucleoso-
mal DNA fragmentation.

The intrinsic apoptosis pathway

The intrinsic apoptosis pathway is instigated by the release
of apoptogenic factors such as cytochrome c and second
mitochondrial activator of caspases/direct IAP-binding pro-
tein with low pI (Smac/DIABLO) from the mitochondria
into the cytoplasm following mitochondrial outer mem-
brane permeabilization (MOMP). Cell intrinsic stress sen-
sors control MOMP through modifying the interactions of
proteins of the Bcl-2 family [1]. Members of this family
can be divided into three subgroups, according to the num-
ber and structure of their Bcl-2-homology domains (desig-
nated BH1-4). The BH3-only proapoptotic proteins are
activated in response to various cell stress conditions. Once
activated, they promote oligomerization of the proapoptotic
proteins Bax and Bak in the mitochondrial outer mem-
brane, thereby promoting MOMP. By contrast, other multi-
BH domain proteins such as Bcl-2, BclXL, and Mcl-1
inhibit MOMP induction by neutralizing speciWc proapop-
totic family members. The release of apoptogenic factors
from the mitochondria causes numerous cellular changes
that can result in a “point of no return” whereby the subse-
quent death of the cell becomes inevitable [2]. In the cyto-
sol, cytochrome c induces the formation of the apoptosome
complex containing the adaptor protein Apaf-1 and
caspase-9. This results in the activation of caspase-9, which
then goes on to process and activate eVector caspases. In
addition, release of mitochondrial Smac/DIABLO into the
cytoplasm allows it to interact with the antiapoptotic pro-
tein X chromosome-linked inhibitor of apoptosis protein
(XIAP). Normally, XIAP binds to caspase-3, caspase-7,
and caspase-9 through its IAP repeat domain to provide an
important checkpoint to prevent inadvertent caspase activa-
tion. However, on interaction with Smac/DIABLO, the
eVects of XIAP are antagonized and this checkpoint is
overridden [3]. Many mutations associated with cancer,
such as loss of proapoptotic factors p53 and Bax, or the
overexpression of antiapoptotic factors like Bcl-2 and Mcl-1,

will reduce intrinsic apoptosis signaling, thus preventing
the eYcient elimination of transformed cells.

The extrinsic apoptosis pathway

The extrinsic apoptosis pathway transmits signals from
extracellular death ligands through the appropriate DRs to
the cells’ apoptotic machinery [4]. The best-described death
ligands belong to the TNF family of proteins. These TNF
family death ligands comprise TNF, FasL, and TRAIL,
which are predominantly produced by cells of the immune
system such as T cells, NK cells, NKT cells, macrophages,
and dendritic cells. Although all death ligands can trigger
apoptosis under appropriate circumstances, TRAIL cur-
rently presents the most promising candidate for clinical
use. TRAIL appears to preferentially trigger apoptosis in
cancer cells, whereas normal nontransformed cells are rela-
tively resistant. Also, in contrast to FasL or TNF, increased
signaling through TRAIL DRs is not associated with unac-
ceptable levels of toxicity in vivo [5, 6]. Thus, most work
on therapeutic targeting of the extrinsic apoptosis pathway
for cancer therapy has focused on targeting TRAIL DRs
through the administration of TRAIL or agonist antibodies
to the TRAIL DRs.

TRAIL apoptosis signaling

TRAIL was discovered independently by two laboratories
as a novel proapoptotic member of the TNF family [7, 8]. It
binds to Wve identiWed receptors [4]. Two of these receptors
DR4 and DR5 contain protein motifs known as death
domains in their cytoplasmic region. These death domains
are crucial for the ability of DR4 and DR5 to transmit apop-
totic signals. TRAIL also interacts with three “decoy”
receptors that are unable to transmit apoptotic signals
DcR1, DcR2, and osteoprotegerin (OPG). The precise
physiological role in TRAIL signaling of these decoy
receptors remains unclear. DR4 and DR5 are preassembled
into timers before arriving at the cell surface. Ligation of
DR4 or DR5 by TRAIL promotes further clustering of the
receptors into high-molecular-weight complexes that drives
the formation of a death-inducing signaling complex
(DISC). Thus, on ligand stimulation, DR4 and DR5 recruit
the adaptor protein Fas-associated death domain (FADD)
through death domain interactions (Fig. 1). FADD then
recruits procaspase-8 and procaspase-10 or FLICE-inhibi-
tory protein (c-FLIP), resulting in the formation of the
death-inducing signaling complex (DISC). The recruitment
of procaspase-8 to the DISC results in its autocatalytic pro-
cessing to the active caspase-8 enzyme, which on subse-
quent release from the DISC activates eVector caspase-3,
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caspase-6, and caspase-7 [9]. The recruitment of high levels
of the antiapoptotic protein c-FLIP to the DISC is thought
to limit caspase-8 activation [10]. Three forms of c-FLIP
protein have been detected: two short variants c-FLIPS and
c-FLIPR and one long splice variant c-FLIPL. More recent
studies indicate that glycosylation of both DR4 and DR5
seemed to promote TRAIL apoptosis signaling not by
increasing the cell surface expression levels of the receptors
but rather by producing a more eYcient ligand-induced
clustering of DR4 and DR5 [11]. In addition, it has been
proposed that procaspase-8 in the DISC is subsequently
ubiquitinated by the E3 ligase Cullin 3. This ubiquitination
of caspase-8 then results in association with the protein p62
that promotes the translocation of caspase-8 into ubiquitin-
rich foci within the cell. This focal concentration of
caspase-8 seems to facilitate its full activation [12]. DR
glycosylation, as well as procaspase-8 ubiquitination, may
be molecular pathways that can be targeted in the future to
enhance extrinsic apoptosis signaling.

Following the activation of caspase-8 by death ligands,
some cells can directly activate downstream eVector casp-
ases (type I cells), and apoptosis can proceed in the absence
of any contribution from the mitochondria. However, in
other cells (type II cells), levels of caspase-8 activation are
insuYcient to directly promote apoptosis [13, 14]. In these
cells, there is convergence between the extrinsic and intrin-
sic pathways (Fig. 1). This link is provided by the caspase-
8-mediated cleavage and the activation of proapoptotic
BH3 family member Bid [15, 16]. Following caspase-8

cleavage, the truncated active form of Bid (tBid) engages
Bax or Bak to induce MOMP. The importance of engaging
this intrinsic ampliWcation loop for apoptosis to proceed is
probably cell type dependent. Clearly, in some cells, this
mitochondrial ampliWcation loop is not required for the
instigation of apoptosis following extrinsic apoptosis sig-
naling. Thus, some cancer cells resistant to standard che-
motherapy or radiotherapy may still be killed following
ampliWcation of extrinsic apoptosis signaling, even if they
possess mutations (such as p53 mutations) that limit intrin-
sic apoptosis signaling. Nonetheless, when large panels of
cancer cells are examined in vitro, the majority are only
partially sensitive to TRAIL-mediated apoptosis or are
completely resistant. As such, agents that amplify TRAIL
apoptosis signaling need to be identiWed in order to maxi-
mize any potential therapeutic application of TRAIL or
agonist antibodies to DR4 or DR5.

Enhancing TRAIL apoptosis signaling

The combination of TRIAL DR agonists with numerous
conventional and investigational anticancer drugs has been
reported. Synergy has been described for the combination
of TRAIL with a variety of cytotoxic agents including
irinotecan, camptothecin, 5-Xuorouracil, carboplatin,
paclitaxel, doxorubicin, and gemcitabine in diverse preclin-
ical models. Additional investigational drugs that show
synergy with TRAIL have been identiWed, and these

Fig. 1 TRAIL apoptosis signal-
ing. On binding of TRAIL to 
death receptors DR4 or DR5, the 
apoptosis signal can be transmit-
ted in two ways, depending on 
the particular cell type. In type I 
cells, caspase-8 activation can 
directly activate downstream 
eVector caspases such as 
caspase-3, and there is no 
requirement for any participa-
tion of the mitochondria. In type 
II cells, caspase-8 activation 
needs to cleave Bid, resulting in 
mitochondrial perturbation, 
release of cytochrome c and 
Smac/DIABLO, and additional 
activation of the intrinsic apop-
tosis signaling pathway. In type 
II cells, this mitochondrial 
ampliWcation loop is required for 
apoptosis to occur (Wgure adapt-
ed from Holoch and GriYth, 
European Journal of 
Pharmacology [49])
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include histone deacetylase (HDAC) inhibitors, rituximab,
synthetic triterpenoids, and sorafenib. These eVects have
been reported in more detail elsewhere [6, 17]. Therefore, I
will focus on the combination of TRAIL DR agonists with
the proteasome inhibitor bortezomib (VELCADE), as well
as on our recent attempts to identify novel TRAIL-sensitiz-
ing compounds. Our group and others have reported that
many human and mouse cancer cells lines can be sensitized
by proteasome inhibitors such as bortezomib (VELCADE)
to the apoptotic eVects of TRAIL DR agonists [18]. Inter-
estingly, nontransformed cells seem to be much more resis-
tant to the apoptotic eVects of bortezomib and TRAIL than
are cancer cells [19–21]. This suggests that a therapeutic
window may exist in vivo where this combination may
have therapeutic beneWt in the absence of accompanying
toxicity. However, the molecular mechanism(s) of action
whereby proteasome inhibition in cancer cells results in
sensitization to TRAIL apoptosis remains unclear. Since
proteasome function is required for normal cellular homeo-
stasis, proteasome inhibition has multiple biological eVects
on cells. These include cell cycle arrest, inhibition of NF-
kB activation, and direct triggering of apoptosis [22]. Fol-
lowing proteasome inhibition, increases in cell surface lev-
els of DR4 and DR5 have also been observed in many
cancer cells [23, 24]. This could contribute to the ampliWca-
tion of extrinsic apoptosis signaling, although this increase
can often be quite subtle. Also, in some instances, this
increase does not seem to be essential for the ability of bort-
ezomib to promote TRAIL apoptosis [25, 26]. Thus, the
increase in cell surface DR4 and/or DR5 following bortezo-
mib treatment may help amplify the apoptotic signal, but
may not be the crucial reason why proteasome inhibition
sensitizes most cells to TRAIL apoptosis. In the majority of
cancer cells following bortezomib treatment, there is a clear
increase in caspase-8 activation following subsequent
exposure of the cells to TRAIL. This could be due to either
an increase in proximal apoptosis signaling or, alterna-
tively, a consequence of cells undergoing apoptosis, when
there is an extensive general increase in caspase activity.
Recent studies using immunoprecipitation of the DISC sug-
gest that bortezomib treatment increases recruitment of pro-
caspase-8 to the DISC itself [19, 27]. This suggests that
bortezomib quantitatively enhances DISC formation, which
ultimately results in a stronger apoptotic signal. Other stud-
ies have reported that in some cells, bortezomib treatment
can reduce cellular levels of c-FLIP, the negative regulator
of caspase-8 activation [25, 28, 29]. Since c-FLIP can act as
a brake on extrinsic apoptosis signaling, any reduction in
levels would be anticipated to promote apoptosis. However,
this drop in c-FLIP has not been observed in all bortezo-
mib-sensitized cells [23]. As such, reduction in c-FLIP may
be an important component of bortezomib’s mechanism of
action in some, but not all, cancer cells. In addition to

eVects on components of the extrinsic apoptosis signaling
pathway, there have also been reports that bortezomib can
aVect the intrinsic pathway by decreasing the levels of anti-
apoptotic components or increasing the levels of proapop-
totic components [30]. In cells that require ampliWcation of
the TRAIL apoptosis signal by engagement of the mito-
chondrial pathway, any eVects of bortezomib that could
amplify intrinsic apoptosis signaling would likely promote
apoptosis. Alternatively, if bortezomib induces a large
increase in caspase-8 activation at the DISC, this may be
suYcient to trigger apoptosis in the absence of any contri-
bution from the mitochondria [27]. Thus, the dominant
mechanism of action whereby bortezomib promotes
TRAIL-mediated apoptosis may vary, depending upon the
particular cancer cells being studied [31]. Indeed, bortezo-
mib may be an eYcient sensitizer to TRAIL apoptosis for
many cancer cells because it can aVect multiple compo-
nents of apoptosis signaling pathways.

Recently, in an attempt to isolate novel compounds that
might sensitize cancer cells to TRAIL via a diVerent molec-
ular mechanism of action, or be associated with less toxicity
than bortezomib, we embarked on a high-throughput
screening (HTS) to identify novel TRAIL-sensitizing com-
pounds. More than 50,000 puriWed compounds, natural
product extracts, and natural products were analyzed. Some
compounds identiWed in this HTS were compounds already
reported to sensitize cells to TRAIL, aYrming the reliability
of the HTS used. Furthermore, a number of novel hit com-
pounds were identiWed [32]. Currently, we are focusing on
TRAIL sensitization induced by cucurbitacins and withano-
lides, natural products isolated from diVerent plants. There
are many members of both the cucurbitacin and withanolide
families that are very closely related in structure. However,
the ability to sensitize cells to the apoptotic eVects of
TRAIL varies widely between family members. When
assessing TRAIL sensitization using a panel of cancer cell
lines in vitro, diVerent patterns of apoptosis sensitization
were obtained comparing the withanolides and cucurbitac-
ins either with each other or with bortezomib. This suggests
that diVerent molecular mechanism of action may underlay
their TRAIL-sensitizing eVects. Indeed, it was recently
reported that withaferin A, a member of the withanolide
family, could sensitize the renal carcinoma cell line Caki-1
to TRAIL apoptosis. This eVect was totally dependent on
the ability of withaferin A to generate reactive oxygen spe-
cies (ROS) within the cell [33]. We have conWrmed this
observation using the renal carcinoma ACHN and withano-
lide E, whereby inclusion of the antioxidant N-acetylcyste-
ine (NAC) in the media completely abrogated the
sensitizing eVects of withanolide E. By contrast, NAC has
no eVect on bortezomib’s sensitizing activity. One potential
mechanism of action could be that an increase in ROS leads
to a drop in the levels of cellular c-FLIP.
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Concerning bortezomib, it remains unknown how pro-
teasome inhibition subsequently results in an increased
activation of caspase-8 at the DISC on exposure to TRAIL.
Interestingly, in contrast to some of our previous studies,
we did not Wnd a major drop in c-FLIP levels on bortezo-
mib sensitization of ACHN cells to TRAIL [27], further
suggesting that bortezomib and withanolide E sensitization
of cells to TRAIL apoptosis may involve diVerent molecu-
lar mechanisms of action. However, it is well established
that proteasome inhibition causes a dramatic increase in
ubiquitinated proteins that results in ER stress. On sensing
ER stress, cells can initiate the unfolded protein response
(UPR) to alleviate this stress and restore protein homeosta-
sis. Indeed some of the direct proapoptotic eVects of protea-
some inhibition seem to involve an induction of the ER
stress, but subsequent inhibition of the UPR, thus further
increasing the stress of protein accumulation within cells
[34, 35]. It seems likely that this increased ER stress may
also result in a molecular cross-talk with apoptosis path-
ways, resulting in a sensitization of cells to TRAIL apopto-
sis. However, the precise molecular details as to how this
could occur remains to be determined.

SpeciWc molecular targeting of apoptosis pathways

Increased knowledge of some of the molecular components
of the apoptosis signaling pathways has paved the way for
the development of more speciWc agents that target one cru-
cial signaling component. Such agents are early in develop-
ment, yet the preliminary data seem very promising. To
date, the best characterized of these compounds are those
that target either various antiapoptotic Bcl-2 family mem-
bers or IAP proteins. Various strategies have been devel-
oped recently to antagonize antiapoptotic Bcl-2 proteins
with promising initial results. These include ABT-737 that
binds to the surface grove of antiapoptotic Bcl-2 family
members Bcl-2, Bcl-XL, and Bcl-w in a similar manner to
the BH3 domain of Bax or Bak. ABT-737 and TRIAL have
been found to synergize for inducing cell death in some
cancer cells [36]. Obatoclax, another BH3 mimetic, antago-
nizes Mcl-1 as well as Bcl-2, Bcl-XL, and Bcl-w. Since
high levels of Mcl-1 are often associated with resistance to
TRAIL, obatoclax may sensitize a greater spectrum of can-
cer cells to TRAIL than ABT-737 [37]. Another approach
to target antiapoptotic members of the Bcl-2 family has
been the use of antisense oligonucleotides [38]. The family
of IAPs comprises a family of endogenous cellular caspase
inhibitors [3]. So far, most targeting strategies have focus
on XIAP that seems to be the family member with the most
potent antiapoptotic properties. Loss of XIAP protein upon
administration of XIAP antisense oligonucleotides is
known to increase TRAIL-mediated apoptosis [39].

Furthermore, the binding grove of the BIR3 domain of
XIAP, which binds Smac/DIABLO, has served as a target
for the design of compounds that inhibit XIAP. Smac
mimetic peptides have demonstrated positive eVects on
apoptosis when combined with TRAIL [40], and more
recently, small-molecule XIAP inhibitors have been dem-
onstrated to synergize with TRAIL in promoting apoptosis
[41]. Other small molecules that bind to the BIR2 domain
of XIAP have been described, and these can also potentiate
the proapoptotic eVects of TRAIL [42]. Agents that block
the activity of XIAP may be very useful in potentiating the
apoptotic activity of TRAIL, if they can be administered in
a way that limits their potential toxicity to normal cells in
vivo [43].

Alternative ways to administer death ligands

The systemic administration of TRAIL DR agonists such as
TRAIL itself or agonist antibodies to DR4 and DR5 is not
the only way to deliver death ligands to tumors. Nonrepli-
cative recombinant adenoviral vectors can deliver TRAIL
directly into the tumor site [44]. Since this initial report, a
number of recombinant viral vectors containing TRAIL
cDNA have been described [45]. These formulations may
prolong the systemic half-life of the TRAIL administered.
They may oVer additional advantages as therapeutic agents,
since they may not only provoke apoptotic cells death of
the tumor cells but may additionally stimulate an antitumor
immune response. Indeed, subsequent combinations of
Ad5-TRAIL and immunostimulatory CpG ODN have been
shown to augment tumor antigen cross–presentation, result-
ing in enhanced cytotoxic T lymphocyte activity and
increased animal survival [46]. Interestingly, similar Wnd-
ings have been reported using a combination of 3 monoclo-
nal antibodies (TriMab). These were an anti-DR5 (MD5-1)
to promote tumor cell apoptosis in combination with an
agonist anti-CD40 mAb to enhance tumor antigen presenta-
tion, and an anti-CD137 (4-1BB) mAb to enhance T-cell
activation. Such a strategy also resulted in the rejection of
TRAIL-resistant tumor cells, probably due to the use of
other cytolytic eVector molecules by the activated tumor-
speciWc T cells [47]. However, taking such a complex
experimental combination into the clinic will have signiW-
cant logistical hurdles.

Since immune antitumor eVector cells such as T cells,
NK cells, macrophages, NKT cells, and dendritic cells can
express multiple death ligands, these cells themselves could
make optimal delivery vehicles for death ligands to tumor
cells. In a mouse model of renal cancer Renca, we recently
showed that the adoptive transfer of speciWc antitumor T
cells could deliver FasL to the tumor metastases, and this
was crucial for the therapeutic eVects of the T cells [48].
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Furthermore, FasL was the dominant lytic pathway used by
these T cells to destroy the tumor cells. The reason for this
dominance of the FasL pathway seemed to be due to low
levels of antigen expression by the tumor cells. Such low
levels of tumor antigen were suYcient to trigger the FasL
but not the perforin-dependent lytic pathway of the T cells
(Fig. 2). Since tumor antigens are often diVerentiation anti-
gens, or mutated self-antigens, it is likely that they may not
be eYcient triggers of T-cell degranulation. Thus, the FasL
pathway may be more important for the therapeutic eVects
of adoptive T cell than was previously thought. If such Wnd-
ings could be extrapolated into human patients, it could be
anticipated that tumors highly sensitive to FasL apoptosis
might be particularly responsive to adoptive T-cell transfer.
Nonetheless, the recent Wndings that Fas can promote tumor
growth under certain circumstances [49] suggest that cau-
tion would be necessary if employing such an approach.
One advantage of using immune cells to deliver death
ligands to tumors may also be their ability to traYc the
tumor, and following speciWc tumor recognition, release
high local concentrations of multiple death ligands. There
has recently been much interest in the transfer of NK cells
for the treatment of acute myeloid leukemia (AML). NK
cells are lytic to tumor cells but their adoptive transfer may
not pose many of the problems, such as graft-versus-host
disease, that are associated with the transfer of allogeneic T
cells [50] NK cells not only utilize the perforin-dependent
lytic pathway but can also be a rich source of TRAIL and
FasL. Combination of NK cell transfer, coupled with bort-
ezomib treatment to sensitize cancer cells to extrinsic apop-
tosis, has been reported to provide greater eYcacy than
either individual treatment in preclinical cancer models

[51–53]. It will be of interest to see whether such
approaches can be adapted for clinical use.

Future directions

Although much has been learned about the extrinsic apop-
tosis signaling pathway over the last 10 years, there are still
many gaps in our knowledge. It seems likely that may
agents that stress cancer cells also amplify extrinsic apopto-
sis signaling. Yet, precisely how ER or ROS stress might
promote extrinsic apoptosis signaling at the molecular level
remains to be determined. More recently, unbiased screen-
ing approaches using siRNAs have been employed in an
attempt to identify novel proteins that control the extent of
TRAIL-mediated apoptosis [54–56]. In addition, little is
known as to how various miRNAs may aVect the extrinsic
apoptosis signaling pathway. Such information could help
in the identiWcation of novel therapeutic targets. However,
a note of caution is required. For practical reasons, many
studies on apoptosis sensitization utilize well-established
human cancer cell lines propagated in vitro under standard
tissue culture conditions. However, it has been reported that
conditions that favor in vitro growth of cancer cells as
spheroids can dramatically reduce their susceptibility to
TRAIL-mediated apoptosis [57]. Clearly, more information
is needed concerning how growth in three dimensions or
changes in cell adhesion or diVerentiation may aVect
TRAIL apoptosis. Two recent interesting studies on tumor
development in DR5 gene targeted mice, and both sug-
gested that TRAIL could act as a tumor suppressor during
certain stages of tumor development. In a mouse model of

Fig. 2 Lytic pathways of cyto-
toxic T cells (CTL). On presen-
tation by cancer cells of high 
levels of tumor antigen (as MHC 
class I/peptide complexes), the 
CTL can engage in both the 
granule exocytosis pathway and 
the FasL/Fas lytic pathways, 
both of which result in cancer 
cell apoptosis and death. On pre-
sentation of low levels of tumor 
antigen, only the FasL/Fas path-
way is triggered. Therefore, un-
der conditions where low levels 
of antigen are presented, the 
FasL/Fas pathway becomes the 
dominant lytic pathway
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diethylnitrosamine-induced (DEN-induced) hepatocarcino-
genesis, increased numbers of large tumors were observed
in the livers of DEN-treated TRAIL-R ¡/¡ mice [58]. In
another study of squamous cell carcinoma induced by
DMBA/TPA treatment, TRAIL-R ¡/¡ mice did not exhibit
any diVerence from wild-type mice in the growth of the pri-
mary tumor, but did show a signiWcant increase in lymph
node metastases [59]. This study suggested that loss of
adhesion of the cancer cells during the metastatic process
increased their sensitivity to TRAIL. More studies are
clearly required to determine whether a natural window of
TRAIL sensitivity occurs early in the metastatic process.
Also, how the diVerentiation states of cancer cells, and/or
diVerent tumor microenvironments, inXuence TRAIL apop-
tosis is of major interest. Such studies are likely to have a
major impact on the optimal utilization of TRAIL DR-
based apoptosis signaling for cancer therapy in the future.
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